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An experimental study of energy absorption and x-ray emission from ultrashort laser pulse 
irradiation of in-situ produced solid clusters has been performed. Silver clusters produced by a 30 
mJ, 300 ps laser pulse were irradiated up to an intensity of 3×10

17 W/cm2 by a 70 mJ, 45 fs compressed 
laser pulse from the same Ti:sapphire laser. Absorption of the laser light exceeding 70% was 
observed, resulting in an x-ray yield (>1 keV) of ~ 60 μJ/ pulse. This may constitute a much simpler 
means of intense x-ray generation using ultrashort laser pulses as compared to the irradiation of 
structured / pre-deposited cluster targets, and it offers higher x-ray conversion efficiency than that 
from gas clusters and planar solid targets.
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I. INTRODUCTION

In the recent times, there has been a lot of interest 
in enhancing the absorption of high intensity, ultrashort 
laser pulses in their interaction with matter [1-3]. The 
enhanced absorption is manifested in the observation 
of energetic electrons, MeV ions and x-rays. The x-rays 
are useful as a micron sized x-ray source which has many 
potential applications like time resolved x-ray diffraction 
studies and x-ray lithography. Since the absorption of 
the high intensity (～10

17
 W/cm

2
) ultrashort laser pulses 

(～100 fs) by planar solid targets is considerably low 
(～10-20% at normal incidence) [4,5], various types of 
targets like gratings [6], structured targets [7], pre- 
deposited metal clusters [8], gas clusters [9], snow clusters 
[10] etc. have been used to enhance the coupling of  
the laser energy in matter. Increased deposition of the 
femtosecond pulse energy in the grating targets and in 
pre-deposited metal clusters, has been achieved through 
plasmon resonance and field enhancement in protrusions 
[6,8]. However, since the gratings are expensive, they 
are practically unusable on a routine basis as targets 
for x-ray sources. Next, high absorption (80-90%) of 
ultrashort laser pulses has been observed in gas atom 
clusters [11,12]. The interest in the clusters stems from 

the fact that  the electric field inside the cluster is 
highly enhanced at three times the critical density (nc) 
[13,14]. Initially, as the clusters absorb the laser energy 
at near solid density, they get heated up and start 
expanding. During expansion, the density decreases. When 
the density approaches 3nc, the absorption increases 
rapidly due to the enhancement of the electric field inside 
the clusters [9,15]. However, the keV x-ray conversion 
from gas clusters is rather small (～0.01% ) due to their 
overall small density [12]. This limits the use of gas atom 
clusters as an x-ray source. Further, metal clusters have 
also been used as targets for efficient laser energy ab-
sorption. They can be produced by high pressure dc sput-
tering on polished disks, or by magnetron gas aggregation. 
They can also be produced by the atom pick-up method. 
All these methods involve two steps, first depositing 
the clusters on a planar solid substrate, and then using 
them as targets for plasma formation [8].

Recently, intense femtosecond laser irradiation of solid 
targets has been proposed as a simple means of synthesis 
of clusters of a few tens of nm diameter [16,17]. The rea-
son of formation of clusters is the relaxation of material 
in extreme conditions via fragmentation and molten 
material ejection [16-18]. We have shown in our earlier 
experiments large cluster formation (size 10-80nm) using 
300 ps laser pulses focused on various materials like Ag, 



Efficient keV X-ray Generation from Irradiation of in-situ Produced … - U. Chakravarty et al. 81

FIG. 1. Schematic of the experimental setup.

In, Cu etc [19, 20], which may be used as targets for 
x-ray generation. In this paper we present a study of 
laser energy absorption of intense Ti: Sapphire laser 
pulses in such in situ produced clusters, and the x-ray 
generation from them. A high absorption (exceeding 
70%) of the 45 fs laser pulses is observed at an intensity 
of 3×10

17
 W/cm

2
. Further, an x-ray conversion 

efficiency (hν ≥ 1 keV) of ～ 0.1% is observed, which 
is much higher than that achieved from gas clusters or 
planar solid targets. This suggests that the in-situ 
produced solid clusters are better targets for x-ray 
generation than the gas clusters and solids. In addition, 
the present method offers a simple single-step 
alternative for keV x-ray generation compared to the 
structured targets  or pre-deposited clusters.

II. EXPERIMENTAL SETUP

In our previous work [19, 20], we have studied cluster 
generation from solid target irradiation by sub-ns laser 
pulses from the debris deposition on a substrate (the 
details of the experimental setup are described in refs 
19, 20). SEM pictures of the deposit taken at two pre- 
pulse intensities, one at 3×10

12
 W/cm

2
 and the other at 

10
10
 W/cm

2
, clearly revealed a much higher cluster 

density corresponding to the deposition taken at the 
higher intensity of the sub-ns pulse. The particle density 
in this case (I = 3×10

12
 W/cm

2
) was estimated to be 

～100 particles/μm
2
 from the SEM pictures [19,20]. In 

the work reported here, we carried out the absorption 
measurements of intense femtosecond laser pulses by 
these in situ produced clusters, using the experimental 
setup shown in Fig. 1.

The stretched 300 ps laser pulse, before the grating 
compressor, was split by a pellicle beam splitter and 
was used to produce silver clusters by focusing it on 
a planar solid target of silver, in normal incidence ge-
ometry. This pulse will be henceforth referred to as the 
cluster forming “pre-pulse”. The focused intensity of 
the pre-pulse beam was varied between 10

10
 – 4×10

12
 

W/cm
2
. The transmitted part of the uncompressed 

beam (through the pellicle beam splitter) was time 
delayed through a delay setup and then compressed to 
get a pulse of 45 fs duration (referred to as the “main 
pulse” or the “main beam”). This main beam (70 mJ, 
45 fs) was focused very close to the target, at a distance 
of ～30 μm from the target surface (See Fig.1). This 
beam propagated parallel to the target surface and 
irradiated the clusters emanating from the pre-pulse 
beam irradiating target. For absorption measurements, 
the main beam energy was measured with and without 
pre-pulse produced plasma in its path, to get normalized 
transmission through the plasma plume. After the main 
beam propagated through the plasma, the transmitted 
light was collected using a large diameter lens (75 mm 
diameter, 100 mm focal length) and directed on to a pyro 
-electric detector (Gentec, sensitivity 3V/J) for energy 
measurement. Another more sensitive calorimeter (Gentec, 
sensitivity 164 V/J) was placed outside the chamber 
to sample the scattered light collected by another lens 
of focal length 50 mm placed on the plasma chamber 
wall window in a direction of 45° w.r.t. the target. The 
scattering signal was very low and the angle integrated 
scattered laser light intensity, normalized to the incident 
beam, was estimated to be ≤1%. Thus, the reduction 
in transmission of the main pulse beam was predom-
inantly due to its absorption by clusters. Next, an x-ray 
p-i-n diode (Quantrad) filtered with two aluminized 
polycarbonate filters having a cut-off (1/e transmission) 
at 1 keV, was used to measure the x-ray radiation 
emitted by the laser irradiated clusters. The detector 
subtended a solid angle of 410 μ sr at the source.

III. RESULTS AND DISCUSSION

Absorption measurements of the main laser beam 
were carried out at the maximum main beam intensity 
of 3×10

17
 W/cm

2
, for different intensities of the 

pre-pulse beam. First, a delay of 10 ns was kept 
between the cluster forming pre-pulse and the main 
pulse. A low absorption was observed as shown in Fig. 
2. Despite increase in absorption with pre-pulse energy, 
the absorption did not increase much (<10%) even 
when the pre-pulse was focused at higher intensities 
>10

12
 W/cm

2
, where a larger amount of cluster 

formation is expected. The delay was then increased to 
75 ns. From Fig. 2 it is seen that at this delay, there 
is a low absorption of ～10% recorded for intensity 
around 10

10
 W/cm

2
. As the pre -pulse intensity is 

increased, the absorption increases rapidly up to 10
12
 

W/cm
2
, and thereafter, it shows saturation in the range 

(1-4)×10
12
 W/cm

2
, corresponding to a high absorption 

of ～70%.
The above observations can be understood as follows. 

At the delay of 10 ns, even at the highest pre-pulse 
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FIG. 2. The variation of the main pulse absorption as 
a function of the pre-pulse laser intensity at a main beam 
intensity of  3×1017 W/cm2. The absorption is studied at 
two delays of 10 ns and 75 ns between the pre-pulse and 
the main pulse.
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FIG. 3. Variation of the main beam absorption as a 
function of its intensity. The pre-pulse beam intensity is 
fixed at 4×10

12
 W/cm

2
.

FIG. 4. Variation of the absorption of the main beam 
with nth pre-pulse shot fired at the same place in silver 
target. The fitted curve is only guide to the eyes.

intensity of 4×1012 W/cm2, the large clusters of size  
～10 - 40 nm (radius) having a typical velocity ～102-103 
m/s [21-23] will travel a distance of only ～ 1-10 μm 
from the target surface and hence will not reach the 
interaction volume of the main pulse, passing 30 μm 
away from the surface. Thus, the main beam will interact 
only with the plasma produced by the pre-pulse beam 
(and perhaps some very small clusters traveling with 
a higher velocity), resulting in the observed low ab-
sorption. Increasing the delay results in the arrival of 
more and more clusters in the interaction region of the 
main beam. The observed increase in absorption with 
increasing pre-pulse intensity is then simply understood 
from the increase in number as well as the velocity of 
clusters produced at higher pre-pulse intensity [19,20]. 

Next, the absorption of the main beam was studied 

as a function of its intensity, at a fixed pre-pulse intensity 
of 4×1012 W/cm2. For this purpose, calibrated neutral 
density filters were used to attenuate the main beam 
energy, starting from the highest value. The absorption 
variation for silver target is shown in Fig. 3, where the 
intensity of the main beam was varied in the range of 
3×1016 – 3×1017 W/cm2. When the intensity was 
increased by one order of magnitude (from ～3×1016 
W/cm2 to 3×1017 W/cm2), the absorption increased 
from ～ 25% to 70%. The increase in absorption is 
initially fast and at higher intensities the increase in 
absorption is slow. 

At the fixed pre-pulse beam intensity of 4×1012 
W/cm2 the increase in absorption with increase in main 
pulse intensity can also be understood in terms of the 
3nc resonance absorption in clusters [11,14]. As the 
clusters absorb the laser energy and get heated up, 
they start expanding and the density decreases from 
near solid density. As stated earlier, in the vicinity of 
3nc, a high absorption would occur due to enhancement 
of laser electric field inside the clusters [13,14,15]. For 
ultrashort laser pulses, this condition will be met more 
easily at higher laser intensity due to faster expansion 
of the heated clusters, leading to higher laser energy 
absorption. Moreover, the rate of change of electron 
density in a cluster after irradiation is expected to be 
fast initially for smaller radius (as dne/dR α R-4), hence 
with increasing intensity of main pulse, a slower change 
in electron density is expected as most of the expansion 
occurs during the initial part of the pulse. This explains 
qualitatively the fast rise in absorption followed by a 
slower increase of absorption when the main pulse 
intensity is increased.

It may be relevant to point out that a high absorption 
was observed only when fresh surface of the target was 
irradiated. When the pre-pulse laser beam was incident 
on the previously irradiated spot on the target, the 
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FIG. 5. X-rays emission intensity from silver clusters 
as a function of the pre-pulse intensity, for main beam 
intensity of 3×1017 W/cm2.

absorption decreased. Fig. 4 shows the main pulse ab-
sorption after a number of pre-pulse shots were fired 
at the same place. It is seen that the absorption decreases 
with the number of pre-pulse shots, but it does not 
reduce to zero.

The above behavior may be understood as follows. 
When the pre-pulse irradiates a solid surface it forms 
a crater. On subsequent laser irradiation at the same 
spot, there will be a recession of the crater surface as 
more and more material ablates out. Thus the clusters 
produced from irradiation of the crater region will take 
a longer time to reach the interaction region and would 
increasingly miss interaction with the main beam. This 
inference is also supported from the observation that 
when the target, after a few shots of irradiation, was 
brought slightly closer (～10 μm) to the main beam, 
the absorption showed a slight increase compared to 
that in the unshifted position. There could be a few 
more reasons for the reduction of absorption. For example, 
with more laser shots fired at the same place, the focal 
spot size can increase because of the crater formed by 
the previous pulses, leading to a decrease in the intensity 
of the prepulse. Moreover, the modification of the surface 
structure by the prepulse can also be responsible for the 
observed decrease in absorption. Next, as stated above, 
the absorption did not reduce to zero even after a number 
of shots were fired at the same place. This may be due 
to arrival of some smaller clusters in the interaction 
region even after crater formation.

Finally, we present the results of the x-ray emission 
measurements from the heating of the in-situ produced 
clusters. Fig. 5 shows the intensity of x-ray emission as 
a function of the pre-pulse beam intensity at the maximum 
main beam intensity of 3×10

17
 W/cm

2
. It is seen that 

the x-ray intensity increases with pre-pulse beam 
intensity. This behavior is consistent with our 
measurements of a higher absorption of the main beam 

at high pre-pulse intensity (shown in Fig. 2).
With increase in pre-pulse intensity, the number of 

clusters interacting with the main pulse increases. As 
a result, the absorption increases and the x-ray yield 
also increases, showing a variation somewhat similar to 
that of the absorption. The spectrally and temporally 
integrated x-ray yield (for hν ≥ 1 keV) at the main 
beam intensity of 3×10

17
 W/cm

2
 and the pre-pulse 

intensity of 4×10
12
 W/cm

2
, was measured to be ～ 60 

mJ. For the above condition of pre-pulse and the main 
pulse, the recorded absorption of the high intensity 45 
fs pulses was ～ 70%. This gives a percentage conversion 
efficiency of the laser energy into x-rays to be ～ 8.5× 
10

-2
%.

The above high yield of x-rays achieved from silver 
clusters can be due to several reasons. Irradiation of 
the metal cluster with intense femtosecond pulses leads 
to enhanced absorption. Due to the enhanced field inside 
the clusters, highly charged ion species are produced. 
Therefore, the clusters give a high x-ray output due to 
increased collisionality, and higher ionization [24-28]. 
Due to the above reasons, a high percentage conversion 
efficiency of laser energy into x-rays is observed. In 
conventional Xe gas cluster targets, the percentage con-
version efficiency of laser energy into x-rays (hν >1 keV) 
is reported to be between 1.7- 4.2×10

-3
 % [12]. Nickel 

target in various forms, when irradiated with 1 ps pulse 
of 10

17
 W/cm

2
, produced efficient x-rays above 900 eV 

[29]. The reported percentage conversion efficiency of 
70 mJ laser energy in to x-rays (hν > 900 eV) from flat 
nickel target is 2.8×10

-3
 %, for Ni nano-groove target 

it is 2.8×10
-2
 %, for Ni “smoke” targets it is 1.3×10

-1
 

%, and for Ni black target it is 1.4×10
-1
% [29]. This 

suggests that silver clusters produced in situ are a 
better source of x-rays than the gas clusters and solids. 
Moreover, it offers a simple single step method for keV 
x-ray generation than the structured targets which are 
difficult to fabricate.

Next, the temporal duration of the x-ray emission as 
measured with p-i-n diode lasted for 8 ns (detector 
limited). While the x-ray emission from the in-situ pro-
duced clusters is expected to be isotropic, the debris 
moves predominantly in the direction of the target 
normal, in a narrow cone angle. Hence, in a direction 
parallel to the target surface, there will be very little 
debris and hence the x-ray source, viewed in this 
direction, will be nearly debris-free. The present scheme 
of cluster formation has also the advantage that the 
interaction of the generated clusters with the main beam 
is slightly away from the solid target. This prevents 
heat conduction from clusters to the cold target sub-
strate, leading to enhanced plasma temperature and 
increased x-ray emission, than in the case of metal 
clusters pre-deposited on a planar target.
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IV. CONCLUSION

In conclusion, we have observed a high absorption 
of ～ 70% of high intensity ultrashort laser pulses in sil-
ver clusters produced in-situ by a sub-ns pre-pulse. The 
effect of temporal delay (between the pre-pulse and the 
main pulse) and the pre-pulse intensity was studied to 
achieve high absorption of the fs pulses in these clusters. 
The high laser light absorption resulted in an efficient 
keV x-ray generation. A high conversion efficiency of 
～8.5×10

-2
% of the laser energy into x-rays (hν ≥1 

keV) is observed. Moreover, the x-ray source is prac-
tically debris-free.
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