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Summary

Neutron yields, from interactions of multiampere
40- to 120-keV deuterium beams with deuterium atoms
implanted in copper targets, have been measured in
order to provide input data for shielding of neutral-
deuterium beam facilities for magnetic fusion experi-
ments.

Introduction

Most of the multi-megawatt neutral-beam injectors
to be used in the MFE program will operate with deu-
terium. Unavoidably, these injectors will generate
large numbers of d-d neutrons in the beam lines, and
suitable shielding must be designed and built for the
development and test facilities.

Prototype neutral-beam-injector components and Fig. 1. Schematic of test facility.
systems for the MFTF mirror, and TFTR and DILI tokamak
experiments are being designed, built and tested at several MeV. (See Fig. 2). Neutron energy as a
the Lawrence Berkeley and Livermore Laboratories. function of incident DI energy 1s shown in Fig. 3.
The deuterium ion currents are 65A at 120 keV and 80A
at 80 keV. 1In our test facilities the ion beams are T TTTTT] T T T T T TTT1TT0
partially neutralized in deuterium gas, and the
emerging charged and neutral beams are stopped in 30— ~
copper calorimeters. The deuterons in the gaseous
neutralizer, and beam—implanted deuterons in the
calorimeters, collimators, etc., become neutron-pro-
ducing targets for the intense ion and neutral beams.

20— ©VAN DE GRAAFF 4
In 1977, we reported2 preliminary data on neutron
yields in the neutralizer and the calorimeter of a 120-
kV, 10-A, 0.5 second source; additional measurements
with beams from the 120-kV, 65-A TFTR source, with
power-supply-limited pulse lengths of 20 msec at full-
power, wyere made. Here, the yield versus beam energy
from a beam-saturated calorimeter is shown to be in
general agreement with theoretical calculatioms.
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Experimental Arrangement

a
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The experiment was carried out on the LBL Test
Stand III, shown in Fig. 1. The ion source is followed Fig. 2. Detection sensitivity of moderated indium
by a neutralization region 2 meters long. The calori- detectors.

meter (beam dump) is ~8 meters from the source. : i
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In order to avoid any problems with lost counts
from active counters during the high instantaneous - h
periods of neutron production (beam pulse duration N b
times ranged from 18 to 500 msec), neutron yields 3 7
from the calorimeter and from the neutralizer column
were measured with moderated thermal neutron activa-
tion foils. Moderated BF,_, counters were used in
locations much further refmoved from the calorimeter
and neutralizer in order to monitor the uniformity of

ENERGY  (Mev)
=3

the neutron emission as a function of time. 6

Three moderated indium detectors were spaced a ’1_-———”’//////// .
43,5 cm apart on a line parallel to and 150 cm from
the beam line and opposite the calorimeter. Another F b

moderated indium detector was placed opposite the
neutralizer column at a distance of 133 cm from the

1 1 . L1l i L I U I I L1 111t
beam line. o 3 6 ' 3 6 10 3 6
INCIDENT ~ DEUTERON ~ ENERGY ()
These detectors exhibit a reasonably flat response3 +
for d-d neutrons for deuterium beam energies up to Fig. 3. Neutron energy vs. D energy for d-d reactions.
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Directional collimstfon was mot uzed to prevent
one detector from responding to the source u.oeuul
with the other cor
high 83 11X have been made to the luutl.llmr nun‘al
data to remove the 1

iom from the .
Experimental Results

Starting with msterials that have wmot seac ex-
posed to Jeuterivm bsams, we se¢ & build-wp in -utm
d on as the 1y
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Neutroon-production buildup fn a copper target

Fig. 4.
as a function of beam fluence.

in the copper calorimeter. The BF, detecrcrs were
used to determine when equilibriuz neutron productian
was attained. The ed indium 2 were
then used to determine the neutron sroduction from a
saturaced rarget.

Neutron yields given in Table 1 are normalized
to 1-A on the calorimeter for continuous (non—-pulsed)
beams. A point source is assumed for the calorimeter.
Attenuation of neutrons by the vacuum wall amd copper
calorimeéter is assumed to be offset by a 20X cootri-
bution hy scattering into the detector from the floor,
walls and equipwent. The neutralizer column is con-
sidered to be a 2m uniform line source.

Analyets

Three ion species are produced in the plasma source,
p*, o} and b¥, which, after accelera:ion, resulr in
full—e half-; and one—third energy ~ompoments. Table
II. An estimate of the fractional neutron yields of

Table 1. Measured imstamissecus -nznl yield p:r
asspere of dewteroas (D% + 2°;
BEAN ENERCY NEUTSON YIELD (a/mec-A)
ka¥ calorimeter seutyal lzser
0 1.4 x 10° 7.7 x 10®
w 6.0 = 10° 2.6 x 10°
2 10 9
1.3 %10 41 x10
100 2.6 = 1010 8.4 ~ 10°
120 .7 ' 1.2 » 10'°

atomic (full emergy) sad wolecular (1/2 sad i/3 emergy)
componeats have been mads (see Table II) which are
baded on prior experimental kaculedge of the fractionsl
power yields of the beam and

resction cross sections as givea by Kim.

The calculational method used s shown helow.
Neutron yleld, Q, for an atomic bean is glven by:
A= ﬂ‘

C = satwrated deuterium density (assused

waiform throughout 2)
-d = ogmber of desterivm besm psrticles/sec

R = deuteron range
o ™ d-G reaction cross section at energy E at

depth x.

It {3 assumed that the implanted saturated deu-
terium density fo the caloriseter is essentially
constant over the raage of the incident deuterium besm.
Justification fng this assusptioa -:e-g from the work
of Bartle et al.” and by Bilton er al.

a [E(x})dx, neutrons/second
where (]

The integrar=d reaction rross sections of Kim%,
shown in Fig. 5,ar. used because of the strong depen-
dence of cross section on the energy of the incident
besm particles vhich are continuvously degraded In energy
wnril they are complately stopped within the cargec.
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Fig. 5. I ~egrated reaction cross sections frc. Ref. 4 .
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Table 2. Percent Ream Species Diatributions
Besm Bcam Energy (keV)
Parcicle 60_ | s | 10 ! 120
5y 51 50 l l 75
+ H
Dz 20 20 f : 1s
+
D 29 29 9
3 l !
Table 3. Fractional Heutron Yield bue to D, Dz. n:’
Species
Beam beam Energy (keV)
Particle | 40 | €0 | s | 100 J‘_lzu
Dl 0.92 0.91 0.86 0.89 0.92
b, 008 | 0.9 0.09 f 0.08 0.05
o, I 0.5 | o.03 0.02

Fig. b shows the neutron vicld from the calori-
meter plor.ted with Kim' s7 ecaleulations for 80% D
20% D} and 0%, D}, 607 Bj. Although the beam shectes
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Fig. 6. D-D neutron yield per ampere of deuterium
beam from a copper target 25 a function of
beam energy (C = 1.7 x 102 §uned). The
1lines are calculatiors by Kim. The poiats
are results of this paper.

mixture varles with the acceleratiem potenrial
(Table II} it can be seen that the calculations are
in good agreement with experimental measurmrs.
T e contribution to neutron emission by the DY and
species is small as can be seen in Table IfI. 4
saturated deuterium concentration, wniform along the
particle range in the target, of 1.7 x 10%2/cmd is
assumed in the calculations.

Fig. 7 compares Kim's calculatfons of asutrom
emission from the neutralizer colwsn with the LEL
measurements- For this comparison, the seutralizer
neutron vkld is normalized to acceleratiom currest
as d at the to the column.
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Fig. 7. Xeutron yield from aeutralizer p‘ ampere of
beam current per thickness of 10°° molecules/

as a function of beay energy. The curves
are ~alcula:ions by Kim. The polots T e
results of this paper normalired to )0
wolecules/:

Application to Shielding Design

These experirentally verlfied neutron yields have
been used to design local shielding around the vacuum
tank which houses the calorimetzr, so as to keep
personnel exposure fn an otherwise largely umshielded
area belcw the design goal of 0.5 mrem/h average. Six
inches of polyethylene reduced the newtron flux by a
factor of 16.6. This allows larger deuterfum beams
to be run or casller beams to be run for a longer time,
but it is still necessary to cootlinuously monitor the
neutros flux fn the conlrol room and control the
amount of time that testing can be dove with deuterium
beszs. Normal hydrogen (prorium) is wvsed whemever
possible so that neutrons canot be generated.

Heutron yield data vas [ncorporated {n the eource
term for the Monte Carlo program MORSE® to study the
shielding requirements for the Neutral Beam Source
Test Facility. This faciliry has been bullt to test
the 120 kev, 0.5 sec sources intended for the TFTIR
tokamak at Princeton. The main use of the computer
code was, of coutse, to calculate meucron scacceriag
through access ways. The required thickaess of the
main shield was determined to be ~ feet of ordinary
(2.4gfcnd) concrete. The operation of the code was
checkad against the NCRP-38 dose attenuation data9
and the results are shown in Fig. 3 for the sum of
collided and uncrnllided neutrons ourside various
thickuesses of shielding.

Safety and ¥onitoring

KTA (neutron) and gamma ifilm packets are issued
to all employees who work at the facility. Pemcil
dosimeters are also available for those whose work
might wtail x-ray exposures.
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Fig. 8. Calculated attcntuation of 2 MeV neutrons i
concrete. The dashed portion is a simple
graphicul extrapolation.

While deuterfum heams are being used, the
experimental area is cordoned off. 71he control roonm,
adjacent to the cxperimental avea, is continually
monitored for neutrons by a moderated Bb., counter.

The dose 1s integrated and stored in the facilitfes’
computer following each shot. Fig. 9 shows the inte-
grated neutron cose in the control room, as deter-
mined from the moderated BF, counter, data for the
perlod 23 May to 16 Aug. !9;9. The dose is calculated

from measurements of ncutron Elux by applying the flux-

to-dose converslen factor for 2.5 MeV neutrous.
Reported dose is thercfore an overestimate because it
assumes that the neutrons are unscattered and have
their maximum energy. Mcasurements are being planned
to determine the energy spectrum, and average neutron
energy so that accurate dosc assessments can be made.
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Fiz. 9 Neutron dose during 3 months of typical TSIII
operation.

Paraffin-moderated tantalum activation fou.-lo are
also placed in the coatrol room to integrate the neu-
tron flux over 1 month periods as a backup sonfitor and
check on the performsnce of the active lr] counter.

Conclusicas

Calculatioas and of D~D yields
are shovm to be in substantial agreement over the range
of Incident deuterium beam energles from 40 keV to
120 keV. Some degree of confidence can be placed in
dose rate predictions and shlelding calculations for
conditiocas that will exist In the large fuslon experi-
ments.
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