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A laser deflection measurement system has been developed which is both fast (7~20 ns) and
sensitive {8¢=C.5 urad). This diagnostic is capable of sensing and discriminating between
electrons and neutral particles in a multicomponent plasma, and yields quantitative results.
The technique allows continuous measurements in time. Construction is inexpensive and
simple to field. This system is, therefore, highly competitive with traditional technigues in

diagnosing the development of transient plasmas.

INTRODUCTION

Investigation of the time evolution of the plasma produced
by the interaction of a high-power laser with a target is an
example of a situation in which a fast, versatile probe of
plasma density is desirable.' Such a plasma is short lived,
since the plasma is expanding with a velocity on the order of
10 cm/ps, and composed of different components. In partic-
ular, at early times a dense plasma exists, whereas ai late
times the presence of 2 neutral component is significant.

The common technique of puised laser schlieren pho-
tography?” is inadequate to diagnose the temporal evolution
of such a plasma in a single shot. Although fast (20-ns)
“shuttering times” can be obtained by employing a ¢-
switched ruby laser, many identical plasma shots are re-
quired, varying the timing of the probe laser, to observe the
plasma evolve in time. In many cases, difficulties arise be-
cause of the neutral component, since the presence of a plas-
ma is a negative perturbation in the index of refraction while
the presence of neutral particles is a positive perturbation. If
a pinhole is used as a spatial flter in a schlieren system, the
technique can simultaneously detect both plasmas and neu-
trals, but cannot distinguish between them. If a knife edge is
used as a spatial filter, the technique can distinguish between
the two but cannot detect them simultaneously. Further, it is
difficult to obtain quantitative resuits from schlieren photog-
raphy.* Applying the technique of holographic interferome-
try’ eliminates these difficuities, but at the expense of 2 large
increase in cost and complexity, since not only are the laser
optics required to make the hologram more complex, but the
hologram must be reconstructed in order to interpret the
results.

Diagnosing density by measuring the deflection of a la-
ser beam®” is an analogous technique to schiieren photogra-
phy, in that both techniques are sensitive to index of refrac-
tion gradients. The technique has been successfully applied
to a number of fields’; the chief impediment to its application
to transient plasmas has been one of speed. In this article, we
present a laser deflection system capable of detecting deflec-
tions of 0.5 grad on a time scale of 20 ns. Hence, its speed is
comparable to Q-switched ruby laser schlieren, while its sen-
sitivity is over two orders of magnitude greater. It is inher-
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ently quantitative, while at the same time being much
simpler and less expensive to implement than a ruby laser
and associated optics,

i. LASER DEFLECTION TECHNIQUE

Figure 1 illustrates the laser deflection technique ap-
plied to a laser-produced plasma. The target material is pro-
duced by focusing the output of a @-switched ruby laseron a
graphite surface. A 5-mW He—Ne probe laser (Jodon Laser
modei HN-2SHP) is deflected by index of refraction gradi-
ents as it passes through the laser-produced plasma. The
angular deflection is given by®
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where fi is the index of refraction, #, is the unperturbed index
of refraction (approximately equal to 1}, ¥, 7 is the gradient
in the index of refraction perpendicular to the path of the
beam, D is the thickness of the plasma, and { ) indicates a
line average taken over the path of the probe laser in the
plasma. Since deflections are small, this average is taken over
the straightline unperturbed path. The deflection of the
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F1G. 1. Experimental configuration and coordinate system used for analy-
sis. (2) He-Ne probe laser beam. () Carbon target. (¢) Ruby laser beam.
(d) Laser-produced plasma. (e) Quadrant detector. (f} Differencing and
amplifying circuitry. (g} He-Ne laser line filter.
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beam is detected by a position sensor, specifically a4 quadrant
detector {Silicon Detector Corporation model SD-380-23-
21-051}, chosen for its fast response time. The sensor and its
associated electronics are located a distance L from the plas-
ma. Although the design of the detector circuit is inherently
noise resistant, a He-Ne laser line filter is used in front of the
position sensor to maximize detector sensitivity by eliminat-
ing background light. The output of the detector is propor-
tional to the deflection, V(¢) = C8¢(t), where the constant
C is readily calibrated.

For plasmas, the change in index of refraction &7 is pro-
portional to the electron density r,, and is given by’

2
i = — (m“
2amf?

where e is the electron charge, m is the electron mass, and fis
the laser frequency, so that K, = 1.79x 10" * cm’ for He-
Ne laser light. For neutral particles, 57 is proportional to the
neutral density n,, and is given by®
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At STP, the neutral density 1, = 2.6868x 10** ¢cm ~* and
(fp— 1) =2.76 X 10 * for He-Ne laser light, so that
K, =10272x 10" ¥ em’.

Thekey to the performance of this system is the detector
circuit, shown in Fig. 2. The quadrant detector is essentially
four photodiodes on one substrate. Each pair of anodes on
either side of the vertical midplane are connected, sc that the
detector is sensitive only to horizontal deflections of the
probe laser. A bias voltage of 30 V applied to the common
connection reduces the output capacitance, and hence the
response time, of the detector. Voltage is developed across a
270-§1 resistor on each side. This resistance value was chosen
to optimize the gain-bandwidth product of the system. The
signai from each side is buffered and passed on toa 15 X -gain
differential amplifier. Since a differential configuration is
used, the detector is insensitive to common-mode noise such
as variations in probe laser power. The amplifier is capable of
driving a 50-8 load to approximately + ! V. A high-pass
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FiG. 2. Laser position sensor circuit, rise time
T == 20 ns, sensitivity 1.25 mV/pem for 2 0.5-mW
500  He-Ne laser.

filter is used to eliminate the effects of mechanical vibrations
{ 20 Hz) from the output.

The sensitivity of the system is a function of laser power
and spot size. It generally increases as the moment arm L;
however, for large L the effect of beam divergence is large
and the advantage of the long arm diminishes. For the laser
employed, L~3 m appears to be optimum, yielding d¥V/
dé = 4.2 mV /urad. Since the output noise level is approxi-
mately 2 mV, the resolution of the system is approximately
0.5 prad. For comparison, consider a typical schlieren sys-
tem with a 500-mm focal length lens and a 100-um pinhole.
If we assume that the minimum detectable deflection is
equivalent to a one f~stop change in density on the film, then
the resolution of this schlieren system is approximately 100
urad. Therefore, the laser deflection technique offers higher
resclution than the schlieren technigue by over two orders of
magnitude.

The time response of the system was tested by masking
one side of the detector at a time and using the detector to
view a highly attenuated ruby laser pulse, comparing the
output to that of a fast (2-ns rise time) PIN diode. The re-
sults are shown in Fig. 3. Using the formula for the addition
of rise times,”

172
Thet = (Z 7%1) = (Ti!aser + Tiircuit ) l/‘l s (4)

we find that the response time of the circuit itself is approxi-
mately 20 ns. Differences in light path lengths tc the detec-

F16. 3. (a) Response of one side of
the position sensar to a ruby laser
pulse, 50 mV/div, compared to
(b) response of a fast PIN diode to
the same pulse, 100 mV/div. The
response of the other side of the po-
r sition sensor is opposite in polarity,
due to the differential configura-
tion of the circuit.

S0 ns/div

Laser deflection 1598



tors, cable lengths from the detectors to the oscilioscope, and
relative timing between the oscilloscope channels account
for less than I nsin the timing difference between the signals.
A fixed circuit delay of approximately 30 ns is, therefore,
apparent.

. APPLYING THE TECHNIQUETO A
MULTICOMPONENT PLASMA

Since the laser deflection technique vields information
about density gradients, for any arbitrary configuration, it is
possible to probe the plasma at a number of positions over a
number of shots and integrate dn/dx over space to obtain the
density distribution. However, in many cases, it is possibie to
obtain density information on a single shot, if the density as a
function of time can be cast in the form of

n{r, 1) = 8f(r, 1), (3)

where 7 is the density as a function of space and time, S'is a
scaling factor, and fis a function which describes the shape
of the density in space and time.'® For example, in the case of
a laser-produced plasma, a self-similar expansion model'!
gives the form, applicable to each species,

2N, k2 R:
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where n; is the density of the jth species, N7 is the total
number of that species produced by the laser, o)} is the char-
acteristic expansion velocity of that species normal to the
target surface, and k; is the ratio of parallel to perpendicular
velocities for that species. Figure 1 illustrates the coordinate
systern. The characteristic expansion velocity is largely inde-
pendent of the number of each species produced in a given
puise; therefore, N is the scaling factor, and the remainder
of the expression describes the spatial and temporal shape of
the plasma. For the plasma under consideration, &k, has been
measured'” and is equal to 2, while &, is taken to be 1. Using
the transformation applicable to this geometry,

Z, dn
R dR’
where Z, is the distance from the laser to the target, Eq. (1)
becomes

(7
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Using the transformation
R [(k}—1)sin®@ +1]=2Z2 + kX (%)

and differentiating Eq. (6), the angular defiection is given by

4N, k32K, R
|§¢<2;¢){===—§%;?5;—ieXp[-— (Z,/05¢)°]. (10)
i

Differentiating with respect to time, the peak deflection will
occur at the time z,; given by
Z, \
. (1D
'V/_i Ugj
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Fi1G. 4. (a) Position sensor output,
50 mV/div. Positive excursion is
due to plasma, while negative ex-
cursion is due to neutral particles.
Light attenuation is used to limit
sensitivity of the senser to 0.80
mV /urad in this case. (b) PIN di-
ode signal of the ruby laser pulse
oy 1 producing the plasma under inves-
ool tigation, 100 mV/div.

50 nsidiv

Hence, the expansion velocity for each species can be deter-
mined from the timing of the peak defleciion due to that
species, and using that velocity in Eq. (10}, the number of
each species produced by the laser is given by

M\ £ A
zv,.:¢5¢A;(”eXP ) = 1.45!84, ,
/ & 16 Kk} Kk}
(12)

where 8¢,; is the peak angular deflection for each species.
Ar example of the experimental data is shown in Fig. 4.
In this case, the orientation of the detector is such that the
plasma electrons produce a positive defiectiion, while the
neutral particles produce a negative deflection. (On shots
where the ruby laser power fell below the threshold for plas-
ma production, only the negative defiection was observed. )

" The detector was mounted 3.18 m from the target, and the

detector sensitivity was calibrated at 4.0 mV/urad; however,
because of the large gradients involved, light attenuating
filters were used in front of the detector to derate the sensitiv-
ity to .80 mV/urad. For this particular shot, £, = 0.192
cm. One sees that the initial plasma peak is distinct from the
later neutral peak, and that the plasma velocity is significant-
ly higher than the neutral velocity. Using Egs. (11) and
{12), one finds that the characteristic velocities are vgp =30
cm/us and ¥°, = 0.42 cm/us, while the number of particles
produced by the laser are Ny, = 8.09x10", and
Nz, == 3.76 X 103'°. The latter data correspond to peak densi-
ties along the path of the probe laser of n,, = 6.3 10¢
em ?andn,, = 7.3 10" ¢m ™ for the plasma and the neu-
tral particles, respectively. These data are consistent with
Faraday cup measurements of charged particies’” and esti-
mates of plasma density obtained spectroscopically as well
as neutral particle density estimated from the size of the hole
bored in the target by the ruby laser.’
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