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A NEUTRAL-BEAM DIAGNOSTIC FOR FAST
CONFINED ALPHA PARTICLES IN A BURNING PLASMA:
APPLICATION ON CIT

A. S. Schlachter, J. W. Stearns, and W. S. Cooper
Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720

October 28, 1987

Diagnostic methods for fast confined alpha particles are essential for a
burning-plasma experiment. We review one- and two-electron-capture methods
using energetic neutral beams, and provide quantitative estimates of signal
Tevel for a two-electron-capture method applicable to CIT. The best probe is
a ground-state helium-atom beam because of its relatively good penetration
into a CIT plasma and the large cross section for two-electron capture; it can
be produced in useful quantities fromlHeH+. We calculate a signal level of
the order of 107 counts/s for 100 mA of accelerated HeH+, which is sufficient
to allow time-resolved measurements of the alpha-particle velocity distri-
bution. Limited position information could be obtained for appropriate access
port geometry. This diagnostic is feasible, and we recommend further research

and development leading to implementation on CIT.



INTRODUCTION
Alpha particles (He++ ions) produced in the d-t fusion reaction
d +t - He T(3.5 MeV) + n(14.1 MeV) (1)

are born at an energy of 3.5 MeV, or 880 keV/u in the center of mass. Most
are trapped in the magnetic field confining the plasma and slow down by
interaction with plasma ions and electrons, thereby heating the plasma. The
plasma is called "ignited" when the alpha particles produced by the d-t fusion
reaction provide sufficient heat to the plasma to sustain the reaction, i.e.,
a "burning" plasma. ¢

A new generation of tokamaks is being planned in which a primary objective
is to achieve ignition. An essential diagnostic 15 measurement of the
spatial, temporal, and velocity distribution of the fast alpha particles as
they slow down, to ascertain whether they slow down classically or by some

other energy-loss mechanism, and to answer questions concerning alpha-particle
confinement and efficiency of alpha-particle heating.

Alpha particles will have a distribution of velocities as they slow down.
Most of them will be confined by the magnetic %1e1d of the tokamak, while some
will escape. The energy distribution of escaping alpha particles can be
measured relatively easily; however, this does not characterize the confined
alpha-particle distribution. Neutrons from the d-t reaction (1) will not be
confined, but their spatial and energy distribution can be used to describe
only the thermalization and confinement of the reactants. Measurement of the
energy distribution of the alpha particles which are confined will be very
useful in determining how well their energy is coupled to the bulk of the

plasma. We address here methods of detecting fast confined alpha particles.



Development of a diagnostic method for fast confined alpha particles is
difficult because of the high energy of the alpha particles and because of the
minimal access to and large background emission from a burning-plasma
reactor. Parameters for the current United States project, CIT (Compact

Ignition Tokamak) include electron and ion densities of the order of 3.5 x

10]4 cm—3, electron and ion temperatures greater than 10 keV, alpha-particile

density of 3 x 103 ¢p3

, and minor radius of 55 cm with an elongation of 2.
CIT will be small and compact, with limited access for diagnostics. The
burning plasma will generate a considerable flux of neutrons and photons, and
neutron activation of materials will require remote-handling capability for
materials and equipment located within the neutron shielding.

The topic of alpha-particle diagnostics and related atomic-physics issues
has been recently reviewed by members of the Princeton Plasma Physics group
(Post, Zweben, Grisham, and Fonck)]—S, by Schumacher,4 and by Schlachter and
Cooper,5 and alpha-particle effects were the topic by a recent workshop.6
Background information is discussed in important articles by Post, Grisham,

1,8

and co-workers at PPPL, by partipants in the NYU workshop,6 and in work

from Nagoya.g’]0
A variety of diagnostic methods has been proposeds; these methods include

laser techniques (e.g., small-angle CO,-laser Thomson scattering), microwave

2
techniques (e.g., lower-hybrid-wave damping, ion-cyclotron emission), nuclear
reactions (gamma—ray'emission), pellet injection, and charge transfer with an
energetic beam of atoms injected into the plasma.

The neutral-beam-based methods considered for a diagnostic for fast

confined alpha particles are



a)’ single-electron capture by the fast alpha particles, He++, from an
energetic neutral beam injected into the plasma to serve as a charge-
transfer target (charée—exchange recombination spectroscopy, or
CHERS), leading to emission of a photon from excited states of He+:

¥
He++ + X He' (ne) + [X+] > Het + ho + [x*]; (2) *

(b) two-electron capture by the fast alpha particles, He++, from an
energetic neutral beam injected into the plasma, creating a fast He
atom which, being neutral, can escape the confining magnetic field:

l-le++ + X ~» He° + [x**]; and (3)

(c) nuclear methods, in which the alpha particle interacts with target
nuclei which are introduced into the plasma, resulting in emission of
a gamma ray.]]
Non-beam-based methods for alpha-particle diagnostics have also been propoged,
as well as diagnostics on the neutrons which are;also emitted in the d-t
reaction. Methods (a) and (b) have been discussed by Post et al.,a while an
implementation of method (b) using a Lio beam has been discussed by Grisham et
a1.7 and, using a He® beam, by Sasao and Sato.g
Methods (a) and (b) are shown schematically in Fig. 1 for possible
candidates for the target beam: H® for reaction (2) and He® for reaction (3). “
Cross sections for reactions (2) and (3) are shown in Fig. 2. As Post et al.
have discussed,8 the cross sections for the reactions shown in Fig. 2 are

small for high velocities, and thus the diagnostic method has velocity



selectivity, i.e., fast alpha particles interact essentially only with
injected target atoms of about the same velocity (magnitude and direction).
varying the velocity of the injected target beam will allow measurement of
the velocity distribution of the fast alpha particles.

We are concerned primarily with the feasibility of a neutral-beam
diagnostic for fast confined alpha particles for CIT. The CIT parameters we

have used are shown in Table I.

Table I. CIT Parameters

minor radius: 55 ¢m
elongation: 2
effective vertical path length 200 cm
n.: 3.5 x 100% cm3
! 14 -3
Ne® 4.7 x 10" cm
Zeff: 1.5 (carbon impurity)
vertical-access ports: 5-cm diameter, 5-m separation
13 -3
n,: 3 x 107 cm
T. =T 10 keV
i e

The geometry we have assumed is shown in Fig. 2.
Quantitative analysis is given for the 2-electron-capture method, which we

find to be very promising.



DESCRIPTION OF SINGLE-ELECTRON CAPTURE TO FORM He+(nl) FOLLOWED BY PHOTON
EMISSION (CHERS)

The method of single-electron capture by a fast confined alpha particle
from a neutral atomic beam injected to serve as a charge-transfer target is a
form of charge-exchange recombination spectroscopy (CHERS).]2 Most of the He+
formed by electron capture will be in an excited state, He+(n1), where ng
refers to the quantum numbers of the state (n>1), and will therefore decay
radiatively with emission of a photon from the et spectrum, which can be
detected outside the plasma. This approach has been described by Post et al;a

The neutral beam serving as a charge-transfer target must have a
velocity close to that of the alpha particles to be detected in order to be
useful, because the cross section for electron capture is appreciable only at
small relative velocities. For example, Fig. 3 shows estimated cross sections
for reaction 2 using a fast H° beam, which is presently being developed at LBL

2+

and elsewhere. The cross sections for He®' + H® - He+(nQ) were estimated by

comparing calculations by R. E. Olson]3 with measured cross sections for

electron capture into all states of He+ and into the He+(2$) sta’ce.]4 The
accuracy of these estimated cross sections is, at best, a factor of 2, and
could be considerably worse. Electron capture into the n=2 state predominates
because the reaction is accidentally resonant for collision with a
ground-state H° atom. The Hé+(n=2) state decays radiatively with the emission
of a photon at 304 A, well into the vacuum ultraviolet spectral region. The
estimated cross section for formation of He+(n=3) shows a broad peak at higher
energy than the cross section for formation of He+(n=2), and lower in

magnitude by approximately a factor of ten. The estimated cross sections for

formation of He+(n=4) and He+(n=5) are less by approximately another factor of

<



2 and 4, respectively, than the He+(n=3) cross section. The He+(n=3) Tevel
decays radiatively with the emission of a photon at 1640 R, for which
refractive optics are useable; the He+(n=4+3) transition is in the visible
(blue) spectral range at 4686 A. These transitions are shown in Fig. 4.
Note that the He' spectrum is the same as the H® spectrum, but with energies
higher by a factor of 4; e.g., He+(4+2) radiates at the same energy as
H°(2+1), which is Lyman-alpha for H atoms.

The photons radiated by He+(n!) will be Doppler-shifted because of the
ion motion, and can thus be distinguished from radiation by slow He+ ions
which originate in the plasma along the line of sight. The photons are,
however, emitted isotropically, and only a small fraction can be observed
because of constraints imposed by limited access. Mirror and refractive
optics can be used for He+(n=3+2) radiation at 1640 R; high-reflectivity
multi-layer mirrors, which are fabricated at LBL and elsewhere, could be used
for He+ (n=2-1) radiation at 304 R. The estimated spectral density for
reasonable target-beam parameters in either case is estimated to be smaller
than the bremsstrahlung background from the plasma, so that some
signhal-processing techniques will be needed.]6 The collecting mirror or lens
will be exposed to an intense x-ray and neutron flux, so that radiation
hardening will be a consideration in the design of a diagnostic system.

A beam of Li® or of a heavier species can be used as a charge~transfef
target, giving a greater yield of He+(n=3) than would a beam of H°. However,
He+(n&) must radiate before being collisionally ionized, which 1imits the
usefulness of He+(n) states with large values on n. Finally, the intense
magnetic field of CIT (10 Tesla) will cause changes in state lifetimes, state

populations, and decay rates, which must be taken into account.



DESCRIPTION OF TWO-ELECTRON CAPTURE TO FORM Heo
A fast alpha particle which captures 2 electrons from a target atom will
become a fast neutral He atom, which has some likehood of traversing the
plasma and, being neutral, will escape the confining magnetic field, where it
can be rejonized and energy analyzed, or otherwise detected. This approach
has been described by Grisham et a1,7 who proposed the use of a fast Lio beam
as the injected charge-transfer target. The cross section for 2-electron

14,15,17-21 from various target atoms in collision with He++ is shown

transfer
in Fig. 5; it is appreciable only at small relative velocities, hence the
injected target beam must have a specific energy of the order of 880 keV/u to
interact with alpha particles at their birth velocity.

Attenuation of the probe beam by ionizing collisions as it passes
through the plasma is an important consideration, as is attenuation by
jonization of the Heo beam (neutralized alpha particles) traversing the plasma
after the 2-electron-capture collision. The latter depends upon the state of
the He® atoms; any state other than the ground (ls)2 ]S state is likely to be
reionized in traversing the remaining plasma. However, it is likely that most

13 These topics are further

of the He® beam will be in the ground state.
discussed in later sections.

The choice of a probe beam for two-electron transfer is dictated partly
by the requirement that the beam velocity be approximately equal to the birth
velocity of the alpha particles. Thus use of a heavy atom would require a
high energy to achieve the necessary velocity. Atomic hydrogen only has one

electron, and is thus not a candidate. Potential candidates include Heo, Lio,

Hg, and other neutral species. As will be discussed in later sections, the

penetration of Li® into a CIT plasma is poor. He® is an excellent candidate;



the well-known difficulty of producing fast ground-state He® is discussed
below.

The fast atoms that exit the plasma (both neutralized alpha particles
and un-reacted He atoms if He0 is used as the probe beam) can be reionized and
mass and energy analyzed, to discriminate against other ions and atoms which
are emitted by the plasma. 3He° can be injected to distinguish neutralized
alpha particles from injected helium atoms. Although the cross section for
two-electron transfer is 1 to 2 orders of magnitude smalier than that for
one-electron transfer to He+(n=2), essentially all the He® (neutralized alpha
particles) which are not first reionized will exit the plasma in the direction
of the incident target beam, compared with the isotropic emission of photons
and the small solid angle of detection for the case of radiating He+(n=2), S0
a large signal can be obtained. Background is expected to be very small, as
there are few other sources of fast He ions or atoms. (Although the d-d

X ++ . .
reaction does produce 3He , the cross section is small).

QUANTITATIVE DISCUSSION OF TWO-ELECTRON-CAPTURE DIAGNOSTIC

We have focussed our attention on the two-electron-transfer method to
avoid two problems with the one-electron-transfer (CHERS) method: (1) having
to look directly at the plasma, i.e., having a mirror exposed to the intense
radiation flux from the plasma, and (2) having to separate the signal,
consisting of photons emitted by He+(nﬁ), from background, especially that due
to bremsstrahlung. This is not to say that CHERS is not possible on CIT, only
‘that it appears to be difficult. The CHERS method does have the considerable
advantage, however, of being able to use a large port along the horizontal
(narrow) dimension of the plasma: if the neutral beam is injected from the top

or bottom through a small port, it needs to penetrate ~100 cm of plasma (not



200 cm, as in the two-electron-transfer case). The photon emission viewed at
right angles to the target beam will give positional as well as energy
information about the alpha-particle distribution. The other choice would be
to inject the neutral beam through a large horizontal port, traversing only

50 cm of plasma, with a large improvement in beam penetration, but with photon
viewing constrained to a small solid angle through small vertical port. We
suggest that CHERS be studied further, along with study of an optical system
that allows photon measurement at 304, 1640, or 4686 R consistent with the
level of radiation expected from the plasma.

Discussion of the two-electron-transfer method can be divided into parts:
production of the neutral probe beam, penetration of this beam into the
plasma, the two-electron charge-transfer process, survival of the fast He0
(neutralized alpha particle) beam as it exits the plasma, and reionization and
detection of the fast He®. The fast He® beam exiting the plasma will be
reionized in a gas or foil and detected after mass analysis; signal level
father than signal/noise will be of primary concern, as the detectors can be
very well shielded, hence the noise level is expected to be low. This topic

should be further studied.

TARGET BEAM SELECTION FOR TWO-ELECTRON-CAPTURE DIAGNOSTIC
We have assumed that the probe beam should be a neutral atomic or
molecular beam of a relatively light species, because a specific energy of 880
keV/u (birth velocity of an alpha particle) corresponds to an unreasonably
high energy for heavier species. The choices we have considered primarily are,
o ,.0

9 Li~, and other neutral atoms ranging in mass from c® to K°. The

cutoff at 39 amu is arbitrary; however, 880 keV/u requires an energy of 34 MeV

He®, H

- 10 -~



for K, and no compelling advantage is apparent for using a heavier (hence
higher energy) species.

We have considered the possibility of using a singly charged heavy ion as
a probe; however, the mass required to have a sufficiently large radius of
curvature in the 10T field of CIT for a reduced energy of 880 keV/u is
probably prohibitive. An ion of mass 74 (around As) or greater would be
required for a radius of curvature greater than 100 cm, which corresponds to
an energy of at least 65 MeV.

An intense energetic beam of neutral atoms or molecules can be produced by
starting with a beam of ions from a suitable ijon source. The beam is
accelerated to a specific energy of the'order of 880 keV/u, and then
neutralized. Energetic beams of most species can be efficiently produced by
neutralization of negative ions, e.g., energetic H® and Li° are be produced
from H and Li . However, this is not the case for several species, which

either do not exist as a negative ion (e.g., N does not seem to exist, and HE

3
ground) state of He® is the primary product of neutralization of He in a

and H., do not exist), or, in the case of Heo, a metastable (rather than

gas. Molecular neutrals can be produced from positive molecular ions, e.g., a

0
2

ground-state) He® can be produced by breakup of HeH+ or He; (or perhaps Hez).

beam of H_, can be produced by breakup of H;, and a beam of (presumably

These are not the only possibilities; one can imagine various long-chain
molecular ions which can be dissociated in a gas target to produce useful
neutral particles. He-containing molecular ions other than Hent might be more
efficient for producing Heo; this topic should be further explored.

The problem of producing a beam of fast ground-state He atoms is now well

22

known. He exists in the metastable (15252p)4PJ quartet state, in which all

three electron spins are aligned. Neutralization by a collision in a gas

- 11 -



leads primarily to the (1525)35 metastabie state of Heo, which, being only
4 eV from ionization, would have very poor penetration into a CIT plasma.
Sasao and Sato9 have proposed letting He autoionize (the J = 1/2 and 3/2
states have lifetimes of the order of 20 us); a He beam at 880 keV/u (1.3 x
10g cm/s) would travel 260 m in one e-folding length, which might be too long
for reasonable application.

We have made estimates of the formation of Hg from breakup of H; and of
He° from breakup of HeH+ at an energy giving the product (Hg or Heo) with a
specific energy in the range 400 to 1000 keV/u; we used cross section523’24
for the relevant processes which are either known or can be estimated by
extrapolation. The fraction of neutral products does not change rapidly with
energy over this range. We have calculated the fraction of He0 produced by
breakup of 5-MeV HeH' in HZ’ yielding 1 MeV/u Heo; charge-state fractions as a
function of target thickness are shown in Fig. 6. An optimal fraction of 3% is

+

obtained. H, production for 3-MeV H3 in H2 is shown in Fig. 7; the yield of

2
1-MeV/u Hg is 4%. Although these yields are relatively small, the advantage
is that positive ions are accelerated, which can be produced in copious
quantities. Results are shown in both cases for an H2 target, as this choice
gives the best results of targets studied to date; additional targets should
be considered.

We have experimentally tested the possibility of producing large fluxes of
HeH+ by running a mixture of He and H2 in a volume-production ion source used
for research on production of intense H beams. The preliminary resdlt,zs
which we have not optimized, is that about 10% of the positive-ion output of
this source is HeH+. We expect to produce about 25 mA/cm2 of HeH+ (10% of a
total current density of 250 mA/cm2 at the source), which will yield

approximately 1 mA/cm2 of Heo, again referred to the plasma source.

- 12 -



An ion source can be optimized to produce H§ by operation at high
pressures. We expect to produce about 125 mA/cm2 H; (250 mA/cm2 total beam,
of which 50% is H;), which will yield approximately 4 mA/cm2 of Hg referred to
the source.

We highly recommend further studies of novel methods of producing fast Heo
atoms, e.g., by dissociation of fast He; and even of He;, neither of which has
been studied. The ground-state fraction of He° should also be studied for
each of these cases. Additionally, the brightness of a source to produce
these molecular species should be measured.

Fast atoms of many species can be produced by neutralization of fast
negative ions. The formation by charge transfer of negative ions of heavy
species has been reviewed by Sch1achter.26 Furthermore, many negative ions,
e.g., Li , can be formed in volume-production sources.27 We expect that a
current density of negative ions of 10 mA/cm2 can be obtained,28 and that the
negative ions can be neutralized with 40-50% efficiency,29 giving 5 mA/cm2
(equivalent) atom flux density referred to the source.

The maximum neutral beam which can be injected into CIT through a
5-cm-diameter vertical port and exit through another 5-cm-diameter port 500 cm
across the machine (Fig. 2) is determined by this port geometry, by the
brightness of the ion source, by the accelerator optics, and by the current-
handling capability of the accelerator. We have estimated in the preceeding
paragraphs the equivalent current for various species which can be obtained.-
The brightness of high-intensity sources of H+, HeH+, and Li+ is not known; we
can, however, estimate brightness by analogy to H™ qon sources; a well-
designed ion source can produce a beam with 0.5 degree divergence at 100 keV.

Brightness is conserved in acceleration in the absence of aberrations, and

- 13 -



the beam area multiplied by the square of the divergence angle scales
inversely as the square of the velocity. The port geometry imposes an angle
of 0.01 radian maximum (0.50). An accelerated beam which completely
illuminates the entrance and exit ports described above, focussed to a waist
in the center of CIT, will allow ions to be produced over a maximum source
area of 600 cm2 for a 3-MeV beam (600-keV/u HeH+, 1-MeV/u H;). An

jon source with 600 cm2 area could produce an equivalent atom current
greater than 450 mA for He0 or 3000 mA for Hg or Lio (see Table II).

If we pick 100 mA as a reasonable ion current to be accelerated, we can
calculate the appropriate area of the ion source, which will be considerably
less than the 600 cm2 allowed by the accelerator optics. We are thus not
1imited by jon-source performance but by the current-carrying capacity of the
accelerator. Table II shows the estimated fast-atom flux which will obtained
for 100 mA of accelerated ion current; X refers to any species for which

negative jons can be produced.

Table II. Flux of fast atoms obtained for 100 mA of accelerated ion current

jon

accelerated current neutral equivalent flux for

species densitx yield atom current density 100 mA ion current
(mA/cme) (mA/cm?) (particles/s)

HeH™ 25 3% He® 0.75 2x10'°

Hy 125 4% 5 2x10'°

Li~ 10 50% Li° 5 ax10"’

X 10 (30-50)% x° 3-5 (2-3)x10""

-14-



BEAM PENETRATION INTO A CIT PLASMA

A portion of a beam of neutral atoms or molecules injected into CIT will
be ionized, and thus lost for diagnostic purposes. Fast helium atoms produced
by two-electron capture (neutralized alpha particles) also will be subject to
jonization along the path from their place of birth to their exit from the
‘plasma. We have therefore determined effective cross sections for ionization
of candidate neutral beams and neutralized alpha particles in a CIT plasma.

A comprehensive computer code (HEXNB) is available for calculating
penetration of an H-atom beam into a plasma. A copy of this code, originally
written at PPPL, was kindly furnished to us by Ed Synakowski and Roger
Bengtson of the University of Texas; Doug Post of PPPL has supplied
documentation,30 and Chuck Boley, now at LLNL, provided a cosmetically
improved version of the same code, called HEX, along with a fast code to
calculate cross sections from fits to results of the HEX code, called FIT44.

We used these codes to calculate penetration of H® into a CIT plasma for a
variety of conditions, concentrating primarily on a Zeff=1.5 plasma containing
carbon as the impurity, for H° energies in the range of 250-880 keV. The code
optionally includes multi-step processes, i.e., excitation of H® to an excited
state in one collision, followed by ionization from this state in a second
collision. We also investigated the effect of assuming a parabolic or
square-root of parabolic dependence for plasma density and temperature; the
results for a slab and profiled plasma were similar to within several percent,
hence all further calculations were done for a slab plasma.

We are not aware of the existence of a comprehensive beam penetration code
valid at high energies (up to 1 MeV/u) for species other than H°; a

comprehensive code should include effects due to both plasma impurities and

- 15 -



multi-step processes. However, we can estimate beam penetration for species
other than H°, because at high energies, i.e., above a few hundred keV/u,
jonization is due predominately to collisions of the fast atoms with the
10-keV H+, D+, or T+ in the plasma; the electrons in a hot (10-keV) plasma are
moving too fast to efficiently ionize the injected atoms. Cross sections:”.38
for ionization of various atoms and molecules by protons are generally known
either experimentally or theoretically; examples are shown in Fig. 8. In some
cases, where they are not known, the cross sections can be approximated by
electron-ionization cross sections, because at high velocities, the cross
section for ionization by protons and electrons is the same at the same
velocity. We can therefore obtain an approximate ionization cross section by
using the proton (or electron at the same velocity) ionization cross section.
The effective beam-ionizing cross section in a plasma will be underestimated
due to neglect of additional processes: (1) jonization by the electrons in the
plasma (a small effect at beam energies of interest); (2) ionization by
impurities in a Zeff = 1.5 plasma, which has a larger effect; and (3) enhanced
ionization due to multistep processes, which increases in importance for high
beam energies and high Zeff.39 In order to estimate the effect on beam
penetration of the latter two processes, we have scaled proton ionization
cross sections by ratios appropriate for an H® beam injected into the same
plasma, obtained by use of the HEX codes. Although this procedure is only
approximate, it is sufficiently accurate for the purpose of determining
feasibility of a given beam for use as a probe. A comprehensive code for a

given atom species could be written, but this too would contain

approximations, since many of the needed cross sections are not known.

- 16 -



We have studied the case of H°—atom penetration into a plasma both because
this case is of interest for CHERS and because of the existence of the HEX
code. We show in Fig. 9 beam penetration for various values of Zeff’ mainly
 for C as an impurity, and, for Zeff = 1.5 (C impurity), compare direct
jonization of the fast H° with ionization including multistep processes. The
effect of including multistep processes is to reduce the 1/e length for beam
penetration by a factor of two, essentially independent of energy, for the
energy range shown. The effect of the Zeff = 1.5 (C) is to increase cross
sections by a factor of 1.4.

We note that the HEX code we are using does not give exactly the
penetration length we would expect for the case we checked, i.e., 750-keV T
energy for a Zeff = 1 plasma (no impurities), t. = te = 10 keV, and no

i
~-17 cm2

excitation . The code gives a stopping cross section of 3.2 x 10
while the experimental proton-ionizatidn cross section is 2.5 x 10—]7cm2. At
this high energy we expect most the stopping to come from proton ionization
(for no impurities), hence we would expect to obtain approximately the
experimental cross section. We have not calculated the contribution of the
low-energy tail of the electron-energy distribution. The documentation we
have for the code explains that the cross section used has been "improved" at
high energies by scaling to the experimental cross section. This discrepancy
deserves further attention.

We have calculated the penetration of species other than H® into a CIT
plasma. The stopping cross section (or penetration length) is estimated by
taking the experimental cross section for proton jonization of the neutral
atom (Fig. 8), multiplying by 2.0 to estimate the effect of multistep

processes, then multiplying by 1.4 to include the effect of the C impurities
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in the Ze = 1.5 plasma. Thevovera11 factor for estimating beam penetration

ff
from proton-ionization cross sections is therefore 2.8 (2.0 * 1.4). Results
for penetration to the center of the plasma (100 cm) or totally through the
plasma vertically (200 cm) are shown in Fig. 10. For examp]e, the fraction of
incident Heo beam which will exit the plasma after traversing the entire

200 cm is 6 x 10°F at 500 keV/u and 7 x 10™° at 880 keV/u. Although this

might not appear promising, it is sufficient to obtain a useful signal for a

reasonable incident beam.

CHARGE-TRANSFER CALCULATION
The calculatfon of the charge-transfer rate between injected fast atoms in
the probe beam and alpha particies in CIT requires two-electron-transfer cross
sections for He++ at low energies, shown in Fig. 5 fdr various species, and an

estimate of the alpha-particle energy density distribution, for which we used
a spatially isotropic distribution with a total density of 3 x 10]3 cm—3. We
have taken, for the purposes of estimating signal intensity expected, a

classical velocity-distribution function,7’8

v—3. Measurement of the velocity-distribution function, along with its

shown in Fig. 11, which varies as

spatial and temporal characteristics, is the purpose of the diagnostic.

We can only sample alpha particles whose direction of motion allows them
to exit a 5-cm-diameter port located approximately 250 cm from the center of
the plasma (Fig. 2); we are thus limited to detecting alpha particles whose
direction of motion is within 0.01 radian (0.57°) relative to the axis of the
injected diagnostic beam. Zero-degree observation, imposed by CIT port
geometry, does not allow spatially-resolved measurement. If other port
locations or an elongated port can be considered, we can extend the
calculation to determine the degree of spatial resolution which can be

obtained.
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A curious feature of the integration over velocity (relative velocity of
the target beam and alpha particles) is that the effective target length is
found to be a function of relative velocity. At zero relative velocity there
is no charge transfer, because, in this idealized model, the particles move
parallel and at the same speed, and thus do not interact.

Let Vr be the speed of the injected diagnostic beam relative to plasma

alpha particles (vr = (v2 + vg - 2vvbcose)]/2

, for alpha-particle velocity v,
beam velocity Vi and angle of encounter 0), and let L be the total length of
the plasma probed by the beam. Then the interaction time t = L/vb and the
effective reaction length is Vrt = L Vr/vb' We have assumed that the input
and output ports are 5-cm diameter, and. the distance to the center of the
plasma is ~ 250 cm, which 1imits the beam and neutralized alpha particle
divergehces to ~ 10.01‘radian. Thus the volume of velocity space probed will

be approximately (0.0])2/4« and the relative speed Ve = (v2 + vg -2 vy cos

e)1/2

becomes just Ve = lv - vbl. Hence for a velocity distribution f(v)
with a total alpha-particle density n and isotropic velocity vectors, the

total alpha particles neutralized in length L is

L 0.0001 (4)
n b vy r Vr

o
S
a

for sufficiently small L (neglecting attenuation).

The injected neutral atom beam as well as the neutralized alpha particies
will be highly attenuated by ionization in the plasma. Let Ib(x) = Ioe 17,

where A, is the attenuation constant of the input beam, and let

]
;xz(L—x)

Ia(x) = Ine be the observed intensity at the output, where xz
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is the He® attenuation constant for the neutralized alpha particules. 1In this

case,

Vb * Vrmax

A x o sh(lx) V
J' e' e VL o(v)N 0.000f f(v) dvdx (5)
b
= Vr max

L
L v) =1, J

Vb

where Vr max is determined by the relative velocity above which the magnitude
of °(Vr) is negligibly small. We have used the velocity which corresponds to
100 keV/u for our examples (see Fig. 5). For the special case where x] =

Ay which is the case for an injected He® beam, and for a small

alpha-particle velocity range about Vys we obtain

Ve 0.000! (6)
©— = L == o()N f(v)

bo "~ Vp 4r

bo
velocity range about Vs kz must be varied to account for the dependence of
attenuation on the exit velocity of the neutralized alpha particles.)

where I, s the fraction of He® beam exiting the plasma. (For a larger

Since the velocity vectors are essentially parallel, we can rewrite the
equation in terms of energy (including the energy-dependent beam and He0

attenuation constants, A = x]L and Aa = sz),

b

| E (7
o r 0.0001

- — o) N f(E) * Atn(E

l, E, r . (E) (E)

where Atn(E) = exp(—Aa)/(Aa - Ab) X (exp(Aa - Ab) - 1) and where we have
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replaced the velocities by energies with the same subscript. The value Er is
related to E by the square root, i.e., Er = ( /—_-VE;)Z. Thus for an Er
range of + 100 keV/u, the corresponding range of E is Eb - 430 < E < Eb +
630 keV/u for E,_ = 700 keV/u.

b

We have chosen a velocity distribution function for the alpha partic]es7’8

(Fig. 11) that decrease as l§ or -%—g , which merges at low energy with an
v E -

arbitrarily chosen low-energy (thermal) population of ~ 20-keV width, and

which merges at high energy, with an alpha-particle source at 880 keV/u having

a thermal width of 100 keV/u. 1In energy terms this function is

105'° | erf(,/880 JE) (8)

N
NF(E) = — - ;N "~~~ ¥ -
( ) No 1051.5 + E1.5 100 K

where the total alpha-particle density, N, is taken as 3 x 10]3 cm—3,

K = E/vz, £ is the alpha-particle specific energy (in keV/u), and v is
velocity in cm/s. The constant 105 determines the area df merging with the

thermal population and N0 is the normalizing factor. The second part of the

expression,

(9)

ot LAE) . [ o | (fEE0 ) | o

100 K 100 K

is the integral of the thermal distribution of the alpha particles at birth.

This expression was evaluated in ¥ 10 keV/u steps and the results interpolated
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for the calculations. Figure 11 shows this distribution as a function of

alpha-particle velocity. Also shown in Fig. 11 is a distribution function
which assumes an anomalous loss of fast alpha particles. This distribution is

similar to the ad-hoc non-classical distribution of Ref. 8. It is produced by

taking the distribution of Eqn. 8 and multiplying by the factor (556)2.
Simulated data using these two distribution is shown in Figs. 15 and 16, which
are discussed later.

Figure 12 shows the neutralized alpha-particle signal (counts/s) to be
seen in a 0.01-radian cone for a probe beam of neutral He, H2, or Li, at 700

keV/u. The relative electrdn—capture cross section o, for the probe beam

20
colliding with He++ causes the low signal at the high- and low-energy extremes
(+ 100 keV/u relative energy) while the dip in the middle is caused by the
factor |vb—v| in the effective target length (related to the "reaction
density" in Ref. 7). A portion of the distribution function F(E) can be

determined by inverting Eq. (7),

(S E, ~(10)
N F(E) = — 50001 = ! Lo(E)/An(E)

I
r

and by evaluating it at each value of £ for which data can be obtained (values
of E= (VE, + VE)? and (VE, - VE)).

The total signal can be calculated by use of the data in the proceeding
paragraphs. A He® probe beam (see Fig. 12) will provide greater signal than a

Lio or Hg probe beam, because of the larger two-electron-capture cross section

++ . ++ . .
for He in He relative to He in Li or H,, and because considerably more

2!
(Fig. 10) of a He® diagnostic beam penetrates in the CIT plasma than does a

Lio or Hg beam. However, more intense beams of Lio than He0 can be produced.

These factors are combined in Tables III through V, which show the total
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Table ITI. He© signal exiting the plasma for a He® probe beam (100 mA HeH*
~accelerated current, giving an incident He® flux of 2x1016 particles/s).

He® Total He®
Probe-beam attenuation signal exiting

Energy factor (200-cm the plasma

path length — (particles/s)
900 keV/u 8.3x107° 2.2x10
800 5.5x107> 1.9x10"
600 1.7x1073 1.4x10
400 2.1x107% 5.8x10°

Table IV. HeO signal exiting the plasma for a Li% probe beam (100 mA Li~
accelerated current, giying an incident Li® flux of 3xi0!/ particles/s).

Lio HeO Total He®
Probe- attenuation attenuation signal
beam factor (200-cm factor (200-cm exiting
energy path length) path length the plasma
_ (particles/s)
-5 -3 6
900keV/u: 6.6x10 8.3x10 6.9x10
800 2.5%107° 5.5x10 72 4.4x10°
600 1.5x107° 1.7%1073 5.4x10°
400 7.3x107° 2.1x107% 4.2x10°

Table V. He® signal exiting the plasma for a H9 probe beam (100 mA H}
accelerated current, giving an incident H9 flux of 2x1016 particles/s).

H9 He© Total He®
Probe~ attenuation attenuation signal
beam factor (200-cm factor(200-cm exiting
energy path length) path length) the plasma
' (particles/s)
' -4 -3 5
900keV/u 1.0x10 8.3x10 9.4x10
800 4.0x107° 5.5%10 6.0x10°
600 2.7x107° 1.7x1073 7.2x10°
-8 4 5.0x10°

400 1.7x10 2.1x10
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neutralized alpha-particle signal produced within 100 keV/u relative to the

probe-beam energy for He°, Li®

, and Hg probe beams. The attenuation factors
for the probe beam and the neutral Heo beam due to ionization in thé plasma
are taken from Fig. 10, and the incident flux for 100 mA of accelerated ion
current from Table II. The signals are calculated as in Eq. 7, using a 200-cm
path length. The attenuation factors shown are for the probe beam energy;
however, the total signal is calculated for the full energy range of the
exiting signal. The total He® signal exiting the target, for a He® probe beam
produced from 100 mA of accelerated HeH+, is of the order of 1x107
particles/s. This is sufficient to obtain an acceptable number of counts,

1x104, in 1 ms, so that reasonable time resolution can be obtained.

RESULTS OF CHARGE-TRANSFER CALCULATION

~ Beams of Hg and Li° do not penetrate the plasma sufficiently well to probe
the center of CIT; most charge transfer with a Li® or H2 probe beam will take
place near the entrance to CIT. A more complete calculation of the He®
(neutralized alpha particle) signal for a probe beam other than He® shows
that, for a beam which attenuates faster than Heo, e.qg., Lio, most of this
signal comes from charge transfer which takes place near the entrance of the
probe beam into the plasma (i.e., before the probe beam has signifitantly
attenuated). This could provide crude information on the spatial distribution
of alpha particles in the plasma. Figure 13 shows the signal as a function of
the location of the charge transfer in the plasma, for a 700-keV Li® probe
beam. At any He° exit energy, more than 40% of the signal comes from the

first 10% of the plasma penetrated by the beam (curve labelled 1) while only a

fraction of 1% arises from the 10% of the plasma closest to the probe-beam
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exit. Thus information about the alpha-particle distribution near the edge of
the plasma could be obtained by use of a Li° probe beam. Figure 14 shows a
similar set of curves for a He0 probe beam. The largest signal comes from the
last 10% for the low-energy side of the figure while the high-energy side
shows a relationship similar to the curves for a Li® probe beam. The reason
is that the beam is attenuated less than the signal for signal energies less
than the.beam energy, and the reverse for signal energies greater than the
beam energy. Note that with no attenuation, all the curves would be the

same. These results are for slab plasma; the beam will probe somewhat further
into a plasma with a parabolic density profile.

Overlapping results for several probe-beam energies can be used to
determine the alpha-particle velocity distribution function over a fairly
large range. Results shown in Figs. 15 and 16 are for 3He° probe-beams at
400, 500, 600, 700, 800, and 900 keV/u specific energy. Shown are the flux of
neutralized alpha particles exiting the plasma in counts/s per 5-keV/u energy
bin, relative to the incident beam energy +100 keV/u, for 100 mA of
accelerated HeH'. The figures include attenuation of the incident 3He° and
exiting 4He0 for vertical passage through a CIT plasma, and are calculated
using the distribution functions shown in Fig. 11. The simulated data shown

in Fig. 15 correspond to the classical distribution of Equ. 8, which varies

as %3 over most of its width; Fig. 16 shows data which would result from the
anomalous losses assumed in the non-classical distribution. The two distri-
bution functions are clearly distinguishable by comparison of the energy
dependence of the data. A large portion of the true distribution function
could be determined by inverting data such as these, using measurements at

several probe-beam energies.
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Two-electron capture from a He-atom probe beam by the fast a]bha—partic]es
in an ignited CIT plasma presents a feasible method for determining the energy
distribution of the slowing-down alpha-particles integrated along a chord in
the direction along the probe-beam path with a time resolution of the order of
T ms. Limited information about the spatial distribution of alpha particles
may be determinable through the use of a probe beam which attenuates faster
than He®. This determination might be better made with optical methods in
concert with the two-electron-capture method. The same He® probe beam which
serves as a target for two-electron capture will serve as a target for
one-electron capture, and CHERS measurements could be made through a
horizontal part at the same time as the two-electron-capture measurements are
made through vertical ports. Limited spatially-resolved information could be

obtained by using appropriate access-port geometry.

REIONIZATION AND DETECTION OF FAST He°

The fast 4He° (neutralized alpha particles) atoms exiting the plasma can

4He++

be reijonized to 4He+ in a gas target, or to in a thicker gas target or
foil; with an efficiency of the order of 90% for: producing He++. These ions
can be separated from reionized 3He probe atoms by an energy selector; the
4He ions will be detected with a surface-barrier or other single- particle
detector, while the 3He ions will be detected by a Faraday cup or a
surface-barrier detector, depending on the intensity. The energy distribution
for the reionized 4He ions can be obtained from the energy resolution
inherent in the surface-barrier detector. Energy resolution may be improved
if necessary by use of a position-sensitive detector. A gas cell will be
essentially transparent to the intense neutron and gamma flux emitted by the
plasma, and thus unaffected, and the detectors, removed from line-of-sight of

the plasma, can be well shielded.
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CONCLUSION

A two-electron-capture diagnostic for fast confined alpha particlies in CIT
appears to be feasible. Appreciable signal will be obtained, allowing
measurement of the alpha-particle velocity distribution, with a trade-off
between time resolution and accelerated current. We recommend further
research leading to implementation on CIT. The best probe beam consists of
ground-state helium atoms, because of its good penetration into a CIT plasma
and large cross section for two-electron capture. A helium-atom beam can be
produced from HeH+, sufficient to allow time- and energy-resolved
measurements. The most important subject for research is production of a fast
He® atom beam, with topics to include optimization of source performance for
molecular-ion production, dissociation fraction at relevant energies, and
ground-state population. The fraction of He® atoms in the ground state,
produced by neutralization of alpha particles by two-electron capture from He,
should also be measured. Research leading to development of a variable-enerqgy

3

(5 MeV maximum for 4HeH+, or 4 MeV for HeH+ high~current accelerator should

be undertaken; consideration of the relationship between time resolution and
Heo flux in the probe beam will determine the current requirement of the
accelerator. Finally, our calculations should be further refined, and
relevant quantities measured where needed, especially concerning penetration
of a He beam into a plasma, to bring this diagnostic into sharper quantitive

focus.
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Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

CAPTIONS
Schematic diagram of neutral-beam diagnostic methods for fast
confined alpha-particles: one- and two-electron captufe.
Vertical-access geometry assumed for CIT.
Cross sections (in cmz) for single-electron capture of He++ + H to
form He+(n), estimated from calculations by R. E. Olson. Shown for
comparison (dashed line) are cross sections for two-electron capture
of He'" to form He®.
Energy-level diagram of He+, showing transition wavelengths in A.
Cross sections for capture of two electrons by He++ in collision with
various atoms and molecules.
Charge-state fractions as a function of target thickness for 5-MeV

HeH+ in H The yield of He® is about 3%.

9
Charge-state fractions as a function of target thickness for 3-MeV H;

0
2

target than for the system in Fig. 6).

in HZ' The yield of H, is about 4%. (Note the thinner optimum
Cross section for ionization of atoms and molecules by protons (or,
in some cases, by electrons at the same velocity as a proton). A
good candidate for penetration into a plasma will have a small cross
section.

Calculation of penetration of HO atoms into a plasma with Zeff shown
(for C or Fe impurity, indicated in parentheses). The 1/e length is
shown for a CIT plasma, i.e., a D-T plasma of jon density 5x10]4cm—3,
with Ti = Te = 10 keV. The length was calculated using the HEX code,

including multistep processes, except for the top line, for which

multistep (excitation) processes were not included.
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Fig. 10.
Fig. 11
Fig. 12
_Fig. 13
Fig. 14
Fig. 15
Fig. 16

Calculation of surviving fraction of atoms or molecules after
traversing to the center (100 cm) or totally across (200 cm) a CIT
plasma in a vertical plane. Plasma parameters assumed are density

14 -3
cm

5x10 , L

eff

= 1.5, with carbon as the impurity, T1 = Te = 10

keV.
Classical and non-classical alpha-particle velocity distribution

assumed for calculations of charge transfer.

(¢}

2 and Li° probe beams using the classical

Signal for 700-keV/u He°, H
distribution function.
Signal as a function of location of charge transfer in the plasma
(measured from entrance of probe beam) for 700-keV/u Li° probe beam.
Most of the He0 signal observed arises from charge transfer near the
edge (probe-beam entrance) of the plasma, because of rapid beam Li®
attenuation compared to He® attenuation in the plasma. The small
number 1 indicates signal arising from charge transfer in the first
10% of the path through the plasma, 2 indicates signal from the
second 10% of the plasma, and so on.

Same as Fig. 13, for 700-keV/u Heo probe beam. The small numbers
have the same meaning as in Fig. 13. Notice, however, that the
curves are inverted for the low-energy peak (see text).

4He° signal (counts/s) for a 3He° probe beam produced from 100 mA

3HeH+ beam, shown as a function of 4He° (neutralized alpha

3He0 probe-beam energies of 400, 500, 600,

particle) energy, for
700, 800, and 900 keV/u and the classical distribution function of
Eqn. 8. The signal shown is counts/s per 5-keV/u energy bin,
relative to the incident beam energy +100 keV/u. Attenuation of beam

and signal is included.

Same as Fig. 15, for the non-classical alpha-particle distribution.
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