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Measurement of ionization threshold intensities in helium
using ponderomotive force accelerated electrons '
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The results of an experimental program to study the ionization of atoms by intense laser beams are presented.
New experimental results concerning the distribution of photo-electrons as a function of their energy and the
dependence of electron emission on laser beam intensity for values up to 6 X 10'* W/cm? have been obtained.

PACS numbers: 32.80.Fb

1. INTRODUCTION

Accurate knowledge of both the electric field inten-
sities and the time at which ionization occurs in any
test gas volume is essential to a number of the projects
involving the interactions of intense laser beams with
matter. These include self-focusing! and ionization of
dense plasmas by intense laser beams? and the ioniza-
tion and radiation-matter interaction studies in tenuous
plasmas3®™, as well as the study of possible photon fis-
sion processes within intense laser beams enveloped by
intense Coulomb fields. ¢

In the experiments discussed here the number and
integrated energy spectra®* of electrons emitted by the
action of ponderomotive force from the focus region of
a high intensity neodymium laser beam focused into a
tenuous helium plasma were measured as a function of
the laser intensity over the range 10 to 6x 10'® W/cm?,

The energy spectra were found to be characteristic of
electrons accelerated by ponderomotive forces.3:5 The
spectral profiles are independent of laser intensity, but
strongly dependent on the degree of ionization of the
test gas. Measurement of the intensities at which sepc-
tral shape changes occur provides a means of obtaining
the ionization threshold intensities for any test gas.
Alternatively these threshold intensities will be ob-
tained more accurately as the asymptotic values of
curves of the number of electrons against intensity
with electron energy as a parameter. Both types of
measurement were carried out and the results com-
pared with values calculated using the general formula
for ionization probability as given by Keldysh.’

2. APPARATUS

The laser system consisted of a passively mode-locked
Nd:YAG oscillator producing trains of individual
pulses with a nominal duration equal to 25 psec. Single
pulses from the oscillator were isolated using a pair
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of tandem-connected Pockel’s cells with an overall con-
trast ratio greater than 10%, and then amplified to a
level of about 1 joule using Nd;YAG and Nd:Glass am-
plifiers. A single-vacuum spatial filter was also in-
cluded within the amplifier chain to keep the value of
the beam break-up integral low and thereby ensure that
the beams focusing properties were not adversely af-
fected by refractive index non-linearly within the laser
glass.

Measurements have shown a significant fluctuation in
the pulse duration from the oscillator® with 80% of pul-
ses having durations between 18—36 psec and 60% be-
tween 20 and 30 psec. The duration of individual pulses
used in the experiments was measured using a two pho-
ton fluorescence monitor to an accuracy of better than

10%.

As illustrated in Fig. 1, the beam was focused using
a 75 mm aspheric lens inside an evacuated chamber
which had subsequently been filled with helium gas to a
pressure of 10™ Torr after evacuation to less than
5x107" Torr. The distribution of power in the focused
beam was measured in a separate experiment by ablat-
ing an aluminum film off a glass substrate which was
placed in the beam.

The electrons emitted from the focal region were
collected over a solid angle of 2.7 sr by a multidirec-
tional retarding-field electron energy analyzer. This
detector was constructed from four monodirectional
retarding-field electron-energy analyzers, one of
which is illustrated in Fig. 1. Grids 1 and 3 were
grounded and grid 2 acted as a retarding grid which
was negatively biased to prevent electrons with en-
ergies less than the grid potential from reaching the
collector. The collector itself was biased to + 45 volts
to prevent secondary electron losses.

The minimum charge which could be detected was
~10715 Coulombs, which is equivalent to a detection
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FIG. 1. Experimental apparatus—the vacuum base pressure
was less than 5x10°7 Torr.

level ~6x 103 electrons. A consequence of this detection
threshold is that electrons generated in the very

highest intensity regions of the beam will not be detec-
ted. For example, at a pressure of 10™ Torr the
volume of fully ionized gas must exceed 2.3x10™° cm?*
before any ionization electrons can be detected, assum-
ing that all the emitted electrons are detected. How-
ever, since the detector did not completely surround
the focal volume, more free electrons must be emitted
before the minimum charge is detected. This requires
the production of ~1.8Xx10* electrons in the focal region,
corresponding toa fully singly ionized volume 5.6x107°
cm® at 10™ Torr. Analysis of the power distribution in
the focal region® indicates that the intensity will have
fallen to 0. 64 of the peak intensity on the surface en-
closing this minimum volume.

The detector was shielded from stray electrons origi-
nating at the lens or entrance window surfaces by the
beam skimming apertures shown in Fig. 1. Signal
levels from these sources and from the residual gas
in the chamber were found to be negligible.

Measurements were made also of the total electron
yields as a function of the helium pressure, laser
intensity, and retarding grid potential. The results
are presented in Figs. 6 to 10.

3. THEORY

The method relies on measurement of the energy if
ionization electrons which are accelerated from the
beam by the non-linear ponderomotive force,® pro-
duced by the strong electric field gradient in the laser
focus volume

—e?
f;u'—"mVlEzl, (1)

where E is defined by E¢(r)=E(r) coswt and r is the
positional vector.

In the high intensity limit (in which the electron is
accelerated instantaneously from the beam)*5:° the
average Kinetic energy of the maximum oscillation of
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the electrons in the alternating field, s:::'e, is cou -

verted to a final directed kinetic energy, £¥®*, i.e.,

tran: osc ost
ga ™ = el e=g" /2 = e?E?/4m 7, (2)

where £3°°¢ is the total oscillation energy. For Nd glass
equation (2) gives

e ~10-v1, (3)

where €in in eV and I is in W/cm?. This equation is
validfor laser intensivities greater than I~ 10 W/cm?.

It is seen from Eq. (3) thatelectrons produced by ioni-
zation at a particular laser intensity will be ejected
from the focal region with a characteristic energy that
depends on that intensity, and in certain conditions
measurement of the ejected electron energy can be
used to determine the ionization threshold.

A general expression for the probability of ionizing
atoms and solid bodies in the field of a strong electro-
magnetic wave that takes into account the acceleration
of the free electron in the oscillating field to an average
energy has been obtained by Keldysh.” In the simplest
case of ionization of atoms the general formula for the
ionization probability is

R B A b ( Xo
w=4o hm] [(1+11)"'] S{n hm)

-

where w is the frequency and x, the ionization potential
of the gas. The effective ionization potential is defined
by:

To=rete?Edm 0 =y (1+1/27°)
(where E is the electric field strength);

S(¥,%,/h) is a relatively slowly varying function of the
frequency and of the field: A is a numerical constant;
y =w(2my,)/2/eE.

Under specific conditions Eq. (4) is reducible to two
limiting cases. At high frequencies and moderate
fields (y> 1) a multiphoton absorptjon formula is ob-
tained. In the opposite case of low frequencies and
very strong fields (y <<1) a tunnel-effect formula is
obtained. In the experiments described in this paper
it is the latter formula that is assumed to apply, since
y varies over the range ~0.6 to 0. 1. The formula

reduces to
AGR) Py [ eER 1h g 4 (@m)'l
Wo= z kL my ] ¢ { 3 ehE Ko
m.0*%e
x| 1- 2 ]}
[ 5¢E" (5)

or in cgs. esu units

Wo=1.44-104 [I3,]" exp {—2.5-10"[xo/I]"(1—4.78-10"x,/1) }, (6)

where I is the laser intensity in units of W/cm?, x, is
in eV, A is assumed to have a value of order 1, and
W, is in sec™.

It has been suggested® that Eq. (5) should be cor-
rected further to account for Coulomb interaction in the
final state. Keldysh® introduced an appropriate correc-
tion factor yg /Hw(l+?)'2. When this is included,
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(5) and (6) become

my 1" 4 (2m,) "y, m,0*,
W"=A[ ezEzfz"] e"p[ 3 eEh (1 5CE" )] (5a)
W,=2.28-10"(x,"/I) " exp [—2.5- 10" (%™/1)"(1—4.78-10""%0/1) ]. (5a)

(where A has been assumed to be 13, which is the value
that produces good agreement with other tunneling ex-
pressions for the hydrogen atom). It will be shown that
the choice of A is not critical, as the ionization pro-
bability changes by several orders of magnitude for a
change of only 20% in intensity, and varying A by
several orders of magnitude changes the final result by
the order of 20%.

Correction for the long range nature of the Coulomb
potential does not result in a change in the value of y?
which marks the boundary between the multiphoton and
tunneling regimes. !°

A computer program was formulated to solve Egs. (5)
and (5a) for both the ionization threshold intensity (i.e.,
the minimum intensity for which the integi‘al of W, with
respect to time equals unity and the ionization time when
the intensity exceeds the threshold. The results of
these calculations are shown in Figs. 2 to 5.

Figure 2 is a plot of ionization threshold intensity as
a function of ionization potential for laser pulses with
both square and Guassian profiles in time, each cor-
rected and uncorrected for Coulomb effects. For the
Gaussian pulse the ionization intensity is defined to be
equal to the peak pulse intensity and the pulse width is
25 psec. Figure 3 illustrates the rapid change in the
ionization probability, for relatively small changes in
laser intensity. for the case of helium and a Gaussian
pulse, again corrected and uncorrected for Coulomb
effects.

The time at which ionization will occur in a helium

17
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1016

~2
e e

EFFECTS

— SQUARE PULSE
===GAUSSIAN PULSE
® MEASURED FOR
HELIUM

1013

10 20 50 100 200 Xo(eV)

FIG. 2. Ionization threshold intensity as a function of ionization
potential.
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FIG. 3. Probability function behavior.

test gas irradiated by a time-dependent Gaussian pulse
is given as a function of the pulse peak intensity in Fig.
4. The probability function has been integrated relative
to time zero corresponding to the peak of the pulse; 7’
is the ionization time relative to the time value at the
negative 1/e intensity value (i.e., —12.5 psec for a

25 psec pulse width) and 7” is the ionization time rela-
tive to twice the time corresponding to the negative 1/¢°
intensity value (i.e., -35.4 psec for a 25 psec pulse
width). The extremely rapid decrease in ionization
time with increasing peak intensity results from the
very rapid onset of ionization that would be expected
from the ionization probability curves of Fig. 3, which
are closely approximated by a linear function. It is
seen also that the ionization times are several orders
of magnitude greater than w™. This result can again
be anticipated from Fig. 3, which shows that the inte-
grated contribution to the ionization probability will be
negligible until the intensity has risen to a value that
closely approaches that at which ionization occurs.
Ionization then occurs extremely rapidly.

The solution convergence is illustrated in Fig. 5 for
a Gaussian curve with 25 psec pulse width. The lower

IONIZATION TIME w. PEAK INTENSITY
(GAUSSIAN PULSE)

20| X=2498 e, X= 5483 ¢V

—- — UNCORRECTED
——— CORRECTED

FIG. 4. Ionization time as a function of peak laser pulse in-
tensity.
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FIG. 5. Solution convergence for x,=24.98 eV and x,=54.33eV.

integration limit is arbitrarily set at a value between
-17.7 and -35. 4 psec and the integration proceeds
until an upper limiting value that gives an ionization
probability if unity is found. This upper limit is de-
fined as the ionization time and is plotted in Fig. 5
against the lower integration limit, taken relative to
-35.4 psec. In both cases convergence occurs well
before —35.4 psec, and at lower peak intensities con-
vergence is even more rapid.

Once the ionization time is determined (from Fig. 4),
the intensity at which ionization occurs is also known
and Eq. (3) can be used to predict the energies with
which electrons from the two different ionization states
of helium will be observed. As the laser intensity is
increased, the onset of the second state will be marked
by the appearance of electrons with higher energies,
corresponding to the higher threshold intensity. The
integrated electron spectra (number of electrons with
energy greater than the retarding grid potential as a
function of that potential), as obtained with the re-
tarding energy analyzer, can therefore be used to
differentiate between these two states.

4. RESULTS AND DISCUSSION

In Fig. 6 the total electron signal for zero retarding
grid potential is plotted as a function of peak laser in-
tensity (calculated in the focal plane). Also shown are
the total calculated signals expected for first ionization
threshold intensities in helium (x,=24.98 eV) of 3. 42
%X 10 W/cm? and 6. 66X 10 W/cm? which are the cal-
culated values for ionization with a Gaussian pulse cor-
rected and uncorrected for Coulombeffects respectively,
as seen from Fig. 3. (This calculation was carried out
by integration in order to obtain the volume enclosed by
the various beam intensity contours as obtained from the
experimentally determined power distribution in the
focused beam.)

The measured values fall between the calculated limits
although agreeing more closely with the uncorrected
first ionization threshold value of 6.66x10** W/cm?, up
to intensities of the order of 6x10'®* W/cm?, The mini-
mum intensity at which electrons were detected was
(8.2+0.4)10" W/em2, which gives an ionization thres-
hold of (5.2+0. 3)10 W/cm?2. (For comparison, the
multiphoton ionization threshold has been calculated™
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FIG. 6. Electron yield as a function of laser peak intensity.

using the Keldysh formula in the multiphoton limit as
approximated by Raizer'?, The value obtained as 3.6
x10' W/cm?.)

At intensities above the order of 6x10'5 W/cm?, the
measured values fall away from the calculated curve.
This may be caused by secondary electron emission but
a more likely reason is some form of collective photon
effectat high intensities imposingan axial velocity com-
ponent on the electrons and thus preventing some of
them from reaching the detector, or electron loss due
to trapping of electrons in intensity wells in the focus
region.

Measurement of the equal-intensity contours in the
focal region have shown® that in the focal plane the
beam has an approximately Gaussian profile, whilst
away from the focus the intensity distribution becomes
more complicated with regions of peak intensity occur-
ring off axis for high intensity ratios. These peaks
will prevent some electrons from being accelerated in
the radial direction and instead they will be accelerated
in the axial direction by the normally negligible com-
ponent of the ponderomotive force and will not be de-
tected. This effect will first become detectable when
the laser intensity is approximately an order of magni-
tude greater than the threshold intensity and will be-
come rapidly more significant as the intensity is fur-
ther increased.

An estimate of the number of electrons that will be
lost in this manner as a function of the laser intensity
has been made and the total calculated electron signal
expected when this loss is accounted for is shown in
Fig. Twhere the ionization threshold intensity has been
assumed to be 5.2x10% W/cm?. It is seen that when
this loss is considered, good agreement is obtained
between the calculated and measured signals. A fur-
ther correction can be made for the small effect of
Coulomb coupling between the electrons and the posi-
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FIG. 7. Electron yield compared with the calculated yield
assuming a threshold intensity of 5.2x 10! W/cm?,

tive ions*!3? and the result of this correction is also
shown in Fig. 7. The agreement is seen to be further
improved.

The increase of the measured value of Ne with inten-
sity as shown in Figs. 6 and 7, is due to the increase
in the size of ionization volume within the focal region.
It is seen that the fluctuations in the value of N, follow
the fluctuations in the ionization volume, emphasizing
the fact that saturation has been achieved and therefore
all the photons are involved in the ionization process.

Also shown in Fig. 6 is the calculated contribution
made to the total number of detected electrons by
second ionization electrons. This contribution is seen
to be smaller than the errors in the measured values,
and hence second-ionization electrons would not be ex-
pected to be detected on this curve. The energy of these
electrons is large, however, as they come from the
high intensity central beam region and they may there-
fore be detected by increasing the retarding grid poten-
tial until the first-ionization electrons are prevented
from reaching the detector.

In Fig. 8 the electron signal is plotted as a function of
of retarding grid potential with peak intensity as a para-
meter. At higher intensities a distinct slope change is
observed in the integrated electron spectra indicating
the presence of a smaller number of higher-energy
electrons, as would be expected when second-ioniza-
tion electrons were present. It is seen that the
second-ionization electrons first appear within the in-
tensity range of (8.8 1.3)x10' W/cm? and (1.1+0. 2)

X 10'® W/cm?, which agrees well with the value of
9.8x10' W/cm? calculated for a threshold intensity
6.27x10' W/cm?, a detection limit 1.8Xx10* elec-
trons, and an ionization potential 54.83 eV.

In Fig. 9 the maximum detectable electron energies
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FIG. 8. Electron yield as a function of retarding grid potential
with laser peak intensity as a parameter.

as measured from Fig. 8 are plotted as a function of
the laser peak intensity and compared with calculated
values. In Sec. 3 it was shown that Eq. (3) can be
used to estimate the energy of the ejected electrons.
assuming instantaneous ejection. For the results
shown in Fig. 9, however, a more accurate equation
was used that allows for the time variation of the laser

pulse during the small, but finite, ejection time. i.e.,
Eq. (1) is rewritten in the form
e’k
frv=———— V[exp(=2(r/w0) ) 1H (1, ), M
mew

where E | denotes the maximum electric field strength
of the beam at =0 and t=7/2. 7 is the total pulse
duration, and the function H(t, 7) determines the time
dependence of the laser pulse.

The maximum Kkinetic energy of electrons initially at
a distance 7, and accelerated to distances » > w, is then
given by:

€ pin="— —CEL jH(t, 1) Vexp(—=2(r/w,)?) ldr. (8)
4m,0*
The numerical solution of Eq. (8) has been studied by

Mavaddat®® in order to obtain the electron and ion spa-
tial and temporal variations in tenuous plasmas irradia-

EmaxleV w Measured maximum detectable
1" jonization electron energy.
10° V Measured maximum detectable
2 ionization electron energy.
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—~
_’,-_’
4——/ >——
:$: -
2 -7
3Ix10° | P
: i ==
10° ¢ ///’
- -7
_-
-
30 k- = 0 Calculated maximum detectable
- energy,Keldysh corrected formula
@ Calculated maximum detectable
energy,Keldysh uncorrected formula|
10 1 1 1 1 1
1 2 5 7 10 20 S0

I (W-cm-2x105)

FIG. 9. Maximum detectable electron energy as a function
of laser intensity.
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ted by intense laser beams with a maximum intensity of
10®* W/cm?., The laser beam was assumed to be a mod-
ified Gaussian in time with H(¢, 7) given by

e~t(1-t/02 __p—b

B0 =———

, O<i<r,

H(t, 1)=0, t>n1,

i.e., the beam is modified to make the laser intensity
zero at {=0 and maximum at ¢t=17/2.

Equation (8) has also been solved directly® to give
€y4n S 2 function of the ionization time (Fig. 9) and the
laser peak intensity, up to the order of 10’ W/cm?, as-
suming a value of »,=0.1 um. Before these results
can be applied in the present case, however, they must
be modified to allow for the fact that the most energetic
electrons that are detected come from the 0. 64 I, inten-
sity contour and not the I, intensity contour. To esti-
mate the maximum detectable energy, therefore, we
make the transformation I{=0. 64], in the solutions for
7,=0.1 pum, then subtract the contribution to the elec-
tron energy from the region 7, < |r| <7 (where 7; is
defined by 0. 64I,=1I,exp{-2r,/W?}), which we assume
to be given by

(4

j‘ frrdr=— W,

— [ VIE?ldr,
@ To
i.e., the time variation of the ponderomotive force is
neglected for 7, < |r|<s7;. This will give a good ap-
proximation to the upper limit of the maximum detec-
table energy, since the electrons gain most of their
energy in the region 7y < |r| <7, (v.>w,).

Good agreement is seen to be obtained in Fig. 9 be-
tween the behavior of the calculated maximum values of
the maximum detectable electron energy and the mea-
sured values, further verifying the existence of the
ponderomotive force. It is also seen from Fig. 9 that
the calculated values agree more closely with the mea-
sured values as the intensity increases. This behavior
would be expected, as the model of instantaneous electron
ejection assumed in the integration of Eq. (1) becomes
more valid as the intensity increases. [It should also
be noted, however, that the values for 2.5x10'® W/cm?
were obtained by extrapolation and should be treated
with caution, although they are of the same order as
those obtained by direct integration of Eq. (1) over the
range 7, < |r| <7, at this intensity, and the two calcu-
lations in fact agree to within the accuracy of the
quoted errors.]

The second-ionization threshold intensity was obtained
even more accurately (Fig. 10). The electron signal is
here given as a function of peak intensity with the re-
tarding grid potential as a parameter. At low retarding-
grid potentials the detected signal is asymptotic to the
calculated curve for the 5.2 %10 W/cm? first-ioniza-
tion threshold intensity. At higher grid potentials
(greater than ~100 volts) the first-ionization electrons
are prevented from reaching the detector and the elec-
tron yields are asymptotic to a curve closely approxi-
mating that obtained using a threshold intensity value
of 4.8x10% W/cm?. This value is very much greater
than the 9.2x10' W/cm? obtained by Baldwin,! indi-
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FIG. 10. Electron yield as a function of laser peak intensity
with retarding grid potential as a parameter.

cating, as would be expected for y < 1, that the ioniza-
tion is not a multiphoton process. This is supported
by later theoretical work, as dicussed by Delone

et al.1*'%'7 which suggests that deviation from the
multiphoton theory starts at y2<10 (linear polariza-
tion) or even y?<15 (circular polarization).

The measured values of the two ionization thresholds
are shown of Fig. 2, where the agreement between the
results and the tunneling formula is seen to be very
good, with the results favouring agreement with the
Keldysh formula uncorrected for long range Coulomb
effect. This agreement is most likely the result of two
cancelling errors in the Keldysh formula. Manakov and
Rapoport!” in their discussion of the shift and width of a
bound level of a particle in a small-radius force field
produced by a circularly polarized field show that for
v =1 the exact solution for the level width differs from
the zeroth order approximation. If the width used in the
zeroth-order approximation is too great, then the po-
tential barrier width will be reduced and the tunneling
probability increased, which for sufficiently strong
field gives a result that is too high. For example at
y =0.8 Manakov and Rapoport’s results'’ differ by a
factor 1.5 from the Keldysh results.® If we recall that
the Keldysh formulation gives the zeroth-order approx-
imation and also note that the inclusion of the long
tange Coulomb effects in the Keldysh formulation re-
duces the ionization probability by a factor of the order
of 0.6 (as seen from the computer results given in Fig.
2), then we see that these two effects can be equal and
opposite. It would therefore be expected that agree-
ment would be obtained with the uncorrected Keldysh
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formulation, rather than the corrected formulation.

The experimental results can also be compared with
those of Lompre et al.,'® where experiments were car-
ried out in helium over a small intensity range
(I,=(11+4)x10" W/cm?) with y=0.32. In this ex-
periment an apparent power-law dependence for the
first ionization of helium was measured, in contradic-
tion to both the Keldysh prediction and the results re-
ported here. However, in a similar experiment car-
ried out by Alimov and Delone'® at I <10'® W/cm? and
v ~5, a similar contradiction was also at first thought
to be observed. Alimov and Delone point out, how-
ever, that over the small intensity range used in the
experiment the dependence of the ionization probability,
as calculated from the Keldysh approximation, may be
approximated by a power law over this range, giving
a value for K that is indistinguishable from the number
of photons required for multiphoton ionization, to within
the experimental accuracy. Hence the two cases canonly
be distinguished in this intensity range by measuring
the absolute number of electrons of ions produced by
ionization and comparing the result with theoretical
predictions, as has been done here. This measurement
was not carried out by Lompre et al. Further, these
authors’ statement that no transition to saturation was
observed in their experiment is exactly consistent with
the results presented here, which show that no such
transition would be expected, since saturation would
have already be achieved over the entire intensity range
of their experiment.

Finally, we note from Fig. 10 that at high values of
retarding-grid potential, the number of second-ioniza-
tion electrons measured are considerably less than the
expected number calculated for a threshold intensity of
4.8x10'® W/cm? and corrected for trapping in the in-
tensity field. Whilst it is expected from Fig. 3 that a
spread of energies will occur because the ionization
probability is not a true linear function, it is also seen
from the same figure that 90% of the electrons would
be expected to have energies within the range 350 to
480 eV, assuming instantaneous electron ejection from
the focus region. This means that the number of elec-
trons observed with energies less than 480 eV would

be expected to be constant and independent of intensity
as the intensity is increased. This is indeed observed

to be the case for the first ionization electrons, where
the energy contours have the same shape as the calcu-
lated contour. (It is also seen that the number of elec-
trons with energies less than 52 eV is 20%, i.e., more
than would be expected considering Fig. 3 alone; how-
ever, it has already been seen that the instantaneous-
ejection model is not as good an approximation in this
ionization region and that the energies will be somewhat
reduced therefore owing to the finite time that the elec-
trons spend in the field, as is seen to be the case.)

Figure 8 also indicates that beyond a retarding grid
potential of ~—350 volts no first-ionization electrons
would be expected to be observed. This is consistent
with Fig. 10, which indicates little decrease in the
number of observed electrons when the retarding po-
tential is increased from-300 to —400 volts. For a
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retarding-grid potential of —300 volts, therefore, only
a few first-ionization electrons and mostly second-
ionization electrons would be expected to be observed.
Further, any reduction in the number of electrons
observed at —300 to —400 volts would be constant with
increasing intensity. This is clearly not the case in
Fig. 10, where the number observed varies from —-20%
of the calculated number at 10®* W/cm? to only ~3% at
6x10' w/cm?, Similar behavior is observed with the
600-eV electrons, with the number observed falling
away from the expected number as the intensity in-
creases (Fig. 10).

It is possible that some of this loss is due to the axial
component of the nonlinear force becoming significant
at higher intensities or to secondary electron losses at
the detector, and the instrumentation would need to be
improved before a definite conclusion could be drawn.
We tentatively conclude, however, that at least some
of this loss could be caused by a collective photon-ele-
tron effect whose strength increases with intensity for
intensities greater than ~10'®* W/cm?.

5. CONCLUSION

A new experimental technique has been developed for
determining the threshold intensities for ionization of a
gas. The technique employs the measurement of the
energy of ponderomotive force accelerated electrons and
provides a means of determining the ionization threshold
intensities under conditions where other competing pro-
cesses are completely absent. Close agreement was ob-
tained between experiment and the theory of Keldysh in
the region y<1. The ionization periods in a gas irra-
diated with a laser beam of peak intensity greater than
the threshold intensity and a Gaussian time dependence
were also calculated and were found to be several or-
ders of magnitude greater than w™ for a 1.06 pm wave-
length beam.

This work has also revealed the possible existence of
photon-electron collective effects which impose an
axial velocity component on the ejected electrons. Such
collective effects may simply be due to the axial ponder-
omotive force becoming significant above 10! W/cm?
at 1.06 um. The effect could, however, be due also to
entirely new collective interactions of photons and
charged particles, the effectiveness of the interaction
increasing with the degree of laser-beam focusing and
cancelled out at the focus.

Future studies should aim at establishing the exis-
tence, or otherwise, of photon-electron collective ef-
fects in this field and the determination of the nature
of such coupling if it does exist.
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Saturable absorption and thermal defocusing of light in dye

solutions
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The nonlinear transmission (NT) of nanosecond laser radiation {1 = 532nm, 4 = 694.3nm) by molecular
solutions of organic dyes is investigated. It is found that at intensities ~10%* cm~“sec™' the NT of such
systems is due to molecular absorption in a system of two or three singlet states, while at intensity higher than
10% cm~%sec! the NT is determined by thermal defocusing. Saturation of the absorption as a result of two-
step transitions was observed for molecules with three singlet states, as well as nonstationary thermal self-

focusing in the nanosecond time interval.

PACS numbers: 42.65.Jx, 42.60.He, 78.20. — e

. Resonant nonlinear absorption of intense light fluxes
by complex-molecule solutions is due primarily to the
appreciable changes of the populations of the combining
states.! Many aspects of coherent and nonlinear optics
are investigated by the nonlinear-absorption method by
varying the frequency, duration, intensity, and coher-
ence of the radiation acting on the investigated object.?
A large number of nonlinear-absorption problems in-
volves the use of the nonlinear absorption effect to gen-
erate and modulate laser emission,® to shape light
pulses with specified parameters,*® and for problems
of dynamic holography.

A widely used method of studying nonlinear absorp-
tion is to measure the waveform of a quasimonochro-
matic radiation pulse and its energy (power) after pas-
sage through a nonlinear absorber. The information
obtained in such experiments, particularly the trans-
mission T =f(I,, 1, R), where I, is the intensity at the
input, and 7, and R are the pulse duration and the beam
radius in the interaction region, is used to determine
the physical picture of the interaction, the energy
structure of the molecule, and others.

A number of earlier investigations”™° were made
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from approximately this viewpoint. In particular, an .
analysis®'° of the nonlinear molecular-absorption func-
tion T=7(I,) by the rate-equation method has predicted
the existence, in a three-level system, of saturable
absorption resulting from two-step transitions (the
frequency of the applied radiation was at resonance with
the two spin- and symmetry-allowed transitions). Ex-
periment, however, did not yield this result. Further-
more, at high laser-pulse intensities (50—-100 MW/cm?)
some workers observed a decrease of the nonlinear
transmission. It was assumed that this result (the de-
crease of the nonlinear transmission with increasing
pulse energy) was also due to redistribution of the pop-
ulations of the combining levels™® and to stimulated
light scattering by thermal inhomogeneities of the med-
ium.ll,lZ

We present here the results of the first observation
and investigation of the saturation effect due to two-step
transitions in molecular solutions of organic dyes. The
decrease of the light-scattering-induced nonlinear
transmission at high incident-radiation energies is in-
terpreted within the framework of the premises of non-
stationary thermal self-focusing.
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