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Abstract

A high performance, fully controlled picosecond laser system has been designed and built with the aid of a numerical
code capable of simulating the temporal behavior of the laser system, including each active and passive component. The
laser performance was characterized with an optical streak camera, equivalent plane monitor, and calorimeter measure-
ments. The laser pulse was focused on 150-nm thick foils to investigate plasma formation and the related transmittivity
of the laser light. The experimental data are in very good agreement with the predictions of a simple, 2D analytical model
that takes into account the actual shot-to-shot features of the laser pulse. The temporal profile of the pulse and the
intensity distribution in the focal spot were found to play a key role in determining the transmission properties of the
laser-irradiated foil. This work may be relevant to a wide class of laser exploded foil plasma experiments.

1. INTRODUCTION length is due to the different processes that can occur at dif-

. o ferent timescales. This kind of study has a clear relevance
Plasmas produced by laser explosion of thin foils have beep .
_for the understanding of fundamental phenomena such as

|ntenS|yer|n\(est_|gated SO far, due to the wide range Olcthe'iaser field ionization and electron acceleration, avalanche
potential applications, running from X-ray lasé€kéatthews breakdown of materials. surface waves. and so on.

et al, 1985 to ICF related laser interaction tests with per- . ) . .
) . Particular attention must be devoted in these experiments
formed plasmasSekaet al, 1992. The technique of thin . ! )
to the laser pulses used which, regardless of their duration

foil laser irradiation has been applied to a variety of exper- .
. " ) . (ns, ps, or f§, are usually characterized by longer prepulses,
imental conditions of laser-matter interactions from nano-WhiCh can produce a premature plasma formation. and con-
second(Giulietti A. et al, 1989; Willi et al, 1990, Gizzi P P P ’

e . 991 and rerences teren erosecond puses PSS CIaTe e nlracton pyse e cae o
(Gizzi et al, 1996. These experiments have shown a re- ' P P

markably rich variety of physical phenomena, including theneous emission—ASkand ps pedestals are usually present;

recent observation of the transmission of high intensity fsthen the plasma formation threshold has to be investigated

2 in both the ns and the ps regime.
laser pulses through an overdense plags@ialietti et al,, . L
1997; Fuch=t al, 1998. An important effort has been de- In this paper we present a study of plasma_formatlon n
' N : 150-nm-thick FORMVAR(CsH1,0,) targets. An important

voted to characterizing the long scalelength plasma pro: . )
duced from thin foils irradiated with ns puls&Sizzi et al,, feature of our targets is that they do not absorb the Nd:Yag

. . laser at low intensity. In other wor tlaser intensiti -
1994; Borgheset al, 1994 for a better comprehension of aserat’o ensity. n other wo ds, a jaserintensities be
: . ; . low the plasma formation threshold the incident laser inten-
the laser interaction physics with such a preformed plasma.., . =", . :
s S . . Sity is either transmitted or reflected. This was tested

A specific problem to be studied is the mechanism of ini-

tial plasma formation for a given laser intensftireshold experimentally over a wide range of laser intensities. Par-

. . . cular attention was devoted to the control of the laser sys-
which depends on many factors, including pulse length an . o
o . em and to as complete as possible a characterization of the
foil thickness. In particular, the dependence on the puls

Taser parameters in the focal region. To this purpose we have
. _ — designed a high-performance ps laser system with the aid of
Address correspondence and reprint requests to: M. Galimberti, Istituto ical code. Th Ise | th d with fi
di Fisica Atomica e Molecolare, Area della Ricerca del CNR, Via Alfieri, 1, anumerical coae. € puise length, measured with an opti-

56010 Ghezzano, Pisa, Italy. E-mail: marco@plasma.ifam.pi.cnr.it cal streak-camera, was found to be typically 40 ps; the pulse
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energy was monitored shot-by-shot with a calorimeter; arof the pulse was relayed on the entrance slit of the camera,
equivalent plane monitor gave the shot-by-shot laser intenstreaked and detected using a CCD imaging system. From
sity distribution on target. The focal spot was found to besuch an image the temporal profile of the second harmonic
very close to the one expected for a diffraction-limited beam pulse was obtained after removal of the CCD nonlinearity and
The level of transmittivity of the laser light through the foil background, integration over the spatial ayisrpendicular
was measured at different laser intensities for two differento the time-axisand calibration of the time-axis scale. The
angles of incidence. The experimental data are comparefihal profile was then fitted with a Gaussian function. There-
with an analytical model and discussed. sultis shown in Figure 2. The duration of the original infra-
red pulse was obtained from the Zneasurements assuming
that in the regime of low & conversion efficiencys,,, oc 12,

2. LASER REQUIREMENTS AND DESIGN and consequentlyt,, = At,,-v2, whereAt is the pulse full

As we were interested in the investigation of the ps regimewidth half maximum{FWHM). This condition is satisfied in

of plasma formation, we designed a mode-locked laser syssur case since itwas verified experimentally that thedn-
tem, whose oscillator performance was improved by the siversion efficiency was=10"3. The temporal profile of the
multaneous action of a passive dye saturable absorber amailse was found to be well described by a Gaussian function
an active acousto-optic modulator crystADM). This al-  of maximum intensityy, superimposed on a background in-
lowed us to obtain a laser pulse characterized by a smoottensitylg:

temporal profile, free from unknown secondary spikes and a

focal spot profile free from hot spots. These aspects play a ) = 1o + 1,y-ex [—4-In 2.<t - tc>2] "

key role in the investigation of processes whose growth and B m€Xp AT ’

evolution depend strongly on the local laser’s intensity. ] N ]

The numerical code MOLOGGalimberti, 1998was de- wheret, is the temporal position of the maximum of the
veloped to simulate the laser output as a function of paraCjaussian fgnction. Also, the statistical distribution .Of thg
metric changes of each component of the oscillating cavityPulse duration over a large number of shots was investi-
The performance of the single components of the oscillatopated. From the experimental distribution we found a pulse
cavity, namely the dye cell and the AOM, were modeled ondurationAT = 44.6+ 7.1 ps.
the basis of published data. The predictions of the code were The oscillator output is amplified up to 200 mJ per pulse
found to be in good agreement with the actual behavior oPY & three-stage glass amplifier chain, and then focused on
the system, and made it possible to identify the role playedn® target by anf8 optics. The intensity distribution in the
by the two main mode-locking components. The concly-focal plang was monitored shot-by-shot by an equwalc_ent
sions are that the AOM acts mainly in synchronizing thePlane monitor based on a 300-cm focal length lens which
system while the dye generates the train of pulses and fixedave a magnified image of the spot on a CCD detector. A
the pulse duration and energy. typical image of'the. fogal spot as obtained from the equiv-

Figure 1 shows the code outputs for a realistic choice ofl€nt plane monitoris givenin Figure 3. It shows a focal spot
the parameters. The pulse train is shownanh Early in  Very _close to the dlf_fractlon _I|m|t, whose_ radial profile is
the train each pulse barely emerges from a chaotic set dyellfitted by a Gaussian function plus a uniform background:
pulses(b); the contrast ratio between each pulse and the , )
background increases as the train evok@sand a “clean” l(x,y) = Ig+ IM-exp{—Z- [( X~ Xc) N ( y-— yc> ]}
pulse appears on the top of the trad). A log-scale view Wy Wy
of the pulsge) shows the presence of a ns low-power ped-
estal. The detailed temporal profile of the simulated main 2
pulse is shown ir{f). In general, the laser output and the The fit gives waist parameters, = 6.39+ 0.33 um and
simulations were found in good qualitative agreementyy — 521+ 0.29.m.
though an absolute comparison would require a detailed

’ y 9 P MEASUREMENTS

ing the system parameters.

Plasmaformation on 150-nm thick plastffORMVAR) foils
was investigated by measuring the transmittivity of the tar-
getas afunction of the laser pulse energy. The transmitted la-
With the laser cavity parameters optimized and single-pulsser energy was measured by imaging the back-side of the foil
operation selected, pulse duration measurements were camm a CCD camera, along the beam axis, with the same solid
ried out by means of an optical streak camera. Since the canangle of the laser focusing lens. At the same time, the inten-
erawas equipped with an S11 photo-cathode, the laser pulsity of optical self-emission from the interaction region was
was frequency doubled using a doubling crystal. A fractionmeasured at an angle of8Rith respectto the laser beam axis

3. LASER OUTPUT CHARACTERIZATION

https://doi.org/10.1017/50263034600181170 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034600181170

Picosecond laser plasma formation in thin foils 147

9e+06 : . . 1.6e+08 — , . 9e+08 . - —
8e+06 | 1 1.4e+08 | 8e+08 | .
7e+06 1 (b) {1 12e+08! (© ] 7e+08| (d) ]
cerce| | tewosy | aevcs)] |
e+ 3 B e+ L ]
I ]
4e+06 | : 8e+07 4e+08 |
3e+06 | ] 6e+07 J 3e+08 | }
2e+06 | ] 4e+07 ¢ 2e+08 |
1e+06 | M’h ] 2e+07 | L 1e+08 |
0 AAJ\ 0 n SN IAA o 0 1 L .
352.5 353 353.5 354 354.5 394.5 395 395.5 396 396.5 422.5 423 423.5 424 4245
9e+08 i ‘
i f/
8e+08 | (a:) ’
__7e+08| |
¥ ,f
£ 6e+08 | ; 1
~ i
Z 5e+08| ]
>4e+08 - f 4
= |
L 3e+08, | ]
L i
o 2e+08}
= i
1e+08| | J ]
0 E " Ao L L L l ! 1 L L
350 360 370 380 39 400 410 420 430 440
Time (ns)
1e+10 . . . 9e+08 , ,
& 1e+091 (e) 1 & 8e+08| (f) .
g 1e+08!| ] & 7e+08| ]
Y 1e+07| ] ¢
~ >~ 6e+08}| _
2 1e+06 _ 2
= 1e+05! ] = Se+08; 1
£ 10000 | - 2 4e+08, |
2 1000} ] © 3e+08| ]
9 100 L i L 2e+08} .
ks 10} " S 1e+08| ]
1 - 0 ‘
0 05 1 15 2 0 10 20 30 40
Time (ns) Time (ps)

Fig. 1. Output of the simulation code MOLOC showing the behavior of the laser pulse generated by the passive-active mode-locked
laser cavity. The pulse train is shown(@. Early in the train each pulse barely emerges from a chaotic set of gblséke contrast

ratio between each pulse and the background increases as the train €¢eplaead a “clean” pulse appears on the top of the ttejn
Alog-scale view of the pulsée) shows the presence of a ns low-power pedestal. The detailed temporal profile of the simulated main
pulse is shown irff).

and integrated over the entire spectral region of sensitivity According to these plots, as the incident laser energy in-
of the CCD detectof400-800 nm. Measurements were creases, the transmitted energy increases linearly up to a cer-
performed at two angles of incidence of the laser on theain value the behavior changes dramatically, showing a
foil, namely at 0.9 and 14.4, with the laser light linearly constant transmittivity as expected in the case of optocztl

p polarized. The plots of the transmitted energy versus théarge) transmission. Above this value the behavior changes
incident laser pulse energy for the case of@®d 14.4an-  dramatically, the transmitted laser energy tends to saturate
gles of incidence are shown in Figure 4 and Figure 5indicating a change of the transmission properties of the tar-
respectively. get. The plot of the self-emission intensity as a function of
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Fig. 2. Reconstructed temporal profile of the laser pulse obtained from © 0.1} -

streak-camera measurements. The pulse frequency was doubled and med=— i |
sured with an optical streak-camera. The duration of the infrared pulse was L

obtained from the @ measurements assuming that in the regime of law 2 - | | . . . E

conversion efficiency,, o | 2, and consequentl§T, = AT,,,- V2, where O o b L

o

0.2 04 06 08 1 1.2
Incident Energy (mJ)

AT is the pulse FWHM.

Fig. 4. Energy transmitted through 150-nm-thick plastic foils as a function

the incident laser pulse energy is shown in Figure 6. Thé)fthelnmdent laser energy. The 40 ps laser pulse was focused on target in

L f he i . . in th f a 6.um FWHM focal at an angle of incidence of 0.9 degrees. The solid
em|SS|On_ ro_m the interaction region, in the C_ase of & 0'9curve shows the calculated transmittivity as obtained from a simple ana-
angle of incidence, does not emerge appreciably from thgical 2D model(see text
background level for the entire incident energy range. In
contrast, in the case of a 14.d4ngle of incidence, a rapid
growth of the self-emission intensity is observed at a well-

defined value of the incident energy.

5. ANALYTICAL MODEL AND DISCUSSION Intensity (W/cmA2)

Asimple model of laser induced plasma formation has been 0.30 1103 2 10'® 3 10'® 4 10'3
° [ L R L AL L L L L L R B L L )

considered in order to explain our experimental data on foll
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Fig. 5. Energy transmitted through 150-nm-thick plastic foils as a function
of the incident laser energy. The 40 ps laser pulse was focused on target in
Fig. 3. Atypical image of the focal spot as obtained from the equivalenta 6.um FWHM focal at an angle of incidence of 14 degrees. The solid
plane monitor based on a 300-cm focal length lens which gave a magnifiedurve shows the calculated transmittivity as obtained from a simple ana-
image of the spot on a CCD detector. lytical 2D model(see text
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g 5 105 00 ] The calculated behavior of the transmitted energy as a
3 o ] function of the incident laser energy as given by the two
of * o . ] models 3 and 4, is shown in Figure 7. Clearly, the case of
L i L AT NN SE uniform intensity gives a rather unrealistic result, with a dis-
0 0.2 0.4 06 08 1 1.2 continuity in the transmitted energy bt I,. On the con-

Incident Energy (m]) trary, in the case of the Gaussian profile, the general behavior

agrees well with the trend of our experimental data, showing

Fig. 6. Level of self-emission from the region of interaction of a 40 ps g |inear dependence for values belgyand saturation above

laser pulse with 150-nm thick plastic foil. The laser pulse was focused inaI A quantitative comparison between the model and our

6-um FWHM focal spot at two different angles of incidence, namely 0.9 'th qu Iitativ i pari W . u

degrees and 14 degrees. data has been carried out also taking into account the angle
of incidence(and the resulting elliptical sppfThe intensity

distribution on target in this case is given by

Jrd o ow,

E, = —
" 2 coS@pnc)

transmittivity. The region of the laser interaction with the
foil has been assumed to have a circular symmetry around
the laser beam axignaximum intensity with a radial co-

. : where
ordinater. Since the target does not absorb laser energy at
low intensity, we can assume that for laser intensities be-
low a threshold intensity;, the local transmittivity is given T=
by the dielectric transmittivity of the foil. Above this value
the foil is ionized instantaneouslf.e., in a time much
shorter than the laser pulse duratido a density of free
electrons higher than the critical density. After ionization,
the incident laser light is totally reflected afat absorbed
by the plasma.

In the simplest case of a spatially uniform spot and a Gauss-
ian temporal profilel (t) = l,-exp(t/7)?, the transmitted
energy is given by

1 5-E
—.8-E -erfc In| — 5-E=E
27 ( ( En )) TN @

5-E 8-E, < Eq

Wy 7« Iy, 5

AT
2-\In2

=26.8+ 7.3 ps,

----- Uniform Intensity
Gaussian Intensity

71

1.4

T
- Threshold
1.2

|

Er= 0.8F
0.6F
whereE; is the transmitted energ¥, is the optical trans- 04F A
mittivity of the target,E, is the incident energy angy, =
Var-ly-S 7, s being the area of the focal spot. However,
since in our case the detailed laser intensity distribution in 00 ==
the focal plane is well known, we can include it in our model.

From the characterization of the laser output in section 3, we

know that the intensity in our focal spot has a nearly GaUSSE_ig' 7. Transmittgd energyersusincide_ntllgser energy as predicted_by a

. . . o 2 2 simple 2D analytical model of transmittivitisee text. The dashed line
ian radial profllel (r’t) o I.M'eXp(t/T) :exp[—2-(r/w) ] corresponds to the case of uniform laser intensity in the focal spot while the
Consequently, the transmitted energy in our case can be Wrigyjig line corresponds to a more realistic situation of Gaussian intensity
ten as: distribution in the focal spot.

—————
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Table 1. Experimental values of the parameters included in the preciable only at laser energies substantially higher Eaan

model of Eq. 4 as resulting from the best fit of the data in These circumstances could lead to an overestimation of the
Figures 4 and 5. plasma formation threshold.

0.9 14

6. CONCLUSION

5 0.676+ 0.031 0.77@+ 0.030
E 0.410+ 0.036 mJ 0.146: 0.014 mJ Afully controlled mode-locked ps laser oscillator cavity was
ln 16.5+ 3.3 TWem? 59+12TWem®*  pyilt with the aid of a specifically designed numerical code.
f\(ldf 3'9 gé'l The pulse was amplified to the multi-GW level by a three-

stage glass amplifier chain. Both the temporal profile and
the far field intensity distribution of the laser pulse were
monitored and were found to be well described by Gaussian
functions. Measurements of the transmittivity of a thin plas-
andea,. is the angle of incidence. The “cold targétptical) tic foil to ps laser pulses provide evidence of a well-defined
transmittance and the plasma formation enery, were  intensity threshold for dense plasma formation which
left as free parameters and were obtained by the best fit gftrongly depends on the angle of incidence. This threshold is
this curve to our data. The calculated transmittances oblower than what can be inferred from the simple observation
tained from this model in the case of Gaussian profile, aof self-emission from plasma formation. Asimple analytical
0.9 and 14.4 angles of incidence are shown by the solid model has been proposed whose predictions are in good
curves of Figures 4 and 5 respectively, while the correspondagreement with the observed behavior and allows the thresh-
ing values of the optical transmittivity and the plasma for-old intensity to be measured accurately.
mation laser intensityand energy per pulgere given in
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