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I. Introduction
The T-3 facilitj,wasidg?eléﬁed so that detailed kinetic/optical studies
'couldlbe performed on an electr;nfbeaméinifiated HF/DF chemical laser. The
basic idea was to deyelop a well characterized system so thét detailed
comparisons coqld bé pade with.Sandia’s laser codé predicgions. These
cqmpapiséns would enébie problem areas in the code to be mofe precisely
identified} One of the major reqﬁirements of the system was that the
eiectron de?osition in‘tﬁe Lgser'mixtufe be Qell characterized, both as
to th§ unifprmity-agd theAémpunt of eﬁe?gy.depqsited. Another requ;remént
was that the laser éell bé S0 constfﬁétgd thép many diagnostics could be
used ddfing ﬁhe.éamé'eQPeriﬁéntf iSome of the measﬁrements planned for
th¢~T—3 &e§16§~wgfeitojdetermiﬁe'thg.F atom concenfration produced by the
eleétrpn:beam, ﬁb'méésurefﬁﬁé,Fé<disappearanég and hence the overall
reaction tiﬁéAih H2/F2 éas'mixtuxes, to determine the Hf build up caused by
pferéaction of fhe Hz_énd'Fz and to détérmine sméll—signal gains on a number
of laser lines. = B | |
This reéotf ;111 givé.detailé_of the eleétron*beam system, including
the desigp and coﬁsffucfiqnﬁof the'lgsef qell;' In'éddition, electron-beam
deposition meaéuremen;sAéﬁd some préiiminary laser measurements will be included.
II. Ceﬁeral.Design'of.the Sys§em
A'schematié'représenfation of.thé T-3 systeﬁ is shown in Fig. 1.
The'electronsAb;oducéd!in‘thé aqqeietator enter thé laser cell transverse
to the optical axis so that.unifofm excitationlcén bé achieved. Hibachi
structures which support the foils on both sides of the cell allow operation
up to pressures of 5 atm.' A burst diaphragm is used to prevent the over

pressure from the H, + F, reaction from daﬁaging the laser cell. The laser
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cell is also equipped with three vertical transverse laser probe ports so
that optical measu: :ments can be made transverse to the optical axis.

The electron—beam accelerator1 has a pulse width of 50 nsec and
operates at voltages up to 520 kV with currents up to 40 kA. The
machine was originally designed to be a 0.5 J pulse-per—-second KrF laser.2
The original machine has been modified for single pulse operation for
the T-3 laser system.

A gas handling and pumpout system, similar to one previously described,3
is used with this system. Its function is to evacuate the laser cell to a
base vacuum of 10"5 Torr and then fill the cell to various pressures
of Fo, 02, HZ’ SF6, and HF gases. The gas handling system is remotely
controlled so that personnel need not run the risk of exposure to the
caustic, explosive gas mixtures.

A photograph of the system is shown in Fig. 2. The moveable cart in
the foreground contains vacuum pumps and F, traps. Optics mounted to an
optical bench are used to steer the probe laser beam into the cell for
optical absorption measurements. The entire room, which contains the
electron-beam machine and laser cell, is enclosed with concrete blocks
and a lead door for x ray shielding.

ITII. Electron—Beam Accelerator
The accelerator is a Physics International machine, Model PI 215WR.
As was previously mentioned, this device was originally developed and
used extensively for a 0.5 J, 1 pps, KrF laser at Los Alamos Scientific
Laboratories. Upon its return to Sandia, the machine was rebuilt and
modified for operation with the T-3 system. The modifications included
a new triggering circuit and a new diode design. Since the accelerator

is a commercial device, only a brief description will be given of its






operation; however, modifications to the machine will be described.

A block diagram of the éccelérator is éhown in Fig. 3. The Marx
generator is immersed in oil to prevent electrical breakdown. The Marx
is DC charged to a maximum of 38 kV/stage. Théfe are 15 stages whose
series capacity is 3.2 nF. At a charge voltage of 38 kV, the Marx generator
stores approximately 2 kJ. The energy from the Marx charges a cqaxial
waterline, whose length determines the pulse width of the accelerator. The
length of the line is 84 cm, corresponding to an electron—beam pulse width
of 50.nsec. The energy from the coaxial line is transferred to the
' diode by a self-triggering high-pressure gas switch. The pulse applied to
the diode has an amplitude approximately half thét of the switched voltage
and a duration twice»tﬁe transit time of the coaxial line.‘The operating
SFg gas pressure of the ﬁain switch varies from 60 psi for a 30 kV
Marx charge to 90 psi for a charge voltage of 38 kV. These pressures
were determined ﬁy obtaining a se}f—breakdown curve (voltage versus SFg
pressure) after the machine was rebuilt.

The original trigger circuit of the Marx was cdmpletely replaced.
Before replacement, the trigger was a major source of problems with the
machine. The new trigger gyotem for the T=3 oyotem incorporated a TC=70

4 to trigger the first three stages of the Marx. This

pulse generator
trigger system reduces the time jitter of the Marx generator to a feﬁ nsec.

The original diode had a 5 c¢cm x 30 cm cathode surface and was used to
excite a volume of 6.35 cm x 6.35 cm x 30 cm long. The current density
entering the laser chamber was approximately 110 A/cmz. For chemical laser
research, a current density of approiimately 500 A/cm2 was required; therefore,

a new smaller area diode was designed. Also, it was desired to make the

impedance of the diode about 15 ohms at 400 kV to match the impedance of
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the coaxial line.

The impedance ¢ the diode in ohms- is given by

2
_136md” 1)
Z REE; ry (

where

d = anode-cathode spacing
Vg = diode voltage in megavolts
A=

area of beam at the anode .

The cathode dimensions of 1.3 cm x 24.3 cm gives the required curren£ density.
The cathode emitter consists of five "saQ blades,” the teeth of which prov%de
multiple emitting surfaces. The total area of the beam at the anode was
originally designed to be approximately 70 cn? (2.5 cm x 27.3 cm). The
anode-cathode spaéing was then calculated to be 1.25 cm. Measurements of the
‘electron-beam uniformity were made at the anode by exposing bleachable cinemoid

film?

to the electron beam. Anode-cathode gap spacings of 1.02 cm and 1.52 cm
were used at various Marx charge voltages. The 1.52 cm spacing appeared to give
the most uniform emission aﬂd, therefore, was used for the rest of the study.

The charge voltage, diode voltage, diode current, measured impedance and

calculated impedance are given in the following table.

Marx Charge

Voltage (kV) Vd(kV) Id(kA) Z Measured () Z Calculated ()
30 390 28 ©13.9 23.1
34 437 34 12.8 21.9
36 475 38 12.5 21.0
. 38 519 AO 13.0 20.1

13
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As can be seen from the latter two columns of the table, there is a very large
discrepancy between measured and.calculated impedance. The disagreement could be

due to the fact that the area of the beam at the anode is larger than 70 cm.2

2, then the measured and calculated impedance would

If the area were 110 cm
be in fair agreement. A larger area would also explain the large discrepancy
between the diode enefgy and the energy measured by.the calogimeter. These
discrepancies will be addressed in a later section.

IV. Design and Construction of the Laser Cell

A laser cell was needed that had the smallest uneicited volume as possible.
This was accomplished by constructing the laser cavity with a square cross -
section and using the anode foil and a burst diaphragm to make up two of the
cavity sides. This is shown in Fig. 1. The only unexcited volume in the laser
cell is that associated with the vacuum and probe ports and a small dead volume
adjacent to each window. The total cavity volume is'0.53l &4, of which 0.234 £
is excited by the electron heam., A complete nrt of laser vavlily drowings is
located in the appendix at the end of this report.

There are three sets of viewing ports vertically through the cell with
sapphire windows. For some experiments a cw HF probe laser is passed through
these ports and the laser cavity. One port has been modified for the insertion
of a pressure gauge. There are also small pressure probe tubes that allow
pressure measurements at the anode.

Provisions were made inside the cell to install partitions that isolate
a volume of 16.38 cm3 (1 in3), located in the center of the cell.. This feature
allows experiments to be perforﬁed on an small, known volume.

As shown in Dwg. 4, unwanted light reflection inside the laser cavity has
been suppressed by machining small v-grooves perpendicular to the optical axis

on all inside surfaces, except the vacuum and probe holes. In addition, the



output windows are constructed of 0.64 cm thick sapphire and are inclined
20° to the laser ax: s so as to prevent reflections into active laser volume
and thereby reducing the possibility of parasitic laser modes.

The hibachi shown in Fig. 1 and in Dwg. 3 is used to support the anode foil
against the overpressure resulting from Fo, 0y, and H, ignition. The hibachi
open area is 897% of the anode area. The construction of the burst diaphragm
holder is shown in Dwg. 6 and is supported similarly to the the anode holder,
except the rib support spacing is wider. This wider rib spacing provides less
support to the foil and allows the burst diaphragm to rupture at a lower
overpressure than that necessary to break the anode foil. This then relieves
the cell pressure which prevents the anode foil from rupturing. The burst
diaphragm also allows HF gas which is produced during the chemical reaction
to be removed quickly from the cell to prevent etching of the windows.
V. Design and Construction of Electron—Beam Calorimeter

In order to measure the€ electron—-beam profile and to determine the energy
entering the laser cell, a "totally-stopping” calorimeter was designed and
constructed. Most totally—stopping calorimeters used in the past were made
from carbon. However, since carbon and a number of other materials react with
fluorine, new materials were employed for the present calorimeter. The segmented
elements of the calorimeter were made of aluminum and were thicker than the range
of a 700 kV electron. The material used to insulate the elements were also
fluorine compatible. Thus constructed, this was the first capable of measuring
electron loss in a fluorine atmosphere.

A photograph of the calorimeter is shown in Fig. 4. Each of the 48 segmented
elements is 2.34 cm x 0.56 cm x 0.25 cm thick. Chromel-Constantan thermocouples are
mechanically attached to each element. The specific heat for Al is 0.214 cal/ngC,

the weight ot each element is 0.85 gm and the thermocouple constant is 0.063 mv/°C.

15
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Therefore, the sensitivity of each element of the calorimeter is:

cal : J
0.214 m x 0.85 gm x 4.186 ol J
= 12.086 —
0.063 LV my

C

The output voltage of each of'thé elements is recorded on a strip—chart
recorder. It was originally envisioned that the calorimeter would be used to
determine the deposited energy; however, because of the short electron—-beam path
length (2.5 cm) and relatively low pressure used, the amount of the electron-beam
energy deposited in the gas was only a few percent of the total energy. This
made the measurements difficult, and it was thergfore decided to use.the'
calorimeter mainly for uniformity measurements and to use an alternate pressure
rise technique to obtain deposited energy.

Vi. Measurements

A. Accelerator Measurements

Initial measurements on the device provided operating chéracteristics of
the machine and a rough estimate of beam uniformity as a function of anode-cathode
spacing. A few important machine operating charactersitiés measured were:
self-breakdown voltage versus pressure for both the spark—-gap switches in the
Marx and the main switch. The self-breakdown versus pressure curves were very
similar to those given in the machine instruction book; therefore, they will
not be duplicated here; Diode characteristics were determined at charge voltages

ImaxTFWHM as a function

of 30, 34, 36 and 38 kV. The diode energy fVIdt e Voax

of diode voltage is shown in Fig. 5, which indicates a maximum diode energy of
1045 J at a diode voltage of 518 kV (38 kV charge). The actual energy which
was measured by the calorimeter placed at the anode under these conditions was
320 J which means that nearly 70% of the energy did not enter the laser cell.
It is suspected that much of the energy loss in the hibachi; however, some of

this energy loss was simply due to the fact that the beam at the anode surface-
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was larger than the opening to the laser cell.

B. Calorimeter Measurements

The calorimeter systeﬁ was used to measure the electron-beam distribution
near‘the anode and to obtain the energy depositﬁon in high pressure SFg. In
this case, the amount of energy deposited in the gas is a large.fraction of the
energy passing through the foil. Figure 6Ashows the electron—beap distribution
at a distance of 0.16 cm from the anode. The overall dimensions of the calorimeter
are 2.54 cm by 29.0 cm. The area of the cathode shown in Fig. 1 and in Dwg. 8 is
1.3 cm by 24.3 cm. As shown by Fig. 6, the distribution is peaked in the center,
which corresponds to the peak emission area of the qathode. The uniformity
across the cell varies by about a factor of two, which is not as good as
anticipated, but is sufficient for the initial measureménts. The total energy
through a 0.00l1-inch stainless steel anode'foil was 319 J for a diode voltage
of 518 k&. |

Figure 7 shows three electron-beam profiles, taken at the farthest possible
distance of 2.29 cm (0.9 inches) froﬁ the anode. These profile measurements
were taken while using an anode foil of 0.003 inch-thick stainless steel,
thereby causing a considerable amount of energy (®~30%) to be deposited in the
foil. This thick foil was necessary to hold the pressure (= 3000 Torr) needed
for these experiments. The total energy measured at 3 Torr of SFg at a distance
of 2.29 cm was 168 J, while that at the anode foil was 230 J. This indicates
that approximately half of the energy was scattered out of the cell, because the
fraction represented by absorption in the gas is pegligible at 3 Torr of SFg .
The profiles shown in Fig. 7 are much more uniform away from the anode than at
the anode which indicates a lot of scattering since scattering tends to make the
distribution more uniform. The léwer two distribﬁtions showﬁ in Fig. 7 give the

energy absorbed by the calorimeter when 3000 Torr of SFg is present in the cell.
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Here again the distributions are more or less uniform away from the anode.

The difference in the transmitted energy at the anode at 3000 Torr (73 J and
59 J) represent tﬁe accuracy of the measurements and the reproducibility of
the electron-beam machine. The difference between the transmitted energy using
3 Torr SFg and 3000 Torr SFy gives an upper bound for the energy deposited in
the 3000 Torr SFg. These values of 95 and 109 J obtained by calorimeﬁry will

be compared to the pressure rise measurements explained in the next section.

C. Pressure Rise Measurements

In order to determine the energy deposited in tﬁe cell at lower
pressures, a pressure rise pechnique was used. If energy is added
to an ideal gas of a constant volume (V), the temperature (T) will rise
according to PV = NRT. The pressure rise is given by T/T = P/P. Since the
energy deposited is related to the change in temperature by Edep = CVAT,
then

_ oy AP c8L
Edep = ch( K) Ty (2)

where C, is the specific heat at constant volume, T is the temperature in
degrees kelvin, P is the initial pressure and AP is the measured pressure
rise. Equation (2) will be valid whenever processes like radiation are
not important. Comparisons of the deposited energy by this pressure rise
technique and with total stopping calorimeters have been made on the A-3

device.6

Good agreement was obtained for Nz; however, the pressure rioc
measurements for argon, which radiates up to 40% éf its energy, géve deposition
values smaller.than those obtained by argon deposition scaled from No. In
general, the pressure rise measurements are made in nitrogen and results for

other gases are scaled according to density.

The pressure rise is measured for the entire volume including the excited



and unexcited regions. In order to determine the energy density deposi;ed

in the excited regic: alone, Eq. (2) should be multiplied by the ratio of the

unexcited to excited volume.. In our case, 0.531 £/0.234 &. One must use this

value to determine energy expended per F atom, which will be disgussed later.
Pressure-rise measurements were performed in nitrogen at a variety of

diode'voltages and in other gases (F, and SFg) at ghe maximué diode

voltage of 518 kV. Figure 8 shows P as a function of pressure for four

diffétent Marx charge voltages, corresponding to ‘diode voltages of 390 kv,

437 kV, 475 kV and 518 kV. The data shows that AP isrlinear with pressure

up to total pressures of 2400 Torr of NZI- The fact that APAis linear

means the deposited energy at a given voltage scaies with density. This

should be the case if pd& is much less than the raﬁée oflthe electron where

p is the density and 4 is the transverse dimeﬁsign’of the cell. The slope

of the lines in Fig. 8 is related to the energf deposited in the laser cell

in joules/4-atm. This value ié impqrtan# in chemical laser research since

it determines the initiation level or the fractional amount of dissociation.

This relationship is obtained from Eq. (2) and is given by -

' ’ APY_J
. = 0. =
Edeposned ok MCVT ( P ) L-atm
where
M = molecular weight
Cy = specific heat at constant volume
T = temperaturé in %.
for NZ
M =28 and C_ = 0.178 <&
v gm°K

23
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Edeposited =255 %;

In order for this to be useful for laser calculatioﬁs, one has to
multiply this by the ratio of total volume to active volume, in»this

case 2.29. Then Edeposited = 584'AP/P. A plot of energy d;posited

in J/4-atm N, as a function of diode voltage is shown in Fig. 9. The
maximum deposition leQel is‘31 J/@—atm N,y which.is similar to that of
large chemical laser systems. The curve shown in Fig. 9 increases with.
increasing aiode voltage, even though less energy would be deposited if
the total energy in the diode was held constant. In our deviée, the total
energy increased from 515 J at a diode voltage of 390 kV to 1045 J at a
diode voltage of 518 kV. 1In other words, the input energy increased by a
factor of 2.0 while the deposition only increased by a factor of 1l.4.

The basic approach of the pressure rise technique is to measure ;he
pressure rise in nitrogén (where calorimeter measurements have been shown
to agree) and then density scale these results to qther“éases, such és
argon and fluorine. In an effort to determine if the pressure rise technique
could be applied to other gases, measurements were also made in F, and SFg

since these are the gases of interest for chemical laser research. Figure 10

shows AP as a function of pressure for these three gases at a diode voltage

of 518 kV. Using Eq. (3) with M = 28, C, = 0.178 cal/gmoK for Ny, M = 38,

C. = 0.146 cal/gm°K for Fy and M

= o
v 146 and C, = 0.145 cal/gm°K for‘SF6,

together with a volume of 0.531 £, the deposition was calculated for each
pressure shown in Fig. 10. 1In order to determine if density scaling is
correct, the energy deposited .is plotted against pf, where p is the density

at each pressure and £ is the absorption length of the cell. In this case,
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4= é.54 cm. The results, plotted in Fig. 11, show that the deposited energy
as deduced by the pressure rise in F, and SFg fall below that predicted by a
density scaling of N,, shown by the dashed line. There appears to be an
error of s 50% at the highest SFg pressure 1f ﬁz data is used. However,
for deposition values for 0 < pL < 0.4 where most of our laser and kinetic
data were obtained, the error 1s insignificant. One possibility for the
disagréement at high pressures is that there is a significant amount of
scatteriné in SF@’ which was pointed out in the calorimeter studies and
much of the initial energy was scattered out of the cell. The upper bound
to the energy deposited at 3000 Torr SFg was obtained with the calorimeter -
system shown in Fig. 11. This measurement would suggest that the pfessure
rise measurement in SFg agrees with the calorimeter data and supports the
scattering argumenE. It should be pointed out that a plot such as the one
shown in Fig. 11 1is only logical if the electron range in all the gases is
similar. The range of a’SOO kV electron §aries from about 0.2 gm/cm2 to
r~ 0.4 gm/cmz, which is roughly a factor of 10 larger than the highest pf in
these studies.

The conclusion, therefdre, from these'pressure rise measurements is
that it appears F,, N, and SFg give roughly the same deposition values
for the pressures of interest for laser studies, i.e., 100 Torr SFg or
500 Torr Fy, and can be scaled from N, measurements. The disagreement
at high pressures of SF6 can be explained by scattering since the pressure
rise appears to agree with calorimeter measurements.

D. Laser Measurements

A limited number of laser shots were performed to check out the laser
system. An optical cavity was formed using a flat sapphire output coupler and

a totally reflecting flat copper mirror. The gas mixture for these shots was
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500 Torr F,, 150 Torr 0, and 125 Torr Hy. Measurements included laser
pulse width, laser energy and intensity distribution using "foot print”
paper. The electron beam current and laser pulsé time histories are shown
in Fig. 12. The diode voltage for these shots was 390 kV. The laser pulse
width is much longer than the electron beam pulse width as is expected using
the present initiation levels. The total laservenergy at thls pressure and
gas mixtures was 3.84 J. Using the deposition for an equivalent nitrogen
pressure of 859 Torr, the energy deposited in the gas was 8.89 J, yielding
an electrical efficiency of 437%, which is reasonable for HF chemical lasers.
The “foot print"” of the output showed that the laser medium did not have
any hot spots, which also agreed with our uniformity measurements.

E. Other Measurements

- The apparatus was also used to measure the optical absorption of the
P1(7) line of HF as a function of HF pressure in order to compare with previous
measurements. The energy expended per fluorine atom in SF6-H2(C2H6)(HC£)
gas mixtures was also determined. This experiment involved measuring the amount
of HF produced when the electron beam excited these mixtures. The results of
these two series of experiments will be published‘in the near future.

VII. Conclusions
The T-3 lasetr system, designed for HF/DF chemical laser studies, is

described herein. The system performance was outlined with particﬁlar
attention paid to beam uniformity and energy deposition. The diagnostics
for measuring the system performance were chiefly calorimetry and pressure
rise experiments, both of which were discussed in detail. Finally, some
HF laser experiments done with the T-3 gystem are briefly outlined along

with their results.
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