|[EPC-99-040

SIMULTANEOUS MEASUREMENTS OF PLUME TEMPERATURE
AND ATOMIC NUMBER DENSITY

WITH OPTICAL ABSORPTION TOMOGRAPHY

F. Y. Zhang®, T. Fujiwara, T. Miyasaka, J. Harada

Nagoya University, Nagoya, 464-8603, Japan
K. Komurasaki

University of Tokyo, Tokyo, 113-8656, Japan

ABSTRACT

The simultaneous parameter measurements of
argon plume exhausted by a 3-kW dass arcjet are
conducted using the diode-laser absorption technique. The
optical absorption tomography is developed to derive the
spatial temperature and atomic number density
distribution by reconstructing the absorption coefficient
field in arcjet plume. The measurements are performed
with the various operations by changing massflow rates
and discharge cuments. The maximum temperature and
atom number density increase with the massflow rate and
the discharge current. The increase trend is not always
found with the specific input power although at a fixed
massflow rate there exits an increasing with it.

INTRODUCTION

Arcjet thruster is one of the electric propulsion (EP)
devices, which has been proved to be suitable as a
spacecraft propulsion device for satellite station keeping,
vehicle-orbit-transfer, and space exploration. Of all the EP
systems, although the arcjet is the most similar in
operation to conventional chemical rockets, it can operate
on a wide varety of propellants, and can achieve higher
specific impulse than the best chemical rockets. This
improved performance can be used to extend mission life,
to reduce launch mass, or to increase the payload In order
to develop a better arcjet, the research has been centeredon
understanding the physics in arcjet, increasing its
efficiency, stability and life for decades. Plume properties
are of great interest to spacecraft integrators because they
correlate not only with thrust efficiency and thermal
efficiency of arcjet, but also with dissodiation and
ionization mechanisms of plasma. Some experimental
studies have been conducted with electrical and optical
techniques to understand the physical processes govemning
the arcjet operation in recent years, and most of the
progress in arcjet technology is being achieved. ¥
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Because the nonintrusive measurement techniques,
which do not alter the flowfield or electrical characteristics
of the plasma, are preferred, the significant work was
driven to measure the exit plane flow properties based on
laser-induced fluorescence (LIF), Rayleigh scattering and
other coherent laser scattering approaches with the recent
advancein laser technology. "'? These methods, however,
generally require large and complex laser source and other
equipment, that are expensive and incompatible with a
wide range applications.

The diode-laser absorption technique has been
increasingly applied with recent process of spectroscopic-
grade, tunable diode lasers, and has provided a powerful
tool for the hypersonic or reacting flow with the general
control of amplitude and frequency stability in the frame of
high sensitivity. This technique become attractive,
because the diode-laser sources are compact, rugged, cost
effective and simple to operate. In addition, their unique
features, such as nammow linewidth and ease of rapid
frequency modulation (up to the orderof hundred kHz), and
a large output power at a very small emitting area, make it
possible to diagnose unsteady flows with high spatial and
temporal resolution."*'’ However, such line-of-sight
techniques have found only limited usage due to their
inability to provide spatially resolved measurements.

Recently, an optical absorption tomography has
been developed which utilize the line-of-sight
measurement to provide information at any point in a flow
field. This paper focus on the application of the diode-laser
absorption computerized tomography (DLACT) method to
the diagnosis of the argon plasma plume generatedby a 3
kW arcjet thruster. The measurements were made during
the experiments where the discharge cument and the
massflow rate were varied The spatial temperature and
density of the plume were derived by the reconstructed
absorption coefficient with a small number of absorption
measurements across the plume. The development of the
plume with the massflow rate was studied by performing
the measurements along the axial direction.

EXPERIMENTAL APPARATUS

Arcjet
The arcjet usedin this study is in water-cooled 3-kW
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class, while it consists of a thonated-tungsten cathode, a
water<cooled copper anode as shown in Fig. 1. Its
dimensions are listed in Table 1. In the experiments, the
arcjet is installed in a ¢1.2x1.5 m cylindrcal stainless-
steel chamber, evacuated at 10,000 l/s by a pumping
system consisting of two diffusion pumps, a roots blower
and a rotary pump. Background pressure is maintained
under 0.3 Tomr during the operation. Argon is used as
propellant. Its massflow rate is regulated by a massflow
controller.
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S B Tugsten Water
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Figure 1 A cross-section of the arcjet thruster

Table 1. Dimension of arcjet

PARAMETERS DIMENSION
Cathode diameter, cm 0.5
Cathode length, cm 15
Cathode half tip angle, deg 30
Constrictor length, cm 1.0
Constrictor diameter, cm 0.2
Length to diameter ratio 5
Anode exit diameter, cm 2.6
Anode half angle, deg 20
Anode area ratio 169

Absorption line

The argon absorption line used in this work is at
811.531 nm, as shown in Table 2. Where i and are the
transition levels, A, and A are wavelength in air and
vacuum, E; and E; are standard values for energy levels, J,
and J; are quantum numbers, g; and g; are statical
weights.

Table 2 Transition dataof Argon

i J A(nm) Afnm) E,(cm")' Efem) J, J, g & f

483/2 4P5/2 811.53 811.75 0 1231899 2 3 5 7 031

Diode laser optical assembly

The schematic diagram of the measurement system
1s presented in Fig. 2. "7 A singlemode diode
(LTO17MDO, SHARP Corp.) is used as a laser source. It
is attached to a small Cu block to keep in thermal
contact with a temperature controller in which a film
heater, a Berthier cooler and a sensing thermistor are
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bonded. The collimating lens is set on an adjustable block.

An active electronic-feedback thermal control has been
done by an ALP-7033 CA LD Drver(ASAHI
Datasystems Corp.) to stabilize the temperature of the
diode laser within 0.01 K and to adjust the laser
wavelength to the center of the desired scan range. At a
drving current of 65 mA at 25'C, the diode laser
nominally provides an output power of 40 mW/cm? at a
wavelength of 810 nm according to the specification.
During the measurement, the laser is modulated with a
100 Hz tnangular-function injection cument using a
function generator, so that the laser frequency sweeps over
the selected absorption line. The diode-laser source
operating condition is shown in Table 3.

Table 3 Diode-laser source operating conditions

Apin(iin) Ag(nm) A, (nmm) T(K) I(mA, f.(H2) P(Win')
810.50 811.53 812.06 299.8 70.0 100.0 40.0
Experimental setup
L function generator ]
I diode laser l
T current
temperature controller
controller

vacuum
chamber

discharge tube

1 #2¥ #3[ detector
#lf

® ® ® e

I

‘ SCSI Bus
Macintosh PowerPC

‘ Network

Supercomputer

Figure 2 Schematic diagram of measurement system
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As shown in Fig. 2, the output of the diode-laser
is split into four components. The first component is
directly recorded with a photo-diode detector #1 as a
function of time. The second one  passes through an
argon discharge-tube to give the reference peak of
absorption. The third component passes  through a
Fabry-Perot(FP) etalon to provide a reference frequency
spacing during the scanning of the laser-oscillation
frequency. Rest of the laser beam is carried with a signal
fiber to the flow field in the vacuum chamber where it
was collected by a matched  fiber coupling assembly at
the end of the fiber.

The diode-laser fiber coupling assembly, which sits
on the one side of the stack, consists of an optical fiber
connector, a collimating lens holder, an Y-Z stage and an
adjustable mount providing fine tilt for the fiber chuck. By
it, the laser beam is adjusted to match the detector on the
other side of the stack through the plume.

Projection stack

The diode-laser fiber coupling assembly, which sits
on the one side of the stack, consists of an optical fiber
connector, a collimating lens holder, a Y-Z stage and an
adjustable mount providing fine tilt for the fiber chuck. By
it, the laser beam is adjusted to match the detector on the
other side of the stack through the plume.

W
/

Stack

Translation stag:% Z
Y

Figure 3 A cross-section view of the projection stack

In the experiment, the arcjet is fixed while the
position of the stack is controlled by the translation of
two linear stages. One translation stage is for vertical
motion and another is for horizontal movement. The two
translation stages are driven by two step motors,
respectively. The stack is mainly mad of aluminum.
Because it was found that there were some discharges
between the plasma plume and the metal-made stack when
the motor and the arcjet worked at the same time, the
insulating material (Bakelite) was usedin the part of the
stack (as shown in Fig. 3) to take precautions against the
discharge and to protect the motors. The stack carriedlaser
beam to take the absorption data across the plume at any
expectedlocation.
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The uncooled TPS-708 photo diodes (TOSHIBA
Electronics Cor.), which have high sensitivity at the
wavelength of about 810 nm, are used as detectors, and
these signals are simultaneously recorded with a DL170
Yokogawa 8-channel digital oscilloscope. After the
completion of the experiment, the original dua are
transferred to a personal computer for the pre-calculation
of the ratio, and projection data arrangement by a SCSI
bus. The reconstruction is performed in the computer
center.

ABSORPTION SPECTROSCOPY

Absorption law and absorption coefficient

The laser absorption fonmula is well established and
is characterizedby the Beer-Lambertlaw as,!'®

L

Al Iy =1=exp( ~[x (T.x)dr) (D)
0

where A/ is absorbed laser intensity, /, is incident laser
intensity, and L is absorption path length, cm. The total

absorption coefficient k, at a wavelength of v, is a sum of

absorption  coefficient and contribution of induced
emission, which is consideredas a negative absorption:

2 ywxng -n8)= Loemp -ty @
K, = Ctpv mB -n;B;)= C(p n,B "B

i
Here, ij are lower and upper energy level, 1 and ¢ are
Planck constant and speed of light, B is Einstein's
absorption probability, ¢( v) is absorption shape function,
and n is atom number density, cm™. It can be given as,

ng, E,
n.= —2Lexp(- —=%), 3)
=Un p( KT)
. E.
n = iexp( -y, C))

U kT
8Bji=gB; ©)]

where ¢ and E are statical weight and energy level, k is
Boltzmann's constant, and U(T) is partition function.

In local thermodynamic equilibrium and a collision-
dominate plasma,

hv hv :
Ky =g @mB (L-exp(-—) (6

e’
= f )
B, mhv Ji

If hv/(xT) >1, induced emission can be neglected
with Wien's range. In this case, at 811.531 nm and
T=500-15000 K, hv/(kT)=1.18-35.5 (>1). Therefore from
Egs. (6) and (7), the relation can be written as:

K, = ze ¢(v)n, fU ®)
mc

where e and m are electron charge and mass. It can be seen
that the Equation (8) directly links the relation of
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absorption coefficient and density of the lowest excited
state of absorption medium.!'**%

Absorption profile and broadening mechanisms

Generally the lineshape of the absorption is assumed
to be the Voigt profile which contains pressure broadening
and Doppler broadening. The Voigt profile, g(v) can be
described by the following relation: !

s = E2 L@ ©
T Av,

Here Avpis the full widh at half maximum (FWHM) of
the absormption profile due to the Doppler broadening,
which can be defined as:

5
Av, = Z‘.’L 2In2xT
c m

(10)

where v, is the species absorption center frequency, Hz,
m'is the atom mass of absorption gas, kg/Kmol and T
is the translational temperature, K. The Voigt profile
function, V(g,x) can be given by

<4 (D

a 400
V(a,x) = ;fa ——da2 Py

where the Voigt parameters a and x are defined as

a = yIn2 ave (12)
VD

= M(V =) (13)
A‘VD

here Av, is the pressure-broadening width defined as

w2 [2R 1 1
=8. 0 — [(— 4 —
Av, =8.88x1 ocP.J =+

where 0,%is the collision cross-section for pressure-
broadening of atom concemed, cm’, P is the foreign gas
pressure, P,, R is the gas constant, J/mol/K, m' and M are
the atomic and molecular masses of the absorption gas and
foreign gas respectively, kg/Kmol.

(14

In the case of high temperature flows at low
background pressure, the pressure broadening widh
becomes much smaller than the Doppler-broadening one.
If the temperature was greater than 5000 K at a pressure of
0.3 Torr, the pressure-broadening width would be less than
0.9 MHz, while the Doppler width, Av,, was greater than
2,950 MHz. Therefore the pressure-broadening is
neglected.

In general, the FWHM width of the absomption
profiles also results from the convolution of several other
broadening mechanisms. The Stark broadening is caused
by the random electric field of the electrons in plasma. For
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most atoms, because its width is a monotonically
increasing function of electron number density, it is only
noticeable in absormption profile for relatively large
electron density. The plasma of arcjet plume has been
proved to be in a very low ionization degree (3%-4%).
Therefore the Stark broadening widh, which is estimated
to be under the value of 10 MHz, can be neglected

The power broadening is only important if the
atomic density of the upper level becomes comparable
with that of the lower level due mainly to large laser
power or high plume temperature. The laser power can be
reduced by using the splitter or density filter. For low
intensities of the laser beam used in our experiment,
which is discussed in next section, this is avoided The
temperature distribution of the plume is reconstructed with
a laser absomption computerized tomography. The
maximum temperature at the centerline near the exit plane
of arcjet is found to be about 14,000 K, which is within
the Wien’s range. Therefore this broadening does not
contribute significantly to the observed FWHM widh.

The FWHM width is also related to the variance of
Doppler profile, which is detennined by the laser angle
relative to the orentation angle of the velocity
distribution of the plume. The amplitude, center and width
of the Doppler profile depend on the angle of the laser
beam probed to the flow.

In our preparatory experiment, the absorption profile
with a laser beam perpendicular to the flow was recorded to
verify the identical peak position with the absorption
profile through the argon discharge tube. Because the
absorption signal with the laser beam probed into the flow
at an angle, 60 degree was simultaneously detected, the
variations of the widths and intensities of the absorption
profiles were obtained by comparing the absorption
profiles with the angles of 60 degree and 90 degree. Their
variation of the absorption intensity was found to be less
than 11%, while the width variation was less than 9%.

The natural broadening based on Heisenberg's
uncertainty principle is estimated to be about 5 MHz based
on the absorption oscillator strength with the value of
0.31 at the absorption center wavelength, A, of
811.531 nm for Argon. ")

Measurements of temperature and number
density

Thus the absorption profile can be expressed in the
simpler form than Voigt profile as the following function:

) =g, = —= M2 oo aing L) V")z) as)
V) =g (V) = — |—exp(-
sV =b Av, Y p(=4ln AV

At the absorption line, the shape function can be
given as:

ovo)= & v,) = (W 2)ImAv,) (1)
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and Equation (8) can be rewritten as:

2 [In2 me?
v AvpV o ome

K n.f; a7

Based on Eq. (10) and Eq. (17), the temperature and
the atom number density of the lowest excited state of
absorption medium can be derivedby the knowledge of the
Doppler broadening and the absorption coefficient at a
given location which can be reconstructed with optical
absorption tomography from Eg. (1).

OPTICAL ABSORPTION TOMOGRAPHY

To complete the density and temperature
measurements described in the previous section, it is
necessary to know the absorption coefficient at a given
location. The coefficient can be reconstructed with optical
absorption tomography, which is based on the familiar
computer assisted tomography (CAT) now in common
use in medical field This technique has also been shown
to provide accurate concentration measurements in the
flow. Although it is a Fourier transform approach, it does
not actually require the evaluation of any transforms, and
allows high-speed computation of the property field The
following is a brief review. More details can be found
from Ref. [17].

Algorithm

The relation between the measurements and the
projections (asshownin Fig. 4) is given by thefollowing
relation:

_1n7:. =p(r,0)= lxv(x,y)ds =!Kv(r,s)ds (18)

frequency domain

space domain
Figure 4 Projection and Fourier transform

Since p(r,6) is known, the solution of Eq. (18) will
yield the desired property field of absorption coefficient.
The solution procedure utilized the convolution back
projection technique. The one-dimensional Fourier
transform of Eq. (18) is written in Eq. (19),

P(R.G)-fp(r,@)e'mhdr -ffxv(x,y)e”""'drds

- -

19)

where r=xcos 6+ysin8, s=-xsin6+ycosé.

The two-dimensional Fourier transform of x (x, y)is
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given:
© Lo

Ky = f [r (ry)e” 200 W) g, 0)
—00 —00

its inverse Fourier transform:

0 00 27 (ux _
Kk,(x,y)= [ [K@u,ve m(m+‘9)dzzdv @D

—00 —00

Exchanging the rectangular coordinate system in the
frequency domain, (#, v), for a polar coordinate system, (R,
6), by making the substitutions

u= RcosO, v =Rsin 0 (22)
and then changing the differentials by using

dudv = |RldRA6

Equation (21) may be written as

T © - ! 0 23
K (x3)== | | K(Roos 0,R sing)e> "RX 00+ ysind) o 1o (23)

0~

the expression can be simplified by setting

r=xcos0+ysinf 24
JT © . -
K, (x,y) = [ [ K(Rcos 6, Rsin )R |Rlurae (25)
Q-00

From the Fourier slice theorem:
K(Rcos6,Rsin 6)= P(R, 6) (26)
hence Equation (25) can be written as
K (xy) = [ }OP(R, 8)e2™Rr|Rpra 6 (27)

Q=00
this integral may be expressed as

M3
K, (x.y)= [O(R.6)d6 (28)

0
where o )
QR 6) = [P(ROY R |RR

—oc

and define a function ¢ such that:

dR=14 (29

Then from the convolution:

0RO = [ PROZ Rk - % T oxptr -5ty OO
hence
] T
K, (x,y) = 2—f fp',0) @ -5 Ys'dd (1)
JT O—w

where ¢ can be considered a filter function. Its choice
greatly affects the computational requirements as well as
the accuracy of the convolution algorithm. Therefore its
selection must be dependent upon the noise of the
instrumental system as well as the bandlimit of the



function to be reconstructed The commonly used -
modified Shepp-Logan filter was implemented in this
study.

Since p(r,6) will be known only in the sampled
domain, it is necessary to replace the integrals by their
discrete summation approximations:

a N M .
K, (xy) = ﬁz Ep(r,‘. 0, )p(xcos 0, +y sinf; - 1) (32)

j=l k=1
where a is the spacing between uniform samples and,

6, =(j-Dn/ N, n=ka  (33)

Simulated test and results

A FORTRAN program was developed for the
reconstruction of the property field and a true function was
tried to test it. ['”) Because the field distributions in the
plume flow are smooth due to the diffusion phenomena,
and a sharp discontinuity or a point source is avoided, a
Gaussian profile was taken as a projection function. It was
given by the following relation:

2

p(r,6) = 0.15exp(- lisz-) 34

The reconstructed function was integrated using
Equation (18) and was compared with the original
projection. The projection values of M and N for the
computer reconstruction are 50 and 50. As shown in the
top part of Fig. 5, the circular symbols denote the original
results while the diamond symbols represent the
integrating results from the reconstructed field The
bottom part gives the residuals between them and a good
agreement was found.
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Fig. 5 Comparison of a true data with reconstructed data

RESULTS AND DISCUSSIONS
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Typical record and absorption profile

The incident signal of the diode laser, its FP signal
and transmission signals through argon discharge tube axl
plasma plume are simultaneously recorded by the
oscilloscope, as discussed above. Figure 6 shows the
typical experimental records. Each recorded trace consists
of 10,030 data points at an interval about 0.02us. Fig. 6
(a) is the temporal variation of incident laser intensity, /,
and (b) shows a record of the FP etalon transmission
signal, I, which contains forty fringes. The temporal
spacing of the fringes is not constant due to the
unsymmetrical characteristic of the reference intensity of
the diode-laserin both ascending and descending ramps. In
Fig. 6 (c), the upper trace displays the transmission profile
of the laser beam through the plume, /,, and the lower
trace records the tramsmission signal through the argon
discharge tube, /.
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Figure 6 Typical experimental recordin oscilloscope

The absorption profiles are obtained by deriving the
differences between the incident laser signal and the
transmission signals, [,-], and [,1, respectively. As
descibed in detail in Ref. [17], the frequency-base
absorption profile can be derived from the time-base
reduced absorption profile  with the reference of FP
etalon signal by using the folldwiug equation:

Avp =Avy, 6, (33

where Avp, is time-base FWHM, and &, is FP transfer
rate. Figure 7 shows the absorption profiles in time base
and frequency base. The dots are the raw data from the
oscilloscope, the solid lines denote the Gaussian fits.
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Figure 7 Absorption profiles and Doppler broadening

Measurement process

The complete sets of the measurement were made
across the plasma plume with different operating
conditions of arcjet, as discussed in the next section in
detail, at three axial locations, z=1.5, 101.5 and 151.5 mm
downstream of the arcjet exit plane. The arcjet plume is
assumed to be axisymatric. At each set of radial projection
measurement, the projection data were acquired at 1 mm
step across the plume radius (see Figure 8), moving from
the center to beyond the outer edge with the advantage of
the axial symmetric characteristics of the plasma plume.
The plume edge was determined where the absorption
intensity was less than 0.001 mv. Because the radius of
the plume is changed with the operating condition of the
arcjet, the number of the recorded data in each set is
different. The 1 mm step of the translational movement
was set and controlled by the motor. The repeatability of
each step was tested with and without the stack which is
shown in Figure 3 (The weight of the stack including the
optical assembly is about 3 kg). The accuracy is found to
be better than 0.1 mm.

—
—t—
-—
— Plasma plume
——

—

P <

>

—

-

I mm

Figure 8 Schematic of data sampling

The incident laser signals without plume absorption
were measured before the conduction of each set of radial
projection measurement and after the completion. The
varation of the signals was found to be less than 3% in
most sets. The steadiness of the laser source was referenced
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with the absorption profile through the argon discharge
tube. The used voltage for the tube was set at a constant
value of 300 V. The absorption signals through the center
of the tube were recordedover all the measurements. After
the Gaussian fit of the absorption profile, the changes of
both the maximum intensity and the broadening were less
than 8% in most cases.

At each measurement, four si gnals
simul taneously recorded by an oscilloscope as shown in
Fig. 6. Based on the results as shown in Fig. 7, the
projection data at one angle (It was defined as 0° here) can
be calculated:

p(r,0) = In((L, - AI)/ 1)

were

(36)

Because the projections at different angle keeps the
same due to the axial symmetry of the arcjet plume, the
spatial distribution of the absorption coefticient can be
reconstructed with the knowledge of a single set of the
projection data.  After the retrieves of the absorption
coefficients at several frequencies, the local absorption
profile can be retrieved and the Doppler broadening at each
point can be given with the curve fit on the profile. With
the knowledge of the laser beam wavelength in this case,
A,=811.531 nm, the temperature at that particular location
is derivedwith Eq. (10). The local atom number density of
the argon atom at 45, is determined with Eq. (17) by the
combination of the local temperature and absorption

coefficient values. Repeating the process, as shown in Fig.

9, for each operating case at every point in the field
provides the entire temperature and atom number density
field.

a set of plume-transmission signals

*—— incident laser signal

time-based absorption profile

FP etalon sigual—»‘

frequency-based absorption pfofiles

J—— An(l'1)

projection data at different {requency

optical absorption
tomography

reconstruction of absorption coefficient

44— Gaussian fit

absorption profile at each point

Equation (10)-—»J~Equaliou 17

temperature and concentration map

Figure 9 Flowchart of measurement process

Arcjet operating condition
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The arcjet experiments were conducted at a massflow
rate of 0.06, 0.12 and 0.24 g/s with different discharge
currents of 100, 140 and 180A. The operating conditions
of the arcjet are listed in Table 4, where the specific input
power is defined by the following relation:

Q. =1*Ulm 37

n

where / and U are discharge current and voltage, and 1 is
massflow rate of propellant.

Table 4. Specific input power(MJ/kg)

Discharge Massflow rate (g/s)

current (A) 0.06 0.12 0.24
100 27.66 14.33(20) 7.42
140 40.83(18)* 20.83(24)  10.67(35)
180 54.00 27.58(28) 14.58

* () denotes estimated radius of plume, mm

Temperature and atomic number density at exit
plane

11
210 . 7 1.5 10
>

r 1n Z
1.510 4110 g
g X
Pt --e--100A Py
5 coe--140A 0 B
4510 &
110¢ e 180A ] g
B
E ®
g ; 1o &

0 . : 1 L L L L -5 10"

0 5 10 15 20 25 30 35 40
Radial location (mm) '

Fig. 10 Temperature and atom number dnsity distribution
with a fixed massflow rate of 0.12 g/s

Figure 10 shows the plume temperature and atom
number density distribution at a location of 1.5 mm from
the exit plane with the different discharge currents of 100
A, 140 A and 180 A at a fixed massflow rate of 0.12 g/s.
The lower part in the solid lines is the temperature
distribution and the upper at the dot lines is the atom
number density distribution. The symbols in the figure
give the discharge current represented The round one
denotes the current of 100 A, while the diamond one is for
140 A and the rectangular one is for 180 A. The
maximum temperature and atom number density at each
test case are at the center of the plume, and are ranged from
6694 K - 9862 K and 1.35E11 cm™ - 1.48E11 cm™. The
temperature variation is found to be more than 45%, while
the variation of the atom number density is less than 10%.

Figure 11 gives the plume temperature and atom
number density distribution at a location of 1.5 mm from
the exit plane with a fixed discharge currents of 140 A,
while the massflow rate is changed from 0.06g/s to 0.24
g/s. As before, the lower part in solid lines is the
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temperature distribution and the upper part in dot lines is
the atom number density distribution. As before, the
lower part in solid lines is the temperature distribution ad
the upper part in dot lines is the atom number density
distribution. The round symbol denotes the masstlow rate
of 012 m/s, while the diamond one is for 0.06 m/s and the
rectangular one is for 0.24 m/s. The maximum
temperature and atom number nsity are from 3977 K -
11180 K and 1.27E11 em? - 1.52E11 cm™.
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Fig. 11 Temperature and atom number density distribution
with a fixed discharge currents of 140 A

As shown in those two figures, the temperature and
atom number density of the arcjet plume drop drastically
along the radical direction due to the diffusion and energy
dissociation. Both the temperature and atom number
density increase with the discharge cumrent and the
masstlow rate. Those can be considered as: the increasing
of the massflow rate brings about a larger thermal
efficiency and provides more energy to heat the plasma
plume and to excite the neutral atom from the ground state.
The increasing of the discharge cumrent contributes to the
similar physical process, although the thennal efficiency
slightly decreaseswith the discharge current. ** This trend
is same as those obtained in other temperature
measurements by emission spectroscopy™ and by LIF
spectroscopy 1%,

Maximum temperature and number density
with specific input power and axial location

The vanations of the maximum temperature and
atom number density with the specific input power are
shown in Fig. 12. As before, the lower is for
temperature and the upper is for atom number density. The
diamond symbols represent the results at a massflow rate
of 0.06 g/s, the circular ones denote the measurements at a
masstlow rate, 0.12 g/s, and the rectangularis for 0.24 g’s.
It can be found that the temperature and atom number
density are not always increased with the specific input
power. The values at the massflow rate 0.06 ¢'s and 0.24
g/s give the minimum and the maximum although the
specific input powers at those cases are of medium. This
can be inferred from the phenomenon that the thenmal
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efficiency of the arcjetincreases with the massflow rate. [}
[6).[13), [22;
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Fig. 12 Relation of maximum temperature and number
density of arcjet plume with specific input power
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Fig.13 Maximum temperature and atom number density
with the differentaxial locations

Figure 13 shows the results of the maximum
temperature and atom number density with the different
axial locations of 1.5, 101.5 and 151.5 mm from arcjet
exit plane at the massflow rates of 0.06, 0.12 and 0.24 g/s.
The dischasge current was fixedat 140 A. It can be found
that: the mereasing of the axial location decrease the
plume temperature and atom number density, but it not
provide a single increasing or decreasing trend on the
absorption radius of plume. At the lower massflow rate,
0.06 gi/s, the temperature and atom number density
decreasefrom 5977K to 3015 K and from 1.27E11 cm? to
1.89E10 cm™ along the axial direction, while the plume
radius vares from 18 mm, to 27 mm and to 10 mm
without a certain trend The similar results are obtained at
the higher massflow rates, but the variation of the plume
radius decrease with the massflow rate. The decreasing of
the temperature and the atom number density is considered
that the plume flow experiencea large moment and energy
transfer with the entrained background gas, which is
consistent with the results indicated by the velocity
measurement.® In the past studies, the velocity of the
plasma plume increase with the massflow rate at the fixed
discharge current. The development of the plume, which is
directly related with its velocity, provides the radius
variation.
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SUMMARY AND CONCLUSION

The diode-laser absorption technique is introduced
here for simultaneous parameter measurements of argon
plume exhausted by an arcjet. The transmission through
an argon discharge tube is taken to give reference peak
position and the FP etalon is used to provide reference
frequency spacing. The Ar [ absorption line with a center
wavelength of 811.531 nm is demonstrated and is applied
in plume diagnostics. The laser fiber and the related optical
and mechanical assemblies are applied to provide the
convenient diagnosis for the arcjet plume in the vacuum
chamber. The convolution computerized tomography is
developed to erive the spatial temperature and atom
number density distribution of the arcjet plume by
reconstructing the absorption coefficient field The
temperature at each location is derived from the Doppler-
width of the absorption profile. The spatial number
density is determined from the reconstructed absorption
coefficient and the full-width at half maximum of the
absorption profiles at each location. The FORTRAN
program is developedand validated with a Gaussian profile
as a true function.

The measurements of the arcjet plume are performed
with the various operations by changing the masstlow
rates of 0.06, 0.12 and 0.24 g/s and the discharge currents
of 100, 140 and 180 A. The maximum temperature and
atom number density increase with the massflow rate and
the discharge current. The increase trend is not always
found with the specific input power although at a fixed
massflow rate there exits an increasing with it. The
development of the plume is studied with
measurements of the plume at different location.

the

The applicability of diode-laser absorption technique
to the diagnostics of arcjet plume has been demonstrated
Although in the study, argon is used as propellant and Ar I
absorption line at 811.31 nm is taken as the center
absorption line, the technique itself should be applicable
to arcjet or other hypersonic flow systems without much
modfication. It could be performed by selecting
appropriate absorption line and suitable laser diode , while
some improvement on the signal-to-noise ratio should be
madein the datarecordor some care should be taken in the
data interpretation.

The authors would like to acknowledge H.
Katsurayama and A. Saitoh for assistance with the

experiments.
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