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This final report was prepared by the Air Force Weapons Laboratory,
Kirtland Air Force Base, New Mexico under Job Order 88091721. Lt Carl
L. Enloe (AWPP) was the Laboratory Project Officer-in-Charge.

When Government drawings, specifications, or other data are used for any
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rights or permission to manufacture, use, or sell any patented invention that
may in any way be related thereto.

This report has been authored by an employee of the United States
Government. Accordingly, the United States Government retains a
nonexclusive, royalty-free license to publish or otherwise reproduce the
material contained herein, or allow others to do so, for United States
Government purposes.
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INTRODUCTION

A four-channel ultraviolet laser shadowgraphy system has been developed
for use on the SHIVA-STAR capacitor bank. It is capable of éxpos‘lng a shad-
owgraph of a 5-cm-wide cross-section of the plasma or switching region even
in the presence of large backgr;ound ultraviolet radiation. Exposure time is
less than 10 ns. This report describes the operation of the laser shadow-

graphy sysiem.
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PRINCIPLES OF LASER OPERATION

The laser shadowgraphy system uses four nitrogen lasers for illumination.
These lasers are electric discharge lasers of a simple design (Ref. 1) and
are pumped by a large electric current in the lasing chamber. The lasing
transition takes place at a wavelength of 337.1 nm. The lasing chamber is an
integral part of a Blumlein configuration as illustrated in Figure 1. Nitro-
gen gas is fed into the chamber at a moderate flow rate G=§00 cc/min). Both
ends of the lasing chamber are open to atmosphere so that it is merely neces-
sary to ensure that relatively pure nitrogen is the only gas in the lasing
chamber. Both sides of the Blumlein are charged from a single power supply
(the large 200-MQ charging resistor gives a charging time of several seconds),
but they are isolated from each other during discharge by a resistor so that
when one side is discharged through a high-current switch, the charge voltage
appears across the electrode gap in the lasing chamber and the gap subse-
quently breaks down. Lasing action occurs in the high-current region between

the electrodes. In operation, the Blumlein is charged to between 15 and 20 kV.

Laser light output is a strong function of energy stored in the Biumlein and
hence of charge voltage. Also, a uniform current density between the elec-
trodes is necessary for lasing; arcing gr hot spots will quench lasing action.
[f the charge voltage is too low, dV/dt across the gap will be insufficient to
initiate this uniform discharge; instead, several fiTaments of current are ob-
served for charge voltages less than 10 kV. If the charge voltage exceeds

20 kV the Blumlein may break down to the case.

The nigh-current switch used in the Blumlein circuit is a sealed gas
switch (EG&G Model GP-46B) capable of reliable triggering with jitter less
than 10 ns if installed and coperated properly. However, polarity of the
charge voltage and the trigger voltage is c¢ritical. If the switch is used
in any other confiquration other than that illustrated in Figure 2, jitter
will be unacceptably high (100 us to several milliseconds). The trigger puise
should be approximately the same voltage as the charge voltage. Aside from
jitter, there is a (predictable) delay from the application of the trigger
pulse to the onset of lasing. This delay is not especially sensitive to
irigger voitage out sartes ~ith :narge voitage to a large extent. Thus, if

the charqe voltage is changed, timing should be checked.
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(a) Charged.

(b) During discharge (Ref. 2).

Figure 1. Nitrogen laser in operation.
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Figure 2. Spark-gap switch circuit.

The nitrogen laser radiates out both ends of the laser chamber. The
laser is superradiant so that no end mirrors or resonant chamber are required
to cause lasing action. However, the addition of a plane mirror at one end
of the chamber significantly improves laser performance. This mirror turns
the backward-going beam around, introducing some gain as it does so. The
adjustment of the return mirror is a fairly delicate operation, but it is
straight-forward and is performed by observing laser output on a phosphorescent
screen as the mirror is adjusted. Alignment is complete when the backward-
going beam returns down the center of the lasing chamber. Figure 3 illustrates

a typical beam-alignment procedure. —
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N (¢) Proper alignment.

Figure 3. Llaser alignment procedure.

D
NG
‘ag e g

) e

T

e
At

»
PR
ot 2o

"I:
BRI

)

-
?l '-).l l.

’
PR i)

Tyt .
e e T
LTt e
e, el e’

- . - . . . - . . . . - - - A T P - b W] - . - N - . . i
. - A .t T e B SN S g SN T e . e e PR T S TR S S S e S P SR .
POV RPN, S U P R G SR T R A ) A1 L A UL SR P Sl A i S L LU L S FRIC TOIR TSR LTS ‘«1




T o D B S e

AFWL-TR-85-82

NOISE ISOLATION

Because the nitrogen lasers are electric discharge lasers, they are quite
sensitive to electrical noise. To operate them successfully in the high-noise
environment of the SHIVA-STAR bank, it is necessary to isolate them inside a
single-walled screen room, along with all associated power supplies and
trigger delay generators. Trigger signals are brought into the screen room,

and photodiode signals observing laser 1ight are returned to the instrumenta-
tion van, through fiber-optic links. Since the ground of the power supplies
is allowed to float, the screen box may itself float quite high if the box is
! not grounded. This presents a hazard when laser alignment is taking place.

i;i Thus, the ground connection to the screen box should only be broken (the box
. floated) immediately prior to lights-out preceding a SHIVA-STAR shot. Holes
t' in the box to allow the laser 1light to shine out apparently cause no serious

reduction in the noise immunity of the system,

Laser timing is monitored by a photodiode on each Taser Tooking at the
interelectrode gap from behind the clear plastic top of the lasing chamber.
Signals are terminated and added through power tees so that a single oscil-
loscope channel is required to monitor laser timing. The ground of the mini-
coaxial cable to the photodiode will naturally float to high voltage unless
grounded to the power supply of the lasers (not to the screen room). This
is necessary to avoid both an excessively noisy signal and an annoying,
although not terribly dangerous, shock when handling the photodiodes or
fiber-optic links.

.....................................
................................................

........................
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DOWNSTREAM OPTICS

The optics used to get the laser light onto film are chosen because of
the peculiarities of using ultraviolet 1ight in a high-background, high-
vibration, high-debris environment. Ultraviolet light éuch as that produced
by the nitrogen lasers is attenuated severely in crown glass and plastic.
Therefore, quartz (fused silica) must be used for all transmitting optics and
all reflecting optics must be first-surface. Even the small surface oxida-
tion on the surface of an old aluminum first-surface mirror may attenuate the
beam severely (half of the light or more may be lost). The natural divergence
of the laser beam (0.5 deg) eliminates the need for expensive beam expanders
if the lasers are moved far enough away from the plasma of interest (10 m is

sufficient).

Laser light enters and exits the vacuum chamber through 0.25-in quartz
plates in the 10-in diagnostic ports. A periscope arrangement has two advan-
tages: It isolates the optics from bank vibrations, and it protects the ex-
pensive quartz lenses from debris when the quartz windows shatter. Often,
the lower mirror can be dusted off (carefully) and reused shot-to-shot, while

SR RN _ MR

the upper mirror is destroyed.
s

Laser beams are focused through 75-mm-dia quartz lenses of 500-mm focal
length. Ray tracing from the laser source through the lenses yields a usable
field of view of 5 cm at the center of the bank. Both spatial and wavelength
filtering is important for a high signal-to-noise ratio on the film. The
rasers are focused through a set of 200-um pinholes to provide spatial fil-
“ering, while a set of bandpass filters (FWHM 2.6 nm) provide wavelength
“iltering. Pinholes are mounted on translation stages providing adjustment
in the x-, y-, and z-axes. Bandpass filters are mounted on the film holders.
Film used is Polaroid.Type 55 positive-negative film. The lasers are intense
2nough to produce large exposures even on slow film. In interpreting data,
one method of sorting laser light from background plasma light is by inten-
sity; background light is much less intense than plasma light. An overhead,
schematic view of the optical train is shown in Figure 4.

In Fiqure 4, two independent optical trains are shown; in actuality, four
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iﬁ where one is interested in probing with shadowgraphy and what other diag- o
ji nostics are being fielded, any number of channels from one to four may fit. i
Often, a laser beam enters on the north side of the chamber, crosses through S

- the center near the plasma region, and is sent through an optical train on ji
o~ )
N the south side of the optical table. A FORTRAN program, BEAMS, is available ) ;:
:% on the Air Force Weapons Laboratory VAX computer to trace the laser beams ;zf
through the system and helps one determine the optimum placement of optical y 3

components. e
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Figure 4, Shadowgraphy system overview.
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SYSTEM ADJUSTMENTS

Aside from the adjustments of the lasers themselves, several other adjust-
ments can be made to the 1aser shadowgraphy system. One of the most straight-
forward is the adjustment of illuminatfion of the target area. Small turning
mirrors used to turn the beams through approximately 45 deg before they exit
ii the screen rooms are adjustable in two axes to finely align the beam onto the

area of interest. This is readily adjusted by observing illumination'on a
phosphorescent screen as the beam enters and exits the vacuum chamber.

Once the (now well expanded) beam exits the vacuum chamber, it is turned
through a periscope arrangement. Both the top and bottom mirrors may be
adjusted vertically, although this adjustment is quite coarse. Rotation
stages on both the top and bottom mirrors, however, allow one to adjust the
beam accurately so that it is able to pass through the downstream optics. It
is most convenient to coarsely adjust the upper mirror so that the beams fall
in the center of the lower mirror (that is, so that the beams are vertical as
they pass through the periscope) and to fine tune the beam path with the lower
mirror alone.

By far the most critical adjustment is the position of the pinhole spatial
filters. The quartz lenses in the optical train are, of course, not perfect,
and the smallest spot size they will focus to is about 200 um, the size of the
filtering pinholes. Using smaller pinholes will cut off the edges of the
image reducing the effective area that can be probed with the shadowgraph
system. It is important that the pinhole be Tocated at the position of the
smallest spot in all three spatial coordinates. Translation stages make this
adjustment possible, although it can be tedious at first. A small stick of
wood with a spot of white paper glued to the end makes a good tool for finding
the beam in front of the pinhole. (The laser is powerful enough to make even

plain paper phosphorescent when it is focused down to a spot.) Once the pin-
hole position is roughly determined, observing the illumination on a phos-

- e - . e s e,

RN SN RN <
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phorescent card downstream of the pinhole makes fine adjustment possible. The

z-axis adjustment (parallel to the laser beam) is made by observing the area 2?3

of illumination attainable. If the pinhole is not at the z-axis position of Ejﬁ

the smallest spot, the edges of the image will be cut off. If the pinhole is §:E}

grossly out of position, one will observe a diffraction pattern consisting of E;i
—

a bright central spot separated by a dark ring. This diffraction pattern is
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also apparent when the pinhole is misaligned in fhe x- and y-axis. Figure 5
illustrates the adjustment procedure for the pinhole.

There is a particular aspect of alignment that may not be immediately
obvious. The large metal table on which the optics are mounted can expand
significantly when the temperature in the bay rises late in the afternoon.
One should not expect an adjustment made the morning of the shot to be valid
later in the day. Adjustment should be made up until the time of the shot,
and the status of the shadowgraphy system should be monitored closely as near
to the time of the shot as possible.

(a) Pinhole not (b) Pinhole too S
at best focus. Tow. NS

t
(¢} Pinhole too (d) Pro
per
far left. alignment.

Figure 5. Pinhole alignment procedure. che
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SIGNAL-TO-NOISE RATIO o

The effect of the pinhole is to spatially filter out background light A

of the radiating SHIVA-STAR plasma, which is an intense ultraviolet radiator, E@;
from the laser signal. One may calculate the effectiveness of the noise ;_;
o

rejection with a simple analysis.. A simple model is illustrated in Figure 6. £§3

The laser light is considered as originating at infinity which is a good #93

approximation of the actual situation. The plasma is modeied as a point Ef'

source radiator at a distance x from the lens, which is also a good approxi- ijﬁ
mation since by the time the light passes through the periscope, the lens is ;fj
approximately 3 m from the plasma. The lens has diameter a, and the diameter é¥?

of the pinhole is d. The power radiated by the lens into 4w is P. Elementary N

optics theory tells one that the laser light is focused at a distance f, the ok

focal length of the lens, while the plasma 1ight focuses at a distance x', jﬁaﬁ
given by ce
e
1,1 1 (1) o
xTx °F oy
S
Therefore, the plasma light falls on a defocused spot at a distance f where e
the pinhole was placed. This spot diameter d' is given by
oo alx' - f) ..
d' = S (2) i
-
:‘.7;\
£
'f:::
Figure 6. Laser- and background-light ray tracing e
diagram., -
11 ’..
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But from Equation (1),

x* -6 _f (3) -
Y X
OT,
L ﬁ 5
d' == (4) >
Now, the power radiated by the plasma that passes through the lens, P', is :f
i d
2 k.
Y
S (T (s) fig
and the power passes through the lens that passes through the pinhole, P", is é;ﬁ
e
Pu = d2x2 P| t..1
azfs (6) e
This yields 2
-
" dz S
That is, the noise rejection capability of the spatial filter depends only Efj
on the diameter of the pinhole and the focal length of the lens, not on the ﬁ;:
lens aperture nor on the distance of the optics from the radiating plasma. ': 1
This calculation was confirmed when the 250-mm focal lenqth lenses originally J}j
oot
in the system were exchanged for the present 500-mm focal length lenses. The E;j
signal-to-noise ratio improved by about a factor of 4 as predicted by this ;xbf
mode1. e
o
&
2 S
{_{
N
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INTERPRETING DATA

. A shadowgraph is an image containing light areas (where laser light

| has exposed film) and dark areas (where no laser light has reached the film
plane). Laser light may be prevented from reaching the film plane by two
effects, attenuation and refraction. Any object in the beam 1ine which is
opaque at 337.1 nm (even objects which transmit visible 1ight, such as clear
plastics) will leave a shadow on the film plane. These shadows allow setup

: exposures to be made and interpreted. The shadows of vanes, cables, the QE:%
jf foil, and other objects are easy to identify on the film. However, it is ;ﬁi
ht not necessary to attenuate laser light to keep it from reaching the fiim ﬁk}
X plane. Any light which is refracted away from the pinhole, even though it gﬁ?
;; may not be severely attentuated, will not reach the film plane. Density L

- gradients in the plasma which fills the field of view during a shot are

kj responsible for this refraction. By introducing the pinhole as a spatial
filter in the optical train, the shadowgraphy system has been made sensitive

to density gradients in the same way as a schlieren system (Ref. 3).

I Al aee sm
et e
.

The refractive index of a plasma is related to the electron density by
the relation

2 2
g (252) ®
so that
dn _ _[2x €3} dn
dar =~ ( w m.) ar (9)

where w is the frequency of the light being refracted. We assume cylindrical
symmetry so that a ray of plasma Tight passing chordwise through the plasma

1t a distance x from the center is deflected through an angle qgiven by (Ref. 4)

1
\¢’ 2 -5 -._.1
6 = 2 Lodr (1 ] ;i) x dn (10) 5

2
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Now, the'gun plasma was constructed so that the density goes as

) No(r) = ﬂ‘;{l‘l (11)

or
dne _ _ 2x2ne(x . 12
- ___ng_l (12)

Thus, one has

‘ 1
Ye 2 2 3
8y = ny(x) (ﬂ,—;—z Sodr 1-X) X (13)
“ Mol Jx r‘/ r4

Now, the integral involved is a dimensionless quantity (Fig. 7) and may be
evaluated. Over the range of interest, it assumes the value 0.55.

The effect of the spatial filter (pinhole) in the optical train, besides

improving the signal-to-noise ratio, is to give the relationship of intensity
on the film plane

o1 84f . (14)

d
d

where f is the focal length of the converging lens, d is the diameter of the
pinhole, and (AI/I) is a measure of the darkening over the setup shot, and

(AI/I = 1) is a totally dark shadow on the film. This dark shadow corresponds
to a density of

d wzm,

" B CEHEET (15)

¢, max (x)
or, for nitrogen laser light

Nemax (X) = 3 x 10" cm=3 (16)
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Thus, a dark region on the film caused by refraction is equivalent to a'

: density of 3 x 10}® cm™? or greater. It is important to realize that

' using this method of analysis gives a true density cross-section, even |
- though the laser light passes through the plasma chordwise. Equation 10
essentially folds the effect of a chordwise view into the amalysis. [t

is also useful to realize that the sensitivity of the shadowgraphy system
- may be changed by changing either the diameter of the pinhole or the focal
- length of the lens. However, in this respect one is 1imited by considera-
tions of the signal-to-noise ratio and the ability of the lens to focus to
2 small spot.
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CONCLUSION

An ultraviolet shadowgraphy system had been developed which is sensitive
to plasma densities in the few 10'® cm® regime. It is fast enough to freeze
the motion of even fast-moving plasmas, and it is capable of operating in an
environment where there is a high level of both background light and electri-
cal noise.
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