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summary :

The five-photon ionization of metastable helium atoms was
investigated in the case of four-photon resonance with atomic levels lying
in the energy range close to the ionization limit, where the states are
closely packed. The dependence of the five-photon ionization yield on the
light intensity and frequency was measured. Using the experimental results,
the distortion of the atomic structure in light Ffields of high intensity/i .e.
the dependence of atomic term energy on the light intensity/ was determined.
Some limitations to the applicability of perturbation theory were revealed.

KIVONAT

s =z

Metastabil hélium atomok oOtfotonos ionizacidjat vizsgaltuk négy-
fotonos rezonancia esetén. Mértik az Otfotonos ionizacid valdsziniségének
flggését a fény intenzitasatél és frekvenciajatol. A kisérleti adatok fel-
hasznalasaval meghataroztuk az atomi energianivok termékének a fény inten-
zitasatol valo figgését, ezaltal meghataroztuk az atomi szerkezet torzula-
sat er6s Tényterekben. A mérési adatok egy része azt mutatta, hogy a jelen-
ségek meghatarozott korében a perturbacioszamitas mar nem alkalmazhato.

PESIOME

NATUPOTOHHAS WMOHM3auUs MeTacTabu/ibHbIX aTOMOB Fefus ulydyasiacb B CNy-
yae 4YEeTHPEX(POTOHHOr0 pe30HaHca C aTOMHbIMA COCTOSHMSIMM, PaCMOSIOKEHHBIMA B 06-
NacTu 3Heprum, G6/IM3HOW H rpaHuUe WOHU3auMM W, CrefoBaTe/lbHO, TECHO MpUMbIKa-
oWUMM  APYr H Apyry. W3mepsinacb 3aBUMCHMMOCTb BEPOSTHOCTU MHOIO(OTOHHOW WMOHM3a-
UMM OT WMHTEHCUBHOCTU M 4acToThl Nasepa. [0 pe3ynbTaTam 3KCMNepuMeHTa onpenesnsi—
Nlacb 3HEeprusi aTOMHbIX COCTOSIHWIA B 3aBMCUMMOCTM OT WHTEHCUBHOCTW CBeTa, 4TO MNO-
3BONSET CyAUTb 06 WCKaXeHWW aTOMHOI CTPYKTYpb B CW/bHOM MOfe W3Jly4eHust U oue-
HATb TFpaHuLy MNPUMEHMMOCTU TEOPUN BO3MYLEHWI .



I, INTRODUCTION

The dependence of the rate of multiphoton ionization W on the
light intensity /1/, in the approximation of the first non vanishing order

kQ of the perturbation theory, is
W = al ko /1/

where
+ 1 > 12/

is the number of photons absorbed in the ionization process. IP is the
ionization potential of the initial state /i/, hw is the energy of the
ionizing quantum, and the 'cross section” of the ionization

<f1r 1£><£| r In> <l r s

EF EoYko-1),u-14  --- LEm~Eo-TOwiy.y

is constant.

The density /i.e. yield/ of ions /N/ produced by multiphoton
idnization is proportional to this probability W:

log u log W ™ kQ logl /4/

Now in many cases the experimentally measured slope, k, of the logN™ vs.

logl plot turns out to be smaller than the theoretical value, kQ, especially
in the ionization processes of the rare gases [1,2,3]- In explaining this
fact states near to the ionization limit of the atom are supposed to be
smeared under the influence of high-intensity ionizing light /continuum

like spectrum/, the result of which is an apparent fall in the i1onization

potential of the initial state [4] .

Another cause for decrease of the factor Kk may be multiphoton



resonance phenomena [sj - Cuch a decrease has been demonstrated experi-
mentally by the Delones and their co-v.orkers for the case where the energy
of Kk < kQ quanta coincides with the energy of an atomic state [g] - The
approximation of kQ order in the perturbation theory, it is found, does
not satisfactorily describe this process, and allowance must be made for
approximations of higher order [1,8] - In the case of resonance one of the
denominators of expression /3/ tends to zero and the dependence of the
energy of the states on the intensity in this denominator has to be taken
into account. Hence, supposing

w T T - khw o iy . m0 /57
then

By = Ei o * AEj Q1) 76/

E, = Egg * AE0 (1] 77/

Yo = jjo + AYJ (D /87

EjQ and Eqq are the field-free energies of the j-th state and ground
state, while y”~o is the field-free level width of the j-th state.
Consequently, the 'cross section'” ceases to be constant and the multiphoton
ionization rate becomes a complicated function of the light intensity

/ W/1/ /, which in turn is a function of the light frequency /W = W/I1,v/ /

In practice this complex function is approximated over small
ranges of light intensity by the linear function in the logW-logl plot, 1i.e
by the tangent of the logarithm of the multiphoton ionization rate-light
intensity function. The slope of this line is the measured value of the
factor [5]

AlogW(i,v)
K V 5) - 3logl =4

1=1.

Experimentally only values of k/1 ,v/ smaller than, or equal to,
kQ had been observed before our own work in Budapest.



2. SETTING OF THE PROBLEM

The aim of this work was basically twofold:

1/ to study the detailed features of multiphoton resonances and their role
in multiphoton ionization; and

2/ to investigate the behaviour of atomic states near to the ionization
limit of the atom under the influence of high-intensity ionizing radia-
tion and the effect of these on the multiphoton ionization rate.

For this purpose we chose to study the multiphoton ionization
process from the triplet metastable state of the He atom, using the
radiation of a Q-switched, frequency-tuned Nd™+ glass laser. This ioniza-
tion process is a fTive-photon ionization with four-photon resonances of the
n"S, D, G states, where 10 < n < 16. These states lie at an energy distance
of about 600 cm from the ionization limit of the atom, and the frequency
of the laser light can be tuned into resonance with each of term iIn succes-
sion .

This type of resonance multiphoton ionization is especially inter-
esting because a large decrease was observed in the nonlinearity of multi-
photon ionization /k/ from the ground state [9]. The four-photon resonance
states of five-photon ionization from the triplet metastable state of helium
fall within the energy range of level smearing of the multiphoton ioniza-
tion process from the ground state. It was therefore - expected as it turned
out, correctly - that we should be able to observe simultaneously both the
beginning of the process leading to the smearing of levels in the relatively
weak light field of the five-photon ionization and the role of the resonance
in the energy region close to the ionization limit. These observations have
enabled us to make fairly definite conclusions about the limit of applica-
bility of the perturbation method for the description of the features and
mechanism of the multiphoton ionization process.

3, EXPERIMENTAL SET-~UP

The experimental set-up that was employed can be seen in the Fig.l.
The laser was Q-switched with a rotating prism and frequency-tuned in the
laser cavity with an excess F.P. interferometer. The parameters of the
laser radiation /farfield pattern, intensity-time function, pulse energy,
etx./ were measured in the usual way [13] in order to calculate the peak
light power [l1o]. The laser frequency was measured shot by shot in absolute
scale after frequency-doubling by KDP. The helium atoms were excited to the
metastable state in the glass tube by mild gas discharge and the ions were



detected with a Laingmuire probe [HI] . The amplitude of the pulse of the
Langmuire probe /V/ is proportional to the maximum ion density induced by
the focused laser radiation [12] .

LU, [ITONIZATION OF DIFFERENT ORDER

The peculiar feature of measuring multiphoton ionization yield
with this experimental set-up is that multiphoton ionizations of different
order occur parallelly, because states of different ionization potential
are simultaneously populated by the discharge £I13] « The term scheme of
the triplet He system is plotted on Fig. 2. From, states lying in the zone
©® one-photon ionization takes place; from the states of the second zone
(@ two-photon ionization, and so on. Because of the variation in 'cross
section” of these different-order processes and their dissimilar power
dependences on the light intensity, it iIs possible to observe their sep-
arate contributions to the total yield of the 1ionization. The result of
the measurement is plotted on Fig. 3. At the bottom of the figure can be
seen the dependence of the one-photon ionization yield on the light in-
tensity; k =0.4 Dbecause of the saturation of the process. The middle
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It is apparent that the dynam-
ical resonance intensity /I%37,depends
on the field-free detuning, i.e. on the
frequency of the laser radiation in the
following form

Av Jjo oo 713/

As Fig. 13 demonstrates the
value of I, is the intensity corres-
ponding to the intersection of the tan-
gents before and after the resonance.
These curves are theoretical lines plot-
ted on the assumption that the resonance
occurs at 1 GW/cm intensity; the para-
meter is the laser linewidth. It is clear
that the value of ID. determined by the
above method slightly depends on the
effective width of the resonance and
therefore the dynamical resonance inten-

sity obtained from the measured logW - logl curves can be considered to be

the real one.
i, _ Igw
Using this method and the :
measured logW - logl curves, we can y (cm)
go on to plot the position of the
resonance intensity /I ./v// in the
light intensity-frequency coordinate
system. The result is presented in
Fig. 14. This shows how the dynam-
ical resonance intensity /IDJ/ of
the different atomic four-photon
resonance states /j/ depends on the
light frequency v /i.e. on the energy
of four quanta 4V/. In the case of
levels indicated on the right-hand
side of the figure the smaller the
light frequency the higher is the
light intensity required to reach
dynamical resonance. Consequently,
if we suppose that only the four-
-photon resonance state is shifted
/cq = 0/, and if the energy is count-
ed from the initial state, these lev-

Fig. 13

Ne

-cIf-t*
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Fig. 14

els are shifted by the field of the radiation downwards from the ioniza-
tion limit of the atom. The reciprocal value of the slope of the JRj/4v/
line is the Stark constant of the level /c"j/. Investigating the depend-
ence of the Stark constant ¢ on the level index /j/ - for instance, on
the principal quantum number - we conclude from Fig. 14 that the smaller
the principal quantum number /i.e. the energy of the level /j//, the higher
is Its Stark constant /cé/— At the 13"S, D states the Stark constant of
the levels changes its sign depending on the principal quantum number.
Consequently, states below the 12 D state shift upward towards the ioniza-
tion limit of the atom, because this time the higher the light frequency,
the higher is the light intensity of the dynamical resonance /see Fig. 14/.

In the case of the curves (T) and (? of Fig. 14 the < JRj/v/ func-
tions cannot be approximated by the linear relationship /1_ " Vv/. The
reason for this effect and -for the dependence of the Stark constant /ci/
on the level index /j/ will be explained in the following section.

10.  DISCUSSION OF THE RESONANCE INTERACTIONS

To explain the observed behaviour of the resonance states in the
light field it is necessary to refer to the term scheme of the He triplet
system /Fig. 15/. First we notice that over and ove the four-photon re-
sonances of the n"S, D, G states./fat arrows ® /, the energy of
which is shown in enlarged scale on the right-hand side of the figure,



width /y/, the dynamical resonance detuning /i.e. the resonance denomina-
tor in expression /9// is given by

111/

R,c = 1 is supposed.

7,- GENERAL NONLINEARITY FUNCTION

By measuring the logW - logl function we can establish the non-
linearity of the processes only as the slope of the tangent of the plot
at some definite light intensity /1./. The nonlinearity becomes a fast-
-varying function of the light frequency and intensity.

To illustrate this the plot of the measured nonlinearity of
five-photon ionization of the triplet metastable helium atoms is shown
in Fig. 10 as a function of the frequency. Unfortunately, it is difficult
to measure this fast-varying function to the desired accuracy, especially
as far as determining the frequency is concerned. /The estimated accuracy
of the frequency measurement was 0.4 cm ~ ./ Consequently, it is hard to
identify with certainty the state that is iIn resonance and hence to deduce
from the function any information about the energy of the resonance state
and its change under the influence of the laser field.

W
5
0 J— 1 45 [em™]
37600 37800 38000
>>jlcm~']
9400 9450 9500

Fig. 1Q
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3. DISPERSION CURVE

There is however, a further possible source of information,
namely, the dispersion curve of the multiphoton ionization rate [18],
or in other words, the dependence
w of this rate on the light frequency
at fixed light intensity / w/v;ir//
because this function reaches a
maximum where the dynamical de-
50 tuning is zero.
10
On Fig. 11 we have plot-
ted the measured dispersion curve
%0 of fTive-photon ionization of the
triplet metastable helium atom at
different light-intensities. Once
100 again, though, it is evident that
we face the same difficulty as iIn
the case of the nonlinearity-fre-
A quency function. The multiphoton
ionization rate depends strongly
% ‘é on the light frequency, and the
N accuracy of the frequency measure-
n ment is not sufficient to allow us
-V Jul\ to determine the exact position of
n the maximum. This means that we
cannot follow its dependence on
light intensity, and hence we can-
not extrapolate to zero field to
Fig. 11 identify level which is in resonance

9, THE INTENSITY-FREQUENCY PLANE

Luckily, the dynamical resonance frequency , does not depend
strongly on the light intensity. We can use the plots of multiphoton ionr
ization rate versus light intensity to find the positions of resonances and
to follow their dependence on the light intensity, with this we can extra-
polate to zero field and finally identify the state of the atom iIn resonance,
To illustrate the method two experimental curves are presented in Fig. 12
Ql9] ; the parameter is the field-free resonance detuning

Av_. = E__ - E

I Jo 00 4v 712/
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Fig. 2

section of the curve shows the contribution of two-photon ionization to
the total ionization yield, while the upper section represents the five-
-photon ionization yield from the triplet metastable state.

5, NONLINEARITY

To investigate the influence of four-photon resonances on the
five-photon ionization yield the frequency of the laser radiation was
varied and the ionization yield versus light intensity function /1;v//
was measured at different light frequencies [I4] . Two typical curves
are plotted in Fig. 4. It is apparent that, to a first approximation, the
contribution of two-photon ionization is independent of the light frequency,
whereas the five-photon ionization yield changes drastically. Adopting the
usual linear approximation in the logW - logl coordinate system, we can
plot the frequency dependence of the nonlinearity of the process /i.e. the
value of the slope of this line /k/v;11/ /in logW - logl plot/ at constant
light intensity /1, = 2.108 Wem 2/ /Fig. 5/.



Fig. 4 Fig- 5

On the four-photon energy axis of the figure we have indicated
also the position of the energy levels of the He atom. It is evident that
we have observed a nonlinearity k > kO, so, clearly, the value of the
nonlinearity /k/ can never be considered to be equal to the number of
quanta absorbed during the ionization; this variation of the factor «
with light intensity is a feature of the approximation of higher than
kO order, i.e. the consequence of a shift of levels in the high-intensity
laser field. We should further note the fast change of the nonlinearity
with frequency, which points to the existence of distinct atomic states
even in the energy range close to the ionization limit.

6, GENERAL RATE VS. INTENSITY FUNCTION - STATISTICS - LINE SHAPE

During subsequent measurements it became obvious that the linear
approximation in the logW - logl coordinate system is simply inadequate
for describing the multiphoton ionization rate-light intensity dependence
in the resonance case and over a wide range of light intensities [15] . We
postulate that the required energy correction term /AEj/1// to the four-
-photon resonance state /j/ depends linearly on the light intensity;

AEJ(D =cj 1 /0/

The dependence of the five-photon ionization rate on light intensity
W/Z1;v,y/ resulting from expression /3/ on the assumption that the level is



in four-photon resonance is plotted for the different level widths /y/
in Fig. 6.

In our measurement we used
a laser working in multimode opera-
tion and therefore the laser could
be considered as being a thermal
light source. Agarwal [I16] has shown
that if the laser line shape is
Lorentzian, so also will be the re-
sultant dependence of the multi-
photon ionization rate on the fre-
quency, and the resultant level
width y = NyT + y. Therefore, pro-
vided the assumption we have made
are correct, the curves presented
in Fig. 6,should describe the real
situation with y =y _ Given that
the shape of the atomic level is
always Gaussian, owing to Doppler
effect, we obtain the curves shown
in Fig. 7. These do not deviate
strongly from the curves of Fig.6,
because the Doppler level width
/0Ep/ is always smailler than the
laser linewidth /yx/.

The supposition of a Gaussian-shaped laser line /with linewidth
Av/, on the other hand, yields curves of W/1;v,Av/ which deviate very con-
siderably from the previous curves, as can be seen from Fig. 8. Furthermore,
the supposition of Gaussian atomic level and Gaussian laser line, a case
which was calculated by Rapoport et al. [17] in connection with the multi-
photon absorption process, leads to almost identical curves.

The logW - logl function actually measured by us is presented in
Fig. 9. The solid line was plotted on the assumption that the laser line
is of Lorentzian shape. It is readily apparent that the experimental curve
cannot be described by the supposition of a Gaussian laser line because of
the large differences between it and the theoretical curve /cf. Fig. 8
and 9/.

Exact dynamical four-photon resonance occurs at the intensity
1 = 6.108 W/cm2; that is, at this intensity, and neglecting the level






width /y/» the dynamical resonance detuning /i.e. the resonance denomina-
tor in expression /9// 1is given by

/111y

fi,c = 1 1is supposed.

71 GENERAL NONLINEARITY FUNCTION

By measuring the logW - logl function we can establish the non-
linearity of the processes only as the slope of the tangent of the plot
at some definite light intensity /1Y. The nonlinearity becomes a fast-
-varying function of the light frequency and intensity.

To illustrate this the plot of the measured nonlinearity of
five-photon ionization of the triplet metastable helium atoms is shown
in Fig. 10 as a function of the frequency. Unfortunately, it is difficult
to measure this fast-varying function to the desired accuracy, especially
as far as determining the frequency is concerned. /The estimated accuracy
of the frequency measurement was 0.4 cm ./ Consequently, it is hard to
identify with certainty the state that is in resonance and hence to deduce
from the function any information about the energy of the resonance state
and its change under the influence of the laser field.
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3. DISPERSION CURVE

There is however, a further possible source of information,
namely, the dispersion curve of the multiphoton ionization rate [I18],
or in other words, the dependence
w of this rate on the light frequency
at fixed light intensity / W/v;1//
because this function reaches a
maximum where the dynamical de-

50 tuning is zero.
10 -

On Fig- 11 we have plot-
ted the measured dispersion curve
of five-photon ionization of the
triplet metastable helium atom at
different light-intensities. Once

40

-100 again, though, it is evident that
we face the same difficulty as in
the case of the nonlinearity-fre-

Ao 1 quency function. The multiphoton
i ! ionization rate depends strongly
on the light frequency, and the
'S accuracy of the frequency measure-
\ ment is not sufficient to allow us
fov to determine the exact position of
- 5% the maximum. This means that we
/If tA L M [em~1J cannot follow its dependence on

37600 37800 _ i i
light intensity, and hence we can-
9400 9450 not extrapolate to zero field to

Fig. 11 identify level which is in resonance.

9, THE INTENSITY-FREQUENCY PLANE

Luckily, the dynamical resonance frequency , does not depend
strongly on the light intensity. We can use the plots of multiphoton ion-
ization rate versus light intensity to find the positions of resonances and
to follow their dependence on the light intensity, with this we can extra-
polate to zero field and finally identify the state of the atom in resonance,
To illustrate the method two experimental curves are presented in Fig. 12
T19]; the parameter is the field-free resonance detuning

-E - 4v /12/
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It is apparent that the dynam-
ical resonance intensity /IE37 depends
on the field-free detuning, 1.e. on the
frequency of the laser radiation in the
following form

Av Ejo_Eoo_4V

Rj €3C €3

/13/

As Fig. 13 demonstrates the
value of ID 1is the intensity corres-
ponding to the intersection of the tan-
c™ts before and after the resonance.
These curves are theoretical lines plot-
ted on the assumption that the resonance
occurs at 1 GW/cm intensity; the para-
meter is the laser linewidth. It is clear
that the value of |1 determined by the
above method slightly depends on the
effective width of the resonance and
therefore the dynamical resonance inten-

sity obtained from the measured logW - logl curves can be considered to be

the real one.

_ - Igw
Using this method and the F

measured logW - logl curves, we can t[em}
go on to plot the position of the
resonance intensity /I1Q../v// in the
light intensity-frequency coordinate
system. The result is presented in
Fig- 14. This shows how the dynam-
ical resonance intensity /ID -/ of

the different atomic four-photon
resonance states /j/ depends on the
light frequency v /i.e. on the energy
of four quanta 4V/. In the case of
levels indicated on the right-hand
side of the figure the smaller the
light frequency the higher is the
light intensity required to reach
dynamical resonance. Consequently,

if we suppose that only the four-
-photon resonance state is shifted

/c = 0/, and if the energy is count-
ed from the initial state, these lev-

Fig,

W=
(Ab-ctf-f*

np=40cT1 1
c 0[GWem J
=5

/

/GW/cm2/
13
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Fig. 14

els are shifted by the field of the radiation downwards from the ioniza-
tion limit of the atom. The reciprocal value of the slope of the JRj/4v/
line is the Stark constant of the level /c'jl. Investigating the depend-
ence of the Stark constant ¢~ on the level index /j/ - for instance, on
the principal quantum number - we conclude from Fig. 14 that the smaller
the principal quantum number /i.e. th% energy of the level /j//, the higher
is its Stark constant /Cé/. At the 13 S, D states the Stark constant of
the levels changes its sign depending on the principal quantum number.
Consequently, states below the 12 D state shift upward towards the ioniza-
tion limit of the atom, because this time the higher the light frequency,
the higher is the light intensity of the dynamical resonance /see Fig. 14/.

In the case of the curves (I) and (?) of Fig. 14 the -« JRj/v/ func-
tions cannot be approximated by the linear relationship /ID.\é}V/. The
reason for this effect and for the dependence of the Stark constant /clV/
on the level index /j/ will be explained in the following section.

10. DISCUSSION OF THE RESONANCE INTERACTIONS

To explain the observed behaviour of the resonance states in the
light field it is necessary to refer to the term scheme of the He triplet
system /Fig. 15/. First we notice that over and above the four-photon re-
sonances of the n"S, D, G states./fat arrows () () (? /, the energy of
which is shown in enlarged scale on the right-hand side of the figure,



in four-photon resonance is plotted for the different level widths /y/
in Fig. 6.

In our measurement we used
a laser working in multimode opera-
tion and therefore the laser could
be considered as being a thermal
light source. Agarwal [16% has shown
that if the laser line shape is
Lorentzian, so also will be the re-
sultant dependence of the multi-
photon ionization rate on the fre-
quency, and the resultant level
width y = NyT + y. Therefore, pro-
vided the assumption we have made
are correct, the curves presented
in Fig. 6 should describe the real
situation with y = yr . Given that
the shape of the atomic level is
always Gaussian, owing to Doppler
effect, we obtain the curves shown
in Fig. 7. These do not deviate
strongly from the curves of Fig.6,
because the Doppler level width
/NEO/ is always smaller than the
laser linewidth /YI/'

The supposition of a Gaussian-shaped laser line Avith linewidth
Av/, on the other hand, yields curves of W/I;V,Av/ which deviate very con-
siderably from the previous curves, as can be seen from Fig. 8. Furthermore,
the supposition of Gaussian atomic level and Gaussian laser line, a case
which was calculated by Rapoport et al. fI73 in connection with the multi-
photon absorption process, leads to almost identical curves.

The logW - logl function actually measured by us is presented Iin
Fig. 9. The solid line was plotted on the assumption that the laser line
is of Lorentzian shape. It is readily apparent that the experimental curve
cannot be described by the supposition of a Gaussian laser line because of
the large differences between it and the theoretical curve /cf. Fig. 8
and 9/.

Exact dynamical four-photon resonance occurs at the intensity
1 = 6.108 W/cmz; that is, at this intensity, and neglecting the level






Fig. 2

section of the curve shows the contribution of two-photon ionization to
the total 1ionization yield, while the upper section represents the five-
-photon ionization yield from the triplet metastable state.

5, NONLINEARITY

To investigate the influence of four-photon resonances on the
five-photon ionization yield the frequency of the laser radiation was
varied and the ionization yield versus light intensity function /N~W/1;v//
was measured at different light frequencies [14]. Two typical curves
are plotted in Fig. 4. It is apparent that, to a Ffirst approximation, the
contribution of two-photon ionization is independent of the light frequency,
whereas the five-photon ionization yield changes drastically. Adopting the
usual linear approximation in the logW - logl coordinate system, we can
plot the frequency dependence of the nonlinearity of the process /i.e. the
value of the slope of this gine 4r/v;l,/ /in logW - logl plot/ at constant
light intensity /1~ = 2.10 Wem / /Fig. 5/.



Figm 4 Fig. 5

On the four-photon energy axis of the figure we have indicated
also the position of the energy levels of the He atom. It is evident that
we have observed a nonlinearity Kk > kQ, so, clearly, the value of the
nonlinearity /k/ can never be considered to be equal to the number of
quanta absorbed during the ionization; this variation of the factor kK
with light intensity is a feature of the approximation of higher than
kQ order, 1i.e. the consequence of a shift of levels iIn the high-intensity
laser field. We should further no"te the fast change of the nonlinearity
with frequency, which points to the existence of distinct atomic states
even in the energy range close to the ionization limit.

6, GENERAL RATE VS, [INTENSITY FUNCTION - STATISTICS - LINE SHAPE

During subsequent measurements it became obvious that the linear
approximation in the logW - logl coordinate system is simply inadequate
for describing the multiphoton ionization rate-light intensity dependence
in the resonance case and over a wide range of light intensities [15]. We
postulate that the required energy correction term /OEj/1// to the four-
-photon resonance state /j/ depends linearly on the light intensity:

ﬂ'EA(i) — Cj 1 /10/

The dependence of the five-photon ionization rate on light intensity
W/Z1;v,y/ resulting from expression /3/ on the assumption that the level is
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Fig- 15

there 1is another one-photon resonance of the 23S, 23P states /Zarrow (T)/.
The field-free resonance detuning is about 200 cm 1 and this resonance
leads to a shift of the initial 2°S stdte in the direction indicated by
the hollow arrow / > /. The theoretical value of the Stark shift of this
level, as calculated on the basis of the Slater-type wave function, the
experimental value of the term energies and the LS coupling scheme, was
found to be ~ 230 /GWem/ 3.

The experimental value of the resultant Stark shift of the 23S,
nsS, D, G level /OE_/V/ - AE3/I/ = cél/’was calculated from the tangent of
the line of the resonance intensity function |ID./4v/ to bé v 140 /GWem/
for n > 13. Taking into account that the four-photon resonance levels are
shifted in the same direction as the initial level, due to the interaction
with the continuum, the resultant Stark shift of the levels is excepted to
be smaller than the shift of the initial level. Therefore the measured
value /7140 /GWecm/-1/ may be considered to be in good agreement with the

theoretical value / 230 /GWecm/ 1/.

To explain the measured dependence of the Stark constant on the
level index /i.e. on the principal quantum number of the level/, it should
be noted that over the above mentioned "resonances there is the one-photon
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resonance interaction of the 33P, 63S levels too /arrow (b) 1in Fig. 15/.
The result of this interaction in a shift of the levels in the direction
indicated by the hollow arroes. The field-free resonance detuning is very
small / Vv 30 cm 3/. At the resonance frequency marked in Fig. 14 the
energy difference of the 33P, 63S state is equal to the energy of the light
quanta. The shift of the 33P level iInto resonance with n3$, D /n > 11/
states caused by the resonance interaction with the 63S state, however,
leads to an upward shift of the n3S, D /n > 11/ states to the ionization
limit. This shift tends to compensate the shift of the initial 23S level,
resulting in an apparent upward shift of the 113S, D, 123S states and the
change of Stark constant with principal quantum number for the 13,14 S,

D states. This is the consequence of the fast frequency dependence of the
Stark constant /c. /v// due to the resonance interactions of the 63S, 33P,
ns, D/n > 11/ levels.

The deviation from linearity of the resonance intensity function
Ir/4v/ /curves ® ® / in Fig. 14 is also due to the dependence of the
various resonance Stark constants /c n3S, D/v/, cC:7ql”l | on the frequency

The levels to which curves (1) (3) of Fig. 14 refer cannot be iden-
tified because of the rapid variation of the Stark shift with frequency and
the ensuing difficulty connected with extrapolation to zero field. The curves
probably describe the dependence of the energy of the states with the prin-
cipal quantum number 11 on the light intensity, but, as was mentioned before,
us, D, 3P and 635 states are strongly coupled owing to the small field-
-free resonance detuning of the 3 P, 6 S states. In order to describe the
motion of this system we would have to find the exact solution of the coup-
led differential equation of the motion of this states. Perturbation theory
therefore does not provide an adequate answer in this case.

It should furthermore be noted that the Keldish-Kovarski parameter
y = £ Em[20, 21, 22] is greater than ynity for the 113S, 113P states and

therefore the perturbation method is not sufficient to describe the motion
of this system either. The number of strongly coupled levels 1is increased
and to describe the system we have to solve the coupled differential equa-
tion of motion of the 6%, 33P, 1138, P, D levels. Consequently, we cannot

identify which 1138, 113D or 113P levels are involved.

Finally, it may be remarked that although resonance interaction
of levels 638, 33P plays no direct role in the multiphoton xonization it
nevertheless leads to a significant disturbance of the system.
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11.  SUMMARY

To sum up: we have succeeded in investigating the distortion of
the atomic helium system under the influence of a strong laser light and
have found the shift of the atomic states lying in the energy range close
to the ionization limit of the atom by measuring the dependence of the
resonance multiphoton ionization rate on different parameters. Finally,
we have experimentally determined the limit of application of the pertur-
bation theory.

REFERENCES

(1 T.M. Barhudarova - S.G. Voronov - G.A . Delone - N.B. Delone -
N.K. Martakova: Int. Conf. on Phenomena in lonized Gases,
Vienna, 1967. p.266

2 G. Mainfray - G. Manus - J. Morellec - P. Agostini - G. Barjot -
J. Bonnal: Int. Gonf." on Quantum Electronics, Miami, 1968

k| A. fenoHe - H.b, [fenoHe - H.T. [JoHckasa - H.b.lleTpocsH:
onsuyecknin NUHCTUTYT um. Jlebepesa,
MpenpuHT N190 /1966/

4] G.S. Voronov - M.M. Gorbunkov - G.A. Delone - L.V. Keldish -
M.S. Rabinowitz: VII. Int. Conf. on Phenomena in lonized
Gases, Belgrade, 1965

[5I -C. BopoHoB: X3T® 5], 1496 /1966/

M.A. [JenoHe - H.b. [JenoHe: W3T®, &2, 413 /1969/
NA. fenoHe - H.b. [enoHe - I.H. [nckoBa:
XoTe 62, 1272 /1972/

[71 Y- Gontier - M. Trahin: Conference on the Interaction of Electrons
with Strong Electromagnetic Field, Balatonfired, Hungary, 1972.
Abstracts p.73

Bl G-J. Pert: 1EEE Journ. Q.E. OE8, 623 71972/

[9]1 P. Agostini - G. Barjot - G. Mainfray - C. Manus - J. Thebault:
IEEE Journ. Q.E. QE6, 782 /1970/
Phys. Lett., 31A, 367 /1970/



16

M A. fenouB - H.b. [fenoHe - H.M. [oHckaa - K.b. [lleTpocsH:
onsundvecknii MHcTnTyT wmm. JlebepgeBa, Mocksa,
MpenpuHT N190 /1968/

flgy T.M. bapxypapoBa - I'.C. BopoHoB - B.M. lopbyHkoB - H.b. [enoHe:
X3TB 49, 386 /1965/
T-M. bapxypaposa - I'.C. BopoHoB - I.A. [enoHe - H.b. [lenoHe:
onsundeckuin WMHcTuTyT wm. JlebegeBa, Mocksa,
MpenpuHT N60 /1969/
M.C. BopoHoB - H.b. [enoHe: X3T¢® 5, 78 /1966/

[11] W.W. Bakow - M. HaHTop - A. Huw: Ousuueckuii WHOTUTYT um. Jlebepesa,
MockBa, [MpenpuHT N122 /1970/

[12] T .U. Arslanbekov - J. Bakos - A. Kiss - M.L. Nagaeva - K.B. Petrosian -
K. Rézsa: X. Int. Conf. on Phenomena in lonized Gases. Oxford,
1971, p-43

[13] J. Bakos - A. Kiss - L. Szab6é - M. Tendier: Phys. Lett. 39A, 283
71972/
Central Research Institute for Physics, Budapest, Preprint
KFKI1-72-27 /1972/

[14] J. Bakos - A. Kiss - L. Szabé6 - M. Tendier: Phys. Lett. 39A, 317/1972/
[15] J, Bakos - A. Kiss - L. Szabé - M. Tendier: Phys. Lett. 41A, 163/1972/
[16] G.S. Agarwal: Phys. RuV., Al, 1445 /1970/

fL7] N.L. Manakov - L.P. Rapoport - B.A. Zon: X. Int. Conf. on
Phenomena in lonized Gases, Oxford, 1971. p.38

Q83 G. Baravian - R. Benattar - J. Bretagne - J.L. Godart - G. Sultan:
Appl. Phys. Lett., 16, 162 /1970/

G. Baravian - R. Benattar - J. Bretagne - G. Callede - J.L. Godart

G. Sultan: Appl. Phys. Lett., 11, 387 /1971/

R. Benattar: These, Orsay, serie A NO. 847, France, 1971

A.T. AnmvmoB - H.H. bepeweuHaa - I.A. [JenoHe - H.B. [enoHe:
onsudecknii UHcTUTyT wm. JlebegeBa, MockBa, [penpuHT N116 /1971/

[193- J» Bakos - A. Kiss - L. Szab6é - M. Tendier: VII. Int. Conf. on
Quantum Electronics, Montreal, 1972.
Central Research Institute for Physics, Preprint KFKI-72-42
/1972/

[20] ~N.B. Hengbw: X3T® 47, 1945 /.1964/



17

Q214 V. Kovarsky: Multiphoton Process under Conditions of a strong
Disturbance of the Atom by a Radiation Field,lInvited Lecture
of the Conf. on the Interaction of Electrons with Strong
Electromagnetic Field, Balatonftired, Hungary, 1972.

k-1

=c
E

bakow - B.[l, OBcsAHHMKOB - 71.B. PanonopT : LeHTpasbHbiii WHCTUTYT
onsnuecknx lccnegosannin, bypanewT, [MpenpuHT, N WOHW 72-57









C'i. 1 5<i

Kiadja a Kozponti Fizikai Kutatd Intézet
Felel8s kiadd6: Krod Norbert,a KFKI Optikai
Tudomanyos Tanacsanak elndke

Szakmai lektor: Csillag Laszlé

Nyelvi lektor: T. Wilkinson

Példanyszam: 275 TOrzsszam: 72-7666
Késziult a KFKI sokszorositd Uzemében,
Budapest, 1972. december ho



