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ABSTRACT

We have proposed using impurity injection to measure the energy distribution
of the fast confined alpha particles in a reacting plasma [R.K. Fisher et al., Fusion
Technol. 13, 536 (1988)]. The ablation cloud surrounding the injected pellet is
thick enough that an equilibrium fraction F§°(FE) of the incident alphas should be
neutralized as they pass through the cloud. By observing neutrals created in the
large spatial region of the cloud which is expected to be dominated by the helium-
like ionization state, e.g., Lit ions, we can determine the incident alpha distribution
dnyy 2+ /dE from the measured energy distribution of neutral helium atoms dny.0/dE
using dny o /dE = dny.2+ /dE - F§° (E, Lit).

Initial experiments were performed on TEXT in which we compared pellet pene-
tration with our impurity pellet ablation model [P.B. Parks et al., Nucl. Fusion 28, 477
(1988)], and measured the spatial distribution of various jonization states in carbon
pellet clouds [R.K. Fisher et al., Rev. Sci. Instrum. 81, 3196 (1990)]. Experiments
have recently begun on TFTR with the goal of measuring the alpha particle energy
distribution during D-T operation in 1993~94. A series of preliminary experiments
are planned to test the diagnostic concept. The first experiments will observe neutrals

from beam-injected deuterium ions and the high energy >He tail produced during ICH
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minority heating on TFTR interacting with the cloud. We will also monitor by line

radiation the charge state distributions in lithium, boron, and carbon clouds. Later

experiments are planned to measure the energy distribution of the 3.7 MeV alphas
created by 3He—D reactions during ICH minority heating. Observations of 3.7 MeV
alphas should allow single-particle alpha physics to be studied now and result in a
fully tested diagnostic prior to DT operation of TFTR.
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I. INTRODUCTION

Fusion ignition requires that the alpha particles created by deuterium-tritium
(D -T) reactions deposit a large fraction of their energy in the reacting plasma before
they are lost. Upcoming D-T experiments on TFTR and JET will give us the
first opportunity to study alpha particle confinement and slowing-down in a fusion
plasma. Measurements of the spatial profile of the fast confined alpha particle energy
distribution in a reacting plasma will be very difficult and is a high priority diagnostic
goal.

Several reviews and workshops have addressed alpha particle measurements.* ~*

Thomson scattering from the electron cloud surrounding the alphas has been proposed

88 and laser’ radiation. Based on the original proposal of Post

9,10

using microwave
et al.,® charge exchange recombination spectroscopy and charge exchange neutral
measurements!! have been proposed using injected neutral particle beams. Another
proposed approach uses the ion cyclotron emission near the cyclotron harmonics of
the alphas.!? All of these techniques have limitations and concerns associated with

them.

We have proposed using impurity pellet injection to provide a target for double
and sequential single charge xchange interactions of fast alpha particles with the
ablation cloud surrounding the pellet.}®'* By measuring the resultant helium neutrals
escaping from the plasma, this technique offers a direct measurement of the energy
distribution of the incident high-energy alphas. Since 1988, we have been developing
an alpha diagnostic based on this approach.
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I; CHOICE OF PELLET MATERIAL

Only low—-Z materials such as lithium, beryllium, boron, and carbon are of
interest in order to avoid causing too large an increase in the plasma radiation
losses. The lower the atomic charge Z, the larger the pellet that the plasma can
accommodate. The higher the heat of the ablation, the farther a given size pellet can
penetrate into a tokamak plasma. Because pellet penetration is an important issue,
our initial studies had emphasized carbon as the pellet material of choice due to its
very high heat of ablation (7.5 eV /atom). |

Recent TFTR experiments with lithium pellet injection have demonstrated
beneficial tokamak wall conditioning effects.!® TFTR’s results with lithium pellets
have led us to study lithium as a pellet material for alpha diagnostics. As discussed
in Section III, we have found lithium will produce the largest alpha diagnostic signal
levels. The smaller heat of ablation for lithium (1.6 eV /atom) makes pellet penetration
more difficult, however, and millimeter diameter lithium pellets injected af 400 to
700 m/sec penetrate only to »/a ~ 0.5 in TFTR supershots. The best choice may turn
out to be boron with its 5.3 eV /atom heat of ablation for better penetration combined
with prospects for beneficial wall conditioning effects similar to those observed for
lithium. Experiments with gaseous boronization done on other tokamaks have been
very successful.!®17 A very small number (~ 10) of boron pellets has been injected
into TFTR with wall conditioning results similar to those observed with lithium

pellets. More boron pellet experiments are planned.

In this paper, we will discuss primarily the results of lithium and carbon pellet

injection experiments and their relevance to alpha particle diagnostics.
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ll. CHARGE EXCHANGE NEUTRAL TECHNIQUE

A small fraction of the alpha particles incident on the pellet ablation cloud will
be converted to helium neutrals as they pass through the cloud. In the case of lithium
pellets, both double charge exchange interactions

He?* + Lit — He® + Li*+
and sequential single charge exchange

Het + Lit — He® + Li®t |

will result in helium neutrals whose energy is essentially unchanged by the charge
transfer interactions. Interactions with Lit are of interest because a large spatial

-region of the cloud is expected to be dominated by this helium-like ionization state

of lithium as discussed in Section IV.

The density in the Li* region of the cloud should be high enough to produce
an equilibrium fraction F§° of helium neutrals. Hence, the energy distribution of the
helium neutrals dny,0/dE measured by a neutral particle analyzer viewing the Li*
portion of the cloud is related to the incident alpha distribution dny.2+ /dE by

d .
M _ Sttty 1)

dE =~ dE

The equilibrium fractions of helium neutrals for helium-like ionization state targets
of Lit and C** can be calculated'® from the appropriate atomic cross-sections and
are shown in Fig. 1. Although the equilibrium fraction for B3t has not yet been
calculated, it is expected to lie somewhere between the results for lithium and carbon.
Again, the helium-like ionization states are of interest because they are expecte! to
dominate a large spatial region of their respective pellet ablation clouds. Hence,
measurement of the energy spectrum of helium neutrals escaping the plasma and
use of Eq. (1) should allow determination of the incident fast confined alpha energy
spectrum dnyy 2+ /dE.
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F'1G. 1. Calculated equilibrium fractions for He incident on Lit and
C** pellet ablation clouds.
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IV. CLOUD IONIZATION STATE DISTRIBUTION MEASUREMENTS
AND MODELING

Our prediction that a large spatial region of the cloud will be dominated by the
helium-like ionization state is based on simple atomic physics arguments. Neutral
atoms ablated from the pellet surface by the tokamak plasma electron heat loading
will become ionized within a few millimeters of the pellet surface. The resulting ions
will continue to expand essentially spherically until the pellet cloud pressure drops
below the magnetic field pressure and the ions are then constrained to follow the total
magnetic field lines. Hence, the pellet ablation cloud will be elongated in the direction
of the tokamak magnetic field. This elongation of the cloud in magnetic field direction
has been observed experimentally.!* As the cloud temperature increases monotoni-
cally from the pellet surface temperature to the tokamak plasma temperature far from
the pellet, the ionization state of the cloud will gradually increase. Because the ions
like to keep their last two electrons, there is a jump in the ionization potential at the
helium-like ionization state. Thiis should result in a large region in cloud temperature
space, and hence in distance from the pellet, which is dominated by the helium-like
ionization state. This simple raodel ignores, however, the effect of ionization by the
portion of the tokamak pla.sm!i:a. electrons that are able to penetrate into this‘part‘of
the cloud. Hence, the problef.h is really quite complicated, requiring calculation of
jonization by both the cloud and tokamak plasma electrons and recombination. This,
of course, requires knowledge of the cloud density and temperature as a function of
distance from the pellet. The existing model, which includes all the above effects, also
predicts a large region of the cloud dominated by the helium-like ionization state.l®

For these reasons, we have tried to measure the ‘.nization state distributions
in pellet clouds on TEXT and TFTR. By photographing the line radiation from
ionization states of interest, we hope to determine their spatial profiles in the ablation
cloud. All measurements on TEXT were done on carbon pellets.'* We found that
C3* peaked about 2 cm to each side of the pellet at Ney = 2.6 - 101% cm™3 and that
C?* light appeared to peak closer to the pellet as expected. The toroidal length of
the C?+ and C2?* clouds decreased rapidly as the plasma electron density increased
on TEXT. We were unable to observe a measurable C** line radiation signal on
TEXT. C* has been observed on TFTR and extends as far as 45 cm toroidally from
the pellet. Although the toroidal length of the cloud decreases as the plasma density
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is increased in TFTR, it does not exhibit the strong density dependence observed in
TEXT for C3* and C2*.

In the case of lithium pellets, Li™ line radiation at 5485 A extends approximately
25 to 30 cm to each side of the pellet as shown in Fig. 2. We have not yet been able
to measure the Li® or Li** cloud sizes on TFTR, but measurements of Li® clouds at
6708 A on Alcator C showed clouds smaller than LiT clouds as expected. Lithium

cloud state distribution measurements will be an important part of the next stage
experiments on TEFTR.

TFTR 52197
Li+ light at 5485A
Pellet viewed fram behind.

Ne =6.8x107em™® T, =2.3keV

60 cm

N

L 4

~

Toroidal field direction

F1c. 2. Light intensity contours of Li*t line radiation at 5485 A from

ablation cloud surrounding a lithium pellet injected into TFTR.
The toroidal cloud length is about 60 cm.
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V. OBSERVATION OF FAST NEUTRALS FROM TFTR

As a first step test of this diagnostic, we recently installed a simple neutral
particle analyzer viewing the path of pellets injected into on TFTR. The goal of
this experiment was to observe neutrals from the interaction of fast ions in TFTR
interacting with the pellet ablation cloud. This simple analyzer, shown in Fig. 3,
used a 250 A-thick carbon foil to strip the escaping neutrals. We utilized the residual
tokamak toroidal field (which varies from 6 to 7 kG over the ion orbit region in the
analyier) to bend the resultant fast ions down onto a thin ZnS(Cu) scintillator. The
scintillator thickness of approximately 40 mg/cm? is only slightly larger than the range
of the incident ions to minimize the neutron- and gamma ray-induced background.
The scintillation efficiency is approximately 12%. The light pattern on the 5 cm long
by 2.5 cm wide scintillator was imaged by a lens onto the input of a coherent fiber
optic bundle. The output end of this fiber bundle was viewed by a Xybion ISG-03
gated intensified CID camera located in the basement of TFTR where the neutron-
and gamma ray-background is small.

Figure 4 (a) shows the scintillation light pattern observed during lithium pellet
injection into the beam-heated phase of TFTR shot 61311. The light is due to deu-
terium neutrals resulting from the interaction of neutral beam-injected and thermal
deuterium ions interacting with the pellet ablation cloud. The low energy end of
the scintillator, the end closest to the stripping foil, is to the left in Fig. 4. The
original analyzer design included a horizontal slit near the carbon foil to provide
energy resolution, but this slit was removed when no signal was observed during the
initial data runs. The data in Fig. 4, taken with a wide open entrance aperature equal
to the 1.3 cm carbon foil diameter, has extremely poor energy resolution. For example,
50 keV D7 ions can strike all the way from the low energy end of the ecintillator to
approximately three-quarters of the way toward the high euergy end, depending on
where the neutrals enter the stripping foil. Because of the poor energy resolution, it is

difficult to draw any quantititive conclusions on the energy spectrum of the incident
neutrals.
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'CARBON STRIPPING FOIL

SHet

: , ZNS SCINTILLATOR

WINDOW v
PHOTO-DICDE
(to view direct light)

TO COLLECTION OPTICS

F1a. 3. Schematic of simple neutral particle analyzer used to ob-
serve neutrals from deuterium ions in TFTR interacting with a
lithium pellet ablation cloud. Neutrals from the cloud are stripped
in the 250 A carbon foil and bent down by the tokamak toroidal
field to strike the scintillator.

The observed scintillation light signal is only present during pellet injection.
The camera was gated on for the 1 msec lifetime of the lithium pellet in Fig. 4. No
signal was observed when the camera gate was delayed until 10 msec after the pellet

event.

We also obtained data with TFTR operating at a toroidal field of about one-third
of the usual value. The scintillation light signal during neutral beam injection then
appeared brightest on the high energy end of the scintillator as shown in Fig. 4 (b),
consistent with the lower toroidal field at the analyzer not bending the ions down
to the scintillator as fast. This observed change in the light pattern with toroidal
field gives us confidence we’re not observing x-rays from the pellet cloud striking the
scintillator or direct visible light from the pellet cloud.

The observed signals were only observed with lithium pellets. No signal was

observed for the only carbon pellet shot and only one of ten boron pellet shots

GENERAL ATOMICS REPORT GA-A20870

R



Fisher et al. ALPHA PARTICLE DIAGNOSTIOS USING IMPURITY PELLET INJECTION

F1G. 4. Scintillation light patterns observed using simple analyzer

during lithium pellet injection into beam-heated phase of TFTR.

The light is due to deuterium neutrals resulting from the inter-
: action of neutral-beam injected deuterium ions interacting with
) the lithium pellet ablation clouds. The low energy end of the
) scintillator is to the left. Signal is shown at (a) normal toroidal
: field, and (b) one-third the usual toroidal field on TFTR.

exhibited even a very weak signal with our present light collection optics. This is in
agreement with our calculations that F5°(F) is largest for lithium, smaller for boron,
and smaller still for carbon pellet clouds.

The overall signal size is consistent with our calculations of the expected signal

giving us confidence we are observing neutrals from the pellet cloud interactions.

ot e

all
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Vi. PLANNED MEASUREMENTS WITH ENERGY- RESOLVED
NEUTRAL ANALYZER

Determination of the incident alpha energy spectrum requires confidence in our
ability to determine the equilibrium fraction F§°(E). A good way to check our
calculations of F§°(E) is to perform measurements of the energy spectrum of neutrals
from fast ions in TFTR interacting with pellet clouds. Plans are underway to install
a high energy (1 to 3.5 MeV *He) neutral particle analyzer built by the loffe Institute
and previously used on the JET tokamak.'! This analyzer will allow us to measure the
energy spectrum of the energetic 3He ion tail during ICH minority heating experiments
on TFTR. The 1zsults will be compared to the expected TFTR ®He ion distributions
based on calculations and other diagnostic information. Figure § shows the calculated
3He counting rate for the [offe analyzer radially viewing a 10 c¢m? area of Lit cloud
with a 10 mm? entrance aperature. Signals for three different values of the 3He ion

tail temperature are shown with ny = 4 - 10t cm™2

. The signal counting rate is
large enough that radially resolved measurements should be possible using 100 usec

time slices of the pellet path.

Measurements v:ill also be made as a function of toroidal distance in the ablation
cloud away from the pellet, to determine if the variation in the measured neutral
energy spectrum is consistent with the expected variation in F§°(E). The charge
state distribution in the portion of the cloud viewed by the analyzer will be monitored

by viewing the cloud with a spectrometer through the straight-through port on the
back of the analyzer.

We also hope to measure the energy spectrum of the 3.7 MeV alpha particles
created by fusion reactions of the 3He energetic tail ions with thermal D ions in
TFTR. The calculated signal level shown as curve (b) in Fig. 6 should be more
than sufficient. This would result in a fully tested alpha particle diagnostic as well
as providing information on single particle alpha physics prior to DT operation of
TFTR.
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FI1G. 5. Calculated ®He counting rate for the loffe neutral particle
energy analyzer radially viewing a 10 cm? area of Lit ablation cloud
with a 10 mm? entrance aperture.
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F1G. 6. Calculated *He counting rates for the same analyzer and
geometry of Fig. 5. (a) and (c) show the D-T alpha signals for
Lit and C*t cloud targets, respectively. (b) shows the calculated
D-3He zlpha signal for a Lit cloud target during ICH minority
heating experiments in TFTR.
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VIl. MEASUREMENT OF D-T ALPHAS ON TFTR

The final goal of the TFTR experiments is to measure the energy distribution
of the 3.5 MeV D~T alpha particles. This will require shielding the scintillator with
neutron and gamma-ray shielding and fiberoptically coupling the scintillation light to
detectors outside the TFTR test cell. The calculated signal levels for Li*+ and C4t
cloud ta:geté are shown in curves (a) and (c) of Fig. 6. The expected signal size will

easily allow radially-resolved alpha particle measurements.
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VIII. CONCLUSIONS

Results from preliminary experiments on TEXT and TFTR are very encour-
aging. The existing data on ionization state distributions, although not conclusive,
supports the idea of a large spatial region of the cloud being predominantly helium-
like, e.g., LiT. The observations of neutrals from fast ions in TFTR interacting
with the pellet cloud give us confidence to proceed to the planned measurements
of the energy spectrum of the ®He ion tail produced during ICH minority heating
experiments on TFTR. We also hope to measure the energy distribution of 3.7 MeV

“He from *He-D reactions in TFTR. This will result in a fully-tested alpha particle

diagnostic as well as providing information on single particle alpha physics prior to
D-T operation of TFTR.
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