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ABSTRACT

Adiabatic toroidal compression experiments were performed in
conjunction with high power neutral beam injection in the Tokamak Fusion
Test Reactor (TFTR). Acceleration of beam ions to energies nearly twice
the injection energy was measured with a charge~exchange neutral particle
analyzer. Measurements were also made of 2.5 MeV neutrons and 15 MeV
protons produced in fusion reactions between the deuterium beam ions and
the thermal deuterium and 3He ions, respectively. Whenrn the plasma was
compressed, the d(d,n)3He fusion reaction rate increased a Factor of Five,
and the 3He(d,D)AHe rate by a factor of twenty. These data were simulated
with a bounce-averaged Fokker-Planck program, which 2ssumed conservation
of angular momentum and magnetic moment during compression. The results
indicate that the beam ion acceleration was consistent with adiabatic

scaling.
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I. Introduction

Adiabatic toroidal comprescsion has been proposed as a4 means of directly
heating tokamak plasmas.l The process has been predicted to accelerate
heam ionzs to energies that praovide the optimum vtatio of fusion reaction
rate to plasma drag, thereby avoiding the complexities of excessively
nigh beam injection voltages.1 The first experiments of this kiad were
performed in the ATC tokamak,2 and the compressional heating of ohwmic
plasmas in TFTR has Heen successfully demonstrated, 3 Preliminary
measurements of the acceleration of beam ions during compression of
neutral-beam-heated plasmas were reported recently.4 This paper extends
that work by providing the details of the experimental and computational
pracedures used to obtain these results, and includes a more comprehensive
set of charge-exéhange neutral and fusion-reaction product data under
a variety of plasma conditioms.

Approximately two megawatts of deutarium neutral beams were injected
cangentially into deuterium plasmas at two different plasma densities.
The beams were injected for a time interval of either 200 msec or 500
msec immediately preceding compression, and the plasma major radius was
subsequently compressed frem 3 m to 2.17 m in 15 msec, a time short compared
to the collisional relaxation time of the beam ion distribution in the
plasma. In some discharges, the beams were kept on during compression,
and in others, the major radius was only compressed to 2.58 m.

Fast ion distributions were measured with a horizontally scanning,
charge-exchange neutral analyzer (CENA).° Fission chamber and plastic
scintillator detectors measured the fusion neutron yield as a function
of time.5 Prior to beam injection, Me was added te the plasma to provide
a target for the 3He(d,p)a reaction. The emergetic protons were then

.

detected with silicon surface barrier detectors.’



& was used to simulate the

A bounce-averaged Fokker-Planck program
frst ion slowing-down energy spectra before and after compression. The
cade first performed the calculation of neutral beam injection prior to
compression, and the resulting fast ion distribution function was stared.
The plasma profiles were subsequently changed to reflect compression,
and the fast ion distribution was correspondingly varied assuming
conservation of angular momentum and magnetic moment. The slowing-down
spectra were then calcnlated as this new distribution underwent collisional
relaxation. Both the neutron production and the proton vield from the
JHe(d,pla reaction were also calculated with the Fokker-Planck program.
The beam ions, accelerated by the compression, were allowed to decelerate
hy Coulomb drag on the background plasma. The results of the simulatiomns
indicate that the time evolution and change in relative magnitude of these

fusien product yields due to compression are close to theoretical

expectations.

II. Fast Ion Diagnostics
A. Fast Neutral Analyzer Measurements

Two charge-exchange neutral analyzer (CENA) modules were used to
measure the slowing-down distribution of beam ions before and after
compression. The CENA modules were installed on a movable cart that allowed
them to view the plasma along sightlines in the horizontal midplane of
TFIR (Figs. 1 and 2). To ensure that fast neutrals would be detected
after the plasma was compressed to its final major radius (R = 2.17 m),
one of the modules was aimed at a tangency radius (distance of closest
approach of its sightline to the centerline of TFTR) of 2.19 m.

The CENA modules have a 180-degree '"dee-shaped”" region of parallel

electric and magnetic fields for mass and energy resolution, respectively.



A channel electron multiplier array provides single particle detection
capability along the focal plane of the "dee" sector. The microchannel
plates in this array are divided into columns for each of the three mass
species (hydrogen, deuterium, and tritium), and each =olumn is divided
in turn into 75 energy anodes. Approximately half of the 225 available
anodes are typically instrumented with amplifiers and pulse-counting
electronics, so each mass column has about thirty-five channels for emergy

analysis. Fast neutral spectra were obtained up to energies of 200 keV.

B, Neutron Measurements

Neutrons from the d{d,n) fusion reaction were mcasured with a plastic
scintillator and with fission chamber detectors. The stilbene scintillator
was mounted between toroidal field coils just outside the TFTR wvacuum
vessel (R13.95 m) at the midplane. The positioning of the detector,
together with the fact that a full-energy neutron tends to produce more
light in the scintillator than a neutron that is degraded in energy, implies
that the signal from the scintillator is dominated by neutrons with energies
close to the I'"virgin" energies. The other detector used in these
measurements was a 238U fission chamber detector placed on the floor of
TFTR, 1.84 m below the plasma midplane of TFTR, at R = 4.3 m. This detector
is sensitive to mneutrons above 1 MeV, so that neutrons that kave lost
little energy in scattering are expected to dominate the signal measured
by this detector.

During compression, the absolute efficiency (i.e., the ratio of neutron
counts to total emission) of these two detectors changes as a function
of time as the neutron source moves in major radius. The raw signals
from the two detectors during compression are plotted in Fig. 3a. To

within 10%, the two signals are identical, indicating that the two detectors
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have mnearly the same detector efficiency dependence on major radius.
Figure 3b shows calibration curves for the two detectors. The scintillator
caiibration is the detection efficiency as a function of major radius
of a scintillator that measures virgin peutrons from a toroidal ring
source.9 The calibration curve for the 238y detectnr was obtained by
positioning a 252¢f radioactive source inside the vacuum vessel at the
toroidal location of the detector, and measuring the count rate as a
fupction of major radius. A more sensitive fission detector
(polyethylene-moderated 235U), having a similar sensitivity te radial
plasma motion as the 238y detector, but with a derection efficiency nearly
independent of energy, was used in this calibration measurement.

It should be noted that although the two calibrations agree to within
10% (Fig. 3a), tﬁey both tend to overestimate the sensitivity to radial
motion of the plasma. The scintillator calibration curve neglects the
contribution of neutrons that reach the detector after scattering off
the inner wall or field coils. (The flux of these scattered neutrons
is expected to be relatively iasensitive to the radial position of the
plasma.) Monte Carlo calculations suggest that the scattered flux of
neutrons abeve 1.9 MeV is between 15%0 and 50%11 of the uncollided flux.
The fission detector czlibration curve was measured at the toroidal locatiaen
nearest the detector. During plasma operation, the neutron source has
a larger toroidal extent (65 degrees FWHM). The radial sensitivity of
the detection efficiency for this extended neutron source is expected
to be weaker than measured during the calibration. In our analysis, we
have used the scintiliator calibration curve (Fig. 3b), but this may

overestimate the enhancement to the neutron production by as much as 25%.



C. Proton Measurements

A small amount of 3JHe gas was introduced into the deuterium plasma
about 250 msec before compression. The 15 MeV protons from the 3He(d,p)
reaction were detected using a silicon before surface barrier detector
mounted at the bottom of the TFTR vacuum vessel (Fig. 4). The detector
was shielded from plasma particles and other fusion products by an 0.18mm
stainless steel foil. The collimating apertures of the detector were
relatively wide, abour 14 degrees (FWHM) in pitch angle. Calculations
indicate that the probability of detecting the 15 MeV protons was a factor
of one to four greater in the precompressed plasma than in the
postcompressed plasma.12 This is because the proton urbits accessible
to the detector originated closer to the magnetic axis, where the bulk
of the fusion reacfions occur, in the precompressed plasma (Fig. 4).

The calculated proton detection efficiency is more uncertain in TFTR
than in previous experimentsl2 hecause the TFIR first wall structures
{bellows cover plates) obstruct many of the protons rhat would otherwise
reach the detector, and small uncertainties in the position of the plates
result in 1large uncertainties in the proton Fflux at the detector.
Substantial uncertainties of about 507 are also associated with the fact
that the exact distribution in minor radius of the d-JHe reactions is
not known. The data in Sec. IIT are corrected to reflect our best estimate
of the proton detection, but the comparison of the precompression and

postcompression values is only accurate te a factor of two.

III. Experimental Results
Figure 5a shows the fast ion slowing-down spectra before and after
compression for a low density plasma. The solid 1lines in Fig. 5a and

in all subsequent plots are derive from Fokker-Planck caiculations, which



will be described in Sec. IV. The injection energy was 82 keV, and the
neutral beams were turned off when the compression occurred at 2.5 sec.
These data were obtained during one shot using a tangentially wviewing
CENA module, averaged over 10 msec.

The data indicate that many ions were accelerated from 80 keV up
to a maximum of 150 keV. For reasons to be discussed in Sec. IV, the
highest energy expected from a compréssion ratio of 1.38 is 158 keV.
The rise in the absolute magnitude of the fast neutral flux is thought
to be the higher neutral density due te enhanced recycling from the inner
wall, which served as a limiter for the postcompression plasma. Before
compression, the limiter was a structure with wvertically movable blades
at a fixed torcidal 1location of about 72 degrees from the CENA module
sighriine.

As a result of compression, the neutron yield increased by a factor
of 5.5 above the steady-state, precompression value (Fig. 5b). On this
figure and on all subsequent plots of fusion product results, the dashed
curves are derived from calculations which will be discussed in Sec. IV.
Because of the high signal levels, sratistical errors are insignificant
on the scale of the figure. However, the detector calibration changes
as the plasma is compressed, and the representative error bar at the peak
neutron flux on this and subsequent figures reflects the uncertainty due
to this systematic calibration error.

The increase in the neutron yield is due both to the rise in the
deuterium target density, which adiabatic scaling predicts to be a factor
of 1.9, and to the acceleration of the beam ions, since the d{d,n)
reactivity (0v) increases by a factor of 3.2 when the deuteron emergy
goes from 80 keV to 150 keV. Subsequently, the neutron emission decays

as the beam ions undergo Coulomb relaxation.



The time evolution of the proton yield {Fig. 5¢) is similar, except
that the rise is much larger. This factor of ten to forty is due to the
steeper energy dependence of the JHe(d,p)} fusion cross section (o) which
is ten times greater at 150 keV than at 80 keV. Prior to compression,
the emission is nearly constant, indicating that the 3He density reached
a steady state., Following compression, the decay is more rapid than for
the neutron emission, since the 3He(d,p)o¢ cross section has a much stronger
energy dependence. The fast ion, neutron, and proton measurements for
a higher density plasma [ne)2n 2.3 x 10'% m"2], with a 12% lower electron
temperature (2.8 keV), are shown in Fig. 6. The most noticeable difference
is the faster decay rate of the fusion products after compression, which
is consistent with the higher collisionality in this plasma.

For neutral beanm injection throughout the compression phase, the
results of the three measurements are depicted in Fig. 7. The density
in this case was comparable to the first condition discussed [n(e)gn 1.3 x
1019 m™2). The similarity between the fast neutral and fusion product
measurements for the two low density plasmas shows that the signals are
dominated by the beam ions accelerated by compression to high energy,
rather than the 82 keV ions that continue to be injected.

The effect of weaker compression (C = 1.12) on the fast ion
distribution was studied by compressing the plasma in 15 msec into the
center of the TFTR vacuum vessel, and then allowing the plasma to undergo

"free expansion” in minor radius until contact with the limiter was

restored. For this case (Fig. 8), the beams were turned off prior to
compression, and the electron density was fairly low
[n{e) 2V1.5 x 1019 n-27. During free expansion, the fusion emission

increased only slightly, indicating thart for this rate of compression,

the acceleration is nearly balanced by Coulomb drag.
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In contrast to the fuil compression cases, the 15 MeV proten detection
efficiency for free evpansion plasmas is calculated to bé‘ a factor of
two higher in the postcompression phase than the precompression phase.
However, uncertainties in the d-3He emission profile, and in the positioning
of the TFTR bellows cover plates, once again make Lhe comparison of the
d-3He emission levels before and after compression accurate only to within

a factor of two

IV. Bounce-Averaged Fokker~Planck Simulations

A bounce-averaped TFokker-Planck program was used to simulate the
slowing-down spectra and the fusion product yields before and after
compression. The Boltzmann equation was solved for the ion distributicn
function during neutral beam injection up to the time of compression,
at which point the calculation was terminated and the distribution function
stored.

Since the compression time (ul5 msec) is much shorter than the
coltision time (V150 msec) for the beam ioms, it is assumed that the angular
momentum of the beam ions about the major axis (R'v¢ v R-v“ ) and the
magnetic moment (p = mvi/ZB) are invariant quantities. The energy of

an ion after compression should therefore be
E' = E'”+ E! = cZ-E” + C°E, . (1)

The unprimed and primed quantities are the values of parameters hefore
and after compression respectively, and the compression ratio (C) eqnals
R/R'.

Before compression, the ion energy distribution function from the
tangential analyzer {(Fig. 5a) cuts off at the injection energy of 82 keV.

It is expected that these tangantially injected 1ions do not underge
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appreciable pitch angle scattering before they are lost as charge-exchange
neutrals, and thus will experience the maximum €2 acceleration predicted
for ions moving exactly along the magnetic Field. The observation of
fast ions up to 150 keV immediately after compression (C = 1,38) appears
to confirm this scenario.

To simulate the data accurately, the‘ proper experimental geometry
before and after compression had to be included in the code. Since the
charge-exchange aralyzer viewed a chord integral of neutrals coming from
10us with a range of pitch angles, the acceleration experienced Ly the
ions below the injecticn energy was expected to vary. Furthermore, the
analyzer sightline relative to the plasma also changed with major radius
during compression, leading to the distortion of the shape of the
distribution afte.r compression evident in Fig. 3a. The Fokker-Planck
code was used to follow the ion distribution in time as a function of
energy, pitch angle, and minor radius before compression. This distribution
was then saved in a disk file as an intermediate step, and it was read
when the code was run to simulate the discharge after compression. For
this part of the calculation, the compression ratio (C) was used to scale
the changes in the background plasma temperature and density profiles,

Each of the two beamlines installed for this phase of TFTR operation
consisted of three ion sources which injected at different tangency radii.
Since two of the six sources were used in the compression experiments,
their injection angles and acceleration voltages were simulated by repeating
the deposition calculation for each sopurce to obtain the total initial
beam ion distribution in the plasma. The program also included the usual
effects of classical collisional slowing down, energy diffusion and pitch

angle scattering, and charge-exchange loss. The long collisional relaxation
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time of the beam ions relative to the compression time allowed us to assume
instantaneocus compression in this model.

Contour plots in velocity space before and after compression are
shown in Figs, 9a and 9b, respectively. The plasma was divided into ten
evenly distributed radial shells for this calculation, and these plots
were obtained for a central shell. The ordinate corresponds to the
perpendicular velecity, and the abscissa corresponds to parallel velocity,
There is a factor of ten between each contour, and the "trapping boundaries”
are evident at v” /v v+ 0.2,

Since the Lteams have reached equilibrium in the precompression contour
plot (Fig. 9a), there is both an enhancement around the injection energy
as well as a spread in the beam velocity distribution due to energy
diffusion and pit-::h-angle scattering. After compression, the velocities
0. all of the ions increase. The postcompression contour plet (Fig,
9b) shows a distortion in the direction of increasing parallel velocity.
This 1is because ions with parallel velocity are accelerated by a factor
equal to the compression ratio, whereas those with perpendicular velocity
only see a change proportiomal to the square root of? this ratio.

The fits to the charge-exchange spectra discussed in the preceding
secrion were obtained by integrating the product of the calculated fast
ion distribution function and a calculated neutral density profile using
a one-dimensional modell3 for its profile shape. Since the variation
of the neutral density in time during compression was not known, the
absolute magnitude of the charge-exchange signal could not be caleulated.
However, the shapes of the predicted spectra (solid lines in Figs. 5a,
6a, and 7a) are in reasonable agreement with the experimental data, so
the energy gained by fast ions during compression and their subsequent

decay appear to be consistent with classical expecztatious.
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The fusion neuiron yield was also calculated concurrently by the
Fokker-Planck code, and the predictions are compared with experiment in
Figs. 5b, 6b, and 7b. The absolute value of the czlculated yield before
compression, assuming 2.1 MW deuterium beams in a 100% deuterium plasma,
exceeded the data by a factor of two. Since relative changes in the yield
with compression were of primary interest, however, and considering the
uncertainties in the neutron detector caglibration, deuterium concentration,
and neutral beam species ratios and depositicon profiles, the code results
were normalized to the precompression level.

The electron temperature did not rise in accordance with adiabatie
sealing, but the increase was about 30% lower on average than expected.
The :ason for the anomalous electron behavicy is not yet understood,3
and rthe temperatures measured with the electron cyclotron emizsion (ECE)
radiometer diagnostic were used in the Pokker-Planck program instead of
the expected values for postcompression plasmas.

In the simulation, the fast ion distribution function was compressed
and allowed to underge Coulomb relaxation for 100 msec. The electron
and ion temperatures and the electron densities were varied by + 10% to
reflect uncertainties in the measurements of the background plasma
parameters. Their effects in setting upper and lower 1imits on the
predicted fusion reactions are shown by the dashed lines on the plots
of neutron yield and proton production. The bheams continued to fuel the
plasma in the case where they remained on during compression (Fig. 7b),
and the highest peak neutron yield of 6 x 1014 sec~l was achieved uvnder
these conditions.

The total proton yield from the 3He(d,p)a reaction was also simulated
at the same time that fhe neutron and fast neutral predictions were being

calculated. The target plasma for this part of the simulation was assumed
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to be entirely helium since its actual concentration was not known, and
its magnitude was normalized to the precompression measurement. The
3He(d,p)a fusion reactivity increases by a factor of 14 as the deuteron
energy varies from 80 keV to 150 keV, and this dramatic rise in the reaction
rate due to compression is evident in the data (Figs. 5c, 6¢c, and 7c¢).
Although the code results do not simulate as large an increase, they are
reasonable considering the uncertainties in both the calculations and

the data.

V. Conclusions

Fast ion measurements during adiabatic toroidal compression in TFTR
have shown that beam ions injected at 8Q keV are accelerated to energies
up to 150 %keV a.Eter compression, in accordance with expectations for a
compression ratio of 1.38. Using the assumptions of conservation of angular
momentum and magnetic moment to vary the beam ion distribution in a
bounce-air'e‘:aged Fokker-Planck program, the calculated fast ion slowing-
down distr:ibutions agreed with the shape of the spectra from charge-exchange
measurements. The measured neutron production and the proton yield from
the 3He(d,p)u reaction were also simulated with the Fokker-Planck code,
and its predictions for their relative changes with time are generally

in agreement with experiment.
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Figure Captiouns
Plan view of TFTR, showing the layout of the CENA array. (PPPL-

85X1628)

Elevation wview of TFTR, showing the support structure for CENA
array. The approximate positions of the plasma before and after
compression are indicated schematically by the two smaller circles

within the vacuum vessel. (PPPL-85X1627)

a) Time evolution of the signal from a plastic scintillater
(so01id 1line) and from a fission detector (points with error bars)
during major radius compression. b} Neutron detection efficiency
as a funétion of major radius for the plastic scincillator (solid

line) and for the fission detector (error bars). {PPPL-85X1466)

Poloidal projectica of a 15 MeV proton orbit accessible to the
silicon surface barrier detector at the bottom of TFTR for che
precompression plasma and for the postcompression plasma.

(PPPL~86XD105)

a) Slowing-down spectra for 2.1 MW deuterium beaus in a 3.9 T,
445 kA deuterium plasma. The spectra shown on this and all
subsequent figures were obtained using a tangentially viewing
charge-exchange neutral analyzer (CENA). Data before compression
are displayed with open circles with error bars (2.485 sec),
and data after compression are depicted with error bars (2.515
sec) and closed circles with error bars (2.535 sec). b) Nectron
production for this plasma. c) Proton yvield from the

3He(d,p)a reaction for this plasma. (PPPL-86X0L08)

SPSTI
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Fig. 6.
Fig. 7
Fig. 8
Fig. 9
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Clowing-down spectra from the tangentially wviewing CENA (a),
neutron production (b), and proton vyield from the JHe(d,p)a
reaction {¢) for a plasma similar to Fig. 5 (3.3 T, 441 kA),

but with higher density [n{e) v 2.3 x 1019 m~2), (PPPL-86X0106)

Slowing-down spectra from the tangentially viewing CENA (a),
neutron production (b), and proton yield from the JHe(d,p)n
reaction (c¢) for a plasma similar to Fig, 5 (3.3 T, 444 kA),
but with the beams remaining orn throughout compression {until

2.6 sec). {(PPPL-86X0107)

Slowing-down spectra from the tangentially viewing CENA (a),
neutron ﬁroduction {b), and proton yield from the -SHe(d,p)a
reaction (c) for 2a plasma similar to Fig. 5 (3.5 T, 590 kA),
but with weaker compression (€ = 1.12), followed by "free

expansion" in minor radius. (PPPL-B6X0109)

a) Contour plot of ion distribution function before compression,
generated by bounce-averaged Fokker-Planck program. The axes
are normalized to vg = /EE_7366_§EVT and each contour is separated
from the next by an order of magnitude. b) Contour plot of
ion distribution function after compression, generated by the

same Fokker-Planck program. (PPPL~86X0110)
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