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SUMMARY 

A Task Force on Radiation Damage Testing met at the SSC Laboratory on 
March 5-6, 1990. This Task Force was asked to assess the availability of appro
priate facilities for radiation damage tests of SSC detector materials and compo
nents. The Task Force was also instructed to review the techniques and standards 
for conducting such tests. Semiconductors were considered separately from other 
detector materials. Radiation damage tests of electronic devices generally require 
exposures to both ionizing radiation and neutrons, whereas non-electronic com
ponents such as plastic scintillating materials, adhesives, cable insulation, and 
other organic polymers are adequately tested with ionizing radiation only. 

The Task Force compiled listings of existing radiation facilities. Suitable 
radioactive sources include 60Co for ionizing particles and 252Cf for neutrons. 
Ionizing particles and neutrons are also available at accelerator laboratories with 
primary proton and electron beams and at nuclear reactors. While many sources 
and beams are available, the Task Force recommends that the SSC Laboratory 
purchase at least one 252Cf source to facilitate the testing of electronic compo
nents. This source should be located at an existing, easily accessible, and properly 
instrumented laboratory site. 

Test standards were discussed with respect to irradiation techniques, envi
ronmental factors, dosimetry, and mechanisms whereby various materials are 
damaged. It was emphasized that radiation sources should be chosen to dupli
cate as much as possible the expected SSC environment and that the effects from 
ionizing particles and from neutrons be investigated separately. Radiation dam
age tests at reactors must be designed with particular care since complex spectra 
of neutrons and gamma rays are produced at such facilities. It is also essential 
to investigate dose-rate effects since they are known to be important in many 
cases. The required irradiations may last several months and are most easily 
carried out with dedicated radioactive sources. Environmental factors such as 
the presence of oxygen when testing plastic scintillators, or temperature when 
measuring semiconductor annealing effects, must also be taken into account. The 
importance of reliable dosimetry was stressed and suitable references cited. Fi
nally, it was noted that an understanding of the mechanisms for radiation damage 
in semiconductor and other materials is important in planning irradiations and 
evaluating results. 
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1. GENERAL DISCUSSION' 

This is the third in a series of reports that address the problems of radia

tion damage to detector components at the sse. In the first (Ref. [1]), estimates 

were presented of the radiation environment expected at the sse. It was shown 

that beam-beam collisions will be the major source of radiation at the detectors. 

The assumptions and methods for estimating radiation levels are summarized 

by Groom in Appendix 1. The two major components of radiation are ionizing 

particles and neutrons. A primary flux of ionizing particles is produced by the 

proton-proton collisions and is then amplified by interactions in the electromag

netic and hadronic calorimeters. Neutrons with an energy-weighted spectrum 

that peaks at about 1 MeV are produced copiously in hadronic showers and tend 

to spread throughout the whole detector volume. For sse operating at 40 Te V 

and at a standard luminosity of 1033 cm-2 sec-I, the yearly dose from ionizing 

radiation in a tracking element 10 cm from the beam axis is about 0.4 Mradj 

within an electromagnetic calorimeter at small angles (5 degrees) this can exceed 

10 Mrad. The annual neutron fluence is of order 1012 cm-2 near the collision 

point and reaches 1014 cm-2 inside the forward portion of the hadronic calorime

ter. 

The second report (Ref. [2]) described the deleterious effects of this radiation 

on detector components. The radiation levels expected at the sse are such that 

significant damage can occur in many of the detectors now under consideration. 

These include silicon tracking devices, wire chambers, scintillators, optical me

dia, electronic circuitry, and insulating materials used in signal feedthroughs and 

cables. It is essential that sse detector materials be chosen and evaluated to 

insure successful operation and survival in the sse radiation environment. A 

body of knowledge already exists regarding the effects of radiation on materials 

and electronic devices. However, results have sometimes been inconsistent or not 

directly applicable to specific sse detector issues. In many cases, the required 

research has not yet been carried out. It is therefore recognized that additional, 
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systematic studies must be performed under controlled and well-understood ex

posure conditions that duplicate as much as possible the situation expected at 

the SSC. In particular, careful attention must be given to dosimetry and, in the 

case of irradiating neutrons, to measurements of their energy spectrum. 

One of the primary goals of this third report is to provide a listing and eval

uation of existing sources suitable for radiation damage tests of SSC detector 

components. The reports by Schonbacher and Tavlet (Appendix 3), Winokur 

and Fleetwood (Appendix 5), Peterson and Marshall (Appendix 6), Kraner (Ap

pendix 8), Stevens et alii (Appendix 9), Sandberg (Appendix 11), and Majewski 

(Appendix 13) give extensive lists of radiation sources. Descriptions of additional 

sources can be found in several other appendices as well. A summary of the ra

diation facilities located at several major U.S. laboratories is given Section 3. 

Three kinds of sources are available: accelerators, nuclear reactors, and ra

dioactive materials. Each can provide useful particle types, energies, and doses. 

All have been used in previous studies. There are, however, significant differences 

in accessibility, convenience, and cost of irradiations. Operation at accelerators 

and reactors may require substantial preparation and, in some cases, elaborate in

strumentation. Unless such operation is parasitic (such as behind beam stops), it 

must be scheduled within an often crowded program at the particular facility. It 

is therefore often preferable to use dedicated radioactive sources, especially when 

long exposures are required. However, in some instances the greater penetra

tion possible with high-energy particle beams may be necessary to make realistic 

measurements of radiation effects on detector systems or modules. For example, 

electromagnetic showers produce a characteristic pattern of energy deposit inside 

a calorimeter that cannot be duplicated with radiation from low-energy radioac

tive sources. Radiation effects on such detector systems will require study with 

higher energy beams that can mimic more closely the pattern of radiation damage 

within the system volume. This point is discussed by Majewski in Appendix 13. 

2 



Accelerator beams of protons or electrons are suitable for radiation damage 

tests. Representative beams are described by Sandberg in Appendix 11 and 

Majewski in Appendix 13. Accelerators can also generate suitable neutron beams 

such as those at the Intense Pulsed Neutron Source (IPNS) at Argonne National 

Laboratory described by Stevens et alii in Appendix 9. This beam is created by 

exposing a uranium target to a beam of 500 Me V protons. The resulting spectrum 

of spallation and fission neutrons closely matches that of neutrons produced at 

the SSC. An excellent spectrum match is also provided by the neutrons emerging 

from the beam stop of the Radiation Effects Facility at Los Alamos as discussed 

in Appendices 10 and 11. 

Nuclear reactors also provide intense sources of neutrons and ionizing radi

ation. An extensive listing of reactors is given in Ref. [3]. A typical example 

of a conveniently accessible reactor is the University of Michigan facility which 

routinely provides exposures for radiation damage tests. Users of nuclear reac

tors must exercise care to insure that the irradiation spectrum and composition 

matches that expected at the SSC. For example, thermal neutrons, which are 

produced copiously at reactors but less so at the SSC, may require the use of 

cadmium-lined containers as filters when performing certain irradiations at reac

tors. 

Ionizing radiation and neutrons can also be generated with radioactive 

sources. The gamma rays from 60Co decays are commonly used to produce 

ionizing radiation. Facilities for carrying out irradiations with 60Co or other 

equivalent sources exist at many laboratories as indicated in the appendices. 

When using 60Co sources it is important to consider dose-enhancement effects 

and charged-particle equilibrium of the Compton electrons (Ref. [4]- [6]). Neu

tron sources with appropriate intensities are less readily available. Such sources 

exist in two generic types: Be in combination with alpha emitters such as Am 

which produce neutrons via (x, n) reactions, and fission sources such as 252Cf. 

The energy spectrum of neutrons produced in (x, n) reactions has a broad peak 



around 4-5 MeV which is higher than the typicall MeV energy at the SSC. The 

252Cf spectrum which peaks at around 2 MeV gives a closer match. 

Radiation damage tests have been and will be carried out at many different 

facilities. This raises the question of the comparability of results obtained in 

such diverse radiation environments. The report by Petersen and Marshall (Ap

pendix 6) notes that the concept of non-ionizing energy loss (NIEL) allows one 

to relate the displacement damage in semiconductors from any particle to that 

produced by 1 MeV neutrons. Although the calculations may not yield conver

sion factors with adequate accuracy for precise quantitative scaling, this concept 

does offer the prospect of using a conveniently available source and calibrating it 

to provide results valid for the radiation field of the SSC. 

The second major goal of this report is the establishment of standards ap

propriate for radiation damage tests of SSC detector components. A number of 

existing general standards may have specific application t.o the SSC program. 

Petersen and Marshall give a very extensive listing in Appendix 6 of American 

Society of Testing and Materials (ASTM) Standards as well as of Military Stan

dards. The report by Schonbacher and Tavlet in Appendix 2 describes experience 

with IEC Standard 544 used for rating organic insulating materials. That report, 

as well as the one by Clough and Gillen in Appendix 4, stresses the importance 

of dose rate in predicting radiation damage. For a fixed total dose, many or

ganic materials show much more severe damage when exposed at low dose rates. 

The time dependence of annealing effects at the oxide-silicon interface of elec

tronic devices is discussed by Winokur and Fleetwood in Appendix 5 and also in 

Ref. [4]. The observation that significant changes in material properties can occur 

over long time periods after irradiat.ion intro'duces a further complication in the 

study of radiation damage effects. The Task Force on Radiat.ion Damage Testing 

at the SSC thought it neither appropriate nor possible in the time available to 

suggest specific standards for the sse. General recommendations on t.his subject 

are given in Section 2. 
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The Task Force also considered briefly the difficult and complicated topic of 

dosimetry. Accurate dosimetry is essential for obtaining reproducible radiation 

damage test results and for comparing data from different irradiations. For ex

ample, the report by Russ in Appendix 7 describes the use of activation foils to 

measure the energies and fluences of neutrons produced in hadronic shower cas

cades. Besides activation foils, techniques for dose measurements include thermo

luminescent dosimetry (TLD), the use of alanine (Ref. [7]), and the determination 

of radiation-induced PIN diode leakage currents. 

Thermoluminescent dosimetry has become the preferred technique at many 

facilities especially in applications involving ionizing radiation (Ref. [8]). Lithium 

fluoride is the prinicipal TLD material because the dose effect is stable over long 

time periods, is linear in response between 10-2 and 103 rad, and has a known 

saturated response at higher doses. It may also be applied to neutron dosimetry 

by the incorporation of 6Li in the crystal Thermoluminescent dosimetry is inex

pensive (each TLD element can be reused after a short annealing period), easy 

to read out, and available commercially as a system. 

Alanine dosimetry is based on the creation of stable free radicals under ion

izing radiation. These radicals are detected reliably, even long after exposure, 

with electron spin resonance (ESR) techniques. The required equipment is not 

widely available, however, and is rather expensive to acquire. 

As with test standards, the Task Force thought it appropriate to give only 

general recommendations on dosimetry, as indicated in Section 2. Detailed dis

cussions of dosimetry for irradiations of electronic devices, for example, can be 

found in Refs. [4]and [6]. 
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2. RECOMMENDATIONS ON SOURCES AND STANDARDS 

The Task Force on Radiation Damage Testing at the SSC makes the following 

general recommendations: 

a) Non-electronic detector components such as plastic scintillators, cable in

sulation, optical fibers, adhesives, wire chambers, and calorimeter active 

media can be tested adequately with ionizing radiation alone. A 60Co 

source is appropriate for such irradiations in most but not all cases. Par

ticle beams and reactors are also useful but generally require additional 

care in dosimetry. It is important to note that beams of high-energy 

(> 1 Ge V) particles will be required to provide realistic radiation exposure 

patterns for tests of calorimeter modules or systems. 

b) Electronic devices such as solid-state detectors, amplifiers, and integrated 

circuits should be tested for both ionization effects and displacement dam

age. Ionization effects typically occur at oxide-silicon interfaces, whereas 

displacement damage affects bulk properties, for example, in depletion 

regions. 60Co is a convenient source of ionizing radiation if proper pre

cautions are taken (Refs. [4,5]). Displacement damage can be induced by 

neutron or proton irradiations. Neutrons of about 1 MeV are a good 

choice since they match the spectrum of the calorimeter background, are 

practically free of ionization effects, and can be scaled to the effects of 

charged-particle irradiations. 252Cf is a suitable neutron source. Spalla

tion sources and reactors are also useful for performing neutron damage 

tests. The use of proton beams with momenta below 1 GeV Ic is described 

by Sadrozinski in Appendix 10. It should be noted that 60Co gamma rays 

also produce displacement damage; for some measurements this must be 

taken into account (Ref. [9)). 

c) Annealing effects in semiconductors and in materials such as plastic scin

tillators make radiation damage dependent on both dose rate and on total 
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dose. It is, therefore, essential to perform irradiations at different dose 

rates to allow extrapolations to the expected life span of the experiments. 

d) Systematic dose rate studies may require the acquisition of sources specif

ically dedicated to sse detector testing. In particular, the Task Force 

recommends that a 252ef neutron source be purchased and located at an 

existing, accessible laboratory. The sse detector R&D budgets should 

also provide for appropriate user fees to insure that radiation damage 

tests can be carried out at existing facilities. 

e) Possible radiation damage requirements for the use of organic materials 

in sse detectors are given in Section 4 as an example of what might 

be attempted in formulating standards. Electronics standards would be 

highly application and device dependent and are not easily summarized. It 

is the responsibility of the experimenter to estimate, for each component 

of a particular detector, the expected dose rate and total dose and to 

insure, on the basis of reproducible damage tests, that the component can 

perform its function during the lifetime of the sse experiment. 

f) Accurate dosimetry is essential for obtaining reproducible radiation dam

age test results. Detector physicists who perform radiation tests are ad

vised to become familiar with the dosimetry techniques at the irradiation 

facilities where the tests are performed. Information is also available in 

a number of references and at the National Institute of Standards and 

Technology (NIST). 

g) Radiation damage can depend in a complicated way on the type of radia

tioll, total dose, dose rate, environment (temperature, presence of oxygen), 

and may even vary from sample to sample because of minor changes in 

configuration or chemical composition. Tests should be designed to deter

mine how these various factors affect the damage mechanism. 

7 



REFERENCES 

1. "Radiation Levels in the SSC Interaction Regions," SSC-SR-1033, edited 

by D. E. Groom (SSC Central Design Group, 1988). 

2. "Radiation Effects at the SSC," SSC-SR-1035, edited by M.G.D. Gilchriese 

(SSC Central Design Group, 1988). 

3. Re8earch, Training, Te8t and Production Reactor Directory, United States 

of America, edited by R. R. Burn (American Nuclear Society, 1988). 

4. Ionizing Radiation Effect8 in MOS Device8 and Circuits, edited by T. P. 

Ma and P. V. Dressendorfer (Wiley, New York, 1989). 

5. J. R. Srour et al., Radiation Effect8 on and Dose Enhancement of Electronic 

Materia18 (Noyes Publications, Park Ridge, 1984). 

6. G. C. Messenger and M. S. Ash The Effect8 of Radiation on Electronic 

Systems (Van Nostrand Reinhold, New York, 1986). 

7. F. Coninckx et al., "Alanine Dosimetry as Reference Dosimetric System in 

Accelerator Radiation Environment," Appl. Rad. Iso. 40 (10-12), 977-983 

(1989). 

8. Glenn F. Knoll, Radiation Detection and Measurement (Wiley, New York, 

1979). 

9. J. R. Srour et al., "Radiation Damage Coefficients for Silicon Depletion 

Regions," IEEE Trans. Nucl. Sci. NS-26, 4784-4791 (1979). 

8 



3. RADIATION SOURCE FACILITIES 
AT MAJOR U.S. LABORATORIES 

We list below some of the radiation sources available at several major U.S. 

laboratories. The reader is referred to the appropriate appendices for more de

tailed information. Appendix 6 by Petersen and Marshall lists facilities at some 

additional sites. Schonbacher and Tavlet give an extensive listing of European 

radiation sources in Appendix 3. 

Argonne National Lab (Ref: A. Stevens et alii, Appendix 9) 

(1) Intense Pulsed Neutron Source (IPNS) 

Generates 1012 neutrons cm-2 sec-1 in a spallation target bombarded by 

500 MeV protons. The neutron energy spectrum peaks near 1 MeV. 

(2) 60 Co Source 

Produces as much as 2 Mrad(Si)/hr 

(3) 22-MeV Electron Linac 

Provides beam currents up to 50 /Lamp with variable beam spot size as 

small as 0.6 cm in diameter. 

(4) Fast Neutron Generator 

Produces 2.5 MeV neutrons with a flux up to 1010 cm-2 sec-1 by 

accelerating 7 MeV deuterons onto a Be target. 

Brookhaven National Lab (Ref: H. Kraner, Appendix 8) 

(1) AGS Linac 

Generates 1014 protons/pulse at a repetition rate of 5 pulses/sec with 

energies adjustable from 100 to 200 MeV. 

(2) Tandem Van de Graaff 

A single-event upset facility that provides nuclei (protons to uranium) with 

energies from 35 to 350 MeV and flux 102 to 1012 cm-2 . 

(3) 60 Co Source 

Doses of 200 krad/hr will be available. 
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(4) Neutron source 

Provides 107 to 108 neutrons/sec with a 0.5-8 MeV energy spectrum 

via Be( Q, n) reaction. 

Lawrence Berkeley Lab (Ref: H. Spieler, Appendix 12) 

(1) 60 Co Source 

Doses up to 10 krad(Si)/hr are available. 

Los Alamos National Lab (Ref: V. Sandberg, Appendix 11) 

(1) Radiation Effects Facility 

Generates 106 to 6 X 1013 neutrons cm-2 sec-1 with energies near 

1 MeV by absorbing 800 MeV protons in a beam stop. 

(2) WNR-PSR-LANSCE 

Spallation neutrons from 0.1 ev to greater than 750 MeV are available. 

Sandia National Laboratories (Ref: P. S. Winokur and D. M. Fleetwood, Appendix 5) 

(1) 60 Co Source 

Doses of 2 Mrad(Si)/hr are available. 

(2) ACRR, SPR-II, and SPR-III reactors 

Neutron irradiation facilities. 

(3) HERMES II 

10 MeV electron beam used for generating bremsstrahlung gamma rays with 

a repetition rate of 3 pulses/hr and peak dose of 70 krad(Si). 
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4. RADIATION DAMAGE STANDARDS FOR 
ORGANIC MATERIALS USED IN SSC DETECTORS 

The following is presented as a prototype of a possible set of general radiation 

damage standards for organic materials used in sse detectors. More detailed 

standards and characteristics of different materials can be found in Appendices 2 

and 4. 

Critical Environment Damage 
Material Properties (*) Criteria Remarks 

scintillators scintillating atmosphere operational at need a 
efficiency; ( oxygen?); 1 to 30 Mrad, substantial 
transmission 30°C; depending on R&D effort 
loss dose rate: position in quickly 

1 krad/hr to detector 
1 Mrad/hr 
( annealing?) 

electrical flexural aIr; >50% of initial large data 
insulation strength; 50°C; value (or >50% base; well 

elongation dose rate: absolute for understood 
10 krad/hr to elongation) 
1 Mrad/hr at 10 Mrad 

optical attenuation aIr; 20-100 dB /km promIsmg 
fibers 50°C; at 1 Mrad materials; 

10 krad/hr to needs some 
10 Mrad/hr more work 

adhesives sheer strength; aIr; >50% of initial materials 
peel strength 50°C; value at 10 Mrad available; 

10 krad/hr to no major 
10 Mrad/hr problems 

composites mechanical aIr; not established some data 
strength; 50°C; exist; 
resin-matrix 10 krad/hr to needs more 
interface 10 Mrad/hr work 
integrity 
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General recommendation: exclude or minimize halogen-containing materials 

(*) The above table excludes cryogenic environments for simplicity. Materials 
that are to be used in high-radiation regions inside superconducting mag
nets or inside calorimeters that use liquified noble gases must be tested 
in the corresponding environment (e.g. liquid argon for components used 
inside a liquid-argon calorimeter). 
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TASK FORCE CHARGE: 

TASK FORCE ON RADIATION DAMAGE TESTING AT THE SSC 

The radiation levels at the SSC will present unprecedented challenges to 

detector technology. The Task Force is charged to: 

1) Catalogue existing radiation sources and evaluate their suitability for per

forming radiation damage studies of SSC detector components. The list

ing should include appropriate accelerator, reactor, and radioactive source 

facilities. 

2) Provide recommendations to the SSC Laboratory for optimal use of exist

ing resources in the U.S. 

3) Provide recommendations, if necessary, to the Laboratory about the pur

chase of new sources and the implementation of improvements at existing 

facilities. 

4) Describe the standards and techniques for making dose/fluence measure

ments. 

5) Propose standards for radiation damage measurements that are specifi

cally applicable to SSC requirements. Such standards could be applied in 

the approval process for SSC experiments. The Task Force will produce a 

written report containing its condusions and recommendations. 
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Radiation Levels in Detectors at the SSC* 
Donald E. Groom t 

Lawrence Berkeley Laboratory 50-908, Berkeley CA 94720 

Estimates of ionizing dose and neutron fluence have been made for typical sse detector con
figurations exposed to radiation from p-p collisions. Using a description of "average events" in 
conjunction with simulations of secondary processes, it is found for calorimetry that the ionizing 
dose (D) or neutron fluence (¢) can be adequately expressed as 

A 
D (or ¢) = r 2 sin2+a 8 

Here A depends on the process and exposure time, 0: is slightly less than unity, and r is the 
distance from the interaction point. Under nominal operating conditions, a metallic calorimeter 
element 2 m from interaction point and 6° from the beam line is subjected to an annual dose 
of 30 kGy at electromagnetic shower maximum and an annual neutron fluence of 1014 cm- 2 at 
hadronic cascade maximum. 

This report includes provisional correction of an error in electromagnetic dose discovered in the 
Task Force Report) 

1. Introduction 

An SSC Central Design Group task force was formed to assess radiation levels to 
be expected in SSC detectors. Its findings are available in a thick report[l], and short 
versions have also been published[2]. Radiation effects were addressed by a separate task 
force [3] . In this report we present a very brief discussion of radiation levels. 

2. Assumptions 

On the basis of SSC design parameters and extrapolation from SppS and Tevatron 
operating experience, the following assumptions were made: 

• The machine luminosity at Vs = 40 TeV is .c = 1033 cm-2s-1, and the p-p inelastic 
cross section is O"inel = 100 mb. This luminosity is effectively achieved for 107 s 
yr- l . The interaction rate is thus 108 s-l, or 1015 yr-l. 

* This report is based on a version published in the Proceedings of the ECFA Conference on Future 
Accelerators, Madrid, Spain (Sept. 1989), but differs from it in three important respects: Table 1 in 
that report was wrong, and has now been corrected, the electromagnetic dose has been corrected (see 
the footnote below), and a figure showing the neutron flux in the central cavity as a function of the 
minimum calorimeter angle has been added. 
For the SSC Central Design Group Task Force on Radiation Levels in the SSC Interaction Regions: 
F. S. Alsmiller, R. G. Alsmiller, Jr., S. Ban, J. E. Brau, K. W. Edwards, A. Fasso, H. Fesefeldt, T. 
A. Gabriel, M. G. D. Gilchriese (Chairman), D. E. Groom, H. Hirayama, H. Kowalski, H.W. Kraner, 
N. V. Mokhov, D. R. Nygren, F. E. Paige, J. Ranft, J. S. Russ, H. Schonbacher, T. Stanev, G. R. 
Stevenson, A. Van Ginneken, E. M. Wang, R. Wigmans, and T. P. Wilcox, Jr. 
The maximum dose in the electromagnetic calorimeter due to incident photons from primary 1['0 decay, 
as reported in Ref. 1 and in numerous conference proceedings, was high by a factor of three because 
of a trivial conversion error in Appendix 7. Corrected results given here. They are thought to be 
correct for the metallic part of the calorimeter, but to obtain the dose in the active part of the 
calorimeter they should probably be corrected upward by the stopping power ratio for the two media. 
For lead/scintillator the ratio is about 1.6. 
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• All radiation comes from p-p collisions at the interaction point. For the SSC, the 
nominal luminosity contributes (300 hr)-l to the reciprocal current lifetime, so p

p collisions contribute as much radiation as dumping one of the beams into the 
apparatus every 6 days. Moreover, any process of comparable importance would 
prevent normal operation of the machine. 

• The charged particle distribution is (a) flat in pseudorapidity for 17]1 < 6 and (b) 
has a momentum distribution whose perpendicular component is independent of 
rapidity, or approximately independent of pseudorapidity: 

d
2 
Nch = H !(Pl..) 

d7]dpl.. 
(1) 

(where Pl.. = psin 0). Integrals involving !(Pl..) are simplified by replacing !(Pl..) by 
8(pl.. - (Pl..))i in the worst case this approximation introduces an 8% error. 

• Gamma rays from 7r0 decay are as abundant as charged particles. They have ap
proximately the same 7] distribution, but half the mean momentum. 

• The values H ::::::: 7.5 and (Pl..) ::::::: 0.6 GeV Ic for vIS = 40 TeV are obtained by 
extrapolating experimental results[4, 5], and are in good agreement with results 
obtained with standard fragmentation models. These values together with Eq. (1) 
are thought to describe particle production at the SSC within a factor of two or 
better. 

3. Dose from direct particle production 

Since d7] I dO = (27r sin2 0)-1, it follows from Eq. (1) that the flux of charged particles 
from the interaction point passing through a normal area da located a distance r .1. from 
the beam line is given by 

r2 
.1. 

(2) 

In a typical organic material, a relativistic charged particle flux of 3 x 109 cm-2 produces 
an ionizing radiation dose of 1 Gy, where 1 Gy == 1 joule kg- 1 (= 100 rads). The above 
result may then be rewritten as 

n· _ 0.4 MGy yr-1 

- 2 
rl.. 

for an absorber much thinner than a nuclear interaction length, where rl.. is in cm. 

(3) 

In the presence of a magnetic field, low-energy particles make multiple passes through 
a test sample and so contribute to the dose more than once. This increases dose by about 
a factor of two. 

4. Dose and fluence in a calorimeter 

In a medium in which cascades can develop, the ionizing dose or neutron flux is at 
least roughly proportional to the particle energy striking unit area at a distance r from 
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Uw interaction poillt. The charged particle flux is proportional to (1'2 s1n2 0)-1, and the 
CJl('rgy carried by tbc particles is proportional to (E) ~ p = Pl../ sin O. The do::;e ur fhlf'IlCe 
a.t, ca.scade maximum is hence proportional to 1/(r2 sin3 0). Symbolically, this logic flow 
is i.lS follows: 

ciNch 
- = Const } dry 

!J!l ___ 1 __ _ 
dO - 27. sin2 () 

dNch Const 

dfi: - sin2 () .} 

Pl.. Ep:;p=--
sin () 

dE Const 
do' - sin3 () 

do' 1 
-(X-

da r2 

Neutron fluence 

or ionizing dose 

(4) 

This result is incomplete for a number of reasons. In the first place, the constant 
j{ must come from Monte Carlo simulations, hopefully supplemented by experimental 
measurements. Secondly, since showers lengthen with energy the maximum amplitude is 
llOt. qnite proportional to the incident energy density, so that the power of sin () is a little 
kss than three. This is true for both electromagnetic and hadronic cascades. Finally, 
hadronic activity increases less rapidly than linearly with energy because 7r

0 production 
progre::;sively "bleeds off" more and more energy to the electromagnetic channel as the 
incident energy increases, further reducing the power of sin () for processes such as neutron 
production. Even in this case, the combined effect is to reduce the exponent to about 
2.7, so the above equation still provides guidance. The inverse r2 dependencf' remains 
rigorously true, providing a serious constraint on detector design. 

\Ve rewrite the result as 

Neutron fluence _ . J I'd H (pl..)a Const. 
. .. d - (Tlllel '-' t ') 2 l-or 101l1zmg ose r~ sin - a () 

A = --;) cosh 2+a ry 
r'" 

(5) 

where the dependence on some machine-dependent parameters is made explicit. The 
~('colld form is obtained with the aid of the identity cosh 17 = sin O. 

Values of A and a are given in Table 1 for several relevant situations. The CUIlstant 
II includes factors evaluated with cascade simulation programs as well as constants de
scribing particle production at the interaction point. It is felt that each could introduce 
a.n error as large as a factor of two in the results. 

For calorimeters the maximum neutron flux, ionizing dose from incident photons, and 
maximum ionizing dose from incident hadrons are shown in Figs. 1 and 2. The CUl'ves arc 
calculated using Eq. (5) and the constants in Table 1. 

Under aJI conditions so far studied, the neutron spectrum shows a broad log-norma.! 
distrihution peaking at just under 1 MeV, as might be expected for neutron boiloff [01-
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FIG. 1 The maximum neutron flux for a 1:1 uranium:scintillaLor calorimeter. The solid curve 
shows t.he result assuming the ma.ximum occurs at a radius of 200 cm. Also shown is the result 
for (l radiw; of 20 m, typical of forward detectors, for pseudorapidity > 3. 
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FIG. 2. The ld(lximUlll hadronic dose as a function of pseudorapidit.y for a lead sphere, assUlliing 
t.hat. the maximum dose occurs at the indicated radius. The maximum electromaglletic dOf;(, 

in 1:] uranium:scintillator is shown by the dashed line. Since the radiation length, lI11cieal 
int.eractiun length, and density are nearly identical for the two materials, dose (but not nelltron 
f1l1x) results may be compared directly. The electromagnetic dose has heen corrected downward 
by a factor of three, as described in an earlier footnote. Doses are for the high-Z absorber in 
Lhe calorimeter, and should probably be corrected upward hy a stoppillJ!; power ratio (1.-1 for 

silicon and I.G for scintillator) to obLail~ the dose in the IlCIIllitivf: lliakriili. 
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lowing nuclear excitation. In the 2 m radius central cavity of a detector wit.h coverage 
dowil to 1171 = ~, th(: average neutron flux is 2 X lO12 cm-2yr- 1 , incl1lding reflection. 

Table 1 
Codrjci~nt.!'i J1 / (100 Clll)~ amI 0: for the evaluation of radiJ.tion levels at cascade maxilllum 
ill sse calorimetry under nominal operating conditions. At a distallce I' and angle () from 
the interaction point the annual fluence or dose is A/(r2 sin2+a (J). 

Quantity AI(lOO cm)2 Units (P..L) 

Neutron flux 1.5 X lO12 cm-2yr-1 0.6 GeV Ic 
Dose rate from photons 124* Gy yr-1 0.3 GeV Ic 
Dose rate from hadrons 29 Gy yr-1 0.6 GeV Ic 

*Corrected value. 
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FIG. 3. Average neutron flux in a spherical central cavity with 200 cm radius under nominal 
SSC operating conditions, in the absence of reflections. Reflections increase the flux by a factor 
of about two, and the flux scales inversely as the square of characteristic dimensions. 

5. Neutrons in the central cavity 

Neutrons in the calorimeter may be thought of as a gas in a leaky container. Some (the 
"albedo neutrons") diffuse back into the central cavity. These have the same "1 MeV" 
spectrum as do all other neutrons in the environment. Since cascade maxima occur 
dceper in the calorimeter with increasing energy, the number of albedo neutrons sca.les 
ollly weakly (as about the 0.5 power) with the energy of all incident hadron. The num
ber of nClltrolls injected per event per pseudorapidity intervai is approximately given hy 
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14.5 cosho.s '1], as shown in Fig. 5-3 of Ref. 1. The average flux in the ca.vity is obta.ined 
by integrating this function over the region subtended by the central detector. The res'11t. 
is shown in Fig. :3 for a spherical detector with a 200 cm inside radius, in the absence 
of ::;econdary scattering ("reflection"). Note that most contributiol1s to the integra.l come 
from the smallest-angle parts of the calorimeter. Scattering enhances the a.verage flux by 
a factor of about two, and tends to make it more uniform. With realistic reflection and 
:t cutoff at 1'1]1 = 3, the flux near the ends of the cavity is nearly three times the nux at 
t.be center, and the flux near the calorimeter at 90° is about 60% 10v,e1' than at t,)oc cc'uter 
(Wilcox, p. 191 of Ref. 1). 

Gabriel and Lillie have investigated the effect of a polyethylene "liner" on the inside 
surface of the calorimeter[6]. The found that a 10 ern liner reduces the flux in the cavity 
hy an order of magnitude. Matthews has pointed out[7] that most of the reduction call 

probably be achieved if the hydrogenous layer only covers a small region near the 1l1ini mum 
ang;lcs, but detailed simulations have yet to be made. 

The flux in the cavity ~cales as the inverse square of the characteristic dime1lsions. 
but. for a different reason than for the flux in the calorimeter: it is proportiona.l to the 
average path lengtl1 of a neutron in the cavity divided by the volume. k 

G. Scaling to other machines 

Using the scaling discussed in connection with Eq. (5) rtbovc, examples of ~caling to 
O1.her accelerators are given in Table 2. It should be noted that the assumption that a.l\ 
radiation comes from the interaction point does not apply to the present generation or 
a,ccderators. 

t 
t 

Table 2 
A rough comparison of beam-collision induced radiat.ion levels in 

calorimetry at the Tevatron, YHK, high-luminosity LHC, and SSC. 

Tevatron YHK-3 LHC SSC 

vis (TeV) 1.8 6 16 40 

Lnom (crn-2s-1 ) 2 X 1030 4 X 1032 4 X 10J4t 1 X 1033 

(Jinel 59 mb 80 mb 86 mb 100 mb 
H 4.1 4.5 6.3 7.5 
(P-L) (GeV Ic) 0.46 0.52 0.55 0.60 
Scale factort 5 X 10-4 0.2 27 1 

High-luminosity option. 
Proportional to Lnom (Jinel Ii (p.l)0.7 

* III Lhe al'proximatiolJ of com;i;ani flux, this pat.h length may he replaced hy t.Iw mea.n dlOrd. For a. solid 
whose surface everywhere has curvature wit.h the same sign, the mean chord is cqua.1 to four t.itliCS t.he 
volume divided by the surface al'ca[8]. 
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EXPERIENCE WITH IEC STANDARD 544 TO ASSESS RADIATION DAMAGE 

OF ORGANIC INSULATING MATERIALS 

by 

H. SCHONBACHER and M. TAVLET 

CERN, CH - 1211 GENEVA 23, SWITZERLAND 

ABSTRACT 

The essential topics of IEC Standard 544 are presented which 
contains four parts: I Radiation interaction, II Procedures for 
lrradiation, III Test procedures for permanent effects and IV 
Classification system for service in radiation environments. The 
topics described include test procedures, critical parameters and 
end-point criteria, dose rate and the Radiation Index. Experience at 
CERN is reported which is based on radiation testing of many hundreds 
of organic insulating materials supplied by a large number of 
different manufacturers. The experience with rigid plastics, ego epoxy 
resins, were extremely positive, whereas with flexible plastics, 
mainly cable insulation and sheath materials, several difficulties did 
occur. It was however found that the recommended procedure to assess 
the dose rate effect clearly allows to identify materials where this 
effect is of Importance and that the Radiation Index is a simple and 
clearly defined tool to rank materials according to their radiation 
resistance. 
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1. INTRODUCTION 

Several national and international bodies such as ASTM, IEEE, 
DIN, ISO and IEC issue standards on radiation testing of materials. 
Slnce more than 20 years CERN has aligned its activity in the field to 
IEC Standard 544 because it is essentially devoted to insulatlng 
materlals and issued by an international commission. Further CERN 
staff and CERN experience has been instrumental in the elaboration of 
the series of IEC Standard 544. 

In this report we give a short summary of the essential parts of 
the Standard and concentrate then on CERN experience with its 
application. This experience has mainly been gained during the 
construction of the CERN Large Electron Positron storage ring from 
1982 to 1989 (LEP). In this high energy particle accelerator tunnel of 
27 km circumference hundreds of kilometres of cables and tons of 
magnet coil insulations are installed and exposed to high radiation 
levels. 

2. THE ESSENTIAL PARTS OF IEC STANDARD 544 

The ·Guide for determining the effects of ionizing radiatlon on 
insulating materials·, Publication 544 [1] of the International 
Electro-technical Commission (IEC) contains four parts: 

Part I 
Part II 
Part III: 
Part IV : 

Radiation interaction 
Procedures for irradiation 
Test procedures for permanent effects 
Classification system for service in 
environments 

radiation 

The present report concentrates on Part II, III and IV. 

Part I contains an introduction to the problems that may be 
encountered with this type of tests and detailed information on 
dosimetry. 

2,1, Te~t procedures 

Mechanical properties are very sensitive to radiation, and 
experience shows that electrical breakdown of insulating materials is 
usually a consequence of severe mechanical deterioration [2, 3]. 
Therefore the recoamended test procedures for permanent effects are 
tests of mechanical properties. Eg. tensile tests (ISO/R 527 and R 37) 
on flexible plastics and flexural tests (ISO 178) on rigid plastics. 

4,2. Critical parameter and end-point criteria 

For normal application the most restrictive property is: 

- flexional stress at maximum load for rigid plastics 
- elongation at break for flexible plastics and elastomers 

The recommended end-point criterium is 50 \ of the initial 
value. 
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2.3. Pose-rate 

It 1S known that radiation damage does not depend only on the 
total integrated dose; it may also depend on the dose rate as well as 
on env1ronmental parameters such as humidity and temperature. 

Therefore, the IEC standard recommends irradiat10ns at two dose 
rates; 

- high-dose rate irradiations at 3 to 30 Gy/s, 
- low-dose rate irradiations at 30 mGy/s. 

I.4. Radiation Index 

In the fourth part of Standard IEC 544 a classification system 
is defined to categorize the radiation endurance of insulating 
materials in radiation environments, with the purpose to provide a 
guide for the selection and indexing of these materials. The material 
is assigned a MRadiation Index·. To qualify for a particular Radiation 
Index, a material must satisfy one of the above defined end-point 
criteria after being irradiated by the classification dose and dose 
rate. 

The Radiation Index will be determined by the logarithm (log,o ) 
of the absorbed dose (Gy, rounded down to the two significant figures) 
above which the appropriate critical property value has changed to the 
end-point criterion under specified conditions. For example, a 
material which satisfies a particular end-point criterion to a dose of 
2 . 104 Gy has a Radiation Index of 4.3 [i.e. 10g(2 . 104 ) = 4.306) 

The Radiation Index is given with qualifiers indicating the dose 
rate and the temperature at which it was obtained, since it may depend 
on these parameters. 

3. EXPERIENCE WITH IEC STANDARD 544 

Radiation tests on many hundred insulating materials both rigid 
and flexible ones have been tested at CERN. A large amount of these 
data have been compiled and published (4). The experience with rigid 
plastics, mainly epoxy resins used for magnet coil insulation were 
extremely positive, whereas with flexible plastics, mainly cable 
insulation and sheath materials, several difficulties did occur. The 
reason for this may be their increased sensitivity to radiation dose 
and dose rate. The presentation in this report will therefore 
concentrate on cable materials. 

3.1. End-point criteria 

It shall be noted that before 1980 the CERN specification 
required for cable materials an absolute value of elongation at break 
of 100 \ at 106 Gy. As for safety reason halogen free mater1als were 
imposed (to replace PVC) the mineral fillers reduced the initial value 
of elongation of many materials so that the above specification was no 
longer applicable. At that tiae we aligned with the IEC recommendation 
and specified 50 \ of initial value of elongation at 5 x 105 Gy. In 
practice we accept any aaterial which irradiated at high dose rate 
(30Gy/s) satisfy one of the following conditions: 
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- ElongatIon > 100 \ asbsolute value at lOS Gy 
- Elongation> 50 \ InitIal value at 5 x 105 Gy (RI ~ 5.1) 

The following example is based on 280 tested materIals out of 
which: 

132 pass either the one or the other requirement (41 \) 
- 121 have an Rl ) 5.1 based on initial value (43 \) 

62 have an RI > 6.0 based on absolute value (22 \) 
51 pass both requirements (18 \) 

In Appendix 1 we list these materials with values of elongatlon 
at zero,S x 105 and 1 x 10S Gy and the RI (30 Gy/s) based on 50 \ of 
initial value. In the following tables we discuss some specific cases. 

Table 1 is an example of materials with a high initial 
elongation. This type of materials usually tend to satisfy the first 
of the above requirements, an absolute value of 100 \ at 106 Gy. None 
of them satisfies the present specification of RI ~ 5.1 based on 
initial value. In table 2 we summarize materials with low initial 
elongation. These are usually highly mineral filled halogen-free cable 
sheath materials. As mentioned above none of these would satisfy the 
100 \ elongation requirement but they all have a RI ~ 5.1. 

Comparing now tables 1 and 2 one would by strict application of 
the RI ~ 5.7 specification have to accept all in table 2 and refuse 
all in table 1. The latter have to be refused although in absolute 
terms the elongation at 5 x 105 Gy and 1 x 10& Gy is in all cases 
higher than for the materials in table 2. In many cases the elongation 
after irradiation is even higher than for the other material at 
zero dose! 

This example shows that a combination of the two requirements as 
it is practiced at CERN (although the RI ~ 5.7 only is specified) 
seems to be a good compromise and that strict application of the one 
or the other would clearly unfavour otherwise satisfactory materials. 

Experience also shows that specification of an absolute value 
may give rise to less troubles if the values are properly set, ego 
100 \ or 50 \ at 5 x 105 Gy. In the latter case however, almost all of 
the 280 aaterials included in this study (94 \) would pass. This 
clearly would not be enough selective. 

Table 3 finally gives some examples of very radiation sensitive 
materials which pass none of the above specification requirements. 

3.2. Dose rate 

The effect of dose rate on insulatin9 materials has been 
extensively treated in literature and is also well discussed and to a 
large extent taken into account of in the series of lEC St.andard 544. 
Since 1982 long term irradiations as recommended by lEC at 100 Gy/h 
are carried out on a routine basis on cable materials and the results 
are compared with short term irradiations at 105 Gy/h [5]. 
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For a representat1ve group of mater1als results are presented In 
table 4. In th1S table the elongation at break at zero dose and 5.105 

Gy for both accelerated and long-term tests 1S given, as well as the 
ratio of the two, defined as the 'Long-Term Factor at 5.105 Gy·. This 
factor allows the assessment of the error made by estimating the life 
performance of the cable-insulating materials by accelerated tests. 

The results in table 4 show that the LT factor is in general 
between 0.5 and 1.0 (hence within a factor 2) for EPR type materials, 
whereas for Polyolefins values down to 0.1 and lower are found. This 
is also clearly seen from fig. 1, where the LT factor (at 5.105 Gy)is 
plotted as a function of percentage of elongation at break at 
5.105 Gy compared to elongation at break at zero dose. As an example, 
a material that fulfils CERN specification requirements, with an 
elongation of 50 \ of initial value at 5.105 Gy but with a LT factor 
of 0.1, will after long-term irradiation only show 5 \ of initial 
elongation at that dose. 

In fig. 2 we give for elongation EIEo = 0.5 the long term factor 
of radiation index as a function of the radiation index and the 
end-point dose of short term irradiations. It must be stressed that 
the RI has been obtained in many cases by extrapolation to lower doses 
than the lowest measurement point or by extrapolation to higher doses. 
The error involved may therefore be important (see fig. 3). Because of 
these extrapolations the presentation of the LT factor in fig. 1 is 
much closer to reality and can be used with more confidence. 

It is clear that the procedure recommended by IEC can not 
precisely predict the life performance of the material. This could 
according to our present knowledge only be obtained by irradiation at 
service dose rate. The examples shown allow however to determine the 
overall performance of a group of materials (eg. PUR is better than 
EPR or PE) and identify materials which are particularly sensitive to 
dose rate effects (eg. polyolefins). This IS demonstrated in fig. 4. 

At present, we carry out at CERN also irradiations at an 
intermediate dose rate of about 5000 Gy/h. With 3 data points it shall 
then be possible to find a relation between end-point dose and dose 
rate and investigate whether it is possible to extrapolate to lower 
dose rates. This method is at present subject of a proposal for a new 
IEC recommendation [6]. 

3.3. Radiation Index 

Since the issue of IEC 544 part 4 in 1985 all CERN data 
published contain the Radiation Index. As shown in Section 2.4. this 
is clearly defined and easy to assess. It can therefore be considered 
as a valuable recommendation. From a practical point of view, it might 
have been easier understandable if the end-point dose would be given 
as such and not the logarithm of it. 

4. DISCUSSION 

In the complex field of radiation testing of insulating 
materials much work is done under well defined laboratory experiments. 
IEC Standards must however also be applicable in field work. In this 
respect, the results obtained at CERN represent a valuable experience 
since assessments of radiation resistance have been made on materials 
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which come from different manufacturers, have different sample sizes 
and to a large extend an unknown composition. They are installed in 
large quantities 1n high radiation areas. From this experience we can 
conclude the following: 

- to speclfy as end-point criterion 50 \ of 
x 105 Gy unfavours materials with high 
Specification of two conditions seems 
compromise ego at 5.105 Gy: 

elongation > 100 \ in absolute value 
QB elongation > 50 \ of initial value 

initial value at 5 
initial elongation. 

to be a reasonable 

the recommendation to assess dose rate effects is certainly not 
perfect from a scientific point of view, but clearly allows to 
identify materials with a high dose rate effect, 

- the Radiation Index is a simple and clearly defined tool to rank 
materials according to their radiation resistance. However to 
assess the dose rate effect a comparison of absolute values 
gives more accurate results than the Radiation Index. 
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Table 1. Materials wIth high initial values where elOngatIon 
at 106 Gy ~ 100 \ but RI is below 5.7 

PE Th. pI. Th. pI. EPR EPR EPOM EPOM 
C 678 C 615 C672 C 574 C 808 C 578 C 633 

dose 0 680 520 684 360 415 562 716 
5.105 Gy 126 162 166 178 181 218 196 
1.106 Gy 116 122 103 106 111 104 119 

01 (\) 19 29 26 22 24 26 37 

Table 2. Materials with low initial values of elongation 
where RI ) 5.7 

PE Th. pI. Th. pI. EPR EPR EPOM EPOM 
C 716 C 734 C 790 C 759 C 701 C 571 C 729 

dose 0 131 84 121 142 158 136 107 
5.105 Gy 81 79 91 103 98 79 52 
1.106 Gy 51 39 51 80 72 56 38 

01 (\) 40 I 39 28 35 32 57 

Table 3. Materials very sensitive to radiation 

PE Th.pI. Th. pI. EPR EPR EPOM EPOM 
C 548 C 553 C 569 C 751 C 540 C 703 C 721 

dose 0 423 573 505 550 520 540 344 
5.105 Gy 150 95 92 18 41 46 88 
1.1()6 Gy 43 27 22 12 30 41 30 
5. 1()6 Gy 17 12 15 6 14 20 / 
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TIS 
num. 

633 
717 
728 
729 
730 
736 
737 
738 
760 
763 
767 
806 
807 
808 
809 

484 
505 
545 
546 
652 
653 
658 
684 
687 
690 
696 
716 
731 
732 
733 
734 
735 
739 
744 
759 
762 
764 
7G6 
H8 
769 
790 
791 

706 
707 

Table 4 

Elongatlon at break at zero dose and 5xl05 Gf 
for accelerated and long-term tests 

for dIfferent groups of base polymers 

Elon atlon (\) 
dose 5xl 5 Gy L.T. 

Matenal I Type zero short long factor 
Eo Es El El/Es 

EPDM 716 196 114 0.58 
EPR basIs LFHS 5060 288 90 91 1. 0 1 
EPR EPDM 182 74 SO 0.68 
EPR 150 69 49 0.71 
EPR EPDM 184 79 85 1.07 
EPR Sheath 264 52 28 0.54 
EPR Insulation 352 130 164 1. 26 
EPDM Pyrofil 99 46 39 0.85 
EPR 520 191 183 0.96 
EPR + Copolymer (XL) 352 210 215 1.02 
EPR 3 G 276 115 47 0.41 
EPR 375 95 43 0.45 
EPR 160 90 70 0.77 
EPR 416 182 45 0.25 
EPR 294 124 162 1.30 

EPR + Copolymer (TP) 620 378 180 0.48 
PE MCA 245 634 306 144 0.47 
EVA 4/7 212 134 144 1.07 
EVA 4/7L 760 236 276 1.17 
EVA MCA 319 612 378 58 0.15 
Polyolefin MCA 320 660 404 264 0.65 
EVA Lupolen 520 386 65 0.17 
Polyolefin 200 78 46 0.59 
EVA 666 351 64 0.18 
EVA Sioplas 407 130 110 93 0.85 
EVA G 840 147 87 91 1. OS 
Polyolefin LFHS 5040 131 81 20 0.25 
Polyolefin 334 60 31 0.52 
Polyolefin 612 254 8 0.03 
Polyolefin 408 300 82 0.27 
Polyolefin 84 79 2 0.03 
Polyolefin 222 44 32 0.73 
Polyolefin Radox 124 59 54 0.92 
Polyolefin 146 46 7 0.15 
XLPE 142 104 53 0.51 
EVA 112 60 4 0.06 
EVA 569 403 42 0.10 
EVA 0 2983 FR 583 397 6 0.01 
EVA 123 62 36 0.58 
XLPE 307 239 30 0.12 
PE News 1386 121 92 7 0.07 
EPDM + EVA 551 177 17 0.10 

Polyester - PUR 548 557 459 0.82 
Polyether - PUR 556 568 478 0.84 
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APPENDIX 1 

CABLE MATERIALS - RESULTS 

I I 
TIS ELON ATION (\) R. I. Remarks 
Num Materials o Gy 5. lOS 1.1Q6 

409 EPOM LO BY 92 255 142 120 5.8 1 
410 EPOM LD 37 34 260 150 124 5.8 1 
411 EPR 434 180 108 2 
412 EPR 1239 132 93 75 6.1 1+ 
414 Flutrol Insul. 443 194 112 2 
415 Flutrol Sheath 441 120 50 5.7 1 
420 EPOM 220 133 95 5.8 1 
421 EPOM 233 131 72 5.7 1 
424 EPR 382 163 90 / 
425 Polyolefin 275 152 105 5.8 1 2 
430 PUR-Polyether 606 605 576 ) 6 1+ 2 
431 PUR-Polyester 566 676 618 > 6 1+ 2 
432 PUR-Polyester 592 578 508 > 6 1+ 2 
433 EPR 490 250 212 5.7 1 2 
434 Polyolefin 801 620 40 32 < 5 
442 EPR 252 150 108 5.9 1 2 
443 EPR 217 127 99 5.7 1 (2 ) 
455 XLPE 909 239 104 5.9 1 
464 EPR 293 150 123 5.7 1 2 
465 EPR 220 136 101 5.8 1 2 
466 EPR 275 150 107 5.7 1 2 
469 Polyolefin 205 120 93 5.8 1 
472 Polyolefin 132 23 17 < 5 
473 EVA Sioplas 132 114 96 > 6 1+ 
475 EPOM 113 63 >6 1+ 
483 VAC + EPR T1 642 418 130 5.8 1 2 
484 VAC + EPR T2 620 378 129 5.7 1 2 
485 VAC + EPR T3 573 310 72 5.7 1 

I 

486 VAC + EPR T4 342 142 64 / 
498 EPOM 616 270 104 5.6 2 
507 EVA Silampex 164 132 64 5.8 1 
511 EPR 254 150 108 5.8 1 
514 EVA Lupolen 434 87 38 < 5 
519 Polyolefin 236 527 302 222 5.8 1 2 
520 Polyolefin 245 634 350 162 5.7 1 2 
521 Polyolefin 245 481 250 146 5.7 1 2 
536 EVA Lupolen 470 68 37 < 5 
537 EPR 64 26 20 / ! 
538 EPR 258 105 80 / 
539 EPR 82 57 43 6.0 1+ ! 
540 EPR 520 41 30 < 5 
541 Polyolefin 210 138 106 6.0 1+2 
544 Polyol. AFT /R 1 252 167 139 5.9 I 1 2 
545 EVA 4/7 212 134 102 5.9 1 2 
546 EVA 4/7L 760 236 130 / 2 
549 PE (LDPE) 581 270 99 / 2 
550 EPDM 384 121 63 / 
551 EVA Lupolen 433 99 41 / 
552 Polyolefin 621 105 19 < 5 
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I I 
TIS ELONI ATION (\) R. I. Remarks 
Nu. Materials o Gy 5.1OS 1. 10' 

553 EVA Lupolen 573 95 27 < 5 
555 EPR 408 198 109 5.6 (1) 2 
556 EPR 291 124 86 I 
557 EEA (MeA 280) 501 264 172 5.7 1 2 
558 XLPE 547 296 170 5.7 1 2 
559 EPR 357 111 62 I 
560 Polyolefin 324 191 141 5.9 1 
561 EPR 280 112 116 5.8 1 2 
568 EVA Sioplas 103 84 70 ) 6 1+ 
569 EVA Lupolen 505 92 22 ( 5 
575 EVA 4 G 264 176 110 5.8 1 2 
576 XLPE Insulation 461 310 138 5.8 1 2 
511 XLPE Semicond. 214 118 84 5.7 1 
578 [PDM 562 218 104 I 2 
579 EPDM 531 136 88 I 
581 EVA 165 76 51 5.6 
582 SIR 531 41 21 ( 5 
583 EVA 191 130 78 5.8 1 
584 EVA 156 100 77 6.0 1+ 
585 EPDM IE 606 202 117 70 5.7 1 
586 EPDM IE 606 284 177 109 5.8 1 2 
587 Thermoplastic 219 112 64 5.1 1 
615 Thermoplastic 520 162 122 1 2 
616 Thermoplastic 290 62 56 1 
617 Radox 110 309 193 150 6.0 1+ 
618 Radox 110 A 178 124 95 6.0 1+ 
619 Radox 110 179 95 15 5.8 1 
620 [PDM 111 56 17 1 
624 EPR AT/2 242 77 28 1 
625 EPI AT/3 325 92 28 I 
626 EPI 160 62 22 I 
627 Toxfree 1 304 100 48 I 
628 Toxfree 2 216 89 39 1 
629 Toxfree 3 156 '9 32 5.6 
630 EVA· HFI/20 71' 417 272 5.8 1 2 
631 EPDM 382 114 70 / 
652 EVA MCA 319 610 378 160 5.8 1 2 
658 EVA Lupolen 520 386 88 5.8 1 
659 EVA 4/7 152 88 21 5.7 1 
660 EVA 4/7 181 82 23 / 
661 EVA 5/2 284 134 43 5.6 
663 EVA HFI/36 720 440 315 5.9 1 2 
664 EVA HFI138 111 411 156 5.7 1 2 
672 EVA 5/2 684 166 103 / 2 
674 Vamac 131 82 55 5.8 1 
677 EPDM/PE 51 13 16 / ! 
678 PE DFDS 6032 680 126 116 I 2 
682 EPR 1202 110 56 34 5.1 1 
683 EPI 1106 162 80 65 5.65 1 
684 Polyolefin 200 78 53 / 
686 EVA HFI136 657 345 140 5.7 1 2 
681 EVA HFI/38 666 351 57 5.7 1 
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I r 
R.I. IRemarkS TIS ELON"'ATION C\> 

Nu. Matenals o Gy 5.1OS 1.10' I 

690 EVA Sioplas 130 110 92 6.2 1+ 
696 EVA G 810 147 87 58 5.8 1 
699 EVA 748 140 84 < 
700 EVA 695 154 96 / (2 > 
701 EVA KX 712 158 98 72 5.9 1 
706 PUR polyester 556 568 466 6.2 1+ 
707 PUR polyether 548 557 462 6.2 1+ 
716 Polyolefin 5040 131 81 51 5.8 1 
717 PE + EPR 5060 288 90 71 I 
726 PE OFOI 4960 28 22 12 5.9 1 ! 
727 Polyol. AFT/R1 224 144 102 5.9 1 
730 EPR-EPDM 184 79 59 / 
736 EPR ext. sheath 264 52 32 < 
737 EPR inner sheath 352 130 82 / 
739 Radox 124 59 31 5.65 (1) 
746 Me90lon S 2 224 49 32 / 
747 Megolon I 445 160 66 / 
751 Polyolefin 802 550 18 12 < 5 
752 EVA 3917 BASF 516 408 324 6.1 1+ 2 
753 EVA 0 2083 FR 440 168 69 / 
154 Polyolefin 243 140 76 5.7 1 
759 XLPE charged 142 103 80 6.2 1+ 
760 EPR 520 190 125 / 2 
162 EVA co.pound 112 59 33 5.7 1 
763 VAC XL 351 210 145 6.3 1+ 
764 VAC thermoplastic 569 404 280 6.3 1+ 
766 o 2983 FR 583 397 60 5.7 1 
767 EPR 3 G 276 115 68 / 
769 XLPE 308 240 101 5.8 1 2 
780 XLPE 4201 530 362 195 5.9 1 2 
781 Seai-conductor 294 117 126 5.8 1 2 
782 XLPE 931 341 235 95 5.8 1 
783 PE 972 609 358 190 5.9 1 2 
784 Polyolefin XL 244 94 57 47 6.0 1+ ! 
785 Polyolefin XL 251 216 109 40 5.7 1 
786 Polyolefin 270 161 130 67 5.9 1 
788 Polyolefin XL 109 66 42 5.8 , I 790 PE NEWS 1386 121 91 51 5.9 1 
791 Cogegua AFR/1 551 117 112 / 2 
798 PE Silythene 540 237 85 5.6 
799 Toxfree M 2 126 61 37 5.7 , 
800 Toxfree M 2 163 95 66 5.8 1 
801 Toxfree G 10 178 74 54 I 
802 Toxfree G 5 222 133 78 5.8 1 
803 Toxfree G 9 136 93 57 5.9 , 
804 Polyolefin :.FR/1 550 152 56 I 
805 Vamac ZFI3H1p 276 116 66 / 
806 EPR DU 1202 375 95 63 / 
807 [PR DU 1106 160 90 60 5.8 1 
808 EPR 5009 415 181 111 5.6 2 
809 EPR DU 191 294 123 79 / 
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I I 
TIS ELON ATION (\) R.1. Remarks 
Hum Materials o Gy 5.1OS 1.10& 

812 EVA 4 G 185 96 58 5.7 1 
813 PE copolymer 174 118 80 5.9 1 
814 PE copolymer 172 106 74 5.8 1 
818 EPR 155 103 78 6.0 1+ 
819 EVA 255 142 111 5.8 1 2 
836 EPR 4-56680-04 138 89 70 6.0 1+ 
840 Rubber Acryl Sh. 142 73 52 5.7 1 
841 EVA X 2502 19 218 131 82 5.8 1 
856 XLPE G2-EC-MD 342 174 64 5.7 1 
860 EVA D 2983 FR 465 37 21 < 5 
862 Polyolefin 5040 140 90 65 5.9 1 
868 Rheyhalon KF2U 202 44 21 5.4 
872 VAC + EPR T2 653 250 91 5.5 
884 EPR 126 70 52 5.8 1 
885 EVA D 2983 FR 670 393 63 5.7 1 
886 Polyolefin 2979FR 535 374 190 5.8 1 2 
888 TPR 799 nat 138 34 15 / 
891 Meqolon S 1 194 57 33 / 
892 Meqolon S 1 ' 97 50 33 5.7 1 
893 Megolon S 300 125 62 32 5.65 (n 
897 EPDM/EVA 127 58 48 5.6 
899 EPDM 104 64 49 5.9 , 
900 EPOII 128 75 60 5.9 1 
903 EVA Ceanotox 162 87 61 5.7 1 
904 EPR Ceanotox 161 51 40 5.3 
908 PE News 1386 127 95 47 5.9 1 
914 Cogequa AFR/2 273 115 26 5.5 
915 VAC ther~plastic 657 391 231 5.8 1 2 
922 VAC thermoplastic 608 527 340 6.0 1+ 2 

I 925 EPR 3 GZ 340 483 259 176 5.7 1 2 
926 EPR DM 021 588 335 220 5.8 1 2 
931 Polyolefin DF632 517 10 4 5.3 
937 Polyolefin ZH 33 121 54 28 5.6 
951 Sioplas 118 63 52 5.8 1 
952 EPR G 5 110 63 48 5.8 , 
953 Megol.S300-15 171 122 102 > 6. 1+ 2 
954 Meqol.S300-10 154 112 87 > 6. 1+ 
955 Meqolon S 2-1 415 169 118 5.6 2 
956 Meqolon S 2-5 486 226 164 5.6 2 
961 C0geQUII AFR 11 560 383 24 5.8 1 
982 VAC ther~plastic 628 481 27 5.8 1 
983 VAC thermoplastic 607 96 12 5.5 
988 VAC thermoplastic 668 371 134 5.7 1 2 
989 VAC XL 458 92 57 5.5 
990 VAC XL 483 263 62 5.i 1 

Explanation of remarks 1 = RI > 5.7 
1+ = RI) 6.0 
2 = elonqation at 1 MGy > 100 \ 

= initial absolute values are low 
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LT factor at 5.10 Gy 
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Fig. 1: Long Term factor (LT) at 5.105 Gy (ratio of elongatlon at 
break for long-term and short-term tests) versus ratio of 
elongation at break at 5.105 Gy and initial elongation (E/Eo) 
for short-term tests. 
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Flg. 2: Long Term factor (LT) for Radiation Indexe as a function of 

Radiation Index for short-term irradiations RIa 
End-point Criterion E/Eo = 0.5 
D} = end-point dose for long-term irradiation 
D. = end-point dose tor short-term irradiation 
RI. = 10g10 D. ; RI} = 10g10 01 
L.T.factor = 10910 DI/D. = RII - RI. 
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APPENDIX 3 

Radiation Sources for Material Testing in Europe 
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~UROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 

TIS-CFM/IR/90-02 INTERNAL REPORT 
23.04.1990 

RADIATION SOURCES FOR HATERIAL TESTING IN EUROPE 

H. SchOnbacher and M. Tavlet 

The most radiation sensitive materials needed for future 
detectors around high-luminosity multi-TeV colliders are scintillators 
and semiconductors. Their damage depend on the radiation type and dose 
rate and environment during and after irradiation. To study the 
radiation damage in such devices, different radiation sources and on 
line measurements are needed. 

This report summarizes the different sources used at present 
for CERN radiation tests: reactor, Cobalt, CERN target areas, X-rays, 
electron beams and small sources. Other European irradiation 
facIlities are also presented. 
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1. INTRODUCTION 

RadiatIon damage studies are carrIed out at CERN SInce 
many years in order to select suitable materials and components 
for the constructions of the accelerators. 

Calculations and measurements In the existIng 
accelerators show that, oWIng to their positIon, the materials may 
receive doses from 100 to 106 Gy per year. 

years, the 
required. 
irradIation 

To ensure, if possible, a service 
proper selection of materials 

This implies preliminary tests 
with strong radiation sources. 

life of at least 10 
and components IS 
after accelerated 

Several radiation sources were used at CERN: the ASTRA 
pool reactor for high-doses or neutron irradiations and different 
strong Cobalt sources. CERN target areas and accelerators were 
also used, in a parasitic way. 

Up to now the studies of radiation damage have been 
concentrated on materials and components used in the primary beam 
areas of the accelerators. Very little consideration has been 
given so far to detector materials, because the radiation doses in 
present fixed target or collider experiments are in most cases far 
below any damage level. 

Exactly the opposite will be the case for future high 
luminosity hadron colliders in the multi-TeV energy range where 
the accelerator will have to operate with low beam loses and hence 
low radiation doses, whereas in the collision region of the 
detector the doses will be in the order of 104 to 106 Gy (1 to 100 
Mrad) per year and therefore similar or higher than normally 
accumulated in present primary beam areas in more than 10 years 
(Ref. 1). 

The most radiation sensitive materials in the 
accelerators were the organic materials (mainly the cables and the 
coil insulations) for which the principle "equal dose - equal 
damage" is valid however with a dose rate effect for certain 
materials, which becomes to be well known and understood. Large 
experience has been gained on radiation effects on accelerator 
components and the data are published (Ref. 2). This is also of 
interest for future detectors, but information is missing on the 
most sensitive components: scintillating materials, semiconductor 
materials and electronics. 

The radiation damage mechanisms may be different in 
different types of material, therefore the type of irradiation may 
be of importance on the damage level. 

Further both scintillating and semiconductor materials 
are sensitive to dose rate effect but not always in the same way 
and scintillators and fibres may be very sensitive to the 
surrounding atmosphere, during and after irradiaton. 

For electronic components radiation damage may be 
different when they are irradiated, biased or unbiased. 
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Considering all these parameters, lt becomes evident 
that different radiation sources are needed to study radiation 
damage, and that one needs to be able to carry out irradiations 
under different environmental conditions and measurements during 
or soon after the irradiation. 

In this report, we describe some available radiation 
sources, their main characteristics as well as the dosimetry 
methods. Some recommendation and projects for the future are also 
presented. The list of sources given is by no means exhaustlve. 

2. ASTRA REACTOR 

2.1. Description of the reactor (Ref. 3) 

The ASTRA reactor of the Oesterreichisches 
Forschungszentrum Seibersdorf (OFS) is a pool reactor with a 
thermal power output of 7 MW. The fuel elements are of the MTR 
type and contain 23 fuel plates. The fuel is uranium enriched 
to 93 \ U 235. The reactor core consists of standard, control and 
irradiation elements; it stands on a grid plate with 9 x 6 
positions and is surrounded on four sides by beryllium reflector 
elements. Located in the reactor core and in the reflector, as 
well as outside the reflector, are several irradiation channels 
and irradiation facilities for the production of radionuclides, 
activation analysis and testing of materials. Fig. 1 shows the 
reactor configuratlon and the irradiation positions. 

2.2. Irradiation positions in plane 1 (Ebene 1) 

The irradiation positions in plane are located 
outside the reactor core at a distance of about 26 cm from the 
core edge. Plane is equipped with fixed rails with uniformly 
spaced perforations. The rails provide fixed support and guidance 
for inserted racks into which, in turn, it is possible to insert 
irradiation containers of various sizes and shapes. The standard 
arrangement consists of 4 cylindrical containers (D = 62 mm, L ; 
200 mm) irradiated simultaneously. The exact dimensions, dose rate 
and neutron fluxes are given in table 1. 

chambers 
plastic 
dose. It 
neutrons 

The dosimetry is ensured by three different ionization 
to distinguish between 1-dose and neutron-dose. For 
materials, the neutron dose is less than 5 \ of the total 
is still less in silicon devices, but the presence of 
leads to induced radioactivity. 

2.3. Irradiation position SNIF 

SNIF (Standard Neutron Irradiation Facility is an 
irradiation facility for fast neutrons with the lowest possible 
contributions by gamma radiation and by thermal neutrons to the 
total dose. The unit constitutes a filter against gamma radiation 
and thermal neutrons and consists of two concentric cylindrical 
lead shields for the attenuation of the gamma dose rate, with a 
boron carbide layer attached to the outside of the inner lead 
shield for the attenuation of the flux density of thermal 
neutrons. Projecting over the irradiation space is a 2 m long tube 
with a funnel for rapidly bringing the irradiation container into 
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the irradiation position. The entire irradiat10n facility can be 
set up at a distance of 48 to 63 em from the core depending on the 
required neutron dose rate. The irradiation container itself has 
dimensions D = 56 mm, L = 120 mm and consists of a 1 em thick 
lateral lead shielding and a 5 em thick lead cover for the 
attenuation of the scattered gamma radiation entering the 
irradiation container from above. The container is suspended on a 
steel rope and is rotated during irradiation by a motor in order 
to ensure a uniform dose distribution in the material being 
irradiated 

The dosimetry is also ensured by ionization chambers 
plus activation detectors if the neutron spectrum has to be 
precisely known. The gamma dose rate and the neutron fluxes as 
well as the available dimensions are given in table 1. The neutron 
to gamma dose ratio is 2 for CH materials and only 0.1 for silicon 
devices (4). Even if the displacement damage due to neutrons may 
be 100 times as large as the ionization damage due to gammas, the 
gamma dose in such irradiations may not be neglected. 

2.4. Irradiation position 35 

In order to be able to use also the periods of 
reactor shut down for material irradiations, a fuel element is 
removed from the middle of the core and a cylindrical irradiation 
container with the dimensions 0 = 61 mm, L = 500 mm is inserted 
into the vacant position. As the intensity of the radiation field 
varies considerably during the irradiation time, depending on the 
prior history of the reactor core, the gamma dose rate is 
monitored during the irradiation by means of ionisation chambers. 
The dose rates are given in table 1. This position is suitable for 
irradiation to high-doses when induced radioactivity by neutrons 
must be avoided. 

2.5. Other positions 

For very high-doses or neutron flUKes, materials may 
be irradiated in position 11 or inside the reactor core (see Ref. 
3) . 

3. COBALT SOURCES 

Both for radiation damage studies and dosimeter 
calibration the gamma rays (1.17 and 1.33 MeV) from cobalt sources 
are very frequently used. They are available at numerous places 
(see table 2), we list below only those which have been used so 
far for CERN. 

3.1. Industrial sources at Conservatome (F) 

The French company Conservatome in Dagneux-Montluel 
carries out sterilization of food and medical materials and 
treatment of plastics on an industrial basis. They operate three 
60Co irradiation facilities: two industrial ones with automatic 
handling of samples and one "experimental cell" with a 150.000 Ci 
C·)ral t SJ'jrce, wl'u.ch lS used for radiatl.on dam.:;.ge t<::sts. 

46 



4 

In the "off" POSItIon, of the experImental cell the 
source IS Immersed In water In a well located In the centre of a 
shielded room (see Fig. 2). In the ·on" position, the source IS 
lIfted above the IIp of the well and irradIates the whole room. 
The sample could be placed anywhere in the room or inside the 
cobalt bars. The corresponding dose rates are gIven In table 1. 

The IrradiatIon pOSItion In the cell 15 a function of 
the requIred dose rate (whIch IS calculated In terms of the source 
actiVIty and the distance and sometimes the shieldIng). After 
irradiatIon, the exact dose (in CH materials) is read by means of 
Perspex dOSImeters (the formation of color centers in this PMMA is 
a functIon of the dose). 

The typical irradiation medium IS air at ambient 
temperature, but the room is large enough to mount special sets 
with gases or a cryostat. Electronic components may be powered 
during irradiation. 

3.2. Experimental source at OFZ Seibersdorf 

The Oesterreichisches Forschungszentrum 
operates a GOCo source for sterilization, radiation 
dosimetry. 

Selbersdorf 
testing and 

irradiation 
source is 
smaller. 

The general configuration of the source and the 
room is similar to the one at Conservatome, but the 

weaker (20000 to 30000 Ci) and the room somewhat 

Up to now, this source was mainly used for long-term 
irradiations of the insulating materials, at low dose rates of 100 
Gy/h. 

4. X-RAY SOURCE 

An industrial analysis X-Ray set was made operational 
at CERN for material testing which allows high dose rates for long 
operation times. (Ref. 5). The generator is a 3 kW Philips PW1140. 
The X-ray tube is mounted in a shielded room (see Fig. 3a), its 
maximum tension is 80 kV. An anti co cone is placed around the beam 
and supports the samples. The irradiation position is at 25 cm 
from the tube window and the available diameter of uniform beam is 
14 em (see Fig. 3b). 

Three different filters may be used: two times 1 mm eu 
and 1 mm AI. The mean energy and hence the penetration power of 
the filtered beam increases but the dose rate decreases. Two 
examples of the irradiation conditions are given in table 1. The 
dose-rate may of course be reduced by reducing the current and/or 
by increasing the distance from the tube. In the latter case, 
larger samples may be irradiated but they always must be thin e.g. 
electronic circuits or thin plastic samples. 

In the unfiltered beam, dosimetry is very difficult; 
at 80 kV the mean energy is around 15 KeV, the penetration power 
is very low and the dose distribution is not homogeneous. This 
may not be used for irradiation of integrated circuits. 

47 



5 

For routine irradiations, RPL dosimeters and Slilcon 
diodes are used for dosimetry of silicon devices and an alanine 
dosimeter is used for plastics. Intercalibrations have been made 
with a medical X-ray set with a maximum tension of 100 kV which 
was modified for calibration of radiation protection instruments. 
This set may exceptionally also be used for the irradiation of 
small items at low dose and dose rate. 

5. HAHN HEITNER INSTITUTE (HMI) 

HMI carries out on a routine basis irradiation and 
tests of electronic components and circuits for more than 10 
years, mainly for the European Space Agency. They have a well 
equipped laboratory to make irradiations and on line measurements 
of characteristic parameters or immediately after irradiation. 

They operate an X-ray irradiator (150 kV), an electron 
accelerator (2.5 MeV) and two cobalt sources. Details about their 
sources and procedures can be found in reference 6. The main 
characteristics of the sources are given in table 1. 

Ionization chambers, TL dosimeters and solar cells are 
used for dosimetry. 

6. CERN ACCELERATORS 

6.1. Parasitic irradiations in SPS north targets area 

When the CERN SPS operates in "fixed target" mode, it 
is possible to carry out material irradiations behind or near to 
the targets. Extensive dose measurements were carried out behind 
T6 in TCC2 (Ref. 7). The materials are irradiated in a radiation 
field which is representative of their life exposure during 
operation. The doses and irradiation times are evaluated before 
the materials are put in place, the real doses depend on the 
machine schedule and running mode. In this radiation field, the 
absorbed dose depends on the material composition; the dosimetry 
is ensured by RPL and alanine dosimeters. 

Close to the beam line behind T6, the dose rate is in 
the order of 1000 to 3000 Gy/h. Only relatively small items can be 
irradiated in these conditions (see for example table 1). On the 
QNL magnets behind T6, the dose rate is of the order of 100 to 500 
Gy/h with a more homogeneous distribution, bigger items may be 
irradiated there (see Figs 4 and 5). 

6.2. Project in PS-ACOL target area 

An irradiation facility for small items is under 
construction at PS-ACOL target area. Samples can be introduced 
through a hole from the top (9 m above the beam line) down between 
the target and the beam dump (see Fig 6 and Ref. 8). The position 
of the samples can be adjusted and the dose-rates and dose levels 
can be controlled during irradiation; we expect dose-rates between 
10 and 1000 Gy/h in plastic materials (see table 1). Also 
measurements and powering of circuits could be made during or 
immediately after irradiation. 
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The d1mens1on of the lrrad1at1on conta1ner wlll be of 
the order of 18 cm d1ameter and 20 em he1ght, but lf an 
unhomogeneous 1rradiatlon is allowed, much longer samples could be 
1rrad1ated. 

The proJect is well advanced: the antico flxed tube is 
installed, the tightness of the area is ensured and the basls for 
a small surface bUllding 1S ready. Also the mechan1cal devIces to 
handle the samples are ready. 

Whenever the antiproton target is in operatlon, 
samples can be irradlated in this facility independent from the 
operatlon schedule (which is not the case for T6 described above). 

7. OTHER IRRADIATION FACILITIES 

7.1. Small sources from TIS-RP group 

At CERN, the TIS-RP group may provide small sources 
suitable for irradiation at low doses « 100 Gy) of small items. 
Many types of a, $ and gamma sources are available. Members of the 
group may ensure the dosimetry. 

7.2. Outside firms or institutes 

Several European firms or institutes may carry out 
irradiations with different types of sources, accelerators or 
reactors. A list is given in table 2, which of course 1S not 
exhaust1ve. 

8. SUMMARY AND RECOMMENDATIONS 

A number of 
offer various types of 
tables 1 and 2). 

facilities 
irradiation 

are ava1lable in Europe and 
types and conditions (see 

The distances from CERN, the fact that we are not the 
only customers and the delay for the return of the samples are 
often an handicap for our radiation damage tests. 

As stated above the presentation given here is by far 
not complete and further enquiries in the near future will allow 
to update this list. On the other hand many of these sources are 
not in the places where tests are carried out and are not 
dedicated for material testing. Long handling and delivery times 
may be the consequences. 

It is recommended to make more use of the CERN 
accelerators and their target areas, where the irradiation 
facilities need to be increased and the irradiation conditions 
improved. On the other hand TIS-CFM should require a new powerful 
X-ray set (with a maximum tension of 200 or 300 kV, the price is 
of the order of 63 KCHF) and a gamma irradiator (type Gammacell, 
the price is of the order of 180 KCHF). It would be a considerable 
improvement of service to have this facilities available at CERN. 
This especially in view of the increasing requests from the high 
energy physics community for irradiation of materials to be 
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operated 1n future multl-TeV detectors. In these detector the maIn 
contrIbutIon of radiatIon dose will come from electromagnetlc 
radlatlon and the measurements durlng or immedIately after 
IrradIation are of importance for many materials (scIntillators 
and electronics); this supports the above recommendatIons to 
install powerful X-ray and gamma sources at CERN for materIal 
testIng. 

Adequate neutron sources need still to be found. 
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Firm 

O.F.S. 

~ ..... 
(XN)ERVA'RH: 

O.F.S. 

H.M.I. 

CERN 

Type of Soo.rce 

Astra/Eberle 1 

Astra/SNIF 

Astra, Pos. 35 

600:> (cell 02) 

600:> 

X-Ray 80 kV 

2.5 ~v e-
600:> (1) 

600:> (2} 

X-Ray 150 IN 

'1'Cl:2-T6 

PS-AroL Target 

TABLE 1 

IRRADIATION FACILITIES AND THEIR MAIN CHARACTERISTICS 

J:bse rates (or particles fluxes) 

3x1()l1l\ h an- 2S-1 + 3x1()l 0 n( E> 1MeV)an- 2g- 1 + 1-3 x lOS Gy /h (9 in 01) 

2xl()9 l\ h an- 2g- 1 + 8x1()9 n(E>O.l ~V)an- 2S-1 + 300 Gy/h (9 in 01) 

10' - lOS Gy/h (9 in 01) 

"inside" of soorce: 3000 to 7000 Gy /h 
en the platfonn: 10 to 500 Gy /h 

1 - 200 Gy /h (01) en the platfonn 
inside the soorce 

maxi with 2 om Q1 = 2 Gy/h (Oi) , 6 Gy/h (Si) 
maxi with 1 om Al = 120 Gy/h (Oi) , 600 Gy/h (Si) 

loa - l()l 0 e- air 2 g- 1 

10 - 1000y/h (Si) 
1300 Gy/h (Si) 
maxi 180 Gy /h (Si) 

beside or above the magnets: 10 - 500 Gy /h 
close to the beam pipe: 500 - 3000 Gy /h 

10 - 1000 Gy/h (01) 

Available d.inensicns 

(/)60anxH20an 

(/) 5.6 an x H 12 an 

(/) 6.1 an X H 50 an 

(/) 19.5 an x H 50 an 
> 1 m3 (maxi. 50 kg) 

> 1 m3 

(/) 14 an, thin soop1es 
greather (/) available 

20 x 20 an2 

(/) 20 anx H30 an 
(/) 7 an x H 14 an 
40 x 40 an2 

/'- 50 x 50 x 50 (an3 ) 

~ 20 x 5 x 5 (an3 ) 

(/) 18 an x H 20 an 



Table 2 

IRRADIATION FACILITIES IN EUROPE 

Institute Place Type of sources 

OESTERREICHISCHES A-2444-SEIBERSDORF Reactor, y, e-
FORSCHUNGSZEBTRUM 
SEIBERSDORF (OFS) 

SCK/CEN B-2400MOL Reactor, y 

IRE-MEDIRIS B-6220 FLEURUS Y 

RIS0 National Laboratory DK-4000 ROSKILDE 'Y, e-

BGS Beta-Gamma-Service 0-5276 WIELIrBOMIG y,e-

CEA-CEN F-13115 ST-PAUL-LE5- y 
DURANCE 

CEA-ORIS F-91190 GIF-SUR-YVETTE y, e-

CEN F-38041 GRENOBLE Y 

CERT-DERTS F-31055 TOULOUSE y,~,e-

CONSERV ATOME F-D1120 DAGNEUX- y 
MONTLUEL 

A.E.R.E. HARWELL GB-OXFORDSHIRE Reactor, y, 2520, e-, p+ 
OX11 ORA 

GANIL F-14021-CAEN Heavy ions 

CEA DEMOKRITOS GR-AITIKIS y 

ENEA CASACCIA 1-00100 ROMA y 

INSTITUTE OF N-2007 KJELLER Reactor 
ATOM ENERGY 

EURATOM C.E.C. NL-1755 ZG PETTEN Reactor 

STUDSVIK 
ENERGITEKNIK AB 

5-61182 NYKOPING Reactor, y 

HAHN MEITNER 0-1000 BERLIN 39 X-ray, y, e-
INSTITUT (HMJ) 
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Fi~.: : ~0balt irradiation cell at Conservatorne. 
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Fig.4 CERN SPS target area TCC2 and irradiation positions(r) 
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OVERVIEW OF RADIATION EFFECTS ON POLYMERS 

R. L. Clough and K. T. Gillen 
Sandia National Laboratories 

Albuquerque, New Mexico, 87185 

GENERAL DISCUSSION OF RADIATION EFFECTS ON POLYMERS 
Radiation effects in organic materials are initiated by ionization events as shown 

in Eqn. I, below. Secondary electrons created in the initial event can lead to a 
series of additional events in a localized region of the polymer (Eqn. 2). 
Recombination of electrons and cationic sites leads to highly excited electronic 
states in the material (Eqn. 3). Excited states may also be formed directly in 
radiation events which lack sufficient energy to result in ionization (Eqn. 4). The 
excited states formed can undergo radiative or non-radiative decay back to the ground 
state, which results in no molecular structural change in the material. However, a 
portion of the excited states lead to dissociation of chemical bonds (Eqn. 5), 
generating reactive species called free radicals which are capable of undergoing 
further chemical reactions within the matrix. It is these processes of bond breaking 
and of subsequent free-radical-mediated chemical reactions which lead to changes in 
molecular structure and hence macroscopic properties of polymeric materials (1-5). 

R ~ R+ +e- (1 ) 

e- +R • R+ +2e- (2) 

R+ +e- • R* (3) 

R .. R* (4) 

RX* ... R-+X- (5) 

Radiation-induced changes in polymers can be contrasted to radiation effects in 
inorganic crystalline materials - for example in silicon devices. In crystals, damage 
primarily involves creation of defect sites reSUlting from displacements of nuclei; in 
polymers, damage results primarily from rearrangements of chemical bonds between 
atoms. Note that even in the case of bombardment of polymers by neutrons, although 
the initial event involves neutron capture by a nucleus, most of the damage results 
from secondary ionizations which again lead to excited states and to free radicals. 

Organic polymers are macromolecules which consist of very long chains of carbon 
atoms and/or other elements. It is not unusual for individual molecules within the 
polymer matrix to consist of chains of 50,000 or more atoms. Side branches of various 
lengths, and chemical ties between chains (crosslinks) may also be present. The 
detailed molecular structures of macromolecules are primarily responsible for 
determining the physical properties of polymeric materials. When subjected to 
ionizing radiation, the molecular bonds which are broken to yield radicals can involve 
bonds between atoms along the chain backbone and/or bonds between atoms in side groups 
which are appendages to the chain. Overall, the most important molecular change which 
polymers undergo when irradiated involves either or both of the two processes 
illustrated in Fig. 1 (i.e., scission and crosslinking). Cleaving bonds between atoms 
which comprise the chai.n backbone ["scission"] results in chopping the macromolecule 
into smaller molecules. For polymers whose degradation is dominated by scission, the 
material generally becomes softer and weaker as it degrades; when taken to the 
extreme, the polymer is converted to a viscous liquid. The other primary degradation 
mode, crosslinking, occurs when free radicals generated by the irradiation engage in 
subsequent chemical reactions which result in formation of covalent bonds between 
adjacent macromolecular chains. For polymers dominated by crosslinking, the material 
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generally becomes harder and stiffer as it degrades, and eventually becomes highly 
embrittled. Table 1 shows the classification of major polymer types in terms of their 
primary degradation mode when irradiated in the absence of oxygen . 

.JVVVVV'~ ~ 

""" .JVVVV' JV'VVV' <:==J ~ c:=:> JV',""'''''''''''fV'!t'''''~:v' 

scission cross-linking 

FIG. 1. Irradiation of a matrix of macromolecular chains (center) 
can result in chain scission (left) or in crosslinking 
between chains (right). 

Due to diverse molecular structures and macroscopic properties, different types of 
polymers exhibit a wide range of different inherent resistance to ionizing radiation, 
spanning roughly 5 orders of magnitude in dose. Overall, elastomers (rubbers), which 
are lightly-crosslinked materials, are among the most sensitive to radiation. This is 
because the elastic nature of these materials, which is their unique property, is 
extremely sensitive to small changes in cross-link density or molecular weight (which 
is reduced by chain scission). In contrast, highly cross-linked, glassy resins such 
as epoxy or phenolic materials are among the most radiation resistant polymers. Their 
high strengths are not strongly affected by raising or lowering the number of 
interconnection points by crosslinking or scission except at very high doses, since 
the radiation-induced changes account for only a small change in molecular 
interconnections compared with the number which exist initially. 

Polymers having aromatic groups (such as phenyl rings) incorporated in their 
molecular structure are much more resistant to radiation than aliphatic polymers. The 
aromatic group acts as a trap for excited state energy in the irradiated polymer. The 
excited-state aromatic group has a very low quantum yield for bond dissociation, and 
undergoes decay to the ground state with high efficiency. Several examples of 
radiation-resistant aromatic polymers are shown below. 

I~~_~ 
\0 0 ~ 

polyimide (Kapton) 

polystyrene 

Radiation stability of polymeric materials does not necessarily correlate with 
thermal or chemical stability. A case in point is Teflon, which has outstanding 
stability with respect to elevated temperature environments, and which is probably the 
most resistant polymer known with respect to chemical attack. Despite this, Teflon is 
one of the least resistant polymers towards ionizing radiation. 

Outgassing is another radiation degradation phenomenon which can be important. 
The composition of gaseous radiolysis products depends upon the molecular composition 
of the polymer. Hydrogen is the primary product for most po1yolefins. For rigid, 
glassy polymers, which typically have low permeation coefficients for gas transport, 
bubbles may sometimes form within the polymer (particularly under high dose rate 
irradiation), resulting in dimensional deformation. In some cases, the outgassing 
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products themselves may be problematic, leading to pressure build-up inside closed 
containers, or causing corrosion of other materials. Of particular concern in this 
regard are chlorinated polymers such as polyvinylchloride (PVC), for which the primary 
radiolysis product is hydrochloric acid (HCl). 

INFLUENCE OF OXYGEN 
One environmental variable which is of extreme importance in the radiation

degradation of polymers is oxygen. If present, oxygen becomes involved in the free 
radical chemistry initiated by irradiation; in many cases this results in much more 
extensive degradation than in the absence of oxygen. Also the classification of 
pplymers in terms of whether they undergo primarily scission or primarily 
crosslinking (as in Table 1) no longer applies; scission dominates for many more 
materials under oxidizing conditions. The importance of enhanced degradation under 
oxidizing conditions is illustrated in Fig. 2, which compares the decrease in ultimate 
strength of polystyrene as a function of absorbed dose for irradiations in the 
presence and absence of air (6) . 
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FIG. 2. Changes in relative tensile strength of polystyrene samples as a 
function of radiation dose: 4t - irradiation under nitrogen 
(4.7 x 10 3 Gy/h) , () - irradiation in air (13 Gy/h). 

In addition to enhanced damage, complicated degradation behaviors involving time
temperature effects can arise when oxygen is present. As a result, the degradation 
may depend not only on the absorbed dose, but also upon the dose rate, the 
temperature, and the time period following the irradiation. The magnitude of such 
effects is material dependent. The occurrence of strong dose rate effects is 
illustrated in Fig. 3 for a PVC cable jacketing material (1). The data show the 
decrease in elongation at break versus dose for experiments run at five different dUSt 

rates. As is often the case, this material exhibits higher damage per equivalent 
dose at successively lower dose rates. 

Figure 4 illustrates post-irradiation degradation (elongation-at-break) of 
polyethylene cable insulation material, for pre-irradiated and non-irradiated samples, 
as a function of aging time in air at 80° C in the absence of radiation (7). For the 
unirradiated material, negligible degradation takes place. For the pre-irradiated 
material, very marked deterioration in properties takes places over a period of about 
two months. The rate of post-irradiation oxidation is temperature dependent. 
Although the rate is higher at elevated temperatures, the effect can also be 
significant at room temperature, given longer time periods. 

61 



1I .... 111r 

0"1 
o sal 
t:. 71 
017.1 
o 1.5 

tf 

1.0,--------r--------, 

I 
~ 0.' .. 0.5 

80· 
(AFTER IRRADIA liON) 

O.OIo-O-------=IIo-O-----:'''O:----~eo 
0.0 L-_____ -'-_____ ~ 

o 60 100 
IIAOIATION DOSE, MrM 

AGING liME (DAYS) 

FIG. 3. (Left). Decrease in elongation at break for PVC cable jacket 
material irradiated at 60· C in air at five different 
dose rates as indicated. (100 rad - 1 Gy). 

FIG. 4. (Right). Decrease in elongation at break of polyethylene cable 
insulation as a function of exposure time at 80· C in 
the absence of radiation. Upper curve: unirradiated 
material. Lower curve: material pre irradiated at 
50 Gyjh for 83 days at 25· C in air. 
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There are several causes of time-dependent effects (1). In many cases, free 
radicals trapped within crystalline regions of polymer matrices (which are 
inaccessible to oxygen) migrate slowly into amorphous regions where they can then 
react with oxygen. Also, peroxides formed in the course of radiation-oxidation 
undergo a time-temperature dependent decomposition, providing a chain branching step 
in the free radical mechanism. This results in more radicals than the number which 
arise directly from irradiation, and consequently leads to enhanced degradation. 
These mechanisms lead directly to post-irradiation oxidation effects, and also to 
dose-rate effects. 

Another reason for dose rate effects is oxygen-diffusion-limited complications 
which can result at high dose rates. This is a common occurrence, and it results in 
strongly heterogeneous degradation. When free radicals are generated at very high 
rates (as occurs under high dose rate irradiation), oxygen may be consumed, by 
reaction with radicals, more rapidly than additional oxygen can be supplied from the 
surrounding atmosphere by diffusion through the matrix. In this case, strong 
oxidation takes place in the edge regions, whereas the sample interior may undergo 
radiation-degradation in the absence of oxygen, or under conditions of depleted oxygen 
availability. By comparison, in the case of irradiation of a sample of the same 
material at a lower dose rate, the rate of radical generation (and hence oxygen 
consumption) is much lower. Consequently, oxygen can permeate more deeply into the 
sample. At sufficiently low dose rate, homogeneous oxidation throughout the sample 
thickness will occur. As a consequence of oxygen diffusion effects, the overall 
degradation of a material under high dose rate conditions may be much less severe 
compared with a sample irradiated to the same dose at lower-dose-rate, more-highly
oxidizing conditions. 

Several techniques have been developed to profile heterogeneous degradation across 
thin polymer samples (8-10). One versatile technique, developed by the authors, is 
modulus profiling (8,9). By this technique, degraded samples are cut in cross
section, and the depth of penetration of a tiny, weighted, paraboloidally-shaped tip 
into the sample is precisely determined as a function of position across the cross
sectional surface. The data obtained provide an edge-to-edge profile of modulus (or 
relative hardness) of the sample. Figure 5 illustrates heterogeneous oxidation 
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effects in 3-mm thick samples of EPR rubber that have been irradiated in air to a dose 
of 1.7 MGy at two different dose rates. At the higher dose rate (0.065 MGy/h), the 
edge regions undergo oxidation, whereas the interior portion degrades anaerobically; a 
distinct U-shaped profile results. At lower dose rate (0.011 MGy/h) , the degradation 
approaches homogeneous oxidation. 

Figure 6 illustrates another example of heterogeneous oxidation effects (8). In 
this case, 1.9-mm thick sheets of Viton o-ring material were irradiated at three 
different dose rates. The dotted line represents the flat modulus profile of an 
unirradiated sample. More extensive penetration of oxygen into the sample is clearl:! 
seen at successively lower dose rates. In the case of this Viton material, not only 
is degradation more severe at the lower dose rates, but the very nature of the 
degradation is fundamentally different in oxidized as opposed to unoxidized regions 
(9). In the edge regions, where oxidation occurs, the material becomes softer as it 
degrades (lower modulus), whereas in the interior, where degradation takes place in 
the absence of oxygen, the material becomes harder (higher modulus). The result is 
that when samples of the Viton material are irradiated at high dose rate, where 
oxidation is minimal, the overall sample characteristics are those corresponding to 
degradation in the absence of air (i.e., the sample becomes hard and brittle). In 
contrast, when samples are irradiated at very low dose rate, the overall sample 
characteristics are those of oxidative degradation (i.e., the sample becomes soft, 
more stretchable, and weak). 

The occurrence of time-dependent effects has important implications. Because of 
dose rate effects, it is very difficult to carry out accelerated radiation aging tests 
on materials to determine what the degradation behaviors and rates will be under 
application conditions involving long time periods and low dose rates. Also, because 
of post-irradiation effects, there must be concerns that even for applications where 
irradiation may take place in the absence of oxygen, occasional exposure to air may 
lead to significantly enhanced degradation. 
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FIG. 5. (Left). Edge-to edge profiles of relative hardness in 3-mm thick samples of 
EPR (ethylene propylene rubber). 0 - 6.7 X 10 3 Gy/h, Do - 1.1 X 

103 Gy/h. Total dose in both samples was approximately 1.7 x 
106 Gy. Greater probe penetration values correspond to relatively 
softer regions of the material. 
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FIG. 6. (Center). 

FIC. 7. (Right). 
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Edge-to-edge modulus profiles of of 1.9-mm thick samples of Viton 
material, after irradiation to a total dose of approximately 2.1 x 
105 Gy, at three different dose rates. 0 - 7.3 X 10 3 Gy /h, 0 - 6.1 X 

10 2 Gy/h, )( - 3.3 X 10 2 Gy/h. The dashed line represents the 
flat modulus of unaged material. Relatively higher modulus values 
correspond to relatively harder regions of the material. 

Edge-to-edge modulus profiles of 1.9-mm thick samples of styrene
butadiene rubber after gamma-irradiation at S x 10 3 Gy/h to a dose 
of 8.4 x 105 Gy. 0 - unirradiated material, • - following 
irradiation in air, [] - following irradiation in air for a sample 
surrounded with a O.S-mm thick glass wool cocoon impregnated with 
KI, which filters out atmospheric ozone, ~ - following 
irradiation under vacuum. 

One other consideration involving the presence of air in the radiation degradation 
of polymers is the fact that irradiation of air can lead to the formation of ozone, 
and this ozone may attack polymeric materials. Certain rubbers are most susceptible 
to ozone attack, and this effect is enhanced if the rubber is under mechanical stress. 
Figure 7 (solid squares) illustrates radiation-degradation of styrene-butadiene rubber 
(SBR) under high dose rate conditions where both an oxygen-diffusion effect in the 
interior regions of the sample, and an ozone attack at edge of the sample, have 
occurred (11). 

STABILIZERS FOR RADIATION ENVIRONMENTS 
There has been some work on the development of stabilizer additives for polymers 

in radiation environments (1). Two main classes of stabilizers exist: energy 
deactivators and radical traps. Both can be effective in the presence or absence of 
oxygen. Energy deactivators are primarily polycyclic aromatic hydrocarbons which are 
incorporated into the polymer formulation. These molecules function analogously to 
aromatic polymers discussed earlier in this report, by acting as traps for excited 
state energy, and then decaying harmlessly to the ground state. Radical traps are 
antioxidant-type compounds such as hindered phenols or amines, which serve to capture 
free radicals and thereby interrupt the radical chain reactions which lead to 
degradation. Table 2 provides data illustrating the stabilization of polyethylene 
toward irradiation in the presence of air by inclusion of various additives at a 
concentration of 0.25%. In the best case, a factor of six times higher radiation 
resistance was achieved with this material. 

TABLES OF RADIATION RESISTANCE 
Tables of radiation resistance of various polymer types have been compiled (1,12); 

one such table is provided in this report (Table 3). This table provides data on the 
dose required for a significant change in mechanical properties (i.e., lowering the 
elongation at break or the bend strength to half of the initial value) under two 
different sets of conditions: 1) non-oxidizing conditions (inert atmosphere 
irradiation or high dose rate irradiation in air), and 2) oxidizing conditions in the 
dose rate range of 5-50 Gy/h in air. These tables are intended to be used as a rough 
guide in selection of materials. Note that because of differences in material 
formulation, and because of time-dependent effects which occur under conditions of 
radiation-oxidation, significant variances can be expected. In particular, under 
oxidizing conditions, the data represent only one range of dose rates and 
temperatures; lower radiation resistance could be expected for a number of the 
materials at still lower dose rates. Unfortunately, because of the long time periods 
involved, little data exist on radiation degradation rates at lower dose rates than 
those shown in the table. For predictions of material lifetimes in critical 
applications, the above considerations imply the need to perform and understand 
accelerated aging experiments on the material formulation of interest. 
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RADIATION AGING EXPERIMENTS 
In the case of irradiation under non-oxidizing conditions, accelerated aging 

experiments which make the assumption of equal dose, equal damage, appear to suffice. 
However, as discussed above, predicting radiation degradation rates under oxidizing 
conditions can be very difficult due to dose rate effects, and other time/temperature
phenomena. In recent years, methods for performing meaningful accelerated aging 
experiments have been developed which can treat cases involving complicated aging 
effects such as dose rate effects. These methods depend upon an understanding of the 
mechanisms underlying the degradation, and use equations to manipulate data obtained 
under a series of different dose rate and temperature conditions. The procedure 
developed by the authors is basically similar to the Arrhenius method for extrapolat
ing thermal degradation data obtained at a series of different temperatures (13). By 
this approach, a plot is prepared of the dose required to cause some chosen amount of 
damage, as a function of dose rate. Such a plot is illustrated in Fig. 8, which gives 
data for the dose required to reduce the elongation-at-break of a PVC cable jacketing 
material to 40% of the initial value, as a function of numerous dose rate and tempera
ture conditions. By use of profiling methods, data corresponding to conditions which 
have resulted in heterogeneous oxidation are identified. Treatment of the data corre
sponding to homogeneous oxidation conditions with suitable equations shifts the data 
points to conditions of equivalent damage at some chosen reference temperature, yield
ing predictive information on degradation at lower dose rates. The shifted data from 
Fig. 8 are presented in Fig. 9, for a chosen reference temperature of 43° C (14). As 
can be seen, the data coalesce into a curve which predicts the dose required to reduce 
the elongation to 40% of initial at 43° C over a range of very low (experimentally 
inaccessible) dose rates. Predictive curves, such as this one, have been successfully 
correlated with results obtained under long-term application conditions (13,14). 

~ 111 10"m"----o 43° C <> 89" C 

" 0 60" C 'V 95· C I£T£ROG£NEOUS 

10
5 

of 

-1 (:, 63°C +1OO°C 
• 70"C ~11O"C 

o • . ~ • 
o 

x 
+ 

x 

• 

1 
I 
i 

X 

HOMOGENEOUS 

10' -+---'---'-,,1 ni 1"T111n", -,I -'1 OTTTrTi 1'1 -~",,-rrn-r1 r::l --1,--'-'lrTl"T1i ImliTrif -'1 ,I TI rTllimllfr-lrnl IrTl mil '"',1-"1 ,IT I TTl I TTTrI '" -,"T' nJ 
10-' 10° 10' w:/ 103 10' 10

1 ld 10
3 

DOSE RATE, Gy,/h DOS[ RATE , Gy/h 

FIG. 8. (Left). Radiation dose required for the elongation-at-break of 
PVC to be reduced to 40% of the unaged value at various 
dose rates and temperatures. A solid curve is drawn 
through the 43° C data. The dashed curve separates the 
experiments which resulted in homogeneous oxidation from 
the experiments which resulted in heterogeneous 
oxidation. 

FIG. 9. (Right), Elongation data of Fig. 8 (homogeneous oxidation data 
only) after shifting to a reference temperature of 
43° C, yielding predictive curve of dose required to 
reduce elongation-at-break to 40% of unaged value at low 
dose rates. 

65 



- 8-

COMPOSITE MATERIALS 
Polymeric composites are composed of two different materials: a polymeric matrix 

resin, and a fiber or cloth (typically glass, carbon or another polymer) 
reinforcement. Inclusion of the fiber or cloth material can result in greatly 
enhanced strength, compared with that of the pure resin. Glass-epoxy composites have 
been proposed for use in SSC in several important applications, such as structural 
materials inside the superconducting magnets. Radiation effects on composites have 
not been extensively investigated compared with non-composite polymers, and there 
remain some conflicting findings. Major points concerning radiation degradation on 
composites are summarized in this section. 

Although several studies indicate that the temperature of irradiation is generally 
unimportant, the temperature at which mechanical properties are measured can make a 
difference. Frequently, radiation-induced effects can be much more noticeable at very 
low temperatures (liquid nitrogen or liquid helium temperatures). Different 
mechanical properties are differentially affected by irradiation. For example, 
ultimate strength usually changes much more than Young's Modulus. 

In general, non-organic reinforcements (glass or carbon) have comparatively high 
radiation resistance and are unaffected at doses leading to failure of the composite 
material. Radiation degradation of composites with non-organic reinforcement may be 
resin-dependent or interface-dependent. A wide range of different resins and curing 
agents have been evaluated. In the case of organic resins of relatively poor inherent 
radiation resistance, the radiation-degradation of the composite may closely track the 
degradation of the resin. For organic resins of very high radiation resistance, the 
degradation of the composite may result from failure at the resin-matrix interface at 
a dose below that at which the resin degrades. In such cases, radiation-induced 
debonding at the glass-resin interface can be observed experimentally. Thiswould 
affect interface-sensitive properties such as transverse tensile strength. This 
debonding may be due to build-up of gaseous radiolysis products at the interface, or 
may result from radiation-degradation of the "coupling agent" used to covalently bond 
the fibers, such as glass, to the resin. When this debonding effect occurs, it gives 
rise to a very distinct breaking mode when samples are tested to failure. In such 
cases, delamination at the matrix-resin interface can be observed at the break site by 
scanning electron microscopy. As with non-composite polymeric materials discussed 
earlier in this report, aromatic structures are found to be more radiation resistant 
than aliphatics. This statement applies to the resins themselves, to the curing 
agents used to cross-link the resins, to the glass-resin coupling agents, and to the 
fiber (if an organic polymer fiber is used). It should also be noted that composites 
based on aromatic polyimide resins, rather than the more common epoxy resins, 
generally show considerably higher radiation resistance. Although the former are also 
considerably more expensive, use of such materials may be preferable in areas of 
especially high radiation dose. Figure 10 provides representative radiation
degradation data on several important composite materials (15). 

FIG. 10. 
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Although non-organic fiber reinforcement does not directly degrade, the nature of 
the reinforcement can still playa role in the composite degradation. For example, 
because of the neutron-absorbing property of boron present in glass fibers, the 
absorbed dose at the fiber-resin interface can be significantly higher compared with 
the bulk resin. This can enhance the rate of radiation degradation for materials in 
which the failure process is interface-dependent. Use of boron-free glass in such 
cases was shown to result in substantial improvement in radiation resistance of the 
composite. 
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TABLE 1 

CLASSIFICATION OF POLYMERS 
ACCORDING TO THEIR PREDOKINANT DEGRADATION HODE 

WHEN IRRADIATED UNDER INERT ATMOSPHERE CONDITIONS 

Polymer. Which Undergo Primarily 
Chain Scission 

polyLsobutalene 
poly-o-.ethyl.tyrene 
polyvinylidenechloride 
polyvinylfluoride 
polychlorotrifluoroethyl.ne 
polytetrafluoroethylene 
polyacrylonitrile 
polyvinylformal 
polyvinylbutyral 
polymethylmethacrylat. 
polymethacrylamide 
polymethacrylonltrl1. 
polyoxymethylene 
poly(propylene sulfide) 
poly(ethyl.n •• ulfide) 
cellulose 
polyalanine 
polylysin. 
DNA 

Polymers Which Undergo Primarily 
Crosslink in, 

polyethylene 
po lypropylene 
p"ly.tyrene 
poly(vinylchlorlde) 
poly(vinyl alcohol) 
poly(vinyl acetate) 
poly(vinylmethylether) 
polybutadien. 
polychloroprene 
poly(styrene-co-acrylonitrile) 
poly(styrene-co-butadiene) 
poly(butadiene-co-acrylonitrile) 
natural rubber 
chlorinated polyethylene 
chloro.ulfinated polyethylene 
polyamide. 
polyesteT. 
polyurethane. 
polysulfone. 
polyacrylates 
polyacrylamides 
polydimethylslloxane 
polymethylphenyl siloxane 
phenol-formaldehyde 
urea-formaldehyde 
melamine-formaldehyde 

TABLE 2. 

Dose Required to Reduce Tensile Elongation to Half the Initial Value, 
for Polyethlene Containing Various Stabilizers 

at a Concentrati.on of 0.25'* 

Stabilizer 

Nothing 

2·Hercaptobenimidazole 

Trilaurylphosphite 

Ionox 330** 

2-Hercaptobenzothlazole 

N,N'-Di-(p-Naphthyl-p-
phenylenediamine) (DPPD) 

Santonox R** 

Santowhite Powder (refined)** 

Phenothiazine: Ionol** 50:50 

Phenothiazine: Ionol** 30:70 

pose (ey, x lOS) 

6 

6 

6 

8 

13 

15 

23 
24 

32 

36 

*For samples containing two stabilizers, the combined 
concentration equaled 0.25\. 

**A hindered phenol derivative. 
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TABLE 3. 

RELATIVE RADIATION STABILITIES· OF POLYMERS, UNDER TWO DIFFERENT SETS 
OF CONDITIONS, AS INDICATED BY THE DOSE (In rads) REQUIRED TO REDUCE 
MECHANICAL PROPERTIES·· TO 50% OF THEIR ORIGINAL VALUE . 

Vt /ZZA REPRESENTS DATA TAKEN AT VERY 
HIGH DOSE RATE IN AIR (OR IN INERT 
ATMOSPHERE), CHARACTERISTIC OF LOW
OXIDATION (OR NON-OXIDIZING) 
CONDITIONS.··· 

•••• REPRESENTS DATA TAKEN AT LOW 
DOSE RATE IN AIR, CHARACTERISTIC OF MORE 
HIGHLY OXIDIZING CONDITIONS.···· 

DOSE" 105 
(rads) ",' _I.-____ .&... ____ .....&. ____ ---..:L-____ ..L-____ -' 

POLYIMIDE 
(AROMATIC) 

POL YPHENYLENE SULFIDE 

EPOXY 

PHENOL FORMALDEHYDE 
(MINERAL + SAWDUST FILLER) 

POLYESTER 
(INORGANIC FILLER) 

POLYSTYRENE 

POL YSULFONE 
(AROMATIC) 

POLYETHERETHERKETONE 

PHENOL-FORMALDEHYDE 
(SAWDUST FILLER) 

POLYURETHANE 

POL Y(STYRENE-CO
ACRYLONITRILE) 

POLYETHYLENETERE
PHTHALATE 

POLYURETHANE RUBBER 

POL YSTYRENE-POL YBUTADIENE 
(BLEND) 

POL YVINYLCHLORIDE 
(PLASTICIZED) 

POL Y(ETHYLENE-CO
YINYLACET ATE) 

NATURAL RUBBER 

POL YCARBONATE 

NITRILE RUBBER 

POLYETHYLENE 
(LOW DENSITY) 

t tt/ /// L/L/ ///// ///////1 

///// //// ////L 

///// //// //// ////// // / //// //// //A 

/////////////////////////////////////////////...4 

I 
V/////////////////////////////////////////////1 

l/J //// L/ 

/////////////////////////////////////////.1'1 

/////////////////////////////////////////...1 

/// ///// ///////////// / ////////J 

//// /// /// ///// ////// LLL 

// /////////////////////////// // 

////////L//LLL/LL/// ///// LA 

'/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / 

///// /// / /// ///// //////////J 

//// ////////////////////////////L 

///// ///// /////// ////// /////A 

/////////////////////////////////1 

/ //// //////////// ///////// 

fL/LLL L LLL /LL/LL / /L //L//L/L//J 

V/////////////////////////////J 

J I 

69 

I 



TABLE 3. (continued) 

DOSE+ 105 
(rads) 

CHLOROSULFONATED 
POLYETHYLENE 

ETHYLENE-PROPYLENE 
RUBBER 

ACRYLIC RUBBER 

POL YVINYLFLUORIDE 

POL Y(ETHYLENE-CO
TETRAFLUOROETHYLENE) 

POL YCHLOROPRENE 
RUBBER 

POLYAMIDE (ALIPHATIC) 

POL YVINYLALCOHOL 

POLYETHYLENE 
(HIGH DENSITY) 

SILICONE RUBBER 

CELLULOSE-DERIVED 
POLYMERS 

POLYMETHYLMETHACRYLATE 

POL YPROPYLENE 

POL YFLUOROTRICHLORO
ETHYLENE 

BUTYL RU8BER 

POL YTETRAFLUORO
ETHYLENE 

POLYOXYMETHYLENE 

r//////////// / //////A 

,/L/ // / / / / / / / / L//L// // / LLLLL/-LJ 

'/ / / / / / / / / / / / / / L/L / / / / /LLLLL 

'/////////////////////..//////.,4 

, / // // / / / / / / / / / / /L// / / / LLLLLA 

I 
1// / / / / / / / / / / / / / / / / / / / / / / / / /J 

I 
r////LL...LL///..////////////L/LLJ 

'/ / / / / / / / / / / / / / / / / / / / / / / / / / 

V///////////////////////L/A 

'/ / / // / / / / // / / // / // /// // / / 

'/ / / // / / / / / / L.LL L/ / // / / / /...d 

//// // '//////////..1 

V////////L///////////J 

'/ / / / LLJ' L / / / / / / / / / / / /.A 

///////////L/J'L//L/~ 

V//////////// / A 

~ 

I -'-

• This table Is Intended as a rough guide, to be u .. d as an aid In selection of materials for further testing. The 
data Were .. ken from numerous 1I ..... ture sources, and represent approximate radiation tolerances of 
Indlyldual polymeric materials under two specific enylronmental conditions. As discussed In the text, other 
factors not .. ken Into account In the da .. will have a major Influence on radiation resls .. nce due to differing 
oxidation effects. Th ... factors Include: other dose "'''s, temperature, post-Irradiation time, formulation and 
aample thlck ... s. 

In most ca .. s, the mechanical property considered was tensile elongation at break. Where elongation data 
were unavailable, some other Important mechanical property, such as bend strength, was considered. 

••• Oa .. were "ken at a variety of high dose ... tes, primarily In the range of 1()6 • 107 radslh or above . 

•••• Data were taken within or near the dose ... te range of 5 x 102 • 5 X 103 rad/h, In air. Sample thlcknes.e. were 
primarily In the range of 0.4 • 1.5 mm. Samples were Irradiated at or somewhat above room temperature. 
Mechllnlcal propertlel were meaaured shortly after the Irradiation was completed. 

70 



APPENDIX 5 

Recommended Total-Dose Radiation Test 
Guidelines for sse Detector Applications 

71 



Recommended Total-Dose Radiation Test Guidelines 
for SSC Detector Applications 

P. S. Winokur and D. M. Fleetwood 
Sandia National Laboratories 

Albuquerque, New Mexico 87185 
(505) 846-2998 

Abstract 

Semiconductor detectors for high-energy physics applications 
offer the potential to obtain accurate particle spatial 
resolution and on-line data reduction. A significant 
disadvantage of semiconductor detectors and their associated 
circuitry however, is their sensitivity to radiation. This paper 
focuses on radiation-damage testing of the peripheral detector 
electronics to ensure their survival in the Superconducting Super 
Collider (SSC) radiation environment. Primary emphasis is on 
silicon-based integrated circuits (ICs) and on the degrading 
effects of "total-dose" ionizing radiation. The ionizing 
radiation effects problem for Complementary-Metal-oxide
Semiconductor (CMOS) devices is reviewed, and it is shown that 
the survivability of detector electronics strongly depends on the 
dose rate of the incident radiation. A technical basis is then 
provided for using laboratory irradiations, followed by high
temperature anneals, to accurately predict survival levels of 
semiconductor components in the SSC environment. 

Introduction 

One goal of the Radiation Damage Testing Task Force is to predict 
the long-term radiation response of detector electronics used in 
the SSC from short-term, practical, and cost-effective laboratory 
measurements. For SSC applications, this task will prove 
extremely challenging for CMOS circuits and devices. This 
difficul ty occurs because: (1) Typical laboratory radiation 
source (e.g. Co-60) dose rates commonly differ by orders of 
magnitude from dose rates in the SSC. The SSC radiation 
total-dose environment, expected to exceed 106 Gy(Si), will be 
delivered at moderate dose rates extended over several years; 
this radiation scenario provides for an effective time-averaged 
dose rate that is very low. Co-60 dose rates typically range 
from 50 to 300 rad(Si)/s. (2) CMOS "total-dose response" depends 
strongly on dose rate, bias, and postirradiation annealing time 
[1-7]. Problems in defining test methods to qualify CMOS devices 
for use in an SSC environment are due primarily to uncertainty 
about how time-dependent phenomena, such as trapped-hole 
annealing and interface-trap buildup, affect CMOS circuit 
and device performance. Based on previous work [1,4,6,7], this 

* This work performed at Sandia National Laboratories was 
supported by the Defense Nuclear Agency under subtask 
X99QMXVA/00089 and by the u.S. Department of Energy under 
contract number DE-AC04-76DP00789. 
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paper outlines test guidelines that translate existing knowledge 
of radiation-induced defect growth and annealing processes into 
practical acceptance tests for CMOS devices. 

Basic Mechanisms and Device Response 

When metal-oxide-semiconductor (MOS) structures using Si02 gate 
insulators are exposed to ionizing radiation, electron-hole pairs 
are generated along the track of the incident particle. (Total
dose radiation effects are illustrated in Fig. 1 with the use of 
an MOS band diagram.) In general, some fraction of these 
electron-hole pairs will recombine, but that fraction is a 
complicated function of the material, the kind of radiation, and 
the applied field. Experimentally the "Yield" of hole-electron 
pairs that escape bimolecular recombination is determined from a 
threshold-vol tage shift measured at liquid nitrogen temperature 
[8] and, in Si02, is consistent with an electron-hole pair
creation energy of - 17 eV. Following the initial creation 
process, the radiation-generated electrons and holes transport 
under the applied electric field. For positive bias, the 
electrons are swept to the gate and collected in picoseconds, 
while the holes undergo a "stochastic" transport to the Si02/5i 
interface [9]. "5tochastic" transport involves hole motion via 
polaron hopping between localized sites randomly distributed in 
the Si02' When the holes arrive at the Si02/Si interface a 
certain percentage are trapped. This percentage strongly depends 
on processing. In commercial oxides, it can be greater than 50 
percent, while for oxides that receive special processing to 
decrease their sensitivity to radiation, it can be as low as 
several percent. Most of the positively-charged holes are 
trapped within 7.5 nm of the 5i02/5i interface, although holes 
trapped within the first 1.5 nm probably recombine immediately 
with electrons that tunnel from the 5i. In addition to hole 
trapping at the 5i02/5i interface, there is buildup of radiation
induced interface states. Many models have been proposed to 
describe the origin and nature of these electronic states at the 
interface. Some models suggest that interface states result 
from: (1) hole trapping at the interface followed by electron 
injection [10], (2) hydrogen that is liberated in the bulk of 
the oxide during irradiation and interacts at the interface [11], 
and (3) stress [12]. Radiation-generated interface states can 
have either a positive or negative charge depending on whether 
they are donor or acceptor states, and their charge occupancy 
depends on the applied bias or band bending at the Si02/Si 
interface. 

The total-dose response of n- and p-channel MOS transistors to 
ionizing radiation, illustrated in Fig. 2, is due to trapping of 
holes in the oxide and the buildup of interface traps. In 
general, the effect of radiation-generated charge, t:.p, on the 
threshold-voltage shift, t:.Vth, of a transistor is given by 

tox 
t:.Vth = (-l/cox)I 

o 
t:.p(x) (x/tox)dx, 
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where tox is the oxide thickness, Cox is the oxide capacitance, 
and x is measured from the gate-si02 interface. From Eq. (1) it 
can be seen that positive charge, i.e., trapped holes, will cause 
a negative shift in the threshold voltage of a device, while 
negative charge will cause a positive shift in the threshold 
voltage. In general, the initial response of an MOS transistor 
to radiation is a negative shift in the threshold voltage 
due to the buildup of trapped holes. At some later time 
(usually, but not always, at the end of the radiation exposure) 
the threshold voltage of an n-channel transistor will start to 
shift in the positive direction. This recovery can be attributed 
to either: ( 1) the anneal of the trapped holes or (2) for n
channel transistors, the buildup of negatively charged interface 
traps. It is possible for the threshold voltage of an n-channel 
transistor to increase above its preirradiation value following 
irradiation, a condition termed "rebound" [2,3]. This occurs 
when most of the trapped holes are annealed leaving mainly the 
negative charge contribution of the interface traps. "Rebound" 
has been observed to cause IC failure and is likely to occur in 
complex electronics used in research or industrial accelerators 
where semiconductor components can be exposed to long term, 
intermittent radiation in the beam environment. In addition, the 
buildup of radiation-induced interface traps can degrade 
transistor mobility and transconductance, and increase surface 
recombination velocities. 

In the next series of figures (nos. 3-6), we investigate the 
dependence of CMOS device response on dose rate, and characterize 
the time-dependent nature of the relevant defect growth and 
annealing processes that govern CMOS device response. This 
discussion largely focuses on radiation-hardened devices, since 
their use will most likely be required for the high total-dose 
SSC application. To begin, in Fig. 3, threshold-voltage shifts 
(t. Vth) for an n-channel transistors are shown following 
irradiations at varying dose rates. At a dose rate of 
200 rad (Si) Is, the threshold-voltage shift steadily decreases 
with dose and is -0.4 V at 1 Mrad(Si). At 0.23 rad(Si)/s, the 
threshold-voltage shift steadily increases or "rebounds" with 
dose and is +0.7 V at 1 Mrad(Si). Data for the 0.05 rad(Si)/s 
irradiation is only available to 500 krad(Si), but indicates more 
"rebound" at equivalent doses than the 0.23 rad(Si)/s 
irradiation. The behavior of the threshold-voltage shift at dose 
rates of 20 and 2 rad(Si)/s is intermediate between what is 
observed at 200 and 0.23 rad(Si)/s. 

At Sandia Laboratories, a technique has been developed [13] for 
splitting the net threshold-voltage shift into a contribution due 
to interface traps, t.Vit, and a contribution due to oxide-trapped 
charge, t.Vot, i.e., 

t.Vth = t.Vit + t.Vot· (2) 

In Fig. 4, the contributions to the net-threshold-voltage shift 
due to oxide-trapped and interface-trap charge are shown for the 
dev ices of Fig. 3. The oxide-trapped charge component, t. Vot, 
steadily decreases as the dose rate decreases. This is 
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consistent with the fact that lower dose-rate irradiations are 
longer and consequently the oxide-trapped charge (i.e., trapped 
holes in the vicinity of the sio lSi interface) has more time to 
anneal. This annealing of oxide-trapped charge may result from 
injection of electrons from the Si, from thermal detrapping, or 
some combination or injection and detrapping. The interface-trap 
charge component, ~Vit, is steadily increasing as the dose rate 
is decreasing. This results from the longer times associated 
with lower dose-rate irradiations which supports a very long-term 
delayed buildup of interface states [6,11]. As the dose rate is 
lowered, there are fewer oxide-trapped charges and more interface 
traps. This results in the net threshold being more positive at 
any given total dose as the dose rate is lowered. Therefore, in 
a low-dose rate environment, the net threshold-voltage shift for 
these transistors would be positive and largely controlled by the 
component due to interface traps. 

In Fig. 5, the threshold voltage shift due to interface traps, 
~Vit, is plotted as a function of postirradiation anneal time for 
n-channel transistors with 60 nm gate oxides. Irradiation and 
anneal bias is 6 V. "Zero" on the time axis is taken to be the 
beginning of each of the respective irradiation periods. Data 
are shown for LINAC, x-ray, and Cs-137 irradiations to a total 
dose of 100 krad (Si02), followed by biased anneal. Dose rates 
range from 6 x 109 to 0.05 rad(Si02)/S. It is most important to 
notice here is that the buildup of interface traps with 
postirradiation annealing time is independent of the radiation 
source employed and dose rate, and the results all fallon a 
common "defect- growth" curve. For example, whether devices were 
exposed to two LINAC pulses, each of 8 ms duration, and annealed 
for one week, or whether devices were exposed to the same total 
dose over the course of a week, the same number of interface 
traps are measured [6]. 

In Fig. 6, the threshold voltage shift due to oxide-trapped 
charge, ~Vot, is plotted as a function of postirradiation anneal 
time for the transistors of Fig. 5. Note that, with the 
exception of the small, "short-lived" tails (regions in which 
~Vot falls slightly below the straight line, as shown most 
clearly for the LINAC data), the values of ~Vot all fallon a 
straight line that represents linear response with logarithmic 
time. The slight deviations from this response at short times 
after exposure are a result of the detailed impulse response of 
MOS devices, and are due simply to the fact that the total charge 
in each irradiation is not deposited at the same time. To be 
able to plot points on a single "transient-annealing" curve, one 
must be 1-2 decades beyond that time in which (at least the 
greatest fraction of) the dose is deposited so that differences 
in annealing time for different units of trapped charge are no 
longer significant. This impulse response for trapped-hole 
annealing has been characterized extensively in previous work via 
linear-response analysis [1], and does not represent a true 
dependence on radiation source or dose rate. 

Taken together, the results of Figs. 5 and 6 strongly suggest 
that, over the wide range of dose rates and measuring times, 
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there are no true dose rate effects on MOS device postirradiation 
response. As long as the time is appropriately normalized, bias 
and temperature are maintained roughly constant, and corrections 
are made for dose-enhancement and electron- hole recombination 
effects, MOS postirradiation response at a given total dose can 
be described with simple defect-growth and transient-annealing 
curves. The same general trends are observed for p-, as well as 
n-channel transistors, and for irradiations in either the "on" or 
"off" state [6]. 

These changes in basic transistor properties described in 
Figs. 3-6 then result in parametric changes in the operation of 
silicon integrated circuits, e.g., increased timing, decreased 
speed and drive. In Fig. 7, where the change in "read" timing, 
atRO, of a 2K SRAM (fabricated in the same technology as the 
transistors reported on above) is plotted versus dose at dose 
rates of 200 and 0.09 rad(Si)/s, we see the natural consequences 
of the mechanisms described above. At a given dose, the timing 
is larger ("degraded" more) due to an increased interface-trap 
growth and its resultant mobility degradation. This once again 
illustrates that the radiation response of CMOS devices depends 
strongly on dose rate. In addition, device response in low-dose
rate radiation environments can be dominated by interface-trap 
growth and resultant changes in timing. 

Testing Recommendations 

Having defined the basic mechanisms governing the response of 
CMOS devices to ionizing radiation, we are ready to focus on 
practical approaches toward predicting total-dose hardness of ICs 
in low-dose-rate radiation environments from laboratory 
measurements. Recent work has demonstrated that failure dose is 
a complicated function of dose rate, and that a peak in the 
failure-dose versus dose-rate curve generally results when there 
is a change in failure mode [4]. The dominant failure 
mechanisms, and total-dose hardness, of radiation-hardened SRAMs 
(no doubt required for SSC applications) in low-dose rate 
radiation environments were often found to be qui te different 
than those observed at considerably higher laboratory dose rates. 
Based on the results shown in the previous section, it is very 
easy to imagine extrapolating interface trap and oxide trap 
densities, measured in a reasonable sequence of laboratory x-ray 
or Co-60 irradiations and anneals [6], to obtain very reasonable 
estimates of these quantities in low-dose-rate environments. For 
example, one could use the long time response (greater than 
1000 s) to predict device response at low dose rates with very 
good probability of success. Coupling this type of information, 
obtained for all important gate oxide and parasitic transistors 
(at several biases) for each technology of interest, with 
detailed SPICE circuit simulations and detailed circuit testing 
may well be the most aesthetically appealing method by which to 
proceed with a hardness assurance program. In fact, we believe 
that, to minimize uncertainty about CMOS circuit performance in 
low-dose-rate environments, particularly as circuits become more 
complex and radiation environments become more challenging, this 
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method of approach should 
However, it is clear that 
extensive measurement and 
practical implementation. 
[6,7]. 

be vigorously pursued in the future. 
hardness assurance involving such an 
analysis program is years away from 
Better practical tests are available 

To achieve improved hardness assurance for low-dose-rate systems, 
we endorse previous suggestions [3,6] of using Co-60 exposure, 
followed by elevated temperature annealing. To illustrate this 
point, in Fig. 8 we plot the critical parameter f1Vit as a 
function of postirradiation annealing time for n-channel 
transistors irradiated to 300 krad(Si02) with a Co-60 source. 
Devices are annealed either at room temperature (solid circles) 
or at 100°C (solid triangles). Note that 1) the value of f1Vit 
obtained from room temperature annealing measurements agrees 
exactly with the value of f1Vit obtained from a 3-week long Cs-137 
exposure to the same total dose, and 2) that measurements of f1Vit 
obtained for elevated temperature annealing saturate very quickly 
at a level that is slightly above that achieved at the end of 4 
months of room temperature postirradiation measurements. Having 
demonstrated in Figs. 5 and 6 that there are no true dose rate 
effects over 11 decades in dose rate, we feel comfortable with 
extrapolating the remaining decade or two to space-like dose 
rates. Circuit parameters that depend strongly on f1Vit, such as 
speed and timing [4,5], are expected to show a similar response 
to that observed in Fig. 8. 

Based on the results and discussions above, we recommend the 
following total-dose testing guidelines for components to be used 
in the SSC. We recommend 1) that devices be exposed in a Co-60 
cell to a total dose that is - 50 percent greater than that 
projected for the system lifetime, 2) that devices be annealed 
for one week at 100° C following irradiation, 3) that the same 
static bias be applied for both the irradiation and annealing 
period, and 4) that functionality and compatibility with intended 
system use be determined by functional and parametric testing 
performed after the annealing period [6,7]. We suggest - 50 
percent overexposure as reasonable margin to compensate for 
uncertainties in defining true worst-case bias conditions [6,7]. 
We recommend Co-60 irradiation because it provides a better match 
to space radiation spectra than a 10-keV x-ray source, and 
because of practical difficulties associated with performing a 
one-week elevated temperature anneal on anything other than 
packaged parts. static bias is similarly selected for its 
simplicity, and for ease of performing the postirradiation 
anneal. Finally, postirradiation anneal at 100° C provides a 
reasonable match to interface trap and oxide trapped charge 
densities under low-dose-rate conditions for most devices we have 
seen or measured, without the accompanying danger of significant 
interface trap annealing (leading to an underestimate of damage) 
often observed above 100°C [14]. The technical basis for this 
recommended test is discussed further in Refs. 6 and 7. 
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Conclusions 

We recommend that radiation-hardened CMOS circuits intended for 
use in the SSC environment be exposed in a Co-60 cell to a total 
dose 50 percent greater than the system requirement, followed by 
a one week biased anneal at 100°C. While these tests do not, and 
should not, provide the final word on relating CMOS device 
response observed under laboratory test conditions to real use 
condi tions, the tests we recommend are practical to implement, 
and should greatly improve confidence in CMOS performance in SSC 
applications. 
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Fig. 1 Metal-oxide-semiconductor band diagram illustrating the 
physical mechanisms governing the total-dose response of 
CMOS devices to ionizing radiation. 
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Fig. 3 Threshold-voltage shifts versus dose at varying dose 
rates for n-channel transistors irradiated with lO-V bias 
applied between gate and substrate. 
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Fig. 4 contributions to the net threshold-voltage shift from 
oxide-trapped, AVot, and interface-trap charge, AVit, for 
the irradiations shown in Fig. 3. 
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Fig. 5 
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Threshold-vol tage shift due to interface traps for 
n-channel transistors with 60-nm qate oxides versus 
postirradiation annealing time for varying dose rate 
exposures to 100 krad(Si02). Irradiation and anneal bias 
was 6 v. 
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Fig. 6 Threshold-voltage shift due to oxide-trapped charge for 
n-channel transistors with 60-nm gate oxides versus 
postirradiation annealing time for varying dose rate 
exposures to 100 krad(Si02). Irradiation and anneal bias 
was 6 V. 
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Fig.a t.Vit for n-channel transistors with 32-nm qate oxides 
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elevated temperature anneals. Irradiation and anneal 
bias was 6 V. Shown for comparison is a low-dose-rate 
Cs-l37 exposure to 300 krad(Si02). 
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Sdnd,a National laboratoroes IS a multlprogram laboratory 

operated for the United States Department of Energy by 

AT&T Technologies, Inc., a wholly-owned subsidiary of 

AT& T. It IS one of the nation's largest engineering research 

and development facilities, with headquarters at Albuquer

Que, New MeXICO; a laboratory at livermore, California; 

and a test range near Tonopah, Nevada, 

The promary responsibilities of the laboratory are research 

and development of nuclear weapon systems from con

cept to retorement. Additionally. the laboratory has exten

sive responsibilities In other areas of national importance, 

These Include fUSion energy, reactor safety, nuclear safe-
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guards, energy research, and microelectroniCs. 

This publication descrobes the radiation faCilities utilized In 

the weapon systems development and Strategic Defense 

Initiative programs conducted for the Office of Military 

Application and In energy-related research and develop

ment programs, The radiation facilities are available to the 

Department of Energy, the Department of Defense, the 

Nuclear Regulatory Commission. and to their contractors. 

The facilities are also available to other federal agencies for 

reimbursable programs conducted without interference to 

Department of Energy programs, 
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This brochure is a basic source of information for pro

spective users of Sandia National laboratories Radiation 

Facilities. It contatnS a brief description of the various ma

Jor radiation sources. a summary of their output character

IstiCS. and additional Information useful to experimenters. 

Radiation source development and source upgrading is an 
ongoing program with new source configurations and 
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Sandia National laboratories operates major research 

nuclear reactor and electron/ion accelerator facilities for 
the DOE Office of Military Application . At each facility re

search and development activities are conducted relating 
to nuclear weapon systems. non-nuclear weapon systems. 

advanced nuclear reactors. simulation source develop
ment. and other basic and applied research areas. Sandia 

also operates these facilities in support of DOD. NRC. mul
tinational reactor safety. and university (public service) 

programs. 
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Annular Core Research Reactor 
(ACRR) 

The ACRR IS a pool-type research reactor capable of 

both pulsed and steady-state operation. The facility was 
deSigned and constructed by Sandia National laboratories 
under a program JOintly funded by the DOE and NRC. It 
provides a 23-cm-dlameter central irradiation cavity. a 
large 138-cm-diameter) external cavity. and a neutron radi
ography facility. It is used primarily for reactor safety 

research and for testing of electronics and materials. 

Sandia Pulle Reactor II (SPR-U) 

The SPR-Ii is a GODIVA-type. bare. fast-burst reactor 
capable of both pulsed and steady-state operation. De
Signed and constructed by Sandia National Laboratones. it 
Incorporates a small (3.8-cm-dlameted central irradiation 
cavity. It IS used primarily to meet narrow-pUlse. high

dose-rate requirements in the testing of electronic devices. 
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modes of operation continually betng devised to satisfy the 

ever-changing radiation requirements of the users. For 

most cases. the information presented here should allow a 

potential user to assess the apphcabllity of a particular ra

diation facility to a proposed experiment and to permit 

some preirradiation calculations and planning. 

Sandia National laboratories operates other radiation 
facilities not described in this brochure which are used in 
energy and simulation research. Examples of these are Fe

betrons. Van de Graaffs. etc .. as well as other accelerators 
used tn support of particle beam fusion research. such as 

the Particle Beam Fusion Accelerator II. Demon. and 
Decamlte. 

Sandia Pulse Reactor III (SPR-1II1 

The SPR-III IS a fast-burst reactor capable of both 

pulsed and steady-state operation. DeSigned and con
structed by Sandia Nationallaboratones. it Incorporates a 
large (17 -cm-dlameter) central Irradiation cavity. It IS used 

pnmarily to meet hlgh-neutron-fluence or pulsed high-dose 
requirements in the testing of electronic subsystems and 

components. 

Gamma Irradiation Facility (GIF) 

The GIF is a gamma irradiation facility consisting of 
two adjoining Irradiation cells. ·"Cobalt and 'c· Cesium 
sources are available at the GIF. Designed and con
structed by Sandia Nalional laboratories. it provides a 
variety of radioactive source geometries for irradiation of 

experiments. 
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The HERMES 1\ Facility 

The HERMES II IS a high-energy. pulsed. field

emission electron-beam or bremsstrahlung gamma-ray 

( 10-MeV-endpoind generato,. It was designed and con
structed by Sandia National laboratories to provide a radi
ation or impulse energy source for high-dose-rate radiation 
effects studies and materials response studies of rapid en
ergy depositon. HERMES" has been in operation since 
1968. 

The SPEED Facility 

SPEED is a high-energy. very short pulse. bremsstrah

lung x-ray (1.0-MeV-endpoint) accelerator. It was de-
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Radiation Dosimetry Laboratory 

The Radiation Dosimetry Laboratory provides dosime
try services to the accelerator. reactor. and gamma
Irradiation facilities in support of source development and 

radiation-effects experiments. Various measurement tech
niques are used to provide neutron fluence. neutron spec
trum. and gamma absorbed-dose measurements in the 
test radiation environment. 

Hot Cell Fllcility 

The Hot Cell Facility provides means of handling and 
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Data acquisition requirements for the nuclear reactors 
(ACRR. SPR-II. and SPR-1I1l lind electron-beam weapon 
Simulation facilities (HERMES II. SPEED. Hydramlte II. and 
Proto ") are supported separately. 

Photon Source Dllta Acquisition System 

Data acquisition support for accelerator. diode. and 
experimental diagnostics from HERMES II. SPEED. Hydra
mite II. and Proto" is provided by the Photon Data Acqui
sition System. High-speed transient digitizers. oscillo
scopes. computers. and printer/plotters are available for 
data recording. processing. and presentation. Isolated 
screen rooms for data acquisition equipment provided by 

users are also available. 
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Signed and constructed by Sandia National laboratones 
for simulation source development and high-dose-rate re.
diation effects studies. SPEED became operational In 

1983. 

The Hydremite II Facility 

The Hydramitell Facility is a dual-line. high-energy. 
short-pulse source for electron-beam or bremsstrahlung 
x-ray (2.0·MeV-endpointl generation. It was designed 

and constructed by Sandia National laboratories for use 
in radiation effects and materials response studies. 

Hydramite " became operational in 1984. 

examining radioactive matenals from the Sandia reactors 
lind reactor experiments. The facility is comprised of three 
laboratories: the hot cell laboratory. the glove-box labora

tory. and the analytical laboratory. The hot cell laboratory 
is a concrete shielded area containing three steel contain
ment boxes and a staging area. The glove-box laboratory 
contains ten glove-boxes With high purity environments. 
The analytrcallaboratory provides for analYSIS of the metal

lurgical and elemental composItion of radioactive mate"al 
samples. 

Neutron Source Data Acquisition 
Systems 

Data acquiSition support is provided by separate sys
tems for the SPR Facility and the ACRR FaCility. The SPA 
Facility is supported by a series of high-speed tranSient 
digitizers with associated computer. software. and peri
pherals to record. process. and display data. The ACRA Fa
cility is supported by two systems: one based on the 
DAASY II recording system. and the Data Acquisition and 
Display System lOADS). Both the DAASY II and the DADS 
are stand-alone systems for recording. processing. and 

displaying data. 
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The Simulation Technology laboratory (STU protect 

Will Include three new simulation facilittes - HERMES III. 

Saturn and GeminI. These sources will provide major im

provements over eXisting gamma-ray and x-ray laboratory 

sources. For example. the new radiation sources will pos

sess larger exposure areas and. concurrently. better 

f()otnote: 

All the facilities mentioned in this brochure are part of the radia
I,on simulation facllilles located at Sandia National Laboratories 
T ~rhnlcal Area IV (T A-IV) and Technical Area V (TA-VI on Kirt
land A;, Force Base. East. in Albuquerque. New Mexico. Experi
menter's manuals containing detailed operational and perfor
mance Information are provided upon request for each radiation 
facIlity. 

General information regarding capabilities and utilization of the 
,ad,at,on facilities for weapons effects Simulation may be ob
,a,ned by contacting: 

HERMES II. SPEED. Hydramite II. Proto II 

Larry M. Choate 
S'mulatlon Operations 
D,v,s,on t 233 
15051 844-3131 

STL. Gemini. Saturn. HERMES III 
Jerry A. Zawadzkas 
STL Operations 
D'Vls,on 1 236 
1~051 844-7483 

Photon Deta Acquisition System 

Ken Mikkelson 
SImulation Operations 
D,vlslon 1233 
:5051844-3741 

Simulation Theory. Calculations 

Thomas P. Wright 
Simulation Theory 

D"'s,on 1 23 1 
15051 844-4239 

Simulation Fidelity. Radiation Effects Testing 

Wendland Beezhold. Mark A. Hedemann 
S,mulat'on Technology Research 
DlvI5Jon 1232 
15051 844-7830. -3154 
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matches to the vulnerablhty reqUIrements of dose. dose 

rate. pulsewldth. and rtsetime than are presently available. 

New exposure areas for testing Will satisfy most DOE re

qUirements. In addition to weapons effects testing. these 

sources will be available for use In future weapon system 

development and stockpile evaluatton programs. 

ACRR. SPR-II. SPR-III 

Ted F. luera 
Reactor Applications 
D,VISion 6451 
(505) 844-0049 

Radiation Dosimetry Laboratory 

Dave W. Vehar or Ben B. Conklin 
Experimental Systems DeSign 
D,VISion 6452 
(505) 844-4820. -7567 

Hot Cell Facility. GIF 

Gilbert L. Cano 
Radiation PhYSICS & Dlagnosllcs 
Division 6454 
(505) 844-2337 

Neutron Source Dala Acquisition Systems 

SPR Facility and DAASY-II 

Ben A. GarCia 
Experimental Systems DeSign 
DiVision 6452 
(505) 844-3560 

DADS 

Arthur A. Key 
Radiation Physics & Diagnostics 
Division 6454 
(505) 844-6896 
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The ACRR IS a research reactor capable of pulsed 

operation, steady-state operation, and tailored transient 
rod Withdrawal operation. This facility provides a large 
123-cm-diameted central irradiation cavity. a neutron ra
dIOgraphy facility. and a large (38-cm-diameterl external 

fueled Irradiation cavity. 
The ACRR IS a pool-type reactor designed and con

structed by Sandia National Laboratories and is operated 
tor the DOE. The annular-shaped core is formed by 236 
BeD fuel elements arranged in a hexagonal grid around 
the 23-cm-diameter. dry. central irradiation cavity. The 
reactor is controlled by two fuel-followed safety rods, 
three poison transient rods. and six fuel-followed control 
rods. The fuel-followed rods make up part of the 236 
elements for the normal core configuration. Additionally. 
the external irradiation cavity is ringed with 80 U-ZrH 
fuel elements from the dismantled Annular Core Pulse 

Reactor (ACPRI. 
The cylindrical fuel elements contain a uniquely 

designed BeO-U01 fuel matenal held within niobium 
cups inside a stainless steel cladding. The fuel is urani
um enriched to 35 percent l"·U. With 21.5-weight-per

cent U02 and 78.S-weight-percent BeD. The BeC fuel 
elements were designed to allow operation at fuel tem
peratures up to 1400°C in both the pulse and steady
state modes. 

The core is located in an open pool. 3.1 m in diam
eter and 8.5 m deeP. which contains 16.800 gallons of 
deionized water. The core is cooled by natural convec
tion. The bUlk water and the cooling-tower water sys
tems are UHd to maintain the pool water near ambient 
temperature; additionally, a cleanup loop provides tor re
moval of debris from the pool surface and maIntains the 
required pH level of the pool water. (cont.! 

Performance Characteristics 

Maximum Nomina. Operating Paramatera 

Pulse Operation 
Reactivity InBertion 
Peak Power 
Pulse Width 
Reactor Period 
Energy ReleaH 

Steady-State Operation 

R.actor Power (Continuous) 
IIntermittent I 

Fluence per MJ (MW-a) 01 Reector Operation' 

Central Cavity. 
Neutron Fluence (neutrons/cm2/MJI Free Field ------

All Energies 1.9 X 1013 

<1 eV 2.3 X 10" 
> 10 keV 1.2 X lOll 

>3 MeV 1.0 X 10'2 

1 MeV Si EQuiv (95 MeV-mbl 8.9 X 10'2 

Gamma Dose [rads(Si)/MJ] 1.0 X 10· 

Neutron Radiography (Top of Tubel (Thermal neutrons/cm2/MJI 

$3.00 
30,000 MW 

6.5 ma 
1.7 ma 

300MJ 

2.0MW 
4.0MW' 

Central Cavity, 
Pb-B.C Liner 

2.0 X 1013 

4.6 X 10" 

1.3 X 10'3 

7.5 X '0" 
8.7 X 10.2 

1.6 X 103 

External 
Cavity 

5.7 X 10'2 

2.1 X 10" 
2.3 X 10" 
2.6 X '0" 
1.8 X 10.2 

5.8 X 103 

5.0 X 106 

'The ACRR has bHn operated at power lellll" up to 4.5 MW for rtlllClor-t»havior tlvaluation. MId l/JPIKova' ;s tHJing 
SOUl1hl 10 operate at steady-state power levels up to 4.0 MW. 

> fIIeutron-to-gammll rat;os and neutron fl)eCtrll .. vlIfiabie ow/" II wide range through the UN of ./t.nuators and 
converters. 
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ACRR NEUTRON SPECTRA' 
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ACRR NEUTRON SPECTRA DATA 

NORMALIZED ENERGY SPECTRA 
(FRACTION OF TOTAL FLUENCE) 

LOWER CENTRAL CAVITY, CENTRAL CAVITY, EXTERNAL CAVITY, 
LIMIT FREE FIELD Pb· B4C LINER FREE FIELD 
ENERGY 
OF SCALAR INTEGRAL SCALAR INTEGRAL SCALAR INTEGRAL 

GROUP GROUP FLUENCE FLUENCE FLUENCE FLUENCE FLUENCE FLUENCE 

1 6.3 MeV 0.004 0.004 0.004 0.004 0.005 0.005 
2 4.0 0.016 0.020 0.014 0.018 0.021 0026 
3 2.5 0.062 0.082 0.038 0.056 0.035 0.061 
4 1.6 0.076 0.158 0.072 0.128 0.050 0.111 
5 1.0 MeV 0.075 0.233 0.088 0.216 0.055 0.166 
6 450 keV 0.105 0.338 0.128 0.344 0.075 0.241 
7 210 0.082 0.420 0.096 0.440 0.053 0.294 
8 100 0.067 0.487 0.069 0.509 0.038 0.332 
9 34 0.075 0.562 0.073 0.582 0.041 0.373 

10 10 0.059 0.621 0.063 0.645 0.033 0.406 
11 3.4 0.039 0.660 0.049 0.694 0.024 0.430 
12 1.0 keV 0.036 0.696 0.054 0.748 0.024 0.454 
13 340 eV 0.026 0.722 0.051 0.799 0.023 0.477 
14 100 0.026 0.748 0.056 0.855 0.028 0.505 
15 34 0.025 0.773 0.042 0.897 0.029 0.534 
16 10 0.034 0.807 0.038 0.935 0.031 0.565 
17 3.4 0.035 0.842 0.024 0.959 0.030 0.595 
18 1.0 0.039 0.881 0.018 0.977 0.033 0.628 
19 .34 0.033 0.914 0.010 0.987 0.041 0.669 
20 .10 eV 0.035 0.949 0.007 0.994 0.123 0.792 
21 0 0.051 1.000 0.006 1.000 0.208 1.000 

NORMALIZING 
1.9 I( 1013 1.91(1013 5.7 x 1012 FLUENCE 

(neutrons/cm2/MJ) 

. B,,5,,(/ on besl a.allab/e measuremenrs al lIme of pub/leal/on. 
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PULSE OPERATION 
The followong graphs are power profiles of several sin

gle pulse operations. Examples are given of operations ter

millated by droppong the transient and safety rods (normal 

pulsel. and of operations which are termonated by dropping 

the transient. safety. and control rods (reduced-tail pulse). 

Rod hold-up (RHU) values given are the delay times follow

Ing pulse Initiation before the rods are dropped. 

r---------------------------------------------------------------------------------------i 
NORMAL PULSE OPERATION 

105r-----,-----~------~----~----~ 

2 sec RHU 
53.00 

-------

10·10'----'--~----=2----"'-----""""4~-------' 
TIME (seconds) 

TAILORED TRANSIENT OPERATION 
The ACRR can provide transient power profiles that 

iV" tadoled to the needs of a particular expenment. Shown 

be'ow are an example of a programmed mechanically 

PROGRAMMED TRW OPERATION 
103r-~~~~~~~~~~~~~~ 

4 ~ 8 1h 
TIME (seconds) 

12 

92 

14 

REDUCED - TAIL PUL~E O:.~::~OUlN III 

53.00 

1 
~$1.02 I 
" 1 ,~ 

--------------------, 
I 

10·10~--~--~2~---'-----4~----' 
TIME (seconds) 

dnven transient rod Withdrawal (TRW) operation and an 

example of a double pulse operation produced by pneu

matically dnvong the transient rods 

DOUBLE PULSE OPERATION 
105~-~~~~-~~~~~~~-~ 

10·10=----=-----*2-------!;3:-----~4 
TIME (seconds) 
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The SPR-II is a fast-burst reactor designed and con

structed by Sandia NatIonal Laboratories. It is an unreflect
ed and unmoderated cylindrical assembly of uranIum en
nched to 93 percent 7l'U. The uranIum is alloyed with 

1 Q-welght-percent molybdenum to ensure phase stabiliza

tIon of the fuel material. The operational core consists of 
SIX fuel plates divided into two assemblies of three plates 

each. The mass of the indIvidual plates varies between 
16.5 and 17.2 kg. and the total mass of the core (which 

Includes fueled control rods and burst rod) is 106 kg. The 

three lower plates are attached to an electromechanical 
drive mechanism. Four holes through the core assembly 
accommodate three fuel control rods and one fuel burst 
rod. The burst rod is pneumatically driven to achieve the 
hIgh rate of reactivity insertion required for pulse reproduc
IbIlIty. The control rods are used to establish a critical con

fIguration of the core and to adjust pulse yield. 
The primary shutdown mechanism in the pulse mode 

IS the inherent negative temperature coefficient of reactiv

Ity caused by thermal expansion of the fuel. 
The primary use of the reactor is for experiments 

mounted around the periphery. A central cavity. measuring 

3.8 cm in diameter and extending vertically through the 
core. may also be used for small experiments. An alumi
num shroud. covered with an adhesive mixture loaded with 

Boron, is placed over the reactor. This shroud provides a 
flow channel for nitrogen cooling gas, and it decouples the 
core from low-energy neutrons that are scattered back to

ward the core from experiments and the reactor room. The 

SPR·II PULSE WIDTH vs. YielD', FREE FielD 
160 
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reactor stand IS mounted on an elevator whIch can lower 

the reactor Into a shIelded pot. permIttIng access to th" re
actor room wlthon 30 mInutes of an operatIon 

The SPR-II can be operated on a steady-state mode: 

however, the coolong capabiloty of the nitrogen system and 
admInIstrative restroctlons effectively Iomit the tIme at pow' 

er. Normally. steady-state power operations are "mlted to 

5 kW 

Performance Characteristics 
(Central Cavity. Horizontal and 
Vertical Centerline. Free Field) 

Maximum Nominal Operating Parameters 

Pulse OperatIon 
Neutron Fluence 

> 10 keV 1== Total) 
1 MeV S, Equlv. 195 MeV-mbl 

Peak Neutron Flu. 

Gamma Dose' 

Peak Gamma Dose Rate' 
Pulse YIeld' IFuel Temp R,se) 

Pulse Width (FWHMI 

8.1 X 10" neutrons em' 

7.3 X 10" neutrons em' 

2.0 >-- 10" neutrons em' s 

1.65 X 10' raas'S" 
4.1 X 10' radsIS,' s 

450 C 

40 "s 

1 Neurron-ro--gamma ratIOS are va"able over a Wide rangp. rhrough 
the use of attenuators or converters. 

SPR·II NEUTRON LEAKAGE PROFILE. 
FREE FielD (>3MeV) 
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1 08 0!--1:-':0;---L---:;3b.0;--...L----;:5'=0-~ 70 

4[ DISTANCE FROM CORE 
CENTERLINE lin.) 

l· Neutron fluences are drrectly proportional to tlug tem/J6rature "se m the fuel durmg pulse operatIon 
Pulsp WIdths gIVen are full WIdth half ma'tlmum (FWHMJ values. 

~~~~-
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The SPR-III IS a fast-burst reactor designed and 

constructed by Sandia NatIonal laboratories. It is an un

moderated cylindrical assembly of uranium enriched to 

93 percent' I' U and alloyed with 10-weight-percent 

molybdenum to ensure phase stabilization. The core 

consists of eIghteen fuel plates mechanically fastened 

Into two halves of nine plates each. The mass of the in

divIdual plates varies between 6.8 and 15.4 kg, and the 

total mass of the core is about 258 kg. The nine upper 

plates are held stationary by the core support structure; 

the nine lower plates are attached to an electromechani

cal drive mechanism. Four reflector-type control devIces 

are used: three are used for control, and the fourth is 

the burst element. The burst element is electromagneti

cally driven to achieve the high rates of reactivity inser

tIon required for pulse reproducibihty. The control ele

ments are used to establish a critical configuration of 

the core and to adjust pulse yields. 

The primary shutdown mechanism in the pulse 

mode is the inherent negative temperature coefficient of 

reactivity caused by the thermal expansion of the fuel. 

A central cavity. measuring 17 cm in diameter and 

extending through the core. is the primary experiment 

faclhty. In addition. experoments may be mounted 

around the periphery of the reactor. 

The leakage fluence provIde by SPR-III in the reac

tor k,va IS shown below. The neutron spectra at SPR 

are qUIte hard so that activatIon of parts is minimized. 

The k'lla is provided with beam ports so that experi

ments can be irradiated at greater distances from the 

reactor. These ports have also been used to provide op

lIeal paths for laser beams. 

I SPR- III PULSE WIDTH vs. YIELD',FREE FIELD 
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The SPR-1I1 can be operated in a steady-state 

mode; however. the cooling capab,hty of the nllrogen 

system and adminIstrative restrictions effectively limIt 

the tIme at power. Normally. steady-state power 

operations are hmlted to a maximum of 9 kW. 
(cont.) 

Performance Characteristics 
(Central Cavity. Horizontal and 
Vertical Centerline, Free-Field) 

Maximum Nominal Operating Parameters 

Pulse Operation 

Neulron Fluence 

> 10 keV \~ Total) 6.S X 10" neutronsiem' 

1 MeV SI EqulV. (9S MeV-mbl S.S X 10" neutrons/em' 

AXIal Peak-to-Average Flux RatIO 

Peak Neutron Flux 1.1 

Gamma Dose' 

Peak Gamma Dose Rate' 

Pulse Vleld' (Fuel Temp Rlsel 

Pulse Width (FWHMI 

Steady-State Operation 

POWef 

Neutron Flux 

> 10 keV (::::: Totall 

1 MeV Si EQUIIi. (95 MeV-mbl 4.1 

Gamma Dose Rate' 

1.2 

X 10" neutronsicm'is 

1.2 X 10' radsiS,) 

1.6 X 10'rads(S,),s 

450'C 

761's 

91<W 

X 10 11 neutrons,cm:/s 

X 10" neutrons em' IS 

9.0 X 10' radslS!) 5 

1 Neutron-te-gamma ratiOS are var/able over a WIde range through 
the use of attenuators or converters. 

SPR-III NEUTRON LEAKAGE PROFILE. 
FREE FIELD (>10 keV) 

10'2r---,----r---r--~--~~--r_--~, 

\ 

108:~O--~20~~4~O---60~--~80~~10~O~~1*20~~1~4~O 
DISTANCE FROM CORE CENTERLINE (,nl 

I
L
· '\pu{ron f/uences are dorectly proportional to the remperature flse 1(0 the fuel durmg pulse operar/on. 
Pulse Widths gIVen are full Width half maXImum (FWHM) values. 

===========================-o.=J'1F 
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An aluminum shroud, covered with an adhesive 
mIXture loaded WIth 'u8oron, is placed over the reactor. 
ThIS shroud decouples the core from low-energy neu
tlons that are scattered back toward the core from ex
penments and the reactor room. The reactor stand is 
mounted on an elevator which can lower the reactor 
into a shielded pit, permitting access to the reactor 

loom w.thln 30 minutes of an operation. 
The remotely controlled experiment retrieval device 

IS used to place experiments in the reactor and retrieve 

them after irradiation, The experiments are loaded and 

, SPR·III NEUTRON SPECTRA' 
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unloaded .nto the experiment stand tube \0 a loom aOla 
cent to the reactor kiva. 

To load the tube. the cart IS remotely droven Inlo 
positIon adjacent to the reactor PIt, and the reactor IS 
raised lifting the expenment stand off the cart. The cart 
is then withdrawn from the room to avoid activallon. To 

remove the tube. the following operations are performed 

remotely; (i) the kiva door is opened, (ii) the cart IS 

driven into position. (iii) the reactor is lowered to POSI

tion the experiment stand on the cart. (iv) the cart IS 
withdrawn from the kiva, and (v) the kiva door IS closed. 

ENERGY FLUENCE 
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SPR-III NEUTRON SPECTRA DATA 
NORMALIZED ENERGY SPECTRA 
(FRACTION OF TOTAL FLUENCEI 

LOWER CENTRAL CAVITY. EXTERNAL LEAKAGE 
LIMIT FREE FIELD (17" FROM i ) 
ENERGY 
OF SCALAR INTEGRAL SCALAR INTEGRAL 

GROUP GROUP FLUENCE FLUENCE FlUENCE FLUENCE 

1 10 MeV 0.001 0.001 0.001 0.001 
2 6.3 0.010 0.011 0.011 0.012 
3 4.0 0,041 0.052 0.058 0.070 
4 2.5 0.114 0.166 0.104 0.174 
5 1.6 0.126 0.292 0.121 0.295 
6 1.0 MeV 0.132 0.424 0.136 0.431 
7 450 keV 0.261 0.685 0.234 0.665 
8 210 0.213 0.898 0,172 0.837 
9 100 0.080 0.978 0.084 0.921 

10 34 0.019 0.997 0.045 0.966 
11 10 keV 0.002 0.999 0.013 0.979 
12 0 0.001 1.000 0.021 1,000 

NORMALIZING 
1.41110'2 6.6 It 10'0 FLUENCE 

I 

(neutron./cm2 .pCI I 
t ~'''t." t' '_tlt'st altaI/able measurements at lime of publicatIon. I 
-.-=~=-============~~~~=========================~ 
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The GIF, a gamma irradiation facility, consists of 

two adjOining radiation cells situated over a 6-m-deep 

pool of demineralized water. When not in use, the 

sources are stored in the base of the pool so that the 

water In the pool serves as a biological shield for per
sonnel when entry into the cells is necessary. Entry is 

gained Into either cell through movable concrete doors. 
The sources are mounted on elevators and are raised 

IOto the cells to mate with the .experiment configuration. 

Lead-glass windows permit observation of the 

sources and/or experiments in the cells. Located near 

the windows are switches that operate the source ele

vators so that raising and lowering of the sources may 

be observed by experimenters. The source in each cell 

of the GIF is completely independent of the other source 
and has its own electric elevator, unique geometry, and 

control switches. 
North Cell: the north cell contains a 6°Cobalt source 

array with a strength of about 49 kilocuries and a 
Cesium source with a strength of approximately 163 

k,locufles. A stainless-steel experiment-positioning plate 
runs on the north-south axis of the cell. with the source 

occupYing a corner of the cell. Dosimetry is available for 
measuring doses. 

South Cell: the south cell contains the High-Intensi
tl' Adlustable Cobalt Array (HIACA) and the steam test 
facilltv. 

The HIACA IS designed for large volume irradiation 
tests. HIACA contains about 150 kilocuries of 6OCobalt, 

II) 32 rods about 2 feet long and 5/8 inch in diameter; 

these In turn are located in 32 pneumatic-telescoping 

tubes The number of rods (four at a time for symmetry) 

can be selected and are positioned to surround the 

experiment. The number of rods determines the dose rate 

for the experiment (or, for example, it can be changed 

during the experiment to observe dose-rate effects.) 

The steam facility is specifically designed for use in 
simultaneous reactor accident tests in conjunction with 

the HIACA facility. It has a working pressure of 200 
psig using a 6 HP boiler, and two-35 ft3 accumulators 

as steam-storage systems. A transient superheater has 

recently been installed. 

Performance Characteristics 

NOMINAL OPERATING PARAMETERS: 
NORTH CELL 

.oCo Source 

Source Strength • 49 k~ocuries (Aug. 1985) 

(To be Upgraded to 100 kilocuries 1986) 
Half-Life 
Gamma Energy 

Doses 

5.27 ye3rs 
1.17,1.33MeV 

Ma~imum Dose Rate at Source 
Array Center 2.63 x 103 k rads(Sd/hr 

"'Cs Source 
Source Strength 163 kilocuries (Aug 1985) 
Half-Life 30 1 7 years 

Gamma Energy 0.66 MeV 

Doses 

·Doses are depM1danr upon source configurarion and experiment 
locarion. 

Performance Characteristics 

NOMINAL OPERATING PARAMETERS: SOUTH Cell 

HIACA Features 

1.; ..... ~. Ratf'~ 

25 or 50 inches 
Diameters. 12 to 22 Inches in several 

diSCI ete diameters 

MaXimum Volume' up to 600 krad/hr 
In 9 discrete steps 

Minimum Volume: up to 5 Mrad/hr ,n 
9 discrete steps 

Sized to accept large stainless steel test 

chamber for simultaneous accident envI

ronment testing 

~.;rt' \ld/ues given are based on a r 50 I<ilocufle source; to be 

'4·~.,1f'd 10 300 ",Iocu"es In lale 1985, 

Steam Features 

Pressure: 
Temperature: 

Saturated-Steam Ramps 
(12,000 Iblhr peak) 

0- 70 pSlg (314'F Sat) 
0- 110 pSI9 (343'F Sa.1 

Superheat-Steam Ramps 

Ramp: 
Continuous: 

200 pSlg 

750'F 

16 It' chambers 
1 chamber 2 chambers 

5 sec 
9 sec 

tu 750'F In 10 sec 

10 sec 
15 sec 

2000 Ib/hr at 750°F for 5 m",. 

then 200 Ib/llr at 750' F and 

200 pSlg 

========================================~~ 
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The HERMES II (High Energy Radiation Megavolt Elec

tron Source II) is a high-energy, pulsed, field-emiSSIon elec

tron-beam or bremsstrahk.tng x-ray source. It was de

sIgned and constructed by Sandia National LaboratorIes to 

provIde a source fOf' high-dose-rate radiation eHects stud

ies and material response studies of rapid energy deposi

tion. The principal components of HERMES II are a Marx 

generatOf', a Blumlein transmission line, and an output 

tube. Stored low-voltage energy is converted to high-volt

age energy by the Marx generator and then transferred to 

the Blumlein transmission hne, which serves as a fast-dis

charge, pulse-forming, low-inductance energy source for 

the output. 
Tile Marlt generator consists basically of a bank of ca

pacItorS that are charged in parallel and discharged in se

ries by means of spark-gap switches. The negative-voltage 

output of the Marx generatOf is placed on the coaxial Blum

leln transmission line conSisting of three concentric cylin
ders. The voltage pulse fOfmed by the Blumlein is im-

GAMMA·RAY ENVIRONMENT 
HERMES \I can operate in either of three bremsstrah

lung modes. The standard mode is most commonly used 

and utilizes a 60-mil tantalum plate as a converter, In the 

plOched-beam mode, the electron beam passes through 

the anode and self-pinches onto a tungsten-carbide com

pOSIte. yielding higher dose but smaller exposure area. In 

the outdOor mode, the electron beam is drifted beyond the 

test cell to a point outdoors where it can be converted to 

bremsstrahlung radiation with either a standard or 

pInched-beam converter. 
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pressed across the tube dIode. wh.ch cons.sts 01 ar, 

Insulating and vacuum-holding structure. a held-eml,'>lo" 

cathode. and an anode. 
The anode used for the electron-beam mode 01 opera

tion IS a thin, low-Z target that allows passage of the elec

trons With mtnimal energy loss. For the x-ray mode of op

eration, the anode used IS a thick, hlgh-Z target selected 

for malttmum efficiency in converting electron-beam ener 

gy Into bremsstrahlung x-radlat.on. 

---------------------------
Accelerator Parameters 

Peak Diode Voltage 

Peak Diode Current 

Total Beam Energy 

Power Pulsewidth 

Repetition Rate 

10 MV 

100 kA 

70 kJ 
100 ns 

3 pulses/hr 

Standard Mode Performance 

Peak Dose 

Peak Dose Rate 

Radi8tion Pulsewldth 

Risetima ( 10 - 90) 

Exposure Area (10% uniformity) 
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Pinched-Beam Mode Performance 

Peak Dose 

Peak Dose Rate 

Radiation Pulsewldth 

R,sellme ( 10 - 90) 

Exposure Area 

300 krads(S,) 

6 X 10" rads(SiI/s 

60 ns 

35 ns 
(see Isodose contours) '~'D" 
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Isodose Contours for Pinched-Beam Mode 

Outdoor Mode Contours 

Isodose Contours lor Outdoor Mode (Standard 

Configuration) 8m 

~\\\ 20~10i'J)~ 100 1.&.10' --50 7.7al0· -30 •.•• 10' 

20~3.10. 

15 ~2.3'10' 
10~.5'10' 

reels ~.elS sec 

1 m 

2m 
3m 

4m 

5m 
6m 

7m 

8m 

9m 

10 m 
11 m 

12 m 

13 m 
L-~~~--L-~~-L~--L-~~-L~--~~~14m 

Isodose Contours for Outdoor Mode (Pinched-Beam I Configuration) 
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ELECTRON·BEAM ENVIRONMENT 

By replacing the bremsstrahlung converter with a 5-
mil titanium foil. the HERMES 11 electron beam can pass 
through the anode plane and be used for rapid energy de
position. SOUfce-region EMP. or propagation experiments. 
Drift chambers of various sizes are available for both atmo
spheric and vacuum environments. The range of values 
listed below reflect performance for different configura
tions. As in the bremsstrahlung case. the HERMES 11 elec
tron beam can be drifted beyond the confines of the build-

ing and Injected into the atmosphere outdoors. 

Electron-Beam Mode Performance 
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Transported·Beam Energy 
Peak Beam Fluence 
Exposure Area (50% falloff) 
Pulsewldth (FWHMI 
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0.5 

0.4 

0.3 

0.2 

0.1 

60 kJ 

300 - 400 eallem 
25 em' 

55 - 65 ns 
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0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 10.0 

ELECTRON ENERGY (MeVI 
Calculated Electron Energy Spectrum for HERMES 11 

o 

II 
Computer-Generated 3-D Plot of HERMES II Electron 
Beam Profile at Atmospheric Pressure eased on Mea
sured Values 
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SPEED (Short Pulse Experimental Electron Device) is 
a 1-MV-peak. very-short-pulse. high-energy bremsstrah
lung source COl'lstructed in 1982 to enhance Sandia's 
simulation capabilities. This x-ray simulator incorporates 
several innovations over previous Sandia simulation 

accelerators and features a radiation pulse width 
(FWHM) In the range of 10-20 ns. The new technol
ogies include a 3-MV multistaged. self-breakdown 
sWitch; a donut-shaped. pulse-charged intermediate 
storage capacitor; a triaxial pulse-forming network; a 
cylindrical. SO-point water switch; and a triaxial. low
Impedance (0.4 ohm) transmission line. 

Accelerator Parameters 
Peak Diode Voltage 
Diode Current at Peak Voltage 
Total Beam Energy 
Power Pulsewidth (FWHM) 
Repetition Rate 

1.0MV 
1.2 MA 

25 kJ 
20 ns 

3 Pulses/Day 

A triplate vacuum transmission line is used to feed 
either a double-pinched-beam diode in the AKA configu-
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SPEED SMALL-AREA SOURCE 

CENTERLINE DISTANCE FROM 
CONVERTER (cm) 
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ration or a triaxial diode. These provide small and large 
area sources. respectively. A vacuum convolute to a 
five-plate transmission line feeding two nested tnaxial 
dIodes also provides a small area source. 

X-Ray Environment 

Small Area Source 
Peak Dose 20-40 krads (CaF, TLO) 

[approx. 2.5 cal/g (1 mil Au)) 

Peak Dose Rate 1.5-2 X 10" rads (CaF,)/s 
Exposure Area (50% falloff) 20 cm' 
Radiation Pulsewidth (FWHM) 10-20 ns 

Peak Dose 

Peak Dose Rate 

Large Area Source 
8-15 krads (CaF, TLD) 

(approx. 1.0 cal/g (1 mil Au)) 
S-7 X 10" rads (CaF,)/s 

180 em' Exposure Area (50% falloff) 
Radiation Pulsewidth (FWHM) 10-20 ns' 

• Typical pulse is 12 -14 ns (FWHM) with apeak dose rate 

of 7 X 10" rads (CaFz)/s 

SPEED CALCULATED PHOTON SPECTRUM 
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The Hydramlte II accelerator is a 2-MV-peak, short

pulse, high-energy bremsstrahlung or electron beam 
source. It is based on technology developed for Sandia's 
Inertial Confinement Fusion Energy program. Hydr·amite II 

is ver~ similar to two modules of the 36 module P8FA-1 
(Particle 8eam Fusion Accelerator), differing in that the 

Mark generator contains '.3-~F capacitors and that mag
netically-insulated transmission lines (MITtsl are not used. 
Each Hydramite II line operates independently of the other 
or they may be fired in unison. 

Acce'erator Parameters 

Peak Diode Voltage 
Peak Diode Current 
Power Pulsewidth (FWHM) 

Total Beam Energy 
Repetition Rate 

2.0 MV 
350kA 

40 ns 
25 kJ' 

3 Pulses/Day/Line 

0.1, '0 100 
DISTANCE FROM CONVERTER (cm) 

Hydramlle Dose on Center Line as Function of Distance 
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HYORAMITE II CALCULATED 
PHOTON SPECTRUM 

A bremsstrahlung source has been developed on 
Hydramite II USing a pinched-beam parapotentlal diode 
with a split converter. Further bremsstrahlung diode devel
opment is continuing. Development IS also In progress for 
providing electron beam ekposure capability uSing Bz 
transport. 

X-Ray Environment 

Peak Dose 60 krads (CaF, TlD) 
[approk. 2.4 cal/g(Aulj 

1.5 X 10" rads(CaF,)/s 
30 cm' 

35 ns 

Peak Dose Rate 
hposure Area (50% falloff) 

Radiation Pulsewidth (FWHM) 

E-Beam Environment 

Peak Fluence 100 cal/cm' 
Ekposure Area (10% uniformity) 120 cm' 
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The Simulation Technology Laboratory (STU project 

Includes two new simulation facilities - HERMES III and 

Saturn. These sources will provide major Improvements 

over eXIsting gamma-ray and ~-ray laboratory sources. For 

example. the new radiation sources will possess larger 

exposure areas and. concurrently. better matches to the 

vulnerability requirements of dose. dose rate. pulsewldth. 

and nsetlme than are presently available. Larger exposure 

areas for testing Will satl~fy most DOE requIrements. In ad

dition to weapons effects testing. these sources will be 

avaIlable for use In future weapon system development 

and stockpile evaluation programs. 

HERMES III WIll be housed in a new bUilding which will 

be ready for occupancy in early 1986. This 55,000 sq. ft. 
faclltty Will Include Itght lab and office space, high-bay 

space, and an advanced pulsed power laboratory. The lay

out of the high-bay and adjacent low-bay IS shown below. 

In addition to HERMES III. the high-bay will house Proto II, 

SPEED. Hydramlte II. and a HERMES III Subsystem Test 

FaCilIty ISTF). The low bay Will contam areas for facility us

ers and operatIons personnel. Two of these areas. the Do

sImetry Laboratory and the User Data AnalYSIS Room. Will 

be housed In a RF-shielded screen room. The DOSimetry 

Laboratory Will be equipped With two computer-driven 

TLD readers and operated by personnel from Sandla's 

Reactor Development and Appltcatlons Department. The 

User Data AnalYSIS Room Will be eqUipped with several 

computer terminals and a laser pnnter which Will be linked 

to STL's MaIn Screen Room. located dtrectly above the low 

bay V,a these Itnks. users Will have access to all data ac

qUlfed In the Screen Room lor processtng and analysis. 

T 

118' 

~---. 2." 

User Test PreparatIon bays will be eqUIpped With ba· 

SIC test eqUipment and Will prOVIde users With dedIcated 

space for prepanng thetr packages for testing In the VartOuS 

test cells. A conference room In the low bay IS also avail

able to users for group diSCuSSion and meetings 

A General Maintenance area Will prOVide spacp buth 

for users who need more room than avaIlable In th" Test 

Prep Areas and for operations personnei to conduct gene,· 

al maintenance and repair work. ThiS area Will be furnished 

With workbenches. tools. nuts and bolts, etc. It will be ser

Viced by a two-ton bridge crane. 

A fully equipped Machine Shop will also be available to 

both users and operations personnel for qUick turn-around 

jobs required by tests or repair needs. The Component 

Test Area will contain equipment for high-pot testing, 

monitor calibration. vacuum leak checking, and pressure 

testIng. The Spark Gap and SWItch RebUild Area and the 

ReSistor Fabrication Area will be used by operations per

sonnel for accelerator component maintenance. 

The bulk of data acquIsitIon win be handled by the 

Main Screen Room which Will operate several sub

systems dedicated to the vaflous accelerators. The equip

ment Will be compflsed mostly of fast and slow transient 

dIgitizers driven by mini-computers. and scopes. A VAX 

780 will be used prrmarity for data procesSing and analy

SIS. Local screen rooms on the high bay floor WIll also be 

available for expeflmenters using custom test equipment 

The Advanced Pulsed Power Lab will house develop 

ment-type accelerators for conducting advanced research 

In pulsed power technology. 

SECOND FLOOR AREA 
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By 1986. the Particle Beam Fusion Accelerator-I 

(PBFA-I) will have completed its program of fundamental 
research on inertial confinement fusion. The X-Ray Simula
tion Program will take advantage of the numerous ad
vances in pulsed power technology made by the ICF pro
gram by converting PBFA-I into the !Mge-area x-ray source 
for the Simulation Technology laboratory ISTL). Renamed 
Saturn. for its unique multiple-ring diode design. the 
facility will be ready for x ..... ay effects testing in 1987. 

Saturn will include significant upgrades in the energy 
storage and pulse forming sections of PBFA-I. The 36 
magnetically insulated tranamission lines (Mill) that pro
vide power flow to the ion diode on PBFA-I will be replaced 
by 36 vertical. parallel plate. water transmission lines. 
These lines will be connected to three horizontal triplate 
disks in a water convolute section. Power will flow through 
an insulator stack into radial Mills that drive the diode. 

Each diode element will be Ii triaxial diode. The three 
triaxial diodes will be nested concentrically. forming a 
multiple-ring diode. The accelerator current will be divided 
50 that 17'1' flows to the inner ring. 33% to the middle 
ring. and 50'1' to the outer ring. This current division will 

New technology developed in the joint DNA/DOE 
High Energy linear Induction Accelerator tHELIA) program 
will be used to build HERMES III. The HELIA concept uses 
modular pulsed power components to drive ferromag
netic ally isolated induction cavities. The outputs of these 
cavitoes are added on a magnetically insulated transmission 
line (MITl) and an electron beam is generated in a single 
anode-cathode gap diode at the end of this Mill. A 
bremsstrahlung gamma-ray converter on the anode side of 
the diode gener;)tes the gamma-ray output. HERMES III 
will be ready for gamma-ray effects testing in 1987. 

The HERMES III energy storage section consists of 10 
2.4 MV. 156 kJ Marx generators. Each of the Marx gener
ators cherges two water dielectric intermediate storage 
capacitors. The 20 intermediate storage capacitors ere 
switched with laser triggered gas switches and each 
charges four water dielectric pulse-forming lines. Each 
cavity is driven by four pulse-forming lines. Azimuthal 
transmission lines in each cavity further symmetrize the 
four-point feed to provide azimuthal symmetry of the pow
er feed to the Mill. Metgle. cores are used for ferromag
netic isolation The MITl is tapered to satisfy the minimum 
current condition for magnetic insulation as the voltage is 
increased through the adder. A constant impedance MITl 
transports the power from the adder to the diode/ 
converter in the exposure cell. 
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provide a very uniform radiation profile a short distance be
hind the converter. enhancing the efficiency of the x-ray 
source. Saturn will be a Unique facility for subsystem and 
system testing and will represent a significant advance In 

above-ground testing technology. Projected output par am
eters are given below. 

Accelerator Parameters 

Peak Diode Voltage 
Peak Diode Current 
Total Beam Energy 
Power Pulsewidth (FWHM) 
Repetition Rate 

2.0 MV 
12.5 MA 

750 kJ 
30 ns 

35hots/Oay 

X-Ray Environment 

Peak Dose (3D-ns pulsewidth) 150 krads (5,1 

(approx. 5 cal!g (Au)) 
Peak Dose Rate (30-ns pulsewidth) 5.0 X 10" rads(SII/s 
EKposure Area (50'1' falloff) 500 cm" 
Radiation Pulsewidth IFWHM) 15-30 ns 

·A 1arflll area (10.000 cm') mode at lower fluence levels 

will 11'50 be IIvailllble 

The accelerator will be 21-m wide. ll-m long. and 
5-m high. A 5-m long constant impedance MITl trans
ports the power to the diode/converter in the exposure 
cell. HERMES III is a state-of-the-art accelerator which 
takes advantage of short pulse. low inductance pulsed 
power technology to provide dose-rate area products 
which have not been previously available. ProJected output 
parameters are given below. 

Accelerator Parameters 

Peak Diode Voltage 
Peak Diode Current 
Total Beam Energy 
Power Pulsewidth (FWHM) 
Repetition Rate 

20 MeV 
800 kA 
640 kJ 

40 ns 
4 Shots/Day 

Gamma-Ray Environment 

Peak Dose 
Peak Dose Rate 
Exposure Area (50% falloff) 
Radiation Pulsewidth \FWHMI 

100 krads (Si) 
5.0 X 10'2 rads(Si)(s 

500 cm' 
20 ns 
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BUilt In 1981. the Megamp Accelerator and Beam 

Experoment (MABEl was the technology development 

testbed for the multIple-beam. linear induction accelerator 

approach for HERMES III W,th the completIon of that pro

gram. MABE WIll be reconfIgured. durong 1986. into a 
two-beam Ionear inductIon accelerator for use as a gamma

ray sImulator. and renamed GemIni. 

ThIS accelerator combines the technology of the hlgh

current radial pulse lone Inducllon accelerator (RADLAC) 
program with the modular water stropline technology from 

the PartIcle Beam FUSIon Accelerator (PBFA) program. In 
order to produce the requored gamma-ray dose at photon 

energIes which would not cause excessIve neutron activa
tIon. it was necessary to achieve very high current. Be
cause space charge Iomltations precluded accelerating such 
hIgh currents through a linear induction accelerator in a sin

gle beam. the concept of simu!taneously accelerating mul

tiple beams was conceived. The two-beam accelerator is 
deSIgned for two lO-MeV. 80-kA beams which WIll pro

duce a dose rate of 2.3 X 10" Rad/sec over a 100-cm' 

area. '" a 20-ns pulsewidth. 
The pulsed power system consists of twO Marx gener

ators. four intermediate storage capacitors (IS)' triggered 
gas switches. pulse-formIng lines (PFU. Sets of multiple 

pOInt water sWItches. and troplate transfer lines. which 
feed eight parallel plate transmission lines. Each Marx gen

erator charges two IS. and each IS charges a single PFL. 
whIch dr,ves a transfer I",e and two transmIssion lines. 

Half of the pulsed power system is on each SIde of the 
beam transport 'acceleratIng section to provide a symmet

roc power feed. Two of the parallel plate transmIssion lines 

on each SIde of the beam line are conVOluted to apply the 

correct polaroty pulse to the dIodes for acceleratIng el!',· 
trons. Each set of two opposong transmIssIon hnes drove a 
water-vacuum Interface. There are four of these Interfaces 

which house a two-beam Injector and three sets of two ac
celerating gaps. 

Projected Accelerator Parameters 

Peak Output Voltage 
Peak Output Current 

Power Pulsewldth 
Total Beam Energy 

Repelltlon Rate 

10 MV 

160 kA 
40 ns 
64 kJ 

10 Pulses Da~ 

Projected X-Ray Environment 

Peak Dose 
Peak Dose Rate 
Exposure Area (50% falloff) 
Radiation Pulsewldth (FWHM) 

45 krads (CaF TLDI 
2.3'><: 10': radslCaF) s 

100 cm' 
20 nS 

GemIni and Saturn Will be housed In BUilding 981. 

Technical Area IV. A layout of the building IS Illustrated be' 
low. In general. user actiVity pertaining to Gemonl WIll OCCUI 

In the north end of the bUIldIng. and actiVity related to 

Saturn will take place In the southern part of the bUIldIng. A 

fUSion research accelerator. SuperMlte. IS also locaten In 
the hIgh bay. The bulk of the data acquIsItIon WIll be hal" 

died In a common screen room. although separate screen 
rooms for custom equipment WIll be avaIlable. DAS eqUip, 

ment WIll consIst promaroly of fast and slow transIent 

digitIzers. 

----------- .... 
: Tr .... ' Iterk ' 
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The Radiation Dosimetry laboratory provides do

sImetry services to the accelerator. reactor. and 

radioactIve-source facilities. It supports development and 

characterizat,on of the Irradiation facilities. and radiation 
exposure data for experiments. Sevllfal forms of gamma 

and neutron dosimetry are available. and the laboratory 

IS computer automated to insure reliable processing and 

qUIck response. System calibrations are traceable to 

NBS. 

Available Gamma DosImetry includes 

• CaF2:Mn Thermoluminescence Dosimetry (TlD) 

for doses from 1 to 10' rads 

• Radiochromic Dye Film Dosimetry for doses 

greater than 10' rads 

<J [}{]@~ ~@Ju [F©©~O~~W 
The Hot Cell FacIlIty IS comprised of three laboratOries 

located on-SIte: the hot cell laboratory. the glove-box lab

oratory. and the analytIcal support laboratory. The hot cell 

laboratory IS a concrete sh,elded area contaonong three steel 

contaInment boxes (SCBs) and an experimental staging 

area. each remotely operated by means of master-slave 

manIpulators (MSM). Each SCB and the staging area can 

contaIn up to 6000 cUries of fosslon products (nomInal 

1 MeV') 's) and/or 500 cUries of plutonIum. SCBs 1 and 3 

are 4.57-m long. 1.67-m WIde. and 2.44-m hIgh. The 

SCBs are onterconnected With 3B-cm-dlameter pass

throughs. SCB 1 is set up primarily for assemblyl 

dIsassembly of experiments. SCB 2 IS devoted to metallur

gical sample preparation (pottIng. grinding. and polishong). 

and SCB 3 IS for wet chemistry. The stagong area has a re

entry well equIpped WIth a remotely operated elevator to 

accommodate experiment packages up to 4.57-m long 

and 76 cm ,n dIameter. Also. such packages can be 
assembled/d,sassembled In the stagmg area. 

The glove-box laboratory conSIsts of eIght intercoM-
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• Frocke Chemical DosImetry and IonIzatIon cham

bers for cahbration purposes 

Available Neutron Dosimetry includes 

• Sulfur activation analysis with gas-flow propor

tIonal counting for neutron fluence monItoring 

• NIckel activation analysis with high-resolutIon 

gamma spectroscopy for neutron fluence 

monitoring 

• Fission and activation-foil analysis with high

resolution gamma spectroscopy for fission rate 

and spectrum measurements 

• Fission chambllf measurements 

nE-cted glove boxes whIch may be operated WIth controlled 

hIgh pUrity onert atmosphere. Two of the boxes are 

shielded and f,tted with MSM for remote operatIons. Up to 

300 cUries of fiSSIon products can be handled on these two 

boxes. Complete metallurgIcal capabIlitIes eXIst In the box 

line for low-level rad,oactive materials that are sensItIve to 

mOIsture andior oxygen. One of the Inert boxes has a Wold 

M400 macros cope WIth photographic capability at magnl

l'cat,ons up to 64X. Two other boxes are avaIlable for wor, 

WIth act,vated non-special nuclear materials. 

The analytIcal laboratory oncludes: (1) metallurgical 

sample preparatIon capab,hty whIch Incorporates Ion moil

Ing and etching. metal and carbon coatIng. and a LeItz re

mote metallographic mIcroscope; (2) optIcal microscopy 
by means of free standing W,ld M400 macroscope. and a 

ZeIss Ultraphot 11; (3) scanning electron microscope WIth 

both wavelength and energy-dispersive analytIcal capabili
ties; (4) gas analySIS via gas chromatography and quadru
pole mass spectrometry; and (5) limIted wet chemIcal 
analySIS. 
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The primary Photon Simulation Data ACQUisition Sys

tem is housed in a centrally located instrumentation trailer. 
The system supports HERMES II. SPEED. and Hydramlte II 

and IS operated by the Simulation Operations DIvIsion 
1233. 

The equipment available for users includes 

• Twenty-four Tektronix R7912 Transient Digitizers 
(350 MHz) with associated computer. software. 

and penpherals to record. process. and plot data 

• Eighteen HP 183 Oscilloscopes (350 MHz) 

• One HP 3456A/3497A voltmeter/scanner system 
capable of taking 40 channels of calorimetery data 

with associated computer. software. and peripher
als to record. process. and plot data 

• One Biomation 1015 capable of recording 4096 
samples at 10 jlS - 1 s/sample rates 
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Data acquisition for the neutron source facilities is pro
vided by three systems; one that is primarily dedicated to 

the SPR Facility. and two that are primarily dedicated to 
the ACRR Facility. 

Users of the SPR Facility have the following equip
ment available to record. process. and display data: 

• Twenty-two Tektronix R-7612D TranSient Digitiz
ers (80 MHz) 

• Eight Tektronix R-7603 OscillOSCopes (100 MHz) 
with 7020 Plug-in Digitizers (15 MHz) 

• Five Tektronix R-7844 Oscilloscopes (400 MHz) 

• DEC 11/73 computer with software and peripherals 
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Typically. the processed data IS available wlthl" 15 
minutes after the test. Programs are available lor extenSive 

data analySIS. 

At the Simulation Technology Laboratory. which Will 

house HERMES III and other accelerators. the Data Ac
QUISition System (DAS) Will be located In the 2600-lt· 
Main Screen Room. Several sub-systems Will support 

the vanous accelerators. and will be networked 10 a 

VAX 11/7BO. located in the screen room. for Interac
tive data analySIS. Instrumentation WIll consist primarily 
of fast transient digitizers. such as TektroniX 7912 
series. and slow digitizers such as Tecktronix 7020's 

Saturn and Gemini. in Building 9B 1. will be sup
ported by a common DAS which utilizes TektroniX 
7912AD's and 2430's to cover the wide range of 

bandwidth requirements in weapon-effects testtn9. In
teractive data analysis is provided by an HP - 1 000 com· 

puter and Tektronn( high-resolution graphic termlOals. 

The ACRR Facility is supported by 

• The DAASY-II digital recording system (70 chan

nels. 100 kHz). With associated computer. soft
ware. and peripherals to record. process. and diS
play data 

• The Data Acquisition and Display System mADS\. 
with an HP 1000 computer system. software. and 
peripherals to record. process. and displav data. 
HP9845 computer-controlled terminals perform 

data acquiSition and processing functions. as well as 

interfacing with the HP 1000 
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Introduction 

Standards for Electronics Radiation Testing 
and Remarks about SSC Displacement Damage Testing 

E. L. Petersen 
P. W. Marshall * 

Naval Research Laboratory 
Washington D.C. 20375 

The main goal of this paper is to present the radiation testing standards that have 
been developed by the radiation effects community over a number of years. We will 
also present the compilations of available radiation sources that have been assembled 
for the Defense Nuclear Agency. Before presenting this information, we want to 
summarize some testing approaches and results pertinent to the SSC that are not yet in 
the standards literature. 

Displacement damage presents the major damage mechanism for many types of 
electronic and non-electronic devices. For mixed environments, such as at the SSC, it is 
important to understand the energy and particle dependence of the damage. This has 
not been addressed in any standards to date. It is only recently that this information has 
become available. The first section will summarize this recent work. 

The possible use of CCDs and other small area type detectors as particle 
detectors brings up questions about their damage susceptibilities. They have long been 
known to be susceptible to total dose damage, but as total dose hard devices have been 
developed, it has become clear that permanent bulk damage effects are also very 
important. The second section will summarize recent observations in this area. 

Traditional radiation effects measurements have been aimed at a single type of 
radiation environment. The SSC will not necessarily have only a single type of radiation 
environment, so it is necessary to consider device susceptibility in mixed radiation fields. 
Section three will introduce a method of comparing the various effects. 

A large number of the traditional radiation damage problems in device testing 
and dosimetry have been addressed by the radiation and hardness assurance 
communities. The results have been assembled as testing standards. These are 
available primarily from the ASTM, with a few of them available as military standards. 
Dosimetry standards have also been developed by the ICRU and NBS (now NIST). The 
fourth section of the paper will introduce these standards. 

* Sachs/Freeman-Associates 
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There are a large number of facilities in the country that are used for electronics 
radiation testing. The Defense Nuclear Agency (DNA) periodically assembles lists of 
representative sources that are commonly used. The last section presents some data 
from these reports. 

Energy and Particle Dependence of Displacement Damage 

Radiation effect analysis for many of the electronic devices and technologies 
proposed for the SSC can draw heavily on the body of information which has been 
developed through DoD funded efforts over the past decades. In particular the work 
addressing displacement damage effects will be applicable to the solid state detector 
technologies under consideration. These effects will be expected to dominate detector 
degradation for both neutron and charged particle environments. Many of the salient 
points describing displacement damage have already been identified by the SSC Central 
Design Group [1], however there are some very recent and potentially very useful 
developments which will be outlined in this and the following section. This material will 
illustrate how accurate prediction of detector degradation in a specified radiation 
environment can be accomplished with minimal testing. 

The central premise underlying the predictive approach is that the displacement 
damage effects in a device for a given particle with a given energy can be correlated to 
the effects of other energies and other particles. Once the the response to a single test 
environment has been determined for the detector in questioIly the correlation, which 
has been shown to be independent of device and material, can be used to predict the 
degradation expected in the given detector from the spectrum of particles and energies 
anticipated in the SSC application. 

The correlation is based on the concept of nonionizing energy loss (NIEL), which 
is the energy a particle imparts to a solid through means other than ionization. 
Nonionizing energy deposition plays the same role in displacement damage effects that 
ionizing energy deposition (i.e., dose) plays in ionizing effects. First proposed by Burke 
[2], NIEL is calculated from first principles based on differential cross sections and 
interaction kinematics. NIEL is that part of the energy introduced via both Coulomb 
(elastic), and nuclear elastic and inelastic inte21ctions, which produces vacancy
interstitial pairs and phonons. Its units, (kev·cm /g), are the same as for stopping 
power produced by ionization phenomena, thus offering a convenient means for 
calculating cumulative effects from a variety of particles and energies. 

Burke has calculated NIEL in silicon for electrons, protons, neutrons, deuterons, 
and helium ions over a broad energy range. Figure 1 shows the NIEL energy 
dependence for these particles as well as the results of recent work by Van Ginneken [3] 
which extends the calculations to higher energies and includes photons, muons and 
pions. The figure contains the information necessary for a quantitative assessment of 
damage from a mixed particle environment and enables trends to be readily identified. 
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For example, highly relativistic particles all have similar displacement producing 
characteristics whereas with lower energies the inverse energy dependence of the 
Coulomb interaction dominates for charged particles, and the more massive charged 
particles are seen to be the most damaging of all. 

Figure 2 offers an energy dependent comparison between experimental 
displacement damage data and the calculated NIEL for protons, deuterons, helium ions, 
an<~ 1 MeV equivalent neutrons [4]. The NIEL for 1 MeV equiv. neutrons is 2.04 kev
cm /gm [4]. Summers, et.al. measured damage factors for gain reduction in several 
bipolar Si transistors. Here the damage follows from a reduction in the minority carrier 
lifetime through the particle induced introduction of recombination sites in the base 
region. Each charged particle damage factor was normalized to its corresponding 
neutron damage factor measured under the same conditions. The two ordinates in the 
figure plot the measured damage factor ratios and the calculated NIEL ratios against 
particle energy. Measured ratios from five transistor types (both n- and p-type Si) fall on 
common curves though the absolute damage factors varied significantly among the 
transistor types. More importantly, there is a one-to-one correspondence with no fitted 
parameters between the measured ratios and the NIEL ratios based on first principle 
calculations. 

The implication of the correspondence shown in figure 2 is that a direct 
proportionality exists between the measured damage factors and the calculated NIEL. 
This is illustrated in figure 3 [4] where the absolute damage factors from one transistor 
type and each particle and energy tested are plotted against the calculated NIEL. The 
solid line has a slope of one, and the excellent agreement confirms that the linear 
relationship exists even though the microscopic distribution of the damage is thought to 
be quite different for the range of particles considered. Several studies have explored 
and extended this basic result. In silicon the correlation has been extended to electrons 
with energies from 5 to 60 Me V for minority carrier lifetime effects [5]. More 
importantly for the SSC, by measurement of the leakage current in a Si sensor array, 
Dale et.al. [6] have shown that carrier generation displacement effects can also be 
correlated on the basis of NIEL. Calculations of NIEL and comparisons with 
experimental data have been reported now in several materials including Ge [7], GaAs 
[8], and in high temperature superconductor materials [9]. 

Permanent Damage in Small Volume Detector Elements 

Nonionizing energy loss, as described above, is an average quantity just as 
stopping power is an average quantity. For ionization damage the departure from the 
average dose delivered in a uniform medium is insignificant down to dimensions 
measured in tens of cubic angstroms, however this is not the case with NIEL. For Si 
detector arrays with elements measured in tens or hundreds of cubic microns the 
displacement damage sustained by adjacent pixels can vary considerably even though the 
identical elements are exposed to identical environments. 
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Figure 4 illustrates the variance associated with displacement damage processes 
for the case of the dark or leakage current induced in a Si sensor array damaged 
incrementally by fission neutron exposure [6]. Here the increase over the pre-irradiation 
dark current is determined for each pixel and the four histograms are formed from the 
61,504 pixel population following each exposure. The width of the distribution continues 
to increase with increasing damage. It is the average dark current that is correlated and 
predicted based on the NIEL, and the variance is determined by the dimensions of the 
detector element and the radiation in question. In [6] a quantitative approach, again 
based on interaction cross sections and reaction kinematics, is demonstrated for 
determining the fluctuations associated with a given radiation environment and detector 
geometry. Comparisons of fluctuations associated with fission neutron damage and 
monoenergetic proton damage at several energies are then used to illustrate salient 
points governing the inherent fluctuations in NIEL The example sited here is for 
leakage current, however other displacement damage effects such as charge trapping 
would be expected to reflect the same fluctuations if small volumes are involved. 

Another recent finding which may affect the SSC detector designs involves 
leakage currents associated with high electric fields ~thin depletion regions. When 
radiation damage occurs in field regions exceeding 10 volts/cm there is an enhanced 
emission of carriers and the localized leakage currents can be extremely high. Electric 
field enhanced emission has been shown to be responsible for the largest leakage 
currents measured in some radiation damaged detector arrays [10,11], and it may well be 
an important consideration for minimizing the leakage current in sarge area detectors as 
well. Figure 5 demonstrates the striking effect as fields exceed 10 volts/cm [11]. 

Damage in Mixed Environment 

The traditional nuclear weapons radiation effects community ordinarily considers 
various effects separately. Dose rate upset and latchup occur near weapon bursts in 
space. Single event upset and latchup occur in the natural space environment. Neutron 
effects are important near nuclear weapons on the ground. High level total dose effects 
occur in space after weapon bursts. Dose rate effects should not be important at the 
SSe. Single event upset and latchup may occur, leading to loss of data or of individual 
devices, but will not be discussed here [12]. However the sse is likely to have both total 
dose and displacement damage effects occurring simultaneously. 

The susceptibility data banks ordinarily contain neutron and ionizing dose 
susceptibilities in separate data banks. When one goes to these banks, one finds a range 
of values for even one electronics technology. Therefore summaries are often presented 
using bar charts for each device technology. A schematic representation can be 
presented in two dimensions for simultaneous viewing of both neutron and ionizing dose 
susceptibilities. The presentation uses boxes where one dimension corresponds to 
representative ionizing dose susceptibilities and the other dimension corresponds to the 
range of neutron susceptibilities [13]. Figure 6 shows this generalized representation of 
microcircuit susceptibility. A particular device would be represented as a single point at 
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the intersection of its two types of susceptibility. 

The new insight on energy and particle dependence of displacement damage 
effects that was presented in section 1 laid the groundwork for a schematic approach to 
radiation effects in combined fields or in proton environments for which both types of 
effects occur simultaneously [13]. For example, at a given proton energy, it is possible to 
calculate the total dose and the equivalent 1 Me V neutron flux that occur for a given 
particle flux. A single line can then be superimposed on figure 6 that shows the 
increasing equivalent neutron flux as a function of the total ionizing dose delivered. 
This is shown in figure 7 for 90 MeV protons. If a particular device falls on the left side 
of the line, it will fail to ionizing dose effects before it fails for displacement damage. 
Similar lines could be drawn for other charged particles using the information presented 
in section 1. 

Operation in a given mixed field can also be represented in figure 7. For 
example, a reactor will often present both gamma and neutron environments. If the 
ratio of the two fields is known, then a corresponding line can be drawn as shown. 
Again, the devices on the left will fail first due to ionizing dose while those on the right 
will fail due to displacement effects. In this situation, prior assumptions about the 
dominant damage mechanism are often wrong. 

The schematic approach presented here can in general be applied to any mixed 
field environment and so is very appropriate for use while estimating radiation effects 
around the SSe. It is necessary to estimate the failure levels for both mechanisms and it 
is necessary to understand the working environment. 

ASTM and Mil Standards for radiation testing 

The nuclear radiation effects community initially was involved with the basic 
measurement of radiation effects and then with the development of parts that would 
work in the radiation environment. It was soon recognized that the radiation response 
of a specific semiconductor device could vary among manufacturers and often also 
among a given manufacturers production lots. The variations made part selection and 
system design for nuclear hardening difficult. This in tum led to diverse testing methods 
and test results. 

In response to these needs, the Defense Nuclear Agency (DNA), in 1975 under 
the leadership of E. A. Wolicki, started a formal Hardness Assurance Program for 
Electronic Parts. It was recognized that the way to procure radiation-hardness-assured 
electronic parts was to use standard test methods -- both for measuring the radiation 
response of the parts and for measuring the radiation dose. Since such standard test and 
dosimetry methods did not exist at the time, their development became one of the first 
objectives of the Hardness Assurance Program [14]. 

The program was joined by a large number of government agencies, and the final 
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standards are now published by the American Society for Testing and Materials 
(ASTM) and by the Military Standards establishment. The dosimetry efforts were done 
in collaboration with the National Bureau of Standards which established a dosimetry 
calibration service [15]. Total dose measurements should be done only at locations 
where the dosimetry or source calibrations can be traced back to NBS. 

There very early arose questions about the equivalence of irradiations performed 
at various reactors, due to different neutron spectra. This led to the establishment of a 
1-Me V silicon-daMage-equivalent standard, and organized comparisons of various 
neutron sources. Neutron damage measurements should be carried out using sources 
that are well calibrated in terms of the 1 Me V standard, such as the one at White Sands. 

There are now a number of published ASTM and Mil standards applicable to 
electronics and dosimetry. Table I presents a summary as assembled by Floyd Coppage 
and Harvey Eisen [16]. The International Commission on Radiation Units and 
Measurements (ICRU) has also assembled standards for radiation dosimetry. These are 
available in references 17-19. 

The standards are necessary if you are to avoid a number of simple but not 
obvious pitfalls, primarily in dosimetry. Some of the problem areas in total ionizing 
dose testing with Co-60 are: 

1. non uniform dose across large areas, 
2. shielding effects due to orientation in water or room sources, 
3. low energy scattering from a wall near the device or source, 
4. effect 3 exacerbated by high z materials such as gold and kovar lids, 

5. other high z materials near the device. 
These effects can produce orders of magnitude differences in results, and make 
apparently simple experiments completely non-reproducible. 

Sources Normally used for Hardness Assurance Testing 

As DNA supports a large amount of radiation testing both by its own contractors, 
and indirectly that of contractors for other government programs, it periodically 
assembles summaries of the available test sites. Two recent publications are one on Co-
60 facilities by Humphreys and Dozier [20] and one on general weapon simulation 
facilities, including Co-60, by K. E. Gould and coworkers [21]. Table II summarizes 
some of the information available in the list of Co-60 facilities, while Table III lists some 
of the other facilities from ref 21. 

The lists are not complete, but do include all of the facilities with extensive 
experience with electronics testing. The lists do attempt to have a good geographical 
coverage, so that all parts of the country are covered. 

The complete references [20 and 21] also include data on the maximum dose 
rate, the usable irradiation volume, temperature rises, costs, and other comments. One 
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or two of the sources may require security clearances to be on file. The facilities vary on 
source operators, equipment operators, support for testing, and who does the dosimetry. 
It is always necessary to call and visit the facility before arriving there for testing. Few 
things are more frustrating than arriving at a facility with 8 ft cables, and finding that you 
need 10 foot cables, while paying $l000/day. 

Very little electronics radiation effects work has been done using proton 
accelerators. The two facilities in current use are the V.c. Davis cyclotron and the 200 
Me V linac Radiation Effects Facility (REF) at Brookhaven. In these cases there was 
extensive dosimetry comparisons between the two machines and with Co-60 sources at 
NRL and HDL, and with the NRL electron linac [4, 22]. 

Concluding Remarks 

1. Know your device susceptibilities. You should identify the type of 
susceptibility that your devices will have. If you don't know, look at the radiation effects 
literature. If you can't find any information, then make some rough measurements. In 
mixed environments, such as at the SSC, it is often the unplanned-for susceptibility that 
ruins an experiment. Generalities about one or another type of damage dominating 
should not be trusted without careful consideration. 

2. Know your target environment. You need to know what the operating 
environment is; the types of particles and their energy spectra. Is it primarily a gamma 
or total dose environment, or primarily a neutron environment (therefore displacement 
damage dominates) or is it mixed neutrons and gammas or high energy charged 
particles, so that you have both types of damage. It is not necessary to do careful 
neutron damage measurements when your components are very total dose susceptible 
and will operate in a low or medium dose environment. 

3. Know your test environment. Dosimetry problems have ruined more device 
radiation tests than any other single type of problem. Even if the dosimetry is being 
furnished by the facility, check it carefully yourself. Occasionally an experienced 
operator will do dosimetry for one type of test, while you are doing a different type of 
test. And you are often assigned the inexperienced operator. 

4. Know your test procedures. The standard test procedures often appear overly 
complicated and detailed. You can't afford to ignore a section because you don't 
understand it or it appears unnecessary. The test procedures are the results of a large 
number of people making a large number of mistakes. Skip a sub-procedure only if you 
thoroughly understand what you are doing. 
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Figure 1. Nonionizing energy loss (NIEL) as calculated by 
Burke [2] and Van Ginneken [3] plotted versus energy for 
photons and seven particles. NIEL quantifies displacement 
damage for a given radiation in exactly the manner that 
stopping powers determine dose for ionizing radiations. 
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the nonionizing energy loss associated with a given dose of 
90 HeV protons •. 



TABLE I. Radiation Effects Testing Standards 

Data from Coppage and Eisen 

1. ASTM E720-86, Guide for SELECTION OF A SET OF NEUTRON
ACTIVATION FOILS FOR DETERMINING NEUTRON SPECTRA USED IN 
RADIATION-HARDNESS TESTING OF ELECfRONICS. 

2. ASTM E721-8S, Method for DETERMINING NEUTRON ENERGY SPECTRA 
WITH NEUTRON-ACTIVATION FOILS FOR RADIATION HARDNESS TESTING OF 
ELECTRONICS. 

3. ASTM E722-8S, Practice for CHARACfERIZING NEUTRON ENERGY 
FLUENCE SPECIRA IN TERMS OF AN EQUIVALENT MONOENERGETIC NEUTRON FLUEi' 
FOR RADIATION HARDNESS TESTING OF ELECTRONICS. 

4. ASTM E763-8S, Method for CALCULATION OF ABSORBED DOSE FROM 
NEUTRON IRRADIATION BY APPUCA TION OF lHRESHOLD-FOIL MEASUREMENT DATA 

S. ASTM E820-8A, Practice for DETERMINING ABSOLUTE ABSORBED DOSE 
RA TES FOR ELECTRON BEAMS. 

6. ASTM E84S-81, Methods for CALIBRATION OF DOSIMETERS AGAINST AN 
ADIABATIC CALORIMETER FOR USE IN FLASH X-RAY FIELDS. 

7. E1026-84, Method for USING THE FRICKE DOSIMETER TO MEASURE 
ABSORBED DOSE IN WATER. 

8. E1027-84, Practice for EXPOSURE OF POLYMERIC MATERIALS TO 
IONIZING RADIATION. 

9. E120S-88, Method for USING THE CERIC-CEROUS SULFATE DOSIMETER 
TO MEASURE ABSORBED DOSE IN WATER. 
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TABLE I. Radiation Effects Testing Standards (continued) 

10. EI249-88, Practice for MINIMIZING DOSIMETRY ERRORS IN RADIATION 
HARDNESS TESTING OF SIUCON ELECIRONIC DEVICES. 

11. EI2S0-88, Test Method for APPUCATION OF IONIZATION CHAMBERS 
TO ASSESS THE LOW ENERGY GAMMA COMPONENT OF CO-60 IRRADIATORS 
IN THE RADIATION HARDNESS TESTING OF SIUCON ELECIRONIC DEVICES. 

12. ASTM F617-86, Method for MEASURING MOSFET LINEAR THRESHOLD 
VOLTAGE. 

13. ASTM F618-79, Method for MEASURING MOSFET SATURATED 
THRESHOLD VOLTAGE. 

14. ASTM F632-86, Method for MEASURING SMALL-SIGNAL COMMON 
EMITfER CURRENT GAIN OF TRANSISTORS AT HIGH FREQUENCIES. 

15. ASTM F67S-80, Method for MEASURING NONEQUIUBRIUM TRANSIENT 
PHOTO CURRENTS IN p-n JUNCTIONS. 

16. ASTM F676-83, Method for MEASURING UNSATURATED TTL SINK 
CURRENT. 

17. ASTM F744-81, Method for MEASUREMENT OF DOSE RATE THRESHOLD 
FOR UPSET OF DIGITAL INTEGRATED CIRCUITS. 

18. ASTM F769-87, Method for MEASUREMENT OF TRANSISTOR AND DIODE 
LEAKAGE CURRENTS. 

19. ASTM F773-87, Method for MEASURING DOSE RATE RESPONSE OF 
LINEAR INTEGRATED CIRCUITS. 

20. ASTM F774-82, Guide for ANALYSIS OF LA TCHUP SUSCEPTIBILITY IN 
I~IPOLAR INTEGRATED CIRCUITS. 

21. F867-87, GUIDE FOR TOTAL DOSE RADIATION TESTING OF 
SEMICONDUCTOR DEVICES. 

22. F980-86, GUIDE FOR THE MEASUREMENT OF RAPID ANNEALING OF 
NEUTRON-INDUCED DISPLACEMENT-DAMAGE IN SEMICONDUCTOR DEVICES. 

23. F1032-86, GUIDE FOR MEASURING TIME-DEPENDENT TOTAL-DOSE 
EFFECTS IN SEMICONDUCTOR DEVICES EXPOSED TO PULSED IONIZING RADIATION. 
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TABLE I. Radiation Effects Testing Standards (continued) 

24. F1096-87, MOSFET SATURATION THRESHOlD VOLTAGE. 

25. F1190-88, PRACI1CE FOR NEUTRON IRRADIATION OF UNBIASED 
ELECfRONIC COMPONENTS. 

26. F1191-88, GUIDE FOR THE RADIATION TESTING OF SEMICONDUcrOR 
MEMORIES. 

MIUTARYHANDBOOKS 

1. MIL HANDBOOK 279; TOTAL DOSE HARDNESS ASSURANCE GUIDELINE~ 
FOR SEMICONDUcrOR DEVICES AND MICROCIRCUITS; February 1985. 

2. MIL HANDBOOK 280; NEUTRON HARDNESS ASSURANCE GUIDELINES 
FOR SEMICONDUcrOR DEVICES AND MICROCIRCUITS; February 1985. 

3. MIL HANDBOOK XXX; DOSE RATE HARDNESS ASSURANCE (submitted to 
DESC; now available as DNA-TR-86-29, November 1988). 

4. MIL HANDBOOK 339 APPENDIX; CUSTOM LARGE SCALE INTEGRATED 
CIRCUIT DEVELOPMENT AND ACQUISmON FOR SPACE VEHICLES; January 1986. 

5. MIL HANDBOOK XXX; TOTAL DOSE AND NEUTRON HARDNESS 
ASSURANCE GUIDELINES FOR SEMICONDUcrOR DEVICES AND MICROCIRCUITS (in 
draft form). 

GUIDELINE DOCUMENTS 

1. SUBTIlRESHOLD TECHNIQUE FOR CHARGE SEPARATION IN 
IRRADIATED MOSFETS, E. Enlow, MRC. 

2. TEST STRUCfURES FOR RADIATION HARDENING AND HARDNESS 
ASSURANCE, D. Alexander, MRC. 
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TABLE I. Radiation Effects Testing Standards (continued) 

MILITARY STANDARD TEST METHODS 

1. Method 1015, STEADY STATE PRIMARY PHOTOCURRENT, MIL-SID 750C. 

2. Method 1017, NEUTRON IRRADIATION, MIL-SID-75OC. 

3. Method 1017.2, NEUTRON IRRADIATION, MIL-SID-883C. 

4. Method 1019, STEADY STATE TOTAL DOSE IRRADIATION PROCEDURE, 
MIL-SID 750C. 
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ASTM Documents may be obtained by sending your request to: 

ASTM 
1916 Race Street 
Philadelphia, PA 19103-1187 

(215) 299-5400 
FAX: (215) 977-9679 

Additional information may be obtained from the chairpersons of the committees on 
Electronics and Dosimetry. They are: 

Committee Fl.tt on Electronics, Quality and Hardness Assurance 
Chairman: W. A. Alfonte 

Kaman Tempo 
2560 Huntington Ave. Suite 500 
Alexandria, VA 22303 (703) 960-4774 

Committee EI0.07 on Dosimetry 
Chairman: David W. Vehar 

Sandia National Laboratories Division 6452 
Albuquerque, NM 87185 (505) 844-4820 

Copies of Military Specifications or Military Standards may be obtained by sending 
requests to: 

Naval Publications and Forms Center 
5801 Tabor Avenue 
Philadelphia, PA 19120 (215) 697-2179 

Use DD Form 1425 if available. 
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Table II. Cobalt-60 Sources for Radiation Testing 

Excerpted from J. C. Humphreys and C. M. Dozier, "Cobalt-60 Facilities Available for 
Hardness Assurance Testing," NBSIR 86-3480, Nov 1986. (note that in many cases the 
name of the contact is no longer applicable.) 

1. ORGANIZATION: Armed Forces Radiological Research Institute 
Bethesda, MD 

CONTACT: Capt. Leonard Alt 
Armed Forces Radiological Research Institute NMC-NCR 
Bethesda, MD 20814 Telephone: (202) 295-1096 

TYPE OF SOURCE: H20 pool, 33' by 33' by 33'. 
Samples can be placea in interior of source region. 

2. ORGANIZATION: Battelle Memorial Institute 
Columbus, OH 

CONTACT: Dr. V. Pasupathi 
Battele Columbus Laboratories 

505 King Avenue Columbus, OH 43201 Telephone: (614) 879-5140 

TYPE OF SOURCE: Room source, 3300 Curies (acquiring 50 
kCuries in near future). Sources are 
cylindrical rods which are arranged for test. 

3. ORGANIZATION: Boeing Aerospace Company 
Seattle, WA 

CONTACT: Mr. Dennis Russell 
Boeing Aerospace Company P.O. Box 3999 Seattle, 

WA 98124 Mail Stop 2R-OO Telephone: (206) 655-6712 

TYPE OF SOURCE: (1) Gammace1l220 
(2) Gammacell 220 (3) Gammacell 200 (4) Gamma Lab 
(room) 
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Table II. Cobalt-60 Sources for Radiation Testing (continued) 

4. ORGANIZATION: Brookhaven Gamma-Irradiation Facilities 
Brookhaven National Laboratory 
Upto~ New York 

CONTACT: Mr. Walter Becker 
Brookhaven National Laboratory 
Bldg. 830 
Upto~ NY 11973 
Telephone: (516) 282-4533 or 4526 

TYPE OF SOURCE: Water Pool 

5. ORGANIZATION: General Electric Company Utica, NY 

CONTACT: Mr. Charles M. Hewison 
General Electric Company Aerospace Electronic 
Products Dept. French Road Utica, NY 13502 Telephone: (315) 793-5375 

TYPE OF SOURCE: AECL Gammacell 220 

6. ORGANIZATION: General Electric Company 
Space Division, Valley Forge, Pennsylvania 

CONTACT: Mr. Larry C. Jeffers 
P.O. Box 8555 
Philadelphia, P A 19101 
Telephone: (215) 962-3811 x3196 

TYPE OF SOURCE: Gammace1l220 

7. ORGANIZATION: Georgia Institute of Technology 
Atlanta, Georgia 

CONTACT: Mr. Jerry Taylor 
Georgia Institute of Technology Frank H. Neely Nuclear Research Center 
900 Atlantic Drive, NW Atlanta, GA 30332 Telephone: (404) 894-3608 

TYPE OF SOURCE: Room source - stored in H20 
pool. Have 8 source frames and 5 cylindrical 
sources. 30 ports for 1" cables. 
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Table II. Cobalt-60 Sources for Radiation Testing (continued) 

8. ORGANIZATION: Harry Diamond Laboratories, Adelphi, MD 

CONTACf: David Davis 
Harry Diamond Laboratories 2800 Powder Mill Road 
Adelphi, MD 20783 Phone: (202)394-2238 

TYPE OF SOURCE: POOL 

9. ORGANIZATION: Hughes Aircraft Company 
EI Segundo, CA 

CONTACf: Mr. Joe Zeleck 
Hughes Aircraft Company 
P.O. Box 902 
Bldg. E-2 MS-SI07 
EI Segundo, CA 90245, Telephone: (213) 616 -0277 

TYPE OF SOURCE: (1) Gammace1l220 
(2) GR9 (3) GR9 

to. ORGANIZATION: International Nutronics 
Irvine, CA 

CONTACf: Mr. Charles Dorthalina, Mgr/RSO 
International Nutronics, 1962 Barranca Rd. 
Irving, CA 92714 
Telephone: (714) 863-9361 

TYPE OF SOURCE: 1.6 MCuries in 195 cylindrical rods. 
Source also used for medical and food irradiations 

11. ORGANIZATION: International Nutronics 
Palo Alto, CA 

CONTACf: Mr. Tom Rensel 
International Nutronics 
1237 N. San Antonio Road 
Palo Alto, CA 
Telephone: 415-968-5257 

TYPE OF SOURCE: 250 Curies in 48 cylindrical rods 
Source also used for medical and food irradiations. 
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Table II. Cobalt-60 Sources for Radiation Testing (continued) 

12. ORGANIZATION: IRT Corporation 
San Diego, CA 

CONTACT: Mr. John Harrity 
IRT Corporation 
3030 Callan Rd. San Diego, CA 92121 
Telephone (619) 450-4343 

TYPE OF SOURCE: Gammace1l220 

13. ORGANIZATION: Jet Propulsion Laboratory 
Pasadena, CA 

CONTACT: Mr. Michael Gauthier 
Jet Propulsion Laboratory MS-TI180 
4800 Oak Grove Drive Pasadena, CA 91109, Telephone: (818) 354-2126 

TYPE OF SOURCE: Room source. Two Co-60 sources on rails. 

14. ORGANIZATION: Martin Marietta Aerospace 
Orlando, FL 

CONTACT: Mr. Jim Simmons 
Martin Marietta Aerospace 
P.O. Box 5837 
MS - 163 
Orlando, FL 32855, Telephone: (305) 356-4458 

TYPE OF SOURCE: J.L. Shepard Model 109 -- 6 rods in Pb 
shielding container. H20 cooled. 

15. ORGANIZATION: National Bureau of Standards 
Gaithersburg, MD 

CONTACf: Mr. J. C. Humphreys 
National Bureau of Standards 
C216 Radiation Physics Building 
Gaithersburg, MD 20899, Telephone: (301) 921-2201 

TYPE OF SOURCE: (1) AECL Gammace1l220 (2) Pool source: 12 source pencils in 
cylindrical array (3) Teletherapy collimated beam source 
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Table II. Cobalt-60 Sources for Radiation Testing (continued) 

16. ORGANIZATION: Naval Research Laboratory 
Washington, DC 

CONTACT: Mr.KenGage 
Radiation Facilities Section Code 4614 
Naval Research Laboratory 
Washington, DC 20375 Telephone: (202) 767-3938 

17. ORGANIZATION: Rockwell International 
Anaheim, CA 

CONTACT: Mr. Larry Green or Rick Halverson 
Rockwell International Defense Electronics Operations 
3370 Miroloma Ave., P.O. Box 

3105 Anaheim, CA 92803 Telephone: (714) 632-0775 

TYPE OF SOURCE: (1) AECL Gammace1l200 (2) J.L. Shepard Model 109 (3) J.L. 
Shepard Model 81 (semicollimated source in shielded room) 

18. ORGANIZATION: Rome Air Development Center (RADC) 
Hanscom AFB, MA 

CONTACT: Mr. John Schott 
RADC/ESR 
Hanscom AFB, MA 01731 
Telephone: (617) 861-3445 

TYPE OF SOURCE: Room source - 20 rods approximately 
12' long arranged in 5" diameter cylindrical array. 

19. ORGANIZATION: Sandia National Laboratories 
Albuquerque, NM 

CONTACT: Dr. David Vehar 
Sandia National Laboratories 
Org 6452 
P.O. Box 5800 
Albuquerque, NM 87185, Telephone: (505) 844-4820 

TYPE OF SOURCE: Gamma Irradiation Facility. 
Room source with sources in one corner of 
room. 
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Table II. Cobalt-60 Sources for Radiation Testing (continued) 

20. ORGANIZATION: Southwest Research Institute Gamma Facility 
Southwest Research Institute 
San Antonio, TX 

CONTACf: Mr. David G. Cadena, Jr., Senior Research Physicist 
Department of Fuels and Lubricant Technology 
Southwest Research Institute 6220 Culebra Road 
San Antonio, TX 78238 
Telephone: (512) 684-5111 

TYPE OF SOURCE: Two hot cells. 
Multiple configurations possible. 

21. ORGANIZATION: TRW, Inc. 
Redondo Beach, CA 

CONTACf: Mr. Paul Guilfoyle 
TRW, Inc. MS 84/1002 One Space Park 
Redondo Beach, CA 90278 Telephone: (213) 535-0056 

TYPE OF SOURCE: (1) Gammacell220 
(2) Gammacell 220 

22. ORGANIZATION: University of Maryland 
College Park, MD 

CONTACT: Dr. Walter J. Chappas 
University of Maryland 
Chemical Engineering Building 
College Park, MD 20742, Telephone: (301) 454-8757 

TYPE OF SOURCE: Room source. 10 source pencils in 
cylindrical array 3.251 in diameter. Sources stored 
in water, raised to irradiate position 30 inches 
above floor. 

23. ORGANIZATION: USAF School of Aerospace Medicine Isotopic Facilities 

CONTACf: USAF School of Aerospace Medicine Radiation Sciences Division (RZ) 
Brooks AFB, TX 78235-5301 Phone: (512) 536-3416 

TYPE OF SOURCE: AECL Eldorado 78 Teletherapy unit 
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Table II. Cobalt-60 Sources for Radiation Testing (continued) 

24. ORGANIZATION: University of Lowell 
Lowell, MA 

CONTACf: Mr. Tom Wallace 
University of Lowell Radiation Laboratory 
1 University Ave. 
Lowell, MA 01854 Telephone: (617) 452-5000 

TYPE OF SOURCE: Approximately 1 MCi plaque array 
of sources in H20 Pool- Moved to 1/2' AI window 
for irradiations. 4 plugs and 4 electrical conduits 
for access to experiment. 

25. ORGANIZATION: White Sands Missile Range White Sands, NM 

CONTACf: Mr. Roland Penny 
White Sands Nuclear Effects Facility Gamma 
Radiation Facility 
White Sands Missile Range NM 88002 Telephone: (505) 678-1161 

TYPE OF SOURCE: Room source. 1 to 10 cylindrical source capsules are transferred 
pneumatically from storage to head assembly. Samples can be placed in cavity in head 
assembly for maximum absorbed dose rate. 
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Table III. Radiation Test Facilities from: "Programs Manager's 
Guide to Simulation Facilities for Nuclear Hardness Validation 
- 1987 Edition," K. E. Gould, et. ale DASIAC SR-219, Oct. 1987. 

PULSE PEAK 
PULSE REACTOR STATE POWER (MW) REMARKS 

AFRRI Triga MD 2.5 x 103 also steady state, 
biomedical 

LLNL Super Kukla NV 4.0 x 105 deactivated, in standby 

WSMR FBR NM 6.5 x 104 

SNLA ACRR NM 3.0 x 104 

SNLA SPR-II NM 2.0 x 105 

SNLA SPR-III NM 2.0 x 105 

MAX X-RAY 
ACCELERATOR STATE ENERGY MODE REMARKS 

(MeV) DOSE 

AFRRI Linac MD 50.5 5 Rlpulse biomedical 

Boeing Dynamitron WA 2.8 positive 
ion capable 

LLNL Linac CA 50 

NRL Linac DC 65 50 krad (Si) 

WSMR Linac NM 5xlO9 

rad(Si)/sec 

MEAN TARGET 
BREMMSSTRAHLUNG STATE DOSE RATE A~EA REMARKS 

(Rads (Si) Is) (m ) 

Maxwell MBS CA 1.2 x 10 10 0.3 

PI MBS CA 2.6 x 10 11 3 

PI MBS II CA 3.3 x 10 9 2.25 in storage 
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Table III. Radiation Test Facilities (continued) 

FLASH X-RAY STATE 

Boeing WA 

GE FX-25 PA 

NRL Gamble II DC 

Postgrad School CA 

NSWC TAGS MD 

MEAN 
DOSE RATE 

(rads(Si)/s) 

3.3 x 1011 

4.7 x 1010 

5.0 x 1010 

1.0 x 1011 

TARGET 
¥.EA FLU~NCE 

(m) (cal/cm) 

0.0176 

0.1 0.1 USN 

0.005 

0.196 

MULTI-MODE 
RADIATION 
SIMULATORS 

---BREMSSTRAHLUNG MODE---- ---X-RAYMODE---
STATE Mean 

Dose Rate 
(Rads (Si)/s) 

DNA/NSWC Casino MD 

DNA/NSWC Phoenix MD 3.0 x 

HDL Aurora 6 MD 2.5 x 

Maxwl Blackjack 3 CA 5.0 x 

Maxwell Blackjack 5 CA 

PI Double Eagle CA 4.0 x 

PI Owl (dismantled)CA5.0 x 

Target Mean Target 
Fluence2 Area Dose Rate 2Area 
(cal/cm ) (M2) (rads(Si)/s) (M) 

1.7 X1010 0.1 

1010 1 

1011 1 

1010 0.1 

0.1 1 

1010 0.08 1 0.1 

1010 0.08 0.1 

PI Pithon CA 3.0 x 1011 0.7 0.1 0.1 

PI Pulserad 1150 CA 8.0 x 1010 0.1 

SNLA HERMES II NM 1. 0 X1012 0.04 

SNLA HERMES ITl NM 5.0 x 1012 0.05 

SNLA Saturn NM 5.0 x 1012 9.0 0.05 

TRW Vulcan CA 1.0 X1012 

WSMR REBA NM 2.6 X10 11 

135 



APPENDIX 7 

Radiation Studies in Iron Calorimeter Structures 
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RADIATION STUDIES IN IRON CALORIMETER STRUCTURES 

J.S. Russ 
Carnegie Afellon University, Pittsburgh, PA 15213 USA 

ABSTRACT 

IIadronic calorimetry is a vital element of an SSC detector, but it is a 
major source of low energy neut.rons which may damage other detector element.s. 
l~x"eri1llental data on neut.ron Huences are presented and compared to simulations. 
Implications for detectors at hadron colliders are explored. 

I. Introduction 

In this paper I shall be cOllcerued with the problems of measuring and pre
dicting the radiation envirollment of the LHC or SSC. As is widely appreciated, the 
high luminosity of these machines means that the major source of radiation dam
age ill detector systems will be luminosity-driven, either charged particles produced 
direct.ly in the collisions or neutrons generated by hadronic cascades in calorimeters 
or st.ructural elements. Tracking elements placed close to the beam will be damaged 
chiefly by the charged- particle flux of hadrons produced directly in the collision. 
Calorimeter sampling elements will see low energy hadrons, electrons, or neutrons as 
the most damaging radiation in their environment. Because charged particle damage 
in det.ectors is well-underst.ood experimentally [1], this paper will concentrate on the 
problems of calorimetry. l<or detectors and electronics inside the calorimeter volume, 
the ra<.liatioll Held will consist of the direct ionizing dose from the beam-beam colli
sions plus the displacement damage due to albedo neutrons, a calorimeter-dependent 
problem. 

II. Radiation EnvirOlllllent for Calorhlletry 

One of t.he first concerns raised a.bout detector subsystems and electronics 
in a high luminosity environment is about neutron damage. It is well-known t,hat. 
MeV-scale neutrons cause defects in silicon by elastic scatters and ensuing latt.ice 
displacements due to the recoiling Si nucleus. Neutrons also scatter in hydrogenous 
medin, producing heavily ionizing stubs. This can perturb chamber operation, accel
erate aging, and disrupt. calurimet.ry. In order to evaluate the severit.y of t.his problem, 
it is necessary to predict accurately the neutron energy and spatial distributions from 
high energy hadron collisions. A number of elaborate neutron transport codes have 
been created by t.he neutron physics community for reactor problems.[21 Several large 
programs to couple these low energy neutron codes wit.h high energy part.ide produc
tiun models have been written by physicists concerned with shielding and radiation 
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protection problems.[3J It is important to provide experimental checks of these codes, 
to ensure that the distributions predicted in some testable cases actually are observed. 
This is the purpose of the ROSTI experiment to be discussed ill the next sectio11. 

It has been known for years that the development of hadronic cascades ill 
heavy absorbers, e.g., calorimetric detectors, involves nuclear processes of spallation 
and evaporation. After the first or second collision the number of pions and elec
tromagnetic quanta in the cascade will be attenuated by absorption. However, t.he 
number of neutrons will continue to grow much deeper into the material because the 
nent,rons originate primarily from evaporation processes in nuclei excit.ed by collisions 
with higher energy spallation products. More recently, the crucial role of hydrogen
bearing compounds within the calorimeter volume in moderating the neutron spec
trum and reducing the efficiency of the evaporation processes has been recognized, as 
part of the study of "compensation", i.e., equalization of the calorimetric response t.o 
electrons and hadrons of the Salue (large) incident energy.[4] Any measurement of t.he 
neutron flux within a calorimeter structure must not introduce low-Z element.s which 
would modify the neutron flux. Also, the measurement should be done in a struchtre 
t.hat. accurately models the composition and layout of the real detector, since geomet
ric and material distributions will affect tertiary neutron production probabilit.ies. A 
project to use the classic neutron activation method long applied ill radiation safety 
situations was advanced at the CERN La Thuile workshop by Russ, Stevenson and 
Rancoita.[5] This section discusses its implementation to st.udy t.he neut.ron spectrum 
in an iron-aluminium dump, modelling an iron/silicon calorimet.er. The work was 
done by A. Fasso, C. Furetta, P.-G. Rallcoita, J .S. Russ, G. R. Stevenson, and L. Vis
mara, with the support of the CERN TIS division, INFN, and SSC Generic Det.ector 
program. 

In measuring the neutron flux one Wallts to determine t.he neutron energy 
distribution at a set of points covering the solid angle al'ound the entering particle's 
direction. For a dump measurement, using a parallel beam of particles of spot size 
smaH compared to the transverse attenuation length of the neutron flux, Olle can do 
this by integrating the neutron flux over lllany incident beam particles and doing a 
neutron-activation experiment. hI this case the spatial distribution is determined by 
tlsing act.ivat.ion foils of small cross section distributed throughout the transverse area 
illullunat.ed by the hadronic cascade. The energy profile can be d011e by a subtractioll 
method, using activation reactions with difl'erent energy thresholds. The key to t.he 
technique is to find activation reactions which are neutron-specific, so that 110 other 
component of the hadronic cascade Call excite them, and which have sharp excit.ation 
t.hresholds. The unknown source spect.rum is then found by an iuterative unfolding 
procedure, assuming initially that thresholds are sharp and that there is no energy
dependence of the cross section after turn-on. 

III. ROSTI - Activation MeasureUlent of Neutron Flux in Fe 

The activation reactions chosen for the ROSTI experiment are listed ill table 
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1. The high-energy spallation reaction producing F18 is not neutron-specific. It serves 
t.o measure the spallat.ion processes and test high-energy production models which 
track particles down to cutoff energies of 30-35 MeV, sensit.ive to spallation but not 
evaporation. The remaining three reactions are neutron-specific with relatively sharp 
thresholds, as can be seen from the energy-dependence of the activation cross sections 
shown ill figures 1 ( a )-1 ( c). This helps in the source function iterat.ion referred t.o ill 
sediotl II. The activation foils themselves were cut int.o circular disks of known area 
and thickness, so that the number of target atoms could be determined accurately. 
The profile of the cascade was measured by inserting these disks into an Al carrier 
plate, so that the disks sampled the cascade development symmetrically about the 
entering beam axis. The sampling geometry is shown in figure 2. The Fe dump had 5 
cm thick plates with 0.7 cm gaps. The Al carrier plates were 0.4 cm thick, and each 
gap cont.ributed 0.3 cm of air. This allowed some additional shower spreading but it 
was not. included in any det.ailed analysis. The overall dump thickness was 100 Clll 

of Fe, or 5.95 interaction lengths. [measured density p = 7.86 g/cm3
]. The dump 

t.ransverse dimensions were 30 cm x 30 cm, not large in number of attenuation lengths 
available but adequate to see the main features of the relevant hadronic processes. 

The experiment was carried out in the H6 beamline at CERN. The incident 
heam was 200 GeV positive, composed of 66% protons, 34% mesons.[6] Because the 
dump dimensions were not generous, we took care to locate the dump on the beam 
axis, using survey marks engraved on the front face, rear face, and top. The symmet.ry 
of the a.ctivation in the four a.nus of the activation foil asselllblies confirmed that the 
surveying was good. The only deviation from symmetry was a 20% increase in the 
flux seen hy the outer disks in the lower arm. These were adjacent to t.he iron t.ahle 
on which the dump was supported and the increased flux is interpreted as backscatter 
of the radially leakage from the additional iron in the 5-cm thick table top. These 
disks were not included in the analysis and the effects were ignored. 

In order to determine the total number of interactions, the beam flux was 
monitored by an additional Al activation foil (0.5 llllU thick) placed GO cm upstream 
of lhe dulUp t.o avoid backsplash. The measured Na24 activation in this foil gave the 
overall integrated beam flux and hence the number of interactions. Radiography of 
an X-ray plate exposed to this foil determined the beam profile, elliptical with (1'(£ 

[horizontal] = 1.2 cm and (1'y = 0.9 CUl. 

Because of the relatively short lifetimes of the activation isotopes, one must 
know not; ouly the integrated flux but also t.he time structure of the exposure in 
o)'(ler t.o correct for decay losses and sat.uration. The HOSTI exposure la.sted 1177 
minut.es, wit.h an a.vera.ge illtensity during the period of 1.32 x 107 particles/sec. 
The SPS cycle was a 2.2 sec spill with a 14.4 sec period. The 1l0lUinai beam flux was 
2 x 108 particles/spill. Instantaneolls intensity was monitored by beam PWCs, which 
sat.urated under these condit.ions. An addit.ional pwe monitored the transmitted flux 
downstream of the dump, and an ionization chamber (18 at111, argon) was set 2 meters 
to the side of the dump. The charge output from the ion cltrunber was integrated 
(1 ()O s time constant) and sent to a ratemeter. These secondary monitors did not 
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saturate and were used to cross-check the direct beam monitors for exposure time 
profile information. The cross checks of all 4 monitors were very consistent, and t.he 
error on the integrated flux is 110 more than 10%, including the ullcert.aint.y ill t.he 
Na24 cross section and all systemat.ic effects. This kind of monit.oring is important t.o 
obtain reliable exposure information, clearly. 

Because the expected shower profile falls exponent.ially from the beam axis, 
the disk areas increased as the radius. The central disks were 1 em in diameter; the 
outer disks were 3 cm diameter at 13.5 cm off axis. By this means the total activa
tion of each disk was kept constant to roughly a factor of two, and the systema.t.ics of 
counting errors in the activation measurements were kept to a minimum. The Al ac
tivations were measured in a shielded, calibrated Nal counting system. The cottllt,ing 
efficiency was measured using known sources. The Geiger counter for t.he p32 decay 
was calibrated with a f3 standard, and the hl115m decays were measured in a GeLi de
tector system again calibrated against an X-ray standard. The backgrounds in these 
deca.y measurements were reduced by couuting each activation foil 3 times aIllI fitt.ing 
to the kllowulifetime curve to determine the true activation level extrapolat.ed to t.he 
time of the exposure. Errors due to counting statistics were a few percent. in all but 
the extreme radial points on the measurements. 

The major source of uncertainty in the activation analysis is not coullt.ing
related, but stems rather from the cross section assumptions in modelling the energy 
dependence and in assuming that reactions are solely neutroll- produced. Due to 
these uncertainties, we estimate t.hat the overalJ nonllalization is good to a syst.emat,ic 
uncert.ainty of ± 50%. The relative normalization within a single element. is much 
better, of order ± 10%. 

Because the measured activation rates were symmetric about the beam axis, 
measurements at equal radii were combined to determine the transverse profile of' the 
cascade. There was substantial transverse leakage of shower particles. A factor of 1.8 
correction to the total flux was determined from transverse int.egrals of the observed 
activation at all energies. As shown in figure 3( a )-3( c) the transverse attenuation of 
the shower at all energy regions was roughly exponential. The lowest energy compo
Ut'ut of the cascade, measured by the ludium foils, has a noticeably sha.llower slope 
than the higher energy components. This is consistent with the expected combina
tion of spallation and evaporation as the source of the neutrons within the hadron 
cascade. 

The transverse samples at each layer can be integrated and corrected for 
the sampliug fraction to give t.he t.ot.alnumber of neutrons crossing a given sampling 
layer. The resuit.ing longitudinal shower profile for the four different. energy ba.uds 
is shown in figure 4. The energy leakage after six interaction lengths was estimated 
from the longitudinal cascade development to be 15% at 200 GeV. This is the same 
as the a1bedo leakage. III both cases the flux is dominated by the lowest energy 
component.s of the ca,scade, neutrons be10w 2 MeV. Again, one notes t,hat the hi~lwr 
energy neutrons, especially the spallation neutrons, originate earlier in the shower 
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t.han the lowest energy neutrons. The distribution a.gain support.s the picture of a 
mult.i-st.ep pruduction process, with high energy particles produced by spallation and 
exciting other nuclei to emit. evaporation neutrons. Figure 5 shows the success of 
a high-energy production 1ll0del(FLUKA, ref. 3) in fitting the observed spallation
product distributions, both in shape and in normalization. 

The success of the FL UKA model in representing both normalization and 
depth distribution of the spallatioll products from fig. 5 led us to push the idea of spal
lat.ion followed by evaporation as the source of alilow energy neutrons. G. Stevenson 
t.ook the FLUKA spallation points and generated 10 isotropic ally- dist.ributed evap
oratioll neutrons with a 10 cm attenuation length. All evaporatioll neutrons were 
assumed to lie in the energy range unique to In116

• The neutron fiuence as a function 
of depth and transverse positioll for the ROSTI data sanlple was t.hen calculated. 
Note that this is an absolute comparison; every beam particle is accounted for. Fig
ure 6 compares the model output to the In1l5 data. The agreement, with no free 
parameters, is excellent everywhere. This not only illustrates the underlying physics, 
but also gives a computational algorithm for modelling neutron fluxes for damage 
calculations. This code is much simpler and hence much fast.er t.han t.he elaborate 
reador codes (MORSE) used in full simulations to handle the low energy neut.ron 
production. These same ideas will SOOI1 be checked against the 24 GeV data t.o verify 
the range of applicability. 

One can combine the iuformat.ion in these measurement.s t.o est.imaf;e Ute 
t.otal number of neutrons generated per 200 Ge V hadronic interaction, as well as 
comput.e the energy flux carried by neutrons of different energies. At 200 GeV at 
t.he maximulll of the hadronic cascade we observe 540 ± 270 neutrons, of which 80% 
lie between 0.8 and 2.0 MeV, Ule indium band. [The quoted error is systematic. 
Statistical error is negligible.] The albedo flux is 45 ± 22 neutrons, again wit.h 80% 
ill the iudiulll band. 

In order to generalize this measurement to the overall hadronk cascade 
problem, some ansatz must be made about the energy dependence. Existing data 
favor a. power-law relationship between the number of secondaries and the energy of 
the hadron which initiates the cascade: 

'E. )0.85 
k { me 

N"ec = \E 
o 

This produces a scaled neut.ron flux at shower maximum of 

No (cascade maximum) 7.8 neutrons / Ge ,\/0.85 

and an albedo flux of 
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no (albedo) = 0.7 neutrons/GeVO.85 

One can compare these results to calculations using a full high energy pro
duction code plus neutron cascade Moute Carlo, e.g., the CALOR code from ORNL.[3] 
Calculations were done for an iron/silicon calorimet.er at 20 Ge V. [7] The comparison 
of the spect.ra predicted for t.he same depth in the stack are shown in figure 7. The 
agreement in normalization and spectral distribution is excellent, using the central 
values of the measurement. The model predicts a very large flux of soft neutrons 
which fall helow the measurement threshold of the ROSTI foils. An improved version 
of the apparatus using Rhodium was exposed to the 24 Ge V proton beam from the 
CERN PS machine. Analysis of those data are nearing completion. They will pl'O

vi(le a direct t,est of the energy scaling law assumed ill the Monte Carlo comparison. 
Fro111 just these data, along with t.he simulat.ions, one cOllcludes that the neut.ron 
flux between 0.2 and 2.0 MeV is the most serious source of damage ill silicon, and 
that neutrons in the spallation energy range, above 30 MeV, are the most impor
taut for energy transport. Therefore, neutron detection in ca]orimeters needed (,0 

achieve compensation may focus either 011 efficient sampling of low-energy neutrons 
(scintillation calorimeters) or in good sampling of high energy neutrons. 

IV. FUTURE WORK 

The ROSTI group has been joined by melllbers of the SICAPO collahol'at ion 
at. CERN to continue the study to other materials and other energies. As ment.ioned 
we are just. finishing a study of the ROSTI dump exposed to 24 Ue V prot.ons from t.he 
PS. These results will test the energy scaling mentioned above in the Mont.e Carlo 
comparison. That. run also introduced Rhodium foils, sensitive to neutrons down 
below 0.5 MeV. Results from that run will be given in Como this June, giving a 
cOlllpru:ison of neutron spectra from 200 GeV and 24 GeV incident hadrolls in Fe. 

The ROSTI group will then turn PLUMB SILLY, exposing a PI" dump 
with Al plates to simulate a Pb/silicon calorimeter stack. This dump is now ready at. 
CERN, and we expect to install it in the H6 beam again in April. Later in the summer 
we hope to take it to the PS again for another 200 GeV and 24 GeV comparison. 

V. CONCLUSIONS 

The neut.ron energy and spat,ial distributions ha.ve been mea.c;ttred for an 
iron dump exposed to a 200 GeV positive hadron bearn at the UEHN SPS. The 
data agree well with a picture of evaporation-dominance of neutron generation ill t.he 
hadronic cascade. The neutrons below 2 MeV consititute 80% of allneutrolls and 
dOllullate t.he albedo a.nd leakage Jlt"utroll fluxes. The transverse attenuat.ion of t.he 
neut.rons is exponential at. all energies, wit.h a transverse attenuation leugth of 7.5 cm 
for the higher energies and about 10 em for the lowest (1 MeV) part of the flux. The 
longitudinal shower deve]opmeut. pea.ks near 2 interaction lengths, somewhat, dc('per 

142 



for t.he lowest. energy band. The albedo flux is about 10% of the neutron flux at the 
cascade maxilnUln. 

To see f.he implicat.ions of t.hese dat.a. for the LHe or sse, consider t.he fluxes 
expected on the basis of high energy int.eradionlllodeis like DTUjet. or ISAJET. Take 
au operating year to be 1015 interactions. For a calorimeter of iuner radius of 0.8 111, 

the annual dose at cascade maximum will be about 6 X 1011 neutrons/cm2 at 17 = 0 
amI (-; X 1012 nentrons/cm2 at 17=2.5, chosing a dist.ance fro111 crossing point. t.o 
t.he st.art of t.he EM section of the calorimeter to be 3.8 m and taking the cascade 
maximum to be at 3 Aint for the 1 MeV neutrons. [Note: The neut.ron flux at 17 = 0 
is overestimated in this extrapolation. This incident spectrum in the central ±1 unit 
of mpidity is soft enongh that m8.ny of the charged hadrons will stop by ionization 
loss before they interact. This phenomenon is not included in the energy scaling law 
used here.] 
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Figure 1 Energy dependence of neutron-specific activation cross sections 
(a) In1l6(n,n')In1l6m 

(b) S32(n,p )P32 

(c) AF7(n,a)Na24 

Figure 2 Iron Dump design for ROSTI, showing sampling element layout 

Figure 3 Transverse variation of neutron fluence for different neutron energy 
bands: 
(a) Na24 (6-20 MeV) 

(b) p 32 (2.5-15 MeV) 

(c) 1n116m (0.8-14 MeV) 

Figure 4 nadiaBy-integrated fluence versus depth, uncorrected for transvers(, 
leakage. [Factor of 1.8 in normalization; see text] 

Figure 5 Comparison of FLUKA model predictions for spallation product 
dept.h profile with F18 excitation measurements. 

Figure 6 Transverse distribution on neutron fluence measured by the I N 115 

foils at different depths, compared with the evaporat.ion model de
scribed in the text. This comparison is absolube. 

Figure 7 H.OSTI 200 GeV data scaled to 20 GeV by Eo.85 scaling compa.red 
to UALOR Monte Carlo calculations from ref. 7. The Monte Carlo 
spectrum is folded wit.h the activation cross sections from figure 1 to 
predict the number of neutrons in each energy interval. The ROSTI 
data are subtracted to give the nwuber of neutrons in the energy 
region covered by each material uniquely, i.e., 0.8-2.4 for lu116'" , 
2.4-6.0 for p32, and 6.0-12.0 for Na24 

Table I 
Neutron Activation Reactions 

Reaction Energy Range Effective Cross Section 
AP7 (h,x)F18 35 - MeV 7 mb 
AF7 (n, a)Na24 6.5 - 25 MeV 85 mb 
S32( 11, P )P32 2.0 - 25 MeV 280 lllb 
In115(n, n'lIll1l51TI 0.8 - 12 MeV 210 lub 
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COMMENTS ON RADIATION DAMAGE TESTS WITH NEUTRON SOURCES 
AND OTHER AVAILABLE SOURCES 

H. W. Kraner 
Instrumentation Division 

BNL 

We have irradiated a variety of germanium and silicon 
detectors at accelerators and fixed, radioactive neutron 
sources. The following is an anecdotal description of some 
of this experience. It is not meant to be an exhaustive or 
highly researched compendium of the options for irradiations. 
Many nuclear physics texts and review volumes contain basic 
information on which these facilities are based; one to 
recommend is Experimental Nuclear Physics (1). Fast neutrons 
are produced in generally three types of sources: 

1. A sealed, shielded radioactive source containing a 
mix of an alpha emitter and beryllium giving neutrons 
from the Be(a,n) reaction. 

2. Particle accelerators producing neutrons from a given 
nuclear (low energy particles) or spallation reaction 
from high energy particles (protons) 

3. Reactors, continuous power or pulsed. 

There is some predisposition away from reactors (3) as the 
neutron spectrum can be relatively unknown and variable from 
reactor to reactor; we have had no direct experience with 
irradiations from reactors and they will not be listed. 
Table I lists a number of fast neutron producing facilities 
of experience and others which have some application to SSC 
problems. Table II lists other facilities which will also be 
of some interest to device qualification in general. 

This table contains a heading: "Dosimetry/Availability" 
which is also marked in some cases with an asterisk(*) 
indicating a "USER FACILITY". This distinction is thought to 
be important and is perhaps best operationally defined: "a 
facility to which samples may be brought for irradiation that 
is managed by a knowledgeable operator, is in good repair and 
requires virtually only sample placement to set up for use". 
For these amenities one is usually charged a daily or hourly 
fee. For example, the University of Lowell Van de Graaff 
charges $1200 for an 8 hour shift of beam on target: 
following shifts are available at a lesser rate. One can 
also expect information about the faciltiy to be readily 
available and the facility will provide verifiable dosimetry 
and a concise report of the irradiation. Other help during 
the irradiation will be available in most case, computer 
facilities, scopes, meters, etc. 
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The following discussion will amplify some of the 
information given in the Table. 

NEUTRON ENERGY SPECTRUM 

A 3.5 MV Research Van de Graaff at BNL has been used to 
provide mostly monoenergetic fast neutrons from the D(D,n)3He 
(Q=3.l MeV, En=2.5 MeV+Ed), D(T,n)4He (Q=l8 MeV, En=14 MeV+ 
Ed) and 7Li(p,n)7Be (Q=-1.6 MeV, En=-1.88 MeV+Ep) reactions 
using "thin targets"--thicknesses of a few mg/cm2. At the 
present time this machine is not running routinely and is 
mentioned here to introduce the subject from direct 
experience. There are quite probably many such machines 
available in nuclear physics laboratories with the capability 
of producing useful neutron beams with these reactions that 
are not listed in the Table. Given the cross sections and 
the use of thin targets to preserve a narrow energy 
distribution of the neutrons and the low beam currents of 
barely 10 uA from an aging machine, neutron fluxes of 
10E6/cm2-sec a few cm from the target in the forward 
direction were available. For studying charge collection 
effects in germanium detectors, upwards of 10E10 n/cm2 were 
required and this flux was adequate. Some information about 
the energy dependence was desired, hence the use of those 
reactions and thin targets. 

From the table of sources, a higher current DD and DT 
machine is available at the Nevis Lab of Columbia University, 
the "RARAF". This is a well cared-for 4 MV Van de Graaff 
that started life as the injector for the BNL Cosmotron. 
Beam currents to 140 uA are available on this machine; they 
still use essentially thin targets. Most of their 
applications are biological. A typical irradiation protocol 
is included as Figure 1. A fluence of 1.4xlOE12 neutrons/cm2 
can be obtained in 8 hours at 10 em from the target (or 
5.6xlOE12/cm2, 5 cm from the target) and these are quite 
monoenergetic 6 MeV (+/- 6%) neutrons. Higher yields can be 
achieved if somewhat thicker targets are used. Higher yields 
can also be derived with the DT reaction, producing higher 
energy neutrons, perhaps less equivalent to SSC applications. 

We have recently used the Van de Graaff at the 
University of Lowell, MA, which is available to routinely 
produce large fluences of fast neutrons using the 7Li(p,n) 
reaction in a thick target (2). This is a type C, relatively 
new single-ended vertical Van de Graaff, that runs 
comfortably at 20 uA, 4 MV. Using a thick, pressed lithium 
metal target water cooled, 10El3 n/cm2-8 hour shift can be 
obtained at 5 cm from the target in the forward direction. In 
this case the monenergetic spectrum is sacrificed to achieve 
yield. A calculated neutron spectrum from 2.2 Mev to 10 KeV 
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is available. No thermal neutrons are produced as verified 
by no discernable activation of irradiated parts, etc. 
Because the cross section is well known over the proton 
energy range, calculated spectra and kerma values for 
displacement damage are regarded as reliable (+/-20% is 
reasonable). 

Radioactive sources have been used for many years as 
neutron sources through the Be(a,n) reaction with the alphas 
provided by intermixed Ra, Po, Pu, em or Am. AmBe sources 
are now more common as PuBe sources have been suppressed 
because of the use of the "special nuclear" Pu, even 238PU. 
RaBe, the historic source, emits an intolerable background of 
gamma rays. Po Be sources are short lived. PuBe sources once 
had the attractive feature that sources would be more 
identical from source to source than earlier sources because 
the Pu was alloyed with the Be and all sources were more or 
less PuBe/13 in intimate contact. They did not rely on 
intermixed grains for their characteristic spectrum. 

The spectrum of all (a,n) sources is similar as they all 
use the same reaction on Be, having Q= 5.7 MeV to the ground 
state: the highest energy neutron group is centered between 6 
and 10 MeV and is the ground state transition from the 
excited l2C+n compound nucleus; a mid energy group from 
transitions to the 4.4 MeV first excited state of l2C and a 
lower energy group from transitions to the 7.5 MeV excited 
state. A calculated spectrum (3) is shown in Figure 2 and it 
agrees well with measured spectra (4). Very little thermal 
flux is expected or observed. 

Fluxes of neutrons in the 10E7/sec (into 4pi) are 
achieved with sources having in the range of lOci or more 
of contained alpha activity. These are useful, then, for 
studies needing up to 10Elln/cm2. with the lesser 
availablity of PuBe sources which may (or may not) be 
alloyed, suppliers suggest AmBe sources which are, they say, 
well mixed and can be certified source to source. emBe 
sources may provide higher specific activities than AmBe 
sources. 

252Cf is also a common source of neutrons emitting a 
fission spectrum through spontaneous fission. We have had no 
direct experience with this source, however it is routinely 
available and used by others. 

NEUTRON FLUENCE DETERMINATION 

Both Van de Graaff facilities used were equipped with an 
ancient "long counter" (5) which is placed several meters 
from the target in the same direction as the samples to be 
irradiated. The long counter is a barrel of paraffin with a 
BF3 counter along its axis and has a remarkably flat 
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efficiency versus neutron energy response. It is calibrated 
with a neutron source (eg PuBe) whose emission rate is known 
and traceable to NBS certification. Because of the flat 
energy response, this calibration serves for whatever energy 
neutrons are generated by the machine. Some correction to 
the response may be included for 14 MeV neutrons or above. 
Other such flat response counters include the well-known 
"Bonner Ball", a sphere of hydrogenous material with a 
scintillation detector in the middle. 

The Lowell Van de Graaff uses an interesting method in 
addition to the long counter to estimate fluence. From the 
7Li(p,n)7Be reaction, one produces the daughter, 7Be, which 
is radioactive and emits in its decay a 477 keV gamma ray. 
The target is demounted after a day of running and after a 
convenient time for it to decay somewhat is counted by a 
calibrated GeHP detector to determine the amount of 7Be 
formed during the run. This is a direct measure of the 
neutrons produced and is usually in good agreement with the 
long counter measurement. 

It is customary and prudent to do neutron irradiations 
in an area which is not confined by concrete walls or floors 
or other scattering media. The target should be several 
meters from walls--the scattering room should not be a 
"cave". As much as 20\ albedo may be expected from closely 
adjacent shielding. 

NEUTRON PRODUCING TARGETS 

Targets for the particle beams must dissipate 
considerable energy: 4 MeV and 20 UA is about 100 watts, not 
an untypical situation. Therefore they are generally 
water-cooled. A copper tube target was developed at BNL and 
is still in use at the RARAF. A 1/2" diameter copper tube is 
flattened in a jig but not so much to restrict water flow. 
The flat can be vacuum held to the end of the beam pipe. In 
the spot inside the beam pipe-usually about 3/8" diameter-is 
deposited the target material. For 00 and DT targets, 1-5 
mg/cm2 Ti is evaporated and reheated in a deuterium (or 
tritium) atmosphere. On cooling, the Ti becomes largely 
hydrated with deuterium and a rugged, thin target is formed. 
The target thickness and deuteration is noted in the RARAF 
protocol, Figure 1. The target as noted is 740 keV thick and 
with 140 ua of beam, one has again 100 watts in the target 
material to dissipate. 

For the Li target used at Lowell, a slug of Li metal is 
quickly pressed into a planchet that receives the water 
cooling tube on the back. Barely 100 watts can be dissipated 
and it was suggested that the target may well be molten-or at 
least plastic-under irradiation. These comments are inserted 
to emphasize that the high current target technology must be 
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considered and respected. 

OTHER USER FACILITIES 

There are several user-type facilities that provide high 
energy protons, which may have some relevance for the SSC. 
They are listed in Table II. High energy proton facilities 
include the Radiation Effects Facility at BNL, the Indiana U. 
Cyclotron and the UC Davis Cycltron. A separate presentation 
describing LAMPF is given in this report. The former three 
facilities present themselves as USER facilities and would 
like to receive customers. Each machine provides copious 
doses of protons at 20 to 200 MeV 

Perhaps less germane to the SSC requirements, but a well 
used accelerator facility that should be mentioned is the 
Single Event Upset Faciltiy at BNL which uses one or both of 
the MP tandems ("two or three staqe operation") to deliver 
ions from hydrogen to uranium from a few MeV to over 350 MeV 
for uranium. A dedicated beam line with large area sample 
positioning, beam spread and energy control is provided and 
is shown schematically in Figure 3. 

In a separate presentation, Ed Petersen has listed a 
variety of 60Co irradiation facilities in the US. We add to 
this list the BNL facility which is available to users and 
will soon contain a 20 Kci source in place of the present 500 
ci source. Experiment specific dosimetry is available and 
convenient operation is assured. 
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SOURCE 

Neutron Source 

Be(Q,n) 

Van de Graaff 

D, (D,n)3He 

En-2 . SMeV+Eo 

Tandem 

Dynamitron 

Be(d,n) 

Q= +4.3 MeV 

IPNS-ANL 

Spallation 

Neutrons 

U(p, xn ... ) 

Van de Graaff 

7Li(p,n)7 Be 

En -

-1. 88 MeV+Ep 

Generally: 
-others 
D,D 2.5 MeV+ 
D,T 14 MeV+ 

TABLE I 

FAST NEUTRON SOURCES FOR SAMPLE IRRADIATION 

* E USER FACILITY 

ENERGY FLUX 

0.5-8 MeV 107 -108 n/sec 

6 MeV 

± 6% 

Thin 

Target 

sx107/cm2 

@ 10 em 

1. 4x1012/cm2 

- 8 hrs. 

.2-6 MeV 3x109n/sr-~C 

(7MeV D) @ 10~A. Scm 

Thick 

target 

10 keV-

2.2 MeV 

Thick 

Target 

from target 

4x1013n/cm2 

- 8 hrs. 

1013n/cm2 

- 8 hrs. 

@ 20~a -

4 MeV Scm 

from target 
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DOSIMETRY 
AVAILABILITY 

yes/yes 

yes/yes· 

$1200/day 

yes/yes 

yes/ 

* yes/yes 

eBe) 

$1200/8hrs 

INSTITUTION 
-CONTACT 

Various - BNL 

PuBe,AmBe 

Colwnbia U. 

"RARAF" 

Steve Marino 

914-591-9244 

D.L. Smith 

et al .• ANL 

708-972-6021 

c.f. Jom Dawson 

ANL, this report 

708-972-6541 

U. Lowell MA 

Prof. G. Kegel 

508-934-3280 



TABLE II 

OTHER IRRADIATION USER FACILITIES AVAILABLE FOR SSC QUALIFICATION 

* - USER FACILITY 

DOSIMETRY INSTITUTION 
SOURCE ENERGY FLUX AVAILABILITY -CONTACT 

Protons- 100-200 1014p/ pu1se yes/yes * BNL - C.L. Snead 

BNL REF MeV single pulse ... 516-282-3502 

AGS Linac 5 pulse/sec 

2 em dia. spot ... 

Protons- p to 106p/ cm2- sec yes/yes * Indiana U. 

Indiana 200 MeV from 5 mm2 _ Dennis Friesel 

Cyclotron d to 25 cm2 812-855-2944 

100 MeV 

also n's 

liq. D20 

(p,n) 

Protons- p to Contact; 

Davis 100 MeV Ken Murray, UC 

Cyclotron Davis, CA or 

E.L. Petersen, 

NRL 

Heayy Ions IH"'U 102/em2 yes/yes * BNL - Single -
BNL Tandems 35 MeV ... 1012/cm2 - $SOO/hr. Event Upset 

350 MeV Facility 

P. Thieberger 

516-282-4581 

Gamma Ra:!ls 1.2 MeV)' Soon to be yes/yes * BNL -

- 6OCo 200 KRad/hr. Paul Levy, 
irradiators H. Kraner 
(typical) 516-282 

3170;4238 
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APPENDIX 9 

Rad-Hard Electronics Development 
Program for SSC Liquid-Argon Calorimeters 
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RAD-HARD ELECTRONICS DEVELOPMENT PROGRAM 

FOR SSC LIQUID-ARGON CALORIMETERS 

ABSTRACT 

A. Stevens, J. Dawson 

Argonne National Laboratory 
High Energy Physics Division 
Argonne, IL 60439 

H. Kraner, V. Radeka, S. Rescia 

Brookhaven National Laboratory 
Instrumentation Division 
Upton, NY 11973 

ANL-HEP-CP-90-33 

The development program for radiation-hard low-noise low-power front-end electronics 
for sse calorimetry is described. Radiation doses of up to 20 MRad and neutron fluences of 
1014 neutrons/cm2 are expected over ten years of operation. These effects are simulated by 
exposing JFETs to neutrons and ionizing radiation and measuring the resulting bias, leakage 
current and noise variations. In the case of liquid-argon calorimeters, a large part of the 
front-end circuitry may be located directly within the low-temperature environment (90 K), 
placing additional constraints on the choice of components and on the design. This approach 
minimizes the noise and the response time. The radiation damage test facilities at Argonne 
will also be described. These include sources of neutrons, electrons, and gamma radiation. 

INTRODUCTION 

The high energy and luminosity at sse will generate a severe radiation environment 
for the detector materials. Estimates indicate that the ra.diation caused by the normal 
beam/beam interactions and subsequent particle/detector-material interactions will be equiv
alent to an accidental beam loss into the detector every six days. The expected radiation 
environment of a generic detector has been well described in [1]. The size and complexity of 
the proposed detectors as well as the high event rate for the collider dictate that the instru
mentation be placed near or inside the detectors. This places a particularly harsh constraint 
on the electronics, which must remain operational for the projected ten-year lifetime of the 
detector. 

A block diagram of a possible sse detector is shown in Fig. 1 [2]. In this figure, the 
predicted radiation doses for neutrons and ionizing radiation are shown for several positions 
inside the calorimeter. It should be noted that these numbers are only rough estimates, 
as more accurate calculations of the radiation will depend largely on the actual geometry 
and materials used in construction. As shown in Fig. 1, the calorimeter is split into ba.rrel 
and forward sections, with the most severe doses being close to the beamlinc in the forward 
section. 164 
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7 x 10 13 neut/crn2/yr 
4 MRad/yr 

1 X 1013 neut/cm2/y, 
0.6 MRad/yr 

MUON TRACKING 

Figure 1: A possible detector implementation for SSC. The total radiation dose is 
shown for several locations within the calorimeter [2J. 

TRIGGER 

SIGNAL 
PROCeSSING 

Figure 2: Detector front-end electronics. 

AID 

A liquid-argon ionization chamber is one type of calorimeter which has been proposed 
for use in SSC detectors. It consists of plates of a hea.vy absorber material (typically iron, 
lead, or uranium) which sit in a cryostat filled with liquid argon. The designed segmentation 
of the detector will determine the number of plates and therefore the number of readout 
channels; quantities upward of 200,000 channels have been estimated for sse. This places 
several constraints on the electronics associated with the calorimeter: 

• They must be reliable over a large temperature range (90 K to room temperature). 

• They must be low power, both due to the large number of channels, and due to thermal 
dissipation constraints inside the liquid-argon cryostat. 

• They must be fast due to the high event rate (60 MHz). 

• They must be low noise in order to maximize the energy resolution of the calorimeter. 

• They must be radiation resistant to the levels describ(.'<i above. 

A schematic of the detector front-end electronics is shown in Fig. 2. In this configuration, 
a charge pre-amplifier is connected directly to the detector plates in order to measure the 
charge generated by particles traveling through the calorimeter. A shaping amplifier is u&ed 
to maximize the signal-to-noise ratio with optimal or near-optimal filtering. An analog signal 
processor follows the shaper and contains the waveform sampler, analog pipeline, trigger 
amplifiers, and event storage. Finally, an ana.log~to-digita.l converter is necessary to store the 
information in a computer. 165 
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The requirements and location of each section will determine the semiconductor tech
nology to be used. In the case of the pre-amplifier, the low noise, temperature, and radiation
susceptibility requirements make JFETs the technology of choice. This is due to: 

• Inherent radiation hardness due to the fact that the JFET is a majority carrier device 
and does not rely on oxides for charge control. 

• Excellent noise performance of JFETs due to extremely low leakage currents and 1/ f 
noise. 

• The JFET noise performance is optimum at low temperatures, typically near 120 K. 

The radiation hardness of JFETs will be discussed in this paper. We will give a qualita
tive account of the damage mechanisms due to radiation as well as test results on device 
performance at ftuences up to 1015 neutrons/cm2 • Previous pre-amp designs have used com
mercially available JFETs with excellent results [3]. For example, at the HELIOS experiment 
at CERN, JFET pre-amps are used inside the liquid-argon cryostat and have shown 99.8% 
reliability. Although these pre-amps were not specifically designed for radiation immunity, we 
have also tested their radiation behavior with neutrons and gamma radiation. The balance of 
the electronics (shaper, signal processing, A/D) is currently under development. We are eval
uating several rad-hard full-custom processes for this purpose, including CMOS, BiCMOS, 
50S, and monolithic JFET. 

Radiation damage testing will be necessary for all potential materials used in SSC 
detectors. Thus, the accessibility and availability of radiation sources will be key for any suc
cessful rad-hard design. Argonne National Laboratory has complete facilities for irradiation 
of materials with neutrons and ionizing radiation. These facilities are available to outside 
users and are currently used for evaluation of semiconductors and scintillators. 

RADIATION DAMAGE MECHANISM IN JFETS 

Radiation damage in JFETs has been well characterized with respect to DC and small
signal parameters [4,5,6]. However, to our knowledge, no comprehensive study has been made 
on the behavior of the device noise with respect to radiation. A JFET is pictured in Fig. 3 and 
consists of a conducting channel between source and drain whose dimensions are modulated 
by a variable width depletion region. The depletion width is controlled by varying the voltage 
on the gate terminal with respect to the source. Sources of noise in the JFET are as follows: 

• Leakage current between the gate and source due to generation in the depletion region. 

• 1/ f noise due to generation-recombination centers in the depletion region [7]. 

• Thermal noise due to the finite resistance of the conducting channel between source 
and drain. 

Upon exposure to neutrons, the JFET will experience damage to the crystal lattice due 
to collisions between the neutrons and the silicon atoms (Fig. 4). The resulting kinematic 
displacements, or vacancies, will have a finite mobility and will tend to accumulate around 
donor atoms. In addition, within a short range of a given collision, a cascade of silicon recoils 
will cause larger defect "clusters." Displacements and clusters will cause intermediate energy 
states, or traps, to exist in the bandgap. These mid-band states will make it easier for a 
carrier to jump to the conduction band. This translates into an increased leakage current 
I::!.le in the device, which will be proportional to the density of the traps, 

Ale = aq,V (1) 

where V is t.he volume of the depletion region, q, is the neutron fiuence, and a is a leakage 
current damage constant which relates the neutron ftuence to the displacement density and 
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Figure 3: Cross-section of junction field-effect transistor. 

INTERSTITIAL 

@ @ @\ @ @ 
@ 

@ @ @ @ @ 

0 VACANCY @ @ @ 

@ @ @ @ @ 

Figure 4: Neutron damage mechanism in silicon. Fast neutrons will damage the 
crystal and cause vacancies in the lattice, which will increase leakage currents [5]. 
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Figure 5: Ionizing radiation damage mechanism in the JFET. Charge build-up in 
the oxide can cause inversion in the p-type isolation region [3]. 
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will depend on processing, temperature, and neutron energy [8J. Thus, the leakage current is 
strictly a volume effect in the silicon, and may be minimized by using smaller devices. 

Ionizing radiation will cause carrier generation in all of the transistor materials, in
cluding the metal, silicon crystal, and silicon dioxide. As shown in Fig. 3, the oxide is used 
to insulate the metallization from the top of the die. In the case of the metal and silicon, 
the excess generated charge will be conducted away with little effect. However, in the case 
of the oxide, the charge will become trapped, causing a net charge to build up in the oxide. 
Enough of this built-up charge, together with a positive voltage on the metal, can cause a 
surface inversion in the p-type isolation region (Fig. 5). The mechanism is similar to that of 
an MOS transistor, where the threshold voltage Vc is given by 

v. ~ 2~ Qb Q .. 
t = '*'m. + '*'J + -C --C 

0% 0% 

(2) 

where C)m. is the metal-silicon work potential, C) J is the Fermi potential, Qb is the channel 
charge, Cos is the oxide capacitance, and Q •• is the trapped charge in the oxide. The net 
result of the inversion is an increased leakage current due to the increased area of the p-n 
junction [4]. This effect can be minimized by heavily doping the p-type isolation (increasing 
Qb), which will increase the threshold voltage and make it harder to cause inversion. 

Ambient temperature will have an effect on the radiation damage, both with respect to 
neutrons and ionizing radiation [4,6]. Annealing effects occur because at higher temperatures 
(e.g. room temperature), the displacements and trapped charges caused by the radiation will 
tend to dissipate due to thermal motion. The result will be a decrease in the radiation damage. 
At sse, annealing will generally not occur because the devices will always be held at liquid
argon temperature. However, annealing is an issue in the damage testing environment where 
the devices may be tested at room temperature. Thus, care must be taken when comparing 
tests done at low temperature (where noise is lower but there is no annealing), and at room 
temperature (where noise is higher but may be lessened due to annealing). 

NEUTRON DAMAGE TESTING 

Neutron damage testing was conducted at the IPNS facility at Argonne with the 
neutron spectrum shown in Fig. 6. The JFETs were irradiated at room temperature while 
under typical bias conditions. Measurements were performed approximately one week after 
the actual irradiation, which allowed the neutron activation of the devices to subside. All 
annealing effects should stabilize during such time. Fig. 7 shows measurements of 1-V curves 
and gate leakage current before and after the irradiation. In the case of the I-V curves, -5% 
variations were observed after exposure to 1014 neut/cm2 (typical 10-year dose at SSe). 
Measurements of transconductance showed <2% variation. Thus, these JFETs could be used 
successfully at sse with little or no loss in gain or bandwidth. 

The gate leakage current (Fig. 7b) increased by one order of magnitude after the 
irradiation at room temperature. However, between room temperature and liquid-argon 
temperature, the leakage can be expected to drop by about six orders of magnitude. By 
extrapolating from the post-irradiated room-temperature measurement, the leakage current 
at 900 K will be on the order of 0.1 fA, which will not adversely affect the noise of the 
pre-amplifier. 

Fig. 8 shows the room-temperature series noise for neutron fluences ranging from 1013 

to 1015 neut/cm2 • The main effect of the neutrons is to increase the 1/ f noise due to the 
displacement damage. Due to the limitations of our test equipment, we have not been able 
to directly measure the noise at the high frequencies which are of most interest. However, we 
can get an estimate of the high-frequency behavior by linearly extrapolating the 1/ f noise 
and assuming the thermal noise to be constant (dashed lines in Fig. 8). This assumption 
should be valid because the thermal noise i~proportional to the transconductance, which, 
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Figure 6: Neutron spectrum at Intense Pulsed Neutron Source. 

as mentioned above, remains essentially unchanged by the neutrons. Assuming a bipolar 
shaping function of 100 ns peaking time, the noise will he bandlimited to the high-frequency 
region shown in the figure. After 1014 neut/cm2 , the noise increase, though measurable, is far 
less dramatic than the increase of the equivalent noise voltage at lower frequencies. This was 
confirmed by using one of the irradiated JFETs as the input transistor to an un-irradiated 
HELlOS pre-amp. An increase of 25% in the equivalent noise charge (ENe) was measured 
with 100 ns bipolar shaping at room temperature. This increase will be smaller at true 
operating conditions, i.e. at liquid-argon temperature and at faster shaping times. 

IONIZING RADIATION DAMAGE TESTING 

Several of the HELlOS JFET pre-amplifiers were subjected to 12 MRad(Si) of Cobalt-
60 gamma radiation at Brookhaven at the rate of 5 kRad(Si)/hr. The devices were irradiated 
with power applied while kept at their normal operating temperature of -120 K, and were 
kept cold for the duration of testing. The resulting change in the amplifier noise is shown in 
the noise spectrum of Fig. 9, which shows the ENe with respect to the shaping time constant 
for unipolar shaping. The ENC worsens, especially at longer shaping time constants. This 
corresponds to an increase of leakage current as the positive charges in the oxide drift to the 
oxide/silicon interface and cause inversion in the silicon. However, long shaping times are not 
of interest for sse applications, therefore making this behavior unimportant. At the shorter 
shaping times « 100 ns). the noise increase is less than 20%. 

RADIATION TEST FACILITIES 

Because Argonne National Laboratory was for a number of years the site of one of the 
world's major high energy physics accelerators (ZaS), experienced groups were developed to 
supervise radiation safety, dosimetry, etc. After the ZGS was closed, these facilities· continued 
to serve the needs of the various accelera.tors which continued to ooerate at Ar2'onne. The 
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Figure 7: DC characteristics for SNJ132L JFET, before and after exposure to 1014 

neutrons/cm2 • (a) I-V curves. (b) Gate leakage current. 
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availability of these services makes the performance of radiation damage studies at Argonne 
particularly straightforward and efficient from the experimenter's point of view. 

Intense Pulsed Neutron Source (IPNS): 

The Intense Pulsed Neutron Source at Argonne is used routinely in an on-going pro
gram of material science research. It is a large well-staffed facility which runs a well defined 
schedule on average of two weeks per month throughout the year. This device is unique in 
that it can give in minutes or hours neutron fluences characteristic of several years of opera
tion in the SSC environment at very forward pseudorapidities. Additionally, the IPNS offers 
the advantage over a reactor in that there is virtually no gamma contamination of the neu
tron flux. This is particularly valuable in semiconductor radiation damage testing because it 
allows the effects of displacement damage to be distinguished from the effects of ionization 
damage. 

The IPNS uses a 50 MeV Linac and 500 MeV Rapid Cycling Synchrotron to produce 
a 500 MeV proton beam which is transported to a spa.llation target in a large experimental 
hall. The shielding in this facility has a number of ports which are used for material science 
experiments, and two test ports which are used parasitically for such things as radiation dam
age studies. One port is approximately 1 cm (3/8") diameter and the other is approximately 
5 em (2") in diameter. The neutron flux at either port is approximately 1012 neut/cm2/sec, 
and the neutron energy is shown in the spectrum of Fig. 6. Fortunately, the neutron spec
trum is roughly similar to the spectrum of the albedo neutrons in an SSC detector, peaking 
at approximately 1 Me V. 

We have done a large number of neutron damage exposures using the test ports at 
fluences ranging from 1012 to 1011 neut/cm2 • These exposures have involved MOS, JFET, 
and bipolar semiconductors, and plastic scintillator. 

Cobalt-60 Source: 

Within the Biology Division, Argonne has a large Co-60 source which is used routinely 
in life science research. This source is capable of producing up to 2 MRad(Si)/hr. The source 
is periodically calibrated with an ion chamber which is calibrated by NIST, and subsequently 
only half-life corrections are made in dose calculations. This source has been used in tests of 
radiation damage in CMOS devices at room and cryogenic temperatures. 

22-Me V Electron Linac: 

The Chemistry Division at Argonne has a 22-MeV electron linac which is available for 
radiation damage research. The nominal beam current of the linac is 50 microamps, however 
this number may be reduced by as much as three orders of magnitude at the user's discretion. 
Typically, the beam is focused to a spot 0.6 em (1/4") in diameter, however the user can 
de-focus the beam so that it fills the beampipe. Accordingly, the flux of 22 MeV electrons 
can be varied to fit the users requirements over a very large magnitude. This is particularly 
useful in semiconductor radiation damage research. 

Fast Neutron Generator: 

The Fast Neutron Generator in the Engineering Physics Division at Argonne is is 
capable of producing neutrons for radiation damage research through the Be( d,n) reaction, 
and is used currently for neutron physics. It consists of a dynamitron, which is similar to a 
large Cockroft-Walton accelerator, and can accelerate 7 MeV deuterons onto a thick berylli urn 
target to yield 2.5 MeV neutrons and produce a flux of up to 1010 neut/cm2/sec. The spatial 
constraints at the dynamitron are much more relaxed than at lPNS, allowing much easier 
installation of a cryostat for neutron damage research at cryogenic temperatures. 
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CONCLUSIONS 

The radiation environment at the sse interaction regions will place additional restric
tions on the already conflicting requirements of high speed and low power for the electronics. 
However, we have shown that JFET technology is particularly well suited for use in this 
environment. The main source of damage due to neutrons is an increase in the 1/ J noise of 
the devices. Our measurements show that after exposure to 1014 neut/em', the pre-amplifier 
noise will increase by 25% for a bipolar shaper with 100 ns peaking time at room temperature. 
This figure should improve at faster shaping times and lower temperatures. For the case of 
ionizing radiation, the damage will be due to increased leakage currents. For 12 MRad(Si) 
of gamma radiation, the pre-amp noise increased by 20% for a unipolar shaper with 100 ns 
shaping time constant at 120 K. However, this figure will also decrease at faster shaping 
times. 

Radiation sources will be necessary for damage testing of all detector materials. Ar
gonne has complete facilities, including sources and dosimetry, for damage testing of total 
dose and dose rate effects with neutrons, electrons, and gamma radiation. 
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system for the sse . 
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MOTIVATION 

The large Hadron Colliders of the future (SSC, LHC) will require high lumi

nosity to achieve their physics goals. This fact, together with the large hadronic 

cross-section, will result in very high radiation dosage from charged particles and 

albedo neutrons to detector elements close to the beampipe and the calorimeters. 

Because of the large multiplicities and particle densities, the number of channels 

of the read-out will be very large and the electronics have to be integrated and 

placed close to the detectors, thus exposing the VLSI read-out to the radiation. 

Hence, one of the main requirements for SSC/LHC front-end electronics is that 

it is radiation-hard. The SSC Workshop on Radiation Levels in the SSC!l] found 

that, for example, a silicon tracking device at a radius of 8cm has to survive about 

1 MRad and 1013 neutrons/cm2 per year. Note that the expected neutron fluence 

will be the same for all tracking devices situated in the calorimeter cavity, inde

pendent of radius, because the neutrons are from the calorimeter albedo. Similar 

radiation levels are expected for the Leading Proton Spectrometer (LPS) in ZEUS 

at HERA. 

We would like to point out that although the physics processes leading to the 

high radiation levels are well understood!2) the location of the detectors and the 

geometry of the calorimeter lay-out influence the radiation levels very strongly. In 

part, these effects have been discussed in Ref. 3. The charged particle flux 

dN 7 . . 
d." = .5 per mteractIon 

has a distribution which varies as r~2. Thus placing the detector far away from the 

interaction region helps. For fixed radius the magnetic field strength determines the 

role looping tracks are playing. In general, the lower magnetic field is better. The 

length of the detector is also important for the severity of the "looper" problem: a 

short detector-which for good ." coverage has to be close to the beams-will not 

have the same looper problem as a long detector. 
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The geometrical layout of the calorimeter and its composition is important 

be'cause it determines the albedo neutron flux. In the center of the detector a 

spherical calorimeter with radius r gives rise to a neutron flux[l) 

dN N 
¢> = - = -(1 + a) dA 71'r2 

where N is the number of albedo neutrons in the TJ interval considered and a is the 

number of reflections (about 1). 

For a more realistic detector configuration, a cylinder of half-length Land 

radius r, the flux is 

N ( aL) ¢>=- 1+- , 
71'L2 r 

which for r = 2m, L = 5m, and a Pb/ LA calorimeter gives ¢> = 1012cm-2 per year. 

This is a factor 1 smaller than for a spherical calorimeter with the same radius 

r = 2m. Moreover, most of the neutron flux is generated in the endcaps and lining 

the endcaps with polyethylene could reduce the neutron flux by more than a factor 
1O!4) 

We propose to build a silicon micro-strip tracking device for a solenoidal general 

purpose detector at the SSC. (5) In order to benefit from the superior spatial and two

track resolution of the detector, we would like to place the detector as close to the 

proton beams as possible. The yearly radiation doses for the design luminosity are 

then about 1012 neutrons/cm2 (without special liner) and 0.5 MRad. Any increased 

luminosity will increase these levels accordingly. The damage to detectors and 

associated VLSI circuits due to neutron and ionizing radiation is quite well known~6) 

The detectors are subject to bulk damage due to neutrons ("displacement") which 

generates increased leakage currents and noise and changes the doping (from n to 

p type). The electronics (CMOS) is mainly damaged by ionizing radiation. These 

statements are only partially correct because double-sided silicon detectors might 

show surface damage in addition to the bulk damage(7) and the increase in noise 

in bipolar transistors due to neutron irradiation is not known. So the damage 

177 



TABLE 1: EXPOSURES AT LAMPF 

a) neutrons (1 MeV) 

1 st run ('88) 
('" 1015n/cm2

) 

2nd run ('89) 
('" 1017n/cm2

) 

b) protons ( 800 MeV) 

HRS beam line ('89) 
('" 1014p/cm2 = 3 MRads) 

use diodes to determine fluence; 
use DVM's and write i-V curves down. 

very good fluence determination 
with a combination of foils; 
use HP4145B transistor tester 
to record data; 
monitor total ionizing dose. 

fluence determination with Al activa
tion; 
good beam control, need beam line 
operator. 

So the damage to the complete detector system (double-sided detectors + ana

log front-end in bipolar technology + digital data storage in CMOS) has to be 

investigated both for neutrons and for ionizing particles. 

EXPOSURES AT LAMPF 

In collaboration with Los Alamos National Laboratory and University of Torino, 

we had several exposures at LAMPF in the spallation neutron source in the 

LAMPF beam stop and the 800 MeV proton beam. These sources are described 

in detail by Vern Sandberg~81 Table 1 summarizes the exposures and our special 

experiences. In order to avoid very large extrapolation in the damage due to flux 

dependent annealing as described by P. Winokur (9) we tried to run at the lowest 

flux possible to accumulate the sse 10 year dose. We also ran at two different 

fluxes to measure rate dependence. The devices were biased to realistic values and 

we monitored the important parameters (temperature, leakage currents for diodes, 
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Fig. 1. (a) Square root of the drain-source current IDS as a function of the gate 
voltage for the non-radiation hard p transitor #2 manufactured by ORBIT for different 
accumulated neutron fluences. (b) Square root of the drain-source current IDS as a 
function of the gate voltage for the radiation hard p transistor #7 manufactured by 
UTMC for different accumulated neutron ftuences. 

threshold shifts for CMOS transistors) at regular intervals during irradiation. An 

example of the i-V curves of a rad-hard and non-rad-hard CMOS transistor from 

our 1988 neutron exposure is shown in Fig. 1 with the resulting threshold shift in 
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Fig. 2. (a) Threshold voltage V,1a versus neutron fluenee for the non-radiation hard p transistor 
#2 manufactured by ORBIT. (b) Threshold voltage Vila versus neutron fluence for the radiation 
hard p transistor #7 manufactured by UTMC. 

Fig. 2!10
J This constant monitoring is important to ensure that the data are correct. 

The main results of our investigation are the following: 

a) Identify rad-hard processes with neutron and proton beams: the threshold 

voltage shifts of the rad-hard UTMC process are more than 100 times smaller than 

the ones of non-rad-hard chips (ORBIT). (10) (See Figs. 1 and 2.) 

b) Measure radiation damage of UTM C transistors in a proton beam for dif

ferent bias conditions and determine anneaiing!ll) The threshold voltage shift for 

transistors of various sizes were measured as shown in Fig. 3: to first order, the 

damage is independent of size, as one would naively expect, but there is evidence 

of short channel effects. Fig. 4 shows the threshold shifts as function of fluence and 

annealing times. The rebound is much less strong than in Ref. 12 due to our much 

lower dose rate where annealing sets in during irradiation. The whole question of 

annealing is discussed in P. Winokur's contribution to these Proceedings!lI) 

c) An increase in noise in radiation damaged diodes was observed. 

d) Measurements of leakage currents in diodes as function of flux and bias (11) 
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TABLE 2: EXPERIENCE WITH LAMPF BEAMS 

Neutrons Protons 
(1 MeV) (800 MeV) Required Support 

Environment (temperature) + 
Control of beam + need operator 

for p beam line 

Fluence calculation (-) + need 1 FTE 
during/ after 

Adjust flux (+ ) + 
Uniformity of exposure + 
Access + need Lab support 

Correct energy spectrum + (-) need M.C. calculation 
+ measurement 

Beam composition + need M.C. calculation 
+ measurement 

Monitoring of devices + + 
Separation of displacement + need 11" beams? 
and ionization 

show that the bulk damage is independent of flux and bias. 

In the near future, in the framework of the SSC and ZEUS Collaborations with 

European institutions, we will test the resolution of single- and double-sided strip 

detectors after irradiation, the radiation resistance of special bipolar processes in 

terms of gain and noise and the functionality of rad-hard SRAM chips during and 

after irradiation. 

Our experience with neutron and proton beams are compared in Table 2, where 

a '+' indicates a favorable characteristic of the source and a '-' a negative one. 

Ref. 13 in these Proceedings makes it very clear that irradiation with protons gives 

about the right mixture of displacement and ionizing damage as expected at the 
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SSC. Because the conditions are much better controlled at the proton beams, we 

will do our most sensitive exposures of detectors and functional chips in the proton 

beams. 

During our runs, we identified the following needs: 

a) Good characterization of the neutron source 

1. composition, spectrum 

2. calibration of the neutron flux ¢>n at location Ii in terms of accelerator 

current 

Flux ¢>n(li) = O!n(li) . iaccelerator 

b) Instrumentation 

Basic semi-conductor and switching equipment should be present at the 

source: transistor tester, LCR meter, switching matrix, digitizing scope, 

DVM's, voltage sources. 

c) Collaborators 

1 FTE for fluence determination 

1 FTE for beam control (protons) 

1 technician for sample preparation. 
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IRRADIATION FAC~ITIES AT LAMPF 

INTRODUCTION 
This report describes and surveys the irradiation exposme facilities available at the Clinton P. 

Andezson Meson Physics Facility (LAMPP). The heart of LAMPP is a proton linac that accelerates 
greater than 6 x 1015 protons per second to 800 MeV of kinetic energy. The primary beam of 1 mA of 
protons is delivered to Experimental Area A , which contains the pion-production wgets A-I and A-2, and 
the A-6 beam stop, which contains the neutrino source and the Radiation Effects Facility. An H--ion beam 
of approximately 70 J.1A is also accelerated in the linac, concurrently with the proton beam, and delivered to 
external-proton-beam Experimental Areas B and C, to the Proton Storage Ring (PSR), to a group of 
spallation neutron sources (WNR), and to the Manuel Lujan, Jr. Neutron Scattering Center (LANSCE). 
The beam lines and the experimental areas are shown in Fig. 1. The areas of most interest for radiation 
damage studies are the Radiation Effects Facility at the A-6 beam stop, the HRS-external-proton-beam 
facility, the WNR-spallation neutron sources, and PSR-LANSCE. The Experimental-Area-A Test Channel 
and p3 Channel may be of interest for the testing of components and detector elements in high intensity 
pion beams. 

The LAMPF and WNR-LANSCE management are anxious to be involved in helping the 

community take full advantage of these facilities. The beams and facilities already exist and suitable 
program committees are in place to receive and review proposals. The facilities can be used "as is" or may 
be modified, subject to cost recovery for the total incrementally incurred costs. Interested persons are 
encouraged to contact LAMPP. 

The following paragraphs describe the LAMPP accelerator, its beams, time structures. and beam 
delivery systems. The HRS external proton beam facility and the Area A channels are describe. Next the 
PSR and the WNR-LANSCE complex are discussed. Finally the A-6 beam-stop Radiation Effects Facility 
is summarized. Appendices describing each of these facilities in much greater detail are included at the end 
of this repon. 

ACCELERATOR AND BEAM TIME STRUCTURE 
The LAMPF accelerator is a three stage design. Ion sources, located in the domes of three 

Cockcroft-Walton generators, provide proton and H- beams and an optically pumped source supplies a 
polarized H- beam. These beams are accelerated to TSO keY by the Cockcroft-Walton genaaun and are 

multiplexed, bunched, injected into an Alverez-drift-tube linac (operating at 201.25 MHz) and accelerated to 
100 MeV. The bunches, protons and H- in 1SOO RF phase buckets, are then transfcred into a side-coupled 
linac operating at the fourth harmonic of the drift-tube linac (80S MHZ) and accelerated to 800 MeV of 
kinetic energy. 

The beams are separated magnetically, with fteld strengths and gradients kept small enough so as 

not to strip off the electrons on the H- beam and to preserve polarization, and transported to the 
experimental areas through good quality beam optics so as to preserve the beam phase space and minimize 

activation. Care in the beam transport systems is necessary in view of the relative low energy and high 
intensity of the beams. The beam delivery and experimental areas are shown in Fig. 1. 

The proton beam and H- beams each have a time micro-structure consisting of a pulse of particles 
less than 300 ps wide separated by 4.969 ns. There are approximately 108 protons per miao-pulse in the 
H- beams and S x loS protons per micro-pulse in the primary proton beam. The micro-structure is 
modulated by a macro-structure consisting of a SOO to 800 JlSCC long spill repeated at a 120 Hz rate. This 
is shown in Fig. 2. 

The average current for the primary proton beam is 1 mA, which corresponds to 6.2 x lOIS 
protons per second. The peak current is approximately 17 mA, which correspond to macro-pulses of 1017 

protons per second. or S.2 x 1012 protons per macro-pulse. This beam is degraded in energy from 800 
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MeV to 760 Me V and reduced in current by approximately 150 JJA in passing through the A-I and A-2 
pion-production targets. SO that the A-6 beam-stop area receives approximately 850 JJA of protons. It 

should be noted that what limits the operating current in the primary protOn beam is the tbennal power that 

can be dissipated by the A-I and A-2 targets, not the capabilities of the A-6 beam stop or linac. 

EXPERIMENTAL AREA A & HRS EXTERNAL PROTON BEAM AREA C 
Experimental Area A is the main LAMPF experiment hall and houses the main experiment 

channels. Two graphite production targets, A-I and A-2, receive the full primary proton beam. The 
surrounding beam optics collect the pion and muon beams and channel them into experiment caves. The A
I target supplies a "test channel" with pions, muons, electrons, and gamma rays and is shown in Fig. 3. 
The test channel is intended to be used for quick set-up tests of simple detector systems. The A-2 target 
supplies pions for the high intensity p3 channel. This channel is described in detail in Appendix I, in 
particular Table IT of Appendix 1 lists the pion rates as a function of energy. Typical values are of order 
109 n+ sec-I for momenta of order 500 Me VIc. 

Beam currents in hundreds ofnanoamps are delivered to the external proton beam areas B and C. 
Although lower in intensity, these areas allow direct access to the proton beam through carefully designed 
transport optics and are more suitable for high precision experiments. Beam Area C is illustrated in Fig. 4. 
The high resolution spectrometer (HRS) facility has been used in a radiation damage study of protons on 
silicon strip detectors (LAMPF experiment E1l39 1). Proton fluences for these exposures are shown in 
Table 1 (from P. D. Ferguson, "H+ Fluence Determination for the SSC Silicon Strip Detector 

Irradiation" 2). 

WNR-PSR·LANSCE SPALLATION NEUTRON SOURCES 
The major portion of the 70 JJA H- beam is transported to the WNR-spallation neutron sources and 

to the PSR-LANSCE complex. These facilities are summarized in this section. The WNR facility (shown 
in Fig. 5) is a source of high average neutron flux of well dermed energy and beam quality. The PSR
LANSCE neutron sources are very high in peak intensity and well defined in time. Both sources are well 
characterized and offer well inSbUmented beam channels and flight paths. 

The WNR area has two tungsten spallation targets, T2 and T4, water and liquid hydrogen 
moderators, and a variety of beam flight paths. There is a bare target exposure channel for fast neutrons in 
the energy range 100 keV to 800 MeV. Targets and flight paths are limited in the current they can receive 
by shielding requirements. Target T2 has shielding for up to 100 nA of 800 MeV protons. Target T4 has 
shielding for up to 20 JJA of protons and is intended to be an intense white source of neutrons, with 
energies from 0.1 eV to greater than 750 MeV. The energy spectra from the spallation sources as functions 
of angle to the proton beam and target material are shown in Figs. 6 and 7. 

The PSR is an accumulator-buncher ring that collects approximately 450 ~ of the 800 MeV H
beam, bunches the stored beam, and extracts it in a 250 ns burst. The burst is then delivered to several 
experimental areas in the LANSCE complex. The PSR is presently operating at an average value of 60 JJA 
at a 20 Hz repetition rate. Work: is under way to reduce the losses of the transport lines and ring to bring 
the facility to the design goal of 100 JJA. 

The LANSCE spallation source has several high intensity water and liquid hydrogen moderators. 
The neutron flux from the LANSCE white neutron source has been measured 3 and found to be well 
described by a thermal spectrum for energies less than 0.02 eV and by the function 

2.3 x 106 5.3 x 104 _ 
ell = E + EO.69 neutrons cm 2 sec-I e V-I, 
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for 0.02 < E < 100 keY. These values were for a PSR current of 57 J,LA. This spectrum is shown in 
Fig. 8. 

RADIATION EFFECTS FACILITY 
This facility is located at the A-6 beam stop and receives the major portion of the primary proton 

beam, approximately 850 J.LA. Irradiations by both protons and neutrons arc available at fluxes exceeding 
the radiation levels expected in the SSC. The facility is described in detail in Appendix 2. An illustration 
of the A-6 target slation is shown in Fig. 9, with elevation and plan views in Figs. 10 and 11, respectively. 
The neutton flux as measured in an A-6 irradiation port is shown in Fig. 12. For comparison, a fission 
spectrum is also shown" Fig. 12 to illustrate the high energy (En > 10 Me V) flux available at the A-6 
facility. 

The neutron irradiatioo facility is located adjacent to and along the copper beam stop. The 
irradiation volume is segmented into 12 independent pcrts, each of which is 12 em x 25 cm x 50 cm. The 
flux in these ports varies from a high of6 x 1013 neutrons cm-2 sec-I in the port nearest the beam stop to 
6 x 1012 neuttons cm-2 sec-I in the ports down stream. Smaller fluxes can be obtained by moving to a set 
of irradiation cells located in a porch above the beam stop shielding. Foil dosimetry measurements for the 
SSC irradiatioo described in Ref. 1 by Sadrozinski tt m. have been carried out by Fergus0n4 and are 
summarized in Table 2. 

For proton irradiations there are three independent pcrts of volume 150 em3. The JX'(>ton beam has 
a gaussian intensity profile in the ttansverse directions, with a peak flux of 1.2 x 1014 protons cm-2 sec-I 

and a 2a = 5 em. 
Closed-loop water and helium cooling services are available, as are monitor and conttol cabling 

(mineral insulated to withstand the radiation environment). Remote handling services are available and 
access may be obtained within a 4 to 6 hour period after the beam is turned off. 
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4 P. D. Ferguson, "Neutton Dosimetry for the A-6 SSC Irradiation", Los Alamos internal memorandum 
dated Feb. 23,1990. 
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Table 1. Chip Irradiation Data 

Foil mass 10 H /cm ct time irr time 
~D (a) Na-22 B8-7 (min) lhrs) 

Vl .0858 0.417 ± 0.170 0.681 ± 0.102 900 77.5 

V2 .0837 32.78 ± 2.156 32.61 ± 1.807 120 77.5 

V3 .0870 368.4 ± 19.92 345.8 ± 17.72 45 77.5 

V4 .0845 226.4 ± 12.40 210.5 ± 10.85 60 77.5 

H1 .0843 314.0 ± 16.80 300.2 ± 15.34 60 77.5 

H2 .0859 439.2 ± 22.57 415.2 ± 20.94 120 77.5 

H3 .0867 34.53 ± 2.069 30.78 ± 1.651 180 77.5 
; 
\ 

H4 .0855 5.554 ± 0.303 5.380 ± 0.277 3900 77.5 

Table 1 is taken from P. D. Ferguson, "H+ Auence Detennination for the sse Silicon Strip Detector 
Irradiation", Los Alamos internal memorandwn dated Feb. 25,1989. 
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Table 2 

Neutron Flux and Fluence for sse Chip IITadiations 

(from P. D. Ferguson, "Neutron Dosimetry Foil Calibrations at the A-6 Radiation Effects 

Facility" 1) 

Position 1 Position 2 

E = 4.906 eV (gold foil: 197 Au(n,'y) 198Au. 0(4.906 eV)= 1565 barns) 

flux (n cm-2 sec-I) 1.97 x 1()6 1.38 x lOS 
fluence (n cm-2) 6.92 x 1012 

E = 5 keY scandium foil: 45Sc(n,,),)46Sc. 0(5 keV)= 11.3 barns) 

flux (n cm-2 sec-1) 

fluence (n cm-2) 

2.43 x 107 

8.54 x 1013 

4.86 x 1014 

1.21 x 109 

4.25 x lOIS 

E = 3.1 MeV (iron foil: 54Fe(n,p)54Mn. 0(3.1 MeV)= 78 millibams) 

flux (n cm-2 sec-I) 1.86 x lOS 2.00 x 109 

fluence (n cm-2) 6.54 x 1011 7.01 x 1015 

(At Position 1 an exposure of 3 x 1()4 rad of')' were measured by means of n..Ds.) 

1 P. D. Ferguson, "Neutron Dosimetry (or the A-6 sse Irradiation". Los Alamos internal memorandum 
dated Feb. 23.1990. 
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IRRADIA nON FACILITIES AT LAMPF 

FIGURE CAPTIONS 

Fig. 1. Beam delivery and layout of the LAMPF, WNR, and PSR-LANSCE experimental 

areas. 

Fig. 2. The LAMPF linac's time structure. 

Fig. 3. Layout and beam optics of the Target Station A-I Test Channel. 

Fig. 4. Layout and beam optics of the Beam Area C HRS External Proton Beam. 

Fig. S. The WNR and PSR-LANSCE complex. 

Fig. 6. Calculate neutron spectra as a function of angle. The spallation target is a 3 cm 

diameter x 7.5 cm long tungsten target. The calculation includes the effect of the stainless 

steel cooling jacket and the water cooling channels. (Fig. 9 of Appendix 2) 

Fig. 7. Calculated neutron yield for WNR targets of berylium, copper, tungsten, and 

depleted uranium. The target has the same geometry as described in Fig. 7. (Fig. 10 of 

Appendix 2) 

Fig. 8. The measured neutron flux for the LANSCE white neutron source. The realtive 

uncertainties are smaller than the size of the data points. 

Fig. 9. A prespective view of LAMPF Target Station A-6, which houses the Radiation 

Effects Facility. 

Fig. 10. Elevation view of Target Station A-6. 

Fig. 11. Plan view of Target Station A-6 and the Radiation Effects Facility irradiation 

ports. 

Fig. 12. Neutron flux spectra at the Target Station A-6 irradiation ports. For comparison, 

a fission spectrum is also shown ito illustrate the high energy (En> 10 MeV) flux available 

at the A -6 facility. 

192 



emMa 'FT". 
_eM ",a. "Lm 

LM ...... ... ------

• 
J 
• 

'---

... ·n' -,,........ ~ 

Fig. 1. Beam delivery and layout of the LAMPF, WNR, and PSR-LANSCE experimental 

areas. 
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Fig. 2. The LAMPF linac's time structure. 
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SPECTROMETER MOMENTUM· 
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Fig. 4. Layout and beam optics of the Beam Area C HRS External Proton Beam. 
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Fig. 6. Calculate neutron spectra as a function of angle. The spallation target is a 3 cm 

diameter x 7.5 cm long tungsten target. The calculation includes the effect of the stainless 

steel cooling jacket and the water cooling channels. (Fig. 9 of Appendix 2) 
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Fig. 9. A prespective view of LAMPF Target Station A-6, which houses the Radiation 
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Fig. 10. Elevation view of Target Station A-6. 
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APPENDIX 1 

HIGH-ENERGY PION CHANNEL 

I. DESCRIPTION 

The High-Energy Pion Channel, designated P3, uses the A-2 production target as 

its source for the most e~rgetlc pions (825 MeV) avaUable at LAMPF. Channel charac

teristics include high Inter1llty, moderate resolution, low-background contamination, 

and a well-tailored phase space, transported achromatically to either of two output 

ports. Each output port contaJns four quadrupoles which match the channel phase 

space to a majority of experimental requirements with minimal tuning. 

The channel was originally designed to accommodate a wide range of experi

ments: 

• Experiments requiring pion energies in excess of 300 MeV, 

• Elementary particle pion physics experiments, and 

• Nuclear physics and chemistry experiments with modest resolution require

ments. 

Upgrading of the channel vacuum system has extended operation into the 

momentum region below 100 MeV/c. In addition to low-momentum pion operation, the 

delivery of surface and cloud muon beams has become possible. Preliminary muon 

beam data are presented along with the pion data. 

II. DESIGN 

A schematic, plan view of the p3 channel Is depleted In Fig. 1. Secondary charged 

particles produced at 200 from the A-2 target (5-cm graphite) are collected by 

JSecti on NultJer and 11 tle Rev. 

Sec.8A Area A - p3 1 
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quadrupoles 00-01 and -02. Adjustable jaws (MS-01 and -02) define the solid angle of 

acceptance. The transmitted beam Is momentum analyzed by BM-1 and brought to an 

intermediate, dispersed focus at the momentum-defining slit (MS-03) by quadrupoles 

00-03 and -04. A horizontal target aperture (A-2 collimator) can be inserted to improve 

momentum resolution by reducing the horizontal target dimension as viewed by the 

channel. 

In order to separate pions from protons in momentum, a variable amount of 

degrader is inserted. Bending magnet BM-2 transforms the momentum separation into 

a spatial separation near the second Intermediate focus formed by quadrupoles OO-OS, 

-06, -07, and -08. The protons are directed into the proton absorber (PABS). Electrons 

may similarly be separated and directed into the electron absorber (EABS). 

The polarity of BM-3 if:', chosen to direct the achromatic beam to the selected out

put port. Additional beam-dellning apertures (MS-04, MS-OS, MSW, MSE) between the 

degrader and the experimental area help clean up the beam and define the output 

phase space. 

Ouadrupoles 00-09 to -12 in the West leg and 00-13 and -16 in the East leg can 

be tuned at the user's discretion to provide a wide range of output phase space. This 

combination of initial high-intensity, adjustable-jaws, and variable-output quadrupoles 

provides the flexibility required to meet the channel design objectives. 

III. CHARACTERISTICS 

6A.-12 

TABLE I 

Target length 
Production angle 
Total length (to a point 1-m downstream 

of last quadrupole) 
Maximum transmitted momentum 
Maximum n kinetic energy 
Maximum solid angle (1% momentum bite) 
Maximum momentum acceptance FWHM 
Minimum resolution (O.S-cm target) 
Typical resolution (S-cm target) 
Dispersion at momentum slit: 

West channel tune 
East channel tune 

First order phase space: 
Horizontal 
Vertical 

206 

S-cm graphite 
20 0 

19.6 m 

7S0 MeV/c 
62S MeV 

7 msr 
10% 
0.2% 
1.S% 

1.8 cm/% ~P/P 
1.S cm/% ~P/P 

200n mm-mr 
250n mm-mr 
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IV. RATES 

LAMPF 
USERS 

HANDBOOK 

Pion rates and backgrounds are listed in Table II. The table entries relate to the 

following conditions: 

-solid angle = 7 msr, 

-momentum acceptance := 5%, 

.1-mA proton current on 5-cm graphite target, 

-sufficient graphite degrader in n+ beam to give 10-mr multiple scattering at 

each momentum, and 

-n- data obtained with no degrader. 

The muon rates listod in Table III are preliminary measurements, subject to the 

following conditions: 

.solid angle = 7 msr, 

-momentum acceptance = 5%, and 

-1-mA proton current on 5-cm graphite. 
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TABLE II 

PION RATES 

Momentum Kinetic Energy "+1. 
(MeV/c) (MeV) (x10') P/"+ "+/ALL

a 

100 32 
200 104 0.30 0.00 0.68 
300 191 1.40 0.00 0.95 
350 237 1.98 0.01 0.98 
400 284 2.63 0.02 0.996 
450 332 2.86 0.04 0.999 
500 380 2~ 0.09 1.000 
600 476 0.51 0.65 1.000 
700 574 0.03 18.9 1.000 

---------
aALL = the nonproton component of the beam. 

Momentum 
Beam (MeV/c) 

IJ+ 28 
IJ 100 
IJ- 100 
IJ- 100 

~tct1on ruDer anct T1 tl. 

Sec. 6A Area A - p3 

TABLEIU 

MUON RATES 

Kinetic en.., ",. 
(MeV) (x101) 

3.65 21 
39.8 11.6 
39.8 2.6 
39.8 1.7 

209 

e/ .. 

80 
41 
20 
15 

Rev. , 

"-I. 
(x101) ""'/ALL

a 

0.01 x 108 0.02 
1.04 0.42 
3.27 0.80 
4.20 0.91 
4.66 0.916 
4.09 0.990 
2.80 1.000 
0.60 1.000 
0.03 1.000 

Degr .... 

None 
None 

0.65-cm carbon 
0.97 -em carbon 

Date Issued I LAMPF 
UNa. 

December 1980 1 HANDBOOK 
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APPENDIX 1 

Walter F. Sommer. I Wolfgang Lohmann. 2 Karl Grai. 2 Ivan K. Taylor. I 

and Raymond M. Chavez 1 

Operating Experience at the Los Alamos 
Spallation Radiation Effects Facility at 
LAMPF 

REFERENCE: Sommer. W. F .• Lohmann. W .. Grat. K .. Taylor. I. K .. and Chavez. R. M .. 
"Opera" Experieace at the LGI A ...... SpdaUoa RadIation Effects fldUty at LAMPF.·· 
/nJIu~nu of Radiation 0" Mattnal ProfHrtits: 13th /1tttrrtQtionaJ Symposium (Part 1/). ASTM STP 
956. F. A. Gamer. C. H. Henager. Jr .. and N. laata. Eels .• American Society for Testing and 
Materials. Philadelphia. 1987. pp. 718-729. 

ABSTRACT: Operation of a new imdiation facility at the beam stop (Target Station A-6) at [he 
Clinton P. Andenon Los Alamos Meson Physics Facility (LAMPf) beaan in May I98S. The facility 
is now fully operational. A dosed-loop water system. a closed-loop helium system. remote handling 
pnx:edures for activated rnareria1s. experiment chanae-out procedures. and experiment conlrol 
equipment are all in place. 

Experienc:e dictated a cbanJe in imdiation capsules from a system that used metal seals [0 a 
system that is completely welded. The seals were fouad to be unreliable and difficult to replace by 
remote means. 

Several materials have been imdiated in the direct 760-MeV proton beam. Material property 
chanses as well as helium procluction in a variety of materials are beina investigated. 

A special sample holder that can IC(Ommociate transmission elecuon microscopy (TEM) specimens. 
isolate them from the coolin, medium. maintain fixed temperatuR. and retain essentially a stress
free state has been developed. Rtn*e haDdlina retrieval of these specimens is beina developed. 

Activation foil measurements are beina made to defermine the secondary panicle flux and spectrum 
(charaed panicles and neub'OllS) thai result from interaction of the direc:t prolon beam with targets al 
the beam stop. Twelve independeru irradiation pons. each with an irradiation volume of 0.12 by 
O.~ by O.SO m. are available for exposin, material to this panicle flux. primarily neutrons. Two 
imdiations were completed in this area during the period May through ~mber 1985. The neutron 
spectrum here resembles a fission spectrum with the addition of neutrons in the MeV energy range 
(high-energy tail). The maximum neutron flux is about 6 x 10" nlml s at one of the 12 pons and 
drops by a factor of Ibout 10 u a minimum at another of the 12 ports. 

Three independeal porta for proton imldialions are in place. Each has an imdiation volume of 
about ISO cml. The proton beam has a Gaussian intensity profile; the maximum proton flux at the 
center of the beam is 1.2 X 10.4 prolonslcml • s. The beam spot hIlS a diameter of approximately 5 
em at la. Four irndiaIioas were compfeted in this area during the period May through December 
1985. 

KEY WORDS: protons. spallation neutrons. irradiation facility. imdiation techniques. Los Alamos 
Meson Physics Facility (LAMPf) 

A new facility. in which materials may be exposed to a proton beam of energy -760 MeV and 
a neutron ftux that results from the interaction of the proton beam with bulk targets and the beam 

I A5sociate group leader. senior technician. and senior designer. respeclively. Los Alamos National 
Laboracory. Los Alamos. NM 87545. 

2 Resean:h scientist and engineer. respectively. KFA Jiilich GmbH. P.O. Box 1913. OS170. Jillich. West 
Gennany. 
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SOMMER ET AL. ON OPERATING EXPERIENCE 719 

stop at the Los Alamos Meson Physics Facility (LAMPF), began operation in May 1985. Several 
experiments, under controlled temperature conditions, were completed during three LAMPF run 
cycles between May 1985 and Jan. 1986. An experiment capsule, a closed-loop helium temperature
control system, a closed-loop water temperature control system, and remote-handling procedures 
for radioactive material have been developed and used successfully. It was also shown that a 
complete experiment changeover could be accomplished in less than one day. This is of importance 
because during a nine-week run cycle, the LAMPF accelerator is only idle for one day each two 
weeks for routine maintenance and some experiments require sample changes in a time frame 
shorter than nine weeks. Further refinement of the facility will take place during a shut-down 
period in spring 1986. In the text below, we attempt to summarize our recent experience in using 
the facility and also to describe the equipment that we feel has proven to be reliable. 

FacDity DetcriptioD 

The Los Alamos Spallation Radiation Effects Facility (LASREF) is located at the beam-stop 
area (Target Station A-6) at LAMPF. The design oftbis facility is modular in that each component 
and experiment is attached to its own biological shield plug (insert). This can be seen by noting 
a schematic (Fig. 1) and a photograph (Fig. 2). The biological shield is necessary for containment 
of the radiation produced along the beamiine, at the isotope production bulk targets, and at the 
beam stop. Services, such as cooling water and instrumentation cabling,.are routed through stepped 
slots in the biological shield to the top of the facility. Instrumentation cabling is further routed 

PWOTON 
BIAM 

I. 

~:;e~-IItON 
- CASIC 

~--""1- HILIUM LINES 

FIG. I-Sch~mat;c of 1M Los AJomos Spallalion RlIIli4tio" Effects Facility (LASREF) at LAMPF. 
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720 INFLUENCE OF RADIATION ON MATERIAL PROPERTIES 

FIG. 2-A proton.i"adiation insert and capsule. 

through a maze in a secondary containment concrete hut to an area that is accessible when beam 
is on. where instnuncntation cabinets can be located. This can be seen in schematic fonn in 
Fig. 1. 

Three independent insert locations (proton irradiation inserts) are available for placing capsules 
in the direct proton beam. Their relationship to other components at Target Station A-6 is shown 
in a side view in Fig. 3. The irradiation volume for each is about 150 cml. It is possible to modify 
the insert to accommodate more sensitive equipment in a position removed from the beamline 
where both shielding and distance decrease the particle radiation ftux. 

Twelve independent insert locations (neutron irradiation inserts) are available for placing capsules 
in the neutron ftux. Figure 4 shows their relationship to other components at Target Station A-6 
in a top view and Fig. 5 shows. schematically. their relationship to the neutron-producing targets. 
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(Protons. in compll'lble number. are also produced by spallation ractioos in die tarpts but -90% • are absorbed in tile tarpt material (J .2], This is also the case for otber secoadary cbaraed particles 
produced in the tIrptS.) Eacb iDsert location has a 12- by 15- by SO-cm volume available for 
irradiation capsules whose pomeuy and complexity is left to die c:tiscretioa of die experimenter. 

Althoulh LAMPP accelerates proIODS to a maximum enersy of 800 Me V. interlctions with two 
graphite tarJets upstream from the facility lowers che eocllY to about 760 Me V. At a nominal 
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COPNIt 
IUM 
STO' 

GAS WATlIt. 
INST~NTATION 
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WATI:ft-COOU0 
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VOLUMI""-'Id IZO 
12 'LACIS 

S' DIA •• t OISICS 
EQUALLY SMeID 

AQ.S-SCM1JIQ1;C of the reU:zlion of neutron-irradiation inserts. J through 8. to the neutron-prod'Kin!,! 
targets in Targel Slation .4-6. 

total beam current of 1 mA and a Gaussian-like beam spot size of diameter 5 cm to 20' (a is one 
standard deviation). it has been calculated {31 that a displllCement rate of 8.4 x 10' displacements 
per atom per second (dpals) is obtained in copper metal at the center of the beam. During 1985. 
the average beam current actually delivered to LASREF was on the order of 0.8 rnA and. 
considering that the beam was available about 80% of the time. the resultant total atomic 
displacements would be 2.9 <Spa in copper metal in one nine-week LAMPF run cycle. 

Calculations [IJ and measurements (2)3 have been made of the particle flux and spectrum (Fig. 
6) incident on the neutron-irradiation volumes. At position 2 in Fig. 4. the total neurron flux is 
about S.S x 1017 nlml s at I mA of proton beam current giving a displacement rate of 4 x \0." 
dpals in copper metal {31. For the conditions available during 1985 (0.8 mA and 80% availability). 
a total atom displacement of 0.14 dpa would be achieved in a nine-week LAMPF run cycle in 
copper metal. The flux drops along the beamline from position 2 to a minimum at positions 8 and 
12. -lOx lower than at position 2. Calculations [I] and measurements' I have also shown that the 
secondary charged-particle flux at the inner surface (nearest the beamline) of the neutron-irradiation 
volumes is about 10% of the neutron flux. An additional I cm of iron shielding further reduces 
the charged-particle flux to about 1 % of the neutron flux. 

A real-time signal of the average beam ~urrent being delivered to LASREF is continually 
available. The signal is compatible with standard data-acquisition equipment. 

) Davidson. D. R. et aI .• in this publication. pp. 730-740. 
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Hardware DeseriptioD aad PerfOl'lll8lKe 

Capsules that can survive the radiation environment. provide an atmospbcrc for controlled 
conditions of temperature and stress, and allow remote handling and removal of specimens without 
disturbing the material has been developed and used successfully during 1985. In addition, a 
"rabbit" system (4) that is capable of placing several small capsules (10.3 mm diameter by 21.6 
nun long) loaded with foils for activation analyses to determine neutron and charged-particle flux 
and spectrum was developed and used successfully. 

Figure 7 is a pictorial view of a proton irradiation capsule, and the cross-sectional drawing (Fig. 
8) shows some of the importaJlt details. Note that samples are attached to a finger-like sample 
holder (materials are selected for appropriate tbermaI expansion compensation, or one end is left 
free for unperturbed tbermaJ expansion). This sample holder is attached to a plug with a specially 
designed weld prep. which in tum is inserted into a tube that directs coolant (in this case, water 
from a closed-loop water system) over the samples. The proton beam is directed onto the tubes, 
centered between the plenums, and centered vertically on the group of five tubes. Since the proton 
beam has a Gaussian intensity profile, there is a gractient in accumulated dose for samples placed 
in tubes vcrtieally away from the center. This allows some ftuence-dependent observations from 
a single irradiation. The intensity gradient also is preteDt. of course, in the .horizontal direction so 
care must be taken in properly dimensioning the sample PIe lenath so that this gradient docs not 
cause significant ambiguity in the taUlts. 1"beIe lie a total of 13 tubes, in which we have attached 
8 samples each; thus a single capsule yields 104 irradiated samples. 

Removal of the samples is facilitated by the spccial weld prep on the plug. By remote means, 
a special slow-speed grinder removes the weld metal and the entire sample assembly can then be 
removed from the capsule. This procedure eliminates the excessive vibration and possible mechanical 
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FIG. 7-Proton-irrodilltioPl capsule. 

damage that we encountered in an earlier design that used a bolted flange; removal of the bolt~ 
was found to be difficult and metal seals were found to be UlU'eliable. 

Another capsule bas been developed for use with the closed-loop helium system. Since more 
than 200 W/cmJ (in iron) are deposited by beam heating, we found that helium gas alone was not 
sufficient to maintain a suitable temperature gradient across the samples. The major contribution 
to the heat load came from the tubes that direct the flow rather than the samples. We therefore 
designed a double-tube capsule (Fig. 9) in which water flows in the annulus between the tubes 
and extracts the energy deposited in the tubes and helium, preheated to the temperature needed 
for the experiment, flows over the samples and extracts the energy deposited in the samples. 
Installation and remote handling of the specimens is accomplished in a manner identical to that 
described above. 
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FIG. 8-Cro .... s«Iion of a prOlon-;mJditltioft capsu/~. 

THIItMOCOU'-LI 
"UD THItU 

AG. 9-Cross s~ctio" of Q proton-i"odilltion capsu/~ for us, with Mlium or olh~r gas. 
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In order to provide a map of the neutron and charged-panicle flux in the facility (complex 
because of the distributed source introduced by the various targets [Fig. 5/). a "rabbit" ~y~tem 
capable of placing small capsules containing activation foils (Fig. 10) above and below the beamline 
and at four locations radiaJly out from the beamline was built and developed (4). The .. rabbits .. 
are small cylinders. 10.3 mrn in diameter by 21.6 mm long. which house the activation foils. 
They are pneumatically driven into the irradiation space and. after irradiation. into shield casks 
outside the concrete enclosure by pressurized helium gas. Several irradiations. in neutron insert 
Positions 2 and 6. were completed and are now being analyzed l as a comparison to earlier work 
[/.2). The insert that houses the "rabbit" system can be placed in anyone of the 12 irradiation 
locations. It is available for use by the radiation damage community; a nuclear chemistry group 
studying activation of cosmic material has used the system to learn about material interaction with 
high-energy (> 100 MeV) neutrons of which ample numbers are available in the facility. 

A special capsule that can determine mechanical properties. such as flow stress. fatigue. and 
creep while the material is being irradiated. was designed and built by the KFA-Julich group. 
Central to the successful use of this device is the reliable operation of a stepping motor that loads 
the samples. a linear variable differential transformer (LVDT) that measures length changes and 
a load cell that measures load. The internal mechanism of the device is shown in Fig. II. As a 
reliability test. we placed identical components on a neutron irradiation insert in Position 7. The 
motor was used to raise and lower a deadweight onto the load cell while the L VDT recorded the 
cyclic motion. We found that the devices would properly function in this environment for adequate 
times. The environment approximates the radiation levels we expect at the proton irradiation insen 
locations in the areas. outside the beamline, where the devices are planned for use. We found that 
it is necessary to use mineral-insulated cabling on all inserts used in the facility. 

1faacI ..... of Radloadive 1DIerts: Experiment and Sample C ....... 

It was demonstrated. using existing LAMPF remote handling equipment and other LAMPF 
systems. that an insert and. hence. an experiment change could be accomplished in a 6-h period. 

~ 
150 
IIUII 

AG. 100"Rabbi," sys'~m in ploct illl"~ uutroll-i"aditJIioll arta. 
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'., •• \1'':-~~'N. MOTORS 

DUR.NG OPUATION THIS UNIT 
IS INCLOSED IN AN 
INVlRO_ENTAL SHIELD 

___ ~==-,_TENSILI SA"~LIS 

___ ....... ::::~-... '-., CELLS 

FIG. ll-Intemal nwcltGni.ma of 1M in-silIIlIWChtMtical testing dnice. 

To facilitate. this work., the new experiment is moUDted on a new, uairradiated insen and 
insttumentation. and services are completed aDd terminated at the top of the insert widl the entire 
unit supported on a special rack in a vertical attitude. Remote handlin, procedures for sample 
handlia, and preparation, for example. of traDsmission electron microscopy (TEM) samples. are 
now beina developed. With regard to TEM, we develcJped a special holder that can accommodate 
3-nun disks, place them in a tube in a proton-irradiation capsule, isolate them from the cooling 
medium, and maiDtain temperature control. This is advantageous when only microstructural 
evolution study by TEM is desired since it simpli1ies sample preparation of radioactive material. 
This device is shown in Fig. 12. 
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RECEPTACLE FOR 
TEl' SAMPLES 

TEM SAMPLES 

WELD II'IXTURE 

COMPLETED 
SAMPLE HOLDER 

LASER SEAL 
WILDS 

COMPLETE 
ASSEM'LY 

WITH 
TENIILE 
SAMPLES 

FIG. 12-Sp«iDlfixtw~ for imulUlting TEM speciIMn3. 

Summary 

The LASREF is an operating facility. Equipment necessary for temperature control has been 
developed. Remote handling capability has been demonstrated. Irradiation capsules have proven 
reliability. Inquiries relating to the use of the facility can be directed to the authors. 
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APPENDIX 12 

Guidelines for Measurements of Radiation Effects 
in sse Semiconductor Detectors and Electronics 
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Guidelines for Measurements of Radiation EtTects in 
sse Semiconductor Detectors and Electronics 

H. Spieler 

1. Specification of Radiation Dose 

a) Ionization studies 
(e.g. MOSFET Vt , isolation structures) 

depends only on liberated charge (deposited 
energy) 

• specify dose in rad 

b) Displacement damage 
( detector Ib, BIT P vs. Id, JFET gm, etc.) 

depends on particle type + energy 

• specify 1. fluence (cm-2) 
2. particle type 
3. particle energy (or energy range) 
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2. Measurements on Detectors 

a) Specify detector active area and thickness 

b) where possible use gated diode structures 
surrounding detector to allow separation of 
bulk and surface currents 

c) specify temperature 

d) provide plots of llC vs. Vb (pre- and post-rad) 
+ specify operating bias 

e) measure charge yield vs. E-field in detector 

f) measure shot noise and relate to current 
(spectrum?) 

GET ADEQUATE STATISTICS! 
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3. Measurements on Transistors 
(MOSFETs, JFETs, BITs) 

a) measure V t shifts at low V d (CI: 10 m V) 
to facilitate general application 

b) measure Id vs. V g and gm vs. Id from weak 
through strong inversion 
preferably plot (gm/1d) vs. (Id/W) 

c) show 8d vs. V ds 

d) Noise: 

measure equiv. input noise spectrum through 
"1/f' and white noise regimes 

when measuring On specify 
pulse shaping, 
input current, 
total input capacitance 

GET ADEQUATE STATISTICS! 
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LBL 6OCo Irradiation Facility 

Primarilyy-rays (1.17 and 1.33 MeV) 

useful for measurement of ionization effects 
(some displacement damage) 

Dose rate: 

r= 1 m: 
r= 80 em: 
r= 25 em: 

0.180 rad(Si)js == 650 rad(Si)jhr 
1 krad(Si) jhr 
10 krad(Si)jhr (4.2 d for 1 Mrad) 

Caution: 

Must take proper precautions for accurate dosimetry! 

e.g. 1. enclose test device in filter box for equilibration + 
attenuation of low-energy photons 
(1.5 mm Pb followed by 0.7 mm AI) 

2. high-Z layers toward radiation source to minimize 
dose enhancement 

(see Ma and Dressendorfer, Ionizing Radiation Effects in 
MOS Devices and Circuits) 
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APPENDIX 13 

Electron Accelerators as Irradiation Facilities 



ELECTRON ACCELERATOPS AS IRRADIATION ~A(ILITIES 

1. Introduction 

Stan Majewski 

CEBAF, Physics Division 
Newport News, VA 23606 

At the present phase of planning for plastic scintillator-based 
detectors at the sse, one of the crucial questions remains: will the 
radiation damage be the ultimate obstacle on the way of using this 
fast, efficient, easy to use and economical active material? This 
fundamental question of survival must be studied vigorously if the 
necessary proof of principle is to be delivered on time before the 
final decisions are to be made. The goal of the present contribution 
is to focus attention on the lack of satisfactory radiation testing 
facilities of scintillator samples and detector modules, and to make 
the point that the existing or planned electron beam sources may fill 
this gap already in the near future providing appropriate R@D planning 
by the sse community is made. 

2. Gamma irradiators and their disadvantages 

The gamma irradiators remain with neutron irradiators the two main 
irradiation tools in studies of radiation effects in electronic 
elements and silicon detectors, as is discussed in many contributions 
to this meeting. Usually small transversal size beams delivered by 
these facilities are sufficient for the sample sizes involved and also 
because of the local character of the damage phenomena in silicon. 
There are many gamma irradiators located conveniently in the 
university centers, national laboratories, medical centers, naval 
research laboratories, etc around the country. The partial list of 
the gamma irradiators available to the outside users is listed in the 
contribution to this Task Force meeting by Petersen [Petersen90]. 

Past and present radiation damage studies of plastic scintillator 
materials also make use of these gamma irradiators. However, they are 
limited to small-size samples in a preliminary evaluation phase of 
radiation resistance studies. usually in the case of new plastic 
materials. A "classical" example of such an approach is the case of 
polysiloxane. a radiation-resistant polymer investigated for a plastic 
scintillator base. In all the studies conducted up to the present, 
only small-size samples were used [Walker90]. 

I t is well known [Zor n90] , that the mai n effect of radiation on 
plastic scintillator materials is radiation-induced attenuation due to 
discoloration (color center formation) of the base plastic material. 
To study with sufficient precision the effect of this absorption on a 
final performance of the detector, the real-size samples of fibers, 
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~cintillating plates or waveshifting bars should be used. This in 
most cases precludes the use of gamma irradiators with their intrinsic 
limitation to active sample size. In some cases, the researchers 
attempt to remedy this limitation by use of several gamma sources l.~ 
the same irradiation chamber or in other more complicated geometry 
arrangements. However, there still remains the limitation of rather 
inflexible range of irradiation dose-rates and doses which is not a 
free parameter but geometry (distance from the source(s)) related. 

3. Experimental uses of electron beams in irradiations and the 
advantages of the technique 

In contrast, the electron beams have all the flexibility required 
to irradiate long or large samples at different, regulated dose rates. 
The irradiation can be done uniformly over the sample size or 
following any other preprogrammed dose pattern. This additional and 
substantial advantage of electron sources will be discussed more in 
depth later. 

The first preliminary irradiation studies of scintillating fiber 
samples for the sse detectors were performed quite recently, utilizing 
the 3 MeV electron Van de Graaff accelerator of the Florida - State 
University in Tallahassee [Majewski89]. In a relatively short time 
many different mostly 1 mm diameter fiber samples supplied by four 
major world producers were uniformly irradiated over 50 em regions and 
their recoveries were studied in different gas atmospheres. From this 
comparison, several promising radiation-hard candidates emerged, while 
many other were found to be not acceptable for further study. An 
example of obtained results is shown in figure 1. Generally, this was 
the first convincing demonstration of dramatic differences in 
resistance limits of different available fiber types. Also, for the 
first time a clear separation of the attenuation losses and the 
intrinsic (local) radiation damage was possible by utilizing a method 
of screening a 1 inch wide fiber section from the electron beam (with 
a lead brick absorber) during irradiation. Figure 2 shows the result 
of a scan of some fibers in this region. The step increase at the 
boundary of the screened section is caused by the difference in 
scintillation yield in the irradiated fiber and its non-irradiated 
section. The relative (percentage) value of this step is equal to the 
percentage loss of the intrinsic (as opposed to long range absorption 
loss) scintillation yield in the fiber material. Immediately after 
observing this phenomenon, a succesfull attempt to minimize this local 
damage effect was made in the green emitting fiber with the 3-
hydroxyflavone (3HF) fluor (dye) by increasing concentration of the 
fluor (Figure 3). This and many other results of that study confirmed 
that electron beam irradiations are a very efficient and powerful tool 
in radiation resistance studies. 

In a subsequent study with a 80 MeV electron beam of the University 
of Illinois Microtron [Johnson89, Hertzog90], two small scintillating 
fiber/lead calorimetric modules were irradiated in an electron beam 
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and the preliminary results have confirmed that the green emitting 3HF 
fiber selected in the first study is a much more radiation resistant 
than the traditional blue emitting fibers. Some results of that study 
are presented in figure 4 [Hertzog90]. 

From the past experiences, only briefly described above, and the 
considerations about planned studies one can prepare a following 
preliminary list of advantages of electron irradiations: 

- generally: possibility to irradiate long and straight samples such 
as fibers, fiber bunches, light-guide bars, and also large surface 
scintillator plates, etc., 

- ease and flexibility of control and monitoring of the beam profile 
and size, with scanning capability by means of standard beam 
optics elements; for example SSC-typedamage profiles can be 
generated with high energy electron beams (to be discussed below), 

intensity regulation over many orders of magnitude (important in 
dose-rate studies), 

- ease of dose monitoring (in the beam transmission mode) with a 
simple Faraday cup method. 

3.1. Generation of the profile damage "a la SSC" 

The most difficult case is the case of scintillation calorimetry at 
the ssc. Simulation of damage in laboratory conditions is close to 
impossible, as opposed to the fiber tracker situation, where 
predictions seem to be relatively straightforward. In our opinion an 
interesting possibility arises with the availability of higher energy 
electron beams of the order of many hundred MeV and higher, and is 
presented here for consideration. From the simulations of the 
radiation field in the "generic" ssc detector [Groom90], the expected 
radiation dose depth profile of a combined electromagnetic/hadron 
scintillating fiber calorimeter (or of a "son-of-Zeus" design, with 
scintillator/converter plate stack and with waveshifting bars 
collecting light) is well known. The dose distribution is very non
uniform with a strong and narrow maximum corresponding to a maximum in 
electromagnetic shower development and a broad, and deeply developed 
distribution due to the hadronic contribution. 

A variation of this idea would be to first irradiate the fiber 
bunches gefore inserting them into a calorimetric module. and then 
testing the resulting performance of the "irradiated module" produced 
in this indirect way. This method avoids all the difficulty of 
securing th~ uniformity of transversal damage at a given depth of the 
irradiated module. However, it introduces an uncertainty in the time 
development of the extremely important recovery phase that takes place 
in fibers after the damage was made. This is caused by very different 
fiber handling conditions in this case as compared to the real-life 



situation, and especially their exposure to air. 
This special technique of simulating damage in the sse conditions, 

i~ ~xpected to reproduce better the real situation if applied to the 
"son-of-Zeus" design. There, the properly pre-irradiated scintillator 
plates, would be inserted into the stack to form a full "irradiated" 
calorimetric module. Waveshifting bars, should also be irradiated 
with the correct depth-dependent dose pattern. 

After preparing the fiber module or the plate module, the 
performance can be first tested with radioactive sources, LEDs, UV
light sources, cosmic rays, and/or the same electron beam used to 
induce the damage, but turned to a much lower intensity. For example, 
in the case of the 1 GeV electron beam the average position (depth) of 
shower maximum for electromagnetic showers is only a "logarithmic" 
distance away from the expected dose maximum. It will therefore probe 
the detector module response almost at the most damaged region of this 
calorimetric module. This beam test can provide crucial information 
enabling reliable evaluation of damage expected at the sse, because 
the gained experimental knowledge can be in turn inserted into 
simulation programs to predict the effects of the damage on 
calorimeter detector performance. 

Of course, to confirm the conclusions about expected radiation 
damage effects at the sse from the damage effects produced and tested 
in the above proposed way, a "final" test in a high energy beam would 
be still necessary. However, by following the above procedure the 
proof of principle can be achieved much faster, as the requested (and 
difficult to obtain) high energy beam time would be limited to the 
absolute mlnlmum to test only the final number of preselected 
solutions, which passed the series of thorough electron beam tests. 

3.2. Radiation dosimetry 

To secure success of the proposed method a reliable radiation dose 
dosimetry" to calibrate the dose distribution delivered to the plastic 
material is a must. Fortunately, such a technique exists. It "is 
based on the use of a substance called alanine, the radiation effect 
on which is evaluated by the Electron Spin Resonace (ESR) method. 
This, by now well understood and precise dose calibration method, can 
be applied in the dose range of up to 10 MRad, being therefore an 
almost perfect match for the dose range used in the scintillator 
studies. The contribution to this meeting by H. Schoenbacher gives 
some details on the alanine method and they will not be therefore 
repeated here. 

A set of alanine samples distributed along the irradiated sample, 
or inserted at several test points into the calorimetric module would 
provide an experimental dose and dose profile measurement, allowing 
for a test of the pre-irradiation calculations. Even more, this 
method can provide control of the total dose and dose profile well 
before the total planned dose would be delivered, therefore giving an 
on-line check of the correctness of the irradiation procedure. This 
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can be achieved by dividing the whole irradiation into two (or more) 
irradiation periods, with the first, low-dose irradiation period 
serving as a control irradiation, after which the delivered dose-rate 
and dose profile would be cross-checked against the calculated (and 
desired) values". Therefore, if discrepancies are found, the necessary 
corrections to the irradiation procedure (and to the calculation 
package) can be made, so that the final result of the total 
irradiation is as close as possible" to the planned one. 

4.Available and planned electron beam facilities 

In Table I the list of electron irradiation facilities is given in 
the order of increasing maximum beam energy (see also [Petersen90]). 
In general, these beams are adapted to deliver radiation doses much 
higher than the ones needed for the scintillator studies, but in most 
if not all the cases the dose rate (beam intensity per unit surface) 
can be lowered to acceptable levels. It is assumed that in the 
accelerated, time-compressed irradiation studies the highest 
acceptable equivalent dose rate in a scintillator sample is of the 
order of 1 Mrad per 5 minutes (up to 5 times higher dose rates were 
used in some tests), to avoid noticeable heating of material due to 
energy dissipation in the plastic. This translates into current 
densities of the order of nanoamps per cm*2 in the case of irradiation 
of fibers or fiber bunches (for traversing. electrons, only a small 
fraction of their energy is absorbed in the sample material). Total 
beam current turn down can be accompanied by beam defocussing 
techniques, including beam scanning, to achieve this goal. 

4.1. High energy electron beams 

Three high energy electron accelerators are especially promising as 
possible user friendly irradiation facilities. 

The first one is the Bates 1 GeV linac accelerator. Very recently 
a test facility was proposed there to be used for the sse detector R@D 
by several groups from the Boston area [Booth90]. With only a modest 
upgrade of this facility radiation damage studies can be performed 
with electron energies up to almost 1 GeV. The only limitation is 
that the beams will be mostly available in a parasiting mode. 

The second facility is being proposed by the Duke University group 
at the Free Electron Laser laboratory at Duke [Goshaw90]. The 
proposed facility would be dedicated to detector testing and 
irradiation studies utilizing the 45 MeV and 1 GeV linacs of the FEL 
laboratory. The plan is to make beams available on an almost constant 
percentage beam time basis (about 20 %). and with all the necessary 
logistical support available for any outside group wishing to use the 
facility. The proposed beam time structure of the 1 GeV linac can be 
made to simulate the sse beam crossing interaction rate of 16 
nanoseconds, so the time studies can be made at the same time when 
testing detector modules for other performance parameters, such as 
efficiency, energy ~esolution or radiation resistance limits. Th~ 



expected date of completion of the test facility at Duke is by the end 
of 1991, providing the additional requested funding for the 1GeV test 
beam will be provided by the DOE and sse. 

Finally, the 4 GeV continuous electron beam accelerator constructed 
at CEBAF, NewpoTt News, VA will be ready at the beginning of 1994, and 
it is being discussed what role it can play in the detector R@D for 
the sse. It can be assumed that it will be possible to use its beam in 
some radiation studies, however the details will have to be worked out 
at a later date. 

5. Some comments on test procedures 

Several brief comments will be made here on the experimental 
procedure of radiation damage studies, which is of course interrelated 
to the problem of selection of appropriate irradiation facilities 
necessary for a complete and efficient radiation resistance study. 

First, one must admit that the present situation is very confusing. 
There are many experimental results which to a large extent are not 
consistent with one another. The crucial question of the gas 
atmosphere effect on the radiation damage and recovery is still to be 
answered. There is no place here to review these results and discuss 
in depth the experimental evidence and possible reasons for 
discrepancies. Such reviews were recently done on other occasions, 
for e x am p 1 e by Z 0 r n [Z 0 r n 9 0]. . ____ 1~ __ .i.§.._~J5..9£t.J...z:... .. _!:.b.i§.....J,J_DsaJ;.j.J?f.s.~_~.9J::"y." 
P'"L§!J? .. ~"D..t.."_ .. .§.i"t. . .Y..s"t..),..9._D __ t."b.9 . .t.,,_.JD_9_1s~,,§.,,._t..b_~" . ...p...r_.~,,§"~_D..1;.._,, ___ £.~11 ___ f 0 t __ ._~,, ___ ..Y_~r.Y ____ Y i...9.9...rg"\J .. ?" 
r. .. 9.g_J,,,9..~.j,.Qn_,, ____ g.~_m.9.9.~L,,,,_.R~Q _____ .p._r..Q9.:c..~_m.m~_._b.i..9bj..Y. ___ .i...4.§.!:..tf i..~5i.l. ___ ~..f ___ ""._g"."" .. ".E.r.9..9..f....,,9..f._ 
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However, a list of following general suggestions can be made: 

(i) continue tests with small samples (typically 1 cm cube) with 
gamma beams in a variety of gas conditions (air, argon, 
nitrogen, oxygen, etc.) and dose-rates (from the extreme of 1 
MRad per minute to 1 MRad per 6 months or an even longer 
period); scintillator samples as well as pure plastic samples 
and waveshifter samples should be tested (for transmissional 
damage and recovery); this part of the study is particularly 
relevant to the plate stack calorimeter design ("son-of-Zeus"), 

(ii) increase testing of life-size samples of individual detector 
elements such as fibers and fiber bunches or scintillator 
plates, light guides, light couplers, waveshifting bars, and 
including effects of glues, cladding, etc.; this is when 
electron beams of several MeV are mostly useful; it can be 
claimed that some of the most important measurements cannot be 
made without these flexible irradiation tools, but still a 
comparison with gamma and fast neutron induced damage should be 
made for completeness, 

(iii) finally, calorimetric modules including mechanical structure, 
with active material, cladding, glues, epoxies, light guides 
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and waveshifters, light couplers, etc., and also with gas 
diffusion channels (as a possible solution to accelerate 
recovery) should be irradiated and tested in the high energy 
(many tens of MeV and higher) electron beams (or other high 
energy beams, if available) as was discussed above in 
subsection 3.1.; if possible, the irradiations should be 
performed at different dose rates to be able to extrapolate in 
a reliable manner the recovery data to the low dose rate sse 
conditions, 

(iv) to achieve this ultimate goal, the experimental studies should 
be accompanied by a thorough simulation effort to incorporate 
all the partial results of measurements and to be able to 
predict detector behaviour in the sse conditions; also, at the 
same time the failure criteria for the detector performance 
should be defined from the simulation calculations, such as 
maximum acceptable light loss, attenuation increase, etc. 
consistent with not compromising detector parameters, such as 
efficiency, resolution, e/h ratio, etc.; preliminary efforts of 
this type were already initiated by some groups (Acosta89, 
Badier90, Gabrie190). 

6. Summary 

In summary, the combination of testing small scintillator samples 
irradiated with gamma sources with irradiations of individual fibers, 
fiber bunches, or scintillator plates and waveshifting bars, and 
finally of sections of full calorimeter modules in electron beams of 
up to 1 GeV and higher in energy, is expected to deliver in a 
relatively short time scale the necessary proof of principle for the 
plastic scintillator technique applicable to the sse environment. An 
important part of the whole procedure is a reliable computer 
simulation package. 

Electron beams in a many MeV energy range are already available and 
some new beams with interesting parameters and energy in a 1 GeV range 
may be made available to perform the outlined radiation studies. In 
view of importance of radiation damage studies for the proposed 
plastic scintillator detector R@D program, funding of some "user 
friendly" electron irradiation and test facilities seems to be a 
necessity in the present situation of a general lack of adequate 
irradiation and test beams for the sse detector studies. 



Table I 

Partial list of electron beam facilities available for radiation studies 

Energy 

2 Mev 

3 MeV 

3 MeV 

22 MeV 

45 MeV 

65 MeV 

100 MeV 

100 MeV 

1 GeV 

1 GeV 

4 GeV 

Facility Location 

Van de Graaff Brookhaven 

- - - Lehigh U. 

- - - - - Florida State U. 

linac Argonne N.L. 

Duke U. 

Naval Res. Lab., DC 

Microtron U. of Illinois 

Comments 

available from 1990 
(see text) 

no beam after 9/1990 

linac Nav. Postgrad. Sch., Monterey, CA 

linac Bates/MIT 

linac Duke U. 

2 linac sys. CEBAF 
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see text 

available end 1991 
(see text) 

available beg. 1994 
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Figure captions 

1. Comparison of fibers after irradiation to 10 MRad in air and after 
8-9 days recovery in air. For each curve, the light output of the 
fiber at the position of 1.0 inches from its end has been 
normalized to 1.0. 

2. Effect of irradiation on local scintillation yield. Scan of 
screened region after 10 MRad irradiation in air and 8 days 
recovery in air of four fiber samples. A "jump" in the attenuation 
curve is produced by the damage to the local scintillation yield in 
fiber regions to the left and to the right of the screened 
unirradiated short fiber section. 

3. Comparison of damage to the local scintillation yield after a 100 
MRad exposure in air and recovery in air for three different 
concentrations of 3HF. 

4. Pre- and post- irradiation resolution of a small calorimetric 
module made with 3HF fibers irradiated in a 100 MeV electron beam 
to approximately 10 MRad (upper figure) and after a 3.5 weeks 
recovery (lower figure). Note different energy scales. 
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Radiation Displacement Damage Testing at JPL 
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RADIATION DISPLACEMENT DAMAGE TESTING AT JPL 

George Soli 
Jet Propulsion Laboratory 

California Institute of Technology 
4800 Oak Grove Dr. Pasadena, California, 91109 

INTRODUcnON 

Because of the extreme radiation environment expected in SSC particle detectors, proposed 
detector read-out chips will require radiation testing. Though the space radiation environment is 
not as severe, the long duration of deep space exploration missions, and the nature of the detector 
systems employed, require detector components to be radiation qualified. The detector system of 
choice is the charge coupled device, CCD, because it increases data quality by orders of 
magnitude, over older imaging systems. Accomplishments for the CCD this year have produced 
noise floors below 17 electrons rms and charge transfer efficiencies, CfE, better than 0.999999. 
This performance is demonstrated by the Fe-55 x-ray spectra shown in figure (1). Unfortunately, 
optimizing the CCD in these areas has made the detector extremely vulnerable to displacement 
damage in the space proton environment (1). The CCDs used for displacement damage 
experiments at JPL are application specific integrated circuits, ASICs. Because specific ASIC 
design information is available to the radiation experimenter, it is possible to compute the number 
of vacancies per proton and equate the number to CCD performance degradation. 

EXPERIMENT PROCEDURE 

For radiation testing a variety of inexpensive chips, available from many manufacturers, a cost 
effective procedure is to expose the device under test, or OUT, to its expected radiation 
environment. A LeCroy model TRA1000 preamplifier chip was recently exposed to a gigarad of 
2.5 MeV electrons and continued to function at 62mV/microamp (2). But, like many CCDs 
proposed for space applications, SSC detector read-out chips are likely to be ASICs. An 
experiment's energy spectrum and fluence is determined from damage computations, and not from 
the ASICs expected radiation environment. Figure (2) shows Fe-55 line trace plots for two 
different CCD areas that were exposed to 257 +/-30 and 467 +/-31 keY protons respectively, with 
both at a fluence of 5E6. Table (1) shows that the charge loss at 257 keY divided by the charge 
loss at 467 keY equals the ratio of vacancies per proton at the respective energies. Figure (3) 
defines the trace plots and the charge loss. 
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SOURCE UTILIZATION 

The source most extensively used for CCD displacement damage physics experiments by JPL, is a 
5 microcurie Curium-244 alpha source, which is inexpensive and easily handled. The number of 
displacements produced by each alpha particle is easily computable with commercially available 
Monte Carlo programs (3). Because the number of vacancies produced by the alpha source is 
small, a novel method called pocket pumping is employed. This method "pumps" the signal 
electrons back and forth past the same displacement damage sites until a measurable number are 
trapped. Small radioactive sources are used to quantify a device specific relationship between 
displacement damage and signal electron trapping. 

The source most used by JPL for proton displacement damage experiments is a six megavolt 
Tandem Vande Graaff accelerator on the Caltech campus. Experiments using this source are 
designed as nuclear physics experiments. The ceo is placed in vacuum, and a thin scattering foil, 
placed far upstream, is used to provide a unifonn flux at the CCD. The nuclear physics design is 
used to produce a monoenergetic beam, which allows the displacement damage to be easily 
extrapolated to the space environment using Monte Carlo programs, The beam energy and energy 
straggling are measured with silicon surface barrier detectors and the beam particles counted in 
plastic scintillator coupled to a photomultiplier tube, PMT. 

The extensive displacement damage produced by the high fluences available at the Caltech 
accelerator verify relationships between displacement damage and perfonnance degradation. The 
response· of the CCD to the low energy, and most damaging, portion of the space proton 
environment is measured. This extensive damage is used to verify engineering solutions. For 
CCDs, these include using better silicon to decrease bulk trapping, operating the CCD cold to slow 
trapping, flooding the CCD with infrared light to fill the traps, in flight damage annealing and 
designing in lower cross sections. 

The high energy source used in displacement damage experiments is the cyclotron at Crocker 
Nuclear Laboratory, located on the U.C. Davis campus, which can produce 67.5 MeV protons at 
the CCD. Again, a nuclear physics experiment design is used to produce a monoenergetic beam. 
Because of the very high fluences required for these higher energy protons to produce significant 
displacement damage, calibrated Rutherford scattering is used to count protons for fluence control. 
The counting detectors are also used to measure beam energy and energy straggling. The detectors 
are BOO coupled to PMTs. These experiments are conducted to verify Monte Carlo displacement 
damage programs, and extend relationships between displacement damage and performance 
degradation well into the space proton energy spectrum. 



CONCLUSION 

For CCDs it is possible to equate charge loss to displacement damage. This damage can be 
produced with inexpensive sources and extrapolated to the expected radiation environment with 
Monte Carlo programs. The computations are possible because specific ASIC design information 
is available to the experimenter. 

Radioactive alpha sources are used to quantify a relationship between displacement damage and 
signal electron trapping in a specific CCD. A high fluence, low energy, proton source is used to 
relate performance degradation to displacement damage and to verify engineering solutions to CCD 
radiation damage. Higher energy proton sources are used to verify the Monte Carlo computer 
programs used to predict CCD displacement damage in a given radiation environment. 

Standard experimental nuclear physics methods are used to produce, and verify, that a CCD is 
exposed to a monoenergetic proton beam. The use of monoenergetic beams allows displacement 
damage data to be easily compared to Monte Carlo computations. 
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PROTON 
ENERGY 
(keV±FWHM) 

CHARGE 
LOSS (e
±FWHM) 

VACANCIES 
PER PROTON 
in active Si 

Charge Loss Equated to Displacement Damage 

!{A'no ACTiVE THlCKNESS 

257±30 

202±7 

12±2 

12±2 

467±31 

38±2 

0.9+0.3 

3.4+0.3 

FLUENCE = SE6 

ACTIVE TIllCKNESS in lE-4 cm 

S.29±O.33 

13.3±S.0 

3.S+0.7 

1.00 

I.S0 

The CCD is 2E-4 cm of Si<h, over 2E-S cm of poly Si over a varying active Si 
thickness. 

All 257 keV protons are stopped at < lE-4 cm into active Si. 

Table (1) 
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