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ABSTRACT

We discuss a method of measuring the velocity distribution
of cenfined energetic alpha particles resulting from deuterium-
tritium fusion reactions in a magnetically contained plasma. We
calculate the characteristics of the signals to be expected from
injecting multi-MeVv Li® intc the plasma to undergo double charge-
exchange reactions with the alpha particles. Neutralized alpha
particles then escape from the plasma to be detected by a charge-
exchange analyzer. We also examine the feasibility of producing
a Li® beam of the required current and energy, and we discuss a

conceptual design for an appropriate bheam system.



I. Introduction

Many magnetic confinement fusion reactor concepts rely upon
substantial heating of the plasma by the D-T fusion-product alpha
particles as they slow down classically. However, a number of
authors [1l] have studied anomalous processes which might alter
the slowing down of the alpha particles, thereby changing their
energy transfer to the plasma. In general, these anomalous
processes could lead to loss of the fast alphas from the central
portion of the plasma, or they could change the rate at which
the fast alpha particles slow down and heat the ions and electrons.
The anomalous loss of aipha particles from the central porticn of
a plasma being heated to ignition could increase the ntg. auxiliary
heating power, and R required for ignition. Anomalous ion heatina
by alpha particles could lead to a reduction in ignition require-
ments. In addition, the loss of alpha particles from the whole
plasma could result in accelerated erosion of the reactor first
wall from blistering [2,3] due to bombardment by the escaping
energetic alpha particles. Given the large costs and lead times
associated with reactor-sized experiments, it is desirable to
discover at the earliest possible date whether the fusion-product
alpha particles sliow down in a classical manner through binary
coulomb collisions, or whether instead they are subject to anom-~lous
processes prior to thermalization. The first generation of D-T
burning tokamaks is unlikely to provide answer~ about alpha con-
finement through the power balance alone. At Q=1 alpha particle
heating will account for only about a fifth of the input power to

the plasma, even if the alpha particles thermalize compietely




pefore they are lost. Consequently, a diagnostic is needed to
measure the slowing down spectrum of the confined alpha particles
in much the same way that charge-exchange analyzers have measured
the slowing down spectrum of beam-injected ions by looking at the
charge~exchange flux [4].

In the normal course of events, however, the fast confined
alpha particles should have little chance for double charge ex-
change in the hot core of a Q=1 plasma. Recently, Post et. al.
[51 proposed that one might locally enhance the charge-exchange
probability of the alpha particles by injecting a neutral doping
beam. This beam would undergo single or double charge-exchange
events with fast alpha particles. One might observe either the
doppler-shifted de-excitation radiation from the decay cf excited
He+ states populated by single charge exchange, or the fast He®"
escaping from the plasma after acquiring two electrons through
double charge exchange with the beams.

The charge-exchange cross sections for He'" decline
rapidly at relative velocities above ~ 4 x 108 cm/sec becauvse the
orbital velocities of the bound electrons in Helium are of this
order. Since the D-T fusion-product alpha particles are born at
~ 1.3 x 109 cm/sec, the doping beam must be capable of velocities
about as high as the birth velocity (corresponding to 880 keV/amu)
in order to have a significant probability of charge exchange.
From this velocity requirement it follows that the successful
development of this diagnostic method will pose significant tech-
nical difficulties.

This paper relates the results of a study we have done of
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one appreoach to the alpha particle diagnostic: double charge
exchange from a doping beam, followed by analysis of the
velocity distribution of the resulting He® which escapes. We
compute the expected signals, and we discuss a possible design
for the diagnosti<. We have chosen to use double charge exchange
because the background problem should be much less severe than
would be the case in looking at the doppler~shifted radiation
following single charge exchange. The signal from the latter
process would be about the same intensity as bremsstrahlung,
which is itself expected to constitute only a small fraction of
the background near 300 R.

The present paper extends the work of Ref. 5. in that it
studies the use of a specific reaction, aﬁd explores thevapprop—
riate beam technology required, for an alpha diagnostic based

upon the atomic processes discussed in Ref. 5.

II. Choice of a Doping Beam

The requirement that the beam energy should be able to
reach as high as ~ 880 keV/amu mandates the use of negative icns
as precursors to a neutral beam, regardless of the beau used.

In order to minimize the cost, one would prefer to use the
lightest doping atom possible, since this would result in the
lowest beam energy reguirement. Accordingly, the most ocbvious
candidate for a double charge -exchange doping beam is 3He, for

which the negative ions can be made in adegquate guantity (10's

of ma) [6,7). Unfortunately the He® resulting from neutralization

of He will be predominately in a long-lived metastable state,

[He+ (lsZp3s)][8]. It would be extremely difficult to determine



either the double charge-exchange cross sect.on for the metastable
component of the beam or the percentage of the beam in the ground
state. Further, the metastable portion of the beam could not be
quenched without ionizing most of it [9].

These considerations lead one to choose the next lightest
atom, 6Li, as the probe beam. The beam resulting from neutral-
ization of °Li” should be primarily in the ground state or in a

state which will rapidly decay to the ground state.

III. Signal Computation
At the time of Ref. 5, the cross section for the reaction

® was not known. Since then two groups

Li® + He't—>1i*" + He
have measured this cross section as a function of energy [10,11],
obtaining good agreement with each other. Figure 1 shows the
cross-section curve used in these calculations. This ig a
composite of the measurements by References 10 and 11. The curve
has been extrapclated at energies below 28 keV and above 800 keV.
We have used the cross section in Pig. 1 to calculate
the characteristics of the He® flux resulting from double charge
e¥change. We have done these calculations for two assumed alpha
particle velocity distribution functions. The first, which we
shall refer to as the "classical distribution," is that which
would result from slowing down of the alpha particles entirely
by classical binary collisions on a TFTR plasma [5] with
T, = 10 keV, T, = 20 keV, and n_ = 1 x 10* cn™3. The other
divtribution, which we shall refer to as “nonclassical,® is

the classical distribution multiplied by a (v/vo)4 term, where

vs is the birth velocity of the fusion-product alpha particles.



Such a distribution might result from a process which caused
rapid loss of the fast alpha particles. Comparing the results
arising from these two distributions gives us an indication of
the sensitivity of the emerging flux to gross variations in the
alpha particle containment.

Figure 2 shows <ov> as a function of the 1i° doping beam
velocity for the classical (a) and the assuned nonclassical
distribution (b). Thus, if one put in a doping beam at success-
ively different velocities, one would observe very different

=1
count rates and (below v = 109 cm sec ) opposing gradients

beam
as a function of beam energy, depending upon which of the two
alpha distribution functions existed in che plasma. These
characteristics become more apparent in Fig. 3, which shows
the differential reaction rate as a function of detector angle
at various Li° beam velocities for the classical and non-
classical distributions. It is also apparent in this figure that
the He® analyzer must be located in a forward direction if the
signal level is tc be maximized. This is a natural consequence
of the velocity selectivity of the reaction. Alpha particles are
most likely to have low velocities relative to the beam if they
are going in somewhat the same direction.

One would also like to be able to discern differences in
the distribution function from the results of a single beam enerygy.
That this should be the case is shown by Fig. 4, which gives
the velocity distributions of the He® emerging at 20° (relative
to the beam direction) for the (a) classical and (b) nonclassical

alpha velocity distributions. These are shown for four different



Li® injection velocities. We can see that at 1i% velocities
below ~ 1.1 x 109 cm sec_l the shapes and centroids of the ne®
distributions are gquite sensitive to the alpha velocity dis-

. . - R g
tributions. At Vbeam/vo 0.8, for instance, the centroid of

He® for the classical distribution is shifted ddwn by ~ 1.7 x 10B

cm sec_1 relative to the injection velocity, while for the non-
classical distribution the centroid of the He® is shifted up by

~ 1.3 x 108 cnm sec_l with respect to the beam energy. In addition,
the signal forms resulting from the two assumed distributions
differ markedly in shape and width, and, as indicated by Fig. 3,
would have somewhat different signal intensities.

Accordingly, we see that this technique yields a number of
observables to probe the alpha particle velocity distribution
function. At a fixed beam energy, one can measure the shape,
intensity, and velocity centroid shift of the emerging He®. 1In
addition, with a capability to vary the beam energy, one can mea-
sure the rate of change of the Heo flux as a function of the Li®
velocity.

In order to get an idea of the beam technology required, we
need a crude estimate of the expected signal level. If we use
the detection geometry assumptions in Ref. 5, then with Q=1, an
alpha particle density of 1012 cm—3, an injected Li® beam of 45
mA-equivalent, and subsequent reductinn of the beam by one e-
folding through ionization, we arrive at a He® flux of ~ 8 x 105

n % sec”! at an analyzer entrance at 20° relative to the beam

[o]
direction and located 5 meters from the interaction volume. This

is intended as an estimate only; the actual signal flux might be
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somewhat lower due, for instance, to processes such as ionization
or charge exchange of the emerging He®. This becomes a severe
problem for He® at energies below 500 keV (at which energy the
loss 1is about one e-folding). A signal level of the order esti-
mated here should be detectable with relatively conventional
techniques similar to those presently employed for charge-exchange

analysis of the bulk ion energies in tokamaks.

IV. Required Technology

The requirement of a Li® beam of several 10's of milliamps~
equivalent current at several MeV cannot be met by any existing
hardware. However, as we shall briefly discuss, the technological
base for development of such a beam appears to exist. A fuller
discussion of technological and design considerations of light atom

beams for another application (heating) can be found in Ref. 12.

. 1 He® Analyzer

- Figure 5 shows a conceptual design of an analyzer for the
escaping He® resulting from neutralization of the alpha particles
in the plasma. At the entrance of the analyzer, a thin foil
strips most of the He® back to the alpha particles, which are de-
flected by a magnet so as to strike detectors. The magnet's
purpose is twofold: to momentum analyze the He++, and to allow
the detectors to be located behind neutron shielding. If they can
be adequately shielded, the most desirable detectors will prebably

be position-sensitive surface detectors. These would

allow energy resolution in addition to that provided by the magnet,

and would also permit the rejection of much residual neutron



noise, since neutrons would generally only lose small amounts of

energy in the thin detectors.

IV. 2 Source

The best documented method for producing Li  is a two step
process wherein Li+ is extracted from an arc source. The
positive ions then pass through a metal vapor where a fraction
of them acquires two electrons to become negative ions. The most
developed approach to high current production of Li+ is with
the calutron type sources of Oak Ridge National Laboratory.
These have a long history, and have yielded Li* current densities
of as much as 72 mA/cm2 [13), and total Li+ currents as large as
1.2 amps (14] while operating continuously. Some measurements
have been made of positive-~to-negative ion conversion efficiencies
with small beams. Approximately 9% of a 5 keV Li* heam was con-
verted to Li while passing through a cesium vapor cell [15].
Thus a source to produce ~ 100 mA of Li  might consist of a Li*
source using calutron technology and extracting the beam in an
accel-decel mode, followed by a transverse supersonic cesium jet.

There are at least two other possible alternative approaches
to a high current Li~ source. One possibility is to produce the
negative ions directly with a surface plasma source similar to
one of the types being developed for D production (16,17,18].
However, while such sources are very attractive for making negative
ions from gaseous feedstocks, they may be less suitable for pro-
ducing negative ions of a substance, such as lithium, which has a

lower vapor pressure than does the cesium which dopes the converter
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surface. Another method which might be highly desirable, but
which is unexplored at this time, is photodissociation of NaLi

o
molecules in a molecular beam into Na+ and Li using 2350-~2400 A

photons from a laser [19].

Iv. 3 Accelerator

Accelerating 100 mA to energies as high as 5.3 MeV would be
an intractable problem for a conventional electrostatic accelerator.
A RF linear accelerator with electric quadrupole focusing [20,21]}
is a much more suitable choice, since the electrical potentials
with respect to ground that are required can be much lower than the
final beam energy, and the velocity-independent electric guadrupcle
focusing allows one to input a low velocity beam with high space
charge density. RF quadrupole (RFQ) accelerators [20], which are
being developed at Los Alamos Scientific Laboratory, seem to be
especially appropriate for this application. They appear to be
capable of accelerating the full 100 mA current in a single
accelerator channel, they can have a large entrance aperture to
accept the Li~ beam, and they can readily be pumped through gridded
ducts. A preliminary design of a RFQ to accelerate 100 mA of Li
to 6 MeV has been done by LASL [20]. In the design of Ref. 20,
the input aperture radius would be large (8.47 cm,of which about
half could be filled with beam), and the output beam would have
a radius of aoout a centimeter. The normalized emmitance accept-
ance would be ~ .21 cm mrad [22]. This should be adequate to use
with the two stage Li~ source, but the acceptance could probably

be further increased if the source optics required it [22]. Using
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50 MHz RF at 223 kv, the length would be aocout 7 meters. The Li_

would be electrcstatically preaccelerated to 100 keV prior to

injection into the RFQ. The capture and transmission efficiency
: of a RPQ can be high (~ 93% for this case, in the absence of
premature stripping losses), which is desirable since the Li  is

not easy to make.

Although much information abo:. the alpha particle velocity
distribution function can be cobtained by injecting the 1i° beam
at a single energy, it is clearly desirable to have the capability
to inject at any of several discrete energies (continuous vari-
ability, while useful, is not required). Changing the energy
of a RF accelerator is not as straightforward as would be the case
with an electrostatic accelerator. However, Ref. 20 has discussed
methods of incorporating energy variability which shovld be ade-
quate for this application. These possible methods include fol-
lowing the RFQ with independently phased cavities, Qarying the

frequency, or varying the drive voltages to sections of the RFQ.

Iv. 4 Neutralizer

Unlike heavier negative ions, Li  can be neutralized quite
efficiently by passage through a thin gas cell. At 6-7 MeV, a
nitrogen cell has been observed to neutralize ~ 45% of a Li~ beam
[23,24], and a hydrogen gas cell can give a neutral yield of ~ 54%
[23]. Since the ritrogen can be kept at a much lower vapor pressure
than can hydrogen by cryocondensation pumping, and since we would
like to minimize the gas load to the accelerator in order to sup-

press premature stripping, we would choose nitrogen razther than
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hydrogen as the neutralizer gas. The neutralization efficiency
obtainahle with a g»~ cell is adequate for this diagnostic
application, where power efficiency is not of paramount import-
ance. However, if photodetachment‘neutralizers were developed

for D~ heating beams, then one could be adapted fér use with Li~
to yield a higher neutral fraction. The photodetachment cross
section for Li~ has been calculated [25] to be grossly similar

in shape to that of D, but larger. Accordingly, any photodetach-~

ment system for D should also be effective with Li .

IV. 5 Beam System

Figure 6 shows a conceptual design of a Li® peam incorporating
a two-stage Li source and a RFQ accelerator. The analyzing magnet
after the source section allows drifting metal vapor to be condensed
before the accelerator. The deflection magnet after the RFQ permits
the accelerator to be shielded from the direct neutron flux of the
tokamak. Focusing magnetic quadrupoles would probably be necessary
prior tc the neutralizer. A gas neutralizer would necessarily be
followed by a deflection magnet (probably air core) and cooled dumps
for the residual ions. These ions, both positive and negative,
could carry as much as ~ 300 XKW. Fortunately, at the gas cell
thickness which yields the maximum neutral fraction, the power in
the unneutralized remnant is about equally divided betweer the pos-
itive and the negative ioﬁs [24], so the power density on the dumps
is decreased. A mure comprehensive discussion of system aspects of
light atom beams is contained in Ref. 12.

V. Conclusion

Our calculations indicate that this technigue can yield useful
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information about the velocity distribution function of the fast
confined alpha particles resulting from D-T fusion reactions. It
arpears that 1i® is the most desirable doping beam to use, with

a charge-exchande analyzer to measure the escaping 1e® which re-
sults. The 100 mA Li~ beam at several MeV which is required for
this diagnostic will need significant development, but from our
study 1t does appear possible based upon our present state of
knowledge. There are some atomic physics guestions requiring
further theoretical examination-namely excitation of Lio, the
double charge-eschange cross sections for any significant excited
states of 1i%, and the distribution and fate of excited states

of helium resulting from double charge exchange. Nonetheless,
neutralization of the fast alphas by an energetic neutral lithium

bear seems to hold promise as a viable and feasible measurement

technique.
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FIGURE CAPTIONS

Double charge-exchange cross section for He++ + Lio-——1>Heo

+ 1i™" from References 10 and 11. The curve has been extra-
polated below 28 keV and above 800 keV.

Values of <ov> for the (a) classical and (b) nonclassical
alpha particle velocity distribution functions.

Differential <gv> for the (a) classical and (b) nonclassical
alpha particle velocity distributions shown as a function of
the angle between the neutral particle detector and the doping
beam for several beam velocities. v, is the alpha birth
velocity of 1.3 x lOgcm sec“l.

Velocity distributions (normalized to the same peak amplitude)
of the emerging He® at 20° as a function of the Li® beam
velocity for the (a) classical and (b) nonclassical

particle velocity distributions. The arrows indicate the beam

/v_=0.4, 0.6, 0.8, and 1.0,

inj ion velocities at v
Jectio J beam’ Yo

where v, is the alpha particle birth velocity.

Conceptual design of a neutral helium analyzer. The stripped
helium ions are magnetically deflected to effect momentum
aualysis and shielding of the detectors.

Conceptual design (not to scale) of a beamline to produce

multi-MeV Li°.
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