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ABSTRACT 

Estimations are made for X-ray generation from the accelerator column 
of various neutral beam injectors. For the case of deuterium beam opera
tion where 2.5-MeV D-D neutrons pose a serious health physics concern, neu
tron and tritium production rates from beam targets are calculated for 
different beam energies. Biological doses from these radiations and 
shielding requirements are discussed. 
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1. INTRODUCTION 

Neutral beam injection experiments with upcoming magnetic fusion de
vices require increasingly higher beam power and in some cases deuterium 

beams rather than hydrogen beams. As the required beam energy increases 

beyond 100 keV, X-ray generation from accelerator columns becomes a health 

physics concern even for the hydrogen beam injectors. With deuterium 

beams. however, there are additional health physics problems associated 
with 2.5-MeV D-D neutrons from D(d, n)3He and tritium generation via 

D(d, p)T reactions. Even at low energies (say ~40 keV), ihe D-D neutron 
generation is appreciable enough to yield serious radiation doses around an 

unshielded test facility. The 14-MeV neutrons from D-T reactions will not 

be considered since the tritium concentration in the target due to D-D re
actions is negligible compared to the deuterium concentration. High energy 
deuterium beam test facilities are naturally being built inside a shielded 

housing (e.g., LLL 200-keV Neutral Beam Test Facility) 1 • 

Not only for the future high energy injectors, but also for the cur
rent low energy (~60 keV) injectors, an estimation of radiation intensities 

from the injector facilities as a function of injector power is very much 
needed. A typical neutral beam injector structure is illustrated by the 
Princeton Large Tokamak (PLT) neutral beam injector design in Fig. 1. The 

ion source with an acceleration column is the source of X-radiation due to 
inevitable backstreaming electrons hitting metal surfaces. The aas cell, 

the neutral beam target, and the ion beam dump are the sources of D-D neu
trons and tritons. The line density of deuterium molecules in the gas cell 
is maintained high for neutralization and thus acts as a thin gas target 

for incoming deuterium particles. Energetic deuterium particles, on the 

other hand, are implanted into the solid targets when they are stopped, and 

the deuterium particle r.nncentration builds up and so does the neutron 

yield. 
In this report, we will estimate neutron (and triton) production rates 

from various parts in a beam line mentioned above and the X-ray generation 

rate from an accelerator column. These calculations cover a wide enerqy 
range of significance to neutral beam injectors. 

1 
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2. YIELD CALCULATION OF NEUTRONS AND TRITONS 

Three places can be identified from Fig. 1 as the source of 0-D reac
tions, i.e., D(d, n)3He for the neutron generation and D(d, p)T for the 

triton generation. These are the gas cell, the ion beam dump, and. the beam 

target. Since the two branch reactions have about equal reaction cross 

sections, the triton yield will be approximately equal to the neutron 
yield. 

The total number of neutrons per second (Y) can be calculated by the 
following expression for a drive-in target: 

3 
w00 = k~l kfk v0(Eb/k) , and 

v = 
D 

R £ a [E ( x)] dx , 
0 

( 1 ) 

where v0 is the integrated total reaction cross section up to the stopping 
range (R) in the unit of cm 3, w00 is the sum of the contribution of each 
deuterium ion spec~es (D!, o;, and o;) weighted by its fraction (fk) and 

the number of nuclei per ion (k), Ibis the total beam current (ampere), c0 
is the equilibrium deuteron concentration in a target (cm- 3). and e is the 

electronic charge. 
v0 is calculated by using the stopping power of a metal, dE(dx, to 

determine E(x), and by obtaining the value of the reaction cross section 

(a) at E(x) at depth x. v0 is thus a function of only target material and 

·the energy per nucleon, Eb/k. ln derivinq Eq. (1), we have assum~d: 

(1) c0 is independent of depth and beam energy, and (2) the incoming parti

cle flux is constant with respect to penetration depth into a target. w00 
has been calculated for several target materials for varied beam composi

tion and energy. 2 The deuteron concentration in a target is a property of 

target material, and in general it decreases as the target temperature in
creases. 3' 
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For the neutralizer gas cell region, the line density is not high 
enough to degrade the energy of incoming ions. Therefore, E(x} = Eb and R 
is simply the gas cell length (L), and thus Eq. (1) becomes 

where n
0 

is the average molecular deuterium gas (02 ) density in the gas 
cell. 

In F'i g. 2, the tuLctl number of neutrons per ampP.rP, of beam from il 
copper target is plotted as a function of beam enerqy and beam comrosition. 
The value of c0 used in the calculation is ~1.7 x 1022 cm-3, which was ob
tained experimentally for a de beam by Hilton et al. for the target temper
ature below ~200°C.3 In the case of pulsed operation as in the neutral 
beam injectors, c0 depends on the beam flux density and the duty cycle. It 
takes. only a few seconds to fill a fresh target to a concentration of 1022 

cm- 3 with a beam whose current density is a quarter ampere per cm2 • In 
general, the loss rate due to diffusion out of the target surface is rather 
slow. If the duty factor is relatively highPr (-\'.10?1,), the tilrget COI1cerr

tration may well be maintained close to the de vnlrrP. Calculations given 
in Fi q. 2 can bP. viewed as the upper 1 imit rur pulsed beams. Figure 3 

. shows the total neutron yield from a gas cell normalized to a line density 
of 1016 cm- 2 and to 1 A of beam current. 

Neutron yields and tritium activities are calculated in Table 1 for 
four injector systems i nc:l IHii na those of PL T, POX, ISX"'B, Duubl et-I I I, and 
TFTR. Copper targets nre a~sumed fnr hoth the n~:~uLral beam ca ICJI'illleter and 
the ion beam dump. Neutron yields from other target materials will nnt de
viate too much from the one for copper. Vnlues of the gas cell line densi
ty are assigned for each deuterium beam energy such that the cell thickness 
is 90% of the equilibrium cell for 0~. The instantaneous neutron flux is 

estimated in the absence of shielding at a location of 100 em from a v~r~ 
tual point source whose intensity is the sum of all three sources. The 
actual time-averaged fast neutron flux is then obtained by multiplying the 
instantaneous flux by the duty factor. The total tritium activity produced 
in the system is the product of the production rate shown in the table, 

. ::.: 
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Table 1. Neutron yields and dose rates for 
various neutral beam injector systems 

PLT ISX-B PDX/D-IIId TFTRe 
(40 kV/60 A) (40 kV/100 A)(60 kV/100 A) (3/120 kV/60 A) 

Gas cell a. 

line density 
(D2/cm2 ) 3 ~ 1015 3 X lQlS 4 X 1 Ol5 8 X 10 15 

Neutralization 
efficiency 72% 72% 65% 38% 

Neutron yields 
(number/ sec) 

N.B. target 1.1 X 10 ll 1. 9 X 1011 5.7 X 10 ll 4.0 X 1012 

Ion dump 4.5 X 1010 7.4 X 1010 3.0 X lOll 6.q X 1012 

Gas cell 4.7 X 109 9.4 X 109 3.5 X 1 Ol 0 3.6 X 1011 

Tritium yield 
(J..ICi/sec) 7.6 X 10-3 1.3x 10-2 4.4 X 10-2 0.53 

Neutron flux b 

at 1 m 
(number/cm2 sec) X 106 1.7xl06 5.8 X 10 6 7 X 10 7 

Biological dosee 
(mrem/sec) 40 68 230 2.7 X 10 3 

1% duty cycle 
(mrem/hr) 1.4 X H)3 2.5 X 10 3 8.3 X 103 9.7 X 104 

a.Line densities giving 90% of the equilibrium fraction for a D+ particle 
are used. 

6An isotropically emittinq point source is assumed, whose strength is the 
sum of all three sources.and a 20% removal of fast neutrons through ~1 .5-
cm-thick iron vacuum wall. 

eFlux-to-dose coversion factor of 4 x lo-s mrem per neutron/cm2 is used. 4 

Instantaneous gamma contribution is neglected . 

dThe beam energy is tentative. 

'1-hree sources per beam 1 i ne. 
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the total operation time, and the duty factor. It should be noted again 
that the values are very likely upper limits and the health physics con
siderations based on these calculations will be conservative ones. 

The equilibrium concentration of deuterons in a target generally de
creases with target temperature. Therefore, it is expected that if a 
thermal inertia target (.tl000°C) is employed, the neutron yield could be 
reduced substantially. As mentioned already we used a semi-empirically 
determined saturation concentration in a copper target, where the target 
temperature was maintained approximately below 200°C. 

3. X-RAYS FROM ACCELERATOR COLUMN 

In an accelerator column, electrons are produced primarily through 
two mechanisms: ( 1) i oni zati on of background gas by the primary i otis 
passing through and (2) secondary emission from electrode surface either 

' I 

by stray ion particles or by field emission. While process (1) depends on 
the background pressure, process (2) depends on the optical and voltage
holding properties of the accelerator column. These electrons are accel
erated backwards and stopped by electrodes or ion source walls, where 
X rays are generated in a way similar to an X-ray tube.· The ion beam is 
also stopped by metal targets, but the-efficiency of X-ray production is 
negligible compared to that for electrons in the energy range of interest 
to neutral beam injectors. 

Figuring out the backstreaming electron current is extremely diffi
cult in practice. One could estimate the electron production rate through 
process ('I) in a column, but process (2) depends on the operating condi
tion. In fact, ~he amount of X-radiation via process (2) can b~ used as a 
diagnostic tool to indicate the degree of tuning of an ion source, the 
minimum X-ray generation being the best beam optics condition. 5 Here we 
will make an ad hoe estimation based on the power loading data on the 
first electrode defining the discharge plasma and the ion beam (or plasma 
electrode). The power loading to this electrode (minus the contribution 
from the discharge plasma) is attributed to the backstreaming electrons. 
Not accounted for here is the portion of electrons passing through extrac
tion apertures and hitting the ion source walls. We will approximate this 

• 
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fraction of electron current to be roughly equal to the one hitting the 

plasma electrode, simply based on a 50% geometrical transparency of a 
typical neutral beam injector design. We also assume that all the elec
trons get accelerated to the full potential, although this is not true for 
those electrons born by ionization collisions (process 1). Then the total 
backstream electron current is Ie ~ 2£ 1Ib' where £1 is the fraction of 
total accelerator power that appears on the first (plasma) e)ectrode. 
From test stand experiences, £1 is, typically, ~0.03. 

There are two types of X-ray generation by electron excitation: the 
continuous spectrum of radiation (or bremsstrahlung} and the character
istic X rays. Although dose rate calculation is an extremely complicated 
problem with the complex geometry and the wide X-ray spectrum, we will 
attempt to obtain rough estimations using the simplest model as foilows. 
Let F(E) be the energy spectrum of X-ray photons from a point source in 
terms of keV per electron per one-keV energy interval. Assume an isotro
pic emission of photons and a shield of spherical shell with thickness x. 
Then the dose rate at a distance r from the source can be written approxi
mately as 

E 

f o 
F(E) exp[-~(E)x] 

0 
dE , ( 3) 

where the dose rate (D) is in unit of rad/sec, Ie is the backstreaming 
electron current in amper~ with an energy E (keV), ~(E) is the linear ato 
tenuation coefficient, and ~k(E)/p is the mass energy transfer coefficient 
of human body in terms of cm2/g. 

The attenuation coefficient and ~he energy transfer coefficient are 
well documented for a number of materials. 6 'The attenuation coefficients 
of metals are in general a sharply decreasing function of energy up to a 
few hundred keV, above which they decrease more slowly. For example, at
tenuation through a 1-cm-thick aluminum vacuum wall is as follows: 
e-~x ~ 10-30 for 10-keV photons, ~lo-4 for 20 keV, and ~.6 for 100 keV . 

Therefore, most of low ene·rgy X-ray photons (say ~20 keV) are essentially 

stnpped by the vacuum chamber wall of an injector. Table 2 shows some 
values of ~/p and ~kiP, for a few materials of interest at various photon 

energies taken from Ref. 6, 
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Table 2. Values of the mass attenuation coefficient, 
~/p (cm2/g) and the mass energy transfer 

coefficient, ~k/p (cm2jg) 

1-1 llk/p 

13Al 26Fe 82Pb Water Muscle (striated) 

26.2 172.6 136.6 4. 79 4. 7R. 
7.90 56.3 114.7 1. 28 1. 32 
3,39 2S.S 85.5 0.512 0.533 
1.12 8.11 29.1 0.149 0.154 
0.565 3.61 13.8 0.0677 0.0701 
0.367 1.94 7. 71 0.0418 ·a .0431 
0.277 1.20 4.87 0.0320 0.0328 
0.201 0.490 . 2.37 0.0262 0.0264 
0.170 0.370 5.78 0.0256 0.0256 
0.138 0.197 2.07 0.0277 0.0275 
0.122 0.147 1.014 0.0297 0.0294 
n .1n4 0.110 0 .~06 0.0312 0.0317 

The characteristic X rays are emitted when the incoming electron 
knocks an electron from one of inner shells of the target atoms and an 
outer shell electron makes a quantized radiative transition to fill the 
hole in the inner shell. The probability of producing characteristic 
X_rays is the product of the inner shell ionization probability and the 
probability of the radiative transition (the fluorescence yield). ThP 
_energy required for this process corresponds to the binding energy of the 
electron in the shell, which represents the characteristic line spectrum. 
For example, EK ~ 9 keV and EL ~ 1.1 keV for copper. The energy distribu
tion of characteristic X rays is then FK(E) a 6(E - EK), and so on. The 
number of K-series photons emitted from a bulk_copper specimen per elec
tron per steradian according to the measurements by Birks et al . 7 goes as 

follows: 

,·. 

'• 

• 
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8 x 10- 6 for E
0 

= 10 keV, 2 x 10-4 for E = 25 keV, 4 x lo- 4 forE = 40 
0 0 

keV, and 2 x 10-3 for E
0 

= 120 keV (extrapolated) which scalesB roughly as 
(E

0
/Ek- 1} 1 ·6 7 • As pointed out in the previous paragraph, however, the 

characteristic X rays lie in the low energy region and are thus mostly 
shielded by a vacuum chamber wall. 

The continuous spectrum of radiation is produced as a result of tran
sitions of energy levels of incoming electrons in the fields of the nuclei 
of the target atoms. Dyson9 showed that to a close approximation, the 
energy distribution of the bremsstrahlung radiation may be written (in 

··.:-·· 

terms of keV per electron per keV energy interval) as 

where Z is the atomic number of the target. The total number of continu
ous quanta whose enerny is greater than Ec is then given as 

( 5) 

= 2.76 x 10-6 ZE [U lnU - (U - 1)] 
c 0 0 0 

where U = E /E . For the sake of comparison with the K X rays at E
0 

= 40 
0 0 c 

keV from copper (Z = 29), the number of bremsstrahlung photons is estimated 
(in terms of number per electron per sler·adiat,) as: 3 x 10-4 forE = 5 c 
keV and 5 x lo-s for E = 20 keV. c 

Table 3 summarizes sample calculations for some actual injector sys-
tems using Eq. (3) for an idealized geometry. The source of X rays is 
copper, and the chamber wall (which is the only shield) is 1.5-cm-thick 
iron. For low energy beams (~100 keV), most X rays are contained by 
chamber walls and do not pose serious health physics problems . 
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Table 3. X-ray dose ratesa due to backstreaming . 
electrons at a location of 1 m from a fictitious point source 

(a 1 .5-cm iron vacuum chamber wall is the only shield) 

per ampere 
(mrem/sec) 

0.03 Ib 
(mrem/sec) 

1% duty cycle 
(mrem/hr) 

PDX/D-I II 
(60 kV/100 A) 

5.4 X lQ-G 

1.6 x 10-s · 

aAssuming rem= rad for X rays. 

TFTR 
(3/120 kV/60 A) 

13 

70 

2.5 X 103 

bPer ampere of backstreaming electron current. 

4. BIOLOGICAL DOSES AND SHIELDING REQUIREMENTS 

200-kV 
Test stand 

620 

Neutrons and X or y rays interact with human tissue in different ways. 
There have been 33 possible neutron interactions identified with soft tis
sue whose composition can be expressed as (C 5H40 018N)n. Neutrons impart 
their energy primarily in the form of recoil protons, which in turn do the 
damage to the cells. Gammas, on the other hand, impart their energy to the 
medium through electrons in most cases. For neutrons whose energies are in 
the vicinity of 2.5 MeV, about 83% of the energy loss occurs through the 
elastic collision of neutrons with protons. 10 O(n, n)O contributes about 
5%, and H(n~ y)D about 6%~ 

Biological dose rates at a reference location (100 em from a radia
tion source) are estimated in Table 1 for 2.5-MeV neutrons and in Table 3 
for bremsstrahlung X rays. The last column in Tables l and 3 shows the 
t-ime-averaged doses (mrem/hr) for the continuous operation of pulsed beams 
with a duty cycle of 1%. Both the instantaneous doses, i.e., (dose rate) 
x (beam pulse length), and the time-averaged doses for these systems are 
high enough to warrant a biological shielding. Table 4 illustrates some 
key features of federal regulations on the maximum permissible doses in 
different cases. Neutron shielding for the systems such as PLT, ISX-B, 
and POX should provide a neutron attenuation on the order of 104 (i.e., 
four ten-folding lengths). 

,•. 

• 
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Table 4. Maximum permissible dose levels 

Occupational Unrestricted area 
rem/13 week rem/year accumulateda 

Whole body or 0.5 rem per year 
important organs 3 5 5{N-l8) 100 mrem per week 

2 mrem per hour 

Skin or thyroid 8 30 30 ( N-18) 

Feet, hands, etc. 25 75 75(N-18) 

~N is the age of a worker (N > 18). 

Some of common neutron shielding materials have ten-folding attenua
tion lengths as given approximately as follows:ll water~ 13 em, iron~ 14 
em, concrete~ 27 em, and Pb-loaded borated polyethylene~ 13 em. Neutron 
activation of the shielding materials does not seem to pose a serious prob
lem in the energy range of D-D neutrons. However, special attention is 
needed for shielding of the instantaneous gamma rays generated from shield
ing material itself (e.g., capture gammas from thermal neutrons). There
fore, the composite shielding method is commonly employed to effectively 
shield the instantaneous gammas as well as the fast neutrons and to remove 
the thermalized neutrons. For a composite shield of lead, boron, and poly
ethylene, Santoro and Alsmiller 12 estimated that the gamma dose is less 
than a half percent of the neutron dose for varied shielding thickness. 
This result implies that with a proper shielding arrangement we can neglect 
the instantaneous gammas. 

The dose due to X rays from the accelerator column becomes significant 
at energies higher than ~100 keV. A neutral beam injector test facility 
with a 60-A/120-keV source, for example, would yield ~103 mrem/hr at 1 m 
from the accelerator column and ~102 mrem/hr at 3 m away, if the duty cycle 
is 1%. The estimated dose at the location of 3m, which is an easily ac
cessible distance, is still far above the permissible dose, although the 
real geometry will likely yield less dosage than the idealized geometry. 
The health physics consideration of X-radiation is to be noted especially 
for the ordinary hydrogP.n hP.am test facilities for which no neutron shield

ing is anticipated. 
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5. CONCLUSIONS 

Expressions for the source intensities of both 0-0 neutrons and X-r~y 

photons from the neutral beam injector were derived as a function of beam 
energy. Sample calculations are made for actual injector systems for PLT, 
POX, ISX-B, Doublet-III, and TFTR. The X-ray dose from the accelerator 
structure becomes a health physics concern at beam energies above 100 keV. 
The 2.5-MeV, 0-0 neutron yields from the systems considered warrant a hefty 
bioloqical shielding in order to pP.rfnrm n full-scale D-beam operation in a 
test stand mode. 
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