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IN BRIEF 

T h ~ s  volume of LLE Revlew features artlcles on the ~nfrared-to- 
ultravlolet converslon of SIX beams of OMEGA and on the flrst serles 
of experiments conducted wlth the reconflgured up-converted system 
developments In the LLE advanced technology program, and actlvlty 
In the Natlonal Laser Users Facillty 

The OMEGA conversion and the lnltlal six-beam experlments have 
been conducted to meet the system performance criteria established 
by the Department of Energy as the basls for a decislon for the 
continued up-conversion of the system. The speclflc crlterla and the 
experimental data to be obtained are listed below 

Laser System Performance Cr~terla (a) energy In the SIX converted 
(351-nm) beams greater than 250 J In a pulse greater than 0 5 ns 
(b) ultravlolet converslon efflclency In reasonable agreement with 
theoret~cal predlctlons. (c)  measurement and successful evaluation 
of the beam-lntens~ty dlstrlbutlon In the equivalent target plane In the 
ultravlolet (351 nm) and In the Infrared (1054 nm) (d) alignment accu- 
racy (polntlng, focusing, and stablllty) of the SIX ultravlolet beams 
comparable to the Infrared beam capablllty 

Target lnteractlon Experiments wlth SIX-Beam Ultraviolet Illumina- 
tion (a) measurement of absorption on spherical targets consistent 
wlth theoret~cal predlctlons (b) measurement of preheat as ~ndlcated 
by the x-ray spectrum from an lllumlnated spher~cal target these 
measurements should be In reasonable agreement wtth data from 



LLE REVIEW Volume I 7  

one-beam planar target experiments and should show lower preheat 
levels than similar infrared experiments; (c)  measurement of the mass- 
ablatlon rate for spherical targets and demonstration that this rate is 
comparable to or greater than the rate observed In s~milar Infrared 
experrments. 

The Laboratory for Laser Energetics completed the six-beam 
OMEGA conversion (LLE Review. Volume 16) and has performed the 
experiments specified in the decision crrteria. This volume describes 
how the required criteria were met or surpassed. 

In particular, in the OMEGA Facility Report: (a)  System 351-nm 
performance at the level of 388 J was demonstrated. A serres of 
103 shots was taken: 30 of these shots produced energy in excess of 
250 J. (b)  The frequency-conversion performance was In reasonable 
agreement with the MIXER code (LLE Review. Volume 16). ( c )  Both 
the 351 -nm and 1054-nm equivalent-target-plane distributions were 
measured and evaluated. (d) Pointing stability of ?lOctm and focus 
resolution of ?50crm at 351 nm, comparable to 1054-nm performance. 
was demonstrated. 

The Progress in Laser Fusion sectron describes the expertmental 
work that demonstrated: (a j  Absorption at 10' j  W/cm2 in excess of 
50% was measured, exceeding initial expectations. (b )  Preheat levels 
deduced from x-ray spectra are much less than in comparable 1054- 
nm experiments. (c )  Ablat~on rates are h~gher than those measured 
in comparable 1054-nm exper~ments. 

Following a review, the Department of Energy has granted approval 
for the conversion of the remaining beams. Wrth the resources cur- 
rently in hand, a mrnlmum of six additional beams will be converted 
in FY84. The full conversion of the system IS well w ~ t h ~ n  our present 
technical capability. 
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Laboratory Engineer Larry Forsley, leader of the Computer Systems Group, 1s shown 
dlglt~z~ng an x-ray photograph of a target plasma with the recently installed image 
processrng system. Drgrtal lmage processing 1s applled extensively ~n the experimental 
and englneerlng programs of the laboratory 



Section 1 
LASER SYSTEM REPORT 

Throughout the first quarter of fiscal year 1984 (October through 
December 1983). GDL continued operations as a 351-nm interaction 
facility. Highlights of the quarter include a very successful campalgn 
for the University of Pennsylvania (see the NLUF News) In the x-ray 
chamber, holographic experiments. characterization of the UV Inten- 
sity distribution in the equivalent target plane, and a record number 
of damage test shots. 

Through the latter part of the quarter, demand on GDL slackened. 
due to the demand for GDL experimental personnel In OMEGA 
experiments and demands on GDL operations personnel for 'twenty- 
fifth beam" and Kuizenga oscillator integrat~on projects (see the 
OMEGA Facil~ty Report). 

A summary of GDL operat~ons follows: 

lnteractron Target Shots 59 ( 1  5'01 
X-Ray Target Shots 

(Includes 39 NLUF shots) 61 ( 1  6'01 
Damage Test Target Shots 219 (56'0) 
Polnt~ng Shots 47 (1  2 C ~ 1  
Cal~brat~on Shots 2 (05Ooi 
M~scellaneous Shots 2 (0 5'0) 

TOTAL 390 ( 1 0 0 ° ~ )  
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l .B OMEGA Facility Report 

OMEGA systems operattons during this quarter have consisted of 
acquiring all the necessary data for the successful performance 
review by DOE on 3 November, continuing to characterize the UV 
system performance, completing successful target shots for internal 
and NLUF experimental campaigns, and, finally, completing a series 
of shots aimed at optically cross-calibrating our 8" Scientech calo- 
rimeters. 

As the quarter began, we had completed a series of shots for 
preliminary data to be sent to DOE as a preview of our ability to meet 
the six-beam UV performance criter~a. At the complet~on of this 
series, the system was shut down for substantial oscillator repalrs. 
driver al~gnment, and crystal re-tuning. The shutdown took about two 
weeks and resulted in a higher, more reliable output power from the 
oscillator; a better-characterized. stable wavelength; and a better- 
aligned driver line, which led to significantly improved equivalent- 
target-plane intensity uniformity. By mid-October, we began fir~ng the 
system for the completion of the DOE acceptance criter~a, including 
characterization of the equivalent target plane; comparison of the UV 
output with MIXER' code predictions: characterization of beam trans- 
port: and measurements of pointing and centering accuracy, thermal 
transport, mass-ablation rate, and absorption. Summaries of the 
results of these measurements are found in articles appearing later 
in this volume. 

As this experimental campaign ended in early November, further 
laser system characterization continued. In one series of target shots. 
we verified that no damaging IR radiat~on is propagated back through 
the laser system. Consistent measurements of less than 0.2 J propa- 
gating back into the driver line, with up to 70 J of UV (40 J of IR) on 
target, showed that 72-mm Pockels cells are not necessary as 
isolation devices for the system. The Pockels cells were therefore 
extracted from the system, resulting in a 10°/o increase in energy 
capability in the beams and possibly eliminating some phase prob- 
lems noted in the equivalent-target-plane photographs. 

By mid-November, target shooting resumed on a regular schedule 
averaging 12 target shots per day. A series of shots for the University 
of Maryland (NLUF) were completed, yielding novel XUV spectral 
data to be reported on elsewhere. Shot series were conducted for 
internal (LLE) programs studying electron thermal transport and 
coronal physics. 
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During the final week of operations in December, the 8" ~c ien tedh 
calorimeters were optically cross-calibrated by means of accurate 
splitting of the laser beams into each of eight different calorimeters 
and by moving the calorimeters on each shot to eliminate beam-to- 
beam variations. 

A summary of OMEGA system operations follows: 

Target Shots (lncludlng 25 NLUF) 140 (3g0/0) 
Drlver-Center~ng and Cal~brat~on Shots 92 (25%) 
Crystal Tunlng Shots 26 i 7O10) 
Polntlng Shots (lncludlng equivalent- 

target-plane characterization) 18 ( 5O10) 
Calorimetry Callbrat~on Shots 41 (1 l 0 / 0 )  

M~scellaneous (failures, software shots) 47 (1 3O/0) 
TOTAL 364 (lOOO/o) 

Throughout the first quarter of FY84. in addition to system oper- 
ations, the operations group has been involved in manufacturing- 
engineering activities related to the upcoming conversion of at least 
six more OMEGA beams during this fiscal year. Further act~vities of 
the operations group Include preliminary design work on the "twenty- 
fifth beam" project, where the GDL beam is to be synchron~zed with 
the OMEGA beams and pointed into the OMEGA target chamber as 
a backlight. Members of the operations group are on the task force 
for implementation of Kuizenga oscillators and pre-drivers into both 
GDL and OMEGA and are taking part In the design of various 
subsystems of the twenty-fifth beam, such as power-conditioning, 
active mirrors, safety interlock, synchronlzation. and alignment 
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1 .C OMEGA Wavelength Conversion 

The conversion of SIX OMEGA beams to UV operatlor1 entailed 
decisions on issues such as. 

(a) location of frequency-conversion cells, 

(b) construction and alignment of frequency-conversion cells 

(c) pointing. focusing. and beam timing for UV bearns and 

(d) beam-diagnostic systems. 
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i~ 171 
Sche7at ic  of !he OMEGA 351-nm con- 
hers on svstem The second-harmonlc 
yerierator (SHG) and ihird-harmonlc gen- 
erator ITHGI crystals are shown mounted 
at i ' ie output of the last spatla1 f~lter 
(C LAOR, The rejected alternat~ve loca- 
tion near tqe focus lenses IS lndlcated in 
:he nset 

In the subsections that follow, we discuss the resolution of these 
des~gn Issues of OMEGA and present the pertinent performance data 
that satisfy the DOE laser-system-performance crlterla (see the IN 
BRIEF section). The construction, alignment, and successful perform- 
ance of the frequency-conversion cells has been discussed previously 
in LLE Revlew.' 

Frequency-Conversion-System Configuration 
OMEGA is a 24-beam. Nd:glass laser system whose design and 

1054-nm performance IS discussed in Ref. 2. The OMEGA geometry 
(see Flg. 17.1) allows two basic locations for the conversion crystals: 
(a)  at the focus lens and (b)  at the output of the last spatlal filter 
(CILAOR). C refers to the final, 90-mm rod amplifier of the laser 
system, and LAOR refers to the large-aperture optlcal retarder used 
In the 1054-nm operation of the system. 

Placing the frequency-conversion crystals near the target chamber 
presents two advantages over the LAOR option: 

(a)  hlgh-power UV propagation is limlted to less than 1 m, and 

(b) the focus lens and blast shleld are the only optics subject 
to possible coating damage due to high UV fluxes. 
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Unfortunately, placing the conversion system near the target-focusing 
lenses also presents some significant disadvantages, compared to 
the LAOR option, namely: 

(a) limited UV-beam diagnostics (the UV diagnostics require 
retroreflection and a double-pass through the crystals). 
and 

(b) the more complicated opto-mechanical design for such a 
system which would result in higher cost and longer 
design/construction time than the LAOR option. 

Our favorable long-path-propagallon experience wlth both GDL and 
OMEGA gave us confidence that UV-beam propagation from the 
laser bay to the target chamber would not present any serlous 
problems The primary trade-off between the two des~gn optlons was 
between the dlagnostlc considerations and coat~ng-damage rrsks 

~ i h e m a t c  of the overall beam layout for 
(he OMEGA SIX-beam UV convers~on An est~mate of OMEGA flux levels ~n the UV ~ndlcates that at an 
The beams shown ~n dashed /,nes are energy level of 90 J at 351 nm, the hlghest estimated flux 1 8 J i cm 
357-nm beams occurs at the blast sh~eld The hlghest flux at the mirrors at the 90-J 
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F,g 173 
S~mmarv  of OMEGA 351-nrn performance 
0' inaiv~dual beams. All beam data 1s 
s' lown here for the ~npu t  pu lse-w~dth  
range 769538 ps. Note lhe close agree- 
ment between the messured converslon 
and the MIXER'  code pred~clton The 
exlrapolafed output energy for a full 2 4 -  
beam sys:em is giden Sy the scale on 
fhe right. 

energy level IS 1.1 J /cm2 In these estimates, an average f~ l l  factor of 
0 6 IS assumed An addltlonal fill-factor multiplier of 0 56 IS used to 
account for local hot spots from beam defects and diffraction rlngs 

Coatrng damage measurements at LLE and elsewhere Indicate 
that flux levels of 11-1 8 J lcm-  are below the damage threshold for 
state-of-the-art 351-nm AR and HR coatlngs -' Results of damage 
testrng conducted at LLE show lw-~L~AR, 'OO coatlngs with mean 
damage thresholds ranging from 1 620 3 J / c m ~  to 2 120 3 J lcm-  
Measurements of l w - 3 ~  HR/45" and 57O coatlngs show damage 
thresholds ranglng from 1 8 0 ~ 0  24 J lcm'  to 2 6 t 0  3 J/cm' 

Based on these estimates and on the paramount need to have 
high-reliab~lity and high-accuracy beam diagnostics. it was decided 
to implement the LAOR option for the frequency-conversion system 
In the flnal configuration. the blast sh~eld was left uncoated because 
the expected flux levels were too close to measured damage 
thresholds for AR coatlngs We are investigating the option of coat~ng 
these optlcs with Sol-Gel AR coatings (damage threshold - 4 J, cm-1 

An overall schematic of the OMEGA system is shown In Fig. 17.2. 
The six-beam set chosen for 351-nm conversion has near-cub~c 
symmetry. 

OMEGA 351-nm Performance 
Measurements of the 351-nm conversion efficiency of OMEGA 

were carr~ed out for over 100 shots The system (1054-nm) pulse 
width for the majority of these shots was held at 7 6 9 ~ 3 8  ps (FWHMI 
A compilation of all the single-beam data is shown in Fig 173 The 
MIXER-code' prediction of the beam performance IS also shown In 
Fig 173 for comparison In all shots to date the experimentally 
measured 351-nm converslon agrees well with that predicted by 
MIXER A total 351-nm energy In excess of 388 J was produced 30 
shots produced a total 351 -nm energy In excess of 250 J 
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Near-Field and Equivalent-Target-Plane Diagnostics 
To measure the equivalent-target-plane energy distribution at 351 

nm and compare it to the distribution at 1054 nm, we constructed the 
system shown schematically in Ftg. 17.4. This system makes use of a 
10-m-focal-length lens to produce images of both the 351-nm and 
1054-nm l~ght at various posit~ons along the focal axis. 

A full equivalent-target-plane analysls of the 351-nm distributton IS 

shown in Fig. 17.5. The nonuniformlty modulation at both 351 nm and 
1054 nm is comparable (o,,, - 27°/~) The intensity h~stogram In this 
figure shows that for the particular conditions of this shot (energy = 

65.2 J. pulse width = 575 ps. and focus position = 160OPm from best 
focus), the mean on-target intensity IS 10" W/cmr, and the peak 
Intensity is 1 .74~1 O'.' W/cm2. 

Fig 174 The near-f~eld, 351-nm and 1054-nm beam dlstrrbution has also 

s ~ ~ ~ ~ ~ ~ , ~  of the equlva. been recorded for the converted OMEGA beams Flgure 176 shows 
lenr-larger-plane system used to produce 351-nm, near-fleld data taken on the same beam as that of Fig 175 
bolh 351-nm and 1054-nm images of the The remarkable degree of un~form~ty (o,,, - + _ ~ O / O )  1s a result of the 
beam at vanous pos~t~ons  along the focal hlgh degree of alignment stablllty and opllcal quallty of the OMEGA 
axis beams 
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Fig 175 
Analysis of the equivalent-target-plane energy dlstrlbutlon for a single 351-nm beam at 1600 pm 
from best focus. A 719-ps IR pulse IS converted to the 575-ps. 65.2-J UV pulse shown. 
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Fig 176 Alignment System 
Near-fteld photograph and analysis for Early in the design deliberations for the OMEGA conversion, it was 
the same beam as In Fig. at an decided to maintain the 1064-nm alignment capabll~ty of the con- 
output-energy level of 58.8 J (351 nm). verted system and, in fact, to try to do the full target alignment at 

1064 nm. The use of auxiliary 351-nm lasers for multi-beam alignment 
was considered too expensive and unreliable. The transport optlcs 
were, therefore, specified to be two-wavelength capable (351 nm and 
1064 nm). 
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The primary complications of doing 351-nm alignment with a 1084- 
nm beam are (a) chromatic shift and chromatic aberrations in the 
focus lens and (b) fundamental and second-harmonic reject~on at the 
target plane. 

In considering the first issue, two competing designs were calcu- 
lated for the focusing optics. One of the designs was a slngle- 
element aspheric lens, and the other was a two-element aspherlcl 
aplanat. It was found that the single-element aspheric design would 
have 1.2 waves of single-pass wavefront distortion at 1064 nm. 
compared with 0.25 waves at 351 nm, and that the two-element lens 
could produce diffraction-limited performance at both wavelengths. 
The consequence of the high wavefront distortion of the single- 
element design at 1064 nm is a poor focal resolution at this wave- 
length. We estimated that the focal resolution of the single-element 
lens would be ?10OPm, compared to 225pm for the two-element 
lens. To confirm these estimates, we performed a test with a 14-cm. 
f l 3 ,  quartz aspheric lens designed for 351-nm operation. We found 
that even though the depth of field was about 100pm to 200pm at 
1064 nm, an operator could reproducibly focus the lens at 1064 nm to 
within 212pm of a given location. The same operator could focus a 
diffraction-limited lens to slmilar accuracy. As a result of t h~s  study. 
we implemented single-element aspher~c lenses on OMEGA. 

The second issue, 1054-nm and 527-nm rejection at the target 
plane, was resolved very easily. The blue-beam focus of the 600- 
mm, single-element aspheric lens is approximately 34 mm ahead of 
the red-beam focus. Under most anticipated target cond~t~ons. the 
resulting intensity at 1054 nm IS of that at 351 nm. While solving 
the color separation problem, this large chromatic sh~ft Introduces 
some additional alignment problems, i.e.. malntalnlng po~nting stab~l~ty 
as the lens is translated from red focus to blue focus. To solve thls 
problem, we made use of the Intrinsic high accuracy of the exist~ng 
OMEGA lens holders. We installed a pneumatically dr~ven ram to 
provide the large-scale shift between red and blue focus, and we 
used the existing fine adjustment to prov~de prec~sion travel over 
4 mm. Tests of the pointing resolution and stab~lity and of the focus- 
position resolution and stability were carried out using x-ray lmaglng 
From these measurements, we inferred a polntlng accuracy and 
stabil~ty of - k10pm and a focus~ng resolution and stablllty of 
< 250pm. This level of accuracy in focus po~ntlng and stab~llty IS - 
similar to that previously reported for the 24-beam. 1054-nm operation 
of OMEGA. 

Summary 
We have shown In t h ~ s  sectlon that we have met or exceedec! a of 

the DOE laser performance cr~terla, namely 

(a) We have produced In excess of 388J In S I ~  beams a! 
351 nm at a pulse w~dth In excess of 0 6 ns we have taken 
30 shots w~ th  SIX-beam energy In excess of 250 J and ive 
have on-target energy In excess of 298 J 

(b) The measured conversion for the system agrees \r\'~tb 
MIXER4 calculat~ons to w ~ t h ~ n  10% 



(c )  We have measured and successfully evaluated the equiva- 
lent-target-plane intensity d~stributlon in both the UV and 
the IR. A h ~ g h  degree of uniformity IS obtained. 

(d)  We have verified that the system-pointing accuracy and 
stability is 1-10pm and that the focusing resolut~on and 
stability is < 550 pm The comparable 1054-nm numbers 
are 1-1 1 p m  and < 1-50 p m  respectively. 
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Section 2 
PROGRESS IN LASER FUSION 

2.A Absorption and Hot-Electron Generation 
Measurements with Spherically Illuminated 
Targets at A=351 nm 

Thls sectlon descr~bes the measurements of laser-energy absorptlon 
and hot-electron product~on made on spherical targets lrrad~ated wlth 
the SIX UV beams of OMEGA These measurements have been 
conducted over a wlde range of parameters lnc~dent energles In the 
range 160-298 J, wlth pulse durat~ons of 600-700 ps provlded Inten- 
sltles across the range of 10'3-2x10'3 Wlcm' The focus cond~t~on 
was vaned between F = -lR (surface-focus cond~t~on) through tan- 
gentlal focus (F = 8R) to well beyond tangent~al focus ( F  = 11R) 
Absorpt~on was measured on sol~d spheres of varlous materials (CH 
Al, TI and NI) hav~ng d~ameters In the range of 80-120OPm The 
prlnclpal d~agnostlc of absorpt~on was an array of 20 d~fferentlal 
plasma calor~meters located un~formly around the target Add~tlonal 
data was also prov~ded by two charge collectors pos~t~oned 75 cm 
and 175 cm from target and a 15-channel x-ray continuum spectrom- 
eter monltorlng x-ray emrsslon from 1-300 keV 

The absorpt~on fract~on as a funct~on of the focus posl!lon of the 
beams IS shown In Fig 177 Measurements were made between 
F = +5R and F = +11R on 400-pm-d~ameter CH spheres w~th  ~nc~dent  
energies of - 200 J At nomlnal tangent~al focus (F  = t 8 R i  for the 
113 6 beams, the absorpt~on IS 80% at an ~nc~dent  ~ntens~ty of 6\10 
Wlcm2 At F =  5R, beyond the l ~ m ~ t  for the mlnlmum beam overlap on 
the target, the absorpt~on IS not s~gn~f~cant ly  greater However at 
F =  11R the laser beam overflows the target and refract~ve losses are 
slgnlflcant Consequently the absorpt~on IS markedly reduced t -  60°0) 
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Fig 1 7 7  
ADsorpr~on for 400-grn-diameter CH 
soneres for different focus parameters 
and 'or -200-J 650-ps pulses The circle 
represenrs the resull estlrnaled for the 
s a r e  average on-target intensity at 

= -1 IR  as at the other focal pos~tions 
T ~ ! s  Correction involves a norrnal~zatron 
of  tqe absorption efficiency according to 
"v?asdred inrens~ty dependences 

Fig 178 
Ullravrolel absorpllon for tangent~al ly 
focused ( F  = +8R) E ,  = 760-298J, 
1, = 600-650-ps pulses on targets with 
rad~i in the range 45-220 gm all with > 2- 
pm CH outer layers The SAGE simulat~on 
curve is for 200-J. 600-ps putses, assum- 
ing a flux-lim~t parameter f=0 04 

> 
Normalized to 

1, - 6  x 1013 w / c m 2  

0 5 8 11 15 

E2712 
FOCUS POSITION (target radii) 

Correction of thrs net absorption value for the reduced average 
intensity resulting from the overflow and refraction losses and there- 
fore, for the higher absorptron efftc~encles known to occur at lower 
intens~ties, decreases thls value further Thus, although higher unl- 
formrty IS probably obtatned wrth SIX beams focused beyond the 
tangent~al Iimlt, thls IS only ach~eved at the expense of absorpt~on 
Consequently, all the parametric scaling of absorpt~on was made for 
tangentially focused beams 

Figure 178 shows the variation of absorptron with lntenslty for CH 
spheres varylng rn drameter between 10OPm and 4 2 0 ~ m  for rnctdent 
energies of the order of 200 J It can be seen that the overall 
absorptron drops from -80% at low ~ntens~tles to values of the order 
of 40% at intensrties approaching 10' j  W/cmz Although subsequent 
data will establish that the prlnclpal absorption mechanism throughout 

INTENSITY (w /cm2)  
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this range is inverse-bremsstrahlung absorption, the reduced absoip- 
tion at high intensity is affected by the smaller target size (i.e., the 
small scale length). For the higher incident energies expected from 
full conversion of OMEGA to 351 nm, significantly higher absorption 
should be obtained at these intensities. Figure 17.8 also shows a 
comparison of the experimental data with one-dimensional SAGE 
calculations made assuming a flux-limiting parameter of f = 0.04. As 
can be seen, absorption significantly higher than predicted is obtalned 
at high intensities, whereas at lower intensities the absorption is less 
than predicted. Although not plotted. a similar discrepancy exists 
between the experimental data and the predictions of the one- 
dimensional Lagrangian code, LILAC. 

Figure 17.9 shows the absorption as a function of intensity for 
targets of various Z. Solid targets of aluminum. nickel. and tltanlum 
were shot at various intensities In the range lo1?-10'' Wicm- with 
incident energies in the range 160-1803. Measured absorption In 
excess of 95% was obtained at an intensity of 1 . l x 1 0 ' W l c m - .  This 
measurement incidentally confirms the energy callbration between 
the plasma calorimeters and the optical calorimeters measurrng 
output beam energy. The absorption on high-Z targets is somewhat 
greater than that on CH targets for comparable intensities. in 
agreement with previous measurements made on planar targets with 
GDL.' 

Measurements of hot-electron generation were obtalned from x-ray 
continuum spectra from sol~d spher~cal targets lrradlated w~ th  the S IX -  

beam ultraviolet OMEGA system Estimates of the electron dens~ty 
and temperatures are found to show reasonable agreement wlth data 
obta~ned from the one-beam UV target exper~ments on GDL and to 
support the argument that no significant preheat levels are evldent In 

I 
i 
i 
k 
! 

Fig 179 
Absorpt~on measurements uslng h~gh-Z 
targets of varlous materials and fad11 (40- 
60OPm) with pulses ( E L  = 760-780 J 
1, = 600-640 ps) at tangentla1 locus 
( F  = +8R) 
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spherical UV experiments as compared to IR experiments Incident 
energles In the range 160-200 J with pulse durations of 600-700 ps 
provlded intensities across the range of 6 ~ 1 0 % ~  - 2x10'' Wlcm2 at 
tangential focus (F=8R) The targets used were solid spheres having 
diameters of 80-420pm The data to be shown here are from targets 
with a minimum of 4pm of CH over CH. Al, TI, or NI To first order. 
hot-electron density and temperature scaling were obtained over 
similar ranges of intensity as the absorption measurements 

The principal diagnostic for measuring the level of hot-electron 
generation was a multichannel x-ray continuum spectrometer consist- 
Ing of 9 PIN dlodes and 6 PM-Nal scintillator detectors In conjunction 
w~th  a w~de variety of K-edge x-ray filters The detector arrays 
~ncorporated lead collimators and shields to minlmize pick-up of 
x rays from the target chamber walls The PM detectors were cali- 
brated using nuclear sources and the sensitivity of the sillcon dlodes 
was obta~ned from known callbrations The charge pulses from the 
detectors were integrated and recorded using gated analog-to-digital 
recorders Additional osc~lloscope monitoring was used to check for 
noisy or saturated signals Table 171 shows the detectors and filters 
used Since the individual detectors do not sample d~screte energy 
bands in the x-ray spectrum, an interpolation approach to the 
estimation of the dEldhv curve is used The approach taken in this 
work uses a multi-Maxwellian model to approximate the data The 

Table 771 spectrum is thus obtained globally rather than locally the signals 
OMEGA K-edge-filtered detector-system from individual detectors consequently contributing to broad reglons 
para melers of the spectrum The points shown ~n the spectra correspond only to 

Filter 
Material 

Filter 
Thickness 

CI (Saran) 
Sc 
Fe 
N i 
Z n 
Y 
Mo 
A g 
A g 
Sn 
T a 
Pb 
Pb 
Pb 

Detector 
Material 

Detector 
Thickness 

Si 
S i 
Si 
Si 
Si 
S i 
S i 
Si 
Nal 
Nal 
Nal 
Nal 
Nal 
Nal 

Detector 
Type 

PIN 
PIN 
PIN 
PIN 
PIN 
PIN 
PIN 
PIN 
PMT 
PMT 
PMT 
PMT 
PMT 
PMT 



Fig 1710 
1 

X-ray continuum spectra from spherical 
targets obta~ned with ( a )  the 24-beam 
OMEGA system at A=1053 nm and Ib) the 
six-beam OMEGA system at A=351 nm 
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the peak of the sensit~vity window for each detector and conse- 
quently change in energy for a different spectrum. (See LLE Revlew. 
Volume 13, for further details on this approach.') 

A typical spectrum obta~ned from a CH sphere irradiated at high 
UV intensity by the six beams of OMEGA is shown In Fig. 17.10(b) 
During the course of these experiments, it has generally been found 
that the x-ray continuum spectrum from UV-irrad~ated spherical 
targets can be satisfactorily fitted with a two-component Maxwell~an 
spectrum, as is shown in the figure. The spectrum in Fig. 1710,b) 
was obtained at an incident intensity of approximately 2x10': W;cm-. 
The low-temperature, low-energy Maxwellian distribution corresponds 
well to the x-ray emission expected from the 0.8-keV thermal plasma. 
and the low-level, high-energy, high-temperature (-25-keV) spectrum 
is evidence of the existence of a suprathermal, collisionless electron 
component in the plasma. 

In comparing the x-ray spectrum obtained wlth UV radiation on 
OMEGA at similar intensities to those measured In earlier IR experi- 
ments on OMEGA, a strong difference in the character of the 

Solid CH Targets 

1053 nm 351 nm 
15 I I I I 

14 - 
Thermal-Electron 
Component 
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10 
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9 - - 
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7 
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spectrum is observable [Figs. 17.10(a) and 17.10(b)]. Infrared lrradi- 
ation of spherical targets at intens~ties of 10'"1015 W l c r n w ~ t h  nano- 
second pulses always resulted in the emission of a three-component 
spectrum comprised of a thermal electron component, a hot-electron 
component result~ng from resonance absorption at crit~cal density. 
and a superhot component resulting from hot-electron generation in 
the underdense corona. The two-component spectrum observed in 
all spherical UV experiments on OMEGA is clear evidence of the 
absence of resonance absorption in the interaction. This difference in 
the x-ray continuum spectrum between UV and IR irradiation in spher- 
ical geometry was prev~ously observed in planar geometry on GDL: 

The relative partition of energy in the superhot-electron component 
for UV irradiation of spherical targets, as a function of intensity. IS 

shown in Fig. 17.l l(a). This shows the ratio of the energy in the 
suprathermal tail of the distribution, normalized to the ~ncident energy. 
as a function of incident irradiance, for CH targets of d~ameters 
ranging between 90 and 440pm. Although the data, particularly at 
lower intensities, shows considerable scatter, the general form of the 
intens~ty dependence is clear. At low intensities, the partition of 

Fig. 7 7.71 
energy to superhot electrons is extremely small and displays a sharp 

F iac l~on  o f  absorbed energy rn f?e super- 
onset at an intensity -10" W/cm2. Moreover, at high intensities, there 

hc,-e,ec:ron d:slr,bul,on wr lh  357-nm is clear indication under the prevail~ng conditions of a saturation In 
na:,on ,a, [he s l r - b e a m  OMEGA the conversion to superhot electrons at a level below Aga~n. 

sr .s tem and l b ,  the one-beam GDL this data is remarkably sim~lar to the earller planar GDL results 
svstern shown In Fig. 17.11(b) 

OMEGA Six Beams 
0.6-ns Spherical Targets 

GDL Single Beam 
Planar Targets 

INCIDENT INTENSITY (1014 w/cm2)  INCIDENT INTENSITY (1014 w / c m 2 )  
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Plotted in Fig. 17.12 is the intensity dependence of the conversion 
efficiency to hot electrons (resulting from resonance absorption) 
measured in spherical IR experiments and the conversion efficiency 
to superhot electrons (from subcritical phenomena) measured in both 
IR and UV spherical experiments. Although the x-ray continuum 
spectrum overestimates the conversion of energy to hot electrons for 
IR exper~ments, the clear absence of resonance-absorption-generated 
hot electrons in UV spherical experiments clearly impl~es vastly 
reduced preheat levels for UV radiation. 

I 100 . 
i 

r l o - '  - 1053-nm 

> o Hot Electrons 

1 Y m  10-2- w 4 
10-3- 

I 

. . 
351 -nm 

8 Superhot Electrons 1 
10-6 - 1054-nm 

o Superhot Electrons 

F I ~  1772 I , I I I I I I  

Fracrion of absorbed energy In var~ous 
l o - T -  I l 1 I  

hot-eleclron componenls at i l lurn~nar~on t 
wavelengrhs of 1053 nm and 357 nm. {; E2757 IlVClDENT INTENSITY ( w / c m 2 )  
Because the hol component 1s absent at 

' 

351 n m  ihe Iota1 hot-electron preheat rs k- subsiantially reduced at 351 nm. 

Comparison of the level of hot-electron generation and the level of 
3 ~ ~ 1 2  harmonic emission provides some indication of the orlgin of 
the suprathermal electrons in UV-irrad~ated spherical plasmas Thls 
comparison is shown in Fig. 17.13. As can be seen. there IS a clear 
correspondence in the intensities at which both this harmonlc and 
the generat~on of hot electrons commence In thelr slmilar lntenslty 
dependences Moreover, saturation in the harmonic emlsslon and In 
the suprathermal electron generation appears to occur at a stmrlar 
intensity ( - lo '?  Wlcm?). Since there is strong ev~dence that the 3~~ ' 2  
harmonlc emission originates from the 2 ~ ,  instab~lity thls close 
correspondence in intens~ty dependence suggests strongly tha! the 
suprathermal electrons have a simllar orlgln. 

Summary 
The measurements of the absorption, electron dens~ty, and tem- 

perature characterrstics of UV-irrad~ated plasmas at high rntenslt) 
show reasonable agreement wlth previous planar-target data and 
indicate significantly hlgher absorption and srgnlflcanlly lower preheat 
levels for UV irradiation, compared to IR experlments 
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2.B Parametric Instabilities in Underdense Spherical 
Plasmas with A=351 nm Illumination I 

i 
The six-beam ultraviolet OMEGA coronal phys~cs program IS rcctl- 
vated by the fact that all energy input to laser-fus~on targets occbrS 
within the coronal plasma. In this region, the bulk of the laser ene!F, 
is absorbed through inverse-bremsstrahlung (collisional) absorpllon 
The coronal plasma, heated to temperatures of 1 to 3 keV, exparCs 
into the vacuum and by reaction compresses the core of the tarst-: 
A very high compression is essential for the success of laser fuso"  
and the quality of the compression depends cr~tically on T a r y  
parameters in the plasma corona. 
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Laser light of frequency W, incident on a spherical target is 
absorbed on its way to the critical-density surface mostly by colli- 
sional absorption. A small part of the incident energy is also 
channeled into a host of parametric instabilitiesS5 most notably the 
2wP decay instability at the quarter-critical (n, = n,14) surface, where 
laser photons decay into plasmon (plasma-wave) pairs of frequency 
w - ~ ~ 1 2 ,  which is the local plasma frequency of the quarter-critlcal 
surface. This region then becomes a source of energetic electrons 
(superhot electrons), as well as a number of half-lnteger harmonics 
of the incident laser light ( ~ ~ 1 2 ,  3w0/2. 5 ~ ~ 1 2 ,  etc.). 

Light penetrating up to the critical-density (n, = n,) surface can be 
absorbed in that region through resonance absorptlon. Thls process 
is dominant for long-wavelength lrradtation, but for 351-nm irradiation 
at pulse lengths longer than 100 ps, no evidence for resonance 
absorption has been found.' 

Until recently, most UV-laser-plasma interactron experiments were 
carrled out wlth a single beam lncldent on flat targets A large data 
base has been collected, and most dlagnostlcs lnd~cate a strongly 
two-dimensional (2-D) behavtor of these plasmas In parttcular self- 
focuslng of the laser light IS found to abound under these cond~tlons 
at lncldent intensities above 5x10 W / ~ r n ' ~ - ?  In contrast uniformly 
lllumlnated spherical targets are expected to exhlblt a much more 
one-dlmens~onal ( l -D)  character allowing for much easier tnterpre- 
tatlon of many of the plasma-physlcs effects occurring In the corona 

The diagnostics used In these experiments are mostly optical and 
x-ray spectroscopy. The latter serves as an energet~c-electron mom- 
tor, while the former can give detalled information on the speciflc 
parametric processes occurring In the corona. Furthermore. these 
vislble spectra can serve as a valuable coronal dlagnostlc for the 
electron temperature at various locations in the plasma. 

A schemattc coronal electron-denslty proflle IS shown In Fig 1714 
along wlth the various parametr~c processes and thelr rarnif~ca!ions 
In terms of hot-electron generation and opt~cal signatures The 
crltlcal-denslty processes ltke resonance absorptton ana parametrlc 
decay are seen clearly In OMEGA tnfrared exper~ments through 
careful analysls of the 2 ~ ,  and x-ray spectra from these plasmas' So 
far, we have been unable to lnvesttgate any 2~~ spectra in our UV 
experlments, but the continuum hard x-ray spectra show no evldence 
for resonance absorptlon 

The 2wP decay lnstabtllty at n,/4 IS observed both Ir its optlcal 
slgnals and In the x-ray signature of the superhot electrons gmerateb 
by thls lnstablllty Evldence for stimulated Brillou~n scatter~ng (SBSl an 
lnstabll~ty In whlch the rncldent laser light decays into an  on-acoustic 
wave and an electromagnetic wave is found In the h~ghest-~ntenslt} 
OMEGA shots only However the SBS levels observed even In these 
cases are negligibly small Most recently optlcal spectra have been 
observed on OMEGA wh~ch  have tradlttonally been attl~bi~tei! tc 
stimulated Raman scattertng (SRS) below nL 4 where ar, nctdent 
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Laser ( w,  

Vacuum 0 

Resonance Absorption 
and/ or Parametric Decay 

Fig 1 7 1 4  
Schematic plot of the coronal electron 
density profile showing where the various 
paramelrlc processes occur The plot 
shows the character~stic electromagnetic 
signals generated by the parametric 
process labelled beneath the plot The 
generation of energetic eleclrons, chiefly 
lhrough the damp~ng of electron plasma 
waves is indicated by a circled " e  ' 

photon decays into a plasmon and a scattered photon, but from 
threshold considerations, this instability should not be excited at 
intensities below 1015 W/cm2 where the experiments were conducted. 
We are presently studying these spectra as well as novel theoretical 
models for their interpretation. 

Figure 17.15 is a schematic layout of the coronal diagnostics 
employed in the new multibeam experiments. The light scattered by 
the target near the fundamental irradiation frequency W, is analyzed 
spectroscopically in backscattering and sidescattering. Another spec- 
trometer analyzes the b 0 / 2  radiation. Photodiodes with appropriate 
filters have been absolutely calibrated to measure the light energy 
scattered at u 0 / 2  and 3 ~ ~ 1 2 .  A camera filtered to photograph the 
target in the scattered light at ~,,/2 is used to investigate the wo/2 
emission pattern. X-ray diodes and photomultipliers are used to 
measure the x-ray continuum spectrum between 2 and 200 keV. 
Plasma calorimeters are used to measure the amount of laser I~ght 
absorbed by the plasma. 
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Diodes and PMT's 

DIAGNOSTICS: 

w, backscatter and sidescatter spectroscopy 

w,/2 spectroscopy, diodes, image 

a 3w, I 2  diodes 

a X-ray diodes and photo-multiplier tubes (PMT's) 

Plasma calorimeters 

E2749 

Fig. 7 77 5 
Schematlc lay-out of diagnost~cs used ln 
the coronal phys~cs experlments on 
OMEGA. The spectroscopic dlagnosiics 
cover wavelengths from the IR to the 
hard x-ray reglon. Reflective optics w ~ t h  
dielectric coatings were used for lmaging 
andlor 11ght collecl~on between 200 and 
400 nm for ease of alignmenr and opfi- 
mum Ilght-gather~ng efl~ciency. 

Threshold formulae and typical threshold ~ntens~t~es for our UV 
~nteraction experlments are shown In Fig. 17.1 6 Wh~le the threshold 
condition for SBS should be surpassed in most of our OMEGA shots. 
we have not seen SBS, except in the highest-intensity shots This IS 

consistent with experiments done elsewhere. The reason for the 
absence of SBS is not completely clear at this po~nt. The filamentat~on 
threshold depends on a number of factors, particularly the degree of 
uniformity of irradiat~on. For uniform OMEGA irradiation, the fllamen- 
tation threshold may be considerably higher than the range of values 
indicated in this figure. The 2~ instab~lity has Indeed been found to 
have a threshold near 2xl0l~Wfcm:. 



LLE REVIEW Volume 17 

- Predicted and Observed Thresholds of Parametric Instabilities - 

Typical 
Theory Prediction Observed 
w /cm2 w / c m 2  w / c m 2  

2 wp Decay 5 x 1012 Tev 2 x l 0 l 4  6 x 1013 
L,m A,, 

SBS 

Parametric Decay 7 x 10" Tev 2 x  10 
14 1 o14 

Lpm A p m  

Typlcal pred~ctions for: A = 351 nm, L = 75 p m  at nc/4, L = 10 p m  at n,, 
T = 1 keV 

E2624 

Fig 1716 
Lis! of parametric instab~lities their theo- 
retical threshold formulae and lypical theo- 
retical predictions along w ~ t h  experlmenlal 
thresholds observed in single-beam GDL 
experimenls While scale lengths between 
50 and 75 pm are typical near the n c i 4  
surface for current UV-laser-plasma exper- 
imenrs scale lengths around 10 pm are 
expected near the n, surface and were 
used to esomate the parametric decay 
threshold (last entry ~n the //st above) 

Earlier Interaction Experiments at LLE 
To set the stage for the new OMEGA results, a short review of the 

old, single-beam experiments is presented in Figs. 17.1 7 through 17.20. 
The common thread in these single-beam experiments is the necessity 
of resorting to filamentation of the laser beam In the corona to explaln 
the many different experimental results. 

Figure 17.1 7 shows single-beam results for llght energy scattered at 
w,/2 (700 nm) and at 480 nm, plotted as functions of ~ r rad~a t~on  
i n ten~ i t y .~  The former has two steps: the first corresponds to the onset 
of the 2w, instability, and the second corresponds to the absolute SRS 
instability. The 480-nm signal is related to the convective SRS 
instability, and it also shows a rapid rise at 4x1 0" W/cm2, even though 
the theoretical threshold for this process is ten times higher than the 
absolute SRS threshold. Furthermore, the thresholds observed here for 
the 2w, and absolute SRS are themselves too low by factors of 5 to 10. 
This discrepancy can be explained only by invoking filamentation. for 
which there are also other indicators (see below). 

tar 
foc 
to 
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"S" Polarization 
II 

A O ~ ~ ~  @ 480 nm 
(sldescattering 
relative unlts) II 

wp @ 700 nm II 

0 1 2 3 4 5 6  10 15 20 

ON-TARGET INTENSITY (1 014 w / c m 2 )  

F I ~  1717 
Ltght emission from UV-laser plasmas at 
700 nm (0 )  and at 480 nm (A )  Planar CH 
targets were illuminated with 0 5-ns pulses 
focused onto spots of vary~ng size (1 00 
to 500 pm) Em~ssion was observed In the 
same polaruation as the lnc~dent 11ghi 
The 700-nm slgnal at half the laser fre- 
quency exh~blts two thresholds correspond- 
Ing to the 2wZ decay and absolute SRS 
instabil~ty The 480-nm signal orlglnates 
from the convect~ve SRS 1nstab111ty and 
has an observed threshold equal to that 
of the absolute ~nstabillty All thresholds 
are at var~ance with those predicted theo- 
ret~cally F~lamentat~on of the ~nc~dent  laser 
11ght ~n the corona may expla~n this dls- 
crepancy Note the scale change at 6 x 
1 O7WW!cm? 

The 3 ~ , / 2  spectra have frequently been used as a temperature 
dlagnost~c for the corona However, the theorles of the upscatter of 
laser photons by 2w, plasmons usually applied cannot beg~n to 
account for the complexity of spectra seen In UV slngle-beam GDL 
experiments Dependtng on the angle of observatton one sees 
asymmetric double-humped spectra or single-ltne red- or blue- 
shlfted spectra (see Flg 1718) The explanation has been found In a 
detailed analysls of the 2 ~ ,  decay and the 3wc/2 generation ~n 
fllaments ' 

Although the convective SRS threshold IS exceedingly high (1 10 '  
W/cm2), we have seen characteristic SRS spectra In single-beam 
experiments for this ~nstabillty.Vareful analysis of these SRS spectra 
has enabled us to determine time-resolved electron temperatures as 
shown in Flg. 17.19 Compared to the work described in Ref 5. a 
more complete SRS theoryvs appl~ed here, lead~ng to somewhat 
different coronal electron temperatures than those deduced earlier 
We note that the deduced temperatures lie below 2-D hydrocode 
predictions. We have attributed this discrepancy to depleted tatls In 
the electron distribution function, as expected from the theorv of 
inverse-bremsstrahlung absorption. The mere existence of the SRS 
spectra, however, requires the existence of fllaments, inside which 
the requisite intensities may indeed exist along with anomalously 
long density gradients 
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Fig 1718 
Spectra of the 3 ~ , / 2  emission from thin 
CH targets for planar 351 -nm irradiat~on 
The schemalic experimental layout is 
shown in the lower part of the figure The 
various spectra shown refer to different 
observation angles as indicated The 
marked difference between the spectra 
in the three directions of observation are 
obvious they cannot be expla~ned on the 
basis of the conventional theory of 3 / 2 -  
harmonic generation An adequate expla- 
nation is given by a model which assumes 
the 2 ~ ,  decay instability and 3/2-har-  
monic generation to occur inside self- 
focus~ng filaments 

Fig 1719 
T~me-resolved coronal electron tempera- 
tures as determined from streaked SRS 
spectra obtained from 351-nm. 0.5-ns 2 
pulses at IO'j W/cm2 on planar CH - 
targets. Using a recently developed theory 2 
by E .  A. W~ll iams for the locat~on of the 5 
center of gravity of the convective SRS kW 
spectrum as a function of coronal electron 
temperature, we  have plotted experi- 1 
mentally deduced electron temperatures 
(dashed curve). Also shown ~n this figure 
are predicted coronal electron tempera- 
tures uslng the 2 - 0  hydrocode SAGE for 
two different irrad~ation intensities (solid 
curves). We note the close resemblance 
ln shape between exper~mental and simu- 0  

lated electron temperature evolut~on. A t 
k 5 0 0  PS+ 

varlety of effects may be responsible for E2617 
- . .. - . %  . 

- TIME 

the differences observed in the actual 
values of the temoeratures. . - 
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Frg 1720 
Schemalrcally depleted spectra of Ilght 
scattered near the rrradratron frequency 
for srngle-beam UV-laser plasmas ob- 
tarned from planar CH targets Spectra of 
transmitled Irght for thrn-target expen- 
ments as well as spectra of specularly 
reflected Irght ~n obl~que-rncrdence expen- 
ments show I11tle spectral broadenrng and 
small or no spectral shifts This is con- 
sistenl with shrfts and Doppler broadenrng 
due to plasma motion. Typrcal SBS spec- 
tra are observed in backscatterrng from 
oblrque-incrdence experiments. At normal 
~ncrdence the backscalter spectra are 
complrcated by f~lamentatron effects. 

I 
i 

1 

Figure 17.20 depicts schematically the various types of scatte'red 
light spectra seen near w, In single-beam experiments Starting from 
the top of the figure, light seen In transmission is generally unshifted 
from its original frequency and is Doppler-broadened by the hydro- 
dynamic motion of the plasma it traverses. At oblique incidence, SBS 
backscatter spectra are observed above a threshold near 10'' 
W/cm2. The specularly reflected light only suffers slight broadening 
and negligible shifts, in accordance with expectations for a purely 
hydro-dominated spectrum. The situation is much more complex at 
normal incidence. The backscatter spectra show red- and blue- 
shifted components above a few x1014 W/cm2. Analys~s of these 
spectra has shown that filamentation in the corona can also account 
for these spectra at normal inc~dence. This does not mean that 
filamentation only occurs at normal incidence, but it does imply that 
the filaments must encounter a critical-density layer for the back- 
scatter spectra to show the strong broadening to the blue s ~ d e  of the 
incident laser frequency. 

Transmission 

No Shift, A h  = 2 A 
(hydro-dominated) 

+. Oblique 
lncldence 

No Shift. Ah = 2 A 
I 

(hydro-dominated) 

3; *- A 
'/ SBS 

(angle-dependent shlfl) 

\ 

Filamentation and/or 

E2425 Modulational lnstabil~ty 

. . 2 - . , .  -- ,' '' , 
. 

. . 
' ' . - : - .  * _  1 . , . .  . . 
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Fig 1721 
Half-harrnon~c ( 4 2 )  spectra from spherl- 
cal six-beam UV-laser plasmas obtained 
us~ng 4 x 10 ' W/cm2 ~ l lum~nat~on A typi- 
cal h~ghly reproduc~ble half-harmonlc 
spectrum obtarned on OMEGA us~ng a 
spherical CH target is shown The dashed 
and dolted lines are shown to help d ~ s -  
tlngulsh the underly~ng spectral features 
The sharp splke 1s due to ord~nary (non- 
stimulated) Raman scattering (also down- 
scattering), whlle the broad features are 
due to plasmon-to-photon conversion vla 
inverse resonance absorption 

New OMEGA Experiments 
The new OMEGA ultraviolet coronal physics results are all charac- 

terlzed by a high degree of reproducibility and an apparent absence 
of filamentation. At least, none of the experimental data to date 
require recourse to filamentation to explain their signatures. 

The half-harmonic spectrum shown in Fig. 17.21 is typical of a 
large number of OMEGA shots. Three distinct features are discerni- 
ble. The dominant sharp line is slightly red-shifted from the ~ , / 2  
frequency (2A, wavelength). This line is accompanied by two much 
broader lines placed approximately symmetrically with respect to 
w0/2. The dashed lines in the figure are drawn to guide the eye. The 
intensity scaling of all the features as well as the change of the 
detailed intensity ratios between the various components of the ~ , / 2  
spectra for different target materials leads us to interpret the spectra 
in the following way. 

The strong, narrow peak is associated with downscattering of the 
incident photons on the plasmons produced by the 2w, decay at 
n,/4. In this process, the k-matching conditions, k, = k, - k,, have to 
be fulfilled along with the condition W, = W, - w,. Here, k,, W, and k,, 
W, are the wave vectors and frequencies of the inc~dent and 
scattered electromagnetic wave, and k,, W, are the wave vector and 
frequency of the plasma wave. It can be shown from the photon and 
plasmon dispersion relations that these matchlng conditions are 
satisfied for only a very narrow range of k's, which leads to the sharp 
llne shown in Fig. 17.21. Furthermore, the red shift of this line is well- 
defined for the same reason and may be wr~tten as 1 A  = 31 x T, ,,,. 
This relation is obtained from recent work on the 2w, decay 
in~tabi l i ty .~ lo 
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Half-lnteger ha rmon~c  emlsslon from 
spherical UV-laser CH plasmas The In- 
tensity dependence of the ~ , / 2  and 3 ~ , / 2  
s~gnals ~nd~ca ted  by the shaded curves 
shows the close re/atronshrp between the 
two harmonics Both ~nvolve plasmons 
generated by the 2 ~ ,  decay at the n,/4 
surface but the exact genefallon proc- 
esses are not lust upscattenng and down- 

PROGRESS IN LASER FUSION 

In contrast, the broad w0/2 decay features derive from a process 
which may be termed "inverse resonance absorpt~on." As in reso- 
nance absorption, this emission is more efficient for certain plasmon 
kp-vectors whose angles with respect to the density gradient coincide 
with the maximum of the Glnzburg" formula for resonance absorption. 
Since this maximum is not very sharp, and since the perpendicular 
component of kp is directly related to the frequency shift of the 
plasmon from the center frequency, w,/2, we expect broad spectral 
features whose shifts are sensitive to the density-gradient scale 
length near n,/4. Indeed, shorter scale lengths produced in high-Z 
target-irradiation experiments lead to considerably larger displace- 
ments to the red and blue of these broad spectral features while 
affecting the sharp spike only negligibly. It is this effect that has been 
so disturbing for a long time, since it was in apparent contradiction to 
the conventional interpretation of these spectra. 

In short, the wo/2  spectra contain a sharp feature whlch promises 
to be a good coronal temperature diagnostic, along with broad 
features whose dependence on density gradient, temperature, and 
incident intensity make them all but useless for coronal temperature 
diagnostics. 

scattering (ordinary Raman Stokes and 
anti-Stokes lines!. The apparent satura- 

Figure 17.22 shows the intensity dependence of the w,/2 and 
of sjgnals high ,ntens,lles 3wo/2 conversion efficiencies in low-Z CH targets The differences of 

could possib/y be due to reduced density 10' in the scales are contrary to expectations for upscattering and 
scale lengths In the corona of the smaller downscattering (Stokes and anti-Stokes Raman Ilnes), provlded the 
targets used In fhls intens~ty reglme. processes happen in the same reglon in space. However, the latter is 
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Fig 1723 
Half-harmon~c light emlssion from sphen- 
cal and planar UV-laser plasmas uslng 
CH targets. We note the Increased thres- 
hold for the ZW, decay instability observed 
in the spherical irradiation experiments. 
No separate SRS threshold 1s observed 
~n elther the long-pulse (1-ns) planar 
plasmas or the spher~cal experiments 

not given a prior; since detailed analysis of the k-vector matching 
conditions shows that the plasma waves must travel some distance in 
the density gradient in order to acquire the appropriate k-vector 
length for 3wo/2 generation. 

The two half-harmonics show a clear threshold at - 2x1014 W/cm2, 
in good agreement with the theoretically predicted threshold for the 
2wp decay instability for our experimental conditions. The close 
resemblance of the two curves reflects their common element, 
namely, the plasmons produced by the 2wp decay instability. The 3 / 2  
harmonic is produced by the k, = k, + k,, w, = w, + w, process, and 
the wo/2 harmonic is produced by the downscattering and/or plasmon- 
photon conversion described earlier. Both curves appear to saturate 
around 1015 W/cm2. The saturation level for the wo/2 generation 
efficiency is slightly less than which is exactly the same 
saturation level as has been observed in the single-beam experi- 
ments in GDL. 

High-Z targets show similar generation efficiencies, but the 2wp 
decay threshold is approximately twice that for plastic targets. The 
shorter scale lengths predicted for these plasmas, along with the 
slightly higher coronal temperatures, are consistent with this 
difference. 

The similar saturation levels of the half-harmonic conversion 
efficiency for the single-beam, flat-target experiments and the six- 
beam, spherical-target experiments are shown in Fig. 17.23. We note 
a much slower rise for the spherical experiments. This can be 
explained by assuming spatially uniform illuminat~on and by determin- 
ing how much of the temporal pulse shape lies above threshold. The 
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result is an error-function roughly coinciding with the curve shown in 
Fig. 17.23. The single-beam exper~ments, in contrast, are filamentation- 

I driven, leading to a different intensity dependence 
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Frg 1724 
Coronal electron temperatures as obtalned 
from ordlnary Raman-scatlenng (down- 
scattering) measurements at 4 2  wrth 
spher1cal650-ps UV rllumrnatron The red 
shrft of the sharp feature of the w0/2 
spectrum (shown 1n Frg 1721) 1s shown 
as a funct~on of lncrdent ~n tens~ty  rn 
OMEGA exper~ments  The rntenslty- 
dependent red sh~ f t  follows roughly the I 
law suggested by the shaded area The 
red shrft LA is related to the coronal 
electron temperature by AA = 31 x T,,,, 
The temperatures thus determ~ned Ire 
somewhat below 2 - 0  hydrocode predrc- 
Irons 

The intensity dependence of the red shift of the sharp w,/2 feature 
(Fig. 17.21) is shown in Fig. 17.24. The circles are for CH targets, and 
the triangles and square are for Al and Ni targets, respectively. On 
the right-hand side is a coronal temperature scale related to the 
wavelength-shift scale according to the relation A = 31 xT,,,,. The 
coronal temperatures thus deduced are again somewhat lower than 
those predicted by hydrocode calculations. Part of this difference 
may be attributed to the possibility that the sharp spectral feature 
may be more efficiently radiated early during the pulse, before the 
2w, decay instability has had time to steepen the density profile near 
the n,/4 surface. At that time, this feature may become weak, if not 
extinct. It IS certainly worth noting that in Fig. 17.19 we arrived at 
coronal temperatures between 1.5 and 1.8 keV, quite like the temper- 
atures of -1.5 keV indicated in Fig. 17.24 that were deduced for the 
same incident intensity from time-integrated spectra of the type 
shown in Fig. 17.21. 

Flgures 1725 and 1726 are spectra of the scattered llght near the 
fundamental frequency In backscatterlng Flgure 1725 shows the 
generally narrow backscatter spectra observed In these experiments 
The highest-~ntens~ty shots under uniform tllumrnat~on conditions 
show a weak but d~scernible red wlng whlch may be attribu!ed to 
SBS In contrast, two shots taken at the same lrradlation lntenslty but 
for different focuslng cond~tlons, show dramatically d~fferent spectra 
as shown In Flg 17.26 The surface-focus spectra exhlb~t exactly the 
same broad spectra seen in single-beam exper~ments at normal 
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Fig 1725 
Backscarter spectra at U, from un~tormly 
~Ilum~nated (at tangenhal focus), UV-laser 
plasmas uslng spherical CH targets and 
0 6-ns pulses Note the wlde dynam~c 
range obta~ned IP these experlments The 
pr~ncipal feature 1s only Doppler broad- 
ened At the h~ghest access~ble Intensl- 
tles a small red-sh~fted SBS component 
IS observed 

(blue) -10 - 5 0 5 10 (red) 

incidence. Indeed, the surface-focus experiments may be viewed as 
six, single-beam experiments at normal incidence. We thus see the 
dramatlc difference between uniform spherical illumination and s~ngle- 
beam experiments. The latter are dominated by self-focusing (flla- 
mentation), while the former apparently exhibit a well-behaved 1 -D 
character. 

Summary 
The OMEGA coronal physics experiments show much-improved 

coronal plasma conditions, compared to single-beam experlments. 
Notably, the apparent absence of filamentation of the incident laser 
light in the corona creates more benign plasma cond~tlons where 
thresholds for the 2w, decay instability now agree with theoretical 
predictions, and the signatures of this instability, namely the half- 
harmonic spectra, can now be said to be reasonably understood 
(312-harmonic spectra have not yet been taken). This understanding 
has enabled us to use one of the ~ , 1 2  spectral features as a 
convenient electron-temperature diagnostic. In addition, the presence 
of very weak SBS radiation has been established at the h~ghest 
irradiation intensities (21015 Wlcm2) in OMEGA. The high quality of 
the data and their reproducibility have led to an increased under- 
standing of the plasma physics, while not uncovering any unexpected 
detrimental effects for direct-drive laser fusion. 
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Fig 7726 
Backscatter spectra at W, from spherical 
UV-laser plasmas using CH targets and 
d~fferent illumination conditions at con- 
slanl rrradiation ~ntensltres (1 3 x 10 
W cm 1-=0 6 ns) The strongly broadened 
(red- and blue-shifted) spectra for suriace- 
focused illuminat~on starkly contrasi the 
spectra for tangentially focused uniform 
~Ilumrnatron The former are consrstent 
w ~ t h  earlier single-beam experiments 

I Surface I 

(blue) -1 0 -5 0 5 10 (red) 
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2.C Thermal Transport and Preheat Measurements 
with Spherically lllurrrinated Targets at A=351 nm 

This section describes mass-ablatton measurements obtained on 
OMEGA with six-beam, 351-nm irradiatton of spherical targets. D~ag-  
nostics used include time-integrated x-ray spectroscopy, charge 
collectors, plasma calorimetry, and, on some experiments, an x-ray 
streak camera with a filter array. These data are also used to study 
the properties of thermal conduction and preheat. We review similar 
data obtained from 1054-nm spher~cal irradiation on OMEGAl2 and 
from single-beam, 351-nm irradiation on GDL.3 These comparisons 
demonstrate advantages of spherical UV over IR irradiation for laser- 
fusion applications. As an example, the preheat of inner target layers 
is lower. The preheat observed in these spherical UV experiments IS 

due to radiation from the high-Z substrate layer in the plastic (CH)- 
coated targets which is required to generate spectral signatures of 
the various preheat mechanisms. Since this radiation is not emitted 
until the heat front arrives at the substrate layer, the preheat can be 
further reduced by using a sufficiently thick plastic-overcoat layer or 
by avoiding the use of high-Z materials altogether. This is in contrast 
to the case of IR illumination where preheat has been shown to be 
due to hot electrons from the laser-light-absorption region which 
cannot be significantly attenuated by a plastic coatlng. Another 
advantage of UV illumination is that the mass-ablation rate for 
spherical irradiation is higher by a factor of about 1.5, as compared 
with spherical IR or flat-target UV irradiation for the same absorbed 
irradiance. Since absorption of UV light is higher than that of IR light, 
this factor is higher for comparisons at a fixed incident irradiance. 

t 
and this factor increases with irradiance. 

Previous Experiments at LLE 1 

Figure 17.27 shows a schematic diagram of the targets and a list of i 

the diagnost~cs used to study thermal transport and mass-ablat~on 
rates with six-beam, 351-nm irradiation. The time-integrated spectra 

-. - 
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Time-Integrated X-Ray Spectroscopy 
Charged Particle Detectors 
Plasma Calorimetry 

CH LASER .:-:3 1 d2 SIX Pulse A = Beams 351 Width: nm 600 ps 

Irradiance: 1 014. 5 x 1 014, 1 015 w/cm2 
R = 35. 75, or 150 pm Energy: 150-235 J 
d, = 2 p m  
d2 = 0, 2, 4, 6, 8, or 10 pm 

Fig. 1 727  obtained in these studles also provide a measure of preheat as 
Targets for transport "burn- through" determined by KO lines. The figure also l~sts the laser parameters An 
measurements on 351-nm illuminated. uni- x-ray streak camera with a f~lter array was used on some of the 
fOrmly l r r a d l a f e d  targets. Radi- experiments, and these results are described below. The targets 

the substrate layer "gnals were chosen to be solid spheres so that transport and mass ablation 
the arrival of the heat fronl. Other sub- 

could be studied independently of implosion and stability effects. 
strate materials are also used. 

We first summarize the main conclusions of previous thermal- 
transport studies at LLE, whlch will be compared later with the results 
of new experiments with six UV beams. Experiments uslng a s~ngle 
UV beam to irradiate a plane target give "burn-through" results that 
agree with the predictions of a flux-limited transport model with a 
flux-limit parameter of f=0.03.3 The transport measurements using 
1054-nm spherical irradiation'' show that the heat-front penetration. 
or burn-through, is about three times deeper than for non-spher~cal 
irradiation and deeper by about the same factor than the penetrat~on 
predicted by the LILAC code for spherical irradiat~on and a similar 
flux-limited transport model. The penetration of the heat front, as 
measured by K lines of the high-Z substrate (TI or Ni), is smaller by 
about a factor of 2 than that measured by Al K lines Slnce the 
former llnes appear at higher temperatures (1 keV and 1.5 keV. 
respectively) than the latter (- 400 eV), these results imply a moder- 
ate temperature gradient at the heat front, as compared wlth the 
steep temperature profiles predicted by a flux-limited model 

These earlier experiments show that the spectroscopic determl- 
nations of ablation rates give higher values than those deduced by 
charge collectors. The spectroscopic diagnostics include crystal 
spectrographs and x-ray streak cameras. Charge-collector measure- 
ments give the ablated mass from the known absorbed energy and 
the expansion-velocity spectrum. The mass-ablation rate rh deduced 
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Fig 1728 
Thermal-1:ansport burn-through measure- 
ments using six-beam. 351-nm irradiation 
and CH-coated A/-substrate targets The 
mass-ablat~on rate may be est~mated by 
dividing the burn-through depth by the 
laser pulse width 
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CH OVERCOAT THICKNESS ( ~ m )  
E2725 

from charge collectors can be considered a lower bound, because 
partially ionized material is not fully weighted by charge-collector 
currents and is always measured to be slower than fully ~on~zed  
material. These earlier experiments are described In more detail In 
LLE Review. Volume 13.' 

New Burn-Through Measurements 
Figures 17.28 and 17.29 show the burn-through curves obtalned In 

the present six-beam UV experiments. F~gure 17.28 gives burn- 
through results for plastic-coated alumlnum targets, and in Flg. 1729. 
aluminum is replaced by titanium. The observed spectral line intensl- 
ties are plotted as functions of the plastic-coat~ng thickness. Each 
curve pertains to a given irradiance at a fixed 600-ps pulse w~dth. 
Each curve is separately normalized. The fall-off In intensity wlth 
increasing coating thickness shows the maximum penetrat~on of the 
heat front in plastic for the given laser pulse. Since spectral lhne 
emission occurs at different temperatures, depending on the sub- 
strate material and on the chosen spectral line, such burn-through 
data can indicate the shape of the temperature profile of the heat 
front. Figure 17.30 shows the corresponding burn-through curves 
calculated by LILAC for the case of plastic-coated aluminum. The 
right-hand border of each band corresponds to a flux-limit parameter 
f=0.1, and the left-hand border corresponds to f=0.04. For an ~rradl- 
ance of 1014 W/cm2, the two curves essentially coincide. 
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Transport measurement In CH-coated TI- 
substrate targets us~ng  SIX-beam, 357-nm 
lrrad~at~on at (a) 7 0 ' W1cm and (b) 5 x7 0'' 
Wlcm Stnce the character~sl~c 11ne e m ~ s -  
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slon of the two /on specles considered IS 

emltted at d~fferent temperatures the d ~ f -  CH OVERCOAT THICKNESS (pm) 

ference ln burn-through depths obtalned : E2726 
for each speoes wlth a gfven pulse glves I 

an lndlcation of the scale length 01 the 
temperature proflle of the heat front 

The results for 351-nm spherical irradiation are generally similar to 
those obtained for 1054-nm spherical irradiation. The heat front is 
less steep than predicted by a flux-limited model. This IS evidenced 
by: 

(a) more gradual fall-off of these curves, as compared with 
the pred~cted curves in Fig. 17.30. 

(b) deeper penetration for aluminum K lines (Fig 17.28). as 
compared with titanium K lines (Fig. 17.29). 

(c) deeper penetration of tltanlum L llnes (TI-'". 2p-5d transl- 
tions) as compared with tltanlum K llnes (TI-::. I s - -1  s2p) 

The lower-energy lines of Al'12 and ions generally show deeper 
penetration than predicted by LILAC. By comparing Flg. 17.28 and 
Fig. 17.30, we observe that the progression of penetration depth w~th 
irradiance is much slower than predicted by the code At the 
irradiances of lOl1,  5x101P, and 10'5 Wlcm', the measured penetration 
depth is larger than predicted by about a factor of 3. 2, and 1 5. 
respectively. With 1054-nm irradiation, this ratlo is approx~mately 2 for 
the range of irradiance 5x1013 to 10IW/cmTI.'. 
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Fig. 7730 CH OVERCOAT THICKNESS (rm) 
LILAC-calculated burn-through curves for E2763 
CH-coated Al-substrate targets. The w~dth 
of each band corresponds to the flux- 
11mit-parameter range 0.04 to 0.1 

It is important to note that the measured burn-through is deeper 
than that calculated for flux-limit parameter values in the range of 
0.04-0.1 and that, in fact, the results cannot be explained by any 
value of f ,  especially for the lower lrradiances. We have tentat~vely 
attributed these deep-penetration results to effects of long-mean- 
free-path (mfp) electrons, or non-local thermal transport. It is not very 
surprising to observe similar non-local transport effects at the two 
wavelengths. The importance of non-local effects to a burn-through 
rate has been shown to depend on the factor by whlch the electron 
mfp exceeds the temperature scale length.' Even though the electron 
mfp is shorter for UV irradiation because of the higher denslty in the 
laser-matter interaction zone, the temperature scale length In the 
target is also shorter at this shorter wavelength, and the mfpiscale- 
length ratio should not change appreciably with wavelength. 

Mass-Ablation-Rate Measurements 
Mass-ablation rates can be deduced from the total ablated mass. 

defined conservatively as the thickness which causes the substrate 
x-ray emission to drop by a factor of 10. After dividing the ablated 
mass by the laser pulse width (FWHM), we mult~ply by a correction 
factor (equal to 0.78) which relates the peak mass-ablation rate to 
the total ablated mass divided by the pulse w ~ d t h . ~  The results 
obtained from the aluminum data of Fig. 17.28 are shown at the top of 
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Fig. 17.31. This figure also shows planar-target burn-through results 
at 351 nm and spherical-target results at 1054 nm obtained using 
time-integrated and time-resolved (streak) spectral data and charge- 
collector data. These earlier results, including results obtained at the 
Rutherford Lab~ratory.~ are discussed in LLE Review, Volume 13.' 

- s S~ngle Beam 8 
I A - LLE (351 nm) A x I 

0 - 
x Spherical lrrad~ation 

o - Rutherford (1054 nm) i 
- spectra 

+ - streak 

X - Collector 
nm) 

I 0- LLE (351 nm) I 

Fig 17.31 
Compara t~ve  mass-ablat ion rates for 
coated a l u m ~ n u m  targels.  Rates are 
obtained from spectral burn-through data 
and from other diagnostics. Among the 
new 351-nm data are data polnts from 
1053-nm experiments performed at LLE 
and at the Rutherford Laboratory.' 

The mass-ablation rates for spherical UV irradiation are higher 
than for either IR spherical or single-beam UV irradiation Thls 
comparison is made for the same type of measurement in all three 
cases, namely, burn-through curves using the Al-I: Lyman-a line 
(1.728 keV). It should be emphasized that the comparison here and ~n 
subsequent figures is for the same absorbed irradiance. Obviously. 
this advantage of UV irrad~atlon is in addition to the advantage of 
higher absorption; if  the same comparison is made for the same 
incident ~rradiation, the advantage of UV is even more apparent. 

An alternative way of determining the mass-ablation rate IS by 
using charge-collector data which show a dist~nct and narrow 
velocity spectrum of the expanding plasma. Through this Spectrum 
and the known absorbed energy, we derive the mass-ablation rate 
shown in Fig. 17.32. Again. if we compare results in UV and IR 
obtained in the same way (charge collectors), the rate is dec~dedly 
higher in UV than in IR. Since h is approximately given by the rat10 
of the absorbed irradiance and the square of the plasma velocity, thls 
result can be stated differently: for a given absorbed irrad~ance, the 
expansion velocity is lower in UV than in IR. Indeed, the veloclty 
corresponding to the current peak was found to follow the follow~nc 
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0 - 1  Al, Spectr. o 
l o 5  Ti, Streak I 351 nm 

I Charge ) x 
Collector 1 o -1 054 

Fig 1732 
Comparative mass-ablat~on rates obtained 

ABSORBED IRRADIANCE (w/cm2)  

frorn spherical ~r radiat ion experiments. E2736 
Results using various diagnostics and 
both aluminum and titanium substrates 
are compared. 

scaling: v, = 6.9 x l o 7  ID l 5  in UV and v, = 8.7 x l o 7  lo l 5  in IR. Here, v, 
is in cmlsec,  and I is the absorbed irradiance in units of 1 0 ' W / c m 2 .  

The x-ray streak camera determines rh by measuring the onset 
time of K radiation from metal-substrate targets with various thick- 
nesses of plastic overcoat, thus measuring the time required to 
ablate away a known mass of plastic. The results (Fig. 17.32) for 
titanium substrates are intermediate to those obtained from charge 
collectors and those obtained from Al'12 spectra. This result is 
consistent with spectroscopic burn-through results where t~tanium K 
radiation also indicates less penetration than does aluminum radiation 
(see Figs. 17.28 and 17.29). 

From the mass-ablation rate, we derive the ablation pressure. The 
relationshtp usually employed is P=h<v>, where <v> is the mean 
expansion velocity. This relationship can only be expected to be 
precise to within a factor of order 1, and, indeed, code simulations 
show that a correction factor must be applied which lowers the 
pressure thus calculated by about 30%. It should be emphas~zed that 
this correction factor simply reflects internal consistency between 
calculating pressure through the equation of momentum conservation 
and the actual peak ablation pressure; the question of the correct- 
ness of the transport description in the code is of second order in 
importance. To be conservative, we used the rh results derived from 
charge-collector data, which are lower than those derived from x-ray i 

spectra. These results are shown in Fig. 17.33, compared with LILAC I 

calculations for two flux-limiter values, 0.04 and 0.1. The agreement 
is very good. We note, incidentally, that such comparisons (and those 

i 
based on streak-camera data) are not nearly as good for deducing f 
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I Fig 7733 
Abiation pressure in six-beam 357-nm 
~rradlallon S~mulat~on results from LILAC 
show good agreement over a range of 

o EXPERIMENT 
(charge collector) 

0 

1013 1 014 1 0'' 

ABSORBED IRRADIANCE (w/cm2)  

E2764 

flux-/imll parameters 

values as those based on burn-through curves, because the simu- 
lation results for a broad range of relevant f values fall withln the 
scatter of the ablation-rate measurements. On the other hand, even 
with very large errors in measuring the intensity of the K-line 
radiation, the position of the steeply falling portion of the burn- 
through curve, and, thus, the IR penetration depth, will not be 
seriously in error. The precision in the abscissa (plastic th~ckness) IS. 

of course, very high. 

Preheat Measurements 
Information on preheat can be obtained by the observation of the K, 

line from cold titanium for various thicknesses of CH overcoat~ng. For 
comparison, we show in Flg. 17.34 spectra obtalned wrth 1054-nm 
spherical irradlation and the correspond~ng 351-nm data in the 
following figure (Fig. 17.35). The interesting thing to note In Flg 17.34 IS 

that in IR irradiation, the Ti-'@ llnes (comlng from the hot plasma or the 
heat front) decay rapidly with lncreaslng CH th~ckness. whereas the 
K, line, which is very weak, persists In much thicker CH layers. In 
going from 2- to 6-rm CH thickness. the KO line goes down in intensity 
by only a factor of 1.5, whereas the TI-'. goes down by a factor of 
about 100. This occurs because the range of the fast electrons from 
the laser-interaction region is longer than the heat-front scale length. 
which allows the electrons to excite the K, line ahead of the hea! front. 
By comparison, Fig. 17.35 shows that with UV irradlation, the TI-:. and 
K, lines go down in almost exactly the same proportion as the CH 
thickness increases. Th~s is a strong indication that K,, is exclted by 
radiation emitted from the substrate as the heat-front arrlves at the 
substrate, rather than by hot or "fast" electrons preced~ng the heat 
front. The absolute intensity of the K,, l ~ n e  In Fig. 17.35 IS about 60 
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Fig 7734 
Preheat measuremenl using 7054-nm 
lrrad~ation and CH-coated titanium shells 
The Ti-;  line decreases wfth fncreaslng 
CH-layer thickness much laster than the 
Ti K ,  radiation which perslsts to greater 
depths due to the long-range penetration 
of hot electrons into the cold substrate 

Fig 1735 
Radiative preheat in SIX-beam, 351-nm 
irradlatlon The K, radlarion 1s seen to 
decrease w ~ t h  ~ n c r e a s e d  CH coating 
thickness at the same rate as the TtA20 
lines This suggests that the K, radiation 
from colder substrate material is excited 
by rad~ation from the heated surface of 
the substrate 

CH Coating: 

Ti - K, 

~ i ' 2 0  

4.73 keV No CH 
Coating 
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F I ~  7736 
K,, measurement of the fasf-electron tem- 
perature 1, uslng spherical 7054- and 
35 7 -nm ~Ilum~nation at 4 x 70 ' W/cm." 
The polnts show the observed decay of 
K ,  intensity wlth ~ncreas~ngly th~ck  CH 
coatings Theorefical curves for th~s  decay 
at different 1, values suggesi too low a 
1, value for the 357-nm results to cause 
elecfron-exc~fed K O  emisslon In advance 
oi the hea: front All data and curves are 
normalized to unit Intensity at zero coating 
thickness 

times weaker than the Ti'20 resonance line, indicating only a few 
percent of the absorbed energy going into preheat. The important 
inference from these measurements is that for the UV illuminat~on of a 
CH layer in the range of intensities considered, there is no measurable 
long-range preheat as with IR illumination. Furthermore, with CH 
coatings over hlgh-Z substrates where the coating thickness is greater 
than the thermal penetration depth, the level of radiat~ve preheat IS 

extremely low. 

We show in Fig. 17.36 the observed KO intensity data plotted as a 
function of CH coating thickness over various substrate materials for 
4x1014 W/cm2 and for 1054-nm and 352-nm irradiation. The curves 
give theoretical predictions of the decay of electron-exc~ted KO 
intensity with increasing coating thickness, based on the expected 
attenuation of the hot-electron flux through the given thicknesses of 
plastic, for various values of the hot-electron temperature TH. The 
comparison of targets with and without plastic coatings is meaningful. 
since the laser-energy absorption efficiency in plastic and in tltan~um 
for this irradiance is very nearly the same (50-60°/o), and since the 
dependence of TH on the target Z is very weak. If preheat were 
produced by fast electrons in the UV experiment (as indeed I! IS in the 
IR experiment), the observed decay rate would correspond to the 
extremely low TH value of 3 keV. The range of these hot electrons 
would be nearly the same as the heat-front scale length (~ndlcated by 
Fig. 17.29). In this case, the hot electrons could not penetrate into the 
cooler, un-ionized substrate material ahead of the heat front, and there 
would be no possibility for KO emission. This again supports the 

CH COATING THICKNESS ( p m )  
E2766 
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conclusion that what little preheat is indicated in Fig. 17.35 is due to 
titanium radiation and not due to longer-range hot electrons generated 
in the laser-~nteraction region. 

Summary 
Mass-ablation rates obtained with spherical UV irradiation are 

higher than those obtained with spherical IR irradiation at the same 
absorbed irradiance by a factor which varies with irradiance from 1.5 
to 2.0. When this comparison is made on the basis of incident 
irradiance, the advantage of UV is considerably greater. The fact that 
mass-ablation rates derived from x-ray spectroscopic results are 
higher than those der~ved from charge-collectors suggests that 
complex theoretical and experimental issues in thermal-transport 
physics remain to be solved. Ablation pressures derived from the 
(more conservative) mass-ablation rates obtained from charge- 
collector data are consistent with numerical simulation results. The 
preheat levels measured by K, emission from plastic-coated titanium 
targets show that the K, line is excited primarily by x-ray radiat~on 
from the titanium and that preheat levels obtained with UV irrad~ation 
on sufficiently thick plastic coatings are less than l0/o of the absorbed 
energy. 
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Section 3 
ADVANCED TECHNOLOGY 
DEVELOPMENTS 

3.A Time-Resolved, Laser-Induced 
Phase Transition in Aluminum 

Phase transformation in condensed matter is an important area of 
study in solid-state physics and material science. since it relates to 
the microstructural evolution of matter, yet the mechanism and time 
history of such a transformation is still not known. Several theorles 
have been proposed to describe this phenomenon, but serious flaws 
are evident in all of them. A basic problem has been the lack of 
experimental information upon whlch to base a model. The laser has 
become a valuable tool in the study of melt~ng processes in the past 
few years. However, only indirect Inferences have been obtained 
concerning any time-resolved structural evolution, since the probes 
have measured changes in surface reflection,! : surface second- 
harmonic genera t i~n ,~  electrical conduc t i v i t y .~nd  lattice strain', during 
laser-induced phase transitions. 

Recently, a technique has been developed and implemented at 
LLE that enables laser-induced order-disorder transformations to be 
directly monitored on the picosecond t imesca leVhe technique IS 

based upon observing the electron dlffractlon pattern of the phase of 
the system under study. By using a short pulse of monoenergetic 
electrons to probe a thin specimen, it is now possible to take a 
snapshot of the system's ordered (or disordered) structure. The dura- 
tion of the electron pulse is - 30 ps. Synchron~zed to this electron 
pulse is a laser pulse which is used to stimulate the phase transition 
(i.e., melt the solid). By problng the sample with the electron pulse at 
known times after the laser stimulus, information can be obtalned on 
the evolution of the melting process. 
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For example, the actual tlme required for a given system to undergo 
a laser-induced phase transformation can now be determined. Con- 
flicting theories placed thrs number between a few  picosecond^,^ 
where the cloud of laser-generated hot eiectrons rapidly transfers 
energy to the lattice, and the lattice dissolves; and >200 n ~ , ~  where 
the lattice only "softens" due to the increased temperature, and the 
ions remain relatively stationary. The picosecond electron-diffraction 
technique is well-suited for taking this measurement. 

The Experiment 
The experimental arrangement used to time-resolve the phase 

transformation is shown in Fig. 17.37. The electron-pulse generator is 
a modified streak camera tube. In its normal configuration, this tube 
is a diagnostic tool capable of time-resolving short optical pulses. 
The tube converts an optical pulse to an electron pulse through the 
photoelectric effect while preserving the temporal profile of the pulse. 
The electrons are then accelerated and deflected or "streaked" to 
map the temporal information of the pulse across the phosphor 
screen. The key features of this tube are the following: (1) It is 
capable of generating short electron bursts down to single-picosecond 
durations. (2) The electrons are monoenergetic to one part in 10'. 
(3) The electron pulse can be synchronized to the original optical 
pulse with picosecond accuracy. For the purpose of this experiment, 
the deflection plates are of no use and have been removed. The 
remaining components are the photocathode, grid, focus cone, and 
anode. Once generated, the electron pulse accelerates through the 
tube to the anode and then "drifts" at a constant velocity - 1 0 W I s .  
The specimen to be studied is positioned in this drift region. The 
electron pulse passes through the specimen (aluminum in this case) 
that is of a proper thickness ( -  240a) such that each electron rn the 
pulse sustains, on the average, one elastic collision. The aluminum 
films were made by first depositing aluminum onto a Formvar sub- 
strate and then vapor-etching to d~ssolve the Formvar. The slngly 
scattered (diffracted) electrons then travel to the phosphor screen 
where they are visualized. The diffraction ring pattern produced. 
shown in Fig. 17.38(a), is a result of the wave-like properties of the 
electrons and the ordered polycrystalline nature of the alumlnum 
specimen. By careful measurement of the ring diameters and by use 
of the Bragg relation, the lattice constant for the crystal is determined 
to be 4.03?0.08a, in close agreement with the known value of 4.05A. 

The signal-to-noise ratio of the pattern is rather low, due to the low 
electron flux required to maintain a 30-ps pulse width, Increasing the 
electron flux causes space-charge broadening to occur, whlch 
stretches the pulse duration. To make the best possible use of the 
available signal, circular signal averaging about the center of the 
diffraction pattern is performed. Circular averaging smooths the ran- 
domly generated noise to a roughly constant background level, thus 
greatly enhancing the signal-to-noise ratio. Figure 17,38(b) shows the 
result of circular averaging, which is accomplished by s~mply spinnlng 
a photograph of the diffract~on pattern. 
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Fig 1 7 3 7  
Exper~mental layouf for monltor~ng the 
laser-induced phase transition occurring 
in aiuminum The electron-pulse gener- 
ator 1s compr~sed of a photocathode (at 
-25 k V )  grid focus cone, and anode fa! 
ground polent~al) The specrmen 1s located 
rn the path of the electron beam A 
var~able-delay arm was placed In the 
1064-nm beam rn order to allow for laser- 
stimulus I election-probe synchronization 

It is important that the laser stimulus be uniform In space over the 
probed region of the specimen. Therefore, the laser-beam dlameter 
was expanded to -6 mm to overfill the 2-mm specimen dlameter. 
and the electron-probe diameter was reduced to -1 mm In this 
configuration. the probed region of the aluminum has a var~ation In 
fluence from the stimulus of no more than 15% from center to edge. 
The absorption of the laser stimulus (A=1064 nm) by the specimens 
is 13 tlO/o. 

Synchronization between the laser stimulus and the probe pulse IS 

accomplished by means of a laser-activated electron-deflectton tec'7- 
nique." fast deflection-plate assembly through which the electron 
pulse travels is positioned in place of the specimen. A photoconduc- 
tive switch, activated with picosecond accuracy by the laser stimulus. 
charges the plates, establishing an electric f~eld In a time on the 
order of the laser-pulse duration (- 30 ps) It the laser stlmulus 
arrives early, relative to the electron pulse, the electrons deflected by 
the electric field are detected at a new position on the phosphor 
screen. Proper synchronization between the two pulses is achieved 
when the electron pulse is evenly streaked between the undeflec!ed 
and fully deflected positions on the phosphor screen 
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The procedure followed is to irradiate the specimen with the laser 
stimulus and, at various times thereafter, to probe the structure of the 
aluminum with the electrons. This process was repeated at several 
laser-pulse energy levels. Figure 17.39 displays two diffraction patterns 
of the same aluminum specimen (a) before and (b) during the laser- 
induced melt phase. The most distinct difference between the two 
figures is seen in the nearly complete loss of intensity of the two 
outer rings in Fig. 17.39(b). In this case, the ordered structure has 
been degraded as a consequence of the formation of a liquid phase. 
The specimens were used only once, although at fluence levels of 
7-10 mJ/cm2, the specimens frequently survived multiple shots. 

Fig 1738 
/a, Pho:ograph of the diffraction pattern of a 240-A-thick film of aluminum as seen on image 
intensifier The dark mask at the cenler ( d96  wratlen filler) acts to block the intense zero-order 
mode of the diffract~on pattern Only the Intense center spot transmits through to the fllm 
/b)  The center of the r~ngs 1s the zero-order spot Rotating the ~mage about thls point results in an 
appreciable enhancement In the signal-to-noise ratio The background nolse 1s smoothed lo a 
constant background level causing the rlngs lo stand out more clearly 

Fig. 1739 
(a) A d~i iract~on pattern of aluminum prlor to the arr~val of the laser stimulus 
(b)  The same specimen as used In (a), but In the  Ilqurd phase The electron probe follows the 
laser st~mulus by 1 ns 
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Figure 17.40 shows the results of this preliminary experiment. The 
curve represents the fluence required to transform the alum~num 
specimen from the solid to the liquid phase at a given delay time. We 
see that the curve falls exponentially to an asymptotic value corre- 
sponding to the latent heat of the liquid state. At short delay times 
(<20 ps), the curve becomes indistinct due to the limited temporal 
resolution of the probe. 

Though the actual phase transition has not been time-resolved, it 
clearly occurs on a timescale shorter than 20 ps. The fact that an 
increase in fluence is required to cause the phase transition for short 
delays (- 100 ps) implies that for lower fluences at such delays, the 
specimen must be in a super-heated solid state. 

state condit~ons 

Fig 7740 
Thts plot shows the absorbed energy per 
unit area required to achieve a phase 
trans~tion alter a glven delay time The 
error bars span the two discrete stimulus 
levels used that were found to be immedl- 
ately above and below the level required 
lo cause the phase transition at the indl- 
cated time delay 

DELAY BETWEEN ANNEALING 
AND PROBE PULSES (ps) 

Summary 
We have demonstrated an application of the picosecond electron- 

diffraction technique by resolving the delay between the laser stlmu- 
lus of a polycrystalline solid and the moment the melt occurs True 
time resolution of the solid-liquid transition will require that the probe 
duratlon be much shorter, perhaps down to the s~ngle-p~cosecond 
timescale. With the present system, however, a great deal of 1nf0rma- 
tion can be collected about laser-rnduced phase transitions In add{- 
tion to monitoring changes in phase, the electrons, under optlma' 
conditions, can measure the change in the lattice constant resultlng 
from an increase In temperature. This lnformat~on will become most 
valuable in determining how far the melt temperature IS exceeded 
before the system collapses Into the liquid (or vapor) phase 
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Section 4 
NATIONAL LASER USERS 
FACILITY NEWS 

Thls report covers the activltles of the Natlonal Laser Users Facility 
(NLUFJ during the quarter 1 October to 31 December 1983 During 
thls period three users conducted experiments on LLE facil~ties 
Vlsltlng scientists representlng the Unlverslty of Connecticut and the 
Unlverslty of Pennsylvania conducted experiments on the Glass 
Development Laser (GDL) comp~llng a total of 39 shots An additional 
group representing the Unlverslty of Maryland the Naval Research 
Laboratory and the Goddard Space Fllght Center conducted experi- 
ments on the OMEGA facility complllng a total of 25 shots A spec111c 
listing of shots can be found In Section 1 (LASER SYSTEM REPORT1 
of this Issue 

The two user experiments on the GDL system used 3 5 1 - n ~ ,  laser 
light focused onto flat targets for x-ray diffraction experiments The 
participating individuals of these experlments are 

J. Kent Blaise. 0. Pierce. Donatella Pascolini. and A. 
Scarpa (University of Pennsylvania). "Time-Resolved Struc- 
tural Studies of the Ca'--ATPase of Sarcoplasmic Reticulum 
Membranes Utilizing a Laser Plasma as a Source ' 

Leo Herbette and Robert McDaniel (University of Connecll- 
cut): "T~me-Resolved X-Ray Dlffract~on of Acetylcholine Recep- 
tor Membranes " 



LLE REVIEW Volume 17 

The one user experiment on the OMEGA system used SIX beams 
of 351-nm laser llght focused onto spherical targets. The participating 
individuals of this experiment are: 

Hans Griem and Samuel Goldsmi th (University of Mary- 
land). Ur i  Feldman and George Doschek (Naval Research 
Laboratory), and W. E. Behring (Goddard Space Flight Center). 

During the last fiscal year ( 1  October 1982 to 30 September 1983). 
the user program accumulated a total of 368 shots on both the GDL 
and the OMEGA facllltles. These user experiments represented a 
broad range of scientific ~nvestigations. Table 17.2 shows the shot 
distribution for users durrng this perlod. 

We are now In the process of soliciting proposals for the next 
NLUF Steerlng Committee meetlng Thls year, our comm~ttee will 
requlre submrssion of proposals by 1 Aprll 1984 A revrsed description 
of the user facllity and fundlng opportunltres is included below 

User Experiments 
User experiments are accessible at the University of Rochester for 

applications in high-energy-density physics. High-energy-density 
physics experiments use an intense pulse of laser l~ght focused to a 
drameter of approximately 10.' cm. Intensities of 10:- W/cm2 can be 
created. equivalent to an electric field intensity of 10WVicm. A solid 
material, irradiated by such an intense laser pulse rapidly becomes a 
plasma with temperatures of 10--10" at densities of 1-10 g/cm3.  
Thls point-source plasma thus provides the necessary condltlons for 
studies of thermonuclear fusion, spectroscopy of highly ionized atoms. 
shockwaves, laboratory astrophysics, and the fundamental physlcs of 
matter under high intensit~es. Additronal research opportunities are 
available for pulsed x-ray-diffraction experlments by uslng x rays 
emitted from a laser-produced plasma. This x-ray point source emlts 
10'j photons In 1 0-9 s at 4.4 A (for a chlorine target). An x-ray collector 
can be used to dellver 10'; photons to a sample. The university 
facillty has accommodated 30 user experiments since 1979. 

Funds Available 
The U.S. Department of Energy (DOE) has designated the Labora- 

tory for Laser Energetics at the University of Rochester as a natronal 
facillty, available to qualified researchers nabonwide. DOE supports 
facility operation and provides research contracts for user experi- 
ments in laser fusion, plasma physics, and associated applications. 
Approximately $720,000 of user research funds will be available for 
the next period. User proposals in other areas can be accepted; 
however, funding support will have to be obtalned separately through 
other agencies (e.g., the NSF). Proposals requesting allocation of 
facility time should be submitted to the NLLlF Manager by 7 Aprtl 
1984. Proposal review is provided by the NLUF Steerlng Commrttee 

- 
Facil i ty 

The 24-beam, 12-trillion-watt OMEGA laser system (at 1054 nmi  
provides the main high-power irradlaton capability of the Laboratory. 
The OMEGA system now has six beams converted to the ultraviolet 
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User System Shot Distribution 
for Fiscal Year 1983 

(1 October 1982 - 30 September 1983) 

USER (Affiliation) 

Frank Chen and Chan Joshi (UCLA), 
Nizar Ebrhaim (Yale University) 

J. Kent Blasie and Leo Herbette 
(U. of Pennsylvania and 
U, of Connecticut) 

Ray Elton and T. N. Lee 
(Naval Research Laboratory) 

Jim Forsyth and Robert Frankel 
(U. of Rochester) 

Uri Feldman and George Doschek 
(Naval Research Laboratory) 

Hans Griem and Samuel Goldsmith 
(U. of Maryland) 

George Miley 
(U, of Ill~nois) 

Barukh Yaakobi 
(U, of Rochester) 

'Plus other shots shared w~th other users 

SCHEDULED USER SHOTS 

Burton Henke 
(U. of Hawaii) 

Tom Blue 
(U. of Illinois) 

C. F. Hooper. Jr. 
(U. of Florida) 

EXPERIMENT 

Plasma Instabilities 

Biophysics 

NUMBER OF 
SHOTS 

105 

7 7 

X-Ray Laser 2 5 

Biophysics 107 

VUV Spectroscopy 32 

Line Shifts 15 

Particle Energy Loss 5 

X-Ray Diagnostics 2' 

- 
TOTAL 368 

X-Ray Diagnostics (1 984) 

Particle Measurements (1 984) 

Implosion Dynamics (1 984) 

Table 17.2 
User system shot distrlbutlon for f~scal  
year 1983 ( 1  October 1982-30 September 
1983) 
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(351 nm). The SIX UV beams have a total energy of 300 J for 1-ns 
pulse widths. User experiments are possible w~th  either UV or IR 
laser radiation. A single-beam replica of OMEGA, the Glass Develop- 
ment Laser (GDL, at 351 nm), is also available. The target areas at 
the NLUF allow users access to three separate chambers-one for 
OMEGA and two for GDL. 

For more information about proposal guidelines and the resources 
available at the NLUF, please contact: 

Thomas C. Bristow, Manager 
National Laser Users Facility 
Laboratory for Laser Energetics 
University of Rochester 
250 East River Road 
Rochester. New York 14623 
(716) 275-2074 
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