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BSTRACT 

Methods are proposed fo measuring the a^pha-pa'ticle 
distribution in magnetically confined fusion plasmas using 
neutral-atom doping beans, ultrav. let spectroscopy, and neutral 
particle detectors. In the first method single charge exchange 
reactions, A° + H e + + -> A + + (He +)*, are used to populate the n=2 
and n=3 levels of He +. The ultraviolet photons from the decaying 
excited states are Doppler shifted by 5-10 Angstroms from those 
produced by the thermalized alpha-particle 'ash'. In the second 
method double charge exchange reactions, A° + He + + -> A + + + He°, 
enable fast neutralized alpha-particles to escape from the plasma 
and be detected by neutral particle analysers. These methods are 
distinguished from similar techniques of observing plasma 
impurities in that they allow a determination of the dependence of 
the distribution function on energy and pitch angle, as well as 
spatial position. Detector configurations are analyzed, count 
rates are estimated and their detectability is discussed. A 
preliminary analysis of the feasibility of the required neutral 
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beams is presented, and exploratory experiments on existing devices 
are suggested. 
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1. INTRODUCTION 

Many fusion reactor designs rely on charged fusion product 
heating of the bulk plasma. The results from neutral beam heating 
experiments in tokamaks [1] have led to the expectation that the 
fusion products will behave classically, i.e., the particles will 
follow guiding-center orbits and interact with the plasma particles 
through incoherent two-body collisions. Collective phenomena may, 
however, be important, and both beneficial and deleterious 
'anomalous' processes have been theoretically predicted [2-4]. It 
seems likely that the questions about fusion product interaction 
with the plasma can be resolved only by experimental means and this 
is expected to be an important research issue for the first 
generation of large D-T burning tokamaks (JET and TFTR). 

Diagnostic experiments capable of detecting the escaping, 
charged fusion products [5,6] will provide important information on 
gross coniinement but they canr.ot be expected to provide much 
information about the behavior of the confined fusion products. 
Escaping neutralized fusion products or light emitted by these 
particles would provide useful information about the confined 
particle distribution. Unfortunately, the naturally occuring 
densities of these neutrals and single electron ions appear to be 
too low to provide detectable signals. 



-4-
It has long been known that neutral atom 'doping' beams can 

be used to endow plasma ions with electrons through charge exchange 
reactions [7]. This provides an effective means of boosting the 
observable populations in plasmas for both optical [8,9] and 
neutral particle [10] detection of impurities as well as majority 
species. Burrell [11] and Suckewer [12] have proposed using doping 
beams to detect the thermalized 4He ash from D-T reactions. We a re 
presently concerned with the detection of the fast, non-thermal 
fusion product distribution, and we shall show that this difference 
in target population introduces new features which enhance the 
usefulness of these kinds of detection techniques but increase the 
technical difficulties. 

In this paper we shall consider, in some de.tail, the 
detection of the D-T reaction product 4He , but it should be 
realized that the general features will be the same for the charged 
products of other fusion reactions. We shall assess the 
feasibility of measuring the alpha-particle distribution using 
neutral doping beams of H r H 2, 3He , and Li. The reactions which 
concern utj ere: 

I) 4 H e + + + H° -> ( 4He +)* + H+ 
II) 4 H e + + + H 2° -> ( 4He +)* + [ H 2

 + or p + H° or e + 2p ] 
III) 4 H e + + + 3He° -> ( 4He +)* + [ 3 H e + or e + He+ + ] 
IV) 4 H e + + + Li° -> ( 4He +)* + [ Li + or e + L i + + or 2e + Li" 
V) 4 H e + + + H 2° -> 4He° + 2p 
VI) 4 B e + + + 3He° -> 4He° + 3 H e + + 

VII) 4 H e + + + Li° -> 4He° + [ L i + + or e + L i + + + ] 
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In reactions I through IV the 4 H e + will usually be produced in an 
excited state and the promptly emitted decay photon may be 
detected. In reactions V through VII there will be decay photons 
but the 4He° atoms appear to be more easily cetected. 

An important characteristic of the cross sections [13,14] 
(shown in Figure 1) of all these reactions is the sharp cutoff for 
relative velocities greater than 2-3 x 10 8 cm sec - 1 (we have been 
unable to find any cross section data for reaction VII, but we 
expect it would be similar to the other double charge exchange 
cross sections). This inhibits the neutrals from interacting with 
alpha-particles with velocities, v , which do not satisfy 

1+ ->• 
vrel - lv

a " vbeami < "cutoff 
and this velocity selectivity is the source of the distinguishing 
features of our proposed detection techniques. The ordering 
vthermal < vbeam < vcutoff w a s t h e o a s e * n a 1 1 previous experiments 
which used doping beams and thus most of the particles in the 
target populations satisfied the selection criterion. 

Since the initial velocity of an alpha-particle is 
v Q= (2EQ/in ) •'•/2 = 13xl08cm sec"1, our velocity ordering is 
vcutoff < vteam < vo* This ordering necessitates the injection of very 
fast neutral particles in order to induce charge exchange reactions 
involving the faster members of the 4He distribution. The beam 
energy must be E b e a m ~ (A/4)3.5 Mev - 860 keV/Amu - where A is the 
atomic weight of the beam particle, and the difficulty of obtaining 
these high beam energies provides a strong inducement for using 



light neutral beam particles. The velocity selecting behaviour of 
the cross sections makes these reactions very useful probes of the 
velocity space distribution of alpha-particles. This point is 
illustrated in Figure 2, where the larger circle delimits the 
bounds of the alpha-particle distribution in velocity space, and 
the smaller circle indicates the high velocity cutoff in the cess 
sections and is centered on the end of the velocity of the doping 
beam. The ^He ions which react with the doping beam are primarily 
those which are close in velocity space to the beam particles, and 
thus the photons from (^He+) can be observed with large Doppler 
shifts and are spectroscopically separable from the thermalized ash 
emissions. Likewise, the final state ^He° atoms will have large 
energies which will enable them to easily pass through the plasma 
before being reionized, and to be readily distinguished from less 
energetic background particles. 

In Section II we present a detailed discussion of the atomic 
processes involved in the penetration of the doping beam, the 
charge exchange reactions, ''adiative decay of the excited 4 H e + . and 
reionizaticn of 4 H e + and 4He°, together with UV spectral line 
shapes and velocity distributions for the escaping ^He°. This is 
followed, in Section III, by an outline of the beam-plasma-detecto1" 
geometry and estimated count rates for all of the reactions, plus a 
preliminary indication of the most promising beam-detector 
combinations. An assesment of the required neutral beam technology 
is provided in Section lv', snd some preliminary experiments on 
existing devices are suggested in Section V. 
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2. ATOMIC PROCESSES 

We begin this Section by determining the practicable range of 
particle energies for the neutral doping beams. Then we evaluate 
expressions for <ov> and d<ov>/dSusing classical and non-classical 
alpha-particle distribution functions, and the resulting UV line 
shapes and escaping neutral particle velocity distributions are 
presented. The ionization rates of the 4 H e + and 4He° are 
estimated, and we find that reionization of the higher excitation 
levels is likely. 

T-he upper limit on the desired neutral beam particle energy 
has been given above as 880 keV/Amu. The lower limit is set by the 
necessity that the beam penetrate to the center of the plasma. We 
require that the 'ionization depth' to the center of the plasma, 
T = fnndi, be no greater than one. Ions provide the dominant source 
of ionization so we have determined the lower limit on E u for 

beam *• 

penetration of TFTR from 1= fondl=a lxlO 1 6 cm - 2 or o=lxl0~ 1 6 cm 2. 
The ionization cross sections are taken from Freeman and Jones [15] 
and Shipsey, et al. [14], and the full range of useful beam 
energies is given in Table I for each beam species. 
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In estimating the reaction rates in the next' Section, we 

shall use the quantity 
1) <ov> = j f*(v)(v - v b e a m)a(v - v b e a m ) d 3 v 

where f (v) is the velocity-space alpha-particle distribution 
function (normalized to unity). The reaction rate density is then 
R = n b e a m n a < 1 J v > where "beam a n d n

a
 a r e t ! l e beam and alpha-particle 

densities. In magnetic confinement devices one expects f(v) to be 
cylind"ically symmetric about the local magnetic field direction, 
thus allowing it to be expressed as f(v,8) in a suitably oriented 
spherical coordinate system. The result for <av> is therefore a 
function not only of v b e a m but also of the angle, 9beam' between 
vbeam a n c 3 B* Within the limits set by physical constraints Non the 
beam injection angle and detector configurations, it should be 
possible to determine the dependence of f on both v and .̂ 

In what follows we assume an isotropic form for the alpha 
distribution function, f=f(v), even though the real distribution 
may have anisotropies caused by the anisotropic source from 
beam-target and beam-beam fusion reactions, loss-cones, and 
finite-width orbit effects. These complexities are beyond the 
scope of this preliminary analysis. We expect any large-scale 
angular features in f(v) to be reflected in <av>, and the existence 
of broad loss-cones (> 30 degrees wide) should also be noticeable. 
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In our evaluation of <av> we use two alpha-particle 

distributions, one being that produced by the classical 
binary-collision process, and the other being a non-classical form 
that is intended to provide a qualitatively different distribution '' 
with which we can illustrate the sensitivity of different 
observables to the form of f(v). The classical distribution is 
obtained from the usual Fokker-Planck equation [16] (in isotropic 
form): 

2 ) **£L - (v2Tae)-l i l(v3+v3c)f(v)] + S(v) 
where T s e- 1=(8/3] (7rme/2) l ^ 2 (e 4lnA en e) /(m p (kTe) 3/ 2) 
and vc=[(3/4) ( ir m p/m e) 1/2 { i Z^r^/A^e) > (ln-^/inAe) ] !/3 (2kTe/mp) 1/2 . 
The steady state distribution is given by 

3 3 f°° 2 3) f(v) = [T /(v + v )]j S(u)u du se c j v 

If we approximate the source by a delta function, 
S(v) = \&(v - V Q ) / V Q , 

then the distribution is simply 
3 3 f(v) = T R/(v + v ) v < v , 0 otherwise, se a c o 

Integrating over v we get the density of alpha-particles: 
n = f (v) v dv 

= ftseV3>lnH + ( v Q / v c ) 1 - 5 ] 
= T R 

s a. 
where T S j s the slowing down time. 
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In our calculations we have used a more realistic source term 

of the form 
4) S(v) = (P. a/«v o/7)e- [ ( v - v o ) / 6 v o ] 2 

where <$=^E 0/2E 0, and AE 0 is the Gaussian width of the 
alpha-particle initial energy distribution. This is appropriate 
for both thermonuclear [17] and beam-target [18] processes. By 
integrating over v, we obtain the alpha-particle production rate, 

R = n„, (n„<av> , + n, <av>, . + n, <5v>,, ), •i • •. T D th beam bt beam bb 
where the terms on the •'ight are the thermonuclear, beam target, 

and beam-beam contributions. During the steady state phase of a 

beam-driven tokamak discharge the thermonuclear term is comparable 

to the beam terras, and thus it provides a convenient estimate of 

the production rate. 

Plasma parameters which are typical of the anticipated 

performance of TFTR are given in Table II. With these conditions 

we have used Eqs. , (3) and (4) to calculate the classical 

alpha-particle distribution that is shown in Figure 3.. Variation 

of the plasma parameters by factors of 2 or less do not cause any 

qualitative changes in the shape of the classical distribution. 
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Sigmar and Chan [4] have suggested that wave-particle 

interactions may produce rapi \ diffusive loss of fast 
alpha-particles. This loss prevents the buildup of the low energy 
part of the alpha distribution with the result that the alphas 
continue to drive the waves. For illustrative purposes we shall 
use an ad-hoc "non-classical" distribution 

f* (v) = f* (v) (v/V ) 4 

nc cl o 
(see Figure 3} to explore the effect of such an anomalous loss on 
the optical line profiles and ̂ He° velocity distributions. It is 
intended that this distribution model a process which removes 
alpha-particles after they have diffused to the limiter or wall: 
very few high-energy particles have diffused sufficiently to be 
lost, and very few low-energy particles have mananged to remain 
confined to the plasma region. By not renormalizing f* (v) but 
requiring instead that f* n c(v 0)=f* c l(v y) we may scale the two 
distributions by the same alpha-particle density,na. 

The classical and non-classical distributions were used to 
evaluate Eq.(l) and the results are presented in Figure 4. The 
general behavior of the <ov> qualitatively follows the shape of the 
distribution functions. Note that even though f* n c(v )=f* i(v ) we 
find that <a v> n c < <a v> c l; this is so because <cv> samples f*(v) 
over a range of velocities and most of the contribution to the 
integral comes from v = v 0 - v c u t o f f where f* n c < f*c]_, The integral 
nature of <ov> leads to a loca? averaging of f(v) which is easily 
seen in the very gradual fall of «iv> near v=v Q; the averaging is 
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least pronounced in reaction IV, which has the smallest cutoff 
veloci ty. 

While photons will be emitted isotropically afte- reactions 
I-IV, the neutralized alpha-particles in reactions V--VII will 
escape in the general direction of the neut-al beam. All the 
charge exchange reactions are strongly forward-peaked in the C-M 
frame, so the velocity of the 4 H e + + will be unchanged by the double 
charge exchange and the differential <ov> for reactions V-VII is 

d<ov> te) f * 2 
5) dfi = j f ( v ) v r e l ° < vrel> v d v 

2 2 1/2 where v , = [v + v , -2vv, _cos C?u„.. )J ' rel beam beam beam 
This has been calculated as a function of 0 t, e a m for sever.nl values 
of v b e a m and the results are plotted in Figure S. The high 
velocity cutoff in the cross sections is responsible fo v the utoff 
in the differential <av> at large angles. Since the cutoff angle 
is roughly proportional to v

c utoff/ vbeam' i t : i s larger fo- smalle* 
beam velocities. 

The fact that the alpha-particle velocities are virtually 
unchanged by the charge exchange event, together with the very-
short lifetimes of the excited states, pe-mits us to equate the 
initial velocity of 4 H e + + to the velocity of the excited 4 H e + in 
reactions I-IV. This makes the calculation of the expected line 
shapes s raightforward, and these profiles are presented in Figure 
6 for a detector with a 1ine-of-sight olong the beam axis. We have 
assumed that the mix of excited states in 4 H e + is independent of 
v r e l since the relevant cross sections are not available. The 

http://sever.nl
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Dopple- shifts are quite large (5-10 Angstroms) and the lines are 
rathe- b-oad, those reactions with smaller cutoff velocities 
producing sharper lines. The profiles generally are assymet-ic and 
quite strongly displaced from the Doppler shift corresponding to 
the doping beam velocity. These effects are due, of course, to the 
strong gradients in both of our trial alpha-particle distribution 
functions. This point is important for it means that even with a 
fixed beam velocity it is possible to determine whether f(v) is an 
increasing or decreasing function of v. 

The ^He° velocity distributions of reactions V-VII are the 
neutral particle analogues to the UV line shapes of reactions I-IV. 
The distribution of emerging neutrals is given by the integrand of 
Eq.(S). A typical set of distributions is shown in Figure 7 for a 
beam-detector angle of 20°. Again we note the asymmetry and the 
displacement of the peaks, with the opposing gradients of the 
classical and non-classical alpha distributions producing 
displacements of opposite sign. While these results are quite 
similar to the UV line shapes, the 4He° distributions differ in one 
qualitative way: for low values of 9 and v b e a m the curves have a 
double peak structure. This arises from the fact that it each 
angle, 9, all emerging neutrals of a given speed, v^, have the same 
velocity relative to the beam particles, i.e. 

v , = [v2 + v 2 - 2v v^ cos (o)] 1 / 2. rel a beam a beam 
As v̂  varies from 0 to <*> the relative velocity decreases to the min
imum relative velocity, v

m i n
= v

b e a m
s i n ('3) • and then increases without 

limit. If v m i n is small enough, the quanity v r = 1c(v ^) will be max
imized for some v , > v . _ and thus as v increases v ,o(v ,) will 

rex m m t rel rel 
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achieve its maximum twice. This is in strong contrast to the IV phocoii 

case whe'e particles with differing v, e l may contribute to the 
signal at a given wavelength anc" the spectral lines always have a 

s i ngle peak. 

To complete our discussion of the relevant atomic p"oce;.ies 
at work in the plasma we now examine the distribution of •••] f-c tron ic 
states in the ^He + and ''tie0 produced by thp clia-gi.' exchange 
reactions, and compare the time scales of the radiative decay -}:\S. 

reionization processes. In three of the reactions fonsidf-c•': the"..-
is a resonant final state for the 4 H e + or 4yeo ( s e e Table I;. Wh.-n 
the relative velocity in these reactions is small ( v < 10'° cir 
sec - 1) one would expect most of the captured elections to be found 
in the resonant states; but if the relative velocity is la'qe ( v > 
3xl08 cm sec - 1) or there is no resonant state, the elections might 
be distributed among a number of levels [14,19]. A broac' 
distribution of final states is undesirable in two ways: i) the 
photons f--om , He+)* will be dispersed to a number of lines -atiier 
than being concentrated in a single line, and ii) ionization cross 
sections nse as the excitation level increases and this causes a 
loss of signal due to prompt reionization. The first problem is 
mitigated by the fact that in charge exchange reactions one expects 
high I states to be preferred over the low £ states of the same 
level n, so the &£=1 selection rule will force a significant 
fraction of the electrons in the n=3,4, and 5 levels to cascade 
through the 2p->ls transition. 
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In order to assess the importance of reionization and 

-eexcitation of the 4 H eo and 4He + we have used Jacobs' [20] 
theoretical cross sections which are based on Born approximations 
applied to one-electron systems. We expect this model to be 
applicable to the excited states of He° because the excited 
electron is responsible for most of the total ionization cross 
section and, since it is 'outside' the Is electron, we expect that 
it will behave as if it were bound in an H atom; this line of 
reasoning is supported by the close correlation in the energy 
levels of the excited states of H and He. We do not consider 
doubly excited states of He because they are pronptly autoionizing 
and they will not contribute to our signal .: "-.ha experimentally 
measured cross sections we are using. At large velocities the 
proton and electron ionization cross sections are identical and, 
since the cross sections fall as 1/v2, the protons are the dominant 
cause of ionization. 

The 4He° must pass through a column density of lO 1^ cm - 2 to 
get to the neutral particle analyzers, and this is a serious 
obstacle for low energy particles. The sum of the ionization and 
charge exchange cross sections for He(ls2) is greater than lO-1^ 

cm 2 for velocities less than 5 x 10 8 cm sec _ i (500 keV 4He) so we 

shall take that to be the lower limit on the velocity of the 
escaping 4He°. The reionization rates (for n i = 1 0 1 4 cm - 3) of 
excited states of He + and He 0 at this velocity are given in Table 
III together with the radiative decay rates [21]. Since the 
ionization /ates are lower at higher speeds this is a worst case 
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analysis. We find that only the singlet (Isip) and (is3p; states 
of He 0 will decay to the relatively safe (Is2) level; other states 
must be collisionally converted to these states to avoid 
reionization. 

In the case of He + we find that electrons in the 2p a 1 
states will survive to cascade through the 2p -> Is (304 Angst-oms) 
transition as will roughly half of the electrons in the 4f state. 
The 3p -> Is (256 Angstroms) transition is faster than reionization 
but most elections in the 4d state will not contribute to this 
line. Again, collisions may allow some fraction of the elections 
in other 21 and 31 states to pass through the desired transitions. 
Excitation cross sections are approximately the size of the 
ionization cross sections so reexcitation will neither increase the 
photon signals nor reduce the He° signal by repeatedly raising the 
electrons to higher states. 

It is now clear that details of the alpha-particle 
distribution can be observed by employing neutral beams to enhance 
the populations of fast ^He + and 4He°. The velocity-space 
selectivity of the charge exchange process is demonstrated by the 
qualitative similarity between the forms of f(v) and < o v > ( v b e a m ) in 
Figures 3 and 4, respectively. Even with observations at only one 
beam energy, it is possible to distinguish between the classical 
and non-classical alpha-particle distributions by measuring the 
velocity distributions of the 4 H e + and 4He°. 
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3. DETECTION SCHEMES 

We can construct a simple model for the interaction volume 
between the beam and alpha-particles to provide estimates of signal 
strengths for various detection geometries. Our beam and detector 
arrangement is illustrated schematically in Figure 8; the actual 
situation on any specific machine will depend on port locations, 
coil obstructions, etc., but the general trends will be the same. 
The beam is modeled as a long square box with sides of width d (see 
Figure 9). The detector sees everything in a long box with sides 
of width s. The detector is located at a distance ^ from the 
center of the interaction volume. The alpha density is taken to be 
constant cut to r=.5a, and thus the length of the interaction 
volume is the smaller of 2(aR) 1/ 2 or s/sin(8), where 9 is the angle 
betwetn the beam and detector axes. Assuming typical TFTR 
parameters (a=85 cm, R=250 cm, and X=500 cm), and hypothetical 
detector and beam parameters (s=10 cm, d=7 cm), we can compute the 
interaction volume as a function of 8. We can also compute a 
factor 6, shown in Figure 10, which converts the volume source rate 
P v to a fluence at a detector (T = 6p ) . The interaction volume 
varies from 1.3xl04 cm 3 to 1.4xl03 cm 3 as 6 varies from 0° to 20°. 
Two conversion factors can be defined, &^ for the case where the 
emission is isotropic and <ov> is defined in cm 3 sec - 1, and S tor 

the case where the emission is anistropic and <ov> is defined in 
cm 3 sec - 1 steradian-1. The scaling for isotropic sources is 
r=Pvdzs/(sin(0)4 TTA ) for 6 >2° assuming s> d. Table IV lists the 
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expected fluence levels at the detector assuming nn = 1 0 1 2 cm - 3

 a r i cj 
nbeam = 1 Q 8 cm - 3 for the H° beam and 10 5 cm - 3 for the other beams. 
The other beams are more dirriculi. to construct, and a density of 

1()5 cm - 3 is used as a criterion for the beam to be of interest. 
The estimate of ~ 1 0 1 2 cr - 3 fo>- n comes from bulk considerations 
of Q=l for TFTR with 24 MW; of heating where the alphas are largely 
within r=30 cm and t s =400 rhsec. The TFTR charge exchange detectors 
are expected to work with flue>nces of ~ 10^ cm - 2 sec--'- for protons in 
the 20-100 kev range with a 5 kev resolution [22]. If these alphas 
can be counted efficiently, this translates to a minimum helium 
beam density of 2 x 10 ^ cm - 3 to provide 10^ cm - 2 sec--' from a 3He° 
beam. If we allow another factor of 10 to be able to work with 
Q=0.1 (n - lo 1 1 cm - 3 instead of 1 0 1 2 cm - 3) experiments, and a 
factor of 5 to account for other effects such as beam attenuation, 
ionization of excited states of 4He, etc., one obtains a rough 
estimate of " 10 5 cm - 3 for a minimum beam density. The <'-• v> fo--
reactions I-IV rises as E b e a m decreases so detectable signals at 
E b e a m=880 keV/nucleon imply that lower energies will also be 
detectable if the slowing down is classical. The d<sv>/dS for 
reactions V and VI at ten degrees is not as strong a function of 
Ebeam'" d<av>/d" just becomes broader in angle as v b e a m drops. 
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The peak photon production rates a*-e on the order of 10l± 

cm-3 sec - 1 fo' the H° beam and 10 8 cm - 3 sec - 1 for the other beams. 
Presuming an observable path length of from 10cm to 100 cm through 
the beam interaction region, an emission rate of ~ 1 0 1 1 photons 
cm-3 B-l near 300 Angstroms is one to two orders of magnitude below 
that which can be straightforwardly observed in current tokamak 
plasmas. The detection sensitivity of such observations is in 
principle determined by some combination of instrumental 
limitations (such as scattered light in the spectrometer) plus the 
magnitude and fluctuation spectrum of background line and continuum 
emission from the plasma. For a n = 1 0 1 4 cm - 3, 10 kev plasma 
bremsstrahlung in the 4 Angstrom bandwidth of the expected 4 H e + 

emission line is approximately 1 0 1 1 photons cm s - . 
Bremsstrahlung alone is thus not a limiting factor in the current 
observations, nor should it be a serious problem for detection of 
tne r̂ie line emission. Beyond this conclusion, however, current 
observational experience is not sufficient to clearly identify the 
relative importance of the other potentially limiting factors 
present. It is therefore not possible to predict with confidence 
the ultimate sensitivity achievable through instrumental 
improvements or by additional techniques such as modulation of the 
diagnostic beam in order to reduce the effects of fluctuation noise 
from the plasma background emission. There does not, however, seem 
to be any prima facie reason why the required sensitivity could not 
be reached. Exploratory observations and experimentation with 
exisiting equipment is necessary to determine if the detection and 
measurement of the relevant line emission from these alpha-particle 
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detection techniques is practical in a realistic' tokamak 
environment. 

Table IV also lists neutral alpha fluences, which give, at 
0 = 10 degrees, fluences of ~ 4 x 105 cm - 2 sec""1 at a detector 5 
meters from the plasma. This fluence level for 50 keV protons is 
measureable with current charge exchange analyzer systems. These 
analyzers detect high energy neutral protons by stripping them in 
helium gas cells, selecting e/m by magneti • and electrostatic 
analyzers, and counting particles with electron multiplie'rs. The 
fields required to analyze a 3.5 MeV 4 H e + + are< 5 kG for a 50 cm 
radial analyzer. The design of an analyzer is straightforward and 
could even involve only modifications of existing charge- exchange 
analyzers. Current charge exchange analyzers use a stripping cell 
of helium or hydrogen. At 10-100 keV for H°, the stripping cross 
section is ~ 1 0 - 1 6 cm 2 [23]. The density in the cell is ~ 1 
millitorr or ~ l o 1 4 cm --. This gives a mean free path of 100 cm, 
which for a 10 cm length cell implies that ~ 10% of the neutrals 
are stripped. At 3.5 MeV, the cross section for singly ionizing 
4He° with a H 2 gas cell is 3.4xl0 - 1 7 cm 2 [23]. For a density of 
lO 1 4 cm~3, this implies a mean free path of 300 cm. A 65 cm long 
gas cell, shielded from the magnetic field, would strip ~ 20% of 
the 4He° to 4 H e + . The cross section for the ionization of the 4 H e + 

in the cell is ~ 5xl0 _ 1 7 cm 2, so the 4 H e + + fraction would be small. 
Very little of the 4 H e + would be converted back to 4He° since the 
charge exchange 4 H e + + H°-> 4He° + p has a cross section < 10" 1 9 

cm 2 at 3.5 MeV. Thus gas stripping cells could be operated with H 2 
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for the neutral alphas with efficiencies comparable to the 
efficiencies achieved in present neutral hydrogen analyzers. 

There will be a small neutral helium flux from the atomic 
hydrogen beam due to two successive single charge exchanges, 4He + +" 
+ H° -> 4 H e + + H + , and 4 H e + + H° -> 4He° + H +. The cross section 
[13] for this second reaction is ~ 10~16 c m 2 . A crude estimate of 
the volume production rate using reference parameters is 
n 2

b e a mn a<"v>(cxHe + +,H 0)<av>(cxHe +,H°)T c , where T
c is the 

confinement time of the 4 H e + in the beam path. For a tangential 
beam with v p a r a l l e l ~ v, T C - Rd/v ~ 3xl0~8 sec for TFTR. This 
yields a production rate of 2xl04 cm--* sec" , which is probably too 
small to be detectable and is much lower than the rate from the 
double charge exchange reactions. 

The high energies of the neutral alphas makes stripping foils 
attractive. The foils dispense with the complexities of pumping 
and shielding systems of ess cell strippers. The efficiency of 
4 H e + + production is over 95% at 3.5 MeV, and over 80% at 1 MeV. 
The stopping power for iron foils, -dE/dx, is 450 keV/micron [24J. 
Iron foils are available in thicknesses as thin as 200 Angstroms, 
so the energy loss in the foil could be as low as 10 keV. Heat 
loading on such foils may be a problem since they will have a 
vacuum line of sight to the plasma. If TFTR radiates ~ 20 MW, then 
the heat flux 7 meters away from the center of the torus is ~ 3 
watts cm" 2,\which must be borne by the foil. These heat loads 
could be tolerated by foils supported on a wire mesh of a highly 
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conductive metal. The overall efficiency of such a foil stripper 
could still be ~ 90%. The optimum choice of foils would involve 
tradeoffs of minimum angular scatter and energy loss, and maximum 
strength, life, and thermal load capacity. 

The neutron background in an experiment such as TB'TR would be 
lol 2 cm - 2 sec~l at a detector 7 m from the center of the torus. 

This flux will need shielding, but would need no more shielding 
than that planned for the current TFTR charge exchange analyzer 
designs. Solid state detectors with good energy resolution might 
become feasible if the gamma and neutron background could be 
significantly reduced. These detectors offer the advantage of 
energy resolution, high count rates, simple design, and high 
efficiency. It might even be possible to dispense with energy and 
mass analysis with magnetic and electric fields with such 
detectors. 

Detection of the direct recombination photons from ( 4He +)* 
would be difficult. It will require significant spectrometer 
improvements, and possibly the use of beam modulation, long 
integration times, etc-, to extract a signal from the background. 
Detection of the neutral ^He (3.5 MeV) is feasible with current 
technology. Either gas stripping cells, or stripping foils could 
be used to produce 4 H e + or 4 H e + + , which could be analyzed with 
either current instruments, or modest extensions of current 
instruments. The background and noise problems faced are no more 
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severe than those faced by analysis of the charge exchanged proton 
flux from fusion plesmas in TFTR. 

4. NEUTRAL BEAM FORMATION 

4.1 General Considerations 

Formation of neutral H, H 2, -̂ He, and Li beams with 0.9 MeV 
per nucleon was considered. Because the desired combinations of 
energy, beam particle flux, and beam size are beyond existing 
technology, projections were made of attainable beam current 
densities and other beam technologies. In most cases, 
extrapolations were also required for cross sections or 
neutralization efficiencies at O.y MeV per nucleon [23,25-321. A 
transmission loss of 50%, corresponding to emittances of 1-2 x 1 0 - 2 

cm rad IXeV1/2 for a TFTR-like geometry, was assigned. The 
resulting estimates of attainable beam density are listed in Table 
V for each of the various beam production methods considered. Also 
given in Table V are the neutralization efficiencies, and the 
accelerator power and current required to supply 50 cm 2 of beam. 
For the beams to be used for double charge exchange, the 
accelerator requirements are based on an upper limit to the beam 
density of 10 5 cm - 3. Although this beam density may be considered 
a minimum for detectable signals (see section III), the 
accelerators will require significant development beyond 
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state-of-the-art in every case. Production of 0.9 MeV H°, 1.8 MeV 
H2°r 2.6 MeV 3He° and 6 MeV Li° are now considered individually. 

4.2 0.9 MeV H° 

Because of the low neutralization efficiency, brute force 
acceleration of H + yields unacceptably low beam densities. 
Considering an H~ source yields an estimated 4 x 10 8 cm - 3, but at 
0.9 MeV this is an average beam power density of 60 kw cm -2. 
Reducing the average beam power density to a more technologically 
manageable 10 kW cm - 2 results in a beam density of 6 x 10 7 cm - 3, 
and the corresponding accelerator requirements are 1 A and 1 MW. 
If the lower beam density is acceptable, this alternati«e is 
attractive because it is a relatively small extrapolation from 
existing technology, because the development required is already a 
part of the existing neutral beam development program [33] and 
because the 0.9 MeV neutral fractions have been measured [27]. 

• 4.3 1.8 MeV H 2° 

The production of H,° is difficult because the cross sections 
for formation of H 2° are small compared with the competing break-up 
and ionization cross sections. Thin neutralizes yield optimum H 2° 
production efficiencies, but these are calculated to be only 1-2 x 
1 0 - 4 , and the resulting beam densities are 2-4 x 10 4 cm - 3. 
Accelerator requirements of 4 A and 7-10 MW are three orders of 
magnitude larger than has been achieved at this energy. 
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4.4 2.6 MeV 3He° 

3He + acceleration leads to an estimated beam density of 1CH 
cm~3, but the accelerator requirements are very ambitious: 1.5 A 
and 3.5 MW. Starting with 3.5 Mev 3HeH + and using an optimized 
cell thickness improves the predicted production efficiency and 
redi-.ces the accelerator requirements to ~ 150 mA and 0.5 MW. This 
is still two orders OJ. magnitude higher than has been achieved. 

A promising approach is the conversion of 20 keV 3He + to 3He~ 
in a Na or Li cell, followed by acceleration to 2.6 MeV and 
neutralization. Tht accelerator requirements, 5 mA and 15 kW, 
(plus 35 kW across 20 kv) is a reasonable extrapolation from 
existing accelerators. We note, however that this is a two order 
of magnitude extrapolation of total He - current. 

4.5 6 MeV. .-Li ° 

Positive ion acceleration again leads to low beam densities 
and extreme accelerator requirements. For Li -, an assumed source 
-.̂ current density of 10 mA cm - 2 and an assumed neutr- ization 
efficiency of 0.5 results in a relatively low 4 mA requirement. 
However, the 6 Mev is higher than has been achieved in a long-pulse 
accelerator at any current, and development within 5 years would be 
difficult. 
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5. EXPERIMENTAL AND THEORETICAL SUPPORT AND ADDITIONAL APPLICATIONS 

It may be useful to try parts of the ideas presented above on 
present or future machines short of TFTR, JET, or ETF. 
Difficulties with such preliminary proof of principle experiments 
are that experiments before TFTR and JET will have few fusion 
products to detect, and high energy, high current beams are not yet 
available. 

Nevertheless there are a few facets of the scheme that could 
be tested on a device like PDX, which has a flexible, high energy 
diagnostic neutral beam (FIDE) and high power neutral beam 
heating(6-8MW). One such test would be measurement of the 304 
Angstrom light from excited ^He + formed by injecting 50 keV neutral 
beams into a 4He plasma. The primary PDX beams will have a density 
of ~ 2x10^ cm" . The diagnostic beam density will be smaller. 
With a helium density of 5x1013 cm~^, this gives a photon 
production rate in the beam path of n b e a m n H e < o v > ~ 2xl0 1 6 cm - 3 

sec - 1. This emission might be detectable. The helium will recycle 
and recombine at the plasma edge and thus produce -,ome (He +)*, 
which could complicate the experiment. Degrading the emission rate 
by reducing the helium density, or the beam current, allows 
exploration of the limits of detectable signals. A detailed 
measurement of the noise spectrum in a real experiment aroi"-J 304 
Angstroms would allow a realistic assessment of the need for and 
efficacy of possible noise reduction techniques. The flexible 
diagnostic neutral beam (FIDE) on PDX could be modified if beam 
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-odulation was a promising approach. Since such experiments have 
al"eady been suggested by Burrell [11] and Suckewer [12], it is 
likely that some of the needed information will become available in 
1980 or 1981. A significant effort to improve the noise levels and 
sensitivities of spectrometers sensitive to 300 Angstrom photons 
would also be useful. 

Adding He> pumping capability to one of the primary beams or a 
diagnostic doping beam for use on PDX with a helium plasma would 
allow the formation of helium neutrals generated by double charge 
exchange of the hot central thermal 4He + +" and the neutral helium 
beam. Thus detection of the high energy tail of the 4He neutrals 
(similar to T; measurements using hydrogen charge exhange) would 
suggest that 3He° + 4He+'1" -> 3 H e + + + 4He° scheme would work if the 
beams could be built. Detection of 5-20 keV 4He° poses a slightly 
different problem than detection of 3.5MeV ^He°, however. 

Another possibility closer to alpha detection is to use a 
moderate energy 4 H eo beam (as high a current and energy as 
available) to look for the 800 keV 3 H e + + from D-D reactions during 
high power D injection into D plasmas on PDX or other machines. 
Estimates of the neutron production on PDX indicate that 
n3 H e++ ~ 10 8 cm - 3 (assuming 1= 500 kA, T S - ioo msec, and 
dN/dt ~ 1 0 1 6 neutrons sec - 1 during injection). The count rates 
would be lower than on a D-T experiment, but the noise problems 
would be lower also, and helium beams of 500-1000 keV could be used 
here. The same sort of detectors as needed for 3.5 MeV 4He° could 
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be tested. The production rate might be as high as 
n3 H e++n b e a m<av> ~ 10 7 cm - 3 sec - 1, which would probably be 
detectable. The measurement could be correlated with the 14 MeV 
neutron signals from the slowing down T reacting with the 
background D. 

The feasiblility and utility of each of these "proof of 
principle" measurements will need to be worked out in detail for 
any experiment on which they might be tried. However, these 
preliminary measurements would provide "milestones" for the alpha 
measurement on a D-T experiment. The beam development could 
proceed independently of intermediate experiments on tokamaks since 
it is a well defined, independent project. 

Use of charge exchange to measure alpha-particles would 
benefit from additional i ' omic physics experiments and theoretical 
work. The single and double charge exchange cross sections of 
neutral lithium with alphas have not been measured. It would be a 
relatively straightforward experiment, and should be done if the 
prospects for making Li° beams improve. All of the relevant cross 
sections have uncertainties, some as large as a factor of two, and 
improvements in the accuracy of the cross sections would increase 
the usefulness of the alpha diagnostic. The cross section for 
reaction I should be extended to an interaction energy of E 4 H e = 3 
MeV. 
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An examination of the single and double charge exchange cross 

sections [13] for neutral atoms and ^He + + indicate that neutral 
beams of many elements (at least through lead) have single charge 
exchange cross sections on the order of 1 0 - 1 5 cm 2, and many 
elements from helium at least up through lead have double charge 
exchange cross sections of ~ 10~1° cm . Potassium, for example, 
has peak cross sections of 4xl0--'-* cm 2 and 5X10--1-- cm 2, 
respectively. All of the cross sections fall rapidly for v r e l > 
3xl08 cm sec - 1. Thus even neutral lead beams with v b e a m ~ 13xl08 

cm sec--'- could be used to measure the alpha density. However, the 
large energy required to achieve such a velocity - 880 keV/Amu 
strongly favors the use of light atom beams (potassium, for 
example, would require a 32 MeV beam). 

Further work on the cross sections for populating the upper 
levels of 4He° and 4 H e + , the electron cascade paths, and the 
ionization rates for the excited states is needed to determine 
whether the UV photons will be concentrated in a few lines and 
whether reionization will cause serious losses. Much of the work 
to date in this area has been done in connection with X-ray lasers, 
and many of the techniques and calculations would undoubtedly 
apply. 

Many of the cross sections relevant to the beam technology 
assessment are poorly known and should be measured. These 
measurements should be done soon since they could have an impact on 
the choice of the primary beam ion and the neutral beam design. 
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The beam considerations discussed in Section IV rely mostly on 
extrapolations of existing measurements. The cross sections and 
neutral fractions for the promising 2.6 MeV 3He~ -> 2.6 MeV 3He° 
case should be measured. A program for assessing the feasibility 
of, and then achieving, 5 mA of 20 keV 3 H e - could be undertaken 
prior to and independent of the more expensive high voltage 
accelerator development. For another interesting case, 0.9 MeV H~ 
-> 0.9 Mev H°, the existing negative ion beam development program 
should be supported and made aware of this need. 

The proposed technique of using single and double charge 
exchange of diagnostic neutral beams with fusion reaction products 
would work for D-D fusion reactors as well. The reaction products 
of D-D are 1.01 MeV T +, 3.03 MeV K +, 820 keV 3 H e + + , 3.52 MeV 
4 ++ 4 ++ + 
He , 3. 67 MeV He , and 14. 67 MeV H . Neutral hydrogen beams of 
suitable energies could detect the H+ and T+ by single charge 
exchange and analysis of the high energy neutral1.. D° beams could 
be used for the H + and H° and D° beams could be used for the T +. 
Helium beams could be used for all the products (single and double 
charge exchange). The same general discussion given in Section 
I-IV would apply with suitable minor modifications. 
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6. CONCLUSION 

We have described two techniques for measuring the 
alpha-particle distribution in a magnetically confined, D-T plasma. 
The expected signal strengths have been calculated, and the 
feasibility of each technique has been estimated. 

The first technique is the measurement of the direct 
recombination radiation from ( 4He +)* , and the second is the 
detection of high energy neutral ^He° atoms. Both ( 4He +)* and 4He° 
are produced by charge exchange with a high energy neutral beam. 
By varying the beam energy, both techniques allow one to measure 
the alpha particle distribution function sufficiently accurately to 
determine if the alpha velocity distribution is strongly 
non-classical. By varying the beam angle and position the pitch 
angle and radial distribution of the alphas can be measured. 

The techniques were explored in detail for a tokamak (TFTR) 
because it is likely to be one of the first D-T magnetic fusion 
experiments. However, the techniques will work for all 
magnetically confined plasmas, such as mirrors or spheromaks. 

The measurement of the UV radiation from (^He+)* will be 
difficult. It will require significant spectrometer development, 
and may require long integration times (implying poor time 
resolution) and modulation of the beam. The second technique, 
measurement of 4He°, has the advantage of a much lower background 



-32-
(there is no equivalent of bremsstrahlung or impurity emission) 
since the 4He° (3.5MeV) is a unique particle. It can be counted 
and analyzed with high efficiencies. The preliminary estimates 
presented above indicate that the predicted fluence is greiater than 
the expected detector thresholds for the hydrogen analyzers on 
TFTR. Factoring in the beam feasibility, a 2.6 MeV 3He° beam is 
the most promising candidate. Development of a 5-10 mA, 2.6 MeV 
3He° beam will not be trivial, but should be possible. 

The techniques we have described are expensive and difficult, 
but, at present, there are few other proposals for directly 
measuring the central alpha-particle distribution. Given the 
expense of ETF (~ $ 10 9), - $ io 6 -$ io 7 to develop and build a 
diagnostic to measure the raison d'etre for fusion is not 
excessive. If development is started now, the beams and detectors 
could be ready for ETF (1990) and possibly ready for TFTR upgrades 
(1985). 
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TABLE I. 

Beam Energies and Resonant Final States 

Beam Beam Energy Resonant Resonant 
Species (MeV) 4 H e + state 4He° state 

H 0.2 - 0.9 it 

H 2 0.6 - 1.8 
3He 0.5 - 2.6 - Is 2 

6Li 1.7 - 5.2 3£ 

TABLE II. 
TFTR Parameters 

ne = 2 n D = 2 n T lxlO 1 4 cm - 3 

T e 10 keV 
Tj 20 keV 
v c 4.5xl08 cm sec"1 

n Dn T<a v> t h lxlO 1 2 cm - 3 sec - 1 

T
s 400 msec 

n a lxlO 1 2 cm - 3 

£E 0 600 keV 
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TABLE III. 

Radiative Decay and Ionization Rates 

Excited Decay Decay Ioniza 
State Transition Rate(lOSsec-1) Rate(l 

He + : 
2p 2p->ls 100 0.07 
3d 3d->2p 10 0.5 
4f 4f->3d 2.2 1.9 
3p 3p->ls 26 0.5 
4d 4d->3p 1 1.9 

He° (singlet states) : 
l s 2 p l s 2 p - > l s 2 

l s 3 p l s 3 p - > l s 2 

23 0 . 3 

5 .6 2 . 1 
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TABLE IV. 

Volume Source Rates and Fluences at a Detector for Reactions I-VI 

Reaction Beam Beam Beam Volume Source Rate 
Energy Density 
(MeV) (cm -') Photons c m - 3 s e c - 1 

I H° 0.88 108 7.xl0 1 0 

II H2° 1.8 10 5 1.4xl0 8 

III 3Hii° 2.6 10 5 1.9xl0 8 

IV Li'> 6.1 10 s 1.3xl0 8 

Fluence 
(10 degree: 
# c m - 2 sec 

6.3xl0 7 

1.26xlO B 

1.71xl0 5 

1.17x10 s 

V H2° 1.8 10 s 

VI 3He° 2.6 10 s 

VII Li° 6.1 

4He° cm 3 sec * steradians -1-
at 10 degrees 

2.7xl0 7 3.05xl0 5 

3.5xl0 7 3.95x10 s 

no cross section available 



Table V. 

Neutral Primary neutralization Beam Density From Accelerator Accelerator 
Ion Efficiency Ion Source Current Power 

Con? liderations 

0.9 MeV H° 0.9 Mev H 4 x 10"* (a) 2 X 5 3 10 /cm 

0.9 MeV H° 0.9 MeV H - 0.7 (b) 3. X 10 8/cm 3 <c) 1 A (C) 1 MW (c) 

1.8 MeV H 2 1.8 MeV H* 1 x 10~* (a, d) 2 X 10*/cro3 4 A 7 MW 

1.8 Mev H° 2.6 MeV H 3 2 x 10" 4 (a, d) 4 X 4 3 10 /cm 4 A 10 MW 

2.6 MeV He 2.6 MeV 3He 1.5 x 10" 3 (a) 4 X 10 5/cm 3 1.5 A (e) 3.5 MW (e) 

2.6 MeV 3He 3.5MeV 3HeH + 1.5 x 10 _ 2(a, d) 2 X e 3 
10 /cm 150 mA (e) 0.5 MW (e) 

2.6 MeV 3He 2.6 MeV He" 0.4 (f) 3 x 10 5/cm 3 5 mA (e) 15 kW (e) 

6 MeV Li 6 MeV L i + 1 X 10"* (c) 1 X 10 4/cm 3 

6 MeV Li 6 MeV Li" 0.5 (f) 8 X 10 6/cm 3 (c) 4 mS (e) 25 kW (s) 

NOTES: 
a. Calculated from extrapolated cross sections 
b. Measured 
c. Assuming an average beam power density limit of 10 kw/cm' 
d. Using optimum neutralizer thickness 

5 3 2 
e. To supply the minimal 10 /cm over 50 cm 
f. Estimated 
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FIGURE CAPTIONS 

gure 1) a) Cross sections for the single charge transfer 
reactions I through IV (see text) as a function of the 
relative velocity and the corresponding energy E H e = m a v 2

r e ] / 2 . 
b) Cross sections for the double charge transfer reactions V 
and VI. 

gure 2) A schematic of velocity-space: the large circle 
represents the edge of the alpha-particle distribution, and 
the small circle indicates the relative size of v c,, t o££. 

gure 3) The classical and non-classical alpha-particle 
distributions are shown as a function of alpha-particle speed 
(the vertical scale is arbitrary). 

gure 4) The values of <ov> which follow from the a) classical and 
b) ncn-classical alpha distributions are shown as a function 
o f vbeam-

gure 5) The differential <av> for the a) classical and b) 
non-classical alpha distributions are shown as a function of 
the angle between the neutral particle detector and the 
neutral doping beam axis for several beam speeds. Results for 

< reaction V are plotted with broken lines, solid lines are used 
for reaction VI. 
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Figure 6) The spectral intensities of the decay radiation f'orvi 

( 4He +)* which follow from the a)classical and b) non-classical 
alpha distributions are shown as a function of the Doppler 
shift away from the nominal wavelength (for reactions I-III 

Xo=304 Angstroms and for reaction IV A 0 = 256 Angsfoms) for 
four doping beam speeds: v b e a m/v 0=l.0, 0.8, 0.6, 0.4. Arrows 
are plotted at the Doppler shift positions corresponding to 
the four speeds; the upper sets of arrows are appropriate for 
reactions I-III and the bottom sets apply to reaction IV. 

Figure 7) The speed distributions of the escaping 4He° which follow 
from the a) classical and b) non-classical alpha distributions 
are shown for four beam speeds: v b e a m/v o=1.0, 0.8, 0.6, C.4. 

Figure 8) Schematic diagram of the beam-plasma-detector geometry as 
seen from above. 

Figure 9) Schematic diagram of the reaction volume. 

Figure 10) Interaction volume, V, and volume-source-rate to fluence 
conversion factors 6 as a function of the angle, 9 , between 
the beam and detector axes. 
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