
Abstract. Various mechanisms of the appearance of a poten-
tial jump on a target irradiated by 10.6-lm laser pulses in
vacuum are considered. It is shown that, in principle, the
potential jump can be used to monitor the parameters of the
laser pulses and measure the electron temperature of a laser
plasma.
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1. Introduction

Laser plasma has been studied as an ion source, with the
results being applied to the development of laser ion sources
for accelerators, neutron generators, the purposes of laser
implantation, etc. The electron emission of laser plasma at
early stages of its expansion in vacuum has been studied
less well. Among other things, this emission leads to the
formation of a double layer at the plasma boundary and the
resulting change in the potential of the laser target [1 ë 4].
The mechanisms of the appearance of electric éelds during
the optical breakdown of air were presented in detail in
Refs [5 ë 7].

These questions are of interest because laser plasma can
be used to create pulsed sources of current, which, for
example, can power solenoids that produce strong magnetic
éelds � 100 T [8]. Attempts have been made to relate the
measurable characteristics of the electron emission with one
of the most important parameters of laser plasmaì the
electron temperature Te [9 ë 11]. In our opinion, this prob-
lem is particularly important because, at present, there are
no simple universal methods for monitoring Te in laser-
plasma facilities. Apart from practical applications, studies
of the electron emission characteristics of laser plasma have
an important fundamental aspect, namely, the investigation
of the formation of the double layer at the plasma boun-
dary, which signiécantly affects the energy spectra of
multply charged ions in laser plasma [12].

The purposes of this work are to study the correlation
between the laser pulse and the potential jump V on the
laser target and to investigate how the potential jump de-

pends on the parameters of the laser radiation, the charac-
teristics of the vacuum, and other physical conditions. Based
on the results obtained, we develop a technique for moni-
toring the laser êux density on the target surface with the
help of measurements of V and study the possibility of deve-
loping a technique for monitoring the electron temperature
Te of plasma.

2. Experimental setup

Fig. 1 shows the scheme of the experimental setup. We used
a pulsed transverse-discharge CO2-laser 1. A laser pulse had
a proéle typical for high-pressure CO2-lasers: a giant pulse
with a FWHM of 100 ë 200 ns was followed by the radi-
ation of lower intensity with the decay time of 5 ms. With
the help of deêecting mirrors 2 and 3, a laser beam was
directed into a vacuum chamber 4 through an input win-
dow 5. The chamber contained a NaCl focusing lens 6 with
a focal distance of 45 mm and a target 7. The maximum
intensity F of the focused radiation was 2� 109 W cmÿ2. A
6� 6-cm brass plate 8 (electrode) was placed between the
target and the lens, at a 2-cm distance from the target. The
plate had a hole of diameter 5 mm in its centre to let the
laser beam pass through. The target and the plate were
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Figure 1. Scheme of the experimental setup: ( 1 ) laser, ( 2, 3 ) deêecting
mirrors, ( 4 ) vacuum chamber, ( 5 ) input window, ( 6 ) focusing lens, ( 7 )
target, ( 8 ) brass plate (electrode), ( 9 ) beamsplitter, ( 10 ) FP-3 photode-
tector, ( 11 ) G5-15 pulse generator, ( 12 ) S8-I2 oscillograph.



isolated from the chamber walls, which were grounded in
the experiment. This allowed us to measure the potential
jump on both the target and the brass electrode. During
these measurements, we grounded one of the electrodes and
connected the other one to a RC circuit, whose output was
fed to an oscillograph. The vacuum chamber was a 20� 30
�60-cm rectan-gular parallelepiped made of stainless steel;
the targets were made of C, Zr, Ta, and Pb. To study the
correlation between the temporal dependence of the laser
intensity and that of the target (electrode) potential, we
employed a beam-splitter 9 and a photodetector 10. A two-
beam storage oscillograph 12 recorded the photodetector
output and the target (electrode) signal. A pulse generator
11 synchronised the start of the laser and the oscillograph.

3. Experimental results

At the érst stage of the experiments, we studied how the
potential jump on the laser target depends on the laser
radiation intensity and investigated the nature of the poten-
tial jump itself. In these experiments, the target was connec-
ted to the resistor R � 1 MOhm and the capacity C � 100
pF (a parasitic capacity), and the electrode was grounded.
The system was evacuated to �2ÿ 3� � 10ÿ5 Torr.

Fig. 2 shows typical oscillograms of the potential jump
on the target and a laser pulse. The shape of the signal from
the target was independent of the target material and was
similar to the laser pulse shape. The pulse of the target
potential was positive; it had a single peak, a steep (100-ns)
leading edge, and a slowly decaying trailing edge (with a
decay time of 10 ms). The experiments have shown that the
onset of the laser pulse coincided with the onset of the
variation in the target potential. A weak modulation obser-
ved in the tails of the pulses was due to the noise pickup.

Fig. 3 shows experimental dependences of the potential
jump V on the laser radiation intensity F in the logarithmic
scale. We changed the intensity F with the help of calibrated
élters with the attenuation coefécient K � 1:36. The dia-
meter of the focal spot remained constant and equal to
300 mm. One can see that, regardless of the target material,
the potential jump on the laser target increases monotoni-
cally with increasing F. Note that the appearance of the
potential jump exhibited a threshold behaviour: if F was re-
duced below the plasma formation threshold, the target sig-
nal fell off dramatically by more than one order of magni-
tude. We inferred the plasma formation threshold from the
disappearance of the ion current from the electrode, which

was used in our experiments as a collector, while the target
was grounded. Thus, we can assume that neither thermal
emission nor photoemission from the target surface seri-
ously affect the potential jump of the target.

The potential jump on the laser target could also be
caused by the secondary emission of electrons from the
target surface under the action of plasma-produced X-rays
and UV radiation. To énd out whether the secondary elec-
tron emission actually affected the target potential, we per-
formed a special experiment. The target surface was covered
by a thin (0.5-mm) layer of organic glass, which was opaque
for the laser radiation. This shield should strongly reduce
the secondary emission caused by the plasma-produced radi-
ation.

In the experiment, we observed no variation in the target
potential until the laser beam burned through the organic
glass plate. After that, we observed a signal from the target
whose principal part had the amplitude and shape that
coincided to within 30% with the corresponding character-
istics obtained in the absence of the plate. We may then
conclude that, under these experimental conditions, the plas-
ma-produced secondary electron emission from the target
surface does not signiécantly affect the observed potential
jump of the target. This conclusion agrees with the results of
Ref. [10], where it was shown that in the case of micro-
targets and the laser intensity F � 1014 W cmÿ2 neither of
the mentioned mechanisms was responsible for the potential
jump.

Therefore, the only reasonable explanation of the ap-
pearance of the potential jump is the escape of electrons
from the plasma bunch and the formation of a double layer
on the plama boundary, which consists of an external elec-
tron cloud and a bordering electron-depleted plasma layer.
This spatial separation of the charge is caused by the dif-
ference between the masses of electrons and ions [12]. The
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Figure 2. Oscillograms of the potential jump on the laser target ( 1 ) and
the laser pulse ( 2 ) for R � 1 MOhm, C � 100 pF, and the grounded
electrode.
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Figure 3. Dependences of the potential jump V on the C, Zr, Ta, and Pb
targets on the laser radiation intensity F for F0 � 2� 109 W cmÿ2, the
pressures 2� 10ÿ5 (*) and 2� 10ÿ2 Torr (*), and the grounded
electrode.
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presence of the electron emission from the plasma bunch
was conérmed experimentally. If the target signal was po-
sitive, then in the case of the grounded target, the electrode
signal was negative, indicating the charge separation. The
experiment (Fig. 4) shows that, in the case of the grounded
target and R � 1 MOhm, the dependence on F of the modu-
lus of the electrode potential jump jVej (Ve < 0) is similar to
the target's dependence V (F) observed in the case of the
grounded electrode (Fig. 3).

However the authors of paper [7], who studied the
plasma electric éelds near various targets during the optical
breakdown in air, believe that the double layer is formed
due to the gradients of the electron density and the tem-
perature inside the plasma. By compensating this charge
separation, the electromagnetic forces generate double lay-
ers in plasma bunches (opposite dipole moments appear at
the leading and trailing edges of the plasma). The conduct-
ing target removes the dipole at the trailing edge because
any potential difference created in the plasma due to the
charge separation connects up to the metal surface. There-
fore, the double layer is induced by the dipole at the leading
edge of the plasma, resulting in the negative potential in
front of the target. However, if we assume that the temper-
ature gradient in the plasma is insigniécant, so that the plas-
ma can be characterised by some average electron tempera-
ture, then the charge separation at the leading edge of the
plasma expanding in the vacuum is caused by the difference
between the masses of electrons and ions.

A theoretical model describing the appearance of the
potential jump V on a target caused by the electron emission
from the plasma bunch was developed in Ref. [9]. In the case
of an isolated target having the capacitance C with respect
to the electrode (in our case, this electrode was the chamber
walls), we obtain

V � eN0�eV�1=2
�
1� kTe

2eV

�
� exp

�
ÿ eV

kTe

�
1

C�pkTe�1=2
, (1)

where N0 is the total number of electrons in the plasma, e is
the elementary charge, and k is the Boltzmann constant.
Expression (1) was derived by assuming that all electrons
whose energy exceeds eV reached the chamber walls. In this
way, the capacitance C is charged to potential V , when all
electrons become Maxwellian and the inêuence of the double
layer of the plasma boundary can be neglected.

The calculation by expression (1) for N0=C éxed, gives
the dependence V (Te�, which is close to V � Te. The poten-
tial jump V only weakly depends on the ratio N0=C: when
N0=C increases from 1027 to 1029, the potential V increases
less than twice. According to Refs [13, 14], Te � F 4=9 or
F2=3 depending on the experimental conditions; therefore,
the potential V should be proportional to F4=9ÿ2=3. How-
ever, we observed (Figs 3 and 4) a stronger dependence
V � Fa, where 14a4 2 depending on the atomic weight
of the target material.

At the same time, the analysis of the potential jump
oscillograms and their correlation with the laser pulse
(Fig. 2) shows that there is a time delay between the
maximum of V and the maximum of F which increases
with increasing radiation intensity. The maximum of V is
observed later than the maximum of F. This time delay can
be easily explained if we assume that V < j, where j is the
potential difference at the double layer. In this case, a
potential well for electrons forms between the plasma boun-
dary and the electrode, limiting the charging current of the
capacitance C. Assuming that the electrons follow the Max-
well ë Boltzmann energy distribution and neglecting the
leakage current, we obtain

V � je exp

�
ÿ ej
kTe

�
t
S

C
, (2)

where je � ene(2kTe=pme)
1=2=2 is the density of the thermal

electron current, me is the electron mass, ej is the depth of
the potential well of the double layer for electrons, t is the
laser pulse duration, ne is the electron density, and S is the
area of the plasma surface. Assuming that S coincides with
the focal spot area and taking into account that Te �
F 4=9ÿ2=3, ne � Zni (due to the quasi-neutrality of the plas-
ma), where the average ion charge Z � 1, and ni � Ni �
F 0:9ÿ1:1, where Ni is the total number of ions in the plasma,
we obtain V � Fath (1:14ath 4 1:4) for F near the plasma
formation threshold [15]. In these estimates, the upper limit
is undervalued because S actually increases with increasing
F. In the case of a two-dimensional geometry and S5
pt 2kTe=2mi (where mi is the ion mass), we have Te �
F 4=9ÿ2=3. This yields the upper limit ath � 2, which well
agrees with the experiment.

Thus, we can conclude from the above analysis that,
when the laser radiation intensity is close to the plasma
formation threshold, the detected potential jump on the
laser target (electrode) can strongly depend on the presence
of the double layer at the plasma boundary. Although the
obtained results are rather difécult to interpret, our experi-
ment has shown that there is a one-to-one correspondence
between the intensity F and the potential V : V increases
monotonically with increasing F.
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Figure 4. Dependences of the modulus of the electrode potential jump
jVej (Ve < 0) on the laser radiation intensity F in the case of the groun-
ded C, Zr, Ta, and Pb targets at pressures 2� 10ÿ5 (*) and 2� 10ÿ2

Torr (*).
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Fig. 5 shows the experimentally measured V in the case
when the laser beam was defocused but its energy (power)
remained unchanged. The beam was defocused by longitu-
dinal displacment of lens 6 (Fig. 1) in both directions. The
focal plane of the lens then shifted correspondingly by a
distance L. One can see from Fig. 5 that, regardless of the
target material, the maximum V is reached for the minimum
focal spot size or the maximum F. We believe that these
results are of great importance because they allow a simple
method for monitoring F in laser-plasma setups.

It would be of interest to employ the potential jump
measurements for monitoring parameters of the laser plas-
ma and, in particular, for monitoring one of its most im-
portant parameters ë the electron temperature. Formula (2)
is hardly suitable for this purpose because it depends on

many parameters, including the physical conditions of the
plasma formation and expansion, which cannot be easily
expressed analytically. In this connection, we believe it is
more promising to search for methods of measuring the
potential difference j of the double layer, which should
primarily depend on the parameters of the plasma itself.
This potential difference can be deéned as the êoating
plasma potential assuming that the electron and ion currents
êowing through the double layer are equal (similarly to the
case of electric probes [16]):

j � 1

2
kTe ln

2mi

pme
.

In the case of the ion atomic weight A � 12ÿ 200, we have
kTe � (0:16ÿ 0:2)j. A more rigorous theoretical analysis of
the dependence j(Te) for the laser plasma (neglecting its
expansion) gave the relation kTe � 0:2j [17].

It was shown in Ref. [18] that the electron current from
the target to the electrode can be increased by increasing the
pressure in the vacuum chamber to 10ÿ2 Torr, thereby pro-
ducing a background plasma in the space between the target
and the electrode. This is equivalent to connecting a low
resistance between the negative component of the double
layer and the electrode. Based on these results, we expected
that under our experimental conditions the capacitance
C could be charged to the maximum possible potential j
by degrading the vacuum to 10ÿ2 Torr.

Figs 3 and 4 show the experimental dependences of V
and jVej on F that were measured at a pressure of 2� 10ÿ2

Torr. In this case, the variations in the target potential and

the temperature agree to within experimental errors: V(F) �
Fa, where a � 0:7 for the carbon target and 0.5 for the Zr,
Ta, and Pb targets. The deviation of the experimental curves
from the theoretical ones near the plasma formation thresh-
old could be caused by the partial reêection of the laser
radiation from the metal surfaces of Zr and Ta. This is
supported by the fact that, in the case of the carbon target,
the dependence V (F) exhibits no anomaly until the plasma
formation threshold. In the case of the Pb target, the inten-
sities used are much higher than the plasma formation thres-
hold.

Fig. 6 shows the dependence of the electron temperature
of the laser plasma on the parameter l2F, where l is the
laser radiation wavelength. We plotted this curve by
combining various experimental results presented in review
[14]. Fig. 6 also includes our own results of measuring Te in
the 2� 10ÿ2 Torr vacuum using the relation kTe � (0:16
ÿ 0:2)V , where the coefécient depends on A, as noted
above. One can see that these results and the dependence
of kTe on F presented in Ref. [14] are in a satisfactory agre-
ement given kTe is speciéed up to the coefécient (A=Z)1=3.
Despite this good agreement, the possibility of determining
Te from V with the help of the above relation needs to be
substantiated by a more detailed physical study.

4. Conclusions

The results of our experiments and the analysis of other
publications demonstrate that the appearance of the

potential jump on the laser target can be explained by
the formation of a double layer because of the difference
between the masses of electrons and ions. We have studied
the dependence of the potential jump of the laser target on
the laser radiation intensity and demonstrated that there is
a one-to-one correspondence between these quantities. This
allows for a simple method of monitoring the laser radi-
ation parameters (its intensity and focal spot).

The proposed method of determining the electron tem-
perature of the laser plasma from the potential jump on the
laser target can signiécantly facilitate measurements of this
important parameter of laser-plasma setups.
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target materials and the grounded electrode.
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