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SUMMARY

This report describes results of experimental studies of copper

halide laser systems. The properties of double—pulse and inultipulse

copper halide laser systems have been established. Both pulser and

laser tube designs have demonstrated reliable operation under high

power , high prf operation : pulser lifetimes of 300 hours and laser tube

lifetimes of 100 hours without failure have been recorded for self—

heated , high power operation. Laser tubes of various sizes were tested

for high energy per pulse operation ; the results indicated t~~it high

energy operation is presently inhibited by discharge stability problems

which occurred in scaled—up laser tubes, and that optimum prf for multi—

pulse excitation does not vary with tube diameter over the range studied .

This study recommends the future directions for further activi—~~\
ties in copper halide laser research. Th. first is to recognize the

inherent advantages of copper halide lasers at high prf operation for

high average power and efficiency. This feature coupled with the demon-

strated seal—off, self—heated and long—lived tube characteristics, render

the copper halide laser especially attractive for applications where

reliable, high prf , high average power laser sources are required.

Evidently the low prf , high energy per pulse does not favor the best
operating features of these lasers.

The second recommendation is that practical solutions to the

discharge stability problem in copper halide lasers should be developed

in order to realize the full promise of high specific output energies

in larger tube embodiments. Various forms of transverse discharge

offer considerable promise for solving this problem. Of course, the

technological difficulties of high temperature operation are consider-

able. However, the laser performance improvements to be realized by

overcoming discharge stability limitations are substantial, and amply

justify the required development effort.
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I. INTRODUCTION

The main objective of this research program was to develop a

high energy per pulse copper halide laser system operating at a low prf
with a long operating lifetime, and to establish the critical physical

processes and engineering considerations relevant to scaling the present

system up to the 50 znJ per pulse level. In order to accomplish these

goals, laser discharge tubes with various lengths and diameters were

fabricated and tested, and the operating characteristics of the double—
pulsed and continuously pulsed copper halide laser were measured .

These measurements have provided the information required to recommend

a framework for the future development of copper halide laser systems.

1.1 Copper Laser Background

Laser emission from the copper atom was first reported by

Walter et al.’’
2 

in 1966. In this early work , 5106 A and 5782 A laser
outputs were obtained from pulsed longitudinal discharges in pure copper

at temperatures of about 1500°C, with conversion efficiencies of about

0.12. In subsequent work, Wal ter 3 demonstrated average power levels as
high as 0.5 W at pulse repetition rates of 1 kilz , with the convers ion
efficiency being greater than 1%. ~ut despite these encouraging demon-

strations of efficient , visible laser operation , no substantial improve-

ments in the copper laser technology were forthcoming until 1972.

In that year lsaev, Kazaryan and Petrash4 disclosed average
— 

power levels of 15 W at pulse repetition rates of 18 kHz in pure copper

lasers operating at 1500°C. These performance figures were achieved

with an overall efficiency of 12, and the waste heat from the discharge

was employed to heat the tube.

The Russian experiments at the 15 V level encouraged many

fresh attempts to realize improved performance from copper lasers.

Among these were supersonic expansion of copper vapor with transverse

2



a
electrical excitation,

5 heat pipe cnnfiguration~ for containing the

copper vapor,
6 electron bean exc~titien of vivsporated copper,

7 and
self—heated slotted hol.l.”w c’t1~~~e dischar~~’s in copper.

8 Each of these
approaches has been cucce’’~til In mon~tr~~ing lacer feasibility.

Significant progress toward solving the high—temperature problem

was reported by Weaver , Liu and Sucnv9 ~~ in 1973. Rather than employ-

ing pure copper ~s in previous approaches, 
s-he halides of copper were

used at temperatures near 60O~C. At these rP~~eratssrPs the copper

halide vapor pressure is about 1 Torr, wher’~’Q pur~ copper vapor pres-

sures of 1 Torr are obtained at about 1600°C. Superradiant laser
0 0

emission at the copper 5106 A and 5782 A wav&i”~~thc was observed in

pulsed (‘.uI:Ar discharges contained within ~li—hot auartz envelopes.

Copper laser omission ~~s subsequently repc~rted
12 in double—pulsed

CuCl :He discharges , with eptimum output occurring some 180 usec after
an initia] preconditioning electrical discharge. These experiments

dern~nst~ ated that copper laser emission cou]d be obtained at substantially

reduced operating temp~ratures , thereby greatly sinplifying the materials,

insulation, and lifetime considerations of pure copper lasers.

Recent experime’irs at the Westinghouse R&D Center
13 have

incr ~ ase.’ the “~ J urietric energy yield in Cul and C’iRr lasers to 35 pJ

cr~~ ~r. single 51~~ A/5 7~2 A laser pulses; this compares with 0.~ uJ
cm obtained in the first experiments reported by Walter . Furthermore,

the°~ exper
1
~~’-~ts have demonstrated laser puls~ repetition rates between

1 and 18 W’ . with o~”inum performance occurring t’e~’r~5 kllz. Signifi-

cantly, ~~“5 .
~ and 5782 A laser pulses are obt~’ r.ed from each electrical

excitatI~~ pulse. Apparent ly each discharge not only excites the copper

atoms. ‘*t ~r.-”ides predissociation for the following discharge in the

~1’~ pulse train. This feature greatly simplifies the pulser requirements

for copper halide lasers.

The problem of shortening the discharge pulse to times

comparable to the copper laser pulse duration remains the major tech-

nical challenge in achieving eff icient , h~~ h power operation Copper

halide devices produce 2.5 to 25 nsec laser pulse widths, and the laser

output occurs within the first 20 nsec of the ri,rrent pulse. Since



current pulses last for 100 to 200 nsec, most of the excitation pulse

occurs after laser action has ceased. Thus higher efficiency operation
will require improved energy storage, switching and discharge tube
assemblies to minimize circuit inductance and thereby shorten the
excitation pulse. In addition, the pulser unit must deliver its energy
at a suitable repetition rate into a low— impedance discharge load,
typically 5 to 10 ohms. This combination of electrical requirements
represents a considerable challenge for the circuit designer.

Discharge stability is a problem in copper halide lasers,

since the presence of electron—attaching species such as bromine tends

to constrict the discharge into an arc. This tendency is more evident

at higher operating temperatures and low prf a where greater concentra-

tions of electronegative species are present. In fact, discharge stability
considerations are likely the limiting factor determining the maximum

operating temperatures and discharge cross section of the laser tube.

The practical difficulty of initiating and maintaining diffuse glow dis-
charges in electronegative gases is not to be underestimated and will

limit the maximum useful copper halide densities.

1.2 Copper Vapor Laser Characteristics

Many of the operating characteristics of copper vapor lasers

may be understood by examining the copper energy level diagram of Fig.

1.1. The copper ionization potential is only 7.72 eV, substantially

lover than the 24.6 and 15.8 eV ionization potentials of He and Ar ,

rsspectivsly. Consequently th. dominant electron production in typical

copper lasers is through ionization of the copper rather than a buffer

gas additive. Furthermore , th. electronic levels of copper are the

lowest—lying of the discharge species , so that most of the electronic

excitation and fluorescence in copper lasers is associated with ths

copper sp.ciee. The sims co eflts apply to the halides of coppsr ,

since both ionization and fluorescence processes are dominated by the

copper rather than the halidss or their dissociated halogens. This

property ha. been observed and ploy.d for many year. in both 
low4



presa”re artd arc discharge lamps , where rare ‘~arth and metal halides

are added ~o -~ rcury:argon discharges to provide more pleasing color

rendition thrDu~h selected atomic fluorescence. This prior experience

with metal halid*~ lamps led Westinghouse in 1969 to study the possibility

of reduced temperature copper laser operation through the use of copper

halides.

The copper system is characterized by a spin—split doublet

structure which results in a multiplicity of laser energy levels. As seen

in Fig. 1.1, the 4p
2P

312 
and 4p2P512 resonance levels are connected to

the 4s S1,2 ground state by 3248 
A and 3274 A resonance transitions ,

respectively. The two resonance levels constitute the upper laser
0 0

levels for the 5106 A and 5782 A laser transitions, and lie within

248 cm
1 of one another.

14 Since the mean thermal energy at 600°C is

607 cm 1
, these resonance levels likely exchange excitation energy

quite rapidly during the current pulse. Furthermore , the 5700 A

(4p2P
312 

-, 3d
9&s22 D

312
) transition originates on the 5106 A upper laser

level, but terminates on the 5782 A lower laser level. All other known

electronic transitions in copper originate from levels above the two

resonance ievels, and terminate on these resonance levels. The radiation

from tP’~se higher—lying levels generally possesses the same relatively

slow tenmoral characteristics as the discharge current , and has been

attributed tn ~fi-erc~lo~
., reon’nhination procesces which populate the

high—lyi~~ copper i evels)~
The effective lifetimes of the 4p2P

312 
and 4p

2
P
112 

upper laser

levels profoundly influence the copper laser kinetics , particularly near

threshold conditions. When the copper ground state density N
1 
and tube

radius R satisfy the condition N
1
R ~ iol3 cm 2

, the 3248 A and 3274 A

resonance lines are imprisioned or trapped , thereby increasing the

effective lifetimes of the resonance levels)0’11 This effect is

illustrated in the partial energy level diagrams of Fig. 1.4. Under

these conditions the trapped lifetimes are 615 and 370 nsec for the

4p2P
312 

and 4p2P
112 

levels respectively , compared to 9.60 and 10.24

nsec without trapping. Thus the laser pumping requirements are greatly

reduced for N1R ~ iol3 cm 2
; this condition determines the effective

minim.im operating temperature for pure copper lasers as approximately

1200 C, and about 400°C for copper halide lasers. It also specifies

5
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a minumum dissociation level in copper halide lasers at a given tempera-

ture , since no copper ground st ate atoms are present Initially to

provide resonance radiation trapping. Thus resonance trapping is a

necessary condition for the practical pumping of copper lasers, and is

easily satisfied in both copper and copper iodide lasers at their

optimum operating temperatures.

A further requirement on copper compounds is that neither

they nor their major dissociation products absorb significantly at the

resonance or laser wavelengths. The former absorption effect would

prevent copper resonance level lifetime extension through radiation

trapping , and the latter effect would subtract from laser gai~L produced

by electronic excitation of the copper. We have measured both of these

absorption effects in quiescent and electronically—excited CuI:Ar

mixtures , and have found these possibly deleterious absorptions to be

negligible (<1% cm
1). The successful operation of Cul lasers confirms

this fact , although this condition is not generally true in analogous

metal halide systems.

The metastable nature of the terminal 3d
94s

2 2D
5,2 and

3d94s2 2D3,2 laser levels accounts for the self—terminating nature of

the 5106 A and 5782 A laser emission. Rapid stimulated emission of

these allowable laser transitions quickly populates the metastables,

which they “bottleneck” and reduce the gain to zero when approximate

equality with upper laser level populations is reached. This occurs

in 2 to 20 nsec, depending on experimental conditions, and further

energy extraction is not possible until the metastable population

has decayed sufficiently. The exact decay mechanism has not been

established precisely , but it is likely that collisional deactivation

is responsible.

The max imum available eff iciency in pulsed copper lasers is
derived from three factors: the ratio of laser energy to resonance

radiation energy (63.6%), the ratio of the upper level degeneracy to

the sum of upper and lower level degeneracies (60%), and the fraction

of electrical input energy exciting the upper laser level (60%). The

first factor is merely the quantum efficiency of the laser transition ,

8



the second factor accounts for excited state energy remaining after

“bottlenecking ” of the metastable level , and the third factor is esti-

mated in analogy with measured resonance level excitation efficiencies

in mercury lamp discharges. Their product , 23¼ , is an effective upper

bound for the laser conversio,l efficienc y . The failure of existing

devices to exceed evcn l/.~
()th of this efficiency is mainly due to

temporal mismatch between excit ttion and laser pulses , inefficient

& resonance level excitation caused by insufficiently high values of E/N,

and loss of population inversion by amplified spontaneous emission.

Ionization, high—lying electronic level excitation , vibrational and

rotational excitation , elastic processes , and dissociation can consume

further energy . The extent to whLch these various factors degrade the

efficiency is largely unknown, but it is clear that considerable

increases in efficiency should be available by introducing certain power

supply and optical design improvements.

1.3 Copper Vapor Generation

The class of metal lasers presents unique problems to the

experimentalist , since metals possess negligible vapor pressure at

room temperature. Copper is no exception , as the graph in Fig. 1.3

reveals. The minimum vapor densities required for resonance radiation

trapping , namely ~io
l3 cm 3 for typical 1 cm tube radii ,~

1 are not

reached until temperatures near 1200°C are attained. Pure copper lasers

typically operate between 1500 and 1700°C, where the corresponding

copper vapor densities range between io
l5 and io16 cm 3 . These high

temperatures necessitate the use of materials such as alumina and tungsten ,

and invite severe problems in electrical insulation , chemical degradation,

mechanical integrity and thermal economy. Since only a few transparent

materials such as sapphire can withstand such temperatures , all pure
copper lasers to date have operated with room—temperature optical windows.

Thus an irreversible loss of copper occurs due to condensation near this

cold region , thereby limiting the useful life of these devices. Further-

more, the.. high operating temperatures thermally populate the lover

laser level . At 1500°C the copper metastable population is about 0.01%

9
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of the  ground s t a t.  p o p u l a t i o n , but reaches about 0.1 % at temperatures
near 2000°C. ThI s  l a t t e r  v a l u e  is compar able  t~ the  fraction of atoms

which can be excited to rcs&,nance levels in norm.il eJ~ectrical discharges.

Thus copper laser operation would not be expected beyond this temperature ,

which represents the practical uppe r material limit in any case. This

restricts the available copper vapOr density to a maximum of about ioll
—3cm

The search for volatile metal—bearing molecules in gas dis-

charge lamp researc h has consistently uncovered only one sat isfactory

class of molecules , the metal halides. The copper halides volatilize

p r i m a r i l y  as t r i mer i c  molecules Cu
3
X3, where  X st.~nds for one of the

halogen atoms , afld attain vapo r pressures  near  1 Torr at temperatures

of about 600 °C. The maximum ava i l ab l e  copper atom density for various

temperatures is shown in Fig. 1.4 where it is assumed that each

metal halide molecule carries three copper atoms. It is seen that

threshold copper dens i t ies  of io13 cm 3 can be obta ined at temperatures

as low as 250 °C fo r  the chlor ide , assuming complete d issocia t ion.

~ Furthermore , copper densities greater than the maximum i017 cm 3

attainable in pure copper at 2000°C are potentially available from the

copper halides at temperatures beyond 600°C. Thus the copper halides

provide copious amounts of copper , even assuming relatively low dissocia-

tion levels.

1.4 Copper Vapor Excitation Processes

As discussed in Section 1.2 , the copper halides do not absorb

significantly at the copper resonance or laser wavelengths, and the

copper atom is the dominant source of ionization and fluorescence .

Moreover , the molecules are thermally stable over the temperature range

of interest. But most important , the electrical decomposition within

the discharge is reversible, with the original trimeric copper halide

species being reformed from dissociated copper and halogen particles.

This process requires from 20 usec to several msec in laboratory copper

Iodide lasers, depending upon the buffer gas pressure and copper halide density.

Thus the original laser medium is reconstituted shortly after laser

excitation and emission, without loss of material.

11
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The short l i fe t imes  of the 4p 2P 312 and 4p2P
112 

upper laser

levels in copper require rapid electrical pumping rates to achieve

population inversion . Without resonance radiation trapping , this

pumping rate must compensate for 10 nsec spontaneous emission losses
from these levels; above .~.io

l3 
cm

3 
copper densities , radiation trapping

reduces the resonance level lifetimes to 400—600 nsec.~~ Additionally ,

any electrical pumping after self-termination of the laser pulse is

wasteful. Thus the inherent nature of copper excitation and relaxation

kinetics demands rapid electrical pumping of short duration.

The use ot copper halides rather t han pure copper significantly

alters the ele: t ’icd discharge characterist1r~ of the laser medium.

In the first place , d i3soc~ation energies of 2.0 to 3.0 eV are required

to create free copper atcms t rom the copper halide vapors.
16 This

represents an ;4(ldition~l energy loss not present In pure copper dis-

charges , and .i potential detractor of the ultimate system efficiency.

However this energy investment, like the heat required to vaporize atoms

or molecules , can be of negligible proportions provided the copper atoms

can be cycled throug h the electrical excitation process many times

before recoinbloation or condensation necessitates a further investment.

This suggests high currents and pulse repetition rates to maximize this

utilization factor , and low buffer gas pressure to inhibit recombina—

tion. Preliminary ground state copper absorption measurements at

Westinghouse indicate that recombination times between 20 jisec and 1 meec

apply for copper halide Ar discharges with Ar pressures in the 2 to 30

torr range. Thus either double pulsed or high prf operation is suitable

for copper halide laser systems.
The second important effect in copper halide discharge is the

loss of electrons by attachment to dissociated halogens. The halogens

are notoriously electronegative, possessing electron affinities between

2.6 and 2 .9  eV. 17 During the rising portion of the current pulse,

electron production by ionization exceeds electron lose by attachment ,

and the electrons are the dominant component of the discharge current .

Copper laser excitation , st imulated emission , and self—termination

occur during this tronsient discharge regime , and ar~ lit tle affected

by the el.ctrnn ~nss process for suffic iently high current levels.

13



But as the current peaks and declines attachment exceeds ionization,

and the current rapidly quenches as electrons disappear and halogen

negative ions become the dominant component of the discharge current.

As this transition occurs, the discharge EIN passes through that value
defined by equal attachment and ionization rates; this condition has

been found at Westinghouse to specify the steady—state operating B/N

for high pressure CO2 
laser discharges. Thus the principal effect

of copper halides upon the discharge characteristics is to increase the

effective E/N through greater attachment losses, and to shorten the

current pulse duration through accelerated current decline. Both of

these tendencies are favorable for increased laser efficiencies.

Higher values of the mean electron energy create larger population

inversions according to Fig. 1.3, and the shortened current pulse

wastes less pumping energy after cessation of the laser emission.

Laser electron. attachment losses and the higher values of

B/N lead to instabilities which cause the discharge to bow, twist or

constrict. Such behavior reduces the excitation volume, deviates the

output beam , and can terminate laser action completely when a con-

stricted arc forms. This is a major problem area in copper halide

laser discharges , and has frustrated many experimental attempts in the
past. More advanced electrode geometries appear to have solved these

problems for discharges up to 100 cut in length and about 2.2 cm in

diameter. However, as the reservoir temperature is increased the con-

centration of electronegative species increases, thereby aggrava ting
the discharge stability problem. It appears that discharge instabilities

will always present an effective upper limit to the copper halide densities

available in diffuse laser discharges.

1.5 Laser Energy Output Scaling

Our previou s experiments have demonstrated laser output ener-
gies of ‘~.3 aJ at energy densities of “~50 ~J cm 3. Thus th. development

of a 50 aJ copper halide laser involves scaling by a factor of 17 beyond
present experience . We have developed longitudin al dischar ge modules
that can be scaled in length in a straightforward manner, but scaling

14
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in the radial dimension involves practical difficulties because of
discharge stability problems. Two types of scaling approaches have

been investigated : (1) energy density scaling and (2) volume scaling.

1.5.1 Energy Density Scal~~g~

If relatively high levels of laser energy density could be

tolerated without a significant loss of conversion efficiency due to

superradiant losses at 51.06 A, then a relatively straightforward d imen—
sion increase would be suff ic ient  to achieve a 50 mJ output . The critical

question to be answered is whether this laser energy density and eff i—

ciency can be maintained as the tube diameter is scaled up to approximately
3 cm. Superradiant emission losses have been observed to reduce eff i—

ciency and energy storage beyond this diameter , and there is great

difficulty with discharge stability at high temperatures with larger

diameter discharges. However , the scaling to 3 cm diameter does not
appear to be unreasonable provided the operating temperature is low,

but this in turn degrades the laser specific energy output from 50 ~
J cm 3

to less than 5 pJ cm
3. Thus the simultaneous attainment of high laser

energy density at large diameters is somewhat frustrated by discharge

stability problems which occur at larger diameters.

At low repetition rates (
~ 1000 Hz) a 

double—pulse electrical

excitation scheme is required to generate a single laser output pulse in
* 

copper halide laser mixtures. If higher repetition rates are acceptable

and manageable then increased system efficiencies can be obtained since

the dissociation pulse can be eliminated.

1.5.2 Volume Scaling

A straight volume scaling of the discharge up to the 5—liter
—3

level will provide a 50 mJ output at 10 1.~J cm . This would require a

tube diameter of 5 cm and a total discharge length of 255 cm The critical

question to be answered is whether the required current density, risetime,

and discharge stability can be maintained at discharge diameters of 5

cm. While volume scaling is attractive because of its simplicity, it

appears that larger diameter discharges suffer from stability and con—

striction problems in copper halide laser mixtures unless the density

15



is qui te  low . Thus the reduced volumetric energy yields which result

from lower density operation may not be suff ic ient  to compensate for

the larger volumes employed . Volume scaling and energy density scaling

are thu s interdependent , and the optimum tradeoff between these vari-

ables remains somewhat uncertain.

I
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2. EXPERIMENTAL RESULTS

2.1 Design and Fabrication of High Power Laser Tubes

The laser discharge tubes were fabricated from high quality

GE—204 quartz with molybdenum :quartz cup seals serving as electrical

feedthroughs. Optical grade quartz windows were fused onto the dis-

charge tube ends at a slightly tilted angle (‘10°) to avoid internal

reflections along the tube axis. Electrodes were made of molybdenum

cups with heat shields to improve their thermal efficiency. This type

of discharge tube has been operated successfully for over 100 hours

without failure under an average power loading of 50 W cm
3.

CuBr lasers were excited in either the double pulse or burst

mode by a current pulse having ultra—fast risetimes, very short dura-

tions and high peak amplitudes (>100 A cm
2). These required low

inductance laser tube designs that minimized circuit inductance.

2.2 Design and Fabrication of the Electrical Pulsing Unit

The circuit diagram for the high power pulser is shown in

Fig. 2.1. The two capacitors (Cd
) in series together with the apparent

discharge inductance (Ld ), the stray inductance (L5), and the discharge

resistance (Rd
) form a damped L—C circuit . The characteristic frequency

of this circuit is chosen so that one—half of its sinewave is equal to

the desired pulse width (tq
) of the pulser. All other inductances in

the circuit are large compared with Ld 
+ L , so that they have little

influence on the discharge circuit while the glow discharge is ignited.

Before the discharge occurs , the two capacitors Cd are charged

to a high positive vol tage (E
1 

— B
2

) ,  for instance 10 kV. No voltage

potential exists at this time across the discharge to cause ignition.

Then at a given t ime (t1) , the hydrogen thyratron (Th1) is triggered ,

causing its plate to be virtually grounded . This has the effect of sud-

denly forming a 1.—C circuit consisting of Cd1 and Lr~ . Due to the
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initial voltage across Cd1, the circuit starts to ring with its own

characteristic frequency, say 2 MHz. The result is that the voltage

(E1) swings from its original plus 10 kV down past zero toward minus

10 kV (F4g 2.3). If  the laser tube were not connected , the voltage

difference (E2 
— E

1
) would reach almost 20 kV. The circuit is often

referred to as a “Blumlein Circuit”. It provides voltage doubling by

what is termed “resonance charging”.

I f the laser tube is connected as shown in Fig. 2.1 then the

glow d ischarge ignites at some voltage lower than 20 kV (at t — tb 1r~
Fig. 2 .2 )  and the two capacitors (Cd ) di scharg e with a curr ent (id )

th rough the impedance formed by Ld ,  L5, and Rd with the desired pulse

width (t q ) as mentioned before , unti l  the glow discharge extinguishes

due to insu f f i c i e n t  voltage d i f f e rence  l e f t  between the capacitors.

The thy r at r on Th 1 ex t i nguishes when the current through it becomes zero.

After this , t h e  two capaci tors  Cd recharge again through the

• charging coil (LB), the diodes (D) , and the isolation coils (Li).

(The isolation coils are small compared with LB and reduce cross talk

between the thyratrons.) As long as the charge current keeps the diodes

in their conducting state, the charging coil and the parallel combina-

tion of the two capacitors , form an L—C circuit , which is tuned to the

maximum pulse repetition frequency of the laser. This L—C circuit

rings to a voltage which is ideally twice as high as the supply

voltage (EB
). In this way the circuit accomplishes voltage quadrupling

by applying the resonant charging principle twice in series. The diodes

avoid a premature discharge of the capacitors once they have attained

their maximum voltage.

When the capacitors are fully recharged , the circuit is ready

for its next pulse at t — t~~, which is now initiated through thyratron

Tb2 in the same manner as before through Th1. This time the discharge

curren t i
d 

flows in the opposite direction . Figure 2.3 ehows traces

from the existing laser driver circuit. The discharge current wave

has a bell-shape rather than half a sinewave because of the non-

linearity of 
~~ 

This circuit has delivered 3 kW to the laser discharge

18



ASJ~ ~~~~~~~~~
$

rm JYY~~~~~rr~
l ip U

L 1 H Cd Ca ~~~~~~~~~~~~~~~

L~~~ 

~~~~~

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  JYrr~..... +E
S. 

_ _  
8

Fig. 2.1 -Basic pulser circuit.

p___

- 

,

~~~

- 

t I~ 

/ 

,

—
~~~~~~~ t

1-0 tb ‘~~
—V 

I

F I I

I ______________________________

I
’ 

~~~~~
ItI. ~~tq~~

I Fig . 2 . 2 — P  set circuit waveform s.

- 
- 

19



a

1. Thyratron plate voltage.

2. Capacitor voltage (triggered branch).

3. Capacitor voltage (untriggered branch).

4. Thyratron current.

5. Discharge current

Scale: time - 50 ne/div
voltages - 5 kV/div
currents - 100 A/dIv

Figure 2.3 — Waveforms of existing pulser.
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at a pulse repetition frequency of 16 kIlz . The capacitors Cd 
were

charged to 10 kV with a dc power supply vol t age  EB 
= 5 kV. Westi ngh ouse

has used this type of circuit repeatedly fo r mi l i t a ry  type radars ,

resulting in a wealth of applicable experience.

Perhaps the prime advantage of these circuits is the fact

tha t  the thy ra t rons  are almost  isolated from the discharge circui t ,

once igni t ion  has occurred . This make it possible to maximize the

discha rge current  slope wi thout  concern for the thyra t ron  switching

speed .

The Blumlein c i rcui t  is well suited to the requirements of
the long—lived , high power , variable repetition rate copper halide

laser systems. The current reversing feature is important in the con-

tinuous operation , since it eliminates problems associated with longi-

tudinal cataphoresis effects19 and makes possible a truly long—lived,

sealed—off laser tube. This pulser can be operated continuously or

in a burst mode , and when the burst duration is reduced to allow only
two pulses in the burst it becomes a double—pulse power supply with equal

energy in the dissociation and excitation pulses. This pulser has been

operated at 2.5 kW average power levels and 15 kHz pulse repetition rates
for cumulative times exceeding 300 hours without component failure or

observable degradation of the operating characteristics. For double

pulsed experiments a simplified circuit was employed . This arrangement

used separate capacitors for each electrical pulse ’So that the dissocia—
tion and excitation energies could be controlled independently. The

capacitors were discharged through triggered spark gaps and the circuits
were arranged to minimize inductance and current pulse widths. Thus both

double pulse and burst mode excitation could be applied to the experi—

mental discharge tubes , and the 8eparate effects  of pulse spacing and rela—
tive energy could be varied independently. Long—term multipulse effects

could also be observed under burst—mode excitation.

21



p

2 .3  Laser Operating Characteristics

2.3.1 Small Bore Tubes

Experimental measurements were made on several laser tubes

having a discharge length of 25 cm and a discharge diameter of 0.6 cm.

The behavior of these lasers was characterized with respect to varia—

tions with halide species, buffer gas species , pressure , input energy

and temperature. The lasers were operated in a double pulse mode as a

function of time delay between the dissociation and excitation pulses,

and in a burst mode as a function of pulse repetition frequency.

Figure 2.4 shows the specific output energy per pulse for a

CuBr + 20 Torr He mixture as a function of wall temperature for double—

pulse excitation. The tube was operated in an oven so that isothermal
conditions were obtained independent of discharge heat dissipation.

Optimum operating conditions occur near 530°C, where laser output energy

densities of 45 u3 cm
3 are obtained . Laser emission was observed

between ~450 and 650°C for the 25 cm tube . Figure 2.5 shows the speci-

fic output ener gy fo r the same la~ser mixture at the optimum t emperature

as a function of the time interval between the dissociation and excita-

tion pulses. Maximum output occurs for pulse delays near 60 ~isec ,

although laser output is observed from ‘~l5 to~200 ij sec . A typical output

pulse wave form is shown in Figure 2.6.
In measurements using CuCl and CuI halide species the tempera—

j ture and pulse delay behaviors are essentially reproduced , except that

the temperature dependence is shifted somewhat due to the different

vapor pressure properties of the chloride, bromide and iodide species.

The optimum temperatures for CuCl and Cul are “.450°C and ‘.625°C reepec—
tively . There is found to be little dependence of the operating charac-

teristics on buffer gas species. The lighter gases such as He and Ne

tend to be better at producing non—constricting discharges , but in

sealed-off tubes at operating temperature, He leaks through the quartz
wall of the laser tube in very short times (‘.1 hour). For this reason

Ne was used in most measurements. The output energy was found to be

otily weakly dependent on buffer gas pressure with the maximum output

occurring between “~l0 and “.20 Torr .
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Fig. 2.4 — Specific output energy as a function of wa ll
temperature for a double - pulsed copper bromide laser
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The specific output pulse energy in the double pulse mode was

found to be fairly insensitive to the excitation pulse energy over a

wide range . Thus the conversion efficiency from electrical energy stored

in the excitation capacitor to output energy is highest at low input

er~ergy , being .3% at 14 mJ/cm
3 specific input energy in the excitation

• pulse. In general , the optimum energy in the dissociation pulse is
“.10 times that in the excitation pulse.

4 In the continuous pulsing mode or in burst mode operation, the

output pulse energy had dependences on temperature and buffer gas pres-

sure and species which were very similar to those observed in the double

pulse experiments. In addition , the optimum pulse repetition frequency

corresponded reasonably well to the pulse delay interval of the double

pulse measurements for small—bore tubes. The striking difference in

behavior between double pulse operation and continuously pulsed opera—

tion is in the specific output pulse energy attainable. The greatest

value obtained under continuous pulsing was “.10 ~J/ cm3 with a specific

input energy of 10 mJ/cm3 at a prf of 16.6 kHz. At sufficiently low

input powers , the output power was proportional to input power , but

saturated at fairly low input levels. The highest efficiency obtained

was “.0.12 under continuous pulsing.
Msasurements in a burst mode enable one to see the pulse—by-

pulse evolution of the output energy from the first excitation pulse.

~ ir observations indicate that when either the temperature is too low

or the input power too high , the output pulse energy decays af ter an
initial rise. Some possible reasons for this behavior will be dis-
cussed below ; measurements are currently in progress to determine the

temporal evolution of the populations of the relevant energy levels

through the burst of discharge pulses. The results of these studies

should make much clearer the underlying physical causes f or the observed

4 aultipulse behavior.

2.3.2 Large Bars Tub..

Based upon experimental r.sults obtained with small (0.6 cm)

bore discharge tubes , attempts were made to scale the dimension of the

26



1 * .

discharge region to achieve high energy output pulses. Preliminary

measurements in large diameter tubes indicated that severe difficulties

would be encountered in producing discharges which completely filled

the bore for tube diameters greater than ‘.4.0 cm . Therefore several

• lasers of more moderate dimensions were operated in both the double

pulse and burst modes. Continuous pulsing was also attempted to ascer—

tam average power capabilities. One tube had a discharge length of

50 cm and a bore of 1.2 cm, and a second tube had a discharge length
of 100 cm and a bore diameter of 3.0 cm.

Under continuous excitation the 50 cm tube was operated in
a self—heated mode using CuBr. The parameters for optimum average

power from this tube were very similar to those found for the smaller

tubes in burst mode operation , and yielded an average output power of
2 W at a 16 kHz repetition rate with a total input power of 1.5 kW.

This corresponds to a specific energy per pulse of 2.3 pJ cm 3 at an
efficiency of 0.13%. The optimum frequency could be varied by altering

the magnitude of the input energy per pulse. This effect  is shown in
Fig. 2.7. Thus one could obtain the same pulse energy at a lower repe-
tition frequency with a corresponding loss of efficiency.

In double—pulsed operation the 50 cm x 1.2 cm tube displayed

a temperature dependence which was the same as for the small bore tubes.

The optimum temperature was found to be “‘530°C. The dependence of laser

output on the time interval between pulses was similar to the smaller

tubes, with the optimum delay shifted out to about 150 to 200 ps.
However , the specific output pulse energy obtained in the smaller tube.
could not be duplicated in the 50 cm x 1.2 cm tube. The best performance

obtained was a specific output of 10 pJ/cm3 with a delay of “.200 pg.
-I.. 

-

~ —3Under these conditions the specific input energies were 118 a.J cm
and 39 mJ cm 3 respectively for the dissociation and excitation pulses.

The 100 cm x 3.0 cm tube was operated in a uurst mode with
cuBr , and yielded an output power within the burst of 6.5 V at 16 kftz
with an input burst power of 2.2 kW. This corresponds to a specific
pulse energy of 0.57 p3 cm 3 at an efficiency of 0.3%. The operating

temperatur. was much more critical than with smaller tubes , and the
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optimum occurred at “.400 °C. At higher temperatures it was not possible

to maintain a stable, unconstricted glow. This appears to be the crux

of t he scaling problem ; i.e., a large diameter discharge can be maintained

only if the density of electron attaching species such as Br2 
or CuBr

is low. This , in turn , implies a low gain, low energy density medium.

The 3.0 cm tube was also operated in the double pulse mode,

with a wide range of input energies in the dissociation and excitation

pulses. The same problem was observed in maintaining a discharge which

filled the bore at higher temperatures. The optimum performance was a

compromise between CuBr density and discharge stability. The best double

pulse performance obtained for this tube was a specific output energy

of 2.8 pJ cm 3 at an efficiency of 1.5%.

Table 2.1 summarizes the best observed performance for both
double pulse and multiple pulse operation for the three laser discharge

tubes described above.

2.4 Absorpt ion Apparatus

The faci l i ty  used for optica l diagnostics of the copper halide

laser has been constructed and tested . The spectroscopic apparatus is

illustrated in Fig. 2.7.  The copper halide laser comprises a longitu-

dinal discharge contained within a high temperature oven. The test laser

is operated in “burst” mode. A tunable dye laser which can be externally

triggered is employed as a probe source. The transmitted and fluorescence

signals are detected through a monochromator by means of a gated photo-

detector. The detected signals are either displayed on an oscilloscope

or are accumulated and stored in a digital multichannel signal averager

and processed by a computer through a teletype link. In the foreground

of the photograph is the Chromatix cMX—4 dye laser source, and behind
this is a shielded box containing the copper halide discharge cell ,
pulsers and control circuitry. The Fabri—Tek signal average is shown

in the rack at the left.

Figure 2.8 depicts the method of absorption measurement. The
copper halide discharge is driven by a high voltage pulsed power

supply (pulser) which is triggered by a train of pulses generated by
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Figure 2.7—Experimenta l absorption apparatus showing
the dye laser source , absorption cell
container , and mult icha n ne l signal averager.
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an American Electronics Laboratory Model 138 pulse generator. The pulse

repetition rate and pulse train duration can be varied. A typical

train may consist of pulses approximately 100 (is apart with an over—all

burst duration of 10 ins. Under these conditions , each burst consists

of 100 pulses. The pulse trains are separated by 100 ms in order to

(a) maintain the laser at approximately the sane temperature from burst

to burst and (b) keep the burst repetition rate within the permissible

repetitIon rate of the tunable dye laser probe.

The probe laser is a Chromatix CMX-4 tunable dye laser. This

laser is designed to fire only at the peak of the 60 cycle sine wave

of the line frequency. The clock that provided the timing pulses for

both the dye laser and the copper laser is the trigger output of a

Tektronix oscilloscope, synchronized to the line frequency , thereby

assuring minimum jitter between the firing of the probe laser and of

the copper laser. A computer program which included line shape overlap

to unfold the absorption measurement has been written and debugged .

2.5 Lifetime Limitations and Tube Configurations

There are two features of the copper halide laser system which

might eventually limit the operating lifetime, namely the switching

thyr atrons and Cu~ diffusion into the quartz envelope. By using the

double—Blumlein circuit described previously, we have life tested the
10pu lser cumulatively for over 300 hours (>10 shots) without any

failure. According to chemical analysis of a 50-hour laser tube, no

actual chemical reaction had taken place inside the laser tube, except

for copper diffusion and electrode sputtering . Without any modifica—

tion, the present copper halide laser system should be able to operate

beyond 500 hours. The operating lifetimes of electrodes can be

improved by using more effective heat shields or more efficient electron

emitters.
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3.0 CONCLUSIONS AND RECOMMENDATIONS

The properties of double—pulse and multipulse copper halide

lasers have been established by the fabrication and experimental testing

of three quartz discharge tubes. These tubes were operated as all—hot ,

sealed—off systems contained within temperature—controlled ovens for

double—pulse and burst-mode excitation, and as self—heated systems for

continuously—applied pulsed electrical excitation. Both pulser and

tube designs have demonstrated reliable operation under high power ,
high prf operation: pulser lifetimes of 300 hours and laser tube h f  e—

times of 100 hours without failure have been recorded for self—heated,

high power operation. The purpose of this present study was to assess

the applicability of these laser technologies to the high pulse energy

regime of interest for Navy applications.

The principle conclusion of this study is that high energy

operation is presently inhibited by discharge stability problems which

occur in scaled—up laser discharge tubes. When the tube diameter is

small as in the 0.6 cm diameter tests, specif ic output energies of
45 pj cm 3 

can be obtained routinely under double—pulse excitation.

This performance is reduced to ~l0 (JJ cm 3 under multipulse excitation

due to cumulative effects which are qualitatively understood as origina-
ting from gas heating and radial cataphoresis. These cumulative multi—

pulse effects can be reduced substantially with more advanced discharge
tube designs, but for the present longitudinal discharge conf igurations

I 

such effects limit the maximum available specific energy density in
multiply—pulsed excitation schemes. Nonetheless, these levels of perfor-
mance are more than adequate to contemplate the design of high output

• energy lasers.

As the tube diameter is scaled up to 3.0 cm a systematic de-

crease in the specific laser energy density is experienced. At 1.2 cm

tube diameter the double—pulse output drops to 10 ia cm 3 , and at 3.0
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cm the double-pulse output is 2.8 ~J cm
3. In each case the discharge

length consisted of 25 cm segments connected in tandem, so discharge

current magnitudes and risetimes remained approximately constant even

though the total discharge lengths differed. A similar reduction in

multipulse outputs was observed with incr eases in tube diameter . The

derating factor from double to multiple pulsing was approximately 5 for

the tubes studied. Thus increasing the tube diameter decreases the

specific output energy in a nonlinear fashion for both double and multiple

pu lsing.

This inverse relationship between specific output energy and

diameter is easily correlated with discharge stability problems. At the

larger diameters the discharge does not completely fill the tube cross

section, and at 3.0 cm diameter the optimum double—pulse operation occurs

at temperatures of 450°C. At higher temperatures the discharge breaks

into constricçed filaments, presumably due to higher levels of electro-

negative discharge species. Evidently the larger diameter tubes are

simply less tolerant of electron attachment losses which occur at higher

temperatures. Thus discharge stability considerations force lower opera-

ting temperatures in large diameter tubes. Since the copper bromide

vapor pressure is very sensitive to the temperature reduction from 530°C

to 450°C, the vapor pressure is reduced subntantially and the laser

operated very close to threshold . As demonstrated in the laser output

data presented in Fig. 2.4 for the 0.6 cm tube, a reduction in wall

temperature from 530°C to 450°C is sufficient to reduce the specific

output energy from its optimum of 45 ~J cm 3 to a near—threshold level

of “.4.5 itJ cm 3, a factor of 10 reduction. The remaining factor

accounting for the observed 2.8 ~iJ cm 3 is likely the lack of discharge
filling at the 3.0 cm tube diameter. Thus discharge atabihity problems

force near—threshold laser operation, and the discharge fails to fill

the available aperture as the diameter is scaled to 3.0 cm. These

effects account for the reduced laser performance as the diameter is

scaled.

As the specific output energy dechinei with tube diameter,

the laser conversion efficiency improved for both double and multiply
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pulsed excitation. The explanation for this behavior is not immediately

evident , but is likely related to the reduced gas discharge heating

per unit volume which occurs at the larger diameters. Alternatively ,

the larger tube diameters require longer intervals between successive

pulses for optimum output , indicating that the laser kinetics of copper

ground state and metastable destruction rates are more favorable at

these larger tube diameters. Whatever the explanation, it appears that

the specific output energy and the laser conversion efficiency bear an

inverse relationship to one another as the tube diameter is varied.

It is important to note that the optimum prf for multipulse

excitation does not vary with tube diameter over the range studied , even

though the optimum pulse energy for double—pulse excitation does increase

monotonically with increasing tube diameters. It appears that the multi-

pulse excitation of copper halide lasers involves cumulative kinetic

effects which render the optimum time between pulses independent of

wall effects. Volume deexcitation of copper metastables by gas collisions

is a likely explanation for this observation. Thus it is seen that as

the tube diameter increases and specific output laser pulse energy de-

creases, the average laser output power increases with tube diameter

since the optimum prf remains constant. Furthermore, laser properties

appear to be scalable in terms of discharge length in a straightforward

manner. This implies that the volume scaling of copper halide lasers

provides attractive increases in the average power output at high prf a,

and also i~~roves the operating efficiency of the laser system.
Copper halide lasers do not scale attractively in specific

energy output as the diameter increases, but the eff iciency improves
significantly. The limitation is discharge stability , and it is

important to observe that the small diameter results clearly show that

high specific output energies are indeed available from copper halide

lasers. Thus the heart of the matter is discharge stability. If this

problem can be overcome, then copper halide lasers will have attractive

~~
- _ - energy scaling laws.

This study recoimnends two principle future directions for

further activities in copper halide lasers. The first is to recognize



p
the inherent advantages of copper halide lasers at high prfs under con-

tinuously—pulsed , self—heated conditions , where the length, diameter

and prf scaling laws are very attrac tive for average power and efficiency.

These features, coupled with the demonstrated sealed—off , long—lived

tube characteristics, render the copper halide laser especially attractive

for applications where reliable, high prf , high average power laser

sources are required . Evidently the low prf , high energy regime does

not favor the best operating features of these lasers.

The second recommendation is that practical solutions to the

discharge stability problem in copper halide lasers should be developed

in order to realize the full promise of high specific output energies

in larger tube embodiments. Various forms of transverse discharges

offer considerable promise for solving this problem. Of course, the

technological difficulties of high temperature operation in such dis-

charge configurations are considerable. However, the laser performance

improvements to be realized by overcoming discharge stability limita-

tions are substantial.

A
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