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SUMMARY 

Estimates are given for the nuclear heat loads on the 

cryopanels, radiation damage (energy deposition rate) in 

ion gun insulators, and dose equivalent rates from induced 

activity in the components for the Engineering Test 

Facility (ETF) neutral beam injectors. The estimates have 

been obtained by scaling similar results, obtained by careful 

neutronics analysis for the Tokamak Fusion Test Reactor (TFTR). 

The approximate nature of the scaling procedure introduces 

considerable uncertainty in the results, but they are, hope-

fully, correct to within an order of magnitude and may be 

substantially more accurate. 

The total nuclear heat loads on the cryopanels in a 

single ETF neutral beam injector range between 12.0 and 67.5 

watts with a shield plug and between 750 and 4250 watts 

without a shield plug. The total nonnucleur heat load on the 

cryopanels in a single TFTR neutral beam injector is reported 

to be 60 watts. For the purposes of this study, it was as-

sumed that the ETF and TFTR have similar neutral beam injec-

tors and cryopanels. Based on this assumption, a nonnuclear 

heat load of 60 watts should also be seen by the cryopanels 

in a single ETF neutral beam injector. These heat load 

values strongly suggest the use of shield plugs, for without 

shield plugs, the capital and operating costs associated with 

nuclear heating dominate the overall neutral beam injector 

v 



cryogenic systems ccst^. Based on the premise that shield 

plugs are employed in the ETF injector ducts, the nuclear 

heat loads estimated in this analysis for the ETF NBI cryo-

panels do not appear to present any major problems from either 

an operational or cost viewpoint. 

The effects of radiation damage on the ion gun insulators 

is dependent on the damage threshold of the particular type of 

insulator that is ultimately used. If a damage threshold of g 
10 rads is assumed with no shield plug in the injector duct 

then the insulator will begin to fail after approximately 

5.4 days of continuous operation and with a shield plug the 

insulator will fail after appproximately 340 days of continuous 

operation. 

The TFTR neutral beam injectors are shielded by 30.5 cm 

of concrete on the sides and 61 cm of concrete at the rear, so 

this is the shielding used in obtaining the estimates given 

here. With no shield plug in the injector duct the dose equi-

valent rates from induced activity just outside of the 

shielding are of the order of 105 mrem/hr, 1 hour after the 

reactor is turned off. With a shield plug this dose is reduced 

by a factor of approximately 63. Dose equivalent rates for 

various operating scenarios and time after reactor shutdown 

are given in the report. 

All of the results presented here indicate that a shield 

plug in the injector duct is very desirable. However, the 

use of shield plugs will rcost certainly introduce mechanical 
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and maintenance problems. In addition, these plugs exclude 

the desirable option of a beam driven tokamak design. An 

alternate approach to reducing the radiation levels in the 

sensitive beam line components would be to place shadow 

shields in the injectors. The determination of the size, 

material, and placement of such shields is, however, beyond 

the scope of this paper. An analysis of this type would 

require extensive radiation transport calculations coupled 

with molecular flow calculations since shadow shields will 

most definitely cause changes in beam line performance. 

As noted above, the approximate nature of the scaling 

procedures used in this work introduces considerable uncer-

tainty in the results. The importance of this statement 

cannot be overemphasized. Although the approximations used 

in obtaining the scale factors introduce very little error, 

as shown in the appendix, the uncertainty in the calculated 

results associated with the assumptions upon which the 

scale factors are based cannot be easily assessed. For this 

reason, a strong need for supports 2 detailed radiation 

transport calculations definitely exists. 
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I. INTRODUCTION 

The radiation environment produced by the large extended 

14 MeV neutron source in fusion reactors directly affects 

the design of many of the systems contained within these 

devices. However, probably more important is the direct 

effect the design of some of these systems has on the radia-

tion environment in which their components must operate. 

The neutral beam injectors which may be used to heat the 

plasma in large commercial fusion reactors aptly illustrate 

this point. The successful operation of these injectors neces-

sitates the existence of large straight-through penetrations 

in the reactor's primary shielding. These penetrations 

enhance the radiation levels within the injectors which in 

turn increases the nuclear effects in the vital components 

of the injectors. 

The liquid helium-cooled cryopanels which are used to 

maintain low neutral particle pressures to minimize beam des-

truction through re-ionization represent one such vital com-

ponent. Both the operability and practicality of these cryo-

panels are directly affected by the nuclear heat loads imposed 

upon them. Another such component is the neutral beam injector 

ion guns. These devices are operated at high electrical 

potential so that the integrity of the insulators must be 

maintained to ensure performance efficiency. These insulators 

are, however, of necessity in a high radiation field and are, 

therefore, subject to substantial radiation damage. Finally, 
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the maintenance of the neutral beam injector compc-iients will 
be strongly influenced by the dose equivalent in the vicinity 
of the injector from induced activity. 

In this paper the nuclear heat loads on the cryopanels, 
the radiation damage (energy deposition) in the ion gun insula-
tors and the dose equivalent from induced activity in the 
injector components and shielding aTe estimated for the 
Engineering Test Facility, ETF, neutral beam injectors. The 
estimates have been obtained by scaling similar estimates 
obtained earlier by careful neutronics analysis for the Tokamak 
Fusion Test Reactor (TFTR).1,2 Although the ETF may not be 
totally representative of a large commercial fusion reactor, 
it does represent a large fusion device in comparison to the 
TFTR. In addition, its neutral beam injectors are expected 
to be similar to those in the TFTR and conceptual drawings 
describing its overall design are currently available. 

II. SCALING AND NUCLEAR HEAT LOADS ON THE NEUTRAL BEAM 
INJECTOR CRYOPANELS 

The nuclear heat loads on the cryopanels in the TFTR 

neutral beam injectors were determined by treating the radia-

tion leaking through the igloo wall and the radiation streaming 

through the injector port separately. The estimation of the 

nuclear heat loads on the cryopanels in the ETF injectors thus 

required the formulation of two separate scale factors. These 

scale factors represent the ratio of the nuclear heat loads 

in the ETF cryopanels to the corresponding heat loads in the 
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TFTR cryopanels, i.e., the heat loads due to radiation 
leakage and radiation streaming through the primary shields. 
In terms of these scale factors, the nuclear heat loads on 
the ETF neutral beam injector cryopanels may be estimated 
from 

„ETF _ c u TFTR „ TFTR H - S lH l + S sH s ( 1 ) 

where S^ and Sg are the radiation leakage and radiation streaming 
TFTR TFTR scale factors, respectively, and HT and H correspond 

Li S 

to the nuclear heat loads on the TFTR neutral beam injector 
cryopanels due to radiation leakage and radiation streaming, 
respectively. 

To obtain the radiation leakage scale factor, it was 
assumed that this portion of the nuclear heat loads was pro-
portional to the uncollided flux at the point on the cryo-
panels correspnding to the location where the maximum nuclear 
heat load was obtained in the TFTR neutronics analysis. The 
radiation streaming scale factor was obtained by assuming 
that this portion of the nuclear heat loads was proportional 
to the total number of uncollided 14 MeV neutrons entering 
the injector housing at the injector duct exit. Based on 
these assumptions and a number of approximations which are 
discussed in detail in the Appendix, the scale factors S^ 
and S s may be obtained from 

SL " 

[ (ETF 
Q e x p [ - Z a t s ] / ( R D s } ( 2 ) 

Q exp[-Eatsl/CRDs)jTFTR 
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and 

jTrD4QT(L+a+b+T/2) 2/ [4Vx(L+b) 2 (L+a+T/2) 2] 
s 12 -4 D 2Q/[V T(L+a+T/2) 2]J T F T R ' 

The definitions of the parameters in Eqs. (2) and (3) and 

their estimated values are given in Table I. In addition, a 

number of the primary dimensions used in formulating the 

radiation streaming scale factor, S g, are denoted in Fig. 1. 

Table I. Estimated Parameters of ETF and TFTR Geometries 

Parameter ETF TFTR 

Shielded straight duct length, L 
Duct height, H 
Duct width, W 
Total source strength, Q 
Total plasma volume, V 
Major radius, R 
Distance from plasma 

centerline to NBI, Dg 

Primary shield thickness, t 
14 MeV capture cross 

section of shield, Z 
Distance from plasma 

to duct entrance, a 
Distance from shielded straight 

duct exit to NBI, b 
Thickness of viewed 

plasma, T 
Duct equivalent diameter, D 
Distance from NBI entrance 

to ion source, Z 

3.30 ro 
1.20 m 
1. 00 m 

, 2 0 n/sec 
3 

2.6x10 
227.0 m 

5.00 m 

7. 90 m 
1.20 m 

0.18/cm 

0.30 m 

3. 40 m 

3.60 m 
1.24 m 

4.00 m 

0.70 m 
0.80 m 
0.62m 1 o 

7x10 n/sec 
60.8m3 

2.50 m 

4.25 m 
0 .66m 

0.12/cm 

2 . 1 0 iu 

0.70 m 

4.85 m 
0.79 m 

6.00 m 

Based on a plasma power of 740 MW and 17.6 MeV/event, 
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Fig. 1. Schematic Representation of TFTR and ETF 
Injection Geometries. 
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The distances a, b, D g, etc. were taken from design drawings 

of the TFTR geometry and from conceptual drawings of the ETF 

geometry. The 14 MeV neutron capture cross sections for the 

primary shields were obtained from the 35-neutron-21-gamma-ray 

energy group cross section library used in the TFTR neutronics 

analysis.1 

Evaluating the scale factors using the parameters in 

Table I allows Eq. (1) to be rewritten as 

H E T F * l.lxlO"5 H t
T F T R

 + 72 H ' T F T R . (4 ) 
Li S 

Since the nuclear heat loads due to radiation leakage and 

radiation streaming were equivalent within an order of magni-

tude at all locations on the cryopanels in the TFTR neutral 

beam injectors, the first terms in Eq. (4) may be ignored. 

Thus, the heat loads on the ETF cryopanels can be estimated 

using 

HETF % 7 2 ^ T F T R _ C 5 ) 

The maximum and average instantaneous nuclear heat loads 

on the TFTR and ETF cryopanels are given in Table II for the 

materials considered in the TFTR neutronics analysis. The 

TFTR heat loads are due to radiation streaming only. The 

maximum instantaneous TFTR values were taken directly from the 

Monte Carlo results given in Table IV of Ref. 1. The average 

values for the TFTR were estimated by integrating the total 

heat load curve for SS-316 in Fig. 6 of Ref. 1. The integrated 
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T a b l e II. Instantaneous Heat Loads on TFTR 
and ETF NBI Cyopanels 

Cryopanel 
Material i 

Max 

Instantaneous 
TFTR 

Avg 

Heat Loads 

Max 

(watts/cc) 

ETF 
Avg 

SS-316 2. 0x10"3 2.4xl0~4 1.4X10"1 '1.7xl0'2 

Copper 2. 3x10"^ 2.7xl0~4 1. 7x10 ~ 1 1.9xl0~2 

Zeolite 1. 1x10"3 1.4x10 4 7. 9x10"2 1. OxlO"2 

Aluminum 1. 2xl0"3 1.5x10 4 8 . 6x10 ~ 2 1. 1x10"2 

result was then divided by the length of the cryopanel to obtain 

an average value. This average value was then corrected to ac-

count for the fact that the curve in Fig. 6 of Ref. 1 represented 

the heat load due to both radiation leakage and streaming and 

that it was obtained from a less detailed two-dimensional dis-

crete-ordinates calculation. The average values for copper, 

zeolite, and aluminum were obtained by assuming the ratios of 

the average heat load in each of these materials to the average 

heat load in SS-316 are equivalent to the corresponding ratios 

of the maximum instantaneous heat loads. The heat loads for 

the ETF cryopanels were simply estimated from the TFTR heat 

loads using Eq. (5). 

Whether or not the heat loads given in Table II for the 

ETF NBI cryopanels impact the operation of the cryogeriic 

systems and thus the operation of the neutral beam injectors 
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depends on three quantities. These three quantities, which 

are the heat flux at the cryopanel — liquid helium interface, 

the temperature difference across a cryopanel, and the costs, 

both capital and operational, of the cryogenic systems, can 

be estimated from the heat loads. The heat flux and temperature 

difference are important in that they determine the cryo-

condensation capabilities of the-cryopanels. The cost of the 

liquefaction systems and the cost of removing the heat from 

the cryopanels determines the practicality of the cryogenic 

systems. 

The heat flux at the cryopanel — liquid helium interace 

due to nuclear heating can be determined by multiplying the 

heat loads by the cryopanel thickness, i.e., 

Q = tHs C6) 

where t is the cryopanel thickness in cm and H g is the nuclear 

heat load. Equation (6) results from the assumption that all 

of the heat generated in a cryopanel flows into the liquid 

helium. With this same assumption and further assuming that 

a cryopanel may be represented by a semi-infinite plate of 

thickness t allows the temperature difference across a cryo-

panel to be determined from 

H.t2 

= - i r ™ 

where k represents the cryopanel material thermal conductivity. 
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The maximum and aveTage instantaneous heat fluxes for 

two cryopanel thicknesses are given in Table III. The 

smaller thickness, i.e., t - 0.1 cm represents the thickness 

of the TFTR cryopanels. The larger thickness, i.e., 

t = 0.3 cm represents a possible upper limit on cryopanels 

which may be substantially larger than those in the TFTR or 

on cryopanels which may experience large heat loads such as 

those in a commercial fusion reactor. For these cryopanels, 

mechanical and thermal stresses may dictate a larger thickness 

and 0.3 cm was arbitrarily chosen as an upper limit on cryo-

panel thickness. 

The maximum instantaneous heat fluxes in Table III are 
2 

all well below 0.2 watts/cm which represents a lower limit 

on the critical heat flux, i.e. , the heat flux at which helium 

Table III. Maximum and Average Instantaneous 
Heat Fluxes in the ETF NBI Cryopanels 

Instantaneous Heat Fluxes (watts/cm ) 
Max Avg 

t=0.1 cm t=0.3 cm t=0.1 cm t=0.3 cm 

Cryopanel 
Material 

SS-316 1.4xl0"2 4 . 2x10"2 1.7x10"3 5 .1x10"3 

Copper 1.7xl0"2 5 .lxlO"2 1.9xl0"3 5.7xl0 3 

Zeolite 7.9xl0"3 2 .4xl0"2 1.0x10 3 3.OxlO"3 

Aluminum 8.6xl0~3 2 .6xl0"2 l.lxlO"3 3.3xl0"3 
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boiling occurs, for liquid helium flow under typical cryo-

genic pump operating conditions. Thus, the estimated nuclear 

heat loads on the ETF NBI cryopanels do not appear to present 

any operational problems from a heat flow viewpoint. 

The temperature differences across a cryopanel due to 

the maximum and average instantaneous nuclear heat loads for 

the various materials under consideration are given in Table 

IV. These temperature differences are presented for cryopanel 

thicknesses of 0.1 and 0.3 cm to illustrate the effect of 

larger cryopanel thicknesses. Also presented are the thermal 

conductivities of the various cryopanel materials. These 

conductivities are for the specific material at liquid helium 

temperature, i.e., 4.2°K. As noted in Table IV, the thermal 

conductivity of zeolite which is comprised of a number of 

elements was estimated. 

As stated earlier, the temperature difference across a 

cryopanel determines its cryocondensation performance. If 

the cryopanel temperature at the liquid helium interface is 

assumed to be 4.2°K, a possible allowable range of temperature 

differences which would permit an adequate amount of deuterium 

gas cryocondensation would be 0.2 to 0.5°K. Based on this 

temperature difference range, the nuclear heat load on a 

stainless steel cryopanel in the ETF could pose a problem, 

particularly for the maximum instantaneous heat load and a 

cryopanel thickness of 0.3 cm. However, since the maximum 

instantaneous heat load occurs over a very small cryopanel 
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Table IV. Maximum and Average Instantaneous 
Temperature Differences Across the 
ETF NBI Cryopanels 

Instantaneous Temperature Differences (°K) 
Cryopanel Thermal 
Material Conductivity M a x A V g 

(watts/cm/°K) t = 0.1 cm t = 0. 3cm t = 0.1 cm t= 0.3 cm 

SS-316 2.5x10 ~ ̂  2. 8x10 " * 2. 5 3. 4x10"2 3. lxlO"1 

Copper 10.0 8. 5xl0"5 7. 7x10 4 9. 5x10 8. 6xl0"5 

Zeolite 
_ 7 A 

1.0x10 L 4. 0x10 ~2 3. 6xl0_1 •5. 0x10 4. 5x10"^ 
Aluminum 4.0 1 . 

- 4 1x10 9. 7xl0"4 1 . 4x10 1 . 2xl0"4 

Thermal conductivity of zeolite was estimated. 

volume, the loss of cryocondensation over a very small cryopanel 

area may not be significant. In addition, the instantaneous 

heat loads were estimated by assuming the injector housing is 

exposed to the maximum neutron source, i.e., the source at full 

plasma power. If a radiation plug was placed in the injector 

duct after each pulse, the maximum neutron source exposure time 

would be very small and the temperature difference for stainless 

steel would be marginal. 

The final quantity which needs investigation is the effect 

the nuclear heat loads have on the cost, both capital and opera-

tional, of the cryogenic systems. To obtain the cost associated 

with the heat loads on the ETF NBI cryopanels, the duty factor 

of the ETF neutral beam injectors must be factored into the 

average instantaneous heat loads. In addition, a volume must 
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be assigned to the cryopanels to determine the total heat 
loads. Here, it will be assumed that the total cryopanel 

2 

area in an BTF NBI is 99.0 m which is approximately 1.7 

times the total cryopar.el area in a TFTR NBI. With this 

assumption, the cryopanel volume simply becomes a function 

of cryopanel thickness. 

To obtain the duty factor for the ETF, it will be assumed 

that two NBI operating nuclear environments may exist. These 

two environments are based on whether or not a shield plug 

is placed in the injector ports following each injection. 

For the case of no plug, the duty factor for the ETF NBI's 

is given by 
j r _ Injection Time/4 + Burn Time f j n 

NP Total Cycle Time • 
The subscript NP denotes the no plug duty factor. The pulse 

time in Eq. (8) has been divided by 4 to estimate the average 

plasma power during a pulse. For an injection time of 6 s, 

a burn time of 100 s, and a cycle time of 135 s, the no plug 

duty factor, dfNp, is 7.52xl0_1. If a shield plug is assumed 

to provide three orders of magnitude attenuation in the un-

collided 14 MeV neutron flux, the plug case duty factor can 

be obtained by simply reducing the burn time in Eq. (8) by 

a factor of 1000. The plug case duty factor, dfp, is thus 

1.19x10 and the average nuclear heat loads are reduced by 

a factor of approximately 63. 
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The increases in helium liquefaction system capital cost 

associated with the estimated nuclear heat loads on the cryo-

panels in a single ETF NBI are given in Table V for the two 

cryopanel thicknesses. These increases were obtained by 

adding a 50% power contingency and assuming an average capital 

cost of $1,000 per watt of liquefaction system power handling 

capacity. Without the shield plugs, the increase in capital 

cost due to the nuclear heat loads ranges between approximately 

$3,360,000 and $19,110,000 for three neutral beam injectors. 

Adding the shield plugs reduces the increased capital cost 

range to approximately $53,100 to $302,100 plus the cost of 

the shield plugs. 

The increases in cryogenic system operating cost due 

to the nuclear heat loads on an ETF NBI cryopanel are given 

in Table VI. These costs were obtained utilizing the duty 

factors and cryopanel areas listed above. In addition, it 

was assumed that it takes 800 watts of power to remove one 

watt of power deposited in the liquid helium and that 

$0.05/kwh represents a national average of energy costs. 

With no shield plugs, the increase in monthly energy cost 

for three injectors assuming 40 hours of operation per week 

ranges between $15,500 and $88,200. With the shield plugs, 

only $260 to $1400 of additional operating cost per month 

results from the nuclear heat loads. 
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Table V. Liquefaction System Capital Cost 
Increase Due to Nuclear Heat Loads 
on Cryopanels in an ETF NBI 

Capital Cost Increase (Dollars) 

No Shield Plug With Shield Plug 
t=0.1 cm t=0.3 cm t=0.1 cm t=0.3 cm 

Cryopanel 
Material 

SS-316 

Copper 

Zeolite 

Aluminum 

1,890,000 

2 , 1 2 0 , 0 0 0 

1,120,000 

1,230,000 

5,700,000 

6,370,000 

3,350,000 

3,690,000 

30,000 

33,600 

17,700 

19 ,400 

90,000 

100 ,700 

53,000 

58,300 

Table VI. Liquefaction System Operating Cost 
Increase Due to Nuclear Heat Loads 
on Cryopanels in an ETF NBI 

Cryopanel 
Material 

SS-316 

Copper 

Zeolite 

Aluminum 

Operating Cost Increase (Dollars/Hr) 
No Shield Plug With Shield Plug 

t=0.1 cm t=0.3 cm t=0.1 cm t=0.3 cm 

50. 60 

56. 60 

29. 80 

32. 80 

151. 90 

169. 70 

89. 30 

98. 30 

0 . 80 

0. 90 

0. 50 

0. 50 

2. 40 

2. 70 

1. 40 

1. 50 
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The total nuclear heat loads on the cryopanels in a 

single ETF neutral beam injector range between 12.0 and 67.2 

watts with a shield plug and between 750 and 4250 watts with-

out a shield plug. The total nonnuclear heat load on the 

cryopanels in a single TFTR neutral beam injector is reported 

to be 60 watts.3 For the purposes of this study, it was as-

sumed that the ETF and TFTR have similar neutral beam injectors 

and cryopanels. Based on this assumption, a nonnuclear heat 

load of 60 watts should also be seen by the cryopanels in a 

single ETF neutral beam injector. These heat load values 

strongly suggest the use of shield plugs, for without shield 

plugs, the capital and operating costs associated with nuclear 

heating dominate the overall neutral beam injector cryogenic 

system costs. Based on the premise that shield plugs are 

employed in the ETF injector ducts, the nuclear heat loads 

estimated in this analysis for the ETF NBI cryopanels do not 

appear to present any major problems from either an opera-

tional or cost viewpoint. 

The above conclusion should, however, be viewed with 

caution. The errors inherent in most of the approximations 

used in formulating the radiation scale factors are insigni-

ficant, i.e., on the order of 251 or less, as shown in the 

appendix. Because of this, the errors inherent in the major 

assumption employed in this study should dominate the overall 

uncertainties in the estimated nuclear heat loads. Unfor-

tunately, this assumption, which stated that the nuclear heat 

loads are proportional to the total number of uncollided 
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14 MeV neutrons entering an injector, cannot be validated 

without performing a number of detailed radiation transport 

calculations. 

In spite of the above remarks, a factor of 2 to 10 un-

certainty in the estimated nuclear heat loads would appear to 

be very reasonable. If large commercial fusion reactors 

operate at or near a plasma power level of 3000 MW and the 

nuclear heat loads simply scale as plasma power, the instan-

taneous heat fluxes and temperature differences for a com-

mercial reactor could be as much as 40 times greater than 

the estimated values for the ETF NBI cryopanels. Since these 

instantaneous quantities are not affected by the use of 

shield plugs, the cryocondensation capabilities of NBI cryo-

panels in large commercial fusion reactors could be very 

suspect. 

III. RADIATION DAMAGE TO NEUTRAL BEAM INJECTOR ION 
SOURCE INSULATORS 

A limiting factor in the performance of neutral beam 

injectors may be the radiation damage induced in the electrical 

insulators of the deuteron ion sources. These devices are 

operated at high electrical potentials 0^500 kV) so the inte-

grity of the insulators must be maintained to assure perform-

ance efficiency. By necessity, the deuteron sources are in 

line-of-sight with the plasma. Neutrons produced during the 

D-T burn will escape from the plasma region by streaming 

through the deuteron injection ports, and, along with 
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scattered neutrons and secondary gamma rays, deposit their 

energy in the ion sources. The performance of the deuteron 

sources will degrade as the energy deposition in the insulators 

reaches the damage threshold. 

The energy deposition rate in the insulators of the ETF 

deuteron sources has been estimated by scaling similar data 

obtained from calculations for the TFTR neutral beam injectors. 

To obtain the scale factor, it was assumed that the energy 

deposition rate in the ion source insulators is proportional 

to the uncollided 14 MeV neutron flux at the ion source. 

Since the ion guns are in line-of-sight with the plasma, the 

energy deposition rate should be dominated by the uncollided 

neutron flux. For example, in the TFTR, the ratio of the 

uncollided flux to the total flux (uncollio d + scattered 

neutrons and secondary gamma rays) at the deuteron ion source 

is 0.77. 

Based on the above assumption and the approximations dis-

cussed in the Appendix, the energy deposition rate scale 

factor may be written 

IETF 

SD 
7rD2QT(L+a+b+T/2)2/[4VT(L+b)2(L+a+b+T/2+£)2] 

TFTR 
2 r 2.4Q/[VT(L+a+b+T/2+£) ]j 

C 9 ) 

The definitions and estimated values of the parameters in 

Eq. (9) are given in Table I. Using these values yields an 

energy deposition rate scale factor of 27. Thus, the 

radiation damage in the ETF ion source insulators may be 
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estimated from 

R, 
ETF (10) D 

where R TFTR represents the radiation damage obtained for the D 
TFTR ion source insulators. In obtaining Eqs. (9) and (10), 

it was assumed that the source strengths, i.e., the in line-

of-sight plasma volumes, in both the ETF and TFTR viewed from 

a point at the ion guns, were proportional to the respective 

source strengths viewed from a point located at the injector 

entrances. 

The maximum energy deposition rate in epoxy insulation 

at the rear of the TFTR neutral beam injector (i.e., in the 
- 3 3 

vicinity of the deuteron sources) is 1.06x10 w/cm . This 

corresponds to an instantaneous dose rate of 106 rad/sec 3 

^•PINS = g/cm )• The corresponding instantaneous dose 
rate in the ETF is 2860 rad/sec. 

Table VII summarizes the estimates of continuous operating 
time to reach damage as a function of damage threshold for 
the ETF for the cases with and without a shield plug at the 
mouth of the injector. When no plug is used, the duty factor 

- 1 - 2 is 7.52x10 compared to 1.19x10 when a plug is present. 
Incorporating the shield plug extends the insulator lifetime 

by a factor of ^63. 
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Table VII. ETF Continuous Operating Time 
to Reach Damage as a Function of 
the Ion Source Radiation Damage 
Threshold 

Damage Threshold (RAD) 108 109 1010 

Reactor Operating Time (Days) 
No shield plug 0.54 5.4 54 
With shield plug 34.3 343 3430 

IV. DOSE RATES FROM INDUCED ACTIVITY IN A NEUTRAL BEAM INJECTOR 

In Ref. 2 the dose equivalent rates due to induced acti-

vity in the TFTR test cell were presented as a function of the 

irradiation pulse structure and the time after the last pulse. 

In Ref. 2 separate contributions to the dose rates from the 

induced activity in the injector and its shielding and from 

induced activity in the primary shield (IGLOO) and the other 

test cell structures were presented. No estimate is given 

here for the dose rates due to the induced activity in the 

primary ETF shield and coils, but by scaling the TFTR calcula-

tions, an estimate of the dose rates produced by induced acti-

vity in the TFTR neutral beam injectors will be given. 

A detailed diagram of the neutral beam injector considered 

(two-dimensional model) will be found in Ref. 1. The TFTR 

neutral beam injector considered in Ref. 2 was shielded by 

30.5 cm of concrete on the sides and by 61 cm of concrete at 



20 

the rear and that shielding is also retained here. 

Based on the discussion in Section II and the Appendix 

of this paper it may be assumed that during a pulse 

(injection + burn) the neutron flux per unit energy at any 

point in the neutral beam injector is 72 (see Eq. (5)) times 

higher than in the TFTR. The TFTR dose equivalent rates 

cannot, of course, simply be multiplied by this factor to 

obtain ETF results because the pulse length and pulse repe-

tition rate for ETF is very different from that for TFTR. 

However, using the methods and equations discussed in Ref. 2 

this difference in time dependence can easily be taken 
* 

into account. 

In Fig. 2 a schematic of the neutral beam injector is 

shown. The letters A, B, C and A', B', C', indicate the 

positions where dose rates have been calculated and the lines 

between the arrows indicate the spatial distances over which 

the dose rates have been averaged. In Table VIII the calcu-

lated dose rates at these positions are given for several 

conditions. A pulse length of 106 seconds and a time between 

pulses of 29 seconds has been assumed in all calculations. 

In the nomenclature of Section II all results in Table VIII 

are for the no plug condition. In all cases 200 consecutive 

pulses in 1 day of operation is considered. Results are 

The factor of 4 difference between the neutron flux per unit 
energy during injection and burn is being neglected. 
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Fig. 2. Schematic of neutral beam injector. The 
letters indicate the positions where the dose rates are 
given in Table VIII. The arrows indicate the distances 
over which the dose rates in Table VIII have been averaged. 
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T a b l e V I I I . Dose Ra te a t V a r i o u s P o s i t i o n s A r o u n d t h e I n j e c t o r 
V e r s u s T ime A f t e r L a s t P u l s e (200 c o n s e c u t i v e p u l s e s 
i n each day o f o p e r a t i o n , p u l s e l e n g t h = 106 s e c , 
t i m e b e t w e e n p u l s e s = 29 s e c ) 

Dose E q u i v a l e n t R a t e * * 
m r e m / h r 

* T ime A f t e r 
P o s i t i o n L a s t P u l s e = .25 h 1 h 8 h 16 h 7 d 30 d 

1 day o f o p e r a t i o n 
A 3. 1 . 1 0 5 2. . 0 - 1 0 5 4 . 4 - 1 0 4 1. 6 - 1 0 4 2 . 7 * 1 0 2 1. 7 - 1 0 2 

B 1 . 5 - 1 0 4 1, , 1 - 1 0 4 2 . 6 - 1 0 3 1. 1*10 3 8. 3 - 1 0 ° 3. 8 * 1 0 ° 

C 3 . 5 . 1 0 4 1, . 5 - 1 0 4 5 . 3 - 1 0 3 3. 6* 1 0 3 2 . 8 - 1 0 1 2. 5 - 1 0 ° 

A ' 6 . 9 - 1 0 6 5. . 3 - 1 0 6 9 . 2 - 1 0 S 2 . 0 - 1 0 5 6 . 7 * 1 0 3 4. 0 - 1 0 3 

B' 8 . 3 - 1 0 5 6 . 5 - 1 0 5 l . O ' l O 5 1 . 6 - 1 0 4 7 . 3 ' 1 0 2 4. 3 - 1 0 2 

C1 6 . 2 - 1 0 6 4, . 9 - 1 0 6 8 . 7 « 1 0 5 2 . 0 - 1 0 5 1 . 2 - 1 0 4 7. 5 ' 1 0 3 

30 d a y s o f o p e r a t i o n 
A 3 . 3 - 1 0 5 2 . 2>10S 5 . 9 * 1 0 2 . 9 ' 1 0 5 . 9 - 1 0 3 4- 5 - 1 0 3 

B 1 . 5 - 1 0 4 1 . 2 « 1 0 4 3 . 5 « 1 0 3 1 . 7 - 1 0 3 1 . 4 - 1 0 2 1. o-io2 

C 4 . 0 - 1 0 4 1 . 9 • 1 0 4 8 . 5 - 1 0 3 6 . 0 - 1 0 3 2 . 0 - 1 0 2 5. 2 ' l t ) 1 

A ' 7 . 1 - 1 0 6 5 . 6 - 1 0 6 1 . 1 - 1 0 6 3 . 9 - 1 0 5 1. 4 • 1 0 S 1. 0-105 

B* 8 . 4 - 1 0 5 6 . 7 • 1 0 S 1 . 2 - 1 0 5 3 . 5 - 1 0 4 1 . 5 - 1 0 4 1. 1 - 1 0 4 

C1 6 . 6 - 1 0 6 4 . 1 - 1 0 6 1 . 2 « 1 0 6 5 . S - 1 0 5 2 . 5 - 1 0 5 2. 0 ' 1 0 S 

365 days o f r o p e r a t i o n 

A 3 . 5 • 1 0 2 . 4 • 10 S 7 . 8 - 1 0 4 . 8 • 1 0 2 . 4 - 1 0 4 1. 9 - 1 0 4 

B 1 . 6 - 1 0 4 1 . 2 • 1 0 4 4 . 0 • 1 0 3 2 . 2 • 1 0 3 5 - 8 - 1 0 2 4 . 8 • 1 0 2 

C 4 . 0 - 1 0 4 1 .9 * 1 0 4 8 . 7 • 1 0 3 6 . 2 - 1 0 3 3 . 5 - 1 0 2 1. 7 • 10 2 

A ' 7 . 6 - 1 0 6 6 . 0 - 1 0 6 1 . 6 - 1 0 6 8 . 1 - 1 0 5 5 . 4 - 1 0 5 4. 3 - 1 0 5 

B' 8 . 9 . 1 0 5 7 . 1 - 1 0 5 1 . 7 . 1 0 s 7 . 2 - 1 0 4 5 . 9 ' 1 0 4 4 . 8 - 1 0 4 

C' 7 . 5 - 1 0 6 5 . 0 - 1 0 6 2 . 1 . 1 0 6 1 . 4 * 1 0 ® 1 . 1 - 1 0 6 9 . 2 «105 

*See F i g . 2 . 

* * T h e r e s u l t s p r e s e n t e d a r e f o r t h e case o f no s h i e l d p l u g . A p p r o x i m a t e 
r e s u l t s f o r t h e c a s e when t h e s h i e l d p l u g d i s c u s s e d i n S e c t i o n I i s 
p r e s e n t may be o b t a i n e d by d i v i d i n g any d o s e e q u i v a l e n t r a t e i n t h e 
t a b l e b y 6 3 . 
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given for 1, 30, and 365 consecutive days of operation. 

The times after shutdown in the table are always measured from 
the end of the last pulse on the last day of operation. The 

? 

results were carried out using Monte Carlo methods and are 
therefore subject to statistical errors. This error (one 
standard deviation) is less than 15% in all cases shown in 
Table VIII. 

For all pulse sequences considered, the dose equivalent 
rates are large even 30 days after shutdown. Because of the 
large dose rates at positions A, B, and C, the 30.5 cm of 
concrete around the injector and the 61 cm of concrete behind 
the injector are not adequate. By comparing the dose rates 
at the corresponding positions, i.e., A, A', etc., an indica-
tion of the effects of the concrete shielding and therefore 
some indication of the additional concrete shielding that 
would be necessary to achieve a desired dose equivalent rate 
at a particular time after shutdown can be obtained. It 
should be noted that the dose rates in Table VIII are due to 
the radiation that streams through one injector duct. Dose 
rates due to the presence of more than one injector and the 
activation of the primary shield and other structures in the 
test cell are not included. 

All of the results in Table VIII are for the case of no 
plug in the injector. To a first approximation the dose 
equivalent rates when a shielding plug is present may be 
obtained by dividing the values in Table VIII by 63, i.e., 
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by the ratio of the duty factor (see discussion in Section 

II). This is only approximately correct because the time 

dependence during a pulse should enter into the calculations, 

but for the cases considered in Table VIII the corrections 

are not large. In any case, there is a considerable uncer-

tainty (factor of 2 to 10 as indicated in Section II) on the 

results in Table VIII because of the uncertainties in the 

scaling procedure. 
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APPENDIX 

Discussion of the Scaling Procedure 

The radiation leakage scale factor defined by Eq. (2) was 

obtained by assuming the nuclear heat loads on a cryopanel 

at a given location were proportional to the uncollided 

14 MeV neutron flux at that location. If Dg represents the 

shortest distance between the plasma centerline and the 

location of interest on a cryopanel, the uncollided flux at 

this location due to radiation leakage can be estimated from 

« Q exp[-Zats]/2TTR Ds (A.l) 

where the parameters in Eq. (A.1) are defined in Table I 

in the text. Equation (A.l) simply states that the uncollided 
flux is proportional to the source strength per unit length, 

Q/2uR, times the nonabsorption probability of the primary 

shielding, exp[-E_t 1, divided by the source-cryopanel dis-a s 
tance, Dg. This relationship arises by assuming the major 

radii of both the ETF and TFTR are large in comparison to Dg 

and the tori of both tokamaks can be approximated as infinitely 

long cylinders about their plasma centerlines. Whether or 

not these assumptions are valid is not significant since the 

nuclear heat loads on the ETF NBI cryopanels are dominated 

by the radiation streaming through the injector duct (see 

Eq. (4) in text). 
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The radiation streaming scale factor was obtained by 

assuming the nuclear heat loads due to radiation streaming 

were proportional to the total number of uncollided 14 MeV 

neutrons entering an injector housing at the injector duct 

exit. The reasoning behind this assumption is straightforward. 

In many detailed radiation transport calculations the com-

plexity of the geometry requires the overall calculation to 

be performed as a series of smaller sequential calculations. 

Each of these smaller calculations generates a source which 

is input to the following calculation. If a neutral beam 

injector was geometrically decoupled from a torus, the total 

number of uncollided 14 MeV neutrons entering the injector 

housing simply approximates the source in a second calculation. 

In the neutronics analysis of the TFTR neutral beam 

injectors, the uncollided flux at the neutral beam duct exit 

was found to be dominated by neutrons originating in the line-

of-sight plasma volume. Because of this, only the line-of-

sight plasma volume was considered in approximating the number 

of uncollided 14 MeV neutrons entering an injector housing. 

With this source volume, the uncollided flux at a point on 

the duct centerline at the entrance to an injector housing 

can be written 

<fu « Q V s/(4V t t i x 2) CA. 2) 

where V s is the line-of-sight plasma volume, V T is the total 

plasma volume, and x represents the distance from a point in 
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the line-of-sight plasma volume to the point on the duct 

centerline at the entrance to an injector housing. In both 

the ETF and TFTR, the distance x can be approximated by 

x = L + a + b + T/2 (A.3) 

where L is the shielded straight duct length, a is the dis-

tance from the plasma to the duct entrance, b is the distance 

from the shielded straight duct exit to the entrance of the 

neutral beam injector, and T is the depth through the viewed 

plasma source along the duct centerline. 

If the uncollided flux is essentially parallel to the 

duct axis at the entrance to an injector, the uncollided 

neutron current per unit area at an injector entrance can be 

approximated by the uncollided flux and the total number of 

uncollided 14 MeV neutrons entering an injector can be 

written 

N u = AQ V s/(4V t t t x 2) CA.4) 

where A represents the area perpendicular to the duct axis 

at an injector entrance that is viewed by a point in the 

center of the viewed plasma source. 

With the parameters given in Table I in the text, the 

only quantities unspecifie 'n Eq. (A,4) are the areas, A's, 

and the in line-of-sight plasma source volumes, Vg's. In the 

TFTR neutronics calculations, the viewed source volume was 

estimated to be 2.4 m^. For the ETF geometry, this volume 
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was estimated using 

( A . 5 ) 

where Ag represents the area of the viewed source normal to 
the duct axis at the centerline of the plasma. This area is 
given by 

where D is the equivalent diameter of the injector duct. The 
area at the injector entrance for both the ETF and TFTR 
geometries is given by 

Combining Eqs. (A.4) through (A.7) yields the radiation 

streaming scale factor as given by Eq. (3) in the text. 

A number of assumptions and approximations were made 

above to facilitate the formulation of the radiation leakage 

and radiation streaiux..?. scale factors. As stated earlier, to 

obtain estimates of the error inherent in most of the assump-

tions would require a number of detailed radiation transport 

calculations. However, estimates of the magnitude of the 

errors in the scale factors due to many of the approximations 

employed can be obtained. Since the leakage scale factor was 

not significant in determining the nuclear heat loads, only 

those approximations used in formulating the streaming scale 

factor need investigation. 

A = irD2x2/[4(L+a+T/2)2] . 2 2 (A.7) 
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In determining the uncollided flux on the injector duct 

centerline at the injector housing entrance, the in-line-of-

sight plasma volume was approximated by a point source. The 

error associated with this approximation is very important 

since this approximation is employed in many radiation trans 

port calculations when large extended sources are present. 

To estimate the magnitude of this error, consider the uncol-

lided flux along the centerline of a cylindrical duct at a 

distance x-T/2 from the front face of a truncated conical 

volume source. This type of source^ closely approximates the 

in-line-of-sight plasma source for a cylindrical representa-

tion of the ETF injector geometry. The uncollided flux on 

the centerline of the injector entrance can be written 

'1/2 
0 = SL 

V T 

R ( - ) 
2-nrdrdz 
4ir[(x + z)Z + rZ] 

-T/2 o 
where Q, V T, T and x are as defined previously and R(z) is 

the radius of a transverse slice through the source at a 

distance z from the plasma centerline. In terms of the duct 

diameter, D, and duct length, L, R(z) is given by 

R(z) = (x+z)D/[2(L+b)] . (A.9) 

With the aid of Eq. (A.9), the integral in Eq. (A.8) may be 

easily evaluated to obtain 

\ l E T F 2 
UJ = QT ln[l+ (D/ [2 (L+b) ] j ] / . (A. 10] 
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Combining Eqs. (A.2), (A.3), (A.5) and (A.6) yields the 

estimated value of the uncollided flux at the injector entrance 

used in this work, i.e., 

) ETF 
( = QT(D/[2(L+b)])2/4VT . (A.11) 

The interesting point to note regarding Eqs. (A.10) and (A.11) 

is that the uncollided flux on the duct centerline at the 

injector entrance is not a function of the distance x. How-

ever, these equations only hold for large x/D and large ex-

tended volume sources. When these conditions hold, as in the 

ETF, the source volume completely fills the solid angle viewed 

through the duct from the point on the duct centerline at the 

injector entrance. 

In the neutronics analysis of the TFTR neutral beam 

injectors, the plasma volume source was approximated using a 

disk source of area ttD2/4 located a distance x from the in-

jector entrance. The uncollided flux at the TFTR injector 

entrance on the duct centerline for this source representation 

is given by 
2.4 N 

u tt(D/2)2VT 

D/2 
2irrdr 
4*(x +r ) (A.12) 

o 

where 2.4 represents the TFTR viewed source volume. Eq. (A.12) 

may be easily evaluated to yield 

)uf = 2.4 Q ln[l+(D/2x)2]/(7rD2VT) . (A.13) 
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The approximate value of the uncollided flux used here for the 

TFTR is obtained by simply substituting 2.4 for the viewed 

source volume in Eq. (A.2), i.e., 

( e s t | T F T R 2 
j V J " 2- 4 V T) . (A. 14) 

The fractional errors introduced in the uncollided fluxes 

due to the use of the above approximations can be found from 

E E T F = 1 - (D/[2(L+b)])2ln[l+(D/[2(L+b)])2] (A.15) 

and 

tTFTR = 1 . ( D/2x) 2/ln[l+(D/2x) 2] . (A.16) 

For the values listed in Table I in the text, these fractional 

errors are -0.43% for the ETF geometry and -0.22% for the TFTR 

geometry. Using the point source approximations to estimate 

the uncollided flux at the injector entrances introduces very 

little error in the uncollided flux. 

In addition to the above approximations, hereinafter 

referred to as the point source approximations, the total 

number of uncollided 14 MeV neutrons entering each injector 

housing was also approximated. This approximation consisted 

of assuming that the uncollided flux was constant and equal 

to the current over the area of each injector entrance. 

However, for a point source, the number of particles entering 

each injector may be obtained from 
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fD' /2 
N. tj) (r)cosQ (r) 2nrdr (A.17) 

u 
o 

where D' = yD/(L+a+T/2) for both the ETF and TFTR geometries, 

0(r) is the angle between the injector entrance normal and 

the direction of the uncollided flux at a radial distance r 

from the injector duct centerline, <|>(r) is the uncollided 

flux at r due to a point source, and y is the distance along 

the duct centerline between the point source location and 

the injector entrance. To determine the distance y for the 

ETF geometry, it is necessary to construct a second point 

source approximation since neither Eq. (A.10) nor (A.11) are 

functions of the source location. However, this can be 

easily accomplished by calculating the in line-of-sight 

plasma volume represented by the truncated conical volume 

source. This volume is given by 

The distance y can now be determined by imposing the condition 

that the uncollided flux given by Eq. CA.2) be equal to the 

uncollided flux given by Eq. (A.10). This procedure yields 

V S = t t(D/2 [L+b])2T(x2+T2/12) . (A.18) 

Substituting for Vg in Eq. (A.2) yields 

= (x2 + T 2/12) 1 / 2 (A.20) 
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For the TFTR geometry, the corresponding distance can 

found by equating Eq. (A. 14), with y substituted for :<. f and 

Eq. (A.13). This procedure yields 

fy}TFTR = ( D / 2 ) / { i n [ i + C D / 2 x ) 2
] } 1 / 2 . ( A > 2 1 ) 

With Eqs. (A.20) and (A.21), the uncollided flux at a radial 

distance r from the duct centerline at each injector entrance 

can be written 

<Hr) = QVs/[4VTTr(y2+r2)] (A.22) 

where Vs is given by Eq. (A.18) for the ETF geometry and V s 

is 2.4 for the TFTR geometry. 

The cosine of 0(r) for both geometries is given by 

cos 0(r) = y/Cy2+r2) 1/'2 . CA. 23) 

Substituting Eqs. (A.22) and (A.23) into Eq. (A.17) and per-

forming the necessary integration yields 

ETF 
Nuj = irQ(D/[2CL+b)])2TCx2+T2/12) [1-(1+ 

[D/2(L+a+T/2)]2r1/2]/2VT , < A- 2 4) 

|nu jTFTR = 2.4 Q[l-{l+[D/2(L + a+T/2)] 2r 1 / 2]/2V T . (A.25) 

The radiation streaming scale factor can now be redefined 

by dividing Eq. CA.25) into (A.24) and the fractional error 

inherent in Eq. C3) due to the assumption that the uncollided 
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flux was constant and equal to the current over the area of 
each injector entrance using the point source approximations 
can be obtained from 

/ \ g ' p p 

E - 1 - Vx 2/r<HL+a+T/2) 2(x 2+T 2/12)]f rA 7fi, 
2 ? 9 T t c t d <D / [i(/(L+a+T/2) ] J 1 M R 

where ip is given by 

Hj = [l-{l+[D/2(L + a+T/2)]2}"1/2] . (A.27) 

Based on Eqs. (A.26) and (A.27), the fractional error in the 

radiation streaming scale factor is 0.83%. Since point source 

approximations were employed in obtaining Eq. (A.26), this 

fractional error does not contain the contribution to the 

total fractional error due to the use of these approximations. 

However, conservative estimates of this contribution to the 

fractional error can be obtained. 

The major error associated with the use of point source 

approximations arises because of the method employed to deter-

mine the magnitudes of the point sources. For points lying 

outside the projected cross sectional area of the shielded 

straight duct at the injector entrance, the point source ap-

proximations overestimate the source magnitudes since these 

points cannot view the total in line-of-sight plasma source 

volume. This overestimate of source magnitudes produces an 

overestimate of the total number of uncollided 14 MeV neutrons 

entering each injector. 
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An underes timate of the number of 14 MeV neutrons 

entering an injector may be obtained by dividing the area 

given by Eq. (A.7) into two areas as 

A 1 = t tD 2/4 

and 

A 2 = irD2/(4 [x/[L+a+T/2] ) 2-l] ) . (A. 28) 

These areas represent the projected cross sectional area of 

the shielded straight duct and the remaining area at the 

injector entrance. If S^ represents the magnitude of a point 

source due to the in line-of-sight plasma volume defined by 

Eq. (A.5) and S represents the magnitude of a point source 

corresponding to an appropriate weighted average of the in 

line-of-sight plasma source volumes viewed from points located 

in area k^, a second estimate of the uncollided 14 MeV leakage 

into each injector may be written 

N u = ( S 1 A 1 + ^ A 2 ) / 4 t t x 2 . (A. 2 9 ) 

The form of Eq. (A.29) used in determining the radiation 

streaming scale is given by 

N ^ E S T = S I A 2 / 4 7 R X 2 ^ (A. 3 0 ) 

Letting S 2 represent the magnitude of a point source 

due to the in line-of-sight plasma source volume viewed from 

a point on the outer edge of the area defined by Eq. (7), 

the average source magnitude in Eq. (A.29) may be written 
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S = [ S 1 + S 2 ( D 2 / D ) ] / [ 1 + ( D 2 / D ) ] . (A.31) 

Equation (A.31) simply represents the radially weighted 

average of the source magnitudes due to the in line-of-

sight plasma source volumes viewed from points located at 

the inner and outer edges of the area, A2, defined by 

Eq. (A.28). 

To obtain an expression for S 2, it is assumed that the 

in line-of-sight plasma source volumes viewed from various 

points at the injector entrance are proportional to the 

solid angle subtended by these points at the shielded straight 

duct entrance. This assumption allows S- to be written 

where D1 represents an estimate of the diameter of the circular 

area at the shielded straight duct entrance viewed from a 

point on the outer edge of area A 2 < Unfortunately, the 

actual area viewed by this point cannot be obtained. However, 

an expression for D' which yields a considerable underestimate 

of S 2 can be obtained from simple geometric considerations. 

This expression is 

s 2 = c d * / d ) 2 s 1 (A.32) 

D' = D(l-(L/2b)[x/CL+a+T/2)-l]). (A.33) 

Combining Eqs. (A.28) through (A.33) yields 

N. N. est [l+(y[l-(L/2b)(y-l)]2 + l)]/y 2 (A.34) u u 
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where 

y = x/(L+a+T/2). 

Evaluating Eq. (A.34) using the values for L, a, b, and T 

given in Table I in Section II of the text yields 

N l E T F = 0.80 IN e s t , E T F 
'ul • ° - 8 0 j N u 

and 

j ^ } " ™ = 0 . 9 8 | N u
e 5 t | " T R . ( A . 3 5 ) 

Since Eq. (A.35) yields underestimates of the number of uncol-

lided 14 MeV neutrons streaming into each injector, the radia-

tion streaming scale factor defined by Eq. (3) can at most be 

on the order of 25% high, particularly in view of the small 

fractional error, i.e., less than 1%, obtained from Eq. (A.26). 

In view of the ease with which Eqs. (A.10) and (A.13) 

were obtained, the use of the point source approximations to 

estimate the uncollided fluxes might be questioned. To 

answer this question, consider a detailed radiation transport 

calculation for the ETF NBI or some similar geometry. In such 

a calculation, it is very unlikely that the volume source 

would be used since it would be extremely costly to obtain 

accurate results. Instead, the analyst would choose to use 

a less costly disk source or an even lesser costly point 

source. Most likely, if a point source was chosen, the pro-

cedure used to obtain the magnitude and location of the point 

source would be similar if not identical to the approach 

taken here. 


