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F and from the “N line @=[+(3.429) +i(3.357)]

F. The very large uncertainties in the scattering
lengths for N compared to %0 reflect the fact
that the 3d atomic state is less sensitive to the
strong p-nucleus interaction in nitrogen than in
oxygen. A more precise measurement of the
shifts and widths would be useful in constraining
a for oxygen, but less useful for nitrogen because
of the lower sensitivity. Statistically the value

of @ which best fits all four pieces of data is @
=[(2.9:1%) +i(1,5222)] F. Even though these param-
eters have large errors, the real part seems con-
siderably different from the value obtained by
properly averaging the zero-energy S-wave p-
nucleon scattering lengths given by Bryan and
Phillips,® namely, @=(-0.88+40.81) F, Similar
behavior has been noted in kaonic-atom data.*
However, one might not expect agreement since
our treatment is rather a simple one and also,
with the p-nucleus system, we are concerned with
energies below threshold.

It is of interest to investigate the sensitivity of
the calculations to the nuclear-shape parameters.
If we assume a strong-interaction potential of the
(Fermi) form given above with our central value
for @=(2.9+41.5) F and with the values of ¢ given
earlier, we find that the linewidth measurement
restricts the value of z to the range 0.43 to 0.55
F for 'O and to the range 0.40 to 0,47 F for “N,

We also wish to report here the observation of
the x ray from the 3d —2p transition in the p-He
atom, Although the data obtained so far are not
sufficiently precise to enable us to obtain a sig-

nificant value for the width or energy of the line,
nevertheless, the observation shows that Stark-
effect mixing is not strong enough to cause the
nuclear absorption of the antiprotons before they
reach the 2p state.

Further analysis of all these data is proceeding
and will be fully reported later.
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Multiphoton Ionization and Dissociation of Molecular Hydrogen at 1.06 um
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This paper reports the experimental investigation of the multiphoton dissociation and
ionization of the hydrogen molecule under the influence of Nd-glass laser radiation at
1.06 pm. The higher electronic states of the potential-energy curves of H, are found to
play the dominant role. An eleven-photon process is the initial step in the formation of
H* and a twelve-photon process is the initial step in the formation of Hy*.

Very little work has been carried out on multi-
photon ionization and dissociation of molecules
under the influence of laser radiation.!*? This
Letter presents the results of an experimental
investigation of multiphoton ionization and disso-
ciation of hydrogen molecules with Nd-glass la-
ser radiation at 10590 A.
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The experimental method is the same as that
employed in multiphoton ionization of atoms.?
The radiation generated by a @ -switched neody-
mium glass laser is focused with an aspheric
lens of 50 mm focal length into a vacuum chamber
in order to obtain a laser intensity of up to 103
W/cm?. Molecular hydrogen is admitted into the
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FIG. 1, Log-log plot of the H* and H," ion signals
as functions of laser intensity I'. These ions result
from the interaction of the focused laser pulse with a
molecular hydrogen beam.

chamber through a glass tube which terminates
with a capillary located 2 cm from the focal point,
where the hydrogen density is 4% 10'2 cm "%, The
atomic H* and molecular H,* hydrogen ions re-
sulting from the laser interaction with hydrogen
molecules at the focal point are analyzed with a
magnetic mass spectrometer and detected by an
electron multiplier. Figure 1 shows the log-log
plot of the number N, of H* and H, " ions, ex-
pressed here as current signals from the elec-
tron multiplier as a function of the laser inten-
sity I at the focal point. The slope K =d(logN,)/
d(logT’) has been found to be K =10.8+ 1.0 for H*
ions and K=11.7+1.0 for H," ions. To under-
stand the origin of the observed atomic hydrogen
ions H¥, an examination of the potential-energy
curves for H, is necessary. The most important
electronic states* appear in Fig. 2 where the po-
tential energy is expressed both in eV and in
number of photons with 1.17-eV energy. It should
be pointed out that a 10-photon transition from
the ground state of the molecule to the first ex-
cited B'Z * state is forbidden by the parity selec-
tion rule. The following processes have to be
considered to explain the observed slope K=10.8
+1.0 for H* ions.

A quasiresonant eleven-photon transition may
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FIG. 2. Potential-energy curves for H, and H,*,
The vertical dashed line represents the multiphoton
transitions from the X, v =0 ground-state level satisfy-
ing the Franck-Condon principle.

occur from the lowest vibrational (v =0) level of
the ground electronic state of the molecule, ei-
ther to the v =12 level of the B'Z,* state, or to
the v =2 level of the C'I, state, that is,

H2+117E—’H2(B12u+a U=12), (1)
Hy +11y5 = H,(C'IT,, v=2). (2)

The energy difference between 11E (103911 cm™?)
and the v =12 level of the BT, * state (103 819
cm™')® is only 92 em !, The corresponding en-
ergy difference for the v =2 level of the C1I,
state is 350 cm !, These quasiresonant eleven-
photon transitions are followed by a two-photon
absorption to lead to a dissociation of the mole-
cule, that is,

H,B'Z,*)+2y,~Hm=1)+H®n=2), (3)
H,(CH1,)+2y,~Hn=1)+H@m =2). “)

These two-photon dissociation probabilities have
not yet been numerically calculated. However,
from reference to multiphoton ionization of at-
oms, these two-photon transition probabilities
are so high in the laser intensity used (I'=5x 102
W/cm?) that these two-photon transitions can be
considered as saturated. Moreover, among these
two two-photon transitions leading to dissociation
of the molecule, (3) seems to be more probable
because it occurs without a significant change in
nuclear momentum. The energy gap between the
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two B!z, * and B''Z * potential-energy curves re-
mains constant and equal to 2E within the con-
sidered internuclear distance range. The atom
of hydrogen with principal quantum number » =2
is then ionized through the simultaneous absorp-
tion of three photons. From Gontier and Trahin’s
work,® the three-photon ionization probability of
hydrogen in the 2s state can be calculated to be
W4 =3x10'® sec”! with the laser intensity I'=5
x 102 W/cm?, The duration of this three-photon
process is thus 10715« 10°8 sec, the effective
duration 74 of the laser interaction. The total
probability of obtaining an H* ion is then governed
only by the eleven-photon process with the cor-
responding slope K =11.

A twelve-photon transition may occur from the
ground state of the molecule to the v =21 level
of the E, F'Z, " state, that is,

H,+12y,~H,(E, F'Z,*

,t v=21). (5)

Then an additional one-photon absorption can take
place to reach the continuum of the B*Z ,* state,
that is,

H,(E,F'Z ",

~Hr=1)+Hn=2). (6)

v=21)+1y,

The atom of hydrogen with principal quantum num-
ber n =2 would be ionized through the simultan-
eous absorption of three photons. The same re-
mark as above applies to the saturation of this
three-photon transition in the laser intensity
I'=5x10'2 W/cm?, so that the total probability of
obtaining H* ions would be governed only by the
twelve-photon process with the corresponding
slope K=12. However, this twelve-photon pro-
cess is most unlikely for two reasons. First,
the v =21 level of the E,FIZg+ state is proposed
as an intermediate in the formation of H*. The
highest reported vibrational level for this state
is v=11.* Undoubtedly, higher vibrational levels
of the E, F state do exist, but they have not been
observed spectroscopically. Second, the energy
gap between the B''Z,* and the E,F“Eg+ curves
coincides with E only in a narrow range of inter-
nuclear distances. This energy gap E is neces-
sary for transitions without change in nuclear
momentum (Franck-Condon principle). In con-
clusion, the observed H* ions probably result
from an eleven-photon transition from the ground
state of the molecule to the v =12 level of the
B'z * state followed by dissociation of the mole-
cule through an additional two-photon absorption
process, and then a three-photon ionization of
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the atom of hydrogen in the » =2 state would take
place.

A similar mechanism may be suggested to ex-
plain the observed slope K=11.7+1.0 for H," ions
resulting from multiphoton ionization of the hy-
drogen molecule. It should be pointed out that
the transition between the ground state X‘Eg+ of
the molecule and the ground state of the molecu-
lar ion is optically connected, and therefore only
an odd-order transition is allowed. Transitions
with odd order <15 do not have enough energy.
However, there is a set of highly excited even
Rydberg states which have the ground state of
H," as the limit. The multiphoton ionization of
H, may result from the twelve-photon excitation
of the intermediate state E, F'Z,", that is,

H,+12y, ~H,(E,F'Z,", v=21) )

followed by the absorption of two additional pho-
tons to give ndo(IEgJ') and ndﬂ(‘Hg) Rydberg states.
This two-photon process takes place without a
significant change in nuclear momentum, satis-
fying the Franck-Condon principle. Autoioniza-
tion would then occur in Hz*(lscg, v=3 or 4).
Autoionization of H, by single-photon absorption
is discussed by Chupka and Berkowitz.” The law
of variation of the number of H* ions as a func-
tion of the laser intensity shows a limiting value
(Fig. 1). This limit would be due to the appear-
ance of the competitive twelve-photon process in
the formation of H," in a laser intensity I > 6

x 102 W/cm?2 The preceding remark on the

v =21 level of the E,FIZ)g+ state applies here.
There is probably an adequate density of rotation-
al levels in the excited state of H, to permit a
nearly exact match of the energy of an integer
number of photons to some specific vibrational-
rotational level of the excited molecule.

In a second set of experiments, the molecular
hydrogen beam was 50% dissociated by radio-
frequency radiation before the interaction with
the laser radiation. Figure 3 shows the varia-
tion of the number of H* and H,* ions as a func-
tion of the laser intensity I'. The observed slopes
do not change significantly. However, a very sig-
nificant decrease by a factor of 30 in both the
number of atomic and molecular ions is observed
with rf dissociation compared to the preceding
results, We suggest that this decrease can be
essentially explained as follows. The hydrogen
molecules are heated to about 10* °K when the rf
power is turned on. The most populated vibra-
tional level of the hydrogen molecule in the
ground state at 300°K (without rf heating) was
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FIG. 3. Variation of the number N; of H* and H,*
ions formed as a function of the laser intensity I" from
a, molecular hydrogen beam only; b, molecular hydro-
gen beam 50% dissociated by rf power. Experimental
points have been deleted in the interest of clarity.

the v=0 level. It may be suggested that, because
of rf heating, the population of the vibrational
levels is governed by the Boltzmann distribution
corresponding to vibrational temperature of
about 10%°K, and in that case the population of
the v =0 level is approximately an order of mag-
nitude less than without rf heating. Therefore a
small fraction of molecules can be found in the
same conditions as above for eleven- or twelve-
photon transitions from the v =0 level of the
ground state to B'Z,*, v=12 or E,F'Z,*, v=21
intermediate excited states. Figure 4 illustrates
the change in transition conditions from excited
vibrational levels of the ground state. The most
probable transitions from each excited vibration-
al level of the ground X'Z,* state are those
which begin in the vicinity of the right-hand re-
versal point. For example, a transition which
occurs near the right-hand reversal point of the
X'Z,*, v=3 vibrational level terminates at the

v =28 vibrational level of the B'Z,* state. This
vertical transition which occurs without change
in the relative positions of the nuclei of the mole-
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FIG. 4. Schematic representation of the eleven-pho-
ton transitions from v =0 and v =3 vibrational levels of
the ground state. The (X‘Eg+,v =0)—(B!Z,*,v=12) tran-
sition occurs without change in nuclear momentum
The second (X'Z,*,v=38)—~(B'Z,*,v =28) transition
(which begins in the vicinity of the right-hand reversal
point) requires, on the contrary, a significant change
in nuclear momentum, and hence does not satisfy the
Franck-Condon principle.

cules requires a very significant change in the
relative velocities, and consequently such a
transition is unlikely (Franck-Condon principle).8
As in the work of Busch et al,® the determina-
tion of the kinetic energy of the H* fragments
could aid in the interpretation of the mechanism
of formation of the observed H* ions.
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