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ABSTRACT

Measurements of the neutron fluence and energy spectrum were made in the
Fermilab tunnel during Tevatron operation, using Bonner spheres and other
instruments operated under various gated conditions. With a coasting beam of
1011 protons at 800 GeV, the average fluence rate at 2 m from the beam line was
3.6 cm-2 sec-i. Comparison was made between spectra from the unfolding codes
BUNKI, LOUHI and SWIFT, and reasonable agreement was found. There were
no significant qualitative differences between spectra determined for Tevatron
coasting beam conditions at 800 or 150 GeV or for Main Ring acceleration to
120-150 GeV at our location. When the unfolded spectra are plotted in lethargy
units, in addition to the usual slowing-down component and thermal peak, a
prominent peak is evident at about 0.23 MeV. About 30% of the fluence is con
tained between 100 keV and 1 MeV, and there is a surprising paucity of high
energy neutrons (~ 4% above 10 MeV). The median energy for the unfolded
spectra is about 0.06 MeV and the average quality factor is close to 7.0. Values
for the average neutron kerma factor in tissue and silicon are determined and
upper limits are given for absorbed doses due to photons and minimum-ionizing
particles.
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I. INTRODUCTION

An important consideration in the early design stages of conventional facilities for particle
accelerators is the protection of accelerator components, control circuitry and detectors within the
accelerator enclosure from radiation damage. In particular, neutron induced defects (displace
ments, transmutations, etc.) are important mechanisms for semiconductor degradation and even
tual failure. The designer needs detailed knowledge of the components of the radiation field, their
energy distributions and intensities. The primary object of this study is to determine the neutron
fluence and spectrum within the Tevatron tunnel, and, insofar as possible, relate these to beam
loss.

Existing literature provides little guidance regarding radiation within a high-energy accelera
tor enclosure. The massive CERN-LRL-RHEL shielding experiment of the mid-1960's, for exam
ple, used 26 GeV protons on a fixed target at the CERN PS (Gil68). However, extrapolation to
SSC energies is difficult from what is now considered a 'low energy' experiment and is likely to
lead to overly pessimistic estimates of both radiation intensity and spectral hardness because of
the greater importance of the forward peaking of radiation at ssa energies. Apart from the
CERN shielding experiment, no detailed measurement of radiation fields within the enclosure of a
high-energy accelerator has been undertaken until now. Related useful studies have recently been
performed in a labyrinth connecting onto a 400 GeV extracted beam line at the Tevatron (00585).

The results of this measurement program have additional application in the following areas:

• shielding design, especially for thin shields, as well as alcoves, labyrinths and other penetra
tions;

• understanding and reducing backgrounds in experimenters' detectors;

• understanding of the hadronicJelectromagnetic cascades which generate the observed radiation
fields.



ll. EXPERDMENTALSETUP

It was proposed that the measurements be made in a section of the tunnel that contained no
devices that could contribute to high losses (e.g., septa, scrapers etc.]. The A-4 Sector was
selected as representative of a 'typical' section of tunnel for our measurement program during
periods of Tevatron 800 GeV coasting beam operation. Measurements were also taken during
periods of Main Ring (MR.) operation. More information on the design and operation of the entire
Tevatron system can be found in the review article by Edwards (Edw85).

Figure 1 shows a plan view of the counter array which spanned a length of 4.9 m. The
upstream end (for proton operation) was 14 m from the downstream end of a warm 4-m accelera
tor straight section (A-48) near B-O. For low-beta coasting beam conditions, the working
hypothesis was that this 4-m warm section constituted the local source of primary interactions for
detected events. Figure 2, a cross sectional view of the tunnel, shows that the detectors were at
the same elevation as the Tevatron ring at the opposite side of the enclosure and therefore to the
interior of the ring. The distance from the beam line to the center of each detector was 2.0 m.

For the neutron energy spectral studies, a Bonner sphere spectrometer (Bra60, Aws85) was
used as the primary measurement system. This inherently low-resolution system consisted of
eight cylindrical LiI(Eu) scintillation crystals (12.7 mm diam X 12.7 mm high), enriched to 99%
8Li, surrounded by spherical polyethylene neutron moderators ranging in diameter from 0 to 45.72
cm (0, 2, 3, 5, 8, 10, 12 and 18 in.]. These detectors are coupled through photomultiplier tubes
and an 8-input mixer-router to a 4096-channel multi-channel analyzer (MCA) (Fig. 3).

Thermal neutrons were detected through the 6Li(n, alH (Q=4.782 MeV) reaction,which
produces a well-defined peak in the pulse height distribution from each crystal. Simultaneously,
an additional 6LiI(Eu) detector surrounded by a 12.7Acm (5-inch) diameter moderator sphere was
used as a beam loss monitor by multi-channel scaling the counts in the neutron capture peak on a
second 4096-channel MCA. This provided a check on the relative neutron fluence rate as a func
tion of time during a data acquisition period to ensure that there were no periods of large, isolated
beam losses. In addition, two moderated BF3 gas proportional counters, a parallel plate thorium
fission counter and a similar bismuth fision counter were used to obtain additional fluence and
spectral information.

The Tevatron and Main Ring (MR) share a common tunnel. Because of certain high-loss
activities associated with the operation of the MR (8-GeV injection, passage through MR transi
tion), it was necessary to gate the detectors off during selected periods of operation. The gate-on
condition was selected through FNAL-designed circuitry" that derived its signals from specified
Tevatron clock events (Bee85). Four basic gating modes were available, along with their logical
complements. They are shown in Table 1, in which 'TFT' signifies 'Tevatron flat-top', or the con
dition of circulating beam at constant energy, and MR (read: 'Not Main Ring') means that the
Main Ring was not operating. For some data-taking runs the gating mode (or its complement) was
logically combined with the signal from an additional manually set gate and delay generator. This
allowed complete flexibility in the start of a counting interval and its duration, subject to the con
straint of the selected gating mode. As an example, the electronics could be gated off (MR ) dur
ing the extremely high loss time of 8 GeV Main-Ring injection, while allowing measurements dur
ing the remainder of a main cycle.

* We are grateful to V. Dixon Bogert and David G. Beechy of Fermilab for design and fabricati()D of the special
gating logic.

..
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Table 1. Gating conditions used.

Mode 1

Mode 2

Mode 3

Mode 4

IF (MR and TFT)

IF (MR)

IF (TFT)

IF (anything)

Q = TRUE

Q = TRUE

Q = TRUE

Q = TRUE

-
-

-

-

-

....

The data were gathered in a parasitic mode as background to machine development work -
during periods of tuneup and studies related to colliding beam operation (the first Tevatron p-p
collisions were achieved during the final week of the run). Data obtained under the Mode 1 gating
condition (MR and TFT) were of primary interest. However data related to Main-Ring operations
under various conditions were also obtained. Intensities in the Tevatron were typically 1011 pro
tons circulating the ring at 47.75 kHz at flat-top energies of 150 and 800 GeV. Although the low
beam currents used for accelerator studies enabled us to accumulate data at a convenient rate,
without counting-loss or pileup problems, accurate determination of beam intensity was difficult.
A number of possible beam monitors were considered and finally the DC toroid current monitor
T;IDEMI was chosen for normalization when available. While T:ffiEMI typically indicated 1011
protons stored, T:SMBEAM, another current toroid which was continually available but was only
sensitive to the number of protons in the central and satellite buckets, gave readings of only
about 40% of the T:IDEMI readings. We believe that the T:IDEMI readings are the more
relevant to our measurements because they reflect the entire circulating current. Absolute beam
intensities are probably known only to within a factor of two.

Pressure in the warm A-48 straight section was estimated as about 2 X 10-8 torr and the
pressure in the cryogenic dipole string, said to be about 1 X 10-13 torr or less, was negligible by
comparison (Jos86). The A-48 section was therefore the presumed source of beam interactions
which initiated the neutron-producing cascades in our vicinity. Under the best stored-beam con
ditions achieved during our running time, the Tevatron beam life time (1/e) reached about 2.5-6h
and 70-100h for 150 and SOO GeV operation, respectively (Edw86).

Data-taking run durations ranged from tens of minutes to more than an 8-hour shift, with 1
hr being typical. Since we had no control over accelerator conditions, our mode of operation was
to begin a run when conditions seemed suitable and later determine actual beam intensities and
lifetimes. Following each run, the pulse height distributions and background-subtracted peak
integrals for the LiI counters were recorded, as well as counts in the BFs, Th-fission and Bi-fission
counters and the accumulated gate 'on' time.

The two identical BFs counters placed just upstream and downstream of the detector array
(Fig. 2) give an indication of the direction to the neutron source 'centroid'. The ratio of counter
rates, [BF:rUjBF3-D] = [Upstream j Downstream], varied from 0.68 to 1.56 for Tevatron runs at
800 GeV. Ratios greater than unity suggest a predominently upstream source. i.e., the 20-m
dipole chain, whereas less than unity suggests a source in the downstream direction, towards the
quadrupole chain leading to BO. A summary of these ratios is shown in Table 2, grouped by type
of gating mode. The average is close to unity for all types of Tevatron runs but the standard
deviations indicated for each gating mode indicate significant spread within each group. As the
statistical uncertainty is insignificant, this means that the source 'centroid' does vary in our
region, both upstream and downstream but the average location is not far from our counter array .
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The analogous ratio for Main Ring runs suggests a neutron source 'centroid' more downstream of
our counters but the information is not conclusive,

Table 2, Ratio of BFg-detector counts by type of gating,

Type of Run Energy No. of Runs Ratio
Averaged BF3-U!BFg-D

MR' TFT CB(a) 800 GeV 4 1.24 ± 0,21

MR' TFT ALL 800 GeV 13 0.99 ± 0.23

MR 800 GeV 2 0.88 ±-

MR· TFT 150 GeV 1 0.91 ±-

Average of 20 runs 1.01 ± 0.22

MR 8 - 150 GeV 5 0.73 ± 0.26

(a) CB: Coasting beam runs selected for small beam loss (runs listed in Table 3).

HI. ANALYSIS OF NEUTRON SPECTRA

A. The General Problem

A typical pulse height distribution in 6LiI(Eu) is shown in Fig. 4 for the 7,62 em (3-in) diam
eter sphere, The peak near Channel 57 corresponds to events associated with the capture of ther
mal neutrons via the 6Li(n, a)3H reaction in the scintillator (Q=4,782 MeV). For all detectors
except the 30.48 em and 45,72 em diameter spheres the background-to-total count under the peak
was generally less than 15%; it was ~ 30% for the largest sphere, Even so, neutron counting
rates were easily obtained by subtraction of the background rates. For most cases of interest, the
counting rates were small enough that counting-loss corrections (at most a few per cent) were not
necessary. The relative counting rates in each detector were normalized to the same incident neu
tron fluence by linearly interpolating between observed background-corrected counting rates in
the two identical BF3 counters which were placed a known distance apart (4,9 m), on either end
of the line of Bonner spheres. The ratio of the counting rates in the two BFa counters varied from
(BFa-U ! BF3-D) = [Upstream / Downstream] = 1.12 to 1.55 for the 800 GeV coasting beam
runs. The average was 1.24. It is assumed that although the neutron fluence may have varied
with distance along the line of Bonner spheres, the neutron spectrum did not change.

Measured neutron counting rates in the Bonner spheres are related to the neutron spectrum
through the Fredholm equation

00

-

..

•

..

..

...

...

Or = JN(E)Rr (E )dE,
o

(1)

where C; is the counting rate in a detector surrounded by a spherical moderator of radius r, N(E)
is the neutron spectrum and R; (E) is the energy-dependent response function for a sphere of
radius r. Given Cr and Rr, N(E) can be obtained by standard unfolding techniques.

•
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In practice, Equation (1) is converted to a discrete form:

"o, = :EN (Ei )Ry is, )aEi ,

i =.~

(2)

-

-

-

-

...

...

where N (Ei ) is the differential neutron fluence for the i th energy bin aEj, and the response
functions are obtained from a separate calculation. In the present work the functions of Sanna
appropriate to 12.7 mm X 12.7 mm LiI(Eu) crystals and the specific polyethylene sphere density
are used (San73). These functions are defined for either 31 or 40 discrete energy groups, depend
ing on the unfolding program that is used. The unfolding problem is thus reduced to solving 8
equations [i.e., data. from the 8 spheres) for either 31 or 40 unknowns. Equation (2) does not have
a unique solution, and as is well known, there are inherent difficulties due to the underdetermined
and sometimes ill-conditioned nature of such a problem.

B. Comparison of Unfolding Teehniquea

Because of the inherent problems in unfolding we have chosen to use three different com
puter programs to derive the neutron spectrum from the measured counting rates: BUNKI uses
the SPUNIT iterative recursion procedure along with an algorithm that allows a choice of
different starting solutions (Lo84, Br84)j LOUHI is a constrained least-squares method that allows
user-controlled constraint conditions (Rou80); and SWIFT is based on a Monte-Carlo method that
allows a. broad sampling of possible neutron spectra with no a p,io,i assumptions about their
character, apart from non-negativity (OBr8I, Cha83, OBr83).

From the derived neutron spectrum that acceptably reproduces the measured counting rates
for a given data set one can determine the neutron fluence, absorbed dose (kerma)* and dose
equivalent, and thus the quality factor*'" associated with the neutron field. These quantities and
other characteristics of the spectra unfolded using the three programs are discussed below for
representative data sets.

In general, the fit to measured neutron counting rates is of comparable quality for the three
unfolding codes. Figure 5 compares the fit from the LOOOI program, for example, with the meas
ured sphere responses for the case of a Mode 1 (see Section II) 800 GeV low-beta coasting beam
run. The other smooth curves on this figure represent calculated sphere responses if 100% of the
neutron fluence is assumed to be in the energy bins indicated.

The neutron spectra derived from the three unfolding codes for this case are compared in
Fig. 6. The results are quite similiar, except that SWIFT tends to predict higher, narrower peaks
at the same location, than do the other programs. Although the shapes may vary, the areas under
the respective curves do not differ significantly. Note that the energy scale is logarithmic and the
ordinate is t::u/J(E)/A(logE ). In these units the area under the curve for each energy bin as it

• Kuma is defined as the 'quotient of dEty by dm where dEty is the sum of the initial kinetic energies of all
the charged ionizing particles Iibera.ted by uncharged ionizing particles in a ma.terial of ma.se dm I (ICRUSO).
The unit for kerma is the Gray [lOy = 1 J kg-1j or the rsd 11 Gy = 100 rsd] .

.. The quality fatt.or, Q, ia a factor by which the absorbed dose is multiplied to better approximate the effect of
radiation on humans. In the absence of other modifying factors, the product of Q and the absorbed dose, D (in
rad or Grays), is equal to the dose-equivalent, H (rem or Sieverts). The latter quantity is used to quantify the
radiological exposure to persons. Values of Q for neutrons range between 2 and 11 with Q = 10 being con
sidered a nominal 'conservative' value. Values of Q are based on recommendations of the International Com
mission on Radiological Protection (ICRP73).
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appears on the graph is proportional to the neutron fluence within that bin.

c. Tevatron Spectra for 800 and 150 GeV

The dominant feature of spectra determined for 800 GeV operation (Fig. 7) is the prominent
peak centered at an average of 0.23 MeV (with average energy values at half-height of 0.05 and
1.3 MeV). This peak is superimposed on a spectrum that is quite "soft"; only about 4% of the
total fluence is from neutrons with energies greater than 10 MeV, about 30% of the fluence is
between 100 keV and 1 MeV, and about 21% is below 1 eV (averages from several runs). These
features can be seen in Fig. 8 in which the spectrum of Fig. 7 is expressed as cumulative percen
tages of fluence and absorbed dose (tissue) plotted as a function of neutron energy. The apparent
paucity of very high energy neutrons is confirmed by the negligibly small counting rates from the
thorium and bismuth fission counters (with neutron detection thresholds at ::::::2 and ::::::50 MeV,
respectively; see below).

The spectral features discussed above are typical for data obtained under similiar gating
constraints (Modes 1 and 2 in Section II, for example). This was true even under running condi
tions where large fluctuations in beam intensity and large beam losses were observed. Further
more, the spectral features remained unchanged when the Tevatron was run at low-beta coasting
beam at 150 rather than 800 GeV. This can be seen in Figs. 9 and 10 where again about 35% of
the total fluence is from neutrons with energies between 100 keV and 1 MeV and only about 2%
arises from energies greater than about 10 MeV (averages from several runs).

Neutron fluence, absorbed dose, and quality factors obtained from the spectrum unfolding
calculations are shown in Table 3 along with other characteristics of the various data sets. These
runs represent Tevatron 800 GeV low-beta coasting beam operation during which the beam inten
sity fluctuated very little and beam losses appeared small and relatively constant. Other data for
Tevatron test runs when beam intensities and losses varied widely are not listed here because of
large uncertainties in beam conditions. The single 150-GeV run, shown in Table 3 and in Figs. 9
and 10, unfortunately falls in the category of uncertain conditions. For the runs shown in Table 3
for 800 GeV, it is reasonable to assign uncertainties of at least 50% to the beam intensities listed
in Column 4. Averaging the four runs we find a neutron fluence rate of 3.6 neutrons cm-2 sec"!
and an absorbed dose rate (in tissue) of 0.026 mrad/hr for a coasting beam of 1011 protons at 800
GeV. It should be emphasized that these numbers are for Tevatron operation only; as mentioned,
data taking was normally gated off during injection into and ramping of the Main Ring.

The neutron fluence was also determined from measured BFa counting rates. By use of a
previously determined calibration factor* of 0.66 neutrons cm-2 countJ, fluence rates of 2.2 X
10-11 cm-2 Bec·l pror" and 2.6 X 10-11 cm-2 sec! pror" were found for the downstream and
upstream BFa detectors, respectively, for the 800-GeV runs shown in Table 3. Since the
moderated BFa counting has an approximate 0.02 MeV threshold for neutron detection, the aver
age fluence rate in Table 3 has to be multiplied by the fraction of total fiuence associated with
neutrons of energy greater than this threshold to compare with the BFa values. For the 800 GeV
runs in Table 3 this fraction averages 55%, so that the unfolded value of fluence rate for neutrons
greater than 0.02 MeV is 0.55 X 3.6 X 10-11 neutron cm-2 sec- l = 2.0 X 10-11 neutron cm-2 sec"!
proton.", in good agreement with the BFa values above. Thus the fluence obtained with the BFa
counts is consistent with that of the Bonner-sphere spectrometry.

• Moderated BFa counter calibration is based on an NBS 238P uBe neutron source whose emissivity is known to
±2%.

..

..

•

•

..

..

•

•

..

..



) ~ ) ) ) ) ) ) ) )

Table 3. Cbaracteristics of neutron 'PCC\ltl in low-bela TevatronCONIi",beam rvns.

T_ Avenp AvalIIC
blii> Abaorbed A..... FI_ Tiaalar

ae.m BF·3
(~~IS~~)

AvenF Doae Tiaalar QuIliI)' Rallepcr DoaeRaIle
Galleon Intensity CtHmls Fhleoce (,ogd) Dnae FIClOr ProulD

~frr;;Lot Time (T:IBEMI) ~ (cm~-I)
RaIle Ave. (IO- IJ 'ClIl - 2

J'qe Date(Timel (sec) (protolll) DowuaIream BUNK.! LOUH) SWIFT BUNKI LOUHI SWIFT (,ogd.b-I) BUN.K.I LOUHI SWIFT QF .-I.protOn-I) 1l'~)

For mGev:
48 9/23 (012s.al25) 1160 8XlOIO 1.55 2.98 2.97 2.81 2.53 6.2 11-1 6.0 25 6.41 6.16 U5 6.71 3.16 3.13

60 9/24 (0635-0730) 1055 2X10" 1.11 6.84 6.80 6.85 6.41 10.7 9.9 13.7 39 7.08 7.45 U8 7.37 3.24 1.95

62 9/25 (101~1120) 1218 1.4XIOll 1.13 US S.JS 5.28 4.37 10.0 12.5 11.0 JJ 6.34 6.26 7.01 6.54 J.12 2.36

90 9/30(0921·1000) 1027 2.SXlOll 1.12 12.3 12.2 12.1 11.9 18.0 17.0 UO 10 6.64 7.00 7.04 6.89 4.76 2.80

AvenFvaI_ 1.24 6.88 J.57 2.56

For ISO GcV:·
64 9/26 (052s.D538) 265 J.OXIOII 0.91 1.27 1.25 1.27 4.77 2.4 1.5 2.5 29 6.94 7.83 7.94 7.57 4.77 2.90

"
·Noticea1lIe beam lou foI'mis run. •....

Table 4. Cbaracteriaia ofapcetn. eluri", MainRilll KCdemion.

AvalIIC AvalIIC
In~1ed. boo TiIIuc FI_ Tbaue

Delay Main Ring SF·J
(~::.~

Abaodled Doae AYe. QuIliI)' per Doaeper
of Gate on Beam CounlS Ave. (mrad) Tislue F_

(IO~~2 (10~T.'Loa Start Time (~X.l Upaltel.m FI_ Doae Ave.
Pale Date (Timel lsec) (sec) (10 protOnI)~ BUNK.! LOURl SWIFT (loS aeutI'QIl-2) BUNKl LOUHl SWlFT lmrad) BUNK.! LOUHI SWIFT QF .~ ) .protoa )

50 9/23 (1557.16151 1.5 408 4.J2 0.91 0.76 0.76 0.12 0.75 0.091 0.019 0.125 0.104 7.40 7.86 8.20 7.82 1.74 HI

52 9/23 (I~20491 1.5 5511 62.1 0.83 6.63 6.59 6.35 6.12 0.87 o.aJ 1.04 0.913 6.45 6." 7.38 6.80 1.04 1.45

S4 9/2l (2153-2220) 1.0 794 1.71 0.99 1.60 LSI 1.55 LSI 0.23 0.20 0.29 0.24 7.10 1.56 7.78 7.48 1.80 2.73

10/4(1003-1025) 0-15 442 6.05 0.58 0.281 - 0.265 0.273 0.038 - 0.041 0.040 6.76 - 7.69 7.23 0.45 0.66

10/4(1144-1155) 0.85 101 0.21 0.35 0.050 - Q.048 0.049 0.0061 - Q.OO71 0.0066 6.28 - 6.96 6.62 2.33 3.14

AverllF V" _ - - - 0.73 - - - - - - - - - - - 7.19 1.47 2.08



D. Main Ring Spectra

Data were also obtained during periods of Main-Ring acceleration by gating on the electron
ics with the logical complement Q of Mode 1 and 2 signals. For these runs the actual start of the
counting interval was delayed by 0.85 to 1.5 seconds from the initial Q signal to avoid the
extremely high beam losses (and possible large detector dead times) associated with 8 GeV injec
tion into the Main Ring. Again, of the three unfolding codes used, SWIFT predicts a larger ther
mal component than the other unfolding codes, but otherwise the three spectra have similiar pro
perties. Figures 11 and 12 show an example of a typical spectrum unfolded with LOUHI. The
similarity to the Tevatron 800 and 150 GeV runs is striking. The prominant peak (between 0.03
and 2.1 MeV, average energy at half-height) is centered at about 0.26 MeV. As with the Teva
tron spectra discussed above, a characteristic is the 'softness' of the spectrum; less than about 2%
of the fluence is from neutrons with energy greater than 10 MeV, about 28% from 0.1-1.0 MeV
and about 22% from those less than 1 eV (averages for runs of Table 4). To within the internal
(run-to-run) variations seen in the unfolded results, the Main Ring and Tevatron spectra can be
considered to be the same.

Characteristics of Main-Ring runs are shown in Table 4. These runs represent many different
machine operating conditions. Not only is Main Ring ramping associated with acceleration up to
150 GeV for Tevatron injection and 120 GeV for p production, both within a given accelerator
super-cycle, but a large number of tests and procedures (cogging, coalescing, low-beta focussing,
etc.) were performed during the period of these studies. Consequently, records of the actual inten
sity of the beam in the Main Ring were not always complete or even available. The runs shown in
the table represent those in which an estimate of the total number of protons could be obtained
for the periods during which the electronics was gated 'on'. The integrated intensity, based on an
assumed 4-second cycle (0.25 Hz), is shown in Column 5; the precision is not better than a factor
of two. It should be noted that the duration of the runs listed in Column 4 are the times during
which the electronics was gated 'on'; it does not necessarily represent the time during which beam
was actually accelerated in the Main Ring since some accelerator cycles have no beam associated
with them.

Column 3 of Table 4 gives the time delay between the initial Q signal and the actual start
of the counting interval. The value of 0.85 seconds is actually about 0.2 seconds longer than is
necessary to completely eliminate the detection of neutrons from beam losses associated with
injection from the Booster into the Main Ring. Neither the neutron fluence nor the absorbed dose
seem to depend on this value; the last two columns show that, except in one case, both the
fluence and the absorbed dose are constant to about a factor of two from run to run, when nor
malized to the estimated beam intensity. The average values are 1.47 X 102 neutrons cm-2 and
2.1 X 10-4 mrad (tissue) for a total beam of 1011 protons.

E. Median and Effective Neutron Energy

The median energy of the fluence distribution and of the absorbed dose (tissue) distribution
are both given in Table 5. These energies correspond to the average of 50% values of distribu
tions like those shown in Figs. 8, 10 and 12. Values of the fluence-rnedian vary between 0.059 and
0.11 MeV for four types of gating. Values for the absorbed-dose median are higher and also have
a smaller spread: 0.49 - 0.69 MeV. Errors are estimated from the internal consistency of the data
and are about ± 35% for each value listed. Therefore differences may not be significant.

In addition, the average kerma factor (absorbed dose to tissue divided by ftuence) can be
used to determine an effective neutron energy. Values so derived using tabulations of Caswell et
al. (Cas80) are also shown in Table 5 for the set of runs listed in Tables 3 and 4. The remarkable
thing about the energies shown in Table 5 is their small values. Plausible reasons for this are
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Table 5. Median and effective neutron energy.

Number Median Energy (MeV) Eff.Energy
Type of Run Energy of Runs (tissue)

Averaged Fluence Abs.dose (MeV)

MR . TFT CB(m) 800 GeV 4 0.059 0.61 0.82

MR· TFTALL 800 GeV 12 0.057 0.69 0.38

MR· TFT 150 GeV 1 0.110 0.49 0.58

Average of above 0.061 0.66 0.59

MR 8-150 GeV 5 0.051 0.62 0.38- (a) CB: Coasting beam runs selected for small beam loss (runs listed in Table 3).

-

-

.....

given in Section VI.

F. Pauelty of High Energy Neutron.

The spectral unfolding described above indicates that relatively few neutrons are present
above a few MeV. This result is directly confirmed by data from the BF3, thorium-fission and
bismuth-fission counters. In the analysis of Table 6, sensitivity of the counters was assumed con
stant with neutron energy above the thresholds indicated. Twenty separate runs using either gat
ing Mode 1 or 2 were combined, giving a total clock time of 3696 min. The total gate-on time
was 1088 min (65278 sec).

Table 6. Combined Tevatron runs with Mode lor 2 gating (20 runs; 65278 sec).

The two BF3 counters, spaced 4.9 m apart, gave a ratio of [Upstream/Downstream] = 1.10 for
this set of runs. In the right hand column, the two fission-counter fluences are divided by the
average for the two BF3 counters. These relative figures indicate that the fluence of neutrons
with E > 2 MeV and E > 50 MeV from Tevatron operation average about (9.5 ± 1.4)% and
(0.97 ± 0.4)%, respectively, of the total fluence as measured by BF3 counters.
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IV. DOSES TO LITHIUM IODIDE

A. Sources of Dose

The individual Lil crystals are cylinders of diameter and height 12.7 mm (1/2 in), density
4.06 g cm~, and mass 6.53 g. If the energy calibration of the detector-MeA system is known, the
total dose to each crystal can be obtained by the straight-forward summation of the energy
weighted channels of the pulse height distributions and division by the mass, once assumptions
have been made about the counts in channels between zero and the electronic threshold for each
distribution. The total dose in each crystal is made up of the following contributions:.

(1) Thermal neutron reactions (n, a), i.e., the thermal peak;

(2) Fast-neutron reactions with 6Li, such as (n, a), (n,n'd);

(3) incident charged particles from the hadronic cascade;

(4) incident photons from the electromagnetic cascade fed by the hadronic cascade;

(5) photons from neutron capture in the detector or moderator (CH2 or LiI); and

(6) incident photons from neutron capture elsewhere; e.g., iron or concrete in the tunnel
environment.

Of these the thermal neutron peak is easily separable and forms the basis for the analysis and dis
cussion of Section III. Fast neutrons with energies between 0.1 and 1.0 MeV (30 - 35% of the total
neutron fluence for Tevatron spectra) also fall within the pulse-height range encompassed by the
thermal peak. Neutrons with energies greater than a few MeV could interact in the detector
through both the 6Li(n, a) and 6Li(n, n'd) reactions. However, according to the analysis of Section
III, relatively few neutrons fall into this range (2 - 4% above 10 MeV for Tevatron spectra); we
neglect their contribution to the LiI dose.

B. Minimwn Ionizing Particles

Oharged particles from the high energy hadronic cascade (pions, muons) are expected to be
largely minimum ionizing and their energy loss rate is about 1.2 MeV s' cm2 (for relativistic
pions and muons) (PDG84). The maximal expected energy loss, for a minimum ionizing particle
traversing a diameter of a Lil crystal, is then 6.2 MeV. As the detectors were centered in the
plane of the Tevatron ring, high-energy charged particles should be incident in approximately the
same plane. For a broad monoenergetic beam perpendicular to the crystal axis, the expected
energy loss distribution rises from zero probability for zero energy loss (tangential incidence) to a
sharp peak at maximum energy loss for a diametral path (Fig. 13; also see Appendix G). An
analysis of the distribution of energy losses by a broad field of minimum ionizing particles perpen
dicular to the crystal axis gives a mean and standard deviation of (4.87 ± 1.36) MeV. Thus any
important component of such particles should manifest itself as an enhancement Ohannels 71 
127.* As no such enhancement is seen in the pulse height distributions, and because photon and
neutron contributions to the pulse height spectra are expected to be important in this same region
the dose due to minimum ionizing particles cannot be determined except as an upper limit.

The 45.7-cm (18-inch) sphere contains the smallest number of counts in the minimum ioniz
ing region and its thickness of polyethylene should not affect the fluence of high energy charged
particles. Therefore it is taken as the detector for the purpose of establishing this upper limit.
Ascribing all of the pulses in Channels 71 - 127 to minimum-ionizing particles results in:

* This is based on a calibration or the same crystals using gamma sources 137Cs, 60Co and 24Na (Sun86).
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= 7.53X10-3 ~ O'N(O) MeV·g-1 = 1.21 X 10-10 ~ O'N(G) rad,
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< _1_ X 3MeVDmip - 6.53g 61

127

~ O'N(O)
0=71

(3)

where M = 6.53 g is the mass of the crystal, the factor (3 MeV/51) expresses the channel
number-energy calibration (Sun86), N(C) is the number of counts in Channel C and the summa
tion is over the MCA channels indicated. As this approach is only approximate anyway, a
simplified form for evaluating the summation over 57 channels is based on the observed smooth
ness of the MCA distributions:

- Dmip ~ 1.21 X 10-10 [57 X 99 N (99)] rad = 6.8 X 10-7 N (99) rad (4)

The resulting doses may be compared to the neutron and photon doses estimated for the same
runs. For 18 (unselected) Tevatron runs made under varying conditions, the ratio of minimum
ionizing particle (mip) dose (to Lil) to neutron dose (to tissue) is found to be:

D mip / D. < 0.077 ± 0.030 (5)

An average for the four selected Tevatron runs at 800 GeV listed in Table 3 gives a consistent
result: 0.08 ± 0.03. When this estimate of Dmip is divided by neutron fluence instead, we have
the relation:

D",ip N. < (1.6 ± 0.6) X 10-10 rad cm2 (6)

-

-

Because of the limitations outlined above, these must be considered as upper limits and they may
overestimate the actual charged particle dose by a large factor.

C. Photon Doses

To estimate an upper limit for the dose to the Lil crystals due to external photons from the
EM cascade, we assume a pulse height distribution proportional to E-2 which is suggested by the
track length distribution from shower theory (Ros56; see Appendix F). The shape is indicated by
the curve of Fig. 13, which is normalized to the distribution at Channel 70 (E,.:=:::::3.44 MeV). In
doing this we also implicitly assume the energy transfer efficiency is uniform between chosen lim
its that are given below. The assumptions just described lead to an integral of the form

-
E 2

D [MeV' -1] < .[N(70) 1X [4900 1f E -1dE
"I g - M (61/3)

£1

(7)

-
where N(70) is the observed number of counts at Channel 70, M = 6.53 g is the mass of the Lil
crystal, the factor (70)2 = 4900 is for normalization and (61/3) converts the abscissa scale from
channel number to MeV (Channel 61 corresponds to 3 MeV photon energy; Sun86).
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At 0.3 MeV, the photon mass attenuation coefficient in iron is larger by a factor of 3 than at
its minimum at about 8 MeV. Photons below this energy would be heavily attenuated. At much
higher energies, the energy transfer efficiency declines because the maximum range of electrons
from photon interactions reaches a limit of 6.2 MeV (see preceding section), a decreasing fraction
as the photon energy increases beyond this. Integration limits of 0.3 and 30 MeV were chosen for
this analysis to encompass this range which includes the Compton minimum for iron. Doses based
on Equation (7) for the Lil counter in the 5.0S-cm (2-in) diameter sphere were calculated. Com
parison of the resulting doses is made by dividing the photon doses to LiF, determined as just
explained, by neutron doses to tissue as determined from the fitted neutron spectra. An average
over 17 runs made under varying conditions gives 1.12 ± 0.50. For the four selected runs listed in
Table 2, the average is 1.24 ± 0.50. When this estimate of D 7 is divided by neutron fluence, we
have the relation:

...

(8)

Lacking a satisfactory method of subtracting other contributions to the LiI pulse height distribu
tions, this result must be considered as an upper limit.

VI. DISCUSSION

A. Origin of the Tunnel Radiation Field

We imagine that the following general scenario is plausible: Fragments from beam-gas
interactions, or protons I05t from orbit strike the vacuum vessel at glancing angles and initiate
hadronic cascades. As for the cause of proton loss from orbit, an obvious primary mechanism of
interest to this experiment is loss due to scattering on residual gas, particularly in the warm sec
tion A-48 (Fig. 1). A second cause is beam phase-space excursions in relation to the machine
acceptance. While this generic cause could not be monitored during the experiment and is subject
to considerable variation, it is noted that B-O is a low-beta section where loss of orbiting beam
should be less than average for the entire machine. Therefore, as regards our experiment, we
believe that this mechanism is of lesser importance.

After the hadronic cascade is initiated, the energy carried by the primary proton is eventu
ally partitioned into two fractions: About 37% is retained by the hadrons and is deposited by
nuclear interactions and ionization; the remaining 63% is lost to the electromagnetic (EM) cas
cade (Ran85). This portion is fed by the .Jl decay photons.

In calculations shown below the rule of thumb is invoked which predicts 10 neutrons pro
duced per GeV of hadron-transported (not EM-transported) energy deposited in iron. This is an
extrapolation from 10 GeV of data shown by Patterson and Thomas (Pat73, p.141).

The neutrons that finally escape from the iron yoke are of three basic origins -- prompt
reaction products of the hadronic cascade, evaporation neutrons from excited residual nuclei and
photoneutrons produced by the EM cascade. Of these the evaporation neutrons undoubtedly
dominate. The photoneutrons are shown to be negligible (Appendix B). Charged particles from
the hadronic cascade are largely absorbed in the iron yoke as are photons from the EM cascade
(preceding section; also see Appendix E, F and G).

The beam-tube-magnet system represents a linear source of neutrons that is generally not
uniform. However, where a uniform isotropic linear distribution can be assumed, the inverse
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square law gives a direct fluence at distance, d , of

q
tPdir = """4d ' (9)

,..

-

-

-

-.

-

where r/ is the source strength in neutrons per unit length. From the inverse square law, one also
infers that about half of the direct fluence at a distance, d, comes from a beam line segment
within ±d (= ±2 m) of a detector location. Scattered neutrons constitute the majority of the
detected neutrons, and similar arguments would indicate that scattering-surface elements at more
than one tunnel diameter (3 m) distance are of diminishing importance. It is also shown below
that the dipole magnetic field causes energy to be deposited in the magnet yoke in the down
stream direction of a primary beam-gas interaction with a distribution that is approximately of
the form exp(-z 15.9m), reflecting a rather short "decay length". These relations are brought
together here to suggest that fluences detected at any position generally are a result of quite local
ized neutron sources.

Whatever the initial cause of beam loss from stable orbit, the resulting neutrons undergo a
number of scatterings within the iron yoke before they filter out. In so doing, they largely lose
memory of the initial beam direction, especially the evaporation neutrons which have an energy of
a few MeV and are inherently isotropic. After passing the iron yoke filter, the neutrons, partially
moderated but relatively unattenuated, undergo further scattering and moderation in the concrete
tunnel. It is shown in Appendix 0 that about 85% of the neutrons detected are scattered neu
trons. Of the neutrons detected, the fractions are approximately: [neutrons direct from beam
line] : [fast neutrons scattered by concrete] : [thermal neutrons from the concrete] = 15% : 69% :
16%. In the further interpretation of the data, this should be taken into account.

B. Uniform-LoBS Model

Our primary objective was to study the tunnel radiation field, especially the neutron
fiuence, under the cleanest possible conditions, i.e., with a steady stored beam of the longest possi
ble lifetime. For such runs, an important mechanism of local beam loss is very probably proton
collisions in the 4-m warm straight section, A-48, immediately upstream (Fig. 1). Runs having a
steady measurable beam loss are also of interest, although the distribution of beam losses
around the ring is unknown. A model of uniform beam loss around the entire circumference
(21TlOOO m) would predict a direct neutron fluenee at d = 2 m of tPlMr =6 X 10-6 neutrons cm-2 per
proton lost (Fig. 14), if scattered neutrons are neglected. This is based on an estimated neutron
production rate of 10 neutrons proton"! GeV- 1 (Pat73, p. 141), extrapolated from 10 GeV to the
Tevatron energy. It is also assumed that 37% of the initial energy is available to the hadronic cas
cade; the remaining 63% is fed to the accompanying electromagnetic (EM) cascade via lTo produc
tion.

Although undoubtedly too simple, this model serves as a useful reference for discussion. For
a stored beam of 1 X 1011 protons and a nominal l00-hr beam lifetime (lie), the uniform loss
model translates to a direct fluence rate of ;Pdir = 1.67 neutrons cm-2 sec-1 at d = 2 m. When
corrected for the larger number of scattered neutrons the total fluence rate becomes ;Ptot = 1.67
neutrons cm-2 sec"! I 0.15 = 11 neutrons cm-2sec-1 for a l00-hr beam lifetime. This is an average
for the entire machine that is larger than the experimental result of 3.6 neutrons cm-2sec-1 (Table
3) by a factor of 3.

The middle curve of Fig. 14 shows the expected direct neutron fluence rate at 2 m from the
beam line for this model. The upper curve is based on the same model but is scaled by the ratio
of total fluence (direct plus scattered) to direct fluence to account for the scattered component.
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A prediction for the direct fluence rate from photoneutron production within the iron yoke
is shown (lower curve of Fig. 14; see Appendix B). This assumes that 63% of the energy is in the
electromagnetic cascade. It is probably acccurate to within a factor of two and is seen to fall
below the direct fluence from the hadronic cascade by about a factor of 37. This is the basis of
the statement that the photoneutron contribution is negligible compared to neutrons from
hadronic interactions even at Tevatron energies.

For later comparison, the uniform loss model is calculated for the cold sections separately,
assuming a pressure of sx irr!' torr (1.15XI08 molecules cm-3) of helium (100%) having a cross
section of 135 mb (Edw85; also see Appendix A). For rx in" protons stored at 800 GeV, this
implies 7.43 X 10-2 interactions em" sec-lor 220 neutrons em"! sec'". At the distance d = 2 m,
Equation (9) gives:

t/ 220 neutrons cm-1sec- i

4Jtlir ,tllld (2 m) = -4d = = 0.275 neutrons cm-2 sec"! uo)
4' 200 em

When correction is made for the fraction of scattered neutrons (15% are direct, 85% are scat
tered), we predict the total fluence at d = 2 m from a cold section to be:

q,t"tCll,uU (2 m) = 0.275 neutrons cm- 2 sec"! 10.15 = 1.83 neutrons cm-2 sec-I. (11)

C. Simulation with CASIM

The beam-gas interaction scenario in the A-48 straight section (warm) and dipole chain
(cold; see Fig. 1) was modeled with the Monte Carlo code CASIM (VanG75a, b) using a simplified
magnet geometry and field configuration (Fig. 15). Dipoles were modeled as hollow concentric
iron cylinders of appropriate thickness and length. The field distribution, also shown in Fig. 15,
was set at 3.5 T within the dipole vacuum pipe. An 8-mradian bend was provided by each dipole.
A 5.18-m warm section was assumed to be uniformly filled with nitrogen gas (Z = 7, A = 14) to
simulate the actual gas which is believed to be mainly CO (Jos86). The density was set at 7 mg
cm- 3 to provide a reasonable rate of primary beam-gas interactions but very few double interac
tions. The total cross section assumed was 357 mb per nucleus, of which 100 mb was elastic, to
give an interaction rate of 5.57 X 10-2 per incident proton. Later the results were scaled to the
actual gas density, 3.3XlO-14g cm-3 (assuming CO at 2XlO-8 torr). Residual gas within the cold
dipoles was neglected in this simulation. Protons at 800 GeV were incident on the warm section.

Figure 16 shows the radially-integrated star density, dN (stars)1 dz , and deposited energy
density, dEd~p I dz, as functions of distance, z , from the warm section. In the units shown,
stars/fm-prcton] and GeVI(m'proton), the distributions are almost the same, with only a small
difference (30%) for small z. This implies that each star corresponds to an average of about 1
GeV deposited energy. There is a strong decline in these functions with distance from the warm
section -- about a factor of IIe over 5.9 m. The radially-integrated energy density was
parameterized as dEtkpI dz = 3.5 exp(-o.I7z ) GeVI(m'proton) for positive z and zero for z <0.

Scaling was then performed by multiplying by the following factors;

• For the ratio of actual length of the warm section to the length assumed [4.00 m I 5.18 m] =

0.772.

• For the ratio of actual to assumed gas density: (3.3XlO-14g cm--3/7XI0--3g cm- 3) = 4.70Xl0-12;
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• For the actual gas mixtures, the cross sections (per molecule) of CO and H2, weighted by the
presumed proportions (see Appendix A): [CO: H2l = [(0.4X775 mb + 0.6X84 mb] / (775 mb)]
= OA65.

• For 1.0 X 1011 protons stored: 4.775 X lOt6 protons sec"! incident on the warm section;

• A neutron source term given by 10 neutrons per GeV deposited (Pat73, p. 141);

• For the fraction of energy not lost to the EM cascade (Ran85): 0.37.

The combined scaling factor is 2.98X 104, giving a neutron source rate distribution of:

~~ = 1.04X106 exp(-O.17z) neutrons m-1sec-t,

for a primary beam interaction rate of 448 sec-1 in the warm section predicted for the real experi
ment. The total neutron source rate can be obtained from this model by integrating Equation (9)
over all z >0. It is Qtot = 6.12X 105 neutrons sec-t.

By numerical integration along the dipole chain, the f1uence of direct neutrons can be
obtained for any location of a detector, (d, ZD), where d is the perpendicular distance from the
beam line and ZD is ~he longitudinal coordinate. Figure 17(a) shows the differential direct neu
tron f1uence rate, d ,p,,,.p / dz, for detectors located at (d = 2 m; ZD = 5, 14 and 20 m], The
points at zD = 14 and 20 m correspond approximately to real locations of the detectors BF3-U
and BF3-D, respectively [actual locations ZD = 14 and 19 m (Fig. I)J. These distributions show
that the effective source of direct neutrons at each location is very limited; the distributions of
f1uence contribution decrease by half within about 2.2 m on either side of the detector location.

Figure 17(b) shows the distribution of direct neutron fluence rate, ¢MP (ZD) at d = 2 m as a
function of ZD. This curve is precisely the integral over Z of the functions d ,pdip / dz of Fig.
17(a). The ratio of direct f1uences at the two BFs detectors is predicted by this curve to be BF3
U/BF3-D = 2.0. This is larger than the observed ratio for coasting-beam conditions, 1.24 (Table
3). However the contribution of scattered neutrons would reduce this ratio.

The distribution of scattered neutrons is difficult to predict, but the gross contribution can
be estimated at the median point of our counter array, ZD = 16.5 m. Using Fig. 17(b), we calcu
late ¢dip (16.5 m) / 0.15 = 0.28 neutrons cm-2 sec-1 /0.15 = 1.87 neutrons cm-2 sec-t, This is
lower than the experimental result of 3.6 neutrons cm-2sec-1 for 1 X 1011 protons under clean coast
ing beam conditions (Table 3) by about a factor of 1.9. Both the beam current and pressure in
A-48 are each only known to within a factor of about 2, which could help to remove the
discrepancy. The contribution from the chain of focussing elements downstream of the dipole
chain (Fig. 1) is difficult to simulate and no attempt was made to do so. This could also be a
source of neutrons. Except for the runs selected for "clean" coasting beam conditions of Table 3,
ratios of BFs counts shown in Table 2 generally indicate a stronger source downstream from the
counter array, rather than upstream.

D. Discussion of Models

The CASIM simulation just described presents the following problems:

• It underpredicts the observed f1uence by a factor of about 1.9.

• It predicts a strong decline in ¢'dip with ZD, which seems inconsistent with the observed ratio of
BFg counts.

• If the conditions assumed within the warm section A-48 (composition, pressure) hold for every
warm section (7% of the circumference and assuming zero gas pressure in the cold sections), a
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beam lifetime of 564 hr would be predicted, much longer than the 70 - 100 hr observed at the
time of the measurements.

Therefore the CASIM simulation, although probably representing a reasonable partial description,
is incomplete and additional beam loss mechanisms are needed.

On the other hand, the uniform-loss model discussed in Section B above, for a lQO-hr beam
lifetime, would predict too many neutrons by a factor of about 3. However, this prediction is an
average for the machine and might not apply locally.

A combination of the CASIM-simulation and a uniform-loss model for the cold section alone
(Section B) would be consistent with the observed fluence rate:

. .
<PCAS1M + <Plol,cold =

1.87 neutrons cm-2sec-1 + 1.83 neutrons cm-2sec-1

= 3.7 neutrons cm-2sec-1
,

in good agreement with the observed tluence rate of 3.6 neutrons cm-2sec-1
, and would give a ratio

of BFs counts of BF3·U I BF3-D = 1.42. This is closer to the observed ratio of 1.24 for clean
coasting beam conditions than is the CASIM: model alone.

This excellent agreement is gratifying but, as there are uncertainties of a factor of 2 in both
the beam current and in our analysis (particularly in our knowledge of the gas pressure), it may
also be largely fortuitous.

If the identical beam-tube conditions assumed above (gas composition, pressure and cross
sections) held for all the respective warm and cold sections around the ring circumference, the
beam decay constant from beam-gas interactions would be 1.03 X 10-8 sec-I, which corresponds to
a lifetime (lie) of 1.03X10G sec = 287 hr. This is consistent with the observed lifetime of 70
100 hr but shows that mechanisms other than beam-gas scattering are contributing to beam loss.

In view of the approximations required in this analysis, and the non-rigorous treatment of
scattered neutrons, it is clear that more elaborate modeling, as well as additional experimental
study, with better monitoring and control of both beam current and gas pressure, are needed.
Future experimental work should include a study of the fast neutron component along the tunnel
(function of both d and ZD ), in order to separate the direct from the scattered component.

E. Unclean Conditions

AB noted above, our running conditions were chosen to be as clean as possible and as such
they are more amenable to interpretation. Realistic accelerator conditions are not as clean, espe
cially when injection and abort cycles are considered. These can be especially severe during
machine commissioning. We were not able to study these non-pristine conditions in a controlled
manner. However, we did note that, during injection into the Main Ring and transfer of beam
from the Main Ring to the Tevatron at 150 GeV, neutron fields were so intense as to cause sub
stantial pile-up and dead-time losses in our detectors. The attempt at measurements under these
conditions was abandoned. On the other hand, single-turn resonant extraction to the abort dump
located at C-O (60 degrees or 1047 m downstream) was executed without noticable increase in the
radiation field in our area.

-

-

•

•

'II



-

-

-

-

-

-

-

-
-.

- 17-

F. Doses to Silicon

The photon doses discussed above are for LiI, whereas the neutron absorbed dose is for tis
sue. For an assessment of possible radiation damage to inorganic materials, we should convert
both dose contributions to a common reference material, silicon.

For photon doses, we scale by the ratio of mass-energy absorption coefficients Pfft / p for the
two materials silicon and Lil at the energy of 8OCo radiation (1.25 MeV): [Pfft /p (Si)1 / [PUi /p
(Lil)1 = (2.65 X 10-3 / 2.44 X 10-3) = 1.09 (see, for example, Hub82). Ai!. the correction is not
great, and Pfft / p does not vary much in the photon energy region in question, this correction is
accurate enough.

The conversion of neutron absorbed dose from tissue to silicon is not so simple because the
kerma factors for both tissue and silicon vary rapidly over the relevant spectral range. For that
reason a special numerical integration over the spectrum was performed in a mesh of 118 points
from thermal energies (0.0247 eV) to 30 MeV. This was done using values of the kerma factor
tabulated by Caswell et al. (Cas80), folded together with spectra determined by LOUIn. The
result of each integration, the total kerma, is assumed to represent the absorbed dose. The kermas
for the two materials are divided and the average ratios shown in Table 7 for three kinds of run
ning conditions. These ratios agree within the observed standard deviations. The average over
the three types of runa is 22.0.

Table 7. Ratio of kerma in tissue to kerma in silicon for observed spectra.

Running Conditions Ratio: k, (lin)/k, (Si) Runs Averaged

Tevatron 800 GeV 18.9 4

Tevatron 150 GeV 22.0 5

Main Ring [aceel. 8 - 150 GeV) 25.2 1

Average of above 22.0

G. Swnmary of Tunnel Radiation Components

Table 8 is a summary of the principal components of the Tevatron radiation field as
observed by us for coasting beam conditions. Each quantity is averaged over several runs. Because
we were positioned to the interior of the Tevatron ring, muons, which contribute a significant
component to the radiation field mostly in tangential directions, were not observed by us. Uncer
tainty in normalization to beam intensity is probably a factor of two. Table 9 contains a similar
summary for Main Ring operation. The quantities of Tables 8 and 9 have been defined and dis
cussed in previous sections.

We emphasize that the absorbed dose values ascribed to photons and minimum ionizing par
ticles are upper limits; doses to our counters due to direct interactions of neutrons above thermal
energy have not been subtracted and these could account for a substantial part of the absorbed
dose to Lil. It is known that, for neutrons incident on hydrogenous materials (tissue), over a broad
energy range (thermal to at least 5 MeV), a considerable absorbed dose is generated from the neu
tron capture gamma rays (NCRP71). This amounts to a photon dose (divided by neutron
fluence) of (4 - 5)X 10-10 rad neutron"! cm'', The upper limits on photon doses, shown in Tables 8



- 18 -

and 9 are higher than this and therefore are consistent with these earlier determinations.

Table 8. Characteristics of the Tevatron neutron field at 2m from beam line for coasting-beam conditions.

Value
-

Quantity Units

800 GeV 150 GeV

Quantities independent of beam monitor:

Median energy (fluence) MeV 0.059 0.11
Median energy (abs.dose) MeV 0.610 0.49
Quality factor rem/red 6.9 ± 0.5 7.6 ± 0.5

Kerma factor (k, ' tissue) rad cm2 (2.0 ± 0.3)Xl0-9 (1.7±0.3) X 10- 9

Kerma factor (k, ' silicon) rad cm2 (1.1 ± 0.2) X 10- 10 (7.7±1.3)X 10-11

Effective energy (k, ' tissue) MeV 0.82 0.58

D"I (LiI) /~,. rad cm2 < (1.8::t:0.6) X 10- 9 < 2.2Xl0-9

Drr..·p (LiI) / ~'" rad cm2 < (1.6::t:O.6)XlO-1O < 2.6XlO-1O

..

...

Quantities normalized to 1011 circulating protons (T:IBEMI Monitor):

Fluence rate (~" ) neutrons cm-2 sec"! 3.6 4.7 -
...

H. Comparison with Other Calculations

It is interesting to compare our spectra with others in the literature. The Monte-Carlo calcu
lations of Gabriel and Santoro (Gab71) produced particle spectra within a I-m deep volume of soil
at the end of a long narrow tunnel (600 m X 0.9 m diam) following a L-interaction length Be tar
get struck by 500 GeV protons (Fig. 18). On the other hand, our measurements were made at a
location 2 m from an iron-filtered line source in a 3.05-m diameter tunnel. The spectral similarity
consists in the enormous component of slowing-down neutrons (::::::1/E) which clearly dominates
the Monte Carlo calculation. The difference is in the absence of a strong 0.2 - 0.3 MeV peak in
the calculated lethargy distribution, which is very prominent in the experimental distributions.
The peak must therefore be ascribed to the effect of the iron.

I. Extrapolation to sse Energies

A crude estimate of the neutron absorbed dose rate expected during SSO (SS086) operation
can be obtained from the above value of the dose rate. The circumference of the SSC accelerator

...

...

...
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Table 9. Characteristics of the Main Ring neutron field at 2m from beam line.

- Quantity Units Value

Quantities independent of beam monitor

- Median energy (fluence)
Median energy {abs.dose}
Quality factor

MeV
MeV
rem/rad

0.03
0.48

7.2 ± 0.5

-
Kerma factor (k, , tissue)
Kerma factor (k, ' silicon)
Effective energy (k, , tissue)

rad cm2

rad cm2

MeV

(1.43±0.3) X 10-G

(5.7±1.0)X 10-11

0.38

D., (LiI) / ¢',.
Dmip (LiI) / ¢'..

< 1.5XIO-G

< 0.9XIO-10

- Quantities normalized to 1011 accelerated protons (approx.):

]
X 211-'Sec) (14)

277l-'sec

147neutrons cm-2Fluence ¢'Il

ring is assumed to be 83 km, 13.2 times that of the Tevatron, so that the time for one revolution
of a proton bunch around the SSC ring is about 2771-'sec (vs. 211-'sec for the Tevatron). If the neu
tron absorbed dose rate is assumed to scale linearly with energy from 800 GeV to 20 TeV, then,
for two stored sse beams of 1.27 X 1014 protons each, we find that conditions in the sse tunnel
would be about 4800 times 88 severe. If the estimated reduction in energy available to the
hadronic cascade (escape to the EM cascade) is taken into account, the severity is somewhat
diminished. Assuming simple energy scaling and equal beam-tube pressures, an estimate of the
neutron dose rate (tissue), D.. , gives:

DIl(tissue ,SSG) = 0.026 mrad hr-1X ( 20 TeV X [2.54XI0
14

protons
0.8 TeV 1.00 X 1011 protons

= 0.026 X [4800] = 125 mrad hr"! .

-

-

-

To convert the projected tissue dose rate to the dose rate in silicon, we use the average kerma
factors ~ (ti8s ) /~ (Si) = 22.0 from Table 7. This gives

- DIl (tilJlJ ,SSO)D,. (Si ,SSG) = --:-::-::-----'
22.0

125 mrad hr-1
-=-=~;;;;;;.;,;,,;;;..=-- = 5.7 mrad hr-1 •

22.0
(15)

For analysis of potential damage to electronics in the SSC tunnel, the average neutron fluence
rate is also relevant. From Table 8:

- ~n (SSG) = 4800X~,. {Tevatron} = 4800X3.6 cm-2 sec-1

= 1.73XI04 neutrons cm-2 see:':

(16)
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VII. CONCLUSIONS

The object of this investigation was to study the radiation environment in the tunnel of an
operating high energy proton accelerator. Primary attention was given to the neutron field,
because it is potentially the most detrimental to electronic equipment. The following observations
are derived from this study:

1. The neutron spectra obtained under different conditions, i.e., different energies (and even
different accelerators within the Tevatron tunnel), are strikingly similar.

2. The spectra are surprisingly soft and they contain prominent peaks in the lethargy distribu
tions centered at about 0.23 and 0.26 MeV for the Tevatron and Main Ring, respectively (the
apparent difference is not significant), as well as at thermal energies.

3. High-energy neutrons are relatively unimportant compared to the lower energy neutrons, with
only about 10 % and 1 % of the fluence found above 2 and 50 MeV, respectively.

4. The above observations suggest a common 'filter' for the neutrons, regardless of the nature of
the original interactions which produce the parent cascade. Prominent parts of the filter must
be the iron magnet yokes as well as the concrete tunnel lining.

5. From the observed fluence rate and the relative uniformity of fluence, it seems unlikely that
neutrons observed by us can be explained by the model based on primary beam-gas interac
tions in the warm section A-48 alone. The addition of a second type of neutron source based
on a uniform distribution of beam-gas interactions in the adjacent cold dipole chain, that con
tributes about half of the fluence at our detector location, would give predictions fully con
sistent with our observations.

6. Because of their capability of producing lattice defects and transmutations, neutrons are
shown to be the most important potential cause of radiation damage to solid state electronic
devices in accelerator tunnel environments similar to ours. However we cannot exclude the
possibility that, in cases where substantial absorption of the hadronic cascade is not provided,
other radiation components may be more important in this regard.

An interesting question is whether, to a first approximation, all types of absorbed dose are
neutron-related in tunnel geometries similar to ours; components coming directly from the beam
line other than those carried by neutrons may be unimportant in comparison. If so, it seems cer
tain that the iron magnet yoke provides an essential filter in that it allows fast neutrons to escape
with relatively little attenuation while it effectively absorbs the hadronic and EM cascades. This
question deserves additional attention, both by more detailed simulations and by additional exper
imental work.

Our results regarding neutron spectra are of great utility for the design of thin shields,
alcoves, labyrinths and other penetrations. They also serve as an experimental benchmark for
theoretical studies of the hadronic cascade. As noted in several places, there is good evidence that
the neutron spectrum at our location was subject to filtering both by magnets and by reflections
in the concrete tunnel. It may be that, under the conditions of much thinner shielding, a consider
ably harder spectrum may be found. There is evidence for this in the CERN-LRL-RHEL experi
ment (Gi168), in which threshold detectors mounted in the accelerator tunnel with direct view of a
beam stop found a neutron spectrum more representative of the first generations of a hadronic
cascade.

..,
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VDI. FUTURE STUDIES

Based on the knowledge gained so far, we believe it desirable to extend this work by addi
tional measurements which would incorporate the following features:

a) The primary source should be uniquely defined and controlled by the experimenters (flying
wire or localized pressure rise).

b) Gated detectors designed specifically to determine photon and charged particle doses
separately should be included along with the neutron detectors.

c) Flexibility in location of detectors should permit a number of locations to be used, including
some nearer the beam to study radiation at small angles, and to separate the direct neutron
fluence from the scattered.

~.ACKNOWLEDGEMENTS

The authors would like to express their gratitude to persons whose efforts were instrumental
in making these measurements possible. In particular, J. Richie Orr and others of the Fermilab
Staff, including V. Dixon Bogert, Larry Coulson, Donald A. Edwards and Frank A. Nezrick were
most hospitable and cooperative. We are especially grateful to David G. Beechy for designing
special gating logic and to John E. Elias for helpful discussions. Of the SSC Central Design
Group, under the direction of Maury Tigner, we would like to mention Donald E. Groom, Peter J.
Limon, James R. Sanford and Timothy E. Toohig. Those of us from Lawrence Berkeley Labora
tory thank Alan R. Smith for valuable advice and Ralph H. Thomas and Jensen Young for sup
port and encouragement.



- 22-

REFERENCES

Aws85 M. Awschalom and R. Sanna, Applications of Bonner sphere detectors in neutron fields,
Radiation Prot. and Dosimetry 10, 89 (1985).

Bee85 D. G. Beechy, Internal memorandum addressed to D. Bogert, A. Elwyn and B. Freeman,
dated 8 August 1985, Fermi National Accelerator Laboratory.

Bra60 R. L. Bramblett, R. L. Ewing and T. W. Bonner, A new type of neutron spectrometer,
Nuc!. Instr. Meth. 9, p. 1 (1960).

Cas80 R. S. Caswell, J. J. Coyne and M. L. Randolph, Kerma factors for neutron energies below
30 MeV, Radiation Research 83, 217 (1980).

Cha83 D. A. Ohambless and J. A. Broadway, Comments on "Neutron spectral unfolding using
the Monte Carlo method", Nucl. Instr. Meth. 214,543 (1983).

Cos85 J. D. Cossairt, J. G. Couch, A. J. Elwyn and W. S. Freeman, Radiation measurements in
a labyrinth penetration at a high energy proton accelerator, Health Physics 49, 907
(1985).

Edw85 H. T. Edwards, The Tevatron energy doubler, Ann. Rev. Nucl. Part. Sci. 35, 605 (Annual
Reviews Inc., Palo Alto, CA, 1985).

Edw86 H. T. Edwards, private communication, Fermi National Accelerator Laboratory, Batavia,
IL (1986).

Eis82 C. M. Eisenhauer, R. B. Schwartz and T. Johnson, Measurement of neutrons reflected
from the surface of a calibration room, Health Physics 42, 489 (1982).

Gab71 T. A. Gabriel and R. T. Santoro, Calculation of the long-lived activity in soil produced by
500-GeV protons, Nuclear Instr. Methods 95, 275 (1971).

Gi168 W. S. Gilbert, D. Keefe, J. B. McCaslin, H. W. Patterson, A. R. Smith, L. D. Stephens,
K. B. Shaw, G. R. Stevenson, R. H. Thomas, R. D. Fortune and K. Goebel, The 1966
CERN-LRL-RHEL Shielding Experiment at the CERN Proton Synchrotron, Lawrence
Radiation Laboratory, Report No. UCRL-17941, Berkeley, CA (1968).

Hub82 J. H. Hubbell, Photon mass attenuation and energy absorption coefficients from 1 keV to
20 MeV, Int. J. AppI. Radiat. Isot. 33, 1269 (1982).

ICRP73International Commission on Radiological Protection, Data for Protection Against Ioniz
ing Radiation from External Sources: Suppplement to ICRP Publication 15, ICRP Publi
cation No. 21, Pergamon Press, Oxford (1973).

ICRU80 International Commission on Radiation Units and Measurements, Radiation Quantities
and Units, ICRU Report No. 33, Washington, D. C. (1980).

-
...

...

-

..

..

..

..

..



-

-

-

-

-

-

-

-

-

-

-

- 23-

Jos86 H. Jostlein, private communication, Fermi National Accelerator Laboratory, Batavia, IL
60510 (1986).

McC79 R. C. McCall, T. M. Jenkins and R. A. Shore, Transport of accelerator produced neutrons
in a concrete room, IEEE Trans. Nucl, Sci. N8-26, 1593 (1979).

NCRP71National Council on Radiation Protection and Measurements, Protection Against Neu
tron Radiation, NCRP Report No. 38, Washington, D.C. (1911).

OBr81 K. O'Brien and R. Sanna, Neutron spectrum unfolding using the Monte Carlo method,
Nuc!. Instr. Meth. 185, 277 (1981).

OBr83 K. O'Brien and R. Sanna, Reply to Chambless and Broadway, Nucl. Instr. Meth. 214, 547
(1983).

Pat58 H. W. Patterson and R. Wallace, A Method of Calibrating Slow-Neutron Detectors,
Report No. UCRL-8359, Lawrence Radiation Laboratory, Berkeley, CA 94720 (1958).

Pat73 H. W. Patterson and R. H. Thomas, Accelerator Health Physics, (Academic Press, New
York, 1973).

PDG84 Particle Data Group, Particle Properties Data Booklet, from Review of Particle Proper
ties, Rev. Mod. Phys. 56, No.2, Part u (April 1984).

Ran85 J. Ranft, private communication, Karl Marx University, Leipzig (1985).

Ros56 B. Rossi, High Energy Particles (Prentice-Hall, Englewood Cliffs, NJ, 1956).

Rau80 J. T. Routti and J. V. Sandberg, General purpose unfolding program LOUHI 78 with
linear and nonlinear regularisations, Compt. Phys. Commun. 21, 119 (1980).

San73 R. S. Sanna, Thirty-one Group Response Matrices for the Multisphere Neutron Spectrom
eter over the Energy Range Thermal to 400 MeV, U.S. Atomic Energy Commission,
Health and Safty Laboratory, Report HASL-267 (1973).

Smi85 A. R. Smith, private communication, Lawrence Berkeley Laboratory, Berkeley, CA (1985).

SSC86 sse Central Design Group, J. D. Jackson, ed., Conceptual Design of the Superconducting
Super Collider, Lawrence Berkeley Laboratory, Report SSC-SR-2020 (March, 1986).

Sun86 R. K. Sun, Photon-Energy Calibration of LiI Crystals Using llNa24, Lawrence Berkeley
Laboratory, Health Physics Note LBL-HPN-143 (August, 1986). To be submitted to
Health Physics.

VanG75a
A. Van Ginneken and M. Awschalom, High Energy Particle Interactions in Large Tar

gets, Fermi National Accelerator Laboratory, Batavia, IL (unumbered, undated volume in
small format; 1975).



- 24-

VanG75b
A. Van Ginneken, Program to Simulate Transport of Hadronic Cascades in

Matter, Fermi National Accelerator Laboratory, Report No. FN-272 (1975).
Bulk

-

-

-
-

-

-



-

-

-

-

-

-

-

-

-

-

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

Fig. 14.

- 25 -

FIGURE CAPTIONS

Plan view of experimental setup in the tunnel. Beam direction (for protons) was left
to right. (a) overall view; (b) detail of detector geometry. Solid circles: LiI(Eu)
detectors; squares: moderated BFa counters. Numbers indicate the polyethylene sphere
diameter in inches. Th and Bi fission counters were positioned near the 10" and 12"
spheres.

Tunnel cross section showing relationship of detectors to Tevatron and MR.

Functional block diagram of detectors and electronics.

Typical pulse height distribution for the 7.62-cm (3-inch) Bonner sphere.

Comparison of measured (points) and calculated detector response (solid curve) for
actual neutron spectrum from SOG-GeV coasting beam. Other curves show relative
response of detectors as a function of sphere diameter for three representative energy
intervals.

Comparison of spectra derived from three unfolding codes, BUNKI, LOUHI and
SWIFT, for Tevatron SOO-GeV coasting beam.

Unfolded spectrum from program LOUHI for a Tevatron run with coasting beam at
SOO GeV.

Spectrum of preceding figure expressed as cumulative percentage of fluence and tissue
absorbed dose.

Unfolded spectrum from LOUHI for a Tevatron run at 150 GeV.

Spectrum of preceding figure expressed as cumulative percentage of fluence and tissue
absorbed dose.

Unfolded spectrum from LOUHI for a Main-Ring run (average over various energies
during boost from 8 to 150 GeV).

Spectrum of preceding figure expressed as cumulative percentage of fluence and tissue
absorbed dose.

Observed pulse height distribution (points, logarithmic ordinate) for the bare LiI cry
stal, showing idealized pulse height distribution for minimum ionizing particles in a
cylindrical crystal (solid curve) and curve of the form E;;2 (dashed) hypothesized for
photon spectrum.

Estimate of fluence rate at 2 m for a uniform loss of 800 GeV protons around ring cir
cumference (2rr 1000 m). Assumed division of energy: [EM cascade: Hadronic cascade]
= 63% : 37%. Lower line: Estimate of direct fluence rate of photoneutrons; Center
line: Direct fluence rate from the hadronic cascade; Upper line: total fluence rate
including scattered.
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Geometry used for CASIM simulation of experimental arrangement (not to scale and
transverse dimensions exaggerated). (a) Magnetic field off, showing dipole cross section
assumed; (b) Magnetic field on, showing idealized field distribution. Field is assumed
uniform within each of 7 regions. Orbit is bent by 8 mradian in each dipole. ...

Fig. 16. CASIM Monte-Carlo calculations for radially-integrated star density, dN (stars); dz
and energy deposited, dEd~p;dz, in dipole magnets as functions of distance from the
warm section. Straight line is a parameterization of the energy deposited, dEu p;dz .

Fig. 17. (a) Calculations based on parameterization of previous figure showing direct-fluence
source distribution along dipole chain, d 4J1 dz, at detector locations (d = 2m; and
ZD = 5, 14 and 20m). Abscissa is the distance, z , from the warm section. Integral of
curve for each detector location, ZD , gives:

(b) Neutron direct fluence rate, ~ at d = 2m as a function of ZD, based on integrals
of panel (a).

Fig. 18. Hadron spectra within earth at end of a concrete-lined target tunnel. Incident proton
energy: 500 GeV. [Adapted from Monte Carlo calculation of Gabriel and Santoro
(Gab71)].
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Fig. 1. Plan view of experimental setup in the tunnel. Beam direction (for protons) was left
to right. (a) overall view; (b) detail of detector geometry. Solid circles: LiI(Eu)
detectors; squares: moderated BFa counters. Numbers indicate the polyethylene sphere
diameter in inches. Th and Bi fission counters were positioned near the 10" and 12"
spheres.



Fig. 2. Tunnel cross section showing relationship of detectors to Tevatron and MR.
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MAIN RING (120 - 150 GeV) PULSE DISTRIBUTION
3-INCH SPHERE: 09/22/85/2153 - 09/29/85/2220
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APPENDICES TO "MEASUREMENT OF NEUTRON
SPECTRA AND DOSES IN THE TEVATRON TUNNEL

FOR 800 GeV CIRCULATING PROTON BEAMS"·

WillilJm P. SWIJR'OR

Lawrence Berkeley Laboratory
University of California

Berkeley, CA 94720

ABSTRAOT

Seven appendices (A - G) are compiled which discuss dosimetric aspects of
neutron spectral measurements made in the Tevatron tunnel as reported by
McCaslin et al. in SSe-COG Report No. 58.* These appendices:

A. Estimate the beam lifetime and interaction rates in warm and cold sections.
Depending on the assumptions adopted regarding gas pressure in the beam tube,
beam lifetimes (lie) lie between 383 - 518 hours, assuming nuclear interactions
are the sole cause of beam loss. For 1X lOll stored protons, and depending on
assumptions, the number of primary interactions in the warm section A·48 is 360
or 486 sec·1, and the number of primary interactions in the following 2O-m cold
section is 113 or 0.3 sec-i. Better information OD the pressure in the beam tube is
needed.

B. Estimate the contribution of photoneutrons and relate it to an estimate of
direct neutron production from the hadronie cascade. The estimate shows that
the photoneutrons are less than the direct neutrons by about a factor of 37.

C. Estimate the proportions of fluences [direct neutrons: scattered thermal neu
trons : scattered fut neutrons] = [1jI.r : 1jI.~. : 1jI!c"~ = [15% : 16% : 69%1.

D. Summarize published information on gamma tissue kerma values, K" in neu
tron fields. Typical ratios are: K.,IK. ~.14, and K .,max N. ~(4-5)X 10-10 rad
cm2 and K ,/1jI. ~.6xurl0 rad cm2, depending on the source quoted.

E. Estimate the direct dose from the electromagnetic cascade, relative to the
direct neutron fluence, to be about DEJ,I IIjI~r =2.4XI0-10 rad neutron"! cm2•

F. Estimate an experimental upper limit to doses from the electromagnetic cas
cade, relative to the neutron dose (to tissue) to be about
DEM{LiI)/D. (tiuue )<1.2.
G. Derive the shape of the pulse height spectrum expected for minimum ionizing
particles in Lil crystals and show how an upper limit on dose due to minimum
ionizing particles can be determined from the pulse height distribution.

*Joseph B. McCaslin, Rai-Ko S. Sun, William P. Swanson, Alexander J. Elwyn,
William S. Freeman and Peder M. Yurista, Measurement of Neutron Spectra and
Doses in the Tevatron Tunnel for 800 GeV Circulating Proton Beams, Lawrence
Berkeley Laboratory and Fermi National Accelerator Laboratory, SSC·CDG
Report SCC-58 (1986).

October 2, 1986
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APPENDICES TO "MEASUREMENT OF NEUTRON
SPECTRA AND DOSES IN THE TEVATRON TUNNEL

FOR 800 GeV CmCULATING PROTON BEAMS"·

William P. Swanaon

Lawrence Berkeley Laboratory
University of California

Berkeley, CA 94720

APPENDIX A. BEAM-GAS INTERACTIONS IN THE TEVATRONJ BEAM LIFE
TIM:E AND THE SOURCE OF TUNNEL NEUTRONS

L ESTIMATES BASED ON PUBLISHED INFORMATION

1. Beam-Gas Intel'actioD8 in Wum and Cold Sections
The Tevatron has a circumference of 2dOOO m, of which we are able to sample only a small

portion. Approximately 93% of the circumference is enveloped by cryogenic magnetl which malee
the cold vacuum vessel an efficient pump. The remaining 7% comprise 30 straight sections at
room temperature. Pressures within the warm and cryogenic sections are nominally 5XlO-11 and
1X 10-8 torr, respectively (Edw85; see Section 4 for alternate parameters). Rather than air, this
residuum consists of gases evolved from the metal surfaces. In the warm sections we assume this
mixture to contain ~ : CO = 0.35 : 0.65, giving an average cross section per molecule of 533 mb.
For the cold sections we assume a mixture of H2 : He = 0.65 : 0.35, giving an average cross sec
tion per molecule of 102 mb. The proton-nucleus cross sections (Table A-I) on which these figures
are based are taken from values recommended by Rubinstein as quoted by Mizuno et al. [Rub79,
Miz79]:

Table A-I. Proton-nucleus cross sections assumed.

Nucleus

Atomic number

Cross section (mb)

H

1

42

He

4

135

C

12

335

N

14

390

o
16

440

-
These values reflect a dependence on A intermediate between A and A2/ 3•

The average cross sections quoted above are derived as shown in Table A-2.

Table A-2. Average cross sections for gas mixtures (per molecule).

- Mixture

Calculation

Result, u

Warm Section

H2 ; co = 0.35; 0.65

0.35 X (2 X 42)+0.65 X (335+440)

533 mb

Cold Section

H2 ; He = 0.65 ; 0.35

0.65 X(2X 42)+0.35 X (135)

102 mb

-

-

The average cross section is particularly sensitive to the fraction of the mix which is ~, F(H2) . If
the proportion of H2 in these mixtures is changed by, say ~F =±0.2, the (j will shift by a
corresponding amount (about 25% and 20% for warm and cold sections, respectively). The
response of the vacuum gauges would also be affected by a change in the proportions, and in a
direction which would reinforce the error if it were not accounted for. In this discussion we
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assume that all presnres have already been properly corrected lor gauge re8pon8e lor whatever ga8
mixtures are herein a88umed.

It is instructive to compare the ratios of rate of loss within the two temperature domains.
The warm sections contain higher pressures of gasses having higher average cross sections but the
cold sections have a higher density of molecules than they would at room temperature, owing to
the lower temperature (4.6 vs 300 K). Using the ideal gas law, the ratio of number of interac
tions per unit length is:

dNlJJ lJ rnI / dL = [533mb] X [1 X 10-8to rr ] X [4.6K ] - 160 (A-I)
dNc()/1l /dL 102mb 5XIO-lltorr 300K - ..

Although the number of interactions per unit length is larger for warm sections, the assumptions
made here (mainly the pressure) would predict a larger fluence at our location from primary
interactions in the cold section because of its close proximity. When the above ratio is multiplied
by the ratio of lengths (~LlJJlJ"'" / G = 0.07) / (ELc()/1l / G = 0.93), where C is the Tevatron cir
cumference, we have

N•••m = 16.0 X [~ ] = 1.2 .
No 0/11 0.93

Thus, averaged around the entire circumference, the integrated losse« due to nuclear interactions
in the warm and cold sectionlJ are approximately equal il the prulJurtIJ aS8umed (Edw85) are realilJ
tic. See discussion of Section 4.

2. Beam Lifetime Due to Nuclear Interactions

To estimate the decay constant, A, of the beam current, I, based on beam-gas nuclear
interactions (as distinct from Coulomb scattering), we use the relationship

- A = .!.. dI = 71p e (A-3)
I dt

where (j is the average cross section per molecule, and p is the density of molecules, given by
[NA I 22.4 X 103 emS) X [P (torr) / 760 torr) = 3.54X 10 18 X [P (torr») molecules cm-3 at room
temperature (300 K). This is based on Avogadro's number NA = 6.022 X 1023 and the molar
volume for a gas at STP. For cold sections the same method of estimating p applies, except that
it is also scaled by the inverse ratio of temperatures (300 K / 4.6 K). The speed of beam particles
through this rarified target is c = 3X 1010 em sec".

In order to facilitate calculation, the given and derived parameters for the warm and cold
sections are tabulated separately in Table A-3. Combining the decay constants, we have

Atot = AlJJ + x, = 3.96X 10-7 sec-1 + 3.29X 10-7 sec"? = 7.25X 10-7 sec"! (A-4)

= 2.61 X 10-3 hr".

t I/t = I/A!()1 = 383 hr . (A-5)

These results may be compared to the statements of Edwards [Edw85, p. 626] that imply a lumi
n08~'ty lifetime of t 1/< =76.5 hr and estimate that "The warm region gas contributes about one
half of this reduction." The effect of Coulomb scattering is included in Edward's estimate, which
applies to the reduction in luminosity, rather than current. This probably accounts for the life
time shorter than calculated here. There are other effects which tend to shorten the lifetime that
are not related to residual gas. These are "phase space dilution" and/or "diffusion out of the
bucket" caused by intra-bucket particle scattering. Therefore the above analysis, if accurate,
gives only an upper limit to the beam lifetime.

During the runs of September/October, 1985, the best lifetimes measured were t l/t ~ 70 hr
for 800 GeV low-beta operation.* For 150 GeV Tevatron operation, the lifetime was much
shorter: t 1/< ~ 6 hr (Edw86).

• However, it was rumored that 70 hours is the longest lifetime that call be meaBured; the real lifetime might be
longer than this.

..

..

..

-

..

..
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Table A-3. Calculation of beam decay constant from nuclear interactions.

Quantity Warm Section Cold Section

Given quantities
F(H 2) 0.35 0.65
F(CO) 0.65
F(He) 0.35

T(K) 300 4.6
Pressure, P (torr) lXlO-8 5XlO-11

EL /0 0.07 0.93

Derived quantities
i1 (mb) 533 102
P(molecules cm-3) 3.54X108 1.16XI08

>.. (sec-I) 3.96 X 10-1 sec"! 3.29XIo-1 sec- l

3. Interaetion Rate in the Warm. Straight Seetion, A-48.

The time rate of interactions, Niw, in a section of length, L, is given by the product
. .

N ilM = i1pL Np , (A-6)

where q is the average eross section per gas molecule, p is the average number of molecules per
unit volume and L = 400 em." These quantities are given in the section just above. Assuming
the ring is filled with I X lOll protons, the rate of arrival of protons at a point is

IVp = i xro" protons-e /0 = 4.775XI010 protons sec-I, (A-7)

where c is the speed of light and C = 211'1000 m is the ring circumference.

For a pressure of 1 X 10-8 torr at the center of a warm section bounded by cold sections, the
average density of molecules is given by

7i = [22.4~ArJ' ems] X [l~:g::rr ] = 3.54XIOB molecules cm-3, (A-S)

based on Avogadro's number and the molar volume of a gas at STP. [A factor of 2/3 which
reflects the average in a parabolic pressure distribution which is maximum at the center and zero
at each end is neglected here.]

Combining factors, we have

Ni"f = q PL Np = [533 X 10-27 cm~ X [3.54 X 108 cm-3] X [400 em] IVp (A-9)

= 360 interactions sec-1

in the 4-m warm straight section A-4S, for 1X io" stored protons. For comparison, the number
in the 20-m cold section just downstream from A-48 is

...!.. X 20 m X 360 sec"! = 113 interactions sec-1 , (A-lO)
164m

where the respective factors reflect the relative interaction rate per unit length [Eq. (A-I)] and
account for the relative length. From this simple comparison, it is not obvious whether the warm
or the cold section is the dominant source of primary interactions producing the ambient radia
tion field at the location of our detectors.

** We were informed by H. T. Edwards that the actual length or warm section a.t A·48 is 160 inches, or 4.06 m
(Edw86).
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II. ESTIMATES BASED ON REVISED INFORMATION OF H. JOSTLEIN

4. Estimates Based on Alternate Parameters

The above discussion, based on written sources (Edw85, Miz79), would indicate a maximum
beam lifetime (lie) of about 383 hours with the (warm, cold) sections contributing to the loss
rate in approximately equal amounts. That is, (X. : At) = (1.2 : 1.0) from Eq. (A-2).

In private communications with H. Jostlein, we were apprised of the large uncertainties in
the actual pressures. For the warm sections, we were quoted "(1 - 4)X 10-8 torr" and for the cold
sections, "less than 1Xl0-l3 torr; assume it to be zero." As for gas composition in the warm sec
tions, "F(~) is in the range 50 - 70%; the remainder is mostly CO with some CH"." For the cold
sections, "assume it is all He (with some Hz but this is extremely small)."

Repeating the calculations described in Sections 1-3 with parameters consistent with
Jostlein's statements, gives the results shown in Table A-4.

-

Table A-4. Calculation of beam decay constant from nuclear interactions.

Quantity Warm Section Cold Section

Given quantities

F(~) 0.60
F(CO) 0.40
F(He) 1.00 -
T(K) 300 4.6
Pressure, P (torr) 2XlO-8 1X 10-13

EL t c 0.07 0.93

Derived quantities
u (mb) 360 135
P (molecules cm-3) 7.07X108 2.31X1Q6
A (sec· l ) 5.35 X 10-7 sec- l 8.69 X 10-10 sec- l

This gives a decay time, tile, of:

tile = I/)..tot = 518 hr . (A-5a)

The approximate doubling of the lifetime is mainly due to absence of interactions in the cold sec
tions. See the last part of Section 2 regarding other factors affecting the beam lifetime.

A revised estimate of the interaction rate in A-48 gives:

dN'l14rm IdL _ [360mb] X [2XI0-8torr] [4.6K] - 8180 (A-ta)
dNtou I dL - 135mb 1X 1O-13torr X 300K - ,

and the revised ratio of number of interactions around the entire circumference, N",arm I Neold ,

previously 1.2, is now 616! If the revised estimate is correct, it is probable that the warm section,
A-48, is the main source of primary beam interactions in our region. This would simplify our pic
ture of the neutron source considerably.

Combining the decay constants from Table A·4, we now have

Atot = >..'" + Ac = 5.35XI0-7 sec-I + 0.00869 X 10-7 sec"! = 5.36Xl0-7 sec"! (A-4a)

= 1.93 X 10--3 hr".

IV irot = up L IV, = [360 X 10-27 cm2] X [7.07X 108 cm-3] X [400 em] IV,
= 486 interactions sec"!

(A-9a)

..

..

..

-

..
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where Np =4.775XI016 protons sec-1 for lX1011 protons stored. This is about 35% more than
the rate (360 interactions sec-i) calculated in Eq. 9. The number of interactions in the 20-m cold
section is now estimated as only about 0.3 interactions sec'", a negligible amount.

5. Discussion

It is essential to know the pressure in both A-48 and the cold dipole chain more accurately.
From Jostlein's information, it seems that A-48 is the probable source of primary interactions,
with about 486 interactions sec'", but the information supplied by Jostlein leaves room for an
uncertainty of at least a factor of two in these estimates, from uncertainty in the A-48 pressure
alone. The estimates regarding A-48 are not significantly different (360 or 486 interactions sec-i)

for the two sets of information examined. The major difference is in the contribution of the cold
section. From Jostlein's information, it appears that primary interactions in the adjacent cold sec
tion can be ignored, whereas the published information would indicate a major contribution to the
fluence at our location.

Remaining questions include: Are there nearby warm sections upstream of A-48 that can
contribute to the measured Huence? Are there possible neutron sources downstream of the three
dipoles after A-48?
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APPENDIX B. ESTIMATES OF PHOTONEUTRON AND HADRONEUTRON
FLUENCE PRODUCED BY 8()()..GeVPROTON BEAMS

At Tevatron energies a large fraction of the initial energy of an hadronic cascade (HC) is fed
into the electromagnetic (EM) cascade via "p decay into photons (Ran85, Ste85; See Fig. B-1).
This immediately suggests that some fraction of the neutron fluence observed in the Tevatron
tunnel is actually due to photoneutrons.

The photoneutron fluence is calculated under the following assumptions:

• Beam intensity is 1 X 1011 protons at 800 GeV;

• Entire beam is lost uniformly around the circumference of 2 7r 1000 m;

• 63% of beam particle energy devolves to the EM cascade;

• The yield of photoneutrons is l.OX 10Q neutrons per J of EM energy deposited in iron (Swa79);

• Beam-line to detector distance is d = 2 ill.

The total energy in a beam of 1X lOll protons at 800 GeV is

(lXlOll) X (1.602XlO-u C) X (800X10~ = 1.28 X 10' J. (B-1)

This gives the total yield of photoneutrons if this energy is deposited in iron:

Y(photoneutrons) = 0.63 X 1.28 X 104J X (lXlOQ neutrons-Jr'']

= 0.806 X lOiS neutrons.

Distribute the neutrons uniformly over a circumference of 2 7r 1000 m:

q / = 0.806 X 1013 neutrons/ (27rlOOOm) = 1.28XlOQ neutrons-m'",

For an isotropic line source the ftuenee at distance, d =2m, is:

¢J t/ _1_.2_8....;X....;....1_0
Q_n_eu_t_r_o_n_s·_rn_-_l 1 60X lOB t -2- - = . neu rons'm

7.11 -"'4d - 4X2m

= l.60XlO' neutrcne-cm'f

(B-2)

(B-3a)

..

per 1XlO11 protons uniformly lost at 800 GeV. Room scattered neutrons (a larger number) are
not included and fluence attenuation in the iron is not considered. This estimate should be good
to within a factor of two.

We may also calculate the neutron fluence of direct hadronic origin under the same assump
tions except that we use the rule of thumb for neutron production by proton beams (Pat73):

• Neutron production by protons incident on a thick iron absorber: 10 neutrone-protont'-Gev"!

This gives the total yield of hadroneutrons at distance, d =2m:

Y(hadroneutrons) = 0.37 X (lX1011 protons) X (800GeV) (B-5)

X (10 neutrons-protonv-GeV'"] = 29.6X 1013 neutrons.

Dividing by 2 7r 1000 ill gives a linear source of

q / = 29.6 X 1013 neutronsj(27rl000rn) = 47.1 X 109 neutrons-rn'".

An isotropic line source gives the fhience of hadToneutrons at the distance d =2m:

<P
q 47.1 X 109 neutronsm'" 5 89 109 t -2

L - -- - = . X neu rons'm".Il - 4d - 4X2m

= 58.9X104 neutrons-ern.".

(B-3b)

(B-4b) -
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The ratio of the above two fiuences is

t/>1I,I& 58.9X 10· neutrons-cm'f
-- = -t 2 == 36.8 J (8-6)
t/>"I& 1.60 X 10 neutrons-em"

which at least shows that neutrons direct from the hadronic cascade, rather than photoneutrons,
are the dominant source. This ratio should be approximately independent of distance from the
beam line.

The sum of the above two direct fluences at d =2m is

-P'J,. +-PII,I& = [1.60X10· + 58.9XI0·j neutrons'cm-2 (B-7)

-Ptot ,tlir = 60.5X 10· neutrons'cm-2
•

Assuming a beam decay time (l/e) of, for example, 100 hours (3.6Xl<Y' sec), the direct neutron
fluence rate would be [60.5XIO· neutrons cm-2 / 3.6Xl<Y' sec] =

~tlir = 1.7 neutrons cm-2 sec-1
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FIGURE CAPTION
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Fig. B-1. Fraction of primary energy transferred to the EM cascade as a function of primary
energy. Circles show calculation of Ranft (Ra.n85)j points are interpolations.
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APPENDIX C. FLUENCE OF SCATTERED NEUTRONS IN THE TUNNEL

The fluence of scattered neutrons inside a cubical concrete room is rather uniform and is
proportional to the fast-neutron source strength, Q, divided by the area of the room, A (floor, ceil
ing and walls combined). For thermal neutrons, the relation is (Pat58):

tP.c (thermal) = It l l Q /A = 1.26Q /A (0-1)

and for fast neutrons it is (Mc079, Eis82):

tP.c (f ast) = k'lIft Q /A = 5.4Q IA. (0-2)

[The experimental and theoretical coefficients for thermal scattered neutrons are k 11& 1.26 ±
0.1 and 1.39, respectively. We choose the experimental value for use here.]

We approximate a cubical concrete room by a concrete tunnel of circular cross section rrR 2,

and length L. Later we let L approach infinity. This leads to limits in the amount of direct,
scattered-thermal and scattered-fast neutron fluences, so that ratios can be taken. The source
strength in this tunnel section is Q = r/ XL, where r/ is the number of neutrons per length of
scurce. For an infinite line source (L -00) the fluence of direct neutrons at distance, d, is:

tPlI.'~ = q I / 4d

For scattered neutrons the fluence is

where

A wllll • = 2rrRL , and

Ac~.u = 2rrR 2.

This gives

For L »R , this gives

Taking ratios, we have

(0-3)

(0-4)

(0-5a)

(0-5b)

(0-6)

(0-7) -

Using d = 2 m and R = 1.52 m, we have:

.L-
8

= 15%

=-.1-
4d

1.26q'
2rr1.52

16%

5.4q'
21T1.52

69% .

(0-9)

...
There may be uncertainties in this relation arising from the geometric approximation made and
from vagueness about the term "fast" neutron. However, it is adequate to show that the vast
majority (~85%) of neutrons detected in our tunnel geometry are scattered neutrons.

.",
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APPENDIX D. PUBLISHED RATIO OF GAMMA TISSUE KERMA TO NEU
TRON TISSUE KERMA AND RATIO OF GAMMA TISSUE KERMA TO NEU.
TRON FLUENCE

In the review article by Tochilin and Shumway (Toc69), the measured ratio of kermas for
tissue, K,.,/KI'I' is tabulated for typical fast-neutron irradiation facilities. These facilities include
nuclear-weapon fission, critical assemblies, reactors and converter plates. The primary spectrum
from such facilities is a fission spectrum which is not too different from the evaporation spectrum
believed to be a prominent source for the FNAL Tevatron tunnel measurements.

Among 36 tabulations of the tissue kerma ratio for various geometries and filtering condi
tions, values of K 7/K" varied between 0.09 and 8.4. However all but 5 values lay between 0.09
and 1.00, with the median being 0.40. The high outlying values were for particular arrangements
not resembling our tunnel geometry.

Taking three experiments that most closely resembled ours, i.e., a source (reactor) and
detector contained in a concrete rOom and a source-to-detector distance comparable to 2 m, we
find values close to the lower range tabulated by Tochilin and Shumway (Table D-l).

..

...

Table D-1. Published tissue kerma data for concrete rooms.

Room Detector Neutron tissue
Reference volume distance kerma factor K 7/K"

(mS) (m) (rad'cm2
)

Say60 580 0.50 2.36 X lO-g 0.091
1.00 2.26 X lO-G 0.090
1.50 2.22 X lO-u 0.117

Mob64 520 1.50 0.16

Hum65 1400 1.50 0.14

Average (for 1.50 m) 1.50 2.22 X lO-g 0.14 ."

For these experiments the ratio K 7/K" for tissue (Col. 5) varied slowly with increasing distance
from the source; there was an average of only 26% increase as the distance was varied from 0.50
to 1.50 m, The small increase reported in 8ay60 is probably due to a reduction of direct neutrons
with distance, in relation to capture gammas from the concrete walls.

A comparison of the three experiments suggests that K 7/K" does not vary too much with
room volume. This may be because, as the wall-to-detector distance increases (holding the neu
tron fluence constant), the l/r 2 decrease in gamma kerma from each element of source area is
cancelled by the increased total area of the walls.

The neutron tissue kerma factors shown in the table (Col. 4, from Say60) are quite close to
the values found in the Tevatron tunnel measurements, about 2.0XIO-grad·cm2 , again suggesting
the similarity of the two situations as regards neutron spectra. Therefore we feel that these pub
lished results may be considered as estimates of the corresponding ratios for our measurement
conditions in the Tevatron tunnel. In fact, it may be that almost all of the photon dose at our
detector location may be neutron-related. This would mean that the photon dose direct from the
accelerator in the Tevatron experiment is quite small.

From data in NCRP-38 (NCRPll), it is also observed that, for broad unidirectional fields of
monoenergetic neutrons incident on a tissue phantom, the ratio of maximum photon dose within

."
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the phantom to incident neutron fluence lies within a surprisingly narrow range, (4.G-S.3)X 10-10

rad cm2 for neutron energies from thermal to 5 MeV. This near-constancy can be understood by
considering that the majority of neutrons not reflected eventually become thermalized to produce
the observed photon dose, mainly by gammas from capture on hydrogen. To the extent that con
crete (also hydrogeneous) is similar to tissue, a similar relation should hold. It is likely that a large
fraction of our photon dose (quoted as an upper limit of about 2 X 10-$ rad cm2 for both the Teva
tron and Main Ring) is accounted for by this effect.

Sayeg (Say60) also specifies the fluence of Cast neutrons obtained in his experiment. This
permits a determination of the ratio of gamma tissue kerma. to fast neutron 8uence. This value is

K 1 = 2.60X 10-10 rad ,
4>... neutrons-cmf

at the distance of 1.5 m. This can be compared to the upper limit found in the Tevatron experi
ment of about 2XIO-D rad cm2•
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APPENDIX. E. ESTIMATED DOSE FROM THE ELECTROMAGNETIC CAS
CADE

When an SOO-GeV proton is incident on an iron absorber, approximately 63% of the pri
mary proton energy eventually devolves to the electromagnetic (EM) cascade. As there is infer
mation on shielding of the EM cascade from electron accelerators (Swa79), an estimate of the pho
ton dose at d = 2 m from an effective line source illuminated by hadronic fragments is possible.
Although the real lineal distribution of energy incident on the vacuum pipe may not be uniform,
the assumption of uniform illumination should give at least the correct order of magnitude and be
useful in comparison with other radiation quantities calculated under the same assumptions (neu
tron fluence from hadronic interactions, photoneutrons).

Preliminary Esthnate ot the EM dose
To summarize the assumptions made:

• Beam intensity is 1 X 1011 protons at 800 GeV;

• Total beam is lost uniformly around the circumference of 2 1r 1000 m;

• 63% of beam particle energy is contained in the EM cascade;

• Beam-line to detector distance is d = 2 m;

• Attenuation of the EM cascade in iron is given by 1 TVL = 11 em. (tenth-value layer 
thickness that attenuates dose by a factor of 10);

• In addition, at 90' to the point location of an EM cascade a source term useful for shielding
estimates is (Swa79, p. 319):

-

-

where the unit "J"refers to total energy in the EM cascade.

The total energy in a beam of 1 X 1011 protons at 800 GeV is:

(lXIOJI ) X (1.602XIO-1IIC) X (800XI011y) = 1.28XI0·J.

Distribute the 63% of this energy in the EM cascade uniformly around the circumference:

W = 0.63 X 1.28 X 104 J / (21r l000m) = 1.28 J'm-1

(E-l)

(E-2)

(E-3)

The "lineal dose term" [J ,(analogous to the lineal source term for radioactive line sources) is
then

(E-4)

•

(E-5)

For a preliminary approximation we ignore the intrinsic angular distribution of bremsstrahlung
and assume a line source with constant attenuation by a factor of 1/10 for every ray connecting
the source and detector. [The iron is approximately 11 ern thick, if the coil collars and yoke are
combined. The amount of attenuation is greatly underestimated for every ray except those near
90' .j Using the general formula for the dose, D, at distance, d, from a uniform line source and
multiplying by the nominal attenuation factor, 1/10, we have:

I A() [j 1_ X (71/2) X L18XlO-3 rad-rn
DEM = 10 X d 10 - 2m

= 1.42 X 10-4 rad.

For the contributing angular interval, we assume AU = 1r/2. The justification for this choice is
that 1r radians is the maximum physically possible interval and oblique rays at angles larger than
about ±1r/2 are strongly attenuated; at ±7r/2 the attenuation factor is of the order of 10.;2 =
25.9, rather than 10 and it increases rapidly at larger angles. This effectively reduces the source

•
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length as expressed as the angle subtended at the detectors. This heuristic calculation is believed
to give at least the correct order of magnitude (factor of three accuracy). The major error is
ignoring the angular variation of thick-target bremsstrahlung intensity which gives an enhanced
EM dose coming from upstream of the detectors.

Estimate by Integration
A Moyer-type integration (McC85) using the above assumptions was performed with the

parameters:

H o = 0.0111 rad'm2'J-1,

f3 = 1.324 radian",

W = 0.128 J'm-i ,

The number of shield attenuation lengths, I, measured perpendicularly to a line source, was made
equivalent to 1 TVL:

I = 2.303,

d =2m.

To show the connection between Eq. (E-5) and these parameters: The product H 0 X e -{h/'l, for
(}=1r/2 , equals 1.39X1rrad·mll •.r-1, the source term given in Eq. (E-1) for 90". The angular die
tribution parameter for wide-angle bremsstrahlung, P = 1.324 radian'", is consistent with meas
urements (Din77) and Monte-Carlo calculations (Fas84) , for bremsstrahlung angles in the range
0B = 45· • 180' . The distribution rises to a very strong peak at forward angles - much higher
than this parameter would indicate. However it is shown below that the rays from small-angle
bremsstrahlung are so strongly attenuated in the iron, because of the obliquity factor, that they
contribute very little. As the detectors are on the interior of the Tevatron ring for our geometry,
the sharp bremsstrahlung spike at O' is not present.

These parameters are used in the Moyer integral for a detector placed at d = 2m and d =
0:

dL, (E-6)

(E-8)

-

-

-

where dL is an element of source length, L, and r 2 = d2 + L 2• The integral value is
1.15XI0-fracl·m·J-l. This gives

DEU = 1.28 J'm-1 X [1.15XlO-f rad-m-J'"] = 1.47 X 1O-f rad . (E-7)

This model is consistent with the rough calculation just described but now the thick-target
bremsstrahlung angular distribution and the attenuation of oblique rays are handled in a more
satisfactory manner.

The integration procedure also provides information on the effective distribution of source
along the beam line (Fig. E-1): The maximum integrand value occurs at L = -0.6 m, or upstream
of the detector at about -17· . The integrand diminishes to half its maximum value at L = -1.9 m
and 0.54 m or -43.5· and 15.1 • , respectively. This is a total angular interval of 58.6 degrees or
0.33 1r radians which contributes most of the dose at d = 2 m, L = O. This is reasonably close
to the initial guess of A(} = 7r/2 used in Eq. (E-5). The corresponding range of bremsstrahlung
angles is given by the 90· complement, or (}s = 46.5· - 105.1·; contributions at smaller and
larger Os are heavily attenuated.

Dividing this EM dose estimate by the direct (not scattered) neutron fluence predicted under
consistent assumptions (Appendix B), we get:

DEM = 1.47 X 10--4 rad = 2.43XIO-10 rad .
¢J,lir 60.5X 104 neutrons-emf neutrons-cmP
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This ratio is a definite prediction that may be accurate to within a factor of three. It should hold
true at any distance, d, from the beam line as long as the beam loss distribution does not vary too
strongly in the vicinity. It should be remarked that the method of estimating the EM dose would
be less reliable if the shielding of 11 em of iron were not present, because the angular variation of
bremsstrahlung intensity would have a much greater effect. With 11 ern of iron, the principal
contribution of EM dose emerges from a relatively restricted region of beam line.

II the acattered neutrons, which constitute about 85% of the total fiuence for our tunnel
geometry, are considered, the ratio of Equation (E-8) is modified as follows:

DEM = DEM X 0.15 = 2.43Xl0-10 rad X 0.15 (E-9)
,p,ot. ,p"i~ neutrons-cmf

= 3.64Xl0-11 rad ,
neutrons-cm'f

where 0.15 represents the fraction of direct (not scattered) neutrons. The ratio from Equation (E
9) is the one to be compared to the experimental result.

FIGURE CAPTION

Fig. E-!. Curve labeled "Moyer": Integrand of Eq. (E-6), (dDEM / dL )/ W ,as a function of dis
tance along the beam line, L , for d = 2 m and uniform beam loss, W . "Approxi
mate" curve, for IL I ~ 2.0m, is equivalent to the approximation, Eq. (E-5). Area
under either curve, when multiplied by W gives an estimate of the EM dose at d =
2 m.
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APPENDIX F. EXPERIMENTAL UPPER LIMIT TO DOSES FROM THE EM
CASCADE FED BY THE HADRONIC CASCADE

Because a large fraction of the initial energy of the hadronic cascade ultimately is carried by
photons, it is interesting to estimate the resultant energy deposition in our detectors by photons
from the EM cascade.

There is reason to believe that some of the counts to the right of the thermal peak in the
MeA pulse height distributions (higher energy side) might be due to photons from the accelerator
tunnel environment. On the other hand the majority of counts to the left (lower energy side) of
the thermal peak are probably related to neutron capture [via (n, a) or (n, ')')l on materials of the
detector, rather than to incident photons.

Justification for these statements is shown in Fig. F-l. The data plotted in the lower por
tion are the pulse heights at Channel 100 (4.9 MeV photon energy)* as a function of polyethylene
sphere radius. The straight line, normalized to the data shows the expected attenuation of 5-MeV
photons in polyethylene (Ptot =0.0292cm-1

) for the corresponding radii. The agreement in slope is
striking, and supports the suggestion that some of these pulses may be due to photons incident on
the detecton. It alao justifies in retroepect the use of the 45.7-cm (l8-inch) sphere to set the
upper limit on charged particle dose as this contains the smallest photon background. Possible
eourcea of such phctons are manifestly (a) the electromagnetic cascade produced by fIJ deeay pho
tons of the hadronic cascade, and (b) neutron capture gammas from such materials as Fe in the
magnet yokes and Hand Si of the concrete walls.

Figure F-1 also shows the plot of Channel 30 (~1.5 MeV photon energy) as a function of
sphere radius. Clearly these data do not follow the attenuation expected for 1.5-MeV photons in
polyethylene (Ptot =0.0559cm-1) . However they closely resemble the behavior of the height of the
thermal peak (also shown), which strongly suggests that counts to the left of the thermal peak are
mostly related to the thermal neutron fiuence in the sphere interior rather than to external photon
irradiation.

To estimate the dose to the Lil crystals due to external photons from the EM easeade, we
aasume a pulse height distribution proportional to E ,-2 which is suggested by the track length
distribution from shower theory (Ros52). The shape is indicated by the curve of Fig. F-2, which
is normalized to the distribution at Channel 70 (E,:=::::3.4MeV). This channel is chosen because it
is the lowest point of the distribution at which a curve of the assumed shape can be normalized.
In doing this we also implicitly assume the energy transfer efficiency is uniform between chosen
limits that are given below. The assumptions just described lead to an integral of the form

DEN - [Nzo; 1X [(:~) 11.E-1dE M.Vg-1 • (F-l)

where N(70) is the obs~rved number of counts at Channel 70, M' 6.53 g is the mass of the Lil
crystal, the factor (70) = 4900 is for normaliaation and (61/3) converts the abscissa scale from
channel number to MeV (Channel 61 corresponds to 3 MeV photon energy*).

Evaluating Equation (F-l) gives

DEM = 37 N(70) In (E 2/Ed MeV'g- l . (F-2a)

If the integration limits differ by a factor of 100 (1nl00 = 4.61), this gives:

DEM = 170 N(70) MeVg"! . (F-2b)

• This is based on a calibration of tne same crystals using gamma. sources 137Cs, lIDeo and 24Na performed by
R. K. Sun (Sun86).
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The actual limits are somewhat arbitrary. However the lower limit should include 0.5 MeV (for
positron annihilation photons) but not be less than 0.1 MeV where Ptot / P for Fe has risen to ten
times its minimum value. The upper limit should reflect the fact that, above about 6 - 7 MeV,
the effective energy transfer efficiency declines with energy, because the dimensions of the crystal
preventing it from absorbing a significant fraction of the photon energy if it interacts by Compton
scattering or pair production; the maximum energy deposited by a fast secondary electron is
about 6.2 MeV. Energy limits of 0.3 and 30 MeV are chosen for this analysis.

Oonverting Equation (F-2) by use of 1 MeV = 1.602 X 10-8 g-rad, we have:

DEM = 2.7XI0-s N(70) rad. (F-3)

Using Equation (F-3) gives approximately the same result whether the bare crystal, the 5.08
em (2-in) sphere or the 45.7 em (I8-in) sphere is used. The photon dose to Lil so obtained,
DEM(Le1), can be compared to the neutron dose to tissue, D,. (ti88ue) for the same runs. An
average over 18 runs made under varying conditions gives DEM j D" (ti"8u,: ) = 1.4 ± 1.1. If an
anomalous run which gave 5.6 is excluded, the average becomes 1.1 ± 0.5. For seven runs
selected as having relatively "quiet" coasting beam conditions, the average is 1.2 ± 0.5.

Lacking a satisfactory method of subtracting other contributions to the Lil pulse height dis
tributions, these results must be considered as upper limits.
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FIGURE CAPTIONS

Fig. F-l. (a) Circles: Number of counts in MCA Ohannel 30 (E,~1.5 MeV photon energy) as
a function of sphere radius; Triangles: Counts at maximum of thermal peak as a func
tion of sphere radius. Dashed straight line shows expected attenuation of 1.5-MeV
photons in polyethylene.

(b) Squares: Counts at Channel 100 (E,~ 4.9 MeV photon energy) as a function of
sphere radius. Straight line: expected attenuation of 5-MeV photons.

Fig. F-2. Number of counts as a function of channel number for a typical run. Dashed curve
shows presumed shape of photon spectrum (ljE,2), normalized at Channel 70. Solid
curve is idealized distribution of pulses from minimum ionizing particles.
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APPENDIX G. MINIMUM IONIZING PARTICLES IN CYLINDRICAL LiI CRY
sTALs

Charged particles from high energy hadronie cascades (pions, muons) are expected to be
near minimum ionizing and their energy loss rate is in the range 1.1 - 1.5 MeV g-l cm2 (for 1 - 10
GeV muons; PDG86). Each cylindrical Lil crystal is 12.7 mm diameter X 12.7 mm high and of
density 4.06 g cm-3. Thus, assuming dE / dX = 1.2 MeV g-lcm2

, the maximum energy deposition
for perpendicular incidence would be 6.2 MeV.

Imagine a unidirectional broad charged particle fluence that is perpendicular to the cylinder
axis. For the moment assume that a particle traversing a diametral path deposits unit energy
(unit pulse height, Pl. The distribution of pulse heights, dN/dP, is identical to the distribution of
chord lengths, assuming straight tracks with no straggling. It is calculated to be

P
dN / dP = r.-;::;'1i

v1-P-

This may be derived by considering a cylindrical crystal of unit diameter centered at the origin,
calculating the length of chord P (::r) perpendicular to the ::r -axis for each value of % over the
interval (-1/2, 1/2), and allowing uniform probability in ::r • Thus:

::r 2+ y 2 = (l/I)2

dN
dz =1 Cor -l/I <::r < +l/I

P = 2y = 2v'lb 2_z2

IdP 1= 4z =4X~
dx P 2P

dN dN dP P
dP = dz / dz = 2Vl-p2

The latter expression is doubled to account Cor both positive and negative values of s . Equation
(G-l), normalized to unit number oC pulses (unit area), results. The average value (mean) of P, j5,
can be derived from the cosine-averaged value of the sin, and is

1

j5 = f sinO d(cosO) = 1r/4 = 0.785
o

The mean-square (MS) value, about the mean is given by
1

(P - p)2 = J [sin9-1r/4]2 d (cosO) = .! - !!-.. = 0.0498
o 3 16

This ~elds the RMS value about the mean !J.P =';0.0498=0.223. Expressed in relative terms,
!J.P IP =[O.223/0.785J=±28%. The shape of the distribution of Eq. (0-1) is shown in Fig. 0-1,
in which the mean and ± one standard deviation, (P ±~P), are marked.

As mentioned above, the energy deposition of a single minimum ionizing particle describing
a diametral path perpendicular to the crystal axis is 6.2 MeV. Using the above factors and the
approximate calibration of the MCA pulse height analyser [Channel 61 = 3 MeV for minimum
ionizing particles (Smi85, 5un86)], we find that the centroid [0.785X6.2 MeV=4.87 MeV] of the
pulses due to minimum ionizing particles should lie at Channel 99. Thus we should seek minimum
ionizing particles in the Channels 71 - 127, which corresponds to an energy interval of ± 28%.

The approximate formula for the minimum-ionizing particle dose, Dmip , is then:

1 3 MeV 121 127
Dm;p ="'6'"'5'3" 61 E C' N (C) = 7.53 X 10-3 E G' N (C) MeV·g-1 (0-9)

• g C=71 C=71
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127
= 1.21 X 10-10 E O'N(O) rad,

0=71

where M = 6.53 g is the mass of the crystal, the second factor, (3 MeV/51), expresses the channel
number-energy calibration;" N(C) is the number of counts in Channel C, and the summation is
over the MeA channels indicated. As this approach is not very exact anyway, an approximate
form for the summation over 57 channels, based on the observed smoothness in the MCA pulse
height distribution, is used:

Dmip = 1.21Xl0-10 [57X99 N(99)] rad = 6.8XlO-1 N(99) rad. (G-lO) ..
REFERENCES
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FIGURE CAPTION

Fig. 0.1. Idealized pulse height distribution for cylindrical detector, where a broad unidirectional
bea.m of charged particles is incident perpendicularly to the cylinder axis. Abscissa
value of 1.0 corresponds to 6.2 MeV for minimum ionizing particles in Lil crystals used.

• This is based on a calibration of the same crystals using gamma sources 137Cs, 0060 and 24Na performed by
R. K. Sun (Su1l86).
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FIGURE CAPTIONS

Fraction of primary energy transferred to the EM cascade as a function of primary
energy. Circles show calculation of Ranft (Ran85); points are interpolations.

Curve labeled "Moyer": Integrand of Eq. (&6), (dDEM / ilL )/ W ,as a function of dis
tance along the beam line, L , for d = 2 m and uniform beam loss, W . "Approxi
mate" curve, for t L I ~ 2.0m, is equivalent to the approximation, Eq, (&5). Area
under either curve, when multiplied by W gives an estimate of the EM dose at d =
2 m.

(a) Circles: Number of counts in MCA Channel 30 (E'l~1.5 MeV photon energy) as
a function of sphere radius; Triangles: Counts at maximum of thermal peak as a func
tion of sphere radius. Dashed straight line shows expected attenuation of l.5--MeV
photons in polyethylene.

(b) Squares: Counts at Channel 100 (E'J~ 4.9 MeV photon energy) as a function of
sphere radius. Straight line: expected attenuation of 5-MeV photons.
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Fig. F-2. Number of counts as a function of channel number for a typical run. Dashed curve
shows presumed shape of photon spectrum (1/E; ), normalized at Channel 70. Solid
curve is idealized distribution of pulses from minimum ionizing particles.

Fig. G-1. Idealized pulse height distribution for cylindrical detector, where a broad unidirec
tional beam of charged particles is incident perpendicularly to the cylinder axis.
Abscissa value of 1.0 corresponds to 6.2 MeV for minimum ionizing particles in Lil
crystals used.



..",

Fraction of Hadronic-Cascade ..
Energy Transferred to
EM Cascade

o Ranft
100

• Interpolation -
- 80c:

~ ----0-
Q.. ~

~•60

~
40

...
150 GeV 800 GeV 20 TeV

20
1 ! ! ..

00.1 1 10

Primary Energy (TeV) ..
XBL869-9629

...

...
Fig. 8-1. Fraction of primary energy transferred to the EM cascade as a function of primary

energy. Circles show calculation of Ranft (Ran8S); points are interpolations.
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Fig. E-l. Curve labeled "Moyer": Integrand of Eq. (E-6), (dD£M / tiL)/ W ,as a funetion of dis
tance along the beam line, L , for tl = 2 m and uniform beam loss, W . "Approxi
mate" curve, for I L I ~ 2.0m, is equivalent to the approximation, Eq. (E-S). Area
under either curve, when multiplied by W gives an estimate of the EM dose at d =
2 m,
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Fig. F-l. (a) Circles: Number of eounte in MCA Channel 30 (E.,:==1.5 MeV photon energy) as
a function of sphere radius; TriangJes: Counte at maximum of thermal peale as a fune
tion of sphere radius. Dashed straight line shows expected attenuation or l.S.MeV
photons in polyethylene.

(b) Squares: Counte at Channel 100 (E.,:== 4.9 MeV photon enerv) as a function of
sphere radius. Straipt line: expeeted attenuation 01 5--MeV photons.
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Fig. F·2. Number 01 counts .. a tunction 01 chaDJ1el number Cor. typical run. Duhed curve

shoWli presumed shape ot photon spectrum (1/E.,2 ), normalised at Channel 70. Solid
curve is idealiled distribution of pulaes from minimum ioniling particles.
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Fig. G-l. Idealized pulse height distribution for cylindrical detector, where a broad unidiree
tiona! beam of charged particles is incident perpendicularly to the cylinder axis.
Abscissa value of 1.0 corresponds to 6.2 MeV Cor minimum ionizing particles in Lit
crystals used.
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