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tion and comparisons between homologous atoms,
to evaluate consistent f values for transitions in
ions with higher charge states than those studied
experimentally in the present investigation.
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M. LuVan, G. Mainfray, C. Manus, and I. Tugov"
Sevvice de Physique Atomique, Centre d’Etudes Nucléaives de Saclay-BP n 2-91,
Gif-sur-Yvette, France
(Received 19 June 1972)

This work reports multiphoton ionization and dissociation of molecular hydrogen under the
influence of laser radiation at 0.53 . The six-photon ionization probability of hydrogen
atoms is derived for laser radiation acting upon atomic hydrogen from a molecular hydro-
gen beam which is up to 80% dissociated by radio-frequency power. The experimental six-
photon ionization probability of atomic hydrogen has been found to be in good agreement with
the corresponding probability calculated using time-dependent perturbation theory if the sta-
tistical properties of the incident light are taken into account.

1. INTRODUCTION

The nonlinear interaction between an intense
beam of photons generated by a @-switched laser
and rare gases or alkali-metal atoms at low pres-
sure leads to ionization of these atoms through the
simultaneous absorption of several quanta if the
laser radiation is sufficiently intense.!™® Multi-
photon-ionization processes have been the subject

of a considerable amount of recent theoretical
work, especially within the framework of time-
dependent perturbation theory.®!! The simulta-
neous absorption of K, photons by an atom corre-
sponds to a direct transition between the ground
state and the continuum, K, being the next integer
greater than the ionization energy E; of the atom
divided by the photon energy E,. The multiphoton-
ionization probability W is proportional to I'fo,



92 LuVAN, MAINFRAY,

W=aTko (1.1)
where the laser intensity I" is expressed in photons
cm™?sec™! and «a is a factor depending on the atom
considered and of the photon energy E,.

Experimental results of the multiphoton ioniza-
tion of atoms with a doped Nd-glass laser show
that the multiphoton-ionization probability is pro-
portional to the laser intensity I' raised to a power
K somewhat less than the K, value when there is
a quasiresonance between the energy of an atomic
level and the energy of the integral number of
photons closest to the K value. When such a quasi-
resonance occurs, the atom appears to absorb K
photons corresponding to the transition between the
ground state and an excited state; the atom then
absorbs K~ K additional photons corresponding to
the K, — K photons ionizationfrom this excited state.
The probability of this latter transition is much
greater than the K-photon excitation probability
for the laser intensity used. Under these condi-
tions, the multiphoton-ionization probability would
be essentially determined by the K-photon process,
and it is therefore of no value to compare a calcu-
lated Ky-photon-ionization probability to a mea-
sured K-photon-ionization probability.

It is better to experiment with atomic hydrogen
than with other gases for two reasons: First, the-
oretical calculations lead to accurate multiphoton-
ionization probability values because of exact
knowledge of wave function; most theoretical works
concern atomic hydrogen. Second, the levels
of atomic hydrogen are so few that there is no
possible quasiresonance at the wavelength 0. 53 u,
the second-harmonic generation of the Nd-glass
laser.

The purpose of the present paper is to describe
an experiment in which the six-photon-ionization
probability of atomic hydrogen has been measured
at 0.53 u. It is of special interest to compare
this value with the corresponding calculated six-
photon-ionization probability. This is the first
time to our knowledge that such a comparison has
been done for atomic hydrogen.

II. EXPERIMENTAL ARRANCEMENT

The Nd-glass laser used is @ switched by a ro-
tating prism. The maximum peak power delivered
is 1.5 GW distributed over many modes. After
frequency doubling in a potassium dihydrogen
phosphate (KDP) crystal the second-harmonic pow-
er available is 200 MW at 0.53 u. Figure 1 shows
the experimental arrangement. The green laser
radiation is focused into a vacuum chamber with
an aspheric lens L, (focal length 50 mm). This
lens can be moved along the laser axis. The re-
sidual pressure in the experimental chamber is
less than 10”7 Torr. The laser intensity is not
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uniform at the focus of the lens L, and may be ex-
pressed in the form

r(xa Y, %, t)=1"0F(x, ) Z)G(t) ’

where Ty is the maximum intensity, F(x, y, z) is
the normalized function representing the spatial
intensity distribution, and G(¢) is the normalized
function representing the temporal intensity dis-
tribution. This expression is strictly valid for a
single-transverse-mode laser beam only as the
spatial intensity distribution could vary during the
duration of the laser pulse if laser emission takes
place into several transverse modes. However,
by using a TRW streak camera, we verified that
no significant variation in the spatial intensity dis-
tribution occurred during the duration of the laser
pulse when an aperture was included in the laser
beam. TIgand F(x, y, z) are measured photo-
metrically, ! whereas G(t) is determined from an
oscillogram of the laser pulse. The following
definitions are made. The effective interaction
volume for a Kth-order process is

V=[] F¥(x, y, 2)dv (2.2)

Thus, at 0.53 p, Ve=(1+0.4)x10"" cm®. The ef-
fective interaction time for a Kth-order process is

=[G (t)at (2.3)

Thus, at 0.53 p, 74=1.1x10"% sec. The multi-
photon-ionization probability is then

(2.1)

(2.4)

where N; is the number of hydrogen ions produced
and n, is the density of hydrogen atoms.

Atomic hydrogen is produced from a molecular
hydrogen beam which can be partially dissociated
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FIG. 1. Schematic diagram of the experimental
arrangement,
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by rf power before the interaction with the laser
radiation. Molecular hydrogen with a small ad-
mixture of water vapor flows through a glass tube
which terminates with a capillary of 1 cm length
and 1 mmdiam. The axis of the beam is perpendic-
ular to both the laser axis and ion detection axis.
The end of the capillary tube is located 2 cm from
the focus of the lens L;, where the molecular hy-
drogen density is 10'2 cm™. The thermal dissocia-
tion energy of the H, molecule is 4.5 eV. This
energy is suppliedby a rf generator delivering up to
200 W at 260 MHz. The rf generator is inductively
coupled to the glass tube through which molecular
hydrogen flows. The density of the hydrogen atoms
resulting from thermal dissociation alone has been
determined with the laser off. A small platinum
plate (diameter 5 mm) located 2 cm from the end
of the capillary tube is heated by the recombina-
tion of hydrogen atoms to form a molecule on its
surface. The dissociation efficiency is a function
of rf power, and reaches 80% for a molecular hy-
drogen pressure of 10°! Torr up-stream in the
capillary tube.

The atomic H* and molecular H," ions resulting
from the laser interaction at the focal point are
analyzed with a magnetic mass spectrometer. Ions
are extracted with a transverse electric field
(1500 Vcm™) applied between plates P, and P,.
These ions pass through a circular aperture D
(diameter 4 mm), a focussing ion-optical system
E biased at 150 V, are mass separated in a mag-
netic spectrograph with a variable magnetic field
(maximum 2000 G), and are then detected with a
magnetic electron multiplier MEM Bendix type
308. An ion pump maintains the pressure at less
than 10°® Torr in the region of the electron multi-
plier when hydrogen is admitted into the experi-
mental chamber.

H,
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FIG. 2. Typical mass spectrum of H* and H," obtained
for a laser intensity I'=3x 1012 W/cm?.
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FIG. 3. Log-log plot of H* and H," from H, as a function

of the laser intensity I'.

III. INTERACTION OF 0.53-u LASER RADIATION WITH
MOLECULAR HYDROGEN

A. Experimental Results

An experiment was first conducted without dis-
sociation of the molecular hydrogen beam by rf
power. Both atomic and molecular hydrogen ions
were detected. Figure 2 shows a typical mass
spectrum obtained by tuning the magnetic field of
the mass spectrometer for a fixed laser intensity
of 310" Wem™. The H' and H,' signals both
arise from the focal region and not from the lenses
L, or L, nor from the plates P, or P,. This was
verified by moving the lenses L, and L, along the
laser axis, causing the H* and H," signals to vanish
as soon as the focal point is no longer opposite the
aperture D (Fig. 1). It has also been verified that
these signals do not arise from multiphoton ioniza-
tion of impurities in the residual pressure. There-
fore, the atomic hydrogen ions result from the
interaction of the laser radiation itself with molecu-
lar hydrogen through a multiphoton process. Total
dissociation of I, vapor has previously been ob-
served under the influence of the output of a ruby
laser!? as well as partial dissociation of molecular
hydrogen.!® Theoretical work concerning multi-
photon dissociation of molecules under the influ-
ence of laser radiation has been undertaken, 15

The experiment consists of a measurement of
the output current of the electron multiplier as a
function of the laser intensity at the focal point.
Figure 3 represents the log-log plot of the H* and
H," signals vs the laser intensity. The slope is
5.7+0.5 for H" and 6.4+0. 5 for H,*. To precisely
correlate the electron multiplier output current
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FIG. 4. Potential-energy curves for H, and H,*. The
dashed line represents the multiphoton transitions from
the X (v =0) ground state level satisfying the Franck—Con-
don principle.

with the number of ions produced at the focal point,
previous results concerning multiphoton ionization
of rare gases can be taken into account. It has
been shown! that the law of variation of the num-
ber of ions produced vs the laser intensity changes
slope when all the atoms or molecules in the in-
teraction volume Vy are ionized. The increase

in the number of ions observed beyond this satura-
tion point would simply correspond to ionization

of atoms in the neighborhood of this interaction
volume Vg and the corresponding slope depends
only upon the characteristics of the focusing sys-
tem. In the present work, the lens has been cor-
rected for the various aberrations and the inter-
action volume V, is well defined. The discontin-
uity is therefore determined with a good precision
and corresponds to a number of ions N;=n, V.
The measurement of n, and Vi permits the deter-
mination of the absolute value of the number of
ions corresponding to the saturation point, and
serves to calibrate the curves of Fig. 3.

B. Formation of the Observed Atomic Hydrogen Ions H*

To understand the origin of the observed atomic-
hydrogen ions H*, an examination of the potential-
energy curves of H, is necessary. The most im-
portant electronic states!® appear in Fig. 4, where
the potential energy is expressed both in eV and in
number of photons. The selection rules for molec-
ular transitions may be summarized as follows':
Optical transitions with spin multiplicity AS#0
are forbidden due to the weak spin-orbit inter-
action in H,. Thus, the transitions from the ground
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state X T, (singlet) to the repulsive state b3z,
(triplet) are forbidden. The second rule concerns
parity so that starting from the ground state X 127,,
even order transitions are allowed to even states
and odd order transitions are allowed to odd elec-
tronic states. The same rule is applied for inter-
mediate states. Finally, the multiphoton optical
transitions which occur without change in the elec-
tronic state of the molecule seem to be forbidden
by the Franck—-Condon principle. The latter as-
serts that the more probable transitions are those
which take place without significant change either
in relative positions of the nuclei (i.e., vertically)
or in relative momentum of nuclei in the molecule.
Thus, for example, the even order transitions
from the initial (v=0) X!, level into the continu-
ous term spectrum of the same ground X state

are highly forbidden, because a very significant
change in momentum would occur during such a
“vertical” transition.

Under these conditions, the higher electronic
states are expected to play a very important role
in multiphoton dissociation processes of the hydro-
gen molecule. The following processes may be
suggested to explain the observed slope K=5.7 for
H*. A six-photon transition may occur from the
most populated (v=0, 2=1) level of the ground
state of the molecule to the (v =21, k= 2) level of
the double minimum E, F!3; state, !® that is,

(3.1)
Then an additional photon absorption can take place-

to reach the continua of the B’ !T, or C 1, states,
that is,

Hy+6E,~ H,E, FI3: (v=21, k=2).

HoE, FT}(v=21, k=2)+E,~H(n=1)+H(n=2).
(3.2)

The atom of hydrogen with principal quantum num-
ber n=2 is then ionized through the simultaneous
absorption of two photons. It should be pointed
out that the one-photon and the two-photon transi-
tions are saturated. In the high laser intensity
used, I'=3x10" W/cm?, the two-photon-ionization
probability of 2s metastable hydrogen is W,= 10%
sec™l.” W, is so high that with 7,=2X10"® sec,
W, T,=2%x10%> 1. The total probability of obtain-
ing an H* ion is then only governed by the six-pho-
ton process. The following process may also
give a small contribution to the observed H* ions.
A five-photon transition from the (v=0, k2=1) level
of the ground state would put the hydrogen molecule
into the (v=3, k=5) level of the B 'z, state, !° that
is,
(3.3)
Then an additional absorption of two photons would

dissociate the molecule into the B’ 'z, and C !y,
states continua, that is,

Hy+5E,~H,B'>, (v=3, k=5)
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H,B!2,(v=38, k=5)+2E,~Hn=1)+Hn=2)
(3.4)

The atom of hydrogen H(z = 2) would then be ionized
through the simultaneous absorption of two addi-
tional photons. The preceding remark on satura-
tion applies to these two-photon transitions, so that
the total probability of obtaining H* ions would be
only governed by the five-photon process, which
would be slow because of the change of rotational
state.? Lastly, a direct dissociation of the mole-
cule is possible through the simultaneous absorp-
tion of seven photons into the continuum of the ex-
cited B' 'z, or C I, state. However the seven-
photon process is incompatible with the observed
slope K=5.1.

C. Formation of the Observed Molecular Hydrogen Ion H,*

A similar mechanism may be proposed to ex-
plain the observed slope K=6.4+0.5 of H," for the
multiphoton ionization of the hydrogen molecule.
This multiphoton ionization may result either from
a direct seven-photon transition to the (v=4)lso,
molecular-ion state or through autoionization of
higher Rydberg states of H,. The (3po) B’ I3,
represents one of the lower npo'T and np7 'l Ryd-
berg states. The potential curves of these higher
Rydberg states converge towards the ground state
1so, of H," as n—~. These Rydberg states can be
described by an electron outside a vibrationally
excited molecular ion core. These states play a
significant role in photoionization of H, because
they are strongly coupled with the ionization con-
tinuum due to vibrationally induced autoionization
through radiationless vibrational relaxation of the
core. The rates of autoionization for specific
vibrational-electronic states are very fast (10—
10'2 sec™!). This gives rise to considerable
'broadening of some absorption lines of the H, spec-
trum near the ionization threshold.?! The energy
of seven photons is equal to the transition energies
from the (v=0)X'Z, state of H, into the higher
(v=>5) 87 and (v=>5) 8pc Rydberg states, or into
the (v=4) 1so, state of Hy'. Thus, the multiphoton
ionization of H, may be due to various processes.
For example, a direct seven-photon ionization
may occur, that is,

Hp+TE,~ Hy'lso,(v=4)+e (3.5)

Alternatively, a seven-photon absorption may oc-
cur so that higher Rydberg states are excited, that
is,

Hy +7E,—~ Hy* 8pa(v=5) or Hy* 8pm(v=5) (3.6)

followed by an autoionization of these higher Ryd-
berg states to give Hy" 1s0, (v=3) +e with a rate
greater than 10'° sec™’.?! Finally, we may con-
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sider a six-photon excitation of the intermediate
state, that is,

Hp+6E,~H, E, F!Z} (v=21, k=2) (3.7

followed by the absorption of one additional photon
to give the (v=5)8pc or (v=>5) 8p7 Rydberg states
and then autoionization in H," 1s0, (v = 3) or followed
by the one-photon absorption to give H," 1s0, (v=4)
+e.

The probability of the one-photon dissociation,
that is,

Hy"+E,~H+H"at A=0.53 (3.8)

may be calculated using analytical expressions

for photodissociation cross sections derived with-
in the framework of the theory of multiphoton
transitions in homopolar diatomic molecules. %
The values 03="7.9% 102" cm? and ¢,=4.3x10%
cm? for the (v= 3, 4)H," levels give rise to the dis-
sociation probability 8.4x 10* sec™! and 4. 5% 10°
sec™!, respectively, at I'= 4x 102 W/cm?. Thus
the dissociation rate of the (v=4) H," level would
be high enough for the subsequent total dissocia-
tion of molecular hydrogen ions (7= 2 nsec) during
the laser pulse. On the other hand, the lifetime
of the autoionization channel final state H,"* (v =4)
is equal to 10° sec. The experimental cbservation
of molecular ions H," indicates that autoionization
through high Rydberg states seems to be responsi-
ble for producing H,". Furthermore, the respec-
tive atomic and molecular ion formation processes
from the (v=0) level of the H, ground state seem
to be well separated.

1V. INTERACTION OF 0.53-u LASER RADIATION WITH
ATOMIC HYDROGEN

In a second set of experiments, the molecular-
hydrogen beam was dissociated with rf power.
The interaction between the 0. 53-u laser radiation
and the hydrogen beam was investigated for three
different dissociation fractions; 30, 50, and 80%.
Figure 5 shows the variation of the resulting atom-
ic hydrogen ions H* as a function of the laser in-
tensity under these conditions. Compared to the
number of H* ions formed from a molecular hydro-
gen beam, a significant increase in the number of
H' ions is observed at a given laser intensity when
the hydrogen beam contains 30% hydrogen atoms.
This increase can be explained as follows. The
population of the vibrational levels of the H, elec-
tronic ground state is described by the Boltzmann
distribution. The H, molecules are heated when
the rf power is turned on. The vibrational-level
population does not diminish so rapidly as the
number of vibrational level increases. As for the
formation of H,* ions, a seven-photon absorption
takes place between the (v > 2) levels of the ground
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FIG. 5. Variation of the number of atomic ions H*
formed as a function of the laser intensity T" from: A,
molecular hydrogen only; B, molecular hydrogen 30% dis-
sociated by rf power; C, molecular hydrogen 50% disso-
ciated; and D, molecular hydrogen 80% dissociated.
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state of H, and the (v > 8) levels of the 1so, state
of H," or with the dissociation continuum. Mole-~
cules in these levels dissociate rapidly into the
2po, repulsive state through the absorption of one
additional photon. # The same remark applies to
a six-photon transition from vibrationally excited
(v= 2) levels of the H, ground state to the continu-
um of the E, F 3, state. This dissociation of H,*
explains on the one hand the very fast decrease of
the number of H," ions, and on the other hand the
very significant increase of the number of H* ions
when the rf power is turned on. This increase of
the number of H' ions is much higher than the con~
tribution due to multiphoton ionization of atomic
hydrogen resulting from the preliminary dissocia-
tion of molecular hydrogen with rf power for a
30% dissociation. For high degree of rf power
dissociation of molecular hydrogen, the dominant
contribution to the formation of H* ions seems to
result from multiphoton ionization of hydrogen
atoms resulting from an 80% rf dissociation of
molecular hydrogen. The observed slope K=5.8
+0. 5= K= 6 for the formation of H* seems to re-
sult from a direct six-photon ionization of atomic
hydrogen without passing through any intermediate
excited atomic levels. The six-photon ionization
probability W of the atom of hydrogen can thus be
determined. One can utilize the relationship Wty
=1 for the laser intensity corresponding to the
saturation point in the number of H* ions. Thus,
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W=9x10™"%sec™ for the laser intensity I'= (2.4
+1.0)x 10 W/cm2 On considering the curves A
and D of Fig. 5, it should be pointed out that a
very significant error in the determination of the
multiphoton ionization probability of atomic hydro-
gen would have taken place if the molecular hydro-
gen were not first 80% dissociated by rf power.

V. COMPARISON BETWEEN THE CALCULATED AND THE
MEASURED SIX-PHOTON IONIZATION PROBABILITY OF
ATOMIC HYDROGEN

Figure 6 shows the variation of the experimental
six-photon ionization probability for atomic hydro-
gen as a function of the laser intensity. This fig-
ure also shows the six-photon ionization probability
of atomic hydrogen calculated at the wavelength
A=0.53 u using perturbation theory by Gontier and
Trahin, ¥ Gold and Bebb, ” and Morton. ® A signifi-
cant disagreement between experimental and cal-
culated probabilities is observed, even if experi-
mental errors are taken into account. The experi-
mental probability is greater than the correspond-
ing calculated probability. This apparent dis-
crepancy may be explained in terms of coherence
of the laser radiation. It should be pointed out
that theoretical calculations assume the laser
radiation to be single mode. Multiphoton-ioniza-
tion probability W varies as

T = (KT (5.1)

wi( sec")A

108

107
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FIG. 6. Variation of the six-photon-ionization proba-

bility W of atomic hydrogen as a function of the laser in-
tensity I'.  Comparison of the experimental probability A
with the calculated probabilities B given by Gontier and
Trahin (Ref. 10); C, Gold and Bebb (Ref. 7); and D, Mor-
ton (Ref. 8).
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FIG. 7. Sixth-order normalized correlation function ¢ (6)
vs the number of modes M of the laser field.

where ¢(K) is a Kth-order correlation function. 2
¢ (K) =1 for a single-mode laser. However, the
laser radiation used in the experiment reported
here contains numerous independently oscillating
modes. The spectrum of Nd-glass laser radia-
tion generally contains approximately 10% axial
modes, whereas the number of axial modes gener-
ated by a ruby laser is about ten. The influence of
the quantum statistics of light on the multiphoton
transition probability has been theoretically in-
vestigated in the last few years. Figure 7 shows
the variation of the calculated six-order normal-
ized correlation function versus the number of
modes. The modes of oscillation are assumed to
be stationary, to be statistically independent of
one another, and to have intensities of comparable
magnitude. 2* It can be seen that for laser fields
involving few modes, the correlation function
undergoes a rapid variation when the number of
modes is changed. It should be pointed out that
the light becomes incoherent as the number of
modes becomes increasingly large. The limiting
value of the sixth-order normalized correlation
function is shown to be 6!. Thus, it would seem
reasonable to assume that ¢(K)=K! for Nd-glass
laser radiation, and hence the measured multipho-
ton ionization probability would be K'! times the
corresponding calculated probability. Thus, in
Fig. 6 the measured six-photon-ionization proba-
bility of atomic hydrogen is found to be in good
agreement with the calculated six-photon ioniza-
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tion probability when the factor 6! is taken into
account. A similar result was obtained in the
four-photon ionization of potassium atoms with
Nd-glass laser radiation.? This agreement would
demonstrate the validity of perturbation theory in
laser field of some 10" W/cm? It would jnot be
the same in laser fields much higher than 10%
W/cm? where the usefulness of perturbation the-
ory would be in doubt. However a theoretical non-
perturbative method has been recently presented
by Reiss. ?® This method is valid for arbitrarily
high laser intensities and will prove useful for
laser intensities of 10— 10 W/cm? generated
from mode-locked Nd-glass lasers.

VI. CONCLUSION

In performing the experiments described in the
previous sections, the purpose was to investigate
multiphoton dissociation and ionization processes
of molecular hydrogen, and, primarily, to de-
termine the multiphoton-ionization probability of
atomic hydrogen resulting from a molecular hydro-
gen beam which was 80% dissociated with radio-
frequency power. This determination was only
found to be possible for a highly dissociated beam
of hydrogen. In this condition six-photon ioniza-
tion of atomic hydrogen was observed. This ex-
perimental six-photon-ionization probability proves’
to be higher than the corresponding calculated six-
photon-ionization probability of atomic hydrogen
in the ground state. However, the experiments
have been carried out with the second harmonic
generation of a Nd-glass laser for which the spec-
trum contains about 10° axial modes. It will be
necessary to directly investigate the influence of
photon statistics of the laser radiation on the multi-
photon-ionization process with a laser of variable
coherence. This experiment will test the validity
of the correction term K! which, when taken into
account gives good agreement between theoretical
and experimental values of the six-photon ioniza-
tion probability of atomic hydrogen.

ACKNOWLEDGMENTS

The authors wish to express their gratitude to
Dr. Trahin and Dr. Gontier for helpful theoretical
discussions and numerical calculations. They are
gratefully indebted to D. Fondant for assistance
with the experiments.

*P. N. Lebedev Physics Institute, USSR Academy of
Sciences, Moscow, 117 333.

1p, Agostini, G. Barjot, G. Mainfray, C. Manus, and
J. Thebault, IEEE J. Quantum Electron. QE-6, 782
(1970).

%G. A. Delone and N. B. Delone, Zh. Eksperim. i
Teor. Fiz. Pis’ma v Redaktsiyu 10, 413 (1969) [Sov.

Phys. JETP Letters 10, 265 (1969)].

33, L. Chin, N. R. Isenor, and M. Young, Phys. Rev.
188, 7 (1969).

‘G. Baravian, R. Benattar, J. Bretagne, G. Callede,
J. L. Godart, and G. Sultan, Appl. Phys. Letters 18,
387 (1971).

*R. A. Fox, R. M. Kogan, and E. J. Robinson, Phys.



98 LuVAN, MAINFRAY,

Rev. Letters 26, 1416 (1971).
L. V. Keldysh, Zh. Eksperim. i Teor. Fiz. 47, 1945
(1964) [Sov. Phys. JETP 20, 1307 (1965)].

7H. B. Bebb and A. Gold, Phys. Rev. 143, 1 (1966).
8V. M. Morton, Proc. Phys. Soc. (London) 92, 301

1967).

SF. T. Chan and C. L. Tang, Phys. Rev. 185, 42
(1969).

10y, Gontier and M. Trahin, Phys. Rev. A 4, 1896
1971).

B, A. Zon, N. L. Manakov, and L. P. Rapoport, Zh.
Eksperim. i Teor. Fiz. 61, 968 (1971) [Sov. Phys. JETP
34, 515 (1972)].

125, 1., Chin, Phys. Rev. A 4, 992 (1971),

15N, K. Berejetskaya, G. S. Voronov, G. A. Delone,
N. B. Delone, and G. K. Piskova, Zh. Eksperim. i Teor.
Fiz. 58, 753 (1970) [Sov. Phys. JETP 31, 403 (1970)].

4y, V. Bunkin, R. V. Karapetyan, and A. M. Prokho-
rov, Zh. Eksperim. i Teor. Fiz. 47, 216 (1964) [Sov.
Phys. JETP 20, 145 (1965)].

15F, V. Bunkin and I. I. Tugov, Zh. Eksperim. i Teor.
Fiz. 58, 1987 (1970) [Sov. Phys. JETP 31, 1071 (1970)].

167, E. Sharp, Atomic Data 2, 119 (1971).

1'G, Herzberg, Spectra of Diatomic Molecules (Van
Nostrand, New York, 1950).

The band origin corresponding to the X 5, 0=0—E,

F 12, (v =21) six-photon transition was obtalned by adding
the term value T';=90 204 cm™ of the B state, the energy
of the 0— 0 band of the E, F— B transition (8961 cm-!)

and the energy difference between the v=21 and v =0 levels

MANUS, AND TUGOV 7

of the E, F state. This last term was calculated by W.
Kolos and L. Wolniewicz [J. Chem. Phys. 50, 3228
(1969)]. The resonance gap lies close to the bandwidth of
the laser radiation.

The total energy of the transitions corresponding to a
given band of the Lyman X— B system was calculated us-
ing Dunham nomenclature. The spectroscopic constants
for the X and B states of H, were taken from B. Rosen
[International Tables of Selected Constants: Spectvoscopic
Data Relative to Diatomic Molecules (Pergamon, New
York, 1970), Vol. 17.]

DThe rotational structure of the 0— 3 band of the X— B
system of H, is much more open than that of E, F (v =21)
level. Successive rotational lines for 2=5 are separated
by about 150 em!, which is the condition for resonance.
Multiphoton absorption may be only satisfied by the single
rotational B =, (v =3, k=5) level achievable through five-
photon absorption for which the resonance gap lies close
to the bandwidth of the laser radiation.

4R, S. Berry and S. E. Nielsen, Phys. Rev. A1, 395
(1970).

2F. V. Bunkin and I. I. Tugov, Phys. Rev. (to be pub-
lished).

#BG. H. Dunn, Phys. Rev. 172, 1 (1968); and also, Yu.
D. Oksyuk, Opt. i Spektroskopiya 23, 213 (1967) [Opt.
Spectry. (USSR) 23, 115 (1967)].

%3, L. Debethune, Nuovo Cimento (to be published).

B, Held, G. Mainfray, and J. Morellec, Phys. Let-
ters 39A, 57 (1972).

%H, R. Reiss, Phys. Rev. D 4, 3533 (1971).

PHYSICAL REVIEW A

VOLUME 7,

NUMBER 1 JANUARY 1973

Determination of the H-He Potential from Molecular-Beam Experiments

R. Gengenbach, Ch. Hahn, and J, P. Toennies
Physikalisches Institut dev Universitat, Bonn
and Max-Planck-Institut fiv Stvomungsforschung, Gottingen, Germany
(Received 24 April 1972)

Absolute total cross sections for D-He scattering were measured with an accuracy of 1% at
0.3, 0.5, and 0.6 eV, These new data were combined with published relative measurements

of the velocity dependence of the H-He cross section in a X* minimalization procedure.

The

resulting potential V(R) as function of internuclear separation R is precisely determined in
the repulsive range 1.7 A<R <R, with V(Rg) =0, Several multiparameter potential models were
tried. Of these the four-parameter ansatz V(R) =A (e*F— ¢ *0) (for R <Rg) =4€[(Ry/ R)®

- (Ry/R)%] (for R >R0) was found to describe the data best.

Parameters obtained are A =70, 00

eV, @=3.383 A1, Rj=3.20 A, and €=0.39 meV. The well depth €, to which the measurements

are insensitive, is chosen to match the theoretical van der Waals constant Cg=

2.83 a.u. The

potential is compared with results of ab initio calculations, and a probable € range is discussed.
For 0,355 €50.70 meV the calculated low-energy cross section shows a pronounced Ramsauer-
Townsend minimum. The possibility of its observation is pointed out.

The H-He system is the simplest three-electron
diatom and has been the object of numerous quantum-
chemical ab initio calculations,!=® some of which
have been performed over the entire (i.e., short,
intermediate, and long) range of internuclear sep-
arations.!'3'*'® The most recent calculations
show van der Waals wells, % the depth (¢) of which
differs within an order of magnitude.

The H-He system is also of astrophysical inter-

est., For instance, the infrared line shape in trans-
lational absorption is determined by the potential
curve and has been suggested as being a possible
factor in the opacity of late-type stars.” Further-
more, the potential is also needed to interpret hy~
perfine pressure-shift measurements on H in a
He buffer gas,

In order to get direct experimental information
on the intermediate range of the potential, we have



