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Abstract 

A recent paper presented neutron spectral distributions (energy 30.9 1 MeV) measured 
at various locations around the Tokamak Fusion Test Reactor (TFTR) at the Princeton 
Plasma Physics Laboratory. The neutron source for the series of measurements was a 
small D-T generator placed at various positions in the TFTR vacuum chamber. In the 
present paper the results of neutron transport calculations are presented and compared 
with these experimental data. The calculations were carried out using Monte Carlo 
methods and a very detailed model of the TFTR and the T n R  test cell. The calculated 
and experimental fluences per unit energy are compared in absolute units and are found to 
be in substantial agreement for five different combinations of source and detector positions. 
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I. INTRODUCllON 

Fusion reactors will, of necessity, have very complex geometric configurations and 
because of this complexity and the high-energy (-14 MeV) neutrons involved there is 
some question as to whether state-of-the-art radiation transport methods are adequate for 
the design of the shielding and blankets for such reactors. 

The Tokamak Fusion Test Reactor (TFTR)' being constructed at the Princeton Plasma 
Physics Laboratory will not have a blanket, but it will have much of the complexity, e.g., 
toroidal and poloidal coils, of a fusion reactor. Deuterium-tritium operation, is., 14-MeV 
neutron production, at the TFTR is still in the future. Recently, however, a series of 
measurements were made of the neutron spectral distributions (energy 20.9 1 MeV) 
around the TFTR from a point source of 14-MeV neutrons inside the TFTR vacuum 
vesseL2 In the present paper calculated results of neutron spectra carried out using Monte 
Carlo methods (MORSE3) and a realistic model. of the TFTR are presented and compared 
with experimental data. 

In Section I1 the method of calculation is described, and in Section HI the comparisons 
between calculated and experimental data are presented and discussed. 

11. METHOD OF CALCULATION 

A. Geometry sad Materials 

The TFTR was modeled in considerable detail using the combinatorial geometry 
The dimensions used in the routines that are contained in the MORSE3 code system. 

modeling were taken from Ref. 1. 

In Fig. 1 four diagrams of the TFTR model that was used in the calculations are 
shown. The material of the various elements in the diagrams is also specified in the 
diagrams. These diagrams were drawn from the MORSE code geometry input using the 
code JUNEBUG-II.4 The four diagrams are shown separately for clarity, but it is to be 
understood that they are superimposed in the complete model. The central coiumn shown 
in each diagram is the basis of the superposition. Figure 1A shows, in addition to the 
central column, the toroidal vacuum vessel and the concrete machine support. The 
concrete machine support contains a variety of holes into the basement (not shown) of the 
test facility. In Fig. 1B the toroidal field coils are shown. In Fig. 1C the poloidal field 
coils are shown, and in Fig. ID the umbrella structure and the machine support columns 
are shown. The concrete in the support columns (see Fig. ID) has a cross-sectional area of 
0.20 m by 0.52 m. In addition to the structural elements shown in Fig. 1, the calculational 
model also includes the concrete (ordinary) floor (thickness = 1.22 m) that separates the 
test cell from the basement, the wails and roof of the test cell, and the walls and floor of 
the test cell basement. The test cell has a cross-sectional area of 35 m by 43 m and a 
height of 7.2 m. The roof and waifs of the test cell are made of ordinary concrete and 
have thicknesses of 1.2 m. The distance from the test cell floor to the concrete basement 
floor is 5.48 m. Finally, in the calculations the test cell was assumed to be filled with air. 
The atomic compositions of all of the materials used in the calculations were taken from 
the work of Long-Poe KuS and are given in Table 1. 
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Table 1 

Composition of Materiais Used in the Calculations 

Number Densities 
[Atoaa/cm X barn] 

Borated Toroidal Poloidal 
Limestone Ordinary Field Field 

Element SS-304 Concrete Concrete Coil coil Air 

H 
B 
C 
N 
0 
Na 

A1 
Si 
S 
A 
K 
Ca 
Cr 
Mn 
Fe 
CO 
Ni 
c u  
Ba 

Mg 

8.25X 7.83X 2.64X 
1.09X 2 . 0 6 ~  10-4 
1.05X IOm2 1 . 1 0 ~  10 -~  

4.32X 4.38X 3.00X 
1.31 X lo-’ 1.05X 
1.88X 1.49X lou4 
2.63X loA4 2.39X 1.40X 
l.09X10-3 1.58X10-3 1.37X10-3 

5 . 6 4 ~  10-5 

1.39X10-5 6.93X1OU4 
1.31 X 2.92X 2.53X low4 

P.74X 6.46X 
1.19X10-3 4.42X 
6.13X10-2 1.50X10-4 3.13X10-4 2.17XlO-’ 

4.40X lo-’ 

1.84X loA3 

5.00X10-3 1.13X1015 

3 . 4 2 ~  10-4 

4.20X 

6 . 7 9 ~  10-3 9 . 5 4 ~  
4.33X IOe2 7.21 X lov2 

1.24X IOw4 

2.54X 

4.21 x 
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Pig. 2. Schematic of the test cell floor at the time of the experiment showing the source 
a d  detector positions used in the experiments. 
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To obtain calculated results that are directly comparable with the experimental fluence 
spectra, it was necessary to convolute the calculated neutron fluence per unit energy with 
the energy resolution of the detector used in the measurements. In accordance with Ref. 
2, the response function was assumed to be Gaussian with a resolution determined by 

R = " - J T  l 00 ' 

where 

R = full width at half-maximum in MeV, 
E = neutron energy in MeV. 

III. RESULTS AND DISCUSSION 

In Figs. 3-7 the experimental and calculated neutron fluences per unit energy at ener- 
gies 30.91 MeV are compared for Exps. 1 to 5, respectively. Note that in Figs. 3-7 the 
experiments are presented in the order Exp. 2, Exp. 4, Exp. 3, Exp. 1, and Exp. 5, since 
this is the order in which it will be convenient to discuss them. In Figs. 3-7 the 
crosshatched region represents the 68% confidence interval in the experimental measure- 
ments and the solid curves represent plus and minus one standard deviation of the statisti- 
cal error in the calculations. 

Table 3 shows the measured and calculated fluences of neutrons with energy 20.91 
MeV obtained from the data shown in Figs. 3-7. The uncertainties in the neutron fluences 
in Table 3 were obtained assuming uncorrelated data. Also given in Table 3 are the ratios 
of the calculated to measured fluences. 

Experiment 2, for which the source is at the point P2 and the detector is at the point 
D2 in Fig. 2, will be considered first. In this experiment there is only a small amount of 
material on a direct line between the source and the detector and thus the details of the 
TFTR geometry are not expected to have as significant an effect on the results as in the 
experiments discussed below. In other words, this experiment is considered fiist because it 
is thought to provide the least challenge to the calculational procedures. In Fig. 3 the cal- 
culated results are in substantial agreement with the experimental data at energies below 
approximately 13 MeV and overestimate slightly the high-energy peak above 13 MeV. In 
Table 3 the ratio of the calculated to the experimental fluence at energies 30.91 MeV for 
Exp. 2 is only moderately larger than unity so the calculated results reproduce the experi- 
mental data quite well in both shape and magnitude. 

Experiment 4, for which the source is at P4 and the detector is at D1 in Fig. 2, will be 
considered next. i n  this experiment a direct line between the source and the detector 
passes through a toroidal field coil. Nevertheless, the position of the source and detector 
are such that the results in this experiment are expected to be only moderately dependent 
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TaMe 3 

Comparisons of Calculated and Measured Neutron Fluences 

Fluence of Neutrons 
With Energy 30.91 MeV 

Experiment [Nee. ~ r n - ~ ]  
No. Measured Calculated 

1 4.4X 103_+4.2X IO2 1.5X lo4+ 1.4X lo3 

2 1.8 x 105 3- 3.7 x 103 3.2 X lo5 -r- 2.7 X lo4 
3 1.4X104-t-6.5X102 3.2X1O4-t-2.OX1O3 

4 3.2X lo4& 1.3X lo3 5.7X 104+-5.5X lo3 

5 1.3 X lo4& 4.3 X lo2 3.8 X IO4 -t- 2.3 X lo3 

- - _ ~ _  

Ratio of 
CalCUlated 

to Measured 
ltiluence (20.91 MeV) 

3.4 +- 0.5 

1.820.2 

2.3 20.2 

1.820.2 

2.9 rt 0.2 
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on the details of the 'TFTK geonietry. In other words; this experiment is expected to pro- 
vide more of a challenge to ths calculational procedures than Exp. 2, but llcss than the 
expcriments discussed Mow.  In Fig. 4 the calculated results are in substantial agreement 
with the experimeatal data at all encsgics considered. In Table 3 the: ratio of the callcar- 
lated io the experimental fluenres for Exp. 4 is, as it i s  for Exp. 2> only moderately larger 
than unity, so again the calca-'na"cd results rcprsduce the experimental data quite well both 
in shape and magnitude. 

E~pcrimeat 3, for which the source i s  at psition P3 and the detector is at psition DI 
in Fig- 2, will be considered next. The details of the 'TFTR geometry should, in this case, 
cntcr significantly in determining the experimental iesdts, To illustrate this it may be 
noted that the u n c o l ~ e d  flueace at the position of the 1 cm2 detector is approximately 
2X lo5 while the measiiired fluence at energies 312.9 MeV i s  approximately 5X lo3, so the 
experimental data indicate that there has been a substantial attenuation of the source 
neutrons. In Fig. 5, the calculatcd fluence per unit energy overestimates the experimental 
data at low energies (66  MeV) and underestimates the expcrimental data at the higher 
energies (310 MeV). In particular, the calculations underestimate the peak irr the vicinity 
of the source energy by approximately a factor of 4 and show a high-energy peak in the 
13- to 14-MeV region rather than in the 14- to 15-MeV region. Of d l  of the experiments 
considered here, it i s  only in this experiment that there is substantial disagreement in shape 
at thc higher energies betwcen the calculated and experimental data, In Table 3 the ratio 
of the calculated to experimental fluence for Exp. 3 i s  2.3 -b 0.2, which is  not 
unreasonable for an absolute ~ O I I I ~ ~ ~ ~ S Q I I  in such a complicated geometry. 

The comparison of the zalculated and measured fluencc per unit energy for Exp. 1 is 
shown in Fig. 6. In this experiment the source was at position P1 and the detector was at 
position D1. The uncollided fluence at the position of the detector is --I X lo5 and thc 
measured fluence >12.9 MeV i s  --2X103 SO in this expwinrment, as in Exp 3, substantial 
attenuation of the source nerptscsns i s  indicated, In Fig. 6 the calculated results are signifi- 
cantly larger than f h ~  cxprimcntal data at energies <4 MeV, but at the higher energies, 
and in particular in the vicinity of thc source energy, the experimental and calculated flu- 
ences per unit energy are in very gmd agreement. Therc is no known reason why the 
agrcement at the higher energies should be better in Exp. 1 than it was ills Exp. 3, but 
presumably geametric uncertainties were more crucial in Exp. 3 than in Exp. 1. In Table 
3 the ratio of the calcdated to the measured fluewce is larger than in the experiments con- 
sidered previously I~accaiise of thu; averestimation by the calculation of the fluence at the 
lower energies. 

'I'he calculated and experimental fluences per unit energy for Exp. § a ~ e  compared in 
Fig. 7. This experinlent is sorncwhdt diffcrcnt than the other expcsimemts in that the: beam 
directiotn, i.e the directioii of the aece1eiat.d deuteron beam with respect to north, i s  270" 
so that the source nrc;rtrons that are directed from s ~ i i r c e  position $5 to the detector at 
position D1 are those ncntrons that arc crnitted at very back angles with respect to the 
direction of the deuteron beam, Thus, the source neutron anisotropy due to the prese 
of the D-T generator structure sboald have the most pronounced effect in thk experiment. 
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Exp. 4. The crosshatched regions indicate the 68% confidence intervals in the 
experimental measurements and the solid lines indicate the upper and lower bounds (+  
one standard deviation) due to the statistical error in the calculations . 
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For this reason, this experiment is thought to provide the greatest challenge to the calcula- 
tional procedures. In Fig. 7 the calculated fluence per unit energy is somewhat larger than 
the measured fluence per unit energy at all energies. The calculated shape appears to be 
very similar to the experimental shape so in this case the differences appear to be pri- 
marily a difference in normalization. In Table 3 the ratio of the calculated to measured 
fluences is 2.9 +- 0.2, which is only slightly less than the ratio found in Exp. 5. 

Fv. SUMMARY 

Calculated results have been compared with experimental data to determine the extent 
to which state-of-the-art neutron transport methods can be used to design the shielding for 
fusion reactors such as the TFTR. Substantial agreement has been obtained between the 
calculated and experimental fluences per unit energy for various combinations of source and 
detector positions. The calculated spectral shape is, in all cases, similar to the measured 
shape, but there are significant variations in the comparisons for different combinations of 
source and detector positions. In all cases considered the calculated fluence at energies 
a0.91 MeV are less than a factor of 4 larger than the measured fluence. 

Full power D-T fusion experiments are not planned for some time in the future, but 
based on the results obtained here, it seems that one may have some confidence that the 
shielding requirements for such fusion reactor experiments can be reliably obtained using 
currently available state-of-the-art neutron transport methods. 
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