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Performance comparison of self-focusing with 1053- and 351-nm laser pulses

K. A. Tanaka*® H. Hashimoto, R. Kodama, K. Mima, Y. Sentoku, and K. Takahashi
Institute of Laser Engineering, Osaka University Yamada-Oka 2-6, Suita, Osaka 565 Japan
(Received 2 February 1999

Hole boring characteristics of laser beams are studied using two different laser wavelengths in preformed
plasmas with overdense regions. We have shown that a whole beam self-focusing is created in plasma with a
considerable density scale length using arh wavelength laser. The whole beam self-focusing of this type
could be used for guiding the ultrahigh intense laser pulse to a highly compressed core for studying the
feasibility of a fast ignitor. There is a clear difference in the hole-boring characteristics between two laser
wavelengths at 1053 and 351 nm, both in the experiment and the simulation. Using the third-harmonic laser,
a whole beam self-focusing is never created. The 351-nm laser beam broke up into filaments resulting in
plasma jets observed in our interferogrdi®81063-651X99)06109-7

PACS numbgs): 52.35.Mw, 52.40.Nk, 52.65.Rr

The self-focusing and filamentation of a laser beam have In this paper, the 1053- and 351-nm lasers hole boring
attracted a lot of attention and have been studied extensivelsharacteristics are studied, using 100 ps laser pulses at up to
for improvement of the uniformity of direct or indirect drive 2x 10" W/cn? laser intensities. The hole boring lasers are
implosions[1,2], applications to soft x-ray lasef{8,4], the injected into preformed plasmas with overdense regions cre-
generation of high harmoni¢§], and the fast ignitor concept ated on massive plastic targets. The 1053-nm laser beam
[6]. The self-focusing of a laser pulse with a duration on theclearly shows a whole beam self-focusing in an underdense
order of 10—100 ps with a considerable energy could play aplasmas, while the 351-nm beam shows many striations at
important role during predrilling or hole boring through the the same laser intensities. Using €1/2) D PIC code we
surrounding plasma at close to the final stages of the implocompare the performance of two laser wavelengths keeping
sion in fast ignition. If this predrilling could be controlled the peak laser power the same as the experiments. The simu-
accurately, a subsequent ultrahigh intense laser pulse coul@tion’s results are consistent with the experiment.
be guided in the predrilled, self-focused channel with mini- EXPeriments were carried out using the GEKKO XIl laser

mum energy dissipation to reach imploded cores for the fa Ueam s_ysteén at tfheh Inﬁtitgte Ofl IBaser Engineehring, Ofsaka
ignition. Whole beam self-focusing, in which the pondero- nllvebrsrgy. bne 0 t'ti orllécggta eams |Wasty? oshgln t?/\s a
motive effect dominates, has been studied in detail in under}—10 €-boring beam with a nm wavelength, while two

dense plasmas, using auln laser beam with both cylinder \t/)vee?g]?oc?l}sz dtgltr)ﬁ Ei:mgtnécoJ?fﬂgvgr\ﬁ;ngﬁfh%%gﬁ))
and line focus at below 8 10'® W/cn? [7]. Relativistic self- quey 9 9

: = e _ . spot diameters at a ¥owi/cn? intensity. Similarly, another
focusing has bgen studied in numerical smulat@jsan_d "' horizontal beam was used to study the third-harmonic drill-
has been predicted that the beam tends to break into filgs g performance with additional two 351 nm laser beams for
ments at first, but penetrates later into an overdense region BPeforming plasmas. For all the beams firimber of focus
a whole beam. Relativistic self-focusing with a 0.6 ps pulsgens was 3. The laser pulse width was 100 ps full width at
width and a few hundred mJ energy has been observed inigf maximum(FWHM). Both infrared and blue hole-boring
uniform plasma9]. Self-focusing in a ponderomotive self- pylses can be focused within a @n spot size, resulting in
focusing laser intensity region with a 100 ps and a 100 $x 10'"W/cn? irradiation intensity with 100 J energy. The
energy has not been observed using a beam with a circulgpot size is determined by the optical aberrations integrated
cross section directly with any probe laser beam in an expoin the glass laser system. The focal spot intensity has a
nential plasma profile with an overdense region. In additionGaussian spatial distribution at the best focus. Time delay
the dependence of the self-focusing on the laser wavelengtli®tween the preformed plasma formation and the hole boring
is not fully understood when the ponderomotive force ispulses is typically 1 ns. Targets were 200 and 100 thick
dominant. Self-focusing due to the ponderomotive forceplastic planes. The performance of hole boring was studied
could be of critical importance, since a long distance self-changing the focusing positions of the drilling laser beam
focusing could be needed to guide an ultraintense laser pul$eom 0 to 450um from the original target surface. Focusing
for fast ignitor ignition[6]. positions from 200 to 25Q:m produced whole beam self-

focusing with the 1053-nm hole boring laser under the pre-

formed plasma conditions. This whole beam self-focusing

* Author to whom correspondence should be addressed. Addresgas discussed in RdfL1], where we measured x-ray pinhole

correspondence to Institute of Laser Engineering, Osaka Universitimages and backscattered light temporally resolved spec-
Suita, Osaka 565, Japan. Also at the Department of Electromagnetieum. The x-ray image showed a 3@n emission spot of the
Energy Engineering, Osaka University, Yamada Oka 2-1, Suitaself-focused beams at the target surface, while the laser beam
Osaka 565, Japan. FAX:81-6-6877-4799. Electronic address: diameter is 80um in vacuum at the target surface with a
katanaka@ile.osaka-u.ac.jp condition same with this experimeriSee Fig. 4 in Ref.
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10 ——————— — . ' . the drilling beam with a 200 ps delay relative to the drilling.
3 The timing is chosen so as not to miss the drilling within the
systematic jitter between the probe and main laser beams.
r Exact timing has been monitored for each shot. The maxi-
2k mum plasma density for the UV interferometer system is
3-5x10% electron density 1f,) due to the uv probe ray
I refraction through the preformed plasma, though the cutoff
2 L density of this probe laser light is ¥6L0°2. Shown in Fig. 1
107k is the result of preformed plasma density scale length mea-
surement using this UV probe system. Obtained interfero-
gram pictures are reduced to density information using an
L J) SIS NS I WIS I S Abil inve(;si?n techn&quéz]. The densit{)scale length of tge
preformed plasma shown in Fig. 1 is about 4t at aroun
0 001 002 003 004 005 008 the cutoff density §.), which has been measured by both
Distance (cm) x-ray [10] and UV laser probe beams during the experiment.
In the figure the data poin{gircles around the critical den-
FIG. 1. Preformed plasma density profile. The profile was measity are obtained with the x-ray probe system and the ones
sured by both x-ray lase(circle) [10] and uv laser(cros$ probe  (crossegbelow the critical density are obtained with the UV
systems in the experiment. Circle data points show the profile megprobe system. The positions of thg surface is at from 70 to
sured by the x-ray laser and the cross by the uv probe. 100 um, n./10 is at 300um and 4x 10*%cm® was at 50Qum
from the original target surface.
[11]). The backscattered light spectrum showed a clear Dop- Typical interferograms are shown in Fig. 2 and Fig. 4.
pler shift, indicating that the drilling speed into the plasma isThose are taken for such hole-boring shots into the pre-
7x 10" cm/s. This drilling speed was consistent with the formed plasmaFig. 1) with 1053-nm and 351-nm laser at a
self-focused laser intensity ¥0W/cn? instead of the initial  focused intensity 1 W/cn?, respectively. In Fig. @), the
focused intensity ¥W/cn?. Under these experimental interferogram picture is shown of whole beam self-focusing
conditions, the self-focusing appeared to propagate over a 7 1053-nm wavelength. The whole beam self-focusing was
um distance in the overdense plasma region keeping a vemybserved on this shot and was confirmed from the x-ray pin-
tight spot of 30um or less and drilling well into the over- hole pictures very similar to the ones of Rgf1]. We see
dense regions up to very close to the original solid densitynterferogram fringes form a spatial cone as marked in Fig.
through a pre-formed plasma. 2(b). The ridges of the spatial cone follow the lens-focusing
An ultraviolet \=263nm) probe pulse of a 10 ps cone {/3) in the very underdense region. The interferogram
(FWHM) was introduced to set up an image interferometerfringes of the preformed plasma also seem to be flattened
system at the experimental chamber. A synchronized probeormal to the laser incident axis. In the picture, a high-
pulse, split off at the system oscillator is transported throughdensity region bends the interferogram fringes toward the
a glass fiber to a regenerative amplifier and pulse compresracuum side because of the phase characteristics. The diam-
sion grating section located close to the experimental chaneters of these flattened regions become smaller toward the
ber. The probe pulse was frequency quadrupled with KDRarget surface. It is also possible to see that interferogram
crystals to be a 263-nm wavelength at typically J@Dwith  fringes at around the ridges bend toward the underdense side
a 1 cm diameter beam. The interferogram was imaged on with a small curvature. All these features indicate that a cy-
uv sensitive CCD camera with a/im spatial resolution. The lindrically symmetric plasma cone is created in the plasma.
uv probe laser observes the hole-boring behavior normal tdhe plasma cone has density higher than the background due
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FIG. 2. uv interferometer image of 1053-nm laser hole boring. The image was taken with a 263-nm, 10 ps prolje) puidéb) are
same except that there are two kinds of lines overlapped to enhance the details of the picture. The dotted lines show the geometrical cone
of f=3. The line shows the ridge of the interference patterns where a cylindrical cone formed during the laser beam self-focusing. The
focusing degree appears to become more rapida80rom the target surface, indicative of convective whole beam self-focusing.
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FIG. 4. (@) uv interferometer image of 351-nm laser case. The
image shows that there are many striations in the underdense re-
FIG. 3. Density profiles normal to the laser axis as a paramete@ion- (b) The interference fringes d#) are shown. The fine lines
of axial distance from the original target surface. Density informa-indicate that there are many striations in the underdense plasma.
tion is obtained from the interferogram picture using a technigue th&-onsidering the interfered fringe shift directions, the striations ac-

same as the one used for Fig. 1. The cross sections were shown4@lly indicate high density jets.
300, 400, and 50@m from the target surface.

Radius (um)

When we use a 351-nm wavelength laser as a hole-boring
to the ponderomotive effect of the laser beam. Then the conkeam, the observed interferogram image was strikingly dif-
angle becomes large toward the target. At 360 or closer ferent as shown in Fig. 4. Figurga} shows the interfero-

to the target, the 1053-nm drilling appeared to focus moreram, which indicates many striations in the underdense re-
rapidly with, say, arf/1.7 compared to th&/3 cone given by gion. The white lines show the focused laser geometrical
the focus lens. We believe that laser starts self-focusing corcone. In Fig. 4b) interference fringes are extracted out of
vectively from this point along the incident axis. The bestFig. 4(a). Fine lines indicates striations seen as the ridges of
focus position was set at 210m from the original target fringes. In Fig. 4, the 351-nm laser beam was focused at 100
surface. Density profiles reduced from the data in Fig. 2 areum away from the original target surface in the preformed
shown in Fig. 3. The cross sections are shown at 300, 40@lasma, which is the same as the one in Figs. 2 and 3. The
and 500um from the target surface. It is estimated that thefocusing point was set for the 351-nm laser with the cutoff
density hole at the center and the maximum wall electrordensity ten times higher than the 1054 nm to have an equiva-
densities are & 10'° and 1.2< 10?%cm?, respectively at 300 lent effect on the plasma, though the focusing positidns
pm from the target surface in Fig. 3. The width of the hole =0, 200, and 40@um were all tested and the results were the
was about 10Qum at 200 um from the target. The width same as shown in Fig. 4. The shot-to-shot reproducibility
appears to be a little wide compared to the 30 focal spot.  was good. One can see that the image seems to be dominated
We consider that the observed timing was 200 ps after thby many striations in the underdense area. Those striations
predrilling creation and the cylindrical plasma cone shouldappear normal to a preformed plasma surface. The target
expand radially until the force exerted by the laser and amthickness was 10@m on this shot compared to the 2@n
bient plasma pressure balance. X-ray pinhole pictures fothick target used in Fig. 2. Knowing the phase shift direc-
these whole beam self-focusing shots show a clear {@Mt tions along the striations, we could tell that those striations
wm diameter emission from the surface of the plane target.have a higher density than the background and are actually
This indicates that the whole beam self-focus penetrated thieigh-density jets. At 30Qum from the target surface the
preformed plasma well into the overdense region very simifringe in a typical striation is shifted by half the fringe inter-
lar to Fig. 4 in Ref[11]. Figures 2 and 3 show that there is val seen in this region. Considering that the striation size is
a cylindrical plasma cone formed along the laser-focusingypically 30 um width and that the plasma density is 4
cone in the underdense plasma. The formed plasma cone10'%cm?, the density in the striation is 20% higher than
shows rapid laser focusing when the laser light propagateshe background plasma density. X-ray pinhole pictures on
closer to the target. A circularly focused laser changes tranthese shots show that there is only x-ray emissions from the
sitively to a whole beam self-focusing in a plasma with a 100preformed plasma within the 30@m and no signs of hot

ps pulse width and 100 J laser energy, and at a laser intensigypots, which could cause high density jets, if there was any.
10" W/cn?. Considering that the ponderomotive force startsThus we consider that the density jets seen in Fig. 4 are
dominating at above £&W/cn?, exceeding the plasma pres- created either in a plasma region far away from the target
sure, and the relativistic effect comes in at an intensity muclsurface and/or the temperature of the striated plasma is very
higher than 18 W/cn?, this turn on of self-focusing is due low, resulting in that no striations are observed in the x-ray
to the ponderomotive force of the laser light2,13. For  pictures.

these shots, the predrilling speeds were monitored with the Simulations from our @L/2)-dimensional particle code are
backscattered spectrum of the second-harmonic light. Theompared to the experimental results. As the simulation set-
Doppler shift in the backscattered spectrum reflects the cuting, linear plasma density profiles are set from zero g 2

off density speed, indicating that the drilling speeds arealong thex direction for both infrared and uv laser runs. The
about 1X10%cm/s, consistent with our previous measure-preformed plasma consists of fully ionized deuterons. The
ment in Ref[11]. initial electron and ion temperatures are 10 keV and 100 eV.



3286 K. A. TANAKA et al. PRE 60

50
45
40 |
35
30|
25 -
2
15 |

10— i
0.1 1 10 100

Laser Power (TW)

351 nm 3

Distance in um

c

0 33 0 FIG. 6. Self-focus dependence on laser power for the 1053-nm
Distance in um and 351-nm laser light. Self-focusing characteristics are defined as

the laser energy concentration fraction within ai® spot from the
FIG. 5. (a) 2(1/2) PIC simulation result of 1053-nm laser self- cutoff density to the head of the self-focusing at a time 1 ps. 25% is
focusing. The figure indicates the laser field intensity. After thethe original fraction contained in the Gaussian distribution beam on
beam tended to break up into three components, the laser beajRe vertical axis. Any value higher than this indicates a whole beam
merges into a whole beam self-focusingb) PIC simulation result self-focusing. The 1053-nm case indicates a whole beam self-
for 1053-nm laser self-focusing. The figure indicates the electrorfocusing starting at 1—2 TW laser power, while the 351-nm requires

density distribution for Fig. @). According to the laser field inten- gt |east ten times more laser power. The shaded area shows laser
sity, the electron density distribution shows that a hole ispower area used in the experiment.

bored. (c) 1(1/2) PIC simulation result of the 351-nm laser irra-
diation case. The figure indicates the laser field intensity. The laser

breaks up into to many filaments in the underdense region angy|q intensity and the electron plasma density are shown for
e o s e s ok e 381 case i Figs and 50, The fieldntensiy i
- : : rgure ne X Y USthe 1053-nm casfFig. 5(@] shows that the laser penetrates
tribution for Fig. 2¢). The figure indicates that many fine holes are . .
created according to the fine laser filaments. into the performed plasma and tends to brea_k up into three
parts, but merges to a whole beam self-focusing. The whole
beam self-focusing intensity becomes strong enough to go
The density scale length is 20m. A laser power 2 TW is beyond the cutoff density. A single channel is formed and
focused within a 12um spot diameter, resulting in the laser the laser propagation is stable all the way to the highest
intensity 2< 10 W/cn?. The peak power in the simulation density after this time step. The penetration speed observed
is chosen same as the experiment because of the simulatiamthe simulation is 1/100 of the light speed at a self-focused
capacity. This can be rationalized since the occurrence dhtensity 2x10¥Wi/cn?. This value is close to 1
ponderomotive and relativistic self-focusing depends on lax 10° cm/s, which has been estimated from the Doppler shift
ser power, not focused laser intendi8}. As is well known, of the backscattered light spectrum in the previously reported
the critical power is determined by the competition of pon-experiment{11]. This self-focusing behavior shows a good
deromotive self-focusing and defocusing due to the diffracagreement with our experimental observation.
tion in the ponderomotive regime and relativistic self- In this simulation run, the maximum laser intensity is fur-
focusing and defocusing due to the diffraction in thether increased from the initial 210'*W/cn? to 6
relativistic regime. The focused intensity is ten times higherx 108 W/cn? because of the self-focusing effect. The laser
than the experiment in simulation. The laser intensity depenlight experiences some absorption along the filament wall
dence is checked with the simulation at which laser intensityuring the propagation. The electron density distribution
the laser beams start self-focusifand has been confirmed shows holes corresponding to the strong laser field as shown
to be consistent with the rationand is shown later in Fig. in Fig. 5b). The ion movement is checked to show density
6. The intensity has a Gaussian spatial profile. The highestistribution almost the same as the electrons.
plasma densities are 2.230?* and 2.2%10%?cm® (two The 351-nm laser run shows totally different results from
times the cut off densitigsfor the 1053-nm and 351-nm the infrared. As soon as the 351-nm laser comes in the pre-
wavelength lasers. Thedirection perpendicular to the laser- formed plasma region, the laser beam tends to break up into
propagating axis is periodic for the fields and particles. Thenany filaments and the most of the filaments are stopped at
P-polarized laser penetrates into the performed plasma frorthe cutoff density as shown in Fig(&. The plasma density
x=0 and is absorbed at the longitudinal boundaries, whileof Fig. 5(d) also shows that the many fine holes correspond
the particles are simply reflected. We used 8512 cells as to the filaments and do not extend beyond the cutoff density.
a spatial mesh and 9216 000 particles for electrons and ions To test the self-focusing dependence on the laser power,
(ion mass is 3680,). we ran the simulation code for both laser wavelengths. The
The behavior of the laser penetration is shown in Fig. 5results are shown in Fig. 6. This graph shows those self-
The field intensity and the electron plasma density are showfocusing characteristics versus laser power for the two laser
in Figs. 5a) and §b) for the 1053-nm laser. Similarly, the wavelengths. The self-focusing characteristic is defined as
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the fractional laser energy concentrated within then3spot  eters ofry=45,n./n.=20, 1 ,4=2 and with assumed corona
from the cutoff density to the head of the self-focusing at atemperaturel .= 1, we obtain 12Qum, close enough to 140
time 1 ps. Within the Gaussian beam spot, the fraction isum observed in Fig. 2. The observed values may have some
25% at first. The fraction higher than this value indicates aerror, since the observed timing is 200 ps after the main
whole beam self-focusing. The shaded area in Fig. 6 correhole-boring pulse peak and the interference fringes may rep-
sponds to the laser power used in the experiment. The lasegsent the self-focused hole after the time delay. The ob-
energy concentration becomes apparent at above 1-2 T\8&rved distance was slightly longer than that evaluated. This
laser power for the 1053-nm laser. The whole beam selfdifference could be attributed to the plasma nonuniformity,
focusing occurs for the infrared and blue at 0.4 and 4 TWsince the estimation is for a uniform plasma and the self-
respectively. At 0.2 TW for the infrared, the laser beamfocusing could take place more slowly for a higher plasma
breaks up in the underdense plasma into filaments and endensity.

up with a concentration fraction lower than the initial 25% It is known that the laser self-focusing could break up into
value. 1-2 TW laser power is needed for sufficient self-filaments under certain conditiof$2]. The self-focused la-
focusing for the 1053-nm laser, consistent with the experiser could excite ion acoustic waves in the transverse direc-
mental result shown in Fig. 2. The 351-nm case shows that aion of the propagation with a large growth rate of the pon-
least one order of magnitude higher laser power is needed teromotive filamentation instability. The transmitted light
obtain the result same as the 1053-nm laser. At 1-2 TWhrough this ion acoustic grating could be scattered into ran-
laser power, the 351-nm laser showed filamentafibiy.  domly the oriented direction with a certain scattered angle.
1(b)] and the fraction becomes lower than the initial fraction. The most unstable mode is given by =1/2(vs/

This difference observed in the 2D simulation for differentv,)(wpe/wo)(wo/c), wherek, is the unstable wave num-
wavelengths could be due to the ponderomotive force effecher, v, is the electron oscillating velocity in the laser field,
which scales a$ \?, where the\, is the laser wavelength. v, is the electron thermal velocity . is the electron plasma

It is interesting to discuss the beam breaking up into filafrequency,wy is the laser frequency. The angle of dispersion
ments in the simulation and many density jet striations apis now expressed by

pearing for the third harmonic. A growth for convective in-

stabilities such as self-focusing is controlled by the

imaginary park,,, of k: the wave number times the distance. 0="1/2(Vqsc/Ve) (wpel wo). 2)

The number of exponentiations for the instability is thegpx

wherex is the propagation distance. Since the wave number

k |S prOpOI‘tlonaJ to ]x, k|mX IS a funCtIOI’l OfX/)\ From thIS Thls cone angle Corresponds to 37° a{K)zOW/C”]?’ and at

it is clear that the shorter wavelength laser experiences morgyg um focus position(from the original target surfagén
convective growth over a given length. In the simulations,ine preformed plasma. The plasma temperature is assumed to
the setup conditions are scaleable from 351-nm to thge 1 keV and the laser intensities are assigned on the given
1053-nm laser based on this argument. Namely, a run pegreformed plasma density and laser focus geometrical cone.
formed in a 20um spatial scale extent for the 351-nm laser Thjs implies that the laser could be spread within over 140
corresponds to a 6@m extent for the 1053-nm laser. This ,m radius with many filaments near the target surface. Fig-
indicates that the third-harmonic laser light propagates in gres 3 and 5 show striated jets in the experiment and fila-
plasma effectively three times longer than the one for thenentation in the simulation for the third-harmonic drive. If
1053-nm laser and may possibly be affected by such a conpnjs unstable mode is excited and the laser is spread into the
vective instability as filamentation, once the laser intensi;y iSone given by Eq(3), the filaments irradiate the, surface
beyond the instability thresholds. We find that the third-anq could result in many small high-density jets as a result of
harmonic light starts to self-focus as a whéee Fig. 6ata  the very local heating of the filamentation with the striations
laser intensity ten times higher than the infrared. This is conj, Fig. 3 in a 150—20Qum radius, consistent with the above

sistent with the ponderomotive force scaling on the lasefnderstanding. We have used these numbers as a guide line

experimental, Fig. 2, and the simulation, Fig. 5. created by a 1053-nm, 2-TW laser beam, while striations are
In Figs. 2 and 5, 1053-nm laser irradiation shows a cleagppserved for the case of a 351-nm laser beam. The 1053-nm
indication of self-focusing. The intensity at this point is €s-case shows that there is a clear whole beam self-focusing
timated to be X 10°W/cn in vacuum, well above the pon- systained in the underdense region. The 351-nm case shows
deromotive self-focusing14,15, and the smallef number  that there are many density striations created in the under-
cone is indicative of rapid laser focus. The self-focusing. apgense region. 2/2) D PIC simulation results support the
peared to start 35am from the target surface. The focusing experimental results. The comparisons of the experiment and

distance may be expressed analytically 2l simulation lead to the conclusion that the striations are den-
sity jets as a result of that the focused 351-nm laser became
L= 0.8 o(NeTeen) ¥ (Nl 16}\im)1/2' (1) unstable to break into filaments. The laser intensity depen-

dence shown in the PIC simulation results indicate that the

self-focus is initiated with the ponderomotive force effect,
Herer is the focal spot radiusl ey is the plasma tempera- resulting in that the third-harmonic laser light needs at least
ture, IlG)\,im is the laser intensity X 10'Wi/cn?) times the ten times more energy to create a whole beam self-focusing
laser wavelength squared jgm. From the observed param- than the infrared.
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