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Institute a/Laser Engineering, Osaka University, 2-.6 Yamada-aka, Suita, Osaka 565, Japan
(Received 22 August 1986; accepted for publication 2i January 1987)
X-ray conversion efficiency in a O.53-pm laser-produced copper plasma is studied in the 1.55.0 keV range as a function oflaser pulse duration (7 I .) with a laser intensity of 1 X 10 14 W /
cm 2 • The efficiency increases as 1"1 3 at pulse lengths ofless than 400 ps. For a 200-ps pulse
duration, an enhancement of the conversion efficiency is observed with the use of a prepulse.
The efficiency is found to be proportional to the scale length of a preformed plasma.
Enhancement of a factor 3 is observed for the shots with a prepulse.
Laser-produced plasmas have attracted strong interest
for its potential use as an x-ray source with their high brightness and small source size. The development of a high repetitive solid state laser is now making its application to an x-ray
lithography source feasible. One of the most important factors for such usc is the x-ray conversion efficiency within the
range of 1-3 keY photons which are most favorable for x-ray
lithography. I
High emissivity of keV x rays is only achieved in hightemperature, say more than 400 eV, plasmas having sufficient charge states and excitations which are produced under the high intensity irradiation by laser light.2 Such
high-temperature plasmas can be formed near the underdense region so that opacity against keV photons is generally
low. Therefore, the x-ray cOllversion efficiency wiII increase
in a plasma with a long density scale length. 3 There are a few
previous studies which indicate that a larger plasma volume
increases x-ray conversion efficiencies. 4 •5 Most of the work
to date, however, has not contained a systematic study of the
controlled volume dependence of soft x-ray emission.
In this letter we present and discuss the enhancement of
x-ray conversion efficiencies in O,53-,um laser-produced
plasmas with variable plasma scale length using eu planar
targets. Two sets of experiments were conducted; the conversion efficiency was measured (A) by varying the laser
pulse duration and (D) by introducing a prepulse. In the
(A) experiment, the conversion efficiency increases with the
pulse duration for pulse widths less than 400 ps and saturates
at 1 ns. In (B) we obtained an enhancement of the conversion efficiency by a factor of 3 and found this to be proportional to the scale length of a preformed plasma determined
from hydrodynamic calculations and x-ray pinhole images.
Experiments were carried out using two beams of the
GEKKO IV Nd:glass laser system. In the (A) experiment, a
temporally Gaussian O.53-,um laser light pulse of variable
duration [130 ps-l ns full width at half-maximum
(FWHM) J with no prepulse and in (B) a O.53-,um main
laser pulse 0[200 ps (FWHM) preceded by a l.05-,um prepulse (200 ps) were used. The main and prepulses were focused onto eu (Z = 29) targets through asphericallenses of
f /1.6 and! /8 with incidence angles of 35" and 22S to the
target normal, respectively. The intensity of the main laser
pulse was fixed at 1 X 10 14 W /cm 2 in the spot diameter of
250 X 300 pm in both modes (250 X 300 pm represents the
minor and major axes of the elliptical shape of the focal

spot). In (B) the prepulse laser intensity and the time interval between the two pulses were varied from 0.2X 1013 to
9 X 10 l3 W / cm 2 and from 1 to 3.1 ns, respectively. The prepulse laser spot was the same as the spot of the main laser
pulse.
X-ray intensity measurements were performed by using
an Al photocathode biplanar x-ray diode (XRD) with a 45,urn-thick beryllium filter which provided a major spectral
sensitivity in the photon energy range from 1.5 to 5.0 keY.
The smaller sensitivity is down to an ~ i-keV photon range
which corresponds to the L spectra of copper. The XRD was
mounted at 22.5" with respect to the target normal. The
XRD used in this experiment is described in Ref. 3. The
overall time response of detection was 350 pSI so that x-ray
signal pulses corresponding to each laser pulse were easily
discriminated in time since the time interval between the preand main pulses was at least 1.1 ns. The x-ray conversion
efficiency is defined as the ratio of the measured x-ray
fiuence to the main laser energy per unit solid angle (%/sr).
One can obtain the total conversion efficiency by integrating
with the angular distribution function over the solid angle.
The angular distribution is well approximated to be semispherical for keY x rays.
Images of the x-ray emission above the 1.3-keV range
were recorded on KODAK 2494 RAR film using an x-ray
pinhole camera (XPHC) with a 31-pm-thick beryllium filter and a pinhole of 10 pm diameter. The XPHC viewed the
time-integrated image from the right angle to the target normal.
Figure 1 shows the result from the (A) experiment: the
x-ray conversion efficiency (r1, ) as a function of a Gaussian
laser pulse duration (1'L) for a constant laser intensity of
1 X 10 14 W /cm 2 with no prepulse. One can see that the longer the pulse duration the higher the efficiency. For a 400-ps
pulse the conversion efficiency is O.8%/sr which is about 2.5
times larger than that for a I 30-ps pulse. For pulses less than
400 ps, the conversion efficiency scales as 11x 0:: ri 3 • The observed increase of the conversion efficiency may be attributed to the increased emitting volume, simply because this volume is a function of the laser pulse duration. Detailed
analysis of the emitting volume is given in the following
paragraph. A longer pulse duration might increase the inverse bremsstrahlung absorption, (, which may also be another reason for the increased conversion efficiency. The absorption for an 80-ps pulse, however, could reach as high as
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FIG. L X-ray conversion efficiency as a function of a Gaussian laser pulse
duration at 1 X 10 14 W Icrn' with no prepulse laser. A hroken line represents
a theoretical scaling 17, 0:: ?-9/22 exp( ~- 3.86/1'111), where ris a laser pulse
duration.

75% at 0.53 pm light at an intensity of I X 10 14 W /cm 2 • 7
Thus the increased absorption is not enough to explain the
above result.
The x-ray emissivity per unit volume (W/cm 3 ) is a
function of the electron temperature and the ion number
density,1! The electron temperature (Te) increases with
pulse duration (1'1. ) increases. According to the self-regulating model 9 and assuming (Z) -j(ATe ) 1/3,10 it scales as T.
ee 7tll. Here <Z) is the average ionization charge and A is
the atomic number. The x-ray emitting volume is proportional to the density scale length, assuming a planar plasma
expansion. The density region responsible for the generation
ofx rays is assumed to be at critical density. The sc~de length
is inferred to be proportional to Cs h, II where C, is the
sound velocity. From these seatings we can estimate that the
varies
as
1]x cC 1'l. 29/22
conversion
efficiency
exp( - 3.86/t1: 11 (ps»). In this estimation we also assume
that the plasma is optically thin and the x-ray pulse duration
is approximately equal to the laser pulse duration. This scaling is in reasonable agreement with the experimental results
for durations less than 400 ps as shown in Fig. 1. The agreement indicates that the increase in the temperature and the
emission volume are most responsible for the increase in the
conversion efficiency.
The saturation at the l-ns pulse duration could be explained by the effect of three-dimensional expansion. Since
the three-dimensional expansion can be dominant after 1'L
-800 ps (CsTI . -focal spot diameter), the scale length is
limited to the focal spot size, causing the saturation.
Shown in Fig. 2(a) are a typical pinhole image and its
axial intensity scan for the single pulse in the (A) experiment and, in Fig. 2(b), the same for the double pulse in the
CD) experiment. Although the XPHC images are time integrated and have a finite spati.al resolution, these images
clearly show that the emitting volume is extended by the
prepulse laser. The intensity of the x-ray emission from the
prepulse itself was found to be negligible in Fig. 2 as wen as in
the XRD signal measurement. The first x-ray pulse due to
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FIG. 2, Typical x-ray pinhole images and axial intensity scans for (a) the
single pulse :Iud (b) the double pulse. The images are from the right angle to
the target normal. The scans have been made on the lines indicated by the
arrow signs. Laser intensity of the main pulse (20)) is 1 >< 10 14 W Icm 2 in 200
ps.

the prepulse was found to be as small as 13% of that from the
main pulse even at the maximum prepulse intensity.
Figure 3 (a) shows the x-ray conversion efficiency as a
function of the prepulse laser intensity at variable pulse delays of U-3.1 ns. It is readily seen in Fig. 3 (a) that the
conversion efficiency increases with prepulsc laser intensity
and/or pulse delay. For a 1.8-ns delay, the conversion efficiency is 0.85%/5£ at the pre pulse laser intensity of
1.2 X 1013 W /cm 2 • This efficiency is about three times larger
than that without a prepulse. Such enhancement of the conversion efficiency cannot be fully explained by the absorption increase because of the same reason given in the single
pulse (A) experiment.
The x-ray conversion efficiency as a function of the preformed plasma scale length is shown in Fig. 3(b). Here the
plasma scale length (L) at the turning point is evaluated
from the hydrodynamic calculation taking account of
spherical expansion in the XPHC images. 12 The plasma extension at the peak of the main pulse evaluated from the
numerical calculations agrees well with that from the XPHC
images at the various prepulse conditions. Thus the numerical calculation results can be used for guide lines of the scale
length.
The experimental result of the conversion efficiency is
found to scale as 1'fx ex: L (the emission volume) up to the
plasma scale length of about 50 pm. The XPHC images also
show the increase in the emission volumes as already shown
in Fig. 2. As mentioned earlier in the (A) experiment, the
electron temperatureis also essential to determine the keV xray conversion efficiency. However, from the numerical calculation the electron temperature at the peak of the main
pulse is not influenced by the plasma scale lengths of up to 50
pm, which are created by the prepulse. On the other hand,
the laser absorption length is estimated to be 30--60 pm at the
electron temperature T" = 0.6-1 keY. n At scale lengths less
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Prepuise laser intensity (XI0 13 W/cm 2 )

(bl

pulse increases with the prepuise laser intensity for the short
time pulse delay such as 1.1 ns. When the electron temperature is so high that the population of L-shell electrons decreases in the preformed plasma, the L-spectra conversion
efficiency will saturate at the time of the main heating pulse.
There are some other possible mechanisms on the saturation ofthe conversion efficiency: the Brillouin backscattering and the condition of geometrical matching between the
expanding volume of the preformed plasma and the focusing
cone of the main pulse laser. More detailed study is needed
for the saturation mechanisms.
In conclusion, we have obtained the dependence of the
x-ray conversion efficiency on the laser pulse duration in the
1.5-5.0 keY range from eu targets irradiated by a O.53-pm
single-pulse laser at 1 X 10 14 W /cm 2 • The longer pulse duration shows a higher x-ray conversion efficiency, indicating
that the emission volume and the electron temperature are
essential. For the shots with a prepulse, we obtained the enhancement of the conversion effici.ency as much as three
times those without prepuise. The conversion efficiency has
been found to increase with the preformed plasma scale
length as 71x rxL at a weak prepulse intensity. These results
suggest that the conversion efficiency can be significantly
improved by optimizing the pulse shape of the laser, for example, by using a tailored laser pulse.
The authors would like to acknowledge the advice ofM.
Murakami throughout the numerical calculation. The technical assistance of N. Doi and H. Nakano is gratefully acknowledged.
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than the limit of the absorption length, the preformed plasma is heated sufficiently by the main laser. Thus the conversion efficiency increases linearly with the scale length or the
emission volume.
However, the saturation of the conversion efficiency is
found even at scale lengths less than the absorption length
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pulse delay of 1.1 ns from Fig. 3 (a). From the numerical
calculation the electron temperature at the time of the main
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