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Abstract
Estimates of ionizing dose and neutron fluence have been made for

typical SSC detector configurations exposed to radiation from p-p col
lisions. Using a description of "average events" in conjunction with
simulations of secondary processes, it is found that in most cases the
radiation exposure can be parameterized by functions of the form
A (p.L)'" cosha' fJ, where" (::: -In tan 8/2) is the pseudorapidity, the
exponent Q lies between 0.5 and 1.0, and 0,1 = a or a + 2, depending
upon the problem. A calorimeter element 2 m from interaction point
and 6° from the beam line is subjected to an annual dose is 0.1 MGy
at shower maximum. The annual neutron fluence inside a central cav
ity of this radius exceeds 1012 cm-2 • The annual dose from the direct
flux of charged particles scales inversely as the square of the distance
from the beam line and is 0.4 MGy at 1 em. A detector at an 8 TeV
on 8 TeV p-p collider with the same "physics reach" would experience
about 27 times as much radiation.

1. Introduction

High energy and high luminosity combine to create a
radiation environment for experiments the Superconduct
ing Supercollider (SSC) which is orders of magnitude more
severe than at existing accelerators. Radiation problems
must be addressed in any serious detector design. Accord
ingly, an sse Central Design Group Task Force was formed
to make as quantitative an assessment of the radiation level
as is possible in the absence of a specific detector design.
In the following we briefly summarize the approach and
main results given in the Task Force Report[lJ.

In contrast to experience at present colliders, most of the
radiation in an SSC interaction region (IR) comes from
the 20 TeV on 20 TeV p-p collisions. At the design lu
minosity, about 108 collisions per second occur, and we
assume that this luminosity is maintained for 107 s out
of each year. At this luminosity the beam-beam collisions
at each IR contribute (300 hr)-l to the reciprocal of the
current lifetime, so collision products strike the detector
at a rate which is equivalent to the accidental loss of one

* This paper closely follows sse Central Design Group Report SSC
179, submitted for publication in Nucl. Instrum, and Meth. as part
of the Proceedings of the Int. Con! on Advanced Technology and
Particle Physics (Como, Italy, 13-17 June 1988). Corrections, minor
revisions, and updates have been made.
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beam into the apparatus every 6 days. By comparison,
beam-gas collisions and expected particle loss contribute
very little. Accidental processes such as beam loss during
injection are more problematical, but if they are significant
Severe machine damage will also result.

For purposes of this study, a detector has been mod
eled as a calorimeter surrounding an empty volume, with
collisions occurring at the center. The calorimeter is a
spherical shell extending down to some cutoff angle from
the beam line, typically 6°. More distant endcap calorime
ters provide coverage frOIn this angle to a smaller angle.
Since results may be scaled with distance from the inter
action point in a fairly simple way, the exact geometry is
not critical. It is also not difficult to apply the results to
specialized detectors currently being discussed, such as a
forward B spectrometer in an intermediate-luminosity IR.

An incident hadron produces both an ionizing dose and a
neutron fluence in a calorimeter. Backscattered neutrons
enter the central cavity, and there might be substantial
rear leakage from the calorimeter. About a third-of the
particles from the primary collision are 'Il'°'S, so as many
photons as hadrons strike the calorimeter. The resulting
showers produce an ionizing dose which peaks more sharply
and therefore more intensely than does the dose from an
electromagnetic cascade. Backscattered photons re-enter
the cavity.

A very simple approach has been used to describe all
of these processes. In the first place, particle production
is described-not particle production in the rare interac
tions of physics interest, but in the "minimum bias" events
which occur 1015 times each year. Secondly, the interac
tions of single hadrons or photons with the detector are de
scribed and parameterized as a function of incident energy
or momentum. The results are then combined to obtain
the desired dose rate or flux. In a few cases "global" calcu
lations have also been made; these corroborate the general
approach but raise a few caveats. There are uncertainties
in both particle production and in the effects of individual
particles, and some of the assumptions are approximate.
For example, the transverse size of a cascade is assumed
to be small compared with the distances over which the
incident flux changes appreciably, an assumption which is
certainly not valid very close to the beam line. Uncertain
ties from all of these sources are such that the results are
thought to be dependable to within factors of two to four.
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FIG. 2. The variation of the mean value of pJ.. with center of mass
energy for the distribution rPNcharged/dlldp~ for minimum bias
events [5]. rSR (0), SppS (0), and preliminary CDF (0) results are
shown.

FIG.!. dNcharged/dfJl'1=o, based on FNAL fixed target (+ and
x), ISR (0), SppS (0). and CDF (0) data. The preliminary CDF
points[5] have been added to data taken from Fig. 2 in Alner et
a/.r6], and the two fits shown are to the data exclusive of CDF.
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3. Effect of individual particles

Monte Carlo programs were used to simulate the re
sults when a single photon or hadron strikes a calorime
ter. EGS4[7] was used for electromagnetic simulations.
For incident hadrons, the dose and neutron flux inside,
the neutron leakage from the back, and neutron backscat
ter from the front were calculated, although not always
at the same time. Members of the Task Force variously

(2)

(1)

tPNcnarged H f(pJ..)
dfidp1. ;:::: 211" sin2 (}

Equivalently,

The best values for Hand (pJ..) are obtained by extrap
olating experimental results. The central height of the ra
pidity plateau is shown in Fig. 1. With the exception of the
circles indicating preliminary CDF data[S], the data points
and fits are taken from Ref. 6. A reasonable extrapolation
is to H = 7.0 at 40 TeV. Since the central value tends to be
somewhat lower than the average, we have taken H"" 7.5
as the average.

Similarly, (pJ..) is shown in Fig. 2[5]. The extrapolation
to 40 TeV is uncertain, but we have taken (pJ..) = 0.60
GeV [c for our present purposes.

About half as many 71"°'S as charged hadrons are pro
duced in the primary collision, with a distribution given
by Eq, 1 except with a value for H which is half as large.
We therefore assume the same number of (decay) photons
per rapidity interval as charged particles, with a momen
tum distribution which has half the mean value as that for
charged hadrona.

fen) (= J(p/ sin B» = f,(Pl. - (pJ..) . (3)

2. Particle production

Particle production at VS = 40 TeV has been studied
with the aid of ISAJET[2], PYTHIA[3], and DTUJET[4].
In spite of some theoretical problems, a reasonable extrap
olation from lower energies is possible because of the rel
atively slow variation of the data with In s. The increas
ingly important cross section for producing lOW-Pol jets is
included. For example, when ISAJET is used to generate a
sample of "average" events, half MINBIAS and half TWO
JET events are used. In all contexts, it is possible to write
the charged multiplicity per average event as a factored
function of pseudorapidity T) (where T) :::=; -In tan 0/2) and
of the component of momentum perpendicular to the beam
direction:

Here f(pJ..) is a normalized function of PJ.., and H, the
height of the pseudorapidity plateau, is constant to within
10% or better for IT/I < 6, corresponding to angles greater
than 0.30

•

Several forms have been used for the function f(pJ..). A
form proportional to pJ.. exp(~pJ../ B) is usually sufficient,
since the "skirt" appearing in the experimental distribu
tion at high pJ.. has little effect in radiation calculations.
For most applications the distribution given by Eq. 1 is
folded with a single-particle response of the form N p";
where 0.5 < a < 1.0. Integration results are changed by
less than 10% if realistic forms for f(p.1..) are replaced by
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FIG. 3. The number of albedo photons for two different lower
limits on the albedo photon energy vs. incident photon energy.
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Relative flux

U-LiqAr or Si
Pb-LiqAr or Si
U-Scint.
Pb-Scint.

Calorimeter

Relative maximum neutron flux and backscattered neutron flux
for various calorimeter configurations.

used CASIM[8], FLUKA85[9], GHEISHA[lO], HETC[ll],
and MARSlO[12J for hadronic cascade simulations. With
the exception of GHEISHA, these codes do not transport
neutrons with energies below some cutoff, typically chosen
as 50 MeV. For several problems in which these neutrons
were important the codes ANISN[13], MORSE[14], and
COG[15] were used.

In a few cases experimental data were also available. The
associated errors were quite large because of interpretative
problems. For example, neutron flux might be measured
using activation techniques, but usually by means of a re
action whose energy threshold is high compared with the
neutron energies of interest, e.g. those which can produce
dislocation damage in silicon. More and better experimen
tal results are badly needed.

The calorimeters studied varied from uranium with sili
con readout to iron with proportional wire chamber read
out. As might be expected, neutron fluxes were highest
for uranium with nonhydrogenous readout and lowest for
iron with scintillator readout. A very rough comparison of
neutron yield for several common configurations is shown
in Table 1. The results should be used with caution at

this stage, since (a) it was not possible to normalize all
calculations to the same reference structure and (b) the
scatter between different simulations was quite large. A
systematic study of this problem would be quite useful.

The most commonly modeled calorimeter was a "fine
sampling uranium/scintillator calorimeter," with alternat
ing 3 mm uranium plates and 3 mrn scintillator sheets.
This was taken as a reference standard for the study.

A simple example of single-particle simulation results is
shown in Fig. 3, in which the number of backscattered
(albedo) photons above two energy thresholds is shown
as a function of incident photon energy. There was no
particular motivation for a power law fit in this and other
cases, but it provided an adequate description. The yield
cannot increase faster than linearly with E, and because
higher energy showers peak deeper in the calorimeter a less
than linear rise with energy is expected.

FIG. 4. Summary of selected maximum neutron flux data for a
fine-sampling uranium/scintillator calorimeter. The solid curve
represents J'Pda:: 18 (Ek/(1 GeV))O.67, while the dashed curves
are higher and lower by a factor of two. E k may be replaced by
p for practical calculations.

A more complicated case is shown in Fig. 4. The re
sults from four simulations and two experiments (shown
by the ellipses) are indicated by various letters. Hadronic
cascades are more difficult to describe than electromag
netic showers, and the scatter indicates differences between
codes. The solid line is drawn by eye, and the dotted lines
are shifted hy factors of two. It is from these and simi
lar data that we have concluded that our results for the
response to single incident particles are probably valid to
within factors of two.

As a hadronic cascade progresses, charged secondaries

3



for r in em and for the assumed interaction rate of 108 8- 1 .

In a light material dE/dx i':::i 1.8 MeV g-lcm
2,

so 1 Gy
corresponds to 3 X 109 particles/cm2.* The annual dose in
a thin detector r.l from the beam line is then

(6)

Alsmiller 20 GeV,d

Aismiller 1 GeV

Brau 20 GeV~

10- 1 100 10 1

Neutron kinetic energy, MeV
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As discussed in the previous section, the effect (dose,
fluence, number of backscattered particles, etc.) could
usually be parameterized by a power law in the incident
momentum. For example, the radially integrated neutron
fluence for one incident hadron on a uranium/scintillator
calorimeter can be written as

FIG. 5. The spectrum of neutrons backscattercd from a uranium/
scintillator calorimeter. The spectra at 1 GeV and 20 GeV were
calculated by Alsmiller et al. (dashed and solid histograms), and
a 20 GeV spectrum calculated by Bran and Gabriel is shown by
the circles. Normalizations are chosen so that the peaks coincide.
The solid curve is a gaussian in In Ek'

with N = 18 and 0' = 0.67, where p is measured in GeV/c
(p ~ E) over most of the regions of interest). This integral
is equal to the fluence at the same depth if one particle
with momentum P is incident per unit area. The total
response at that point may then be found by multiply
ing by the particle distribution (some variant of Eq. 1 or
2) and integrating over momentum. The integral may be
carried out over all momenta, or over momenta above a
cutoff imposed e.g. by a central solenoid. This has been
done using a variety of forms for f(pol)' As discussed in
Section 2, in the absence Df a momentum cutoff accuracy
well within the uncertainties in single-particle response is
obtained with f(pl.) '= 8(p.l - (Pl.). It follows immedi
ately that the response per rapidity interval per average
p-p collision can be written in the form

(4)
dNcharged

da

4. Results

It follows from Eq. 2 that the flux of charged particles
through a small counter with area da normal to the radius
vector to the interaction point and at a distance rol from
the beam line is given by

tend to "range out," so that below a few tens of MeV the
only hadrons of any significance are neutrons. One may
think of a "gas" of such neutrons, diffusing away from the
shower core, out of the front face of the calorimeter, and
out the back. A sampling of calculated spectra for neutrons
from the front face is shown in Fig. 5. According to this
"leaking gas" model, it is also representative of the neu
tron spectrum inside the calorimeter, although one might
expect a harder spectrum near the shower core. The dis
tribution in the logarithm of the kinetic energy is roughly
gaussian, with a maximum at 1.3 MeV and a standard de
viation corresponding to a factor of 3.7 from the mean, as
shown by the smooth curve in Fig. 5. This "1 MeV" spec
trum is characteristic of all processes we have examined.
In some situations it is found to be slightly softer (e.g. the
neutrons escaping from the Tevatron or sse dipoles as a
result of beam-gas losses[16]) and in some slightly harder,
but in general most of the neutrons under the peak are
above the effective threshold for damaging silicon devices
(about 0.15 MeV) and have a silicon damage coefficient
close to that for 1 MeV neutrons.

In a few cases neutron transport was extended to thermal
energies. The thermal flux is very close to the "1 MeV"
flux, and we believe it has little importance in the present
context.

A final consideration concerns the enhancement of the
neutron flux in the central cavity due to further backseat
tering of neutrons from the calorimeter. The calculations
indicate that the flux in the cavity should be multiplied
by about two to include this effect. The effect of holes in
the detector near the beam line can be taken into account
by multiplying the reflection probability by the fraction of
the total solid angle subtended by the central calorimeter.
In most practical cases this does not substantially change
the answer.

where the single-particle response is N pO" and where we

D = O.4MGy
2

rol
(5)

H N {Pol}"" cosh" 'l/ , (7)

for rol in em and for assumed operation at design luminos
ity for 107 s per year. * One gray (1 Gy) is defined as 1 J /kg. It is equal to 100 rads.

4



Dose or fluence = A (Pl.)'" cosh" TJ (8)

(9)<P = 1.2 X 1012(1 + reflection) cm -2 ,

Dose or fiuence ex: (/ c dt) CTinelaJJtic H(p.1.) a (10)

T

FIG. 7. The maximum hadronic dose as a. function of pseudora.
pidity for a lead sphere, assuming that the maximum dose occurs
at the indicated radius. The maximum electromagnetic dose in
uranium/scintillator is shown by the dashed line. Since the ra
diation length, nuclear interaction length, and density-are nearly
identical for the two materials, dose (but not neutron flux) results
may be compared directly.
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5. Application to other hadron colliders

In the context ofthe approximations summarized in Eqs,
7 and 8, the dose or fluence at any point in a detector at
11 hadron collider scales as

where "reflection" is mean number of subsequent reflec
tions the neutron experiences before it loses substantial
energy or is absorbed. Simulations of this problem indi
cate (1 + reflection) -;::,: 2 for most calorimeters.

A similar distribution for the number of backscattered
neutrons per pseudorapidity interval may be integrated
to find the neutron flux inside the cavity. For a ura
nium/scintillator calorimeter with a 2 m inner radius ex
tending to within \1]\ = 3 (or 6°) of the beam line, the
annual neutron fluence is given by

Uranium -scintillator
10 17

where a' = a: or a: + 2, depending upon the problem.
With few exceptions, a11 radiation fields in detectors may
be written in this form.

The flux of particles incident on a detector at a given
point scales inversely as the distance from the interaction
point. Less obviously, the flux of backscattered neutrons
and photons in the cavity defined by the calorimeter also
scales inversely as the square of the linear dimensions. As
a matter of convenience we have standardized either to
an inside radius of 2 m or to a distance of 2 m to the
interaction point, but the scaling of all radiation effects
with the inverse square of typical detector dimensions must
be kept in mind. The penalties for a compact detector
design are obvious.

We illustrate the approach with two examples. Fig. 6
shows the maximum annual neutron fluence in a uranium/
scintillator calorimeter under standard operating condi
tions. Fig. 7 shows the annual ionizing dose produced by
hadrons (solid curve) and photons (dashed curve) under
the same conditions. Although photons carry only about
half the energy as do the charged particles, the showers
peak more sharply and thus have higher maxima. As might
be expected, the dose ratio is about the ratio of a nuclear
interaction length to a radiation length. A calorimeter is
exposed to the highest radiation levels near the electro
magnetic shower maximum.

have made use of the identity sin ecosh t1 = 1. Since
dTJ!dD = 1!27rsin20, the effect per unit solid angle, per
unit area, or per unit mass is of the form HN (Pl.)'" cosh",+2 fl.
In general,

FIG. 6. The maximum neutron flux for a uranium/scintillator
calorimeter. The solid curve shows the result assuming the max
imum occurs at a radius of 200 em. Also shown is the result for
a radius of 20 m, typical of forward detectors, for rapidity> 3.

o 1 2 :3 4
Pseudorapidity 1]

5 6
For comparison purposes we assume the same duty cycle
for all colliders and replace the luminosity integral by its
nominal value. The factors appearing in Eq. 10 are evalu
ated in Table 2 for the Tevatron, the high-luminosity ver
sion of the proposed large hadron collider (LHC), and the
sse. The exponent Q varies from 0.5 for neutron backseat
tering to 0.9 for the maximum electromagnetic and

5



hadronic dose; for scaling purposes we take 0.7 as typi
cal. An inelastic cross section of 100 mb has been adopted
for 40 TeV[17]. This value has been crudely scaled with the
aid of a fit to existing data to obtain the values given in the
Table.* The values of Hand (p.d are obtained from Figs.
1 and 2. The final row gives radiation scale factors, nor
malized to 1.0 for the sse. The nominal luminosity given
for the Tevatron is fairly arbitrary, but in any case most
of the radiation experienced by detectors at the Tevatron
collider comes from other sources, such as the main ring.

Table 2

A rough comparison of beam-collision induced radiation levels at
the Tevatron, SSC, and high-luminosity LHC.

Tevatron LHC SSC

VS (TeV) 1.8 16 40
.cnom (cm -2s-1) 2 X 1030 4 X 1034 1 X 1033

O'inelastic 59mb 86 mb 100 mb
H 4.1 6.3 7.5
(P.L) (GeVIc) 0.46 0.55 0.60
Scale factor 5 x 10-4 27 1

6. Conclusions

A combination of uncertainties about the inelastic cross
section, multiplicity, and mean transverse momentum lead
to uncertainties of perhaps two in our description of par
ticle production at the SSC. Similar uncertainties exist in
parameterizing single-particle response. In most cases, es
timates of radiation levels in sse detectors are therefore
thought to be valid to within factors ranging from two to
four. In certain regions (e.g. very near the beam line) our
approximations compromise the accuracy of the results.

Conclusions concerning the effect of this radiation on
materials used in detectors are outside the scope of this
study. However, it appears likely that with sufficient care
in the choice of materials radiation damage will not be
the limiting factor in the lifetime of most parts of a large
general-purpose detector at the SSC[21, 22J. This qualified
statement could not be made ifthe design luminosity were
an order of magnitude higher.

* There is recent evidence from cosmic ray measurements at high
energies[18] and coulomb-nuclear interference measurements at the
SppS[l9] that the inelastic cross section at 40 TeV may be substan
tially larger than 100 rnb, perhaps by as much as 50%[20]. We will
await Tevatron results before revising any conclusions.
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