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A 14 TW Ti:Sa laser furnishing pulses with a duration of 3@ftdl width at half maximum at a repetition
rate of 10 Hz was used to expose solid targets to intensities of up<tt0®¥ W/cn?. Dosimetric techniques
were employed to study the total x-ray yield, the spectral and angular distribution of the x-ray photons and the
energy distribution of high-energy electrons injected into the solid target and emitted into the vacuum. Scans
of laser pulse energy and duration were carried out to study the dependence of the x-ray generation efficiency
on these parameters. The radiation transport processes in the target were modeled using the Monte Carlo
method. The results of these calculations were used to interpret the measurement results and to critically
discuss the applicability of dosimetric methods to the investigation of photon and electron emission from
laser-produced plasmas.

PACS numbes): 52.25.Nr, 52.40.Nk, 52.56.b, 87.53.Bn

l. INTRODUCTION intensitity levels above f6-10"W/cn? [14] or in the
bright 2w, 2w, and 3» emission which accompanies the
Progress in the development of Ti:Sa lasers and of themission of hard x ray$15,16. Plasma production and
chirped pulse amplificatiodCPA) technique made it pos- plasma density gradients determining these processes sensi-
sible to construct compact solid-state laser drivers at the TWively depend on the contrast of the laser pulse. As a conse-
power level. Today these laser systems provide intensitieguence the interplay of pulse duration, temporal pulse shape
which up to now could be realized only with large-scale laserand pulse intensity during plasma production as well as the
systems. They can be used for the development of compagfmission of hard x rays have to be studied. The CPA tech-
sources of hard x rays by focusing ultrashort laser pulses ofique allows the laser pulse duration and energy to be
solid targets. The outstanding properties of these source§canned easily. This facilitates the search for optimum con-
namely, their energy distribution, brilliance, source size, and!itions for the production of hard x rays. o
pulse duration, have to be determined and optimized. Nu- [N this work an extension of previous investigatidds]
merous investigations into the production of hard x-ray pholC @ different range of laser power and pulse duration is
reported. A 14 TW Ti:Sa laser system with a pulse duration

tons with energies above 10 keV from solid-state targets ir- £30 f d tition f £10 H loved
radiated with short laser pulses have been carried out in th S and a repetition frequency o Z was employe
or studies of hard x-ray and hot-electron production during

last few yearg1-12. The laser pulse duration ranged from laser-solid interaction. Special emphasis was put on the scal-

several ps .down to Igss thar_1 100 fs. To provide a bet.tefng of hard x-ray emission with pulse duration and energy
understanding O_f the mteractloq of short Iasgr pulges WltQand on the measurement of the conversion efficiency. In ad-
plasmas and solids, more experimental data, in particular rjition to measurements of the x-ray emission, the energy

sults of absolute measurements of the hard x-ray yield, argjstibution of the high-energy electrons was directly inves-
required to validate theoretical models. tigated by dosimetric methods.

When high-intensity laser pulses interact with solid tar-
gets electrons are accelerated to energies in the MeV range.
These high-energy electrons produce bremsstrahlung during
their slowing-down in the solid target material. For the effi- The experiments were performed with the Ti:Sa CPA la-
cient generation of high-energy electrons not only the elecser system[18] at the Laboratoire d’Optique Appliqee
tric field at the target surface but also the production of aLOA), which consists of a 20 fs master oscillator and three
plasma layer is of importancgl3]. It is well known that multipass amplification stages. Pulses with energies up to
collisionless absorption mechanisifesg., resonance absorp- 440 mJ and a minimum duration of 30 [fall width at half
tion) and plasma instability processés.g., Raman decay maximum(FWHM)] were used to irradiate solid Ta and Al
instability) can enhance the electric field strength by somdargets at an angle of incidence of 45°grpolarization ge-
orders of magnitude and therefore play an important role irometry. The time-averaged power of the laser pulses
the energy conversion process. The importance of plasmamounted to 14 TW. The Ta target had thicknesses of 0.5
formation for these phenomena shows up in bremsstrahlungnd 0.025 mm; the thickness of the Al target was 2 mm. No
emission from plasmas produced with short-pulse lasers apecial surface conditioning was applied to the target mate-

Il. EXPERIMENTAL SETUP
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rial. The laser-amplifier-chain was operated at a repetition
frequency of 10 Hz. Due to the limitations of the target po-
sitioning system, a fresh target spot was exposed at ever
tenth shot, blocking the pulse propagation in between by ar
electronic shutter system.

The pulse energy was determined behind the off-axis
parabolic mirror to include all losses in the focusing optics.
The pulse duration was measured at full pulse energy with &
second-order correlator and the pulse shape with a third:
order correlator. The pulse shape showed a pedestal with a
intensity of 10°°l ., which was reached 1 ps before the
intensity reaches its maximal vallg,,. The intensity then
grew up to 4x 10 3l . within 800 fs and finally increased
to the maximum value within 200 fs. The nominal pulse
duration(FWHM) of the laser pulse was 30 fs. A CCD cam-
era was used to measure the diameter of the focal spot ¢
reduced laser intensity and with beam focusing under
vacuum conditions. From the measured energy conten
within the spot having a diameter of 2ém an energy flu-
ence rate of X 10®¥W/cn? is obtained at full laser power.

The emission of ionizing radiation from the focal spot
was characterized using dosimetric techniques which allow
the dead-time problems inherent in pulse-counting tech-
nigues to be avoided. Different kinds of passive detection
systems based on thermoluminescefide) detectors and an
ionization chamber(manufacturer: RFT-Elektronjk were
employed.

A few-channel x-ray spectrometer consisting of a stack of
filters and 100 mg/ch LiF:Mg,Ti TL detectors [17,19
served to measure the spectral energy flueligeof the x
rays in the energy range from 15 to 700 keV. The spectrom-
eter was mounted at a distance of 15 cm from the target spo
with the viewing axis oriented normal to the target surface.
Figures 1a) and Ib) show schemetical drawings of the ex-
perimental set-up and of the few-channel spectrometer, re
spectively. With the exception of the entrance window, the
spectrometer was shielded against background radiation by
mm Pb and 5 mm Cu. The Cu shield serves to absorb fluo-
rescence radiation induced in the surrounding Pb shield. The
outer shielding of the spectrometer effectively absorbs pho-
ton radiation with energies up to about 300 keV. For higher
energies this is not sufficient for complete suppression of
background from scattered photons or photons produced b
electrons impinging on the walls of the vacuum chamber
However, a simulation of the experiment using thes4
Monte Carlo code systef20,21] showed that at the location
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FIG. 1. () Schematical drawing of the experimental setup. The
jameter of the vacuum chamber was 100 cm. The aspherical mir-
r had a focusing length of 30 crth) Schematical drawing of the

few-channel x-ray spectrometer with the outer shielding against
scattered radiation.

of the few-channel spectrometer the spectral fluence of backAbove this energy range the response of the spectrometer
ground photons was always less than 5% of the spectral flitdepends only marginally on photon energy, thus impairing
ence of bremsstrahlung photons produced in the targetinfolding of the high-energy part of the spectral distribution.
Hence no significant deterioration of the measured dose diddence a self-consistent correction was applied to the mea-

tributions is to be expected.

sured dose values to allow for the contribution from photons

In Fig. 2(a) the responsel§/d) of the spectrometer, i.e., with energies above 700 keV. This correction was based on

the dose readinB per unit fluenceb of monoenergetic pho-
tons, is shown as a function of photon eneigy, for the

an extrapolation of the spectral energy fluenke to high
photon energies assuming an asymptotic dependdnee

detector layers of the spectrometer. The response matrix wasexp(—E/KkT). This dependence is expected for thick-target
calculated with theecs4 Monte Carlo code system. Com- bremsstrahlung produced by electrons with a Maxwellian en-
pared to our earlier work, the energy resolution of the few-ergy distribution with temperatureT.

channel spectrometer was improved by additional filters and In laser-solid interaction experiments a mixed photon-

by optimizing their thickness. TheaND algorithm[22] was

electron radiation field is produced. For this reason the sen-

used to unfold the detector readings. The unfolding procesitivity of the photon few-channel spectrometer to electrons
dure was restricted to the energy range from 15 to 700 keVis of importance. In Fig. @) the responsel/®) caused by
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10" ——rry — T 5 stack was mounted at the same distance and in the same
] direction to the target as for the photon few-channel spec-
trometer. With the set-up outlined above the instrument cov-
ered the energy range from 200 keV to 1.5 MeV. With an
appropiate unfolding algorithm it should be possible to re-
cover the spectral electron fluence from the measured depth-
dose distribution if the fluence of electrons above 1.5 MeV is
negligible and the response matrix of the instrument can be
calculated with sufficient accuracy. At the present stage of
development, however, an experimental verification of this
/ ] response matrix is not available. For this reason the instru-
i . ment was only used to check the consistency of measured
1000 2000 depth-dose distributions with those calculated for electron
(keV) energy distributions derived from the analysis of the photon
spectra.
10° . Single TL dosemeters equipped with additional filters of 2
2 mm Pb were placed inside the target chamber to map the
angular distribution of the x-ray emission. The range of
+ viewing angles relative to the normal on the target surface
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the measurement of photon dose-equivalépaind served to
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10F monitor the potential exposure of the personnel to ionizing
10°F 1 radiation. For 3500 shots with a total laser pulse energy of
N; 1.47 kJ, a photon dose-equivaldt of 0.45 mSv was mea-
10 S .
100 5000 sured which is of the same order of magnitude as the annual
(b) E, (keV) effective dose due to ambient radiation.
FIG. 2. (&) Response of the few-channel x-ray spectrometer to
monoenergetic photons. The areal mass of the filters is denoted in IIl. RESULTS AND DISCUSSION
units of mg/cm. In front of the spectrometer an electron absorber
made of 300 mg/cRPVC and 580 mg/cfPMMA is mounted.(b) For the investigation of the hard x-ray spectrum 3500 la-
Response of the few-channel x-ray spectrometer to monoenerget&e! pulses with a pulse energy of 420 mJ and a pulse duration
electrons. Only selected detector layers are shown. of 30 fs (FWHM) were focused on the 0.5 mm Ta target.

Under these conditions even the most heavily shielded rear
electron radiation is shown for selected detector layers. Fotetectors of the few-channel spectrometer showed dose read-
electron energies below 1.5 MeV this sensitivity results fromings well above the background caused by ambient radiation.
the production of bremsstrahlung in the thick PMMRVC  As mentioned above, the few-channel spectrometer has a re-
filter which prevents electrons from reaching the detectosidual sensitivity to high-energy electrons. Because the elec-
layers. In this case the response to electrons is less than 1096n fluence exceeds the x-ray photon fluence in the radiation
of the photon response. For electrons with energies above 1flelds produced during the interaction of the laser-solid inter-
MeV the electron absorber becomes transparent and the elegetion it is important to understand the effect of the electron
trons cause a direct dose contribution in the first detectocomponent on the interpretation of the measurement results.
layers. This leads to a considerable increase in the electrobhis is why it was attempted to separate the photon and
sensitivity. Hence a correction had to be applied to the meaelectron contribution to the dose readings of the few-channel
sured dose values to avoid overestimation of the photospectrometer by a simulation of the experiment.
component of the radiation field. The EGs4aMonte Carlo code system was used to calculate

The few-channel photon spectrometer essentially relies othe x-ray and electron radiation field produced during the
the energy dependence of the depth-dose distribution foslowing-down of the high-energy electrons in a solid Ta tar-
photon radiation. The same principle can also be employedet. The electron energy distribution was parameterized by
to construct a few-channel spectrometer for electrons whiclsuperpositions of two Maxwellians. The relative contribu-
makes use of the energy dependence of the electron rangetions of the two Maxwellians were adjusted so as to repro-
LiF. As a first attempt a stack of 100 mg/émiF:Mg,Ti TL duce the unfolded x-ray spectra. The standasd4code sys-
detectors was employed to investigate the spectral distribtem was slightly modified by replacing of the default
tion of energetic electrons emitted into the vacuum duringoremsstrahlung cross section with a data set which is more
the interaction of laser pulses with the target. The twelve TlLaccurate in the low-energy regid23]. The production of
detectors were embedded in a PMMA cylinder surrounde&-photons after electron impact ionization was also included
by an outer shielding similar to that of the few-channel pho-{24]. EGS4 models the transport of electrons and photons in
ton spectrometer. On the front side facing the target, theonionized mattel20]. Hence effects caused by the presence
detector stack was covered with an 8 mgloin foil to pre- of a plasma layer or by the influence of time-dependent elec-
vent UV light from causing spurious dose readings. Thetromagnetic fields on the motion of the electrons are not
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FIG. 3. Spectral energy fluence of x-ray photons produced with FIG. 4. Electron energy distribution used for the calculation of
30 fs (FWHM) laser pulses focused on a 0.5 mm Ta target. For thishe bremsstrahlung spectrum represented by the solid and the
measurement 3500 laser pulses with a total energy of 1.47 kJ weashed smooth lines in Fig. 2. The angular distribution was as-
accumulated. The thin and the thick histogram denote the expersumed to be isotropic.

mental spectrum obtained without and with a correction for the dose o ] )
contribution from high-energy electrons incident on the spectrom€lectron distribution with the 210 keV Maxwelligilashed

eter front face. The solid and the dashed smooth lines represefNoOth ling results in a photon spectrum which is below the
photon spectra calculated wittesa for the electron energy distri- Measured data. This demonstrates the sensitivity of the pho-
butions shown in Fig. 3. ton spectrum to the electron energy distribution.
The fit of unfolded and calculated x-ray spectra was re-

included in the present simulation. stricted to photon energies above 50 keV. The strong rise of

The electron spectra resulting from the comparison othe unfolded spectral energy fluence below 50 keV therefore
simulations and experiment were used to determine the relas not covered by the calculated spectra. An additional 6 keV
tive contribution of electron radiation to the detector read-Maxwellian component of the electron energy distribution
ings. This contribution sensitively depends on the angulawould be required to reproduce the unfolded spectra in this
characteristic of the production of high-energy electrons byenergy region. However, due to the small bremsstrahlung
the laser pulse. Calculations showed that the relative contriyield of low-energy electrons, the total energy contained in
bution of high-energy electrons to the dose readings wouldhis 6 keV component would exceed the total energy of the
be negligible if the electrons were predominantly acceleratetaser pulses by more than one order of magnitude. Hence it
into the target because in this case only backscattered lovitas to be concluded that the strong rise of the spectral energy
energy electrons would enter the spectrometer. However, fluence at photon energies below 50 keV is an artifact caused
the angular distribution was more or less isotropic, the highby electrons with energies above 1.5 MeV. These electrons
energy electrons would cause a sizable effect. For reasommsin reach the first TL detector layers in the filter stack and
discussed below, the latter hypothesis regarding the angulaause another dose contribution in addition to that due to
distribution was adopted for the present analysis. The itergghotons[see Fig. &)]. In this case the respons®(®P) to
tive correction performed to allow for the contribution from electrons is higher than that to photons by up to two orders
high-energy electrons was smaller than 30% of the dosef magnitude. A few electrons with energies above 1.5 MeV
reading for all detectors. In future experiments this correcwill therefore be sufficient to produce the strong rise in the
tion can be avoided by placing a cleaning magnet in front ounfolded photon spectra at low energies if the respective
the few-channel spectrometer. dose contribution is interpreted as caused by photons. Obvi-

The results of the analysis are shown in Fig. 3. The thinously the self-consistent correction for the contribution of
histogram shows the spectral energy fluedcg unfolded electrons to the detector readings is not capable of taking
from the measured dose values without electron correctiorthese very energetic electrons in account.
The thick histogram indicates the spectral energy fluence un- From the electron energy distribution shown in Fig. 4 the
folded after correction of the measured dose values for thefficiency of the generation of hot electrons by the laser
contribution of high-energy electrons. The smooth linepulse can be obtained. The energy contained in the 30
shows the spectral energy fluence calculated witls4for  keV and the 260 keV Maxwellians will amount to 0.77 kJ if
the electron energy distributions depicted in Fig. 4. Thesea cutoff at an electron energy of 10 keV is applied. The total
electron energy distributions were also used to calculate thenergyE, of the 3500 laser pulses was 1.47 kJ. Hence the
correction to the dose readings. The two distributions differconversion efficienc¥y, /E, of laser energy to energy of hot
in the temperature of the high-energy Maxwellian whichelectrons is 0.52. This is within the range of results from
were 210 and 260 keV, respectively. The temperature of théormer experiment§3].
low-energy Maxwellian was 30 keV in both cases. As men- The x-ray spectra provide only information about the dis-
tioned above, the angular distribution was assumed to b&ibution of the hot electrons directed into the target. For an
isotropic. The photon spectrum calculated using the electroimvestigation of the emission of hot electrons in the opposite
distribution with the 260 keV Maxwelliar(solid smooth direction, i.e., into the vacuum, direct detection of the high-
line) gives a reasonable fit to experimental data, whereas thenergy electrons is required. This was accomplished with the
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W71 the high-energy part of the hot-electron spectrum produced
E : in laser-plasma interactions at the present power level is not
10°F - unidirectional, i.e., that an efficient acceleration mechanis-
men exists that ejects hot electrons also into the vacuum.
10%F 4 This also provides some support for the approach taken for
§ the calculation of the electron correction applied to the dose
o 10k 4 readings of the few-channel photon spectrometer.
The Monte Carlo calculations of the x-ray spectra shown
10°F 4 in Fig. 3 (smooth lineg were made on the assumption that
the motion of the electrons inside the non-ionized part of the
1 S R S S S S S S W target is not influenced by electromagnetic fields. It has,

12 3 4 5 6 7 8 9 10 11 12 however, been argued by Beit al.[26] that this hypothesis
Detector Number i may be questionable because due to the finite conductivity of

FIG. 5. Depth-dose distribution caused by high-energy electronéhe target material large electrostatic fields could be gener-

in a stack of 12 LiF:Mg,Ti TL detectors with an areal mass of 100ated to preserve charge neutrality. These fields can act as a

mg/cn? each. The detector stack was surrounded by PMMA. Thetra‘nSport barrier which prevents high-energy electrons from

parameters of the laser pulses were the same as for the phot(;ﬂslanet_rating_v_ery deep into the nonioniz_ed target material. For
measurements. The experimental data are represented by the dd@ser intensities of T6wi/cn a penetration depth of only 10

The solid histogram is a depth dose distribution calculated for the+M is predicted by this model. If this transport barrier was
electron energy distribution shown in Fig. 3; the dashed curve is th€ffective, it should also affect the measured bremsstrahlung

same spectrum multiplied by a factor of 5. spectrum. In this case the spectral energy fluence should be
independent of the target thickness for targets thicker than
stack of TL detectors. Fig. 5 shows the experimental depththe penetration depth. The conclusions by Belal. are sup-
dose distribution. This measurement was carried out with thgorted by experiments with layered targé®/]. In these
2 mm Al target. The parameters of laser pulses were thexperiments the penetration depth inferred from the produc-
same as for the photon measurements. For measured ddgen of K, photons was inconsistent with the expected range
values above 1 Gy the experimental data were corrected farf the high-energy electrons in the target material.
the supralinearity effed25]. In Fig. 5 the first two detector It was tried to verify the existence of such a transport
readings are lacking because the dose values were above tharrier by comparing the high-energy x-ray yield for two
dynamic range of the TL reader system. Hence the TL detargets of different thicknesses. The spectrum obtained for
tector stack is sensitive only to the electron energy distributhe target 0.5 mm thick is shown in Fig. 3. In addition, the
tion above about 250 keV. The depth-dose curve shows higk-ray spectrum produced with a 0.025 mm Ta target was
dose values even for the deepest lying detectors. This indimeasured for the same laser pulse energy and the same fo-
cates that the energy distribution of the hot electrons has eusing conditions as for the 0.5 mm Ta target. The thickness
component above 1.5 MeV which cannot be completelyof the 0.5 mm and the 0.025 mm target corresponds to the
stopped in the detector stack. As discussed above these elgange of 1100 keV and 120 keV electrons, respectively. The
trons could effect the strong rise in the unfolded photon0.5 mm target can therefore be regarded as a “thick™ target,
spectrum at low energies. whereas the 0.025 mm target is “thin.” With the correction
In Fig. 5 a depth-dose distribution curve calculated withfor the contribution of high-energy electrons discussed
EGS4is shown in comparison with the measured distribution.above, the spectral energy fluence of the x rays from the
Because no x-ray measurements were carried out for the A1.025 mm target was consistent with that from the 0.5 mm
target, the electron energy distribution obtained from thetarget in the energy range from 100 to 700 keV, i.e., the
X-ray measurements carried out with the 0.5 mm Ta targeexperimental spectra agree with spectra calculated for the
(see Fig. 4 was used for the calculation. This procedure issame electron energy distributideee Fig. 4 but different
reasonable because the energy distribution of the primartarget thicknesses. This could be interpreted as an indication
high-energy electrons should not depend very sensitively othat a transport barrier was not effective in the present ex-
the nuclear chargg of the target. The calculated depth-dose periments. However, due to the smaller x-ray yield of the
distribution has the same slope as the experimental one. Thikin target, the relative importance of the correction for elec-
is an indication that at high energies the shape of the electrotion radiation became so dominant for this targggtto 70%
spectrum derived from the photon measurements is consighat the conclusions derived from the comparison of the
tent with the depth-dose distribution caused by the hot elecx-ray spectra for the two targets were very depended on the
trons emitted into the vacuum. However, the measureé@ssumptions underlying the calculations of these corrections.
depth-dose distribution is higher than the calculated one bylence no unambigous information on the existence of a
about a factor of 5. This cannot be explained by the sensitransport barrier could be derived from these experimental
tivity of the TL detector stack to photon radiation. Calcula- data.
tions showed that even for the x-ray spectrum indicated in The relative angular distribution of the x-ray emission in
Fig. 3 by the smooth thin line the depth-dose distribution infront of the target is shown in Fig. 6. These measurements
the TL detector stack is much smaller than the measured onwere carried out with TL dosemeters equipped with addi-
Hence it has to be concluded that the high-energy part of thtional filters made of 2 mm Pb. With these filters the cutoff
electron spectrum was higher for the Al target than for the Taenergies for x rays was around 300 keV. The distributions do
target by about a factor of 5. Our finding shows that at leastiot show any prominent nonuniform features for the two



DOSIMETRIC MEASUREMENTS OF ELECTRON AND.. ..

4399

PRE 61
10°¢ - . I (W em™)
. 10" 10° 10" 10"
[ vy v Ty v LM
o 10°F 8
| e ] “Q
T o © S o
3 10°F o / .><‘ E @10tk @ o e
Ke} [ ] 'c E *
E ! o/ \O Q 1 g i -
[ ] =1 6
R ] s} .
s f 6.
10°F 9
101 1 1 . . ..
0 30 60 90 !
© (deg.) 10° I1 |2 l3 4
: 10 10 10 10

FIG. 6. Angular emission characteristic measured with TL 5 (fs)
dosemeters equipped with additional filters of 2 mm Pb filter g5 g ReadingM of the ionization chamber as a function of
(closed circle: 0.5 mm Ta target, open circle: 0.025 mm Ta target laser pulse duratiorr, for a laser pulse energf, of 0.4 J. The
The regding\/l of the dosemeters is shown as a function of the anglecorresponding laser intensity =E, /(w127 is indicated at the
© relative to the normal on the target surface. upper horizontal axis. The radiusof the focal spot was 1@m.

The dotted line shows a scaling lawec |’

targets, which can be explained by the dominating influence
of multiple scattering on the electron trajectories in the tarof the x-rays in the Al window and the dependence of the
get. This result is in line with our findings at lower laser X-ray spectrum on the Shape of the electron energy distribu-
intensities[17]. tion. For a Maxwellian electron distribution with temperature

The scaling of the x-ray emission with laser parameterkT the relation betweefy and the readindv of an ioniza-
was inVeStigated W|th an ionization Chamber. Th|S inStrU-tion Chamber Calibrated for the measurement Of air ké{ma
ment was placed outside the target chamber behind a 20 mp approximately given by
Al window which results in a cutoff energy around 50 keV.

The viewing angle was almost parallel to the target surface. Ey 1
For this investigation the laser was operated as described\/l~4 2 f (,uen/p)airﬁexqfE/kT)exp(fMAld)dE.
above at an effective target shot repetition rate of 1 Hz. & )

Scans of the laser pulse enerfly and pulse durationr
were carried OUF‘ 'T‘ F!gs. 7 and 8 the dependence O.f.thﬁere (wen! p) air denotes the energy absorption coefficient of
readingM of the ionization chamber on these two quantities_.~ . * ! .
) air divided by the density and, the total attenuation coef-
is shown. - . ;

. . L icient of Al, r is the distance between the center of the

For the interpretation of the measurements it is important .~ .
) lonization chamber and the focal spot, adddenotes the

to know the relation between the total x-ray enefgy and thickness of the Al window. It is assumed that the x rays are
the readingM. This relation is determined by the absorption ' y

0

10 E T T T
10° ————————y ) P
i A 5 ! / ~~~~~~~~
R wEt S T ]
A A . 1 : without absorber T Tm=~l_ ]
R2g o)
_10'f aH : £
[7) a bk 3 2L
’é /g £ 107 ¢
5 o~ 8
-d // Llj<
o e 5 absorber: 20 mm Al
s 10°F A ,ﬁ’ 1 = 10°} 3
//,
/E/ -4 P | PRI
o %0 100 1000
10° : - — '2 . KT (keV)
10 10 10
E (mJ) FIG. 9. Dependence of the ratio of the readMgf the ioniza-

tion chamber and the total x-ray enerigy on the temperaturkT of

a Maxwellian electron energy distribution. Data for a filtration of
the x-ray spectrum by 20 mm of Abolid curve and without any
filtration (dashed curveare shown. The scaling ofl with E; was
calculated according to Edq1).

FIG. 7. ReadingM of the ionization chamber as a function of
laser energy on targdtriangles: pulse duration 150 fs; squares:
pulse duration 30 fs The dotted line indicates a scaling ldwy
*EL®.
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emitted isotropically and that the self-absorption in the targeinterpreted as a signature for plasma confinement due to the
can be neglected. Figure 9 shows that the readiinig not  ponderomotive pressure. However, in view of the caveats
proportional toE, if the electron temperature varies as is to discussed above, this may be somewhat premature because
be expected for a scan of either or 7, . The reason for this the ratio of the readin®! of the ionization chamber and the

is the energy dependence of the absorption coefficients. Figetal x-ray energyeyx may depend on the shape of the x-ray
ure 9 demonstrates that the total x-ray enefgycannot be spectrum, i.e., on the electron temperatkiie which may
determined from a dose measurement without some informashange when the pulse duration is varied.

tion about the x-ray spectrum.

It is therefore difficult to compare the results shown in
Figs. 7 and 8 with other experiments unless the experimental
conditions are the same. In Fig. 7 the result of a variation of Earlier investigations of hard x-ray production from short
the laser pulse enerdy, is shown. The pulse durations dur- pulse laser solid target interaction were extended up to a
ing these scans were 30 and 150 fs. The reatrfgllowed  laser irradiation power of 14 TW using pulses as short as 30
a scaling lawM«<E®. This scaling law agrees with that fs and intensities up to:810"¥W/cn?. The conversion effi-
found by Kmetecet al. [1] for the scaling ofEyx with E, . A ciency of laser energy to energy of hot electrons was found
fit with a model proposed by Chichkost al. [14] is also  to be around 50%. There is evidence for an efficient accel-
possible, but neither the accuracy of the data nor the sca@ration mechanism ejecting high-energy electrons from the
range allows a decision as to whether this fit provides ariarget surface into the vacuum. A possible saturation of the
improved approximation of the measured data. The scaling-ray production efficiency for laser pulse durations shorter
exponent obtained in this work is significantly smaller thanthan 120 fs remains to be confirmed by improved experimen-
that of earlier investigations at lower laser intensities andal techniques.
greater pulse duratiori8,6]. This shows that more detailed

IV. SUMMARY
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