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Absolute keV photon yields from ultrashort laser-field-induced hot nanoplasmas

S. Dobosz, M. Lezius, M. Schmidt, P. Meynadier, M. Perdrix, and D. Normand
CEA-DSM/DRECAM/SPAM, Centre d’Etudes Nwite de Saclay, Bément. 524, 91191 Gif-sur-Yvette Cedex, France

J.-P. Rozet and D. Vernhet
GPS-PIIM, Universitede Paris VIl et Paris VI, 2 place Jussieu, 75251 Paris Cedex 05, France
(Received 18 June 1997

We study the x-ray_-shell production from large krypton clusters submitted to ultrashort and intense laser
pulses. The x-ray photon emission pattern appears to be isotropic and the absolute x-ray photon yields per laser
pulse are measured as a function of the laser intensity and of the estimated mean cluster size in the supersonic
expansion. In particular, up to>410° x-ray photons per laser shot are detected at intensities approaching
5% 10 Wcm 2 This allows us to determine precisely a maximum conversion efficiency of 1078
between the incoming IR photon and the generated x-ray photon energies. Finally, the x-ray photon emission
is understood as the result of highly stripped ion production witbhell electron-impact ionization and
excitation in laser-heated cluster-sized nanoplasi&050-29477)51010-9

PACS numbsg(s): 52.50.Jm, 34.80.Kw, 36.40.c, 52.25.Nr

Since the advent of intense pulsed lasers, the strong field approximately 45 mm and the maximum pulse energy
interaction with matter has become a field of active researchvailable in the interaction zone is 83.5 mJ. The laser light is
[1]. An important feature is the generation of soft and hardfocused with arf =170 mm off-axis parabolic mirror leading
x rays from laser-produced hot and short-lived plasmas. Ii{o @ maximum peak intensitpeqye=5x 10" W cm™2 The
particular, the irradiation of solid targets with ultrashort laser! peax Values are determined from the saturation intensities in
pulses, allowing the generation of copious x-ray bursts dowrhe optical field ionization(OFI) of a low-density atomic
to the subpicosecond time scale, has been extensively studi8gon target using the barrier supression ionization model
[2]. Recently, using rare-gas cluster beams instead of solid§10,11. The precision of this method is estimated to be
efficient generation of x rays in the keV rangg and of soft ~ =20%.

x rays (<500 eV} [4,5] has been reported. This observation An essential basis for the present investigation of x-ray
is of considerable interest, since cluster beams representyéelds is the characterization of the cluster beam target. Es-
promising, since renewable, target that is easy to handle antimation of the mean cluster siZé,, can be obtained from
that could allow future applications of ultrashort x-ray the results of a detailed, systematic study of Hagena and
pulses, such as time-resolved x-ray microscp@ly So far, Obert[12]. These authors have measured the mean cluster
keV x rays emitted from clusters have mainly been identifiedsizes for different expansion conditions, i.e., at different stag-
spectroscopically. However, for future applications it is es-nant pressure®, and initial gas temperaturék,, using a
sential to measure conversion efficiencies and emission papulsed supersonic expansion through,a= 150 um conical
terns and to get a precise knowledge of the parameters ahozzle with a length of 25 mm. We use an identical cluster
lowing optimization of the x-ray photon yields. We presentsource in our experiment with typical valve opening times of
here a systematic experimental study of x-ray generatiod00 us. For this reason, the data supplied by Ré&£] as
from large krypton clusters when submitted to intense andvell as by Fargesgt al. [13] enable us to estimate the mean

ulrashort infrared laser pulses. In particular, thehell pho-  ¢jyster sizeNy, from the empirical valud™ in the present
ton emission is characterized using highly efficient semicongyperiment:

ductor detectors instead of the commonly used crystal spec-

trographs in studies of strong laser matter interadi®8nWe P, [mbad ( ¢, [um])°-e

have measured the absolute x-tayshell photon yield as a *= 220| ¢ ) , 1)
function of the laser intensity and of the stagnant pressure of (To[KD* an

the cluster source. Moreover, the emission pattern of the en- _

ergetic radiation is determined. The results of our study sug- N~ Ag(I') 1%, 2

gest a mechanism for the x-ray production arising from ] ] . )
electron-impact ionizatioEll) and excitation(EIE) of at-  The dimensionless constakit depending on the atomic spe-
oms in the laser-heated cluster-sized nanoplagrss7—9  Cies, is equal to 2900 for krypton, the half opening angle of
and resulting in highly stripped ions witk-shell vacancies. the jeta is taken as 5°, and, is determined according to
The experimental setup, including the apparatus used fdref- [13] to 2.5 10 With Egs.(1) and(2) and assuming
cluster generation, has been described in detail in a previodso=298 K, we determine the average cluster size to
publication [7]. Briefly, clusters are generated within a Ny, =5x10" at Pq=5 bar andNy,=7x 10 at Po=20 bar.
pulsed adiabatic expansion. The intense laser field is geneAccording to Ref[14], the atomic beam densifyy, within
ated with a Ti:sapphire laser system delivering 130 fs pulsethe target region follows a linear dependence on the stagnant
at 790 nm with a repetition rate of 20 Hz. The beam diametepressure:
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175 eV @ [ sy (D) nant pressures d?,=18 bar and 16 bar, respectively. The

0| l corresponding mean cluster sizMy, is estimated to
=5xX10°. Spectrum(a) is recorded at a reduced counting
rate, close to 0.03 counts per pulse. Two broad spectroscopic
features, situated respectively at 175D eV and 225@50
eV, are visible and are fitted as Gaussian peaks with FWHM
=300 eV. Gauss-type fitting for such line shapes is justified
for low counting rate§17]. The line broadening, compared
to the detector resolution, indicates the presence of a com-
plex set of lines from highly charged Kf ions. For such
ions it is well known that the emission lines are shifted to-
b, wards higher energies compared to those of singly ionized
o 15 20 25 30 0 a0 e 80 atoms[20,21]. In that respect, the two features in Fig. 1 at
Energy (keV) 1750 and 2250 eV can be, respectively, assigned to
3/—2/" and &4 —2/" transitions in multi-ionized kryp-
FIG. 1. X-ray spectra obtained after irradiation of large kryptonton. Besides, our spectrum corresponds well to the envelope
clusters Ny, =5% 10°) with 130-fs infrared pulses at 790 nm using of high-resolution x-ray datg3], where the numerous lines
a peak intensity of 410" W cm™2. Spectrum(a) is recorded ata have been assigned to radiative transitions in9Kr
reduced count rate by using a diaphragm in front of the detector(q:24_2‘0_

100 l
80 |-

60 -

Counts per channel

 hv=2.25 keV
20 -

whereas(b) is obtained without a diaphragm. Spectrum(b) in Fig. 1 is recorded without Cu diaphragm
and thus at a much higher counting rate tk@nIn this case,
prr [em3]=A; X (P, [bar]) (3)  an average number e£31.5 photons are simultaneously de-

tected during each laser pulse. Actually, this spectrum corre-
In our case the constamh; evaluates toA;=1.4x10"  sponds to a Poissonian distribution around a mean energy
cm™® bar . This value is in good agreement with target den-E =55 kev. Using Poissonian statistics, it is easy to show
sity measurements as a function of backing pressure obtaingflat the mean detected photon number per laser pulse, de-

from the total ion currents produced by ORB5]. — . ;
The x rays are analyzed using two(IS) semiconductor noted byn,, is related to this mean energy by

detectors of well-known characteristif$6—1§. These de- N E
tectors have a 10-mm active diameter and are sealed with np= event — (4)
thin (25-um) Be windows. Energetic electrons and ions are Niaser v

absorbed, but x raysh@z>1 keV) are efficiently detected. where hv is the mean energy of the one photon spectrum

Furt.her energy discrimination of Igw-energy X rays can beLFig. 1@], N is the number of recorded events, awg;
achieved, if necessary, by using thin aluminum-coated Myl_als the nuﬁqbzvfnéf laser shots during acquisition. ,Suchermea-
LOF;It?rT:inZ;‘:jonéyofitnr;reogjé?:;or;sh eThdeetZ?:ltlg rditgzzczt:gn iﬁtnogIe,ihlgsurements allow an accurate determination of photon yields
: : . over three orders of magnitude without any modification of
vacuum chamber close to the interaction zone. The d|stancet=ﬁ ; . o
o . : e experimental setup. In order to determine the emission
of Fhe SiLi) junctions with respect to the laser focus arepatternpof the energet?c photons, we have measargéor
%FS)'C:%V;IPOS?Q Sgﬁ\é\/ez: Ilelso gfmlj gzgtégo mbrgiv\:zzgmgthree different positions of the two detect¢2], as well as
P Y g det for horizontal and vertical laser polarization. Clearly, an iso-

6.49x 10 % and 1.16<10 2 sr. The detectors can be posi- . . o . o ;
tropic emission pattern is observed within the experimental

tioned to different anglef°, 100°, and 145°with respect to )
the laser beam. ThgseS)different arrangsements zfllow us 69" of =5%. Based on this result the mean photon number

study the emission pattern of the observed radiation, and tBe' 1aser pulse emitted over=4, further denoted by,
ensure that any detected photon originates from the interadS given by:
tion region, thus excluding the possibility of parasitic photon
emission from the impact of energetic electrons or ions on N.=
the chamber surfaces. For single-photon spectra, the count- P
ing rates can be reduced to less than 0.05 counts per pulse by
using a Cu diaphragm withs;=300 um. For very low With the overall detector efficiency=0.4 and the transmis-
counting rates € 1hv/pulse, the detector signal is propor- sion of the Mylar foil Ty, =0.5. From Fig. 1b) and Eq.(5),
tional to the photon energy. The energy resolutior=i560 N is determined to 1.8 10°.
eV [full width at half maximum(FWHM)] at 2 keV. For In addition, the observation of an isotropic emission pat-
higher counting rates, several photons can be detected withtern shows that the polarization vector of the x-ray photons
one laser shot, and pileup occurs. In this case, the detectbas a random orientation, in contrast to the well-defined lin-
signal is proportional to both the photon energy and the siear polarization of the incident infrared laser photons. Nev-
multaneously detected number of photons. Finally, the x-rayrtheless, even for highly oriented systems, angular-
detectors are energy calibrated using low-intensity standarchomentum couplings in many-electron ions may lead to
x-ray source$19]. severe depolarization during the emission prod@ss24.
Two typical x-ray spectra are shown in Fig. 1. Spe¢&ja The observation of isotropic x-ray emission is also expected
and (b) are recorded altyen=4x 10" W cm™2, using stag-  in the nanoplasma mod4,5,7—9. In this model, the inci-
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FIG. 2. Measured x-ray photon yieldsl{) as a function of the

laser peak intensity... The estimated mean cluster size is o°
at Py=19.5 bar. The experimental errors figy.., andN, are indi-
cated.

FIG. 3. Measured x-ray photon yieldsl_lg) as a function of the

backing pressur®,. The respective mean cluster siﬂfqgr is indi-

cated on the upper scale. The laser peak intensity »sl@’
—2

dent laser beam heats the cluster-sized plasma by invers\,/\éC
bremsstrahlunglB) and the oscillating, hot electrons induce be fitted with
Ell or EIE of the atoms. Obviously, the information on the

phase of the incident laser photons is lost in such an excita-

tion mechanism.

We have studied the total photon number per pm_gas
a function of the laser peak intensitye,. Figure 2 shows

the evolution of N, for intensities between 3710
W cm 2 and 5.2¢107 W cm 2, Analysis of the data indi-
cates that the experimental result is best fitted with

Np=(Po—Po)", @)

and choEing an exponert of 3+0.3. Using Eqgs(1) and

(2), the N, scale is determined as a function Bf, and
indicated at the top of Fig. 3. Accordingly, the x-ray yield

scales adNZ? with the mean cluster size. THeZ pressure
dependence can be understood from the following consider-

N_poclg/ezak (6) ations. In first approximation, the number of collisidds,
for electron-ion-impact processes, such as Ell and EIE, is
A very similar intensity dependence has been observegroportional to the product of the number of electrons and

previously in experiments concerning OFI of rare-gas atomsons. Thus,N.,; in a given cluster increases wifg [Eqgs.
[25,26. From these studies it is well known that, as soon ag1) and(2)]. As the number of clusters in the focus scales as

the ion yield of a given charge state enters the saturation/P, [Egs.(2) and(3)], the total x-rayL-shell photon yield
regime, the signal increases further wiﬂfak. This behavior N_p should rise a$3 and thus aﬁﬁ/r?.
is Slmply due to the increase of the focal volume with in- The onset of the X-ray production in F|g 3 occurs at a

creasing I pea.  Thus, two important conclusions can be pressure offset oP,~3 bar[Eq. 7)]. At this stagnant pres-

drawn on the basis of Fig. 2. For a given cluster S'Zesure, the mean cluster sibg, is close to=10". This value

[Nk = 6.8 X 10°, using Eqs(1) and(2)], the process ap- should roughly indicate the minimum cluster size for signifi-
pears to be saturated already at low intensities 0k3G*®  cant x-ray production in our experimental conditions. If there
W cm™2, since the increase dfl, is solely due to the in- exists some optimum cluster size, it greatly exceedsl®
crease of the focal volume. Then, the onset of the x-ray genin the case of krypton, since we observe no saturation at the
eration process should occur at even lower intensitiehiigher stagnant pressures. These observations are again in
(<10*® W cm™?). This interpretation is consistent with re- contrast to earlier conclusiofi8], where a rather small Kr
sults presented in Ref27] indicating the production of cluster sizeN, ~ 200 is predicted for optimized x-ray
Kr!8* ions from the interaction of krypton clusters with mod- | _shell photon generation.
erately intense laser pulselg{;= 10" W cm?). The detec- From our precise measurement of the x-ray photon yields,
tion of such high charge states by means of a mass spectrofje can extract energy conversion efficiendi€€’s) for the
eter on a microsecond time scale suggests that during thuster targets in our experiment. For infrared laser pulse
laser pulse much higher charge states are reached in the tahergies of 63.5 mJ, we have measured14® x-ray pho-
get and that massive recombination follows during eXpanSiOl{bns per laser shot. Thus’ the maximum CE in our experi_
of the plasma. Finally, it is worth mentioning that our find- ment slightly exceeds 1I@. This value is, however, rather
ings are at variance with scaling laws, recently proposed igmall compared to the CE observed for solid targets, being
Ref. [3], which suggest threshold intensities exceedindf 10 several orders of magnitude high@8,29. The rather low
W cm™? for the cluster sizes in our experiment. CE observed for cluster beams presumably arises from the
The dependence df, on the stagnant pressuRy has  low overall target density compared to solids. However,
also been measured. The resulting data, shown in Fig. 3, cdrom our results we cannot exclude the fact that, due to the



RAPID COMMUNICATIONS

56 ABSOLUTE keV PHOTON YIELDS FROM ULTRASHOR.. .. R2529

high local density of clusters together with their small size,shorter wavelengths since then IB occurs over many more
laser energy absorption may be higher than for bulk targeteptical cycles.

with a comparable number of atoms. For efficient x-ray pro- In conclusion, our present study demonstrates that irradia-
duction, we propose that much higher density cluster beamgon of clusters with short and intense, infrared laser pulses
should be employed in the future. ~leads to significant production df-shell vacancies in kryp-

_ Finally, it is important to emphasize that for cluster irra- ton atoms. The resulting energetic x-ray emission occurs iso-
diation with the second harmonix =395 nm) instead of the  ropically. We do not observe notable laser wavelength ef-
fundamental within the same experimental conditions, i.e.focts. Optimization of the x-ray yield can be achieved by
sameNy, and| e, We do not observe a notable change ofincreasing the cluster size as well as the density of clusters,
the x-ray photon yield30]. This observation suggests that and by increasing the target region in the beam.
enhanced electronic coupling does not occur for lasers hav- ] ) ] ]
ing shorter wavelength down to=395 nm. The recent ob- The authors acknowledge fruitful discussions with Dr. T.
servations of Kondoet al. [31] indicate that substantially Auguste and Dr. P. Monot and the skilled technical assis-
higher photon yields are obtained for 300-fs lasers-ap48  tance of E. Caprin and M. Bougeard. Partial support is pro-
nm than for 80-fs laser ak=800 nm. We suggest that vided by the European uniofM.L.) (Grant No ERBF M-
plasma heating is much more efficient for longer pulses an@ICT 95042).
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