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MEASUREMENT OF THE NEUTRON SPECTRUM

FROM THE REACTION OF 30-MeV
DEUTERONS ON A THICK BERYLLIUM TARGET

Abstract

We have measurcd tiie neutron spec~
trun produced by bombarding u thick
bervilium target with 30-e\ deuter-
ons at the University of California,
Javis cxclotron. This spectrum is
of iaterest in studyving the effect of
neutrons on materials to be used in
future fusion reactors. The spec-
trun was inferred from the activa-
tion of two sets of detector folils
placed at 0% to the deuteron beam,
one immediately behind the beryllium
target block, and one 4U rm to the
resr. We used a least-squar¢s
program to analyze the foll acriva-
tion data to obtain the {luence in

each of seven energy groups. The

acutron spectrum (fiuvence/leV) close
to the target decreases continuously
with vnergy in the range 5-121 ‘leV,
while the speetrun 40 a3 back has a
peak at abeut 13 HeV. The contribu-
tion from neutrons ol cnergios loss
than 10 MeV {8 much greater than that
found {n previous spectral measure-
ments made at large distonces from
the target. We attribute this
difference to the neutroms which are
emitced at large angles {rom the
deuteron heam. These observations
ghow the importance of evaluating
the neutron spectrum near the target
it samples of materials are to be

irradiated in this locatton.

Introduction

The (d,n) reaction on beryvllium
provides a source of neutrons that
may be appropriate for use in
studying the effects of intense fast-
neutron irradiation on various
materials that are to be used in
future fusion reactors. The purpose

of this experiment was to examine
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the spectrum and intensity of the
neutrons available at the University
of Califormia, Navis cyclotron. A
beryllium target was bombarded with
30-MeV deuterons, producing a neurron
distribution extending up to about

32 MdeV.

activation technique in wiich a set

We have uaed the foil



of folls of various materials is
irradiated with neutrons, and the

neutron spectrum is inferred {rom

the relative activation of the various

fails, We present o preliminary

analvsis of the measurements in which
we have obtained the neutron fluence

in each of seven cnergy proups.

Experimental Details

The irradiation took place at the
cvelotron In the Crocker Juclear
Laboratory, University of talifornia

at davis. A bervllium target was

bombarded with 30-leV (:)/) deuterons

for 72 min. The beam current varied
from lu=-23 1A, and the integrated

beam current was 0.0865 C.

The beryllium target was a cylinder

3.5 mm thick and 12.7 mm in diameter,

held in a copper plate 1. mm thick
and 120 mm in diameter. The beryl-
lium was thick enough to completely
slop a 30-Me\ deuteron. The
neutrons born in the target pass on
through the rest of the beryllium,
an 0.5-mm copper cover, and a l-mm
copper plate containing the cooling
water channels.
The deuteron beam was cellimated
and swept so as to produce a nearly
uniform neutron fluence over the
detector foils which measured
1.59 % 6.35 mm.

a tantalum plate with a slot

The collimator was

measuring 5 mm in width and 11 mm
in total length. The ends of the
slot had a 2.5~mm radius of curva-

ture. The beam was swept back ant
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torth a didtance ot 6 mm with a

trapezolda! current in the bending

Foil arrangement

Rear packet of
detector foils

S

NN NARTRRTRRRY

Mylar cover

Front packet of
detector foils

Fig. 1. Diagram showing the arrange-
ment of the front and rear
packets of detector foils.
The front packet was held
against the copper cover
plate of the beryllium
target assembly.



magnet, such that it paused at each
end of the collimator slot for a
short time. The ratio of time in
trsnsit to time spent at the ends
was 4:5,

The arrangement of detector foils
is shown in Fig. 1. The front packet
of foils was held against the copper
cooling plate, The front face of
the rear assembly was 40 mm behind.
The two target assemblies were placed
in epoxy-fiberglass laminate holders
attached to a mounting rod and covered
wirth thin gheets of mylar. The front
target assembly was centered on the
deuteron beam. After the irradiation,
the alignment was checked by laying

the assembly on photographic film

and taking an autoradiograph. The
alignment of the small central section
of the front foil was found to be off
center by about 1.5 mm in the length-
wise direction and almost exact in
the other direction,

The foils In the front packet
were dumbbell shaped, 9.5 mm wide and
28 mm long, with a central rectangu-
lar strip 1,59 % 6.35 mm. This
shape is identical to that of the
tensile specimens now being
routinely irradiated at the Livermore
RINS (ICT) facility.

irradiation, the central section

Following the

was cut away from the larger side
strips and used for the radio-

activity measurements.

Table 1. Ar:angement of detector foils in_the two_packets.
Front packet Rear packect
Foil Thickness (mm) Foil Thickness (mm)

1 al 9,127 Al 0.127
2 Fe 0.127 Fe 0.127
3 Zr 0.127 Zr 0.127
4 Y 0.254 Y 0.254
5 Co 0.254 n,0,° 0.254
6 Al 0.127 Au 0.127
7 Tmy033 0.254 Sc032 0.254
8 Au 0.127 arb 0.127
9 Sc032 0.254

10 Al 0.127

3The Tmp03 and Scp03 were prepared from thin sheets of the oxide pressed in

plastic.
b
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Each contained about 70% by weight of the element.

The last Al foll in the rear packet was inadvertently omitted,



The foils in the rear packet
were rectangudlar strips 13 ~ 48 mm.
These folls were used to check the
centering of the target holder and
to measure the change in neutron
spectrum with increasing angle to
the deuteron beam. Following the
irradiation, these strips were cut

into short segments 6.4 mm long for

individual radinactivitv measure-
ments.

ihe detector tofls In the twe
packets are Jescribed {n Table 1.

Severai aluminum foils were i cluded

in the packets s that vorrvections
could Pe made itov the change in
neutron tlucnce going through the

tofl stacks,

Detector Reactions and Cross Secticn:s

The products from 14 nuclear
reactions on the eight target materi-
als were measured. These reactions
and their e“fective threshold
energies are listed in Table 2. We
attempted to choose reactions whose
thresholds and peak cross sections
covered all parts of the energy
interval up to 32 MeV. However,

the number of reactions for which

cross-section data exist above

20 MeV {s very limited; we used

the entire i{nventory at our disposal.
It was necessary ro cxtrapolate the
cross sections from 28 to 32 Mel.

In most cases, this can be done with
sufficient accuracy because of the
small neutron fluences at the highest
energies. For two reactions,

p -
5‘Fe(n.x))lCr and quo(n.Zn)SﬂCn,

Table 2. Nuclear reactions used for the spectrum determination.
Effective Effective
Reaction threshold (MeV) Reaction threshold (MeV)

27Al(n u;ZQNa Y3 BgY(n,Zn)SBY 11.6
435c(n,2m) **Mse 11.9 92 (a,20)%%2r 12.1
S4pe (n,0)  ter a 16910 (n,30) 1% 15.0
e (n,p)>“n al.s 189 1m(n, 20) 1651 8.1
56Fe(n.p)56Mn 4 197Au(n,lm)194Au 23.2
390 (n,2n)°8co 10.6 297 pu(n, 300 A0 14.8
8% (n,30)%7 1.1 197 putn, 20y 2080 3.1

4=



the cross-section data are not
complete enough and they were
in-luded only as a calibration.
The crass-secticns for che 14
reactions uscd o the data
analvsis were obtained by evalha~
ting the data available in the

literature, and arce listed in

probably the most accurate cross-
section neasurements of this type
in the 20~ to 30-4eV range, and a
comprehensive evaluation of the
experimental data up to 20 MeV by
schett et al.2 The cross sections
are given as averages over seven

energy groups, and were obtained

Tahle 5. Most of the data arc in a series of iterations by

trom o recent report by Havhurst averaging over the spectrum measured

et Ql,l who have made what ave tor the front foil packet.

iable 3. Croup-averaged cross sections used in the data analysis.

Crogs section in millibarns averaged over each group

Product References 1-7 7-11 11-14 14-18 18-22 22-26 26-32
“a 1-4 8.0 66 120 of a2 17.3 5.8
wlang 1,5-7 34 149 160 134 93
Mipa 8 6.1 38 72 94 97 77 31
Hn 2,9 223 470 439 232 104 76 65
> in 2 1457 106 88 48 3 26
Boa 8 19 380 722 730 410 230
87y 1 6.5 108 58"
88y 1,5-7,10,11 289 1090 1216 1040 574
895 1,5-7,11 186 945 1130 1100 751
1670 1,7,11 91 1100 1620 1410
168, 1,6,7,11 615 1900 1880 980 44l 307
194 44 1 8.0 438
19500 1 96 1210 1860 1530
1964 1,5-7 552 1970 2080 1150 474 321

3Note that the cross sections to produce 51Cr and 58Co are primarily
estimated values, and were included as a calibration.
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Results

FOIL ACTIVATION DATA

The radioacrivity in the detector
Tollg was measured with a variety of
2
calibrated Ge(L1) detectors.l"
The ScZO3 and Tm203
were ignited, and pure Sc 0

plastic feils
and

Im203 samples were woighed ;nd
prepared for gamma-ray counting.
Corrections were made for decay
The final

detector results for the iront

during the irradiation.

packet are summarized in Table 4,

We used the relative activation in
the three aluminum foils to correct
for the decrease in fluence in the
stack of foils; that is, the data
for each of the foils were corrected
so that the effective fluence would
be the same as that ir the front
aluminum foil. These correct.ons

are included in Table 4.

The foils in the rear packet were
cut iato short segments 5.4 mm long
using an autoradiograph as a guide to
find the position of maximum radio-
activity. The results for three
sets of segments are given in Table
5.

section of the radiocactive area.

The set marked A is the central

Sets B and C are the next two 6.4-mm
sections to one side. The auto-
radiograph showed that the maximum
activation (the center of segment A)

was about 4 mm from the expected

-6~

venter. The rod holding the two
foil packets was apparently at a
small angle to the deuteron beam.
{n lable 5 have been
5 1ed

decrease in !luence through the foil

The data
corrected tor the small
stac'., assuming that the front toil
was 43,60 mm {rom the source of

neutrons.

DATA ANALYSIS

The foll activation data were
analyzed with SPLUTRUM, a computer
program that gerforms a weighted
least-squares andaiysis of the data
(atoms/gram and cross sections) to
obtain the neutron fluence in energy
groups, The SPECTRUM program

i
is the

solvss the linear equations Y
1 31] e wvhere Yi
red atoms/gram data, K

ki jﬁ
measu

is a
1 -24
conversion factor (NA f1 10 /Awi.

where N, = Avogadro's number,

A
fi = target isotope fraction, and

Awi cij is the
cross section in barns for reaction

= atomic weight),

i in energy group j, and ¢j is the
fluence (n/cmz) of neutrons in
group 1. A number of calculations
were made with the SPECTRUM program,
trying different energy groupings
and \airying the number of grcups.
The group structure used below gave
the most reasonable results of those

rested.



fable 4. Final detector activation results for the front foil packet. The
resuits are given as atoms of product per gram of detector element.

Geometrical Corrected
Product Atoms/gran cor:>ction atoms/gram?
“va 1.71 « 1n%3 1.00 (1.71 - n.06) = 1083
Himee 6,28 « 107 1.49 (9.35 « 0.48) x 1042
Moy a0 < lo'! 1.0 (3.96 * 1,98) » joil
™ 3,72 « 1912 1.03 (3.82 2 0.23) * 10*?
3n 7,18 « 1012 1.03 (7.38 : 0.30) » 1042
o 3.14 = 10%° 1.17 (3.68 * 1.84) » 10%3
87y t.28 ~ 10%2 1.10 (1,41 ¢ 0.04) x 1n*2
88y 3.09 ~ 1013 1.10 (3.40 + 0.11) = 10%?
89.r 1.39 » 1013 1.05 (1.47 + 0.05) = 103
167 7.23 « 1012 1.3) (9.44 = 0.42) » 1042
168, 3.12 » 100 1.3 (4.08 * 0.15) x 10%3
19800 2.45 x 10t} 1.39 (3.40 * 0.48) x 10}
19500 5.67 « 1012 1.39 (7.88 + 9.32) x 102
19604 2.79 x 161 1.39 (3.87 ¢ 0.12) x 101>

%Tae error assigned to rach result is the RMS sum of the statistical
uncertainty of the measurement and the overall uncertainty in the cross
section. An arbitrary error of *50% was assigned to the °!Cr and “°Co
results because of the large uncertainty in the shape of the excitation
function. These errors were used in the least-squares analyses.

The SPECTRUM program results are The neutron fluence results were
summarized in Table 6. The neutron converte® to tihe corresponding neutron
fluences in each of the seven energy spectra by dividing the fluences by
bins are given for the front foil the widths of the energy groups.
picket and the three sections from The spectrum for the front foil
the rear packet. The group 1l and 2 packet is shown in Fig. 2, {n which
results for segwent C h. e been the fluence/MeV is plotted at an
added together because of a unegative energy corresponding to the middie
result for group 2. of the energy group. The spectra
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Table 5. Final detector activation results for three sections cut from the
rear packet. The results are given as atoms of product per gram
of detector element,

Corrected atoms/grama

Product Set A Set B Set C

4%a (8.09 £ 0.17) x 10*1  (6.66 £ 0.14) x 1011 (3.44 + 0.07) x 10t

4dmg o (4.48 % 0.23) x 1011 (4.00 + 0.20) x 10*  (2.30 £ 0.12) x 10t

Sler (1,96 * 0.98) x 100  (1.70 ¢ 0.85) x 100 (9,33 ¢ 4.66) x 10°

>%un (1,48 £ 0.09) x 1011 (1,29 £ 0.08) x 101 (8.00 £ 0.49) x 1010

LY (3.66 = 0.15) x 0™ (3.16 + 0.13) x 101 (1.70 % 6.07) x 10%t

87y (5.25 = 0.17) x 10°0  (5.24 £ 0.17) x 100 (3.83 £ 0.12) x 1010

88, (1,67 = 0.0¢) x 1082 (1.37 2 0.04) x 10%2  (7.17 * 0.23) x 10%

892¢ (7.80 + 0.25) x 10™  (6.68 £ 0.21) x 1011 (3.86 * 0.12) x 10*!

167y (6.40 + 0.20) x 101 (4.00 + 0.18) x 10%Y (2.62 £ 0.12) x 10M1

168, (2.04 + 0.07) x 10" (1.81  0.07) x 102  (9.60 £ 0.35) x 101

19440 (1.05 £ 0.16) x 1010  (1.28 £ 0.16) x 10'®  (1.17 * 0.14) x 1010

195 pu (3.67 + 0.15) x 1081 (3.36 + 0.14) x 101 (2.24 £ 0.09) x 101!

196,04 (1.91 £ 0.06) x 10°%  (1.64 * 0.05) x 102 (9,09 = 0.29) x 10!

a

The assignment of errors is described in the

footnote to Table 4.

Table 6. Final results for the neutron fluences in every energy groups.
Neutron fluence (n/cmz) in each group

Energy
group Front packet Segment A Segment B Segment C
1-7 (1.3 = 0.2) x 1088 (4.3 £ 0.9) x 0™ (4.4 £ 0.7) x 10
71l 3.2z 0.9) x 1083 (13 x0.5) % 107 (5.6 = 3.9) x 10% (3.5 + 0.4) x 10
11-14 (2.3 2 0.6) x 107 (1.0 ¢ 0.3) x 20%* (1.3 = 0.3) x 10 (9.2« 1.3) x 107
1-18 @350 %108 Q4 r 0. < 10 8.5+ 1.1y x 108 (2.5 5 0.7) x 1013
18-22 (8.7 £ 3.1) x 10%% (3.6 + 1.1) x 1083 (4.7 £ 1.1) x 108 (4.5 % 0,9) x 1073
22-26 (5.7 £2.2) x 10 (3.2 = 0.8) = 102 (2.0 £ 0.8) x 108 (3.3 & 6.6) x 10'?
26-32 (2.5 £ 0.4) x 10%  (7.z = 1.3y x 10" (9.5 2 1.3) x 204 (9.0 = 1.2) = 10%°

-8-
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for segments A and B of the rear
packet are about the same within
experimental error, and the average
spectrum is shown in Fig. 3. In
this case, the weighted average
fluence/MeV for the two segments
in each energy group was plotted as

in Fig. 2. The data for segment C

are somewhat inconsistent with each
other, as evidenced by a poor least-—
squares fit, and the resulting
sprctrum is unrealistic (and not
shown). The two spactra (Figs. 2

and 3) are shown together in a linear
plot of fluence/MeV-~Coulomb versus

energy in Fig. 4.

Conclusions

Since accurate neutron cross-~
section data in the 20-30 MeV range
have not been available until
recently,l this experiment probably
represents the first attempt to
measure the shape of a neutron
distribution extending to 32 MeV
using the foil-activation technique.
Several previous peasurements have
been made of the 0° neutron spectrum
resulting from deuteron bombardment
of thick beryllium targets with
deuteron energies in the neighborhood
of 30 MeV.n—18
were performed by the time-of-flight

Of these, five

technique in which the detector is
placed in "good" geometry, i.e.,
well-collimated and at a large
distance from the ta:get.13_l7 In
the sixth, foil activation was used,
but the source-sample distance was
not given.l8 In general, these
previous measurements have yielded a
broad peak with a maximum at about

0.4-0.5 of the deuteron energy, and

a full width at half-maximum of about
0.35-0.45 of the deuteron energy.
In measurements which extended below
4-5 MeV, the neutron intensity was
observed to rise slightly at low
energies, showing a minimum at this
energy. The present results show a
much greater contribution from lower—
energy (<10 MeV) neutrons, partic-
ularly in the spectrum at a point
just behind the beryllium target
where the peak is not observed at
all,

1t appears from the present data
as well as larger-angle time-of-
£light data’® that this difference
can be attributed to the fact that
foils placed at a distance from the
beryllium target which is less than
or comparable to the lateral
dimensions of the beam spot are able
to intercepft neutrons emitted at )
large angles from the direction of
the deuteron beam. These neutrons

generally have lower energies than

-10-~



the forward-directed component
because they arise from compound-
nucleus interactions, rather than
from stripping. As folls are maved
back from the target, the lower
energy component drops more rapidly

than the forward-directad component

because of the geometric effect,
and the peaked distribution is
revealad., These observations show
the importance of evaluating the
neutron spectrum near the target
if samples of materials are to be

irradiated in this location.
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