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ABSTRACT

The energy spectrum of neutrons emitted when deuterons impinge on
a thick beryllium target has been measured using an NE213 scintillation
detector and the time-of~flight technique. Spectra were measured at
angles of 0, 30, 45, 60, 20, 120 and 150° for deuteron energies of 1.4,
1.8, 2.3 and 2.8 MeV. Tables are presented of these angle-dependent
energy spectra, the angle-integrated energy dependent yields, and the

total neutron yield as a function of deuteron energy.



National Library of Australia card number and ISBN 0 642 92764 0

The following descriptors have been selected from the INIS
Thesaurus to describe the subject content of this report for information
retrieval purposes. For further details please refer to IAEA-INIS-12
(INIS: Manual for Indexing) and TABA-INIS-13(INIS: Thesaurus) published
in Vienna by the International Atomic Energy Agency.

ANGULAR DISTRIBUTION; BERYLLIUM 9 TARGET; BORON 10; DEUTERON REACTIONS;
ERRORS; MeV RANGE 01-10; NEUTRON SPECTRA; NEUTRONS; NUCLEAR REACTION
YIELD; TIME-OF-FLIGHT METHOD



CONTENTS

Page
1.  INTRODUCTION ' ' 1
2. EXPERIMENTAL METHCD 1
2.1 Time-of-Flight Measurement Facility 1
2.2 Background Determination 2
2.3 Data Analysis 3
2.4 Errors 4
3. RESULTS 4
4, CONCLUSIONS 5
5. ACKNOWLEDGEMENTS 5
6. REFERENCES 5
Tables 1-4 Angle-dependent neutron energy spectra from the
thick target 9Be(d,n)lOB reaction, with bombarding
deuteron energies of 1.4, 1.8, 2.3 and 2.8 MeV.
Table S Calculated maximum neutron energies (MeV) from the
9Be(d,n)lOB reaction
Table 6 Angular distributions from the thick target
9pe(d,n) 9B reaction for neutrons with energies
above three energy thresholds
Table 7 Total neutron yield above different threshold energies
Figure 1 Pulse height spectra from scintillator
Figure 2 Angle-dependent neutron energy spectra from the
9Be(d,n)wB reaction for deuteron energy 1.4 MeV
Figure 3 Angle-dependent neutron energy spectra from the
98e(d,n) 108 reaction for deuteron energy 2.8 MeV
Figure 4 Angle-integrated neutron energy spectra
Figure 5 Angular distributions from the thick target 9Be(d,n)loB

reaction for neutroné with energies greater than 0.25 MeV,.






1. INTRODUCTION

Some neutronics experiments [Moo et al. 1973] and neutron radiotherapy
[Cotterall et al. 1971] require an intense {~5 x 1011 peutrons s~1) source
of neutrons. When this source is based on a particle accelerator limited
to 3 MV or less, the most prolific neutron sources available are beryllium
and lithium bombarded by deuterons. Beryllium is superior to lithium in
several respects; for example, its mechanical, chemical and heat conductivity
properties permit target construction which withstands prolonged exposure to
beams of the order of 200 pA. Also, the neutron energy spectrum from the
9Be(d,n)lOB reaction ranges from zero to a few MeV, making this reaction
more suitable for some applications than the 714 (d,n) °Be reaction which
produces neutrons with energies up to 14 MeV.

Many potential uses of beryllium as a neutron source require that the
"energy spectrum be well known. The only comprehensive measurement of the
98e(d,n) 98B reaction in the deuteron energy range 1 to 3 MeV has been made
by Inada et al. [1968]. A spectrum measurement made at this laboratory
disagreed with that of Inada et al. and motivated the present series of
measurements. Although the present measurements use a pulsed time~of=-flight
technique similar to that of Inada et al., the energy resolution has been
improved by using a longer flight path and more advanced anaiysis. Moreover,
the number of neutrons scattered from the floor into the detector have
been reduced by using an elevated target facility. Difficulties of inter—
pretation introduced by collimators or shields were thereby avoided.

Only the detailed experimental method and results are presented here.
Technical aspects of the time-of-flight facility and comparison of the
results with those of Inada et al. will be given in separate publications
[Whittlestone 1977a, 1977b].

2. EXPERIMENTAL METHOD

2.1 Time-of-Flight Measurement Facility

A pulsed deuteron beam from a 3 MV Van de Graaff accelerator was
transported by means of two bending magnets to a 3 mm thick, air-cooled
beryllium target 5 m above the floor and 6 m from the nearest concrete
shield wall. The neutron detector, a 50 mm diameter by 36 mm NE213
gscintillator,was mounted 2.26 m from the target. 1Its lower threshold was
set to 0.224 times the mean amplitude of the photopeak from the 0.0596
MeV y-ray emitted by 241am. At this setting the neutron energy threshold
was about 200 keV.



2.2 Background Determination

The background could be divided into two parts, the neutrons or
Y-rays which were scattered from nearby objects, and those which came
directly from the target but which were generated by the residual deuteron
beam present when the pulsing system had swept the central core of the
beam away from the chopping aperture. The first component was negligible
[Whittlestone 1977al, but determination of the second component was compli-
cated by the time dependence of the residual beam.

The background at the low energy end of the spectra was determined by
using the scintillator as a proton recoil spectrometer, gated to measure
pulse height spectra from different time windows after the beam pulse. The
spectrum at any window was the sum of the spectra from two groups of
particles: these were neutrons generated during the beam pulse, which
will be referred to as 'primary' neutrons, and a combination of neutrons and
Y-rays generated by the residual beam. The pulse height spectrum froﬁ this
last component was the same as the spectrum from the target bombarded by
a steady beam, and contained pulses much larger than the pulses from the
low energy primary neutrons. It was therefore possible to determine the
proportion of primary neutrons in any time window by matching the high
pulse height part of the spectrum measured using the time window with the
spectrum obtained from a steady beam. The excess counts at the low pulse
height end of the window spectrum could be attributed to primary neutrons
with energies corresponding to the time range covered by the window.

A typical pulse height spectrum, obtained with a time window set to
include primary neutrons with energies between 0.077 and 0.178 MeV, is
shown in Figure 1, The deuteron energy (Ed) was 2.4 MeV and the angle 0°.
Also shown is a pulse height spectrum obtained with no time gating, scaled
to match the gated spectrum at the normalisation point indicated. By
subtracting the background from the gated spectrum, it was established
that 62 per cent of the count was from primary neutrons. A window corres-
ponding to a lower energy, between 0.040 and 0.077 MeV, yielded 26 per
cent primary neutrons,

An examination of the time spectrum at E, = 2.4 MeV and 0° showed

that these proportions of primary neutrons coild ke reproduced by assuming
a time-independent background equal to half the count in the channel at
0.073 MeV. Similar measurements and comparisons at 0° showed the same
'recipe' to be valid for the other three deuteron energies used, i.e. 1.4,

1.8 and 2.8 MeV. Since it was not feasible to measure time-dependent pulse



height spectra for all four deuteron energies (Ed) and seven angles and
repeat them,the above recipe was used to calculate the background counts
which should be subtracted from the low energy part of all the time-of-flight
spectra. The major uncertainty in the recipe is the assumption that the
pulse characteristics of the Van de Graaff accelerator did not change from
one run to the next. Examination of the time-ocf-flight spectra indicated
that variations of the order 50 per cent in backyround were possible.
This would give rise to an error of about 4 per cent at 0.2 MeV, and about
25 per cent at 0.1 MeV in the energy spectra.

Background correction at the short flight time or high energy end
of the spectrum was simpler because the background contribution was small.
For example, with a deuteron energy of 2.8 MeV at 0°, the count in three
channels above the high energy edge (Emax = 7.15 MeV) was only about 2 per
cent of the count in the peak at 6 MeV. The recipe obtained for estimating
the background at long flight times was therefore applied to the whole
spectrum, ignoring any time dependence. Although this simple approach
underestimated the unwanted counts at the high energy end of £he spectrum,
the error introduced was insignificant. All spectra show a clearly defined
edge at high energy corresponding to the 9Be(d,n)loB reaction, leaving 10g
in its ground state. The few counts observed above this edge were the
result of errors in the background determination and have been set to zero.

2.3 Data Analysis

After subtracting the background, the time-of-flight data were unfolded
with respect to the time profile of the beam pulse, which was assumed to
be the same as that of the gamma flash. An iterative conjugate gradient
technique developed by Lang [1977] was used. The code essentially answers
the question, 'What would the time spectrum be if the beam pulse profile
were confined to one channel?' It is known that, given this ideal time
spectrum, say S(t), one can generate the time spectrum T{(t) obtained when

the beam pulse profile is R(t):

T(t) =f R(t-t*)s(t')dt’ . - <. (1)
0

Given the observed time spectrum T(t) and R(t) (which in this case is
the gamma flash spectruﬁ), the code guesses a spectrum sl(t), then
generates a T! (t) which it compares with the experimental T(t). The

difference is used to generate a second s2 () and T2(t) and so on, until
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T (t) agrees with T(t) within the statistical errors. S (t) is then taken
to be the desired unfolded time-of~flight spectrum of the neutrons.

Using this code, the effective time resolution was improved from the
5 ns full width at half maximum of the gamma flash to the 1.5 ns channel
width used for measuring the time spectra. Since the flight path was just
over 2 m, the energy resolution of the present work was a factor of four
better than the resolution of the experiment by Inada et al. [1968]. The
energy spectrum was cbtained from the unfolded time spectrum in the usual
way and, as a final step, the data at low energies were averaged over 50 keV
intervals. No significant features of the spectra were lost by this procedure,
but the quantity of the data to be tabulated was reduced substantially.

2.4 Errxrors

The four major sources of error were statistical fluctuations in the
time spectra, uncertainties in the detector efficiency, background sub-
traction and normalisation of the individual spectra to units of neutrons
per microcoulomb. In the tabulated data, the errors in the angle-dependent
spectra include only the statistical error and the error in the efficiency
of the detector. Uncertainties in the background have already been discussed.
The additional error introduced by normalisation was 3 per cent. Details
of how estimates for the errors in efficiency and normalisation were derived
will be given elsewhere [Whittlestone 1977a]l.

Over most of the energy range, the errors on the individual angle-
dependent energy spectra were about 5 per cent. WNormalisation to neutfoﬁ
flux pet microcoulomb increased the error to about 6 per cent. At low
energies the errors were 7 per cent at 0.2 MeV increasing to about 35 per
cent at 0.1 MeV,

3. RESULTS

The angle-dependent energy spectra are fully presented in Table 1-4 for
deuteron energies 1.4, 1.5, 2.3 and 2.8 MeV, and angles 0, 30, 45, 60, 90,
120 and 150°¢, To simplify comparison with the results of Inada et al. [1968],
these data have been expressed as neutron fluences at the detector for a
target-detector separation of 1 m, and guoted in units of neutrons Mev-l
cm=2 uC‘l. Spectra at 0, 30, 60 and 150° for deuteron energies 1.4 and 2.8
MeV have been plotted in Figures 2 and 3.

The last two columns in Tables 1-4 give the value and error of the
yield (Mev-1 uC'l) formed by integrating the flux over a sphere. This

result is also plotted in Figure 4.



For completeness, the maximum neutron energy expected at each angle
and deuteron energy has been calculated using the Q value for the ground
state transition as quoted by Lauritsen & Ajzenberg-Selove [1966])]. These
energies are given in Table 5.

Table 6 gives the angular distributions of neutron fluences for the
Be{d,n) reaction, formed by integrating the angle-dependent energy spectra
over energy above energy thresholds of 0.075, 0.25 and 0.95 MeV. The
angular distribution with neutron energy threshold 0.25 MeV has been plotted
in Figure 5. Finally, the angular distributions have been integrated to give
the total neutron yield above the same three neutron energy thresholds.

These yields are given in Table 7, which also gives the total yield for -
neutrons of all energies, estimated by extrapolating plots of the Table 6
data to zerc neutron energy.

4. CONCLUSIONS

A comprehensive measurement of the angle-dependent neutron energy
spectra from the 98e{d,n) }0B reaction has been made for deuteron energies
between 1.4 and 2.8 MeV, The spectra are accurate to about 6 per cent
above a neutron energy of 0.2 MeV, and have an energy resolution limited
by the channel width, which is 0.3 MeV at a neutron energf of 7 MeV.

Although the experiment was set ﬁp to measure spectra of neutrons with
energies greater than 0.2 MeV, it was established that there is a significant
number of neutrons at 0.1 MeV. There is, therefore, a need for a measurement
of the neutron energy spectra in the range 0 to 0.2 MeV.
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TABLES 1-4
ANGLE~-DEPENDENT NEUTRON ENERGY SPECTRA FROM THE THICK TARGET
%Be {d,n) 10p REACTION, WITH BOMBARDING DEUTERON ENERGIES
OF 1.4, 1.8, 2.3 AND 2.8 MeV.
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39 979 55 L3169 15 1562 a9
39 1029 Sd 1390 77 1820 102
40 1059 59 L3716 Te 1983 ila
41 1074 60 1372 76 1766 99
38 1064 55 1399 71 1175 b2
37 1042 54 L4T4 5 568 35
36 1036 54 1597 al 210 2k
36 1071 56 1681 86 109 17
36 1120 59 1523 78 131 16
37 1130 59 1103 58 188 17
40 999 53 629 35 229 18
40 720 39 306 20 273 20
a2 413 22 179 14 3135 22
23 F3%4 15 194 14 419 26
15 teh 12 272 16 505 30
11 200 13 353 20 512 33
1 262 16 412 23 651 38
13 316 19 456 26 788 45
15. 3158 21 506 28 997 56
17 407 22 591 31 1214 63
19 475 26 7T 38 1264 L)
22 568 30 879 46 1053 56
26 692 a7 L1029 54 698 kL)
28 a37 3g Lot8 5t 394 24
34 938 4t 4952 45 277 20
39 912 44 732 35 arz 24
41 763 L1 512 26 433 35
36, 568 29 394 22 971 51
28 478 22 409 22 1288 Y3
21 361 20 556 29 1561 89
19 449 24 8409 41 1732 08
23 660 34 1123~ s7 1782 87
33 952 44 1405 70 1530 17
47 1225 61 1518 75 1279 o4
60 1342 67 L1398 69 9641 4B
54 1225 sl 1106 55 s12 21
56 942 a7 152 37 156 10
40 610 29 410 20 13 5
24 309 15 153 ] 8 4
[ K} 103 [3 26 3 [ 0
4 12 3 5 2 26 &
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COUNT

23674
9629
17130
1219
&718
€313
5764
47488
3293
2239
2125
2012
1996
1935
Ta7
67T
650
629
T4l
TT?
044
961
1045
1138
1272
E376
1492
1704
1795
1766
1796
1963
2223
2384
2145
1524
843
400
254
268
300
304
3oL
321
364
440
563
130
202
lo7e
L3407
1589
1884
205%
189%
1412
847

426
27%
437
ans
1514
2182
2686
2gl2
2708
2598
2479
2062
1290
520

-
[~E=N RN N

ERROA

T365
1494
(1]
582
476
410
358
251
294
La9
L40
131
128
123
a7
5T
54
52
56
5T

150
CUuNT

22137
8453
6568
&211
5667
51713
4311
2422
2123
1945
1904
1720
114
655
510
522
594
607
&il
-1 E )
72
893
1047
1207
1334
L1433
1557
1b14a
1738
LTo2
15C8
1218
143
416
2%
293
315
313
285
261
251
249
335
429

ERAROKR

§435
L430
594
354
326
2086
236
140
117
Lo8
105
4
sL
44
39
35
3a
- 38
33
42
45
53

43

17

la
33
58
L2
124
L3L
124
157
l2a
130
1c1
53

-
[~R=-R-X=N_N- g ¥ ]

INTEGRATED
COQUAT

2,553E+05
F.362¢+0E
To2ZHE40E
&.T33E+CE
S.3H6E+08
5.9Y33E+08
5.353E+C8
4«449E+0E
3.907E+08
3.542E408
3. 298E+CE
2.183€+08
2.683E+(CH
2,516E4CH
L+990E+08
L.B25E+QER
L.TOTE+OE
1+224E+0E
Y6 23E407
P.26EELLT
La0L2E4CE
Q. ISTEFCT
L.046E+08
1.0d1E408
Lla148E+CE
L.221LE+ 08
l.3LZE+CE
l.450c+08
L.S4SE+CE
1.50YE+QE
1.5946¢CE
L.b22E+08
Latr48E+0E
let6SE+0E
LS99 E408
l.%45E+QE
l.309E+00
Le2TTEeCE
i.284E+CE
l.ZLBE+LP
1.037E+08
§.569E+07
TeT20E40T
T.817E+07
T=959E+07
1.160£+07
T.387E+QT
T.245£+07
T+4BHE+CT
B.IGHEXOT
9.964E+C7
L.150E+CH
L.233E+08
1.249E408
L.188E+08
1l.080E+CE
9.431E+07

B.LG3E+07
T«T84E+0QT
B,915€+07
l.l31E*08
1.404E+0D¢8
Le6ZFE+CA
1.TITE+QE
L.854E+02
L. 952E+CE
Z2.04TE+0D
2.(106E+0Q8
LeTTTE+CH
Le43QE+CE
L.090E+CE
T.00TE+Q7
44839E+C]
2.807E+017
le4lIE+CT
5.025E+06
L.léelesce

0-180
ERRO#&

6.9E+00
Lo TE+DY
T.5E+407
5. 0E+QT
4.1E407
3.0E+07
3.2E+07
2 JHE+OT
2.2E407
2.0E+407
L.9E+07
L.6E+07
1.5E+07
L.5E+O7
LL.2E+0T7
L.1E+O7
1.0E+Q7
T.8E+06
b.4E+Q0
G4E+0E
4.5E+06
5.4E4+0¢
G.TE+0B
b.9E+08
T.3¢00
T+TE+do
3.3E+06
d.bE+lo
B.5E+00
8.TE+QS
B.9E+VE
GelE+0b
9.1E¢98
9e3CH0H
V.0E+06
8.3E+006
T.TE+D
T«uE+00
T.6E+D0
T.2E+08
5.7E+00
4+9E+00
4. TE+DL
4.BE¥Db
4.08E+06
4.0E+06
4. H4E+06
S .HE¥QSE
4.3E406
4.0E+06
SeHE+OL
6.3E+0S6
6.8E+00
G.9E+06
6.HE+DS
S.8E+06
S5.3E+D6

4.6E+006
G+ TE+Q0
4, TE+0b
5.8E+06
T.0E+06
8.2E+00
F+LE+OE
9.5E+06
1.0E+07
L.lE+07
L+0E+O7
9.0E+06
T.3€+06
5.7E+00
4. 1E+0G
2.TE+0b
1.4E+06
8.6E+05
33E+DY
1.TE+05



CELTERON ENERGY 2.30
ARGLE 0
MEUTRUN ENERGY CUUNT
0.100 41665 L0653
0.150 16535 2784
0.200 11740 - 1073
G.250 LoB4 699
0.30C 10514 610
€.25¢C L0342 5TC
G.all 9732 526
CetbC 9a3d 496
0.5u0 Sovl 485
0.550 Hhd 456
0.60C 8738 445
0.65C 890l 455
Q.706¢ SBiL 459
0.750 L0614 557
C.H0G 11035 597
0.450 Ll3wo 293
0.5CC L1963 624
0.950 L233u &349
L.000 L2oes> sl
L.03C 13002 EE5
1.100 13708 T30
1.150 14207 165
i.200 15316 433
J.é5¢C L&345 896
1.300 15631 870
1.250 Lav7h 253
1.400 0168 1149
L.45C L3840 586
1.5¢C 416 223
1.538 toegs a3
$512 S04 £3
1.6C8 1203 18
l.04€ 1743 100
1.684 2026 [E9)
1.724 ly96 L09
1.765% 1784 99
1.808 Las2 a2
1.8E 10ue (X3
1.8%8 a18 51
1.945 7l6 43
1.995 7218 42
Z.04¢ 723 41
Z.100 bo9 B
2.15% -1 74 35
4213 4501 ai
2.271 4o% 29
2,238 413 e
2.401 5l4 32
2.406% 562 32
2.54C 545 34
2614 606 35
2691 506 35 .
2,772 e s 3t
2.856 133 42
2.944 818 46
3.037 az1 44
3.134% 7L 3g
3.235 575 33
3,342 513 30
1454 5h2 29
3.5712 bia a3
2.065¢ 09 ET
1.428 LR 4“0
1,684 74 4b
4. 109 yug 52
ha202 1106 57
4aledd 12k EL)
44945 Lowy 35
4.778 4n0 S0
4509 Yol 53
5.173 1201 &l
£.39C 16 de
Sat2l 203u 101
5.4L1 2ibYy ic8
6,130 1543 95
6.411 l4su T
5.71% CL) %4
1.014 3aT 20
1.390 us o
T.752 u 4
R, 153 u Q

30
ERROR COUNT

36248
15010
1054 %
9599
4408
6?25
5002
1472
6551
6278
also
bl62
6433
4675
uT54
0520
H688
65313
6430
ezTl
6567
6o04
o579
6852
Till
u215
4133
2004
1690
i858
2124
2370
2478
2394
2091
1665
1343
1181
1173
L1241
1280
Last
L1207
1170
1134
1109
1¢e7
L1108
L129
1161
1287
1408
1485
1439
1249
1007
803
T0e
rzo
412
%2
196
1e31
L506
1043
1663
1553
i3s1
Le8?
1390
L1154
2du?
2ul7
2zl
2207
1562
BbS5
316
4l

b

1]

9190
2551
1016
638
557
493
443
402
341
3?6
322
320
335
354
365
348
356
345
343
337
356
359
364
331
399
356
24l
120
57
103
115
128
© 13z

TABLE 3

DEUTERON ENERGY 2.3 MeV
45 60 90

ERROR COUNT ERKOR CUUNT ERROKR  COUNT  ERROR
34343 B281 33690 7989 33763 795l
13571 230F 12036 20B2 11217 15483
9076 854 8253 7948 7418 Tat
8oLl 543 7066 495 6147 455
460 453 6539 409 5524 364
el4l 350 5826 346 5002 30
6040 342 4837 284 4378 264
4906 275 4463 283 3980 231
4675 250 4198 227 3851 243
4610 245 4149 223 2L 209
5415 239 g2 21l 3565 191
4z52 228 1721 20l 3617 197
4521 234 3853 207 3878 209
G4dh 244 1946 218 gey 217
4399 242 args 211 w48 215
4172 227 364z 200 3840 21U
4134 224 3689 201 WL 206
3922 212 I5TE 194 35486 192
W7 211 3505 192 2358 134
344 205 3384 186 1887 11l
atrr 208 33199 16Y 2023 147
3730 208 1258 182 2086 121
3791 212 2492 143 2398 137
3422 193 2115 124 2167 125
2532 b4 2066 122 1332 83
2041 123 2091 124 943 83
1938 Li? 2292 136 938 62
2077 118 2664 K4y 108 67
2319 123 2524 132 1233 69
2493 131 2068  Llo 1275 71
2598 137 1591 48 1310 3
2490 132 1268 . 73 1335 s
2102 113 LL7e 3] 1351 76
1663 52 1261 12 1397 74
1337 17 1421 80 1465 82
1214 Tl 1546 87 1545 a7
1262 13 1592 g L1617 91
1380 19 1588 90 1694 90
1468 43 1561 [:1:} 1754 99
1514 86 1563 a9 1798 102
1518 74 1591 B3 1808 43
1484 78 1626 85 1608 4
1443 76 L4654 87 1862 97
1419 16 1678 69 1581 104
L35t 75 1663 89 2038 107
1394 75 1644 88 1901  Lo00
L4009 7 L1652 89 1520 82
1442 19 1715 93 1047 59
1478 1 1791 92 461 39
1546 a1 ($:1 ¥4 93 473 3l
1640 86 1689 a8 471 10
1652 ar 1367 13 571 34
1519 81 989 55 T05 40
1245 [-1:1 723 43 832 47
st 53 652 3% 935 52
T46 42 55 42 1026 54
79 39 953 51 110% 59
734 41 L2 59 1180 63
856 47 1192 64 1242 66
992 48 L1909 st 1265 60
11t0 54 1165 56 1232 60
12k9 60 L1e3 58 1164 57
1351 67 1250 82 1112 57
1470 75 1208 66 itos 58
1478 75 1212 62 i168 o
1373 7 1087 57 1355 10
1229 4 1029 54 1681 86
1134 59 1129 59 2067 105
1201 62 1397 71 233y 117
1460 14 1748 L] 2335 116
1861 93 2935 102 2040 102
2226 114 2086 104 1550 17
2315 1l 1dal g2 9715 49
2078 Lc2 1388 o9 481 25
1433 75 868 43 159 Lo
32 47 424 22 23 5

431 23 t34 9

120 o te 5

L] 4 o [+]

0 o o [

0 [} 2 [}

120 150
COUNT ERROR COURK  CHROR

31522
10558
7401
5491
5902
5178
4T63
4324
4107
4128
4123
%077
4038
3914
2093
2135
21869
2037
2067
2006
tzz1
831
945
q715
1000
1069
L137
1229
L2492
1319
1375
1449
1500
1527
1512
14867
1432
1466
1568
la62
1574
1265
[:1.1-3
54%
k1:1]
339
416
548
688
LD
974
1090
1187
1282
1383
1453
1408

iz239
1030
905
426
Loar
L350
1672
2026
2425
21z8
2724
2317
L34l
L24%
674
268
a4s
56

0

1501
1856
T31
462
375
3la
219
245
222
221
Fard
217
2l5
215
165
) 1)
124
1ie
Lir
113
15

LET-T1:38
Li3er
aLz?
foal
62E5
5590
5194
4107
4610
4562
4574
4250
316%
2514
2439
2325
2443
1851
923
SL)
Gho
89
L0b2
1113
12712
L3t
1454
1556
1624
1545
1505
L4908
1332
1382
1479
1553
1569
1339
940
651
432
345
B 11
457
514
696
8ls
948
1Ca9
1268
1515
1717
1991
2029
1804
140k
983

T42

181
1078
1525
20¢6
2480
2952
3272
3352
ELESY
2430
1624

8T4

344

a193
2012
acr
SCT
404
341
305
264
25¢
245
245
226
175
148
143
134
138
1c7
€3
&9
€2
£3
&8
ER]
1K)
E3
€9
50
€4
ar
a3
9
5
1
B3
a9
L
16
58
42
EL
26
21
ED ]
35
41
&l
54
59
&7
;13
g4
106
104
98
14
54

4g
ab
54
74
57
122
148
1€4
159
155
123
B2
45
2¢

[ =N -]

INTEGRATEL

CUuNT

4 2945E4CE
Le4av4E+Q9
L,030E+CS
3.84TE+CE
Halo4E+OE
1e345E408
beSBLE+CE
S.942E108
S.030E408
S5e566E+08
5.3F3E+0E
5.2TTE+CE
S.252E+08
S.LTLlE+QE
4.831E+08
4.513E+CE
4.959E+08
4e282E4(H
3.TOTE+CE
3.4d3E#0R
3.3TLE+CE
3.260E408
3.2T5E+CE
3.151E+QE
2egU3ECCE
2.602E4GR
2.502E+4CB
24330E+CE
2,160E+09
2.046E4(2
l.vd4E+08
La95Le+0E
1.2LuE+*0B
1.304dE¢LE
1.912E+08
L.QLLE+CE
Leov2E+02
1.411E+GS
Less51E+CE
L.u43E+QE
L.THLE+CE
Le690c+08
Lu594E+CE
L.554%E408
LaS3aE+CE
1.496E+08
LenlBE+OE
L.345g4CE
L3UE+OE
1.3%0E+CE
l.421E¢08
l.4TOE*CE
Le4Y9E+0B
L-4BLE+CE
la432E+00
L.381E+08
L.325E+CE

1. 288E+CE
L.289E+40¢
l.3422E+CE
LatbGE+08
1.5J0E+0E
L.TABECE
2.011E+Q8
2.191E+GE
2.344E+08
24442648
2a440E408
2.33 IE+CA
2.165E+08
1.957E+0E
L.TO4E+CE
1.400E+08
L.D&9E+LE
To262€+407
GeLLOE+CT
1.v176+07
S«910E+GE
B.B0CE+CST

J=1430
ERROK

1.0c+09
2+bE408
L.OE+0D8
G.3E+07
S.1E+07
444E407
3.BE+OT
3.4E+07
30E+0T
3.0E+07
2.9E+D7
2,6E+07
2.8E+07
2.,9E407
2.TE+OT
2+5E407
2.5E+07
2+3E407
2.1E+0QT
2.0c+07
L.QE+Q7
1.9c+07
l.9c+yt
1. HE+OQT
Lo TEXGT
Lubb+0T
LeSE+DT
L.3E+07
Le2E+QT
1.lE+07
lalE*QT
LaherQ?
Lalk+07
LalE*CT
L. LE+QT
Lale#d?
L. 1E+07
l.1E+07
1.1E407
L.LE+OT
G.SE+D
9.0Ex08
B.GE+0b
G.5E+00
F.56+06
8.3E+06
T.9e+00
T.6E4+0bL
T+1lE+D0
14364006
T<8E+00
B.0E+0b
B.2ZE+06
8.2E+06
B.0E+0QO
T4E+06
T.2E+006

T.1E+0Qb
T«1E+06
b.bE+b
T« 1E+00
I .9E+06
9.0E+006
1.0E+DY
1.1E+OT
L.2E+QT
L+3E+07
1.2E+07
1.2E+07
lL.lE+O?
J.9E+06
a.75+00
T.2E¢086
S.5E+00
3.6E+08
242E+08
2.0L+G6
3.0E40¢C
4.4E+CH



CELTERCR ENEHGY

BMGLE

{FUVEUN ENERCY

C.1CC
0.1%0
C.2¢L
Cedbl
0. 20
.35
C.4L0
C.45C
0. 506
C.EcC
CatCO
C.6%Q
Caite
C.75u
C.duC
[N
C.o90C
C.750C
1.0:0C
laund
1.170
l.15C
ladeC
1 -14]
1.300
1.%15C
1.a0C
l.450
« 500

2155
Z.211
2.2713
£.336
2.401
Z.405
Z.540
z.614
ZetS1
Z2.1712
Z.E58
2.54%
2,037
30134
3.235
3.342
T.454
3.522
l.g5¢€
z.826
1.%04
4.10%
a.it2
424
4.555
4. 176
%.55%
S b3
S.19C
S.rzl
€67
6. 136
Ea4all
&.711
T.044
I L
Tait2
H,.183

2.80
a

CUUNT  ERHUR
t2950 11853
29400 4719
179451 1Sl
1554 Sel
[EX{T ] aul
13784 24
1237 uéd
1sle ulu
12475 £12
L2, vio
12930 vil
13180 652
L4494 122
143v3 794
15700 221
1590 b2l
locid 439
1E495 848
lowyd b3
it2ia E50
[R2-23 779
153ub B25
ladl2d tLdu
153 908
11292 Yol
ldidy»  1dle
ldlsp  1CA6
2U0Ul5 10T
2037 1027
20Fl+  1)44
clals a9l
224u3  hlwd
23006 1182
23404 1250
¢Zdls  Ll9u
£ZGTE 1loe3
25641 1256
2TTul 1486
2Tt Ee92
19458 1052
80006 400
13ie 20
ELE] 24
lbdo 9%
2450 130
2las Lis
1350 14
bd3 42
480 12
vl 35
139 42
1085 4%
198 45
§33 47
817 LD
A 1-¥4 51
1125 &0
1425 77
1845 97
layg 92
Leig 19
1143 S0
791 42
T3 43
90 52
1172 bl
1ot ub
1311 &8
1203 1
15365 Iy
1i2%9 43
1946 1
2370 Lu3
2Z0d L2
2440 L9
2303 1z
lats 5t
Liwn al
4at 23
lua T
Ly &

kL]
LUUNT

59717
24434
15615
13230
levs2
LiTL9
19568
1La7g
4987
19179
Lel3a
952
10164
1u435
4929
Yy
w37
LEEE]
7y63
7023
Tied
Tlg2
talo
T4l4
Te2l
[UEE]
1543
Tt
TE21
Iir1
T7Te
ir2e
ISov
T6T2
E11 4
uaT2
7179
5428
3591
2511
£359
2168
3115
2955
22713
1554
1127
1005
116
1324
13d5
1380
1382
1415
1481
670
2019
Z4l 8
2518
2140
1462
lléy
1998
12406
1430
1645
L4n5
2196
2337
2313
£33y
2345
£568
Joldy
3423
3294
2518
Ladl
48T
9

d

ERROR

14804
4061
1438

£z
149
652
379
536
5317
Sle
5LT
507
548
552
532
527
514
509
425
379
348
3495
41y
414
431
430
434
420
401
399
402
LRk
395
403
423
425
3496
257
200
145
125
143
160
154
12i
a6
-1
61
-1-}
T2
75

TABLE 4

DEUTERON ENERGY 2.8 MeV

43
(o]t 3

57069
22685
14131
12238
L1144
L0284
8932
Bi71
B2a3
8333
T9 &1
T454
6930
Tug2
ar22
662
5962
4491
4137
4> r8
4590
4599
46715
LY ¥
4549
4496
449%
4572
4253
4361
4728
4ud0
4928
4568
4061
3483
3072
29st
3073
3342
3481
3219
2573
1418
1505
1334
1432
1235
1602
1647
1609
1580
1576
1633
1787
2029
2236

2182
1839
Lu26
1157
Lua2
1rg3a
13748
1601
1346
2041
2lao
2035
1952
1437
2237
25367
2871
Z820
2317
1545
162
208
18

09

ERK DR COUNT

L4z T4
3854
1313
b1l

6&h
5 8o
502
456
424
429
414
ser
E1-Y4
3184
EX.X:]
354
322
266
287
252
255
254
263
262
ez
26t
283
253
233
23y
248
257
254
2434
219
191
11
L o6
171
180

53345
20659
13907
L1247
L0318
5407
8380
7653
1559
1380
6184
§565T
3728
5750
52714
4763
AI61
4558
4441
4384
4567
4415
4449
G4gl
4520
4589
4711
4840
5929
3074
4502
4409
3199
3369
3220
3136
3640
3891
1498
A2
2295
L758
1574
1845
11
1846
1447
1325
1799
1118
1760
1137
1793
1930
2062
2951
1735

1438
1180
L1089
b
L181
1302
1501
1r3z
L1923
1368
1876
1971
1843
2032
2288
24790
2405
1998
1388
763
273

37

[ K4

Q

ERRUOR

12119
3355
L2z

684
575
507
44T
%00
Er ]
Joy
32
290
235
ng
285
255
254
242
238
2386

COUNT

50656
18565
11827
10099
9096
8223
Ti3l
59TH
5536
5171
4647
4394
4650
4758
53632
4616
4629
4464
4368
4619
4541
4621
4721
4774
4453
ELYF4
3041
30406
3249
36463
1586
3296
2594
924
1551
1515
1656
803
tats
1922
1965
1991
1961
1904
1862
1857
18%0
1888
2012
2185
2195
1852
1365
1005
494
980
1100

1153
1135
1130
1235
1479
ira1
1958
1896
1171
1160
1932
2270
2630
2t
2604
2ileo
1440
T4y
244
26
14

1}

0

o

ERRLK

nzai
302z
1031
b24
515
44%
8%
LS
20%
266
243
22y
242
256
251
247
247
231
234
238
240
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CALCULATED MAXIMUM NEUTRON ENERGIES (MeV)

TABLE 5

EXPECTED FROM THE °Be(d,n) !B REACTION

Angle
Deuteron~_ ‘(0egrees) 30 { 45 | 60 | 90 | 120 | 150
Energy
(MeV)
1.4 5.71 {5.60 | 5.49 | 5.33 |4.98 | 4.65 | 4.42
. 6.13 |6.01 |{5.86 {5.68 {5.27 {4.89 | 4.62
. 6.64 {6.50 |6.33 {6.12 {5.63 {5.19 {4.88
2.8 7.15 |6.99 |6.79 | 6.55 | 6.00 | 5.49 | 5.15




TABLE 6

ANGULAR DISTRIBUTIONS FROM THE THICK TARGET %Be(d,n)l10B

REACTION F'OR NEUTRONS WITH ENERGIES ABOVE THREE

NEUTRON ENERGY THRESHOLDS

Angle {degrees) -0 30 45 60 20 120 150
Neutron
Deuteron
Energy Tﬁ;ﬁ;ﬁ;}d neutrons cm=2 uC-l at 100 cm
{MeV) (MeV)
0.075 5924 5657 5257 4785 4256 4742 4864
1.4 0.25 4571 4366 4085 3705 3249 3622 3728
0.95 2283 2829 2937 2790 2622 3137 3269
0.075 13086 7823 7508 gl02 7628 {10598 9111
1.8 0.25 10933 6377 6053 6544 6125 8456 7186
0.95 4501 3751 4104 4621 4394 6281 5585
0.075 25365 | 20028 | 15981 ;14373 (12886 {12301 {12483
2,3 0.25 21748 116822 § 13081 {11654 10275 9553 29769
0.95 14524 {11778 9519 8537 7362 0722 6886
0.075 45946 | 31650 | 25227 | 22580 {19420 117183 175?8
2.8 0.25 39385 | 26530 { 20422 {18161 {15333 |13357 |13595
0.95 29396 | 19063 | 14753 113296 11280 9408 9355




TABLE 7
TOTAL NEUTRON YIELD ABOVE DIFFERENT THRESHOLD ENERGIES

Deuteron Energy {MeV) 1.4 1.8 2.3 2.8

Threshold Energy {(MeV) Yield (neutrons uc~l) ¢ 108

0.075 6.016 | 10.92 17.60 | 26.68
0.25 4.592 8.761 | 14.20| 21.33
0.95 3.647 6.220 | 10,121 15.37

0 {extrapolated values) | 7.2 12.3 20.0 30.0







COUNTS PER CHANNEL
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FIGURE 1. PULSE HEIGHT SPECTRA FROM SCINTILLATOR



4
1.0%10 E

0-8

0-6

04
E
%)
o 02
Q
B
T 00§
o
=
N
e
_ e 08
| >
v
=
- 06
00
:
-
LZU 04

| rod ' |
' \
O'O _....lﬂu h&i : =
00 | 2:0 40 '6fO ' 80
NEUTRON ENERGY {MeV)
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1.4 MeV
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