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Measurements of relativistic self-phase-modulation in plasma
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We report the first systematic observations of relativistic self-phase-modul&®BRAM due to the interac-
tion of a high intensity laser pulse with plasma. The plasma was produced in front of a solid target by the
prepulse of a 100 TW laser beam. RSPM was observed by monitoring the spectrum of the harmonics generated
by the intense laser pulse during the interaction. The multipeaked broadened spectral structure produced by
RSPM was studied in plasmas with different density scale lengths for laser interactions at intensities up to
3.0x10"° Wem™2 (a=p,ys./MeC=4.7). The results are compared with calculated spectra and agreement is
obtained.
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[. INTRODUCTION third harmonic, which has a critical density nine times larger,
were performed. A similarly broadened spectrum was ob-
The rapid development of modern laser systems has led tgerved for all harmonics up to the 30th at 35.1 nm. The
the generation of focussed laser light with intensities exceedspectral profile is compared for two preplasmas with differ-
ing 10° Wem~2, and has resulted in the observation of €nt density scale length and the observed SPM agrees well
many novel phenomena from the interaction of high intensity\’"ith theoretical predictions. A spectral shift is also observed
pulses with mattef1]. These observations include the pro- which is consis_tent with the motion of the critical surface
duction of relativistic electronf2], high energyy rays[3],  due to hole boring14,15.
energetic protonp4], laser induced nuclear reactiofig, and
huge magnetic' field§6]. In additiqn, relativistic nonlinear ' Il. EXPERIMENT
optical effects in the plasma begin to become important in
this regime[7] and phenomena such as harmonic generation The experiment was performed using the VULCAN laser
[8], relativistic self-focusing and parametric instabilities in system at the Rutherford Appleton laboratory. This laser de-
the strongly-coupled regime have been obsefgd livers 0.7—1.0 ps pulses at a wavelength of 1.058 with
Self-phase-modulatio(SPM) of laser light has been stud- energies up to 80 J on target. After compression, the laser
ied extensively in solids and gasgB0] and is a result of beam was incident onto a mirror that allowed 1% transmis-
propagation of light through a medium with an intensity- sion of the laser energy for diagnostics. These consisted of a
dependent index of refraction. In plasmas, SPM has beefar-field monitor for measurement of the focal spot, an auto-
studied theoretically7,11,19 and at high intensities is pre- correlator for the laser pulse duration and a spectrometer for
dicted to occur when the quiver velocity of an electron in thethe laser spectral profile. The beam had dimensions of 22
laser field becomes relativisti@§ pos./Mec>1) such that x11 cnf and was focused onto the target by an off-axis
the refractive index of the plasma is modified by the relativ-parabolic mirror of focal lengtti=60 cm. The target con-
istic increase in electron mass. sisted of an optically polished fused silica slab at 45° angle
In this paper, we present the first direct measurements aif incidence with the beam polarized. A penumbral imag-
relativistic SPM of laser light in a plasma. Qualitative obser-ing camera monitored the sofh¢~1 keV) x-ray spot size
vations of SPM have been observed previously in Zhangnd this, combined with the laser energy, yielded the focused
et al. [13]. However, to date, no systematic experiments adintensity. An independent measure of the intensity was also
dressing this effect have been reported. In our experiments,@btained by using CR39 plastic nuclear track detectors to
preformed plasma is produced in front of a solid target by themeasure the maximum ion energies in the blowoff plasma
prepulse of a high power laser. SPM of the light occurs as if4,16]. The preplasma produced by the laser prepulse was
travels through the underdense preplasma and consequentionitored with a 0.527m transverse optical probe. The
this effect alters the spectral profile of the incident laser pulsspectrum of the third harmonic, at 351 nm, was observed
on the target, which thus is evident in the spectrum of harwith a spectrometer viewing along the target normal. Other
monics of the laser frequency generated during the interadiigher-order harmonics—up to the 30th order—were ob-
tion. The harmonics are produced at the relativistic criticalserved using a flat-field x-ray ultravioleXUV ) spectrometer
density of the lasen.= yn., wheren, is the electron den- in the specular direction.
sity, n; is the critical density for the laser andis the rela- The intensity on target was up te 3.0X 10"° Wcm™2.
tivistic factor. Since scattered light at the fundamental fre-The diameter of the focal spot was10 wm. The bandwidth
quency is not at relativistic intensities it may not be able toof the laser was transform limited withAN=1.89
leave the plasma. For this reason detailed observations of the0.16 nm. The laser prepulse has been measured previously
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(@ ®) reduction in the plasma scale length. This is the principal
) effect of the plasma mirrors as implemented in our experi-
Target Plasma mirror ments

The spectrum of the third harmonic was measured as a
function of the laser intensity without and with the plasma
Target mirrors, i.e., for large and small scale length preplasmas.
Spectrometer ] Typical spectra are shown in Figs(aR and Zc). In both
Elasmaminor cases the spectrum is broadened and shifted and exhibits a
multipeak structure. This is the characteristic of SPM. The
Spectrometer broadening and shift are functions of the laser intensity, but
the individual peaks remain constant with a width of 0.27
FIG. 1. The configuration of the plasma mirrofs) Without the -+ 0.04 nm(FWHM). The resolution of the spectrometer was
plasma mirrors the laser prepulse typically produeed10xm  0.07 nm. A larger number of peaks is observed in the long
prep_lasma.(b) With the plasma mirrors the prepulse is reduced gcgle length preplasma over a broader spectral width. The
leading to a smaller scale length preplasma. spectrum is redshifted, the shift scaling &7)°°. This is in
agreement with hole boring at the critical surface, as seen in
to be~ 10 of the peak intensity at 40 ps before the peak ofthe simulations by Wilkst al. [14], and measured by Zepf
the pulsg[17]. With this prepulse the scalelength was founde€t al.[15]. In the smaller scale length preplasma a slight blue
to be typically less than 1@.m [18]. shift is observed as expected and is observed when the
In the experiments reported here a smaller scale lengtRlasma pressure exceeds the laser ponderomotive pressure.
was produced by reducing the laser prepulse with a pair of he transition from a redshift to a blueshift depends on the
plasma mirrors[19]. These consisted of two antireflection incident laser intensity and the preplasma scale length, and is
coated optical flats. The damage threshold of the coatingdiscussed in Kalashnikoet al. [20].
was ~ 10 W em2. Incident light at intensities below this  The full spectral width is plotted as a function o€ for
value passed through the glass and did not reach the targédrge and small scale lengths in Fig. 3. Higher-order harmon-
The prepu|se due to amp“ﬂed spontaneous emisASE) ics up to the 30th at 35.1 nm were observed using the XUV
in the system was reduced in this manner by a factor ofppectrometer and microchannel plate dete¢tee Fig. 4.
~10®, this limit being due to the residual reflectivity of the The wavelength shift and broadening of the spectral profile
glass flat. The setup is shown in Fig. 1. The laser energyvas also evident for these harmonics—and was consistent
reaching the target was measured with a calorimeter an#ith the measurements of the third harmonic. However, the
found to be~46% of the incident laser energy. It should be resolution of this instrument was not high enough
noted that the effect of the plasma mirror in these experi{~0.15 nm to observe the associated multipeak structure.
ments was not to eliminate preplasma completely since it In these experiments the laser intensity was varied sys-
was ||ke|y that some prepu|se due to imperfect recomprestematica”y while the bandwidth of the generated harmonics
sion of the laser beam remained after the plasma mirror. Was simultaneously examined under two separate
Typically, a high intensity laser pulse like that producedconditions—one with high prepulse and one with low
by the VULCAN Nd:Glass laser system consists of threePrepulse. The scale length of the preplasma in the interaction
parts: (1) the high intensity main puls€?) a long duration regio_n is d@fficult to measure and it is difficult to make a
(~1 nsec) component of amplified spontaneous emissioRrecise claim as to the actual value of the scale length in
(measured to be-10"¢ of the main pulse intensily(3) a either case with or Wlthout the plasma mirrors. It is clear,
lower intensity shoulder on the main pulse due to incompletdiowever, that decreasing the amount of prepulse has de-
compression by the diffraction gratingsnd which may only creasgd the amount of preplasm_a a_nd this is reflected in a
be tens of picoseconds longWhile the plasma mirror is _reduct|on in the scale length. Indlcatloqs of the scale length
very effective in eliminating the ASE component it is lessin the “large prepulse” case were obtained from transverse
successful in reducing the shoulder of the pulse—and conséobing measurements of the plasma shadowgrd[.
quently even with the implementation of the plasma mirror it While such measurements are taken of the lower density part
is difficult to completely eliminate the preplasma in our ex-Of the plasmaup to 1G° cm™?) they do give a fair indica-
periments. tion of the plasma scale length at higher density.
Consequently, the effect of the plasma mirror in our ex-
periments is not to increase the contrast ratio of the laser
pulse—but rather to reduce the scalelength of the
interaction—by reducing the duration of the prepulse. Relativistic SPM can be calculated as follows. The angu-
If one simply considers the production of the preplasmdar frequency shift of the laser pulse[is0]
by a self-similar expansion model of the plasma—the scale
length of the plasma is given at any instantday [wherec, d
is the sound speed which varies weakly with the prepulse Sw(t)=—[&(1)], (1)
intensity ~ (1)%7. Therefore if the prepulse intensitgon- dt
trast ratio remains the same—while the duration) (of the
prepulse has been reduced this has the effect of a dramatithere ¢(t) is the phase shift

Ill. RELATIVISTIC SELF-PHASE-MODULATION
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FIG. 2. Broadening of the third harmonic spectra(at I\2
~2X10*° Wem 2 um? with reduced prepulse an@) at IA?>~5
X 10 Wem™2 um? with prepulse.[Note that in(a) the central
wavelength is slightly blueshifted with\ 5 /\3~0.002 and in(c) it
is redshifted witho\ 3/\3~0.01. This has been corrected for in the
above figureb In (b) and (d) the calculated spectral profiles from
the Fourier transform of the electric field are given by L=2\
and(d) L=6A\.
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Here =[1—nq(x)/y(t)n.]*? is the refractive index and
y(t)=[1+a(t)?/2]*? is the relativistic factor due to the
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FIG. 3. The full spectral width of the third harmonic plotted as
a function ofIN?. The closed circles represent the data obtained
with low prepulse. Open circles represent the data obtained for
larger prepulse. The lines represent the calculated spectral width for
relativistic SPM with varying linear ramp scale lengths.

region. The index of refraction only requires relativistic cor-
rections to the motion of plasma electrons since the pulse
duration is much shorter than typical ion motion time scales.
The normalized momentuna=p,s./McC, is related to the
laser intensity byiA2=a%Xx 1.37x10®¥ Wem 2 un?.

For a linearly ramped density profile witng(x)
=nx/L, Egs.(1) and(2) give

2 woL d
5w(t):*§?a[7(t)]y 3

where the integration has been upyo, .

The frequency changéw(t) is to the red in the leading

part of the pulse and to the blue in the rear. There are thus
two times during the pulse having the same valuéoft).
At these instants the pulse has the same frequency but will
have different phase. The observed multipeak structure is a
result of the constructive and destructive interference of
these waves.
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FIG. 4. Higher-order harmonic spectra dg) IA?=3.1
X 10 Wem 2 um? with prepulse(dashed ling and (b) at I\2

transverse quiver motion of the plasma electrons in the focak2.3x 10 W cm™2 wm? with reduced prepulsésolid line).
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The full spectral width, calculated from the peak to peaksity of lasers continues to rise.

value of dw(t) for preplasmas of different linear scale  There are four potential sources of self-phase-modulation
lengths, is also plotted in Fig. 3. A scale lengthloihn~6  in a laser produced plasma.

matches the experiment when the full laser prepulse was (1) that due to the nonlinear behavior of ion susceptibili-
used. This agrees well with the scale length measured byes in the plasma—i.e., nonlinear susceptibility due to bound
transverse laser probirid8]. With the reduced prepulse ob- electrons of plasma ions. This effect has not previously been
tained by use of the plasma mirrors a fit can be obtaine@onsidered in the literature—but can be easily estimated. The
using a scale length df/A~2, but because of the compli- nonjinear susceptibility of ionized atoms varies approxi-
cated experimental geometry it was not possible to makenaiely Jike the inverse of the ionization potential to the third
probing measurements to confirm this scale length estimat§,yer and is very small in our experiments since the ioniza-
during these experiments. tion stage of the atoms in the plasma is typically large —see

¢ T?e nufntwrt])er of .peaks 'r? the rs]pectral qr(c)nfil_?his a IinearRef. [24]. The broadening caused by this effect should there-
unction of the maximum phase changgiax [10]. The num- fore be very small since the interaction distances are also

ber of peaksM is given by ¢.,=(M—1/2)7. For scale quite short(a few microns

lengthsL/A =2 andL/A=6 calculating¢max from Eq. (2) (2) The second source of SPM can be that due to the

givesM =4 andM =11, respectively. These are in reason- ; . : .
able agreement with the spectral profiles shown in Fig. 2 an onlinear behavior of the temporally varying plasma index
f refraction from electronic charge displacement in the

corroborates the scale lengths inferred from the data in Fig:
3 g gglasma. It is likely that charge displacement self-phase-

The spectral profile can be calculated by taking the squarB'0dulation(CDSPM plays a role in the observed broaden-
of the Fourier transform o (t)expi(t)], whereE(t) is the N9 but this effect can be easily calculated and is relatively
laser electric field ang(t) is from Eq.(2). This is shown in ~ Small. _ o
Figs. 2b) and Zd) for linear density distributions with./\ The peak charge displacement which is produced by an
=2 andL/\=6, assuming a Gaussian pulse shépé ps intense laser beam can be estimated by balancing the radial

1/e intensity half width with peak intensity I,=1.2  ponderomotive force of the laser with the space charge force
X 10'® Wem™ 2. The width of the individual peaks is related created by electrons as they are forced radially out of the
to the assumed bandwidth, which for the third harmonic idaser focal region. The total amount of charge that can be
0.26 nm. The average measured width of the peaks in Fig. displaced by the laser ponderomotive force consequently
is 0.27£0.04 nm. only depends on the spot size and the peak intensity—it is

The calculated spectra in Fig. 2 have a minimum at thenot dependent on plasma density.
central wavelength whereas the experimental profiles have a It is possible that laser self-focusing occurs in the plasma
maximum. The analysis of Bulana@t al.[11] found that the at higher density—which would cause a larger amount of
spectral profile is a minimum for a nonrelativistic pulse ( charge displacement—however, in our experiments the hot
<1) and a maximum for a relativistic puls@¥ 1) in the electron temperature as measured through the use raf/
situation where a constant uniform plasma density was asspectroscopy indicates that the peak intensity is consistent
sumed. This is indeed found to be the case when the integravith the vacuum intensity of the focused laser beam. In ad-
tion of Eg.(2) is carried out to the critical density,. How-  dition, the vacuum focal spot is consistent with penumbral
ever, when the integration is evaluated up to the relativistigmages of the focal spot during the interaction.
cutoff yn. the resulting profile is a minimum. An analysis of  Therefore if one equates the laser ponderomotive force
RSPM with an exponential density profil@.(x)=n.  with the space charge force via Gauss’ law one calculates a
X exd —x/L] shows a similar behavior. For high intensity peak dip in the plasma electron density at the center of the
laser-plasma experiments the effect of ponderomotive steepaser focal region. This i$n,~5x 10" cm™2 for an inten-
ening at the critical surface can result in extremely shortsity of ~10'® W cm™ 2 which is quite small compared to the
scale length plasmd1,27. Therefore the difference in po- background plasma density in our experiments and corre-
sition of the relativistic and nonrelativistic critical densities spondingly produces little self-phase-modulation for the la-
is likely to be small and may explain the measured spectraser parameters in our experimefitg., a spectral broadening
profile. of much less than 1 nm for the third harmonic

(3) A third source of SPM can be due to displacement of
plasma(i.e., ionand electron motion in the focal region dur-
ing the laser pulge The experiments discussed here concern

The observed spectral broadening in our experiments ishort pulse 1 psec) high intensity laser plasma interac-
primarily due to relativistic self-phase-modulation—a phe-tions. lon motion during the time of the laser pulse is gener-
nomenon which can have significant effects on interactionally small—and the effect of the plasma press(smpera-
at high laser intensity. However, while the phenomenon oture) balancing the ponderomotive pressure is only important
self-phase-modulation has been studied extensively in norfer laser pulses with longer pulse durations. Indeed this ef-
linear optics(e.g., optical fibrek it has not previously been fect (plasma displacement SBNvould only give rise to a
considered in detail in an experimental study of plasmastedshift not a symmetric shift as we obsersee Fig. 2 The
This is an extremely important effect in the interaction of effect of plasma displacement SPM is even less than that for
high power lasers with plasma especially as the peak intefl=DSPM for high intensity short pulse laser experiments and

IV. DISCUSSION
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only results in a small redshift—since the plasma densitypandwidth of the harmonic radiation—principly due to the
would always be decreasing throughout the duration of theffect of relativistic self-phase modulation. Other sources of
laser pulse. self-phase-modulation in plasma are estimated to be much
Previously observed channels generated in high intensit{ess important including the contribution to the self-phase-
laser-plasma experiments are those created by the effect gfodulation in the pulse from “charge displacement” as well
the electric field of the displaced electrons on excess iondS from nonlinearities due to partially ionized atoms. The
remaining in the focal region which consequently receive arProadening from relativistic self-phase-modulation affects
impulse and are expelled radially. The time for these ions td'0t only the third harmonic—but actually the entire har-
move is about of the order of the laser pulse length in oufMonic spectrum—and has important consequences for appli-
experiments(i.e., greater than 1 psTherefore, the plasma Cations of high-order harmon_lc radiation. It is clear f_rom_
channels created by the laser pulse in our experiments afB€se results that the reduction of preplasma also signifi-
more of a small dip in the background density rather than gantly enhances the conversion efficiency of the high-order

vacuum hole bored in the high density plasma. The deeparmonics. _ _ _

channels observed in some previous experiments are pro- 1hiS is clearly a very important topic for understanding

duced by the motion of ions after the passage of the intensd!® interaction of very high intensity laser-plasma interac-

laser pulse and would not affect the spectrum of the laselions. There are many laser systems under construction

pulse itself around the world which expect to generate focussed intensi-
. . _ 1 . .

(4) The the only effect which can successfully explain ourlies greater than=10°" W/cn?. At such intensities the ef-
measurements of broadening is relativistic self-modulationf€Ct of relativistic self-phase-modulation is likely to be ex-
It is theoretically expected to occur in experiments with la-T€mely —large.  This consequently has very serious
sers having similar intensities as VULCAN—and the effectiMplications for energy deposition and absorption mecha-
agrees with the spectral broadening expected from interadliSms during these interactions. ,
tions in plasma density profiles similar to those expected in 1€ suitability of the harmonics produced from intense
our experiments. It also generally agrees with the modulatetpSer-solid interactions as a source of coherent XUV radia-
structure that we observe in the spectrum. tion has been shown to be limited by preplasma formation

In these experiments there is also some broadening of tH&6)- This leads to a reduced source brightness at higher
spectrum due to the hole-boring proces$se laser pulse Ntensities due to spectral broadening, a broadened angular
pushing against the critical surfaceHowever, spectral €mission distribution and reduced conversion efficiencies.
broadening is also observable at lower intensities when ndne results presented here demonstrate that the formation of
redshifting (hole-boring or blue shifting can be observed. Preplasma is efficiently suppressed by the use of plasma mir-
The fact that this occurs in situations which have large/o's: This may lead to enhanced brightness characteristics of
amounts of preplasma is indicative that the main source of’® high-order harmonics produced in future experiments.
the broadening is relativistic self-phase-modulation in the N conclusion, observations of the third harmonic spectral
underdense plasma rather than hole boring. This is also evirofile show varying degrees of shifting, broadening, and
dent in Fig. 4 —which shows the broadening effect on themodulation with different levels of laser prepulse. These fea-
higher-order harmonics. In addition redshifting is much lesgures are consistent with the effect of relativistic SPM of the
prominent in very short pulse experiments when hole borindundamental laser light as it travels through the underdense

is less important while the effects of self-phase-modulatiorPr€Plasma. This is the first quantitative measurement of rela-
remain observabl23]. tivistic SPM in a plasma and demonstrates the importance of

The effect of ionization induced blue shiftin@5] has relativistic nonlinear plasma effects in the high intensity re-
always been observed as a blue shifted wing of the laséfime- As higher laser intensities are achieved the role of
pulse—but only in underdenggas targetinteractions. This relat|V|st|p SPMin Ia;er-plasma interaction experiments will
is to be expected since the trailing half of the laser pulse willPecome increasingly important. For instance, the spectral ex-
pass through plasma which has already been ionized by tHgNt _of the broadening ~given by Eq(3) for 1,
front of the pulse and should not be blue shifted. ~10~ Wem < is such thatA w/w~1 implying that the re-

This effect is not really observable in our experimentsdion of laser energy deposition will be greatly enlarged. This
since the plasma would be ionized by the prepulse or by thwill clearly affect hot electron and x-ray production and may

very front of the main pulséand also because the propaga-have important implications for some of the technological
tion distance in the plasma is small applications foreseen for these lasers. Consequently this con-

It should also be noted that the bandwidth of the harmonfirmation of theory is also important for *fast-ignition27]
ics (Aw/w~AN/\) is the same for all of the different har- and laser-plasma accelerator research in addition to funda-

monics observed on a particular shot which suggests that thi§ental studies of relativistic nonlinear optics.
bandwidth is similar to the incident bandwidth of the funda-

menftal laser pul_se—so spectral structure of partlcular_ har- ACKNOWLEDGMENTS
monics can be directly related to the spectral structure in the
incident laser pulse. The authors would like to acknowledge useful discussions
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