
The increase AT, of the gas temperature depends on the 
degree of ionization N,,,/N, of the average energy of 
the electrons T, and on the time y- of the passage of the 
active zone through the given point. The quantities T, 
and y, in turn, a r e  determined by the ratio of the ener- 
gy w of the oscillatory motion of the electrons in the 
wave field to the potential I of the ionization of the 
atoms. At the usual radiation intensities for  pulsed 
laser  breakdown, w lies in the range 6I<w <I, where 6 
is the fraction of the energy lost by the electrons in the 
collisions. Under these conditions, at incomplete ion- 
ization of the gas  T,= I = 10 eV, T = y-' = v-'l/ru and AT, 
is quite small even if one includes in  it the entire energy 
given up to the electrons in  the elastic and inelastic col- 
lisions : 

Behind the breakdown-wave front the heating of the gas 
by the electrons continues, but i t  now occurs actually 
in the absence of a field and can be of importance only 
during the succeeding stages of the discharge. 

We present in conclusion some quantitative estimates, 
assuming ln(,~,,, /N,,) = 30,I  6/w = lo-'. For aneodymi- 
um laser  (AJ, fi: loz1 ~ m - ~ ) ,  a t p r e s s u r e s p e  1 atm, even in 
the case of very small  angles 8 =3 x10-~, the considered 
breakdown-wave regime does not occur in a cold gas 
(N,,, =N,; T,, T, >I). For a C02 laser  (N, = loi9 ~ m - ~ )  
a t  p =  1 atm and = 3  x lo-' we have New= 3-10" cm-3 
and AT, e 100 K. In the region of longer wavelengths 
and a t  not too low pressures,  there is practically no 

heating of the gas: a t  A = 3 lo'* cm (N, e loL6 cm-'), 
p=0.1 atm, and B= lo-' we have 3.101' ~ m - '  
and AT, = 10 K. 

The author is grateful to A. G. Litvak, Yu. P. ~ g z e r  
and V. E. Semenov for discussions and remarks. 
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Probe investigations of electric fields produced in air near 
a laser spark 

A. I. Barchukov, V. I. Konov, P. I. Nikitin, and A. M. Prokhorov 
P. N. Lebedeu Physics Institute, USSR Academy of Sciences 
(Submitted 14 September 1979) 
Zh. Eksp. Teor. Fiz. 78,957-965 (March 1980) 

We registered two components of the electric field produced near the plasma due to breakdown of air by CO, 
laser radiation. The appearance of a rapidly alternating component with duration of the order of the 
duration of the laser pulse is connected with the separation of charges on the plasma front that propagates 
in a direction opposite to that of the laser beam. It is shown that the cause of the slowly varying 
component of the field is the photoeffect, induced by the plasma radiation, in the gas on the surfaces of 
the bodies surrounding the probe. 

PACS numbers: 52.40.Mj, 52.50.Jm, 52.80. - s, 52.35.F~ 

In our preceding we investigated signals 
from a differentiating electric probe located near air-  
breakdown plasma initiated on the surface of a conduct- 
ing target. It was shown that registered signals were 
due not to radiation from the plasma, but to separation 
of the charges in the moving plasma front. The duration 
of these signals did not exceed the duration of the laser  
pulse. In the present paper we report probe measure- 
ments of the potentials cp of the electricfields near the 

plasma of air breakdown by radiation of a pulsed CO, 
laser  on a dielectric target and in the absence of a tar- 
get. 

It is shown that if a "transmitting" rather than a dif- 
ferentiating electric probe is used (producing a signal 
mcp) there can be registered near the plasma potentials 
due not only to the proper electric field of theplasma 
produced by the optical breakdown of the air, but also 
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tothe electric field of the space-charge double layer 
produced on the surfaces of objects subjected to the ac- 
tion of the plasma radiation (the target, the lens, the 
probe, etc.). The measured values of cp can reach 10- 
100 V, and the growth time of the potential exceeds sub- 
stantially the total duration of the laser  pulse. We 
therefore call this electric-field component near the 
plasma "slowly varying" to distinguish it from the rap- 
idly varying registered in Refs. 1 and 2. 

The results permit not only a better understandingof 
the physics ofthe electric phenomena that accompany 
the breakdown of a i r  by laser  radiation, but also an in- 
terpretation of some results obtained when chemical 
explosives a r e  used. 

EXPERIMENTAL SETUP 

We used in the experiment a pulsed CO, laser  with 
transverse discharge and an ultraviolet pre-ionization 
gas mixture. The laser operated in a multimode regime 
with a pulse energy E up to 30 J. The total duration of 
the laser  pulse, shown in Fig. 1, was -2 l s e c .  The 
waveform of the laser pulse was monitored by a pyro- 
receiver, and the energy by a graphite disk calorime- 
ter .  The pulse has3 clearly pronounced maxima, with 
-40% of the energy concentrated in the first  spike of 
300 nsec duration. This pulse waveform was due to the 
construction of the laser ,  which consisted of three cells, 
the discharge in each of which was triggered by a sep- 
arate discharger. 

The radiation was guided to a metallic screened 
chamber, inside of which were placed an optical bench 
and recording apparatus. The radiation was focused 
with a NaCl lens of focal length 10 cm. The intensity of 
the laser radiation in thefocal spot was 10'-10' W/cm2. 

To investigate the potentials of the electric field near 
the air-breakdown plasma we used a probe method. 
The rapidly alternating component of the field was re- 
gistered with a differentiating probe. It consisted of a 
segment of the central conductor of a 75 O cable, 1 cm 
long, placed in a dielectric jacket. A resistor R ,  =75 
51 was soldered between the conductor and the cable 
braid. The cable was connected through a broadband 
amplifier (U3-7A) to the input of an S8-2 oscilloscope. 

termined by the capacitance of the cable leading to the 
oscilloscope, and amounted to  Cou,= 100 pF. 

The signals from probes of this type a r e  equal to 

RinC drpldt at Rin(C+Cin) <T u= { 
CV! ( c + c i n )  at  R ~ ( c + c ~ ~ )  BT' (1) 

where C is the capacitance of the probe proper, -1 pF, 
cp is the potential of the field produced a t  the location of 
the probe, and T is the characteristic time of field var- 
iation. 

In the case of the differentiating probe R ,,(C + C ,,) 
lo-' sec. It was this value which determined the time 

resolution of the measurements, dcp/dt. For the trans- 
mitting probe we had T ,, =R,,(C+ C,,) = 2 msec, so that 
we could observe signals U a  p during a time ST,,. The 
time resolution of this probe was T,,, =R,,,C,,, 5 2 x lo-' 
sec. 

Simultaneously with the probe measurements of the 
electric fields, we recorded the radiation pulse of the 
laser  plasmain theband from 4000 to 4500 with an 
F ~ U - 2 9  photo-multiplier. The time resolution of these 
measurements was determined by the characteristics 
of the S8-2 oscilloscope. 

RESULTS AND THEIR DISCUSSION 

Figure 2 shows the signals from the photomultiplier 
and from a transmitting probe located a t  a distance r 
=4 mmfrom the axis from the air-breakdown plasma 
initiated on the surface of a grounded aluminum target, 
and a t  a distance z = 5 mm from the plane of the target. 
The energy in the pulse was E =  3 J ,  the diameter of 
the irradiation spot on the target was d=  1 mm. 

We examine now the characteristic features of these 
signals. 

A. Fi rs t ,  the registered field potential s tar ts  out with 
a negative pulse in synchronism with the laser  spike, 
and with intense glow of the plasma. At the same time, 
an optical detonation wave moves opposite to the laser 
beam and the largest values of the plasma temperature 
a r e  reached. Onthe front of the plasma there a r e  ap- 
preciable gradients of the electron density and of the 

FIG. 1. Oscillogram of C 0 2  laser  emission pulse. a photomultiplier (upper trace). Sweep 250 nsec/division. 
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FIG. 3. Oscillograms of signal from adifferentiating probe 
(upper trace) and of a photomultiplier signal (lower trace). 
Sweep 100 nsec/division. 

temperature T,. As predicted in Ref. 2, when the char- 
ges a r e  separated on the front of the moving plasma 
the potential of the field a t  a distance r> r,, is given by 

where r,, is the radius of the plasma, e is the electron 
charge, and N,, and N ,  a r e  the concentrations of the 
electrons in the plasma front and ahead of the front. 

The value of the field potential cp measured by the 
transmitting probe is in satisfactory agreement with the 
potential calculated from formula (2). These measure- 
ments agree also, accurate to a factor of 2, with the 
values of cp registered under the same experimental 
conditions by the differentiating probe (Fig. 3). 

It also follows from (2) that q - T,, i. e., the maxi- 
mum value of the field potential nearthe plasma should 
be reached a t  the peak laser intensity. To the same in- 
stant of time there should correspond also the maximum 
of the intensity of the light reradiated by the plasma, a s  
i s  in fact confirmed by our measurements (Fig. 2 and 
3). After the termination of the principal laser spike, 
the signal from the photomultipleir decreases by ap- 
proximately one order of magnitude, althoughas i t s  
emitting surface is increased a s  a result of the expan- 
sion of the plasma. However, at the same time the 
plasma temperature T ,  and i t s  pressure decrease dras- 
tically. We note that when the sensitivity of the mea- 
suring apparatus on the q(t) curves were increased, we 
were able to observe not one but several spikes corres- 
ponding to the emission pulse shape, and the amplitude 
of the first  spike cp was much larger. 

It must be emphasized that the total duration of the 
plasma emission registered by the photomultiplier was 
in our experiments 15-20 psec,  in satisfactory agree- 
ment with the time of stopping of the "fireball" produced 
in the breakdown of the gas-the hot core from which 
the shock wave is detached. 

To determine the influence of the target and of i t s  
presence in general on the signal produced during the 
laser pulse, we used the differentiating probe to inves- 
tigate the electric fields near the air-breakdown plas- 

input 

FIG. 4. Equivalent circuit of probe registration of the electric 
field near a laser spark in a gas. 

ma on a dielectric target and in the absence of the tar-  
get. However, an analysis of the equivalent circuit in 
Fig.4 shows that the probe measurements of cp have in 
this case peculiarities of their own. The positively 
charged electrode of the capacitor produced in the plas- 
ma probe is connected in this case to a zero-potential 
point ("ground") not directly, a s  in the breakdown of 
a i r  on a grounded conducting target, but through a mu- 
tual capacitance C,. Under the condition 

the signal from the probe is 

(where C, is the mutual capacitance between the probe 
and thenegatively charged electrode of the plasma cap- 
acitor, cp, is the jump of the potential on the plasma 
front, C, is the capacitance of the cable leading to the 
oscilloscope). The case (3a) corresponds to aplasma 
on a conducting target, and (3b) to the breakdown plas- 
ma of pure a i r .  The value of the observed signal U is 
inthis case C,/C, t imes smaller than in the case (3a). 

To observe near the breakdown plasma of pure a i r  
field potentials a t  the same sensitivity of the apparatus 
(it was impossible to increase i t  substantially because 
of the level of induced static), in our experiments the 
value of C, was increased by placing alongside the plas- 
ma a segment of a thin (0.2 mm diameter) grounded 
wire. If the wire was placed a t  a distance 3 mm from 
the axis of the laser beam and was certainly not sub- 
jected to i t s  direct action, then the signals from the 
probe upon breakdown of the a i r  near the dielectric 
target and in i t s  absence were close in amplitude to the 
signals observed under analogous conditions near a 
plasma ona conducting target, and to observe the signal 
from the probe an important role was played not by the 
presence of the wire itself, but by i t s  grounding. 

B. A second feature of this signal from the transmit- 
ting probe (Fig. 2) is the presence of a slowly growing 
component of the field potential. The growth time of 
this potential correlates with the time of the total emis- 
sion of the plasma, and in many cases even exceeds i t  
by one order of magnitude, reaching 500 psec. 

We note that within the limits of the sensitivity of the 
measurements, the slowly varying component of the 
field was not registered by the differentiating probe. 
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FIG. 5. Experimental setup used in the investigation of the 
slowly varying component of the electric field: 1-laser beam, 
2-lens with F = 10 cm, 3-plasma, 4-screening grid, 5- 
charged screen, 6-transmitting probe (whisker), 7-emitter 
follower. 

When a grounded metallic grid was placed between the 
transmitting probe and the target with the plasma, the 
rapidly varying signal vanished and the slowly varying 
signal in a ser ies  of control pulses remained unchanged. 
This grid transmitted almost completely the plasma ra- 
diation, but screened well the probe from the electric 
fields produced in the region between the plasmaand 
the target. 

The polarity in the amplitude of the observed signal 
change strongly when various objects a r e  placed near 
the whisker. To eliminate these effects and for an un- 
ambiguous interpretation of the results, the probe mea- 
surements were made under conditions illustrated in 
Fig. 5. We used screens of different dielectrics and 
ungrounded metallic plates with dimensions 8 x 8 cm 
and thickness 2-10 mm, which were located a t  a dis- 
tance 4 cm from the plasma. The distance between the 
whisker and the screen ranged from 2 to 30 mm. Fig- 
ure 6 shows a characteristic oscillogram of the signal 
from the whisker locatedbehind an ebonite screen. The 
intensity of the laser emission was I =  lo9 W/cm2. The 
amplitude of the potential of the field observed behind 
the screen was (p = 2.5 V. 

In our opinion, the cause of the slowly varying field 
component is the charge of the bodies surrounding the 
probe (in our case of the screen) due to the photoeffect 
induced on the surface by the plasma radiation. 

Let us  make a few estimates. Assume that photons 
with energy in the region t i w  =6.7 eV a r e  incident on the 
screen surface; this corresponds approximately to the 

FIG. 6. Typical oscillogram from transmitting probe located 
behind an ebonite screen. Sweep 0.5 msec/division (lower 
trace). Signal from photomulitplier-upper trace. 

transparency region of a i r  for ultraviolet  photon^.^ 
Then electrons of energy 2-3 eV areemitted from the 
surface of the screen (we assume that the work function 
is -4 eV). The velocity of electrons corresponding to 
this energy i sve=  lo8 cm/sec. The mean free path of 
the electron in a i r  i s  A,= cm; The average dis- 
tance between the a i r  molecules, on the other hand, i s  
yo= 3x cm, i. e., a considerable layer of a i r  i s  lo- 
cated between the emitted electron and the screen,  and 
the electron begins to diffuse in this layer,  while the 
influence of the Coulomb interaction of the electron at  
distances -X, from the positive ion can be neglected. It 
is known4 that, on the average, after 2 x lo5  collisions 
the electron sticks to an a i r  molecule. The time be- 
tween the collisionsand the electron with the a i r  mole- 
cules is -10-l2 sec,  therefore the electron sticks to the 
molecules after a time t,, = sec. The most probable 
is the formationof 0, ions. There a r e  electrons which 
diffuse during this time to a distance r,,= ( 6 ~ t , , ) l ' ~  - 4 x lo-' cm from the surface of the screen, where D 
i s  the coefficient of diffusion of the electrons in a i r ,  D 
= (2je)h,/3. The knocked-out electrons move away from 
the screen during the time t,, to a distance 4 x cm 
and stick to the molecules. The produced 0, ions, 
whose diffusion is extremely small, reach the surface 
of the screen after a time considerably exceeding the 
time of observation of the signals from the probe. 

Thus, during the entire time of observation a space- 
charge double layer is produced and exists near the 
surface of the screen. Let u s  estimate how many elec- 
trons must be knocked out to produce the observed sig- 
nals from the probe. 

Consider the field outside of the parallel-plate capac- 
itor with a distance r,,/2 between the plates. If we as- 
sume that the whisker registered the potential of the 
field of the effective dipole, then, in order to have a po- 
tential cp = l V a t  a distance x =  l cm behindthe screen, 
the dipole moment must be d=cpx2= 3 X cgs  esu. 
This means that the charges of the dipole must have a 
value Q =2d/r,, = 1 cgs esu ,  which is equal to 10' elec- 
trons. The double-layer surface itself i s  equal to the 
surface of the screen, 8 X 10 cm. It can be shownthat 
the charge of the effective dipole in this case can be 
taken to be the charge on an a rea  of the order of 1 cm2. 
Thus, in order to cause the observed signal from the 
probe, lo9 electrons/cm2 should be knocked out from 
the surface of the screen. In fact, this number should 
be several t imes larger,  since the negative ions a r e  
distributed over a distance O < r < r , ,  from the screen. 

Let us  obtain the lower bound of the number of plasma 
emission photons capable of producing a photoeffect 
from a screen located 4 cm away from the plasma. Our 
measurements have shown that a t  I =  108W/cm2 not less  
than 10%of the energy of the laser  pulse E goes over 
into the plasma radiation, and in the photon energy 
range of interestto us  (4-6.7 eV) there is contained not 
lessthan 0.01E. In our experiments at  E 2 1 J this pro- 
duces a photon flux on the screen surface 21014 photons/ 
cm2. This photon flux i s  perfectly sufficient to cause 
the effect observed by us ,  inasmuch a s  for most mater- 
ials  the quantum yield a t  a photon energy larger than the 
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work function is 10-1-10-3 electron/photon. It is also Thus, in the study of Gorshunov et u Z . ~ ,  where a 
easy to show that the influence of the thermionic emis- spherical charge of mass 1 kg, suspended 6 m above 
sion and field emission of the electrons can be neglec- the earth's surface, was exploded, no signal came from 
ted in our case. an antenna located a t  a certain distance from the center 

A natural upper bound on the charge Q is the follow- 
ing: the resultant field between the electrodes of the 
double layer of the charge near the screen should not 
reach the breakdown value for a i r ,  En,= 3 X lo4 ~ / c m .  
When E,, is approached, the blocking action of the neg- 
atively charged ioncloud on the emission of the elec- 
trons from the screen also comes into play. Estimates 
show that the maximum value of the charge per unit sur- 
face of the screen is -10" electrons/cm2. It is possible 
that in our experiments the surface charge was close 
to the limiting value. 

The presence of a charge on the screen prior to the 
shot greatly changed the amplitude of the observed sig- 
nals from the transmitting probe. As  should indeed be 
the case in the photoeffect, in the case of dielectrics 
negatively charged by surface friction (for example, 
whenan ebonite plate is rubbed with rubber on the side 
facing the plasma), the signal from the probe increased 
by one or two orders of magnitude. It appears that in 
this case the limiting value of the charge a t  which elec- 
tronemission from the screen saturates has also in- 
creased, since the knocked-out photoelectron is repel- 
led not only by the negatively charged ion cloud, but 
also by the charged screen. In addition, drift in the 
field of the screen charge i s  superimposed onthe dif- 
fusion of the electron from the screen. 

We note in conclusion that thermionic emission and 
photoemission from the surface of a solid target ex- 
posed to laser radiation and to the plasma of optical 
breakdown of a gas can lead to a separation of the char- 
ges near the surface. In turn, the field of such a paral- 
lel-plate capacitor can in many cases distort signifi- 
cantly the laser-spark electric field connected with the 
separation of the charges on the spark front. 

CONCLUSIONS 

The considered mechanisms for the onset of electric 
fields near a laser spark can be used also to explain 
certain characteristic features of electric signals from 
antennas located near centers of chemical explosions. 
This means that, by performing, under relatively sim- 
ple conditions, experiments with plasma of optical 
breakdown of gases we can simulate the electric phen- 
omena that accompany the detonations of explosives. 
This simulation is based on the deep analogy between 
a laser spark and an explosion (see, e.  g., Ref. 5). 

of the explosion in the case of symmetrical initiation 
with fire. However, when any grouded conductor was 
placed near the charge, and when an electric detonator 
was used, antenna signals with amplitude up to 5 V were 
received a t  the same sensitivity of the apparatus. Gor- 
shunov et a1.6 believe that the possible cause of the sig- 
nal is the electrification of the asymmetrically disper- 
sing explosion products. In the case of electric deton- 
ation this asymmetry is produced by the conducting 
leads, which influence the distribution of the charges 
in the explosion products. From our point of view, 
grounded conductors placed in the explosion zone not 
only change the symmetry of the problem, but also in- 
creases the capacitance Co in the equivalent circuit of 
the measurement setup (Fig. 4), and this can lead to a 
considerable growth of the amplitude of the recorded 
signal. 

In addition, in blasts of explosives, just a s  in optical 
breakdown of gases, antenna signals can be produced by 
the photo-effect from the surrounding objects, especial- 
ly during the initial stages of the explosive, when the 
temperature of i t s  products is high enough and the pro- 
duced plasma radiates intensively in the ultraviolet re- 
gion of the spectrum. 

The authors thank G. V. Fedorovich and D . A. 
Dement'ev for help with the work. 
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