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The plasma generated in the field reversed theta-pinch TC-1 discharge was investigated
by means of a number of optical diagnostics: CO; laser-based interferometry, visible-VUV
spectroscopy and ruby laser Thomson scattering. The evolution of the local electron density
was studied by COs laser intereferometry. Thomson scattering was employed for measure-
ments of the electron density and temperature with high spatial resolution. The temporal
behavior of line emission of oxygen and carbon in various ionization stages was studied by
VUV spectroscopy. The time dependence of the electron temperature was evaluated from
the analysis of the time history of line emission of impurity ions. The ion temperature was
measured from the Doppler-broadened oxygen line emission profiles.

I. Introduction

The TC-1 devicel'l is a linear field reversed theta-
pinchl?! operating at the Plasma Laboratory at UNI-
CAMP. The lay-out of the device and the diagnostic
system used in the experiments is depicted in the Fig.
1. The magnetic configuration is formed with a solenoid
coil of 16 ¢m internal diameter and two mirror coils of
10 cm length and 15 cm internal diameter. Total length
of the device is 65 cm. Vacuum chamber is a Pyrex tube
of 14.5 ecm diameter which is pumped out with a dif-
fusion pump. Before a discharge the chamber 1s filled
with Hs at 0.5 - 5 mTorr pressure. Preionization of the
gas is provided by a continuous inductively coupled RF
discharge (30 MHz, 100 W). A set of capacitor banks
is used as power supply for the magnetic system. The
electrical scheme of the device is shown in the Fig. 2
and the typical discharge current sequence is shown in
the Fig. 3. The amplitude of the magnetic field was 3.5
kG and the experiments have been performed in the
regimes both with and without crowbar. When crow-
bar was not used, evolution of the plasma parameters
was studied only around the first maximum of the mag-
netic field.

For the investigation of plasma evolution during
the discharge a number of optical diagnostic techniques
have been developed: ruby laser-based Thomson scat-
tering for the measurements of plasma density and tem-
perature with high spatial resolution, CO; laser-based
interferometry (wavelength 10.6 pm) for the line-of-
sight integrated measurements of plasma density tem-
poral evolution, optical spectroscopy in the vacuum ul-
traviolet (VUV) , UV and visible spectral ranges for the
study of time behavior of hydrogen and impurities line
emission, as well as for the monitoring of the contin-
uum emission from plasma. A detailed description of
the Thomson scattering diagnostic, including the per-
formance of a new multi-pass system of laser probing
is given elsewherel®4 The results of the study of the
spectral resolution, available with a VUV spectrome-
ter, employed in the experiments, have been reported in
Ref. [5]. In this paper the combined use of the CO3 in-
terferometer and VUV-visible spectroscopy techniques
for the investigation of a fast theta-pinch plasma dis-

charge 1s described in more detail.

*On leave from Budker Institute of Nuclear Physics-Novosibirsk, Russia

tOn leave from State Tech. University - St. Petersburg, Russia.



748

I

RUBY LASER
PM
PM

VM

PM
M2 At

’_J PLASMA ______________
T -

C02 LASER

]

[ 1o

Figure 1: Schematic of the field-reversed theta-pinch TC-
1 and the diagnostic system used in experiments. M1 and
M2 - monochromators, VM - vacuum monochromator, V
- vacuum valve, PM - photomultipliers, LD- light dump
and L - lense optical system of light collection for Thom-
son scattering, F-optical fiber, D-infrared detector for CO»
laser interferometry.
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Figure 2: Electrical scheme of the TC-1 device.

II. Experimental techniques
I1.1. CO, laser interferometer

To study the plasma density evolution a COs-
laser based interferometer has been developed. The
schematic of the diagnostic is presented in Fig. 4. A
5 W COs laser is used as a source of radiation. The
laser beam is splitted at the beamsplitter BS1 and the
probing beam passes through the plasma in axial or
side-on direction. Alignment of the interferometer is
provided by a He-Ne laser beam superposed on the CO,
laser beam at the ZnSe beamsplitter BS1. The probing
and the reference beams are mixed at the beamsplit-
ter BS2 and a liquid nitrogen-cooled HgCdTe photo-

conductive detector 1s used to measure the interference

M. Machida et al.

signal. The interferometer was aligned to obtain an in-
terference fringe size larger than the size of the sensitive
area of the detector (2 x 2 mm). For the amplitude cal-
ibration of the interference signal an oscillating mirror
in the reference path of interferometer was installed.
The frequency of interference fringes due to the mir-
ror movement is up to 0.3 MHz. Before the discharge
the interferometer signal is determined only by the mir-
ror movement, so the amplitude A and the modulation
frequency w may be determined from this part of the

signal. The signal during the discharge is given by
S=A cos(w-t+ p(t)) (1)

The phase shift ¢ due to the plasma is calculated as

(1) = arcos (%) —wt. (2)

This approach allows to eliminate the effect of absorp-
tion and refraction of the probing laser beam on the
results of measurements. Mechanical vibrations had a
minimal characteristic period much larger than the ob-
servation time of interest (~50 us), and therefore did
not influence the measurements. For the experiments
under consideration we can neglect the plasma gyrofre-
quency and electron collision rate, in comparison with
laser frequency. The line plasma density then is given

by a well-known formula

p= w/(Ancr)/nedl . (3)

For the case of COz laser (A = 10.6p m), ¢ = 27 -
4.75 - 10717 . [ ne dl, where ¢ is in radians and line

plasma density [ n.dl is in em™ 2.

As a result, an ex-
pected phase shift for typical plasma parameters of TC-
1 (ne ~ 3.10%% em™3, length 60 cm and diameter 5 cm)
is about 8 fringes for longitudinal probing and about 1

fringe for side-on measurements.
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Figure 3: Magnetic field waveforms of the TC-1 device in
the regimes without crowbar (a) and with crowbar (b).
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Figure 4: Schematic of the CO; interferometer.

Special attention has been paid to avoid attenuation
of the probing laser beam in the plasma due to refrac-
tion or absorption. For this purpose we have measured
the signal detected without the reference laser beam.
For side-on measurements, no attenuation was observed
during the first half of the magnetic field period. It is
necessary to note that if the base pressure in the system,
before filling the chamber with hydrogen, was high, we

did observe a strong attenuation of the probing laser
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beam during the discharge. For the axial probing in
the crowbar regime, because of the strong beam atten-
uation along the plasma axis, measurements could be
performed only after 20 ps from the beginning of the
discharge.

I1.2. VUV and visible spectroscopy

A McPherson 225 Model vacuum monochromator (1
meter curvature concave grating, normal incidence, re-
ciprocal linear dispersion 16.6 A/mm)[‘r’] was used for
the end-on observation of the plasma line emission.
Sodium salicylate scintillator and an EMI 9635B pho-
tomultiplier with bialkali photocathode were used for
measurement of the plasma line emission intensity. A
small 0.25 m visible monochromator was employed for
side-on monitoring of the plasma continuum (bremm-
strahlung) radiation in the wavelength regions of about
523 or 534 nm, free of line emission of hydrogen atoms,
as well as atoms and ions of impurities (oxygen, nitro-

gen, carbon, silicon).
ITI. Results and discussion
II1.1. Electron density evolution

To determine the evolution of the plasma density
during the implosion phase of the discharge, interfer-
ometer measurements with side-on probing were per-
formed. A typical interferometer signal obtained in the
case of side-on probing is shown in the Fig. 5 together
with the magnetic field time history. A low frequency
of phase modulation has been used and before the main
discharge the signal is determined only by the mirror
movement. In the same figure the time evolution of
the line plasma density obtained according to the pro-
cedure described above is also shown. It is possible to
see that line plasma density increases with time and
reaches nl ~ 4.10'® em~? just after the moment of first
maximum of the magnetic field. The filling pressure of
H, for this case was about 0.7 mTorr, that corresponds
to the density of hydrogen atoms after complete disso-
ciation 4.10*3 cm ™3 and to the line atom density in the
chamber noly = 6.10"* em~2. Under the assumption of
total ionization of hydrogen and conservation of the to-
tal number of electrons during implosion phase, one can

estimate the average electron density at the moment of
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maximum compression as (4 - 6).101% em™3 with the

corresponding plasma diameter of about 1 ¢m.
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Figure 5: Experimental results for side-on measurements at

the filling pressure of hydrogen 0.7 mTorr. Top: interference

signal. Before the main discharge the signal is determined

by the mirror movement. Middle: current in the theta-pinch
coil. Bottom: time evolution of the line plasma density.
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Figure 6: Time history of the line density of plasma mea-
sured along the axis in the regime with crowbar.

For the measurement of the plasma density evolu-

tion in the regime with crowbar, the longitudinal prob-
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ing has been used (see Fig. 1). The results of the mea-
surements are shown in Fig. 6. The plasma line density
is decreasing from 1.2.10'7 em~? to 4.10* em™2 dur-
ing the period of 25 ps. For the plasma length of 60
cm the average plasma density at the moment 20 us is
equal to 2.10" cm™3 at the axis of the discharge, and
is in agreement with the measurements performed for

the implosion phase of the discharge.

II1.2. Study of the time history of impurity line

emission

Temporal behavior of the line emission of oxygen
and carbon ions for different ionization stages was stud-
ied. Hydrogen atomic lines were also observed in visible
and VUV spectral regions. Strong emission of hydrogen
lines typically was detected only in the initial phase of
the discharge during an interval of about 1 us. Some of
the observed carbon and oxygen ionic lines are shown in
the Table 1. The line threshold excitation energies and

ionization energies are also presented in the Table 1.

Table 1. Wavelengths of the observed lines with the cor-
responding excitation and ionization energies for some
carbon and oxygen ions.

Ion Wavelength (A’)  Euc(eV)  Eim (€V)
Cla 2297 18 48
v 1548 8 64
\' 2271 304 392
o 2493 59 77
\'% 2781 72 114
Vi 1032 12 138

Different temporal behavior of the line emission cor-
responding to the various ionization stages was ob-
served with the increasing delay of the line peak emis-
sion for the increasing ion charge (see Figs. 7, 8). As
it can be seen, the emission from the ions of the high-
est charges tends to peak near the maximum plasma

compression.
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Figure 7: The time dependence of relative line intensities
for O IV, O V and O VI ions in TC-1 theta-pinch plasma

(intensities are normalized to the maximums).
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Figure 8: The time dependence of relative line intensities
for C III, C IV and C V ions in TC-1 theta-pinch plasma

(intensities are normalized to the maximums).

Time histories of ion line emission may be used for

1671, Tons of

the evaluation of some plasma parameters
the highest charges are localized in the hot plasma core,
therefore their emission should be employed for charac-
terization of the central part of plasma. For the lowest
ion charges the emission from cold ends of plasma may
be substantial (in the case of end-on observation), re-
sulting in long lasting tails of the observed emission
time history.

For the population of excited levels of impurity
ions under theta-pinch discharge conditions the coro-
nal model is usually valid. Then, for the end-on obser-

vation, the logarithmic derivative of optically thin line

intensity P is given byt®l:
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1/P(dP/dt)= (1/n;)(dn;/dt) + (1/n.)(dn./dt)+
H(Fepe/kTe — 1/2)(1/ kT )(dkT, /dt) + (1/L)(dL/dt)
(4)
where n; is the total ion density of the j-ionization
stage, n. and 7, are the electron density and temper-
ature, E.;. is the excitation energy threshold, L is the
length of the plasma core. In the limit of negligible

recombination, i.e. for the rapidly ionizing plasmal™,

dnj/dt = nenj_1I;_1 —nen; L+ (nj /n.)(dn./dt) , (5)

where I; is the rate coefficient for ionization and the last
term is a source term, keeping the total concentration
of the ions during compression (or expansion) phases of
the discharge. For the quasi-stationary plasma, char-
acterized by small variations of the plasma volume and
density, the last term can be neglected.

Generally, both electron density and temperature
variations affect strongly the line emission time history.
However, during some interval at the maximum plasma
compression the main plasma parameters may change
only slightly. The length L of the plasma core is also
known to vary slowly during the compression, and it
will be considered further as a constant. Therefore, for
the rapidly ionising plasma the late-time decay of the
line intensity (n;_1 < n;), observed during this partic-

ular period, from Eqgs. (4,5) one can obtain:
1/P(dP]dt) = —n.I; (6)

This gives us the possibility to evaluate ionization rate
and, hence, electron temperature, if electron density is
known. For the periods of substantial changes of elec-
tron parameters, the corresponding corrections should
be done (the second and third terms in the right hand
of the Eq.(4)).
Eepe &~ 1/2kT., the contribution of the temperature

dependent term can be made negligible.

Note, that by choosing the lines with

Independent data on the electron density are avail-
able from two other diagnostics, used in the exper-
iments for the same plasma conditions: ruby laser
Thomson scattering and CO2 - laser interferometry.
From the interferometer measurements, which were per-
formed with side-on plasma probing, the time evolution
of the line plasma density J(t) = [ n.dl during the dis-

charge is known (integration is made over the plasma
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diameter). By use of Thomson scattering the local val-
ues of the electron density (and the electron temper-
ature as well) can be measured. According to these
measurements, the value of electron density in the cen-
ter of the plasma near the maximum compression (4 ps
after the initiating of the main discharge) was about
(5.740.5)210*® em~3 with the electron temperature of
about 26 £ 4 eV. Under some assumptions, the time
evolution of local electron density can be estimated by
the use of these data. For simplicity, we will consider
the electron density to be uniform within the plasma
radius @ , i.e. n.(r < a) = N. , and n.(r > a) = 0.
The line plasma density J(t) and the total number
of electrons in the plasma Nx(t) are related to the local

density as follows:
J(t) ~ Ne(t)a(t) ) (7)

Nx(t) ~ Ne(t)a*(t) .

Then, for the case of pure hydrogen plasma, when the
total number of electrons in the plasma core is constant
(after the ionization is completed), the time dependence
of local electron density can be expressed in terms of

measured values:
Ne(t) = Ne(to)[J(1)/ T (t0)]* (8)

where N.(tg) the local density measured at the given
time ty. The time dependence of electron density, calcu-
lated by the use of Eq.(8) and the value of N, (tq = 4us)
= 5.7210'% em~3, is shown in the Fig. 9. To take into
account the variation of the total number of electrons
in the plasma during the discharge (due to the gradual
ionization of impurities), the expression in the right-
hand side of Eq.(8) should be multiplied by the addi-
tional factor Ng(tg)/Ns(t).

for the time interval under consideration (first period

It can be expected that,

of plasma implosion), the percentage of impurities in
plasma is relatively low. Thus, the effect of impurities
on the Nx(t) will not be considered here. Note, that
for the case of a substantial impurity content, the calcu-
lations performed by use of Eq.(8), underestimate the
electron density for the earliest phase of the discharge,
when impurities are mainly in their lowest ionization

stages (see Fig. 7, 8). Tt is worth noting that, in the
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case of discharge without crowbar, during the second
period of implosion (after the plasma touching of the
chamber walls), the impurity content in plasma was
obviously much higher, resulting in the strong increas-
ing of the ion line emission. Under these conditions,
a substantial self-absorption of the impurity lines was
observed in the centers of the spectral profiles. For the

first period of implosion, no evidence of self-absorption

was found.
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Figure 9: The time dependence of electron density, derived
by use of Eq.(8) from the data of CO; laser interferometry
(solid) and electron temperature, derived by use of Eq.(4)
from the time history of impurity lines (dashed).

The data on time decay of ionic lines mainly were
obtained for discharges without crowbar. For the OV
and OVI lines, which peak near the maximum of com-
pression, the time behavior was studied for the dis-
charges both with and without crowbar, in order to
check the effect of crowbar on the data obtained. Prac-
tically no difference was observed within the first 5-6pus,
1.e., the effect of crowbar on plasma parameters was not

substantial for this particular phase of discharge.
II1.3. Electron temperature evolution

Further, by the use of the derived data on N, (), the
time evolution of collisional ionization rate and, hence,
electron temperature during the discharge can be eval-
uated from the time decays of the different ionic lines.
The temperature dependence of the electron impact
ionization rates for different ions were calculated by use
of the commonly employed semiempirical formulal™, as-

suming nearly all ions to be in their ground states:
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I; = 7.5 x 1075(n;/ E;){[In(40T. / E;)]® + 40} [T 2/(E; 4 3T.) exp(—E; /T.), (9)

where I; is the rate coefficient for ionization (in
ecm?/sec), hj is the number of electrons and Fj; is the
ionization energy. The calculations of T, were per-
formed in a two-step iteration procedure: first, the
n(t)-dependent corrections in Eq.(4) were taken into
account, to obtain the first approximation for T.(?) ,
and second, the T, (t)-dependent corrections were intro-
duced. The contribution of the second-step corrections
was typically much less, than that of the first step. The
results of calculations, performed in that way, are pre-
sented in the Table 2.

Table 2. Electron temperatures derived from the time
decay of ionic lines (without and with corrections on
electron density and temperature evolution, by use of
Eqgs. (6) and (4), respectively)

fon Time (us) 1. (eV)
Eq. (6) Eq. (4)
c1 1.5-2.0 13 21
v 2.0-25 18 28
o1lv 2.5-3.0 20 29
v 3.5-4.5 33 36
VI 45-50 40 37

It can be seen, that the difference between values of
T., obtained without and with corrections on electron
density and temperature temporal variations, may be
substantial (up to 50%) for the initial phase of the dis-
charge, characterized by the rather fast changes of elec-
tron parameters. Since the electron density for the ini-
tial stage can be somewhat underestimated due to the
effect of impurities (see above), the temperature values
can be overestimated (with the effect being more pro-
nounced for the very beginning of the implosion). For

the period near the maximum compression (about 4 ps

after initiating of the main discharge), when the elec-
tron density is changing slowly, the difference (Eq.(4)
vs Eq.(6)) is less than 10%, i.e. within the experi-
mental errors (33 and 36 eV). Typically, the accuracy
of such measurements is estimated to be about 20%.
So, the agreement with the data obtained by Thomson
scattering for this moment (26 £ 4 eV), is quite sat-
isfactory. Besides, Thomson scattering measurements
were performed for the central part of the plasma core.
However, the temperature distribution in a theta pinch
plasma often has a dip in the center, with the temper-
ature in the adjacent regions being 10-20% higher (see,
for example, [6]). Therefore, since the radiation from
plasma to VUV monochromator is collected from the
larger area, the temperature derived from these mea-
surements may be somewhat high. The time evolution
of electron temperature, deduced from Eq.(4) , is also
shown in the Fig. 9. It can be seen, that the rise of Tt
during the compression is relatively slow, as compared
with that of the density.

Results for C V line are not shown in the Table
2, since decay of this line emission occurs during the
period of relatively fast decreasing of plasma density
and, probably, temperature (later than 5 us after the
beginning of the discharge). Moreover, since the exci-
tation energy for this line is rather high (see Table 1),
T.(t)-dependent corrections can be substantial. Under
these conditions the accuracy of such measurements is
not satisfactory. The use of this line time history may
be helpful for the measurements of the higher plasma

temperatures.
IT1.4. Ton temperature measurements

VUV spectroscopy was also employed for the mea-
surements of ion temperatures T;. The temperatures
were derived from the Doppler-broadened widths (full
width at half maximum) of ionic lines by use of ex-

pression Adp = 7.7 x 1075X(T; [eV]/ M)'/?, where M
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is the ion mass (in atomic units), A is the line wave-
length. The observed line broadening (Alsps) is de-
termined by the convolution of the Doppler-broadened
line emission profile (AAp) and the instrumental pro-
file (A)Xgyp). To derive the values of Adp from the
observed line widths, the following relation was used:
(AAD)? = (AXops)*—(AXgpp)?. The data on the instru-
mental profile width for the monochromator employed
in the experiments are presented in the Ref.5. The
measurements of line profiles were performed with slits
widths of 10~2*um by wavelength scanning in a large
number of shots. Only line peak intensities were used.
The following values of ion temperature have been de-
duced for the time interval near the maximum compres-
sion: T; = 70 eV (O V line 2781 A° the first diffraction
order, the line peaks at ¢ & 4us), and T; = 100 €V (
O VI line 1032 A°, the second diffraction order, the
line peaks at ¢ = 4.5us). The difference between T;
values obtained for different ions (at about the same
time) could be interpreted partly in terms of the mea-
surement accuracy. However, it should be noted that,
in implosion plasmas, ions of higher charges can have
higher temperature. The ion temperatures obtained
exceed that for the electrons 2-3 times. A considerable
difference between 7; and 7, is the intrinsic feature of
the rapidly ionized theta-pinch plasmas. Indeed, under
these conditions primarily the ions are heated. More-
over, electrons effectively lose their energy in inelastic
collisions with atoms and ions during this phase of the

discharge.
IV. Conclusions

In this work the results of the investigations of a fast
theta-pinch discharge plasma by means of a number of
optical diagnostics have been presented. The data on
the temporal evolution of electron density have been ob-
tained by use of CO; laser interferometry and Thomson
scattering. The possibility to evaluate electron tem-
peratures from the observed time history of line emis-

sion of impurity ions in VUV spectral region has been
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studied. A good agreement has been obtained with
the results of Thomson scattering measurements. The
ion temperature has been measured from the Doppler-
broadened OV and OVI ion line profiles. It has been
shown that the use of complementary information, ob-
tained by means of different diagnostics, provides the
opportunity to increase the accuracy and reliability of

the data on fast plasma evolution.
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