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X-ray observations between 10 and 150 keV from the Alcator-C tokamak
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A mercuric iodide (HgI2) detector has been used to obtain x-ray spectra in the energy range from
5 to 200 keV from the Alcator-C tokamak. During high-density Ohmic operation of Alcator-C, this
detection system provides a reliable electron-temperature diagnostic. Nonthermal x-ray spectra
above 20 keV are observed under certain conditions when a substantial amount of lower-hybrid rf
(LHRF) power is injected. The magnitude of this nonthermal behavior strongly increases as the
electron density is lowered and is more pronounced in deuterium plasmas than in hydrogen. Model
electron distribution functions, which can give rise to the observed x-ray spectra, are discussed.

I. INTRODUCTION

Recently, there have been substantial improvements in
the performance of mercuric iodide (HgI2} detectors'
for the detection of soft x rays. HgI2 detectors have an
advantage over the conventional Si(Li) detectors in that
since they do not have to be cooled, there is no bulky
liquid-nitrogen dewar. The high-energy cutolf for Hglz
detectors is also much larger because of the high-Z con-
stituents. One such device has been installed on the
Alcator-C tokamak. X-ray spectra in the energy range
from 5 to 75 keV have been collected under a wide range
of operating conditions for Ohmic Alcator-C discharges,
and some results are presented in Sec. II. Observations of
nonthermal spectra, obtained during lower hybrid heat-
ing and current drive experiments, are shown in Sec. III.
A model for the electron distribution function and the
resultant x-ray spectra during these lower-hybrid rf
(LHRF) experiments are discussed in Sec. IV.

II. HgI2 DETECTION SYSTEM
AND OHMIC SPECTRA

A room-temperature HgI2 detector, including a pulse-
height —analysis system, has been installed on the
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Alcator-C tokamak. The detector viewed the plasma
through a horizontal port and was able to be scanned
vertically on a shot-to-shot basis. Spectra have been ob-
tained by integrating over 50-ms time intervals. The 25-
pm Be entrance window on the detector was supplement-
ed by different aluminum foil thicknesses in order to
record different energy regions of the spectrum, up to 200
keV. The detector thickness is 400 pm, and the energy
resolution is 500 eV at 6 keV. The counting rate was ad-
justed by variable lead collimators. A typical example of
an x-ray spectrum obtained during a thermal discharge
with the HgI2 detector is shown in Fig. 1. This spectrum
was taken through a 0.5-mm aluminum 61ter, and extends
from 10 to 20 keV. An electron temperature of 1450 eV
is deduced from the spectrum for this 80-kG deuterium
discharge with n, =3.0)&10' cm . The x-ray spectrum
from 2 to 10 keV, obtained with a Si(Li) detector for a
similar discharge, is shown in Fig. 2. The inferred tern-
perature of 1480 eV is in good agreement with that from
the HgI2 detector. This indicates that the x-ray spectrum
is thermal over 6 orders of magnitude in intensity in go-
ing from 2 to 20 keV. For these higher-density
discharges, the x-ray spectrum from 10 to 20 keV is
therefore suitable for electron-temperature measure-
ments. This provides an attractive alternative to the
"standard" Si(Li} detector for electron-temperature
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FIG. 1. Thermal x-ray spectrum (I =hv dn/dhv vs hv) ob-
tained with an HgI2 detector during a high-density Ohmic
discharge.
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FIG. 2. Thermal x-ray spectrum obtained with a Si(Li) detec-
tor during a high-density Ohmic discharge.
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FIG. 3. Nonthermal x-ray spectrum (F =dn/dhv) obtained
with an HgI2 detector during a low-density Ohmic discharge.
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FIG. 5. Time history of a discharge into which 300 kW of rf
power was injected.

determination. A detailed study of the scaling of the
electron temperature with various plasma parameters is
given in Ref. 5.

An example of a nonthermal spectrum is shown in Fig.
3. In this case, the electron density was a factor of 5
lower than the Fig. 1 case, and there is distinct non-
thermal behavior extending at least up to 60 keV. Non-
Maxwellian x-ray spectra have been observed during
ohmic operation in other tokamaks as well, where
Si(Li) and NaI detectors have been used. Note the
feature at 18 keV, which is due to 1s-2p transitions in
molybdenum from charge states which are near neonlike.
Figure 4 is a raw linear spectrum of the same data, un-
corrected for the transmission through a 0.75-mm Al
filter, which emphasizes the molybdenum feature.

III. NONTHERMAL X-RAY SPECTRA
DURING rf HEATING EXPERIMENTS

Recently there have been several lower-hybrid heating
and current drive experiments performed on the
Alcator-C tokamak. ' Among other effects, there are
sometimes large rf-induced perturbations on the electron

700

distribution function, especially to electrons which ini-
tially have energies -10 times the electron temperature.
Similar observations have been made on other de-
vices. ' ' One such example is shown in Fig. 5, where
the time history of an 80-kG deuterium discharge with
n, =1.7X10' cm, into which 300 kW of rf power was
injected, is plotted. The bottom trace is from the HgI2
detector, which, with the particular filtering in this case,
is primarily sensitive to radiation above 10 keV. Note
that there is a factor of 3 increase in the signal during the
rf pulse. (Also shown is the signal, hv&2 keV, from a
surface barrier diode. ) Some of this increase is due to
enhanced impurity emission, but most of it is due to the
production of a nonthermal tail in the electron distribu-
tion function. This is shown in Fig. 6, where the x-ray
spectra with and without rf are plotted. During the rf
pulse, there is an enhancement in the x-ray emission by
about 50% below 20 keV and the appearance of a non-
thermal tail above 20 keV. The x-ray spectrum during
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FIG. 4. Spectrum of Fig. 3 uncorrected for transmission
through Al filters, indicating molybdenum K transitions.

FIG. 6. Spectra (F =dn/dhv) with and without 300 kW of rf
power.
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FIG. 7. Fits to the thermal and tail portions of the spectrum
(I =hvdn/dhv) from Fig. 6.

the rf injection can be modeled as a combination of spec-
tra from two thermal distributions, with a bulk tempera-
ture T& and a tail temperature T„viz.,

—AY/T—I vr Tb
nI, e n, e
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This model is used for convenience in the data analysis
and characterization, and does not imply that the actual
electron distribution function has this form. A more de-
tailed model will be discussed in Sec. IV. For the data of
Fig. 6, a bulk temperature of 2000 eV is deduced from the
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FIG. 9. Time history of a discharge into which 900 kW of rf
power was injected.

spectrum between 10 and 20 keV, and a tail "tempera-
ture" of 7 keV is obtained between 20 and 35 keV, as
shown in Fig. 7. The tail begins at 20 keV and the ratio
of the tail density to the bulk density in this case is
6y10-4.

This bi-Maxwellian model can also be used to account
for other observations during rf injection, in particular,
electron cyclotron emission (ECE). Shown in Fig. 8(a) is
the ECE spectrum' for a similar discharge to the one de-
picted in Fig. 5. Note the distinct nonthermal behavior,
including the broad emission features. The calculated
ECE spectrum, using a bi-Maxwellian distribution func-
tion with parameters similar to those in Fig. 7, is demon-
strated in Fig. 8(b). The agreement is quite good, demon-
strating the utility of the model, at least in this example.

As the rf power is increased, this nonthermal behavior
becomes more pronounced. Shown in Fig. 9 is the time
history of a 90-kG deuterium discharge with an average
density of 1.7)&10' cm, into which 900 kW of rf
power was injected. The bottom trace is the x-ray Aux

above 50 keV from the HgI2 detector which views the
plasma center. There is a large increase in the signal dur-
ing the rf pulse, and a rapid decay afterwards. Shown for
comparison is the hard x-ray emission from the limiter,
which indicates no effect. The spectrum from 50 to 150
keV, obtained during the rf injection for this case, is plot-
ted in Fig. 10, where now a tail temperature of 32 keV is
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FIG. 8. ECE spectrum (a) for an rf discharge, and (b) a simu-
lated spectrum.

FIG. 10. X-ray spectrum (I =hvdn/dhv) of Fig. 9 during
the rf pulse.
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FIG. 11. Tail temperature as a function of rf power.

deduced. Without rf injection there are negligible counts
in this energy range.

There is a general increase in the magnitude of this
nonthermal tail as the rf power is increased, as demon-
strated in Fig. 11, where the tail temperature as a func-
tion of rf power, at constant electron density, is plotted.
Notice that the tail temperature is larger for the lower
electron density points at the same rf power. This is em-
phasized in Fig. 12, where the tail temperature is shown
as a function of electron density for both hydrogen and
deuterium discharges. There is a strong dependence on

electron density in both working gases, with a density
limit' at 2.5&(10' cm for deuterium and at 1.9)&10'
cm for hydrogen, for rf power near 400 kW. For den-
sities above these thresholds, there is no effect on the
electron distribution above 20 keV, even with 400 kW of
rf power. Corresponding density limits for the onset of
parametric instabilities and ion tail formation have also
been observed. ' For identical conditions, the size of the
tail is larger in deuterium than in hydrogen. It should be
noted that there is a similar dependence of the bulk elec-
tron temperature of the pre-rf target plasma on electron
density and mass of the background ion. As the electron
density is lowered, the bulk electron-temperature in-
creases, roughly as n, a, and is about 10% higher in
deuterium than in hydrogen plasmas. Regardless of
conditions, the appearance of the nonthermal x-ray spec-
trum always seems to occur at 20 keV, or roughly a fac-
tor of 10 above the bulk electron temperature.

Since the detector was scanable, spectra at different ra-
dial locations have been obtained. The emissivity of the
plasma above 20 keV during rf injection is very sharply
peaked at the plasma center. Shown in Fig. 13(a) is the
time-integrated brightness profile between 20 and 60 keV
for a series of 80-ko hydrogen, 150-kA current drive
discharges (650 kW) at an electron density of 5X10'
cm . From spectra obtained at different positions, the
up-down profile of the tail temperature was determined,
as shown in Fig. 13(b). Although the density of tail elec-
trons decreases radially, the tail temperature increases
very strongly towards the plasma edge. Similar observa-
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FIG. 12. Tail temperature as a function of electron density
for hydrogen and deuterium discharges at an rf power of 400
1&W.

FIG. 13. (a) Up-down profile of the integrated x-ray flux. (b)
Tail temperature as a function of up-down position.
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tions have been seen for in-out radical scans of non-
thermal x rays from a NaI detector array. The results
have been interpreted as a consequence of the lack of ac-
cessibility of low nil spectral components of the launched
lower-hybrid waves.

I2, 0

IV. DISTRiBUTION FUNCTION MODEL

It would be desirable to compare the observed non-
thermal x-ray spectra with spectra calculated using an
electron distribution function which is more realistic than
the simple bi-Maxwellian model. In order to do this, the
x-ray production cross section must be determined. In
general, perturbations to the electron distribution func-
tion, caused by the presence of rf waves or a toroidal elec-
tric field, are not spherically symmetric, so the x-ray
cross sections for the individual polarizations must be
used. A procedure for obtaining the cross sections has
been outlined in Ref. 21, and essentially involves deter-
mining the dipole radiation matrix elements from
positive-energy wave functions, which can be written in
the form of hypergeometric functions. For the electron
and photon energies considered here, 10 keV&E &300
keV and 10 keV & h v & 150 keV, it is necessary only to re-
tain the first term in the series expansions for the hyper-
geometric functions. Subsequently, they have all been set
equal to unity. It is then straightforward to obtain the x-

ray production cross sections. Shown in Fig. 14 is the
calculated x-ray spectrum, viewed at 90' from a monoen-
ergetic beam of electrons with a velocity of 0.41c. Both
the relativistic and nonrelativistic calculations are
presented, and since there is little difference between the
two, relativistic effects will be ignored in all of the follow-
ing. Here hvo is the maximum energy of the radiated
photon, or 50 keV in the relativistic case. We now calcu-
late the x-ray spectra from a distribution function of elec-
trons and to compare it with the observed spectra.

As a starting point, consider the bi-Maxwellian model
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FIG. 15. Calculated x-ray spectrum from a bi-Maxwellian
distribution function with Tb ——2 keV, T, = 10 keV, and
n, /nb ——5 X 10 compared with the data of Fig. 7.
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introduced in Sec. III. Taking a distribution with, for ex-
ample, Tb ——2 keV, T, = 10 keV, and n, In& ——5 X 10
the x-ray spectrum may be calculated by integrating the
x-ray cross section over this electron distribution func-
tion. The resultant x-ray spectrum is shown in Fig. 15.
This calculated spectrum has the qualitative features of
the observed spectrum of Fig. 7. However, there is little
theoretical basis for an electron distribution function of
this form, especially when used to model the effects of rf.
In order to incorporate more properly the effects of rf on
the electrons, the distribution discussed in Ref. 22 has
been used to calculate the x-ray spectrum. This distribu-
tion (in the parallel direction) has been modeled as

exp ——,'mv /T, 0&v/c & A (1a)

f(v)~ exp —
—,'mA c /T, A &v/c &8
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