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Multiphoton ionization of neon in the case of a 16-photon resonance with the 3p'[1/2], intermediate level is
studied using a neodymium-glass laser. Experiments show that when the electric field E ranges from 2.2 X 107
to 3.5 X 10’ V/cm, the number of collected charges takes a maximum value at 2.9 X 10’ V/cm. A theoretical
study on the basis of the formalisms due to Keldysh and Zon et al. predicts that, when an intermediate
resonant level is considered, this maximum can be observed by the use of a laser beam of sufficiently large
spectral width. This is the case in our experiment. The number of ionization events decreases when the
resonance is destroyed, i.e., when the Stark shift of the level becomes larger than the spectral width of the
laser, which, at 16 photons, is of the order of 100 A. Good agreement between experiment and theory allows
us to determine the polarizability of the resonant 3p'[1/2], level of neon which is found to be 21.8 A’ We
have also determined an experimental cross section of multiphoton ionization of neon at A = 1.06 pm.

I. INTRODUCTION

The problem of the multiphoton ionization (MPI)
of a gas subject to the action of an intense coher-
ent radiation field has been well investigated theo-
retically and experimentally in the last decade.!
In our previous work® we reported the experi-
mental verification of the predicted resonant be-
havior of the MPI probability by varying the inci-
dent laser wavelength at constant incident power.
In that work the spectral width of the radiation
was negligible.

In the present work, using a laser beam of large
spectral width, another approach to the resonant
aspect of MPI is taken: the resonance is destroyed
if the electric field induced by the laser flux is
strong enough to give rise to a large Stark shift
of the intermediate resonant level.

In a previous Letter® we reported the results of
a MPI experiment in neon using a neodymium-
glass laser. We showed that a plot of the number
of ionization events versus the incident laser flux
passes through a maximum for a certain value of
the flux and then decreases. Taking into account
the influence of the laser intensity, the processes
leading to this result can be described as follows:
At low flux, in the case of exact resonance be-
tween the additive energy of 16 photons (9440
X16=151040 cm™") and the energy of the 3p’[3],
neon atomic level (151040 cm™'), 16 laser photons
simultaneously interact with a neon atom. This
excitation by 16 photons is possible since the
3p[$], level has the same parity as the funda-
mental level and an even number of photons con-
serves the parity for the transition. The excita-
tion of this level is the first stage of the ionization
process. The second stage, representing the
ionization of the resonant level, takes place by ab-
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sorption of three photons. This does not mean
that we have a “two-step” process: the probabili-
ties of these two steps are not independent.* The
probability of this second process is much larger
than that of the first. If there were no resonant
level, the ionization would be a process with 19
photons interacting simultaneously, and the proba-
bility for such a process is lower than the proba-
bility with an intermediate resonant level.

Because of the spectral width of the incident
radiation, there is an overlap of the laser with
the resonant atomic level. The experimental in-
tensity profile of the laser is Gaussian with full
width at half-maximum (FWHM) T of 25A
(2.76 x1072 eV). This corresponds to a spectral
extent of T',=V16I'=1.1%x1072 eV in the case of the
interaction with N=16 photons.

When the laser flux is increased, the Stark shift
of the intermediate level leads to a detuning of the
resonance. The overlap of the laser with the atom-~
ic level may be decreased, and for certain values
of flux one finds a change in the slope of the curve
of log N; vs log¢, where N; is the ion yield and ¢
is the laser flux. This change in slope is due to a
decrease in the ionization probability.

Figure 1 represents the evolution of the resonant
315’[%]1 level and of the neighboring levels, with
increasing flux of the spectrally broad neodymium
laser radiation. As seen in Fig. 1(a), when the la-
ser flux is low, there is no shift or broadening,
and thus the interaction is resonant. Figure 1(b)
shows that for higher laser flux, the 3p’ [é]l level
is slightly shifted and the effective flux which is on
resonance is decreased. Figure 1(c) shows that
for extremely strong values of the laser flux, the
3p[$], level is broadened and shifted completely
out of resonance with the 16 laser photons.

This qualitative explanation assumes that neigh-
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FIG. 1. Qualitative behavior of the resonant 3p’[ 3],
level for a growing light flux. (a) Low flux, good reso-
nance between ¢ and the 3p’[ 3], level. (b) Higher flux;
the effective part of the flux which is in resonance de-
creases. (c) Extremely high flux; the resonance is
destroyed by the shift AE of the 3p’[ 1], level. ¢ repre-
sents the 16-photon spectral distribution of the light
flux.

boring levels are shifted so that the energy gap be-
tween these levels and the spectral position of the
laser radiation is increased.

The paper is organized as follows: In Sec. II we
describe the experimental setup and give a curve
logN; vs log E, where N; is the number of charges
created by MPI under the action of the electric

* field E associated with the laser radiation. In Sec.

IIT we give a theoretical expression for the MPI
probability (Sec. III C) which takes into account the
width I of laser radiation, the broadening I'g, and
the Stark shift AE = $a,E? of the resonant level,
where «a; is the polarizability of the resonant level.
A first derivation shows that the ionization proba-
bility of the resonant level is very high (Sec. IIIA)
and that the direct ionization of a neon atom by a
19-photon process is not accessible in the case of
our experimental parameters (Sec. III B). In Sec.
IV we determine a,. A theoretical expression for
the apparent slope T of the curve logN; vs log¢

(¢ is the laser flux) is found as a function of o,

T, and E (Sec. IV A). From this relation we can
determine the polarizability a, (Sec. IV B). With
the aid of @ thus determined, we calculate a value
of T which is in good agreement with the experi-
mental values (Sec. IV C). Finally, in Sec. V we
give a numerical value for the probability of MPIL.

II. EXPERIMENTAL SETUP AND RESULTS

Figure 2 shows the usual experimental setup.
The light emitted by a neodymium-glass laser—A
=1,06 um, pulse duration time of 20 nsec, and
energy of 3 J—is focused with a lens of f =4 cm
focal length into a chamber containing neon gas at
a pressure of 1073 Torr. The measured divergence
of the laser beam is 6 =1.25x107® rad. During the
experiment the chamber is traversed by a flow of
neon. Before the experiment, the chamber is
pumped to a pressure of 10”7 Torr in order to
avoid ionization of impurities. A 100-V/cm field
is applied between two electrodes placed at each
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FIG. 2. Experimental setup.

side of the focal region to collect the charges pro-
duced. These electrodes are partly shielded in
order to avoid parasitic detection. To avoid col-
lisions, the pressure is chosen so that the mean
free path is much larger than the distance be-
tween the electrodes, but this pressure must not
be too low, since the number of charges produced
is proportional to the pressure. The detection
system gives an oscilloscope signal whose leading-
edge amplitude is proportional to the number of
ions collected. The incident radiation intensity is
varied by means of neutral-density filters placed
in the beam. The light beam is linearly polarized.
The optical electrical field in the interaction re-
gion varies from 2x107 to 4x10” V/cm. Figure
3(a) gives typical examples of oscillograms for
three increasing values of electric field, and Fig.
3(b) gives the curve N; as a function of the electric
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F1G. 3. (a) Typical oscillograms of signal detected
for three increasing electric fields. Vertical sensi-
tivity is 5 mV/division. Horizontal sensitivity is 500
usec/division (1 vertical division = 6 X10° ions). a:
E=24%X10" V/cm; a,: £=2.9%107 V/cm; a;: E=3.5
%107 V/cm. (b) Number of charges detected vs the laser
electric field.
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field, deduced from the oscillogram measure-
ments. We see that a maximum value of the num-
ber of the collected charges is reached for an
electric field of 2.9 x107 V/cm. At the beginning,
for lower laser fluxes, the relation between N; and
¢ is N; « ¢'?; we have never found the relation

N; x ¢'® as we had expected. We notice that this
result agrees well with the value obtained by
Agostini et al.,® who, under similar conditions,
give a slope T =13+ 1 for an electric field of
E=2.3x10"V/cm.

Let us remark that the experiments carried out
by Delone et al.® on the MPI of potassium (whose
ionization needs a four-photon interaction for a
Nd laser radiation) lead, in the case of no reso-
nance, to a slope equal to 4 at low flux and tending
to zero when the flux is increased. In the case of
three-photon resonant interaction, they have found
a slope decreasing from 1.5 to zero. Similar ex-
periments by Alimov et al.” on xenon show that the
slope varies from 14 to 2.5 when the flux is in-
creased. In any case, the experiments with high
laser flux always lead to values of slope smaller
than the value obtained by the relation [1 +E;/fiw},
where E; is the ionization energy of an atom, 7w
is the energy of the photon, and { } stands for
the integer part. When the slope becomes zero

J

- 3/2
W ~w <—E—'ﬁ—wEi> exp[ﬂl +(E;-E)nwl-

x&([2 [ 1+E,; - E,)/aw) - 2 (E; - E,)/iw]'"?),

where w is the angular frequency of laser radia-
tion. For the Nd laser we have w=1,78x10"® sec™};
E; is the ionization energy (21.559 eV), E, the en-
ergy of the 3p’[ 3], level of neon, E; ~ E, =2.837 eV,
@ is the error function, and

[1+(E; -E,)/iw)=3.

The expression (2) is valid for y>1, where
y=w/w;, with

w,=eE/[2m(E, - E)'?;

E stands for the intensity of the electric field as-
sociated with the laser radiation. In our experi-
ment, we find w,(sec™)=1.76 x10°’E (V/cm). For
a variation of the electric field from 107 to 5x107
V/cm the extrema for w, become 1.76 x10'¢ and
8.80x10™ sec”™!, respectively. Under these con-
ditions y= 10®/E (V/cm) varies from 10 to 2.
With #(1.07)=0.87 in (2) we obtain

WS =3.26x 10'5y~0¢ 2123/
¢=3,
or

- - -16
W =3.05x 1038 5e(-2:37X 10 Ez),

E,-E
fiw

most of the workers ascribe it to sample deple-
tion, which is often called saturation.

All of our experimental results cannot be ex-
plained, however, by the mechanism of sample
depletion, as is widely believed. This is because
there exists a region of negative slope on the curve
of logN; vs log¢ and because the number of col-
lected ions is smaller than the number N, of atoms
in a sphere of radius f9 (N,~ 1.8 X107 compared to
the number collected~ 10°).

III. PROBABILITY OF MULTIPHOTON IONIZATION

The MPI probability is usually given, inthe case
of an intermediate resonant level, by

We=Wswe, (1)

where W§ represents the probability of excitation
of the resonant level s from the ground state and
WS the probability of ionization of the level s. In
the case considered these probabilities concern
16- and 3-photon interactions respectively.

A. Calculation of W¢

The expression for the ionization probability of
an excited level has been given by Keldysh® in a
semiclassical formalism as

[+(;-E9) Mol
1 1 i S
<1+7 >] ( 4)’2>

)

r

with W¢ in sec™ and E in V/ecm. Thus for 107
<E(V/em)<5x107, we have 2.98x10°<W¢(sec™)
<2.63x10'%, We note that the probability W¢
varies with E as expected, i.e., Wixy®xcESx ¢*
(three-photon interaction). We see also that for
the lowest electric field the complete ionization of
the s level is achieved in a time of the order of
0.3 nsec, which can be considered as very short
compared to the time of the laser pulse duration
(20 nsec). In the following we therefore consider
only the excitation probability W;, in the case
where ionization is through a resonant level.

B. Calculation of W§

If we do not take the resonant level into account,
we can calculate a probability W§ of the direct
MPI by use of expression (2), in which the energy
E; - E, is replaced by the ionization energy of the
fundamental state (21.559 eV). The result is

16)

W‘(’,=1.715X10'3°7E3Se('2‘37E21°— , (3)

with W§ in sec™ and E in V/cm, which shows the
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usual behavior in ¢'° (¢ < E?) for W§.
By using the previous values of the electric field,
we obtain

1.675x107* < Wé(sec™!) <3.5x107'%,

The number of ions produced by this process is
dn=W{n,v,7, where n, is the density of neutral
atoms, v, is the interaction volume, and 7 is the
duration of the laser pulse. For 7=20 nsec and
experimental values of v, and n,, dn is much
smaller than unity and no ionization occurs.

We note that for the electric field considered,
there is no possibility of ionization of the neon
atom by tunnel effect, since the criterion for this
process is y <1, where

_ w  w@mE)”  2.8x10°
TTTTw)y T eE E(V/em)

For E varying between 107 and 5x107 V/cm this
gives 5.6 <y,< 28.

C. Expression of Wj

W3 is a function of the laser linewidth T, the
level width y,, the broadening W¢, and the shift
AE caused by the radiation field. The formalisms
used by Keldysh® and Bebb and Gold! cannot be
directly applied to our experiment, since they have
used a very narrow laser spectrum. In the case
where the laser spectrum is Gaussian with half-
width I", and where the s level has a Gaussian pro-
file with half-width I', we can use the formula
given by Zon et al.,’

_(Ey - Niw +AE) )

¢ (
S

= ——T'
Wo=Ki (=5 Nroy e %P T2+ NI

(4)

where the constant K, is a function of w and of
atomic parameters. In (4) N=16 and I'y =W+,
=W, Let us recall that for the neon atom AE is
not the linear but the quadratic Stark effect. The
linear effect occurs only for hydrogen where the
levels are degenerate,'® or for other atoms whose
levels are very close to the continuum and can thus
be treated as degenerate. We note that as pre-
viously mentioned in Sec. I, the expression of W;
is not independent of W¢ because, for example, the
width I’y due to the ionization affects the quantity
ws.

To be precise, we are now in a position to com-
pare Eq. (4) with the results obtained by Keldysh.
If we assume that E; — Niw =0 and that the exponent
is much smaller than unity, we obtain

W =K, ¢"(I% + NT?)'2/(AE? + T?% + NT?); (5)

when N is an even number and the quadratic Stark
effect is taken into account, Keldysh's formula is

written
1 e’E’a e’Eq
Wo=g|Insen (TJ)J/ (W
l V(l) Izr
xAVosIls (6)
AE?+T*

Although the complete formulation involves a sum-
mation over all atomic levels, it is easy to show
that in the presence of a resonant level this single
term dominates the sum. In Eq. (6), |V is the
transition matrix element from the ground state to
the s state. The term V(O‘s’ is the correction to V,
= [§*Ey,dv in the first-order perturbation theory.
J,(2) is the Bessel function of order v. The ex-
pression (6) can be rewritten

Ws_l N J <ezE2aS\2 ,V%glzlls
074 | (2E%a,)/4hw N2\ 4nw )| AE*+T2
(7

The term e2E%a, represents the Stark shift, which
is always very small compared to fw. We can
write Eq. (7) in the simplified form

Wi=K,¢"T/(AE? +T?) , (8)

where K, is constant. The expression (8) has the
same form as (5), in which I' is taken to be equal
to zero.

IV. POLARIZABILITY o, OF THE RESONANT LEVEL

In this section we wish to determine the polari-
zability a, by using the theoretical expression of
the probability W§ and our experimental results.

A. Theoretical expression of the apparent slope T

To evaluate W; numerically, Eq. (4) is of no
practical use, because the constant K, is unknown.
For weak electric fields, the Stark shift AE is
small and thus W} varies as ¢'®. This behavior is
quite different for strong electric fields where Eq.
(4), Wi=f(¢)p", can be put into the form Wi=A¢pT,
T being an apparent slope different from N and A
being a constant. Then, using the relation 7'(¢)
=dInW;/d(ln¢) we obtain from Eq. (4)

(AEY (1_ 3r? >_ 3re
r?+Nre I2+NI?) T2+NT? °’

9)

in which T, is proportional to ¢* and AE propor-
tional to ¢. Values of the slope T obtained by this
expression can be compared with the value obtain-
ed experimentally [ Fig. 3(b)]. We have already
seen that when electric fields become stronger
Eq. (4) will be invalid above a certain threshold.
Moreover, this equation renders account of the

T=N=-2
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experiment only as long as the apparent slope T is
smaller than N. This leads to the condition

1-3T% /(T2 +NT?)>0,

which gives an upper limit for the values of the
width I'; and of the electric field E. From the
above-mentioned inequality we obtain I'y <0.707I,
=7.8x107% eV and E<4.3x10" V/cm.

B. Value of the polarizability

To calculate T we must know AE and conse-
quently the polarizability a,. The formal ex-
pression for o is!!

1 1
=31« m)|? o
a(w) ml\SIZI )| <ws,,.+w+wsm‘“’>,

(10)

where w is the angular frequency of the incident
radiation and wy,, is the difference in energy be-
tween the level s and a level m in the case where
the transition s —m is optically allowed.
Obviously the dominant terms in the sum in Eq.
(10) are those for which w,, >~ w. The factor
|( s|z|m)depends on the statistical weight and
oscillator strength, and the values for the transi-
tion s —m corresponding to 6599 and 6163 A are
given in Ref. 12. For these transitions we find
that w,,, the corresponding energy of which is
about 1.9 eV, is not very far from the energy of
the photons of the laser beam (1.17 eV). A value
of the polarizability a; obtained from these two
lines takes a value of 10"2%2 ¢m®. A diagram (Fig.
4) of energy levels of the neon atom shows that we
have to take into account all transitions 2p°4s and
2p°3d to the level 3p’[+], for which w,,~ w. The
contribution to a; from the transitions with
ws, <w(2p°4s) and those with w,,,> w (2p°3d) give
values similar but of opposite sign. However, the

SN IR
J Ign/lzppqn
E=2156%ev. /. hw

y

/

hw
2p545

| emvaphe
203 g%# 3°01/20
i’ 3p[1/2]0 hw=9440cm
25|t ho

1 Vit
1s R

FIG. 4. Simplified energy-level diagram for the neon
atom.

differences in numerical values of the matrix ele-
ments |(s|z|m)[? calculated by theoreticians!® do
not allow us to determine o correctly by this ap-
proach.

To circumvent this drawback, we have tried to
determine o, by using the experimental slope T.
We assume that in the expression N; =Wy n,7 only
the factor W depends on ¢, so that N; < ¢T,

Experimentally we find T=0 for E=2.9 x10” Vem.
In Eq. (9) we put 7=0. By using

AE=1.73x10°, E?,

with AE in eV, a, in cm®, and E in V/cm, we find
@,=2.18x10"22cm® The region near T=0 being
flat (T=~0 for E=2.920.1x10” V/cm), we find o,
=2,181+0.14x10722cm®, This value of ¢, is com-
parable to that obtained for the level 11p of neon
irradiated by a ruby laser (a,,,=5.7x1072* cm?®).?

C. Dependence of the apparent slope on the electric field

Using the value o =2.18 x1072% ¢m?® previously
determined, we give in Table I numerical results
on the shift AE, the broadening I';, and the ap-
parent slope T as a function of the electric field
E. The relations

AE=3.TTx10"17 E2,
T, =/W¢ =2.006 X 10748ES¢ =2 37X 107 %8
S s M )

where AE and Iy are in eV and E is in V/cm, have
been used.

The value of a; has been determined by using a
point on the experimental curve of logN; vs logE
[Fig. 3(b)], i.e., the point E where T =0. In order
to calculate T we have reintroduced this value of
a, in Eq. (9). A comparison between the numeri-
cal results of T given in Table I with our experi-
mental results deduced from Fig. 3(b) for E vary-
ing from 2.2x107 to 3.5%x10” V/cm shows a rea-
sonably good agreement. This agreement allows
us to claim that this method of determining a
introduces no serious error.

We see that when we take into account the above-
obtained values of AE of the 3p’[3], level, the
neighboring level 3p%], on the higher-energy

TABLE I. Values of the shift AE, the broadening Iy,
and T for different values of the electric field E (V/cm).

E AE (eV) g (eV) T
107 3.77x1073 1.96x107¢ 15.77
2 x10° 1.51 x107% 1.17x107* 12.27
2.5x107 2.36 x1072 4.22x107! 6.94
2.9 x107 3.17x107° 9.77x10™ 0
3 x107 3.39x107? 1.18x1073 —2.06
3.5x107 4.62x107° 2.76 x10 7 -11.3
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side, which is 0.24 eV distant, has no effect on
the process leading to the detuning of the reso-
nance. The 317[%]0 level, on the lower-energy side,
has, however, an energy separation of 0.015 eV
with respect to the resonant level. This energy is
comparable to the shift calculated for an electric
field of about 2x107 V/cm. Considering the fact
that our experiments show a negative slope for
these values of the electric field, we think that the
shift of the 3p[4], level tends to increase the sep-
aration between this and the resonant levels.
Otherwise the 3p[3], level should occupy the place
of the 3p’[ %], level and we would have never found
a detuned situation for the resonance.

V. IONIZATION PROBABILITY

The ionization probability can be experimentally
determined by assuming that the interaction vol-
ume is constant. By use of the relation N;
=WSvn,7, where n,=3.54x10" em™3, 7=2x10"%
sec, and v,=5.24x10"7 ¢m?, we find W{=2.7TN;.
Thus W3 varies from 10° to 3 x10° sec™. The low-
est value is equal to that given by other authors.®

With our experimental results, we can deter-
mine by virtue of Eq. (4) a generalized cross
section for ionization, usually expressed in ¢~ ¥
sec”'. When we take in Eq. (4)

x =K /(TS + NT?)'2~ K /AT,

with NT?>T2  we then find for the ionization pro-
bability
X =(5+3.5)X107# sec”™! (Wem™2) 716

=(1.16+0.8)x 10782 sec ! (photonscm 2sec™!)7'¢ |

VI. CONCLUSION

To summarize, our findings are as follows:

(i) The direct multiphoton ionization of neon by
1.06-um radiation is a process involving 19 pho-
tons; its small probability renders it unobserv-
able at available values of laser flux. In fact, the

ionization process takes place through an inter-
mediate resonant level when moderate flux values
are used. This process is essentially governed by
the excitation probability W3 with 16 photons of
the s (3p’[%],) level, in which is included the
three-photon ionization probability W of the ex-
cited level. However, the ionization process is
not a two-step process, because there is a def-
inite correlation between the two transitions (ex-
citation and ionization of the s level).*

(ii) The probability W§ can be determined as a
function of the radiation flux by using the forma-
lism of Zon et al.,® which gives

Wi=K($)pT@ |

where K(¢) and T(¢) are functions of the flux ¢.
In this expression, the broadening of the s level,
its shift under the influence of the electric field
of the radiation as well as the width of the laser
radiation, are included. Therefore the slope

T =d(Inw})/d(Ing)

turns out to be a function of those parameters.
For weak electric fields, E <10” V/cm, the slope
is equal to 16 and is less than 16 for E>10" V/cm.
When the electric field increases above the value
107 V/cm, the slope T decreases, passes through
zero, and then changes sign. This prediction is
in good agreement with our experimental results,
which show that the number of charges created by
multiphoton ionization takes a maximum value at
E=2.9x 10" V/cm. This variation of the slope is
explained by a shift of the s level due to the quad-
ratic Stark effect.

(iii) An analysis of the experimental results al-
lows us to determine the polarizability of the
3p’[%]l level of neon, which is found to be 21.8 A3,
The generalized cross section for multiphoton
ionization does not depend markedly on the laser
flux if E <3.5%10” V/cm. The proposed value is
X =107%2% cm¥2 gec’®,

*Associated with the Centre National de la Recherche
Scientifique.
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