
us. ocpMTiiaiT or COMIIWCE 
NatiMnlTMlwcalli 

1 
AD-A02^ 550 

AN INVESTIGATION OF MECHANISMS OF INITIATION OF 

LASER-SUPPORTED ABSORPTION (ISA) WAVES 

BATTELLE COLUMBUS LABORATORIES 

PREPARED FOR 

ARMY MISSILE COMMAND 

JANUARY 1975 

M—a^MHiauat. -"  



pwong
Text Box
Best possible scan



pwong
Text Box
Best possible scan



n 
 Uacimi/ifcd  

 »EPOWT DOCUMEHTATIOW PAGE 
t   «OVT ACCtMWM MO 

An Investigation of Ncchanlaaa of Initiation 
of User-Supported Absorption (LSA) Waves 

I  *uTHOM/aj " ~~  

C. T. Walters, t. H. Barnes, and I. E. Beverly 

•     ei*»OWHI«C 0«C«HII«TlO« N*MC  AMD «oowcss 
Battalia 
Coluabua Laboratories  "^ 
505 King Avenue, Coluabus, Ohio 43201 

••      CONTnOLLIMC O'FICC  NAME   «NO  AOOffCSS 

ARPA 
1400 Wilson Boulevard 
Arlington, Virginia 22209 

I«    MOMITOWIMG AGeMCv MAMC A  AOO»tSVi/ *»(..•«< Iraa CMMlIm« Ofhr«) 

US Any Missile Coaaand 
Redstone Arsenal, Alabama  35809 

Attention  AMSMI-RNS 

'•      OtiTNlSUTlON   STATCMCMT (»I Ihi, Ntporfj 

Distribution of this docuaent  is unlimited 

•CAO IKSTKUCnONS 
BtrOKE COMPLET1WC FOtm 

»     MCCl^tCMT't CATALOC 

■     Tr»B o» htl^MT A »(MOO COWCMCO 
Semiannual ^^ 

July 15,IS74-January I«,  1975 
•   »caroMMMC o*c  MC^OMT MUMSCK 

1     COMTNACt  O* CHANT  NUMSCMTO 

DAAH01-7VC-0776      

»0     »MOCaAM CLCMtNT  »MOiCCT    TA^»' 
AMCA •  «OAK  UNIT  NUWSCMS 

62301E,  ARPA-A02113, 
2E20,  003D1 

•1-     HtPOAT   OATC 

January,  1975 
•>    KUMSCN or PASCS 

li      SECu«ITv  CLASJ   f./ »A,, r^o«, 

Unclassified 

fü     pjECLASiiriCATIO«   00«NGMAOINC 
tCMCOULC 

»7   oisreisuTioM STATCMCNT r.« m» «A.rrKi M«.««! m Säet ^o. <« *n~—i «M* ita^Mj 

»•       SUPPLENEM T A AV   NOTES 

I«     KCV AOADS rCanrtniM an r*»«ra« •><*• n' naraaaary •»* lätftitly Ay biork niaBAar; —— ^  

Laser-Supported Absorption \faves Surface Physics 
Laser-Supported Detonation W^ves Plasmc Diagnostics 
Plasma Production Thermionic Emission 
Self-Shielding TEA CO2 User Effects 

Laser Interaction with Materials 
tO     ASSTRACT rCmnlinu» am rmittm airfa ll nacaaaary and ilrnuly Ar klort .HMiAari ————^-^——^—~^— 

Additional experimental results of a study of LSD-wave Initiation processes are 
reported.  The first measurements of delay time to initiation on nonmetallic 
materials are presented.  In metallic studies, target emission of electrons from 

I aluminum 2024, lead, and tungsten surfacei were recorded at atmospheric prescure 
prior to LSD-wave initiation.  No surface d^^ge was observed on the tungstrn 
surfsee at 2000X in SEM inspections after irradiation, while lead and aluminum 
exhibited defect-oriented damage.  Tine-resolved spectroscopy experiments with 
sluminum 2024 revealed a dramatic drop in the ionised aluminum vapor TrlfttiAgOr 

DO FOMM 
I  JAN   71 1473 COITION or  I NOV 41 IS OSSOLCTC 

/ Unclassified 
StCUMirv CLASfirtCATlON Or  TNI» »AOC'.Wtan Oala ITntaraW) 

 ' 



■» 

20.  ABSTRACT (Continued) 

above the air preasure threshold tor LSD-wave initiation (5-10 torr at 3.2 x 

108 watt/c«2). 
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SIMUKT 

Thi«  report  presents  results of sddltlon*!  erpcriaental effort 

la  the study of the  Initiation of  User-supported sbsorption   (LSA)  waves 

on solid surfaces  Irradiated In sir with pulsed   laser  radiation.     LSA 

wsvea aay be  "issslfled ss either supersonic,   so-called  laser-supporteo 

detonation  (LSD)  waves,   or ss subsonic,   so-called  laser-supported coabus- 

tlon   (LSC) waves.     In either ess«,  s hot-sir plaaaa   (1-2 sV)   is  formed 

which propagates back up the  l^so; beaa awsy fro« the tsrgst  surfact   sad 

sbsorbs aost of the Issar-besa energy.    The objective of this study is to 

provide so iaprovad understanding of the process of LSA wave  initiation. 

The experlaents of  ths current  contract deal exclusively with  initiation of 

1SD waves;  however,  diagnostic techniques bein^ developed end experiasntsl 

results being obtained any be directly applicable  to the LSC prohlca. 

During the  first year of study,  experlaents were directed toward 

understanding the aschanisas of initiation of LSD waves  produced on 

prsctical alualnua surf seas in air with the Bsttelle  75-Joule TEA CO    laser. 

Results  indicated that  the initiation occurred at a large nuaber of local 

surface fsstures   (laminae and pits) on s very rspid tine scale  (30-60 

nsec).     Thermionic  emission st  these surfsee  festures wss  found to be a 

viable aschanisa for initiation of the local LSD-wave plasmas.     Initial 

studies of   nonaetsllic   LSD-wave initistlon showed that  the initistion process 

is also local for "first shot"  irradiations of acrylic plsstic and  fused 

silics. 

During this report period initial dsts were taken on the delsy 

time  to initistion of LSD waves on   nonaetallic   materials.     Msssureaents 

utilised s «edified ring electroststic probe to detect the paotoionlzstion 

of sir st ths time of initistion.    For initial   irradiations of acrylic 

plastic,  breakdown  times  are  similar to those  for aluminum 2024   (=   30 nsec). 

Scanning electron microscope sad tsrget electron emission dsts 

wars recorded for aluminum 2024,  tungsten, end lend ssaplcs irrsdisted st 

staospharlc pressure.     Initistion behavior of lead was  fo(v*d to be very 

siailsr to that for aluminum 2024, while tungsten initistion delsy  times 



i ——.  No damaae was observed on the tungsten surface were about 20 nsec longer.  No oamage w«» 

at 2000X.  Heaauve^nt. of target e-isslon at reduced air pressure were 

p.rfor-ed for the alu.inu. 202U  sables.  .ne increase in target voltage 

with decreaaing pre.sure was faster than predicted by a si-ple one- 

di«n.ional diffuaion-controlled «del for the pri^ng-electron spatial 

distribution. 
Charge collection «easure-ents were perfon^d in hard v.cuu- in an 

atte-pt to detersdne the target-surface-e^dtted electron energy distribution 

prior to initiation.  Large background probe signals, apparently arising fro. 

electron, photoe-itted fro« the target surface after p]as«a initiation, 

rendered the results inconclusive. 

Tiae-resolved emission spectroscopy «easureaents were performed 

for irradiations of aluminu. 2024 sa-ples at air pressures ranging fro« 10 

torr to 1 at«.  Six aluminum lines were studied, including e«i8sions 

characteristic of both neutral ana on.e-ionized species.  Ionized aluminum 

vapor emissions at the target surface were found to peak near the pressure 

threshold for LSD-wave initiation (5-10 torr at 3.2 x 10 watt/cm^) and drop 

below the background bremsstrahlung level for pressures greater than 20 torr, 

Time-integrated spectra were recorded in the range 22SO to 6500 A for 

several «etals in air pressures ranging fro« lO"6 torr to 1 at«.  These 

data have not yet been analyzed; however, typical spectra are presented. 

.-6 
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Al onresYiCATiai OP —M— OP IIITIATIOI 
OP LASn-SOPNKTD Ü1SO1PT10« (LSA) HAPB 

C. T Walters. I. 1. tenM. aod t. I. Beverly III 

IPT100ÜCTIC« 

This is th« third —t—»1 report of an cxperlaentai iaveet iget ion 

of iaitlatlon of laser-supper ted si sorpdoe (LSA) naves in gsses is front 

of solid aurfsces.  Current contract efforts sre United en cxpcrlneotal 

study of Initiation of absorption waves »encrsted by short pulses, i.e., 

Isser-supported detonation (LSD) wsvas, however, results nay be spplicable 

to laser-supported coabustlon (LSC) waves In soaa cases  During the first 
(1 2)* 

year   '. extensive studies of initiation of LSD waves in sir in front of 

prsctical sluainun surfaces with TEA CO laser pulses have revealed s viable 

aechanlaa of initiation.  The ssperiaental dsts sre ( on is tern, with inverse- 

brensstrshlung heat lug of surf ace-enlt ted priaing electrons in the sir. 

Thernlonlc or field wmiasion st surfsce festures such as pits sad laein^e 

is oelievad to be the process for production of prising electrons for the 

air breakdown. During the second year of research, the universality of 

this asrhsnl— is being studied in sxperiaents designed to reveal initiation 

aschaniaas on a variety of aatallic and nonnetallic asterial».  Nstsllic 

esterlals being studied include aluainua, titanlua. tungsten, copper. 

stalnleas steel, lead, sua certain netals having special surface prepsrstions. 

■onaatallic asterlals include acrylic plastic, fused allies, cellulose 

acetate, unfilled polyaer coating, Pyrocsrsn, potaaaiua chloride, and 

silicon.  In addition, preasurs asaaursaeats sre being perforasd in sir 

sad vacuun to assess the effects of the LSD/blast wave on astallic and 

noontallic target reapooaa to the TEA laser pulse.  Of particular interest 

is the effect of tine delay of LSD-wave initiation. 

* lalereacea sre listed on page 47. 
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RESEARCH DETAILS 

Tiaing Probe Development 

A uey  «easurefcent in the assessment of I.SD-uave initiation is 

the measurement of breakdown time, i.e., the time interval between the 

time at which laser radiation first arrives on the target surface and the 

time at which an absorbing plasma is observed.  From research during the 

first year, it was found that the ultraviolet-radiation-induced precursor 

pulse on an electrostatic probe placed near the interaction region is a 

good indicator of breakdown time.  Some effort during this research period 

was devoted to designing a timing probe based on this principle which 

would be compatible with nonconducting target material  and other diagnostics. 

Initial efforts with an asymmetricallv located probe revealed insufficient 

sensitivity and a new ring probe assembly was constructed.  The new probe 

has sensitivity similar to that of the original electrostatic ring probe 

but is comparible with, and attaches to, the target emission probe assembly 

and may be used with nonmetallic targets.  Figure 1 shows schematically 

the target emission probe assembly with the new electrostatic ring probe 

attached.  The probe itself is constructed of 0.102-cm-diameter copper 

wire b«nt into a ring having 1.35-cm inside diameter.  Tl.s distance between 

the plane of the ring and the target surface is adjustable.  The circuitry 

used for the probe is identical to tha. presented in Figure 10 of Reference (1), 

Several irradiations were performed on aluminum 2024 at atmospheric 

pressure to confirm operation of the probe consistant with previous work. 

Figure 2(a) illustrates probe response for a positive bias of 20 volts and 

peak power density of 5.8 x 10 watt/cm*"  While the shape of the voltage 

trace is different from that shown in Reference (1), the essential features 

indicative of plasma Initiation and blast-wave arrival remain.  On the trace, 

the first rise of probe current results from photoionization of gas around 

the probe by ultraviolet emission from the LSD plasma.  Shape and voltage 

j 
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FIGURE 1.  INITIATION TIMING PROBE ASSEMBLY 
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level ulfferences result froa differences in ring dleneter and location. 
8       2 

Measured Initiation tlaaa of 25-30 naec for 5.8 x  10 watt/en agreed quire 

well with previous aliadnias 2024 data. 

During this period the first Initiation fining weaaureaenta were 

for noiuMtalllc targeta.  Figure 2(b) and (c) present probe responaea 
8      2 

for the first and second shot on acrylic plastic at 3.5 x 10 watt/ca peak 

power density with +24 volte probe bias.  First appearance of probe current 

occurs 25-30 naec into the laaer pulee et thla Intensity for up to three 

pulsea on the saae eurface.  Blast-wave arrival tines (not seen In the figure) 

were of order 1.8 usec  An Interesting pronpt bias effect is seen on the 

first-shot only (Figure 2(b)) which la not seen In the netalllc results. 

If the first shot Initiation Involves themionic emission of electrons froa 

Isolated aetalllc debris, aa discussed in Reference (2), then the absence 

of a conducting target surfece would result in higher space-charge-induced 

currents In the probe.  Thla effect le absent or reduced In subsequent shots. 

Of particular interest will be probe response et lower Intensities where a 

aecond shot does not initiate en LSD weve on acrylic plastic.  During the 

latter part of the prograa, a coaplete series of initiation timing experlaents 

will be performed for nonaetelllc materials. 

Scanning Electron Microscopy 

Much of the effort during this reseerch period was devoted to 

Intensive study of initiation on three aetels, aluminum 2024, tungsten, and 

leed. Although the spectroecopy covered ell of the aetals of Interest, 

tungsten end leed were of perticuler Interest because of widely varying 

propertlee which might play e role In LSD-wave-Initiation processes.  Table 1 

presents handbook values for these properties for eleaentel aetels of 

Interest.  Tungsten was selected In en attempt to verify pronpt LSD initiation 

under conditions where vaporization was unlikely. Leed was chosen to enhance 

vaporization; however, aa can be seen In the table, theraloclc emission is 

also enhanced In thla case.  Additional metallic studies will be performed 

In the latter part of the contrect to Induce e vapor-doainated Initiation. 

mmtumm^^ammmm  . . _^_ 
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TAKLE 1.  HANDBOOK METAL PROPERTY DATA 

Metal 
Work Function 

♦ (•V) 

Melting 
Teapcraturc, 

TB(C) 

Vaporisation 
Teapcrature, 

Tv(C) 

Flrat Ionisation 
Potential, 

I(«V) 

Al 3.7-4.5« 660 2520 5.99 

Cd 4.0-4.22 320 767 8.99 

Cu 4.4-4.6 1083 2566 7.73 

Mg 3.66 650 1090 7.6.*; 

Mo 4.2-4.4 2617 4607 7.10 

Tl 4.0-4.45 1670 3289 6.82 

W 4.5 3380 5555 7.98 

Zn 4.2 420 911 9.39 

Pb 3.49-3.83 327 1750 7.42 

.] 

Proa previous werk with practical aluminum 2024 surfaces, small 

surface features were found to be sites of plasma initiation.  To provide 

some characterization of the lead and tungsten surfaces, additional scanning 

electron microscope (SEM) examinations were performed  Selected areas of 

aluminum 2024, tungsten, and lead samples were recorded before and aftei irra- 

diation with one pulse at atmospheric pressure.  The alualnua 2024 and lead 

■«^>le« were exposed to a peak power density of 2.14 x  108 watt/cm2, while 

the tungsten sample was exposed to 3.?. x 10 watt/cm .  These intensities 

were well above LSD-wave threshold aa observed photographically.  Repre- 

sentative SEM records are presented In Figure 3.  Figure 3(a) and (b) illustrate 

typical before and after views of an aluminum 2024 surface that has initiated 

an LSD wave.  Evidence of lamination heating to the melt temperature nay be 

seen neai the center of the SEM record. General appearance and frequency 

of various damage sites in the series of aluminum records is similar to 

that observed previously.  Figure 3(c) and (d) show SEM records for the 
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lead surface.  Soae areas shewed extevisive bulk surfact rippling and aalt 

while others showed ■ostly defect-oriented damage as shown in the figure. 

Clearly evident are ridge, covered pit, and covered groove defect heating 

regions. Preservation of certain defect details on a surface with such 

s low aelt temperature is indicative of proopt initiation of a protective 

LSD wave.  SEM results for tungsten are illustrated in Figure 3(e) and (f) 

which show records at different but typical areas on the surface (absence 

of distinguishing features on the relatively saooth tungsten surfsce made 

relocation of the original area difficult). No positive indication of 

melt was found in any of the post irradiation exaainat ons of tungsten 

although the sample did cause a prompt (less than 100 nsec) initiation 

of an LSD wave. Surface features are evident in the SEM records, but 

without observed damage, the extent of local heating and the LSD initiation 

site density cannot be estimated. 

Target Electron Emission Measureaent 

Atmospheric Pressure Experiments 

Using the target voltage technique which was developed earlier  , 

electron emission currents were measured for Al 2024, tungsten, and lead 

targets at atmospheric air pressure with various CO laser irradiances. 

Aluminum 2024 target voltage was also studied as a function of air 

pressure down to 10  torr.  The experiments! arrangement was identical 

to that shown in Figure 12 of Reference (1) (or the arrangement of Figure 1 

of this report with the electrostatic probe reaoved) end consisted of a 

target mounted on an aluainua or brass table which is connected to a 

standard 50-il  ccax cable through a 50-Q  terminator. The coax cable 

was fed directly to an oscilloscope where it was terminated with 50 Ü. 

The shield structure around the target was grounded through the cable 

shield. 

li 
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,1 Somm  relnterprention of the target vcltage trace «me r^«|ulr*d 

AS a result of aore aetmled study of the effect of target pisas relative 

to the shield surfsee. The effect of target plane location Is lllustrsted 

In Figure 4 which shows tsrget voltsge for three shots on the ssas 
ft        7 

target (bras«) at 2.14 x 10 watt/ca with the target plane st three 

different levels relative to the shield surface parallel to the tsrget 

plane.  As can be seen, the earlier part of the signal Is independent of 

target plane position and is believed to result fron thenuionic esdssion 

of electrons into the un-lonized sir prior to LSD-wave plasea initiation. 

After plssas initiation, the intense ultrsviolet radiation photoionizes the 

air surrounding the plasms and currents are driven by the space charge field of 

electrons deposited in the air by thermionic emission and surfsee photoenlssion. 

The latter process probably doainates electron emission after plasma 

initiation.  As can be seen in the figure, the geometry of t^e current 

flow effects the tsrget voltsge.  For s tsrget 1 oa above the shield, 

a conduction path to the shield is not iaaedistely available and the 

measured c»rrent drops as presuaably charge flowing back to the target 

offsets some of the photocurrent.  For e recessed target, there is s 

conducting peth to the shield and net target emission Increases at the 

time of plasas initiation.  This effect wss alluded to previously, however; 

s aore definitive breskdown tiae appears to be indicated in the present 

work.  Since the change in tsrget voltage slope Is greatest for a target 

plane above the shield surfsee, this geometry was us'id in all of the 

experiments discussed below. 

Standard-sized targets of aluminum 2024, lead, and tungsten were 

prepared and aounted on target holders as shown in Figure 1.  The 

alisrtma targets were irradiated at atmospheric pressure with peak power 

density in the range 0.5-5 x 108 watt/cm2. A fresh tsrget was used at 

each intensity level and target voltage records were obtained for several 
8      2 

shots on the seas tsrget. A rypicsl voltsge record at 3.2 x 10 wstt/ca 

for aluminum 2024 is shown in Figure 5(a). A photon drag detector was 

14 
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FIGURE A. VARIATION IN TARGET EMISSION RECORDS WITH TARGTI PLANE 
LOCATION, Gp - 2.14 x 108 WATT/CM2^ 
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used to trigger the oscilloscope end s tiae cslibrstloc ttmum  of the 

photon dreg signal is recorded for each Isser intensity level. Using 

this technique error in event timing is believed to be less then 4 nsec. 

The time that radiation first reaches the target is defined by extra- 

polation of the linear rise portion of the photon drag detector signal 

to sero intensity and subtracting 10 nsec fro« the tine so defined. 

This stsrt ti«e occurs st 55 nsec in the records of Figure 5. For the 

sluninuei 2024 record of Figure 5(a), eaission current rises sharply 

beginning at about 17 nsec into the laser pulse end levels off shsrply 

st 30 nsec. the aasuned point of initiation.  Very liutle effect of 

rvltiple shots on the sane surface vas observed, ss expected for stnospheric 

pressure irradiations of aetallics. 

Lead and tungsten targets were also exposed to the sane irradiation 

conditions.  Breakdown tines -nd emitted currents for lead were similar 

to those for aluminum 2024, while tungsten exhibited marked differences 
8      2 

in behavior.  A typical trace for tungsten st 3.2 x  10 wstt/cn is 

shown in Figure 5(b).  The current begins to rise shout 21 nsec into 

the pulse end breaks over at about 50 nsec into the pulse.  Breakdown 

tines for sll of the irradiations are presented in Figure 6 along with 

a line indicating tine required to deliver a constant energy density. 

The aluminur 2024 resUts sgree quite well with those presented previously 

bssed on electrcststic probe neasurenents.  Breakdown tines for lead agreed 

fairly well with those for aluminum 2024 over the range of intensities 

studied.  The low work function for lend any well account for the prompt 

initiation.  Tungsten, however, exhibited considerable delay in initiation 

relative to aluminum 2024 and lead, which night be attributed to a 

relatively high work function. The delay might also be s result of s 

lower initiation site density. 

From photographs taken during the target enission experiments the 
8      2 

threshold for strong LSD-wsve initistion was between 1 and 2 x 10 watt/cn 
8      2 

while plasms threshold was less than 0.5 x 10 wstt/cn .  The lend and 
8      2 

aluminum 2024 LSD-wave thresholds were near 0.5 x 10 watt/cm .  These 
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threshold* «re consistent on « relative scale with threshold data given 

by Hall   for the sane Materials.  The higher threshold for tungsten 

is particularly evident in Figure 7 which shows a aeasure of emission 

current Just prior to breakdown AS determined by the method discussed 

above.  The dependence of emission current on radiation intensity is not 

yet understood but it is of interest to note that the emission current 

is about the same for the three materials at LbD-wavc initiation near 

threshold.  Thia might be coincidental because the local current density 

at initiation sites may differ significantly.  The magnitude of the 

total net surface emission current may be estimated by the methods of 

Reference (1).  The measared current near threshold corresponding to 4-mv 

target voltage was 0.16 ma.  The emitted electrons diffuse to a character- 

istic distance from the surface given by the Debye shielding distance, h. 

The true surface current may be related approximately to the measured 

current by (1) 

1  t ' l      w surf   probe [e *m' 
for h << a < b, where a is spot radius and b is target radius.  Ihn 

Debye length is ^iven by 

6.90 
1/2 

rm 

e 

where T is electron temperature in degrees K and n  is electron number 

denrity in cm .  For an electron temperature of 3000 K and density of 

1013 cm" , h - 10  cm.  For this case, the 4-IBV target voltage would 

correaoond to an emitted current of order 1 amp.  Detailed arguments 

based on observed defect site density and size must be used to infer a 
3      2 

local current density, but values of the order 10 amp/cm do not appear 
(4) 

unreaaouable.  Thomas, et al.   have shown that the thermionic emission 

moiel is viable with one-dimensional calculations for aluminum.  More refined 

calculations with several different materials and output relatable to experi • 

it-il obaervables appear warranted. 
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Vacuiai Eyperio^nts 

Target emission measurements were also performed for aluminum 

2024 samples over a range of air pressures down to 10  torr.  In one series 

a single sample was exposed to several shots at a constant peak power 
8      2 -2 

density of 1.28 x 10 watt/cm at successively lower pressures down to 10 

torr.  Figure 8 shows peak target voltage and target voltage at breakdown 

inferred by the method described above.  The solid curve shows an approx- 

imately linear rise ia target  voltage at breakdow-.i with decreasing pressure. 

At atmospheric pressure the latter voltage is also the peak voltage.  Below 

400 torr the peak voltage (dashed line) occurs near the laser intensity 

>eak and is believed to result from surface photocurrents.  Time-integrated 

photography indicated a luminous region extending back -? the beam direction 

for all shots down to, ami including, the 10 torr condition.  The length of 

the luminous region increased with decreasing pressure as a result of 

higher LSD-wave speeds.  Definitive breakdown times were apparent in the target 

voltage records only for pressures greater than 50 torr.  For this pressure 

rang-, there was a finite, but small, decrease in breakdown rime with 

increasing pressure as indicated in the figure. 

The approximately linear increase in target voltage with decreasing 

pressure is not explainable on the basis of a simple one-dimensional model 

for the diffusion of emitted electrons.  In this model the maximum electron 

density in front of the target (for conEtanü emitted current) is related to 

the electron mobility, u , and neutral atom density, n , by 

-2/3    2/3 
n - y    - n e   e      n 

Using this relationship in the Debye length formula yields the result that 

h - n n 

_ v     .   i -  n"1  for constant surface current.  This is a much 
probe   probe   n „  ,  .      , 

weaker dependence on neutral density than observed in Figure 8.  In the actual 
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CM« thrce-dl-ensional electron diffusion ne*r emitting sites «ay le«d to 

much stronger dependence of the Debye length on neutral density as 

apparently observed. 

The very steep rise in photocurrent with decressin« pressure Is 

not easily analysed. The change likely results fro. increased «an-free path 

of the ultraviolet radiation fro- the plasma which increases both the surface 

photocurrent and the conduction current to the shield.  It is observed that 

the photocurrent persists at pressures below the pressure threshold for LSD 

wsve st this irradiance condition. 10 torr. This would be expected if a plas« 

in the vapor occurs, as appears to be the case inferred fro- spectro.copic 

results. 

rt^-^fl- r^llotion Mefcsure-ents in Vacuu- Irradiations 

As discussed above, electron e«ission fro- the target surface 

prior to LSD-wave initiation has been observed.  Since both ther-ionic an, 

-sld «dssion could result in the observed currents^ \ electron energy 

-easure-ents were perfor-ed In vacuu- irradiations in an atte-pt to 

differentiate the two types of cession. A secondary result of the -eas- 

ure-ents is -m esti-ate of the vapor plas-a te-peratc.e. 

Theory of the Measureaent 

(5) Puell^ has derived expressions for the electron te-perature, 

the expansion ene.gy of the Ions, and the total particle nu-ber in the 

plas-a as a function of laser radiation intensity. The «odel assu^s 

self-si-ilar hyirodyna-ic expansion fro- a planar surface due to a 

continuous heating process and considers the finite focal spot size.  Laser 

energy Is deposited thermally in the electron populacion.  In an 

asymptotic expansion all of the ther-al energy U  transfor-ed into kinetic 

22 

MM 



—- 

.1 

.1 
t 

10 

10 

to« 

10 

IÖ2 

IG^torr 

—        s 'o 

-^ ■X. 

^ 

\ 

m 
•^^^ 

Legend 

•O Peak  Voltage 

Voltage at Breakdown 

I02 

K)' 

ü 

I 
10° c i 

o 
2 
S 

CD 

10' 

10^ 10 o4 

Pressure , torr 
10 
10' 
3 

FIGURE 8.  PRESSURE DEPENDENCE OF TARGET VOLTAGE AND BREAKDOWN TIME 
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energy (neglecting radiative affacts and conduction losses).  Because of 

charge neutrality and because of the snail nass of the electrons, this 

energy la carried entirely by the ions.  The expansion energy is found 
4/9 

proportional to 4  • where 4 is average power density, and assuning the 

Pl*s«a to be a ■onatonic gas, the average expansion (kinetic) energy is 
related to the electron taaparature by 

^ - 5 (Z + 1) kT^ 

«hare Z is the average ion charge. 

This result differs slightly fron the result for s fraa adiabatic 

expansion, 6  Here the asynptotlc nean square ion speed is related to the 

acoustic velocity by 

^ - i±.i C ' Y - 1 s 

where the acoustic velocity is 

,    (Z + 1) kT 
C * - Y « 

Y is the ratio of specific heats, and n is the ion mass. Hence, for a 
5 1 

nonatonlc gaa (Y 
m ffrt 

El-i-lVi2-T(Z + 1>kTe   • 

Faat electrons, if obeying a Hazwell-Boltxnann distribution, 

would have a nomalisad speed distribution given by 

Il(v) - 4» 
.,  |3/2 2 -■evV2 kTe 

2i kT v e 

where the speed v ia in cn/sac and n is the electron naas in gn. The nost 

probable spaad of an electron is 

v • o 

2 kT ,1/2 
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h.vla« . corre.pandtn« energy Ee - i Svo
2 - kTe. Since the everege 

electron energy is 

^ " T kT e  z  c • 

then the moat  probable sp*ed Is related by 

2 
v 

i --   -^ 
2.35 x 1015 

where E^ 1« in eV and v is in cn/sec. 

E«peri«ental Arran^eaent 

Charge collection aeasureaents were performed using a «odified 

Faraday cup probe.  The target-to-probe distance was usually 25 en. and the 

probe was oriented 22 1/2« fro. the target nor«!.  Since the laser bea« 

waa incident at 22 1/2' to the other side of the target nomal, the 

angle between the laser bean axis and charge collection probe was 45°. 

The probe consists of a plate collector, biased to either + or - 25 volts, 

surrounded by a grounded housing tube.  The entrance af^rture is 0.56 cm 

in dia^ter, and a perforated stainless steel grid (also at ground potential) 

i. located 0.25 c« in front of the plate.  The grid transnission is = 40Z. 

The plate Is biased through a 2-m  resistor, and the output is coupled 

through a 0.1-uf capacitor. A temination resistance of 50fl was used at 

the input to the TEK 551 dual-bea. osclUoscope.  Both bea« were e^loyed 

in the aeaaureaents.  One trace was set at a nomal sensitivity depending 

on the peak signal, while the other trace was set five tiaes as sensitive 

in order to reaolve any precursor signal prior to the arrival of the 

Plasma  at the probe. An equivalent AC circuit analy8is(7) of the probe 

•hows that negligible integration of the signal occur». 

When the probe is negatively biaaed, the velocities of the ions 

are detemined by ti-e-of-flight measurements over the target-to-probe 

distance d.  The average kinetic energy is given by 

i 
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T . 1 . 72  1  „2 J«**'7 dt 
El " 2 "i Vi" " 2 

l(t) dt 

where l(t) 1« Che charge collector current.  The electron energies, however, 

•r« based on s speed corresponding to the peak in the probe current with 

positive bias. 

taperiaantal Results 

The probe signal, whether positively or negstively biased, usually 

consistef* of three easily identifiable components under vacuum conditions: 

a prompt signal, a precursor or fast-plasma component, and the normal 

(slower) plasma component.  The precursor component was always much weaker 

than the normal component, and was not detectable at low intensities for 

several targets. For negative bias conditions, all three components gave 

positive-going signals corresponding to ion collection in the csse of the 

precursor and normal plasma components, üJ UV-induc^d electron photoemission 

in the case of »'e p—»mpt component. For positive bias conditiona, all 

three components gave negative-going signals corresponding to fast electron 

arrival in the case of the prompt ignal, and plasma arrival (electron 

collection) in the case of the precursor and normal coaponents. As discussed 

below, there is evidence that the earliest signal of the fast-electron 

component may be due to UV radiation from the plasma striking the probe. 

Shot-to-shot reproducibility of data for some of the experiments 

was poor.  The response was a strong function of target history and depended 

on the number and intensity of previous shots as well as the atmosphere 

in which the shots were taken.  In general, the average ion kinetic energy 

on the first shots was considerably higher than predicted far these laser 

intensities; however, the value of E. was found to asymptotically approach 

some lower value after numerous shots at a particular energy. Similarly, 

the precursor component slowed and became less prominent. The UV-induced probe 

photoemission peak showed little change after multiple shots at a given 
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energy.  The fast-electron component (positive bias) showed draaatlc changes 

after each shot.  The peak and half width of the signal decrease rapidly 

with multiple shots.  After a few shot«, the signal resembles an inverted 

photDemission signal of short duration.  Experiments are planned which 

would divert charged particles away from the probe either electrostatically 

or magnetically to investigate the probe response to ÜV radiation from the 

laser-produced plasma with both positive and negative bias. 

Multiple shots were taken on aluminum 2024 and tungsten at two 

intensities to assess the shot-to-shot change in prompt emission for positive 

bias.  The most probable velocity v was related tc the electron energy as 

described above, and these data are given in Table 2.  If the signal is 

composed of both a photoemlssion-related component and a fast-electron 

component, then as the fast-electron signal diminishes the most probable 

velocity and hence the electron energy would appear abnormally high.  The 

lower energies appear more representative of the actual energies. 

Table 3 presents a comparison of prompt signals obtained for both 

positive and negative bias.  lead was not irradiated at this high intensity. 

These data represent averages of several shots on the same target.  The large 

signal observed with Zn is consistent with the strong bremsstrahlung emission 

for Al observed spectroscopically. 

Table 4 gives the average ion expansion energies for several target 

materials.  As discussed previously, the value of E is abnormally high for 

the first shot.  Due to the large irradiation area, absorbed gases, surface 

contaminants, and/or oxide layers (all confalning light elements) can lead to 

the calculation of an anomalously high expansion energy.  If the expansion 

energies are related to the characteristic electron temperature of the plasmas 

by the model discussed above, then typically 10 eV s T < 50 eV. 
e 

Data for shots in partial pressures of dry air (typically 0.1-20 torr) 

have not been analyzed pending evaluation of probe response in the absence 

of charged-particle impingement. 
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TABLE 2.     AJIALTSIS OF THE EFFECTS OF MULTIPLE SHOTS ON PROMPT «ISSIOM 
(Po«ltlv« Bias SlRn«l) 

Peak Intenaity, 
w/c«2 

Target 
Material 

Shot 
No. 

«e. 
eV volts 

1.28 x 108 Al (2024) 1 

2 

26 

300 

(a) 

0.16 

0.10 

0.04 

2.14 z 108 Al (2024) 

(a) 

3.9 

8.0 

13.2 

0.07 

0.24 

0.17 

0.11 

1.28 x 108 w 
150 

(b) 

(b) 

(b) 

(b) 

(b) 

0.09 

0.12 

0.04 

0.02 

0.08 

0.01 

2.14 x 108 w 
(b) 

(b) 

(b) 

(c) 

(b) 

(b) 

(b) 

0.006 

0.17 

0.14 

t 

0.07 

0.08 

0.06 

(a) Signal appears to b« entirely probe 
(b) No definitive peak could be assigned 
(c) Data not obtained for this shot. 

photoemisslon related. 
• 
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Target 
Material 

TABLE  3.     COMPARISON OF PHOMPT SIGNALS AT 
G    - 2.14 x 108 w«tt/c«2 

Volts 
FWHM, 
Msec 

Zn 

Photoemission Sis .1 (Negative Bias) 

7.3 1.03 
Ti (6-4) 0.38 0.74 

Al (2024) 0.16 0.10 
Cu 0.15 0.08 

C 0.07 0.90 
u :0 — 

Zn 

Faet- -Electron Signal (Positive Bias) 

2.2 ^1.00 
Ti (6-4) 0.20 1.00 

C 0.-7 0.90 
Al (2024) 0.15 0.38 

Ci; 0.14 0.15 
W :0 — 

i 

.1 
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TABLE 4.  AVERAGE ION EXPANSION ENERGIES 

Target 
Material 

Peak Power Density, 
keV Condition 

Al (2024) 

Cu 

3.2 x 108 

5.35 x 108 

3.2 x 108 

2.14 x 108 

3.2 x 10« 

1.28 x 108 

2.14 x 108 

4.9(2) (e) 

Ti (6-4) 

Pb 

2.14 x 10 8 

0.49 x 10 
8 

2.3(1) 

0.74(3) 

0.64(1) 

2.1(1) 

1.3(1) 

0.27(1) 

0.30(2) 

0.26(1) 

Two previous shots 
9  2.14 ^ 108~fio 
signal 

First shot with no 
(b) N2 

Sevei»1 previous 
shots 

Several previous 
shots 

Several previous 
shots 

First shot 

Fourth shot 

Three previous 
shots %  2.14 x 108 

Several previous 
shots 

(a) Nuaber of data points which were averaged. 
(b) N2 flow to laser off; peak intensity is the saae, although the 

characteristic N2 de-excitation tail is absent from the laser pulse. 

30 

MMBM 



r ■ - — •   •WF K—- 

Spectro«copic Studie« 

Tiac-integrated spectra were recorded photographically at wave- 

length* ranging from abo it 2250 to 6500 A for several different target 

materials irradiated in air at pressures ranging fro« hard vacuua to 1 

aim    using the CO TEA laser.  The target materials  irradiated were: 

Al (2024), Zn, W, Pb, Cu, Ti (6-4), grsphite, and type 304 stainless steel. 

Tiae-resolved spectral aeasureaents for target species were also obtained 

for aluainuB 2024 targets in air at pressures between 1 x 10  torr and 1 

at*.   Extensive analyses of these data have not been performed but preliainary 

results fro« üie UV measurements are described in the following two sections 

of this report. 

Time-Resolved Meaaur ts 

The transient measurements with 2024 aluminum targets were performed 

using a SPEX, 3/4-meter Czemy-Tumer spectrometer with a EMI Type 6256 

photomultiplier as a detector.  Output from the detector was displayed using 

a Tektronix 7704 oscilloscope and was recorded photographically.  Transit 

delay time for the photomultiplier was 55 nsec and the scope delay waa 55 nsec. 

Specific spectral lines were monitored by setting the grating angle to pass 

the desired wavelength.  Targets were used for multiple irradiations and were 

not replaced for each irradiation as waa done for some of the earlier studies. 

The spectral lines that were observed are listed in Table 5. The 

results for the Al I measurements are illustrated in Figure 9 which shows 

measurements made on the target surface and at a distance of 3 ns from the 

target.  Within the limits of the variations from one irradiation to another, 

the three different Al I lines observed showed es*entially the same transient 

characteristics under the same pressure and irra 1 lance conditions.  The Al I 

radiation shown in Figure 9(a) is typical of what would be expected for a 

vapor plasma expanding into a vacuum region. The sharp peak observed st 5 usec 
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for • 3-» HmUmBm tram  the aurfac« Indicate« • bulk vapor speed of 

6 x 10 cm/Mc which im  considorably «lower than tha faat plaaaa cowponent 

obaarwad with Cha charge collection probe. Al I aaiaaloAa associated with 

vacuua irradiations did not tend to paraiat aa loot aa in those case« where 

air waa present aa seen in Figure 9(b).  At pressures in tha range of'l torr 

up to 1 ata, Al I aalaaiooa persisted out to about 200 usec aa observed in 

tha aarliar atudiaa at ataoapharic pressure.( ) Ho significant difference« 

were noted between tha intensity levels at tha surface and 3 HB away fro« 

tha surface of tha tarfat. At early tiaaa on the aurfaca. the photoaultipliar 

«Ignal for Al I (3944.01 A) rises wary aharply at approximately 60 naac 

into tha pulse in hard wacuua aa shown by tha solid line in Figure 9(c). 

Moat of tha early riaa probably raaulta froa breaastrahlung in the vapor aa 

noted froa tha dashed line which shown raaulta of a second shot with the 

spectrometer set about 1.2 A off tha line. Vapor ia daarly evident after 

300 naac into tha pulse. 

TABLE 5.  EXCITED-STATE ENERGIES OF TKAMSIENT SPECIES OBSERVED 

Species 

Al I 

Al I 

Al I 

Al II 

Al II 

Al II 

Emission 
Wavelength, A 

3050.07 

3944.01 

3961.52 

2631.55 

2669.17 

3587.06 

Energy of 
Excited State, eV 

7.67 

3.14 

3.14 

21.30(a> 

10.63U) 

21.29(*) 

(a) Baaed on Al I ion Ira t Ion energy of S.MS eV. 
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c. Emission   f'om   Al I   3944 01 A   line  at 
»orget surface   at   10* torr 

FIGURE 9.     NEUTRAL ALUMINUM VAPOR EMISSIONS AT  LOW AIR PRESSURE FOR 
3.2 x 108 watt/cm2. 
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RcBults for the Al II Ion lino« were typically the Mat for the 

different wavelengths.  In the rant« of pressures from hard vacutm to several 

torr, the early appearance of ionized alusdnu« «ma similar to that for neutral 

aluminum, 1.«., the Al II emissions rise distinctly above the bremsstrahiung 

background about 300 naac Into the pulaa. The peak intensity levels of 

these emissions rise aa pressures arc raised to the pressure threshold for 

LSD-wave initiation (5-10 torr) and than disappear into the background level 

between 20 torr and atmospheric pressure.  This affect ia illustrated in 

Figure 10 which presents the emission levels at 3587.06 and 2631.55 A for 

successive shots at various pressures.  Background intensity ha^ not been 

subtracted from the data but only the higher pressure results are affected at 

3 Msec.  The onset of the LSD wave with increasing pressure is shown dramatically 

in Figure 11 which presents the Al II (3587.06 A) results at pressures above 
8      2 

and below the pressure threshold at 3.2 x 10 watt/ca .  The 10-torr curve 

ia essentially the background breowstrahlung radiation within the precision 

of the measurements. While the decreaaed vapor plasma heating is clearly 

evident, the question of early existence of ionized aluminum for pressures 

higher than 20 torr is not resolved entirely because of the intense background 

radiation. 

Time-Integrated Spectra 

Spectra obtained with Al (2024), Zn, W, P» , Cu, Tl (6-4) graphite 

and Type 304 stainless-steel targets covering the wavelength range from 2900 to 

3900 A arc presented in Figurca 12-19. The targets were tilted with respect 

to the line of sight viewed by the spectrometer so aa to sample the surface 

emission.  The lower portion of the spectra corresponds to regions near the 

target surface.  The lines above the spectrum of (a) are Hg calibration lines. 

These spectra which were obtained with the targets in air at pressures of 1 ata 

and 1 torr, and under hard vacuum are typical of the spectra over the range 

from 2250 to 6500 A. Wavelength scales shown in the figurea are only 

approximate.  In general, at 1 atm the spectra are characterized by lines 

■—        
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«..oclated with oxygen «nd nitrogen fro« the mir with momm  -et.l vapor 

.pp«rently pre.ent for .limin« 2024. iMi. and sine.  At th« reduced 

proMuro«. however, the .pectr. «ppe.r to be choractorlotlc of the dlfferont 

tartot «atarlala.  Copper which haa the highest raflactlvlty of the aatarlal. 

considered here appear« to produc. the laaat target a^aalou of the ■atarlala 

irradlatad. Zinc, which haa « low v^orlaatloo ta^aratur«. showed Intan^ 

ewlsslons In the vacuua Irradiations. 

Datallad callbrationa of cheac spectra will be required for furthai 

analysis of the data. 

COMCLUSIOMS 

Results of research on LSD-wave initiation conducted during thi« 

reporting period are consistent with the defect electron emission wodel for 

■etallic initiation.  Significant a^aclflc coocluaiona which way be dr-.m 

frou the work thla period are aa follows. 

• LSD waves are initiated on tungsten surfaces at levels 
8       2 

above 10 watt/c« at 1 atmosphere with no apparent 

vaporization aa observed by SEM at 2000X and 

apectroacopy. 

• Delay time to initiation for tungsten is about 20 

naec greater than that for aluminum 2024 and lead. 

• LSD-wave Initiation timing and target emission 

characteristics are similar for aluminum 2024 and 

lead. 

• Prompt InitUtion ( = 30 naec) occur« on acrylic piaatic 

for up to three shot, on the same surface at 3.5 a 108 

watt/cm2. 

• Measurement of tht energy of electrons emitted from 

the target surface prior to LSD-wave initiation may 

be lapoaaible because of the intense plasma- 

brema.trahlung-induced, curface-photoelectron background. 



• Tlm-r^oi^i .p.ctro.copy fer A!  „ .p,^.. ^ 

-lu^.«. 2024 IrrlUtloo. .t diff T«t p^.^. 

•t  tb. .„rf^. Ju.t ^^ th# ^^^ ^^^^^ ^ 

1****. loltUtü»  (5-10 torr) .t  3.2 . 108 w.tt/c.2 
»o a.t.ct^l. .iv*! ^ov. fc«*^^ for ^,ut 

greater than 20 torr. 

• Both n*«tr.l «d loolxod .l.-inu. v.por .p.ciM mn 

d.t.ct^l. „ Mrly M  300 nmec  fo. ?namtm lmmm 

than . f«, torr ^ .luianiJ1 2o2A  irr.dl4ltlon- 

nrnm EFFMT 

.TTL   r   •dl•tlo°• ^ •l•o b- c'>-,"«-• *»«— «-r 
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