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I. INTROCUCTION

<harge exchange ion temperature results obtained during high power neutral
beam heating experiments on PLT are reported. The measurements were obtained
using a recently installed 5-channel anaTyzer] which provides mass resolved
charge exchange distributions over a calibrated energy range of 0.75 - 40 keV.
Although the system design provides capability for active, radially scanned
measurements, this facility is not operational as yet. Over the reporting
period, thezrefore, all charge exchange data are passive measurements with the
analyzer viewing a horizontal minor diameter, Furthermore, the operation of
PLT was characterized during this period by use of 40 cm radius water-coolcd
carbon limiters and titanium gettering of the torus. As discussed in a recent
survey of beam heating r‘esu'lts,2 this mode of operation suppressed the high Z
impurity level which is essential to attaining the strong beam heating observed

The heating experiments involved varying the injected beam power and target
plasma density while maintaining other discharge conditions as invariant as
possible. Most experiments used neutral deuterium injection into a hydrogen
plasma (D° - hy, though some results using H° =+ 0% and D° + D" were also
obtained.

A brief review of the charge exchange data acquisi}ien process is followed
by a compilation of ion temperature measurements in Séction 11. The dependence
of the ion temperature increase on beam power and plasma density is examined in
Section 1I1. This section also includes a preliminary analysis of the observed
rise and fall times of the ion heating. Section IV presents a discussion of
various effects relevant to both the interpretation of the charge exchange
results as well as the aforementioned analysis. The last section summarizes

the reported results.




11. CHARGE EXCHANGE MEASUREMENTS

A detailed description of the charge exchange data acquisition process is
contained in an earlier report.] For present purposes, however, a bricf review
is deemed useful.

The analyzer detectors are channel electron multipliers (see Fig. 1)
operated in the pulse countirg mode. Signals from each of the five eneryy
channels are processed in parallel. The channel electron multiplier pulses
are conditioned by amplifier-discriminators and fed via coaxial cables into a
mul tichannel scalar interfaced tc a PDP-11. A clock gates the five scalar
channels tg accumuiate pulses for 1 ms time intervals. At the end of each
interval, the contents of the registers are transferred to the POP-17 for
temporary storage and the scalars are reset. After each shot the accumulated
data is sent to the DEC-10 computer for permanent srchiving. In between
discharges, the analysis program accesses the raw data, time averages over a
10 ms interval, performs quality analysis of the data (e.g. signal-to-noise
ratio), corrects for ths background level due to noise counts, applies the
energy dependent calibration calculations, and finally perfarms a least sguares
fit between user supplied energy limits to a semilog plot of the data points as
a function of energy. Three basic displays are then available at the charge
exchange system control console.

The display shown in Fig, 2 is automatically provided after each discharge.
Shown on the left are the raw data signals from the five detector channels with the
energy setting of each channel indicated in the upper left corner of the plot. The
other frames are semilog energy distributions used to provide a rough ion temperature
measurement at two user supplied time points for the current shot.

To obtain an ion temperature measurement for a given set of discharge condi-

tions, it is usually necessary to accumylate data from 3-7 shots under reprogucible

conditions. The range of energies encompassed by the analyzer channels is varied
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with each shot to provide a cumulated semilog display of data such as that shown
in Fig. 3. The energy Timits for the least squares line fit shown are selected by
inspection of the built up data display. Such line fits, the slope of which yields
the ion temperature, are provided for each 10 ms time interval throughout the dis-
charge, The resulting display of ion temperature versus discharge time is shown
in Fig. 4.
The position of the thermal charge exchange analyzer relative to the
neutral beam njectors is indicated by the arrow in Fig. 5. Tue analyzer
Ting-of-sight does not intersect the injection region of the adjacent beam
lines.
The data base for neutral injection heating was obtained by varyiny the
beam power (PB ~ 0.7 - 2.4 MW), beam/plasma species cambination (H, D), and
initial plasma electron density (ie(l) ~ 0.9 -3.6x 10'3 cm'3), where ﬁe(I)
is the line average electron density at the onset of injection. In general,
the 1ine average electron density increases during injection, The value at
the time of peak ion temperature is designated either by ﬁe(P) or simply ﬁe.
For all data reported here, the high Z impurity content of the plasma was minim-
ized by use of water-cooled carbon Timiters and titanium gettering. The radius
of the carbon 1imiters (located top and bottom of the plasma) was always
a = 40 cm. Various combinations of co- and counter-injecting beams were used,
but most injection experiments {and hence ion temperature results presented in
this report) employed all four beam-lines (2 co- and 2 counter-injection).
Selection of the charge exchange ion temperature measurements presented in
the report was performed in the following manner. A total of 526 discharges
were selected from heating experiments over the reporting period (July 21 -
October 13, 1978) for which the raw charge exchange data and beam performance
appeared reliable. Each discharge was then examined to reject data for which

one or more of the interded beam lines did not inject for the prescribed pulse

!
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duration (i.e. faulted part way through the desired pulse period). This reduced
the data base to 188 shots distributed over approximately 27 experimental runs,
The charge exchange energy distributions for these runs were anlayzed at 10 ms
time steps to obtain the ion temperature as a function of discharge time. On

the basis of the quality of the charge exchange data {e.g. reliable zero level,

adequate number of discharges, etc.) the data base was further reduced to 118
discharges distributed over 21 heating experiments.

Examples of the charge exchange energy distribution and time evolution of
the ion temperature are shown in Fig. 6-13. The top of each figure shows
charge exchange energy distributions during the ion temperature rise corres-
ponding to times indicated by the vertical arrows on the jon temperature versus
discharge time evolution which appears at the bottom. Some salient parameters
for each data display are noted on the figures. Further information is presented
in Appendix I in the form of data files. Also contained in Appendix I are the
data files for the remainder of the charge exchange data base. An explanation
of the terminolagy used in these files is given on the cover page preceding this
data compilation.

A collation containing most of the charge exchange fun temperature measure-
ments is given in Fig. 14. This plot sh?ws the peak ion temperature attained
during heating experiments at varicus points in the beam power/plasma density
parameter space. The electron density corresponds ta the line average value
at or after peak ion temperature was reached. To avoid excessive crowding in
the plot, several data files were cmitted. A1) of the ion temperature measure-
ments presented above are uncorrected for plasma profile effects., The raw data
usually is an underestimate of the actual ion temperature at the center of the

p'lasma.3 This topic will be discussed further in the Section IV.

III. ANALYSIS OF THE CHARGE EXCHANGE MEASUREMENTS

The experimental scenario obviously invites determining the dependence of

the ion temperature rise on injected beam power and plasma density. First,
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the ratio of the ior temperature increase to beam power, ATi/PB’ is plotted as
a function of electron density in Fig. 15. Although the data scatter does not
permit a precise determination of the density dependence, it is reasonable to

accept the scaling ATi/PB « 1/ﬁe. In Fig. 16, the ion temperature increase is
plotted as a function of PB/ﬁe. A least squares fit tothe data yields the

empirical relationship:

Py(MH)

——— . (1)
ﬁe(x 10'3 cm_3)

AT (keV) = 4.5 £ 0.5

The solid line depicts this relation with the satellite lines (dashed) corres-
ponding to the error limits on the slope. The peak ion temperature is plotted
against P5/ﬁe in Fig. 17. Also shown is the pre-injection ion temperature
assoriated with each data point. The solid data points represent runs in which
the microwave diagnostic exhibited an abrupt density increase shortly after
att.inment of peak ion temperature. This event correlates with the onset of
density fluctuations observed by microwave scattering diagnostics.4 It is
tempting to ascribe this behavior to the onset of a new microinstability having
a tnreshold at Ti = 4 keV. On the other hand, tnis threshold also corresponds
to PB/ﬁe ~ 0.8, so the possibility of a direct beam induced ins*ability cannot
be excluded. In either case, the phenomenon is apparent?y innocuous from the
heating viewpoint, since the jon temperature continues to rise following

Eq. (1) despite the onset of the density fluctuations.

An attempt was made to determine the parametric dependence of the rise and
fall times of the ion temperature. The rise/fall times quoted here correspond
to the time interval between 0,10 ATi and 0.90 ATf determined from the Ti(t)
temporal plots In Fig. 18, the rise/fall times are plotted as a function of
<ﬁe> = (ﬁe(l) + ﬁe(P))/Z. Again the data is insufficient to establish a defin-
itive scaling. However, as can be seen the data is not inconsistent with a

1/<ﬁe> dependence. The rise/fall times multiplied by <ﬁe> and plotted against
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Ti in Fig. 19 show no clear T, dependence, Further discussion of the charge

exchange jon temperature rise/fall times is given in the next section.

Iv. DISCUSSION

This section addresses an assortment of queries related to both the charge
exchange measurements as well as aspects of the analysis given in the previous
section.

First, the charge exchange energy distributions during beam injection
exhibit a remarkably Maxwellian distribution., Traditionally, one expects an
observable curvature in this region due to the radial variation of ion temper-
ature [and neutral density), with the deduced fon temperature being a 10 - 20%
undarestimate of the central value. This was examined using a computer code
which simulates the charge exchange distribution and corrects the apparent ion
temperature to give the actual central value. The code divides the analyzer
Yine-of-sight into 50 equal segments across the plasma diameter. Using Te(r)
from electron cyclotron emission(s) and Thomson scattering measurements along
with ne(r) from the latter, and no(r). Ti(r) profiles estimated from the ion
power balance computer code,(a) the charge exchange production rate in each
segment is calculated over a user specified range in 1 keV steps. WNext, the
attenuation of the charge exchange efflux from each segment at each energy due
to charge exchange, and jonization due to ion, electron and impurity collisions
is calculated for the appropriate path length out of the plasma. The resulting
efflux is displayed as a function of energy along with the corrected central ion
temperature value. A comparison with the maasured energy distribution is made
by normalizing the two distributions at a point within the experimental energy
fitting limits and superimposing the spectra.

An example of this procedure is given using the charge exchange energy
distribution corresponding to an appavent peak ion temperature of 3.6 keV in
Fig. 6 (Data File: 2). This data was chosen because the relatively low temper-

ature and tyrical density should exhibit the curvature effect in guestion. The
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upper plot in Fig. 20 shows the neautral density radial profile generated from
measured input plasma parameters by a simple neutral density calculation
apprepriate for large tokamaks(7) that is coupled with the ion power balance
code mentioned above, while the lower plot shows the input electron temperature
profile and the resulting ion temperature profile generated by the ion power
balance code. Using the code-supplied local plasma parameters, the charge
exchange spectra is computed in the manner described above, yielding the result
shown in the upper plot of Fig. 21. The solid line is fitted between the same
energy limits {6 to 19 keV) as the measured spectrum shown in the bottom portion
of the figure. In both cases, the slope of the lines yields a temp-:ature of
3.6 keV. Although it is difficult to discern from the Ti profile shown in

Fig. 21, the true central jon temperature returned by the code is 3.7 keV. In
the tower plot of Fig. 21, the solid curve corresponds to the calculated spectrum
which is normalized to the measured one at E = 19 keV.

From this display {and others not presented), the following statements can
be made. First of all, the agreement between the two distributions demonstrates
that the charge exchange measurements correspond to a hulk ion temperature which
underestimates the central value by < 5%. Second, the slight curvature evidenced
by the calculated distributiun is not discernable within the scatter of the
experimental data. Furthermore, the peaked jon temperature profile whose gradient
occurs over a region of modest variation in neutral density is responsible for
the absence of significant curvature in the high energy regime of the experimental
distributions. With increasing ion temperature, peaking of the Ti radial profile
becomes more pronounced thereby further reducing this already small curvature.

Independently of the above profile effects, an important inaccuracy in the
charge exchange ion temperature may arise if the thermal jon distribution is

distorted by the presence of energetic beam ions in the plasma. A linearized
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calculation of this effect for the quite different parameters of the CLEQ tokamak
injection expem‘ments8 indicates substantial distortion when the calculation is
extrapolated to PLT parameters.2 Recent numerical work,9’10’11 however, based on
the nonlinear Fokker-Planck equation,]‘2 predicts at most a small overestimate

of the ion temperature (- 5%) due to the slightly non-Maxwellian character of

the thermal ion distribution, when the ion energy loss processes which balance
the energy input from the neutral beams are assumed to be roughly independent

of jon energy. Or .1e ather hand, if the loss process is taken to act only on
tow energy ions (Ei < Ti) as is implicitly assumed in the linearized calculation
of R=f. 8, substantiel distortions can be generated,9 giving as much as ~ 30%
sverestimate of the jon temperature measured by charqe cxchange. Since the
darinant lass processes in the PLT case are believed to be charge exchange,
electron-ion coupling and neoclassical ion thermal conduction — which are not
strorngly dependent on ion energy — the charge exchange measurements are expected
to reflect the true central bulk jon femperature. This does not imply that the
atove effects might not ccc:ir to some degree. However, detection of these
effects would impose stringent requirements on the quality of the charge

exchange data, and other parameters as well. The charqe exchange distributiaon,
to hegin with, ought to be determined well above and below the energy range of
interest for ion temperature measurements (E ~ 2 - @ kTi), viewing both perpen-

dicular and parallel to the toroidal field. Radial profiles of Te, Ti’ g and Ny

are desirable in order to unfold comparable distortions due to charge exchange
seneration/attenuation effects as discussed earlier. This implies accumulation
of considerable data under tightly controlled experimental conditions. Unfor-
tunately, the available dats are not adequate to pursue these interesting effects.
Some aspects of the time evolution of the jon temperature with injection

heating are considered next. Interpretation of the charqe exchange ian
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temperature rise and fall times is complicated by several competing effects having
similar time scales. Some of the relevant characteristic times are discussed

below.

The beam stopping time,]3

characterizes the time required by tha team neutrals injected at an energy E_ to

B
deqgrade into the thermal ion energy range, 3/2 kTi‘ In this equation

Ay Te3/2 (eV)

2 (3)
g ZB In Ae

T, = 6.32 x 108

is the Spitzer slowing-down time,M where Ab, Zb are the mass (in AMU) and charge,
respectively, of the injected species and In AE -~ 13 is the relativistic
coulomb logarithm. This is the time required for the injected particle to
e-fold in velocity salely due to drag on the electrons. In Eq. (2) the

remaining terms are velocity parameters given by:

6f 1.5 T\
v1-=1.334x10< ' > (4)
1/2
v, = 1.388 x 10° <;B/AB) (5)
. 6 =2 72
and Ve = 6.33 x 10° ([20y/A) /7 1 (6)

n. Z.° In A.
where I_Z_] =7 X _1.__11_
A, 1
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Here n., L:s A; are the density, charge state and mass of the hydrogenic and
dominant impurity ion species. For the heam heating experiments the high Z
content is low so that [Z]/l‘\i ~ 0.5 - 1.0. Energies and temperatures are in
eV units yielding velocity units of cm/sec.

The contribution of the stopping time to the measured ion temoerature
rise/fall iimes is obtained using the following input parameters in conjunction
with £q. (2):

T,(1) + T,(P)

TM0) = =———— (8)
T.(1) + 7.(P)
1,0 = e (9)
(A1) + 7 (P))
n(0) = 2.2 x '—E———Z——e~$ (10)
EB = 35 keV ()
Lél =0.75 (12)
i

where EB is derived from the neutral beam injection records and the factor 2,2
in Eq. (10) is the average value for converting the line average electron
density to the central value for these experiments. The notation I,P enclosed
in parentheses designates the value at the onset of injection and at peak ion
temperature, respectively. In Fig. 22, the calculated stop.ing time is compared
with the fon temperature rise/fall timas. A reasonable fit to the data is given

by

T, (ms) = 25+ Tstap {13)
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and

(14)

Tpms) = 80+ T ’

where T Ty are the measured rise and fall times, respectively. The results
given hy the above eguations are relatively insensitive to variations of T ,
Ti about the mean value. The dependence on the beam energy, EB' is significant,
but the strongest dependence is on the value of the central electron density.
Fortunately, the relability af the measured electron density values is good.

In the framework of the simplified approach used here, comparison
of the charge exchange fon temperature rise/fall times with characteristic
beam/plasma time constants is useful only to attempt identification the dominant
effects. With this caveat, the results shown in Fig. (22) praovide a basis for
some limited interpretation.

The variation of the measured rise/fall time with 1/<ﬁe> in Fig. 18 is

explicable in terms of the density dependence of T Furthermore, a large

stop’
component of the measured times is attributable ta the stopping time, the order

of 50% or more. It is tempting to ascribe the diffrrence between the measured

times and T to the ion energy confinement time, T

stop Ion power balance

i
calculations yield gy = 25 ms, this valve being characteristic during the
quasi-equilibrium interval around peal ion temperature under all neutral beam
heating conditions presented in this report. This designation, however, is
problematic in view of the difference between the rise and fall times. The abser-
vation that the fall times are consistently longer than the rise times by the
order of 25 ms (or, conversely, the rise times are shorter by this amount)
remains to be explained. Effects not accounted far in the present treatment

which conceivably influence the rise/fall asymmetr, include: 1) time dependence

of the magnitude of Te and "o which often exhibit temporal asymmetry experimentally;
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Here n., Z., A, are the density, charge state and mass of the hydrogenic and

1 1 1
dominant impurity ion species. For the beam heating experiments the high Z
content is Tow so that [Z]/ﬁi ~ 0.5 - 1,0. Energies and tempera.ures are in
ey units yielding velocity units of cm/sec.

The contribution of the stopping time to the measured ion temperature

rise/fall times is obtained using the following input parameters in conjunction

with Eq. (2):
T (1) + T (P)
Te(o) = _S____§__ii__. (8)
T.(I) + T.(P)
1,(0) = ———— (9)
(ﬁ (1) +n (P)l
n(0) = l—«-———j (10)
By, =35 kev (1)
L%l = 0.75 (12)
Ay

where EB is derived from the neutral beam injection records and the factor 2.2
in Eq. (10) is the average value for converting the 1line average electron
density to the central value for these experiments. The notation I,P enclosed
in parentheses designates the value at the onset of injection and at peak ion
temperature, respectively. In Fig. 22, the calculated stopping time is compared
with the ion temperature rise/fall times. A reasonable fit to the data is given

by

T, (ms) = 25+ Tstop (13}
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and
e {ms) = 50+ Tstop (14)

where T.» Tp are the measured rise and fall times, respectively. The results
given by the above egquations are relatively insensitive to variations of Te,
T; about the mean value. The dependence on the beam energy, EB’ is significant,
but the strongest dependence is on the value of the central electron density.
Fortunately, the relability of the measured electron density values is good.

[n the framework of the simplified approach used here, comparison
of the charge exchange ion temperature rise/fall times with charafterigtic
beam/plasma time constants is useful only to attempt identification the dominant
effects. With this caveat, the results shown in Fig. {22) provide a basis for
some Timited interpretation.

The variation of the measured rise/fall time with 1/<ﬁe> in Fig. 18 is

explicable in terms of the density dependence of T Furthermore, a large

stop”
component of the measured times is attributable to the stopping time, the order

of 50% or more. It is tempting to ascribe the difference between the measured
times and Tstop to the ion energy confinement time, Tes Ton power balance
calculations yield tp, = 25 ms, this value being characteristic during the
quasi-equilibrium interval around peak ion temperature under all neutral beam
heating conditions presented in this report. This designation, however, is
problematic in view of the difference between the rise and fall times. The obser-
vation that the fall times are consistently longer than the rise times by the
order of 25 ms (or, conversely, the rise times are shorter by this amount)

remains to be explained, Effecis not accounted for in the present treatment

which conceivably influence the rise/fall asymetry include: 1) time dependence

of the magnitude of Te and e which often exhibit temporal asymmetry experimentally;
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2) time dependence of the radial profiles known to occur from measurements

for Te’ e and inferred from ion power balance considerations for Ti; 3) the
presence of an enhanced neutral density {and thus charge exchange lass) during the
rise phase due to both injected neutrals and neutral gas influx from the

heating beams; 4) droop in the beam power delivered tn the plasma expected

15,16 and 5) enhanced

from experiments on reignization losses in the beam duct;
transport due to density fluctuations which are observed for ion temperatures

in excess of Ti ~ 4 keV. The last effect seems unlikely, since the asymmetry

is also observed for Ti < 4 keV cases. At the present time, however, our

simple analysis cannot decide between the possible causes. Further study of

the rise/fall time phenomera using time-dependent computer codes is in progress.
Upen completion of this work, it may be possible toc make definitive

statements gn the temporal characteristics of the charge exchange ion temperature

excursion due to neutral injection heating.

V. SUMMARY

The thermal charge exchange diagnostic measured central ion tenperatures
up to 6.6 keV for 2.4 MW-level neutral injection heating in low density PLT
discharges. Throughout the heating experiments reported here, PLT was operated
with 40 cm radius water-cooled carbon limiters and titanium gettering. Over
the beam power (PB ~ 0.7 - 2.4 M{) and plasma electvon density (ﬁe ~1.6 -
3.6 x 1013 cm'a) parameters space thus far investigated, the fon temperature

excursian, ATi, is observed to scale as
. - 13 -3
ATi(keV) =4.5+0.5 PB(MN)/ne(x 167 em V)

where ﬁe is the line average electron density at peak ion temperature.
On the basis of a simple analysis, it is inferred that the beam stopping

time accounts for more than half of the charge exchange ion temperature rise/fall
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times as well as the observed 1/<ﬁe> scaling. The remaining portion of the
rise/fall times, particularly the experimentally observed asymmetry hetween

the two, remains to be explained.
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APPENDIX I.

DATA FILES FOR CHARGE EXCHANGE
ION TEMPERATURE MEASUREMENTS

This table is a chronological compilation of the charge exchange measure-
ments and related parameters presented in this report. Most of the terminology
used in the data files is self-explanatory. Further explanation of a few of

the terms is given below.

ATi = peak central ion temperature minus pre-injection ion temperature.

At = Rise/fall times for temperature excursion between 0,1 ATi and 0.9 ATi.

INJECTORS = Co-injectors are designated East and West; counter-injectors, North

and South.
ﬁe(I) = Pre-injection line average electron density.
ﬁe(P) = Line average electron density at/or just following attainment of

peak ion temperature.

TE(I),TE(P)= Central electron temperature at time corresponding to start of injection,
Te(I), -nd peak electron temperature, Te(P). Values shown are intended
to be only indicative of the core region of the discharge with radial
and temporal details roughly averaged — use with caution.




ARCHIVE

10N TEMPERATURE
MEASUREMENTS

BEAM PARAMETERS

PLASMA PARAMETERS

REMARKS :

M

1

DATA FILE:

DATE: July 20, 1978 SHOT NUMBERS: 34158
60
SCENARIQ: H° +D* 63
66
CX. LOG: JY20S 73
PEAK T,(r=0): 2.7 keV
ATi(r=o): 2.1 keV
At(rise): — ms
At{fall): - ms
INJECTORS: 1CO(E) + 1CTR(S)  CO POWER:  0.30 MW
DURATION: 100 ms CTR POWER:  0.39 MW
START: 450 ms TOTAL POWER: 0.69 MW

Ag(I): 1.2 x 1013 en3

fig(P): 2.0 x 10'3

NO DENSITY FLUCTUATIONS.

t:m':‘x

Te(l): — keV

TE(P): ~ keV




DATA FILE: 2
ARCHIVE DATE: July 21, 1978 SHOT NUMBERS: 34275
76
SCENARID: H° - 07 m_
83
CX. LDG:  Jv¥21Q 90
93
10N TEMPERATURE PEAK T.{r=o0): 3.6 keV
MEASUREMENTS 1
ATi(r=o): 2.7 keV
At(rise): 65 ms
At{fall): 103 ms
BEAM PARAMETERS INJECTORS: 4 CO POMER: 0.80 MW
DURATION: 100 ms CTR POWER:  0.60 MW
START: 450 ms TOTA'. POMER: 1.40 MW
PLASMA PARAMETERS A (I): 1.1 x 10'3 ¢p3 T(I): 2.8 kev
ig(P): 2.2 x 1013 ep3 Te(P): 3.3 key
REMARKS: NO DENSITY FLUCTUATIONS.

SEE FIG. 6 FOR DATA PLOT.




A3

DATA FILE: 3
ARCHIVE DATE: July 21, 1978 SHOT NUMBERS: _ 34242
%
SCENARIO: H° = D' 4
51
CX. LOG:  JV218 53
10N TEMPERATURE PEAK T.(r=o): 2.8 keV
MEASUREMENTS !
ATl.(r=o): 2.0 keV
At{rise): 67 ms
At{fall): 100 ms
BEAM PARAMETERS INJECTORS: 1C0O(E) + 2CTR CQO PQWER: 0.50 MW
DURATION: 100 ms CTR POWER: 0.62° MW
START : 450 ms TOTAL POWER: 1,12 MW

13 cm~3

PLASMA PARAMETERS ﬁe(l): 1.0 x 10 Te(I): 2.2 kev

ig(P): 2.0 x 1013 cn”3 T,(P): 2.8 kev

REMARKS: NO DENSITY FLUCTUATIONS.
SEE FIG. 7 FOR DATA PLOT.



ARCHIVE

ION TEMPERATURE
MEASUREMENTS

BEAM PARAMETERS

PLASMA PARAMETERS

DATA FILE: 4

DATE: July 21, 1978

SCENARIO: H® » DY

CX. '0G: Jya21

ATi(r=o):
At{rise):
At{fall):

INJECTORS:

PEAK Ti(r=0):

A4

DURATION: 100 ms
START: 450 ms

REMARKS :

gz 1.1 x 1013 en”

SHOT NUMBERS: 34275
78
80
ol
_ 99
3.9 keV
3.2 keV¥
53 ms
85 ms
C0 POWER: 0.87 MW
CTR POWER: 0.67 MW
TOTAL POWER: 1.54 My

3
13 -3

ﬁe(P): 2.3 x 10°Y cm

NO DENSITY FLUCTUATIONS.

Te(I):
To(P):

2.8 keV
3.2 keV




A5

DATA FILE: 5
ARCHIVE BATE:  July 25, 1978 SHOT NUMBERS: __ 65126
28
SCENARIO: D° » H' 29
31
CX. L0G:  J¥25S .
ION_TENPERATURE PEAK T (r=o): 5.0 keV
MEASUREMENTS !
- ATi(r=o): 4,0 keV
At(rise): 77 ms
At(fall): 77 wms
BEAM_PARAMETERS INJECTORS: 4 CO POMER:  1.15 MW
DURATION: 100 ms CTR POWER:  0.58 MW
START: 450 ms TOTAL POWER: 1.73 MW

PLASMA PARAMETERS  Ag(I): 1.4 x 10'3 cn™3 T(D: 1.6 ke

RglP): 1.8 x 10 ™ (P 2.5 kev

REMARKS:  DENSITY FLUCTUATION ONSET AT ~ 520 ms.



Ab

DATA FILE: 6
ARCHIVE DATE:  July 23, 1978 SHOT NUMBERS: 87553
&2
SCENARIO: D° » H' 64

65 !

CX. Liz:  JY28s ;

;

10N TEMPERATURE PEAK T.(r=0): 3.6 keV §

MEASUREMENTS :

- AT {r=0): 2.9 keV :

At{rise): — ms

at(fal): - ms !

BEAM PARAMETERS INJECTORS: 4 CO POMER: 1.23 MM é

DURATION: 150 ms CTR POWER:  0.74 My ;

START: 400 ms TOTAL POWER: 1.97 MW ;

- 13 -3 i

PLASMA PARAMETERS Agll): 3.6 x 107" cm Tl 0.9 kev %

i

AglP): 3.6 %10 en™d T (P): 2.0 kev |

REMARKS:  NO DENSITY FLUCTUATIONS.




A7

DATA FILE: 7
ARCHIVE DATE: August 3, 1978 SHOT ..UMBERS: 88399
400
SCENARIO: D° » K* 402
417
CX. LOG:  AUD3S 425
431
ION TEMPERATURE PEAK Ti(r=o): 5.9 keV
MEASUREMERTS
ATi(r=o): 5.1 keV
ptlrise): 38 s
At{fall): 62 ms
BEAM PARAMETERS INJECTORS: 4 CO POWER: 1.15 My
DURATION: 150 ms CTR POWER: 0.90 mw
START: 50 ws TOTAL POWER: 2.05 my

PLASMA PARAMETERS ng(I): 0.9 x 10'3 3

Rg(P): 1.9 x 10"3 en3

REMARKS:  DENSITY FLUCTUATION ONSET AT ~ 550 ms.
SEE FIG. 8 FOR DATA PLOT.

TE(I):
Te(P):

2.4 keV
2.9 keV



A8

DATA FILE: 8
ARCHIVE DATE « August 3, 1978 SHOT NUMBERS: 88418
20
SCENARIG:  0° - #* o
e T
CX. LOG: AU03Z 40
S
ION TEMPERATURE PEAK T.(r=0}: 6.0 keV
MEASUREMENTS !
ATi(r=o): 5.0 keV
At(rise): 68 ms
At(fail): 107 ms
BEAM PARAMETERS INJECTORS: 4 CO POWER: 1.10 MW
DURATION: 150 ms CTR POWER: 0.90 MW
START; 450 ms TOTAL POWER: 2.00 MW

PLASHA PRRAMETERS  #.(1): 1.0 x 100 en™? T (1): 2.0 kev

i) 1.9 x 10 a3 T () 3.0 kev

REMARKS:  DENSITY FLUCTUATION ONSET AT ~ 550 ms.




A9

DATA FILE:

ARCHIVE DATE: August 15, 1978
SCENARIO: H® -+ p*

CX. LOG: AU155

ION TEMPERATURE PEAK Ti(r=0): 3.6 keV
MEASUREMENTS
ATi(r=o): 2.8 keV

At(rise): 53 ms
At{fall): 77 ms

BEAM PARAMETERS INJECTORS: 4
DURATION: 150 ms
START: -850 ;g

PLASHA PARAMETERS i (1): 1.6 x 10'3 cn™3

ﬁe(P): 2.8 x 103 ¢p3

REMARKS: NO DENSITY FLUCTUATIONS.
SEE FIG. 9 FOR DATA P'.QT,

9

SKOT NUMBERS:

88831

32

——

33

——

34

—_——

35
39

—

40

———

CO POWER:
CTR POWER:
TOTAL POWER: 1.78 MW

Te(I):
Te(P):

1.7 keV
2.7 kev

0.90 MW
0.88 mw



i

ARCHIVE

10N _TEMPERATURE
MEASUREMENTS

BEAM PARAMETERS

PLASMA PARAMETERS

Alo

DATA FILE: 10_

DATE: August 18, 1978
SCENARIO: D° » HY

CX. LOG: AU18S

PEAK T].(r=o): 4.5 keV

ATi(r:O): 3.7 keV
At(rise}: — ms
At(fail): — ms

INJECTORS: 4
DURATION: 150 ms
START: 400 ms

ﬁe(l): 1.4 x 1013 cm”
A P): 2.6 x 10'% en

3
3

SHOT NUMBERS: 89067

CO POMWER: 1.23 MW
CTR POWER: 1.100 MW
TOTAL POMER: 2.33 M

TP(I): 2.0 keV
Te(P): 2.5 keV

REMARKS: DENSITY FLUCTUATION ONSET AT ~ 500 ms.




ARCHIVE DATE:  August 18, 1978 SHOT NUMBERS: 89086
87
SCENARIO: D° » H' 88
CX. LOG:  AU1BU ~
ION TEMPERATURE PEAK Ti(r=0): 6.6 keV
MEASUREMENTS
ATi(r=0): 5.5 keV
At(rise): 70 ms
At(fall): 108 ms
BEAM PARAMETERS INJECTORS: 4 CO POWER:
DURATION: 150 mg CTR POWER:

PLASMA PARAMETERS

Bt

DATA FILE: 11

START: 450 ms

iell): 1.4 x 1013 en3 T (D)
Ag(P): 1.9 % 103 3

2.6 ke¥

Te(P): 3.8 keV

REMARKS: DENSITY FLUCTUATION ONSET AT ~ 500 ms.
SEE FIG. 10 FOR DATA PLOT.

1.26 MU
1.05 MW
TOTAL POWER: 2.31 MW
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A12

W
\
1

DATA FILE: 12

ARCHIVE DATE:  August 18, 1978 SHOT NUMBERS: _ 89091
j %
R SCENARIO:  D° ~ H° e
03
CX. LOG: AUT8HW oot
- ION_TEMPERATURE PEAK T.(r=0): 6.0 keV

MEASUREMENTS
ATi(r=o): 5.0 keV

At{rise): — ms
- At(fall): — ms
BEAM PARAMETERS INJECTORS: 4 CO POWER:  1.23 MW
DURATION: 150 ms CTR POWER:  0.94 my
START: 450 ms TOTAL POWER: 2.14 MW
PLASMA PARAMETERS A (D): 1.0 x 10'3 o3 T(1): 3.0 keV
AglP: 2.0 %103 @3 T P): 4.0 kev

REMARKS: DENSITY FLUCTUATION ONSET AT ~ 570 ms.




ARCHIVE

TON TEMPERATURE

WEASUREMENTS

BEAM PARAMETERS

PLASHA PARAMETERS

Al3

DATA FILE:

AUGUST 22, 1978

+

SCENARIO: D° - H

LOG: Auz2s

PEAK T‘.(r=o): 5.0 keV

ATi(r=o): 4.0 keV
At{rise): — ms
At{fall): — ms

INJECTORS: 4
DURATION: 150 ms
START: 450 ms

A1) 1.4 x 10'3 73
glP): 2.7 x 10'% end

13
SHOT NUMBERS: __ 89320
—a
22
L
CO POWER:  1.36 MW
CTR POWER:  1.0Z2 mw

TOTAL PONER: 2.38 pu

Te(I): - key
Te(P): - key

REMARKS: DENSITY FLUCTUATION ONSET AT ~ 530 ms.



=

A4
DATA FILE: 14

ARCHIVE OATE: August 22, 1978 SHOT NUMBERS: 89351
%2
SCENARIO: D° + H' 55
56 L
CX. LOG:  Au22T o
ION TEMPERATURE PEAK T.(r=o): 4.8 keV
MEASUREMENTS 1
ATi(r=o): 4.0 kev
At(rise): 60 ms
at{fall): 80 ms
BEAM PARAMETERS INJECTORS: 4 CO POWER: 1.36 MW
DURATION: 150 ms CTR POWER: 1.02 MW
START: 450 ms TOTAL POMER: 2.38 MW

13

PLASMA PARAMETERS  @,(I): 1.5 x 10'% en™

13

Rg(P): 2.7 % 10'3

REMARKS:  DENSITY FLUCTUATION ONSET AT ~ 520 ms.
SEE FIG. 11 FOR DATA PLOT.

TE(I):
Te(P):

- keV
— keV




Al15

DATA FILE: 1

ARCHIVE DATE:  August 23, 1978

° +
SCENARIO:  D° ~ W

CX. LOG: A2 38
ION_ TEMPERATURE PEAK T.(r=0): 4.0 keV
MEASUREMENTS
ATi(r=o): 3.5 keV
Atfrise): 54 ms
At{fall): — ms
BEAM PARAMETERS INJECTORS: 2C0 + 1CTR(S)
DURATION: 150 ms
START: 400 ms

PLASHA PARAMETERS & (1): 1.5 x 10'° cn™
ig(P): 3.0 x 103 o3

REMARKS: NO DENSITY FLUCTUATIONS.
SEE FIG. 12 FOR DATA PLOT.

{
|

5

SHOT NUMBERS: 89478
79
82
83

CO POWER: 1.28 MW
CTR POWER: 0,53 MW
TOTAL POWER: 7.31 ™

Te(l): 0.7 kev
Te(P): 2.7 keV



2k
=

A6

DATA FILE: 16

ARCHIVE DATE:  August 23, 1978 SHOT NUMBERS: _ 89489
o
SCENARIO: D° » H' : %

98

CX. LOG: AU23U

ION TEMPERATURE PEAK T.(r=0): 3.3 keV
MEASUREMENTS !
ATi(r=0): 2.8 keV
At(rise): — ms
At(fall): - ms
BEAM PARAMETERS INJECTORS: 1CO(W) + 1CTR(S) €O POWER: 0.54 MY
DURATION: 150 ms CTR POWER: 0.53 MW
START: 400 ms TOTAL POWER: 1.07 MW
PLASMA PARAMETERS ﬁe(l): 1.6 x ]013 <:m-3l TE(I): — keV
RelP): 16 x 100 ™ TR - ke

REMARKS: NO DENSITY FLUCTUATIONS.



M7

ARCHIVE DATE:  August 24, 1978 SHOT NUMBERS: _ 89561
62
SCENARIQ: 0° » H' L S
65
CX. LOG:  Au24S 66
TON_TEMPERATURE PEAK T.(r=0): 4.6 keV
MEASUREMENTS ‘
ATi(r=o): 3.9 keV
At{rise): —~ ms
At(fall): — ms
BEAM_PARAMETERS INJECTORS: 4 €O POMWER: 1.8 M
DURATION: 150 ms CTR POWER:  0.80 MW
START: 400 s TOTAL POWER: 2.21 My
. 13 -3
PLASMA PARAMETERS Ag(I): 1.4% 107 cm TN - kev
igP: 27 x 0% e TP - ke

REMARKS: DEMSITY FLUCTUATION ONSET AT ~ 540 ms.



A8

DATA FILE: 18

ARCHIVE DATE: October 12, 1978 SHOT NUMBERS: 94947
5%
SCENARID:  D° » H' 56
CX. LOG: 0C12A if -
TON_TEMPERATURE PEAK T.(r=0}: 3.8 keV
MEASUREMENTS !

ATi(r=o): 3.2 keV
At{rise): 70 as
At{fall): 110 gs

BEAM PARAMETERS INJECTORS: 4 CO POWCR: 1.4 mu
DURATION: 150 ms CTR POWER:  0.93 Mu
START: 450 ms TOTAL POWER: 2.34 MW

13

PLASHA PARAMETERS A (1): 3.0 x 103 en™ T (1): 0.8 kev

3

(P 3.0 x 10 e T (P): 1.8 kev

REMARKS: DENSITY FLUCTUATION ONSET AT ~ 530 ms.




A19

DATA FILE: 19
ARCHIVE DATE:  Qctober 12, 1978  SHOT NUMBERS: _ 94948
53
SCENARIQ:  B° - ! 56
C¥. LOG:  oOcizB —
ION TEMPERATURE PEAK T;(r=0): 3.8 keV
MEASUREMENTS ’
aT;(r=o0): 3.0 kev
at(rise): 35 ms
atlfall): 50 ms
BEAM_PARAMETERS INJECTORS: 4 CO POWER: 1.1 MY
DURATION: 15 ms CTR POWER: .93 Mu
START: 45) ms TOTAL POWER: 2 .30 WM
PLASHA PARAMETERS  ig(1): 3.0 x 102 en™d T (1): 0,9 kev
ig(P): 3.0 x 10 0™ T (P): 1.7 kev

REMPRKS: NO DENSITY FLUCTUATIONS.



Az0

DATA FILE: 20

ARCHIVE DATE: October 12, 1978 SHOT NUMBERS: 94938
39
SCENARID: D° - H' 40
_®
CX. LOG: ociz2c 53
——
10N TEMPERATURE PEAK T.({r=0): 1.7 keV
MEASUREMENTS 1
ATi(r=0): 0.9 keV
At{rise): 37 ms
At(fall): 65 ms
BEAM PARAMETERS INJECTORS: 1CO{W) + 1CTR(S) CO POWER: 0.62 MW
DURATION: 150 ms CTR PUWER: 0.58 MW
START: 450 ms TOTAL POWER: 1.20 MW

3

PLASMA PARAMETERS A (I): 3.0 x 10'3 en”

i (P): 3.0 % 10" en”

REMARKS:  NO DENSITY FLUCTUATIONS.

TE(I): 1.2 keV
Te(P): 1.8 keV




A21

DATA FILE:

ARCHIVE DATE: October 13, 1978
+
SCENARID: D° ~H

CX. LOG: 0C135

10N TEMPERATURE PEAK T,(r=o): 2.6 keV
MEASUREMENTS !
ATi(r=o): 2.0 keV
At({rise): 50 ms
At(fall): 68 ms
BEAM PARAMETERS INJECTORS: 2C0
DURATION: 150 ms
START : 450 ms

PLASMA_PARAMETERS A {1): 3.0 x 10'3 o3

ﬁe(P): 3.0 x 10'% ep3

REMARiS: NO DENSITY FLUCTUATIONS.
SEE FIG. 13 FDR DATA PLOT.

21

SHOT NUMBERS: 94987

88
94
99
95001
28
CO POWER: 1.35 MW
CTR POWER: - MW

TOTAL POWER: 1.35 MW

Te(l): 1.0 kev
TP 1.6kev



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.
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FIGURE CAPTIONS

Photograph of the 5-channel, mass-resclved charge-exchange

analyzer used for PLT ion temperature measurements.
{PPL-786347)

Stripping celtl.

He gas inlet.

Ion gauge access.

Turbo-pump port.

Magnet (provides energy analysis).

Electrostatic plates {provides mass analysis).

Channel electron multiplier detectors.

Signal Interface,

TOMMOO D>

Compuler generated display of the charge exchange system
raw signals. (PPL-786073)

Semilog display of the charge exchange energy distribution.
The factor f corresponds to E-1/2 dN/dE where dN/dE is the
charge exchange efflux after unfolding the calibrated energy
dependent analyzer sensitivity. The abscissa scale is number
of e-foldings. (PPL-783883)

Typical display of ion temperature as a function of discharge
time provided by the charge exchange diagnostic. (PPL-783872)

Location of the charge exchange diagnostic on PLT relative to
the neutral beam injectors. (PPL-7830251)

Charge exchange data for 1.5 MW neutral hydrogen injection into

ﬁe([) =1.1x 10]3 cm'3 deuterium plasma. See Data File: 2.

(PPL-786356)
Charge exchange data for 1.1 MW neutral hydrogen injectian into
ﬁe(l) =1.0x 10" 73 deuterium plasma. See Data File: 3.

(PPL-786351)
Charge exchange data for 2.1 MW neutral deuterium injection into

ﬁe(I) =0.9 % 10'3 3 hydrogen plasma. See Data File: 7.
{PPL-786354)

Charge exchange data for 1.8 MW neutral hydrogen injection into

ﬁe(I) =1.6x 1013 3 hydrogan plasma. See Data File: O,
(PPL-78B6353)
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Figure 10,

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17,

Figure 18,

Figure 19,

Figure 20,

-18-

Charge exchange data for 2.3 MW neutral deuterium injection

into ﬁe(I) 1.4 %103 o3 hydrogen plasma. See Data File: 11.

{PPL-786357)

Charge exchange data for 2.4 Md neutral deuterium injection into

ﬁe(l) = 1.5 » 10" en”? hydrogen plasma. See Data File: 14.

{PPL-786352)

Charge exchange data for 1.8 MW neutral deuterium injection into

ﬁe(I) 15«10 o3 hydrogen plasma. See Data File: 15,

(PPL-786355)

Charge exchange data for 1.35 MW neutral deuterium injection into

ﬁe(l) = 3.0 10]3 cm'3 hydrogen plasma. See Data File: 21.

(PPL-7863523)

Peak central ion temperature from charge exchange measurements as
d function of injected beam power and target electron density.
The appended numbers identify the experimental run correspondin
to the tabulated (Appendix 1) data base. (PPL-785394§

Plot of the ion temperature increase normalized to beam power
as a function of line average electron density at peak jon temper-
atures (ﬁe(P)). (PPL-786379)

Plot of ion temperature increase versus the ratio of beam power
to Tine average electron density at peak ion temperature.
(PPL-7R6376)

Peak ion temperature as a function of Pp/na. The pre-injection ion
temperature corresponding to each data point 1S shown in the lower
portion of the figure. Solid data points denote the onset of
density fluctuations following peak ion temperature inferred from
microwave interferometer density signals, (PPL-786467)

Rise and fall times of the charge exchange ion temperature due to
beam heating as a function of mean 1ine average electron density,

<ig> = (g (1) + ng(P))/2. (PPL-786468)

Rise and fall times of the charge exchange ion temperature multiplied
by the mean line average electron demsity plotted against peak ion
temperature, (PPL-786463)

Code generated profiles {neutral density and ion temperature]} used
in deducing the central ion temperature corrected for plasma profile
effects. {FPL-786466)




Figure 21.

Figure 22,

-19-

Code simulated charge exchange energy distribution (upper plot)
campared with the diagnostic results (lower plot). The code

spectrum yields an apparent ion temperature of 3.6 keV from a

fit between energy 1imits of 6.0 and 19.0 keV, as does the experi-
mental spectrum. The actual central value given by the code carrection
is slightly higher: 3.7 keV. In the lower plot, the solid line
corresponds to the code spectrum which is normalized to the data at

an energy of E = 19 keV. (PPL-786465)

Rise and fall times of the charge exchange ion temperature plotted
against the calculated stopping time, Tgtgp- The curves drawn through
the data points result from a linear least squares fit. (PPL-786464)
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