RAPID COMMUNICATIONS

PHYSICAL REVIEW E VOLUME 57, NUMBER 4 APRIL 1998

Effects of a prepulse ony-ray radiation produced by a femtosecond laser with only 5-mJ energy
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Effects of a prepulse of-ray radiation have been investigated experimentally using 150-fs laser pulses at an
irradiance ofIA?~5x 10" Wcm 2um? focused on copper targets. The fraction of high energy photons
(>100 keV) has been found to be greatly enhanced by introducing an 8% prepulse at 70 ps before the main
pulse. Measurements have shown that a hot electron temperature as high as 83 keV has been produced at such
a modest irradianc¢S1063-651X98)50704-(

PACS numbdps): 52.25.Nr, 42.65.Re, 52.50.Jm

The interaction of very short laser pulses with matter hasl'o our best knowledge, this is the first evidence that such a
become an important field of study with the recent develop-high value of hot electron temperature can be produced at
ment of intense femtosecorits) lasers. Under fs laser irra- such a modest irradiance.
diation at above ¥ Wcm2um? hot electron generation A Ti:sapphire laser system delivered 150 fs pulses at 800
becomes an important laser energy dissipation prddesd.  nm and was operated at a repetition rate of 10 Hz. The maxi-
Much effort has been devoted to the study of the hot electromum output energy of this laser was about 5 mJ in a 10-mm-
generation[1-18]. In the absence of ultrafast diagnostics, diam beam. The beam was focused on solid targets with a
time integrated hard x-ray angray spectroscopy can pro- 10-cm focal length off-axis paraboloid. A microscope system
vide valuable information because hot electrons emit hargvith a second identical paraboloid as an objective was used
x-rayly-ray radiation via electron-ion impact excitation and to image the focal spot distribution on a charged coupled
electron-ion bremsstrahlung when they propagate in targeigevice (CCD). Thus, the focal condition could be directly
[8-19. monitored and optimized. The size and spatial distribution of

In earlier experiments with laser pulses from nanosecong-ray emission was monitored by a pin-hole camera, which
(ns) to subpicosecondps), hot electron temperature mea- was filtered to sebv>500 eV and viewed the plasma at 45°
surements have been done at a number of laboratf@ies from above.

18]. A scaling for hot electron temperatui®, (keV)=6 P-polarized laser pulses were incident at 45° from the
X107 >(1N?)%3*has been derived and generally is consistentarget normal. The targets used in the experiment were 2-
with experiment§19—-24. At the relativistically strongla- ~ mm-thick copper slabs. The target surface was polished to
ser field strength g=pes/Mmc=8.53x10"(I1N?)Y2>1,  ensure the roughness of the surface to be less than.IThe
where pog is the momentum of electrons oscillating in the target was moved 5@:m after each shot so that a fresh
laser field,m is the electron mass, is the velocity of light, surface interacts with laser pulses. The off-axis paraboloid
andl and\ are the laser intensity and wavelengths in unitsand moving target were in a vacuum target chamber as
of Wem™ 2 and microns, respectivelyaser irradiances, it has shown in Fig. 1.

been demonstrated that the interaction of fs laser pulses with The use of a prepulse to create a preplasma before the
solid targets can produce hot electrons with energies up tarrival of the main laser pulse has been employed to improve
MeV [6,13,24-28. absorption and x-ray emissid,7,13. Similarly a prepulse

In this paper, we report on our experimental investigationwas introduced to be about 8% intensity of that of the main
with fs laser pulses at a much more modest irradiance ofulse and the time interval between them was set to be 70 ps
IN2~5X 10" Wem 2 um? (corresponding to a value far  using a dog-leg systefi27]. The irradiance of the prepulse
of only 0.09. Strong effects of prepulses onray radiation  on target was high enough to generate a prepld&hdaor
have been observed. A hot electron temperature of 83 ke¥ome shots, a 10% prepulse at 200 ps before the main pulse
has been deduced from theray radiation spectra. This is was employed. Less marked, but similar tendency of
significantly higher than those expected from the convenprepulses in changing the spectral distributionyafly radia-
tional scaling and also higher than those experimental resultfon were observed. It seems that there exist an optimized
of other laboratories at similar irradiances using single orcombination of prepulse level and delay for the generation of
double nanoseconhs) to picosecondps) pulseqg7,14—-17.  high energyy-ray radiation. Another detailed experiment has

been scheduled to further investigate this issue.
The absorption of the laser beam was determined by mea-
* Author to whom correspondence should be addressed. Addrestiring the scattered and specularly reflected light with a
correspondence to the Rutherford Appleton Laboratory, Chiltongroup of calorimeters in different angles. An absorption
OX11 0QX, United Kingdom. FAX:+44-1235-445888. Electronic >10% was estimated by assuming an isotropic distribution
address: j.zhang@rl.ac.uk of the scattering energy. A PET cryst@ld=8.742 A spec-
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FIG. 1. Schematic experimental setup.

trometer was used to measure the x-ray spectral distributio?ﬁ
from the plasma emission in order to characterize the plasmé.
The spectrum was recorded on a Kodak DEF film under Y

25-um Be filter.

Figure 2 shows a typical x-ray image taken by a pin-hol
camera. The source size was determined to be abopin®5
from this image. However, the diameter of the pin-hole was©

pinhole camera
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FIG. 3. y-ray spectra of plasmas without prepulgpen circle

and with prepulsédsolid triangle. Solid curves are exponential fits

to determine the hot electron temperatures on the assumption of

ponential spectral distribution of-ray radiation. The abscissa
ows photon energy and the ordinate represents detector counts
ith a backgroundone count The detector counts shown here
were deconvolved by taking into account the detector response and
ethe transmission of the detecting window.

llecting a solid angle of 7710 sr from the source. The

25 um. This measurement then gave an upper limit of the-ay radiation up to a few hundred keV was measured using
source size. The low bound of the average focal irradianc@ Y@y spectrometer. This spectrometer consisted of a Nal

on targets is therefore>510"> Wcm 2 um?.

detector, a photomultiplier, an amplifier and a multichannel

A 20-mm-diam hole in a 50-mm-thick Pb block was used€Nergy analyzer. This assembly was fully enclosed by a Pb

to collimate they-ray radiation and shield the detector. The
detector aperture is located 360 mm from the plasma, hendd

block and cylinder, as shown in Fig. 1, in order to eliminate
e noise caused by the randopray scattering. The spec-
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FIG. 2. Intensity distribution of an x-ray pin-hole image.

trometer had been calibrated using-say source’®Na (511

and 1270 keM28]. An electronic gated shutter in front of
the detector was synchronized with the main laser pulse to
eliminate background noises and enhance the ratio of signal
to noise. The Nal detector of the spectrometer is placed 360
mm directly above the target, also shown in Fig. 1. A second
shielded Nal detector was used to monitor the stability of
v-ray photon yield for each shot and provided a cross cali-
bration with the first one. The second Nal detector used a
4-mm-thick aluminum filter to remove rays below 30 keV.
The v-ray spectral distribution was determined using single-
photon pulse height analysis. To avoid overlap of photons in
detectors, the distances between the detectors and the plasma
and the diameter of the hole in the lead block in front of the
detectors were adjusted so that the probability of detecting a
v-ray photon by the detectors for each shot is less than 0.2.
The detector response was checked with calibratady

sources.

Figure 3 shows the~ray spectra from a copper target for
the cases with(solid triangle and without prepulséopen
circle). The spectra were deconvolved by taking into account
the detector-filter response and the transmission of the de-
tecting window. The spectra are continuous without distinc-
tive line structure. This indicates that theray radiation is
due to hot electron bremsstrahlung emission when hot elec-
trons propagate in targets, as suggested in[R8&f. apparent
effects were observed on thgray spectra when an 8%
prepulse was introduced 70 ps before the main pulse. It can
be easily seen from Fig. 3 that the high enesgsay photon
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yield (hv>100 ke\) were greatly enhanced by introducing of only 0.06 can produce high energyrays equivalent to a
the prepulse, whereas the low energyay photon yield 18 keV effective temperature of hot electrons. By introduc-
(hv<100 keV) remained similar level to the case without ing a small(8% at 70 ps in advang@repulse to create some
prepulse. Especially, 400 keV photons could only be clearlyreplasma before the arrival of the main pulse, they
seen above background while the prepulse was on. With theydiation has been found to extend beyond 400 keV. This is
prepulse, the ratio of the photon number with energies highegquivalent to a temperature of 83 keV, significantly higher
than 60 keV to those below 60 keV is 0.92. Without thethan the temperature value expected from the conventional
prepulse, this ratio drops down to 0.33. Hot electron teMycajing: T,, (keV)=6x10 5(1A2)%33 [18-23 and also

Se(rjaturzsffor thﬁ cases of with and without pr(_apuls? can bfigher than those experimental results of other laboratories
educed from they-ray spectra on an assumption of €xpo- i similar values ofg using single or double nanosecond

e e, e o e st 1fp PECSECond pueD 10,1418 To ot best knowedge
keV Bypintr%duci,ng the prepulse, a gropup of electrons was is is the first experimental evidence that such a high value
accélerated to a much higher temberatu% keV as shown of the h_ot el_ectron temperature can be produced at such a
in Fig. 3. The maximum photon energy clearly above themodest qudlance. It syll remains unqlear at present what the
backg.rou.nd is about 400 keV. Each curve presented herexact physics mechanls_m is responsible for such hot elgqtron

: t%mperature. The experimental facts are, however, definite.
represents over 10 000 laser shots.
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