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Anomalous emission of electrons from a laser plasma has been discovered. The results are 
described from studies of the macroscopic currents and potentials generated in a high- 
temperature laser plasma in the range of intensities 10'~-5. 1014 w/cm2. A method of 
direct measurement of the electron emission from a laser plasma was developed and used to 
investigate the generation of fast electrons in the case of plasma heating by laser pulses of duration 
3 ns and 5 ps. A maximum energy of fast electrons up to 380 keV was observed with a 
very high total current of electrons from the target up to 8 kA. The results of measurements of 
the emission of high-energy electrons versus the flux density of the laser radiation are 
given. A comparison is made with theoretical estimates, and possible applications are discussed. 
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1. INTRODUCTION 

The formation in a laser plasma of electrons with an 
energy many times greater than that of the themalized elec- 
trons is an extremely interesting and important physical phe- 
nomenon, both from the point of view of fundamental study 
of the interaction of laser radiation with matter and from the 
practical point of view for a variety of laser plasma applica- 
tions. 

From the stand point of fundamental research, study of 
the generation and acceleration of fast electrons in a laser 
plasma makes it possible to understand and investigate some 
complicated physical processes that can accelerate electrons 
to very high energies. Examples of such processes are the 
resonant absorption of laser radiation in a plasma and para- 
metric instabilities near the critical two-plasmon 
decay in the region of the quarter-critical density?' and 
stimulated Raman scattering in plasma  corona^.^-^ 

From the practical point of view, it is very promising to 
use a laser plasma that generates fast electrons as the cathode 
of an injector of high-current pulsed accelerators? since such 
laser-plasma cathodes can, compared with traditional types 
of cathodes, ensure a high initial energy of the electrons 
(>lo2 keV), a short duration of the injection pulse 
s), and huge current densities (>lo6 ~/cm'). 

The generation of fast electrons in a laser plasma can 
play a very important role for the purposes of laser thermo- 
nuclear both negative and positive. 

For example, in schemes of hydrodynamic acceleration 
and compression of thermonuclear targets, even a small 
number of high-energy electrons, carrying less than 1% of 
the absorbed laser energy penetrating into the central region 
of the target can, cause it to be preheated and thereby cata- 
strophically lower the compression by more than an order of 
magnitude and prevent the attainment of the necessary value 
of the confinement parameter pR (p and R are the density 
and radius of the compressed core of the target, 

On the other hand, in the currently widely discussed 

promising scheme of laser thermonuclear fusion known as 
"fast ignition," 14,15 one of the decisive factors in achieving 
success is the possibility of generating in the coronal region 
of the thermonuclear target high-energy electrons under the 
influence of an ultrashort pulse of laser radiation in order to 
ensure effective transport of energy via these electrons into 
the ignition region. Losses during energy transport can sig- 
nificantly reduce the proximity of the region of generation of 
fast electrons to the ignition region. This can be achieved by 
increasing the parameter qhZ (where q and A are the flux 
density and wavelength of the laser radiation) and by corre- 
spondingly increasing the critical plasma density n, near 
which the laser radiation is absorbed and fast electrons gen- 
erated. An important role is here played by relativistic 
effects16 that arise at high flux densities of the laser radiation 
(qb10 '~  w/cm2) and lead to an increase of the critical den- 
sity: 

where nco is the critical density at small q and A ([q] = l  
G W I C ~ ~ ,  [A]=l ,urn). All these above considerations indi- 
cate the importance of investigating the processes of genera- 
tion of fast electrons in the corona of a laser plasma. 

So far there have been several theoretical studies (see, 
for example, Refs. 13 and 17-21) of the possibility of ob- 
taining in a laser plasma superthermal electrons with ener- 
gies from tens of kilo-electron-volts to a few mega-electron- 
volts depending on the flux density. There have also been 
several experimental studies of the generation of fast elec- 
trons in laser plasmas when radiation of a C02 laser (A= 10.6 
pm, Refs. 22 and 23), Nd laser (A= 1.053 pm, Refs. 24-27), 
and the harmonics of this laser (A=0.263 pm and A=0.526 
pm, Ref. 28) act on the material. The energy of the electrons 
observed in some experiments was more than l d  keV. The 
studies of Refs. 23 and 27, in which the energies of indi- 
vidual electrons exceeded lo3 keV, should be especially 
mentioned. 

In all these experiments, the electron detectors (silicon 
diodes of photoemulsions) were placed at different distances 
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from the laser target, and the measurements of the emission 
were made in small solid angles. In such an experimental 
arrangement, even if several detectors are pointed in differ- 
ent directions in order to measure the angular distribution of 
the emission of the fast electrons (see, for example, Refs. 22, 
23, and 28), it is difficult to obtain reliable experimental data 
on the total currents produced by the fast electrons. The same 
can be said of another group of experiments, in which the 
superthermal electrons were not investigated directly but on 
the basis of an analysis of the spectrum of x rays from the 
p1asmas.27,29.30 

2. DESCRIPTION OF THE EXPERIMENT 

In the work reported here, we investigated electron emis- 
sion from a laser plasma by means of a special technique that 
made it possible on the basis of direct measurements to ob- 
tain the maximum energy of the fast electrons and measure 
the integrated values of the macroscopic currents generated 
by them.31,32 A minimum estimate of the electron energy was 
found from direct measurement of the macroscopic potential 
generated by the laser plasma while the laser pulse was act- 
ing. 

The experiments were performed in the Laser Plasma 
Laboratory of the P. N. Lebedev Physics Institute using the 
PIKO facility. Aluminum was the material of the irradiated 
target. The effect of laser radiation on the target was inves- 
tigated in the range of flux densities q from 1013 to 5 -  loL4 
w/cm2 for two laser pulse lengths in the nanosecond and the 
picosecond ranges. Radiation from Nd lasers (A= 1.06 pm) 
was focused on the flat surface of a cylindrical target, which 
was simultaneously the inner plate of a coaxial capacitor. 
The pressure p of the residual gas 'in the target chamber was 
varied from lo-' to 6. lod6 torr. 

The width at half maximum of the laser pulse was 7=2 
ns or 5 ps. The laser energy E in the nanosecond regime of 
target irradiation was varied from 2 to 20 J, corresponding to 
a variation of q from 1013 to 1014 w/cm2. In the picosecond 
regime of target irradiation, the energy of an individual pulse 
was varied from 40 mJ to 240 mJ, and the corresponding 
values of the flux density q were varied in the range 
1014-5- loL4 w/cm2. The divergence of the radiation, esti- 
mated from the focusing spot, was 2a=5- 10-~-8. rad 
depending on the regime of laser operation. The energy con- 
trast of the radiation focused on the target, K E ,  varied from 
shot to shot in the range -lo3-16. The half-width Ah of the 
radiation spectrum of the nanosecond taser was 30 A, while 
that of the picosecond laser was 5-8 A. 

To determine the size of the region of the high- 
temperature plasma responsible for the generation of the fast 
electrons and to measure the electron temperature in it by the 
method of absorbers, we used a multichannel x-ray pinhole 
camera with Be filters of thickness from 50 pm to 800 pm 
and the x-ray photoemulsion UF-VR-2 as a radiation 
d e t e ~ t o r . ~ ~ - ~ ~  

3. DETECTION SCHEME 

We consider briefly the characteristic features of the 
method of the measurements that made it possible to detect 

the anomalously high energies of the electrons and electron 
current generated by fairly moderate flux densities on the 
target. 

The basic scheme for detecting the electron emission for 
the present series of experiments is described in Ref. 3 1. The 
construction of the target unit consisted of the target itself in 
the form of a cylindrical rod of diameter 5 mm and length 25 
mm placed inside a cylindrical shell with the gap between 
them filled by an insulating film made of mylar or Teflon. 
The combination consisting of the target, screen, and insula- 
tor constituted a coaxial capacitor. The signal from the cen- 
tral plate through a coaxial high-voltage resistance reached a 
cable transmission line. The system consisting of the resis- 
tance and the coaxial cable acted as a high-voltage divider, 
the signal from which passed through a system of coaxial 
attenuators and synchronized dividers to the plates of a fast 
oscillograph. Unfortunately, the irradiation geometry did not 
allow strict matching of the parameters of the coaxial capaci- 
tor to the coaxial transmission line; however, this did not 
affect the detected oscillogram, since the "electric length" 
of the capacitor was less than the duration of the laser pulse 
and the resolution of the oscillograph. The characteristic time 
of the natural oscillations of the coaxial capacitor was ap- 
proximately 0.04 ns. 

The detection circuit was calibrated by passing through 
it a specially shaped high-voltage pulse shorter than the laser 
pulse. We note that the characteristic time for generation of 
anomalously high-energy electrons for the given fluxes can- 
not in principle exceed the duration of the laser pulse. Direct 
calibration of the measurement circuit in this manner was not 
possible for the case of the picosecond pulse since in this 
case the laser pulse was significantly shorter than the time 
resolution of the measuring circuit. 

The triggering of the oscillograph was synchronized 
with the nanosecond and picosecond lasers by means of a 
coaxial photocell and a corresponding delay line. The syn- 
chronization system ensured an accuracy of detection of the 
time of onset of the emission of the high-energy electrons 
relative to the onset of the heating of the target by the laser 
pulse of 50.1 ns. 

Typical oscilloscope traces of the laser pulse and the 
current pulse of the high-energy electrons from the plasmas 
heated in the nanosecond and picosecond regimes are shown 
in Fig. 1. The maximum energy of the electrons was deter- 
mined from the potential that arose on the target relative to 
the capacitor surrounding it. In its turn, the maximum value 
of the potential was calculated from the amplitude of the first 
pulse on the oscillograph screen with allowance for the pa- 
rameters of the attenuators in the long transmission line and 
the experimentally measured transmission coefficient of the 
detection circuit. 

4. RESULTS OF THE MEASUREMENTS 

The largest peak energy of the high-energy electrons 
measured in the work described here was Em, 1-380+i: 
keV in the case of heating by the nanosecond laser pulse and 
E,,,-30?5 keV in the case of the picosecond pulse. The 
scheme used for the detection of the electron emission, con- 
sidered in detail above and in Ref. 31, enables us to assert 
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that the current from the target through the capacitor greatly 
exceeded the current through the high-voltage resistance of 
the measuring circuit. Therefore, using the oscillograms to 
calculate an upper limit of the characteristic rise time r of the 
current pulse of the high-energy electrons (Fig. l), we can 
estimate the maximum value of the current using only the 
current through the target-capacitor circuit: 

where C is the capacitance of the target-capacitor circuit, 
which has the value 6 .  lo-" F, and e is the electron charge. 
It is readily seen that when a nanosecond pulse acts the target 
the characteristic duration of the current pulse is about 
3.10-~ s. Then the measured value of the electron current 
averaged over the pulse reaches about 8 kA. The current 
corresponding to the high-energy electrons with ESE,, 
was determined by the current through the high-voltage di- 
vider and was approximately equal to 12 A. The correspond- 
ing density of the average current with allowance for the size 
of the focusing spot of about 150 pm was of order 1 
MAIC~'. The charge canied away by this current during the 
time r can be estimated at -lo-' C. 

With regard to the maximum values of the current and 
potential in the case of a picosecond pulse, the resolution of 
the detection scheme permit measurement of the actual val- 
ues, which may exceed by several orders of magnitude the 
value corresponding to a nanosecond pulse. An estimate 

FIG. 2. Dependence of the maximum energy of the high-energy electrons on 
the flux density of the laser radiation on the target for an aluminum plasma 
heated by a nanosecond laser pulse; the open circles and black circles are for 
p ,= lo-' torr and p2= 10-5 tom, respectively. 

FIG. 1. Typical oscillograms of the laser 
pulse (1) and the current pulse of the 
high-energy electrons from the plasma 
(2): a) heating of the plasma by a nano- 
second laser pulse; b) heating of the 
plasma by a picosecond laser pulse. The 
amplitudes of the positive pulses 2 cor- 
respond to 320 keV (a) and 30 keV (b). 

from the oscillogram obtained with resolution 20.1 ns gives 
-1 kA. If, however, we note that the high-energy electrons 
must be generated during the laser pulse, then the estimated 
macroscopic electric current for a characteristic time of mea- 
surement of the current equal to the laser-pulse duration of 5 
ps reaches a value of about 0.5 MA, and the corresponding 
current density is -lo9 Ncrn2. This last value is only a 
surmise and requires further experimental verification. For 
this, it is necessary to develop a new method of measurement 
permitting significant improvement of the time resolution. 

The electron temperature measured in the nanosecond 
case by the method of absorbers varied, depending on the 
flux density of the laser radiation on the target, from 
Tmh=80220 eV to Tm,=300255 eV. The results of the 
x-ray photography of the plasma were also used to verify the 
calculated flux density of the laser radiation on the target. 

The dependence of the emission of high-energy elec- 
trons from the plasma on the flux density was investigated by 
varying the energy of the laser radiation focused on the target 
while keeping unchanged the remaining parameters of the 
laser and the conditions of focusing. Figures 2 and 3 give the 
results of measuring the maximum energy of the electrons as 
a function of the radiation intensity for heating of the plasma 
by nanosecond (Fig. 2) and picosecond (Fig. 3) laser pulses 
for different pressures of the residual gas in the target- 
diagnostics chamber: p l =  lop2 torr and p2= lo-' ton. Note 
the strong dependence of the maximum electron energy on 

14 2 q. 10 Wlcm 

FIG. 3. Dependence of the maximum energy of the high-energy electrons on 
the flux density of the laser radiation on the target for an aluminum plasma 
heated by a picosecond laser pulse; the open circles and black circles are for 
p ,= lo-' torr and p,= lo-' tom, respectively. 
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the intensity of the heating radiation for both the nanosecond 
and the picosecond pulses of the heating radiation and also 
the significant effect of the residual gas surrounding the tar- 
get on the generation of high-energy electrons in the case of 
a nanosecond pulse and the absence of such an influence in 
the case of a picosecond pulse. The maximum energies of the 
highenergy electrons measured in the case of heating by the 
picosecond laser radiation were found to be approximately 
an order of magnitude less than in the case of heating by the 
nanosecond pulse. However, we must mention the lower (by 
approximately a factor of 10) value of the energy contrast of 
the picosecond laser pulses and the integrated nature of the 
oscillograms detected in this case. It is also necessary to take 
into account the fact that the mechanisms for which the high 
energy electrons are generated in the nanosecond and pico- 
second cases are, to judge by all the appearances, essentially 
different. For example, longitudinal plasma oscillations can- 
not develop during a time -10-l2 s, to say nothing of the 
time required for the establishment of a thermodynamic state 
of the electrons and ions of the plasma and radiative equilib- 
rium of it. 

5. DISCUSSION OF RESULTS 

It is interesting to compare the results with theoretical 
estimates. Generally speaking, modeling the interaction of 
electrons with plasma waves and electromagnetic radiation 
in a laser plasma in the relativistic case is a very complicated 
problem. Thus, the plasma waves capable of ensuring elec- 
tron acceleration, like the nonlinear mechanisms, lead to a 
very complicated form of the dispersion relation dk), where 
w is the frequency and k is the wave vector. Besides these 
complications, an electron in the plasma can, undergo mul- 
tiple interactions with one or several waves before it escapes. 
In our case, the situation is aggravated by the fact that the 
measured currents have huge values. This leads to macro- 
scopic violation of the electrical neutrality of the high- 
temperature region of the laser plasma. It is therefore diffi- 
cult to separate one simple mechanism of acceleration of 
electrons in the laser plasma. 

In Ref. 19 there is a theoretical estimate of the maximum 
energy of the electron oscillations, which determines the 
maximum energy of the high-energy electrons, for resonant 
absorption with linear density profile: 

E ~ , - ~ ~ E ~ L ~ = F J ~ -  1 0 - ~ a ,  (2) 

where e is the electron charge, Eo is the field strength of the 
laser radiation, f is the fraction of the energy of the electro- 
magnetic wave transformed into an electrostatic field, L is 
the characteristic length scale of the plasma, and q is the flux 
density of the laser radiation ([q] = 1 w/cm2, [A]= 1 pm, 
[L] = 1 pm). Taking f -1, q-5. 1013 w/cm2, L-50 pm, we 
obtain for the fundamental radiation frequency of the Nd 
laser the estimate ~,,=ld keV. 

A similar estimate is obtained by considering a model of 
the formation of the high-energy electrons in a localized field 
that was studied in detail in Ref. 13. In accordance with this 
model, the presence in a laser plasma of localized fields- 
cavitons-gives rise to a superthermal component of the 

electron energy distribution function that is characterized by 
a "hot temperature" Th , which can be approximated by the 
expression 

where Ro is the radius of the evaporation wave, Ab is the 
coefficient of absorption of the laser energy in the plasma, 
[ q ~ ]  = 1014 ~ . p r n / c m ~ ,  and [ T ~ ]  = 1 keV.  or the character- 
istic parameters of the experiment we obtain Th-10 keV, in 
good agreement with the measurements based on the spec- 
trum of the continuum x-ray radiation. In Ref. 13, the fol- 
lowing estimate was obtained for the cutoff energy (maxi- 
mum energy) of the spectrum of fast electrons on the basis of 
Th : 

where D=dlAD is the half-width of the field (caviton) ex- 
pressed in Debye radii AD in the neighborhood of the critical 
density. For the typical value D=7 we obtain E,,=60 keV. 

The estimates of the maximum energy of the electrons 
obtained on the basis of these models give values of Em, 
appreciably lower than those measured experimentally in the 
present study, at least in the case of the plasma heating by 
the nanosecond pulses. A possible reason for the increase in 
the electron energy could be, for example, acceleration of the 
electrons in local regions of the plasma, in which the high 
degree of coherence of the laser radiation could give rise to 
small-scale bursts of the flux density with peak values ex- 
ceeding the mean flux density on the target by orders of 

6. CONCLUSIONS 

In conclusion, we also mention some interesting aspects 
of the generation of high-energy electrons and ultrahard x 
rays in a plasma heated by ultrashort laser pulses (duration 
~ 1 - 1 0  ps) with flux density qZ=10'~ w/cm2. At such 
fluxes, the electrons can be accelerated in the field of the 
laser electromagnetic wave with field strength 8 to relativis- 
tic energies Em,-en greatly exceeding the electron rest 
energy. As we have already mentioned above, in some ex- 
periments individual high-energy electrons have been 
observed,23727 with energy up to 0.2-1 MeV even in the case 
of long pulse durations. 

The density of the separated electric charge Q in the 
plasma can reach values greater than - 10 c/cm3, while the 
derivatives of the charge and current reach fantastic values: 
d ~ l d t - l 0 ' ~ - 1 0 ' ~  c . c ~ ~ - s - '  and d~ldr -10 '~-10 '~  Ns. 
The maximum value of the current due to the charge sepa- 
ration at the energy Em, of the generated electrons for a 
focal spot of radius Rf and pulse of duration r can be esti- 
mated at 

J-2RfEm,ler2 ld A. (5) 

This estimate applies to an isolated spherical target. For a 
massive nonisolated target, the experiment showed that if a 
charge sink exists the current from the laser plasma can be 
appreciably greater than the estimate obtained above. At the 
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same time, the amplitude of the macroscopic magnetic field 
reaches values ~ - 1 0 ~ - 1 0 ~  G. The radiated flux of electro- 
magnetic energy, actually determined by the derivative of the 
current and estimated from the Poynting vector, then has a 
value (S- 1017 w/cm2) only an order of magnitude less than 
the flux of the laser radiation. However, the brightness of this 
radiation is much less than that of the laser radiation, since it 
is emitted into the complete solid angle 4w. 

The presence in the laser plasma of fluxes of high- 
energy electrons makes it possible to observe ultrahard x 
rays due to Compton scattering of some of the laser radiation 
by these  electron^.^' Indeed, for relativistic electrons satisfy- 
ing 1-/341 the energy Awr of a photon scattered through 
angle 19 relative to the direction of motion of an electron is 
determined by the well-known relation 

where p is the electron velocity, and A o  is the energy of a 
laser photon; alternatively, in the ultrarelativistic case 

where mc2 is the electron rest energy. Such photons propa- 
gate in the opposite direction to the laser beam in the narrow 
solid angle 9 - ( r n ~ ~ ) ~ / E ~ ,  . Using the expression (6) for an 
estimate under the conditions of our experiment 
(Em,-3. 1 6  eV at 9-3- 1013 w/cm2) and the dependence of 
the energy of the accelerated electrons on the flux Em,-Jq, 
we obtain for q - lo2' w/cm2 the result fiol-2. 106Ao eV, 
where for the Nd laser with Aw-1 eV the scattered photons 
are in the megavolt energy range. The predominant direction 
of the beam of scattered photons is determined by the direc- 
tion of the current of the emitted accelerated electrons and is 
ir, opposite that of the laser beam. The characteristic diver- 
gence may reach (~--10-~ rad. 

We should also note the remarkable fact that the energy 
expended on separating the charges in our experiments was a 
significant fraction of the energy of the laser pulse. Thus, in 
a number of firings the energy of the charge on the target 
capacitor reached 30% of the absorbed laser energy. This 
means that the energy of the macroscopic electromagnetic 
field in the laser plasma may be comparable with the gas- 
kinetic energy and the energy of the thermal radiation (see, 
for example, Ref. 39). This last fact can have a strong influ- 
ence on calculations relating to the energy balance of laser 
plasmas, which is important in the theory of the compression 
of spherical thermonuclear targets, especially in the "fast 
compression" regime, in which the original laser radiation 
varies greatly on the target surface. Thus, in gas-dynamic 
calculations of laser plasmas, at least for fluxes greater than 
1014 w/cm2, one must approach with care the inclusion in 
the equation of state of the terms associated with the macro- 
scopic currents during while the laser radiation acts and dur- 
ing their ponderomotive intera~tion.~' With regard to the 
connection between these results and the problem of laser 
thermonuclear fusion, we must, in addition to what we have 
said above, take into account in the calculations of models of 
plasma compression and the construction of thermonuclear 
targets the generation of highenergy electrons in the plasma. 

In addition, it is necessary to design special experiments to 
investigate the generation of high-energy electrons for laser 
heating of special targets that model thermonuclear targets, 
both for the regime of "hydrodynamic compression" and for 
the "fast ignition" regime. Such investigations will make it 
possible not only to construct an adequate model of the gen- 
eration of high-energy electrons but also to optimize the con- 
ditions for their generation in accordance with the require- 
ments of the chosen regime for heating and compression of 
thermonuclear laser targets. 
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