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During the weekly maintenance inspection, Amy Rigatti, a se-
nior laboratory engineer, uses a white-light fiber-optic probe to
check the surface of one of the 60 final turning mirrors for pos-
sible plasma scalds. These mirrors, located in the OMEGA target
area, are some of the largest conventional optics on the system.
The largest mirror is 14 ix 27 in.x 3 in. and weighs approxi-
mately 70 Ibs.

This report was prepared as an account of work conducted by
the Laboratory for Laser Energetics and sponsored by New York
State Energy Research and Development Authority, the Univer-
sity of Rochester, the U.S. Department of Energy, and other
agencies. Neither the above named sponsors, nor any of their
employees, makes any warranty, expressed or implied, or assumes
any legal liability or responsibility for the accuracy, complete-
ness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific com-
mercial product, process, or service by trade name, mark,
manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or any other sponsor.
Results reported in the LLE Review should not be taken as nec-
essarily final results as they represent active research. The views
and opinions of authors expressed herein do not necessarily state
or reflect those of any of the above sponsoring entities.

The work described in this volume includes current research
at the Laboratory for Laser Energetics, which is supported by
New York State Energy Research and Development Authority,
the University of Rochester, the U.S. Department of Energy Of-
fice of Inertial Confinement Fusion under Cooperative Agreement
No. DE-FC03-92SF19460, and other agencies.

For questions or comments, contact Richard Tdwditor,
Laboratory for Laser Energetics, 250 East River Road, Roches-
ter, NY 14623-1299, (716) 275-1440.
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In Brief

This volume of the LLE Review, covering the period January—March 1997, includes an article on the
status of the optics on the OMEGA laser system after the first 18 months of operation. A vigorous program
to monitor the performance of the optics has been followed since the inception of the OMEGA laser. The
article presents results from these observations and defines the various types of possible damage. Mar
of the optics have not damaged, such as the frequency-conversion crystals, polarizers, calorimeters, an
liquid crystal optics. The most significant damage has been sustained by the fused-silica spatial filter
lenses. There has been no evidence of any propagation of damage downstream of damaged optics. In fa
after 1000 target shots the OMEGA laser has sustained remarkably little damage.

Other highlights of research presented in this issue are

» The development of a single-beam, ponderomotive optical trap for energetic free electrons. Numerical
results show that a phase mask can form a central intensity minimum, producing a three-dimensional
ponderomotive trap. A novel segmented wave plate has been manufactured and used las¢he T
to experimentally confirm the existence of this three-dimensional structure. Work continues to confirm
the trapping properties of this unique optical device.

» A description of the new diode-pumped Nd:YLF master oscillator for the OMEGA laser. Special
attention is paid to ensure long pulse operation and high stability. Experimental results are presentec
that confirm the excellent amplitude stability, low timing jitter, and long-term frequency stability of
the new master oscillator.

» Simulations of heat transfer from localized absorbing defects to the host coating materigi8i®§O
351-nm high reflectors. Atomic-force microscopy has shown laser-induced submicron cratering of
UV multilayers, which has been attributed to nanoscale, localized absorbers. A description of the
model used to simulate these absorbers is presented. When thermal conduction is the only heat
transport mechanism, very high defect temperatures are required to explain the measured damage
consequently, other physical mechanisms must be considered.

* An experimental study of target performance and mixing in titanium-doped target implosions on
OMEGA. Results from arecent experiment show the predicted absorption features from a thin Tilayer.
These features were used to estimate the core temperatpR@fritle compressed target. In addition
the EXAFS spectrum above theRedge was observed for the first time in an implosion experiment
that enabled the density of the Ti layer to be measured. These experimental techniques will be
important in measuring improvements in target performance as OMEGA's uniformity improves.

» A theoretical calculation of the dephasing time of an electron accelerated by a laser pulse. The

trajectory of a charged particle, determined analytically for various pulse shapes, is then used to
determine the dephasing time of an accelerated particle.

Richard Town
Editor






Status of Optics on the OMEGA Laser
after Eighteen Months of Operation

The OMEGA laser has sustained approximately 1000 targéied under operational damage; whereas, accidental damage
shots over its first 18 months of operation without significanbccurs when the laser operates outside the design limits. This
damage to the optics. Both rod and disk amplifiers are used atassification is useful because accidental damage can resultin
the OMEGA laser chain; after each amplification stageuwat 1 significant damage to an optic, but it is not an indication of
the beams are spatially filtered to remove high-spatial-freeontinuing problems with that component. Tracking optics
guency noise in the beam and to ensure correctimage relayidamaged due to routine laser operation results in statistical
Optical damage thresholds dictated the minimum beam dianmformation about the longevity of a particular optic; this
eter in each stage and fixed the magnification between stag@sformation is incorporated into decisions regarding an appro-
The final 28-cm beam propagates through thin-film polarizergriate spare optic inventory. Observations of an optic's mean
before reaching the frequency-conversion cefi&requency  lifetime are necessary to determine an effective and economi-
conversion to the third harmonic (351 nm) is carried out usingal spares program.
the polarization-mismatch method developed at IR set
of mirrors transports thec8beams through a final focus lens, 1. Operational Laser Damage
and the last optic in the beam path serves as the vacuum barrierAs the laser continues to operate, it is not surprising to
for the target chamber. observe operational damage in optics located at high-fluence
positions of the laser. Figure 70.1 shows a staging diagram that
Fundamental to LLE’'s OMEGA operating philosophy is aplots the peak design fluence—average fluence times a 1.8
maintenance plan to ensure (1) prevention of costly damage itetensity modulation factor—at each stage of a single beamline
system components and (2) reliable and efficient operation @ih OMEGA/ The bold lines indicate areas where laser damage
the systen?.One part of this preventative maintenance plaris occurring at present. Specific damage morphologies are
involves an estimated 3000 optics on the OMEGA laser sygresented on p. 52.
tem, notincluding laser glass, driver-line optics, and diagnostic
components. The Optical Manufacturing Group is responsibl2. Accidental Laser Damage
for coordinating the inspection of these optics and tracking this While accidental laser damage occurs infrequently, it can
information. On a periodic basis, the optical components anesult in significant optics damage. During the activation stage
inspected for laser damage, coating degradation, and particof OMEGA, six optics were damaged in a single shot when
late contamination. During planned shutdown periods, extensid@ht back-propagated after striking the edge of an improperly
maintenance (cleaning, recoating) and replacement of optig®sitioned spatial filter pinhole assembly. The ring of damage
occur. To date, the majority of optics on the OMEGA laseis located at the edge of the beam diameter and was caused by
system have not been damaged, and there is no propagatthg radial edge gain from the rod amplifiers. This beam imprint
bulk or surface damage to components downstream of damas observed on several mirrors and the liquid crystal compo-
aged optics. While the current optics replacement rate is beloment shown in Fig. 70.2.
the anticipated rate of 10% per year, this rate is expected to
increase as the laser ages. In the sections that follow, a reviewAnother instance of accidental damage was the develop-
of the types of optical component degradation is presented ment of a small damage site in one-third of th&fifal focus
lenses. A design analysis that locates the focus of unwanted
Laser-Damage Classification surface reflections eliminated the possibility of a ghost reflec-
In discussing laser damage, a distinction is made betwegion as the cause of this damage &ifée single, bulk damage
operational and accidental system damage. An optic damagsite is less than 1 mm in diameter and is located at the optic’s
when the laser operates within normal design limits is classeéenter near the exit surface. The damage has not propagated to
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Figure 70.1
Peak design fluence plotted at each stage of the OMEGA laser. Operational laser damage is occurring at the high fluesce positio

reported. However, continued laser operation does contribute
to the growth of the existing accidentally damaged site. During
activation, a train of short pulses propagated down the system
and were frequency converted ta,2instead of &, which

may have caused the damage. Since the sol-gel coating was
designed for &, a 2%—3% surface reflection occurs at 2
Analysis of multiple beam reflections inside the lens results in
the formation of a @& caustic at the lens’ center position

2 mm from the exit surface.

Damage Morphologies

The damage observed on an optic can be classified as either
stable or unstable. Given that the optical components will
damage, it becomes important to distinguish between damage

G3887 that is catastrophic to laser operation and damage that is
tolerable. Stable damage does not affect the laser’s perfor-
Figure 70.2 mance and does not cause propagation of damage to other

A malfunctioning spatial filter pinhole assembly caused the accidentafownstream optics. In addition, this type of damage does not
damage to this liquid crystal polarizer component (135-mm diameter). appear to grow significantly on successive laser shots. Un-
stable damage does grow on subsequent laser shots and
the blastshield optic located about 75 mm in front of the lensventually prevents the safe operation of the laser. Unstable
or to opposing beam port optics. Figure 70.3 shows a timelindgamage may result in catastrophic failure of a component;
of the discovery of damaged focus lenses. At the end afdditionally, this type of damage could cause propagation of
OMEGA activation, a large number of focus lenses wergamage to other optics in a beamline. For these reasons, optics
suspected to have damage, with only a slight increase since théh unstable damage are monitored frequently for changes in
initial observation. We believe this damage does not resuttamage size, and replacement occurs before the damage
from the normal operation of the laser because the plot akaches a critical value.
energy does not correlate with the number of damaged lenses
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1. Stable Damage Bulk S2 interface

The occurrence of stable damage on OMEGA has been ‘
documented since activation of the laser system. Two forms of
damage have been observed: (1) self-focusing damage in
spatial filter lenses and (2) plasma scalds on transport mirrors.

Self-focusing damageis seen infrequently in OMEGA
lenses. Currently, nine fused silica lenses have evidence of
“angel-hair” tracking, which occurs in the bulk material. These
tracks appear as a linear sequence of microscopic damage in
the bulk of the optic aligned with the propagation axis.
Table 70.1 provides a list of the damaged components and the
peak fluences they are subject to.

Figure 70.4 shows a photograph of self-focusing damage
observed on an OMEGA lens. The large white spotis in the exit
surface of the lens, and the typical diameter of this damage area
is 1 mm. This large area contains a number of smaller, indi-
vidual damage sites formed when the self-focusing tracks
intercepted the output surface of the lens. These sites do not caoe? 1 mm
seem to grow on successive laser shots.

Figure 70.4
“Angel-hair” tracking damage observed in the bulk glass of an OMEGA

Plasma scaldsare frequently seen on OMEGA'sw3
staage-F input lens. The large bright area is the exit surface of the lens.

transport mirrors. As seen in Fig. 70.5, scalds appear as

Table 70.1: Summary of the number of optics with self-focusing damage.

Component Da_lr_naged Lenses/ Deezi gn Peak Fluence
otal Lenses (Jem#) with 1.1-ns pulse
Stage-E input spatial filter lens (1w) 1/60 5.0
Stage-F input spatial filter lens (1) 5/60 6.6
Primary pickoff lens (3w) 3/60 29
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laser shots, but the number of scalds per surface may increase.
At this time, no reflectance data is available to determine how
plasma scalds affect performance of the mirror coating.

2. Unstable Damage

OMEGA optics that exhibit unstable damage include
(1) tantala/silica-coated beam splitters, (2) BK-7 spatial filter
lenses, and (3) fused-silica, input spatial filter lenses. Damage
to these optics continues to grow on subsequent laser shots. The
rate of growth and size of damage are dependent upon the type
of damage observed.

All tantala/silica beam splitters located in OMEGA's
C-split region (which is the region with the highest fluence of
any multilayer coating) have significant damage after 18 months
of laser operation. From Fig. 70.6, it is apparent that this
damage was not accidental but operational laser damage. As
the beam splitters continued to see an increase tuinula-
tive energy, the observed number of damaged beam splitters

64061 5.0 mm increased. Microscopic evaluation of a beam splitter revealed
coating-damage sites that were initially 50 to 1L@9in size
Figure 70.5 and 7pum deep. This depth indicates that the tantala/silica
Plasma scalds are frequently seen on OMEGAJsransport mirrors. coating is damaged at the substrate interface. The size of these

damage sites continues to grow on successive laser shots.
discoloration on the coated surface of the mirror. Scalds afeigure 70.7 shows a photograph of a beam splitter with the
initiated where particulates are on the mirror surface during damage sites illuminated within the beam diameter.
laser shot and are caused by an increase of temperature on the
surface during plasma formatidROMEGA transport mirrors During the OMEGA Upgrade, two types of beam splitters
arenot contained in enclosed structures but are mounted iwere produced using either the tantala/silica design or the
open, upward/downward-facing structures. This open archihafnia(metal)/silica design. Hafnia(metal)/silica-coated beam
tecture, which allows personnel access to target chambesplitters located in the same area as the tantala/silica beam
equipment, results in an increased level of contamination osplitters show no signs of coating damage, even though they
target bay optics as opposed to laser bay optics, which ahave the same test damage threshbl@ihese test damage
vertically mounted with protecting covers on the structuresthresholds (reported in Fig. 70.8) were taken on a limited num-
These plasma-scald defects do not grow in size on subsequéet of sites, and, as a result of this limited statistical process,

% 12 T T T 300
c >
E 10 250 B
'c ﬂ)
c
£ 8t 200 $ = Figure 70.6
i ; 8 Observation timeline of OMEGA’s stage-C beam splitters.
> 6r 150 = ﬁ The left axis plots the number of damaged beam splitters
E g Q observed over the lifetime of the laser. The right axis plots the
2 4t 100 3 1w cumulative energy per beam over that same time frame.
IS 3
§ 2 B .I/ 50 —
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Coating damage observed on a 5.5417.5-in. OMEGA stage-C, tantala/ .
silica beam splitter. The highest fluence seen by a multilayer coating is in the Ta,205/ Hf02 (metal)/SIQ
C-split area. SIOZ

G4084a

defect sites may have been missed. The results on OMEGA atgure 70.8
equivalent to full-aperture testing, and this type of testing hasamage thresholds for tantala/silica and hafnia(metal)/silica beam-splitter
revealed significant differences in damage thresholds betweépatings measured at 1054 nm with a 1-ns pulpepatarization.
the two materials. The highest fluence seen by a multilayer
coating is in the C-split area (which is 4.1 JArBeam split-
ters in other areas see a lower fluence (typically ~13/@nd  with radial fractures forming a circular pattern perpendicular
neither design has demonstrated any sign of significant dano the beam. This type of fracture pattern is characteristic of
age in these low fluence areas. platinum-inclusion damag¥Previous data reported by LLNL
showed that platinum inclusions in phosphate glass cause
Isolated bulk damage sites have been seen in a numberfadctures when irradiated by laser pulses above a threshold
OMEGA BK-7 spatial filter lenses A summary of the loca- value of 2.5 to 3.0 J/cfwith a 1-ns pulsé2 These fractured
tion and number of damaged optics is provided in Table 70.Ikites do grow upon repeated irradiation, but this growth rate is
The peak design fluence is the average fluence times a 1s®w with respect to a bimonthly inspection cycle. During
intensity modulation factor. inspection cycles, sizes are visually estimated by observation
with a white-light source. Quantitative microscopic evaluation
Each lens has one to four damage sites, ranging in size frasdifficult onin-situ optics inspection, so an accurate estimate
50to 80Qum, occurring at varying depths within the bulk glass.of damage growth rate is not available. Currently, we have not
Photographs of damage sites from an OMEGA lens are shovabserved any damage propagation from these lenses to other
in Fig. 70.9. Microscopic evaluation revealed damage sitesptics in the beam path.

Table 70.11: Summary of the number of optics with bulk damage sites.

Component P Tom Lo | (o widns pule
Stage-C relay lens (in/out) 8/60 23
Stage-E output lens 7/60 30
Stage-F output lens 34/60 36
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Large-scale fractured damage sites have been observed inThe damage occurs on the exit vacuum side of the lens at
OMEGA:Ss stage-C, -D, -E, and -F inpfutsed-silica spatial  random locations, and the sites grow in size on subsequent
filter lenses These areas of the system see some of the highdatser shots. The damage does not correlate to hot spots in the
1w fluences and exceed the 2.5 Fariterion for the use of beam and is believed to be initiated at surface particulate sites.
fused silica as opposed to BK7 glass (see Fig. 70.1 for the pe8kme possible contamination sources are particulate blowoff
fluence in the OMEGA laser chain). The highest peak desigitom the pinhole and debris from fabrication of the spatial filter
lwfluence is at the F-input lenses with a fluence of 6.62/cmvacuum tubes. A fraction of the beam strikes the edge of the
The lowest i fluence seen by these lenses is the C inpufpinhole, causing material to vaporize and redeposit on the
which has a fluence of 4.1 J/énfrigure 70.10 shows a good vacuum side of the input spatial filter lens. Investigation into
correlation between the number of damaged lenses andithe the cause of this damage is ongoing. The fracture pattern from
cumulative energy per beam plotted over the same time framene of these damage sites is seen in Fig. 70.11.

As the ko cumulative energy per beam increases, the number
of lenses with fractured damage sites also increases, indicating The vacuum surface of an OMEGA spatial filter lens is
a form of operational damage. under tensile stress, and any damage to this vacuum surface can

(b)

Figure 70.9

Damage patterns observed on an
OMEGA stage-F, BK-7, output spa-
tial filter lens. Fracture patterns
indicate platinum-inclusion damage.
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maximum bending stress for an OMEGA stage-F input lens is
615 psi and occurs at the center of the lens. If the model is
correct, these lenses under full vacuum should notimplode into
several fragments when defects reach their critical flaw size but
o should crack into two pieces and lock together as long as the
mount restrains the radial motion of the fragments. Although
damage on the vacuum side of OMEGA spatial filter lenses has
been observed, there has been no incident where an OMEGA
spatial filter lens has cracked into several pieces. For safety
concerns, OMEGA optics will be removed when defects reach
one-half their critical flaw size (i.e., when the depth is 4 mm).
For convenience we measure the surface tinacstu and
replace any lenses with a surface trace of 8 mm (which would
imply a depth of 4 mm if the flaw is penny shaped). We have
64103 I 1 mm I replaced two lenses that had surface traces of 8 mm. Later
depth measurements showed only a depth of 2 mm, well within
the criteria for failure.

Figure 70.11
Fractured damage site observed on an OMEGA stage-C input, spatial
filter lens. Optical Property Changes

OMEGA's sol-gel coatings show a significant change in
reflectivity when exposed to a vacuum. A guided wave spec-
lead to catastrophic crack growth if the flaw size reaches @ometer is used to measure the reflectivity of optics mounted
critical valuea.. The critical flaw deptha, depends on the on OMEGA. While the instrument is not photometrically
shape of the flaw with respect to the applied stresses and candsurate, the shape of the spectral curve does provide informa-

calculated fron* tion on the performance of the coating. The spectral data in
Fig. 70.12 was taken on @11053-nm) sol-gel-coated spatial
2 filter lens. While the S1, non-vacuum-side, reflectivity curve is
(Ke) non-va !
ac = Y. )2 ; as expected for acdantireflection coating, the S2, vacuum-
g side data indicates that the porous sol-gel coating has adsorbed

some organic material, which has affected its coating perfor-
whereK, = fracture toughness of the gla¥ss geometrical mance. Evaluation of the contaminated sol-gel coating by gas
factor of the flaw, an@r = bending stress induced by atmo- chromatography mass spectrometry detected the presence of
spheric pressure.

Actual defects on OMEGA spatial filter lenses are shallow
and elliptical, and these defects can be simulated with a half-
penny—shaped defect € 1) that has a surface diameter twice
the defect depth. For an OMEGA stage-F input lens, 25 mm
thick and 283 mm in diameter, a critical flaw depth of 8 mm is
calculated for a half-penny defect on the vacuum side of a lens
subjected to a tensile stress of 615 psi. A defect of this size will
be easily detected before catastrophic failure occurs. L

300 466 633 799 966 1133 1300

It is also important to understand how these lenses will o84 Wavelength (nm)
fracture to avoid implosion of the lens when it is under a full
vacuum load. Lens fracture on Nova and Beamlet was modelegyure 70.12
at LLNL, where it was reported that the design of a “fail-safe’Reflectance data measured on a sol-gel-coated spatial filter lens. The S2
lens probably requires a stress 700 pSﬂSA fail-safe lens (i) surface is the vacuum interface. The S1 (out) surfacetiexposed
would generate one large fracture and would not implode. TH& 2 Vacuum-

3.5

o
ES
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vacuum pump oil. This coating problemis seen on all OMEGAConclusion

sol-gel-coated spatial filter lenses that are pumped by a me- LLE has implemented a plan to maintain the quality of
chanically pumped system. Hard-oxide dielectric coating®©MEGA optics. This preventative maintenance plan involves
pumped under similar vacuum conditions and sol-gel coatingsequent inspections atial-situ cleaning of optics by a skilled
pumped by an ion sublimation pump show no change isupport group as well as proper training of laser operations
reflectivity after exposure to a vacuum. Since OMEGAspersonnel to prevent optics handling damage. Damaged optics
optical layout was designed with the assumption of a 4% ligtdare placed on a critical optics list and are tracked frequently
loss per surface, damage is not expected from ghost reflectiofts damage growth. This critical optics list is used to report
and no system damage has occurred as a result of this coatthg current condition of OMEGA optics to the Laser
problem6 Two solutions to this sol-gel-coating problem areFacility Manager.

being investigated: (1) replace the sol-gel coatings with hard-

oxide dielectric coatings and (2) improve the spatial filter This article has focused on specific optics that have started
pumping system. Sol-gel coatings were used on all fused sili¢a damage after 18 months of OMEGA laser operation. Com-
spatial filter lenses since these lenses have the highest bonents that haveotdamaged include frequency-conversion
fluence on the system and sol-gel coatings have, in the pastystals, polarizers, calorimeters, and liquid-crystal optics. In
shown considerably higher damage threshold than hard-oxi@geldition, there has been no propagating bulk or surface damage
coatings. Recent improvements in the hard-oxide coating prée components downstream of damaged optics.

cess have resulted in increased damage thresholds, which now

make them viable replacements to the sol-gel type. ACKNOWLEDGMENT
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Target Chamber OptiCS Inertial Confinement Fusion under Cooperative Agreement No. DE-FCO03-

. 2SF19460, the University of Rochester, and the New York State E

After 1000 target shots, no target chamber optics have beéh e Lniversity of Rochester, and the Tew York state Energy
L esearch and Development Authority. The support of DOE does not consti-

replace_d becal‘_'se of damage. The inside tar_get surface of ‘iUf% an endorsement by DOE of the views expressed in this article.

blastshield optics has degraded from the impact of target

debris, and the damage is in the form of shallow pits ranging IREFERENCES

size from SQum t_O 1mm. Recently,_self-focu_smg da_lmage has 1. T.R.Boehly, R. S. Craxton, T. H. Hinterman, P. A. Jaanimagi, J. H.

been observed in several blastshields’ optics, which serve as Kelly, T. J. Kessler, R. L. Kremens, S. A. Kumpan, S. A. Letzring,

the vacuum barrier for the target chamber. Damage to the R.L.McCrory, S.F.B. Morse, W. Seka, S. Skupsky, J. M. Soures, and

. . . . L C. P. Verdon, Fusion Techn@®, 722 (1994).

outside blastshield surface (non-vacuum side) is minimal and

usually occurs as a result of mishandling during blastshield 2. Laboratory for Laser Energetics LLE Revi&B, NTIS document

replacement. Degradation in the blastshields’ sol-gel coating  No. DOE/DP/40200-257, 1993 (unpublished), p. 179.

occurs with prolonged e>.(posure (Over 100 days) to th_e t_argetS. Laboratory for Laser Energetics LLE Revi&#, NTIS document

chamber. This degradation leads to reduced transmission of  no. pOE/SF/19460-02, 1993 (unpublished), p. 32.

laser energy to target center. The on-target imaging system

(OTIS) diagnostic is used to measure the irradiation unifor- 4- V- Seka, S.D. Jacobs, J. E. Rizzo, R. Boni, and R. S. Craxton, Opt.

. . . Commun.34, 469 (1980).

mity and can therefore be used adsraritu measurement of

the performance of the sol-gel coating. We use the OTIS 5. R.S. Craxton, IEEE J. Quantum Electr@&-17, 1771 (1981).

measurement to recommend replacement of the optics with the _

| t UV transmission. The baseline replacement rate OfG' OMEGA System Operations Manual Volume Il — Subsystem and

owes ) T : ) p ] Component Maintenance (S-AA-M-14aboratory for Laser Energet-

blastshield optics is 20 per month; optics are replaced during ics, University of Rochester (1995), p. 1.

a regular maintenance day.

58 LLE Review, Volume 70



Sratusor OpTicsoN THE OMEGA laser

7. OMEGA System Operations Manual Volume | — System Description12. J. H. CampbelEnergy and Technology Revigvawrence Livermore
(S-AA-M-12) aboratory for Laser Energetics, University of Roches- National Laboratory, UCRL-52000-86-4/5 (1986), p. 12.
ter (1995), p. 43.
13. J. H. Campbell, Lawrence Livermore National Laboratory Laser Pro-

8. C. T. Cotton, inl995 International Symposium on Optical Science gram Annual Report 1985, UCRL-50021-85 (1986), p. 6-2.
edited by J. M. Sasian (SPIE, Bellingham, WA, 1995), Vol. 2537,
pp. 308-315. 14. J. C. Lambropoulos, “Critical Flaw Size for Catastrophic Failure of

Fused Silica Spatial Filter Lens,” 1995 (unpublished).
9. C.T. Cotton (private communication).
15. J. H. Campbell, G. J. Edwards, and J. E. Mario8piid State Lasers
10. C. Stolz, presented at the Laboratory for Laser Energetics, University for Application to Inertial Confinement Fusipadited by M. André
of Rochester, Rochester, New York, April 1996. and H. T. Powell (SPIE, Bellingham, Wa, 1995), Vol. 2633,
pp. 522-534.
11. D. J. Smith, presented at the XXVIII Annual Symposium on Optical
Materials for High Power Lasers, Boulder, CO, 7-9 October 1996. 16. C. T. Cotton (private communication).

LLE Review, Volume 70 59



A Single-Beam, Ponderomotive-Optical Trap
for Energetic Free Electrons

Traditionally, there have been many advantages to using las@aussian, super-Gaussian, flat-top, etc.) or can be entered as
beams with Gaussian spatial profiles in the study of high-fielé digitized image. The incident phase front is assumed to be
atomic physics. High peak intensities are achieved due to theiniform, and the lens is assumed to be perfect (although the
focusability, they are easily generated in most laser systemaddition of aberrations is possible). The beam can be passed
and their focal region can be described analytically. Howevethrough phase and amplitude masks on-line in an effort to alter
free electrons interacting with such a field are rapidly accelethe shape of the focal region.
ated out of the high-intensity region via the ponderomotive
force (which is proportional to the gradient of the laser inten- By passing the beam through amplitude masks, losses are
sity).}2 As a result, the electrons’ interaction time with theintroduced into the system, yet the shape of the focal region is
intense portions of the laser focus can be much shorter than ttieanged only slightly. Figure 70.13(a) shows an incident
pulse duration. In order to observe harmonic generation froiBaussian beam [whewmeis the 1¢2 (intensity) radius]. Fig-
oscillating free electrons, one must first control the expulsiomire 70.13(b) shows the intensity distribution of the focal region
of electrons from the focal regicriThis confinement can be as a function of (axial or laser propagation direction) and
most easily achieved by creating an intensity minimum at th@adial direction). The Rayleigh rangg) and the X waist
focus, thereby using the ponderomotive force to push th@vy) are shown in the figure. Figure 70.13(c) shows the focal
electrons toward the central minimum. If this intensity mini-spot atz= 0. Blocking the center of the beam [Figs. 70.13(d)-
mum is non-zero, then the electrons can interact with intens#.13(f)] or blocking an annular section [Figs. 70.13(g)—
fields while remaining trapped. Such ponderomotive trappin@0.13(i)] has little effect on the intensity distribution near the
has been proposed in the ph8tand specific laser-based focus. A centrally peaked distribution is formed in all céses.
schemes to trap electrons in the radial direction have been
described.”To our knowledge, such focal spots have notbeen As Casperson has showhmodulating the phase of the
generated with a high-power laser. In addition, these proposéacident beam can result in deep far-field amplitude modula-
traps would not confine electrons in the axial (laser propagadion with little loss in total energy. This can be accomplished by
tion) direction. In this article we will present a novel scheme t@lacing phase masks in the path of the beam. Of particular
trap electrons in three dimensions with a single laser beaminterest is the effect of binary phase plates, which add either
zero orrrphase to portions of the beam. If half of the Huygens’

Numerical Results spherical waves encountermphase shift while the other half

A “trapping” focal region consists of an intensity minimum do not, we can expect complete destructive interference where
surrounded on all sides by higher intensities. To understarttiey meet. For a focused laser beam, this occurs at the center
how to create such aregion, itis important to adopt a formalisif the focal region. A simple, two-zoned binary phase plate is
to describe the propagation of light. Huygens’ principle, whickshown in Fig. 70.14(a). By passing a Gaussian beam through
states that we can consider every point on a wave front to betas plate and focusing it, an altered intensity distribution
point source for a spherical wave, makes it possible to find tH&ig. 70.14(b)] is formed. It is important to note that this
field distribution in some “observation” plane if the field distribution is not symmetric about tkeaxis and, therefore,
distribution in an earlier “source” plane is knofis computer  would confine particles in only one dimension. The focal spot
program has been written to calculate the three-dimensiona shown in Fig. 70.14(c). A beam similar to thEM; mode
focal region from an arbitrary, monochromatic laser beam. Theeommonly referred to as a “donut” mode) can be generated by
“source” plane is the field distribution at the lens, and thepassing a Gaussian TEjthrough a smoothly varying helical
“observation” plane is scanned through the focal region. Thphase plate [Fig. 70.14(d)]. Such a phase plate has been
incident intensity distribution can be created mathematicallgenerated for millimetét as well as optical wavelengtké13
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The resulting focal region [Figs. 70.14(e) and 70.14(f)] con- The binary phase plate shown in Fig. 70.14(g) contains
fines electrons in the radial direction only. It is also difficult toonly two zones, yet the focal spot [Fig. 70.14(i)] is surprisingly
“tune” the trap minimum away from zero. A scheme has beesimilar to the one generated by the complicated helical plate.
proposed that combines a donut beam focus with a centrallyhe donut shape near= 0 confines electrons in the radial
peaked focu8.The added complexity of mixing two beams direction, and the centrally peaked regions away fzea0
results in a focal region with a tunable center intensity, but thprovide axial trapping [see Fig. 70.14(h)]. The focal region is

trap would not confine particles in the axial direction. shown in detail in Fig. 70.15. Theregion of the phase plate
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Figure 70.13

The effects of amplitude masking on the intensity distributions of a focused Gaussian beam. The first column shows #mteeddfféield intensity
distributions. The second column shows the intensity distributions as a functi@ndof(the center of each image correspondst0,r =0). The third column
shows the focal spots. In order to show the maximum contrast, each image is normalized to its peak value. Note thatall iefgtoms are centrally peaked.
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has a diameter of 1.68[wherew is the 1¢? (intensity) radius  focus, with intensity walls ranging from ~8% to ~30% (of the
of the incident Gaussian beam]. This resultsipphase shift  unaltered peak intensity) in all directions. The trapping region
for half of the incident field. The calculated intensity in thehas a volume of complete trappingf)ﬂwgzo (bound by the
focus is normalized to the peak intensity in the absence of ttemlid contour line of 8.2%). By changing the size of the
phase plate. The and z positions are normalized to the region of the phase plate (or, equivalently, by changing the
unaltered beam waisl, (1/€? radius) and the unaltered beam size of the incident beam), the destructive interference at the
Rayleigh range,, respectively. Figure 70.15(a) shows a sur-center of the focus will not be complete, creating a non-zero
face plot and Fig. 70.15(b) shows a contour plot of the trappinginimum. Figure 70.16(a) shows the calculated focal distribu-
region. There is an exact zero in intensity at the center of then for a Gaussian beam incident on a phase plate with a
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Figure 70.14

The effects of phase masking on the intensity distributions of a focused Gaussian beam. The first column shows thrpba#erersks. The second column
shows the intensity distributions as a functioz afdr (the center of each image correspondst0,r = 0) when the phase mask is placed before the incident
beam. The third column shows the focal spots. In order to show the maximum contrast, each image is normalized to its peak value
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7eregion diameter of 2.2@. Figure 70.16(b) shows a contour made to travel through the plate as a fast wave while the other
plot of the trapping region. In this case, the bottom of the trapravels as a slow wave jephase shift will be created between

is ~17% of the unaltered beam peak intensity, and the trahpe two portions. To accomplish this, a 4-cm disk was cut from

walls range from ~24% to ~50%. The trapping volume ighe center of an 8-cm mica half-wave plate. The disk and

~W§zo. This focal region is ideal for trapping electrons in aannulus were then mounted individually on cross hairs and

high-field region. aligned to the beam path (as shownin Fig. 70.17). In Fig. 70.17,
the laser is polarized in the vertical direction, and the annulus
Experimental Setup is arranged such that gsxis is vertical, while the disk has its

The phase masks described above can be made by usimgxis vertical. This results infaphase shift of a portion of the
photolithographic techniques. However, for the particularlyincident field. The size of the disk was chosen such that
simple geometry that produces a suitable trapping region, approximately half of the incident field passed through it. This
novel segmented wave-plate approach has been developedresulted in near-zero intensity at the center of the focus. By
half-wave plate is typically used to rotate the polarization angleotating the two pieces as a unit, one can rotate the polarization
of an incident, linearly polarized beam of light. This is a resulbf the incident beam without introducing additional optics or
of the retardation ofrphase between two orthogonal incidentchanging the shape of the focal region. Also, as long as one
polarizations. However, if part of the incident beam can beloes not require a single polarization direction in the focal
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Figure 70.15 Figure 70.16

(a) A computer-generated trapping focal region with zero intensity at it§a) A computer-generated trapping focal region with 17% intensity at its
center (rregion diameter 1.65w). (b) A contour plot of the trapping region. center ¢zregion diameter 2.20w). (b) A contour plot of the trapping region.
The volume of complete trapping is bound by the solid contour line at 8.2%The volume of complete trapping is bound by the solid contour line at 23.6%.
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Figure 70.17
The experimental setup for the segmented
i\ 7 wave-plate technique for generating a trap-

ping focal region.
E8341 N A

< >
-

Laser polarization

region, the depth of the trap can be tuned by rotating the central Figure 70.19(a) shows the focal spot created without the
disk away from 90 This results in a polarization rotation of wave-plate arrangement in place. The beam diameter is ap-
the inner portion of the beam, which will put some of the fieldproximately 1.% the diffraction limit. Figure 70.19(b) shows
into the noninterfering orthogonal polarization, thereby fillingthe focal spot with the wave-plate arrangement set to 90
in the minimum. The extreme case is to rotate the disk a fulDespite the deviation of the unaltered beam from the diffrac-
90°, back to its original position, which produced an ordinarytion limit, there is a well-defined minimum in the center of the

centrally peaked focus. altered spot. Figure 70.19(c) shows the focal spot with the
wave-plate arrangement in place, but seftdi@re, the wave
Experimental Results plate is set to its original, unaltered configuration, and the

To image the altered focal spot, the wave-plate arrangemebéam has returned to its original shape. Figures 70.20(a) and
was aligned to the beam path of the tabletop terawatt la§er (170.20(b) show the lineouts of the altered beam irxthedy
directly before the focusing len$ £ 212 cm)14 The focal directions az= 0. Thex andy positions are normalized to the
region was imaged with a CCD camera coupled to »a 10experimentally determined beam waist of the unaltered beam.
microscope objective (Fig. 70.18). The camera-objective contigure 70.20(c) shows the intensity of the beam=a0 as a
bination was moved together to map out the focal region. Aunction ofz. The intensities in Fig. 70.20 are normalized to
single laser shot was taken at each position, and each imailpe peak intensity of the unaltered beam.
was minimally smoothed and background subtracted. The scan
was generated with ~40-mJ, ~2-ps infrared laser pulses. By A more detailed scan was made with a continuous-wave
firing the final, single-pass amplifier, energies of ~1 J arébeam (the oscillator of theTaser). Figure 70.21 shows two
achieved with no noticeable change in the near- or far-fieldlices through the focal volume along tkeaxis. Fig-
characteristics of the beam. The unaltered beam’s peak intemre 70.21(a) shows the intensity distribution in the plane

sity typically reaches 28 W/cn?. y=0, and Fig. 70.21(b) shows the distribution{er0. In each
212 cm 15cm
< > €«<—>1
A Microscope
objective i i

: !
© CCD
[ee]

v Filters
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camera
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Figure 70.18
The experimental setup for imaging the altered focal region. Hefe i.e., the object plane
of the microscope objective coincides with the focal plane of the lens.
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Focal spots (a) without the wave-plate arrangement in place, (b) wave-plate setup in place and,setda/@0wave-plate setup in place and sefto 0
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Lineouts of the trapping focal region. (a) Lineout in xtdirection, (b) lineout in thg direction, and (c) the intensity mt 0 as a function of. All axes are
normalized to the experimentally determined values for the unaltered beam (spot size émdghpositions, Rayleigh range for thgositions, and unaltered

beam peak intensity for the intensity values).

Figure 70.21

Contour plots of the trapping
focal region. (a) In the plane
=0 and (b) in the plane= 0.
The experimentally observed
volume of complete trapping
is bound by the solid contour
line at 10%.

XIwg exp
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plot, there is a region of complete trapping bound by intensitik = 277A, Aa’ = dx'dy’, and &(x’,y’,0) is the electric field
walls of 10% (solid line) of the unaltered beam’s peak intensitymagnitude and phase) in the source plane. For most applica-
Although the incident beam size was not matched with the siz@ns, we may make the Fresnel approximation

of the wave-plate pieces, a sufficiently large portion of the

incident field was shifted to create a trapping region. These 3 2 _on2]?

experimentally obtained distributions (using a pulsed or cw z »(H/M)[(X X) +(y y) ] max (A3
beam) exhibit a local minimum in intensity at tr&jin along

all three dimensionamaking them suitable focal regions for and sum up all of the field contributions with the integral
ponderomotive trapping.

Summary £(xy.2) =~ (i€"/Az)f[£(x.y,0)

In summary, we have produced, for the first time to our exp{ik’(x—x')2 +(y—y')2]/22} dx'dy’.  (Ad)
knowledge, a tunable, single-beam, three-dimensional,
ponderomotive-optical trap for free electrons with a high-
peak-power laser system. Neutral atoms and macroscopitp calculate the field at the poin,{,2), &x’,y’,0)
low-index particles could also be trapped in the low-fieldmust be known for allx(,y’). Equation (A4) can then be
region. We have presented a novel, segmented-wave-plagelved numerically.
approach as an alternative to a phase mask, along with experi-
mental confirmation of the intensity distribution of the altered For the case of a laser beam incident on a positive lens, the
focal region. Experiments to image the linearly and nonlinearlintensity distribution can be assumed to be Gaussian (as is
scattered light (bothdk and 2v) from the trapped electrons typical for many laser systems) or it can be determined experi-

are being carried out. mentally by imaging the near-field distribution. Determining
the phase of the incident field is more complicated, as it
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N = 2\V2
Appendix A: Huygens’ Principle q)(r ) - k(f 2o 2) (A5)
Huygens’ principle states that we can consider every point
on a wavefront to be a point source for a spherical Wa&sa  wheref is the focal length of the lens ame? = x'2 +y'2 is
result, if one knows the field in some “source pla®ig (it is the square of the radial location in the source plane. If we
then possible to add the contributions from the individuahssume thaf 2 >>r'2 (the paraxial approximation), then we
spherical waves to find the field distribution in an “observatiorcan perform a binomial expansion,
plane §" (see Fig. 70.22). The spherical wave emanating
from a tiny element of aresa’, surrounding the poink(,y’,0) q;(r') = kf (1_ r'2/2f2-r4/8f4 _) (A6)
in the source plane, results in a contribution to the field in the
observation plane,
The first term adds a constant phase to the entire beam and can
Ag(x, Y, z) = _(i/)\)(eikf/r) g(x”y',O)Aa” (A1) be discarded, as can the higher-order terms since they are
vanishingly small. By keeping only the quadratic term, we are
where left with a “perfect” lens in the context of this approach (in
practice, aspherical lenses are not purely parabolic). A
r :’(x—x')z +(y—y’)2 +er/2’ (A2) Gaussian_laser_ bgam_that has passed through this lens will
have the field distribution
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De (%, Y, 2)
L - -- Figure 70.22
g(x',y, 0) / The geometry of the Huygens’ wave approach to the propagation of light. The
ﬁ/ source and observation planes are separated by a diztdineelocations in
Na the source plane are denoted with a prif)ewhile the locations in the
observation plane are left unprimed.
< z >
S S
(source plane) (observation plane)
E8510
e(x’,y’,O) — Aexp(—r’z/wz _ ikr'2/2f), (A7) 6. C.l. Moore, J. Mod. Op89, 2171 (1992).

7. U. Mohideeret al, J. Opt. Soc. Am. B, 2190 (1992).

whereA is the field amplitude and is the beam radius at the 8. P.W. Milonni and J. H. Eberlyasers(Wiley, New York, 1988).
1/epointin the electric field amplitude (which is equivalent to

L . . . J. Peatross, J. L. Chaloupka, and D. D. Meyerhofer, Opt. 1%tt.
the 1£2 point in intensity). It should be pointed out that all 942 (1994).

calculations in both this article and the computer codes use the
scalar-wave approach. 10. L. W. Casperson, Opt. Quantum Electrb®.483 (1978).

11. G.A. Turnbullet al, Opt. Commun127, 183 (1996).
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A Diode-Pumped Nd:YLF Master Oscillator
for the OMEGA Laser

The OMEGA laser is a 60-beam laser-fusion system capabter oscillator, and presents results from this newly fielded
of producing a total of 30 kJ of ultraviolet (351-nm) energy ormaster oscillator.

target! where the temporal profile of the optical pulse applied

to a laser-fusion target can be specified in advance. To acco@MEGA’s Master Oscillator Design Requirements

plish this, the laser system consists of a master oscillator, a The master oscillator for the OMEGA laser system must
pulse-shaping systefregenerative amplifiers (regens), satisfy a number of requirements:

large-aperture regenerative amplifiers (LARA), rod and disk

amplifier chains, and frequency converters. A schematic of the. The wavelength of the oscillator must match that of
laser chain is shown in Fig. 70.23. The pulse-shaping system OMEGA's Nd:phosphate glass amplifiers (1053 nm). This
(Fig. 70.24) is based on LLNLs conceptual dedigmd requirement automatically defines the choice of the laser
includes integrated-optics (I0) modulators driven by electrical medium for the master oscillator to Nd:YLF.

waveform generators. The pulse-shaping system produces an

optical pulse with a specific temporal pulse shape at th2. The oscillator must operate in a single-frequency regime.
nanojoule energy level, which seeds the regens. The temporal This requirement enables the stable and reproducible gen-
profile of this low-energy seed pulse, when amplified and eration of complex optical pulse shapes and assures opti-
frequency tripled by the laser system, will compensate (1) for mal frequency conversion.

the temporal distortions caused by gain saturation in the regens

and amplifiers and (2) for distortions caused by the triplindg3. The master oscillator must ligswitched to produce
process and will produce the desired pulse shape on target. Theenough energy to split among four or more pulse-shaping
overall gain of the OMEGA laser system from the pulse- channels and to properly seed the various regens.
shaping modulator to the target is approximateRA1This

large gain puts extremely severe requirements on stabilityh. The duration of the master oscillato@sswitched pulse
reproducibility, and reliability of the pulse-shaping systemand must be >100 ns, and the timing jitter must be within
master oscillator performance. This article details the ~10 ns to provide a constant pulse amplitude within the
OMEGA requirements, describes the new diode-pumped mas- required 10-ns pulse-shaping window.

Pulse-
og/lcailﬁ;?cr)r r->  shaping f->| Regenr--> Preamp--> LARA -~
system :
Figure 70.23
Target chamber : OMEGA laser system for ICF experiments.

Frequency OMEGA rod and :
S CEEEEE TR . ' ‘--'

converters disk amplifiers

E8370 60 beams
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5. The master oscillator®-switched pulse must be exter-  To ensure that the laser generates a single frequency, the
nally synchronizable to the OMEGA timing system. laser should operate unidirectionally. The most commonly
used technique to achieve this involves using an optical diode
At present a flashlamp-pumped Nd:YLF laser is used oifFaraday rotator). This technique does require additional
OMEGA. Although this laser satisfies all of the aboveintracavity elements and consequently increases resonator
conditions? maintenance and reliability considerations havdosses, thus rendering it unsuitable for our use. Kane and
led us to develop a new diode-pumped version with signifiByerl? have used nonplanar monolithic ring lasers; however,
cantly improved performance. The long-term maximumtheir use is restricted to laser materials with a large Verdet
amplitude has been increased, and frequency stability hasnstant and no birefringence (Nd:YAG is such a material, but
been dramatically improved, while the complexity, mainte-Nd:YLF is not). The most suitable way to provide unidirec-
nance requirements, and footprint of this new laser havional operation and-switching in a Nd:YLF laser is to
shrunk significantly. employ an acousto-optic (A-@)-switch, which can be used
for both birefringer® and nonbirefringeAf materials.
Currently there are two major areas of interest in diode-
pumped Nd:YLF laser development: high-power cw lasers The A-O Q-switched Nd:YLF laser meets most of the
and short-puls@®-switched lasers. Even the most powerful cwimportant requirements for the OMEGA master oscillator,
laser$ cannot provide enough energy within a 10-ns pulsenamely the 1053-nm wavelength, single-frequency operation,
shaping window to meet our requirement of >100 nJ in &igh energy, and externally synchronizable requirements.
10-ns pulse in each of four channe@@switched, diode- However, close attention must be paid to the long (>100-ns)
pumped Nd:YLF lasefs® are usually designed to generate pulse width generation and high stability requirements.
short (3- to 10-ns) pulses with high peak powers. The short
pulse width makes this type of laser unacceptable for satis- There are no commercially available lasers with the
fying the requirement for a constant pulse amplitude within apecifications required for use on the OMEGA laser. In par-
10-ns pulse-shaping window. Passiv€lyswitched, diode- ticular the wavelength (1053 nm) and long pulse duration
pumped lasers (for example see Refs. 10 and 11) cannot (€L00-ns) requirements are not commonly required in com-
precisely synchronized. mercial systems.

LLE Review, Volume 70 69



A Diope-PumpPeD ND:YLF MasTEROscILLATORFOR THE OMEGA laser

Laser Design mum transmission for the pump radiation (797 nm) and maxi-
The diode-pumped, single-frequency Nd:YLF lasermum reflection for the 1053-nm laser wavelength. The output
(Fig. 70.25) is based on a triangular ring cavity with twocoupler has a 95% reflection coefficient at 1053 nm.
spherical mirrors and a prism that doubles as an active element.
The resonator is very similar to the Nd:YAG laser describedin A 4 x 4-mm-cross-sectiona-cut Nd:YLF element has
Ref. 15. In that design one of the resonator mirrors waBrewster-angled entrance and exit surfaces cut for 1053-nm
deposited on the laser element; however, in our design we hawperation € axis is perpendicular to the resonator plane). Its
moved the active element away from one of the mirrors ton-axis thickness is 8 mm and has been calculated to compen-
avoid spatial hole burnintf This residual hole-burning effect, sate for the astigmatism from the two off-axis spherical cavity
when an active element is located at one of the ring cavityirrors18 To provide maintenance-free operation no adjust-
mirrors, cannot be fixed in our case by displacing the pumpeable mounts were used for cavity alignment. The laser was
volume from the cavity TElypmode as suggested in Ref. 17 assembled on a 58 30 x 30-mm Zerodur base plate to
because we use afiber-coupled pumping diode and the pumpedhimize thermal drift and improve long-term stability. A
volume is larger than the TEJ¢mode volume. We use a fiber- precisely machined metal template allows accurate placement
coupled pumping diode so that the water-cooled laser diod# the carefully machined mirrors (flattened barrels) to elimi-
can be removed from the laser head for enhanced laser stabilityate the necessity for fine alignment of these mirrors. The
The diameter of the pumped volume for fiber-coupled diodeactive element is glued to a miniature piezo-translator (Physik
is relatively large (~0.4 mm) compared to other designs. Thigistrumente) for cavity-length adjustment, which is in turn
large volume reduces the efficiency of the laser but increas@sounted on a Zerodur standoff glued to the Zerodur base plate.
the overall stability of the diode-pumped laser. For our appliThe A-O modulator (QS080-2G-RU1, Gooch & Housego)
cation the enhanced stability is more important than thassures a unidirectional prelase phase prid@-switching.
efficiency of the master oscillator. The ring cavity has beehe A-OQ-switch has plane-parallel surfaces (AR coated for
chosen to provide traveling-wave unidirectional lasing and053 nm) and can be aligned without disturbing the cavity
hence easier single-frequency operation. Both cavity mirroralignment. Unidirectional operation is achieved by using the
are spherical with a 10-cm radius of curvature. The distancgelf-feedback mechanism in the A@switch, which is de-
between the mirrors is approximately 30 mm. The angle dofcribed in detail in Ref. 19.
incidence for both mirrors is ~11The end mirror has maxi-
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5.5x 11.5-in. feedback circuit Fibers
footprint
Two fiber
Zerodur Sensors
T~ Bl Fringes
PZT _ [ l«Etalon
NO:YLF— > [ =
..
'-"'.;.\-"?( .......... >
template
Fiber Fiber Figure 70.25
AOM dri g Schematic of the diode-pumped, single-frequency,
river an i i i
Rell pulsed OMEGA master oscillator with amplitude and
SDL-3490-P5 feedback circuit frequency feedback systems
laser diode quency y :

E8374

70 LLE Review, Volume 70



A Diobe-Pumvpeb Np:YLF MasTEROscILLATORFOR THE OMEGA laser

The laser is pumped by 7Q@&- square pulses at a 5-Hz active element and the A-Q-switch position for unidirec-
repetition rate generated by an SDL-3490-P5 fiber-coupletional operation. The laser layout is shown in Fig. 70.26.
laser diode (nominal 5-W output). The OMEGA front-end
laser system operates at 5-Hz repetition rate that reducExperimental Results
thermal problems in the master oscillator and extends the We have found that a low rf power of ~5 m\¢ sufficient
lifetime of the diode. The image of the output 0.4-mm-dianfor unidirectional operation. We have achieved a very high
fiber surface is relayed into the active element of the laser byontrast for the counter-propagating beams (>1500:1). As
using two 25-mm-focal-length spherical lenses AR coated fomentioned above, unidirectional operation is essential to main-
797 nm. Both lenses are aligned and assembled together within the single-frequency regime. In this operating mode the
the fiber port. The position of the pumped volume can b@relase stage exhibits regular, slowly decaying relaxation
aligned to the TENMgcavity mode by adjusting the whole lens- oscillations [Fig. 70.27(a)], which cause significant amplitude
fiber unit. and temporal jitter of the subsequé&pswitched pulse. To

stabilize the prelase phase we have developed a negative

The low duty cycle of the oscillator obviates the need for amplitude feedback with a constant offset. The offset provides
cooling system on the active element. The laser resonatortise required rf power level to achieve unidirectional operation
thermally uncoupled from the environment. The laser requireguring the prelase phase. One of the beams diffracted by the
only two adjustments: alignment of the pumped volume in thé-O modulator is coupled into the 0.4-mm multimode fiber

" ™ » - w # - & & - - - - - .

Active A-O
elemen modulato

Figure 70.26

The OMEGA master oscillator layout.

It consists of three units: laser cavity (no
adjustments required); A-O modulator
(adjusted for unidirectional operation);

and pump unit (adjusted for maximum
laser output).
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0 L Oscillograms of the prelase phase: (a) single-frequency operation, no amplitude
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and sent to a diode that generates the feedback signal. -GHz, 4-GS/s Hewlett-Packard 54720A digitizing oscillo-
creased feedback increases the rf power to the A-O modulatecope. Figure 70.28(a) shows the average pulse shape (solid
thus increasing the cavity losses and stabilizing the lasdine) and its amplitude and temporal rms deviations (dashed
output. With amplitude feedback stabilization a very smoothines). Figure 70.28(b) shows the same experimental data as
prelase phase is observed [Fig. 70.27(b)], and the externallgig. 70.28(a), but the effect of the build-up jitter has been
triggerableQ-switch leads to high amplitude stability and low removed. By comparing Figs. 70.28(a) and 70.28(b) we con-
temporal jitter of the output pulse. clude that the fluctuations seen in Fig. 70.28(a) are mostly due
to the build-up time jitter (the long-term temporal jitter of the

At the lowest rf power required for unidirectional operationpeak of the pulse is <7 ns rms). These data clearly show that the
(~5 mW) the laser generates a ~300-ns pulse gid-8nergy. laser demonstrates excellent amplitude stability and pulse-
The pulse width is defined by the remova®lswitch loss. To  shape reproducibility. The short-term (0.5-h) amplitude stability
maintain unidirectional operation and obtain high stability anaf the pulse has been measured to be ~0.3% rms. The long-term
low jitter, the laser must work close to threshold. For a givel(8-h) stability is ~0.6% rms. The variation of the pulse width
resonator configuration the energy content of@ewitched  (which has an average FWHM of 159 ns) is ~0.7 ns rms. The
pulse is closely related to the pulse width. The self-feedbackchieved pulse duration and the remarkable stability of the
mechanism of the A-O enforced unidirectional operdflém  pulse provide a constant pulse amplitude, with a variation of
crucial for generating long single-frequency pulses because &fl%, within the 10-ns pulse-shaping window. To maintain
the very low rf power required for the unidirectional prelasehese excellent properties, the output beam must be handled
phase and hence low removable loss level. By increasing tivery carefully. Even immeasurably small amounts of back
offset in the amplitude feedback system and the pumpingeflections (from such sources as diagnostics, fibers, or fiber
energy, we have been able to obtain stable single-frequencguplers) can reduce the stability significantly.
pulses with widths as short as 30 ns and energies i} Eor
use in the OMEGA laser chain the laser has been adjusted toIn all the experiments reported here, the laser was operated
generate an externally triggerable single-mode pulse ahthe TEM,ymode despite the large pump volume. This mode
~160-ns duration and ~3@3 pulse energy. As a test of the of operation, which involves operating close to threshold with
laser stability and reproducibility, 100 laser pulses taken withian extended prelase phase, helps the laser maintain a single
0.5 h with the laser operating at 5 Hz were recorded usinglangitudinal and spatial cavity mode.
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+ §tand. dev. shotst stand. dev.)
{0 | A . A S —— T T _ - I _T__-___-_]
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Figure 70.28

(a) The average pulse shape (solid line) and amplitude and temporal rms deviations (dashed lines) from@hsvatithet pulse for 100 shots taken within
0.5 h. (b) The data as in (a), but with the build-up jitter removed (all three lines, average and#awesdlyetuations, virtually overlap). This indicates that
all fluctuations in the left graph are mostly due to build-up time jitter of 7 ns rms, which is very small compared tontheu!Se-width (FWHM).
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The optical efficiency in thi@-switched laser is ~5%. This 2.
relatively low optical efficiency is due to several factors: (1) the
pump volume is large, exceeding the TggWavity-mode
volume; (2) the output coupler has not been optimized; and
(3) the pump beam is slightly vignetted by the cavity mirror.
However, for this application, optimal efficiency is not of
major importance.

3.

Long-term, single-frequency operation and stability are
achieved by incorporating a frequency stabilization scheme. In
this design 10% of the laser output is expanded and sent
through a low-finesse, solid, temperature-controlled etalon to >
create fringes. Two fiber sensors straddle one of the fringes
such that the difference between optical signals in the fibers isé.
zero. Any fringe shift leads to a signed error signal that feeds
into the (biased) PZT driver; this corrects the cavity length and
drives the error signal to zero.

Conclusions 8

We have developed a diode-pumped, single-frequency,g.
pulsed Nd:YLF master oscillator for the OMEGA laser sys-
tem. Output pulses have been generated that have 30- to 300-H%
duration and 5- to 18 energy with high amplitude stability 14
(<0.6% rms), low timing jitter (<7 ns rms), and long-term
frequency stability of <100 MHz over periods of many hours
without observable dual-mode operation. The laser adjusteéz'
for 160-ns pulse width and 1@ pulse energy satisfies all 13.
OMEGA requirements and is currently being incorporated into
the OMEGA laser system. 14.
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Heat Transfer from Localized Absorbing Defects to the Host
Coating Material in HfO ,/SiO, 351-nm High Reflectors

Recent atomic-force microscopy (AFM) studies of laser-infor 351-nm laser light, a damage model commensurate with
duced damage morphology in HiSiO, UV multilayers!  empirical, AFM evidencenustaccount for energy-transfer
caused by 351-nm, 1-nslaser pulses, revealed submicron-sizeéchanisms other than heat conduction alone.
craters as the dominant damage morphology in these films [see
Fig. 70.29(a)]. The origin of such craters was attributed td/ethodology
nanoscale, localized absorbers in the film matrix, the smallest Heat-transfer modeling was accomplished by using the
size of which was estimated to be <10 nm. However, at thiinite-element analysis code ANS¥ 8 rigid-grid form. The
time, both the exact physical nature of these absorbers and thguation of motion was treated in matrix form
mechanism of energy transfer to the host coating material in the
promotion of damage remain speculative. Empirical evidence [c] {T} +[K] {1} ={Q} 1)
suggests that, at some time in the damage evolution, melting '
occurs; furthermore, near damage threshold, even the smallest
absorbing defects are able to induce such melting to extendwdere ] represents the specific-heat matrik] fhe conduc-
about 50 nm inside the coating. For incident fluences 5%—20%vity matrix, {T} the nodal temperature vector, an@}{the
above this threshold, the crater-depth distribution shifts dranodal heat-flow vector. The model assuntedvectiveheat
matically, as measured by AFM (see Fig. 70.29), while for théransfer at the film/air interface amnductioninside both
lower fluences the melt processes and crater formation atke defect and the host material. The model geometry, depicted
largely confined to the top HiQayer [Fig. 70.29(b)]—these in Fig. 70.30, contains alternating quarter-wave layars (
processes penetrate into the next-from-the-top, &iger at 351 nm) of HfGQ and SiQ of cylindrical geometry with the
fluences ~20% above threshold [Fig. 70.29(d)]. axis along the film/air interface, and thaxis oriented perpen-
dicular to the layer stack. A single, cylindrical defect is placed
In this work, by carrying out heat-transfer calculations forat the thickness midpoint of the top Hf@yer, its size taking
the same Hf@SiO, multilayer system, our goal was to answeron values in accordance with data in Fig. 70.30.
the following questions:
Heat generationinside the defect is based on uniform
a. How high a temperature must an absorbing defect reachwolume absorption of the laser light atanstant ratehrough-
support film-crater formation of the type observed experiout the 1-ns laser pulse. We assume tiwat-Beer’'s lawof
mentally by AFM? absorption holds for these defects that are much smaller than a
“skin depth.” For an absorbed fracti@rof the light normally
b. How does heatonductionaffect the damage kinetics at incident on the defect of length the heat-generation rate
these temperatures and for different defect and host chanside the defect becomes
acteristics?
Hgen = B®y,/dr, (2)
c. May heat conduction be considered the dominant energy-
transfer mechanism, or must other mechanisms be includethere®y, is the damage-threshold fluence (5.6 Fcemdt
for the process physics to remain plausible? is the 1-ns laser-pulse duration. As reliable absorption-
coefficient data are absent for most nanoscale absoibers,
In the following, the model assumptions and simulationvas fixed at a value of 0.1. For a valugef27 nm, this yields
results will be presented. From these results, one concludaseat-generation rak€ye,= 2 x 10?9 J/m? s. To evaluate the
that, for realistically sized defects and absorption conditiongelative influence of various other parameters, such as the
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(a) Conventional laser-damage craters formed by 351-nm radiation in théSi@@film. Crater-depth distributions in the H¥5iO, system and the electric
field E of the incident light for different laser-fluence conditions: (b) ~5% above threshold fluence, (c) 10%-15% above threahe|dfid (d) ~20% above

threshold fluence.

thermal-conductivitynisotropyand defect size and type, this 2. Off-stoichiometric Hf@ film with the following param-
HgenVvalue was initially kept constant. Later, when agreement  eters:
between empirically obtained AFM results and simulations K — HfO, thin-film thermal conductivity,
was soughtigenvalues were parametrically varied. H — HfO, bulk enthalpy, and
Ty — HfO, bulk melting point.

Material Properties

Two types of absorbing defects were considered: The absorbing-defect thermal parameter values are listed in
Table 70.III.
1. Metallic Hf nanoclusters with bulk-metal thermal param-
eter values foK (thermal conductivity)H (enthalpy), and Thin-film material property values are summarized in
T (melting point); Table 70.1V, whereK,, Ky, and K, are the Cartesian-
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é Hfo2 R3 =20 nm; % =26.7 nm (large) element analysis of heat transfer in the
§ HfO2/SiO, system.
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Table 70.111: Absorbing-defect thermal parameters.
T
Defect Type K H m
(WIm°K) (Jkg) (°K)
Hf — metal 17.2 Hf — bulk? 2506
HfO, 0.1 HfO, — bul 'S 3085
8Reference 3.
Table 70.1V: Thin-film thermal parameters.
Materia Ky Ky Kq H Tm
(W/m°K) (W/m°K) (Jkg) °K)
HfO, 0.10 010y Bulk? 3085
Sio, 0.25 025y Bulk? 1986
y=Ky /Ky Ky =Ky 11 =01 1,=02, 15=05, ;= 1.
3Reference 3.

coordinate components of the thermal conductivity gl

the anisotropy parameter for the thermal conductivity, i.etions by enthalpy.
y = 1 for perfect isotropy. In these simulatiopss 0.1 was
chosen for the most anisotropic case. Also, in distinguishinlodeling Results and Discussion

Latent heat of fusion was accounted for in these calcula-

Instantaneous temperature contours in 2-D space
(Fig. 70.31) show the temperature-field evolution within the

metallic defects from Hf@type defectsthin-film anisotropy
values were used for Hialefect properties.
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film at various times after the beginning of the laser pulse. To determine the vertical-melt propagation through the film
These contours represent the case of a “large”’;Hf€ect stack, Fig. 70.32 shows theertical temperature around a
(R=20 nm;d =26.7 nm) located in the top HjQayer. Note “large” HfO, defect as a function of depth (here the air/film
that in these contours the air/film interface is located at thieterface is located at the origin) at various times after the end
bottom of each grid and the successive film layers stackf the laser pulse. From Fig. 70.32 it becomes apparent that
upward. One finds [Fig. 70.31(a)] that at the end of thavithin only 3 ns after the pulse, melting starts inside the, SiO
excitation pulse the heat generated is essentially confined to tlagrer (note the broken, vertical-layer-demarcation line be-
defect itself, within which the temperature reaches a value diveen HfG and SiQ) and, by 10 ns after the pulse, reaches
2.7x 10* °K. As time progresses, the locus of the peak temprearly halfway into the Siglayer. Eventually the system starts
erature moves from the defect center toward the air/film intete cool down, which sets the limit on the vertical-melt propa-
face [Fig. 70.31(b)]. As a consequence, 17 ns after the endgdtion. Similarly, Figs. 70.33 and 70.34 show the maximum
the pulse, the interface reaches a temperature of 105°K.  temperature reached at any instant during the process at vari-
On the nanosecond time scale considered in Figs. 70.31(a)us depths below the defect as a function of conductivity
70.31(d),convectiveheat transport at this interface remainsanisotropy and defect type, respectively. For all anisotropy
physically irrelevant and, in effect, renders this interface aratios chosen (Fig. 70.33), the Silayer experiences melting
adiabatic boundary, fostering the modeled temperature builduie. some extent, up to ~75% of the entire layer. The same strong
dependence of melting on anisotropy also holds for the “large”
Critical to the comparison with empirical crater informationHf-metal defect (Fig. 70.34), which at the fixed, identical
are the lateral temperature contours, defining the lateral scdieating rate is completely molten and itself isotrofig €
of the melting process. One can see that in the highly anisotr2506°K). In Figs. 70.33 and 70.34 there is a small, systematic
pic (y= 0.1) heat-conduction case represented in these figrror. The code recognizes and accounts for the change in
ures, lateral melt-front propagations fairly restricted—the conductivity anisotropy upon melting, but during the cool-
melt radius remains <30 nm inside HfOwhich is nearly down phase reinstates anisotropy as if the material had recovered
a factor of 2 smaller than observed during AFM mappingnitial crystallinity. Preliminary simulations show that this
of craters. error in no way alters the seminal features or conclusions.
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Vertical (along they axis of the model) temperature profile kinetics (1 to
10 ns after the beginning of the laser pulse) for a “large”stf€fect.

Maximum-temperatur@myax vertical profiles as a function of conductivity
anisotropyy for a “large” HfQ defect case.

- Metallic Hf defect: large - SiO, interface this difference has been mediated away by the

poor conductivity of the dielectric film. The melting behavior
of the SiG layer is insensitive to the nature of the defect.
10,000 . .
The issue now remains how, for equal energy volume
density at the end of an excitation pulse, defects of various sizes
(i.e., of various surface areas) affect the melting behavior of the
host layer as well as that of the next-nearest neighboring layer.
For the three sizes (small/medium/large) considered, the vol-
umes scale as 1:6:37. Figures 70.36 and 70.37 plot the maxi-
mum temperatures reached inside the f#@d SiQ layers for
the three cases—Fig. 70.36 representing a dielectric defect and
Fig. 70.37 a metallic defect. For the same reason as given in the
discussion of Fig. 70.35 (i.e., the higher thermal conductivity
of the metal), the metallic defects shed heat effectieting
the laser pulse, providing for larger maximum-temperature
differences between the defects with the various surface-to-
volume ratios than for defects of dielectric composition. At
threshold, neither dielectric nor metalkomalldefects contain
Ignoring the differences in absorption between a metalli@nough heat to melt the Siyer, indicating a critical defect
and an off-stoichiometric defect and simply assuming thatsize for melting to occur (at threshold) inside the S&yer.
over the laser pulse lengtigual amounts of energpave been  Tables 70.V and 70.VI list the melt-penetration defjth
deposited in either one, the relative importanceéedéctheat  normalized, for comparison convenience with AFM measure-
capacity and internal heat conductivity for energy transfer tenents, to the Hf@SIO, layer interface for both types of
the surrounding film is outlined in Fig. 70.35. Due to its highemedium and large defects, as well/gsdependence upon a
conductivity, the metallic defect attainsriformtemperature range of conductivity anisotropies. The emphasis here is on
and delivers heat rapidly to its surface. This causes the sugeak anisotropies: for medium defects, no melt events are
rounding HfG film to reach higher temperatures than if therecorded, and even for large defects the melt penetration into
defect consisted of off-stoichiometric HfOAt the HfGY/  SiO, is very shallow.

Tmax (°K)

1000

50

Ga122 Distance (nm)

Figure 70.34
Maximum-temperatur@yax vertical profiles as a function of conductivity
anisotropyy for a “large” metallic Hf defect case.
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Maximum-temperaturd@max vertical profiles as a function of defect type.
Metallic Hf versus off-stoichiometric Hf©

Maximum-temperaturd nax vertical profiles as a function of the defect
size for an HfQ defect case.
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Maximum-temperaturd nax vertical profiles as a function of the defect
size for a metallic Hf defect case.

By raising the value fdryenand simulating fluence condi-
tions above thresholdone may address the question of how
high a temperature a given defect must reach to generate
damaging melt-penetration depths comparable to experimen-

tally observed ones.

For small- and medium-sized metallic

defects the corresponding melt-penetration depthsand
defect peak temperatures are listed in Tables 70.VIlland 70.VIII
as a function of increasirgye, From these tables it becomes
immediately apparent that experimentally measurable melt
penetration occurs only for very high defect temperatures. For
either defect size a temperature of 3 tol0* °K is required.
Such temperatures are alarming inasmuch as the physical
mechanisms so far ignored in these simulations start to play a
role in the overall laser-damage model. They also point toward
the inability of the current model to simulate laser damage by
thermal-conductivity-dominateghergy transfer alone.

Table 70.V: Meélt-penetration depth /,,, (nm) values, large-defect case, as a function of

parameter y.
Defect Type y=0.1 y=0.2 y=0.5 y=1.0
HfO, 47 35 18 9
Metallic 49 38 24 14

Trnax (HFO,) = 27,000 K; T, (Met) = 30,000 K.
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Two mechanisms that spring immediately to mind have thérum lies above 5.6 eV for temperatures as low a4 @ °K.
potential for significantly altering the kinetics of laser damageAt the temperatures predicted by the current simulations this
by providing sources for energy absorption from the lasefraction increases to nearly 90%. The potential significance of
field at a distance from the original defethermoionically  such a UV ionization mechanism was pointed out in 1978 by
emitted electrons and blackbody radiation in both the IR andlanenkov and his groubBased on this earlier work, the
more importantly, the UV portion of its spectrum. Still, during Grenoble Groupevaluated the role of such preionization in
the excitation pulse, when the thermal energy is mostly bottlesingle-layer films on melting and mechanical breaking of the
up inside the defect and its temperature is highest, free carridiln matrix.
directly emitted into or ionized by UV photons within the
surrounding dielectric layer stack provide starting electrons Such a “larger-effective-defect” mechanism is also a
for “avalanche-type” or other energy-transfer processes atlausible answer to the earlier-mentioned discrepancy be-
locations that, in effect, constitute an electrdraiooningof  tween the calculated lateral-melt penetration range and the
the defect. Table 70.1X emphasizes this aspect by listing thempirical AFM data. While part of this discrepancy can be
fraction of integrated blackbody radiation with photonassuaged by choosing a less-severe conductivity anisotropy,
energy above the HfCbhandgap as a function of defect tem-the lateral seeding of heating sources by ionizing radiation is
perature, emitted by a heated defect into its surrounding. Froam equally provocative concept whose merit must be tested in
Table 70.IX we see that 10% of the emitted blackbody spe@xpanded simulations.

Table 70.VI: Melt-penetration depth £, (nm) values, medium-defect case, as a function
of parameter y.

Defect Type y=0.1 y=0.2 y=0.5 y=1.0
HfO, 13 5 0 0
Metallic 14 6 0 0

Trnex (HFO,) = 25,000 K; T,y (Met) = 17,000 K.

Table 70.VII:  Meélt-penetration depth /., as a function of heat-generation rate ngn,
small-defect case.

Hgen Tmax m
(W/m?) (°K) (nm)
2 x 100 8551 0

4 18760 1
5 22110 4
6 24750 6
7 31890 9
8 37750 12
10 42990 15
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Table 70.VIII:  Melt-penetration depth ¢, as a function of heat-generation rate ngn,
medium-defect case.

ngn Tmax fm
(W/m3) (°K) (nm)
1 x 1020 8652 2
2 16600 14
3 27070 23
4 36970 30
5 44880 35

Table70.1X: Fraction of thermal radiation from the
absorbing defect with photon energy

exceeding HfO, bandgap (5.6 eV).
T (%K) Fion (%)
10,000 10
20,000 57
30,000 80
40,000 89
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Signatures of Target Performance and Mixing in Titanium-Doped
Target Implosions on OMEGA

In recently published work we discussed the signatures @nd compared with simulation predictions. Highly performing
mixing! and of target performan€provided by incorporating  targets require only a low percentage (~1%) of titanium doping
a titanium-doped layer within the shell of imploding targetsto give significant absorptiofithe need to use a pure-titanium
We report here on the results of an experiment on OMEGAayer in this experiment is an indication of lower compression.
using such targets. We observe the predicted absorption fea-

tures formed by the titanium layer: absorption lines due to The sharp density jump at the interfaces of the titanium
1s-2p transitions in titanium ions of incompleteshell, as layer becomes unstable during acceleration and deceleration;
well asK-edge absorption in cold titanium. We also observenowever, a thin layer cannot support unstable modes of long
oscillations due to extended x-ray absorption fine structurevavelength. Areduction factor multiplying the RT growth rate,
(EXAFS) above the TK edge. The observed spectra aredue to the finite thickness of an unstable layer, has been derived
simulated by a radiative-transport model that usés\C by Landau and Lifshit2One-dimensional code simulations of
profiles and OPLIB opacity values. The observed core tenshot 8207 (see below) show that during the acceleration phase
perature and shell areal density are found to fall short of th@vhen the shell and Ti layer are still thin) the reduction factor
one-dimensional predicted values. We attribute this shortfall toanges from ~0.2 to ~0.5 for modes 10 to/ = 50. Thus, the

a lack of irradiation symmetry, which leads to hydrodynamiaontribution of the titanium interface to the overall RT growth
instability and mixing [distributed phase plates (DPP’s) wereshould be small.

not used in this experiment, although the SSD modulator was

activated]. The introduction of a sharp density jump at the In this article we concentrate on a single shot on the
interfaces of the titanium layer introduces a Rayleigh-TayloOMEGA laseP—shot No. 8207. The target was a polymer
(RT) unstable layer, which makes the target more unstablshell of 882um inner diameter and 4 n thickness, coated
Signatures of mixing include the emission of theddie of  with a 0.3um layer of titanium, a 14n layer of polymer, and
Ti*20 due to titanium migrating to the core, as well as thdinally a 0.1um layer of aluminum as a shinethrough bafier.
EXAFS spectrum indicating cold titanium close to peak comThe fill gas was atmospheric air. The 19.9-kJ laser pulse had a
pression. The spectral signatures due to the titanium layer atens flat top (to withint5%) with 150-ps rise and fall times.
shown to provide very useful signatures of target performanc&SD’ was used in this experiment, but not DPP’s.

A titanium layer was placed within a polymer-shell target,Experimental Results
between a mandrel and an overcoat layer. The overcoatis muchSpectrally dispersed images were obtained with a
thicker than the laser-ablated layer to prevent emission dfirkpatrick-Baez x-ray microscope of resolutiaf® um,
titanium lines from laser heating. Likewise, the titanium layefitted with a dispersing gratingThe images show lighly
was sufficiently far from the inner-shell interface to ensure thabhonuniform core of ~6@am FWHM, indicating an unstable
the titanium lines are not emitted in the absence of mixing.implosion. This is further indicated by the spectral results
The titanium layer is thus cold for the most part and should givdiscussed below.
rise to absorption linesThe measured area enclosed within
the absorption lines yields the areal density of the titanium and, The x-ray spectrum inthe range of ~4 to 9 keV was recorded
by implication, of the total compressed shell. The intensityoy a Ge(111) crystal spectrometer fitted with a 1@0wide
distribution of the absorption lines yields the temperature o$patially resolving slit. The slit acts to discriminate core
the cold titanium layer. Additionally, the intensity slope of theradiation from coronal emission. The calibrated x-ray spec-
continuum at higher photon energies yields the core temperaum obtained with a Ge(111) diffracting crystal is shown in
ture. These parameters are deduced from the measured speEita 70.38. Ti absorption lines are seen around 4.6 keV as well
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as absorption above theRiedge at 4.966 keV. These absorp- of energy in the range of interest (4 to 8 keV). In Fig. 70.40 we
tion features take place when the radiation emitted by the hotpagnify the part of the spectrum showing various absorption
compressed core is absorbed by the colder Ti layer within thieatures that are of particular interest in this experiment. As
shell. The calibration procedure is explained in more detail irexplained below, the lines around 4.6 keV are absorbed within
Ref. 10. For the calibration of the Kodak DEF film we relied ona cool titanium layerT, ~200 to 500 eV), whereas radiation
the measurements and modeling of Heekeal;!1 for the  above the TK edge at 4.966 keV is absorbed by much colder
calibration of the Ge(111) crystal we relied on the measuretitanium. The EXAFS oscillations also indicate cold titanium.
ments of Burek and YaakoB?, which agree well with the On the other hand, the Ti Hedine is emitted in a high-
Darwin-Prins model calculations of Henks all3 Fig- temperature region (~1 keV).

ure 70.39 shows the measured and calculated crystal reflectivity.

7 T T T T T T
It should be noted that the crystal sensitivity is a weak function [ ' Ti Helﬂ ' ' Shé)t 82071
S
1017 3 T T T T T T T T T 3 Q
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s 1 @)
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E8348 Photon energy (keV)
1014 . 1 L 1 L 1 L 1 L
4 S 6 7 8 9 Figure 70.40
. Photon energy (kev) Part of the spectrum of Fig. 70.38, where absorption features appear. The lines

around 4.6 keV are absorbed within a cool titanium lalger200 to 500 eV),
whereas radiation above the Kiedge at 4.966 keV is absorbed by much
Figure 70.38 colder titanium. The EXAFS oscillations also indicate cold titanium. On the
Calibrated, time-integratedray spectrum obtained on shot 8207. Ti absorp- other hand, the Ti Herline is emitted in a high-temperature region.
tion lines are seen around 4.6 keV and th& Eidge at 4.966 keV. These
absorptions take place when the radiation emitted by the hot, compressed core
is absorbed by the colder Ti layer within the shell. K-Edge Absorption
The spectrum shows a drop in intensity akleelge of cold
titanium at 4.966 keV. This indicates the existence of cold
titanium around the time of peak compression, when the
observed core emission of continuum radiation is significant.
Darwin-Prins , ] To estimate the temperature of the absorbing titanium we note
model Experiment L. .
(Burek & Yaakobi) 1 that for each electron ionized from a titanium atomkileelge

shifts to higher energies. A simple method for estimating the
energy of these edges is discussed in Ref. 14. When the 12
M-shell electrons in Ti are removed, the edge shifts progres-
sively from 4.966 keV up to about 5.2 keV; when the eight
L-shell electrons are removed, the edge shifts progressively
from ~5.2 to ~6.2 keV. The sharpness ofkhedge absorption

100 F T T T T T T T

0.10f

Integrated reflectivity (mrad)

0.01 ' ' ' ' ' ' ' indicates that no more than a filashell electrons are ionized,
2 3 4 S 6 7 8 9 10 indicating a temperature lower than ~10 to 20 eV. The EXAFS
E8381 Photon energy (keV) spectrum discussed below indicates a still lower temperature.
Figure 70.39 The drop above th€ edge corresponds to an absorption by

Measured? and calculatetB integrated reflectivity of Ge(111) crystal.

a cold titanium layer of an areal density of 1.3 mg/cm
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(equivalent to a 2.9am-thick solid titanium foil). This is 9.3 E is the absorbed photon energy &pds the energy of thi&
times higher than the original areal density of the titaniunedge. The expression fg(k) is
layer, 0.135 mg/cth Using this value of areal density we can
derive the spectrum emitted by the core before being attenu- xk) =5 iNjF, (k) exp[—202k2 -2R, //\(k)]
ated by the cold titanium layer. This is simply given by

I(E)/exp[~pAr 1(E)], wherel(E) is the observed spectrum XSin[ZkRj + o) (k)]/kR-Z, (1)
and 1(E) is the absorption (or opacity) of cold titanium;
the result is shown in Fig. 70.41. The continuum is indeeavhereN,; is the number of atoms surrounding the absorbing
seen to fall along a smooth exponential curve whose slopom at a distandg;. The backscattering amplitué(k) and
indicates a core electron temperature of 0.94 keV. This coulghase shift factorg(k) for titanium were taken from the
have also been deduced from the high-energy part of thietailed calculations by Teo and L&&nd the mean free path
continuum in Fig. 70.38, where the attenuation by the coldf the ejected electron in titaniuml(k), was taken from
titanium is negligible. calculations of Blanchet al1” The vibration amplitude 2in

the Debye-Waller factor and the interparticle distaRoeill

—— be adjustable parameters in fitting the experimental EXAFS

Shot 8207 spectrum to Eq. (1).

1017 E T T T T T T

T =0.94 keV i Figure 70.42 shows the calculated absorpyigk) of the
¥ ] cold titanium layer in shot 8207 (shown above to have an areal
density of 1.3 mg/cR), compared with an EXAFS spectrum of
a 6-um titanium foil absorber, obtained with synchrotron
1015F 3 irradiation1® The latter curve was multiplied by the ratio of
i ] thicknesses (2.9/6) in order tmrmalize it to the effective
A thickness (2.9im) of the absorbing layer in shot 8207. For both
1014 T R R curves, the absorption was reduced by the much smaller
4 5 6 7 8 9 absorption due th-shell electrons, given by the absorption
8346 Photon energy (keV) below theK edge (thus the absorption curves equal zero below
the edge). The oscillations in the present result have a slightly
Figure 70.41 larger period (thus a small®) and larger amplitude than the

The calculated core emission before being absorbed by the cold titaniugolid-titanium oscillations; both are consistentith slightly
layer. The core electron temperature obtained by the continuum slope is

1016}

Fluence (keV/keV)

0.94 keV. 1.2 : : | :
EXAFS Spectrum § 10 B |

Above theK edge the spectrum shows oscillations due to = 0.8 Solid Ti —
EXAFS. EXAFS?® is observed in solids (even amorphous 0 6_

ones) and is due to the interference of the photoelectron waves2
emitted from the absorbing ion and those reflected from the % 0.4-
neighboring ions. It was previously observed in laser-heated 3

flat targetd but not in imploded targets. The analysis of the < 02
EXAFS oscillations yields the interparticle distance and, 0 ! !
hence, the density. EXAFS data for solid titanium have been 4.8 5.0 5.2 5.4 5.6

published’~19and can be used for comparison. Cses Photon energy (keV)

Shot 8207

The theory of EXAF&® yiglds an expression for Figure 70.42
X(k) = N(k)/ﬂo(k) -1, whereu(k) is the absorption (or opac- comparison of the absorption due to the cold titanium layer in shot 8207 and
ity) and (k) is the absorption of the isolated atom (i.e.,in a 6.um-thick solid titanium foil, irradiated by synchrotron radiation. The
without the EXAFS oscillations). The wave number of thelatter curve was normalized to the effective thickness/f@)of the titanium
ejected photoelectrddis given byh2k?/2m= E - E,, where ~ '3yer in shot 8207.
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higher than solid density in our case. The more gradual rigeéq. (1). We next filter out this peak (extending from ~1 to
above th& edge in the curve obtained here is partly the resuk3 A) by multiplying the curve of Fig. 70.43 by an appropriate
of finite spectral resolution and partly due to the ionization obuper-Gaussian curve, and finally apply an inverse Fourier
a fewM-shell electrons. transformation back to th& space. The resulting curve
(Fig. 70.44) was fitted by the first term of Eq. (1), multiplied by
The isolated-atom absorption curug(k) is given by a k3 As mentioned above, the functidfi), A(K), andg(k) for
smooth average through the EXAFS oscillations; thus, th&tanium have been calculated in great detail, and thus the two
ratio x(k) = u(k)/ o (k) -1 retains the changes in the absorp-remaining parameters;2 andR, serve as adjustable param-
tion due only to the EXAFS oscillations. Before fitting the eters in the fit; no additional normalization was applied. Fig-
experimental EXAFS spectrum to Eq. (1), a Fourier transforure 70.44 shows the best fit, wittf = 0.013 A andR=2.6 A.
mationis applied (yielding the radial charge distribution around’he parameteR depends primarily on the oscillation fre-
the absorbing atom) to single out the contribution of only theuency ok3x(k), whereasr2depends primarily on the ampli-
firsttermin Eq. (1), that of the closest shell of atoms around thieide decay rate at largevalues (the amplitude rises at sniall
absorbing atom. Also, rather than transformjtk), the quan-  values because of tfké factor). Additionally,o 2 determines
tity k3x(k) is normally choseh® putting more weight on the the location and magnitude of the maximum in kfg(k)
part of the spectrum away from tKeedge (i.e., on highde  curve. It should be emphasized that no amplitude normaliza-
values). This choice is advantageous because Eq. (1) is imptan was applied to obtain this fit.
cise at smakvalues; also, the effect of uncertainty in the value
of Ex (due to valence-band energy structure) diminishes with In solid titanium each atom is surrounded by two sub-shells
increasingk values. The range of 2 to 10Awas used for the of six atoms each, at distances of 2.889 A and 2.940 A. The
analysis ok3x(k). Below 2 A the curve is negligibly small; unresolved peak in Fig. 70.43 thus correspondsl to 12
abovek ~ 10 A1 the EXAFS spectrum is obscured by the risebackscattering atoms at an average distance of 2.6 A [hence the
of the Ti Hef line (albeit weak) at 5.582 keV and its dielec-choiceN = 12 in Eq. (1)]. This indicates a titanium layer of
tronic satellites. density ~1.4 higher than that of solid titanium, i.e., a density of
6.4 glcn¥. The Debye-Waller parameter(the amplitude of
The result of Fourier transforming the quantkSx(k) ion thermal oscillations) is proportional't'p”z. By compari-
(using a Hanning windo%¢ to avoid spurious oscillations) is son with room-temperature EXAFS spectra of titanium, the
seen in Fig. 70.43. Only one peak, at 2.2 A, has a significaspectrum of Fig. 70.44 corresponds to an ion temperature
contribution. This distance is not exactly equal to the interpalbelow ~1 eV. The values of density and temperature deduced
ticle distance because of the effect of the phase fatgrin here from the EXAFS spectrum are similar to those found with
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Figure 70.44
Figure 70.43 Fitting Eq. (1) to the experiment&Bx(k) curve, obtained by the inverse

The result of Fourier transforming tk&(k) curve obtained from Fig. 70.42.  Fourier transform of the curve in Fig. 70.43. Two adjustable parameters were
The peak at 2.2 A corresponds to the shell of ions closest to the ion absorbinged (interparticle distand® and Debye-Waller amplitude?) with no
the photon. additional normalization.
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an EXAFS measurement of laser-compressed ¥6ilow-  knowledge of the density, a comparison as in Fig. 70.45 can be
ever, the ion temperature deduced here is lower than thesed to obtain only a rough estimate of the temperature in the
electron temperature estimated abolkge<(10 to 20 eV) from  cold shell. The energies calculated by OPLIB are approximate,
the sharpness of théedge absorption. and Fig. 70.45 shows them to be slightly different than the
measured values.

Absorption Lines

The absorption lines seen in Fig. 70.40 indicate that part of In addition to absorption lines, Fig. 70.45 shows the emis-
the titanium shell is ionized, in addition to the cold part givingsion of the Heg line of Ti*20, The emission of He-like lines
rise to thek-edge and EXAFS absorptions. The application ofrom a doped layer that is sufficiently removed from the
absorption lines to determine the properties of the compresseterface was showtto be a signature of mixing. Indeed, code
shell was discussed in detail in Ref. 2. We show in Fig. 70.48imulations described in the next section show that these
an expanded view of the absorption-line manifold obtained olinesshould not have been sdarthe spectrum, in the absence
shot 8207, compared with opacity calculationslfer300 eV of mixing.
andp = 6.4 g/cn3. The calculations were taken from the LTE
opacity library OPLIB?3which was also used in the simula-  Next we deduce the shell areal density from the absorption
tions described in the next section. The validity of assumintines, using the relatién
LTE populations in the calculation of absorption lines has been
discussed in Ref. 2. The absorption lines around 4.6 keV [In[10(E)/1(E)]dE = pAr [k(E)dE . 2)
correspond to transitions of the type-2p in titanium ions of
an incompletel shell: Tif13 to Ti*20, formed when core- The left-hand term s an integral over the measured absorption-
emitted continuum traverses the cold titanium layer. Thdine manifold [if film density is proportional to Ih), this term
designation Li in Fig. 70.45 stands for lithium-like titanium equals the area enclosed within the absorption lines in a film-
ion, and likewise for the other designations. Each peak comensity plot]. Although the opacity integral depends on the
tains several lines that are unresolved mostly because tmperature and density of the absorbing region, it has been
broadening due to the finite source size. For example, the peakowr? that using the observed intensity distribution of the
marked C (carbon-like) consists of 35 transitions of the typabsorption peaks enables us to deduce the areal density without
1s22522p?—1s2s22p3. The intensity distribution of the absorp- having to know these parameters. We calculate the opacity
tion peaks depends mostly on the temperature but also on timegral [k(E)dE for titanium, using the OPLIB opacity
density. For example, the cases where the dominant peaks ébeary,23for a wide range of temperatures and densities. When
the C-like or the N-like peaks (as in shot 8207) correspond tihe results are grouped by the peak of highest opacity, the
a temperature that changes from ~200 to ~500 eV for antegral values fall within relatively narrow ranges, which can
assumed density in the range of 1 to 50 §/cFhus, with no  be understood as follows: lonization increases with increasing

8 T | T | T | T 45
2 L shots207 N c Hea
< <— 4.0
% 6L g Figure 70.45 | |
O 35 o Comparison between the measured Ti absorption
= = lines from shot 8207 and the opacity calculated by
% 5 3.0 '§ OPLIB. The OPLIB calculation is fof = 300 eV
B/ o andp = 6.4 g/cn3. The designation Li stands for
e 4 2 1s-2p transitions in Li-like Ti, and likewise for the
% Li 2.5 S other designations.
LL 3 [ N
\ Opacity 7 2.0
_____ - >
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E8377 Photon energy (keV)

86 LLE Review, Volume 70



SGNATURESOF TARGETPERFORMANCEAND MIXING IN TiTANIUM-DoPED TARGETIMPLOSIONSON OMEGA

temperature but decreases with increasing density (because #id,, and (c) the fluence emitted at other times. Thus, the
three-body recombination rises faster with density than othefluence at, must be smaller than the observed fluence above
two-body processes). Thus, a given ionization level is obtainettieK edge. However, this level of fluence is much smaller than
for pairs of ,p) values where both increase simultaneouslythe depth of the absorption lines (<206 keV/keV), indicat-
Since opacity increases with density but decreases with termg insufficient fluence to absorb the lines in those times.
perature, the integrated opacity for such pairs tends to be

reasonably constant. We show in Fig. 70.46 the calculated Using the measure@Ar of the titanium layer we can
opacity integral, arranged according to the strongest opacigstimate th@Ar of the entire compressed shell. Figure 70.47
peak (marked Li for cases where the lithium-like peak is thehows the rati®@ = (0Ar ),y /(04r); calculated by the one-
strongest, etc.). Thus, simply knowing the strongest absorptiatimensional hydrodynamic codél AC?4 for shot 8207 as a
peak narrows down the uncertainty in the integrated opacitiunction of the compression ratio (definedrg, wherer is

and, hence, in the deduced areal density. For example, for casles radius of the gas-shell interface agdb its initial value).
where the C-like peak is the strongest, the uncertainty in th&lso shown is the result of a simple geometrical model where
integrated opacity 25%. Applying Fig. 70.46 and Eq. (2) to the unablated part of the shell is assumed to be incompressible
the spectrum of shot 8207, we fipdr ~ 0.4 mg/crifor the  as it implodes inward. Since charge-collector measurements
titanium layer with a temperature in the range of ~200 tqand simulations) indicate that an overcoat thickness pf-9
500 eV. Adding the areal density found above for the colds ablated, the model uses the inner }8rbas the unablated
titanium (1.3 mg/crf), we find a totalpAr for the titanium  part of the shell. Thus, a lower bou@d~ 10 can be used,
layer of 1.7 mg/cr In adding the areal densities we havegiving pAr > 17 mg/cm for the compressed shell.

assumed that the line- alkdedge absorptions occur at the

same time, signifying a temperature gradient within the tita- 20—
nium layer. This is indeed indicated by Fig. 70.40. Suppose the i
two absorptions take place at two different timesktleelge is = 150
absorbed at timg and the lines are absorbed at a tijm&he g i
observed fluence above thkeedge (~1.2¢ 106 keV/keV) § i
consists then of three parts: (a) the fluence that was emitted aE 10r
t, but survived th&-edge absorption, (b) the fluence emitted & I
q 5r ]
> 15 T T T T T T T [ ]
S 0....|....|....|....|....
o Li 0 10 20 30 40 50
® £8304 Compression ratio
g 10r .
N c B Be Figure 70.47
‘5 The ratio ofpAr for the total shell and for the titanium layer. The model
g I assumes that the unablated shell implodes incompressibly. The compression
o 05 e} N . ratio is defined asg/r, wherer is the radius of the gas-shell interface agnd
8 l is its initial value.
E ]
ol
IS 0.0 ! ! ! ! ! | | It should be pointed out that the use of time-integrated
s lonization state of titanium ions spe_ctr.a weld_s an_ underestimate of _the_area_l dgpsny b_ecguse
emission during times when absorption is insignificant dimin-
ishes the absorption contrast (typicalby a factor of ~2).
Figure 70.46 P ( yp IW )

Area under the opacity-spectrum peaks of titanium (corresponding to the . ) . .
absorption-line manifold around 4.6 keV). For temperatures in the range d¢OMparison with Simulations
300 to 1000 eV and densities in the range of 1 to 50%/the points are In this section we compare the observed spectrum with that

grouped according to the strongest absorption peak in the opacity spectrysredicted by ILAC.24 The Ti spectral signatures are shown to
(Li stands for cases where the lithium-like peak is the strongest, and likewisgflect the reduced target performance that was a consequence
for the other designations). . - . Lo . .

of the poor irradiation uniformity in this experiment.
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The simulated spectra were computed by applying a radi&igs. 70.48 and 70.49. The integration up to 2 ns is essentially
tion-transport modélto LILAC-generated profiles, using the an integration over the whole implosion. The simulated curves
OPLIB opacity library. As discussed elsewhéfeysing the show some flattening below ~7 keV due to shell attenua-
LTE opacity library is adequate for simulating the continuuntion,2>9 and only higher-energy radiation is unattenuated
radiation and the absorption lines. However, this would not band can be used to determine the core temperature. However,
true for simulating the emission of helium-like and hydrogenthe experimental curve does not show this flattening, indicat-
like titanium lines. ing a less-compressed shell. It also shows a cooler core than

predicted: T = 0.94 as compared with = 1.8 keV. The

Figure 70.48 shows the comparison for the higher-energmaximum temperature in the simulation £ 3 keV) was
part of the spectrum, and Fig. 70.49 the lower-energy parhigher than that indicated by the time-integrated continuum
where the absorption features appear. In both cases the sinslepe [ = 1.8 keV), and thus it can be expected that the peak
lated spectra are integrated in time up to the time marked temperature in this experimenti4 keV. The lower tempera-

1017 3 T T T T T 3
F <t=2ns ]
5 i T=1.8keV |
> 10 £ shot 8207: T=0.94 keV 3
S - ] Figure 70.48
g " <t=1.86ns b Comparison of the measured and simulated x-ray continuum
E’ 1015 &= - — spectra for shot 8207. The simulated curves are integrated up
8 o E to the marked times. The slopes yield the core electron
9] - : temperature.
T L 4
1014 - <t=1.84ns -
1013 ' : ' '
6 7 8 9
E8361 Photon energy (keV)
1018 g T T T T T 3
- Shot 8207 .
1017 | i <t=2ns
1016 ¢ Figure 70.49

Comparison of measured and simulated x-ray spectra for shot

8207, in the region showing absorption features. The simu-

Spectral fluence (keV/keV)

1015 & <t= W lated curves are integrated up to the marked times.
[ Ti K-edge i
104 & <t=1.84ns E
1013 1 1 1 1 1
4.4 4.6 4.8 5.0 5.2 54 5.6
E8362 Photon energy (keV)
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ture and compression result in a much lower core-radiatiocan be driven out to the ablation region (during acceleration)
fluence than predicted. Figure 70.48 shows that the implosioor into the compressed core (during deceleration). To deter-
in this experiment falls short of the 1-D code predictidms; mine which is the case in this experiment, we examine the
particular, the target fails to undergo the final compressiospatial profile of the Hex line, as measured by the crystal
stage that is predicted to occur between ~1.86 ns and pegfiectrometer. Figure 70.50 shows the profiles (in the target
compression at ~1.9 ns. plane) at the wavelength of the lddine, as well as at a nearby
wavelength; the net Ha-emission is given by their differ-
Similar conclusions can be drawn from the comparison ince. The sharpness of the core emission profile indicates a
Fig. 70.49. The simulated time-integrated spectrum (<2 nsmaller core than the slit width (1@@n), consistent with the
shows much deeper absorption lines than observed, indicati®@-um width measured by the x-ray microscope. Figure 70.50
a higher areal density, and litheedge absorption, indicating clearly shows that most of the Heemission comes from the
a higher shell temperature. In fact, the saturated absorption cére, indicating mixing during the deceleration phase. The
the simulated absorption lines shows that almost all radiatiopeak core temperature 1 keV) is sufficiently high to excite
emitted after ~1.84 ns at the wavelengths of these lines the Hea line. The observed intensity of the tddine can be
absorbed. As time progresses, the simulated spectra showsed to obtain a rough estimate of the amount of titanium
gradual shift fronK-edge absorption to line absorption, indi- reaching the core due to mixing. To that end, we repeat the
cating heating of the titanium layer by the core. Also, thesimulations of Fig. 70.49 while assuming that a small fraction
absorption-line manifold is seen to shift toward higher ionizaef the titanium mass is uniformly spread throughout the shell
tions, again indicating an increase in shell temperature. Bhayers lying inward of the original titanium layer. Figure 70.51
contrast, the experimental curve shows (a) a lower total alshows the result for the case of mixing 3% of the total titanium
sorption, indicating a lower areal density [see Eq. (2)], andnass into the core. The Heline (as well as its adjacent
(b) prominence oK-edge absorption over line absorption, satellite line) now appears in the calculated spectrum. A
indicating a cooler shell. As in Fig. 70.48, the results show thatomparison is made between the experimental spectrum and
the implosion is effectively aborted after ~1.86 ns. At interthe simulated spectrum integrated up to 1.86 ns, as suggested
mediate times (~1.84 to 1.86 n&ledge and line absorptions by Figs. 70.48 and 70.49. In calculating the spectrum of
occur simultaneously, which was shown above to be the casefiig. 70.51, a correction was made to account for the LTE
the experiment. calculations’ overestimate of the intensity of the emission
lines. A steady-state, non-LTE model was used to calculate the
We also note absorption features above ~5 keV in theelative populations of the lithium-like, helium-like, and hy-
simulated spectra but not in the measured spectrum. Thedeogen-like Ti species, from which the intensity of the major
areK-edge absorption in ionized Ti, as well as transitions of

the type $3 (K-shell to M-shell transitions) in various 12— 71—
titanium ions. — - Shot 8207
- 10

The measuredAr of the titanium layer was found above to § 0.8
be ~1.7 mg/crh The samgAr value in the simulation occurs g
at 1.7 ns, consistent with the conclusion of incomplete com- '§>| 0.6
pression suggested above. At 1.7 ns the predicted titaniumg, 0.4
density is 11 g/ch) compared with the value 6.4 g/éme- % :
duced from the EXAFS spectrum. The predicted electron 2 02
temperature is ~50 eV, compared with the estirfiatd0 to

20 eV from the sharpness of tiieedge absorption. The 0 20 0 20 40

simulated spectra also predict no emission of helium-like Ti Radial distanceum)
lines (even though LTE opacity modeling tends to overesti- 5#3%
mate their intensity).

Figure 70.50

The appearance of the Heline in the experiment (see Spatial profile of emission at the wavelength of the TidHére (4.75 keV),
Fig. 70.45) is clear evidence of shell-core mix]rnghich and at a nearby wavelength. The difference (i.e., the net Eiission)
transports titanium into high-temperature regions. Titaniun{'dicates mixing of titanium into the compressed core.
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1019 T T T T T T T T T T T
F Ti Hea

1018 ¢ Measured
: —>

1017

Simulated fluence (keV/keV)

1017

Figure 70.51

Simulation of mixing: the simulated curve (inte-
grated up to 1.86 ns) assumes that 3% of the total
titanium mass is uniformly spread throughout the
shell layers inward from the original titanium layer.
Note the appearance of the lddine due to mix-
ing, in agreement with the time-integrated,
measured spectrum.

Measure fluence (keV/keV)

1016 |
1005 |
F <—
[ Simulated
1Cﬂ4 L | L | L
4.4 4.6 4.8 5.0 5.2 5.4

Photon energy (keV)

E8400

lines due to collisional excitation follows. The required ion- 5.

ization, recombination, and excitation rates were taken from
Ref. 26.

The reduced target performance evidenced in Figs. 70.48%

and 70.49 as well as the presence of mixing is the result of
inadequate irradiation uniformity when not using phase plates
to smooth the laser irradiation, as well as the result of the
density jump at the titanium layer interfaces. The titanium !
spectral signatures studied in this work should prove very

useful in tracking the improved target performance with im- 8.

proved laser uniformity.
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Dephasing Time of an Electron Accelerated by a Laser Pulse

In a recent papéwe described the motion of electrons in the d; (v + a) =0. 2)
electromagnetic field of a circularly polarized laser pulse

propagating through a plasma. Electrons that are in front of

the pulse initially can be accelerated to high energies arebr a particle that is in front of the pulse initially, and is not
extracted easily. Although this direct acceleration scheme imoving transversely,

less than ideal because the pulse can generate a parasitic wake,

its simplicity is noteworthy. The wake fields produced by short v=-a. 3)
pulses have been observed recehflyand future experi-

ments will study the interaction of electron bunches with thesBy using Eq. (3), one can rewrite the longitudinal components
wake fields. One would only need to change the timing of aof Eq. (1) as

electron bunch in these experiments to test the scientific

feaS|b|I|.ty of direct acceleration. In this article we study tlh(.e dyy = dt(v2/2), d,u= —dX(VZ/Z). (4)
dephasing time of an electron accelerated by a pulse of infinite

width to determine the propagation time and plasma length

required to observe direct acceleration. For a circularly polarized field

Inthe following sections, the trajectory of a charged particle all = (O, 0,acos@, asinqo)/y@ (5)
is determined analytically for a representative pulse profile; the
dephasing time of an accelerated particle is determined; its
dependence on the speed, length, and intensity of the puldée assume that the phage t—sx wheres < 1 is the inverse
along with the injection energy of the particle is studied inphase speed of the pulse, and the amplitlidea function of

detail; and finally, the main results are summarized. ¥ = t-rx, wherer > 1 is the inverse group speed of the pulse.
Equations (3)—(5) were solved in Ref. 1 for a particle that is at
Particle Motion in a Planar Field rest initially. The solution of these equations for a particle that
The motion of a particle, of chargeand massn, in an  is moving initially is similar. Since the ponderomotive poten-
electromagnetic field is governed by the equdtion tial v2/2 is independent o, it follows from Egs. (4) that
dT(uu +au) =uwd,a,, (1) d;(ry —u) =0. (6)

whereut is the four-velocity of the particle divided byris By combining Eqg. (6) with the definition pfone can show that
the proper time of the particle multiplied byanda* is the

four-potential of the field multiplied bg/mc2. The metric r(ryo —u0)$a)

four-tensorg,,, = diag(1-1,-1,-1). y= 2.1

For a planar fielda# hasy and z components that are (7)
functions oft andx. It is convenient to denote the transverse
(two-vector) component @ by a, the transverse component r2-1 ’
of u# by v, and the longitudinal componentswfby yandu.

In this notation, the transverse component of Eq. (1) is where
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w= ’(ryo ~ug)’ - (r2-1)(a+ VZ)]J/2 , @8) a(w) = esin(my/2Ir), (13)

wheree? is the peak intensity of the pulse aslits full-width
In Egs. (7) the- sign applies to the case in whigh»ru, which  at half-maximum. For this profile
corresponds to a particle that is moving more slowly than the

pulse, and the sign applies to the case in whigk ru, which _ B o9 Y
corresponds to a particle that is moving more quickly than the w(d;) B (yo ruo)[l m=sin (anlr)] ' (14)
pulse. By using the fact thet=y3 —ug, one can rewrite
Eqg. (8) in the convenient form where
12 2 _(y2 _1\a2 —run)?
w:[(yo—ruo)z—(rz—l)vzl _ 9) m —(r 1)e /2(y0 ruo) (15)

is the ratio of the pulse intensity to the repelling intensity.
For the case in whicfy= 1 andug =0, Egs. (7) and (9) reduce
to the corresponding equations of Ref. 1. A particle that is Whenm < 1, the pulse overtakes the particle completely.
moving more slowly than the pulse initially will be repelled by In this case)s varies between 0 andr2and the solution of
the pulse ifw= 0. For this to happen the pulse intensity musteq. (12) is
equal the repelling intenstty

T(y)= [2Ir/n(yo - ruo)] F(mp/2ir,m), (16)

a2 = 2(yo - rup)* /(r2 -1), (10)
whereF denotes the incomplete elliptic integral of the first
in which case the gain in particle enekgy kind, of modulugn.® It follows from Egs. (7) and (9) that
- _ 2 _
3y =2(yo ruo)/(r 1). (11) r(ryo - o) T(8) - v
t) = r2-1 '

For completeness, a covariant analysis of particle motion in a 17)
circularly polarized field is given iAppendix A, and a brief (Wo - Uo)T(l!f) -1y
description of particle motion in an elliptically polarized field X(‘!’) = r2 -1 '

is given inAppendix B.

Equations (3), (7), and (9) definé as a function ofs. By  The particle motion is illustrated in Fig. 70.52 for the case in
combining the equatioml, = y —ru with Egs. (7), one can which y» = 30, y, = 7, ande? = 7 [The Lorentz factoyp is
show that defined in the first of Egs. (22)]. In Fig. 70.52(a) the phase,

normalized tdr, is plotted as a function of time, normalized to
dr/dy = +Yw(y), (12) y3l . As the particle is accelerated by the front of the pulse, the
rate of phase slippage decreases. However, since the peak
intensity of the pulse is lower than the repelling intensity, the
where thet sign applies to the case in whighk ru and the particle speed never equals the pulse speed and the pulse
- sign applies to the case in whigt» ru. If the solution of overtakes the particle. As the particle is decelerated by the back
Eqg. (12) can be inverted¥ can be expressed as an explicitof the pulse, the rate of phase slippage increases. It is evident
function ofr. from Fig. 70.52(a) that the deceleration time equals the accel-
eration time. In Fig. 70.52(b) the longitudinal momentum is

To illustrate the particle motion we consider the simpleplotted as a function of the normalized time. Although the

profile particle speed never exceeds the pulse speed, the energy
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associated with the transverse particle motion allows the paandK denotes the complete elliptic integral of the first kind, of
ticle momentum to exceed the pulse momentum. Because theodulusm.® The first form of Eq. (18) applies to the ascent
longitudinal momentum is a symmetric function of time, theand the second form applies to the descent. Equations (17)
deceleration distance equals the acceleration distance. apply to both the ascent and descent, provided ibatefined
by Egs. (18) and (19). The particle motion is illustrated in
Whenm> 1, the particle is repelled by the pulse. In this cas&ig. 70.53 for the case in whigh =30, =7, ande? = 10. In
¢ increases from 0 t§2ir/m)sin"}(ym) as the particle as- Fig. 70.53(a) the normalized phase is plotted as a function of
cends the ponderomotive potential and decreases frothe normalized time. Initially, the pulse overtakes the particle
(2Ir/m)sin"1(1/m) to O as the particle descends the ponderoand the rate of phase slippage is positive. Since the peak

motive potential. The solution of Eq. (12) is intensity of the pulse is higher than the critical intensity, the
particle is accelerated until its speed equals the pulse speed
2Ir/nm(y0—ru0)]F(9,]/m), and the rate of phase slippage is zero. Subsequently, the
T(Y)= (18)  particle overtakes the pulse and the rate of phase slippage is
2Ir/nm(y0 —ruo)][ZK(:I,/m)— F(G,:I,/m)] \ negative. The descent time is longer than the ascent time
because the time dilation associated with a particle moving
where faster than the pulse is larger than that associated with a par-
ticle moving slower than the pulse. In Fig. 70.53(b) the
0(y) = sin‘l[msi n(rﬁ///ZIr)] (19)  longitudinal momentum is plotted as a function of the normal-
(a)
0.8 I
0.6 -
3 3
g g 04 -
o o
0.2 _
0.0
(b)
\
120
=] =]
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= 2 80
[ c
[} ()
: :
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Figure 70.52 Figure 70.53

Particle trajectory for the case in whigh= 30 andyp=7. The pulse intensity  Particle trajectory for the case in whigh= 30 andyg = 10. The pulse inten-
e2=7 is slightly lower than the repelling intensity [Eq. (10)]. (a) Normalized sity €2 = 10 is slightly higher than the repelling intensity [Eq. (10)].
phasae)/Ir plotted as a function of the normalized timfgz%l ; (b) longitudinal (a) Normalized phas#|r plotted as a function of the normalized tim;fgr,%l ;
momentunu plotted as a function of the normalized time. (b) longitudinal momentura plotted as a function of the normalized time.
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ized time. Since the particle does not reach the peak of tlggoup speed of the pulse to estimate the Lorentz factor,
pulse, thex component of the ponderomotive force is alwaysyp = wg/we , Wherew, is the carrier frequency of the pulse
positive and the longitudinal momentum of the particle in-andw, is the electron-plasma frequerty.
creases monotonically. Because the longitudinal momentum is
an asymmetric function of time, the descent distance is longer In the pulse frame? is time-independent. It follows from
than the ascent distance. the first of Egs. (4) thaty’ is constant and, hence, that
()2 +v2 = (up)?. Sincedx'/dt’ =u'/y}, it follows that

Dephasing Time of an Accelerated Particle

The previous analysis shows how an intense pulse repels a o '

. . . A X
charged particle that is in front of the pulse. The relation T =2y'AJ'
between the pulse intensity, the particle injection energy, and X [(u’A)2 —v2(x')]
the gain in particle energy was studied in Ref. 1. In this section
the time required for the pulse to catch and repel the particle,
and, subsequently, for the particle to outrun the pulse, i, Eq. (23) the factor of 2 arises because the pulse-frame
studied. This time is referred to as the dephasing time and @@scent time equals the pulse-frame ascent time. The factor of
denoted byT. The distance traveled by the particle during they; arises because of the difference between proper time and
dephasing time is referred to as the dephasing distance angigse-frame time. Provided one ignores the distinction be-
denoted byX. It follows from Egs. (17) and (18) that tween momentum and velocity, the integral in Eq. (23) repre-
sents the ascent time of a nonrelativistic particle in the poten-
tial well v2(x')/2. In the pulse framea = esin(-mnx/2l'),

(20)  wherel’ = ypl. For this profile

72 (23)

_ Ar?(ryg - ug) K(Y/m)
nm(r2 —1)(y0 ~rup)

T = 2yp(2"/m)(V2/e)K (v2up/e). (24)

and X = T/r. For future reference, notice thE{l1/m) -
log [4/(m?-1)Y2 asm - 1 andK (1/m) - 772 asm - .5
The factor of2l'/mr arises because the ponderomotive force
Formula (20) for the dephasing time exhibits a compli-associated with the pulse is inversely proportional to the pulse
cated dependence on the pulse intensity and speed and thegth. Although Eq. (24) is complicated, the origin of each
initial particle momentum. One can gain insight into thefactor is well understood.
underlying physics by performing a pulse-frame analysis of
the acceleration process. In the notation of Refdénotes a In the pulse frame the particle begins and ends its inter-
pulse-frame quantity, the subscriptienotes the initial posi- action with the pulse at poi&t SinceX' =0, it follows that
tion of the particle, an® denotes the position at which the
particle is repelled. T=ypT', X=upT'. (25)
The pulse-frame energy and momentum of the particle are
related to the laboratory-frame energy and momentum by thdotice thatX = T/r, as stated after Eq. (20). It follows from
equations Egs. (21) and (22) that (ryo —up)/ r2—l):ypy'A and
4lr/rm(y g —rug) = 2(2I '/IT)(\/E/G). Thus, Eq. (24) and the
V' = Vpy —Upl, U = ypU—Upy, 21) first of Egs. (25) agree with Eq. (20).
It is convenient to define the normalized dephasing time
where

T=(0V2y, me)K(V2up/e), (26)
Vp = r/(r2 —1)1/2, Up ::I/(r2 —1)1/2 : (22)
which is the dephasing time divided bﬁl . The factor of was

In these equationg is the Lorentzzfactor associated with the due to the inverse dependence of the ponderomotive force on
pulse speed f/and up :(y,% —1)]/ . If one uses the linear the pulse length. One factor g was due to the Lorentz
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transformation of the pulse length from the laboratory frame tenergyup = —€/2, ya = (1+ e2/4)]/2, and the saturation time

the pulse frame; the other factor was due to the Lorents 1.7(1+ 4/e2)]/2, independent ofp. In the low-intensity
transformation of the dephasing time from the pulse frame teegime the dephasing time is long because the pondero-
the laboratory frame. These factors do not depend on thmotive force is weak. In the high-intensity regime the dephasing
physical origin or shape of the potential well in which thetime is almost independent of pulse intensity because the
particle moves. Thus, it was inevitable that they should be thacrease in ponderomotive force that accompanies an increase
same as the factors that control the dephasing time of am pulse intensity is offset by the corresponding decrease in
electron in the laser beat-wave acceleraothe laser wake- injection energy. It follows from Eq. (27) and the preceding
field acceleratof.8 For completeness, a brief analysis of thediscussion that the energy gain equale. As the pulse
particle motion and dephasing time associated with thesatensity increases, the energy gain increases and the required
indirect acceleration schemes is give\ppendix C. injection energy decreases.

Just as a pulse-frame analysis of the acceleration processThe normalized dephasing time is plotted as a function of
fosters insight into the dephasing time, so also does it fost@rjection energy in Fig. 70.55 for the case in whigkr 30. In
insight into the energy gain. In the pulse frame the particl€ig. 70.55(a) the pulse intens#= 10. The solid line denotes
energy is constant, and the final particle momentum has thbe exact dephasing time [Eqg. (26)], and the broken line
same magnitude as the initial particle momentum and théenotes the approximate dephasing tim@y'A/e. For the
opposite signdy’ =0 and &' = 2|UA|- It follows from these chosen values gk ande the approximate dephasing time is
results and Egs. (21) that

(a)
6 | | | |
dy = 2uplup, (27) ® i
E
o 4r
in agreement with Eq. (11). = i
g
The normalized dephasing time is plotted as a function of §' 2
pulse intensity in Fig. 70.54 for the case in whygh= 30. In L ~|
Fig. 70.54(a) the injection energy= 7. The solid line denotes 0 | | | |

the exact dephasing time [Eq. (26)], and the broken line

denotes the approximate dephasing tihé2y'y /e. For the (b)
chosen values gb andy, the approximate dephasing time is
6.4/e. When the pulse intensity is close to the repelling inten-
sity, the particle lingers near the peak of the pulse and the
dephasing time is long. As the pulse intensity increases, point
B moves toward the front of the pulse and the dephasing time
decreases. In the high-intensity regime this decrease is gradual.
Since the pulse energy located behind pBiistwasted, there

is little to be gained by using pulse intensities that exceed the = -

Dephasing time

critical intensity by more than a factor of 2. Since the injection

energy is constant, so also is the energy gain [Eq. (27)]. In 10 15 20 25 30
Fig. 70.54(b) the injection energy Intensity
P1716
12
YA=VpPH™ [(y% _1)(”2 _1)] ' (28) Figure 70.54

Normalized dephasing time [Eq. (26)] plotted as a function of pulse intensity
where u = (1+ 92/4)]/2 is a measure of the pulse intensity. for the case in whichp = 30. (a) The particle injection energyg = 7.

This choice of injection energy ensures that the repellin
intensity is one-half of the pulse intensity. For this injection

) The particle injection energy [Eq. (28)] ensures that the repelling
ntensity [Eq. (10)] is one-half of the pulse intensity.
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Summary
6 The motion of an electron in the electromagnetic field
o L | associated with a circularly polarized laser pulse of infinite
g width was studied analytically. When the pulse intensity is
o 4 n lower than the repelling intensity [Eq. (10)], the pulse over-
'@ - - takes the electron completely. When the pulse intensity is
S 2 i higher than the repelling intensity, the electron is repelled by
A the pulse and eventually outruns it. The time taken for the
B = electron to outrun the pulse is called the dephasing time and is
0 the product of two terms. The first termyiél , Whereys is the
Lorentz factor associated with the pulse speedlasdhe
(b) pulse length. The second term [Eq. (26)] depends on the pulse
50 \ intensity, the pulse shape, and the electron injection energy. As
o a rough guideline, the second term is of order unity unless the
g 40 : o L .
£ pulse intensity is close to the repelling intensity. For a pulse of
2 30 finite width, an electron that is not close to the pulse axis
'g initially will be expelled from the pulse by the radial compo-
5§ 20 nent of the ponderomotive foréezurther work is needed to
A 10k guantify this snowplow effect.
0 ? ‘ ‘ ‘ ACKNOWLEDGMENT
0 5 10 15 20 25 30 This work was supported by the National Science Foundation under
L contract No. PHY-9415583, the U.S. Department of Energy Office of
pam7 Injection energy Inertial Confinement Fusion under Cooperative Agreement No. DE-FCO03-
92SF19460, the University of Rochester, and the New York State Energy
Research and Development Authority. The support of DOE does not consti-
Figure 70.55 tute an endorsement by DOE of the views expressed in this article.

Normalized dephasing time [Eq. (26)] plotted as a function of particle
injection energy for the case in whigh= 30. (a) The pulse intensigg=10.  Appendix A: Covariant Analysis of the Particle Motion
(b) The pulse intensity [Eq. (29)] is twice the repelling intensity [Eq. (10)].in a Planar Field

The resolution of Eg. (1) into longitudinal and transverse

components is facilitated by the introduction of the four-vector
0.89ys. When the injection energy is close to the repellingk¥, which is defined by the equatioh=k"x,, and the four-
energy, the particle lingers near the peak of the pulse and thectorI#, which is defined by the equation¥l, = -k"k,,
dephasing time is long. As the injection energy increased’k, =0, and |Va, =0, wherea* is the transverse four-
pointB moves toward the front of the pulse and the dephasingotential of a planar field of arbitrary polarization. In the
time decreases. In the high-energy regime the dephasing tirteboratory framek# = (1r,0,0) andl# = (r,1,0,0). By using
is almost independent of the injection energy because 1. these four-vectors, one can write
The energy gain decreases as the injection energy increases. In

Fig. 70.55(b) the pulse intensity Xy = Yy +¢'ku/kvkv +6|u/|\/|v' (A1)
,\2
e? = 4(up) (29) _ o -
wherey,, is transverse an=1"x,. In a similar way, one can
write
is twice the repelling intensity and the dephasing time is
1.7yA/| uA|. In the low-energy regime the dephasing time is U, =V, +(kvuv)ku/kvkv +(|VUv)|u/|V|w (A2)

almost independent of the injection energy becagyse yp

andujp = -yp. Theratioy) /| uj| is almostindependent g.

In the high-energy regime the dephasing time is long and thehere v, = dy,/dt is transversekVu,, = d;, andlVu, =
energy gain is small becaugg =1 and|ujA| <<1. d;6.
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The transverse component of Eq. (1) is

dr (v, +ay) =0, (A3)
from which it follows that
vu(r) =V, (0) + aH(O) - au(r). (Ad)

Equation (A4) is the analog of Eq. (3).

dy k'u, )" 25 kkkdy (Vv f2), (AL0)

from which Eq. (A9) follows.

Finally, sincev¥v,, is a function ofy, Egs. (A4), (A6), and
(A9) expressl,, as a function ofs. To expressi, as a function
of T one must invert the solution of the phase equation

dr/dy = £1/w(y), (A11)

By using Eq. (A4), one can rewrite the right side of Eq. (1wherew is the square root of the terms on the right side of
as-d, (v"vv/z . Sincev¥v,, was assumed to be a function of Eq. (A9).

i, 9y, =k, dy . Itfollows from these results that the longitudi-
nal components of Eq. (1) are

dr (kHu, ) = —kHk,d, (Vv /2), d(1Mu,) =0, (A5)
It follows from the second of Egs. (A5) that
[Hu,(t) =1Hu,,(0).

(AB)

One way to obtain an expression kju,, is to use the iden-
tity uu, = 1, which can be rewritten as

v, + (k) vk, +(1M,)° v, =10 (A7)

It follows from Eq. (A7) that

[k"uv(r)]2 = [I"uv(r)]2 + kaV[l—vVvV(T)]. (A8)

Appendix B: Guiding-Center Motion in a Planar Field
Equation (6) is valid when the? terms in Egs. (4) are
independent of. To satisfy this condition we assumed that the
field is circularly polarized and that the particle is in front of the
pulse initially and not moving transversely. Equations (7), (9),
and (10) follow from Eq. (6) and the definition gfwhich

requires that

dr(y2 -u? —vz):O. (B1)
For the elliptically polarized field
aH = (0, 0,a, cos@,a, cosgo), (B2)

whereay, =adand a, = a(l— 52)]/2, thev? terms in Egs. (4)
are not independent ¢f and Eq. (6) is not valid. However, the
particle motion is known to consist of a fast oscillation about
a guiding center and a guiding-center drift that varies slowly.
In a vacuum, the guiding-center motion is governed by the
equatiod

Equations (A6) and (A8) are the analogs of Egs. (7) and (8).

By using the expression fdt’u,(0) that follows from
Eq. (A8), and Eq. (A6), one can show that

[k"uv(r)]2 = [k"u,,(o)]2 + kaV[vVvV(O) —VVVV(T)]. (A9)

dr(uy) = -dy(a"ay ) 2, (B3)

where () denotes apaverage and<a"av> =-a2/2. We

expect Eqg. (B3) to provide a reasonable description of the
guiding-center motion in a rarefied plasma, in which the phase
speed of the field is slightly higher than the speed of light.

Equation (A9) is the analog of Eq. (9). Another way to obtairEquation (B3) has associated with it the conservation equation

an expression fddu,, is to change the independent variable in

the first of Egs. (A5) front to 4. Sinced; = k"u,, the first
of Egs. (A5) becomes

98

d; (<u"><uv> + <aVaV>) =0.

(B4)

LLE Review, Volume 70



DEPHASINGTIME OF AN ELECTRONACCELERATEDBY A LASERPULSE

Since the ponderomotive potentid /4 is independent of u'u,, = 1, which can be rewritten as
@ it follows from Eq. (B3) that

[kvu, (@] =[1u, ()] - 14, - (C5)
dT(r(y) —<u>) =0. (B5)
Another way to obtain an expression 1diu, is to solve

Equation (B5) is the analog of Eq. (6). Sina® is constant, Eq. (C2) directly. By changing the independent variable from
Eq. (B4) reduces to T to ¢, one can rewrite Eq. (C2) as

d; (<y>2 _<u>2 - a2/2) =0. (B6) d, gkvuv)Z/ZE: d, gIVuV)Z/ZE (C6)

Equation (B6) is the analog of Eqg. (B1). Thus, for a particle
that is in front of the pulse initially(y) and(u) are given by  from which Eq. (C5) follows.
Egs. (7) and (9), in whick? is replaced bya?/2, and the

repelling conditions are described by Eq. (10). Sinceq is a function off, Egs. (C4) and (C5) expreggas
afunction ofiy. To express,,as a function of, one mustinvert

Appendix C: Particle Motion in a Planar the solution of the phase equation
Electrostatic Field

The four-potential of an electrostatic field can be written as dr/dy = J_r]/w((p), (C7)

_ wherew is the square root of the terms on the right side of
a, = pky /KVk, +ql, /1], (C1) Eq. (C5).

wherekH andl# were defined iAppendix A. We assume that  Inthe wave framés;, =(0,1,0,0) andl;, =(1,0,0,0), where
a, is a function ofyy, from which it follows thatd,, = k,,d,, . I = (r2 —1)]/2. It follows from these results thag = —Ix’,

Since the electrostatic field is unaffected by the gauge trandu, = -lu’, 1Vu, =ly’, andq=1¢ , wheregis the electro-
formationa,, - a, +d,b, wherebis an arbitrary function of ~ static potential. Thus, Eq. (C4) can be rewritten as
¢, pis redundant. In the Lorentz gauge 0.
By substituting decomposition (C1) in Eq. (1) and contract- v'(r)=y'(0)+¢(0)-9(r) =0, (©8)
ing the resulting equation witt¥, one can show that

Eqg. (C5) can be rewritten as

dr(kﬂuﬂ + p) = (k"uy)dyp=(1"uy) g, (C2)
@ =[y@f -1 (C9)
Sincek"u, =d; i, theptermsin Eq. (C2) cancel, as they must

do. By substituting decomposition (C1) in Eq. (1) and contractand Eq. (C7) can be rewritten as
ing the resulting equation witH, one can show that

dr/dx’' = F1/e(x'), (C10)
d;(1#u, +q)=0. C3
T( H q) (C3) wherew is the square root of the terms on the right side of
Eqg. (C9). The dephasing time of an accelerated particle can be
It follows from Eq. (C3) that determined from Eq. (C10) in a manner similar to that de-
scribed previously. In particular, by considering the relations
IHu, (1) =1Hu,,(0) +(0) - o(7). (C4) between laboratory-frame and wave-frame quantities, one can

show that the dephasing time is proportionaﬂ&p’\ , Wwhereyy
is the Lorentz factor associated with the phase speed of the
One way to obtain an expression kdu,, is to use the identity wave andl is the wavelength.
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The potentia| associated with a |arge-amp|itude p|asma 6. W. L. Kruer, The Physics of Laser Plasma Interactipfsontiers
wave is described by elliptic functions. Simple formulasforthe ™ Physics, Vol. 73 (Addison-Wesley, Redwood City, CA, 1988).
injection energy and energy gain associated with this potential7, T, Tajima and J. M. Dawson, Phys. Rev. L&8. 267 (1979).
were determined by Esarey and PiffiThe dephasing times
associated with this and other potentials were studied by®8 P- Sprangletal, Appl. Phys. Lett53, 2146 (1988).
Teychenné, Bonnaud, and BoBih'? 9.

E. A. Startsev and C. J. McKinstrie, “Multiple Scale Derivation of
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