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Resonant multiphoton ionization of H~ via the E,F 'X~+ state:
Absorption of photons in the ionization continuum
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This work reports the five-photon ionization of the H2 molecule via the four-photon transitions

(E,F 'Xg+, uE ——1,2,3)~(X'X, u =0), in the 10"-%/cm laser-intensity range. The resulting H+-

and Hi+-ion spectra exhibit essentially the Q(J) resonances, and the ratio [H+]/[Hq+] is found to
increase drastically with the vibrational quantum nmnber UE. The photoelectron energy spectra are
dominated by the peak corresponding to the five-photon ionization of H2 leading to H2+ ions in the

v+ -—UE vibrational level. The photodissaciation of H2 is found to be the only process which forms
H+. In addition, we report —for the first time, to our knowledge —the absorption by a malecule of
an extra photon above the ionization potential, when the laser intensity is increased up ta 7X IO"
W/cm~.

I. INTRODUCTION

Resonant multiphoton processes in Hz have been re-
cently investigated through photoion and photoelectron
spectroscopy as well as through fluorescence measure-
ments. ' The ionization from various electronically ex-
cited states populated by multiphoton absorption has thus
been studhed, but in none of these experiments was the dis-
sociation channel reported to play an important role.

In a recent publication on the five-photon ionization of
H2 with four-photon resonance on the E,F'X, uE ——2
level, we have reported the existence of significant H+
production at laser intensities around 10" W/cm2. This
phenomenon was not expected because the two main
mechanisms capable of producing H+ ions are supposed
to have a low probability.

The first one is the dissociation of excited H2 followed
by the ionization of atomic fragments. However, because
of the similarity of the potential curves of the resonant
electronic state E and the I Xs+ ground state of H2+, the
(4+ 1) photon process is expected to ionize the H2 mole-
cule rather than to dissociate it.

The second one is the photodissociation of the Hi+
ions. However, in this experiment the vibrational levels of
H2+ accessible with the energy of five photons are
U+ ——0, 1,2 and have very low photodissociation cross sec-
tions in the 3850-A spectral range. In particular, the
photodissociation cross section of U+ ——2 is predicted to
be 1.3X 10 cm at 3850 A. If we assume that the vi-
brational level U+ ——2 was preferentially populated ac-
cording to the Franck-Condon principle, a photodissocia-
tion of only a few percent is expected, which is 1 order of
magnitude less than our observations.

Most likely, this discrepancy must be assigned to the in-
fluence of the laser field on the molecular potential: ei-
ther the photodissociation cross section of Hz+, U+ ——2 is
enhanced under the high field conditions, or higher U+
levels are populated, or the dissociation of H2 is no longer
negligible.

In order to understand the mechanism of the H+ for-
mation we have extended the investigation of the reso-
nances to different vibrational levels (UE ——0, 1,2, 3) and
measured the corresponding electron energy spectra. The
results on the ion and electron spe:tra will be presented in
Secs. III and IV, respectively, after a brief description of
our experimental setup given in Sec. II. Finally, we report
in Sec. V evidence for the absorption of an additional pho-
ton above the ionization potential of the H2 molecule
when the laser intensity is increased up to 7 X 10"
W/cm .

The study of the four-photon resonance on the first vi-
brational level (UE ——0) requires smaller photon energies.
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FIG. 1. Schematic energy diagram of H2.
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This makes the ionization of H2 a sixth-order process
whereas it is only a fifth-order process for the resonances
on the other UE's. For sake of clarity, the results concern-
ing ux —0 will therefore be presented separately. The
schematic energy diagram of Hi is shown in Fig. 1.

II. EXPERIMENTAL SETUP

A. Laser

B. Ion detection

In the first cell, the photoions are created between two
large parallel plates and drawn out of the interaction re-
gian by a uniform electric field of 270 Vcm '. The ions
are then time-of-flight (TOF) mass separated through a
fiel-fro: space of 15 cm. The H+ and H2+ signals are
found to vary linearly with the Hz pressure in the
10 —10 3 Torr range. Our operating pressure is at most
5)&10 Torr so that collective or coBisional effects are
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FIG. 2. Experimental apparatus.

The ionization of Hi via the four-photon resonances
(E,F tXs+, Uz ——1,2,3)~(X 'Xs+, U =0) requires a high-
power laser tunable in the (3800—4000)-A spectral range.
For this purpose we use a ruby-laser-pumped Jobin- Yvon
dye laser which can deliver up to 250 mJ in 10 ns around
780 nm and up to 65 mJ after frequency doubling in a po-
tassium dihydrogen phosphate (ICDP) crystal. The laser
wavelength is measured with a 1.15-m-long spectrometer
to an accuracy of 0.08 A. The laser linewidth is smaller
than O.S cm

The laser beam is successively focused in two different
cells (Fig. 2). The former is designed to allow a total col-
lection of the photoions; the latter is equipped with an
electron spectrometer to measure the energy distribution
of the photoelectrons.

To permit an easy comparison of the ion and electron
measurements, identical spherical lenses (focal length 150
mm) are used to focus the laser in both cells. The intensi-
ty distribution in the focal plane of the lens is recorded
after enlargement on a silicium vidicon camera interfaced
with an image digitizer. 7 The beam cross section is mea-
sured to be (6.5+0.8) X 10 cm at the best focus.

negligible. The hydrogen gas we used is from 1'Air
Liquide, type N60, purity 99.9999%. Due to the use of a
turbopump-diffusion pump system the residual pressure
in the vacuum cell is as low as 10 Torr.

C. Electron spectrometer

In the second cell, the photoelectrons are analyzed with
an electron spectrometer developed in the Fundamenteel
Onderzoek der Materie (FOM) Institute for Atomic and
Molecular Physics, and the measurements are performed
under identical purity and pressure conditions for elec-
trons and ions.

This spectrometer is a magnetic field parallelizer, with
a magnetic field that diverges from 1 T at the laser focus
to 10 T in the flight tube. The electrons originally em-
itted over 2n sr are formed into a parallel beam over a
short distance so that the TOF is largely independent of
the initial emission direction.

When the TOF is made as long as about 1 ius (by apply-
ing retarding voltages on the flight tube) the energy reso-
lution can be as low as 20 meV. The electron spectrome-
ter is calibrated by performing the multiphoton ionization
of Xe atoms at 3884 A. This yields electrons of 0.65 and
2.5S eV corresponding to the I'3~2 and I'~~2 continua,
respectively. The calibration accuracy is within 0.1 eV.

III. ION RESULTS

A. General considerations

The vibrational quantum numbers u~ ——1,2, 3 corre-
spond to Dieke's labels and are, respectively, U =3,6,9 in
the full double-well potential curve. ' '" Whereas the
vE ——1 and 2 levels are inside the E inner well, the uE ——3
level lies above the potential barrier and this could make
the notation inadequate. However, for the sake of simpli-
city the vE notation will be used throughout this paper.

In the resonant multiphoton ionization (RMPI) process-
es under investigation, the rotational selection rules for
the four-photon transition E,F 'Xs+~X 'X+ are
M=O, +2, +4, so that the Q, S,O, U, M branches are, in
principle, observable. In fact, only the Q lines corre-
sponding to the first four rotational levels of the
X 'X+, U =0 ground state have been detected in our exper-
iment.

The one-photon coupling of the UE resonant level with
the ionization continuum is much stronger than the four-
photon coupling of that resonant level with the ground
state. Such a case is called a "crossing resonance. "' '
Ignoring the problems of the statistics of the laser light
and the space-time distribution of the intensity, the RMPI
probability, in the vicinity of the Q(J) resonance, can be
expressed as"'4

I5

(EJ agI) +(ygI)—
where b J is the detuning from resonance,
hJ 4E~ —E(Q(J)); u~ ——is the ac Stark shift of the Q(J)
transition; y&I is the ionization rate of the resonant level
(E,Flrt+, UE, J); I is the laser intensity; and Ep is the
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photon energy.
Because of the laser-induced level shift and broadening,

the probability W is no longer proportional to the fifth
power of the laser intensity. The order of nonlinearity,
k =8 lnW/8 lnI, is now a function of the photon energy
and of the intensity. From Eq. (1) it can be easily shown

that k takes a maximum value k+ and a minimum value
k which depend only on the ratio p between the
broadening and the shift of the resonant level:

k+ =5+ z, zz
with p =yq/az . (2)

1

p [(p'+1)'"+p1
Two typical situations may be encountered. (i) The

shift of the resonant level is much larger than its broaden-

ing (p « 1); then Eq. (2) becomes

1 i 1 1111) 1 1 1111)

k+ 5+ 1/p,

which shows that k undergoes very large variations. (ii)
The broadening is equal to or larger than the shift (p & 1);
then Eq. (2) becomes

(3)

k ~
——5+ 1/2p

k =3+1/Sp

In that case the variations of k are roughly within the in-
terval 3—5, the value of 3 being reached on resonance.

Finally, it must be pointed out that the above considera-
tions are only valid in the case of an isolated resonance.
In most mole:ules, the situation is more complicated due
to the presence of other quasiresonances which may con-
tribute significantly to the total ion signals. In the present
experiment, the variations of k are presented for uE ——1

and 2 and tentatively interpreted. For uE ——3 the RMPI
cross section is weaker and the amplitude of our measure-
ments is reduced, preventing a reliable determination of k.

8. v8=1

In the study of RMPI specially for high-order
processes —small fluctuations of the laser beam cross sec-
tion of the laser pulse duration or phase fluctuations be-
tween modes can induce very large variations of the ion
signals, even though the laser energy is kept perfectly con-
stant. Therefore our experimental te:hnique is to keep the
laser wavelength A, constant and measure the ion signals
N~ as a function of I. A least-squares fit of the data
point in ln-ln coordinate — then allows us to average
the laser fluctuations and to determine accurately
N~ ——f(I) for each A, . The slope of such a curve is the ef-
fective order of nonlinearity, k,ff =8 1BÃ~/8 lilI whlcll is
an approximate value of k in the laser-intensity range im-
posed by the RMPI process.

As an illustration, Fig. 3 represents the variations of the
Hz+-ion signal in the case of the four-photon resonance
on the UE

——1 level. Curves a and b correspond, respec-
tively, to A. =3943.16 A and A, =3945.67 A. The ion sig-
nal extends over 2 orders of magnitude, allowing an accu-
rate deterinination of the slopes: k,ff is found equal to
2.8+0.2 for curve a and to S.8+0.4 for curve b.

From a set of curves similar to those of Fig. 3, we can
deduce the ion resonance profiles at a constant laser inten-

10 1 1 1 1111!l 1 1 1 111(If
101$ 10"
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FIG. 3. Number of H2+ ions as a function of the laser inten-
sity for two different laser wavelengths: (a) A. =3943.16 A, (b)
X=3945.67 A.

sity (Fig. 4). Only Hq ions corresponding to the Q lines
are detected here. The H+ signal is vanishingly small.
Given our ion threshold detectivity, the ratio [H+]/[Hz+]
is estimated to be smaller than lgo.

The H2+ spectra are presented at two different intensi-
ties: Ii

——(0.9+0.2) )& 10" W/cm and I2 ——(1.5+0.3)
)(10"W/cm2. The Q(J) peaks (J=0, 1,2,3) appear blue
shifted from their zero-field positions as the laser intensi-
ty is increased. The E,F 'Xs, uE term values are obtained
from the E-II lines positions of Dieke and the 8-X mea-
surements of Wilkinson. ' (They are equivalent to Dieke's
tables of term values of E,F'Xz+ using the usual +8-
cm ' correction. "'

) A rough estimate of the Q(1) peak
displacement leads to a value of 10 cm '/10" Wcm
As a comparison, in two-photon fluorescence studies,
Pummer et al. ' obtained a similar value of the ac Stark
shift, but with photon energies twice as big as ours.

Figure 5 represents the variations of k,ff as a function
of the four-photon energy. The profile is essentially
characterized by large asymmetric minima centered at the
Q(J) resonances where k,ff is found equal to 3. Unam-
biguously, this slope of 3 is not due to a saturation of the
RMPI process. Indeed, even for the highest intensity
(2.5)& 10"W/cm ) on the strongest line, we estimate that
only one molecule out of 1000 is ionized in the interaction
volume. This corresponds to an ionization probability of
&O' s-'.

In addition, k,ff hardly exceeds the value of 5 which is
the value expected off resonance. From the considera-
tions of Sec. III A, we deduce that the ionization width of
the resonant level (induced by the coupling with the con-
tinuum) must be of the order of the ac Stark shift. As an
illustration we compare in Fig. 6 the values of k,ff mea-
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FIG. 6. Variations in the effective order of nonlinearity in
the five-photon ionization of Hi via the Q(1) four-photon reso-
nance (E,F 'X~+, u~ ——1}~(X'X~+, u =0) as a function of h. 8 is
the static detuning 5=4hco E(—Q(1}). p is the ratio between
the broadening and the shift of the resonant level. $ are experi-
mental points.

FIG. 4. Relative multiphoton ionization cross section for the
production of Hi+ via the Q four-photon transitions

(E,F'X~, vE ——1)WX'X~, u =0, Jg) for two laser intensities:
(a) (0 9+0 2)&10» ~cm z (b) (1 5+0 3)X10» %'cm z. o is
the energy of four photons (cm ') and A, is the laser wavelength
(A). The four-photon laser bandwidth is smaller than 2 cm

sured in the vicinity of the strongest resonance [Q(1)]
with three calculations corresponding, respectively, to
p =0.3, 1, and 2. Our energy resolution, albeit poor, is
enough to show that the curve p =2 is the best fit. The
laser-induced broadening of the resonant level can then be
estimated to be 40 cm '/10" Wcm z, full width at half

maximum (FWHM). The photoionization cross section of
the uE ——1 level is thus of the order of 10 ' cm at 3943
A. Under a photon fiux of 2X10 photons/cm s, the
photoionization of the resonant level is completely sa-
turated which confirms a posteriori the hypothesis of the
crossing resonance.

To summarize, we have been able to carry out a semi-
quantitative analysis of our data on the strongest reso-
nance in the case of uz ——1. However, it is obvious that a
more sophisticated model should be developed to take into
account the space-time distributions of the laser light, '

the influence of the other Q (J) resonances on the
behavior of a particular Q(Ju) resonance, and the contri-
bution of possible five-photon resonances with Rydberg
states above the ionization potential.

4i
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FIG. 5. Variations in k,~——31';/cj lnI as a function of the
energy of four photons in the conditions of Fig. 4.

C. UE =2

Figure 7 represents the number of H+ and Hz+ ions as
a function of the laser wavelength for a laser intensity of
(1.S+0.3)&(10" W/cm2. This result has been discussed
elsewhere. The ratio [H+]/[Hz+] is much larger than
for the uE ——1 case. Its value is 20'I/o when the resonance
Q(1) is achieved and exceeds 100%%uo on the blue wing of
the Q(0) line. Both H+ and Hz+ spectra exhibit essen-
tially the Q(J) four-photon resonances, indicating that
the dissociation process sets in at energies above the E,F
state.

The inversion between H+ and Hz+ profiles around
103650 cm ' has been found to be reproducible, but
remains unexplained. It does not correspond to any reso-
nance on the inner (E) nor the outer (F) potential wells.
Furthermore, the electron spectra (Sec. IV) do not reveal
any particular peak assignable to the two-photon ioniza-
tion of H ( n =2) which could have accounted for the pre-
viously suggested mechanism of five-photon resonant
predissociation of the 3pn. D 'II+„, u =10 by the 8''X„+
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FIG. 7. Comparison of the H2+- and H+-ion production in
the multiphoton ionization of Hq via the Q four-photon transi-
tions (E,E 'Xs+, us ——2)~(X 'Xs+, U =0, Iz). The laser intensity
is {1.5%0.3) )& 10"%'cm

state. Further investigations are necessary to identify the
enhancement of H+ in that energy range.

Figure 8 represents the variations in the effective order
of nonlinearity kdr as a function of the four-phaton ener-

gy. For the sake of clarity, the k,tr profiles have been
drawn separately for the H+- and H2+-ion signals. The

main observation is that both profiles are quite similar,
which proves that H+ and H2+ signals are essentially
governed by the four-photon transition from the X tXs+ to
the E,F 'X+ states. This remark rules out the possibi1ity
that H+ is formed through direct absorption —from the
X 'Xs ground stati -of more than five photons, in which
case k,rr would be on the whole higher for H+ than for
H2+. As a consequence, we expect H+ to be formed
through a stepwise process, the second step requiring the
absorption of a small number of photons, sa that the in-
tensity dependence of the H+ signal is governed by the
first step.

Similarly to our observation for UE 1, th——e onset of
each Q(J) resonance is marked, on the k,ff profiles, by a
minimum value close to 3. In addition, the k,rr values
keep within the interval 3—5 in the whole spectral range
investigated. As stated before, this indicates the predomi-
nance of the laser-induced level broadening over the ac
Stark shift.

D. UE =3

For the four-photon resonances on Uz
——3, only the

Q(0) and Q(1) lines have been investigated (Fig. 9). The
RMPI probability is here lower than for vE ——1 and 2.
Consequently, the laser intensity is increased to
(2.3+0.4))& 10" W/cm to keep the ion yield in the same
range.

The most obvious difference from the previous reso-
nances investigated is that, for us ——3, the H+ signal
strongly dominates the Hz+ signal throughout the energy
domain of 200 cm '. The ratia [H+]/[H2+] is found
equal to 3.5 and is almost independent of the photon ener-

gy. The width of the Q(1) resonance peaks is about 25
cm ' (FWHM), which corresponds to a phatoionization
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FIG. 8. Variations in k~ ——8 in%;/8 lnI as a function of the
energy of four photons in the conditions of Fig. 7, for H+ and
H2+.

105300 105400 cr{cm ~3

3800 X(A)

FIG. 9. Comparison of the H2+- and H+-ion productions in
the multiphoton ionization of H2 via the Q four-photon transi-
tions (E,F 'X+, vE ——3)~(X 'X~+, U =0, J~). The laser intensity
is (2.3+0.4) g 10"%'crn
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cross section of uz ——3 of the order of 2)& 10 's cm .
When comparing the vz ——1,2,3 ion profiles, it appears

that the enhancement of the ion yield at resonance is less
and less pronounced as the photon energy is tuned
through higher and higher vibrational levels of the E,F
double well. Indeed, the range of variation of the
H++Hp+ signal is about 2 orders of magnitude for
uz ——1, but it hardly exceeds a factor 10 for uz ——3.

Finally, we performed a short experiment on uz ——4 to
measure the ion spectrum in the very vicinity of the Q(1)
line. Only H+ ions are detected. Given our threshold
detectivity, the ratio [H+]/[Hp+] is assumed to be larger
than 100.

E. CONCLUSION

All the ion-spectra measurements presented in this sec-
tion can be condensed into Fig. 10 where the ratio
[H+]/[Hp+] taken at the top of the Q(1) line is plotted
against the vibrational quantum number uz. The figure
points out two essential conclusions.

(i) The ratio [H+]/[Hp+] increases by 4 orders of mag-
nitude when tuning the resonance from uz ——1 to uz ——4.

(ii) Within the laser-intensity range imposed by the
four-photon transition, the ratio [H+]/[Hp+] is roughly
independent of the laser intensity.

In addition, we have shown that the H+ resonance
spectra are mainly governed by the four-photon reso-
nances (E,F 'Xs+, uz)~(X 'Xs+, u =0). From these con-
siderations, two stepwise processes A and 8 are likely to
contribute to the H+ formation. Process A is
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FIG. 10. Variation of the [H+)/[H2+] ratio as a function of
the four-photon resonant vibrational state uE at the top of the
g(l) line. 0, 1(1. %530) lX"0&em . 4, I =(2.0
+0.4))& 10"%'cm

Hp(X 'Xs+, v =0)+4' Hp(E, F 'Xs, uz)+ 1Ep

~Hp+(X Xg,u+)+e

Hp+(X Xs+, u~)+1E~~H++H(1&) .

Process 8 is

Hp(X 'Xs+, v =0)+4' ~H p(E,F 'Xs, uz )+ 1Ep

~H(n =2)+H(n =1),
H(n =2)+2Ep~H++e

Process A is the photodissociation of Hp+ while process
8 is the dissociation of the neutral molecule via excited
(pre)dissociative states followed by the two-photon ioniza-
tion of H (n =2) atoms. The electrons arising from pro-
cesses A and 8 are, respectively, released by the Hp mole-
cule and the H (n =2) atoms. Therefore, photoelectron
spectroscopy is the most convenient way to estimate the
respective contribution of A and 8 to the H+ formation.

IV. PHOTOELECTRON SPECTRA
IN THE 10"%cm —3X10"%cm

LASER-INTENSITY RANGE

We report in this section the electron spectra following
the multiphoton ionization and dissociation of Hp in the
10" Wcm —3X10"Wcm intensity range where the
ion measurements have been performed. The laser wave-
length is tuned to the Q (1) four-photon resonance
(E,F 'Xs uz Jz —1)+-(X 'Xe, u =0, Jz —1) for vz
=1,2, 3. According to the foreseen processes A and 8,
two electron classes are expected.

(i) Slow electrons (E &0.5 eV) corresponding to final
vibrational states (v+ &uz) of the Hp+ ion for the five-
photon ionization of Hp (process A).

(ii) Fast electrons of energy around 3 eV arising from
the two-photon ionization of H ( n =2) atoms (process 8).

Figure 11 shows the electron-energy spectra measured
for uz ——1,2, 3 at a laser intensity I=(3+0.6)X 10"
Wem . The main characteristic of these spectra is that
all the electron peaks originate from the five-photon ioni-
zation of the Hp molecule. There is no electron peak aris-
ing from the ionization of H (n =2) atoms. Therefore, all
the H+-ion spectra presented in Sec. III result from the
five-photon ionization of the molecules followed by a par-
tial photodissociation of the molecular ions (process A).
Another important result is that the v+ ——uz final vibra-
tional state of the Hp+ ion is found to be the most popu-
lated as expected from the Franck-Condon principle.

The small influence of the laser intensity on the ion vi-
brational distribution is clear in Fig. 12 where the electron
spectrum for uz ——1 is obtained at a lower laser intensity
I =1.2X10" Wcm . The width of the peaks is found
to be equal to 40 meV. Taking the ratio of the peak areas
gives the branching ratio of the v+ populations: 92% for
u+ ——1 and 8% for u+ ——0.

An estimate of the photodissociation cross sections of
Hp+ for u+ ——1,2, 3 is now possible assuming that to a
good approximation the final vibrational state of Hp+ is
exclusively v+ ——vE. These experimental values are com-
pared with Dunn's photodissociation cross sections in
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TABLE I. Comparison of the calculated (Ref. 5) and mea-

sured photodissociation cross sections of the vibrational levels

v+ ——1,2, 3 of H2+, X Xg. A, is the laser wavelength corre-

sponding to the four-photon transition ( E,F 'X~+, vE

= v+, J=1)~(X'Xg, v =0, J= 1).

{bj

H{n=2j

li
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o (cm)
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FIG. 11. Photoelectron spectra following the five-photon ion-
ization of Hi via the Q (1) four-photon transition

(E,F'X~+, vE)~(x'X~+, v =0). (a) vE ——1, (b) vE ——2, (c) vE ——3.
The laser intensity is (3.0+0.6)X10" Wcm '. u+ (&uE) are
the expected final vibrational states of the H2+ ion. The arro~
"H (n =2)" indicates the energy of electrons expected from the
two-photon ionization of H (n =2) atoms.

'In Ref. 5 the table giving the photodissociation cross section of
vE ——1 ends at A, =3500 A and yields the value of 5g 10 ' cm .
A crude extrapolation up to A, =3943 A leads to 4X 10 2' cm'.

Table I at the laser wavelengths which correspond
to the four-photon transition (E,F 'Xs+, uE ——1,2, 3)
~(X'Xs+, u =0). The variation of the photodissociation
cross sections as a function of u+ is found to be signifi-
cantly smaller than expected. This discrepancy is not ex-
plained but could result from the influence of the high
laser field on the ground and dissociative electronic states
of H2+. In addition, it is possible that the two-photon
dissociation of the X Xs+, u+ vibrational levels into the
X Xs dissociation continuum is no longer negligible at
high intensity. The contribution of such a process could
be particularly significant for u+ ——1 and 2 since their
photodissociation probability (one-photon process) is very
wreak.

U. PHOTOELECTRON SPECTRA
IN THE 10'2 %'/cm2 LASER-INTENSITY

RANGE: ABOVE THRESHOLD IONIZATION

C
O

LJ
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0: v,

0.1 0.2 0.3 0.&
El@&tron energy (eV)

0.5

FIG. 12. Photoelectron spectrum following the five-photon
ionization via the Q(1) four-photon transition
( E,I' 'Xg, vE ——1)~(X 'X~+, v =0). The laser intensity is
(1 2y0 2)~ 1011 ~cm —2

The absorption of photons above the ionization thresh-
old in atoms is now a current subject of both experimental
and theoretical studies. Such processes are referred to as
above threshold ionization (ATI) or "continuum-
continuum" transitions. To our knowledge they have nev-
er been demonstrated in molecules through photoelectron
spectroscopy. However, in large molecules they have been
sometimes considered in order to explain the various
mechanisms of fragmentation. ' In addition, Miller and
Compton reported an electron peak in NO correspond-
ing to the absorption of four photons when only three
photons were required to exceed the ionization potential.
However, in their experiment the three-photon ionization
through the two-photon resonance on the A X+, U =3
state is Franck-Condon forbidden as indicated by the au-
thors. On the other hand, in the present experiment (Fig.
13) the five-photon ionization via the E,F 'Xs, uz four-
photon resonant step is Franck-Condon permitted.

Figure 14 represents the electron spectra recorded at the
laser intensity I =(7+1.4) )& 10" Wcm . The laser
wavelength is tuned to the Q(l) four-photon resonance
(E,F 'Xg, uE, Jx ——l)~(X 'Xs, u =0, Jx ——1) with uE
= 1,2, 3. The labels ( u+ 5E& ) and ( u+ 6E& ) correspond to
the absorption of five and six photons by the Hz molecule
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FIG. 13. Schematic energy-level diagram relevant to the pho-

toelectron spectra when one additional photon is absorbed above
the ionization potential.

x4

in its ground state. The slow-electron peaks (five-photon
ionization) have roughly the same characteristics as in the
lower intensity range 10"Wcm —3X10"Wcm: the
u+ ——uE electron peak dominates the other peaks as ex-
pected from the Franck-Condon principle. The broad
electron peak around 1 eV remains unexplained.
Nevertheless, a process which is energetically possible but
Franck-Condon forbidden may be a direct dissociative
ionization from the X 'Xs+, v =0 ground state:

Hz(x'Xs+, u =0)+6E~~H(ls)+H++e

The absorption of one more photon above the ioniza-
tion potential leads to several final vibrational states of
the Hi+ ion close to v+ ——ux. Thus the vibrational distri-
bution of the Hz+ ions remains strongly affected by the
four-photon resonant vibrational state vx. However, the
u+ —uE peak no lon—ger dominates the other peaks: possi-
ble five-photon quasiresonances with Rydberg states of Hi
may affect the final vibrational distribution of the Hi+
ions originating from the six-photon ionization of Hi.

VI. CONCLUSION

The five-photon ionization of Hz via the four-photon
resonances (E,Ii 'Xs, uE ——1,2, 3)+—(X 'Xg+, u =0) has been
investigated in the 10"—10 %'cm 2 laser-intensity
range through photoion and photoelectron spectroscopy.
The resulting H+ and H2+ spectra exhibit essentially the
four-photon Q(J) resonances, the ratio [H+]/[Hi+] in-
creasing drastically with vE.

In the 10" %cm —3g 10" % cm range, the elec-
tron energy spectra show only two peaks: one peak con-
tains about 90% of the photoelectrons and is associated
with H2+, u+ ——UE, the other one is associated with
Hi+, u+ ——vE —1. There is no evidence of peaks arising
from the ionization of excited H atoms. The dissociation

v5E&.3210 18 8 6 4 2 0 v6E
IlllllillI I I iiI I I Tli

0 1 2 3
Electron energy (eV)

FIG. 14. Photoelectron spectra following the five- and six-
photon (one additional photon above the ionization potential)
ionization of H2 via the Q (1) four-photon transition
(E,I" 'X+, v~)+—(X 'X~+, v =0). (a) uE ——1, (b) uE ——2, (c) vE ——3.
The laser intensity is (7.0+1.4})&10"W cm

of the neutral molecule by the laser light is found negligi-
ble.

Consequently, the observed H+ signals can only
originate from the photodissociation of the Hz+ ions.
Our measured photodissociation cross sections of Hi+, v+
increase very rapidly with the vibrational number u+.
Yet this increase is not so steep as theoretically predicted,
the high laser field probably being responsible for the
discrepancy.

At higher laser intensity (7&&10" Wcm ) we demon-
strate the absorption by the neutral molecule of an addi-
tional photon above the ionization potential X Xg. Al-
though the absorption of the six photons brings the mole-
cule above 18 eV, the Hz+ population remains distributed
over vibrational levels close to u+ ——uE. Contrary to the
five-photon process, the six-photon process does not fol-
low the Franck-Condon principle, since a large number of
vibrational levels are populated, with equivalent popula-
tions.
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