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ABSTRACT -

_An analysis is made of the erfors.involved in routine measure-
ments of flux and dose equivalent around high-energy accelerators. By
usé of some typicél neutron spectra from multidetector measurements
~made around the accelerators at the Lawrence Radiation Laboratory,
Berkeley, and fhe proton synchrotron at CERN, Geneﬁa, a calculation is
made of the errors involved when only one detector is‘used for evaluat-
ing the total neutron flux and corfesponding dose-equivalent rate. Thé
correction factors to be applied to the routine measurements in these
fields have been calculated,_ana'a method is proposed for minimizing

those errors. A CDC-6600 computer was used to make the calculations.

W
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INTRODUCTION
"A routine measurement made only for purposes of radiation protec-

tion has to be as simple and as quick as possible, has to employ a mini-

cmum quantity of instrumentation, and has to permit an evaluation of the
‘dose equivalent with no greater error than allowed by the ICRP. However,

such measurements should also give some information about the physical

parameters of the radiation so that protective measures can be taken.
Not much choice exists in the instrumentation which can be utilized and
which copes with routine needs: all users are confined to more or less

sophisticated moderated BF, counters, a few activation detectors (gener-

3

ally C, S, In or Au, Al, etc.), and TE ionization chambers.

However, slightly different methods are used at different acceler-

ator centers for evaluating from the routine measurements the total dose
. equivalent in the mixed neutron fields. The differences between the var--

~ious centers are mainly in the interpretation of the data and in the

philosophy of the measurement. Certain laboratories are mainly concerned
with the final extrapolation of the iﬁStrument readings into the QOée
equivalent or the "risk involved," the intermediate step of_the analysié
of the quality of radiation being used only fo-confifﬁ that the dqée—
equivalen; evaluation’has.been made with acceptable preciéion. Howevef,
the probable errors seem to Ee quite high.34

At ;he.Lawrence Radiation Laboratory a knowledge éf the distribuj
fion of the different‘rédiatidns in the fieldi——i.e., the description of
the field in physical termé——is as important as the final evaluation of

the dose equivalent. However, this knowledge cannot be gained without

using several radiation detectors intelligently selected, and such
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involved techniques cannot be used in all routine measurements.

Several complete radiation measurements2 performed around differ-
ent proton aécelerators ﬁave supplied us with a gréup of neutron spectré
which we believe to be representative of those around most accelerators.
Using:these spectra, wé calculate for each og the detectors no{mally em—-i
iployed around accelerators the percent of flux and dose that falls within
its sensitivity range, and the percentage errors one normally mékes in
evaluating_flux and dose in these fields. Next, by minimizing these
érrors, we calculate the best‘average'cross—section and flux—to—dose con-
version factor to be used for routine measurements.

From the fatios of the readings of two or thrée of these detectors,
one can select the most'probable spéctrum (ambng'thoée considered) that
agrees with the measu;ed ratios and then'use the cross sections and con-
version féptors appropriate for this spectrum.

It is worth emphasizing that the sine qua non 6f this or any other

method of analyzing errors in dose-equivalent estimates is a description’

of the radiation field in physical terms.

»The Sgéctra
In Figs. 1 thrqugh 5 we show.the five main differentiai neﬁtron‘
épecfra we used for the calculations. . Four of these are.téken‘from Réff 2; 
7 and we:have gdded a 1/E distribution. We believe theée td fairly fépre—
sent the sbectra normally found around particle accelerators.
The following assumptions were adopéed in the calculafions:
a. Measuremengs of the selecte& spectra did not extend to the ther-

mal region. For this reason we extended the spectrum from the minimum
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enérgy measured to thermal energies with a straight 1iné. 'Doing this is-
suppofted by the theory of diffusion and thermalization of neutrons in
homogeneous media; also some measurementé made around CERN aécelerators10
roughly confirm it, as do unpublished'measurementé at LRL.’

b. To simulate the possible situation a?ound other accelerators of

1 5
I

different energies, we terminate the spectra at various maximum energies,

i.e., 27 MeV, 1.1 GeV, 11 GeV, and the maximum set by the energy of each
accelerator where the measurements were made (except for the cosmic ray

spectrum). We have constructed 16 different spectra. (In the tables,

The Detectors

We have selected a few of the detectors most used for the dosim-

]

etry around accelerators. They are:
a. The bare BF3 gas—filled proportional ;ounter.
" b. The BF3 counter moderated by 6 cm of paraffin and.Cd—covered.
c. The following activation detectors: S, C, Al,_Bi, Hg.
Unfortunatély; tissue~equivalent ion éhambers and detectors which measure

quality factors are not susceptible of this analysis and are not included.

In Figs. 6 through 9 we show the cross sections we used for the calcula-

tion with the listed detéctqrs. We describe in the figure captions the

'assumﬁtions used for plotting these cross sections.
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'The.CalculaFions
We used the CDC-660O computer at the Lawrencerﬁadiatioanaboratory
for‘performing the calculations. The main computer program (progrmm
jSANDRO) cai;ulates fir§t, for each detector ;j and each spectrum i, the

i

following expressions: ! : \ : |

‘/I;. <I>i (E) dE

= J
.Ai,j - fEi(max). S
- Ei(min) ®i (E) dE

where Ej and E& are the energy limits of sensitivity of the detector j,

! .
. 1

x 100, ' 1

and Ei(min)'and Ei(max) are the lower and upper energy limits of the
spectrum i. This value indicates the percent of the'tbtal integral flux

. : _
which falls in the sensitivity range of the detector;

El

o qj . Ej Qi(E) . oj(E)dE :
By = fEi G x 100, (2),
' Ei(min)VQi(E) dE

where oj(E) is the:crbss-éection function for the détgctof _j andh>cj:

is the value of this function that is normally used for tﬁe'rdﬁtine mea—f'
sufemeﬁtsA’il_(see Table I). .This expression would give the‘perceﬁt of

. thg.flux:in the spectrum which is estimated from this detector; this ex4x

pression does not have a very useful practical meaning, but it is used

for further calculatibns{
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. AE!
j
/:E <I>i(E)-D(E)-dE

B @i(E)'D(E)°dE. :

i(min)

‘where D(E) is the assumed dose-to-flux relationship as function of neu4 .
tron energy. (This is the relationship first formulated by R. Thomas (SLAC).
1,2

and adopted at LRL. It seems to be a realistic one in the present

state of knowledge, and further offers the advantage that it can be rep-
resented analytically.) This expression indicates the percent of the total

dose which falls in the sensitivity range of the detectbr;

E! :
Doc. . g <I>i(E)oj(E)dE o o
D, , = — ! : x 100, - (4)

E, (max)
J,; @i(E)°D(E)dE

i(min)

where D is‘the value of thé flux—to—dbsevrelationship which has been
selected for transforming into dose the flux measured with the detectdr‘

j (see Table I). The same-comments as for expression (2) apply here.
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Measurement of the'Fluxes

—_—

In Table II are shown the valués of expression (1) calculated for

all the different spectra and detectors. The percentage error for each
instrument and each spectrum is then calculated. This is given by
P L _ ‘

‘ |
ot

, : 'Ev E'

1 /j | 'fj

5 Jg @0 (®)E - [ 0, (E)dE
B Ehdi:
3 E.

L x 100, (5)

PE,

1 . j
,/;z ¢, (E)AE

J

‘and the values are shown in Table III. By minimizing these errors a new

'bvalue of o, is found which, for all the spectra, leads to the best cross

3

section to be used for approximating the true flux. These values are

"given in Table IV. The new percentage errors afe then calculated and

flux evaluation with the different detectors fof the spectra used.

Measurement of the Doses
In Table VI are shown the values of expression‘(B).calculated for

the different spectra and detectors. The evaluation of the ‘dose equivé¥.

lent in the region of sensitivity of each detector is ﬁormally:executed

!

by multiplying the flux by an appropriate flux-to-dose ‘conversion factot}

‘The factors used till now for this evaluation for the different detectors

are shown in Table I. The percentége errors made for different spectra:

_and for each detector by using the old cross sections and conversion

factors oijablg;I_are shown in Table VII.
By usingfthe;cqrrected_ctoss sections, these errors are minimized

and new appropriate conversion factors are found.

t

~ shown in Table V. These are the best approximation one can obtain in the
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In Table IV we show the corrected factors and in Table VIII the

final peréentage errors. The values on Table VIII represent the best

approximation to the dose that can be obtained with the different detec-

tors for the spectra used.

Consequences

1

Frqm Table IIéone can see that, as f;r as flux measufement is
concerned, the BF3 moderated counter is the most effective. Its range
of sensitivity varies between 54% andl99% of the integral spectré used.
The percentage error in the flux evaluation, which ranggd beﬁween -10
and-—432, can be reduced by using the moré appropriate cross sections
proposed to f28 to 4&6%,which is an acceptable range. Howevér, with
réspect to the dose evaluation, one can see from Table VI that fngcer—
tain hard spectra the percent of dose measured can be as low as 17%; the
percentége errors were spread between -567 and +117% and can be optimized
only to between -707 and %54%.- This would mean the necessity of intro-
duction of a safety factor greater thén 2, if only a'BF3 moderated
counter were used for a dose evaluation in an unknown field. A better

dose .evaluation, as far as percentage error and percent of total dose

detected are concerned, is furnished by the 12C_method (minimum percent

of dose detected 27%, and optimized bercentage errors between —43% and

.+10%)'or the Bi fission detector (minimum percent of dose detected 267,

and optimized percentage errors between -18% and +19%). Such detectors,

however, would not be suitably sensiti&e in low-energy fields and would

further require an improvement in sensitivity before giving statistically

reliable measurements in very-low-intensity fluxes.
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.It is eviaent that none of fhese detectors can be usea alone to
give en ecceptable dose evaluation‘in an unknown neutron field.' When
'ﬁeasuring around high ehergy accelerators, the dose.sensitivity range as
‘well as the percentage errors in dose evaluation for the BF3 counter are

. 12

”too much in error and, to supplement it, high energy detectors 11ke

‘or Bi fission become ahvisable. ! '

Conclusions
Simultaneous use of more than one‘detector seemsbto be essential
when acceptablegevaluations of dose raté must be made in high energy
neutroo fieids}

“BQeinspeeting,the ratio of the readings of two or more detectors
one can selectgs speeﬁrum which best approximates that in which the mea—‘
‘surements wefe made..:the a spectrom has been‘seiected; use of the val-~
oes in_Taoles VIII and VI allows the correct value of the dose rate to be
‘caiculated from the instrument readings.

| To illustrate this we have chosen three methods'of detection:
a BF3 bafe couneer, ; moderated BF3 counter, and 12C aetivation. For
these detectors we caiculated the ratios of the measured fluxes (with.
the new’cross sections) and measured doses (with the old cross sections
and flux—to—dose conver51oo) for the dlfferent spectra. | They are sho&n‘
in Table IX The values‘of these ratios give evidence of being differ-
‘ent enough to allow a selection of the most'probable spectrum, even
though the experlmental errors in the measurements are substantial. In

Table X we also show the ratios of the measured fluxes (when avallable)

or measured dose rates as evaluated with the three instruments, from
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certain surveys in which these three instruments were simultaneously
employed. Unfortunately, only a few reliable measurements made with the

three detectors simultaneously have been reported, and measurements of

-+ the thermal neutrons, especially, are very uncertain.

This work is far from being complete;_ Man& more (and more Com-
. ; , : r
plete) typical spectra have to be introduced: into the calculations, and
many more reliable sﬁrvey results have to be used for comparing with
theory. Then the correction values in the dose and the flux evaluations
will be improved. We consider, however, that the ones proposed heré :

already ameliorate the lack of precision in routine radiation protection

measurements around high energy accelerators.
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Table I. Average cross sections (oj) and average
- N : flux-to-dose conversion factors (D) used in the text for

calculating the expressions Bi j

b

(percent flux measured)

and Di i (percent dose measured).
2

i

Average

i ;

| Average

. Detector cross section flukf§o4dose ratio
: (mb) (ncm~ se¢™l/mrem/h)
BF, bare 4x10° @ 232
counter '
BF3 moderated 1 (relative 8
value) B
counter
115In (bare) 2XlO5 232"
328 20 10
12, 22 12.8
27A1+24Na 15 5
27 p1+22ya 10 5
Bi fission 150 S
1 1.6

g

a. Cross section of 1OB, weighted for the % in the

counter, at 0.025 eV."

-

UCRL-18424
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Table II. Percent of true flux (expres'svionvAi 3 in teXt).
' ‘Enefgy ‘ Detector
| SpeF—‘ at wh%ch-_Specj BF Al> v Al
_trum, - termi- trum Bare 3 24 12 29
o nated No. BF; In ‘Moder. S Na Na Bi Hg
100 GeVv 1 67 67 54 37 32 29 28 28 18
11 Gev 2 72 72 58 33 27 23 22 22 12
1/E
. 1.1 Gev 3 78 78 63 27 21 16 15 15 4
27 Mev 4 92 92 68 14.6 7.8
30 Gev 5 18 18 64 92 81 66 - 61 61 14
- CERN ' : : .
ring 11 GeV 6 18 18 64 92 81 66 61 61 14
top . )
1.1 GeV 7 .19 19 68 92 80 64 58 58 8.4
27 Mev 8 41 41 99 83 58
27 GeV. 9 71 71 80 41 29 19 .17 17 3.4
Beva= ' 1 1Gev 10 71 71 81 41 28 18 16 16 2.3
tron ) . . . .
27 MevV 11 83 83 87 31 16
Cosmic 12 89 8 8 23 10 6.8 6.2 6.2 1.6
ray ‘
CERN 30 Gev - 13 65 65 69 4 34 25 23 23 5
11 GeV 14 65 65 70 46 3% 25 23 23 5
1.1 Gev 15 66 66 71 43 33 23 .21 21 3
Bridge : ‘
: 27 MeV 16 82 82 77 29 . 17
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Table III. Percentage errofs in flux (with old cross seétions)
(expression PFE:.L i in text).
’ Deteétor
Bare ‘ BF3 o o4 19 - 29 .
Spectrum BF3 . In | Moder. S Al>" 'Na C Al»""Na. Bi Hg
1 -83 +166 -21  +195 +20 - - 5.3 +34 -21 - 1.3
2 -83 +166 -21 +248 + 35 - 6. +45 =27 -1.9
3 ~-83 +166 -20 +348 + 67 - 9. +70 =42 -58
4 -83 4166 -~15 +798 +277
5 -99 - 80 -~43 +322 + 69 -10 +82 -50 =17
6 -99 - 80 =43 +323 + 69 -10 +83 =50 -17
7 -99 - 80 -43 ‘+349 + 78 -11 +91 -56 -65
8 -99 - 80 -20  +882 +280
9 -92 4+ 22 -18 +502 4119 =14 +83 -55 =24
10 -92 + 22 -18 +518 +125 =15 +89 -58 +~64
11 -92 + 22 -12 +819 4283
12 -95 =26 - 9.2 +446 4106 -13 +76 -50 -14

13

14

15

16

-87

-87

-87

+211
+211
+211

+211

+450
+451
+475

+879

+ 97
+ 97
+105

+276

-12

-13

+83

+84

+92
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Table IV. New average cress sections for flux evaluation and

new average flux-to-dose conversion factors.

;. po v E -1 x 3 ‘3 e -n T = X s o

Detector ' Cress section Flux-to-dose
' conversion factor

S

;LBF3 b;re counter .j - 5.2 x 10° 3 Lo 39 .
wllSIn;(bare) | ! | 5.1 % 105 | 17.7 T
BF, moderatéd counter 0.78 (relativé | 14.5
2 _ value)
32g 136 6.5
12 | | - 19.5 : | 3.4
2?41+24Na S 4w | 6.4
27A1+22Na | | | 17.8 3.5
‘Bi‘fiésion‘ - | s o,

Hg>Tb - | . | 0.78 1.8




Table V. Percentage errors in flux (with new cross sections).
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Detectqr ‘
Spectrum g;ze In Mgggr. - S Al+24Na 12C Al-*22 Bi Hg
1 425 4 4.? F2.1 56 -S4 | 46.7  -25  +4h 426
2 427 443 + LT -9 -49 +5.3 -18 433 421 :
3 +27 + 415 % 1.7 -3 -38 S +1.§ - 3. + 6.4 =47
4 424 + 4.1 +09.3 431 +38 |
5 -94 92  -28  -38  -36 4+l 2.3 -8.7 +5.7
6 =94 -92 =26 -38 -3& 4+l +2.6 -9 +5.4
7 =94 - -92  -26  -33  -35 0 . +7.6 -18 55
8 -94 -92 +1 +i4 +42
9 -44 =52  + 4,1 -10 -19 -4 +3 -17 - 2.7
10 -43 =52 +4.4 -9  -16 <48 +6  -2% 55
11 -43 =52 +12 434 +42
12 -65 . -62 +16  -18 -21 2.2 -1 -9  +9.7
13 - 3.4 422 - 3.4 19 =25 1.6 +3  -14  +2
14 - 3.4 +22 -3 .19 -25 1.6 +3 14 42
15 - 3.7 +22  -2.5 ~-16 23 2.8 +8 -23 =55
16 - 6.6 422 -8 +47

+46
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Table VI. Percentage of true dose.

e —a — rary ) ry r U — — " -
B v Detector
‘ Bare BF . S ‘
Spectrum BF3 In Modgr. S Al*zéNa 12C Al+22Na Bi ' Hg
1 8.9 89 17 9% 91 '8 . 8 8 74
o2 15 1w 29 1 8 80 79 79 57 |
| '3 26 26 51 8 74 65 62 62 23
4 65 65 9 62 34
5 8.1 8.1 44 98 91 82. 78 78 29
6 8.2 8.2 4 98 92 82 78 78 28
7 - 9.6 9.6 52 97 90 78  Th T4 16
8 32 .32 99 92 67
9 34 34 . 68 83 65 52 48 48 15
10 36 36 72 82 63 - 49 45 . 45 9.9
11 62 62 99 69 37
12 65 65 8 59 35 27 26 26 11
13 21 21 57 90 78 65 62 62 22
4 22 22 ' 57 90 78 65 . 62 62 22
15 24 24 65 89 75 61 .57 57 12

16 52 <52 98 - 76 - 4T

L ) o } : K : | ‘||
i ‘ . ' i
- .
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Table VII. Percentage errors in dose (with old cross

' sections and conversion factors).

Detector _
Bare BF ’
Spectrum BFy [ Moder. S Al+24NajL120 A1+?%Na Bi Hg

1 -97 -53| +65 -36 ~-53 -8 ' -54 =73 -21

2  -97 -53 +65 + 5 -26 -82 =31 ~65 + 9.1
3 -97 -53 +65 +93 +30 -75  +15 -60 -39

4 =97 -53 4117 4512 4390

5  -99 -99 -56 +70 +28 ~-75 421  -67 + 1.5
6 99 -99 -56 +71 +30 =75 422 -67 + 2.6
7 =99 -99 =56 4101 +51 -72  +43  -70 -48

8 =99 -99 -27 4553 +390

9 -99 -89 +19 4200 +92  -74 431 =68 + 1.5
10 ~99 -89, + 19 +223 +110  -73 +44  -68 <-47
11 -99 -89 + 47 4529  +402

12 -99° -92 .+ 65 +192 +68  -76  +13  -68 -1
13 -98 62 + 6 +147 +61 -75  +25 68 - 0.8
14  -98 =63 + 6 +150 +62 -75 426 68 O
15 -98 =63  + 6 +183 + 85  -73  +46  -68 -48

16 -98 =63 + 45 4563 +391
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Téble VIII. Percentage errers in dose (with new cross sections

and new conversion factors).

' . _ Detector
. . Bare . BF ’
1 . 3 . .
Spectrum BF; 1In Moder. S Al+24Na N 120; A1+22Na Bi . Hg -
Spec | | o |
"1 433 4200 +20 -85 -86 =43 = -63 -18  -13
2 431 426 +l4 =76 -78  -26 -45 4+ 5.6 +20
3 +32 +18 +16 -56 -62  -10 -6 419  -33
4 434 +18 454 438 +46
5 -98 -98 ~-70 =62 . =62 +2 -2 +3 414
6 -98 -98 ~-70  -61 -62  +2 -1 3 44
7 -98 -98 -69 =54 -56 413  +16  + 0.2 -42
8 —98 =98 -48  +48  +hk
9 -70 -72 -16 =32 =43 +5 +6 -3 415
10 -69 -72 -15 =27 =38 411 416 - 4  -43
11 -69  -72 44 420 +48
12 . -83 -80 +17 -3 -5I -0.6 -10 -1.3 +9
13 =30 -2 -25 -k4 -52 +3 0 -5 410
14 =37 -6 -26. =43 =52 +3 . +1 -5 +10
15  -43 -4 -26 =36  -45 +10  +17 -2 -45

-’16 =31 -6 +3 451 = +46
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Table IX. Ratios of the measured fluxes and doses for the detectors:

A= BF3 bare, B = BF3 mod, C = 12C acéivation.

10

11

12

13

14

15

| Spectrum

Ratios
- Flux  Dose
A/B | A/C . B/C | A/B e . B/C
! 5 ] | -3 ) -2

1.52 2.7 1.77 © 9 x 107 2.2x10° 2.4
1.55" 3.7 2.36 9.2 x 107> 3.1x1072 3.3
1.54 5.8 3.75 9 x 1073 4.7x107% 5.2
1.54 9.1 x 1073
2x102% 1.5x102 0.7 1.2 X 1074 1.1 x 10'.4 0.9§
.1 xv10—2 1.5 x 1002 0.71 1.2 x 107% 1.2 «'107%  0.95
2x 102 1.7x1002 0.78 1.2 x 107" 1.4 x107% 1.1
.2 x 1072 1.2 x 1074

0.48 2.1 4.4 2.7 x 10’3. 1.7 x>10_2, 6:3
0.48 2.35 4.9 2.8x10° 1.8 x1072 6.6
0.48  2.8x107
0.3 4.5 15 1.7x107° 3.6x1072 21
0.95 2.5 2.6 5.3x10°  2x10% 3.7
0.94 2.5 2.7 5x107° 1.9 x 1072 3.8
0.91 2.7 3 4 x’10_3 1.9 x 1072 4.2
0.92 f3
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beam of 19 GeV/c at

CERN PS.

(Neutron dose -

measurements——Ref. 8-with

old factors.)

1.1 x 10°L

2.1

-29-
Table X. Some measured ratios.
Location and Reference A/B A/C 'B/C  Probable
' ' spectrum
‘ ﬁOnjfhe concrete 4-ft foof 0.46 2.6 5.6 (10) or (11)
“of the LRL synchrocyclotron. ‘
‘Internal target. p beam % ‘
700 MeV (neutron flux mea- - . ;
fsurements with néw cross
‘sections).
Survey made on the roof of 9 x 10-"3 1.2 % 10_2 1.3 (1)
‘a concrete tunnel . surround- .
ing an extracted p beam of
19 GeV/c at CERN PS. (Neu-
tron dose measurements—-—
Ref. 9-with old factors.) »
South experimental hall of 6 x 102 2 x 10°Y 3.6 (?) within a
. CERN PS. At 90° from ex- . - factor of 10
tracted 19~GeV/c p beam. for the ther-
(Neutron dose measurements—— mal neutron
Ref. 8-with old factors.) value, spec-
' : trum 13 can
© fit. -
Far frdm end stop of a p 19 (?) the B/C

ratio can fit

" spectrum 12.
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FIGURE CAPTIONS
| Fig. 1. Plot of a hypothetical 1/E differential specfrum as used for
calculations.

Fig. 2. Differential neutron spectrum measured at the LRL 6.2-GeV

1

Bevatroﬁ (Ref. 2)} (Thé spectra in Figs% 2 through 5 have been
- arbitrarily extenged to thermal regions.{ See texf;) |
Fig. 3. Differential neutron spectrum measured on the concrete bridgé
" on the ring of the CERN 28-GeV pfbton synchrotron (Ref. 2).
Fig. 4. Differential neutron spectrum measured on the top of the earth
shield at the CERN 28-GeV proton synchrotron (Ref. 2).
Fig. 5. Differential neutron spectrum of cosmic rays measured:a; LRL
(Ref. 2). | |
Fig. 6. . Cross section for the reaction';OB(n;a)7Li. The valﬁgs are
those given from D. Hughes and”R. Schwartz (Ref.'6) for elemental

10

- B multiplied by 5.25 for takiﬁg into account the B enrichment

into the counter.
g : ‘es ' 115 116 . .
Fig. 7. Simplified shape of the In(n,Y) In reaction cross section
(Ref. 6).

Fig. 8. Efficigncy curve of the BF, counter, moderated by 6 cm of

3
paraffin and Cd-covered, as measured at LRL (Refs. 5,7). This
shape is also approximately valid for the—In,,Aﬁ,'and'Co.modefated

detectors.
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Fig. 9. Cross sections for the following reactions (Refs. 4,7) as used
for the calculaﬁions:
a. 32S‘(n,p)3_2P

bvi-lzC(n,Zn)llc

é. 27Aikn,a)24Na“
d. 27A1(n,spa1)2?§a
e. 209B(n,fiss) Used in Bi fiséion chamber

-vf.v Hg(n,spal)l49Tb

]
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{/E s'jpecir’um

Log of neutron flux (arbitrary units)

6 -3 0o 3
Log of en_erg:y' (Mev)

 XBL689-3850

Fig. 1



Log of neutron flux (arbitrary units)
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Log of neutron flux-(drbitr‘ory units)

—27- ' . TUCRL-18424

CERN PS bridge

-6 -3 03
- Log of energy (MeV) _
o - XBL689-3852

Fig. 3



Log of neufron flux (arbitrary-units)
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CERN PS — ring top

- - - -

Log of energy (MeV)
 XBL689-3853

Fig. 4
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Cosmic ray

3 o 3

. XBL689-3854

Fig. 5
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S T L T T T T T T T
Cross sections for the reactions: |

4r  A=s (n,p)P . | ]
B= '*C (n,2n)"C :
3| C= %Al (n,a)**Na : _
_ 27 22
D= "Al (n,spal) “"Na
E=*"Bi (n, fis.)

149.

F= Hg (n,spal.) " Tb

Log of cross section (mb)
)
I

Log of energy  (MeV)

XBL688-3713

Fig. 9
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





