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KINFTICS OF EXCITED LEVELS IN COPPER-VAPOR LASER

(Ph.D. thesis, Hebrew University, Jerusalem, September 1980)

Israel SMILANSKI

October 1981

ABSTRACT

For the first time a full and representative description of the excited copper
level kinetics in a copper-vapor laser is presented. The research was carried
out in three stages, The first stage was the development of a representative
and reliable measurement cell. A laser tube constructed of refractory materials
and an excitation circuit which provides short pulses at a high repetition rate
to heat the tube and excite the copper atoms were developed. This stage was also
dedicated to characterizing the laser and studying its scaling laws. In the
second stage a rapid measurement system which avoids the problem of spectral

line shape was developed. The system is based on the 'hook' method, which
utilizes the anomalous dispersion in the vicinity of an atomic line. The light
source, a wide band nitrogen-laser-pumped dye laser, ensures a short sampling
time,and the recording system, with a television camera face as the recording
medium, allows precise data reduction. In the third stage the excited copper
level kinetics in a copper vapor laser were measured. The principal conclusions,
that only a small part of the energy in the discharge is utilized to populate

the upper laser levels and that the lower laser level population is very large

at the end of the excitation pulse and cannot be attributed to relaxation of

the upper levels, necessitate a new kinetic description of the copper-vapor
Iaser. The laser is not self-terminating; it is activated and terminated by

the electrical discharge.
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V1 +3 kV, 100 ns, 4 kHz; S 40 kV Relay;

V2 ~200 vV, 1 A; C3 10 nF, 5 kv;
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A Copper Lawet Uting Cul Vapar
1. SMMLANSKL, L. A LEVIN, AND (; EREZ

Abstrucs -4 smgle Cul dowsié-pelasd ey wis bolll. The depen-
dance of power GRIPUT on the deloy Betvern the two Excituiion pulesd,
empormme, snd dhe type of bélier guy ks bucw avestigsted. The
T ke deretion wes meatmandc

Same recent parens [1). [2) have reported on metal vapor
lascrs operating Al relatively low temperatures, utilizing 1he
fact that the vapor pressuret of tome meul salts are higher
Than Yhose of the metal irself.

Laser excitation is produced m two stages; in the first stage

« discharge pulss dissocistes the meta) salt vapor to produce
metal atoms, snd in the second stage 2 second discharge pulic
Pumps these atoms to the upper laser icvels. The minimum de-
Ly between the wo pulses is determined by the (ime Lhe
metsl atoms. produced in the excited siate, ryquire to docay 1o
the ground state. The maximum delay time 15 détermined by
the secumbination time of 1by disocured molecules An inert
buffer gas 15 used \o smaintain the dicharge and 1o keep the
windows clean, The type and the pressuse of the gay have an
impartsnt influence on the Lsser's characteristics.

In this work the dependence of power output on delay time,
temperatare, and type of bullcr gus harc been investigated,
and tlsc laser pulse duration was measured. The pawer output
wis compared for two pumping capacitory.

The active part of the Laser wat constructed of a quastz tube.
2.8 em in diameter and 30 cm long, encloscd in & tubular fur-
nace. The rest of the (ases (ube, oulside the furnace, was con-
structed of Pyrex with tubular sluminiem electrodes. The
Brewsies windows were supporicd on short tubes with ground
slass gounts. The vacuum connection wasin the cold zunc, en-
abling fast pas cxchange and casy pressure control. The dism-
cter of the Brewsler mindows (1.2 cm) detesmined the beam
dumcter. The tube was aperated undet @atic Vacuum condi-
uoms, s it was found unnecesiary 10 change the buffer gas
continuously. The discharge was always homogeneous and
reproduciblc, s long as the buffer gas wag reasonsbly elean.

The optical resonatar contisted of a flat maximem reflectiv-
dy broad-band diclcerc rmissor, and & {Ist dickectric owput

Masuwzipt tecened March 14, 1975,
The sutbuss e with Atomic Esergy Commission. Nuclews Research
Centye-Hege. Bert Sheva, luszl.

ot w0! sl w02

1. Uoublepulse power mpply eircult,

[ I I
el
Fa. 2. Ponwer puiput as Sunition of delay Ume. ®-1D ost He:a<)
o e,

[OR— R
YN W ot e LIS
Fe. 3. Fowes output as function of furaacs tamparaturs, Ty = 200
de ™ 6%V Coump ™ K ¥

coupling mirror. | m apart. Lating wea achieved at both 5106-
and 5781-A wavelengths simultaneouly. The diverpence of
the beam was about 1.5 mrad. Under oplimum conditions the
laser opernted without wirtors due fo its high gain, but witha
‘much divergence.

The electrical circuit used for the cacitation is shown in
Fig ). Sepamate highwoliage wpplics caabled indopendent
control of the dissociation and the pumping voluger. The
muzimum operating rate was 30 pps (power Rupply l.\mtcd)
The electrical leads 10 the tube were a8 short and s

ible.

poil

Dcpudsmolpo-u cutpul oo delay time i thown in
Fig 2. d on rature Fig. 3 for hellum bufley gm3. At
temperatures Iu‘hu than 588°C (3] Cul melts and diffuses
quickly fo the colder parts o ur the tube. However, (he later was.
apersted for 40 b at §50°C, with & high outpat, uuo-)y
$¢ Cul. Power measurements were made with ua

Fin. 4, Tume dependence of the luee pulse

17§ (OURNAL OF QUANTUM £ LECTRONW, HOVEMBER. yo-

Ly 5 Power ouipwt 4 unctian of bUITEr £25 preworc ot optamum
dely o Are He:T =S00°C. Tbe) s 200.mi TtAD » 45U

ameter, modet S85  Measrements of pulse shape #nd dura.
tion (Fig. 4) were made wiih a p1-n dicde terminaged by 5082 141 L
anda uo«m 475 Tcknenu oscillostope.

ewid!h reported here, 24 ns. 55 an arder of e 191 C W, Fee,
tude Iuder than that teportea by Liberman et af, (4).

High IepctiionfMe copper
wlﬂylLﬂ'l toi.” pp- 334-334. 1974,
Copprevapor

New Yank: oxlnni lysn

oicd copper [
Leerom. {Cormwp.). !dOEw.W 85545

Vi comeh S The CoReTTution B tacr aperation ‘1':“."“"""‘ i

was dependent un (he Exisicace of v cavity, Whote SOUNJED ) 113 ¥ esmim et oty
time wat 7 1. TRis lime is also nearer to that reported for Sem 1974

other capper tasers {31, inciuding a CuCT vapor faser (2{. [¢03 I'.k Schucbe(, “New

We have wlso invettigated powsr depradence on pressure
and type of bulfer mas (Fig. 51 Law | was achicved mose
y any over 3 wider prssure range Aith helium-ihan with
mm The mmmum dusocution pulse voltsge reautied 1o
operate the fasel Wih hefuwen was aboor 7 AV whde wath
argan 16 KV wgs necesary . There was no differen. in mim
mum pumpug vultage (6]  The feason 1ot the dndocution
voltage difference $60ms 1o be Lhe highet elecison (empetatur:
wchicved in the helium discharge. Both higher voliage ang
lower pressure were nerded to achicre lusng in wrgott. Thus
icw cathode configarauon wonld

improve the performance of the (vl vapor laser 17]

Reducing the pumping capacitor from 0.2 to 0.012 akF -
cressed the power oulpur hy 20 percent, whach wggedds that
the redured nsc tme compensated the edused aversll charge,
such that in both cases the current dunng the im 25 ns way
about the tame,
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A Hollow-Cathode Copper Halide Laser

1. SMILANSKI. A. KERMAN. L. A, LEVIN, aND G. ERLZ

Absrrwer - We hive succostolly optzaled a Col) aatt in 8 metal tube
in © hollowcathod? canfigaration. A verage ourpu1 of 400 mw was
oitaimed with 0.06 prrcemt “wilh phog” efficiency, Excitition wis by
polie butst with & repezition rute of 1-15 kHr within tae borst. Despile
the v of wn unrsed vacunm SyiBem sad cold windons the Saaet wab
operatnd for mare than 300 h va & e change of CuCT, The hollos

wallcd lomghaedinally Prmped coppes halade lesers.

4. T Sys1s and 115 Drstun CONSIDERANIONS
ML copper halide lases [1} was develuped to achieve the
potentially high efficiency of the cupper vapor lases af
low enpugh teniferatures to ease the problem of saitable
materials, As originally 4 12]. the capper
halide laset vperated in a dodble pulse mode. one pulse 10
dissociate the halide inoleculds. the wcond 10 excite the
dissociated copper atoms. However. i1 quickly became ciear
that the welatively lage amount of energy required by e
disociation pulse prechudes bagh laser efficiency. 5o a new
mude of opesation was developed. In this “pulse lrain™ mode
every pulie serves both 10 dissaciale the halide and to excite
already dissociated copper stoms [2] . [31. I the pulse repeti-
tion rate is faster than the molecular recumbination rate.
dissoclition energy van e saved.

The denigoer of uch a Laser faces the following problems,

1} The system should be suiuble for excitation by shust
electrical pulses (1050 ns).

2§ The resulting electron temperature thould be wifored 10
pump the copper atoms into the upper luer Jevels (47P), while
mainuining wilatie conditians for halide dissociation.

3) The Later tube should be vacuum tight. compatible with
capper halides. and optically teansparent at the working tem-
perture of 400-600°C,

4} The lascr tube should be capable of dissipating several
Kilowatis,

5} The system should have 2 fang mean time between hatide
1efllls and mechameal failures.

We deseribe below a luscr system n which an altempt was
made 1o overcome the problems and we report the progress
wiveved and difficulues encountered.

The structuce of the tube 18 described 1 E1g. L. Stainkess
steel was chosen & the main cunstruction matenal because of
s corrosion resistance. alisfactury electrical conductivity.
and selacively fow thermal conductivity. In order to achieve 2
short exciation pulte we used coaxial yramimistion lines.

Magiiony foscured uty 231976, o Ovacbes S, 1916
) Sraanss A Krap.and L A Lovin we wish e Aloms .oy
Commition, Rucksr Recaich Cenus Negev. Bese Shovs. Ll
i wath e Aomu | nergy Compussion, Nuckear Rescarch
. BeviSheva, bosed. nG aivo Ben Lwrion Universiy .

IR

oong Leup—

Fig 1. ta) Hollowcathode fawy strurture ewchematcl. (b) Photograph
of the hollow-<athode Laser nube

Transmussion lines permit the use of u single switch. a thyratron
10 this cesc. ahd simpler connection to the laws tube than is
povible with staplines [3): on the ofer hand. they requize
the emplacement of many electrodes along the length of the
faser tube. Bares for electrudys were dnlled m & stamiess sieel
plaw and in the upror sde of the laser wbe. The (wo parts
were then mated and welded  Quartz rubes were emplaced it
1he hoses and commercigl tungsten welding rods were intected
mto them  The electrode structure was thus coaxial glong the
entire path 10 the discharge Tegon. The vuter end of each
lectrode siructure was comented together with “Torr-ieal.”
making 1 vacuum tight. this entire region was water cooled
In the hot regian bath the electiodes and the quartz insulators
were left f1e Lo expand in all directians  Tue electeode plae
was slotted between elecrrodes 1o ceduee conductive heat
lones

The excitation ercart 15 shown 1n Fig. 2
S10ups of twenty | 1.8 cuuntab vables.

conusts of two
h 3 mlong e
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Frg 2 ¥ suitabun it of the hollow-cathode Laser

about 15.ns one-way delay). connected in parallel. One of the
gioups is resonundy charged thiough £, . D.and L, and serves
a5 a storage ne. When the thyratron fires. this fine npidly
charges the vther group of nes. which acts as the pulte-
forming network for the exciting pulse. If the Lag in discharge
formation 1s longer than the charging pulse. the latey tube
serves a8 the only switch in the circwt, seducing losses due 10
thyratron rise fime and inductance.

The tbe described above is a hollow<athode wbe. Thi
device is capable of producing more energetic clectrons than a
de-type positive<alumn twbe. A hollow-cathode tube quite
different from that described above has been constructed by
Fahlen and operated with clemental coppet at approxmmstely
1500°C {5]. Our main Interest in this work was to detepmune
wheiher hollow-cathode exciiation provides advantages aver
conventiona) methads of exciting copper halide lasers in the
range 300-600°C.

Stainless steel heating ups Was wrapped around the laser
tube and covercd with rock woal far thermal insulation. The
heater rating was 90 A. 8 V max. The remperature was
measured by 2 thermocouple and galvanometer. Heater power
wat varied by using a variable autotransformer. Use of the
extemal heater permits a flexibility in choosing discharge
energy and pulie repetition cste which is sbsent in sif-heated
lswn.  Preliminary experiments {which are being published
#parately) have shown that there is no significant difference
in laser output for differens copper halides in longitudinal
discharge tubes. We therefote chose copper chlande a3 the
laser medinm because jts working temperaruse 1s lower than
{hat of the bromide o jodide. We operated the laser in pulse
bunsts rather than in a continuous pulse train both because of
powes supply Emilations and because we could separatcly con-
trol the repetition rat-, pulie height, and average nput power.
In addition we could examiné the dependence of taser power
an the number of pulses fram the beginning of the burst.

The laser tube was closed with Brewnter windows. The end
mimon weee @ flat 100 pereent reflector and an uncoated
quartz flat output coupler.

M. ExpLriMERTAL RESULTS

Lating occorred uver a temperature range of 320-430°C and
4 frequency range of 1-15 kHz  The upper frequency limit was
1 by exciter limitauons. Asgan. helum. and neon were tned
& bulfer gases. Lasing was achscved in argan, but was stregular
The discharge did not i) the tube and therr wis Intemutunt
acing from tome anodes 1o the cathode  Laung tn argn
®cummed over a prewwre tange of 7-13 1air The laer behaved

5

more regularly in hebum. but with tome tendency urward
arcing and discharge shnnang.  The helium pressure range
which lasing taok place was 5-20 torr With neon =3 the bufler
£ the laser openated withow aicing md dischatge problems.
0 the range 1-40 towr  Best results were obuained for 5-tory
feon prossure. Even in this cate the gain was Jower than n
longudinal {zsers. nd both mirtors were requircd for laung
to oceur. The best results 1o date are 400-mW svtragr powes
output with 600-W de wpus power, Power was measured with
 Coherent Raduation model 201 power meter.

The e perimental results can best be explained by tefeinng to
dhe licscope traces. The faser w8 excrind by
2 bunt of 20-50 pulses, Fig. 3 thows the lases ovtpul l)piul
for such aburst. The output was dete<ted by sn E.GAG model
S80 padiometes {plana: photodiode) and Tektranix mode) 347
oscifigscope.  The cable from the photodiode 1o the oscillo-
“cope wis unterminaied which increaed pubse falt tmes. ea-
hancing photography With a millisscond time base, Common
10 alt the photographs is the pragrestive increase in lises powes
during the first 10-20 pulics. We assume that this increase o
relared to the accumulation of dissaciaied coppes i the vapor
phuse. If the only teo competmy praceses were distociation
and recombination, the laer power would sabilize at some
maximum value. However, as shown i Fig, 3, dbere is umsally
2 peak sfter which the power drops 10 a lower level, in some
cases lasing cewses complerely. There thos appess o be m
additionel {showes) ¥ors channet. Two poxitle processes ane
papalation by copper atorms of the metastahle 20 lower faser
devels, or sccumalation of chlorne molecules in the Laser tube
Chlorine could affect the election tempersture, changng
excitation conditions. We intend 10 investigate these postitals-
tiey spectroscapically.  The drop & later powes depends to
fome extent an opersting pametes such s supply voltage
and temperature. Fig- Xd) o m cxample of apesation without
2 powes drop, For this casc the capaciomer of the storage
lines was 13 oF. For a wpply voltage of 5 &V the energy
inpue per chaging cycle was 0.65 5. The sverage mpo power
of 600 W thus correspanded 10 approxmmatcly 925 pubes(s
and the 400 mW autput power corretponded o 3 mcan
erergy per pulse of 430 uf. The epetgy of the hagest pubes
wiy conziderably 1n excest of a millijoule.

Similac behavior of coppes halide Laser bunis bas been noted
by Weaver [6] in 2 fuogitudmal-discharge Iner. He reparted 2
clear Jependence of output INRTETy dstribunat dong the
burst on tempersture I (he bollow-cathode Lner we were
unable way chear-cut

Big 4 2 umuliseoun meassrement of the o ouput
angd the cument m a representatve tiecirode  The current
Maonitor was a Pearon model 4] 1 cusrent probe placed around
the clevteode Jead near the tube, the Nght was measured by 2
50.Q-wmunsed EG &G. model 580 icsameies head Laung
occured @ the vursent decayed. the puhewadih approm-
mated the current fall e Thes o the most swabie aperatmg
mode for 3 cych st The resolt ggesss a relatvely bow
Current density n the bollow cathode laser, followng Leunasd’s
anatyes {7}

The width of the voltage pulse was teasured 3t He wput v
the pulse-lorming network and at the chvtodes  The pubc
 namruwed by the pubc-lummg netmork (rom 0 s FRHM
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Fig. 3. (w) Duiléwp of lesct
500 paidiv.: 3 XV lapu

it I0°C.
2 myan. 6KV laput (oo d

leading odge. 6 1011 aech;
wdhm. & tory meon:

W‘C
\-am:.'lWhv-hsln‘C. mnu.:m,-u toet meon; z-l
£ @) Nondecrmseg

it 5 o mon;

Flg 4. Lowey trace—lasmr lght output.

trpa-slactrode curyo!
l’h_ﬂ-ldv.mhl‘h.llilﬂh ull-ﬂ'lkv 6|ﬂl’

at the laput to S0 na FWHM a1 the elecuodes., in scordine
with the design ssumptions. If there were 10 reflections in
the Lioe, ie., if the pulse-forming nerwark were perfectly
matched (0 the tbe, the parrowing would case 2 more dgnifi-
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canl increas In efficlesicy, However, there are furge reflections
from the Werdine boundary, indicating serfous mitmatch. *
These refiections necessloated the inclusion of the diode 2,
and resistor Ry In the exciting circult to prevent the develop.
men of very high volages on the charging line 18] . About
200 W of reflecied power wese distipated b0 Ry

The hollow-csthode laser described sbove has proven to have
luptnm qulities of reliabiliry and laser material conservatiun

the descrived he than 300

work hours~it was not neces<ry ta open the tibe to effect
repain, clesn the windows, or add CuCl. Phcnomens en.
countered in langitudinally pumped Lasers, such as lasant migra-
tion towards the cathode or cataphorexis of chiorine vapor, are
abmat in the hollow-cathode configuration. The vapor spreads
through the tube primarily by diffusion. Since the anodes are
installed in & eoqled platz. the xnode wgia iscaldes than twe
1230 of the (ube (the cathods). We found that upon shutting
OfF the laser aiter a shory operating period, mast of the CuCl,
which was initially spread on the battam of the tube, had
crymllized near the anades. During operation of the laser it
retumns to the tube volume, postibly by sputtaring. We found
0 tridence ©f wetallic topprT tepoition o the e wall;
spparently the consumption of CuCl b insignificant. The fact
chat che tube & metallic prevented us from observing the state
of the clectrodes withour digmantling the laser. The stability
of the discharge over the endn period ol'operlllo'l. however,
Jeads us to believe that oo dignlfk
The holow<athode drign o appeans to have dp\munl
advantages over Pyrex, or quartz-walled longitudinally pumped
copper halide lasers, in particulas 3 reprds durabiility, mechan-
cad strength, aad lesaat contervation.
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Comparizon of CuCl, CuBc, asd Cul = Lassats for Copper-
Vipor Lacrs

S, GABAY, 1 SMILANSKI, L. A, LEVIN, AN G. EREZ

Abyarmct -CoCl, Culr, and Cul have been compared in 3 fixed Faram-
eler gysem o hsanls (G coppervapor Lucts. The ouipul powes. for
optimam tempecaase, bufler gar Preseare, sad delsy tama ware fouad
10 be in he ra0 Py Poucr FCul * 6-3:2.

The thiee Lasam in £opper-halide capper-vapor luers
are Cal 1], Cabr |~| and CuC1 13]. I order to design
copper-halide lasers it % amPOrlant 10 compare the lung
Properties of the vanous Malides to select the one most
suntabie for a specifus ute

Uanuutpl ovemed Septemper 30,1976,
Coabay. § and L A Levin ase with the Ato.. ~ Enesgy
l'ummn_ Nuchas Rew ach Uenbrn ey s Sheva, fused.
G, brer 3 with the Atome Enermy Commnaon, Nuckesr Rewach
Center-Neges, Rees Shess, Juael. 40d wath the Physos Deputment.
Ben Gonan Unnerny . bieer Shevs. Lacl

To this ead we have vonstructed 2 longiludinally excited
double.pulic lser. The discharge tube was demountsble asd
replaceable, while all other components, c.g.. windows, elec-
trodes, and excitation leads, remained (ved throughout the
study, A schenntic diagram of the lase, ,ube is shown in Fig
1. The operaung principle is » hot center region with cold
ends. The advantage of such a system is that clecirodes and
windows are casily connected, its disedvaptage 18 that bt
diffution towards tn cold ends limits the aperating tune for s
Eiren copper-halice chasge, Helivm was vied ay the bufler 1.
4 flowed continuously, with inlels near Ihe windows ard in
autlet in the cold side of the anode The helium pressure wat
adjustable: it was mensured with an Ldwards dial gauge. Tht
dischasge tube was 8 30-mm dism. quanz tube, blown wome:
what wider in the middle fo form the latant reservoir, 2580
lasant were sufficient (or about 20 b of operation at optimum
lasing temperature; operating time was longer for lowet tem-
peratures and thorter for higher ones. The discharge tbe was
supported between two hollow water-cooled aluminum eit<
trades, Silicon tubber O-sings cawred sdequate vacuusm il
The tobe was heated by 3 concentnc oven, the lemperatust
was measured with a vompentated Ihermocouple and oo
trolled with a Euratherm temperature cantraller.
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The electrical cifcuit it shown in Fig. 2 It conaists of dis-

(mmux;:_‘-ndummndlmu.'r amall glas thyrarose
type SC22) wrve a3 wwitchey for discharpiay the capacitor.
The inductor 1. is the dissocistion circwit decremss dljdr i
capacitar €y,

TR 1, taus protecting it. Moreover, slowing ha dissecietion
vul.n reduces dVidt in the cxcitation thyretyos (TR 1)—

meamircments wesy wads at & ropwti-
unnuleulip-h:m-u—l(;-) No stionpt wes mode
time of the excitation pulse or .-'m“

o misisalre the ries

mmmm-&hﬁnﬂ‘h
pm-lnlmwm caagee. n this way

:rhdﬂelﬂlﬂ u:mumd-.—
palee optimmm

dela the ratio F e €31 Ha

y arc in the “- - -
<HINg to note that lo'ﬂ“wm the optiman

ature correaponds 1o 8 copper-halide vepas peassure of sppran -
m!ﬂvoolmﬂlﬂ 'I'le delay
(IZDm)InM(m-)DCﬂ(”-} m-_

incues i the Senm-
binstion 1‘-“
with the decreat i electroa alfs -7 ml!ll )

Pou P = 6:4:3.
copper chjoride i this cont dut 10 2 manliov deviation fross B8
PCimem Saffes g presas
In cuaciusion, nmmm—n-—‘—*
power thya the om commonty maed Ol md Col watu e
rrported coaditioss. The deffersace, bowever. &
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amull that other conmderations, wch as working tempersture.
may determine which halide to émploy in a given system
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Time dependence of copper-atom concentration in ground
and metastable states in a pulsed CuCl laser

J. Tenenbaum. |, Smilanski, S. Gabay, G. Erez,' and L. A. Levin
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B e messured the hoe Sepondesve o the soemLaon W cupper atoi @ the g
i Aot 3 T ot o . g e sbo
Uhat the grounastate population fias om 2 vers small Aalur 1 the gad of the divns
v and decreaes dowly abier abvt 160 sves The ictastable population fes s s
bt 81 s and thim decreases relatnely 1spidly We onclude that the .|
mes 1 3 bl e o bl et e deernunes peimards b the show fuldup
Then e st b

ol alonis sppee b W tound
v pul 1

avmuan aliee

mun e delay

he wepper

atom proundsiate

PACS numben 42 58 1y,

10Rp MW g

INTRODUCTION

One of the earlicst pulsed metl halide luscrs was
the thatlum-tcide faser discavered by Iaaes and
Petrash ' In thesr luser an electnival pulse dissoeiated
the T miotecules, creatng iree T4 atams. Enough ol
these atoms were produced in the uppes laser level lo
create a papulauion Inversiun and taser actin w535 0
mn, Attenipts o achieve siiar results i copper
halide vapors were unsuccesstul® yntl Uhen discoversd
that Yaser action n copper halides requires two exci-
wation pulses separated by tens or hundreds of j.sec. A
nuniber of résearchers who have used this techugue
have reported that lasing occurs only tor a weli-defined
range of interpulse SepIPANIONS With maxIMUN output 3
% ptimum delay, The explanation wioch has been of-
fered for this phenonienca 3» s fallows ™™ the lest
electrica) pulse dissociates capper halide molecules.
creating free copper atoms. Sonte ol these aloms are
produced In the 18, ;, copper ground stale; bowever, a
large fraction are produced in the metastable 0. ;, sud
2D,y states, which are the lower levels of the 510. 6+
and 378, 2-nm faser lines. respectively. The aumimu
delay represents the time required for these states 1o
be sufficiently quenched by collisions ta peraul the
secand excitation pulse to achieve a threshoid inver-
sion. The maximuni delay 15 defernuned by the dis-
appearance of copper atoms by recombination

resulls

10 detatl by Mutehell and Ze
witicient L, a1 the trequency

kv *The absorplion eoe
s letmed by Lhe Gpuation

2 doexu= il o

Where v 1 Uie @nckiess of the absorber and 7 aud £,
are the intensatn weident and trapsmtted lwht.
Tespretsvely, The mtegral of e absurption coelliciont
the Lnew dth 2ives

s

Bru XL 2)

where 3 15 the wavelemsth of the tranmition
are the statisteat werghis of the lower and upper atites,
respectively, A 15 the concentratian of dloms i the Lo«
er state tWhe upper Slate 1 presyied empryd, 3nd 4 s
the spontaneous transiuun probuniuy. For ewdtes

and absorber with tnie linewidths the trunsmited in-
Lensity 15 piven by

Fdorhes £ L e by 13)
and depends on the detals of the enutter and absorber
spectral profiles. For a Doppler-broaded liny ul Ridth
Ap, the absorption ean be expressed in terms of k..
the absorption cocfficient at line center.

[t

By,

For the special ease ol small absurgtion and Doppler-
broadened emitter and absorber of equal Linewid'h the

Recently, two groups repnrwd
for the ime of
in the § and & states. " Bolh Eroups weasured the pop-
ulations beginning several tens of ysec alter the dis-
sociation pulst and extrapalated their results to zero
ame defay, Weaver” extrapolated o a wixtmum roi-
centratwn 2t Zerd tume delay, while Shukhtin of ol.

o zern at zero
ar'ay, In the present work we have measured the tune

15 piven by
P hdv (i lexpteitn - . . )

We have used the above expressions as i vusis for des
tepnuumt the concentrations ol cupper 3oms in the 5
and i states by measuring he Wbserpton of bnes with
known transiton prolabiliti 5. A number of elteets
must be considereu 1awever, 1 determining the con-

dependence of the 5 and & state
the entire delay intervai, avoiding the need for
extrupslation.

The method we choze was the classical onc of ab-
sarption af the radiation (ram a copper light sour e.
The theory of resanance absurptiun has been reviewd

'Alua P Gur
torael.

nivecsity uf the Segev, Beer Shiva,
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Sronr the & teeu stensiy. The eijor
eltects are as follow

{1} The copper lines are complicated by 1sotape shifts
and hyperfine structure, The emitter tnd absarher line-
widths are nat the same nor 15 the prafile a simple
Doppler prolile. A delailed treatnient ul these etfects
18 @ven in Ref. B.

(2) The “absorber” 15 an excited laser tube which
emits fluorescence at Lhe absorplay wavelength We

© 1978 Amencan nstiie 0f Prysics 2662

easured the tuar
W tron the u

e separately
EIted 1BtenNY .

vl subtracted

(31 AUsuTIGN cortficIeats for transimons {ront the &
stite are AFEP. pecesSIGRImMG measurements tor large
ICGEOn dewtin The atvuracy of measerrments des
creasis wilh nereasing absorption, both ecause of
TedUeet stmal to notse and because of rermssin ol
absurbed resomitiee Fadiation. We have indicated the
reduced aceuriey of (hese measurements by using
dashed Lines for all resulls v h the absarplian ex-
ceeded 0 80, The values for concentrations arrived at
from these data must be considered approxiniate, The
meanurement of the time dependence, which us the pur-
Jmse of this ook, 1s fortunately Telatvely unaftected.

EXPERIMENTAL APPARATUS AND METHODS

Since the Cu vipor Luser s characterized by large
transient g2, the toss on the princyal transitigns 15
alse large under nonlasing conditions, In order to de-
crease the measured sbsarption te 2 reasonable value,
all ere perpen-

dicular w the laser axis.

The laser tube was of the “cold electrode” type (Fig.
1, A Byrex lbe 25 mum in diametes - 300 mim was
fastened ¥ith O-rmgs 10 standard “Edwards™ sluminum-
alloy components, Midway belween the electrodes, tva
10-mm-diam Pyrex tubes were sealed oppasite one
another and perpendicular fa the axis of the laser tube,
These tubes served for the ubsorplion experiments.
Therr length waa 50 mm; quariz windows were clamped
10 them with O-rangs. The heat conductinn of Pyrex is
sutficieatly Juw that u 10~ mm length provides an umple
«radient to keep the O-rings at room temperature. The
laser waze was heated %tk healing tape and tnsulated
with rock wml. 'rne lemperature was measured with a

bya " con-
troller, ‘l’hl‘rv ahould be good elecirical isolation be-
txeen the tube heating element and thermocauple (o
avoud damayte to the controller by the discharge pulses
during taser operation. All the windows were mounted
m the ecld zone. I this type of lager there is constant
lasant mugration from the hot zune to the cold zone.
The laser output was monitored s an indication of
lasant supply conditians. At 375 C the laser operates
aboul 25 work hours; refilling 15 simple and quick.
The electrical excuation circuit has been described
tlsewhere. * The repetition rate was 2 Hz, although it
could easily have been inereased. Above 3040 Hz the
elecirodes shauld be covled.

:

* H =3 3

i 53 §§

i e -H] Au
ulating
Sectiaa

FIG, 1, Sichematw i “rotd elecirade™ Laser ube,

63 2 Apgh fmys . vol 48, No. 5, May 1978

Phatad

\

—nae
AN

{

n-l"
tar

L wataer G

Lxperunental setup usd th measure -4,
¢ evcentration,

metantile-

Ansarpiion measurements on the 20, ,»-*P- ., transi-
tion were performed using 2 Cubr laser as the source;
the experimental setup is described in Fig, 2. A varj-
able delay generalor permitted the CuBr luser o be
delayed with respect to the dissociation puise of the
CuCl laser aver the range 0—1008 psec. A PIN photo-
diode monitored the CuCl laser outpul. Absorption was
measured separately for each of the two copper laser
transitions with the aid of bandpass filters. The Lrans-
multed intensity / was measused as a lunchion of delay
ume with an £G & G Model 560 radiameter. I, was de-
ternuned by not exciting the CuCl laser. The fluare-
scence from the CuCl Jaser was found 10 be neglgble
foecause the radiometer could be placed fas from the
laser), For all measurements the CuBr laser power
was well below that neéded to saturate (he b-P
transition.

The arr.ngement used to measured the ground-state
population is shown in Fig. 3. The light seurce was 2
CuCl Lamp, The lamp operated at 400°C and was sim-
i1ar 1o the Laser lube, but was excited with only a sin-
El€ pulse. The 749, 2-nm line ¥as used, The lamp oul-
put consisted of a ehort intense splke followed by an
afterglow of about 100 ser (irst noted by Cheo). In
order to achieve a time resolalion of better than §
usec, we fixed the input time constant of the PAR Model
160 boxTar integralor al about T usec and used about
the same samping time, In arder to minimjee jiller we
operated the tube in a simmer mode with a 1-mA sim-
mer curreni, The delection system consisied of 2 -m
Spex Model 1702 monachromalor and an EMI 9558Q8
phatacuuttiplier, The measurement was curried out m
three steps. Farst, the ught from the lamp was mea-
sured without exciting Whe laser, i.e., with oo absarp-

£.0 4
0% 2 .
LN o 2
* i
" Datey | Fotrer Simeed P
- T Tbearetort
Gumarater | oo Eoes =

y R 3

FIG, 3. Kxperimeatal setop used 10 meamire S, growmd-
state concvnlratian,

Tewcham et &, 260
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tion, Second. the uorescence from the Wiser was meu-
sured 28 1 {unction of me after the dissariauon paise
1o determine the background level. Finally ~the total
Light reaching the dotector with both lamp and lascr
operaing was measured as a function of time alter the
dissociaznn puise, The ratio /7, s then yivea by the
difference between the third and sccond resulls

divided by the first,

All measuremenls were made with a helium buffer
s preasure of 5 Torr. The dissociation capacitor was
0,1 uF and the excitation capagitor was 0,005 pF, Both
were chmrged to the same voltke. Both electrical puls-
es were ghorter than 1 ysec.

RESULTS

A Lamer powar variation s¢ » function of delay tima

Figure 4 presenls Lhe variation of laser power with
the delay between Ihe dissociation and excitation puls-
5. The minimum delay Is approximately 100 usec, op-
timum delay 160 ssec, and maximum delay 370 psec,

2

CuCisSterr He

Diss. Eavrny 150 mj cid
Excit. Energy 3 i w3
T:400°C

" LA sor SN
() 0D 200 Ao e

Tima Alter Disssciative Pulin
FIG, 5. Time variation of *b,; mestable~state concentra-

tion. The excltation pulse occurs 160 usve fler the dissoeia-
tiem pulae,

W LA P, Vol 48, Mo, 5, ey 1978

Tt S Tarr e
Oiss. Enargy 150 m) cm’
Eart Energy 3 my oS

™ 3 A
Time  Afer Bscalen Puiye

FIt, 6, Tome sariatm of 5, pros-state comeent ratinn.

B. Variation of copper-#tom concentration in *D. ; lavel

Figure 5 presents the e variation of the population
densaty w the 5,,; level, The populatian o smant -
mediately aftex the dissociauun pulse. The concentri-
tion builds up slowly, reaches a maxymum about 4615
psee alter the dissociit Ise, and then decays. It
is already small at 100 psce, *he nunimum lasing de-
1ay time. At 100 psec the excitaton pulse is applicd.

st insiantly, then decays with

2 4-usec tme constant, which is mach faster than the
decay after the dissogiatian pulse. The difference 1a
decay constants contradicts (he assumplion of rapid
disgociation occurring during the dissocialion pulse
Aselt, since ia that case the population would also de-
cay rapidly alter the Lizsl pulse. Since the population
in fact grows slowly. we conclude that the dissociation
progess is slow, having @ time conslant of tens of jsec,
The metastable populalion measures the dissociation
sate,

The time-resolved papulation of the *Dyy; teval was
similar to that in the 2D;,, tevel.

€. Variation of ground-state 1S, 2 copper-atom
concentration

Figure 8 presents the lime-resolved concentration
of ground-state copper atoms at five lemperalures,
300, 320, 350, 380, and 400°C. As a result of the high
trangition probabilities of be resonagce lines ut 324.8
and 327.4 nm {13, 7#10" and 13.6x 107 sec™, respec-
tively'"), we were unable 1o use them for the ground-
Slale measurements, Instead we used the 4%y, - 2'PY;y
Eransition at 2¢9. Z nm; its transition probabllity is
0,30x20" sec*!,1° At temperatures exceeding 350°C the
oplcal depth was Large even for thig weak line. All
measurements for which the absorption exceeded 0, 80
1re jndicated by dashed lines in Fig. 8. Cancentrations
shave 3%10" cm*? must therefore ba conaldered approx-
imate. Qur quatitative conclusions are unafiecled,
bhawever

The ground-state population builds up stowly after the

Tensbammeal, 2664

TABLE |, Compartacn of s, mesmured troun coppe:

e at optimum delsy (160 pace], with Ny, con-
Srbration of CuyCly dorived trom Shelton's vapor preasure
asen Get, 11),

T ¢C) Ny A} Ng/NE
300 s.um" 1.7-107 0,39
az0 46010 044
350 2,1 <10t 0,18

pulse, Caretul indicales o
small initial concentration. which decays in the first 20
psec] therealter the conceniration intreases slowly.
Afier abowt 160 psec, the optimum laser delay, 1l de-
creases contlnuously over more than { msec.

In Table I we compare the concentration al optimum
delay measured in this work with the Cu,Cl, concen-
tration derjved {rom the vapar pressure measuremer s
of Bhetton for temperatures up fo 356-C. It would ap-
pear that a large fraction of the copper chloride mole-
cules are dissociated.

CONCLUSIONS

“The populatiods of bath the metastable and ground
stales are retatively smafl at the end of the dissociation
palse and build up aver tens of usec. The mechan;sm
which populates both states appears lo be the same; the
difference in their time varialion can be adequately
explained by the very different decay Umes, 4 usec for
the metaslable glate and hundreds of usec for the
ground slale, The resulls presented above are inguffi-
cient to provide an explanation of the ghysical mecha-
nism which determines the buildup rsles, and pre-
sumably lhe copper halide dissociation rates, We axe
currently investigating the time variation of various
helfum and copper slales in an aitempt to discover this
mechanism,

The results presented above contradict those of
Weaver* which extrapolated to 2 maximum copper-pom
conCentration at zero time delay. They are qualitatively
in agreement with, and more complele than, those of
BhukbUn ef al. In pariicular, the melhod chosen per-
mittad us to avoid the beed for extrapolation to shost
delags.

wes 4 ADPL Pya., VOl. 44, N 5. Mlay 1978

The time variaticn of the ground- and metastable-
Blale populations foend above 150 serve Lo eXplain the
inlmum and optimut Lasing delaya regorted by various
@roups. The minimum delay requires both bulldap of
€round-state population and decay of the metastable
Population, By the optimum delay, the metastable
Fopulation is negligible and only the ground-slats pop-
wzHon Is important.

Note added in manuscript, Since this paper was ac-
cepted for publication, a paper hag been published by
Li ¢t al. (KEEE J. Quantum l‘_l!r.'.ml RE-13, 744
s data
than in the paper we cited in Ael. l. From this paper,
it in evident that no Teal contradiction exisls between
thetr results a0d ours, ioce the data wnd couclusions
af L ef al, refer only (o time delays longer than S0us.
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Buffer Gas Effect on Ground and Metastable
Populations in a Pulsed CuBr Laser

JOSHUA TENENBAUM, 1. SMILANSKL, 5, GABAY. G. EREZ. LAWRENCE A. LEVIN. ). KATRIEL.
AND SHAMMAI SPEISER

Absrrect—We mrve mexured the Ume Seprademce of the concoair
tion of copper atoms ia Ibe grousd aad Mttasiabie uates in a palssd
CuBr lsser by molioring the lbnrp(bi of the stomic copper Uats
244.3 104 5106 nm.  In agreemen) with Previous meamirements in
Cwll lmer, we foand the Popalations 10 Frow sfcy the dimocistion
b, many fem Of seicrosecodds later, Temperatare aml
buffer g3 mécies 4ad pressure have 3 consklerable Influence oa the
etalls Of the temponal evotution, The esales are iaterpreted i seoms
of & whematic mechaniem Invatving el dlmoristion processes.
Qualitative sgreement wilh Ihe experipeatal rolts i Quite goud
but 90 AIRAP VI3 IaSe 1o cluckdate the physkesl proceses which
actealy cocur duting asd alfter the disecistion pulse. In the course
of the cxprriscat the radintive traastion of the 2442 am
e wis measared and fousd ta be 0.26 X 107

1. INThonucTION

N a previous publication |1] we presented sesulls of the

aime dependence of the concent:stion of the *Syyz ground
and *Dgj; nd 2Dy;; metastable siates of atamic copper in 3
double pulse CuCl kser. In the prevent work we report the
time dependence of the concentrationh of the same states in
2 dowblc pulse CuBr laser. The motivatlon of this work was 1o
obtain additiona) information on the time dependence of the
copper ground and metastable state concentrations and their
connection to the minimum and optimum delay times between
dissociation and excitation pulses in double pulse copper
halide mn. In particviar we nvatigared the influence of
i the

ground snd ible state copper atom

Section 11 is a review of the experimental apparats and
meod. The expesimental yesdts we presenied 304 darused.
in Section Jil. In Section IV the rewults aze interpreted in
terms of 1 schematic mechanism involving perallel multistep
dissociation procesrs. Qverall agresment with the messured
tempor! behavior of the copper ground state concentration
was obtained, although no optimization was aiempted. Our
conclusions are %t forth in Seetion V.

i1, ExrerimenTaL METHOD

A dewiled report of the experimental arangement has been
given In our previous publication [1]: only n thom review will
be presented hete, The concentrations were memsured by

Masuscript received Novermber 28, 1977: mlledlludl 14, l91l
1, Tenenbaym, L. Smilanski, S, Gabay, xnd L. A,
Nuceat Reearh Cntee Nepev, Bece S et
G. Erez is with the Nuclear Rescarch Centte-Nogev, Beer Sheva,
i with Ben Gushen “Iﬁvmolﬁl“qpv St:lslm
Katriel and S. Speises arc with the Department of Chemisuy.
1ﬂnlvn-lnul fastitute ufrdmbn Haif, Israel.

¢ the

absorption of the radistion from a vopper light source. The
sbyorption coefficient Ky at the hne center wavelength Ao is
given by 2

1 I 2 s
koz=lnste .2 ('"') M, U]

x 1 Ay Bm

for a Doppler broadened line of width A9p. g, and gy are the
statistical weights of the upper and lower states, respectively,
N i3 the atom cuncentration in the lower state; 4 is the spon-
tancous fransitiun probability: J, is the sousce light intensity:
and / 15 the Lghe intenmty tramumutied through an absorber
thickness x. Equation (1) assurmes that the upper state pop.ila-
Gun 13 neghgible

The lxr tube wes of the “cold clectrode™ type. A Pyrex
tube 25 mm diam X 300 mm was fastened with O-rings 10
standard “Edwards” alumunumealloy components,  Midway
between the ckectrodes, two 10 mm diam Pyrex tubes were
sealed upponle vne anothe and perpendicular to the laser
axs.  These tubes served for the absorption experiments.
Details of the lases construction were presented in [1).

Abworption meautremeats on the 2Dap,—Py; teunsition
were performed using a CuBr laser a3 the 3ource. A varisble
delay generator pesmitied the souree laser fo be delayed with

CURENBAUM crar BUITER GAS EEERCH AN FCLSED ( obir EASFR

.1 Relause luser ourput as & femction of delty between dissouustion
and cxutation pulics at optimum prevure and temperature |... h,)mm
neon, apd argon buffer gaws. Helm: § tott and 440°C: noor’ 10
tort and 4BTC. argon. 5 to1r and 460°C D) 1he ler e net
diametee

-
Measured uging the *Py;; = 35, trantitian of atomuc copper
at 243.2 nm, This line pesmits measusement of higher concen-
tratioms than those achieved in |1}, where the 249.2 am line
was used. The vansition probability of the 249.2 nm e is
known to be 4 =0.306 X 107 57 (3], bur agresment among
-neasurements of the 244.2 nin transition peobability is poot
(8]. We therefare compared the absosption of the ve Enes
using the experimental apparatus of [1). From {1) if cap be
sten that the ratio of the absurptivn coefficients of twe lines
A and 8 is given by
Migaady
kythg = —3——.
A Ny !
We found £4244.2)/k(249.2) = 042, Since g,(244.2) = 2and
£2(249.2)= 4, we have. in effect, determined the tymmiron
Probabillty of the 2442 nm line. A = 0.26 X (07 s™*
Using the 244.2 nm line. we were able 10 measure ground

respect to the pulse of the i igated lescs
over the range 0-1000 ja. A pi-n diode mwonitured the
wurce baser output. A bandpast (ler isolated the green
ling from the luser for the absorption measuremenys. The
transmitted mtensity 7 was mensured &8 & funcrion of delay
with a idivmeter, fo was detesmined by nor exciting the
invesrigated lasar. Because the radiometer could be placed
far from the laser, Muorescence was negligible and mewure-
‘ments could be taken immediately after the dissociation pulsc.

For measurements of the graand state population, a CuCl
lamp was used a3 a light source, I, too, could be delayed with
fespect to the dissociation pulse by a delay generator. The
detection system consisted of 2 monochtomeler whth wide
slixs 10 isolate a single line from the lamp and a phonwninhi-
plier. Time sesolutinn was aghieved by fixing the Input rime
constant of 3 boxcar s egutos 3t 2bOUL | p5 and wing the
ame umpling iime. The measurcment was carried aut in
three meps.  Finy, the light (rom the lamp was measured
without exciting the laser, ie., with 1o absorption. Sevond,
the laxer fluorescence was measosed to determine the back-
ground.  Finally, the total light teaching the detector with
bath lamp and lsser operating was measured. The ratio
Kl is Wen given by the dflerence between the thisd and
secand results divided by the fimst.

In the present work, the ground state ion was

state as high as8 X 10% cm? with absorprions
not exceeding 0.80. These concentrations are almost theee
liraes highet than the canfidence hmit staed in {11,

M. Resutis

A. Laser Pywer Variotiem a3 a Function of Delay Time

Fig. | presenis the variation of laser vutput power with the
delay between the dissociation mnd excitation pulies for
Belium, neon, and argon buffer gaes under oplimum (aung
<onditions. The minimum delays are 110, 190, and 230 4.
the optimum delays ase 200, 300, and 340 s, and the maxi-
mum delays are 460, R00. and 700 i for helium, neon, and
argon. respectively. The helium resolts are almost idenucal
10 those reported for CuCl in {1) 1110, 160, and 400 g Tor
minimum, aptimum, and maximum delays, respectively).

B, Variaticn of Copper Atom Concentraticn i the Sy,
Cround Stare

Figs. 2and 3 prescot the temporal dependence of the graund
state copper atom concentration at different buffer gas pres-
sures and different temperatures, respectively. In both cas!s
the bufler gas v helrum.

Ll Lk g
gy 1y en

1 2 Time vanation of 2Sy3 gfound state desity at vanous brlum
Pressares.

——y

Eig 3. Time vaunon .,r 2532 ;w«-: Mate dewaty ar different tem-

Perabuen, vy bebum o Gatics =
erresent somecmuraions of Cuslis deed G Shelioss Tapoe
prevure dana 7]

for CuCl in helium in [1]. These renults confirm our previous
cunclusion that the ground siaie population is nat created
directly by the discharge.

2) While changes in cxperimental conditions affect the
populstion considerably they hardly afect i creaon 1ad

1) Both figutes show that the initial ground state concenifu-

0018.9197/78/0900-0680800.75 ® 1978 [EEE

tion (i diately after the pubse) is small com-
pared 1o that which exsts after a build-up process extending
veral tens of mictoseconds, A similar behaviot was reparted

rates (rise and fall tnxs).

3} In buth figures there are two maxuma i the pround state
concentration.  The second maumum 5 mor sosiuve (o
pressute variation than the first and ks senutive 10 tompers-
ture varumon. The temperature dependence has absu ben
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e somocatatons of €yl dened from Shelton' varer presre
g

reported for CuCl [1]. Fig. 4 presents the resulus of a mea-
surement of the ground siate copper alom concentration in
the Cull lamr wing the 244.2 nm line, as discumaed in Secticn
1. A compuison of the results sith those preserted in (1]
{or v s cempeTatures shows that the cewlts gt 320°C are
e same withia the experimentsl #rror. while those at 350°C
we very different. (It wae poiosed out in (1] that measure.
wenis of coacentrations abowe 3 X 10'* cm™ were spproxi-
mste.) Comperinom of Fig. 3 and 4 revesls am almot: identical
tempornt brhavior of the ground sial¢ copper Slom concentra-
tion i CuCl sad Culs. Becausw of the differences in vapoy
provure. the 320 and 350°C CulCl curves should be compared
with the 360 and 390°C Culle curve,
Fig. Sdﬁmlmmihhvb'ol’lbtpmd

depondence with hellum snd taxt with neon or mgon {whic’s
wre qualinasivaly similar),

1) The concentnation Secrease sfter Ve dismocistion pulse,
which sppescs clealy with hebum, dots not oceur fos neon ar

srgon.

2) The two wparste maxima which appiar with hebium are
replaced by a broad pesk for seon aad sgon

3) The cresuion and dewriction rairs are much fastes with
belium than with seon or argon. In fact. it u quite pomible
that the firsc ewo differences are explamed by the third

€ Vanaten of Copper Atom Concenmation in the Dy
Level

Figs 7-10psesent the time variation of the populstion density
in the 3Dy, bevel fur the buffer gaers helium, meon. wnd

0u25mm

R

A amstiaon Puise

b3 Time vamation of 25, pround state demsity at diffeeent tem-
peratures, using nean as buffer gas.
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Fx & Time vurianion of 5, ground siste dentity at 370°C. uting
ayon

a3 poller pas.
o
' En-!lhﬁ; Pulsr
n
Sagt nw
90 “onem -
I
Culleorie.

Osa Enargy BOmy om
i tacn Enaipy 3 my e

'..u.. $
S
y
s
o gy =

Orascaton Putse

e ? Time -unnan of 'Dy; meusable ste concestmion a1
ifferent ket presures.
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Fig. B, Tomt vaation of *Dy; zannible ane Anm a1 duferemt
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* Fig. 3 Time variation of ’n.,, nmuu- Hale denuty. using Beun

ugan. In Fig. 7, the time variation of the population deasity
is premented for four helium pressures, 2. S, B, and 13 tore
The curves fuve the same basic shape, with the exception of
the 2 torv qaxe, where s sdditional maximum occuns 6 ja
after the dimociation pulee. The matastable population riacs
almost instantancously after the excitarion pulse and decEys
with » decay time of 4-6 i approximaiely, while after the
ditsociation pulse the rise and decay occur aver tems of micro-

i,

Lov, oS e

i Dus By B 1
Y Est Emegy iy emt

3 Tt

& Dr5mm

F

1 .

jn

&

300 %

o Datarares Poge

B 10 Trme vanutem of *Dypy meUstdic stute densicy. using srgon
5 butfer pa

seconds and we uregular in shape. The time dependence of
Lhz 'n.,, suie pupulition s smly for Cull 3 Cube

ln m 8, the time variation of the metastable populstion
density is prescnied for throe dilfert temperatures. 420,
440, and 460°C. The muxivam pipulstion, shich occurs
about 25 4 after the dismociation pulse, snd the ratio of the
maxmum population after the excitation pulse to thar afier
the dissociition pulte are wry Uempersture mwmitive. The
1Dy;; lewel decay taie aleo apyear to be srmpETalure depen-
dent. The time dependence of the metasiabie populstion i
of greal importance i dewtrmining the Minbmum lasing
delay. Fips- 9 mnd 10 prescst the time dependence of the

curver show twu distmct maxims lostesd of 3 magie maxi-
mum at comparable helium pressurts. The metantable populs-
ton, sfier the excitation pulse, decays with time cowstmts
of 4-6 38 in helium. 35-40 4 i nrom. =i Y0-30 &
argon The buffer gas depeadence should be weeful in iden-
fymg the decay mechanion.

IV Invemrmeravion of me Resuetrs
A Compgrun with Otier Experimensts

The mott impostans festure of the results presemied sbore
15 the complex time dependences of the prownd and mets
stable stale copper atom densities afier the diocsatson pulee.
16 the dimociation mechamism weve discct electron impact
during 1he pulse, we would expect an imitial maximum 1o the
concenisation. decayny exponcentially after the pube. The
cumplex time dependences mibcate complex disociation
procenses.

Three previous papen. w addition to our CuCl work [1].
hare deat with copper halide disociaiion. Wiile differeaces
in operaling cunditwoat make direct compurisons difficult, 2
aumber uf common features can be xemn.



- 148

oma IFEE JOURNAL 01

Shukhtin er /. [5] measured the time dependence of the
ground state concontration kn various copper halides in & 2em
diam, tube. The were made at
comideeably above oplimum lases temperatutes and began
100 g3 afier the dissociation pulse, Nonetheless, Shukiuin's
conclusions are quite simllar to ours; the capper stom con-
ceniration 1s small a1 the end of the dissocistlon pulse and
rises thereafter and the petceniage of dlunchited copper
halide molecules is very high.

Liu er of. (6] messured hoth ground and metastable state
coucen wions in & capper iodide liser 11 mm in dismet
the tempemture was 575°C.  During the range of their mes-
surcments. which began SO g3 afier the dissociation pulse,
the concentrations in bath states decayed sxponentially. the
metastable decay rate being an order af magnitude Jarger than
that of the ground state.

Nerbelm (7] meassed gound and metasuable contentre-
ons in copper chloride lasers under 2 Latge variety of condi-
tions, changing tube diameter, temperature, buffer gas species,
and pressure and disociation pulse energy. Among the con-
clusions which can be drawn from his paper, two are relevant
1o our work: the metasiable decay rate is considerably larger
than that of the graund tate and the gound sate demiity
Bows an infulal increase in his Yargeat diameter tube, 40 M.
No increase was observed in smaller glameter tubes.

All the sbave ohservations are comsistent if the factor of
tube diameter is tsken into consideration. Apparantly, the
time scale in which the dissociation procews occurt depends
strongly on the tube divmeter, An incremas in the miound
uate density has been obwrved in Shukhtin's 2 cm tube,
our 2.5 ¢m tube, and Nerheim’s 4 em tube. The fact that
no juch increase was observed in Liu's 11 mm twbe mnd
Nethein's 4, 9.5, and 13 mm tubes is probably due to the
fart thay the incresse &5 < 0. leted before the fint measure-
ment is made 10 ta 50 p after the dissociation pube. There
is une apparant difference between owr results and those of
Shukhtin and Nerheim. Their curves are relatively smooth
while ours thow a murked fine structure.  This difference
probably results from the much greater time and intendty
resalution of our results. Lack of time resolution may also be
responsble (or the absence of wn increast in the menstable
coneentration in Nesheim's work.

Despite the differences in operating conditions and time
resolution between the vanous caperiments, the dependence
of the time sale on tube digmeter and the fact that the
population reaches a maximum considerably after the dis-
sociation pulse, at least in lisge dlameter jubes, me guile
evident.

8 Simulation of the Experimental Resulis

We now consider a schematic mechanism to simulste the
main features of 1he experiments! sesults. The observations
in Section Ul an the dependenss of the copper ground wnd
metasisble state populations on tzmperature, pressure, and
buffer gas type suggest that nvml different molecular species
arc formed dusmy the Thels relative
initis! concrntrations are srongly dependent on (he discharge
conditions, snd each species then follows an crsentially inde-
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pendent temporal cvolution.  Specifically, the two peaks
observed in the ground state concentrations are attributed to
two different primary products. The first peak, which is
strongly tempermture dependent and weakly pressure depen-
dent, may be due 1o a primary step involving dissociation of
the CusX; molecule, as wilf be explained later. The second
pea, which is strongly pressure dependent. may be associsted
with a primary siep involving the buffer gas {such as metastable
farmation, followed by energy transfer 1o the copper halide).
The marked differences between the results obtained with
hetium buffer gas and 1hose attained with neon and argon are
further indicacions thar 2 change in discharge conditions
influences the initial distibution of discharge products.

Pautible mechamstie steps, deduced (fom mass spectsa
results [B] and fram the observation that up to 30 per-
cent of the coppet halide molecules are totally or partially
disyociuted, are

CuyX, S Cuyx, ¢ X

CuyXy — CuX; +Cu
CupXy ——s CupX ¢ X, cte. &)
or other steps. all of which can be summarited as follaws:

A
ta) CuyXy 5’:&‘ (= 0 at discharge)

W) A, — B — Cu
1) A; — seveqal steps — Cu

4} Cu—+ recombinstion (possibly on the walis)  (4)
Step (a) s 2 generad disochadon step.  Steps {b) and {c) in-
volve sequences of reactions such as in scheme (3). Step (4),
which represents the reaction responsible for the first pesk,
must involve 2t Jeast two steps in order to account for the
slow initlal increase in the copper conceniration in the cuses
in which the Inhial concentration is near zero, asd for the
exisience of an initial decreasse in the copper atom concentra-
tion in mveral experiments. A siep of the forn A = Cu
would yield an initial increase in the copper concentration
whith would not exhivit these festures. A similir analysis
indicates that step \c), in order ta account for the second
resolved peak, must consist of a longer sequence of reactions.
Suwep (d) provides e copper aiom decay channel,

We have consiructed a simple computer simulation of the
dissociation process besed on the abave kinetics. For the
take of simplicity we have wssumed that all steps in all three
chains have identicul (e conmayis  This astumption has
no phyrical basis. except that the last step of each chaln, the
recombination step, would be cxpected to be independent of
how the copper atoms were formed. Nomethelem, the com-
puter simulstion gives results for the temporal behavior of
e gound state copper atom concemmiion following the
dissocistion pulse which are in reasonsbie agreement with
the experimental resuhs.  OF counse, other choices of rate
consany would abo give agitement. In ordes 10 determine
the actual steps in the dissociation process it will be necessary
to messure the time dependence of the various species by

SENENBAUM erat HUFFER GAS ELE0CT AND PULSED Cuie | ASHR

of and mass teche
niques. Withm the framewark of the above, and using iden-
tical rate cunstants for all steps, chains (5) and {c} can be
expressed as follows

Xy Aa X, Ao Xy o X, e (4)

1t can be showm (Y], by inducilon, that the vuncentiation of
the ath daughter in the chain is
(k)™
tas 1y

X, = X10) e {5)
where X;10) is the initial concentration of the source moiety.
ln Fig. 11 2 few typical tesults of the compater simutation
are summanzed. The general appearance of the curves is
strikingly similar to the experimental ones. The curves were
calculated for scheme (2) using three terms, direct dissocia-
tion, a term of type (b} with #1= 3. and a term of type {c)
with 1=9. The diffcrent curves were obtzined for different
values of \he mnittal concentrations of Cu, A,. and 4. cor-
1esponding 1o different dissociation conditions.

The of the at:=0
(Fig. 3} indicates that thermal effects affect wmainly the initiat
rat of chan source species. It is very probahle that this 1s
4 result of the influence of the copper halide vapor pressure
on the discharge. The similanty in the slopes of the curves
of Fig. 3 indicates that the rale constants are only slightly
temperature sensitive.  The luw temperature behavior it
simulated by curve (g} of Fig. 11 and the high temperature
ehavior by curve {c).

The buffer gas prewsure effecis (Fig. 2} are simulated by
curves () and {¢) of Fig. 11. The mild pressure dependence
of the rale constants shows that here 1o the influence is
mainly on the initis] distribution of species. The effect of
using neon or argon, sather than helium, 35 the buffer gas
(Figs. 4 and 5) is timulated in Fig. {1, curve (f).

Inspection of the metastable copper alom copuent:anon
tesults (Figs 7-10) thows that they can be analyzed by the
same mode) uwd above for the ground “tate results, with
the following modifications:

1) Ay and A; ae probably diffecen: molecular species
or different excitation states of the same species as abave.

2) The decay tate of the meusable cappes atoms is much
faster than that of the ground state atoms Jsiep (dYY .

Curve (b) of Fig. 1) smulates the observed Cul’Dysz)
behavior at low helum pressures. At higher helium pres-
“sures it appears that the long chain dominates,

While the schemalic chemical kinetic model described above
gver good agreement with the experimental results. it is pos-
sible that the oscllations in concentration are an ardfact
originating from a spurious source, In particular. they could
be caused by radial shock waves caused by the discharge heat-
ing. This hypothesis was considered and repected on the
basit of the “periad” of the oacillations. With hebium as the
dominant gas, the period of radia) waves shuuld be 15-20 5
for the 15 mm tube, Sar from the 100 ps of the eapermment.
The chemical kinetic mode] remains the most Lkely qualiative:
explantion of the obierved tine dependence
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Fip. L1 Cakulicd curws fo1 the comrmmaton of growsd state
llnmk\np:(pmdll:rdhyllbﬂnﬂ!ehrppuh{ml(‘n,\,Al-
Q. Br he pxs phare  The qilculition wese performed
on the biis of acheme (d), 01 “iiovs combartows of IR

concemtratons.

V. CuncLusions

The copper wlom cuncentraion in the gound and melr
stable Mates of 3 copper halide later has § complex temporal
evolution after the disociation pulse. The temposal evohsiion
depends strongly un temperatuse and buffer gas presre 2nd
type. bur is qualitatively quite sovsilar for Cukl aod Cully, The
most striking feature of the time deprmdence is that the oo
centrtion i not maximum at the end of the dimochatuon
polse. but increases considerably thereaficr. The schemmtic
chemical kinetic model which we have proposcd to swelste
this behavior involves 2 aumber of paraliel dsocstion peths.
The madel gives results which ase in good agreemcnt with
experiment, but no attempt has bees made 10 elucdste Lhe
physical processes which aciually ccuw during the exciiation
polse: ther must be investigated in veder to waderstand the
copper halide luse.
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SCALING OF THE DISCHARGE HEATED COPPER VAPOR LASER
1. SMILANSKI. A. KERMAN, LA. LEVIN and G. EREZ "

Vuclear Research Centre-Negev, Beer Shevo, fsrael
Recennd 3 Junuary 1978

Qptiruin working 1650 = 50°C ward

d far the

pet vapor lases. Using nean in the

pressure range 20 20H0 tars we wete able 10 operate Liwrs of volumes up to 600 cm at optimum temperature, Power outpul
xs proputtional to tube volume and eficiency 1w the wuate of fube radius. . vecage power af 19.5 W was obizined a1 4

MGz with 0.75 efficiency.

The discharge heated longitudinal copper vapur laser
(DHL-CVL) is at present the most advanced : ype of
capper vapor laser [).2]. pussbly because it combines
simplicity of design with simplet physics than in Jasers
based on capper-bearing molecules or on room-tem-
petature pulsed evaporation. However, the output power
of the DHL-CVL is still far less then has breen predicted
{3- 5]. In the sbsence of competitive pracesses, in-
creased power output can be achieved by exciting a
Targer [raction of the copper atoms in a given volume,
Dby increasing the capper atnm density or by volumetric
scaling. Since the DHL-CVL is a selflerminated pulsed
laser, increasing the pulse repetition rale f increases the
averagz oulpul power provided that the energy per
puise does not decrease faster than /-1, The purpose of
this paper is to report the results of a survey of the
sbove schemes for increasing the power output.

We constructed & demountalsle lzser, in which 1ubss
«of various dizmeter and compasition can be installed,
while all other psrameters aze kept constant. The laser
Tus long hollow electrodes szparated by a ceramic tube.
A central viewing post, transverse 1o the tube axis, per-
mits measurement of the temperature of the tube outer
wall by means of a “Land™ optical pyrametes. The ac-
tive length of the laser tube is 220 nm. Lajer excitation
and heating are accomplished hy discharging a capacitor
through a deuterium-filled thyratron at the chosen re-
petition rate in the 0-- 10 kHz range.

° Atso at Ben Gurion University of the Negev. Beer Sheva,
Tsraet

First, we examined the dependence of the laser out-
put un tube temperature, i.c., on the copper vapor pres-
sure. For this purpose we tlected a calcia-stabilized
zirconia tube which is usable to 2300°C. The tube 1D
was 22 mm. The expertmental set up is described in
fig. 1. A capacitar C {farsd) chaged 10 voltage V (valt)
is discharged / times a seeond, delivesing a power
3CV2( (watt) 10 the faser tube (neglecting thyratron
losses). Tube temperature increases gradually; the out-
put is measured as a function of tube outer wall tem-
perzture. The temperature of the inner wall of the tube
was related to that of the outer wall {measuted by the
pyrometee) by inspection in separate runs of the melt-
ing points of copper (1082°C) and chromium (1850°C)
and interpolation between them. A typical result is pre-
sented in fig. 2. The results were verified using different
€, Vand fand for both increasing and decreasing tem-

Fig. 1. ApPATT Tor memsurement of dependenoe of ks out-
Ut on tube (enperature. | - lascr tube, 2 ~ Co pellet, 3 -
thermal insulation, 4 — vicwing port. S - optical pyromete,
& - power meter, 7 - X+Y recorder.

%

Volume 25, pumber 1

Brargy/Pulse

Arbitary it

WO 760 W w0

- §

. Dependence of 125 output on fube temperature,

perature. The experiments show clearly that there is
an optimum temperature for DHL-CVL operation: fur
the faser described here it is 1650 2 S0°C. It should be
added that below optimum temperature the green line
is stronger than the yeffow line, while the yelfow line is
roager abuve the optimum. The same behavios has.
been found for the capper halide laser [6]. Moreover,
the uptimum cupper vapor density is about the same
s in the copper halide laser. The phenomenon of vp-
timum vapor pressure for laser operation is not surpri-
4ng in itself, and is consistent with results for Mn, Pt
and T1 lasers. Experiments with transverse (TE} CVL's
have resulted in the same working vapos pressure range
found in our DHL-CVL [7-9]. In contrast to these
esults high valumetsic yields have been obiained for

= TEA (atmospheric pressure} CVL aperating without
buffer gas [10]. While this difference requires further
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investignion, wr note tha the efficiency of the TEA-
CVL was rot superior 1a that of the DHL.CVL

The aptimum tempersture of the DHLCVY 1s in
the range suitable for use of recrystallized alumina
tubes. Alumina is less prone to thermal shock than
Zisconia, is avaifable in farge volumes, and is a better
electrical insulator, all of which simplify kaser operauon
considerably. Thus in principle farge volume DHL-CVL
can e constructed. and if they are volumetrically scal-
able can genesate high power,

In order to investigate scaling we discarded the e
conia tube and used alumina liners of different diam-
eters ip the lases described above. We faund. 1n accor
dance with Paschen’s law. that in order 1o keep the
discharge conlined 10 the tegion between the electrode
tips we had to use buffer gas pressuses above 10 tore.
Increasing the pressure to 48 torr at low temperature
shrinks the diffuge, homogeneous discharge mto 2 thin
wisted pinch Jocalized between the clectrodes. The
discharge then dissipates most of its power in the a-
tive laser bore where it is needed. When the bore tem-
perature reaches abaut 1200°C, the presence of copper
vapor in the gas causes the discharge 1o revert to 2 dif-
fuse, homageneaus dischage conflined between the
electrode tips. The best aser performance has been
achieved with neon 2s buffer gas although it 1 easier
10 1each optimum wemperature with heljum.

Fig. 3 presents the laser performance at optimum
tempesature and 20 torr neon buffer gas for bore duam-

Energy output-»

ujlpulse Ethciency- o
4KHz Ne ‘bufter gas Power thput-©
220mm beiwsen electriades

2000
1600 ] 16008
"w 7
1200 mo 6
<1000} 10?

0 s a0k 1°°
. 3 600(3

wo ° € c00f2

w0,
0 n 1 4
a 200 <00 600 800 1000 M
of luet 0 tube D 13 Line tube dixmeter m mm.
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Vi, 3%

ctenvan the tange 12 30 man, e.salupes of 25

150 ¢m?. The 30 mm diameter 15 the maxunum which
vty e aperated successtully m the laser, Pawer was
measuted with a Scientech model 360203 crlorimerer
and a Colerent Radiation moded 201 power meter; the
1w measurements gave tull ageeement.

The main canclusion of this experiment is that en-
ergy densty (Red fem?) i independent of tube diam.
etet, hence the laser is volumetncally scalable. More-
vt fig, 3 shows that the powsr requised 1o maintain
the laser tube at aptimum temperature is essentially
ndependent ol tube diamater and is ~75 W em, Thas
behaviar was predicted by Tsaev et al. [4]. Huweser,
m contrast (o their assumption of constant efficiency,
the efficiency is proportional 1o tube volume under tire
conditions of this experimeant.

The wlume can be increased by lengthening the laser,

Fur this purpute we constructed an additianal. larger
container. Active dimensians were 33 X 640 mm and
uptimum butler gas pressure was 180 1are penn, We
bave ohined an energy density of 8.4 ) em*. ven.
1vmg the conclusion that the DHLACVE is salumein-
cally scalable. Power 1nput per cm was lower than i
the shorter laser (42 W/em), indicating that heat loss
through the tube ends is considerable. Anuther way
in which the longer 1ube differed from the short une
was the influence of uptical cavity structure on the
output. Replaciag the a1, 1007 reflectur by 3 cun-
cave mizror with 3 m radius of curvature increased the
puwer outpul by 40% , prabably due to lower diftrac-

outht
20
25
20
15
10

as
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o lnsies, Tlowever, beam divergence was greates with
the stable resonator. The fong 1ubs uperated without
Tailure $or muore than 1SD hours on a smgle 5 gram
charge of coppet. after which it was shortened 1 order
1o perform another experiment. Since recrystallized
alununa creeps well below its melting point. constant
degradatson uf the tube aperature nceurs. The effect
uf this Jegradation on laser output lessens proportionally
with ncreasing diameter, as shawn in (ig. 4. The advan-
tages ol mereused tube diameter are evident,

In order 1 uptimize faser perlormance we measured
pulse vutpul energy as a functiun ol input eneigy
The 1nput encigy was vaned by varying the volt.sge mo-
mentanly tur fixed capacnor and repetitnm rote. The
results of this study are presented in fig. S. Cleatly thie

. 3. Two alumina tubes after 50 hours of operation. Upper
tube dumcter 18 mm, lowes - 30 mm. Left ~ end-on view
shawing redived ¢ffective crus-cciion. Right - side view
showing deviatian of tubes from straightoess.

o SR E— 1]
0 S0 100 150 200 250 300 350 400 <50 500 500 700 input
§ . 5. Dependence of laser ouspu1 ¢nx gy wn Lises inpul energy. Tube dinemsons, 38 X U mum; repetition tate, 4 kHz; capacitsnce,

1250 pF.

81

Vilupe 25, nambey |

EnergyPulse
my

28

20 .

)

Enmegy/Putse
nj

359 »

00
2504 .
200 . ib)
150t .
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Fig. 6. Dependence of lct outpur ¢nergy un repetitum rale
t2) Tota) oulput energy foc different tube dameters. (by (om-
patisan of CUIPLL energy in green (510.6 om) and yellow
{578.2 am) lines for 18 mm dameter 1ube, Borh tines lascd
simultancoudy.
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ulguL enetgy seusates Bhove 10 M om inpu o this
luser. The experument was pesformed with ¢ 300 mm
lerng lascr tube as pwer supply limstations did not ger.
mit us 1o reach saturanior with the 640 mm tube On
the baus ul the sbuve duta the 640 mm lawer was up
tmized at 3 ki with 2700 W input, [he average o
put pawer was §9.5 W with an efficiency vt 0.7,
Pulse twhm gs measured with a Hamamatsu planar phot.
diude was 22 ns. for 3 peak power of 220 WW,

1n order Lo maxionze average puwer. the dependence
of the cnergy per pulse on repetition rate shuuld be de.
termined. Since the laser’s vnly heating ssurce 1s the
dischasge, vur measuremem conusted uf deviatins of
the repetition raie from syeady stave, Typical resulls of
10tal energy at opttmum temperature are presented in
fig. 6. We nute that the energy per pulse decreases more
Showly in the ymaller diameter tube (Fig. 62). and the
yellow line decreases mure skowly than the green (fig.
6b). Thus fur hgh repetitivn rate applications, small
diamerer tubes would give a higher average output than
targe diameter wbes. However, energy per pulse will be
xmall for these 1ubes unless very long tubes are used.
Further examination of the pulse thape revealed that
peak power was independent of repetition rate in the
range | 4 XHz while pulse width doubled from 22 ns
a1 4 kHz 10 44 ns 2t 1 kHz, giving an energy per pukse
above 9 mJ at 1 kHz

In cunclusion, we have found thar the discharge
heared Jongiruding) copper vapor laser i volumetrical-
ly scalable within the limus described abave.
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Laser power variation and time dependence of populations

in a burst-mode CuBr laser

J. Tananbeum, . Smilanakl, S. Gabay, L A. Levin, wl G. Erez®

Nuclear Resewrch Cratre—Neger, Berr Sheve, Iowel
(Raceived | May 1978; acorpesd for pebiication 13 May 19M)

The te evolition of grouad. sed metstsbie stsle CoPpET KW concesratams s i laatt eaerRY 1 2
‘vt bt Culie haser were massared m 2 famwcios of Lemperater, boffer g spacs. aad

ml'mnl:ill‘.'l\tm

repetiton
‘e stuorption of the 244.2- aad 5106

were messared by momitoting U
copper lints. mw.m-nmdnnwm"hﬂtb—- wort fomnd

lohnmdllimrwhllmwu‘-

A comtanon wis fownd berween.

lhrnmdlkhﬁuanwmmdm:ynhlhhm Accumulation wes
mctnusth D,

Tound 10 OoXBE in e cOper stom prouod wake but eu m the

PACS numbers 42 55 Hq 11 70 Fig

1. INTRODUCTION

As was pointed out by Petrash’ copper vapor is very
suitable for obtaning efficient high-peak-power- and high-
average-power-discharge puised Lusing on the 510.6- and
5782

el

the pulcwpptrl.lmowmlun fempefature, léA'C."Thu

isfar of scop-
peihllldehsd(lm—ém'quﬂcvm'dlqudlb:mﬂl
m,pomlolqumz.mpnndunsudamumghp:d
the sealed copper halide laser for high-sverage-power oper-
ation unles

of atomic copper for copper vapor lascrs was
order toachieve lasing at lovm;b u-mpaumutopu-

mit th
for pure copger Lascrs.
Copper halide lusers have been operated in two modes

aredeveloped. Liyeral." state that the inpnt eueryy ot he.
a1 least an order of magnitude less thau that of the dowhie-
puhtlus‘hltbqunuhnnn-d’br_nph
ey resh i

igh “‘*"‘.Im
mﬁmlhdoubbpuhem'unlmmdwnnl upz:hmnlyuh'l‘hrmﬁnﬁlh
pubcs. The tmt 7 possible
pwnd-u.uwpwnmmnvm:umlnerlmhm lation in the bl
alaser tube mmhywmmmm
ofid. 25 mm and active length 220 mm tobe 12 atoms. [n Uheir for a 6-mmn-cisms tube,
and 23 ml em™, respectively, using 12 000pF capacitors.t &0 psec is an appropriate inerpube tine. .

The optimum dis- ciation energy for 8 Easer tube of Ld. 9.5
and 300 mm k.., ‘b was found o be 40-%0 mJ cm™.* The
aecond made of operation, the pula-train mode™" wses &
wnnfquuy:pulpuh:.‘l’kpnhn(-ﬂuthlm)

The motivation for the present work wam £0 chesim -

sieady-mate laser behavor.
I r Inorder y power
umudmaunynf‘*““ k por 'u
when the lases is operatod in the train mode we face two o pokac) —_— s ":l'
mwwm(nm-mumm '-ﬂ' -"H— treim of paises.
5 for n rea- ™ aad duty cycic aad persity
-m-uyhmqu,msm:-'-n)muum investigation of trameicet o1 well as sicady-statc lnser

etal, 'mnmmhzndumﬂednunhn
circuit configuration, succeeded in switching 2 kW aver ige
porwex inta ¢ 200 mm-loag, 12-mardiam tabe 418 tepetiion
e of 16kHz (2 m) om™). Lsaev and Lemmerman, using a
switched 5
lleuwpo-crlnmnmmm-kluu-mmmn
#repetition rate of 16.7 kHe (0.6 m) cm ). The ay. reific encr-
git8 of Refs. § and 9 are (ar below the opmum valu= men-
nonzd shove for & copper hulide laser opersted in the Jouble
pulse mode. Despite the low specific energy used by Lacy
and Lemmerman. the wall tempersture of the laser exceeded

#Aba flen Gurmn Usiveruty of the Negee. oet Sbova. liract

51 3. ADgL Prve. S8(1), Jernapy 1979 002
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Scetion If descrides the experimental setup and meth-
od. The experimental results ure presented and discussed in
Sec. I11. Ouy canclusions are set forth in Sec. IV.

11. EXPERIMENTAL APPARATUS AND METHOD

The lLaser tube and mcasurcment apparalus src similar
to those described provicenly. The faset tube was of the
*cold-electrode™ type. A Pyrex tube 25-mm-diam x 300
mm was fastcned with O rings 1o standard “Edwards™ alu-
minum-alioy Midway between
two 10-mm-diam Pyrex tubes were sealed opposile one an-
oher and 10 the tube axis. These tubes served
for the absorption upenmenxs The |ub= was healed with
heating ith rock wool The
was measured with a thermocouple .nd mmmlled bya
“Eurotherm” controller,

Figurc i by h
tus used to measure the ground-siate copper atom density,
using the S,,,-*P,.; transition of atoenic copper a1 244.2 nm
The moumnn for choosing this transition Ius been ex-

" Using this L

ground-state concentrations as high as 8 X 10" e -uh less
than 0.80 ahearption. The light saurce wes & CuCllamp; its
timing relative to the beginning of the Lser bursr was con-
lnﬂdby\heddnyammm Thedqminnsyummnsiﬂ.

fmcbehmpmd-pbm -, Time resalution was
Mwmmmmmm\ﬁ-mmm
gratoratabout ) usecend using the same sampling time. The
maasurement was carried out in three sieps. Finst, the light
from the l " tink the taser. i

Cublt
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s Input Entigy Per Puize 7 mytm
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= v Buttur Gas Ar Prggawe 15 torr
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FIG 1 Relatioe bt e ety - edaton o he b mte e

me Bulves
nihe huvu

Uscof the two pulsers in Fig. | permits the burst repet-

Ton rate 1o be made independent of the burse duration nme

d duty cycle. Figure 2 f the multi-
pube clectrical crcunt for eaciting the laser, The EEV CX
1535 thyratron 15 a hydrogen-filled pentade which was oil-
wooled. s fast recovery time and high hesting factar
(P,=4x 10" V A Hz) criable delivery of $00-mJ input
pulses fo the laser &1 repetifion rates up to 20 kHz.

HI. RESULTS AND DISCUSSIONS
A. Laser power varistion as a function of burst

b b} Sacond.
nndlndﬂa-niulhew Fu-lly.lhumulinl
operating
wa momsurod as # function of time after the s dlectrical
pubse of the bursi. The tatio /,// & then given by the Arst
reauls divided by the differeace between the thind and the
wecond.

“The sbsorption mexsarements on the ‘D, 2P, transi-
wnu slosmmpurmwuhmm.mmm
The CuCl Lamp bya

Culir laser, '

7
3 .
¢ TS
” - s
emve e
G4 o
nion 10 Feg 31

For hefium (he laser energy was messured st two interpube

umwmdl”pn: ml-ommlunumlnm
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Insct encrfy is much leas tha that cbeiner mt 80 usex.
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Simmilar Laser behavior was observed using argon as bufler
.

€. Temporal variation of the copper atom
concentration

of the burst. During the frst three 1o fowr cloctrical pulses.
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Figure 3 presents the refative laser cuergy s » function I the 151 Ground state pube; s showt
of burst interpulse time using two buffer gases. helium und i . “‘h d‘hm-‘- zm.mp‘-htk
e ) " p Figun 7 preamt ) raiae
s " i il i t dence of the 50.
be 80 aner and that for argon 235 usec. Th bl urngen resulty quahﬂm.'ly those &
optimum delay simes, when this same eaperimentat sctup u - Figure6 frme. The o s
was operated in the double-pulse mode (150 mJ ¢m'* disso-
iation eoerry and 3 m) cm' exchstion energy) were mea- N
sured in our previous work"’ o be 200 and 340 usex for heli-
m-pnmxga_mmy‘nmmaummhuhcw © CubroSior iy
, i y w} pradieseted
double-pulse case, 110 pscx. ! £ :
Thelbuunn'oﬁh:qmm\lmmlﬂwdulmmlhelmn : “{
is 3 "ot
.Wu-hmm.wummw Asuas z [
Nerheim e 8.,
mmu,mm.mmhwmmmrm- La-, [
tiows of the disccistion energy. All of them decrease with Lalyd -0
dimociation energy. From Fig. 3 it can be seen sy L
that the maximum encrgy with hefium is more than double 0 - LI
the masimum cocrgy for argon, The tame energy ratio was 3l . .
found in the doble-pulse morle.” 1 L T
n
&
B. Laser powse variation xs a functior of L R e N

tomporsturs

Figure 4 presents the laser energy a3 function of the
Loser tube tempernture for helium and argon buffer gascs.
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Irput Emegy Per Puse 7 mycm?
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Time Atter The Furst Erecircal Pulse
G 7 difercn wng ek fies gas The ofthe

Wihe §
ekectnical pultes tuce camwa 10 g 31

The ground-state densities are slightly lower for 350usec
u:.n for the 153-psec interpulse time. Figore 7 presents the

umed 8.5 fi fthe

and for 350 sec lasing wax not observed cven at 440 °C. In
nddition, the maximumn Laser encrgy that can be achieved is
szmndy dependent on the ml:rplll.it time (Fig. 4). Thae

burst. Thelhlpuofﬂuzwrv\:umumlhr tothosein Fig. 6,
but

la:\lmu.hlmn and Lu:r operation. The mnpnnl behavior of

the konger interpulse times.
Three features should be emphasized. Firsl, the almost
densities measured over the first 500600 sec at 330
lndllﬂ C may beduc either to a physical effect, saturation

r-uun in the abs the
second explanation is iscomect bemn:l—'l; 6dm~sllu| Tais-
ing the atom

using argon as buffer gas was
similar 1o that using helium,
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ing temperature, the thape of the temporal behwvio 1 tem-
perature indcpendent,

V. CONCLUSIONS
We have measured the temporal bebavior of the
" .

(3

8y in & burst-mode copper bromide laser as & function of

interpulse time. There is & definite accumulation of proasd-

sia12 atoms, especially for thort interpulse timar. No coere-
ion of

These
resulin are consistent with the calculations of Liv of al.'*

D52 \evel

Figure 9 presents the time variation of the population
dansity in the 1D, ; level using helium as buffer gas, Figure 9
llw shows the observed laser spectrum. Two points should

toat least 500 °C. Thi k
m-mlmmﬂuwmk H that concen-
ly to 8 x 10" ¢m™. For
1ong imterpulse times the densiry is only 6X 10" cm™ at
300 °C, while for T8.5 usec it already reaches 8 10 cm* at
390 “C. Second, dips sppesr in the ground-siste density ex-
nctly st thetimes of the electrical pulscs. These dips are gen-
erally $-20% of the ground-state concentration, showiog
that the electricd polses eacite a relatively large fraction of
the grousd-state copper stoms. Thisd, the fact that the con-

effacts are important in both the transient and steady-siate
populetion.

maie demuity = 5 function of interpulse time a1 400 °C. The

demaity for tee 78.5-us6c interpulse time was obtainad by

P ’ e °C. Clear-

Iy, sccusulation incresses a3 the interpulye time decreases.

§1 shoould be noted that the minimum lasing temperature
For 78.5:

{1) the first clectrical pulse (which was
tmnﬂdlhlnlll\b:o\bﬁeh:mﬂlpuhﬁ’ﬂlhn Fig. 5

he D, , stare:

Since ion appears ouly in the ground-state
population it is ot surprising that the time behavior of the
lasey eneryry follows primarily the time behavior of the
round -state population. This hes bocn confirmed cxperi-
menlally (sex Figy 4-6).

mmmmmumlmydﬁlyb

Iation decuys almost totally between the electrical pulscs so
that there i5 no -e:nmnhuon in the 'D,,, suate. We found
that while

cgins below 3720°C, for 133 prace it begins at 410 °C (Fig. 4).
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X.5. Longitudinal High-Power High-
Neon-Pressure Copper Vapor Laser, 1.
SMILANSKS, G. FREZ.® A. KERMAN, L. A.
LEVIN AND J. TENENBAUM, Nuclear Re-
seareh Centre-Negev, Beer Sheva, Israel.

+ (15 min.}

Buffer gas effects on the copper vapor laser
were investigated in a rather early stage in its
development.!2 No marked diffezences in
laser apecation were found far argon, helium
and neon buffer gases. The laser tubes in
which these investigations were performed
were 3-11 mm in dismeter; the buffer gas
pressure did not exceed several dozen Torr
and was usually in the range 2-6 Torr, Since
laser uction requires a fast,

Power
Output{w)
20
i
|

HE Mmor 2Q%%

10F 30 He N ma. =06L%

& - A Mmas70I6%

-.

koot

.A. -

|
Op~ - b L torr
t 200 600

FIG. 1. Dependence of laser oulput on butler gas pressure for helum. neon. and argon.  The repetion rale

was 4 kHz.

Sonveniemly. 600 Torr. The discharge was

discharge, it is to be experted that in the
longitudinal configuration proper E/n will be
achieved only in the low pressure range. n
order to excite large gas volumes efficiently,
it would be worthwhile touse tubes of 30 mm
diameter or more. Buffer gas pressure ef-
fects have not been investigated in large di-
ameter tubes, but they were expected to be
similar to effects in smaller tubes, with no
marked dependence on species. We have
found major differences in the perf

aser rep was ex-
v_:cll:nt. We do not know of any other lung-
itudinally pumped electric-discharge gas
laser operating at such high pressures. Pre-
liminary measurements show that the life-
time of the lower laser leve! increases greatly
with pressure in helium, while the increase in
meon is Mmuch smaller. Apparently.

enching in helium is lished by dif-
fusion ta the walls, while in neon it verurs
mus.l.ly v'aillgln the gas, A spectroscopic in-

of large diameter tubes in the p of

v is {y under way o test this

different buffer gases. Figure 1 prezents the
output power of a 42 mm diameter copper
vapor laser, longitudinally excited with 500
mm between electrodes, using different
buller gases. Whereas 1asing coases at rela-
tively low pressures of argoen or helium, out-
put rises with pressure for neon up io the
highest pressure we were able to contain

n3

* Also at Ben Gurion University of the Negev, Beer
Sheva, larsel.

! P A Bokhan and V. I. Selomonov, “Mechanism
of Laser action in copper vapor.” Suv. J. Quantum
Electron. 3, 481 483 (1973).

#C. M. Fermar, “Buffer gas effects in 8 rapidly
pulsed copper vapur laser.” 1EEE J. Quantum
Electron 10, 655-657 (1974).
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SPECTRAL DISTRIBUTION MEASUREMENT OF SINGLE LASER PULSES

S, LAVIE. MIRON and 1. SMILANSKI

\uctrar Researcht CenterNeev. PO Bo 9001, Beer-Sheva, firael

Hecewed 4 July 1976

We describe a simple apparatus for spectr disnbution measurements, comdling of a tringe mode Fabry-Perut inter-
fetomeler, a CCTV system, and a TV linc-trigzer pulic selector. Single pulse speciral dintributions of a copper vapar laser

and laserpumped dye Liser 3te presented.

1. Introduction

Measurement of the spectsal distribution of a laser
using 3 Fabry.Perot interfecometer (FF1) & usually per-
formed using one of the following techniques.

a) Scan mode [1]. The mucror separation is changed
by application of a repetitive sawtcoth voliage on 3
piczoelectric miror holdes. The wavelength s propos-
tivnal to the mirror separation, hence the outpul in-
tenwaty s 8 function of time represents the time-aver.
aged specinal disteibution of the laser, Thus the spec-
tra} distribution of a single laser pulse cannot be meas-
ured,

b) Fringe mode |2]. A diffused beam is incident on
2 FP1 with fixed mirtor scparetion. An output lens
eoduces 2 fringe pattem . Thus the rpectra) disteibu-

Oecilloscope

tion of 3 single pulse can be measured. The spectral
distribution is calculated from the mtensity distribu-
tion of the fringe pattern. We describe an apparatus
which utilized a FP1 in the frings mode,a CCTV sys-
tem, and an oscilloscope for intensity distributon
measurements,

2. The apparatus

A schematic of the setup is shown in fig. 1. A laser
beam is introduced into the FPI {Buslegh RC40)
through a diffuser. A telescupe {with a magnification
M between 20 and 40} improves the resolution by en-
Lerging the fringes, The CCTV system consists of an
Tkegami CTC-5000 camera and PM 201 T monitor. A

Telescope RIS

o T 1

Intertaromerer

Fig. |. The experimental setup.

1nr
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i12. 7 Biock duagram of the TV sngie trigaes pufse selector.

bhock diagram of the TV singe line trigger selector is
shown n fig The compusite video signal contains
the camera video output and the vertical and horizon-
1al synchronization pulses. The simple camera utilizes
interlaced scanning |separate scanning of the odd and
even linesy, and there are drifts in Uve datays between
the honzontal and vertical trigger pulses. (Hence line
selection cannol be petformed by choosing an appro-
priate delay.) The selection is made by counting hori-
zonta! trigges pulses from the desired vertical pulse
{add ot even) up to the trigges pulse of the selected
line. A gate is then opened for the synchronzzation
pulse. This pulse triggers the osailfoscope and only the
video signal of the selected line is displayed. Simultane-
ouwly a blanking signal is delivered to (he TV monitor.
The blanking signal appears as a black siripe as shown

\

Fig. 3. A photogaph of the TV moniion with the black ciipe
that designates the selected TV Hae The (ringe patiern thows
1he tongituding) modes of 2 Spectra Physics model 133 Ho-Ne
lasec.df = B mer, M = 30.
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in fig. 3. A commercial system for similar purposes bux
d ly designed is by

3. Experimental

Smgle pulse measurements are linuted te repetstion
rates up 10 25 Hz by the perustance of the vidicon
<amera. For higher repetition rates a chopper must be
ncorporated into the syslem to permint single pulse
measurements. The linear dispersion dr/d) is propor-
tonal w the angle of in¢idence 8 (first ordey approx.
tmation) s the innermest rings are utilized for the

The fength A is prop to
cos 8 while the radius is proportional ta ; hence 1he
intensity distribution along the fringe diameter s not
lincar with A, The speciral distribution 1s meziused
from the oscilloscope display using the Following
relation.

tem), th

where 7is the radius: 1,2 — two adjacent FPl osders.
a.b - the two points between which A5 is measured.

Fringe
center

g 4 The EPl intensty disirbunion of & Spectsa Phyacs
moded 137 lie-Ne bt Thoe cupersmestal condtims sre the
ame as w0 g )
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Nl X

and g the EPE ot separation, The eno
sourees 4w 3) Uneertamty in the measurganent of the.
nay tadvs and the FPY mirror separation. by The se

certer

Fig. S The £Pfintensily distsibuiiun of a copper vapor laser,
(1) The green [inc at $10.6 nm, g © 20 mm. M = 20, (b) The
vellow line at 578.2 nm.of = 10 wm, M = 20
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lected TV Ine could be a chord rathen W it iy,
dlarueter ¢ The nobineanty of the TV camera d)
Telescope aberratiny

The performance of the apparatus was tested by
measuring the spactng of the longitudinal modes of
commercial { Spectra Physics) He-Ne lasers. For model
433, whese mode spacing is 550 M, we measured
Mifz. 35 shown n fig.4. For model 135. whose mode
separatian is 460 MHz, we measured 440 MHz. Thus

the uncertainty 1s about 5%, The intensity distribution

depends on the diffuser, If the light is not evenly dif-
Tused vnly ficqnency differences {and nol intensity )
can be meusured.

4, Results

The spectsnl thsttibution uf the green and yellow
hines of a cupper vaput laser |3] is shown in fig. §. The

green line has a bandwidth of 5.7 GHz. The yellow line

has three components. A lower resolution measure-
ment detennined that component “a™ hias the lowest
frequency. and 1s missing in the central order. Campo-
nents “a" and b " are separated by 4.8 GHz:"b" and
“¢" by 2.5 GHz.

A single pulse mode structure of a copper vapor
luscr-pumped dye laser is presented in fig. 6. The band-

Fringe
centec

Fig- 6 The 'PJ intentity distribution of a copper vapor laser-
pumped dye Lawer o < 30 mm, A * 40,

1s

Volume 27, auinbes |

wth e LG apd the wuode separaiion v 270 Wi

tn such a Yaser the mode structure vanes fram pulse to
pubse [4]: the method we descubed 1s adeguate ot the
measurement of the wade stvucture of mdovidual pulses
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HIGH-POWER. HIGH-PRESSURE. DISCHARGE.-HEATED COPPER YAPOR LASER

L SMILANSKL G EREZ * AL SERMAN and LA 1LV

relegr Revanh Contne Miees Boe Niews faa”

ed 19 Apri 1975

We have conssucted 2 40 mm diameter disch

dieated loenadimal copper vt Laser. The laser pechorms nant ¢l

ciently at a neon buffer gas pressure of 2000 600 Totr. Mhe lases has produced over 20 W at 3 Ktz as an ssallator and 308
304 kHr and 20 W a1 2 k12 (7.5 and 10 mb/pulset 3t an anplifice.

The copper vapor laser (CVL) was discovered in
1966 by Walter {1]. Two parameters set aside this
lases: 1}its high efficiency in the visible and 2)its
high operating temperature. While high efficiency is
vbvinusly an advantage, the high aperating tempera-
ture was considered 1o be a disadvantage best avoided,
Tluss can be hest understoad in the context +f Walier's
Tases . which required 5 kW for heating alone and
needed more tlian seven lours ta reac its operating
semperature §2).

During the next six years no breaktiroughs ac-
curred, despite several interesting experiments |3 5.
The combination af high temperature oven, fast gas
discharge and laser cavity proved toos suplisticated.
But these requirements can be simplified; the aven can
be eliminated. A short examination of efficient lasers
shows that most of the pumping energy is dissipated
inside the laser medium and heats it. A majur problem
in operating such lasers a1 high average power is
remuval of this excess heat, The CVL is an excepuon
to this rule. Not only does a high temperature ot Jis-
turk its operation, it is a precondition Thay, bugl: the
aven of ulder CYL's and the couling system ui otber
lasers can be avolded, leading fu ap exceptionally esfi-
cient and simple laser.

The first to point out this characteristic and to util-
ize it in constructing a CVL were Petrash et al. in
1972 [6]. followed by Anderson et al. |7] and Bukhan

* Al at Ben Gurion University af the Neges. Beer Sheva,
Igael

~0

et al. |8]. The unly heat source in these lasers was the
discharge itsclf: the results ohiained wers up 10 1%
efficiency and up 1o 2.5 mS/pulse autput encrgy (200
kW peak power ). We have undertaken a study of the
scaling of the discharge heated CVL: some of the
results are presented in this paper.

Tiest 4 suitable tube was decened and constructed
far the experiments. fig. F 15 _nentatic drawing vf
the laser. In principle W 1s sinlar to longitudual
msogen lasers which have beep deswribed i the litera-
tute [9], The cusrent jath ncluding the discharge
is co-axial to minimize the inductance. The tube is te-
crystallized alumina and cun withstand temperatures
in excess of 1700 €, The space between the ajuning
tube and the outer envelepe contains a thermal
insulator and is evacuated to minimize hear Juss. The
window holders are water couled to protect the ruhber
Orings which seal the windows, From the window
holders two refracte v metal electrudes penelzate the
tube. The electrodes  cupy 40% of the tube length.
The region which cor ains the dischiarge is beated by
itz tus regron is Kept (a1 from the cooled windaw holders.
A temperature pradient thus develops avross tie elec-
trode region. The gradient is nonlinear due to jmperfect
theratal insulativn neay the tube ends. Alumina hasa
large thermal expansion caefficient ~10° 5/°C. A 60
em long tube thus expands about 1 ¢m in being hizated
ta 1650 C. Insertion uf a bellow permits the envelupe
o expand and contract 1o match the tengih of the
alumina tube and prevent its fracture. We atsv use the
expansion a5 a temperature gauge by providing the tube

Vutume 30, pumber 1
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1ig 1. Schemarac draw ing of longrtudna) disharre copper vapar luer

with a il fength gauge, The resolunion f the gouge
is 10 mm (1 part in 10° of the total expansion.
The gauge 15 used as a lemperature indicaror instead
of ¢ pytomerer (cannat he placed in the laser beam}
or thennucauple (extremely difficuls o measure milli-
volts 1 3 fast, high voltage discharge). llowever, the
pange ieading gives an imtegral of the temperatue rise
wver the Tength of the tube, and panskating it into g
temperature prodsle isditficult Guar results sre theres
tore presented sy 4 Function of e length merement
n .

Fig 2isa typical uscillogram of the voltage and
current pulses used to excite the tube (30 kV. 600 A
The excitation circoit can deliver pulses like these with
an average power of up to 6 kW,

Preliminary experiments gave the following results

noi

Fig. 2. Time dependence of voltase tupper Liact) and current
(lower trace) pulses ued 16 excite lascr tube.

1) Thete is an uptimum laging temperature,
~1650 C.

2} The laser is volumetrically scalable for diameters
t0 30 inm with ~10 a/em? specific energy per pulse.

3} Lasing efficiency is propartional to cmss-section
over the same range of diameters.

In order to examine the validity of the scaling
faws for tubes of larges cross-sections, we installed
2 1000 X 30 nyn wunina tube in the laser (active
volume 750 i)

As. first step in finding uptimum operating condi
tivns the heating properties of the laser were studied.
The results ar= presented in fig. 3, Power input was
fixed at 2.4 kW. Visual examination of the discharge
evealed that at law pressure the dischacge expands to
fill the entire volume of the laser tube, extending out
1o the windows. As expected from Paschen's law.
as (he pressure is increased the discharge contracts
until 2t wme critical presrt s Jengih equals the elec-
trode separation. The discharge cannot contract fur-
thes. Abuve this pressure most of the energy in the
dischiarge is coupled into the thermally insulated
Tepnn of the tube and cansey maximum tube expan-
siomt Dngnimant deerage temperature ). Above the Jrin-
<l pressure the expansion is pressure independent The
crntical pressure ts ifferent for different rare gases. but
is atway s greater than 5D torr, which should thus be
the minimum pressure suitahle for efficient lasing in
this tube.

Fig. 4 shows the appearance of the discharge m the
1ube. under conditions of relatively low fietd (500 vV
cm), large cross section (12.5 em?)and very short
pulses. The pholugraphs were all taken at 200 turs
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ean pressire and e charcteestie ol the wases
atnd precstnes ased tatnese 10 worck g, 49 sl

e drscliange when (e tube s soll cohland the nretal
sapon presstire s negligble, The diawbarge s unstable.
and resermbles a twiting wire, The ghow is cather

T2t As the tuhe ieats iy and he merl vapor pressure
increasss, the discharge stabilees st incressngly 1ills
the tube ctosy secton L. Shs, The ghow bhrghtens.
figs. S0 and 4 were tahey Mirough 2 neutr b densiey
fifter with oy 200 5 €3 pursaire M ol see than
two diseharge pulses k. When we replaced the copper
by lead e dbhone plieessneny 08 fred s Saote, but
At remperstwies Jowes B Sy o0 £ The rempera-
tre ditference correlates watl the diferent vapor
Pressures of capper and lead. L., the e dischange
conditions suur For the cartapomding sapor pressures
af the twar eleatents A ifommozenzots diofarde m o
hagh pressure mediun utider 1 robatrely how tield 1
wsuaily Jue by the Presenye at premRZITIGG 1 the s
Wt are fed o the conetng i that e Pren Baalion

18 due 1 the preseave ol the metal sapar and non, far
example. 10 thermionss saussion ars the bot Jjurna
Uodes. v 1o Suliy wnlsdnon o 1he gas

15 is possible tat preniizanon 1s o tesubt vof sur lugh
repetituon rate, Using @ CVL wath 100 torr nean ot
lugmg wemperature, Batenun ex al [11] meusured the

N
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Nie 3 Wiearanee of dichiatge in laes gube denprestare
ftam ato

peai cecton density to be st 1075 cm? | dewreasing
toabout 160 con® n S060 g,

Since we normally nad o 4 kN2 repennion e
1350 15 between pulses), there probaty 1emain enowgh
electrons by werve 98 precamzation soutee. We hase
no dara o lectenn letines 10 pure hielivm or neon
under snilar conditions, bur they may he sulfiviently
shorter (o eaplain the discharge datiie
T enarine this question us)
Beating A exciation sotrces

[he peed fur hugh pressure to reach operating
temperature and the dbalry v achieve 3 bonsogeneous
hagh pressuce Sischarge g suiaple Jomgnadinad tbe
encouraged an atienpt to selueve lasmg onder these
canditions, Broas the early stapes of the work we had
naticed that inevewsmg the neon pressure nereased. or
at feast dad not ammediately seduce, the Laser autput
Huowarer, after a short tune the suepot did decreas
and wsetines even sashed. As the whe aged, the
wet evreases e shawly, Al the tae of pawer
dewreaw B as disterent fs Bilenpt ppes. eve
the we mnULactue.
matensi evapon

enees. We nten
Juthse wnh separate

trom

satitied that soune toren
vt e b, altering the gay comtpre
men Vi nean skiwly through tie 16he stabiiye
thie Laser outpur b hugh pressuse, nometheless in sume
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T 5 Dependen.e af tube length
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Ut s tenutied
1 fvlium and nents futter
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Aesetirad o tonnally pepved witk e es
sthon exales We measareld

b gdoslt arei

Vbl ata

M APt |
found only ween bies, Bul o fes stdisongd
lines, from copper and wehue appeged  The sadm
tine intensity decreased as the . covupled with
4 steady inerease i ket powes i aluming was
examined by Xeray thurescence sl tound o wontamn
Na, Mg, Caand K (81 d@nntications s apeenath i the
instrument used 1.

Omee we had 4 clean tube, we souzin an optizum
hufter gascopper mnate The copper sapor pressure
is detetmmed by the wemperatuze of the mhe sall
and s meusured hy expawssn ot the tabe L lases
auipug s presented tor dittesent temperitaes aml
Tor neon and heflum butter gases iz $ Wi
signilicant ¥aration in opLimuwn temperature way
T s 2 Pt of lelium proome i ithm the
limuted pressure range pussible with Yebumi, there v
avarrtion with neon. For neon the lawr apetates ta
ghowve the artical pressure (au oppased 1o helies
where peration 1s possible anly helow the et
Pressure ) and the oplciim tempetature Je
Wil inCTEASIg IEon pressiee, pesnai,-
pecation with reduced Inpat prwer st Figh e
Pressures.

[n fig. 6 the faser out ut is presented as 4 unction
of the pressure af the buiter gases helum, neon and
argan, The temperatere was held constant 1n these

a1t hiset 1unes gn ol nihes we

canes

AT A ATHINS Juty 14

e E .

1w 6. Dependence of laver auipul Power an helwm, neon
and rgoon Rufler gas pressure af constant tempesatare The
I peaser fof constnt tempesasure depends on “uffer gax
wientes and pressure.

expeaments, The laser had 3 500 mm bng actve 2one

Thie dtterence between neon and e otiier gases o

staba
In onder @

o vestigate the kinetics of the copper
pupulations we measured the dependence of aver
energy vn pulse repetition rare (or,
hetweet pulsest. The results se¢ presented in fig. 7

tor botli green and yellow lacer lines. The peon pressuse
m thug experiment was 200 torr. At low repetition rare
the tal laser energy approaches 9 mi/pulse. As the
sepetition rate isincteased the energy per pulse de-
«reases, Jue tu a dectease in the green line. The energy
w ehe vellow hne remains consiant 2t least to 5 kHz.
The diitetence in the behavior of the two lines is at-

Fee * Dependene of laser output Energy o repetition mie.

73
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. 8. Oscliogram of Lascr vutput Pulx. Time scule is 2 ns/
division.

tributable to thermalization of the 2Dy and 2Dy,
melastable levels, Thermal equitibrium is rathcd quite
rapidly between the metastable levels; the 2Dy level,
which lies 2000 cm~? higher than the 2Dy, level.
emptics between pulses.

The *Dgp; level, which lies 11000 em~ ! above the
gruund state, empties m-ich more slawfy, bottleneck-
ing the green lasec line. Nonethieless.at 4 kHz the
pulse energy is over 5 .3, for an average power of
aver 20 W. AUhigh pressuies and optinum tempera-
tuse the pulses shorten to as listle as B ns. Fig. & pre-
sents such a short pulse; its peak power is 830 kW, (he
highest peak power 10 date for a copper vapor laser.

Fipally, the tube was vperated as an amplifier and
Produced 30 W average power al 4 kHz and 20 W at
2kHz (7.5 and §0 mi/pulse, eespectively), The beam
quallty of the laset amplifier was superior 1o that of
the same taser acting as a6 oscillstor. Tiny toles were
easily drilled in 1 mm thick steel sheet, using a )50
mm focal length lens.

In the dozen years which have passed since its dis-

OFTICS COMMUNICATIONS luly 1979

covery. Iess development work bas been petfirme * 1
the capper vapor (aser than o same
Lagers. The laser desctitied ahove consumes lesy power
than its 196t predecessor, 1s physically smaller,
delivers ahout two orders of magitude more syere
pawer, but ts performance sull fits Waltees 1967
deseription ol “nestlier nEsEnun N0t eprmum
salues. bt they do mdiate s chiser sealizatne o e
supper Lo oedettzial st eHiCONE gt p et
pudsed veible Laser™ {12

Weare pleased 00 guhnow ledge the awstariee of
S, Kamun i consteucting the aser amd 1 pertormm:
Ui measurcwcnts.
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Kinetics of population inversion in a copper-vapor laser
investigated by a modified hook method

1. Smilanski and L. A. Levin

bt Resese anin Nogey e Sk b
G. Esez
B O N N L T P N N S R O PN )

Rur syl 40 Dibuor 1, 1970

bk wparatus wiih
e ot o et

inversion kineties in the
1 by the pupulas absorption
brextremely
tion f a complicated hyperline
,| vunuvr and Stark. pressure, and Buppler brandening
by a plosma of undetermined parameters. oll coupled
with tange and rapiely changing pogsalations. has pre-
sented an accirate measurement fram being made, In
order 1o perform such o mensurement, we Waoked for a
methed in which line shape and broadening can be ne-
klected and nonesecond time rexalution can be
shieved

in the veighhorhond of an isolated atomte transition.
he fullewing dinpersion relation balds for the refr;
index n:

r Nify \( u A\'.)
n-1= 1- ). h
4 ag Ny !

1 electyun rid
nd h

L lu.unlmn 11 reveals lunu-
variations i |h. refructive index
transition. The quuntny n = 1 chinges vign in pas
throngh the line center, s phenumenon known as
wiwunukan dispenbn.  Latdrotwra! deioted the nor
malieed population rati by

N

#e Ny

He calied (l the negative dispersion sinee inereasi
devreasis 1he dispersion,

When the pognilations becnme equal, 2 \', = Ny
And the anomakous dispers an in
u-md pq-nh\u-n._. N> Ny (1 > Libw v
and me ol enne isthe

=

mirror image of the fu
Thin phenntmenem can b
lietuions il shousd ot b eatmeed it Lemboang's

O R A e

meeond tunne tesnbuting way wad e g U desgrrsion aronm s Gaser
Lond inveried propulatione. A arge e harge prodused grjids

et s apor

negative dispersion, We are n
demonstration of this phenome
methud.
In the buok method.! the Fight that has pas
through an interferometer ix wavelength dispes Nd
a two-dimensional detector. usually a phnluxrlplm'
plale The refation between the urdet & of an iater-
ference fringe and its height x in the image plane is ziven
by

ut a previuus
. using the huok

tn=+Al+oy=kh  k=u &l £2,,,. D
where [ is the length uf the active medium, M is the
uptical path thet:

arms. and ¢ is the nnule hetween the twa interfernmeter
heams at the detector. The slope of an interference
fringe is given by dv/dX. For normal dispersion, dn/dA
== 1) from Exg. 3 this resulis in

[dy &
A w

The interference tringes are thus straight lines in the
iplane, The 1 dineetion is determined by selection
of k and ¢, i, bn adjustment of the imerferometer. In
@ region of anomulus dispersion, insertion of ¥4. 113
into Ey. &4 gives

=1
d‘\=l|"_*r..‘ TR l]_ N
-

da iz - Aop]

e Sign of the sevond term is independent of
near A the slope of the [ringes increuses continausly
il the 1wa terms are of the same sign, 11 they are op-
penile in sign, hiwever, there are twn wavelengths for
which dy/dA = 1), one un each side of the resonance.
The doable change in fringe direction produces the
charartetistic houkn in the mterference pattern, For
atransitiun with a knov n /i . the population difference
Niil—th= ined alter
the hunrk sepraratiom, { ). has leen
mvasared 11 the buok wpor s munh larger than

©famr Opticat e
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Fig. 1. Schematy dugeam of expenmental upparats.

the linewidth, the Jatter will have no effedt on the ac.
curary of the measurement,
We have used a modified huuk apparatis.’ whicl
shown schematically in Fi e e-laxer:
pumped dye laser has a bandwi it approximately |
nm and is tunahle uver ;he le range. It spectrun
f mure than 100 lines.
theur. m then restricts to 50 the number of |l|lerfrn-nu'
fringes that can be ghserved transverse to the wave.
length axis in the fucal plane of the spectrograph.  The
dye-laser pulse is sharter than 10 nsec and determines
the time resolution uf 3 i he

¥
dye laser ensures good cuntrast in the vidi

erted basokn nve separared by s bright region, the am-
nhmd Iight that ix due 1o xAllmuh !

*

nwnsuee Ny (1= Qe (N — whwee ',
‘Do populmion. For delags lu..g‘., than 14
uormal hooks appearet] on the munitor: hence @ < 1
The values uf Ny — 2Ny deduced fram the huok pat-
terns dre presented in
na huoks appeared, indicating population equal
delays sharter than 140 nsec, the slope of the fringes
i near the Jine center, accompanied by a strong
i Inorder 1o create hooks and

ferometer, inverting k and the slope of the fringes. The
resulting huoks indicate inverse anomaluus dispersion

autput even with a 19-um-wide spectrograph slit
Mechanical Muctuations can be ignured during th
10-nsec dye-luser pulse, eliminating the pr nblem of v
brationa) isolation of the em.  How il wos
necessary W resirict the repetition frequenwm thedve
laser to no more than the frame frequency of the vids
sywstem (25 Hzl, since the interference fringes are:
different fur each dve-laser pulse. The tele
motitor displays the interferograms on line, making
syatem ulngnmem straightforward and mp-d The
our i5 0.16 nmy

mm, and its resolution is 0003 nm. The er(emve hor-
izantal scan length of the vidicon is 5 mm; its esalution
is more than 500 lines. The resolution of the system is
thus spectrogreph limited.

“The liming control (which includes the chopper) ce-
Jects 25 of the capper-vapor laser's 4000 pulses per
second and fires the nitrugen laser with the desired
delay to the copper-vapur laser. The delay can be
raohitored hy the P.I-N diode. The interferograms are
recorded uirthe video recorder and analyzed later in the
“gtill" pusition. The audiu channel is used fnr data
identil n. 'l'h! fe- values were calculated from
Beilski's A values.?

Fither normal or inverled populations can be mea-
susred by the houk methad. I order that huxoks may he
pruduced from an inverted population, the sign of
must be revenced relative to its cunventiunal value by

 of Lhe interfe “This i

lished h v the to the

nllwx mwfemmeler arm. reversing: the sign of M. The

resull is 8 Tringe pattern that is the mirror image of the
narmal paitern,

There is anuther difference between hooks from
normal and inverted popuiations.  The hooks in the
nutmzl pattetn are separated by o durl interval at the

uth caused by ab ion: the in-

procedure was used P
vel population. 'I hv resulh.nre presented in Fig,
(calculated). A mllnr procedure was used Lo
re the population of 1 evel, giving
equivalent results. 1t .lmuld be km])hnnlIPd that the

A Time dependense of lesed propulations and population
differencen,

Fig. 5. Howk patierns of mormal und inverted pupulations,
the 432701 - 1p P} _transiton at 5142 nm. A inverted
interferogramy: B. tormal imtetferoeams; | 100 e delay.
mverted population (ete the gain nt line centert, 2, 20-nec
delay. normal g inutr the absrplion at line
center).

Much-Zehnder interf
operation. s oscillat

insured
s of the gain tube were lmldtd
4a< 2D levels that was due to
stimulated emissiun was negligible. To be un the safe
side, 1he data in Fig. 3 were taken in a tube operated
below the optimal temperature, with reduced inversion
density.

Motch 1980 / Vol.5, No 3 7 OPTICS LETTERS 98

The papulation rate of a 35 2D sublevel can be de.
scribed by the following expression:
Voo
s Nt 7, 3 N Skt
de [y

+ \ NaAxn - n,&,, "lu +P 6

where N 1 the puuularmn inalevele.n, is the electran
4 51 1~ the transition rate from level K 1o
Any is the radiative transition probability
K w Ie\el D, and P is the stimulated-emission
ll)unng |,h1: shurl -discharge pulse, collistons
heat in be neglected.)
In Mﬂtrll C\’L mudeh o the poputativn of the lower
laser level by processes other than stimulated emission
is neglected, which would permit Eq. {6) to be written
asdNy/dt = £ But in our experiment £ = 0 while &}
and Ny, are changing rapidly during the discharye pulse.
Poputation of the luwer laser level by processes other
than stimulated emission must be taken inta consid-
eration in madeling the CVL and may cuntribute ts the
luwer-than-predicted peactical efficiency.
‘The authurs are pleased to acknowledge the aid of 5.
Lavi, K. Miron, and R David in designing the experi-
The dedicated work of 8, Kamin in assembling
stem is espaciall i
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STHUCTURE OF 510.6 AND 578.2 nm COPPER LASER LINES

JTENLNBAUM. 1. SMILANSKL §. GABAY. L.A. 1 1VIN. G ERE/ *and S LAVY

NMiekear Research CousreXeges, Beer Shera Bieael

Reconned 7 Necember 1979

Lt o1 the $10.6 and $78.2 nen copper Laver ines
s rossute, T e slages e cofisistent Wit he cshulattans anls st the snallaturn thicshod The buier

et valeabaned 4 ncasured o o function of wopper deauty

o Presains dota indicate 1t the presae Broadenang ctfiskat s very siall o vt espenmental coaditons

L. tntreduction

A hnowledge of bie shapes s important for a charac-
tettzatan of et It s wequined when the ksser s
nsed as 3 guin ‘ahsorpiion probe or when the cohe.
tenee propeities o the laser ate cunsideted. The present
wark is 2 stuady of the stouctues of te S10.6 3nd STR.2
nm Jases transitions in atomise copper vapor. We studicd
the dependence of the structuse of these lines on: 1)
temperature (e.g. copper atom density ) starting from
threshold temperature, (2) buffer gas pressuse. These
transitions have heen used recently for absorption
measurements in copper laser kinetic studies {1..

2. Review of theory

The hoes uf atemic copper have a complex hypec-
fine structure, The complexity results fromn occurrence
wn natural coppes W two isutupes. both uf which have
nuclear spin. The two otopes. $3Cu and 65Cu, vecur
i matuee tn the retion 69 31, The nuclear spin f of
buth ssulupes is 32 so both have magnetic hypertine
and ¢lecttic quadrupole moments. The total angular
nonentum £ ol 3 atomic state i then given by

I HKFSU+N, a}

where / is the rotal electran angular momentum.
The 510.6 nm copper line is a transition 2Py, -

* Al Ben-Gunuo Univenity of the Negey, Beer-Sheva, uael.

20 ;. while the $74.2 am line 1 4 franstin 2P|,y
203 3. The 2Py 1 seate sphits o twe hyperfine com-
ponents with F= 2 und 1. the 2Py 3 and 2Dy, 5 states
splt 1t four components with F = 3.2, 1 and 0 and
the 2Dy state sphits inta four components with F =
4.3.2and )

The frequency shufts. Av. of the hypesfine compa-
nents relauve to the centers uf gravity uf the levels can
be calcutated from 3]

_AC BYI6ICHN AU
M=yt B ey

where A, B and € are the magnetic dipole, electric
quadrupole splitting factorsund C=F(F+ 1) J(J
+1)  J{7 + 1). The numerical values of A and B foc
the two isolopes and the isutopr shifts arc presented
in table 1. Scale drawings of the splittings can be
found in ref. [12].

Alluwed transitions between hyperfine compoaents
e retoicted by the selection sule AF =0, 1. Table
2 presents the frequency shifts and relative intensites
of the hyperiine components of the S10.6 and 578.2
nm lascr teansitions. The frequency shufts are selative
10 1he center of gravity of the $3Cu transition. The -
tensities were computed using the formulss of ref. [4).

The Dopplerbroadencd lineshapes calculated for
the 510.6 and 578.2 nm transitions are shown in figs.
1and 2 respectively. The spevisal envelopes were ob-
t3ined by the following provedure. The positions and
Reights of the vertical bars are taken from the data of
table 2. Each component is designated by 2 small letter

73
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Tabke |
A1 a8 iotope shift valucs i the 2Py, TDy o FPLy and
3Dy cupper kevels

tstape  Lewel A & ratupe whift
M MHa relve 0 900
tMHA
" Tpyp WAL 266 0
3pgq  BU3 6 1430 2260 tab
Py MW 91p
3pyg WELIO 127240 2220
ey 2py, 1952100 2REeb)

305, M9 18601
2P, 5089 -
20y, WSLOt 137440

() Ritschl, ref. {5 Wagrer, o<t {10].
(b)Ney, ref. (1],
{c) Fincher eval,, ref. [12].

Tabie 2

Frequency shifts of hypesfine componeats of the $10.6 and
$78.2 nm tansitigns relative (o the centert of gravity of the
3Cu trantitions. Iscsitics reiative to the stroageal hyperfine
tramition lakes az 100).

A L < 5cu
nm) - M T -
A ! Dec aw I D
Mtz {MHz)
SI06 3 4 24236 100 2 - M3245 3
23 148 62 b 24108 28 b
313 726 16 ¢ 30106 7 ¢
12 19092 35 4 42974 16 4
22 23284 19 e 4423 9 ¢
32 2852 1o $419 0S8
0 4L 0670 16 g 55095 1 ¢
11 3888 15 h 5732 T &
11 w7 2P 62101 1 i
5702 2 3 -38189 100 & 18584 45 &
12 877 36 b 31243 16 b
22 188 36 o 42109 I6 ¢
1r w2y % o4 6B 16 o
1y m361 7 e BOSIA 3 ¢
Yo sy 4 g "

B4 5

i

(@, &', ...). corresponding to its designation in the table.
Far each component a Doppier-broadened gawasian was
constructed with iis center on the bar. The envelope of
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A ssMnre -
29 AN S108nm
. 1,1500%
o0l AV-2qemmr
0.7
\ s
250 a
s
%
025} e 1
W Tl ;
e + el
86 & 2 0 <1 -4 -6
el

Fig. 1. Caleulated lingshape of the $10.6 nm Une at 1 500 C.
The posilions #nd heights of the vertical byrsa, 3, corre-
pond 10 the petitiuns and relative intentities of the hyperfine
components of %3y and #4Cu respectvely,

the line was obtained by summing the gaussians. Lines
with negligible relative intensities were deleted in the
figures.

Three features deserve comment. First, the width
af the yellow line is about 11000 Mtz while the green
line s about 7000 MHz wide. Second, the order of ap-
pearante of 1he pesks zbove thieshold should fallow
tiw Spontaneaus transitiun envelope, For the green lime
the central peak should lase first. As the temperatuse
{density) is raised the higher frequency peak shuuld
appear, then the lower frequency one. For the yellow
line lasing should fint occut for the intense low fre-
quency peak, followed in tumn by the high frequency
peak and the ceniral peakk. Third, the frequency inter-
val besween peaks is temperature dependent. The cal-

$102 v
1x1500%
AV 19S5 MHT
Fuil

0 8 6 ¢ 2 0.2 <% -6

Fig. 2. Calculated lineshape of the 578.2 nm line at 1500°C.

Vulame 12, number 3

culation shsrw that mnceeasing the temperaturs from
LA0G°C 4 1 40°C decreacs 1o interval between high
frequency ang central peaks of the green line and in-

vreases 1fi erval hietwien low fiequeney and centeal
itk

3 Bapenmental method

The experymenta! arcangement is shown in fig. 3.
The Yaser was a discharge-heated copper vapor Jases.
1ts steady tare temperature Jepends on the repelilion
rate. which cap be varied in the range 3 6 kHz. A la-
ses tube with an 1aner diamerer of 18 mm and active
engh about 230 we was used W measuse the tem-
pesature dependence of the 1aser line shape. A second
tube with 10 inner dumeter of 40 mm and active
length 600 man was used 1o measuse 1he pressure de-
pendence of the line shapes. This laser tube was iden-
tical to that une used in ref. {5}, Refative temperatures
were measured by measuring th expansion and con-
uaction of the |aser tube; no lemperature calibration
was anempled,

Two Faby Perol etalons were used. One wasa
Spectea Phy sivs Muodel 37002 confucal speetrum
analyser with fixed aucrors and an 8000 MHz free
spectral range {FSR). The FSR of the second etalon,
Caherent Optics Mudel 370, vauld be vsried by varying
the distance berween ats lat mirrors. The etalons were
uperated in the scan node wsing a wavefurm generasor,
The spectoum was detected and analyzed by 3 PIN
photodivde, a wample and huld unit and a 7904

Tektronix oscilloscope with a C-50 vsclfioscope camena.

The two spectral lines were isolated by interference
fieers. The yellow line, whose width is about § 1000
Mz was analysed using the variable e1aloo with FSR
of 15000 MUz, The green lise. whose width is abom

Fig. 3. Expenmental telup.

OPTXS CUMMUNICATIONS
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7000 MHz. was analyzed using the vonfocal spectrurm.
analyzer.

Recently spectsal distribution snezsurements of tingle
cupper vapor laser pulyes have been made in our abora-
tory using 3 fringe made Fabry Perot interferometer.
CCTV system and TV line-trigger pube selector [6).

4. Evperimental results
4.1, Temperature dependence of the laser fines

4.1.1. The 510.6 nm transtion

Fig 4 shows the spectrum of the green line ar four
teynpetatures, with temperature incressing from Ty to
T - The uscilloscupe traces were vbtained using the
00O MHz FSR spectrum analyser. The trace at Ty

F5R

L. &:W00. 4,-3250

Fug. 4. Spectrum of the $10.6 am bne at foxr wampecateres
(13 TaTaTa) 3 o cstured m BHE The biller gas presst
was 25 1011 Ne.

4TS
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shiown the spectrum shghtly abuse the Hieshold tem
perature. 1w vamposed of swo peaks separsied by
ahour 2200 M/, A’ Hhieshuld anly the mare meense
peak Lasets. The intonse peak 18 the central peak of g
1. the second jea 5 the higher frequency peak. At
temperature T + third peak appears, cortespunding
1o the Jow fiequency peak of figare 1. The intemny
of this peak incteascs geeatly as the temperature is
increased to Ty and Ty The totgl spectrum widih is
abour 6000 Mz above Ty but the refative pusitions
of the peaks and telabne intensities are tinpelatute
dependent: the renipetature dependence s prodicted
by the calculatuns, but thers is 3 quantitative discre.
pancy.

4.4.2 The 378.2 nm fransition

Frg. § shwws the spectoum al the yeflow Une at theee
tempetatures, The vsalloscope traces weie oblained
with an FSR of 15000 Mtz The trace at 75, shightly
abuve threshold, shaws twe peaks. At thteshold only
the intense tawer frequency peak lases, then the high

T2.8,=6800 , 4;=2100

-—

Vig. 5. Spectium of the 578.2 am line a1 three empesatures
(FiTiT3). &' is measired n MHz. The buffer gas presture was
28 torr Ne.
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trequency one. The third . central. peak appears at
temperatute T3

Thew 1esults wate that the laser hne shape. at
theeshold temperature and slightly above 1, follows
the caleuluted envelupe slspe. ‘The same result was
ubtawed by Clamenti [ 7] For buth Jnes the high
Temperatite miensiy distrbunon i difterent Hom
he low tey aud s
& poing wetielt desceves further study.

The spectral distibutions reported here ate cunsis-
tant with the expetmental toslts of et (6.

4.2, Prossure Jupomdence of the laser tines

Fig. 6 shaws the §78.2 nmn e shape at differeat
buller gas pressures and g fixed iemperature, The re-
sudt indicates that the shape and width ol the line is
almost insensitive 1 the butter gus pressure. A smular
result was ubtainied Far the $10,6 nan hine, s result
is diflerent from Uhea’s wesult abtamed in a copper
hatide laser [R]. Chen interprcted lus data as resulting

_/“’L

P-shm Ne

B17580

£y

Sgoal

Ty

Paiag ot e

[
H

Phatodrede

Fig. 6. Spectrum of the $78.2 vm hine ut Lheee bulfer gas
prewsates and 1 ired 1mperature. 3 i measured in SCHE.

Nt U2, ot ¥

1501 pressure boadening of bth Laser

s hy e

¥ 180 My ter. The fact that i aue
experment the ksee line slapes did net iange i s
bl ranpe of hufles gs pressure indicates that the
pressitee broadensng coctficient 18 much smabler than
the value gaven by Chien

& Conclusions

The widih wb sbve copper Yaser Yines can be caleutated
by sssusming that cavh e s compused of Deppler-
brosdened compancnts. cach centered on a hyperfine
component  The arder ol appearanue of the peaks
abave threshuld 15 governed by the relative inensities.
ol the spuntanenus transitions, but fas above thresh-
all additional factors enter which change the relative
mtensities i the laser peaks, Bath spontaneaus and
stimulated spectea Jepend strongly on (emperature
and probably on adduional experimental conditions.
Therefure when absorption measutements are carricd
it it is necessary o o the expedmental condi-
tiuns for buth Jight source and absarber before quan-
titative interpietations are possible,

DL S LN ATIONS
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COPPER HDOXS - leESTlGA‘noN OF THE COPPER-VAPOR-LASER KINETICS
rael Smilanski
Nuclear Research Centre - Nzgev, P O Box 9001, Heer-Sheve, Israel

ASSTRALT
Interferometric measurements of anomalous dispersion (“hook" method) modernized by use of
& dye lmser and s CCTV sre described. Digcharge kinetics are derived from the hook-data of
a copper-vapor luser. A high electronic *5 « 7D excitation ratc is deduced.

Yore then 13 vears have passed since the copper-vapor Iaser (CVL] was discovered by Walter
et 2:.1 A lor of technological and aperational data hi en accumulated since then, bur
the main pro:esses governing the laser performance are still nsulficiently identifiea
g underotopd. In'the absence Of 4 complere set of LFARSpOTt and excitation cross-
secrions, seveux estimation artempts were made in the past, followed by simplified
nodeis®, t of these models nnmsnu::nd fairly well some of the operational para-
Setars (i.en the power output and ¢ jon pulse), using different, and sometimes even
conflicting aysumptions, It soened th-t “ehe exporirental evaluation of the laser kinetics
uld refine these models by throwing light on the laser intemmal processes,

The gopulation of a level can be deterained by messuring the sbsolute value of its sponta-
neous emission®. Except for sivere calibration difficulties, this method is wnsuitable for
measuring the populations of the ground and metastable states. The sbsorprion/gain merhod
was used by several muthors to analyze the CVL butr its limitations are now well known®?,
Poth total absorption in the line center, and complicated,hardly determinable line broad-
ening make these measurements very difficult and expensive. However, not only the magni-
tude of the light wave is sffected by a resonant population difference, but also its phase.
A population difference will result in a neasurable phlse deviation !Llfﬂ:lenxlv far from
the line center to allow the effect of both sorption and line broadening to be
insignificant, The mewsurement of a phase shift requires a reference signal so that ir is
accomplished by an interferometer.

The Ro:hdas(vunskii “hook™ method'%'! js known for many years @s the most accurate - and
1t - method for determining ovalucs (o1 po ulations). We will briefly describe
modified'? and -udemlxed ook s¢stem, which is simple to construct snd operate and
time and is fo suitahle for CVL diagnostics.

In_the neighborhood of an isolated atomic trensition the following dispersion relation

01ds for the refractive index n
r, Nfal FRY

where r, is the classical electron radius, 3o is the transition wavelength, Ny and ¥,

the popbiations of the lover and upper levels, respectively, gy 1nd gy are’their sunsuul
weight is tbe oscillator strength of the transiti 13 Huation [1] reve

Tarhe variatihns in the TefTRCTAVE Infer around an atomic transition.. The queatity (o o 1}
changes sign in passing through the line center, » phenomcnon known s snoxalous dispersion.
Ladenburg? né

Jenoted the noraslived populstion ritio by Q'+ (g44,)/ (yhe) called it
s Q
gxistence in s IC neon discharge. using the hook ethod.  When the pnpulltluns b::u-: feauar,
1-0=0, sd the anomalous dispescion vanishes, For an inverted population g Bult

Q> 1, the anomslous dteperaion changes 5ign, and the dispersion curve i3 the i g ey
of the function for a normal population. This dispersion will be referred to as the
inverse anomalous dispersion.

In the hook method'® the light which has passed through i Mach-lehender interferameter 1s
wavelength-dispersed on » two-dimensional derecror, usually a photographic plate. The
relation between the order b of an interference fringe and its height ¥ in the image plane
is given by:

[C U N QS B

(21
where 1 18 the Jenptu ol the active
tma interferometcr arms and 1 is the
derecto;

dn/d-

um, £l

ium the opticas path aifference betwern the
§1¢ between the tao interierometer beans ot the

The slope of an interflerence nmge 15 given by Je/de. for nnrmal dispersian,
and derivation of equation |1} give

E— | )

The nterference fringes are thus straight line: in the (1,y) plane. Their directiom is
determined by selection of & »djustwent of the interferomcter. In & region
Gl anosalous dispersion the substiiution of 1] Ia (3] results in:

.1y,
F-3 [" r:‘ AL n_%,)_‘] ()

The sigs of the second term is independent of 4; thus, near A, the slope of the fringes
increases continuously if the two terms are of the same sign.’ If th:y are of apposite sign,
hawaver, there are two wavelengths for which dy/di » 0, one on e of the resonsnce.
Tna Goubie change 1n fringe d1sect1on produces the chayacteristic "haoks® in the iaters
ference pattem. For 3 transition with o knewn F, the populatiea Wfterence

Ng() - Q) =8, - (g/3,)Ny can be solved afrer the hook scparation, & = 2|3

1 heasared. “rhe HABIN I 0 200 el The cateatation ot 1155 much Smallr than' fhe
hook separation.

We have used the modified hook apparatus, which 1s presented 1n Fig. 1.
Bre

PL TR AN
E ?“'}

The nitrogen laser-punped dye laser has a bandwidth of approximately ! nm and is tunsble
over the visible range. Irs spectrus consists of more than 100 discrete lines. The
sanpling theoyem restricts then to SU the number of interference fringes which ¢
observed transversely to the wavelength axis in the focal planc of the -peumnpn The
dye-laser pulse is shorter than 10 05 and determines the Time resolutioe of the systes.
'm brightnessof the dye luer ensures good contrast in the vidicon camera o\ltpu( even with
10 ym wide spectrograph s1i Mechanical fluctuations caa be ignored during the 10 ms dye
Taser pulse, so that the problen of vibretiomal tsaiacion of The Trstem i3 eiiminated.
HoweveT, it Was Necessary to restrict the repetition frequency of the dye laser to mo sore
than the frame frequency of the video system (IS5 Hz), since the interferemce frisges are
slightly different for esch dye laser pulse. The television monitor displers the later-
ferograms om-line, making the system slignment straightforvard and raj

1ugran of the
expen-ental spparstus.

The maximus dispersion of our spectrograph is 0.140 om/mm and its resclutia: is 0,003 nm.
The effective horizental scan leagth of the vidicon Is § am; ita resolution is more than
SO0 1ines. The system resolutiom i3, thus, spectrogruph-limited.

The tiaing cantrol, which inciudes the chopper, permics anly 25 of the 4000 CVL pulses s
second to veach the spectrograph°s slit, snd fires the nitrogea laser with the

ve to the CVL. The hooks® contrait s optimized by this srrangeaen m del-y rud
be monitored by the PIN diode. The interferograms ave recorded om the Vidto recorser and
later analyzed in the “sti11“ position. The tudio channel is used for data idemtification.
The hooks are analyzed electronically’’, to avoid a geometrical distortion by the soaitor.

Either normal or inverted populations can be measured by the hook -.nmd. In ordee t
produce hools from an inverted population, the conventional »ign of k must be reversed b
appropriate adjustment of the interferometer. Thi< 1 accoaplished be umslnnn; ne
Lompensatar to the other interferometer arm and therehs reversiAk the sign aof :b

result i a fringe pattem whiich 1~ the mipror mage of the normal pattern.

There 1> another difference betueen hools (rom normal and inverted populsticas.  foe hools
\n the BoTEAl pattern are separated by a darh interwal at the reson. elengrh vhich 1>
caused by absorption; the inverted hooks sre separates by a bright Tegions 1-e.
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the amplifird Jaght dus 1a stimnbated enission,

fhe refevant copper emrrgy leveds are presented in Iig, 2.
F

£
-k,

The tube studied way 40 nm 1 diamcter and 60 ca long and was excited by B0 ns long
cwtrens pulsesit,

— Figure 2
Parnial energy level
. e diagraa of < copper
L \u\e\en;u\« YN

first, the 4p §
level,

th ;
presenfed in dig. A

3.3nm

BRI N rallslnm- at 515,3 nm was used to neasure the nopulation of
Twrassuning the 4 nh pnpull(lon to be negligible. Typical vesults are

—
Eigure 3.  Typical heoks at 3, = 515.3 nm (4p PR
This fransition was scanned in the 10 2.5)=10%ns delay ran

generator. lhe S21.8 am (Ip ‘M, - 4d TIK} tran on, and tl
transition were scanncd simila the résulls are present

AL =67 s snm o]

- a4 'y transition).

re, Ut ing u precision del

ed i— Fig. 4,

Figure 3.
Populatien of the tug uppee
laser levels (’ps

and of 2 displacdd 1evdi

fAp’ 13y during the extitation
l“llsr athl earlv after-glom.

.one't sg that the transition i~ natrow cnough

ay
S nn (4p' ‘n“’, D Y )

1¢ should he mentianed that dithough the 55! “Uy is an awtmvomizimg feves, it i3 a sharp
(a7 ous purposes. Tig. § indicates that:

(1] all three levels are accunulating Fopuiation throughout che B0 aa fm:ullllnn pulscs

(2) during this time tho rat1o heturen the ‘I yn-u:nen

{3) the population 1a the 4p' nx level s ‘h negl-!ihu-. and

(4) the peak pepulatien in the T lovel i< abeut 13 af the rotsl copper density.

mulated omi<<ion could e h‘\\rd 1 our experiment. fn the absence of stimulated
on'the population rate of o % lece

T RNt i neMSE 0 WM Y ;(n,s“ RN sy
ng 1s the clectron -h-||~ll\ A\l - xlm

anss(ion protahslies 1k
cocflicient 1in on'

n]"ulﬂ!um of a level l,.\w is the vadistiva
A * 03 and Sgp Is ¢be integral Fore

i
ek Y etk

D L IR R P 16
v L . !

wheee - g8 the clectron \lxu‘lh em'lp h»l 1* the electron energy distribution and le"‘)
|s the t\(,'l) “ne ic . . ot ing Ter collisions of the first kind
i Yor tobiieroms o1 the cecond Lind (SUpereisstic fo3lisions) Iy = 0,
thn. ..h Blechles cun be meclected dafing the short excitation tine. Eobft = 0,

I -
. ntSop - |51

o Tenlol

tn case of big. 4

ap,
g

. 2.2410%" o lsec”

tan

1t folloms tha

ey /s,. RS TE A
ol'"“ 0..

. 1.Itrm. 1. [0] and defining the cross-section 3., for the

This 14 reasenable, o
h-level b

excitation of a <

®
: 3
TR e 18}
where gy, p 4Te the .-factors of the k and the T levels, respectively, Thus:

£ 041G p e
FMY) op

Np o ML
ofy . Py ‘]‘;nueu,ku.

suue ve had Mg 2al0it cm " in our laser, ve can estimate the initial u:uulan rare by

% 2-10% sec’'. figure 1 also rcveals that the initial decay of the 4p P levels
B ame a1l exponent 31’ for more than w decade. HMence, for this inverval the decay is
aomioated by a single mechanisn, Since the el!ctrx: field has nos vanished, the electrons
are rapudly cooling by inelastic collisions, snd the Bost probable decay process is 3

combined electronic ond radiative one. ssuming ONp/dU = - N, Sgne < A), we ger:
Sgng ¢ A e 0 1s)

far bath the ‘P, and the ‘py ievels he toral eiectronic de-eacifation probability.
Since the ‘Tesondnge transi(lonn are radfatively (TaPPeds A & 20100 sec'! for both Crasss.
tions (the 'Py + My tran<ition mav be peglectrd), and n Sy - $410° sec”'.  The electron
density ny 15 essentially constamt duting the decev time? The ituaticn of an electramic
decay rate higher than both the radiative decav and clectromic cxcitation rates mas
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forecasr by Elatskii st a?.', on the sssumption that ng(t's0) << ng(t'=80 ns) (t'=0 is
equivalent to t=40 ns in sz 4. n.&s exuugn pnpunnun growth ‘during the excitation
pulse was recently observed by is grestly reducing the laser effi-
cicncy, since the

606 uJocm-3, whije anl

34 eT-ncon Wixture Tequires At least
25 ud.cm? are sccumulated inthe copper-lazer levels, However,
2 Suhotonous d:crrlsr n the effective electron temperature during the ex:nnwn pulse
will result 1n & decrease in Sop and in only a moderate change in Spg or op: ng
the djscharge yuue me de-excitation rate of the *P levels may therefore grow I- ter zhan
the excitation r

The excitation Joss of the 'P levels i both to upper and lower levels, In fact, any
tested level showed a marked population during the eacitation puise, lable 1 presents some
of the results.

Iable ).  Maxiaum Reasured population of some high-lving copper-lavel.

Level £y Phpullllnn:.) Pnpullllnnfh) Anl‘ ;z;;i.:;;: d:z:;"u:a i

(ev) aeen™h) am e’y (see”'(x10%3 (ne} (ns} {nm}

o sor 7.5 0.7s 0 - 230 5.1
LA S B 6.8 1 ° s B0 4535.9;467.¢

ap* ‘Fg 5.24 2.0 0.5 D.07 14zn 120 50,3

9t top 5.9 8.0 1.0 o 33e0 230 58,2

LR S ] 1.2 0.3 183 33 —_ 01,6
40 v0p 557 3.0 1.5 19,4 22,40 5680 —  s11.1535.5

8. Hoasured at the ond of the excitation pulse; b. Per sub-level:
c. Mithout radiavion trapping.

There i3 no cleas corvelation between the pnpuunan nl these levels and xhur pro!u)u)ny
of radistive transition to the ground state, is a metastable lev its
high population st the end of the discharge wls: e-phl 2cd the ability of such Tevers to
be discharge-excited.

The encrgy storage of the ahove six fevels exceeds that of ¢ Pz e there are
sbour 180 additvional excited Cul levels, @ large fraction nl‘ !Im leclrl:ll enerly is not
delivered to the upper laser levels.

e 457 10y 3 o1 vs transition at S78.2 nm was used to mexsure Na(1-0) - ys vhere
Ny is the ds? ’lﬁ pdpuiation. For deluys Xnnger than 140 ns, norasl hooks lppelred un the
monicor; hence, 4 < 1. The values of Ng - 2%,, ss deduced Tion the hook patebens, ar
presented in Fig, §

By —
~ P
e B

Figure 5.

Time depandence of level

gopulatians and population

differences in the yellow

'Vl.. e l-ser lrlnsl!lﬂn
V.

(4si o,

For 3 delay of 140 ns, 7o hooks wpp rd, which indicstes population equslity. For delays

sharter than 140 ns, the slope of © fringes incressed near the liae center, unn. the

ine uas strongly intensified, {n order to cre ooks and measure the popilatic

uversion, the cowpensator (Fig, 1) was transferred to the other arm of the® interferometer

5 um the slope of the {Tinges was inverted,
ous dispersion (Fig. 6}

0083

The resulting hooks imﬂcnr luvtrle

Figure 6. Hooks of mormal and ime"ed pnplllnlh:ni‘
A. "inverted” interferogram
B “morsal® inseyferogyan:
3. 10D ns delay, inverted populatian {note the gain at line center):
2, 200 ns delay, normal population (note the absorption ar 1lime center).

The deduced values of ¥y and N,.Ny are presented in Fig- 5. It is nouvorchy that the
current and excitation Start togcther at t o 40 ns, The measured values of Ny and Ng-2N,
were used to calculate the mecasiable 4s? Iy, level population. The results are puunud
1n Fig. § as Nz values. A similsr grocedure 'was used to measure the popniation cf th

as® ¥py level, with cosparable resu]

It should be emphasized that the use of the Mach-Zehender interforomoter ensured Lraveling
vAYC operation, so that uumu;u in the ;-xn mb. w3 wvoided #hd the populaticn of the
43' 1D levels due 1o stimula ibie. As a precauciomn zgaimst cicilla-

tions, the dats in Fig, 5 was taken using a mbe np.uud below the oprimum laser temperas
ture, with a veduced invesrsion density,

The population rate of the 4s* Imn Llevel due to transition Trom the 'y level due to tramsi-
tion from the Py level can be expressed by:

Ny

T~ Mg, leSep ¢+ App nel

Sg reaches jes M;hesl walue At t = 140 ns {80 ns afrer the begir
180, An apper limit for the solntion of eqdstion (10] will thew

- [[HESP.D . A] " Nodt [[u_sw] . A]u £ "{“k-l
!lﬁ!r! the values of 4 are the measured K. populations at the t

5
s the macimus decay rate for the 'Pu+ily "Stransition. Assusing the only ieay o _art’
nf the Py, level m b the *pu~ipy tlanslition, we have (from Eq. (9]):

The dec
the v:l:nncn pu.

N
n,Sp01% + A = 107 sec

On this basis we get table 2, which gives an upper 1imit tr the populatisn sa the oy leves.
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Table 2. Cn-plrisen of the actua) Dy population with the maximun population due to the
- ny, teansition,

T ‘h“‘: o't cm
calculated
{ns) upper linit
9 ° [l —
® o.41 3 7.5
w0 1.8 10 5.4
60 .2 18 4.2
80 7.9 22 2.8
100 9.2 2 EN
120 10,9 23 2.0
110 12,4 23 1.9

Before proceeding with the discussion, let s assess the accuracy of the results i
column 4 of table 2, t* =100 ns (after the beginning of the cxcitation) the anamalous
dispersion omismes and o hoaks are sbecrvel. Hences Ne s 2y, and v nave From P 1111:

measured)

= calculated)

r;ﬂ"“ {12

t'+100ns

‘ P.,‘Z‘”’ N #D)+ x_\r‘.(w)-r,\‘,‘," (uup¢‘,x,p7‘(lnn)]

d k

shere aN/st 15 the slop of population versue time curve (Fig. 4 or S). Mence ¢
& {4]) are cancele. YoIuEe Do E1TOr. Noreover, the hook sepayation for

t 80 ns, hich is. ver lnrge, is determined with an error of lest than 1V. The
GenoRinkter 13 an'intemral which tends ta average individusl deviations, It follows that:

Ny (measured)

2.4 0.4
Dy (calculated)| \uy00 pg

We come therefore to the canclusian that the population of the 2y level is not governed
6y the 7F+70 transition.

Now, the population build-up of the *IDy level is practically terminuted when the excitation
pulse is over, while most of the other'levels continue to decuy for some sdditional 200 ns,
If the contriburions of the latter levels to the Dy level were significant, the My
population would continue to grow, Fig. 5 shows thit this population ceased then td grow.
We tontlude therefore, that the 'D levels arc populsted by clectron collisions directly

from the ground state.

Since the excitation rate al‘ the 'p and *h levels are cu.p-ubxe Sop should be of about
the seme magnitude w3 S, ince Sy for any leve e electronic decay rate of the
0 tevels, Non Sp,. Thooka be ns 1-9§e 23%pneSy Tmacdistely wter the excitasion pulse:

Figure 7 presents the meacured history of the iD population after tha sacitation pulse.Onthe
nanosecond time scale of the excitation and decay processes

aNy
T * PelSopNy - Spolip) = 0 (s]
and therefore S
Ny v N g2, el

Do
which is the standard expression for a population of s level in a steady-state discharge’®,

since Sy = [7efte)o ae
ok

1 —_— T

+ =Ne Presuses0md, l—n-mM,.ulm]
© ~He Pressurs s 200mb, lagns 770mA, s{s8mm
* - Ne Pressure« ROmb, aLITmm T

cm’t
B

Ts87us

b

By,
= = e Preasure s 220mb, Lo s 240mA, H-83mm ]
© - Na Prossires2200n, loem.s 270mA, alsRSmm
= Ne Pressure s 220mb , s Z70mA, s USmem
o, T=29us

Aloms

10" s L h
18 20 30 &0 0 60 70 '
tas

Figure 7. Time history of the Dy and *p, levels.

Qels,the Lowest energy level in the copper atom, s00n exceeds by far Sop of any
other°Jevel as the clectrons are cooled. Hence, the pnpu?-non Gf the 7D tevel SH1} exceed
any gther excited state in the afterplow, WoTeover, the Dy leyel yould decay faster than
the 7Dy level, as is clearly seen in Fig. 7, The '+ -v of the 4s? ‘D levels i g

hy the 'decay of the clectron energy'®.

The abave results are only a partial, preliminary pretation of incomplete a-
are yet many other parameters to study before rigid aclusions c.

data do indicate, however,that the ultimate CVL efficiency is lower than that <ons
before. It also demonstrates that the hook method is # powerful diagnostic tonl.

dered

The suthor is pleased to aknovledge Prof. G Erez and Dr. L. A Levin for their contribution
to this work. The suggestions and help of §. ivon, R, Oavid and S. Kamin are
especially sppreciated,
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Effect of Preionization on a Copper Vapor Laser

5. GABAY AND 1. SMILANSKE

Abowaci-it I thoun that e speuion of & Cupper vaper Jur
o Ed

wion puciuaaiion & & CVL w0 Semonstuse W Wlivance on 98 lwr
petemmence. 8 o repwiitienly Puland CVL o guovion paies can be the
Poskpningbion rouyma.

MONG the pmz-avhiﬁ:ﬂ:umhnhmpllnun-

sity of the copper rapor laser (CVL), the decay of the

3D metastable levels fat drawn the most attention. How-
ever, not every obuervable phenomenon in the CVL cao be ex-
plained by this proces alone. Study of dats on scvera] lasens,
which used neon as # buffer gas [1] -6} (se¢ Table 1) reveals
tat slthough output enerfy dentilics were quile similar, there
is 0 large seatzer in the valuey of E/P (where £ is tbe ehectical
11,1930
ST o e e

feld between the Ianes clectrodes just prior to breakdown and
P is the totsl prossure in the lasee tube narmalized 10 wom
tempemture).

When a discharge is preionuzed, nol only ks the breakdown
fuld seduced, but e quem glows mone npidly and the
probability of steamer formation b decrewwd. Thess phe-
comens are very bencficial for the operation of the CVL. In 2
cepetitively pulscd CYL a possible preloaization source is the
residut) ionization in the laser tube. We presemt here an at.
tempt to coelate low /P opecation valuer with the existance
of preionization in the faster wwhe.

Batsain et . [7) have measured the decay of the cleciron
demity in & neon buffered CVL. Their meawremens thow 3
nearly exponentisl decay of the eleetron deusity, from 10t
0 5 10'* ™ during 40 ;a. Assuming that the dominant
mechanism of electron samovel i diffusion 1o the wall (ie.,

0018.9197/80/0600-0598500.75 © (980 LEEE

» . . -
TEEE JOURNAL OF QUANTUM KLECTRONICS. VOL. QE-16. NO. 4, JUNE 1980 s
.- e = aaiEd — —_
Pagaurtixs or Ny Corre Losres
Repetition Rate Temp Dismaeter Freoure I Specific Eacrgy v
Author M) (] e trom) Viem tom) of Py 1) ™
Fahben (1) 100000 - 1600 16 13 120 ] 005 200
1 103 150 H 0
7 18 9.4 ¢ H
10 142 12
13 20 a1
45 0 02

neplecting wolume recombinatian, when the eleciron dentity
e 15 Yow (81, we can write the cquation

A L1y = A {0) exp (- DHIFR 7} )

where n, is the eleciron density in cm™’ . £ is the ime in mi-
croseconds, P is the neon presure in torr. K is the jube diam-
ety in millimeters, and D s the elextron diffusion copstant in
toer |\-m|2 'ui-l .

By wing (1). £ can be deduced from Batanin's daiz (P = 100
1011, R = 10 mm), this value B 28 tory ~ mm? < ! whichis
uf the same urder of magnitude as the (ree electyon Jiffusion
constant {91, corrected far the pressuce vasiation dus fa tem-
perature.

Assuming D to be independent of the neoa-copper satio. we
can calculale the 1ypical time r in which the density decays to
0.3 of ity original vatue, I Table 1 we present the coleulated
values of 7 and the Tir (where 1T is the laser répetition
sate), which corresponds to the experimental conditions of
[11-[6]. In the two lasers requiring 1he higheat EJP, it is rea-
sonable that the density of electrons which remain from  pre-
viow dincharge pulsc i neghigibie. whilc in the othey Lers the
tube is practically conductive at the spplication of the next
pulte. [n order to test the retation berween £/ and the elec-
tron density we have performed an experiment in which we
could conteol the preionization Jevel in Ibe Laser tube, Wa will
firns deuibe the laaer inelf and then the preiofionion

method.

A discharge beated CVL wat provided with 2 molibdenum
beater. A homogencous temperature zome of up to 1700° €
could be establiched between the electrode tipe, which wers
20 cm agart. The tube termgerature v oonirgiied by & v
able trapsformer and momitored by 4 dial gauge which mes-
sured the cxpansion of the tube [10]. Tempersture chllbes-
tion of the disl gauge was perfonmed using 2 tungsten-hesium
thermocouple. The alumina laser tube was 28 mm 1D A aec-
ond alumina tube of 3 mm OD was placed ce the botiom of
the laser tube, izolating & tungsten wire from the gas mixture.
This wire was led through the ground eicctrode and connected
10 3 scparstc high voltage generator, Excitation of this wire
prewonizes ils vicinity by either a corons o “surface dischange™
(1], Neon wag used ss the buller gas thioughout (e T1Der-
imem, 1aing could be cbralned for peoa presures of up v
600 (orr. The outgamsiag of the alumins tube a1 the opcrating
temperatune weds the pas mixture with Impurities. A suall
flow of neon minimizes the contaminstion by sweeing the
impurities out of the ta tube. The gas presre was veasurcd
in The cold region by an “Edwards™ disl gauge. The Liser oat-

i
!

'"::;Ltftttgt
N - ( o "-'E
At

¥ig. 1. Lasey output raridos bm barn mode The time seale

operadoa.
Is 1+ ma/div. Laney tabe teoperarure s shosz 16757 €, acos premare:
{2 300 torr 20 (B} 20 tor,

put wys monitored by a pholodiade and displayed on an oscl-
loscope. The laser W cxcited im the burst moge” ten burds
per second. cach contaiiog ten pulses.

Openting the Laer In & burx mode cashisd 03 to siudy
transient &3 weit us dleady-statc faxer behavior. Fig ) show s
pulse train, wilhout prelonization, wader the Following com-
dices: | XM reprrition tate, rabe lempratery of 1475VC,
and charging voltage of 10 XV. In Fig. 1{s) the aoca pressuse
wis 300 (ots, mad the resoiting 5P 1 10 Viem « worr, which i
vy low. The Bt palne dory act exciie kg lewct outpet
incremea I the following lencling off after 3 ms. Ja
this et 7= 32 w3 and Tfr =03 30 vhat seciyoms cam 3oow-
mulsie in the excised valnme. Neither incressd coppes stom
Oy nov decrased mctastable concestration, dder of
which could lead 10 increased lasty power, Cm oo dmrmg.

the bunt.

Fin. 3(b) Wi raken under the same comditions 1 Fig. Hak
but with the axon reduced 10 20 tarr. In tho cewr
E/Px150, v=214,a. md TTr =46 EIF is #ill oo bow 1o
Cause lasing in 2 pospreioamed volumer 5 deown @ the first
pubse, but st the spplication of the second excitysion paler the
tube was practically conductive yad The laaet resched m full
oxapot imareciny. Tihe ot pubury weve oquel i smplitade: fox
the e rmon 73 show ia Fig. 1), 1t should b noted tan
lk’ql?'—(ﬂl)muyll-ml
10’ ™

When 1 hagh volage Pulw w sppied 1o the precasstce
wire, only & fuat pow srowad the 3 man e it SbscTved. smd
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b 2. Lascr inrmity ol 2 siagh pulke tate wb )0 pes 3) 4a) wthuut
Pecionization s (B wilh PreioRiAtion pulke | w8 POF w the e
viurion pubr. He pressurc was 20 torr, tube st femperatur
1475* € The me scale 15 200 udiv., the amplitude wake o (ah
20 mV/div. amd (b} S00 mVidir.

R

T 4 Lases oufput v-iation wirhin e BUNSE (ay without preonses.
fion aad (b with prekmization pulse 300 u betare the Tt et
Fion ulse Ne prewure was 150 torr Fime sale s 100 el

preionized hurst (300 i befiwe the first pulse). In the fiest
<awe anly a thin streamer is formed by the first excitation
pubse The charge JifTusion rate is much smaller than the pulie
tepelition rate. so the neat few pulses are alw streamers with
increasing aceas, providing growing laser ourputs. After about
500 ps, steady state is entablishcd. On the wther hand. maxi.
mum eneegy is obtained vo the first pulse as shown in Fg.
3{b). The vutput then decreases 10 the sime steady-state value
1 in the cose without preionization. The deciease is probably

Fle. 3. Laser outbut a5 » fimetion of the defay betwren excitation and
Pube

pecioaizat Newn presuire 15 75 torr, tube temperatare is
s c.

its depth depends on the neon pressure, n x taser aperating
with a tingle excitating pulse per burt, the preionization has s
dramatic effect. Up to 40 tor of Ne preswure ( =430 ps) is
enough to delsy the excitation pulse 1-2 gs afier the preioni
zation pulse ta get bom: laging from the entite tubc
crom wction. Fig. 2(a) and (b) present the influence of pre-
sanization when the neon presssre was 20 tare. In bath cases
the repetition rate was 10 Hz and £/P = 150 V/em - torz, and
Tir = 500. Without preionization see Fig. 2(a)] , only a fhuc-
tuating thin sireamer was formed and the ladng was very
weak. By applying a preionizativn pulse 1 i prior to the ex-
citation pulsc [sce Fig. 2(b)]. the drscharge became homo-
encous and the lasing increased considersbly (by » facior of
230).

At high ncon pressure and short delay, lasing occured only
near the preicaization wire, As the delay is increased, the la-
sing fills mote of the crom section. Fig. 3 presents Luser output
a5 1 function of the delsy between the preionization and ex-
cilation pulses for 75 torr neon pressure. In this case EJP =
40 Vicm - torr and v = 800 . [n amessing this result it must
be noted that: 1) the preionization is not formed sl
tube axi3, a3 apumed in deriving (1), and 2) 10*-10°° elec-
trons-cm”  apparently provide satisfactory  preionization.
Under these circumstances the agreement between the calcu-
lated wnd mexsured y b rrasonable.

Fig #{x) presents a 10 kH2 bunt in 150 tors neon (E/P *
20 Viem 101, £ = 1.6 m3 and Fig. #(b) show an identseal buy

10 the fo:mation of a “poisoning™ species. The
pecies could be excited or ianized copper atoms. thus ge.
pleting the ground state.

Some experimenis on meital vapur lasers bave been per.
formed by the “two pulse™ method (12). [13] where the den-
sity of sme species in the laser is deduced from the amplliude
fatio between later pulses, These
are very sensitive to the effects of preionizstion and should be
wnte1preted with great care.
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