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ABSTRACT

An experimental investigation of fast ion confinement was conducted on
the ISX-B tokamak at the Oak Ridge National Laboratory to ascertain that
the beam ion behavior is properly described by classical processes. Data were
collected during tangential injection of H® beams (co-, counter-, and co- plus
counter-) at power levels up to 1.9 MW in low plasma current (I, = 80 to
215 kA) D1 discharges. Experimental energy spectra of energetic charge-
exchange neutrals along several sightlines in the torus equatorial plane are com-
pared with the predictions of Fokker-Planck and orbit-following Monte Carlo
calculations to verify the validity of classical theory. A further tool used in this
investigation is the comparison of predicted and experimental beam-plasma neu-
tron emission during injection of beams doped with 3% DO. Both the fast neu-
tral spectra and the beam-plasma neutron emission are in close agreement
(within factors of <2) with the calculated values under a variety of plasma
parameters, beam parameters, and injection geometries. Furthermore, measured
decay rates of the beam-plasma neutron production following beam turn-off
show that the beam slowing down—at energies close to the injection energy and
in the plasma core—is classical within a 30% uncertainty. These results demon-
strate that classical theory describes well the behavior of the beam ions. More-
over, MHD activity is shown not to cause enhanced fast ion losses in the ISX-
B. Also, beam additivity experiments indicate that the fast ion density in the
plasma volume is proportional to the injected beam power P, An unresolved

issue is whether the central fast ion density is linear with Py,



In addition, the analysis of charge-exchange spectra is critically evaluated.
It is shown that the analysis need be integrated with a knowledge of the orbit
topology to correctly interpret the spectra. Cases where the zero banana width,
Fokker-Planck calculation is adequate/inadequate to predict fast neutral spec-

tra and the power deposited in the plasma are discussed.
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CHAPTER 1
INTRODUCTION

The worldwide consumption of energy is increasing rapidly. Current pro-
jections show that it will increase at an even faster rate in the future. As the
available fossil and fissile fuels are limited, new sources of energy are sought.
Among these, controlled thermonuclear fusion holds the promise of being prac-
tically inexhaustible and economically feasible. Further advantages are that it
would contribute very little to atmospheric pollution (as opposed to burning
coal) and that it would not produce any long-lived radioactive waste (as
opposed to fission).

The fundamental process at play is the fusion of two light nuclei to form a
heavier element. The total mass after the reaction is less than the sum of the
masses of the reacting elements, and the mass defect is transformed into
energy, primarily kinetic energy of the reaction products. One of the possible

reactions, for instance, is between deuterium and tritium nuclei:

D + T — “He (3.52 MeV) + n (14.06 MeV) .

It is evident that a large amount of energy can be released in fusion events.
However, the colliding nuclei must have a high relative velocity to overcome the
Coulomb repulsion and come close enough to fuse. Thus, the thermonuclear
fuel must be maintained at temperatures on the order of 108 K, or equivalently
10 keV. At such temperatures the gas is completely ionized, and it constitutes a

plasma. To avoid a rapid cooling of the fuel, it is necessary to contain the



plasma away from material walls. One way of achieving confinement is by
means of strong magnetic fields; the charged particles can move freely along
the field lines but are constrained to a gyrating motion in the perpendicular
direction. Among the different approaches explored in magnetic confinement,
machines adopting a toroidal geometry have been particularly successful since
they are not affected by the end losses of cylindrical systems, while still keeping
a fairly simple coil configuration. One device that exploits the closed field line
structure of the toroidal geometry is the tokamak. To gain a deeper understand-
ing of the plasma physics issues and to develop the technologies necessary to
design and build a commercial fusion reactor, tokamak experiments have been,
and continue to be, the subject of much scientific investigation in controlled
fusion research. The research presented in this thesis deals with one particular
aspect of tokamak physics, confinement of energetic ions, and was performed on
the Impurity Study Experiment (ISX-B) tokamak at Oak Ridge National
Laboratory (ORNL).

A simple toroidal magnetic field (By) cannot contain a plasma in equili-
brium. The field gradient (B oc 1/R) and field curvature cause the positive and
negative particles to drift vertically in opposite directions. A vertical electric
field E is thus generated, which results in an outward E X B motion of both
ions and electrons and a consequent dumping of the plasma on the outer wall.
In a tokamak device, this problem is solved by inducing a toroidal current (1)
in the plasma. The poloidal magnetic field (By) associated with I, causes the
magnetic field lines to spiral around the torus. Particles following the field lines

then drift alternately toward and away from the magnetic axis, with an average

drift close to zero, and no net charge separation occurs.




The current induced in the plasma to achieve confinement also heats the

plasma through ohmic dissipation. However, as the plasma temperature
increases, the electrical resistance of the plasma decreases, and Joule heating
becomes less effective. An additional energy source is necessary if further heat-
ing of the plasma is desired. Among the schemes devised to provide auxiliary
heating to a hot plasma, neutral beam injection continues to be one of the most
effective. In this scheme, beams of energetic neutrals are injected into the
plasma. Unaffected by the magnetic fields, the neutrals penetrate the plasma
along straight paths until they ionize. Once ionized, they form a population of
energetic ions, some of which are confined in the plasma. The confined fast ions
slow down through Coulomb collisions with the plasma ions and electrons, thus
transferring their energy to the plasma.

In early experiments, good agreement was found between theoretical
predictions of the increase in central ion temperature following injection
[AT(0)] based on classical beam slowing down and the experimentally
measured values.!* However, one characteristic of those experiments was that
the injected beam power (P,) was low, typically less than the ohmic input
power (Poy). Furthermore, a determination of the beam heating efficiency
based on measurements of AT;(0) is affected by the fact that beam injection
alters the electron density and temperature and consequently changes the
electron-ion heat transfer rates. Subsequently, higher beam power levels were
achieved, with P, >> Ppy becoming a common feature of injection experi-
ments. In some tokamaks (including the ISX-B®), detailed power balance ana-
lyses showed that the energy confinement time (defined as the ratio of the total

energy content of the plasma ions and electrons to the power deposited in the



plasma) decreases with increasing P,. At the same time, measurements of
plasma magnetic effects were becoming increasingly accurate and widespread,
and more efficient methods of magnetic analysis were being developed.* The
latter advancements made it possible to obtain a reliable determination of the
plasma average kinetic pressure and, therefore, of the total energy (W7r) stored
in the plasma. Consequently, the beam heating efficiency came to be character-
ized by the response of Wy to P, It was observed that Wr did not increase
linearly with P, but tended to saturate at high beam powers. More recently,
Goldston’ and Kaye® have reported scaling results that incorporate data from a
number of different tokamaks. They found that the global energy confinement
time 12- (defined as Wyp/P,) decreases as P, is increased (12 x Py % a~
1/2).

The results of those investigations inspired a new series of experiments to
determine whether the beam ion behavior was well understood. It was postu-
lated that the beam power delivered to the plasma was less than calculated,
which would explain the nonlinear response of TE' to P, As discussed in
Chapter 2, a sizable part of the deterioration of 72 could in some tokamaks and
in certain regimes be attributed to anomalous beam ion losses. In the ISX-B,
preliminary data indicated no evidence of large fast ion losses.? On the basis of
that result, the cause for the 75 degradation was sought elsewhere and, through
detailed power balance calculations, was determined to be an increase in the
electron thermal diffusivity x,.>’ Since the investigation of the confinement in

beam-heated discharges developed into one of the major efforts of the ISX-B

program, and because of the observation of some anomalous fast ion losses in




other tokamaks,® it became necessary to ascertain definitely whether the con-
finement of the beam ions in the ISX-B was properly described by classical
processes and that the power delivered to the plasma was correctly assessed.

The main objective of this thesis is to investigate experimentally the fast
ion behavior in the ISX-B, that is, to determine if (1) the radial profiles of the
deposited beam neutrals are as calculated, (2) if the resulting fast ions remain
confined and slow down according to theoretical predictions, and (3) if they
suffer anomalous losses due to enhanced charge-exchange rates, enhanced pitch
angle scattering, or magnetohydrodynamic (MHD) activity. This research was
directed mostly to discharges that are thought to be most susceptible to fast ion
losses or characterized by a low energy confinement time. For instance, the fast
ion guiding center (i.e., the center of the gyromotion) follows orbits whose
excursions (4) scale as Ip"l. Therefore, orbit losses are more likely to occur at
low I,, as 6 may be comparable to or larger than the plasma radius (ap). Also,
the direction of injection has a strong influence on the orbit characteristics and
on the confinement properties of the injected ions. Although this topic will be

discussed in detail in Chapter 3, some important definitions will be introduced

presently. “Tangential” and “perpendicular” injection are to be interpreted with

reference to the plasma axis. “Quasi-tangential” and “near-perpendicular” are
also used, implying injection at small angles from tangential /perpendicular. It is
predicted and observed that perpendicular or near-perpendicular injection
results in poorer fast ion confinement. With respect to the direction of I,
injection can be “co-” (in the same direction as) or “counter-” (opposite to).
Counter-injected ions are more easily subject to orbit losses than co-injected

ions. Of particular interest are experiments in which P, is increased during the



same plasma discharge while keeping the main plasma parameters approxi-
mately constant: This topic will be developed in Chapter 6.

Another objective of this thesis is to critically evaluate the analysis of
charge-exchange spectra, which is a standard experimental diagnostic for fast
ion measurements. This is done explicitly in Chapter 3, where the theory of
neutral beam injection is reviewed, with emphasis being placed on the role
played by the various physical processes in determining the charge-exchange
neutral flux measurements and where the major uncertainties and
approximations affecting the theoretical predictions are identified. The con-
cepts developed in Chapter 3 are subsequently applied to the analysis of charge
exchange spectra throughout this work.

The connection between theory and experiment is made mostly through a
comparison of the charge-exchange fast neutral spectra with those predicted by
computer code modeling of the slowing down and scattering of the fast ions, as
well as of the plasma background. Charge-exchange analysis is a well-
established technique based on the following process. A small fraction of the
beam ions deposited in the plasma will neutralize through charge-exchange col-
lisions with background neutrals. Some of the fast neutrals thus generated
escape from the plasma without reionizing and are detected by neutral particle
analyzers (NPAs). The NPA separates the incoming neutrals according to mass
and energy and yields energy spectra that are representative of the beam ion
distribution function and of the plasma conditions. The experimental data were
obtained using two NPA, described in Appendix A, which scanned toroidally
from near-perpendicular to quasi-tangential in the torus equatorial plane. The

neutral particle flux ($g) at several energies could be measured during each




plasma discharge, and complete energy spectra were obtained using data from a
“sequence” of essentially identical discharges.

Two existing computer codes, FPP and NEWORBX, were modified for the
purpose of providing flexible computational tools for the calculation of charge-
exchange spectra— as described in Chapter 4. FPP, which solves the Fokker-
Planck equation numerically, was originally written by R. J. Goldston.” It was
adapted to the ISX-B experiment by G. H. Neilson of ORNL. FPP provides
an expeditious calculation of the fast ion distribution function and the power
deposited in the plasma. A major disadvantage of the FPP approach is that the
fast ion orbit excursions can be treated only approximately. The orbit-following
Monte Carlo code NEWORBX was also written by Goldston, and its descrip-
tion is contained in Ref. 10. This code was subsequently modified by Fowler
and Rome!! to account for noncircular magnetic surface geometry. While its
computer execution time is long, NEWORBX takes into account the actual fast
ion orbits as well as other effects neglected in FPP. A further tool used in this
work to verify the validity of classical theory has been the comparison of
predicted and experimentally observed beam-plasma neutron emission during
injection of energetic deuterons on a deuterium plasma. These
measurements—and the corresponding theoretical calculations—are presented
in Chapter 7.

In Chapter 2, the ISX-B device and the range of some of its characteristic
parameters are described briefly. Its operational regime as compared to other
tokamak experiments is discussed. It is shown that the conditions under which
anomalous beam losses due to MHD activity were reported on other machines

are not present in the ISX-B. Experimental measurements of the effects of



MHD activity on the energetic neutral flux and the beam-plasma neutron emis-
sion are presented, which show that no significant fast ion losses can be attri-
buted to this type of phenomena in ISX-B within experimental uncertainty.
Also in Chapter 2, after discussing whether large-scale beam losses are expected
or detected in ISX-B, the issue of a possible improvement in beam ion confine-
ment in impurity-contaminated discharges is investigated. It turns out, in fact,
that a linear dependence on 7, is introduced in the expression for 7 to describe
plasmas doped with small amounts of low-Z impurities (the «Z-mode”!?), and
72 achieves higher values with respect to similar but clean discharges (the
“L-mode”), if 7, is high enough. A hypothesis to explain the preceding result
was that an enhanced confinement regime for the injected ions is somehow pro-
duced in the Z-mode, which, in turn, results in more energy delivered to the
plasma and an overall increase in 7z. The experimental evidence presented,
however, shows no significant differences in the confinement of the fast ions in
L-mode and Z-mode discharges, thus tending to refute the hypothesis.

Chapter 3 reviews some aspects of the theory of neutral beam injection
relevant to the analysis of fast neutral spectra. The physical processes discussed
are beam deposition, fast ion orbits, slowing down, pitch angle scattering, and
charge-exchange rates. In Chapter 4, the characteristic features of the calcula-
tion of the fast ion distribution function performed by the analytical code FPP
and by the Monte Carlo code NEWORBX are reviewed. A comparison with
experimental fast neutral spectra illustrates how the approximate, Fokker-

Planck calculation fails to describe some cases of interest. In describing

NEWORBX, the emphasis will be on the additions implemented in the code for




the calculation of the fast ion distribution function and of the spectra of the
escaping neutrals. The equations used for the calculation are presented in
Appendix B.

A detailed comparison of the experimental data with the predictions of the
theoretical models, probing the effects of varying the most uncertain input
parameters within the range of plausible values, is carried out in Chapters 5-7.
Co-, counter-, and balanced injection schemes are compared in Chapter 5, the
typical discharge characteristics and plasma parameters are reviewed, and the
effects on fast ion behavior are explored. Chapter 6 deals with the question of
beam additivity (i.e., determining whether the power transferred to the plasma
is proportional to Py, even if anomalous processes might cause it to be less than
the input power). Both low and high I, discharges are considered. Chapter 7
discusses the analysis of beam-plasma neutron production during injection of
H® beams doped with 3% D° on D' plasmas, under a variety of injection
geometries and discharge conditions. This provides further information,
independent from charge-exchange analysis, on fast ion confinement. More-
over, measured decay times of the beam-target neutron yield in experiments
where the doped beam was turned off sharply are compared with those
predicted by theory and result in a direct experimental verification of the slow-
ing down process. An extensive calibration of the neutron detection system was
performed for this research. Its details and conclusions are reported in Appen-
dix C.

In Chapter 8, the outcome of the investigation is reviewed, and conclusions

are drawn. Also, the range of error in the calculated power deposited in the

plasma is estimated.
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CHAPTER 2

THE ISX-B TOKAMAK EXPERIMENT

2.1 INTRODUCTION

This chapter describes the ISX-B tokamak and its typical operating param-
cters, probing whether a regime of poor fast ion confinement due to MHD
activity might occur in this machine during nondisruptive discharges, as well as
testing the hypothesis that an improved beam confinement is responsible for the
higher 7 achieved during Z-mode operation. The purpose is to dispose of two
miscellaneous topics of interest to the ISX-B program but not to this study.

As mentioned in Chapter 1, anomalous fast ion losses were found respon-

sible in some cases for the apparent deterioration of rx with increasing P;. In

the Poloidal Divertor Experiment tokamak (PDX, Ry, = 143 cm, a

43 cm), for instance, large fluctuations in the energetic neutral flux and in the
beam-plasma neutron emission were detected during the MHD activity (fish-
bone instability) that accompanies the high-power, near-perpendicular neutral
beam injection under certain plasma conditions. Monte Carlo simulations have
shown that up to 40% of the beam heating power may be lost due to this insta-
bility. Results from several tokamaks in connection with the confinement of the
beam ions and the conditions under which anomalous behavior occurred are
briefly reviewed. A comparison with the ISX-B operating regime sheds some
light on whether large-scale beam losses might be expected in the experiments
performed on this machine, and some data are presented to substantiate the

conclusions reached.
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In connection with the Z-mode studies, there is the possibility of an
improvement in energetic ion confinement in discharges with a somewhat
higher level of impurity concentration. That issue is also investigated in this
chapter through a comparison of experimental and theoretically predicted fast
neutral spectra and beam-plasma neutron production in Z-mode and L-mode
discharges.

Section 2.2 describes the ISX-B configuration—including the relative loca-
tion of the neutral beam injectors and the neutral particle analyzers—and
reviews some typical discharge parameters. In Section 2.3, the regimes in which
anomalous fast ion losses were detected in other tokamaks are discussed, and
the ISX-B is viewed in this context. Experimental measurements of energetic
neutral fluxes and beam-plasma neutron yields collected during ISX-B
discharges with some level of MHD activity are presented in Section 2.4.
Finally, in Section 2.5, it is shown that the higher ‘r;; attained in Z-mode plas-

mas does not appear to be a consequence of an improved beam ion confinement.

2.2 THE ISX-B

Figure 2.1 shows a plan view of the ISX-B tokamak, the three neutral
beam injectors, and the surrounding plasma diagnostics. Details on the
machine parameters, objectives, and confinement results are reviewed
elsewhere.>!? The tokamak dimensions and the ranges of values for plasma and
beam parameters in the experiments performed in connection with this investi-

gation are reported in Table 2.1
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Table 2.1 Dimensions and typical plasma and beam
parameters on the ISX-B tokamak

Major radius, R 93 cm

Horizontal minor radius, a 27 cm

Plasma ions DY

Toroidal magnetic field, B, 12.3-13.8 kgauss
Plasma current, 1, 80-215 kA
Line-averaged electron density, 7, 1.5-7 X 1083 ¢m™3

Central electron temperature, 7,(0) <1000 eV

Central ion temperature, T;(0) <1500 eV
Effective Z of plasma, Z ~1-3
Discharge duration <300 ms
Beam atoms HO
Injection tangency radius, R, 74.5 cm
, ij Ein;
Fractional energy components, J 0.41, 0.31, 0.28]|E iy "5 0 3
Beam full energy 19-36 keV

Injected beam power 0.4-1.9 MW
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The particular characteristics of individual discharges will be discussed
along with the analysis of data. However, from the geometry of the experiment,
some general comments of relevance to fast ion studies can be made.

First, because of tangential injection, the path of the neutrals in the plasma
is long; consequently, the fraction passing through without ionizing (the “shine
through™) is small. For the same reason, losses due to resonant charge exchange
between injected neutrals and circulating beam ions are minimized. The depo-
sition profile resulting from tangential injection, given the minor radius and the
typical plasma densities of the ISX, is peaked on the magnetic axis (i.e., at the
plasma center). Another consequence of the injection geometry is that most of
the ions are born on well confined, co-passing orbits.

The limiters (TiC-coated graphite, outer mushroom and inner rail) are
situated in toroidal sector 14, not far from the location of the beam lines.
Therefore, any enhanced release of impurities from the limiter surfaces could
have repercussions on the deposition process. Furthermore, since a larger-than-
average recycling is expected at the limiter, the background neutral density may
be high in that region; thus, a significant portion of the charge-exchange losses
may be localized there. As is discussed in Section 3.4, the beam halo itself con-
tributes an additional source of thermal neutrals near this toroidal location.
Conversely, the neutral particle analyzers view a plasma region many mean free
paths away from the limiters and the beams and, consequently, sample a dif-
ferent no(R). So, for instance, the halo contribution to ng(R) is not included in
the calculation of the source term for ®¢(R,E,{), although it is retained when

calculating the charge-exchiange losses.
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2.3 EFFECTS OF THE FISHBONE INSTABILITY
ON FAST ION CONFINEMENT

The inverse relation of 7z to beam power referred to in Chapter 1 comes
from an empirical scaling study of energy confinement in a number of
tokamaks.® A wide range analysis of fast ion data, however, seems generally to
indicate that the beam ions behave classically. This conclusion was reached, for
example, through a detailed analysis of neutron yields in the Princeton Large
Torus tokamak!'* (PLT, Ry = 130 cm, @ = 40 cm) during high-power tangen-
tial injection experiments (P, < 25 MW) and in the Tokamak
Fontanay-aux-Roses!® (TFR, Ry = 98 cm, a = 20 cm) in experiments with
near-perpendicular injection and P, < 0.8 MW using both neutron and fast
neutral data.

On the other hand, the presence of fast ion losses larger than calculated
has been demonstrated in some cases and is considered likely in others. The
best documented evidence was obtained on PDX during discharges with up to
7.2 MW of beam power injected at an angle of 14° from perpendicular (mea-
sured at the machine center). Injection at high B, was shown to produce heat-
ing results similar to those obtained on PLT (i.e., indicative of classical
processes).!® Discharges with low B, and high P,, however, exhibit a form of
MHD instability—which has been named “fishbone instability” due to the
characteristic appearance of the Mirnov coil signal—that results in a large loss
of beam power (up to 40%) and an apparent saturation of beta with increasing
Pb.8 The onset of the fishbone instability is empirically characterized by a value

of gB, = 0.045, where ¢ is the safety factor (¢ = rB,/RB;) and B, is the
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volume-averaged beta toroidal (defined as the ratio of the plasma kinetic pres-
sure to the toroidal magnetic field pressure). This instability was identified as
an m = 1, n = 1 oscillation, where m and n are the poloidal and toroidal mode
numbers, and was subsequently described theoretically as a mode destabilized
by energetic trapped particles.!”!8 (See Section 3.3 for a description of trapped
orbits.) In these discharges, periodic spikes—well correlated with the Mirnov
coil signal—appear in the perpendicular fast neutral flux, corresponding to a
flux enhancement by factors of ~10 to 100; they are attributed to a direct
expulsion of energetic ions from the plasma. Immediately after each burst, both
the beam-target neutron yield and the high-energy neutral signal are seen to
drop by 20 to 40% relative to their preburst levels, indicating a comparable
depletion of the fast ion population. This interpretation is supported by a good
match between the experimentally observed modulation and depletion of the
neutron and fast neutral signal and the predictions of the Fokker-Planck and
Monte Carlo codes in which a periodic loss of energetic perpendicular ions is
implemented.

Recently, the PDX has been upgraded to become the Princeton Beta
Experiment (PBX) tokamak, with the main objective of studying “bean-shaped”
plasmas and achieving higher beta values. As part of the changes, two of the
four perpendicular injectors have been reoriented to a tangential direction, and
a tangential neutral particle analyzer has been added. Preliminary results?
show that fast ion losses associated with the fishbone instability are still observ-
able during perpendicular injection into moderately indented, clongated plas-

mas, but they do not appear during tangential injection into similar discharges.




17

In experiments performed on the Doublet III tokamak (D-III, Ry =
143 cm, a = 44 cm), 'with injection farther from perpendicular (26° at the
machine center) than in PDX, some evidence of beam ion losses due to the fish-
bone instability has been detected only in H° injection, high Bp' divertor
discharges in the form of energetic neutral flux oscillations correlated with the
Mirnov loop signal. Fishbones with concomitant fast neutral signal modulation
appear only if 8, > 0.016 and, at the same time, 8, > 0.01.20

In the case of the ISX-B, however, beam ion losses associated with this in-
stability are not likely to occur for two reasons. The first is that the mode is
destabilized by energetic trapped ions, and their population is small in ISX,
since the beams are injected at a large angle (51°) from perpendicular, and lit-
tle pitch angle scattering takes place at high energy due to the low value of
E itical in ISX (see Section 3.4). Second, the product g8, assumes values well
below 0.045 in most ISX experiments, or, similarly, the high B, regime is
achieved at very low I, rather than very high beam power, thus resulting in a
low 8,. The operation, therefore, remains outside the regime where the fishbone

instability is expected in all but very few cases, which do exhibit the fishbone

structure on the MHD signal and which are commented upon in Section 2.4.

2.4 MHD ACTIVITY IN ISX-B

In the ISX-B, periodic bursts of fast neutrals with an amplitude A/l ~ 2
are well correlated with the internal disruptions of the m = 0, n = 0 sawtooth
oscillation of frequency ~100 Hz. As shown in Fig. 2.2(a), however, the level

of the fast neutral signal immediately after each burst is the same as it was

'Bp is defined as the ratio of the plasma average kinetic pressure to the poloidal magnetic
field pressure.
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before the disruption, indicating that only a redistribution of the energetic ions
to a larger average radius—and thus into a region of higher ny—takes place,
not a direct expulsion from the plasma. (The slow decrease in flux from 150 to
260 ms is a consequence of the increasing plasma density.) This interpretation
is corroborated by the absence of correlated fluctuations in the beam-target
neutron output in the same discharge, as shown in Fig. 2.2(b). The beam was
doped with 3% D° and most of the neutron yield was due to beam-target reac-
tions (total output = 5 X 10'® s™!, thermal output = 0.9 X 10! s~!). If a
significant fraction of the fast ion population were expelled from the plasma
during the sawtooth collapse, a periodic decrease in the neutron production, fol-
lowed by a return to saturation, should be detected. However, no oscillations
are seen above the level of the statistical fluctuations (~15%).

Pressure-driven modes (mainly m = 1, n = 1) at frequencies of 5 to 25
kHz, similar to the MHD activity observed in PDX at low values of q8,, are
also present in ISX. However, they have been excluded as a significant cause of
the  deterioration since a B, scan at 2 MW of injected beam power—and at
constant [, and A,—produced large changes in the intensity of the MHD
activity but left B, essentially unaltered.?! Occasionally, these modes have
appeared as repetitive bursts (v > 1 kHz) in the soft X-ray and in the Mirnov
coil signals, enveloping a higher frequency oscillation (» ~ 20 kHz), an activity
typical of the fishbone instability. One such case is illustrated in Fig. 2.3, which
shows the Mirnov coil signal and the neutron output (neutron data collected at
5 kHz) in a 10-ms time interval during a discharge that had one of the highest
values of ¢B, achieved in ISX, namely 0.0585 (8, was 0.011). There is no evi-

dence of dips in the neutron yield correlated with the fishbone events and, con-
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Fig. 2.3. Fishbone instability detected on the ISX-B. The soft X-ray sig-
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cm ™3, P, = 1.8 MW, 8, = 1.82 %, B, = 1.05%, g8, = 0.0585. The neutron
data acquisition rate was 5 kHz.
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sequently, no evidence of large fast ion losses associated with the instability. It
must be pointed out that beam-target reactions accounted for only ~50% of the
neutron emission in that discharge. Because of the poor counting statistics, the
loss of a fraction €45% of the beam ion population could pass undetected. The
fast neutral flux measured in this sequence with a data acquisition rate of 10
kHz did not show correlated oscillations above the level of the statistical fluc-
tuations along any sightline, from tangential to perpendicular.

Although no explicit effort was made to make a comprehensive check of all
discharges that may have exhibited a fishbone-type instability, none of the fast
neutral data collected at 5 and 10 kHz showed fluctuations above the statistical
variations—besides the m = 0, n = 0 sawtooth oscillation—including data
gathered during discharges with g, > 0.045. In view of this and the previous
considerations, and keeping in mind that the degradation of 72 with beam
power is observed even out of the regime where the fishbone instability might
occur, it is concluded that the effects of the MHD activity on fast ion confine-

ment can be neglected for the purpose of the present investigation.

2.5 FAST ION CONFINEMENT IN Z-MODE
AND L-MODE DISCHARGES

It has been experimentally observed on the ISX-B that the introduction of
a small amount of neon into a beam-heated, gettered plasma produces remark-
able changes in the discharge characteristics,'? and in particular it results in an
increase of the global energy confinement time by a factor of up to 1.8. This
mode of operation has been dubbed the Z-mode, while the L-mode (for Low

confinement) is that of a clean, gettered plasma. In this section it is shown that
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the higher 7z attained in discharges with neon injection does not appear to be a
consequence of an improved fast ion confinement.

As part of the Z-mode investigation, an experiment was performed
whereby a sequence of well-gettered plasma shots was repeated with an added
puffing of a small quantity of neon. All the external parameters were kept
equal in the two sequences, and—at the time when the Thompson scattering
profiles were taken-—they were By = 133 T, n, = 5.6 X 1013 cm 3, Ip =
175 kA, P, = 0.98 MW, and E, = 31.2 keV. (Since the particle confinement
time increases when injecting neon, less deuterium was puffed into the vessel, in
this case, to reach the same line-averaged density.) A 45% increment in ‘r;.; was
observed in the Z-mode discharges. Fast neutral spectra along several sightlines
were obtained during both sequences, and they were then compared to see if
any change could be detected which might lead to an explanation for the higher
7 in terms of a larger beam ion population or an enhanced energy transfer to
the plasma. While the tangential spectrum (R, = 72 cm) had remained essen-
tially unaffected, the perpendicular flux (at R, = 8.5 cm) was found to be
~90% higher in the neon injection case, this representing the largest variation
among all sightlines. Since this difference might be attributable to additional
pitch angle scattering associated with the higher Z . in the neon sequence (2.0
as opposed to 1.56) and to changes in the 7, and n, profiles, a meaningful
comparison must take these effects into account. This was accomplished by
comparing the experimental spectra in each sequence with those predicted by
the Monte Carlo and the Fokker-Planck codes, which use as input the Thomson

scattering profiles and the inferred Z.;. The results are presented in Fig.
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2.4(a) for the L-mode and 2.4(b) for the Z-mode. The FPP spectra were in
close agreement with the Monte Carlo calculation. Two spectra are displayed
for each sequence, corresponding to the viewing chords with R, = 72 and 8.5
cm. The experimental data for the tangential spectra were artificially multiplied
by a constant factor of 0.65—in both cases—to improve the match with the
predicted magnitude of the flux. The simulation reproduces closely the shapes
of the tangential spectra in the two sequences, being only slightly off in the low
energy region for the neon case. The data along the perpendicular chord are in
good agreement with the theoretical prediction, in shape and in magnitude, in
both sequences. Thus, it can be concluded that classical processes describe
accurately the behavior of the beam ions in the L- and Z-mode discharges
analyzed here. The higher 1-2 obtained with neon injection, therefore, cannot

be attributed to an improved fast ion confinement.

The Z-mode is also produced by intrinsic impurities (i.e., without neon
puffing) when gettering of the vessel walls is not used. In either case 1—2
acquires a linear dependence on 7, and reaches higher values than in
comparable gettered discharges. At the same time, neon injection into an
ungettered discharge does not produce any significant enhancement in 7, nor
is it seen to cause any increase in the beam-target neutron output. Accord-
ingly, further evidence that the slowing down process is not anomalous in the |
Z-mode was obtained by comparing the measured decay times in the beam- |
target neutron yield—following beam turn-off—with the calculated values, in a
gettered and an ungettered sequence. In both cases, the theory and experiment
were found to be in agreement, within 30% (see Chapter 7), thus confirming
that the Z-mode results do not appear to be related to anomalies in the confine-

ment or the slowing down of the fast ions.
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CHAPTER 3

THEORY OF NEUTRAL BEAM INJECTION.
TOPICS IN THE ANALYSIS OF FAST
NEUTRAL SPECTRA

3.1 INTRODUCTION

The basic physical processes relevant to neutral beam injection heating of
tokamak plasmas are briefly reviewed in this chapter. Emphasis is placed on
those topics that are related to the analysis of charge-exchange energy spectra
of beam ions. The physical processes of interest are beam deposition, fast ion
orbits, slowing down, pitch angle scattering, and charge-exchange rates. The
sensitivity of fast neutral flux measurements to various effects resulting from
those processes is investigated. The dependence of the measurements on the
neutral particle analyzer viewing angle is also explored.

A further purpose of this review is to identify those assumptions in the
theory that are questionable and, thus, indicate what type of anomalies might
be found. The major approximations used in the analytical and in the simula-
tion codes are also described.

The chapter is divided into three sections: beam deposition, fast ion orbits,

and collisional effects.

3.2 DEPOSITION

As injected energetic neutrals peneirate into a plasma, some of them are

ionized and form a source of fast ions. Since experimentally the NPA sightlines
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lic on the torus equatorial plane, the quantity of interest is the fast ion distribu-
tion function as the ions first cross this plane. This may be expressed as a dif-
ferential distribution fy (R, E,¢), in other words, the birth distribution in major
radius (R), energy (E), and pitch angle ({, defined as v/v, with vj =V . fp,
where Jp is the toroidal plasma current density). In this section, the beam ion
birth distribution and its relationship with the analysis of fast neutral spectra
are discussed. The concepts of tangential and perpendicular injection are also

developed.

3.2.1 The Three Energy Components, f, (E)
The ion cloud produced by an injector source is a mixture of three species,
HY, H2+ , and H3+ . These ions are accelerated up to the injection energy (Eiy;)

by an applied high voltage and are then neutralized in a gas cell so that they
may enter the plasma without being affected by the electromagnetic fields.
Upon neutralization, H, and Hj separate into their atomic components, giving
rise to “currents” of H® atoms with energies of Eij/2 and E;;/3, respectively.
Peaks corresponding to these three energies are usually visible in fast neutral
spectra along sightlines with tangency radii close to the injection tangency
radius. The beam fractional composition in neutral current at Ejyj, Eiyj/2, and
Eisj/3 entering the ISX-B tokamak was calculated to be 0.41, 0.31, and 0.28
(Ref. 22) from test stand measurements.?> These measurements are sensitive to
the actual operating conditions, and the estimation carries an uncertainty of
~10-15%. The computational prediction of the fast neutral spectra was not
sensitive enough to ascertain the beam fractional composition accurately

through comparisons with the experimental data. However, deviations by ~50%
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from the estimated fractions (e.g., 0.2, 0.4, 0.4) resulted in predicted spectra
that were discordant with the experiment.

On the PDX—where the same type of beams is used as on the ISX-
B—attempts are being made at determining the beam species fractions by in
situ experimental measurements.?* Preliminary results indicate that—as position
varies from center to edge—the fractional composition varies along the injector
face from 0.45, 0.35, and 0.20 to 0.55, 0.30, and 0.15. An average composition.
of 0.45, 0.30, and 0.25 in the simulation codes results in good agreement with
their experimental spectra.”> The ISX-B data were found consistent with the
species mix previously reported; therefore, a uniform fractional composition of

0.41, 0.31, and 0.28 was used in all the simulations for the present work.

3.2.2 Ionization Reactions

The injected neutrals are ionized in the plasma by collisions with electrons,
bulk ions, impurity ions, and circulating beam ions. Impact ionization?%?’ and
charge exchange?’ are the main processes involved and may be schematically

represented by the following:

ion-ion impact: HQ,, + AT = Hyb  + AT + ¢,
charge exchange: HQ, + AT —H, + 4°,

ion-electron impact: H'+ e —H" +2¢,

where 4 symbolizes either a bulk ion or an impurity or a beam ion.

The cross sections, obtained through empirical fits?® to the data, are shown

in Fig. 3.1 (Ref. 29). The combined uncertainties of the experimental data and
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fit are roughly =20%.3° Charge exchange with background ions dominates the
beam deposition in the energy range of the ISX-B experiments (Einj ~ 25 to 35
keV), with ion-ion impact followed by ion-electron impact being of less impor-

tance.

3.2.3 Deposition Profiles, f; (R)

All of the ionization reactions presented in Section 3.2.2, with the excep-
tion of beam neutral-beam ion reactions, are included in the calculation of the
beam deposition in both the Fokker-Planck and the Monte Carlo codes. Since
charge exchange and impact ionization on the circulating beam ions are not
included in either code, it is necessary to estimate how large an effect is being
neglected. The deposition profiles for the full energy component of the beam
due to the different processes in a representative ISX-B discharge (0.9-MW
co-injection, 71, = 4 X 103 ecm 3, I, = 145 kA, Zs = 1.5) are shown in Fig.
3.2. [The resulting fast ion density ng(r) is strongly peaked on axis (at R = 97
cm), a consequence of the smaller volumes of the central regions.] These pro-
files were obtained by following a single zero-width beamlet “launched” along
the centerline of the actual beam with energy Ej,; = 30 keV. The fast ion dis-
tribution function used for the calculation of the deposition on the circulating
beam ions was that determined by the Monte Carlo simulation. At each spatial
step, the cross sections for the beam-beam deposition were calculated at the rel-
ative velocities in 30 bins in energy and 20 bins in pitch angle. The correspond-
ing density of circulating beam ions in each R, E, { bin was used.

As can be seen from Fig. 3.3, the deposition profiles are affected only

slightly by the omission of beam-beam interactions; furthermore, the total
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amount of beam deposited differs only by <2%. This analysis did not take into
account a higher-order effect, namely that in charge-exchange events between
injected beam neutrals and circuiating beam ions in which the primary neutral
is deposited, the circulating ion is neutralized and forms a secondary neutral
that may reionize somewhere else in the plasma. Since events of this type will
be more important at a low relative energy—due to the energy dependence of
the cross section—a good portion of these secondary neutrals is expected to
have speed and direction close to those of the primary neutral, thus nullifying
the deposition event. Thus, the approximation to neglect beam-beam deposition
in analyzing typical ISX-B data is acceptable in view of larger uncertainties in
the cross sections, although it may not be a negligible process in low 7, high P,

experiments.

3.2.4 Deposition Profiles, fg (¢)

In neutral beam injection heating schemes, it is desirable to deposit most of
the beam power close to the plasma center, thereby heating the plasma core to
the high temperatures required to achieve efficient fusion rates. If the plasma
minor radius is large and the density high and access is limited by toroidal field
coils and structure—conditions envisaged for a tokamak fusion reactor—it
becomes necessary to increase the energy of the beam neutrals and to inject
approximately perpendicular to the toroidal axis for the neutrals to reach the
plasma center. However, it is found theoretically and experimentally (see Sec-
tion 3.3) that high-energy, small pitch angle orbits are poorly confined. More-

over, as described in Section 2.3, large-scale instabilities are seen to 1ake place
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during high-power perpendicular injection, with considerable fast ion losses and
deleterious effects on the heating efficiency.

The ISX-B relatively small plasma minor radius (a, = 27 cm), moderate
densities, and good access allow a beam deposition close to the plasma center
with tangential injection (injection at a large angle from perpendicular), the
mean free path being =45 cm for a 30-keV H° neutral and 7, = 4 X 10'3
cm 3. Since the neutrals are injected in a direction quasi-tangential to the
plasma current, the ensuing fast ions will generally have an initial value of Iv" M
close to unity. If vj > 0, the ion is said to be co-moving, and counter-moving if
v) < 0. Similarly, co- and counter-injection correspond to an initial vj > 0 and
< 0, respectively.

Figure 3.4 shows the fast jon birth distribution profiles in pitch angle—at
the torus midplane—for both a co- and a counter-injection case, obtained by
following the ion orbits only up to the first two midplane crossings in the Monte
Carlo simulation. The simulation was performed for a finite-size neutral beam,
and scattering on plasma particles was included. Plasma current and
line-averaged electron density for the co-injection sequence were I, = 180 kA
and i, = 3.7 X 10'3 cm™3, and for the counter-injection sequence they were
I, = 170 kA and @, = 3.9 X 10'® cm™3. The distribution function has been
integrated over the whole range in major radius R, approximately from 70 to
120 cm. It can be seen that as a consequence of the injection geometry very
few ions are born with pitch angles detectable by a neutral particle analyzer

oriented along sightlines close to perpendicular. Therefore, most of the signal

along quasi-perpendicular chords will come from ions that have scattered
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Fig. 3.4. Fast ion birth distribution in v/v (integrated from R = 70 to
R = 120 cm) at the horizontal midplane. The orbit-following calculation was
performed for (a) a co-injection case (7, = 3.7 X 10" cm™?, I, = 180 kA)
and (b) a counter-injection case (7, = 3.8 X 1013 cm™3, I, = 170 kA).




35

through large angles in velocity space. However, this need not be true for ener-
gies close to Ejq;, as will be considered next.

In Fig. 3.5, injection profiles (co-injection only) are compared for ions born
near the plasma center (90 < R < 100 c¢cm) and close to the inside edge of the
plasma (75 < R < 85 cm). The latter profile is broader and centered at a
smaller value of vj/v. This effect is a consequence of the conservation of mag-
netic moment p (u o va/B) and energy (E oc vi + vﬁ) on the orbit time
scale, discussed further in Section 3.3. As the ion moves to a smaller R, it
encounters a stronger magnetic field B, and—because of u conservation—its
perpendicular velocity v increases, and { decreases. As a result, there exists a
significant population of fast ions with small initial pitch angles on the inside
leg of their orbits. The Monte Carlo simulation, as well as the analytical code,
calculates that this population gives rise to most of the charge-exchange signal
along sightlines close to perpendicular for E = E;p. This is perhaps not
surprising, considering that very little pitch angle scattering occurs before the
ions slow down to energies well below Ej,; for typical ISX-B parameters (as
discussed in Section 3.4), and, therefore, ions born with large v| are very
unlikely to contribute to the high-energy portion of the perpendicular spectrum.
Tons that do attain a small pitch angle at birth, moreover, do so in a region
where they have a relatively high probability to contribute to the fast neutral
flux. To show this, it is necessary to digress briefly to clarify which factors
determine the sensitivity of the neutral particle analyzer. This also serves the
purpose of establishing some of the uncertainties in the charge-exchange meas-

urements presented in this thesis.
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Let ®) (R,E,R,)" be the flux of escaping neutrals in the energy range E to
E + OE originating from charge-exchange events at a location R in the plasma
and detected by the neutral particle analyzer oriented along a sightline with

tangency radius R, in the horizontal midplane

QO(R,E,RI) 0.8 nﬁ(R,E,g')nO(R)a,cxve_f("a)lotds .

Here, ni(RE,{) is the local density of fast ions with energies between E and
E + OE and aimed at the detector (i.e., with { = R,/R), no(R) is the local

background neutral density, oo, is the charge-exchange cross section evaluated
at E, and v is the fast ion velocity. The attenuation integral is performed along
the viewing chord from R to the outside edge of the plasma, and (na),y is given

by

<aieve>
b

n; ny
. + — le.25
n

e ne

(no) = n.(R) + (0 + ogy)

with the bulk ion and impurity density fractions being

Zr — Zyt
ZI - 1 ’

M
ne

*See Appendix B. Note that ng(R,E,{) is the same as F(R,E,{)0ESQ, in the appendix.
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and

o Loy — |
ﬂe Z](Z[ - 1) ’

where Z; and Z g are, respectively, the charge state of the dominant impurity
and the effective Z of the plasma.

Computed attenuation integrals are shown in Fig. 3.6 for a low and a high
density case (7, = 2 and 6 X 10'* cm?) along quasi-tangential and quasi-
perpendicular sightlines at three energies. [Experimental n,(R) profiles from
Thomson scattering diagnostics have been used in the calculations for this and
the next figures.] As a way of illustration, it is seen from the figure that >50%
of the ions with E = 30 keV and { = R,/R = 0.12 that are neutralized close
to the inside edge of a low density plasma are expected to reach the outside
edge without reionizing.

As mentioned earlier, the uncertainty in the cross sections is ~20%, even
larger for ionization and charge exchange on impurities. Z; is determined from
spectroscopic measurements, whereas Zg is obtained, as part of the output of
the ZORNOC tokamak data analysis code,3! from the measured values of the
plasma current and loop voltage, a neoclassical expression for the parallel con-
ductivity, and the assumption of a flat Z o5 profile. Uncertainties in the value of
Zr affect not only the inferred bulk ion and impurity density fractions but also
the calculation of fast ion scattering. Although it is difficult to place error bars

on the deduced value of Z.g, uncertainties of up to factors of 2 are possible.

Furthermore, as pointed out by Goldston,” the fast ions may experience a
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Fig. 3.6. Attenuation integrals computed for escaping charge-exchange
neutrals with energy = 10, 20, and 30 keV. Two viewing chords are considered
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higher Z ¢ than that deduced from resistivity because of their better penetra-
tion of the electron clouds of partially stripped impurities. (The fast ion density
ng(R,E,{) is calculated by analytical and Monte Carlo codes and is the quan-
tity under investigation here.) The last factor that remains to be considered in
the expression for & is ng(R), which may well produce the largest uncertainty
in the calculated signal for the following reasons. First, no(R) is not experimen-
tally measured but is obtained through a transport calculation in cylindrical
geometry with axially uniform sources, using the code NEUCG.3? There are
three quantities that enter the NEUCG calculation which are not well known:
the edge neutral energy E, the ion temperature profile 7T;(R), and the wall
recycling. The first two determine the neutral penetration and, thus, the profile
shape. The other affects the neutral source rate and, consequently, the value of
ng at the plasma center—ng(0). The range of plausible values for these quanti-
ties may change the resulting ®, by large factors (e.g., factors on the order of
10), as well as affect ¥, to varying degrees at different energies and sightlines.
In addition, both E, and the wall recycling may have large toroidal variations,
as discussed by Neilson;3? therefore, it is not unrealistic to expect no(R) at the
NPA location to be different from the toroidally averaged (ny(R)), which
determines the overall charge-exchange losses. Some preliminary experimental
evidence®* has been gathered on the Tokamak Fusion Test Reactor (TFTR) at
Princeton, indicating large differences in ny(0) at toroidal locations close to and
far away from the main limiter. A further observation is that ng(R) is a steep

function of R; thus, it affects the local signal strongly because it may determine
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where most of the detected flux originates. Figure 3.7 shows ng(R) profiles cal-
culated by the NEUCG code for the illustrative low and high 7, cases and for
two values of Eq (5 and 100 eV) that roughly encompass the plausible range.
The ratio ny(a,)/ng(0) is seen to be ~10% to 103 (depending on #,) if Ej = 5
eV is assumed and it is reduced by a factor of ~10 for E, = 100 eV. The

plots were obtained by assuming a wall recycling of 40%, which is believed to
be a typical value in toroidal sectors far from the limiter. Close to the limiter,
the recycling is expected to be much higher. A recycling of 90% would shift the
profiles upward by a factor of =6 without changing their shapes. Conse-
quently, the wall recycling affects strongly the charge-exchange losses and the
magnitude of &, but alters only weakly (through the charge-exchange losses)
the shapes of the fast neutral spectra. Uncertainties in the neutral density
profile, on the other hand, affect strongly the shapes of the spectra, as well as
the charge-exchange losses and the magnitude of the fast neutral flux.

The attenuation integral and ny(R) have been multiplied together and the
result plotted in Fig. 3.8, obtained for a plasma sequence with a value of 7,

(4 X 1013 cm™3) that is representative of the data collected for this investiga-
tion. As a consequence of the steep profile, the charge-exchange source along
the tangential sightline (R, = 72 cm) is highly peaked near the outside edge,
regardless of energy. The low-energy fast neutral flux originates from that
region along the perpendicular sightline as well. However, the perpendicular
fast ion population at high energy is very small at the outside edge, resulting in

low charge-exchange fluxes. It is evident that, if n; were the same at the

plasma center (R = 97 cm) and at the inside edge (say, R = 75 cm), the
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Fig. 3.7. Neutral density profiles for. the edge source. The calculations
were performed using the one-dimensional cylindrical code NEUCG for (a)
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dicular (R, = 8.5 cm) sightlines are plotted as a function of major radius R.

The line-averaged electron density was 4 X 1013 cm™3,
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high-energy perpendicular signal would originate predominantly from the inside
edge. Referring back to Fig. 3.5 (page 36) and the previous discussion, the fast
ion density at £ = E;,; and small { is expected to be /arger at lower values of
R than at the plasma center, reinforcing the conclusion that this signal

represents mostly prompt losses of unscattered ions.

3.3 FAST ION ORBITS

Under the restrictions of a collisionless time scale, and assuming slow vari-
ations of the electromagnetic fields in time and space with respect to the par-
ticle gyromotion, the equations of motion for the fast ions can be obtained in
the guiding center approximation.>> With the further assumption that the fields
are time-independent, those equations are integrated (numerically) by an orbit-
following routine®® in the Monte Carlo code to determine the particle trajectory
between collisions.

For the purpose of classifying the orbit types, it proves convenient to intro-
duce some further approximations, that is, toroidal axisymmetry, negligible
electric field effects, and magnetic field |B] = B; = ByRy/R. Nonaxisym-
metric effects have been studied on ISX-B,3” and they are negligible for the

standard 18 toroidal field coil operation. The velocity of the guiding center then

factors into a vertical drift due to the gradient and curvature of B:




45

and a velocity along the field lines

Iy

Van =V B ; (3.2)

the fast ion orbits can be easily visualized as a competition between these two
motions,?® with the energy and magnetic moment conserved.

In Section 3.3.1, the various orbit types will be discussed, and the orbit
topology in the torus midplane as a function of R and v|/v (Ref. 39) will be
presented. The focus will be on the usefulness of the (R, v|/v) diagrams in

interpreting charge-exchange spectra.

3.3.1 Orbit Types

The variables chosen here to describe the guiding center orbits are R, E,
and { and, specifically, the values they assume at the horizontal midplane
(HMP) crossings. Also, the orbits will be characterized by their poloidal projec-
tions, that is, their projections on a vertical plane at a fixed toroidal location.

In a tokamak the particles are classified as “passing” or “trapped,” with
correspondingly passing and trapped orbits—reviewed by, among others,
Kadomtsev and Pogutse*? and Stix.*! The two general categories include several
orbit types, some of which will be discussed presently.

A co-passing orbit is one for which V- J, > 0 everywhere along the trajec-
p g y

tory. Its poloidal projection is approximately a circle whose center is displaced

outwardly from the axis of the magnetic surface by a distance § ~ epp,' where

*These estimates of & start losing their validity as é approaches a,.




46

e = r/Ry and the poloidal gyroradius pp = mcvfeBy. A counter-passing orbit,
on the other hand, has T/’-fp < 0 everywhere and is a circle displaced inwardly
from the magnetic axis by a distance 6§ ~ epp. An estimate of pp(ap) for a
30-keV proton in ISX-B yields ~1.6 a,, with a corresponding 6 ~ 0.5 a,.

As mentioned earlier, v| decreases as the particle moves to regions of
increasing magnetic field strength. If the orbit of a co-passing particle is topo-
logically modified by considering it to have smaller and smaller values of { at

the outer HMP crossing ({;), for some sufficiently small {; the particle will
reach the inner intersection with the HMP with vy = 0. Equations (3.1) and

(3.2) show that the motion is then dominated by the vertical drift, so the par-
ticle moves straight up until—due to the increasing poloidal field—it acquires
an outward motion and an increasing v|, completing an orbit that resembles a
“«p.”

For even smaller values of {, the particle will not reach the midplane but
will be reflected back with vy < 0. The particle then follows a counter-moving

path, whose center is shifted inward, until it reaches a symmetric turning point
and is again reflected, this time co-moving. This kind of orbit is called a
“banana” orbit because of its shape in the poloidal projection and has a width &
-~ 2\/e_pp. For a 10-keV proton at r = a,/2, the width would roughly be § ~

0.7 ap.

Particles following banana orbits are said to be “trapped” in the mag-
netic mirror.

Examples of these orbit types are shown in Fig. 3.9, which was obtained by
performing the orbit-following Monte Carlo calculation with the coilision opera-

tor turned off so that the particles would follow the orbits determined by their
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initial conditions. As illustrated by the plots, the particles may deviate consid-
erably from their original flux surfaces (the dashed contours, determined by
solving the equilibrium equation) and sample the plasma at different minor
radii along their orbits.

Just as the D orbit connects the co-passing and the banana trapping
regions, the “pinch” orbit lies on the boundary between the counter-passing and
the trapping topologies. (A thorough discussion of pinch orbits and the orbit
topology in general is given by Rome and Peng.*?) A schematic illustration of a
pinch orbit is shown in Fig. 3.10. By a slight variation of its coordinates
(R,E,{), the pinch orbit can scatter into a large-width banana or kidney orbit,
with vj > 0 on the outer leg, or into a counter-passing orbit, as shown in the
figure.

To point out some of the approximations used in the analytical code
(FPP), it may be noted here that FPP assigns each particle at the time of depo-
sition to a radial shell between two adjacent concentric flux surfaces of circular
cross section, at an average minor radius among those sampled by the orbit,
and does not allow for radial transport; that is, the particle does all its slowing
down and scattering while remaining in the same shell. The banana orbits are
treated in the zero-width approximation, that is, at the turning points the par-
ticle is reflected back along the same path followed while co-moving. Thus, the
trapping region is symmetric in V|, V1 space about the v, axis, with the trap-
ping boundary given by v, /vl = (1 — 2r/R)!/2 from E and g conservation.
Writing the expression for the trapping boundary as lvj/v] < (2r/R)!/2, it is seen

that a particle with vj = 0 is considered in FPP to be deeply trapped, though it
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actually is at the boundary of the trapping region (e.g., the D orbits). Further-
more, no pinch orbits are treated in the FPP code, and this will have dramatic
effects on the predicted fast neutral spectra along viewing sightlines sensitive to

this class of orbits, as discussed later.

3.3.2 Orbit Loss Regions
An important feature of the orbit topology is the boundaries of the loss
regions: an orbit crossing the HMP in one of these regions takes the particle

outside the plasma, and the particle is considered lost.”

Figure 3.11 depicts the topology for a 10-keV proton in a plasma equili-
brium that represents in a qualitative fashion much of the ISX-B data. A loss
region for co-passing ions is seen at the inner edge of the plasma; these ions will
exit the plasma on the outside because the centers of their orbits are shifted
outward from the axes of the magnetic surfaces. Similarly, counter-passing
particles close to the outer edge of the plasma will follow orbits out of the
plasma on the inside. Pinch orbits, counter X-type stagnation orbits (a defor-
mation of the pinch orbit), large-width and outer bananas, and large-width kid-
ney orbits make up the remaining boundaries of the loss regions.

The topology for a 30-keV proton is shown in Fig. 3.12, which prompts two
immediate observations: a larger space of the R, v/v diagram is occupied by
the loss region at higher energies, and the co- and counter-halves of the space
are now disconnected, so, for example, counter-passing particles can no longer

achieve vy 2 0 through small-angle scattering.

*The particle must actually hit the vessel wall, or a limiter, to be lost. However, this is not
taken into account in the computational codes used for the present investigation.
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As is discussed in Chapter 4, the loss regions are properly implemented in
the Monte Carlo code, whereas in the FPP code they are retained in an approx-
imate manner for counter-injection only (except at deposition, as noted). The
rationale for the FPP treatment of the loss regions is that co-injected ions must
scatter through a large portion of the trapping region before reaching the loss
boundary, and it would be inconsistent to account for a large banana-width
effect in a zero-width approximation. For counter-injection in FPP, the loss
region is the trapping region at energies = E)(r), where Ejo(r) is the energy
that results in a banana width 6 = a, — r. In the approximate treatment of the
orbits, the pitch angle at the trapping boundary is independent of energy. As a
result, the fraction of fast ions trapped during counter-injection is underes-
timated (except at low E). Thus, FPP may tend to underestimate the orbit

losses during counter-injection as well as co-injection.

3.3.3 Tangential vs Perpendicular Injection

As pointed out in Section 3.2, energetic, perpendicular ions (i.e., those hav-
ing a small |V||/ v)) are not well confined. It is evident, by looking at Fig. 3.12,
that only a small region of the R, v|/v space is occupied by confined orbits for
this class of ions. Furthermore, the trapped ions will pass near the plasma edge
on the co-moving portions of their orbits and will, therefore, have a fairly large
chance to charge exchange and escape from the plasma due to the high back-
ground neutral density. The co-passing ions will also have large orbit widths
since the drift velocity dominates their motion, resulting in wide deviations from
the flux surfaces. Thus, they may be lost through charge exchange. Those con-

fined perpendicular ions that are not lost to charge exchange may still scatter in

phase and real space into the nearby orbit loss regions.
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In perpendicular injection schemes, the ions are born not too far from the
loss regions, and direct orbit and charge-exchange losses may be a significant
fraction of the total injected power. Perpendicular injection in the counter-
direction results in very large prompt orbit losses. With tangential injection, on
the other hand, most of the ions are born on well-confined orbits, and they need
to scatter more before they reach the loss region.

An experimental illustration of these two different confinement regimes is

presented in Fig. 3.13. Fast neutral spectra at R, = R,(inj) are shown for a

typical ISX-B tangential co-injection case [Fig. 3.13(a)] and for the diagnostic
neutral beam (DNB) counter-injected perpendicularly [Fig. 3.13(b)]. Qualita-
tively, there is a substantial difference between the two spectra. The tangential
spectrum is rather smooth, showing only small peaks at the three beam energy
components. The fast ions are well confined as they slow down and, thus, con-
tribute to the signal at all energies. The DNB spectrum, on the other hand,
displays marked peaks at the injected components.” In this case, the ions are
quickly lost from the plasma; therefore, the spectrum is depleted at energies

below the injection energies.

3.3.4 Sensitivity of the NPA to the Orbit Topology

A few observations have already been made regarding orbit effects on the
fast ion distribution function and on the sensitivity of the NPA to the orbit
topology. Here, some additional viewpoints are presented, illustrated by specific
examples. This will provide information on what classes of orbits contribute

most strongly to the CX signal along the different sightlines, what the spatial

*The DNB working gas was deuterium, but a small hydrogen contamination from the
beamline walls produced HD; and HD molecules, which gave rise to the D® peaks at £ = 10
and 16 keV, respectively.




55

ORNL-DWG 85C-2354 FED

1010 | T T 3
- o -
o)
109 = db O =
S
- Cogrooo0™0 :
108 | E
a > 3
o107 3 %5 3
(] - 3
> [ (a) ]
[ | ]
~ 106 |
£ 1010 T T T 3
" ¥ =1 ]
o 109 | O =
& = @ oo E
s @& & ]
8 L .
10 3 g Q0 DCD 3
- mil DEP:P .
: g E ‘
B (b) i |
106 ] ] ] |
0 10 20 30 40

ENERGY (keV)

Fig. 3.13. Tangential vs perpendicular injection. Fast neutral spectra at
R, = R,(injection) for (a) a typical ISX-B tangential co-injection case and
(b) the DNB counter-injected perpendicularly. E inj = 31.5 and 24 keV for (a)
and (b), respectively.




56

origination profile of the signal is, and for what cases is the approximate,
analytical treatment inadequate for predicting NPA spectra. Such information
is vital to a good understanding of CX spectra, and the fast neutral spectrum
calculator developed for this thesis performs this type of analysis in a consistent
way.

The equation for an NPA sightline viewing in the equatorial plane with
tangency radius R,, in the R, v|/v space, is vj/v = *R,/R, obtained from
simple geometry (“=*,” depending on whether the analyzer is viewing co- or
counter-moving particles). The same equation applies to the beam centerline,
with R, = 74.5 cm for ISX-B and “=*” indicating co- or counter-injection.
Representative tangential and perpendicular NPA viewing chords are shown in
Fig. 3.14, superimposed on the orbit topology for a 10-keV proton. A simple
observation is that no signal is expected from the inner region of the torus along
sightlines with R, > 0 nor from the outer region along sightlines with R, < 0.
Another immediate conclusion is that both tangential and perpendicular
“positive” chords sample solely co-passing ions. In contrast, as noted previously,
the zero-width calculation leads to the result that the perpendicular signal
comes almost entirely from trapped particles.

The importance of referring to the orbit diagrams in interpreting charge-
exchange spectra to infer fast ion confinement is perhaps best illustrated by a
comparison of perpendicular spectra during co- and counter-injection. Figure

3.15 shows the experimental spectra at R, = +8.5 cm and R, = —8.5 cm,
during injection at R, = +74.5 cm and R, = —74.5 cm, respectively, with

plasma and beam parameters for the two sequences kept as nearly the same as
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possible. It is seen that the high-energy portion of the counter-injection spec-
trum is larger than the corresponding co-injection signal. However, concluding
from this that counter-injected ions are better confined or that the background
neutral density in counter-injection sequences is higher would be erroneous. The
observed effect is instead a consequence of the asymmetry of the orbit topology.
Both signals are due to prompt losses of particles that ionize close to the outside

edge of the plasma and achieve a small value of v /v at the inside crossing. The

difference is that in the counter case this inside crossing can be very close to
the plasma periphery (precluded by the loss region in the co-case); thus, the sig-
nal originates from a region of higher background neutral density.

One significant result of the Monte Carlo simulation is that the largest

part of the fast neutral flux for all sightlines with —72 < R, < —8 cm, during

tangential counter-injection, comes from a region close to the plasma edge on
the inside of the torus, as shown in Fig. 3.16; this is a consequence of the
strong dependence of ®; on ny(R). By contrast, the co-moving signal detected
during tangential co-injection originates from the outer few centimeters of the
plasma along tangential chords, mostly from a wide band around the magnetic
axis for sightlines with smaller tangency radii (Fig. 3.17). In this case, the
prediction is explained by the fact that the injected ions need only small pitch
angle scatter to be viewed along sightlines with R, == R, (injection). Thus,
prompt losses of ions deposited close to the outside edge of the plasma—again,
in a region of high ny—contribute to the largest portion of the signal. On the
other hand, ions born on the outside would require a large angle scatter to be
detected along perpendicular chords, and this is much more likely to happen at

the plasma center than at the periphery since the ratio of the scattering time to
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the slowing-down time is much smaller at the center, as discussed in Section
3.4. Moreover, the initial pitch angle attaired at the inner HMP crossing is
smaller than that at the outer HMP crossing so less scattering is necessary.
Another illustration of how sensitive the NPA signal can be to the orbit
topology is depicted in Fig. 3.18. The simulated fast neutral spectra in a
counter-injection sequence at three perpendicular sightlines are plotted together.
The tangency radii of the viewing chords are —10, —8.5, and —6 cm. The
spectra at R, = —10 cm and R, = —8.5 cm are almost indistinguishable
from each other, but looking in a slightly more perpendicular direction (R, =
—6 cm), a large drop in the detected signal is observed. The interpretation of
this result is quite simple, referring back to Figs. 3.12 and 3.14 (pages 52 and
57): these sightlines pass very close to the boundary of the loss region at small
values of R (from which most of the signal arises), and the discontinuity in &,
is a consequence of the viewing chord crossing this boundary. The perpendicu-
lar analyzer [momentum energy analyzer (MEA)] could not be oriented to view

sightlines with |R,| < 8.5 cm, but the same effect was noted experimentally by

comparing the spectra at R, = —8.5 cm during counter-injection at different
plasma currents (Chapter 5). A large decrease in the high-energy signal was

detected when I, was lowered from 145 kA to 110 kA, and this is interpreted
as the loss region boundary crossing the fixed viewing chord.

A more general verification of the orbit topology comes from an experi-

ment in which the beam was counter-injected (R, = —74.5 cm), whereas the
analyzers were oriented to look at co-moving ions and scanned toroidally from

R, = 85 cm to R, = 87 cm. (A similar experiment was first performed at
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Princeton on the PLT tokamak.*') To be detected, the ions must have their
velocity vector changed from antiparallel to parallel to fp. This “reflected”

flux, according to the orbit picture (and under the basic assumption of the
Fokker-Planck theory that scattering by a large angle is due to multiple small-
angle collisions), comes entirely from ions that have scattered through the
trapping region and from ions following pinch orbits and fat bananas, and it is
characterized by a peak at quasi-tangential sightlines detecting ions on pinch
orbits. The experimental flux as a function of tangency radius at three
energies, together with the corresponding curves calculated by the Monte Carlo
code, is shown in Fig. 3.19. The simulation properly reproduces the shapes of
the experimental curves, as well as the magnitude of the flux at the low and
medium energies, where the statistical quality is better, thus confirming the
validity of the orbit theory. By contrast, it will be shown in Chapter 4 that the
zero-banana-width approximation of the FPP code results in the fast neutral
flux being higher at the more perpendicular sightlines, contrary to the experi-

ment.

3.4 COLLISIONAL EFFECTS

The statistical description of the fast ion population is contained in the dif-
ferential distribution function f(X,V,t). The time evolution of f, as the fast
ions deliver their energy to the plasma, is described by the Boltzmann equation.
This is averaged over the ion gyromotion to yield the following “drift-kinetic”

equation:

%=%+V-§,f+ﬁf'vvf=ﬁi +S~L, (33)
m

t collisions
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where S represents the beam ion source rate, L is the loss rate (unconfined
orbits and charge exchange), v is the velocity of the guiding center, E is the
macroscopic electric field, and the change due to collisions with the background
particles is given by the Fokker-Planck operator derived by Rosenbluth, Mac-
Donald, and Judd.*

The term V- V,f gives the rate of change of f as a function of the spatial
coordinates and—in the Monte Carlo code—is treated by the orbit integration.
The other terms, governing the slowing down, scattering, energy diffusion, and
charge exchange, are discussed in this section (to first order in T,/Epeam), and
their relevance to plasma heating, ISX-B parameters, and NPA spectra is con-
sidered.

As a general premise, it is worth noting that the following operators are
“bounce averaged” along the first orbit in the analytical treatment, whereas

they are calculated locally by the orbit-following Monte Carlo code.

3.4.1 Slowing Down
The fast ions slow down through drag on electrons, bulk ions, and
impurities, and the corresponding rate of change in f~—for v; < v << v,—is

given by*

viT, VT,

m my

of ] (34
av
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where terms containing v} represent collisions with ions and the others

represent collisions with electrons. The following definitions apply:

3
e

16v/7 Z%*n, In A,

Imm,v

Tse

the Spitzer slowing-down time on electrons, m, Z, and v are the beam ion mass,

charge number, and speed, v, and v; are the electron and ion thermal speeds,

and

2 Mi

1/3 2 nZj— = In A,
_ |3 e T, with [Z] =— /
Ve 4 m; €’ n, In Ae ’

where In A [= In(bp,./bmin)] is the logarithm appearing in the Coulomb

scattering cross section*® and has a value of ~16 for ISX parameters. The

average rate of change of the velocity is

<6v>= f ot '

(3.5)
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Using d®v = 4nvidy, letting f = 6(v —vg), and integrating by parts, the fol-

lowing equation is easily obtained:

1+ ——

°E (3.6)

(& =_L“1_£ + e

v3

Note that the term T,/F tends to reduce the slowing-down rate. However, this

term is small with respect to the zero-order terms. To zero order in T/E,

Eq. (3.6) becomes

<ﬂ> I P A/
ot Tse v

3
] : (3.7)

As before, the first term is due to electron friction, and the second term is due

to ion friction. The critical velocity v, is the velocity at which the fast ions slow
down (and deliver their energy) at equal rates on ions and electrons. For v >
v, electron drag is dominant, and for v < v,, ion drag becomes more impor-
tant. Since the critical energy E. (= 1/2 mv?) is proportional to the electron
temperature T,, it follows that higher values of T, result in more beam power
deposition to the ions. In ISX-B, E. < 10 keV typically, whereas Eip; = 30

keV; thus, most of the beam power is delivered directly to the electron popula-
tion, as opposed to other tokamaks—PLT, for example—which have higher

values of 7, and are, therefore, characterized by a more direct power input to

the ions. It may also be noted that, for the operating parameters of the ISX-B,
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the occurrence of non-prompt losses would reduce the power going into the ion

channel proportionately more than that going into the electron channel.

3.4.2 Pitch Angle Scattering

The rate of change of f due to pitch angle scattering on the background

plasma is described by the expression*’

of =M_1_1[(1 _ eyl (3.8)
ot 2r,m[Z] v} o5 at

where

Z anf In Aj

Z)= . ’ =T,
2 n, In A, £ v

and m; is the mass of the bulk ion population.

Equation (3.8) may be considered as a competition between a frictional
term (df/d{), which tends to bring f to the average value { = 0, and a diffusive
term (9%f/8¢?), which tends to make f isotropic in pitch angle.

The average rate of change of { due to collisions is

(&) _ ff%édi— miZ) Ve (3.9)
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At energies E >> E_, very little pitch angle scattering takes place, since colli-

sions with electrons are dominant. This explains the low signal detected in the
high-energy portion of perpendicular spectra, which comes from the small popu-
lation of beam ions born with a small pitch angle, which need not scatter much
to be detected.

The average change in { that a fast ion undergoes as it slows down can be
estimated from Eq. (3.9), with “dr” expressed as a function of dv, using

Eq. (3.7):

o~ |2
il
Q
|

<

where C = my{(Z)/m[Z).

Integrating from an initial state / to a final state f,

[

1
vilt +

y f
1n%J=cfi%_f dvv3]

Evaluation of the second integral on the right side leads to the following

result:
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or

m;<Z>
& v} (v} +v2) | miz]

$i v,-3 (v} + vg)

(3.10)

Now, (Z) is almost equivalently Z 4, and [Z] ~ 1, even for (Z) ~ 10.
Also, for the typical ISX-B injection experiment, m; = 2 AMU, and m =

1 AMU; thus, converting from velocity space to energy space, Eq. (3.10)

becomes

2
=2z,
& EV2(EY? + EXYy |37 G
$i E*(E}? + E)) ' '

Evaluating Eq. (3.11) with E, = 10 keV, E; = 30 keV, E; = 20 keV,
and Zgp = 1 results in {y/{; = 0.92. So the pitch angle changes on the aver-
age by only 8% while the fast ions slow down from 30 to 20 keV. A Z 4 = 3
would result in a 22% change in { for the same values of E,, E;, and E -

At energies closer to the critical energy, collisions with bulk ions become
increasingly more important; consequently, larger changes in { occur. Consider-
ing, for instance, E; = 20 keV and E r = 10 keV, A{/{ turns out to be 23%
for Z = 1 and 54% for Z 4 = 3.

A scattering time 7, is defined as

__¢
Tscatt = at/at )
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and results in

T E? o Tse E?
scatt 2 Z o E?/Z Z 55 T‘g/2

Similarly, defining a slowing down time 7, by

\4

T = ——
slow ™ — g/
yields 7gow = 75, (for v >> v.). Thus, the ratio of scattering time to
slowing-down time is
3
Tscatt 1 | E &
Tslow Zgg | Te

and assumes the smallest value at the plasma center, where T, is the highest.

It must be pointed out that collisions of beam ions with other beam ions
are not taken into account by these calculations. For this work, an estimate of
beam-beam scattering with respect to beam-plasma scattering was obtained by
comparing the 90° scattering times for the two processes. As for the estimate
of beam-beam deposition, the fast ion distribution function calculated by the
Monte Carlo code was used in the computation. Since the scattering cross sec-
tion is proportional to vr:l", the calculation was performed for an ion with a
pitch angle matching the peak of the distribution function to maximize the

neglected effect. The ratio of fast ion density (summed over ¢ and E) to bulk
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ion density at the plasma center was ~0.1. The beam-beam 90° scattering
time was found to be longer by factors > 10 (depending on r) than the
corresponding beam-plasma scattering time; therefore, it was concluded that
neglecting beam-beam collisions would not introduce a significant error. Experi-
mental results were consistent with this conclusion when comparing the separa-
tion of fast neutral spectra along different sightlines at low and high #,. If
beam-beam scattering were not negligible, then its effects would be compara-
tively stronger in a lower density plasma, and the resulting spectra at different
R, would be closer together. There was, however, no clear evidence of this
effect, and, in fact, the spectra were generally farther apart at low 7, in sup-

port of the assumption that collisions with plasma particles are dominant.

3.4.3 Energy Diffusion

As the fast ions slow down, the average velocity of the distribution function
decreases. At the same time, diffusion in velocity space occurs. The correspond-

ing “spreading” of the distribution function is described (to first order in é¢) by
2
2y = |9V ) v 5t .
((8v)%) < ot > V<az>

2
The term <%> is given by Eq. (3.6). The term <—aaVT> is obtained in the

same way and is given by

= — |-2v’ —
at Tse v m

a_v2> 1 2Vc3 + 6T,
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Combining the two results yields

1

Tse

2T, 2T}

+|o (3.12)
m mv

((6v)?) =

with the two terms representing speed diffusion on electrons and ions, respec-
_tively. Again, for E >> E_, the second term is negligible with respect to the
first one. Also, by comparing the electron terms for drag and diffusion (i.e.,
8v2/v? vs 6v/v), it is found that the diffusion term is smaller by a factor T,/E,

so the slowing-down rate is faster than the speed diffusion rate.
Proceeding similarly, the following expression for the diffusion in pitch

angle is obtained:

5 v m{Z 5
((85)°) = ST 7] (1 —¢)oe . (3.13)

As the distribution function moves toward the average value { = 0, the spread

becomes larger and tends to make f isotropic in pitch angle.

3.4.4 Electric Field Effects

The F - V,f term in the Boltzmann equation represents the effects of
macroscopic (or collective) forces, with only the E - V, f part retained in the
guiding center approximation. A further simplification is made by considering

only the toroidal component E* of the electric field, where E* = E o1 —

Zyeam/ Zegr), Which takes into account a lowering of E, due to the electron

drift.
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This term may be expanded to give

ﬁi___ZeE*[(l—fz)_ai_*_g—ﬁL.
ot m | v o av

Thus, the electric field affects the fast ion distribution function f in speed and

in pitch angle, with the coefficients given by

These effects are not always negligible when compared to the corresponding
collisional results, and they are included in the computational codes. The
acceleration of ions with { == 1 due to the electric field can be ~10 to 20% of
the acceleration due to Coulomb collisions. Also, the electric field tends to
decrease the slowing-down rate of co-moving ions and to increase it for
counter-moving ions and, consequently, affects the shapes of co- and counter-
spectra differently. The rate of change of the pitch angle due to the electric
field becomes larger than the corresponding collisional term as ¢ approaches
zero—since the collisional term is directly proportional to {, while the electric

field term is proportional to 1 — 2.

3.45 Charge Exchange
The loss rate term in Eq. (3.3) comprises prompt and non-prompt orbit

losses and charge-exchange neutrals that escape the plasma without reionizing.

(Reionization is allowed in the Monte Carlo simulation but not in the analytical
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code.) Since only quiescent plasmas are considered here, and since the magnetic
field ripple is small in ISX-B, MHD and ripple losses are not included in the
present investigation. The treatment of orbit losses in the Monte Carlo and the
analytical codes has already been discussed in Section 3.3. Attention is now

given to charge-exchange losses. The charge-exchange operator is simply*

o - L
o _— (3.14)
where 7, = 1/ngov is the charge-exchange time. The conditions when

charge-exchange losses become important can be found by solving Eq. (3.14)

from an initial state i to a final state f using Eq. (3.7) for “dt.” The result is

- Tslow/ 37e

_A.L V?+V§ 1
[ v}+v2 .

Thus, the effect of charge exchange on the distribution function is determined
by the ratio 7gow/37cx; for 7o >> 7gow/3, the effect is small, though it

becomes increasingly important as a smaller 7, is considered. Since

Tex o n,
32 °
Tslow ny Te/

charge-exchange effects are quite significant at the plasma periphery due to the
high neutral density.
As will be discussed in Chapter 5, charge-exchange losses of fast ions

affect the power balance more strongly in low density discharges, where a large
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source of “halo” neutrals—peaked at the plasma center—is produced at deposi-
tion by injected beam atoms undergoing charge-exchange reactions with the
bulk ions. Also, at low densities, a relatively large fraction of the neutrals pro-
duced at the wall penetrate to the plasma center. Furthermore, in the ISX-B
experiment, the small plasma radius and generally low values of plasma current
give rise to fast ion orbit excursions into the outer region of the plasma (epp /ap
~ 1). Therefore, charge-exchange losses may constitute a non-negligible frac-
tion of the input power at low 7,. For this reason, and because of the experi-
mental uncertainties in ny(R), these losses are a potentially significant source of
error in determining heating efficiencies and fast ion confinement. This source
of error is more important in the FPP code since beam ions are assigned at
birth to average shells among those sampled by their first orbits, therefore miss-

ing the largest chance of charge exchanging at the outermost points of the

orbits.
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CHAPTER 4

THE COMPUTATIONAL CODES

4.1 INTRODUCTION

The deterministic Fokker-Planck code (FPP) and the Monte Carlo code
(NEWORBX) used for this thesis are described elsewhere;!0 therefore, they
are not described in any detail here. However, since comparisons of experimen-
tal NPA spectra with those calculated by the two codes are central to this
investigation, it is necessary to probe the reliability of the computational tools
in predicting fast neutral spectra. One of the major shortcomings of the FPP
code is the approximate treatment of the fast ion orbit excursions. The advan-
tage of the FPP method over the orbit-following Monte Carlo simulation is that
the computer execution time is much shorter. Therefore, it is of interest to
establish in what cases the FPP approach adequately predicts the fast neutral
spectra. This will be done in this chapter. Furthermore, the beam power
delivered to the plasma ions and electrons in the energy analysis performed in
ZORNOC is calculated by a Fokker-Planck routine similar to FPP. Thus, it is
important to determine to what extent the approximate treatment of the orbits
affects the calculated power deposited in the plasma. This issue will be investi-
gated in Chapters 5 and 8 by comparing the beam power distribution calculated
by the FPP and NEWORBX codes under a variety of plasma parameters and
beam injection schemes.

Both codes use the electron density and temperature profiles {n.(R),

T(R)] determined experimentally by Thomson scattering diagnostics. The FPP
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code solves the drift-kinetic equation numerically with bounce-averaged opera-
tors (i.e., averaged along the orbit). The code takes into account the fact that a
trapped ion spends more time close to the banana tip, where its parallel velocity
vanishes; this weighting is necessary since the scattering operator is not constant
along the orbit because { changes with R. The magnetic surface geometry is
approximated by concentric circles. The orbits are treated in the zero-width
approximation, with loss regions for counter-injection only (except for prompt
losses at deposition, which are accounted for in the case of co-injection also).
Due to the improper treatment of the orbits, this approach may lead to inaccu-
rate conclusions when applied to viewing sightlines that are affected strongly by
the orbit topology.

The NEWORBX code makes use of Monte Carlo methods to simulate the
fast ion behavior, using the magnetic surface geometry (noncircular, nonconcen-
tric surfaces) obtained through a solution of the Grad-Shafranov equation that
is consistent with experimental measurements. The guiding center equations of
motion are solved to first order in ¢ (¢ = pg/L, where p, is the radius of gyra-
tion around the magnetic field line and L is the characteristic distance over
which the fields change), resulting in a good representation of the actual fast
ion orbits. Because realistic flux surfaces and fast ion orbits are used, the
Monte Carlo approach produces an accurate calculation of the fast ion distribu-
tion function and the expected fast neutral spectra. The long computer execu-
tion time and the poor statistics for sightlines viewing away from the injection
angle have been the two main limitations encountered with the Monte Carlo
approach in this research. Russian roulette and particle splitting schemes were

implemented in the calculation of the fast ion distribution function to improve
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the statistical quality of the Monte Carlo estimates and thereby to obtain
smooth simulated spectra of perpendicularly scattered ions.

In Section 4.2, the limitations of FPP are discussed, using several ex-
amples. Cases in which the calculation performs well are also included. Addi-
tions made to the Monte Carlo code to estimate fast neutral spectra are
described in Section 4.3. Tests performed on the modified programs, parameters
and statistics for typical runs, analysis of localized spectra with the DNB, Rus-
sian roulette and splitting schemes, and examples of the code output are also

presented.

4.2 ANALYTICAL FAST NEUTRAL SPECTRA (FPP)

Many of the approximations that enter the analytical calculaticn have
already been discussed in Chapter 3 and in the introduction to this chapter. To
summarize, they are circular, concentric flux surfaces; bounce-averaged deposi-
tion and slowing down; zero-width orbits; approximate loss region for counter-
injection (none for co-injection); no radial diffusion; reionization of charge-
exchange neutrals neglected; and charge-exchange rates calculated away from
their maxima. In addition, other approximations (which are used in
NEWORBX as well) include the neglect of beam-beam interactions and the
simplified treatment of the plasma edge, and the general assumptions intrinsic
to the Fokker-Planck approach (e.g., that effects due to large angle collisions
are negligible).

It would be difficult to provide a quantitative assessment of the cumulative

effects of the previous approximations on the predicted spectra, but it is possible

to show and explain qualitatively—on the basis of the improper treatment of
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the orbits—the failure of the FPP prediction for certain cases. This will be
accomplished for four examples through comparisons of experimental data and
through referring to the orbit topology. In addition, an example is presented
which demonstrates that FPP can adequately reproduce the experimental spec-
tra in cases where orbit effects are less important. For all the examples, the
absolute magnitude of the flux, as well as the shapes of the spectra can be com-

pared, since no arbitrary normalization constants have been employed.

4.2.1 Spectra During Co-injection at Low I,

The low I, regime is important for two reasons. First, it provides a test of
the fast ion theory in cases where orbit effects are expected to be significant.
Second, one of the major efforts of the ISX-B program was the investigation of
the energy confinement at high 8,, and these studies were conducted at rela-
tively low values of I, |

Experimental NPA spectra at R, = 42 cm and R, = 8.5 cm are shown in
Fig. 4.1, together with the FPP prediction for the same two sightlines. These
spectra were obtained during a low plasma current sequence (I, = 98 kA) with
resulting large orbit widths (ep,/a, = 0.8 for a 30-keV proton at the plasma
edge). The theoretical and experimental spectra are in fairly good agreement at
R, = 42 cm, but they differ by large factors for the more perpendicular chord,
especially at higher energies. It was pointed out earlier that the high-energy
perpendicular flux comes mostly from charge-exchange events at the inside legs
of orbits that start at the outer edge of the plasma. There are two effects that
may cause FPP to overestimate this flux, both effects allowing the signal to ori-

ginate from a region of higher ng (i.e., closer to the inside edge of the torus).




82

ORNL-DWG 85C-2360 FED

1010
3 3
- 3
5 10° ¢ E
> : .
)] - -
< 108 =
£ = 3
o - _
'(,, 7 - -4
= 107 E EXPERIMENT FPP R, {cm) =
& - o) 4§.c5> ] 3
X - - = o
106 ! | L
0 10 20 30 40

ENERGY (keV)

Fig. 4.1. Comparison of fast neutral spectra predicted by the Fokker-
Planck code FPP with the experimental data during co-injection at low I,. [

4
= 98 kA, and ¢p,/a, ~ 0.8 for a 30-keV proton at the plasma edge.
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First, co-passing orbits in FPP are taken to be circles regardless of the initial
pitch angle. However, in the case under consideration, the detected signal ori-
ginates from ions whose orbits deviate from circles and start resembling Ds.
Consequently, the code calculates the inner crossing of the HMP to be closer to
the plasma edge on the inside. Second, since the particles are deposited in an
average radial shell, they are artificially shifted to a smaller R for co-injection.
In addition, these orbits are close to the loss region boundary and may easily
scatter into unconfined paths, whereas FPP does not include loss regions for
co-injection after deposition and will, therefore, overestimate the calculated sig-
nal.

The effects previously described also play a role at lower energies, with the
zero banana-width approximation and the absence of loss regions during the
slowing down probably of more direct bearing because the signal originates
from a wider radial band and is closer to the plasma center.

Thus, in this extreme—yet important—case, neglecting the actual orbit
excursions and the loss regions results in a gross overestimation of the perpen-
dicular flux. Although the conclusion cannot be drawn that the power delivered
to the plasma is also grossly overestimated, it is nonetheless clear that the
analytical code is not suitable for predicting perpendicular fast neutral spectra

during co-injection at low I,,.

4.2.2 Spectra During Counter-injection

Figure 4.2 shows a similar comparison for a counter-injected sequence,

with I, = 145 KA. The tangency radii for the two sightlines are R, =




84

ORNL-DWG 85C-2361 FED

1070 | T T 3

- 9] ~a :

5 10° F Fem s

5 - @S : ]

[ - . \o O 5

Y 108 (N o J

s f RS SNl E

» 7 i \ a ]

= 107 E EXPERIMENT FPP Ry (em) \ e

- o -42.0 3

© - 0 ——— -8.5 \\ -
108 n | o

0 10 20 30 40

ENERGY (keV)

Fig. 4.2. Comparison of FPP with experiment: spectra of counter-moving
ions during counter-injection.




85

—42 cm and R, = —8.5 cm. As shown in Fig. 3.16 (page 60), the largest
portion of the counter-moving flux to an NPA during counter-injection comes
from the inner HMP crossing along all chords. In FPP the averaged deposition
for counter-injection is at a /arger R, in a region of lower ng on the inside of
the torus; thus, the calculated signal will be underestimated. This is especially
evident along the R, = —8.5 cm sightline, but it may be a strong effect even
along tangential chords. At lower energies, this effect is not only less important

but may be more than compensated for by an underestimation of the scattering

into the loss region, so the analytical code predicts a flux larger than the experi-
mental one. A similar comparison at I, = 170 kA showed the Fokker-Planck
prediction to be in fairly good agreement with the experimental datal along the
R, = —42 cm. The agreement along the perpendicular chord, however,
improved only slightly with respect to the lower current case. Therefore, FPP is
not adequate to analyze fast neutral spectra in counter-injected sequences at
low I, even along sightlines far from perpendicular. At high I,, FPP reproduces

adequately the fast neutral spectra along sightlines far from perpendicular.

4.2.3 Counter-moving Particles During Co-injection
The NPA spectra at R, = —42cm and R, = —8.5cm during injection
at R, = +74.5 cm are shown in Fig. 4.3. It is evident that the calculated

results do not reproduce the experimental data. The discrepancies may be inter-

preted with the help of Fig. 3.14 (page 57). The R, = —42cm chord looks

straight into the loss region; FPP does not include the loss region for co-

injection and, therefore, will overestimate the flux along this sightline. Also, at
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low energies a relatively large fraction of the fast ions becomes trapped; this
fraction is in fact overestimated in the FPP treatment for co-injection. Conse-
quently, because of the symmetric trapping region in FPP, a large population of
counter-moving ions is generated, which, in turn, results in an overestimation of
the escaping neutral flux along “negative” sightlines. On the other hand, the
more perpendicular chord is not influenced as strongly by the orbit topology at
low energies, so the disagreement is less pronounced in that regime. At high
energies, but below the energy at which the co- and counter- regions of the R,
v|/v space disconnect, a significant portion of the experimental flux may come
from ions that are born on, or close to, pinch orbits at the outer plasma peri-

phery and for which the next crossing is near the line of sight at

R, = —8.5cm. This would explain why FPP underestimates the high-energy

flux along the perpendicular chord.

4.2.4 Co-moving Particles During Counter-injection

This particular geometry has already been discussed in Section 3.3 in con-
nection with pinch orbits and the sensitivity of an NPA to the orbit topology. It
was shown there that NEWORBX accurately predicts the resulting fast neutral
fluxes at several energies and along a large number of viewing chords from
tangential to perpendicular. The FPP calculation, on the other hand, results in
spectra which have a trend opposite to that of the experimental data, as
illustrated by Fig. 4.4. The more tangential the sightline, the lower the

predicted signal, whereas the experimental data display the largest flux at the

most tangential chord, which is the closest to the co-moving leg of the pinch
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orbit boundary. The discrepancy for the R, = 49 ¢cm chord at £ = 20 keV is
by a factor of ~300.
In conclusion, FPP should not be used to calculate the spectra of escaping

fast neutrals in any case where large-width orbit effects are significant.

4.2.5 Spectra During Co-injection at High /,

In contrast, FPP does produce spectra that are in good agreement with the
experimental data (and with the Monte Carlo calculation) when applied to
discharges and viewing geometries that are not strongly affected by the

occurrence of finite-width orbits. One such a case is exemplified by charge-

exchange spectra of co-moving ions during tangential co-injection into a high I,
plasma. This is shown in Fig. 4.5 for a sequence with [, = 180 kA and a
corresponding €p,/a, ~ 0.4 for a 30-keV proton at the plasma boundary.
Therefore, Fokker-Planck codes appear to be quite suitable to predict fast neu-

tral spectra in tokamaks with tangential co-injection and ep,/a, < 1.

4.3 MONTE CARLO FAST NEUTRAL SPECTRA (NEWORBX)

In view of the apparent limitations of the FPP code, a Monte Carlo esti-
mation routine for the fast neutral spectra was developed and implemented into
the already existing code NEWORBX. This was necessary, for example, to
properly compare co- and counter-injection schemes, as well as to correctly
treat low I, cases. Since the Monte Carlo calculation will be the fundamental
tool used in this thesis to investigate fast ion confinement, a detailed description
of its implementation and some tests of reliability are presented in the following

sections.
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4.3.1 Calculation of F{R,E,v|/v) and ®¢(R,E,R,)

The block diagram displayed in Fig. 4.6 illustrates how the Monte Carlo
simulation and associated estimations are carried out. The thicker lines and
heavily framed boxes indicate those parts that have been added for the calcula-
tion of the fast ion distribution function, F{(R,E, v|/v).

Rather than calculating the spectra as a direct output of the code, it was
deemed more advantageous to proceed in the following manner: each time the
particle orbit crosses the torus midplane (the plane scanned by the charge-
exchange analyzers), the parameters necessary to determine Fi(R,E,v| Jv)" are
stored in an array, and when the particle is lost or thermalizes, the array is
written out into an output file (FIn), and the next particle is started. After the
Monte Carlo run is over, a postprocessor calculates F;, as well as the fast neu-
tral spectra. This procedure allows for more flexibility in the analysis because

of the following:

1. The same Monte Carlo run can be analyzed by varying the sizes of the R,
E, and v)/v bins to suit different statistical requirements.

2. The individual particle histories may be recalled; for example, if a spike
were present on a smooth spectrum, the particle(s) causing it may be
studied.

3. New features may be developed and added to the postprocessor to analyze
an existing output file without having to run the Monte Carlo code again.

4. It is straightforward to extract subsets of F; to obtain, for example, the

trapped particle contribution to a particular spectrum, or the perpendicular

*See Appendix B for details.
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flux due to particles that were born on orbits with large values of v/v, etc.
This capability may be used as a learning tool to understand the slowing
down and scattering of fast ions and as a guide in interpreting the charge-
exchange spectra.

5. The same F; may be coupled with different (plausible) background neutral
density profiles to better match the experimental spectra. (The profile used
for the calculation of the charge-exchange losses in the Monte Carlo simu-
lation is a toroidal average, thus not necessarily the same as the local pro-
file in front of the spectrum analyzers, as discussed in Section 3.2.)

6. The flux along any number of viewing chords may easily be obtained by

running the postprocessor repetitively.

The major drawback of this procedure is that large output files are
generated; correspondingly, large amounts of disk space are required to store

the files and to load and execute the programs.

4.3.2 Tests on the Postprocessor

NEWORBX creates, in addition to the original output (mostly the power
deposition as a function of radius), a set of files containing information col-
lected at all HMP crossings. A postprocessor (POSPRO) then reads these files
and, given a chosen number of R, E, and { intervals, calculates F(R,E,v)/v),
together with several other quantities of interest (e.g., the contribution to F;
due to trapped orbits and the number of particles that produce the fast neutral

signal at each energy).
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A second postprocessor (MCCXA) then integrates along an NPA sightline

to obtain the calculated neutral flux ®y(E,R,). MCCXA also calculates the

flux origination profiles (i.e., the contribution of each region AR to the
expected flux) by following the chosen chords into the plasma and solving the
equation given at the end of Appendix B at each spatial step. If the analysis of

localized spectra is chosen—that is, the DNB on minus DNB off flux—then

no(R) is i'cplaced by the fraction of DNB neutrals calculated to reach the
HMP without ionizing. Experimentally, the DNB enhances the H° flux from
the main beams by adding a source of D neutrals in a small region (r ~ 6 cm)
close to the magnetic axis. Subtracting the H® flux measured with the DNB off
from that measured with the DNB on (at the same energy setting) yields the
flux originating from charge-exchange events between fast ions in the plasma
core and DNB neutrals reaching the HMP. In the calculation the relative velo-
city between the beam ion and the DNB neutral is used, and o is likewise
corrected. A flat, parabolic, or triangular profile for the DNB intensity, as well
as different fractional energy components, may be assumed.

A simple test for the calculation was readily available since NEWORBX
can be run with the collision operator—as well as the electric field and the
charge-exchange operators—turned off. When this is done, the particles move
along the orbits determined only by their initial conditions. Several such par-
ticles at different energies, some on co-passing orbits and some trapped, were
started in NEWORBX; the quantities calculated by the postprocessors were
then compared with the orbit plots and were found to be in agreement with the
values of R, E, {, etc., observed at the various HMP crossings. Other simple

tests, such as the calculation of F; from a prepared set of midplane crossings or
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the calculation of ®y from a prepared F;, also performed satisfactorily. The
sizes of the R, E, and { bins were varied independently during calculations per-
formed on the same FlIn’s files to ascertain that the results would remain the
same. No changes occurred when varying the E and { bins, aside from an
expected alteration of the statistical fluctuations. If, however, the size of the R
bin was made too large (AR = 4 cm), then the calculated neutral flux was seen
to change significantly, especially if at the same time a large integration step
was used (As ~ 1 cm) in MCCXA; this was caused by deviations in the inter-
polated value of ny(R). To avoid this problem, the size of the radial bin was
kept at ~1 cm, while As was set at 0.1 cm.

The NEWORBX calculations were first tested by comparing the predicted
and experimental fluxes, along several sightlines, at E = E;;;, for a co-
injection sequence at high I, (190 kA). Since collisional effects and orbit losses
are minimized by the chosen constraints, a good agreement could be expected
in this case if the simulation were performing properly. The results for three
MEA chords are shown in Fig. 4.7. The lines correspond to the experimental
values of &5 at £ = 31 keV (E inj Was 32 keV), while the symbols represent the
fluxes predicted by the Monte Carlo simulation, as a function of the total
number of particles followed (only the full energy component of the beam was
launched). The prediction reproduces the data fairly closely if enough particles
are launched, the maximum deviation being ~30% for the sightline with R, =
8.5 cm, thus lending excellent overall credibility to the calculation. Further, the
comparison shows that a large number of particles must be launched to elim-
inate gross statistical errors in the calculated perpendicular flux. For the exam-

ple presented, ~4000 particles in the full energy component of the beam are
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required to reach the asymptotic value at R, = 8.5 cm and E = Ej,;. Since
the full energy component of the beam constitutes 41% of the beam current, a
total of ~10,000 particles is needed to obtain a reliable and complete

perpendicular spectrum.

4.3.3 Effects of Varying é¢ in the Monte Carlo Calculator

10 that if the time step used to

It has been pointed out by Goldston
integrate the equations of motion is too long, the orbits are not followed
correctly, and the first detectable effect is the shrinking of co-passing orbits
toward » = 0. The time step chosen for the Monte Carlo analyses presented in
this thesis (6z = 0.7 X 10~ 7 s for a 20-keV H, ion) is consistent with the
guideline suggested by Goldston in scaling to different tokamaks.!® Nonetheless,
it was deemed necessary to verify that the orbits are followed properly and that
the calculated fast ion distribution function does not change when compared to
that obtained using a smaller time step. It must be pointed out that, although
an integration time step is used in this discussion, an integration length is actu-
ally specified by the user—as a fraction of the central circumference. Typically,
the integration length was chosen = 2w R(/40, corresponding to 14.6 c¢cm and
8t = 0.7 X 10~ 7s for a 20-keV proton.

As a first test, the Fokker-Planck collision operator was turned off so that,
in the absence of numerical errors the ions should remain on their original
orbits. No alterations in the trajectories were observed when switching from &t
= 0.2 X 1077 sto 8 = 0.7 X 1077 s. In neither case did the particles deviate
from their original paths. An identical run with a time step longer by a factor

of 4 (8¢ = 2.8 X 1077 5), on the other hand, showed clearly the shrinking of
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co-passing orbits, as illustrated in Fig. 4.8. In comparing the values of the par-
ticle parameters stored at each midplane crossing for the Fi(R,E,v)/v) calcula-
tion obtained with 6z = 0.2 X 10~7 and 0.7 X 10™7 s, no significant differ-
ences were noted, except for small (<0.5%) variations due to the fact that the
parameters were calculated at a slightly larger distance from the horizontal
midplane with the longer time step.

A second test consisted of two complete runs with the collision operator
turned on, one with the standard 6¢, the other with the smaller 6¢, as before.
The same initial conditions were used in both cases, including a 3000-particle
birth distribution. The fast ion distribution function and the fast neutral energy
spectra along several sightlines were found to be essentially the same to within
statistical variations. It was thus concluded that the chosen integration time
step would not produce numerical errors in the prediction of the fast neutral

spectra.

4.3.4 Effects of Varying the Degree of Acceleration

A common way of shortening Monte Carlo run times without appreciably
changing the results of the calculation is to enhance the effects of the Fokker-
Planck collision operator with respect to the orbital motion of the beam ions.
This should not affect the radial transport process of the fast ions since the dif-
fusion coefficient in the banana regime (low collisionality plasma) is propor-
tional to the collision frequency (v). A word of caution is offered by

Goldston'®—not to increase v so much that radial transport occurs in the pla-

teau regime where the diffusion coefficient is no longer proportional to ». In
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counter-injection cases, too strong an acceleration is expected to produce an
artificial improvement of the beam ion confinement because originally counter-
moving particles may become deeply trapped without passing through barely
trapped pinch orbits and fat bananas, which would carry them outside the
plasma.

The code updates the degree of acceleration at each midplane crossing to
maintain the largest of (|A(vy/v)|) and (|Av/v|) during the previous half of the
poloidal orbit equal to 1/GOOCON, where GOOCON is a user-specified
acceleration constant. The artificial acceleration increases as GOOCON
decreases. To estimate the effects of varying the degree of acceleration on the
fast ion density distribution and on the charge-exchange fast neutral spectra,
runs with GOOCON = 20 and 40 were compared for both a co-injection and a
counter-injection case. The fast neutral spectra calculated for the co-injection
case showed no statistically significant differences, whereas the perpendicular
flux during counter-injection was predicted to be somewhat higher (~50%)

when GOOCON was set equal to 20.

As a check, the distribution functions at high energy (E = 27 keV) and
small pitch angle (—0.4 < { < 0)—sensitive to pinch orbit losses—obtained
from runs with GOOCON = 20 and 40, were compared for the counter-case
[Fig. 4.9(b)]. A large depletion in F; was seen for 90 < R < 95 cm, that is, in
the neighborhood of the pinch orbit boundary when GOOCON was set equal to
40 but not when the larger acceleration (GOOCON = 20) was used. At the
same time, the distribution function at E = 27 keV and —1 < { € —0.7 was
unperturbed by the change in the degree of acceleration, as shown in Fig.

4.9(a). Furthermore, a similar run performed with GOOCON = 80 produced



101

ORNL-DWG 85C-2388 FED

‘o E=27 keV
10 T T

(a)

109

108

107

F.(arbitrary units)

popunt et oovand 1 p o

10¢

1010 T T
(b) GOOCON 20
109 B eeece-- GOOCON 40

108

107

F, (arbitrary units)

108

120

Ricm)

Fig. 4.9. Effects of varying the degree of acceleration of the collision
operator. Tangential (F;;) and perpendicular (F; ) fast ion distribution func-
tions were calculated for a counter-injection case. An artificial improvement of

the confinement of perpendicular ions is observed with the higher degree of
acceleration (GOOCON = 20).



102

results essentially indistinguishable from those obtained with GOOCON = 40,
This assured that GOOCON = 40 was large enough to properly simulate
counter-injection discharges.

It was concluded that an artificial improvement in the confinement of
counter-injected ions—as they scatter into the trapping region—was produced
by the code when » was made too large. Consequently, all the analyses of
counter-injection sequences were performed with GOOCON = 40, while a

value of 20 was used for the co-injection cases.

4.3.5 Russian Roulette and Particle Splitting

It was found that the Monte Carlo calculation converges quickly, and with
a relatively small variance, to a final value for the tangential flux, but a much
larger number of particles is required to achieve an acceptable statistical qual-
ity for the flux along the most perpendicular chord. A redistribution of the
statistics was thus needed, and this was achieved by implementing Russian
roulette and particle splitting schemes in NEWORBX.

Since the ratio of the number of particles contributing to the high-energy
perpendicular flux to those contributing to the tangential flux is quite small,
and in view of the fact that the high-energy, perpendicularly moving ions are
easily lost from the plasma—due to their proximity to the orbit loss region—a
Russian roulette scheme is needed that strongly favor those particles that have
a small pitch angle at birth to obtain smooth perpendicular spectra. However,
this procedure would introduce a large variance into the calculation of the

tangential spectra because few particles having large weights would produce

most of that signal. Furthermore, the calculation of the perpendicular flux at
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lower energies would also suffer from a strong Russian roulette on those ions
with large pitch angles at birth because it turns out that this flux comes almost

entirely from particles that originally have vj/v> 0.5 and scatter in velocity

space as they slow down. To avoid errors associated with the elimination of con-
tributing particles, a mild Russian roulette was adopted for most of the runs,
with a stronger one reserved for a few special applications.

The method chosen for eliminating some tangentially moving ions in favor
of perpendicular ones is very simple. Three variables are assigned values in an
input list, two cut-off values of |vj/v| (ZETA1 and ZETA2) and a minimum
survival probability ALFA (<1). After the first two midplane crossings, the
minimum value of |v"/v| on the orbit (i.e., at the inside crossing) is tested
against ZETAl and ZETA2. If |vj/vlyi, € ZETAL, the survival probability
(P)is 1; if |v|,/vlmin > ZETA2, then P is set equal to ALFA. Otherwise, P is a
linear function of pitch angle, with values between 1 and ALFA. A random
number 7; is cast, and if P < p;, the particle is eliminated; otherwise, it survives
with its weight increased by a factor 1/P. In most of the analyses, ZETAl =
0.3, ZETA2 = 0.45, and ALFA = 0.2 were used.

For the purpose of calculating fast neutral spectra, it was found convenient
not to keep those particles that are lost without crossing the HMP and those
ions that cross the HMP once, but out of the NPA viewing angle. Of course,
these ions were added to the total number of particles run. Furthermore, it is
worth mentioning that none of these methods devised to improve the statistics
in the calculation of the fast neutral spectra was used when calculating the

power delivered to the plasma, the power losses, and the beam-target neutron
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yield. The statistical quality of these calculations could, in fact, be adversely
affected by those schemes.

To further reduce the variance in the simulated perpendicular spectra, par-
ticle splitting techniques were also implemented. A function P similar to that
used for the Russian roulette was adopted, with ZETA1 = 0.2 and ZETA2 =
0.25 typically and ALFA = 0. At each crossing, the current value of |v"/v| is
tested for splitting: if P 2 #;, then the particle weight is divided by two, and its
position, energy, new weight, etc., are stored, to be used—after the parent par-
ticle finally thermalizes or is lost from the plasma—as starting parameters for a
daughter particle.

To avoid excessive splitting at low energies, where many particles already
contribute to the perpendicular flux, an input list variable ELOW was
introduced so that no further splitting would occur below ELOW. Since follow-
ing particles with very low weights would be inefficient timewise, a minimum
weight WMIN was also entered in the input list. WMIN was usually set equal
to 0.1, that is, one-tenth of the starting weight. The code keeps track of the
weights as a particle splits. The sum of the final weights was always found to
equal the weight acquired by the original particle after the Russian roulette,
thus assuring that the weight was being conserved by the splitting process.

As a final check, a comparison of predicted fast neutral spectra obtained
with and without Russian roulette and particle splitting was carried out to
make sure that the end results of the simulation would not change and to mea-
sure the improvement in statistics. Figure 4.10 displays the resulting spectra,

plotted for the R, = +72-, +42-, and +8.5-cm chords. The beams were co-

injected (R, = +74.5 cm), and the plasma current was 96 kA.
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Fig. 4.10. Test of reliability for the Russian roulette and particle splitting
schemes. The Monte Carlo—simulated spectra from a straight run and from one
with Russian roulette and particle splitting (thicker lines) are compared.
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The spectra calculated using Russian roulette and splitting do not differ
from those obtained in the straight run, except for the high energy portion of
the perpendicular spectrum being smoother. Three thousand particles were
launched in the standard case, with the same number allowed to survive the
Russian roulette (~7200 were started). In an attempt to make a quantitative
comparison of the statistics, average fractional standard deviations for each
sightline separately were calculated from the three 1000-particle partial results,

and they are shown in Table 4.1.

Table 4.1 Fractional standard deviations for the
spectra of Fig. 4.10 with and without Russian
roulette and particle splitting

R, ¢ b
(cm) (%) (%)
72 30 23
42 33 38

8.5 84 59

4Without Russian roulette and particle splitting.
bwith Russian roulette and particle splitting.

As may be inferred from Fig. 4.10, the largest improvement in the statistics
occurred for the perpendicular spectrum in the region from 20 to 30 keV.

The CDC-7600 CPU time increased from 86 to 130 min when using Rus-
sian roulette and splitting so that ~4600 particles should have been launched in
the straight simulation to make a fair comparison. It may be noted that the

large increase in execution time is mostly due to particle splitting—since more
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particles are followed—while Russian roulette has a negligible effect on the
execution time. There are two points to consider. The first is that this was one
of the earliest calculations performed, and it was not optimized (ZETA2 for

splitting, for example, was set equal to 0.35, whereas the R, = 8.5-cm sightline

sees ions with { < 0.2; thus, some unnecessary splitting took place). The second
point is that the main goal of that comparison was to ensure that the implemen-
tation of the Russian roulette and splitting would not introduce spurious effects,
whereas these schemes could be more effective in the analysis of sequences with
peculiar geometries, for example, counter-spectra during co-injection or co-
spectra during counter-injection. The 3000-particle simulation with Russian
roulette and splitting was repeated, using different sets of random numbers, to
further test the reproducibility of the calculation. As illustrated by Fig. 4.11(a),
the two runs produced nearly the same spectra at all tangency radii. In Fig.
4.11(b), the composite spectra are shown, with the average fractional standard
deviations for the three chords calculated to be 17, 19, and 33%.

Finally, to test the reliability of the orbit-following Monte Carlo estima-
tions in cases where orbit effects are important, the predicted spectra were com-
pared with the experimental data for the cases displayed in Figs. 4.3 (page 86)
and 4.4 (page 88). It was shown earlier that the improper treatment of the
orbits results in large discrepancies between the FPP predictions and the experi-
mental spectra for those special viewing geometries. By contrast, the
NEWORBX estimation is in fairly close agreement with the experiment in both
cases, as illustrated in Fig. 4.12. Consequently, a high level of confidence may

be assigned to the orbit-following Monte Carlo calculation of the fast ion distri-

bution function and the fast neutral spectra.
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CHAPTER 5§

CO-, COUNTER-, AND BALANCED INJECTION
5.1 INTRODUCTION

This chapter presents a comparison of experimental fast ion data collected
on the ISX-B with the correqunding predictions of the theoretical model. The
purpose is to assess the level of understanding of beam injection physics under a
variety of beam and plasma conditions. A further objective is to determine the
range of uncertainty in the calculated beam power deposited into the plasma in
the ISX-B.

As discussed previously, the heating neutral beams in the ISX-B were
injected quasi-tangentially, either in the same direction as the toroidal com-
ponent of jp (co-injection) or opposite to it (counter-injection). The two injec-
tion schemes resulted in marked differences in the plasma characteristics and in
fast ion confinement. In this chapter, the typical features of co- and counter-
injected discharges are first reviewed, then fast ion confinement and the result-
ing plasma heating are discussed. The analysis is carried out through a compar-
ison of the experimental and calculated fast neutral spectra obtained for some
illustrative ISX-B cases. In matching the predictions of the computational code
with the experimental data, ny(R) and Z will be varied within their ranges of
uncertainty. A comparison of the resulting simulations with the experimental
spectra will provide an estimate of the uncertainties in the charge-exchange

losses, in orbit losses due to enhanced pitch angle scattering, and in the power

delivered to the plasma.
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A consequence of unidirectional injection (either co- or counter-) is that
momentum is imparted from the beam ions to the plasma; as a result, a toroidal
velocity v, is generated, and plasma potential and transport rates are expected
to change from their ohmic values.*’*® Effects induced by plasma rotation were
considered as a possible cause of the 7 deterioration with increasing beam
power. To investigate this possibility, a third beam line—pointing opposite to
the first two—was added to the ISX-B in 1982 to control momentum input
independently of energy input. Although subsequent experiments excluded v, as
a cause for the 7z degradation,® noticeable differences (in qualitative agree-
ment with theoretical predictions) were indeed observed in the values of Vs
plasma potential, and particle transport rates between co-, counter-, and bal-
anced injection (concurrent co- and counter-injection at similar power
levels).>%! To explore whether rotational effects might affect to any significant
extent the confinement of the beam ions, fast neutral spectra obtained during
balanced injection are also analyzed.

Section 5.2 deals with co-injection, probing how well the theory predicts
the spectra of escaping fast neutrals in discharges with different 7, and I,. Sec-
tion 5.3 carries out the same investigation for counter-injected discharges.
Finally, co-, counter-, and balanced injection in similar discharges and at the

same total power level are compared in Section 5.4.

5.2 CO-INJECTION

Co-injection in the ISX-B produced well-behaved discharges in both get-

tered and ungettered plasmas over a wide range of parameters. Injected powers
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of up to 2.5 MW, line-averaged densities up to 1.8 x 10'* cm™3, and I, ranging
from 60 to 220 kA were obtained with a typical discharge duration of ~200 ms
after injection.

In this section, the experimental fast neutral spectra collected during typi-
cal ISX-B co-injected discharges are matched with the predictions of the Monte
Carlo code NEWORBX. A high- and a low-density case is considered first and

high and low /, sequences next.

5.2.1 Density Scan

As part of the investigation of the high 7z regime, several nongettered,
high-density experiments were performed on the ISX-B. In one of these
experiments (072683), Thomson scattering profiles were taken at the time when
the highest 71, was attained and also at two earlier time points in the discharge,
before and during strong gas puffing. Thus, the experiment provides an oppor-
tunity to compare the experimental and predicted fast neutral spectra at low,
medium, and high 7,. Time histories of the main plasma parameters are shown
in Fig. 5.1, and their values at the three laser times are presented in Table 5.1.
The deposition profiles (cm™?3) of the full-energy and third-energy beam com-
ponents are shown in Fig. 5.2—as calculated by the NEWORBX code for the
high and low density cases. The profiles differ only slightly at the injection
energy, but a significant broadening is observed for the low energy component
at the higher plasma density. Fast neutral spectra along several viewing chords
were obtained. The spectra along four sightlines from tangential to perpendicu-
lar are compared with the respective Monte Carlo simulations using the elec-

tron density and temperature profiles and plasma parameters measured or

inferred (e.g., Z.g) at 180 and 280 ms.
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Table 5.1 Plasma parameters for sequence 072683
at three time points in the discharge

Time point
Parameters 180ms 220ms 280 ms

i, (1013 cm™3) 2.27 4.14 5.96

I,(kA) 158 181 186

B, (kGauss) 13.4 13.4 13.4
P, (MW) 0.90 0.90 0.90
T,(0) (eV) 1021 883 907

TA0) (eV) 1323 1131 1080
n(0) (10¥ cm™3)  3.37 4.76 7.84
Zest 2.63 2.05 1.79

In Fig. 5.3(a), the predicted spectra are compared with the data for the
high 7, case (7, = 6 X 10'3 cm™3). A wall recycling coefficient (R) of 0.4
was used to determine n for the calculation of both the charge-exchange losses
and the magnitude of the fast neutral flux. In steady state, the edge source of
neutrals is given by

N e

T 1—R’

where @, is the rate at which the gas is puffed into the vessel and 7, is the par-
ticle confinement time. Thus, a wall recycling coefficient of 0.4 corresponds to a
particle source rate equal to 1.67 times the gas puff rate. The edge neutral tem-
perature Ey(a) was assumed to be 5 eV. As discussed in Appendix A, the

tangential NPA [the Velocity-Filter Analyzer (VFA), R, = 49.5 to 87 cm]

was operated with stripping-cell pressures different from the value used during
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the calibration. An appropriate correction was applied to all the data collected
with this analyzer. For this particular comparison, the experimental VFA data
were artificially reduced by a factor of 0.75 after the adjustment for the gas
cell efficiency. This correction is within the error bars, considering that (1) a
post mortem analysis showed that the gas flow rate was monitored with an
uncertainty of +=40% and (2) the edge neutral source may be somewhat dif-
ferent at the Momentum-Energy Analyzer (MEA) and VFA locations. The
shapes and separation of the different spectra are well represented by the simu-
lation. Furthermore, the code correctly predicts the magnitude of the flux

detected by the perpendicular NPA (the MEA, R, = 42 to 8.5 cm), which was

operated at the calibrated gas cell pressure. The larger widths of the high
energy tail (E > E;;) are due mostly to the resolution of the analyzers; AE/E
is = 5%, corresponding to AE > 1.5 keV at E = 30 keV. Furthermore, the
statistics for the Monte Carlo calculation are poor for energies greater than the
injection energy. It is conceivable that this energy region is undersampled and
that launching a very large number of particles would result in wider high
energy tails. For energies between Ej,; and E;,/2, the tangential flux is lower
than predicted. This feature is not always observed and is attributed to the
overall uncertainties in the experimental measurements and in the simulations.
In some cases—although not in this particular instance—an artificially lower
flux to the VFA was a consequence of the channeltron detectors counting near
saturation. This was observed occasionally in the tangential spectrum at the

higher energies and at £, ./2 and E.../3, where the highest count rates were
g g m mn g

reached.
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The low energy portion of the spectrum along the R, = 49.5-cm sightline

is steeper than the Monte Carlo prediction; this appeared to be typical of co-
injected discharges.' Attempts were made to reproduce this feature in the

Monte Carlo simulations by varying ny(R), Z, or by artificially enhancing

the scattering coefficient at large minor radii—where an increase in the impur-

50,52

ity concentration takes place during co-injection. Some improvement in

matching the R, = 49.5-cm spectra was produced by a variation of parameters;

however, this could be achieved only at the expense of worsening the match
along the other viewing chords. On the other hand, data taken along the neigh-

boring R, = 42-cm sightline with the more reliable MEA are in good agree-

ment with the Monte Carlo simulation. In view of this, and considering that
global uncertainties of up to factors of ~2 affect the theoretical calculation, the
present study could not resolve this discrepancy. However, two effects may be
mentioned that would reduce the discrepancy somewhat. The first is of an
experimental nature. As discussed in Appendix A, the VFA was used without
the mass discrimination capability when collecting fast neutral data. Thus,
neutrals from plasma deuterons, as well as those from beam hydrogen atoms,
were collected. At energies £ < 10 keV, the thermal flux associated with the
plasma deuterons was estimated to be ~10% of the total flux. Including this
correction would lower the low energy VFA data by approximately that

amount. The other effect comes from the Monte Carlo simulation. To shorten

*Counter-injection spectra did not seem to display this behavior. However, there is gen-
erally much scatter in the counter-injection data at R, = 49.5 cm, and it is not possible to

make a definitive statement on this issue.
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the computer times, the Monte Carlo calculations were stopped when the parti-
cles slowed down to E ~ 4.5 to 5 keV. Because of energy diffusion and
acceleration by the toroidal electric field, some particles with £ < 4.5 keV
could gain energy and contribute to the fast ion population at £ = 5 keV. Con-
sequently, the altered simulation tends to slightly underestimate the low energy
portion of the spectra (along all sightlines). Under these conditions, the Monte
Carlo calculations do not faithfully mimic the physical system.

In subsequent comparisons (after the density scan), only spectra along the
R, = 72-, 42-, and 8.5-cm viewing chords will be shown—for clarity. It is
necessary to keep in mind that the VFA data are characterized by a lower level
of confidence than the MEA data for the following reasons. The VFA was
operated at a gas cell pressure significantly lower than that used for the calibra-
tion. Although it is reasonable to assume that the stripping efficiency of the gas
cell is linear in pressure, the gas flow rates were measured only to an accuracy
of *+40%. Moreover, since the count rates varied widely depending on the par-
ticular plasma and beam parameters, the gas cell pressure was adjusted from
experiment to experiment. For these reasons, the absolute magnitude of the
VFA fast neutral flux should be regarded as a free parameter. As for the
shapes and relative separation of spectra along different VFA sightlines, there
are two points to reiterate. First, the R, = 72-cm flux in some energy ranges
was occasionally lowered by saturation of the detectors. This is not an insur-
mountable problem since the occurrence could be recognized and the extent of

its effects could be estimated. Second, the spectra along the R, = 49.5-cm

chord are discordant with both the theoretical prediction and the neighboring

MEA sightline. Since it was not possible to determine the causes of this
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behavior, all the fast neutral data collected with the VFA are to be used with
caution.

Next, the sensitivities of l;oth the charge-exchange losses and the fast neu-
tral spectra to the background neutral density profile ny(R) were tested. The
Monte Carlo simulation for the high n, case was performed assuming R = 0.8
and Eg(a) = 100 eV when calculating ny(R) for the charge-exchange losses.
Those values were chosen to maximize the charge-exchange losses while still
maintaining R and Eg(a) within plausible magnitudes. The change in the neu-
tral density profile is displayed in Fig. 5.4. Both the wall source and the beam
halo contribute to ny(R). The calculated charge exchange losses increased by a
factor of =4, but, since they constituted only 2.2% of the injected power with
the original ng(R), they remained <10% of the total power even in the high
recycling case. Consequently, the larger charge-exchange losses did not produce
any detectable change in the fast neutral spectra when the original profile [i.e.,
with R = 0.4, Eq(a) = 5 eV] was used to calculate ®;. If R >> 0.4 and/or
Ey(a) >> 5 eV were assumed to calculate &, the predicted flux would become
increasingly higher and incompatible with the experimental data. The agree-
ment between experimental data and Monte Carlo simulation could be main-
tained if Eg(a) >> 5 eV were assumed together with a vanishingly low recy-
cling coefficient. However, since recycling is the source of higher energy neu-
trals, the two assumptions would be physically inconsistent.

In Fig. 5.3(b) experimental and simulated spectra are compared for the
low 7, case. The sightlines are the same as those shown in Fig. 5.3(a). Again,
the VFA data were artificially reduced by a factor of 0.75. For the charge-

exchange losses, R = 0.4 and Ey(a) = 5 eV were used. However, an edge
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source rate smaller than the gas puff rate (ie., 0.9 ®,) had to be assumed at
the NPA location to match the experimental flux in magnitude. The gas puff
val,c was located in toroidal sector 10, ~1 m away from the NPA ports
located in sectors 6 and 7. If the wall recycling is low, a multiplier <1 on P, is
expected at locations some distance away from the gas valve. Figure 5.5 shows
the time histories of the H, signals (proportional to the edge neutral density) in
various toroidal sectors. A comparison of these signals in conjunction with the
®, plot of Fig.5.1(pagel13) indicates that (1) recycling is the dominant source
of neutrals close to the limiter (located in sector 14) but decreases rapidly away
from the limiter, (2) the source due to the gas puff decreases away from sector
10, and (3) the recycling appears to be weaker at early times in the discharge
than during the high-density portion. In view of the preceding considerations, a
gas puff multiplier <1 at the location of the NPA ports is plausible. At the
intermediate density of 4 X 10'3 cm™3—during the strong gas puffing—good
agreement between experimental and predicted spectra was obtained assuming
a &, multiplier of 1.1, that is, intermediate between that of the high and low 7,
cases.

Even with the experimental flux differing in magnitude by a factor of =8
between the high and the low 7, discharges, the Monte Carlo simulation satis-
factorily predicts the fast neutral spectra along all sightlines in both cases. A
breakdown of the injected beam power for the high and low 7, discharges—as
calculated by the NEWORBX code—is shown in Table 5.2. The powers quoted
in parentheses were calculated by the ZORMNOC code—using an approximate,

analytical solution of the Fokker Planck equation—and are those used in the




123

ORNL-DWG 85-2559 FED

LY

47 l r | I I
; |
- )
%) I
~ 1 -
C
o
o
L
a
o
o 1
= |
L E"
o v
I )

0 50 100 150 200 250 300 350
TIME (ms)

Fig. 5.5. Time histories of the H, signals from detectors located in vari-
ous toroidal sectors. The gas puff valve was in sector 10, the limiters in sector
14, and the NPA in sectors 6 and 7. The plasma sequence is 072683.




124

Table 5.2 Power distribution (in kW /1 MW, co-injected)
high and low n,

A, =6X108cem™ & =2Xx10%cm™3

Py, 554 (616) 444 (461)

Py, 337 (312) 236 (184)

P, 22 (56) 125 (179)

Shine through 8 107

Total orbit losses 38 93
Prompt orbit losses 25 75
Nonprompt orbit losses 13 18

Poy —13 —-52

Piherm 54 47

transport calculation. They are close to the values calculated by the orbit-
following Monte Carlo code—except for the charge-exchange losses, which are
predicted to be significantly higher since reionization of the escaping neutrals is

not taken into account. For the low 7, case, the shine through and the charge-
exchange losses are much larger than for the high 7, case, where they are of

negligible magnitude. Also, prompt orbit losses are significantly larger. (In
NEWORBX, prompt orbit losses are defined as those of ions that exit the
plasma before the fifth horizontal midplane crossing.) This is because more
neutrals are deposited close to the inside edge of the torus—in the loss region
for co-injection [see Figs. 5.6 and 3.12 (page 52)].

To determine the extent of possible charge-exchange losses in the low 7,

case, the simulation was repeated with R = 0.95 and Ey(a) = 100 eV for the

calculation of the losses. Note that R = 0.95 is a plausible value at the limiter

but is expected to be an overestimation when used as a toroidal average. With
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these boundary conditions, the predicted spectra are clearly in disagreement
with the experimental data, as shown in Fig. 5.7(a). The -calculated
charge-exchange losses constituted 66.8% of the injected power. The calculation
was then performed with R = 0.8 and Ey(a) = 100 eV, and the resulting
spectra are presented in Fig. 5.7(b). The agreement between the simulation and
the experiment appears to have worsened from that of Fig. 5.3(b). A more real-
istic upper limit to the charge-exchange losses for the low 71, sequence could be
set using R = 0.6 and Eg(a) = 50 eV. Under these conditions, the predicted
spectra would not be inconsistent with the experimental data within the uncer-
tainties. The power lost to charge exchange assuming R = 0.6 and Ey(a) =
50 eV is 256 kW/1 MW injected. This is 43% higher than the value obtained
in ZORNOC, but the power delivered to the plasma decreases by only ~12%.
As for the high 7, sequence, the largest plausible R may be higher than
0.6—considering the H, signals at the two time points. However, in that case
the charge-exchange losses are only a small fraction of the injected power, even
for R = 0.8 and E, = 100 eV, as discussed previously. It is also important to
note that the upper limit to the charge-exchange losses for the high 7, case only

slightly exceeds the value calculated by ZORNOC and used in the transport

analysis.

5.2.2 Plasma Current Scan
For the investigation of fast ion confinement, low I, discharges are of

interest because orbit displacements from the magnetic surfaces are maximized
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and large orbit losses are expected. More generally, the discharge characteris-

tics vary strongly with /,, and it is interesting to probe whether the theoretical
prediction of the fast ion behavior describes equally well both low and high I,
cases. To mention some of the differences between the two regimes, low 1,
discharges have lower TE, higher By lower T,(0) and T7,(0), and more peaked
profiles. The MHD activity is also typically different. Fast neutral spectra
obtained during low and high 1, (gettered, co-injected) discharges will now be
compared with the corresponding Monte Carlo predictions. An effort was made
to keep the external plasma parameters as nearly the same as possible between
the two sequences. The time histories of some of the discharge characteristics
are displayed in Fig. 5.8. The Thomson scattering profiles were taken at 190
ms. The experimental spectra for the two cases are shown in Fig. 5.9, superim-
posed on one another to display the changes occurred when / » Was varied.

The spectra for the high I, case are compared with the Monte Carlo simu-
lation in Fig. 5.10(a). No corrections were applied to the experimental flux
along the R, = 72-cm chord besides that for the stripping-cell efficiency.
R = 0.4 and Egla) = 5 eV were used to calculate ng(R) for both the
charge-exchange losses and &, The simulation is in excellent agreement with
the experimental data. The corresponding comparison for the low I, case is
shown in Fig. 5.10(b). Again, no further adjustment was applied to the VFA
data. Here, too, R was set = 0.4 and Eg(a) = 5 eV for both ny(R) profiles.
The Monte Carlo simulation correctly predicts that the tangential spectrum is
unaffected by the change in I,. The fast neutral signal along the tangential

sightline is produced by co-passing ions that circulate between the outer edge of
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the torus and the plasma center. These orbits are far from the loss region and
remain relatively unaffected by the lower I,. Experimentally, the increased
orbit losses at low I, are reflected in the lower fast neutral flux along the more
perpendicular viewing chords, especially in the high energy portion of the spec-
tra. This is well reproduced by the Monte Carlo simulation. The fact that the
experimental flux at high energy and along the most perpendicular sightline is
higher than predicted is partly a consequence of the low signal-to-noise ratio.
Also, the statistical uncertainty is significant for both the experimental data
and the Monte Carlo simulation in that region.

The power delivered to the plasma and power losses for the two I, values
are presented in Table 5.3. It can be seen that orbit losses amount to <10% of
the injected power even for the low [, case. However, the high energy perpen-
dicular NPA signal is affected strongly by the increased prompt losses because

the largest portion of that signal originates from ions born at the outer edge of

Table 5.3. Power distribution (in kW/1 MW, co-injected)
high and low I,

I,=180kA I,= 96 kA

Py, 576 (618) 609 (707)

Py, 283 (266) 212 (196)

Py 44 (91) 41 (59)

Shine through 20 33

Total orbit losses 35 81
Prompt orbit losses 28 79
Nonprompt orbit losses 7 2

Pon 0 -1

Piherm 42 25
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the plasma and crossing the horizontal midplane close to the boundary of the
loss region on the inside of the magnetic axis. By contrast, the enhanced orbit
losses at low 7, discussed previously do not deplete the high energy perpendicu-
lar spectrum since they affect ions born at the inner edge of the plasma with a

pitch angle close to unity. These ions do not contribute to the perpendicular

spectrum.

The fraction of the total power deposited in the plasma at low I, is only
slightly lower than in the high I, case—82% as opposed to 86%. A somewhat
larger fraction of the deposited power goes to the electrons at low 1,—74% vs
67%. This is a consequence of the lower T, and correspondingly lower E _;ical-
The radially averaged electron temperatures were 258 and 364 eV for the I, =
96 and 180 kA, respectively. The larger amount of power that “thermalizes”
(i.e., beam ions that reach the bulk ion temperature) in the I, = 180 kA
sequence is an indicator of the better confinement properties of high 1,
discharges.

A comparison with the powers calculated in ZORNOC shows a significant
difference in the power delivered to the electrons in the low I, case. The ZOR-

NOC value is 16% higher, mostly a consequence of the imperfect treatment of
the orbits.

The simulations for these two plasma sequences were also performed with
larger values of Z. 4 to test the sensitivity of the calculated spectra to that
parameter as well as modeling anomalous pitch angle scattering. This also esta-
blished that the power deposited in the plasma in typical ISX-B discharges

would not be significantly altered by a postulated enhancement in pitch angle
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scattering that yield spectra consistent with the experimental measurements.
The experimental spectra for both the high and low I, sequences are compared
in Fig. 5.11 with Monte Carlo simulations in which Z.; = 7 was adopted (the
value inferred in ZORNOC from plasma resistivity was =1). At the higher
Z.sp, the predicted flux decreased along the tangential sightline and increased
along viewing chords away from tangential. To match the experimental spectra
at high/low I,, &, multipliers of 1.3/1.0 were used, and the VFA data were
artificially lowered by factors of 0.7/0.6. It is evident that the shapes and rela-
tive separation of the calculated spectra are not very sensitive to variations in
Zsr since even this large value of Z.g did not alter the prediction significantly.
Due to the relatively low average values of 7,—and, therefore, of E.—the
slowing-down process was dominated in ISX-B by collisions with electrons.
Consequently—as discussed in Chapter 3—pitch angle scattering effects were
weak, except perhaps in the central region of the plasma, where E, assumed the
highest values.

In view of this, the spectra localized to the plasma center (DNB on—-DNB
off) are expected to be more sensitive than the line-integrated spectra to
changes in Zgy The localized spectra obtained during the low I, sequence
along quasi-tangential and perpendicular sightlines (intercepting the DNB
centerline) are compared in Fig. 5.12 with the predictions of the NEWORBX
code using Zgs = 1.1, 3.0, and 7.0. In calculating ®,, the number of DNB neu-
trals that reach the HMP was determined from the measured ion current and
voltage, an estimated neutralization efficiency of ~90%, an assumed flat inten-
sity profile over the 6-cm radius, and the calculation of the attenuation using

the measured value of the line-averaged plasma density. The DNB fractional
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composition at Ejy, Ej,i/2, and E;pj/3 was assumed to be 0.4, 0.3, and 0.3.
Different fractions produced only minor changes in the computed ®,. The VFA
experimental data were artificially lowered by a factor of 0.7 (corresponding
approximately to the largest estimated error in the stripping-cell pressure) for
the high Z; cases, whereas they were not altered for the Z.; = 1.1 case. The
simulation that used Z.y = 7 is clearly in disagreement with the experimental
data. Thus, the analysis of fast neutral spectra establishes that a (postulated)
strongly anomalous pitch angle scattering is discordant with the experimental
evidence. However, no definitive conclusions can be drawn from the compari-
sons with Zeir = 1.1 and 3. The tangential spectrum is in closer agreement with
the data if Zgy = 1.1 (the value deduced from resistivity) is adopted, whereas
the experimental perpendicular spectrum is reproduced by the simulation if Zgq
= 3 is assumed. Experimentally, the flux enhancement with the DNB on was
by factors of ~6 along the perpendicular chord and ~2 along the tangential
chord. The tangential spectrum has a lower degree of reliability than the per-
pendicular spectrum because it was obtained as differences between pairs of
numbers of approximately the same magnitude. Thus, the comparison of Fig.
5.12 would seem to favor a value of Z ; = 3. However, the intensity profile of
the DNB could be taken to be triangular in shape, with a radius » = 10 cm,
and ng(r) = ny(0)/10. These values would not be inconsistent with measure-
ments of the FWHM of the enhanced (i.e., with the DNB on) thermal flux
obtained during toroidal scans around the DNB location. With these parame-
ters for the DNB, the high energy portion of the perpendicular spectrum is

predicted to be higher since the perpendicular fast ion population at smaller

major radii can contribute to the signal. A Z of ~2 is expected to produce
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good agreement with the experiment if the DNB intensity profile is assumed to
be triangular.

It is interesting to note that the calculated power delivered to the plasma
varies little with even large changes in Z.4 For co-injection discharges, the
larger non-prompt orbit losses at high Z.; may be more than compensated for
by reduced shine-through and prompt orbit losses and by the larger amount of
power extracted from the toroidal electric field. For the counter-injection case

at high I, discussed in the next section, a value of Z.; = 4—instead of the
ZORNOC value of 1.9—results in lowering Py, by 8%, P, by 19%, and the

total power deposited in the plasma by 11%.

5.3 COUNTER-INJECTION

Counter-injected discharges in the ISX-B always disrupted within <50 ms
from the beginning of injection. They were characterized by high levels of
impurity accumulation in the plasma core, high radiated powers, and low elec-
tron and ion temperatures. These discharges were typically run at low beam
power, medium densities, and medium to high plasma currents. Gettering was
also required.

Two experiments were specifically dedicated for the investigation of beam
ion confinement during counter-injection, one at I, = 170 kA, and the other at
I, = 110 kA. These experiments were performed consecutively on the same
day. Discharge characteristics for the two sequences are displayed in Fig. 5.13.
The laser times were 215 ms for the high I, case and 190 ms for the low I,. B,

(=12.3 kGauss), I, (=3.8 X 1013 cm™3), P, (=0.50 MW), and E;,; (=28.8
e b )
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keV) were approximately the same for both sequences at corresponding laser
times. The comparison of the Monte Carlo simulation with the experimental
spectra is shown in Fig. 5.14(a) for the high I, and in Fig. 5.14(b) for the low
I, case. The VFA flux was artificially lowered by 40% in both comparisons.
The background neutral density profiles used to calculate the charge-exchange

losses were determined assuming Eg(a) = 10 eV and a &, multiplier of 2.5. In
the calculation of the fast neutral flux to the NPA, on the other hand, Ey(a)

was assumed to be 5 eV and the &, multiplier 0.55 for the I, = 170 kA case
and 0.4 for the I, = 110 kA case. The different values for the &, multiplier are
not inconsistent with differences in the H, traces. Good agreement is observed
between the predicted and the experimental spectra. Comparing the experimen-
tal spectra obtained during co-injection with those obtained during counter-
injection, the latter are seen to have a flatter appearance. This difference is
reproduced closely by the Monte Carlo simulation and is, therefore, explainable
in terms of classical processes. The larger orbit losses and the shorter
slowing-down times in counter-injection discharges reduce the fast ion popula-
tion at energies away from Ejy;, thus lowering the resuiting fast neutral flux. It
may also be noted that the code properly predicts the large decrease in the high
energy perpendicular flux along the R, = —8.5-cm chord (counter-injection,
low I,). As discussed in Chapter 3, the depletion is caused by the loss region
boundary crossing the perpendicular sightline at the lowest I, setting. (The
spectrum taken during a counter-injection experiment at I, = 145
kA—discussed in the next section—did not show any severe depletion.)

The calculated powers for the high and low I, counter-injected cases are

summarized in Table 5.4. Orbit losses account for a considerable portion of the



141

ORNL-DWG 85C-2567 FED
1
10 , T

"Ry (cm)

—O0— -72.0 ]
—O— -42.0
—-ao-— -85

LLLELL

T

T

~ 1010

T TTTTIY
Ll

10°

T T 17T
il

108

T T Ty
Lol

T T TTTT
11t

L L)

T TTITm

T T T
Lol

108

T T Ty
Ll

107

by(stem2ev-tsr-t)

LBLBLRALLL
Loyt

106
20 30 40

ENERGY (keV)

(@)
(@)

Fig. 5.14. Comparison of experimental and predicted fast neutral spectra
during counter-injection at high and low I, (a) I, = 170 kA, and (b) I, =
110 kA. Injection was at R, = —74.5 cm.




142

Table 5.4. Power distribution (in kW /1 MW, counter-injected)
high and low I,

I, = 170 kA I, = 110 kA

Py, 435 (491) 422 (528)

Pp; 190 (207) 143 (165)

P 66 (101) 48 (87)

Shine through 33 28

Total orbit losses 244 339
Prompt orbit losses 174 238
Nonprompt orbit losses 70 101

Pon 15 10

Piherm 17 10

injected power during counter-injection, especially at the lower I, setting—34%
of the total power. In this case, where orbit effects are most important, ZOR-
NOC overestimates the power delivered to the electron population by 25% and
the total power deposited in the plasma by 23%. There is one point to clarify.
The beam deposition is calculated in ZORNOC by Monte Carlo techniques.’?
The calculation can be performed with or without bounce averaging over the
first orbit. If bounce averaging is chosen, the ions are followed on their initial
orbits (only a half of the first poloidal orbit is followed because of up and down
symmetry) and first orbit losses are correctly estimated. However, ions that
scatter promptly into unconfined orbits are not properly treated, and, therefore,
prompt losses may be underestimated with respect to the NEWORBX calcula-
tion. If the bounce averaging is not chosen, the ions are not followed on their
initial orbits, and, consequently, first orbit losses may also be underestimated.
Most of the ZORNOC analyses were performed with bounce-averaged deposi-

tion, but the two counter-injection cases presented in this section were analyzed
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without bounce averaging. It is conceivable that the ZORNOC calculation of
the power deposited in the plasma would be in closer agreement with the

NEWORBX estimation if bounce averaging at deposition were used.

5.4 CO-, COUNTER-, AND BALANCED INJECTION

In this section, three plasmas are compared. They all had approximately
the same external parameters, with the exception of the direction of injection.
In one case the beam was injected in the co-direction, in another in the
counter-direction, and in the third case two beams of equal power were injected,
one co- and one counter-, with the total power being the same as that of the
single beam in the other two experiments. Discharge parameters for the three
sequences at the respective laser times are tabulated in Table 5.5.

The comparison of predicted and experimental fast neutral spectra for the
three cases is shown in Fig. 5.15. The VFA data were artificially multiplied by

factors of 0.7, 1.65, and 0.55 for the co-, counter-, and balanced sequences,

Table 5.5. Discharge parameters for the co-, counter-,
and balanced injection comparison

Co- Counter- Balanced

i, (1013 cm™3) 3.83  3.87 4.0

I, (kA) 144 145 149
B, (kGauss) 121 121 12.2
P, (MW) 0.92 0.89 0.97
T.(0) (eV) 869 596 660
TA0) (eV) 690 450 600
n(0) (108 em™3) 527  4.89 4.87

Zegs L1 11 1.3
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respectively. The boundary conditions assumed in the NEUCG code to evaluate
ng(R) for the three cases are summarized in Table 5.6, with the first values
used for the charge-exchange losses and the second values for the &, calcula-
tion. The Monte Carlo simulation satisfactorily reproduces the spectra under
the different injection schemes. Perhaps the most serious anomalies occur in the
perpendicular spectrum and in the low energy portion of the tangential spec-
trum for the balanced injection sequence. The experimental flux along the per-
pendicular sightline is lower than predicted by a factor of >2; the discrepancy
could not be resolved. The same discrepancy existed during the co-injection part
of the discharge as well. The co-beam was injected at 100 ms, followed by the
counter-beam at 200 ms. Thomson scattering profiles were obtained at 180 ms
and at 230 ms. A comparison of experimental and simulated spectra at 180 ms
also showed the predicted flux larger by a factor of ~2. Thus, the discrepancy
cannot be attributed to the particular injection scheme. The low energy flux

along the R, = 72-cm sightline may have a strong contribution from the

counter-beam due to particles that follow pinch orbits and large bananas. As
discussed in Chapter 3, this flux is sensitive to small inaccuracies in ny(R) at
the plasma edge, in the orbit topology, and in the tangency radius of the view-
ing chord. Furthermore, the approximate treatment of the limiter edge in com-

puting the orbit losses in NEWORBX may reduce the population of ions that

Table 5.6. Boundary conditions used to calculate ny(R)

Co- Counter- Balanced

¢, multiplier  1.67, 1.67 2.5, 1.0 1.67, 0.83
Eo(a) (eV) 55 10, 5 55
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travel close to the plasma boundary. As a result, the fast neutral flux sensitive
to this class of ions will be artificially low.

The distributions of the injected power for the three sequences are shown
in Table 5.7. The ZORNOC prediction is in fairly close agreement with the
NEWORBX calculation—except, again, for overestimating the charge-
exchange losses. Slightly more power goes to the electrons than to the ions in
ZORNOC with respect to the Monte Carlo simulation.

A result common to both codes is that the total power delivered to the
plasma is approximately the same in co-injected and balanced discharges. Rela-
tively more power goes to the ions in the co-injected sequence due to the higher
T,.

Comparing co- and counter-injection, both the Fokker-Planck and the

Monte Carlo calculations predict a sizable decrease in the power deposited in

the plasma during counter-injection. NEWORBX calculates this to be 24%

Table 5.7. Power distribution (in kW/1 MW, injected)

Co- Counter- Balanced
Py, 540 (586) 449 (482) 556 (612)
Py; 265 (210) 163 (161) 218 (196)
P 65 (168) 79 (126) 37 (83)
Shine through 27 7 32
Total orbit losses 72 290 135
Prompt orbit losses 61 247 112
Nonprompt orbit losses 11 43 23
Pon 0 0 0
Piherm 31 12 22
Power to plasma 805 (796) 612 (643) 774 (808)
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lower than for co-injection, whereas the ZORNOC result is a 19% decrease.
Py, goes down by 17% (18%) and P,; by 38% (23%). As a consequence of the
inadequate treatment of nonprompt orbit losses in the deterministic approach,
the reduction in P,; for counter-injection is underestimated in ZORNOC. This
results in the observed smaller decrease in the total power delivered to the

plasma.
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CHAPTER 6
BEAM ADDITIVITY
6.1 INTRODUCTION

This chapter deals with whether the density of the fast ions confined in the
plasma is proportional to the injected beam power in the ISX-B. To attest that
this is not a pedantic pursuit, it may be noted that nonadditivity has been
reported by the GA group in limiter discharges on the D-III tokamak.’**> Two
experiments were performed on ISX-B to test beam additivity, with the follow-
ing setup. The west beam was co-injected at 100 ms (H?, 30 keV, 850 kW),
and the east beam was co-injected at 200 ms (HC, 30 keV, 800 kW). The line-
averaged electron density (3.8 X 10'* ¢cm™3) and the plasma current were
kept approximately constant from 180 ms on. Two sets of discharges were exe-
cuted, one at I, = 96 kA and the other at I, = 180 kA. The diagnostic neu-
tral beam (DNB parameters D° and E inj ~ 25 keV) were used in some of the
shots to localize the fast H? flux measurements to the plasma center: &, (DNB
on) — &y (DNB off) = &; (from center). Line-integrated, as well as localized
spectra, were compared at 190 and 280 ms, during injection of one and two
beams, respectively. Since @, is proportional to the fast ion density, this experi-
ment provides a fairly direct test of beam additivity when other parameters that
influence the detected signal are not significantly altered by the injection of
subsequent beams. However, changes that occurred in the profiles were
included in the analyses to provide a more reliable interpretation of the data.

To gather further information from these experiments, the west beam was
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doped with deuterium so that the beam-plasma neutron emission could be moni-
tored during the discharge.

Section 6.2 presents results obtained in the high I, sequence. The results at
low I, are discussed briefly in Section 6.3. They do not differ significantly from

those at high 7,.

6.2 BEAM ADDITIVITY AT HIGH ],

Time histories of the plasma parameters for the beam additivity experi-
ment at high /, are shown in Fig. 6.1. The Thomson scattering profiles for the
one-beam sequence were taken at 190 ms and the profiles for the two-beam
sequence at 280 ms. I, and i1, were held approximately constant from ¢ = 180
ms on, and B, was 13.9 kGauss. The first beam was turned off sharply at 286
ms, and the discharges lasted until ~320 ms. It was then possible to compare
fast ion data taken during injection of one beam, two beams, and one beam
again—while keeping the external characteristics of the discharge unchanged.

The passive, line-integrated fast neutral flux went up by factors of =2
along all viewing chords as the second beam was added to the first [an
enhancement by a factor larger than 2 is possible because of changes induced
by the second beam in the T,(R) and ng(R) profiles]. Spectra were also
obtained using the DNB to localize the measurement to the plasma center. The
MEA sightline intercepts the DNB centerline at R, = 8.5 cm, and the VFA
intercepts it at R, = 67 cm. The enhancement in the H® flux when the DNB
was on was by factors of ~3 along the perpendicular chord and <2 along the

tangential chord. The enhancement is larger at R, = 8.5 cm because the extra
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source of neutrals is added where most of the (passive) perpendicular flux ori-
ginates. In support of this interpretation, it may be noted that the increase in

the perpendicular flux with the DNB on was by a factor of ~6 in the low 1,

sequence, where orbit losses weight the signal more strongly to the center. Also,
the DNB produced almost no flux enhancement in counter-injection sequences,
since most of the signal originates from the inner edge of the plasma. To estab-
lish that the DNB does not perturb the plasma conditions locally, fluxes with

the DNB on and off along sightlines that do not view the DNB cross section

(R, = 87 and 49 cm) were compared. No significant differences were
observed, and it was thus concluded that the measurement is not altered by the
DNB, except for localizing the charge-exchange emission along certain sight-
lines, as discussed previously.

In contrast to the passive, line-integrated flux measurements, the localized
flux showed hardly any increase following injection of the second heating beam,
as illustrated by the data presented in Fig. 6.2. The line-integrated fast neutral
flux along the perpendicular sightline in one particular energy channel is plot-
ted as a function of time at the top of the figure. The signal becomes visible
shortly after injection of the first beam, and it increases by a factor of ~2.7
with the second beam. After turn-off of the west beam line, the flux is clearly
reduced. The time history of the localized flux along the same viewing chord
and at approximately the same energy is shown at the bottom of the figure. The
signal begins to appear at 120 ms—the time of injection of the DNB. Because
this is a DNB on minus DNB off measurement, a signal is expected only when

the DNB is on. No substantial increase in flux is observed when the second

beam is injected, nor is any change detected when the first beam is turned off.
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Although other energy channels (especially higher energies) did show some
enhancement in the localized flux with the injection of the second beam, the
enhancement was not so conspicuous as that observed in the passive measure-
ments.

A more conclusive comparison can be made by matching the flux in several
energy channels at two properly chosen time points. Figure 6.3 shows the
energy spectra taken along several NPA sightlines at 190 and 280 ms. The
VFA data were corrected for stripping cell efficiency only. Injecting two beams
of equal power—while holding the external plasma parameters
constant—produced line-integrated fast neutral fluxes at least twice as large as
those observed when only one beam was injected. This suggests that the fast

ion density is indeed proportional to P,. However, the neutral flux originating

from the plasma center—at all energies—increased only slightly, if at all.

The question arises whether these results might be a consequence of
changes in the plasma profiles. To test this hypothesis, the experimental spectra
were compared with the predictions of the computational codes, where changes
in T,(R), n,(R), and ny(R) are taken into account. As shown in Fig. 6.4 (a
and c), the Monte Carlo prediction of the line-integrated spectra is in very good
agreement with the experiment at both time points. A wall recycling coefficient
of 04 and Eyg(a) = 5 eV were assumed to calculate ny(R) for the
charge-exchange losses as well as the flux to the NPA. Althcugh the localized
spectra are reproduced with a lower degree of accuracy (b and d), it is clear
that the localized flux during two-beam injection is predicted to be a factor of

~3 higher than during one beam only, contrary to the experimental evidence.
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The FPP code produced results in close agreement with the Monte Carlo calcu-
lation. Therefore, the lack of flux enhancement in the localized spectra cannot

be explained on account of changes in the profiles at high Py,.

The possibility that the DNB current might have decreased by a factor of
22 from 190 to 280 ms need also be investigated. In Fig. 6.5, two sets of evi-
dence are presented that show that the DNB current did not decline during the
discharge—within a 25% uncertainty. At the top of the figure, the spectra of
fast deuterons from the DNB itself* are compared at 190 and 280 ms. The flux
is the same within the scatter. At the bottom of the figure, the localized H®
spectra at 190 ms are compared with those obtained at 315 ms, when the
discharge had approximately resumed the configuration it had at 190 ms (the
passive, line-integrated spectra at 315 ms were within 10% of the spectra at 190
ms). The localized flux appears to be only slightly lower at the later time, set-
ting the limit to a possible decrease in the DNB efficiency to <25%.

Two other possible flaws in the data collected with the DNB on were
investigated. One was that the flux might have been dominated by the signal
originating from the DNB ions themselves. In fact, although the DNB was
fueled for these experiments with deuterium gas to avoid contamination of the
HO spectra, it did remain polluted with hydrogen even after several days of
operation. This was evidenced by peaks in its spectrum at D° energies
corresponding to HD,, HD, and H,D molecules at the ion source. Since the

DNB ions were injected with pitch angles that made them readily visible along

"Thess spectra were actually taken during the p = 96 kA sequence. The spectra for the
high Ip sequence are beset by multiple peaks, which render the comparison less straightfor-

ward, although they lead to the same conclusions.
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the perpendicular chord, it is this sightline that would be mostly affected by the
spurious signal. From a combined analysis of deuterium and hydrogen spectra,
it was estimated that the signal from the DNB consituted ~30% of the total
HO flux at the DNB injection energy. However, the DNB fast ion population
decreased rapidly away from the injection energy due to large orbit losses. The
overall DNB contribution to the H® flux was estimated to be <10% and was
neglected in the analysis. The other possibility is that the channeltron detectors
might have reached counting saturation with the DNB on. Above a certain
level, the gain of a channeltron detector decreases with increasing incident input
flux.>® At high count rates, the mean output pulse level may become smaller
than the threshold voltage of the discriminator, and the output count rate is no
longer proportional to the incident flux. The count rates for the perpendicular
flux were found to be in the linear range at all times during the discharge, and,
therefore, the perpendicular spectrum was not affected by count losses. How-
ever, the count rates along the tangential sightline were high enough during the
one beam phase that a further increase following the injection of the second
beam would have shifted them into the nonlinear regime. The tangential flux
with the DNB on may have been reduced by an estimated 10 to 30% at low
energies during the two-beam phase, while the high energy flux was affected
more strongly—by an indeterminable amount. It need be pointed out that the
count rates during the passive measurements were either in or close to the
linear range at all energy settings, all sightlines, and all times in the discharge.
The same is true for the measurements obtained with the DNB on during the

one-beam phase. Thus, only the signal obtained along the tangential sightline
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with the DNB on during the two-beam phase may have suffered from satura-
tion effects. Consequently, the localized tangential flux measured at 280 ms
(DNB on—DNB off) would be reduced by a larger percentage than the frac-
tional reduction in count rates due to saturation. This effect would intensify if
the flux enhancement due to the DNB were not large-—as was the case for the
tangential sightline. This is the most likely reason why the high energy, local-
ized, tangential flux appears to be actually lower when two beams instead of
one were injected, and it could also account for the lack of enhancement in the
localized tangential flux at low energies. However, it is reiterated that the per-
pendicular spectrum was not affected by counting losses.

Thus, even with the above caveats, it appears that the central fast ion den-
sity did not increase by a proportional amount when the second beam was
added to the first. At the same time, the total number of beam ions in the
plasma volume did apparently increcase by a factor of =2, as can be deduced
from the analysis of the line-integrated spectra. Therefore, it would appear that
either some anomalous deposition process may have prevented the second beam
from reaching the plasma center or a redistribution of the fast ions to a larger
average radius may have taken place at the higher beam power.

The second beam penetrated the plasma at a toroidal location close to the
limiters. It is then conceivable that its deposition might have been affected by
the higher concentration of impurities expected from recycling and sputtering.
Two Monte Carlo simulations of the two-beam injection sequence were per-
formed to investigate the effects of anomalous deposition on the resulting fast
neutral spectra. In the first one, the local mean free paths (A\) were artificially

decreased by a factor of 2 throughout the plasma. In the other, A was decreased
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by a factor of 5 in the outermost 4 of the 20 radial shells. In both cases, the
localized flux was predicted to be lower than in the straight simulations (except:

at E = E;, along the perpendicular chord), but only by ~15 to 20%. As a

consequence of the enhanced deposition in the outer region of the torus, the
high energy portion of the localized perpendicular spectrum was shifted up by a
factor of 22, thus becoming closer to the experimental data. However, the
line-integrated, high energy, perpendicular flux also increased (by =50%), in
this case worsening the agreement with the experimental data. Since even these
large changes in the deposition process could not account for the lack of
enhancement in the localized flux with the second heating beam, it seems
unlikely that the experimental results could be explained on the basis of
anomalous beam deposition.

The first beam was doped with 3% DO for this experiment. It will be
shown in Chapter 7 that the beam-plasma neutron emission comes predom-
inantly from the plasma core. Thus, measurements of this emission can provide
additional evidence that might substantiate one of the two hypotheses proposed
above. The beam-plasma neutron yield was measured to be 3.0 X 1010
neutrons/s at 190 ms and 2.1 X 10'0 neutrons/s at 280 ms. The NEWORBX
code predicts, instead, an increase from 2.3 X 1019 to0 3.1 X 1010 neutrons/s at
the same time points. As will be discussed in Chapter 7, the uncertainties in the
calculated beam-target neutron production are fairly large. However, since the
calculations are performed here on the same discharge and at the same plasma
density, the discordance between the experimental data and the Monte Carlo
predictions may be significant. A caveat to this conclusion is that the central

deuterium target density np, may decrease considerably upon injection of the
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second beam, if 7, is constant. In the Monte Carlo calculation, the nj, dilution

due to H® injection was assumed to be by factors of 0.85 and 0.75 for the
one- and two-beam phases, respectively. (A further constant correction by a
factor of 0.85 was applied in both cases due to hydrogen desorption from the
walls and limiters.) Although a larger reduction in target density was assumed

for the two-beam case, the actual np dilution is not well known. With this

caveat in mind, the experimentally measured decrease in the emission seems to
favor the interpretation that the beam ions spread away from the plasma center
after injection of the second beam.

To roughly estimate the size of the displacement that would account for
the experimental observations, calculations were performed with the FPP code
in which the radii of the guiding center orbits were artificially increased at
deposition. A radial increment of 2.5 cm applied to the fast ion orbits in the
two-beam phase resulted in localized spectra that were essentially the same as
during the one-beam phase. At the same time, the predicted line-integrated
spectra were not significantly altered from those obtained in the nominal calcu-
lation. The beam-plasma neutron emission was predicted to increase from 3.5
X 10'0 to 4.2 X 10!° neutrons/s in the straight runs, whereas it remained at

3.5 X 10! neutrons/s if the 2.5-cm orbit shift was postulated.

6.3 BEAM ADDITIVITY AT LOW |,

Discharge characteristics for the beam additivity experiment at low I, are

displayed in Fig. 6.6. Thomson scattering profiles were taken at 190 and 280

ms. The first beam—doped with 1% D%—was turned off at 290 ms.



F
3 = a
a (A A (M) % (sw) (xsn) 22 =
w .
“ 00 ...nﬂu m
= 9 o
g M =4
0 3 m N
by - p—
: <
3 | % L =
[ e LHOH
W v o =
5 g 25
E Sw =%
o ] wW._ -
= tm m
L
o wn
40 %
Q 5 2
17
.u/l m %
........... ] | ] | ri.-uvT--w_.l 9r_ ‘o m S
o O Qo wu Q 0 © Qo ® o ot .
IS o &« - = o© o & 4
N 3
tva) 91 (M) "o (sw) &2 o 0 E
e EL Q]
y]
- (/71 1104) aﬂ (mny PPy (%) 9¢ S s .u
O 0 O O o a8 9
o o S
8 0 8 3% 208 2 8 8§ @ om o~ - og o 3 o
1 1 1T T T T T I T & © =%
Q
|||||||| Ml..u.i!.l 8 @ -m
e e ihgteyinjoniy = ZE— [o] —— m
¥ : - O [ ™ =]
- - 5 i I .\‘\v 2 58 E
s J - 2o 3
M. [} [} «lb.. T 2
3 ¢ £ = n
i - 18w & <
- J_— « — ! h &= O N B
/l% \v [ .m W m
Jl; 4 T o «
I e g T23
Y1 // < . Mu. el
3 ! © 2
) © 2 &
— lﬂ\lx _ — o . O ©
o m o m o - [e] w.bm &
¥ i " “gF
@ syun £401419.10) YXS %) <§h Q.
lgwd ¢,080) %y (su & 4




163

A comparison of the experimental spectra obtained during the one- and

two-beam phases is presented in Fig. 6.7. As in the high 1, sequence, the line-

integrated flux shows at all energies and sightlines a definitive enhancement
with the injection of the second beam. The spectra are well represented by
Monte Carlo simulations if wall recycling coefficients of 0.4 and 0.7 are
assumed at 190 and 280 ms, respectively. The larger R needed for the match at
280 ms is consistent with evidence from the H, monitors that the recycling
increased strongly after the second beam was injected. Once again, no substan-
tial enhancement in the localized flux was observed (only the more reliable,
perpendicular spectrum is shown). At the same time, the Monte Carlo simula-
tion predicts an increase in the localized flux by factors of =2 at low energies
and >3 at high energies. As an aside, it may be noted that the high and low 1,
experiments were performed two months apart from each other. This eliminates
the chance of a peculiar behavior (of the DNB, for instance) during one partic-
ular experiment.

The beam-plasma neutron output was lower during the two-beam phase
than in the one-beam phase. The emission was measured to be 1.1 X 10'0
neutrons/s at 190 ms and 0.73 X 10! neutrons/s at 280 ms. The
NEWORBX code predicts a neutron output of 0.5 X 10! s™! at both time
points.  Considering that the uncertainty in the absolute value of the
experimental measurement is of +25% and that larger uncertainties (e.g., in
the np dilution) affect the calculated value, no definitive conclusions can be
drawn from this comparisbn. By the same token, however, the results are not
inconsistent with a hypothesized spreading of the beam ions away from the cen-

tral region of the plasma at the higher beam power.
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In summary, the analysis of the two-beam additivity experiments indicates
that the number of beam ions confined in the plasma volume was proportional
to the injected power in the ISX-B. However, some experimental evidence
from the localized spectra and from measurements of the beam-target neutron
emission suggests that the fast ion density in the plasma core might not have
increased proportionally to P,. Since similar results were obtained at low and
high I, the event would not likely depend on the plasma current or on the par-
ticular type of MHD activity. A postulated spread of the fast ions away from
the plasma center by displacements of the order of 2 to 3 cm would account for
the apparent discrepancy between theory and experiment. Under this assump-
tion, the total power delivered to the plasma would remain essentially the same,
while the power deposition profile would peak a few centimeters away from the

center. In view of the experimental uncertainties involved and because of the

limited set of data available, the issue was not resolved in the present study.
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CHAPTER 7
BEAM-PLASMA NEUTRON EMISSION MEASUREMENTS
7.1 INTRODUCTION

A well-established method for investigating the confinement of the beam
ions, in addition to the analysis of fast neutral spectra, is the measurement of
beam-plasma neutron emission.!#1>>78 The experimental measurements are
compared with computations based on classical beam capture and slowing
down, thus testing whether classical processes govern the behavior of the ener-
getic particles. The comparison is sensitive to the deposition profile of the full
energy component of the beam and to the first stages of the slowing down of
full energy ions circuiating in the plasma core. It is, therefore, on these specific
processes that information is obtained.

A brief review of the pertinent theory is presented in Section 7.2, together
with simple estimates of the uncertainties involved. Theoretical decay rates of
the neutron emission following a sharp beam turn-off are compared with experi-
mental data in Section 7.3 to verify the slowing-down rates. Finally, in Section
7.4 the predicted neutron emission is compared with the measured yield under a

variety of plasma conditions, injection geometries, and beam power levels.

7.2 THEORY AND ESTIMATE OF THE UNCERTAINTIES

When injecting a deuterium beam on a cold D™ plasma, the beam-target
neutron reaction rate (/) is obtained by integrating the local contribution over

the plasma volume and in energy space from E = Oto £E = E inj"
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I = fffD(i’,E) np(¥) opp(E )W dEd’X neutrons/s , (7.1)
where

Sp(X,E)dE = density of slowing-down beam deuterons with
energies between E and E + dE (cm™3),

np(X) = plasma deuteron density (cm™3),
opp(E) = cross section for D(D,n)*He reaction (cm?),

v = beam deuteron speed (cm/s).

A close fit to the D-D fusion cross section is given by>®

2.2 X 10—22 e—47.88/\/E

B (em?) ,

opp(E) =

where E is in keV. The nonzero plasma temperature can be taken into account
to a very good approximation by evaluating opp(E) and v at a cross-section

weighted average energy E . (Ref. 14):

3 3 3 A
E = E3+|3 T; +6E2[ET,.]+E[5 T;

where 7 is the plasma ion temperature.
One effect that must be included in the calculation of beam-plasma neu-
tron production is the toroidal rotation of the plasma. Momentum is imparted

from the beams to the plasma and results—during unidirectional injection—in a




168

toroidal rotation of the plasma in the direction of injection. The central rotation
velocity is determined through measurements of the Doppler shift of the radia-
tion from fullyAstripped oxygen that charge exchange with beam atoms.? The
rotation velocity in ISX-B was ~1 X 107 cm/s, and it was found to depend
only weakly on Py, ii,, and I, in ungettered, co-injected discharges.®! Since the
plasma rotates in the same direction as the beam, the relative velocity between
the plasma and the beam deuterons is reduced, and the reaction rate is lowered.

In fact, the relative velocity is approximately given by
Viel =V = V. C088 ,

where cosf is the pitch angle of the beam ions. Referring to Fig. 3.5 (page 36),
the average value of cosf for fast ions born in the plasma center is seen to be
=0.75. For a 30-keV beam and the typical rotation velocity in ISX-B, the
effective reaction rate is ~75% of the reaction rate calculated for a stationary
plasma, and the correction becomes ~70% at E = 23 keV.%2 The calculated
value of I—for unidirectional injection—was multiplied by a factor of 0.75 to
account for the effect of plasma rotation.

Although both FPP and NEWORBX calculate I by performing the
integrations implied in Eq. (7.1), it is useful to consider a simplified version of
the problem for the purpose of estimating the uncertainties. Since the D-D
fusion reactivity (ov) decreases rapidly with decreasing relative energy, most of
the neutron output is produced by beam ions with energies close to E inj; FOT

instance, by the time an ion injected with E inj = 30 keV has slowed down to

the energy Ey = 23 keV, the reactivity has decreased by a factor of 1/e.
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Furthermore, the beam-plasma neutron emission is localized to the central
region of the plasma because the emission is proportional to the product of the
slowing-down time (och/z/ne) and the deuterium target density (~n,). This
product is strongly weighted on axis because of the T, dependence. Letting N,
be the number of beam deuterons in the central region of the plasma with ener-
gies between Ej;; and Ey and letting np be the average central density of the

plasma deuterons, the reaction rate is then roughly

I ~ Np np appv (neutrons/s) .

The various quantities in this expression will now be examined one at a time to
establish the uncertainties involved in the calculation.

The combined uncertainty in the fusion cross section and in the evaluation
of ov at E = E, instead of averaging <e¢v> over a Maxwellian distribution of
the plasma ions is on the order of ~10 to 15%. The target density ny, is deter-
mined from Thomson scattering measurements of n,(R) and the calculated
dilution due to impurities (inferred from Z.; and Z;) and due to beam hydro-
gen (in these experiments the beams injected 97% H° and 3% D?). Although
the beam ion density upon injection is typically much smaller (by factors =10)
than the plasma density, a considerable fraction of the central ion density is
constituted by fast ions that are confined until they slow down to thermal ener-
gies. This is a consequence of the beam ion hydrogen source being peaked at

the center, whereas the deuterium source (gas puff and recycling) is at the out-

side of the plasma. Time-dependent modeling calculations®® result in thermal
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H/D concentrations in the range from 20 to 50% towards the end of typical
ISX-B discharges.® These calculations are affected by large uncertainties in
the transport coefficients and also by the fact that a steady state is not reached
on the time scale of the experiment. The values that were used in the Monte
Carlo simulations for the target dilution due to beam hydrogen ranged from 10
to 30%, depending on P, and 7,. Furthermore, a comparison of thermal (E =
0.5 — 2 keV) H? and DO fluxes measured by the NPA during the ohmic phase
of several discharges showed that np/(np + ny) was typically 0.85 before
beam injection. This is attributed to desorption of hydrogen accumulated on the
walls during previous discharges and during beam conditioning, and an
appropriate correction is included in the calculation of the target density. The
total uncertainty in the value of nj is expected to be on the order of >30%.
Neglecting orbit and charge-exchange losses, the number of beam deuterons

contributing to I is given by
Np = Nop £ 7y

where

NOD = full energy neutral deuterium injection rate,

¢ = fraction of full energy deuterons captured in the plasma core,

7§ = time to slow down from Ejsjto Ey.

The decay time 7y is a function of the peak values of T, and n,, measured

experimentally by the Thomson scattering diagnostic; it has been verified in
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beam turn-off experiments with a resulting uncertainty of <30% (see Section
7.3).

The injection rate of the full energy component of HC® is determined
directly from P, and Ej,, which are known with fair accuracy, and from the
beam fractional composition that carries an uncertainty of ~10 to 15%, as
discussed in Section 3.2. Due to the different focusing and neutralization effi-
ciencies for hydrogen and deuterium in the injector source, the DO/HO ratio is
not the same as the D/H ratio at the beam source. In fact, the D?/HO ratio at
the full injection energy of 30 keV is estimated to be ~80% of the D/H ratio
at the source.’” Thus, for a 3% deuterium working gas, the beam D°/H° ratio
is ~2.5%. Hydrogen and deuterium fast neutral spectra were obtained along
the same viewing chord (R, = 42 c¢m) and during the same plasma sequence,
using the mass-discriminating capabilities of the MEA. The spectra, together
with the corresponding Monte Carlo prediction, are shown in Fig. 7.1. The ratio
of the experimental D? and HO fluxes is seen to be =0.025. Since the data were
taken during a co-injection sequence at high I,, the larger orbit widths for D
with respect to H are not expected to produce significant differences in the
spectra along that sightline. Thus, the observed DO/H0 ratio confirms the
expected value of 2.5%. The orbit-following Monte Carlo simulation (which
assumed DY/H® = 2.5%) is in fairly good agreement with the experimental
results, although it would not be inconsistent with a somewhat lower concentra-
tion of DO, indicating a residual uncertainty of <30% in DO/HO.

The fraction of beam deposited in the central region of the plasma £ is

determined by n,(R), by the ionization and charge-exchange cross sections, and
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Fig. 7.1. Hydrogen and deuterium fast neutral spectra during co-
injection of a 1-MW H° beam doped with 3% D°, at I, = 180 kA. Both spec-
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corresponding predictions of the Monte Carlo simulation.
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by the impurity concentration and charge state. Since the probability of ioniz-
ing in a given interval AR is given by 1 — exp[—(no)oAR], and (no);:AR
<< 1, the uncertainty in the deposition profile is on the order of the uncer-
tainty in the local value of (n¢)y, which is ~25%.

Although somewhat crude, the estimates outlined above clearly indicate
that a global uncertainty of >50% should be ascribed to the calculated value of
I. Finally, the estimated range of uncertainty in the experimental measurement

of the neutron emission is approximately *+25%, as discussed in Appendix C.

7.3 EXPERIMENTAL MEASUREMENTS OF THE
SLOWING-DOWN TIME

This section presents results of experiments aimed at verifying that the
beam ions slow down according to classical theory (i.e., through Coulomb colli-
sions with the plasma particles). The FPP prediction of the decay time in the
beam-plasma neutron emission following a sharp beam turn-off is compared
with the experimentally measured value for several different discharges. It will
be shown that good agreement is found—within the experimental uncertainty of
~30%—between theory and experiment and, therefore, that the slowing-down
process is classical. It is important to realize that most of the uncertainties dis-
cussed in the previous section apply only to absolute measurements of the neu-
tron yield and, thus, do not affect this comparison. In fact, only the uncertain-
ties in opp and in the measured values of 7,(R) and n,(R) need be retained in
the calculated value of 7.

On ISX-B, the beam doped with deuterium was turned off immediately

after the time at which the Thomson scattering profiles were taken. The profiles
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were then used for the FPP calculation of the decay rate of the neutron emis-
sion. The discharges lasted typically =210 ms after the beam turn-off. The
thermonuclear neutron yield—to be subtracted from the total emission to obtain
the beam-plasma contribution—was measured at the laser time while injecting
pure H° beams in similar discharges, and it was assumed to remain constant
during the decay time 7. The assumption is reasonable since the beam ions
-will continue to transfer energy to the plasma deuterons—directly and through
the electron population—for a time =7y after turn-off. Evidence collected dur-
ing one of these experiments, in fact, confirmed that the assumption is correct.
The thermonuclear emission was monitored after turn-off of one of two 100%
H® beams, and it was seen to remain constant for ~1 7N, decreasing by only
~20% in a time 2 7.

Figure 7.2 shows a typical comparison of experimental and predicted decay
rates in the beam-plasma neutron production. One single beam (P, = 0.84
MW, Ei;; = 31 keV) was co-injected into a gettered discharge. The turn-off
time was set at 281.5 ms (signaled also by a noise spike in the neutron detector
count rate). The Thomson scattering profiles were taken at 280 ms. Plasma
parameters for this sequence were [, = 187 kA, 7, = 6.3 X 1013 cm~3, T,(0)
= 664 eV, Z . = 1.6. The neutron emission is seen to decay exponentially
with a time constant 7 = 1.8 ms, 20% larger than the predicted value of =1.5
ms.

Four more beam turn-off experiments were performed. Out of the total of

five, three were two-beam sequences with only the doped beam being turned

off. One of the five was an ungettered sequence, two were well gettered, and
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Fig. 7.2. Experimental and predicted decay rates of the beam-plasma
neutron emission following beam turn-off. Experimental data are shown on the
left, and the corresponding Fokker-Planck prediction is shown on the right.
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the remaining two were nominally gettered but exhibited characteristics typical
of ungettered discharges. Plasma currents ranged from 96 to 190 kA, 7, from

3.7 X 10" to 6.3 X 103 cm™3, while By, = 1.4 T for all five. Figure 7.3

shows the resulting experimental and predicted (by FPP) values of 7y for the
five sequences. The good agreement between FPP and the data indicates that
classical theory describes well the initial slowing down of the beam ions. How-

ever, it must be reiterated that this comparison would not be sensitive to

anomalous processes in later stages of the slowing down, that is, for £ << Ejp;.
The decay time 7 can be related to the slowing-down time 7, in the fol-

lowing way. Expressed as a function of energy, Eq. (3.7) becomes

E | (7.2)
dE = — 2E 1 + =<
dt Te E
Using Eq. (7.2), 7y is found to be
7.3
Toe EY + EX (7.3)

= In
N3 E¥* + E?
For the typical ISX-B parameters, then,

TSG

14

™ ~ , and 7, ~ 25 to 30 ms (for injected deuterons).
N se
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the beam-plasma neutron emission for five different plasma discharges. The
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Letting 7; be the total slowing-down time on electrons and ions, the fast ion

velocity decays exponentially with a time constant 7,:

v=y,e (7.4)
where

1 _ 1 + 1 ) (7.5)

Ts T se Tsi

The slowing-down time on ions—rg—can be written as a function of 7, and

the instantaneous fast ion energy E, using the expressions given by Spitzer:’

32
7.6
75 = 0.0062 £ Tee - (7.6)
e
The time required to slow down from E to E — 6E is, from Eq. (7.4),
51(E) = In(E) — In(E — 6E) +(E) . (7.7)

2

The total slowing-down time is found by integrating Eq. (7.7) from v, to
Vinj/€, With 7(E) given by Eqs. (7.5) and (7.6). The result is 7, = 8 ms, and,

consequently, 7y ~ 7,/4. Calculations performed on PLT produced similar

results, with 7,/7, in the range from 2.5 to 5 for that tokamak.!4
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As a final point, to further establish that the neutron decay rate is dom-
inated by the slowing down in the plasma core, the experimental 7y is com-

pared in Fig. 7.4 with y obtained from Eq. (7.3), using central values for T,
and n, in calculating 7. It can be seen that the agreement with the data is

almost as good as that achieved by the full FPP calculation (Fig. 7.3), which

follows the slowing down of the beam in the whole plasma volume.
7.4 MEASUREMENTS OF BEAM-PLASMA NEUTRON YIELD

In this section, measurements of beam-plasma neutron yields are con-
sidered. First, a global comparison is presented between the set of all the ISX-B
data and the corresponding predictions of the Monte Carlo code. Then, atten-
tion is given to an experiment in which this type of measurement was used as a
tool to compare fast ion confinement in co- and counter-injected discharges.

The experimental measurements of the neutron emission collected under a
variety of conditions are matched in Fig. 7.5 with the values predicted by
NEWORBX. The thermonuclear yield has been subtracted from the experi-
mental data (and it has not been included in the Monte Carlo calculation) so
that each point in the plot represents the beam-plasma neutron intensity for a
particular plasma sequence. The circles refer to data taken during co-injected
discharges, and the squares to discharges with balanced injection. In all cases
when two beams were injected, only one beam was doped with 3% DO, the other
being 100% HP. Due to the large ratio of target density to fast ion density,

beam-beam reactions can be neglected. For all points in the plot except one, the

doped beam was co-injected. In one of the balanced injection sequences, the
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doped beam was alternately the co- and the counter-beam. That particular
experiment allowed a comparison of the confinement of co- and counter-
injected ions, and the results will be presented at the end of this section. All the
corrections discussed in Section 7.2 have been applied to the calculated values.
However, no correction for plasma rotation was applied to the balanced injec-
tion cases since these have a negligible rotation velocity.®®2 The range in
plasma and beam parameters encompassed by this comparison is displayed in

Table 7.1.

Table 7.1 Range of parameters for the comparison of Fig. 7.5

Line-averaged electron density 1.4 X 1013 < n, <7 X 1083 ¢cm™3

Plasma current 96 < I, < 190 kA
Toroidal magnetic field 1.2<By<14T
Central electron temperature 630 < T.(0) <950 eV
Central ion temperature 530 < T;< 1330 eV
Injected beam power 0.46 < P, < 1.8 MW
Beam energy 18.4 < Ejyj < 31.2 keV

Theory and experiment are seen to agree within a factor of <2. The large
number of variables that enter the theoretical calculation, and the uncertainties
associated with them, may account for a discrepancy of that magnitude. There-
fore, the Fokker-Planck theory accounts well—within the error bars—for the
confinement and initial slowing down of the beam ions in the plasma core. No
significant dependence of the relative agreement between theory and experiment

on Py, I, n,, or the injection geometry was detected. On the other hand, the

paucity of the data does not warrant any definitive conclusion on this point.
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As mentioned previously, one experiment consisted of injecting 3% deu-
terium first in the co-beam and then in the counter-beam during the same (bal-
anced) sequence. The measured neutron emission for the two cases (beam-
plasma plus thermonuclear) is shown in Fig. 7.6. The co-beam was injected at
100 ms, and the counter-beam at 200 ms. With 3% D° in the first beam, the
neutron output is seen to rise sharply and then remain constant until the
counter-beam comes in, at which time the intensity increases by a factor of ~2
in ~30 ms, probably due to a combination of several effects. First, the toroidal

61,62 Second, the central

plasma rotation is quenched in about that time scale.
electron temperature may have increased with the second beam (it was not
measured during the one-beam phase), thus making 7y larger. Last, the density
was being ramped up strongly with increased gas puffing from 2.3 X 103
cm ™3 at 190 ms up to 4.7 X 10'* cm™3 at 230 ms and to 6.4 X 1083 ecm ™3 at
270 ms. The higher density would result in lower charge-exchange losses from
the plasma core and a lower deuterium target dilution. With the 3% D° bottle
placed on the second beam, the neutron emission stays relatively low until 200
ms, due to thermonuclear reactions only. When the doped, counter-injected
beam comes in, the intensity shoots up to a level close to, but somewhat lower
than, that detected when the co-beam was injecting deuterium. The second
beam injects in a direction opposite to the plasma rotation (until the rotation is
stopped), which should result in a higher reactivity in the very first stage of
injection. However, the enhancement is calculated to be on the order of ~25%,
which is obscured by the experimental uncertainty in the measurement. The

beam-plasma neutron production rate (total minus estimated thermonuclear) is

shown in Fig. 7.7. The neutron output for the counter-beam is on the average
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~25% lower than for the co-beam. Two corrections must be included. One is
for the lower beam current, by a factor of 1.25, in the counter-case. The other
accounts for the different reactivities due to the fact that the counter-beam was
injected at a higher voltage. This correction yields a factor of 0.74, which tends
to cancel out the first correction. The conclusion is that the beam-plasma neu-
tron emission for counter-injection is =25% lower than for co-injection (under
the same conditions), implying a similar difference in fast ion confinement for
the two injection geometries. It must be emphasized that this result was
obtained at a high plasma current (I, = 195 kA) and that the experiment is
indicative of the confinement of the most energetic beam deuterons captured in
the plasma core. Larger orbit losses for counter-injection (with respect to co-
injection) at lower 1, and over the whole (R,}) space may result in a somewhat
larger difference in confinement. The ratio of the neutron emission for the two
cases, at 300 ms, is 1.53 (after the corrections for beam current and energy).
The Monte Carlo calculation could not be performed on this particular
sequence because not enough data were taken with the Thomson scattering
diagnostic to provide reliable T, and n, profiles. However, the same sequence
was repeated a month later, and profiles of good quality were obtained. Using
those, the Monte Carlo code predicted a ratio of 1.79, which is in substantial
agreement with the experiment. Simulations were also performed for H° beams.
In this case, the orbit losses were calculated to increase by a factor of
~10—from 3.3 to 34% of P,—when changing from co- to counter-injection. At
the same time, the total power delivered to the plasma (ions and electrons) was

calculated to decrease by 32%, from 93 to 63% of P,. The largest decrease

occurred for Py;, which went down from 30 to 16% of the injected power.
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CHAPTER 8
CONCLUSION

An experimental investigation of fast ion confinement in the ISX-B
tokamak has been presented in this thesis. In this chapter, the results obtained
will be reviewed and conclusions will be drawn.

Charge-exchange analysis of fast neutral spectra is a well-established diag-
nostic technique to infer fast ion confinement. Typically, the experimental data
are compared with the predictions of Fokker-Planck and Monte Carlo solutions
of the drift-kinetic equation to assess whether the beam ions behave classically
or are subject to anomalous processes. The present work has shown that the
analysis need be integrated with the orbit topology picture to correctly interpret
the spectra. Examples have been given of cases in which the deterministic,
approximate treatment fails to adequately describe the experimental data. The
type of experiments for which the deterministic calculation produces satisfac-
tory results was also discussed. In view of the limitations of the deterministic
approach, a Monte Carlo calculator of the beam ion distribution function and
of fast neutral spectra was developed and implemented in the code NEWORBX
for this research. Russian roulette and particle splitting schemes were used to
obtain smooth spectra at viewing angles far from the direction of injection. The
Monte Carlo simulation follows the actual orbit excursions of the energetic par-
ticles and properly mimics the physical system in the absence of anomalous
processes. The sensitivity of fast neutral flux measurements to various effects
resulting from beam deposition, slowing down, scattering, and charge-exchange

rates was also investigated.



188

Data were collected encompassing a range of plasma and beam parameters
under different injection geometries. Cases considered explicitly were high and
low 7,, high and low I, for both co- and counter-injection, and high and low P,
during co-injection. A comparison of co-, counter-, and balanced injection was
also presented. The experimental fast neutral spectra displayed marked differ-
ences depending on the discharge characteristics. Yet the Monte Carlo simula-
tion reproduced the experimental data in all cases (with the exception of the
localized spectra during high power injection). The close agreement between
theory and experiment under a variety of conditions demonstrates that the fast
ion behavior in ISX-B is well described by classical processes. Furthermore,
the fact that the simulation predicts equally well the spectra in co-, counter-,
and balanced injection discharges indicates that plasma rotation and plasma
potential did not affect strongly the slowing-down process. Measurements of
beam-plasma neutron emission, also obtained under a range of parameters, sup-
port the conclusion that the beam ion behavior is classical in ISX-B. The
measured yields and the Monte Carlo predictions were found to match within
factors of <2. It was argued that an uncertainty of this magnitude may be
expected due to the large number of variables that affect the calculated values.

The agreement between experimental and predicted beam-target neutron
output suggests that the beam deposition profiles are calculated correctly. This
conclusion is reinforced by the discrepancy introduced in the simulated perpen-
dicular fast neutral spectrum when the mean free paths were artificially
decreased by a factor of 2.

Measured decay rates of the beam-plasma neutron production following

beam turn-off showed that the beam slowing down is classical within a 30%
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uncertainty, at least at energies close to Ejy; and in the plasma core. That the
slowing down is classical may also be inferred from the good agreement
between the experimental and predicted fast neutral spectra in both co- and
counter-injection discharges, where the slowing down is altered by differences in
T, and in the effects of the toroidal electric field.

An important result of this work has been the demonstration that the
MHD activity did not cause enhanced fast ion losses in the ISX-B. During
sawtoothing discharges, fluctuations in the fast neutral flux correlated with the
internal disruptions were detected. However, these oscillations are attributable
to a redistribution of the fast ions to a larger average radius and not to a direct
expulsion from the plasma. Even in the presence of a fishbone-type instability,
no correlated fast ion losses were observed. This result is thought to be a
consequence of the near-tangential injection in the ISX.

Monte Carlo simulations were also used to assess the extent of postulated
charge-exchange losses that still yield fast neutral spectra consistent with the
experimental data. It was found that for a high 7, case (~6 X 1013 cm™3)
the enhanced charge-exchange losses would have a negligible effect on the
power deposition. For the low 7, case considered (2 X 10'* cm™3), on the
other hand, they were 43% higher than calculated in the ZORNOC code. How-
ever, the corresponding decrease in the power delivered to the plasma was only
about 12%.

The effects of a postulated enhancement in pitch angle scattering were
similarly studied by varying the Z. used in the simulation. It was established

that an enhanced pitch angle scattering modeled as Z.; = 7 is untenable
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because it produces localized spectra that are discordant with the experimental
data. Due to the relatively low T, in the ISX, the shapes of the spectra are
dominated by the slowing-down process rather than pitch angle scattering. For
this reason, the method was not sensitive enough to closely estimate Z.. It
appears that values of Z.,; somewhat higher than those used in
ZORNOC—that is, in the range 1 to 3 and perhaps higher in counter-injected
discharges—are possible. However, the higher Z . would have negligible effects
on the calculated power deposited in the plasma during co-injection, while it
would lower it only by small amounts (<10%) in counter-injection cases.

No deviations from classical behavior were detected when comparing fast
ion data collected during gettered and ungettered discharges. Specifically, the
increase in energy confinement time obtained during Z-mode operation does not
appear to be a consequence of an improved fast ion confinement.

The subject of beam additivity was investigated at both high and low I, in
medium density discharges (3.8 X 103 cm™3). The experiments verified that
the density of the fast jons confined in the plasma volume is indeed proportional
to the injected beam power. However, some evidence was reported that suggests
that the fast ion density in the plasma core might be less than linear with P,.
The data available were not conclusive and, thus, the issue could not be
resolved. It is deemed of some importance that this issue be explored further in
other tokamaks.

The calculated beam power distribution was compared for high and low n,

cases, for high and low I, cases during co- and counter-injection, and for the

co-/counter-/balanced injection comparison. Here, a brief summary will be
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presented contrasting co- and counter-injection schemes. Four co- and four
counter-injection cases were analyzed for which the discharge parameters were
similar enough to allow a one-to-one comparison. Six of these were discussed in
Chapter 5, namely the co-sequences at I, = 96, 145, and 180 kA, and the
counter-sequences at [, = 110, 145, and 170 kA. The last two cases correspond
to the co-/counter comparison (at I, = 195 kA) presented in Chapter 7.
Roughly averaging over the four pairs, the following conclusions can be drawn.
In changing from co- to counter-injection, the fraction of the injected beam
power lost to bad orbits increases from 5 to 10% to 25 to 35%. On the average,
the power delivered to the plasma decreases by ~30%, from 0.85 to 0.6 Py
The power deposited in the ion population decreases somewhat more than the
power deposited in the electrons. The largest deterioration in confinement
occurs at the lowest 7, and at the highest 7,.

Finally, in comparing the power distributions calculated in
ZORNOC—and used in the transport calculations—with the more reliable
results obtained from the Monte Carlo simulations, the following observations
can be made. For co-injection sequences at I, =2 145 kA, ZORNOC calculates
the power deposited in the plasma within 2% of the Monte Carlo simulation in
all cases. For the co-injection sequence at I, = 96 kA, this power was over-
estimated by 10%. The ZORNOC calculation also results in more power going
into the electron channel, overestimating this by an average of =8% for I, 2
145 kA and by =15% for the low I, case. For counter-injection sequences at I,
2 145 kA, ZORNOC overestimates the power delivered to the plasma by
~10%. At I, = 110 kA, the overestimation s by ~20%. The largest
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discrepancies take place at low 1, (~20%) and at high 71, (14%), where the

losses of counter-injected ions become more significant.
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APPENDIX A

DESCRIPTION OF THE NEUTRAL PARTICLE ANALYZERS

Two mass-discriminating neutral particle analyzers, the Momentum-Energy
Analyzer (MEA) and the Velocity-Filter Analyzer (VFA), were used to collect
the experimental data presented in this thesis. Since they are described

elsewhere, 3337

only their main features and capabilities are reviewed here.

In both instruments, the fast neutrals escaping from the plasma are col-
limated by a series of small apertures into a stripping cell—filled with D, at a
constant pressure of several microns—in which a fraction of them is ionized.
The ions are then allowed to pass through a region of electric and magnetic

fields, where they are sorted according to mass and energy. The two analyzers

scan horizontally along the ISX midplane, the MEA from R, = 8 cm to R, =
42 cm and the VFA from R, = 49 cm to R, = 97 cm. (R, is the tangency

major radius of the viewing chord.) Both have an energy range that extends
from ~0.5 to 40 keV, although most of the VFA data were limited to a max-
imum of ~28 keV due to damage sustained in one of its channeltron detectors.
The data acquisition system allowed for fast data collection up to 10 kHz.

The MEA was developed, calibrated, and implemented on ISX by G. H.
Neilson.33 A schematic illustration of this analyzer is shown in Fig. A.l. In
measurements, the gas cell pressure was kept constant at ==8.7 u—the same
pressure used for the calibration. A perpendicular static magnetic field is
employed to separate the incoming particles according to their momenta, and a

set of seven curved plate electrostatic energy analyzers are used to sort them by
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energy. Only ions of the chosen species (i.e., H; or D), at seven different ener-
gies, are passed by the B and E filters during each tokamak discharge. These
particles are then detected by channel electron multipliers (channeltrons)
operated in a pulse-counting mode. The voltage and current settings are varied
between discharges so that other energies and/or atomic species may be viewed.
The energy resolution is =5%, and the mass rejection ratio is =100. (That is,
with the instrument set to measure the H? flux and a mixture of H? and D°
impinging on it, ~1% of the deuterons would escape the mass discrimination
and would produce counts.)

The VFA, designed and calibrated by J. T. Mihalczo and S. D. Scott,3’
achieves mass and energy discrimination by first filtering the ions in velocity as
they pass through an E X B region, then in energy by means of a four-channel
parallel plate electrostatic analyzer. The VFA is shown in Fig. A.2. When
measuring fast neutral fluxes, the VFA stripping cell was supplied with gas flow
rates <0.1 cm3-A/min, whereas the calibration was performed with a flow rate
of 1.0 cm3-A/min (providing a calculated pressure of =3.8 u). The lower pres-
sure setting was necessary to avoid saturating the channeltrons when the
analyzer was oriented along chords near the direction of beam injection. For the
given gas cell dimensions and pressures and the incoming particle energies, the
detection efficiency varies approximately linearly with gas flow rate. Accord-
ingly, the data collected with the VFA were multiplied by the ratio of the gas
flow rate used for the calibration to that used for the individual measurements.
By stepping the voltages applied to the velocity filter and to the electrostatic
energy analyzer every millisecond or so during a tokamak discharge, data at

several energies per channel can be acquired. The data for this research were
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collected with the velocity filter turned off, that is, without mass discrimination.
Since spectra of injected H® were obtained with the VFA at energies greater
than or equal to several times the plasma deuterium temperature, no mass
discrimination was necessary. In this configuration the analyzer measures the
flux at four energies simultaneously and can yield a fairly continuous energy
spectrum in one single plasma discharge. However, because of an unresolved

discrepancy between the four channels, this capability was not used, and the

spectra were obtained using one channel only.
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APPENDIX B

MONTE CARLO CALCULATION OF F; AND &,

In this appendix the Monte Carlo calculation of the beam ion distribution

function F;(R,E,v)/v) and the fast neutral flux density $¢(E) is reviewed.

1. Calculation of F(R,E,{)

Let Fi(V,E,{) 6V 6E 6Q, be the number of ions in an elemental volume,
where 6V is the volume element in real space and 6Q, is the elemental solid
angle in velocity space, subtended by { in 6¢ (§ = v/v). In steady state the dis-

tribution function can be expressed as

F;(V.E,)0VOESQ, = n(V,E,{)T

where n is the beam particle input rate and 7 is the ion residence time in the
volume. If one considers F; on the horizontal midplane (HMP), = can be writ-

ten as

= Y a(V,E){) ,

Cross

where the summation is performed over the HMP crossings, and where
6t(V,E,{) is the individual time step during which the ion is in the particular

bin.
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Let NV, be the number of launched Monte Carlo particles. The correspond-

ing residence time, averaged over the N, particles, is

N
<> = 7\,1— S S a(V.EOW

! i=1 cross

where W is the weight, or the number of particles represented by each Monte
Carlo particle. W = 1 for each particle at the start, but its value may change
during the slowing down due to the Russian roulette and particle splitting
schemes. As discussed in Section 4.3, the slowing-down process in the Monte
Carlo calculation is accelerated to a varying degree with respect to the orbital
motion, the acceleration factor (= G) being updated at each HMP crossing.
Since the acceleration technique increases the slowing down rate by a factor G,
but does not affect the probability distribution, the calculated time spent in the
bin is artificially reduced by the same factor G. To compensate for this, 6t must

be replaced by 6t - G, and F; then becomes

<N,
Fi(V,E,{)SVOESQ, = —ijl > 2 (V.EDGW
! i=1 cross

where N is the total injection rate of ions in the plasma. Now, &t is the time

spent in some small space interval és near z = 0 (Z being the perpendicular to

the HMP), or



206

Not retaining the toroidal resolution, the real space volume element can be

written as

0V = 2wRORds .

Also, with v, free to take any direction in a plane perpendicular to v|, there is
a simple relation between 6Q, and &{. In fact, from simple geometry and the

equation { = v /v,

3Q, = 278t |

and F;, therefore, becomes

N B.1
DA (B

™ NI i=1 cross Rz

Fi(R,E,})SRSES¢ =

The number of Monte Carlo particles is a user-defined parameter, and N is
determined by the known beam power, energy, and fractional composition. At
each crossing, the values of R, E, {, W, G, z (plus the particle number

and the orbit type) are stored. A postprocessor then calculates F(R,E,?)

according to Eq. (B.1), given a chosen set of R, 8E, and 6¢.
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2. Calculation of ®,(E,R,)

The local fast ion density, per cubic centimeter, in a given bin is given by

N<T>

Fi(R.E$BEDQ, = ~—2

The number of fast neutrals escaping the plasma from R in 0R, with energy E
in 0 and pitch angle { in &, per cubic centimeter and per second, is obtained
by multiplying the fast ion density by the local neutralization rate and by the

escape probability (or attenuation integral) P:

SN,(R,E,$) = Fi(R,E,{OE5Qn,(R)o(VIVP(s,E) ,

where s is the distance to the NPA along the viewing chord.
In measurements, E is determined by the analyzer settings and { by the

geometry ({ = R,/R), so that for a particular choice of E and R,,

R,

R.E Ry
R aj’R

0N, |R,E}, = F; SE 6Qyn,(R)ocx(V,)V;P(s,E}) .

Referring to Fig. B.1, the total number of neutrals escaping the plasma per
second from the elemental space volume 6V located at R, with energy E in 6E,

along the NPA viewing chord, is
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. . R
68,(R,E;,R,) = 6N,8V = 4N, R,Ej,—R-'— 5Q,5%s .

Considering an arbitrary surface 64 outside the plasma, 89, is given by

0A4
0, = — ,
v sz

SO

R
0%,(R.E;,R,) = F|R.E,, 7‘ O 545Q,65n,(R oo (v;)V;P(s,E;)

can be writen as the total number of fast neutrals escaping per second through

0A. Integrating along the sightline,

®,(E;,R,) = E545Q, fc _F

RE

Rt
iR no(R)acx(vj)ij(s,Ej)ds ,

with units of particles per second. The neutral flux density, in units of

2

cm~%sec " 'eV ™ !sr 7!, to be compared with the experimental analysis is, thus,

®,(E,R)=[ F

chord

i n,(R)o(v;)v;P(s,E;)ds ,

RER’
=l R

where F;(R,E;,R,/R) is as calculated previously and the integration is replaced

by a summation in small steps of length és in the actual computer calculation.
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APPENDIX C
CALIBRATION OF THE NEUTRON DETECTION SYSTEM

This appendix describes the neutron detection system and its calibration on
the ISX-B. Neutron flux measurements are a common diagnostics for determin-
ing the plasma ion temperature, but if the heating-beam working gas contains a
known quantity of deuterium, they can also be used to infer fast ion confine-
ment. For the latter purpose, it is essential to obtain a good estimate of the
uncertainty in the measurement. A description of the method of calibration and

an assessment of the uncertainties involved are presented here.

1. Introduction

The neutron emission from fusion reactions in ISX-B is due to

D + D —3He(0.82 MeV) + n(2.45 MeV) .

The reaction rate is a strong function of the deuterons’ energy, o(E) ~
exp(—47/VE )/E. When the reaction rate is averaged over a Maxwellian ion
velocity distribution, the total neutron production rate is a strong function of
the ion temperature, <ov> ~ exp(—18.76/T}/)/T*>. The emission rate per
unit volume is R = nj <ov>/2. Thus, in ohmic plasmas or in H® beam-heated
plasmas, the ion temperature can be determined relatively accurately even if the

neutron flux is measured with modest accuracy. (For example, the inferred ion
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temperature varies as R/ at T; = 850 eV.) The accuracy of the ion tempera-

ture calculated from the neutron output is limited more by the uncertainty in
ng and by deviations from a Maxwellian velocity distribution (most neutrons
are produced by deuterons with several times the thermal energies, e.g., E /T;
= 6 at T; = 1 keV) than by errors in the neutron flux measurement.

Another possible application of neutron flux measurements is in the investi-
gation of fast ion confinement. A 30-keV neutral H® beam doped with 3% deu-
terium produces approximately four times as many neutrons (through beam-
plasma collisions) than does the background plasma. Roughly speaking, the
beam-plasma neutron production rate is proportional to the fraction of full-
energy deuterons that survive the first orbit and proportional to the fast ion
slowing-down time. The measured neutron yield can be compared with detailed
Fokker-Planck calculations and with Monte Carlo guiding center orbit calcula-
tions to assess whether the beam ions behave classically.

It is important to note that (unlike the T; measurements) modest statistical

or calibration errors in the neutron system would affect the conclusions regard-
ing fast ion confinement. For this reason, a careful calibration of the ISX-B
neutron detection system was performed, using a radioactive source (#2Cf)
placed at many locations within the ISX-B vacuum vessel. Additional experi-
ments were performed to gauge the magnitude of unavoidable errors, such as
the difference between the D-D neutron energy and the energy spectrum of the

252Cf source, in the calibration procedure. The result is that the accuracy of the

neutron flux measurements in ISX-B is approximately +25%.




212
2. ISX-B Neutron Detection System

The neutron detection system on ISX-B consisted of four 3He and two

233U detectors. The former are filled with 3He gas and make use of the reaction

‘He + n— ' H + 3H + 770 keV .

The ionization produced as the protons and tritons are brought to rest is multi-
plied by a strong electric field and is used to produce a current pulse that is
then amplified and counted. The detectors are contained in moderator cans
(paraffin) to take advantage of the larger reaction cross section at lower

neutron energies.

The 233U detectors work in a similar manner, the major difference being
that the ionizing agents are fission fragments with very high energies (50 to
100 MeV), thus making this type of detector less susceptible to high-energy-
photon background since the amount of ionization produced by the fission frag-
ments is much larger than that produced by photons, giving rise to a larger sig-
nal. They saturate (ie., subject to unaccountable counting losses) at a count
rate of 10%/s. The 3He, on the other hand, saturate at 5 X 10° counts/s, but

have the advantage of being more sensitive to low neutron fluxes. The six detec-

tors were located at different toroidal locations around the tokamak.

3. Method of Calibration

To calibrate the neutron detection system, a 2°2Cf neutron source was

used. The uncertainty in source strength was determined by calculating the
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expected dose at 1 m (due to fast neutrons) and comparing this with a direct
measurement. Calculations based on the known neutron output in 1976 (NBS
calibration) yielded an expected dose of 22.9 millirems/h, whereas the experi-
mental value was measured with an ORNL fast-neutron survey meter to be
22 millirems/h. The discrepancy is about 4%.

The source was placed at 19 toroidal positions inside the vessel (close to
the axis at r = 0), as shown in Fig. C.1, which also displays the location of the
neutron detectors. The count rates of the six detectors were measured and then
plotted as a function of the toroidal source position; the statistical errors in the
count rates were ~2% for the 3He detectors and ~6% for the 23U. The
toroidal coordinate ¢ is defined with respect to the toroidal location of the iron
core outer leg, also illustrated in Fig. C.1. Figure C.2 displays a typical plot.
Notice that the maximum count rate is approximately seven times the
minimum count rate and approximately twice the toroidally averaged count
rate.

The toroidal variation of count rate arises from the variation of
source-to-detector distance with & and also from the varying neutron attenua-
tion between source and detector. The minimum count rate (for all detectors)
occurs when one of the iron core legs lies between the source and detector.
From the fact that these curves are fairly smooth, we deduce that scattering
and absorption are primarily due to the vessel itself—and especially to the
toroidal field coils—rather than to localized individual structures. Upon multi-
plying out the distance-squared factor, the effect of scattering and absorption
may be seen, as illustrated in Fig. C.3. The magnitude of the scattering

effect—as given by the ratio of maximum to minimum rate—is of the order of
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toroidal coordinate .
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three for all detectors. Notice that the normalized curves of detector No. 4

(3He) and No. 8 (#33U) have the same toroidal variation. These detectors were

positioned adjacent to one another.

4. Estimated Accuracy of Neutron-flux Data

Several additional experiments were performed to determine the sensitivity
of the calibration factors to certain unavoidable approximations and errors in
the calibration procedure. In addition, old ISX-B neutron flux measurements
were reviewed to assess the overall reliability of the neutron detection system.

The following topics were investigated:

1. source strength,

line source approximated by a discrete set of points,
volume source (plasma) approximated by a line source,
differences in neutron energy spectra,

discrimination against high energy photons,

new structures added around tokamak, and

N A v

fluctuations in detection efficiency and statistical spread.

The uncertainty in source strength was—as discussed previously—about
4%. Since the calculated rather than the measured value was used, the magni-
tude of the neutron emission from the plasma could be overestimated by that

amount.

The calibration factor for each detector was taken to be the known source

strength (neutron per second) divided by the average of the measured count
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rates at the 19 discrete toroidal source locations. A more accurate line-
integrated calibration could be performed by moving the source continuously
through the vacuum vessel. The “discrete approximation” to the line integral
would introduce a significant error only if the measured count rate fluctuates
rapidly as the source is moved toroidally through the vacuum vessel. Such
would be the case, for example, if a few strong neutron absorbers were con-
structed about the tokamak; then the count rate would decrease dramatically
when an absorber lay between the source and the detector. But, in fact, the
measured count rates varied quite smoothly with toroidal angle, as shown in
Fig. C.3. Thus, it was concluded that the “discrete approximation” introduced
only a negligible error in the calibration.

To investigate the uncertainty in approximating a volume source with a
line source, a comparison was run of rate vs ¢ with the source at » = 0 and
displaced ~8 in. (outwardly and up) from r = 0. Twelve source positions were
used for this comparison. The resulting plots for four detectors are shown in
Fig. C.4. Although some particular points differ by as much as 40%, upon

averaging toroidally the two curves differ by

for detector 1,
for detector 2,
for detector 4,
for detector 6, and

for detector 8.
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(The effect of increased or decreased source to detector distance is small and
has been neglected; it would make the quoted errors slightly smaller.) Thus, it
does not make a significant difference, on the average, whether a (line) neutron
source is on the central circumference or on a circumference displaced by a dis-
tance of the order of the plasma radius. The result implies that only a small
uncertainty was introduced in the calibration by approximating a volume source
with a line source. This uncertainty was crudely estimated to be <10%.

Another potential uncertainty arises from the different energy spectra of
the 2°2Cf neutron source and the actual D-D fusion neutrons; both the intrinsic
detection efficiency and the scattering/absorption of neutrons between source
and detector depend on neutron energy. The neutron emission from the deu-
terium plasma is nearly monoenergetic at E = 2.45 MeV, whereas that from
the 2°2Cf has a somewhat broad spectrum (FWHM ~ 2.5 MeV), though it is
peaked close to the D-D neutron energy. Figure C.5 shows the spectrum of the
neutrons emitted from the 252Cf and, also, the spectrum of the neutron output
from 2*'Am-Be; the latter is broader and is peaked at higher energy (=4 MeV,
as opposed to 1.7 MeV for Cf).

A comparison was run using the Cf and the Am-Be sources: these were
put, in turn, at nine different locations close to the tokamak. Some of the loca-
tions were chosen so that there would be no structures between source and
detectors, thus minimizing scattering/absorption and allowing the study of the
energy dependence of the detection efficiency alone. In other locations the
effect of scattering/absorption was maximized by placing the source on the

floor directly opposite to some of the detectors (placed on the walls), with the
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tokamak and other structures between them. Calibrated values of neutron out-

puts from the two sources yield a ratio of

Cf
Am-Be

= 5.51 .

The experimental setup was such that detectors No. 2 and No. 4 would produce

the most reliable data, which are shown in Table C.1.

Table C.1 Ratio of count rates, Cf/Am-Be

Source at location of scattering

Detector

(number) minimum maximum
2 5.08 6.16
4 5.39 6.03

Notice that the energy dependence of detection efficiency seems to favor neu-
trons of higher energy, whereas the scattering from structures is favorable to
those of lower energy, the two effects thus tending to cancel each other out.
The average of all experimental data (nine locations, five detectors) was 6.06,
with a 9% standard deviation; this value is 10% larger than the calibrated value
of 5.51. Considering that the difference between Cf and fusion neutrons is less
than the difference between Cf and Am-Be, a calibration uncertainty of ~5%
due to the energy spectrum of the 2°2Cf source was assessed.

To obtain a rough estimate for the discrimination of the 3He detectors

against high energy photons, a vy source (8°Co) was placed in front of one of
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the detectors. The calculated flux of photons (of energy ~1 MeV) through the
detector was ~1 X 10%/s. No signal above the background level was detected.
Since the sensitivity of the measurement was ~0.05/s, it was concluded that
the discrimination of the >He detectors against vs is >2 X 107,

A crude, conservative estimate of the background count rates during
plasma shots was obtained from hydrogen discharges, ohmic and neutral beam
heated (H on H), for which the neutron production should be negligible. When
the typical low hard-X-ray signal was present, the inferred “neutron” produc-
tion was ohmic: ~10%/s and NBI: ~107/s. These values are a factor of about
100 less than the typical count rates with deuterium plasma; therefore, an
overestimation of the neutron flux by ~1% is expected. (A significantly higher
background rate is detected, though, in the presence of large X-ray signals gen-
erated in electron runaway discharges.)

The extent to which the calibration factors are affected by new structures
added around the tokamak was also investigated. Figure C.6 shows a compari-
son of the data obtained during a calibration performed on October 10, 1981,
and those obtained on August 24, 1982, after the south beam line was installed.
A large effect related to absorption and scattering from the south beam line
would have shown as a localized “bump” between the two curves for detector
No. 8, which was located on the south wall. From Fig. C.6 it is evident that the
localized effect is in no case larger than 20 to 30% (at ® = 190 to 240°) and is
quite possibly less than that. Moreover, the toroidally averaged effect is <10%.
A further indication that the new structure did not significantly change the

calibration is seen in Fig. C.7, which shows the time history of the neutron



224

ORNL-DWG 85C-2383 FED

107 ¢ T T I ]
= O? 4
o a g 04 e |
v o
o g
Co100 b RB e
e - ]
D B i
o) | ]
U - —
101 | | ]
0 100 200 300 400

TOROIDAL LOCATION OF CF (deg)

Fig. C.6. Effect of adding new structures around the tokamak on the
calibration. Squares are neutron count rates for detector 8 during the calibra-
tion performed on 10/81, before installation of the south beam injector. Circles
are the corresponding data on 8/82, after installation of the south beam injec-
tor.
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emission in a sequence run on October 11, 1981 but analyzed with the calibra-
tion factors obtained on August 24, 1982; the plots show good agreement
among the detectors.

Uncertainties due to fluctuations in detection efficiency (e.g., due to faulty
electronics) and statistical spread were finally considered. Figure C.8 shows
how the ratio of the raw count rates (i.e., not multiplied by any calibration fac-
tor) of detectors No. 2 and No. 3 stayed the same—within a 9% standard
deviation—over a period of 13 months. (Notice that this includes also the effect
of added structures.) Similar plots showed that the detection efficiency of
detector No. 4 was varying widely during the same 13-month period; detector
No. 4 was, therefore, taken as less reliable during that period. Excluding
detector No. 4, the calibration factors changed by an average of 12% from
October 1981 to August 1982. Figures C.9 and C.10 display the time history of
the neutron emission in sequence 073121 (NBI, 1% D°) and sequence 073021
(2 beams, HP), using the appropriate calibration factors of August 1982. The

spread in inferred neutron production among the neutron detectors about the

average is ~15 to 20%.

5. Summary

A recapitulation of the estimated uncertainties is presented in Table C.2.
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Fig. C.8. Ratios of raw count rates of two of the neutron detectors over a
13-month period.
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Fig. C.9. Time history of the neutron emission during 1% D injection.
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Fig. C.10. Time history of the neutron emission during a typical two-
beam discharge.
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Table C.2 Estimated uncertainties in the calibration
of the neutron detection system

Uncertainty
Cause (%)
Due to source strength +4
Due to discrete locations 0
Due to line vs volume +10
Due to different energy spectra +5 (possibly, —5)
Due to X-ray background +1
Due to new structures + fluctuations +12
Due to data spread +15

An averaged estimate of the global uncertainty is +25%.



231

VITA

The author was born in Rome, Italy, on May 11, 1951. There he attended
the Liceo Classico, where he studied latin and greek literature and made his
own Plautus’s words—homo sum, humani nihil a me alienum puto. In 1975 he
moved to New York City, where he graduated from Hunter College, CUNY,
with a BA cum laude in physics. He received the Ph.D. in physics from The
University of Tennessee at Knoxville in 1985. In September 1978 he was mar-

ried to the lovely Lisandra Cosme of Toa Alta, PR.




