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Directional colllmstioo vaa aot need to prevent 
one detector froa responding to the aource associated 
with the other detectors. However, correction* a* 
high as 112 have been Hade to the Revtializer nestron 
data to reaove the contribution froa the calorimeter. 

Experimental Kesults 

Starting with Materials that have not oeac ex­
posed to deuterium beams, we •** « smlla*-** la aeatron 
production as the boabereaaat coatlaaea. Zvaatmally 
a plateau is approached as the dlffasloa cf eemterooa 
out of the intesactiwc layer coaea into aemllibrlmm 
with the laplaotatlon rate. An example la glvam la 
Fig. « for 120-kaV, 8-A.ens 42-keY, 2-A beaaa etoaplag 

Table 1. Hems-arc*] laataataaeoua neutral yield p-;r 
! of demteroms (D* + D°> 

RAH m a r Huiam TIIUI hlwtc-i) 
cal.rla.tcr ««traH*.r 

40 1.4 » l o ' 7.1 * 10* 
to 4.0 - 10* 2.6 » 10* 
80 1.3 - 1 0 1 0 4.1 » l o ' 

100 2.6 - ID 1 0 0.4 » l o ' 
120 4.7 « 1 0 1 0 1.2 - 1 0 1 0 

T T T T T 
atomic (fall «mergy> and aolecalar (1/2 amd 1/3 energy) 
coapoaeata have been msec (see Tabic II) *hleh are 
bated on prior experimental kaowlcdge of the fractional 
power yields of the bee* apecles, and the Integrated 
reaction cross sections as given by Kla.* 

The calcvlatioRal method used is shown below. 

RevtroB yield. Q, for an atoaic beaa Is given by: 

A - CM. I o(E(x)]dx, neutrons/second 
where d 'O 

C - sataraied deuCeriua denalty (asauaed 
anlfora throughout X) 

M. • member of deatetiwa beam particles/sec 
K • denteron range 
o • d-u reaction cross section at energy E at 

depth x. 

It is assiamd that the Implanted saturated deu-
terlum density in the calorimeter is essentially 
constant over the range of the incident deuterlun beaa. 
Justification for thia assumption 'terns froa the work 
of Bartle et ml.* and by Hilton et al. 6 

The integrated reaction cross sections of Kirn*, 
shown in Fig. 5,art used because of the Krone, depen­
dence of cross section on the energy of the Incident 
beam particles which are continuously degraded In energy 
until ttvsy are completely stog-ped with to the target. 

Fig. 4. 
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Neutron-production buildup in a copper target 
as a function of beaa fluence. 

in the copper calorimeter. The BF_ detectors were 
used to determine when equilibrium neutron production 
was attained- The moderated indium -detectors were 
Chen used to determine the neutron production from a 
saturated target. 

Neutron yields given in Table I 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 and copper 
calorimeter is assumed to be offset by a 20Z contri­
bution by scattering into the detector froa the floor, 
walls and fcquip*ent. The neutralizer coltnm is con­
sidered to be a 2m uniform line source. 

Analysis 

Three ion species are produced in the plasma source, 
*, J)t and D't, uhich, after acceleration, result in 
ill-, half-, and one-third energy components. Teble 
:. An estinate of the fractional neutron yields of 

100 ZOO 300 
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Fig. 5 . I regrated reaction cross sections f r c Ref. 4 . 
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Table 2. Percent Beam Species Distributions 

Beam Energy (keV) 
Particle 40 60 80 100 120 

»T 38 SI 60 68 75 

< 10 20 20 19 lb 

* 
52 29 29 " 9 

Table 3. Fractional Neutron Yield Due to D,„ 0,, D, 
Species 

Beam 
Particle 40 

beam Energy (keV) 
60 1 80 100 120 

D i 0.92 0.91 0.86 0.89 0.93 

D2 0.09 0.09 0.09 0.08 0.05 

D3 0.05 0.03 0.02 

Fig. f> shows the neutron yield fro* the ca lor i ­
meter plotted with Kim's7 calculations for 801 D-, 
20% D* and '*05t, ut , 60* BJ - Although the beam species 

^60% D,'-20c'o 0i 
^ 4 0 * EC-€0%0* 

0 <K3 60 120 160 200 2*3 280 320 
ENERGY OF 0ELTERIUM BEAM (K.Vl 

D-P neutron yield per ampere of deuterium 
beam from a copper target as a function of 
beam energy (C « l.l'i Id 2 2 assumed). The 
lines are calculations by Kim. The points 
are results of this paper. 

Fig. 7 coapares Kia's calculations of aiutroa 
emission froa the neutraliter colaan with the LBL 
Measurements- For this comparison, the aevtrallzer 
neutron yield is ooraaliied to acceleration cwrxsat 
as oeasuredJ at Che upstream entrance to eh* column. 

10* <pnt/flmV*fD*n00l 
-| 3 

Fig. 7. 
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Keutroa yield from neutralize p-r ampere of 
bcaa current per thickness of 1 0 1 6 molecules/ 
or as a function of beam energy- The curves 
are calculations by Kim. Tbc points are 
results of this paper normalized to 10 
NO1ecu1es/ ̂ mr. 

Application to Shielding Pesign 

These experimentally verified neutron yields have 
been used to design local shielding around the vacuun 
tank which houses the calorlaet«r, so as to keep 
personnel exposure in an otherwise largely unshielded 
area belcw the design goal of 0.5 mre*/h average. Six 
inches of polyethylene reduced the neutron flu* by a 
factor of 16.6. This allocs larger deuterium beams 
to be run or saaller beams to be run for a longer tiae, 
but it Is still necessary to continuously monitor the 
neutron f\vtx tn the control T O O * and control the 
amount of time that testing can be done with deuterium 
beats. Normal hydrogen (protium) is used whenever 
possible so that neutrons cannot be generated. 

Neutron yield data was incorporated In the source 
ter* for the Monte Carlo program MORSE 8 to study the 
shielding requirements for the Neutral Beam Source 
Test Facility. This facility has been built to test 
the 120 keV. 0.5 sec sources Intended for the TFTR 
cokaaak at Princeton. The main use of the computer 
code was, of course, to calculate neutron.scattering 
through access ways. The required thickness of the 
main shield was determined to bF ~ feet of ordinary 
{2.4g/cn3) concrete. The operation of the code was 
checked against the NCRP-38 dose attenuation data 9 

and the results axe shown in Tig. 3 for the sua of 
collided and unenllided neutrons outside various 
thicknesses of shielding. 

mixture varies with the acceleration potential 
(Table IT) it can be seen tSat the calculations are 
in good agreement vith experimental measurements. 
The contribution to neutron emission by the nt and 
D species is small as can be seen in Table III. A 
saturated deuterium concentration, uniform along the 
particle range in the target, of 1.7 x 1022/cm3 is 
assumed in the calculations. 

Safety and Monitoring 
HTA (neutron) and gaaaa ilia packets are issued 

to all employees who work at the facility. Pencil 
dosimeters are also available for those whose work 
might entail x-ray exposures. 
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Paraffin Moderated tantaltai activation foils are 
also placed in the control roan to Integrate tbe neu­
tron flux over 1 aonth period* as a backup monitor and 
check on the performance of the active IF. counter. 

Conclusions 

Calculations and experiments of D-D neutron yields 
are shown to be in substantial agreement over the ranee 
of incident deuterlun beau energies from 40 keV to 
120 keV. SOB* degree of confidence can be placed In 
dose rate predictions and shielding calculations for 
conditions that will exist In the large fusion experl-

References 

K. V. Ehlers, et al. "120 keV Seutral team Injection 
System Development," Proc. 9 t h Symp. Fusion Tech­
nology (Pergamon Press. Oxford, 1976), p. 79S. 

K. Berkner. et al., "Neutron Emission from a High 
Intensity Deuterium Neutral Beam Facility." 
LBL-7248. 

L. D. Stephens, private < 
Llvermore Lab. (1979). 

ofcat Ion, Lawrence 

Calculated att<ntuation of 2 MeV neutrons li 
concrete. The dashed portion Is a simple 
graphical extrapolation. 

While deuterium beams are being used, the 
experimental area is cordoned off. The control room, 
adjacent to the experimental avea, is. continually 
monitored for neutrons by a moderated BI- counter. 
The dose Is integrated and stored in the facilities' 
computer following each shot. Fig. 9 shows the inte­
grated neutron ilose In the control room, as deter­
mined from the moderated BF counter, data for the 
period 23 May to 16 Aug. 1979. The dose is calculated 
from measurements of neutron flux by applying the flux-
to-dose conversion factor for 2.5 HeV neutrons-
Reported dose is therefore an overestimate because it 
assumes that the neutrons are unseattered and have 
their maximum energy. Measurements are being planned 
to determine the energy spectrum, and average neutron 
energy so that accurate dose assessments can be made. 

4. J. Kim, Kucl. Inst, i Methods 145, 9 (1977). 

5. C. H. Bartle, et al., Nucl. In*t. t Methods. 95. 
221 (1971). 

6. J. L. Hilton, et al., Proc. Workshop on High 
Intensity Neutron Generators (_J* Vegas, Hev. 
1972), 194-207. 

7. J. Kim, D-D Neutron and X-ray Yields from High 
Power Deuterium Beam Injectors, Nuclear Technology, 
Vol. 44, J1.I7 1979. 

8. E. A. Straker, P. N. Stevens, D. C. Irving, and 
V. R. Cain. "The HORSE Code—A Hultigroup Neutron 
and Gamma-Say Honte Carlo Transport Code," 
0RNL-4S45, Oak Ridge National Laboratory, Oak Ridge, 
TN (1970/. 

9. National Council on Radiation Protection and 
Measurements Report #38 (1971). 

A. R. Smith, 
UCRL-17051. 

"A Tantalus Fast Neutron Integrator," 

FiS- 9 Neutron dose during 3 months of typical TSUI 
operation. 


