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We have observed nonresonant multiphoton electron detachment of H ™ ions in moderately in-
tense (a few tens of GW/cm?) laser fields. A well-collimated beam of H ~ ions with an energy of
581 MeV was intersected by focused 10.6-um radiation from a pulsed CO; laser. The center-of-
mass photon energy was tuned using the relativistic Doppler shift so that the minimum number of
simultaneous photons required for electron detachment ranged from three to sixteen. Definite sig-
nals were observed for the minimum photon number ranging from three to eight. Our prelimi-
nary results show evidence for structure in the relative total cross section.

Multiphoton ionization (MPI) of the negative hydrogen
ion has recently attracted much attention.'™> H ™ has
several characteristics that make it an especially interest-
ing system with which to investigate multiphoton-absorp-
tion physics. A low electron affinity (0.754 eV) means
that MPI can take place with photons of much lower fre-
quency than typical MPI experiments with neutral atoms;
thus ponderomotive forces (which are proportional to the
intensity divided by the squared frequency) can lead to
potential energies larger than not only the photon energy
being used but also the electron affinity. The absence of
intermediate states has the effect of simplifying the ab-
sorption process in one-electron MPI, as there are no
resonance-induced effects. Furthermore, because the
departing electron is subject to a short-range potential
rather than a long Coulombic tail, the above-threshold
ionization (ATI) process® will probably be significantly
altered. Finally, electron correlation is important in the
description of H ™ electronic states,” thus allowing the
possibility of examining electron correlation effects in the
MPI process.

We have observed multiphoton photodetachment of the
H ™ ion. Using the relativistic (3=0.786) kinematics of a
high-quality H ™ beam at the Los Alamos Clinton P. An-
derson Meson Physics Facility (LAMPF), the barycentric
photon energy of a CO, transversely excited atomspheric
(TEA) laser (Tachisto M215 oscillator, Lumonics K-103
amplifier) was Doppler tuned between 0.05 and 0.32 eV,
according to the formula

E=y(1+Bcosa)Ey,
where Eo (0.117 eV) is the lab photon energy, y and B are

k3]

the usual relativistic parameters, and a is the angle of in-
tersection of the two beams such that a =0 is head on.
Thus, the minimum number of photons required to re-
move the outer electron from H™ can be varied from
three to sixteen. This ability to tune a fixed-frequency
laser over a wide range of photon energies in a simple,
well-defined manner, which we believe to be unique to this
experiment, allows us to examine MPI processes of many
different orders.

A schematic diagram of the experimental apparatus is
shown in Fig. 1. The pulsed laser beam [1.0 J/pulse, 50 ns
full width at half maximum (FWHM), 0.5 pulses/s]
enters the scattering chamber along the axis of rotation of
the mirror system. After passing through a ZnSe men-
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FIG. 1. Schematic of experimental apparatus.
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iscus lens (f=25.4 cm), it is reflected off axis by the first
of two copper mirrors; the second mirror brings it back to
the rotation axis so as to intersect the H™ beam at any
angle from 21° to 159°. The polarization of the light is
linear, and its direction rotates with the mirror system;
reflection from the copper mirrors introduces a slight el-
lipticity, but the relative phase change of the two orthogo-
nal field components does not exceed 4°. The diameter of
the focal region (= 300 uym) is much smaller than that of
the H™ beam (=3 mm). The waist of the focused laser
beam, of area approximately 10 ~3 cm?, passes through
the interaction point, with an intensity there of 2x10'°
W/cm? in the lab frame. A stray magnetic field of ap-
proximately 3 G in the interaction region, yielding a
motional field of 1 kV/cm, was present; its effect is expect-
ed to be immeasurable, since it is much smaller than the
amplitude (a few MV/cm) of the laser field.

The photodetached electrons continue to travel along
with the neutral hydrogen atoms and H ™ ions, until they
reach the electron spectrometer; the magnetic field then
sweeps them out of the main beam and into a scintillator,
where they are detected in coincidence with the laser
pulse.

A horizontal bending magnet farther downstream steers
the primary H ~ beam into a Faraday cup. The H® atoms
continue undeflected into another scintillator, where they
are detected in a time interval, the data gate, that requires
them to have been produced in coincidence with the laser
pulse.

Background count rates, mainly due to strippin§ of H™
ions by the residual gas, are measured for the H” signals
by opening a background gate, of equal duration (500 ns)
to the data gate, but delayed by 1.2 us to ensure that no
laser produced particles are present.

Starting at a center-of-mass photon energy of 0.32 eV
and tuning downwards in energy, we saw photodetach-
ment with, successively, a minimum of three to five pho-
tons before the signal was lost in the noise; by then in-
creasing the gain on the photomultiplier tube, we were
able to see photodetachment with up to a minimum of
eight photons by tuning downwards in energy from 0.18
eV. Both of these sets of data are displayed in Fig. 2; the
relative scaling between them is arbitrary.

To examine the effect of intensity on the yield, we re-
duced the laser-pulse energy by a factor of 2. The results
shown in Fig. 3 are significantly different from those of
Fig. 2; in particular, a second “dip,” in addition to that al-
ready seen at 0.32 eV, appears around the nominal three-
photon threshold (0.251 eV), which is in qualitative
agreement with a recent theoretical prediction® except
that the ponderomotive potential (E,=e’E*/4mw?,
where e and m are the electron charge and mass, E is the
electric field amplitude, and o is the angular frequency of
light) may have added to the ionization threshold, shifting
the expected threshold position.*® For an intensity of 20
GW/cm? the ponderomotive energy is 0.21 eV; it is then
possible that the dip around 0.32 eV may reflect the tran-
sition from a four-photon to a three-photon process.
However, the peak intensity of the laser pulse may be con-
siderably higher than this; the temporal variation in inten-
sity, as measured with a fast pyroelectric detector, is

RAPID COMMUNICATIONS

6069

N
o
I
]

RELATIVE CROSS
SECTION (Arb. units)
o
I

i !
{{jmﬁﬁ?ﬁ@

PHOTON ENERGY (eV)

FIG. 2. Relative total cross section for multiphoton detach-
ment of H™ as a function of photon energy, from 0.15 to 0.32
eV, and from 0.08 to 0.18 eV (obtained with a higher photomul-
tiplier gain), using a laser pulse energy of 1.0 J. Y-axis scaling
in the two sets of data is different. The error bars are statistical
only; they represent the standard deviation of the mean number
of signal counts per laser shot, measured over the fifty or so laser
shots.
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shown in Fig. 4. We may therefore expect to see large
ponderomotive shifts, of the order of the ionization poten-
tial itself. If the ponderomotive energy is as high as 0.84
eV, the thresholds for six-, seven-, eight-, and nine-photon
detachment fall, respectively, at 0.318, 0.265, 0.227, and
0.199 eV, which are positions of approximate minima in
Fig. 3. Both of the peaks shown in Fig. 3 are strongly
suppressed due to saturation of an analog-to-digital con-
verter (Lecroy ADC-M2249A).

Since we do not know the geometry of the beam over-
lap— either temporal or spatial—very well, we are able to
calculate cross sections only roughly. We present here our
preliminary data; these have been normalized by the in-
clusion of a factor sina/(1+Bcosa), which accounts for
the changing overlap of two cylinders as the angle of in-
tersection changes, as well as for the relativistic variation
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FIG. 3. Relative total cross section for multiphoton detach-
ment of H™ as a function of photon energy, using a laser pulse
energy of 0.5 J.
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FIG. 4. Temporal profile of CO; laser pulse intensity.

of intensity with angle. A simple derivation of this factor
follows.

For an nth-order multiphoton process well below satu-
ration, the transition rate per atom is given by '°

W, =ac,(F')",

where F is the photon flux, o, is the generalized cross sec-
tion, and the prime indicates the rest frame of the ion. If
higher-order processes also contribute, we may write the
transition rate as

W=3 o,(F)"=cF,

m=n

where o is the total cross section:

o= o, (F)" .
m=n
The total number of counts per micropulse is therefore
given by

N= [ favacpor,
where the integrals cover the interaction volume and time
(one micropulse of the H™ beam) of the photon and
atomic beams, and p is the density of H ™ ions. Since the
total number of counts is invariant, density p transforms
as p'=p/y, dV'dt'=dV dt, and photon flux F =I/E trans-
forms as photon energy to the first power,'' ie., F'
=Fy(1+Bcosa), we have

N=fdedt(1 +pBcosa)opF .

In a real situation, H ™ ions traversing the interaction
region at different positions and times may see varying
fields, as a result of the spatial and temporal distribution
of the laser intensity. Let us, however, assume that the in-
teraction volume is a cylinder, corresponding to that part
of the focus of the laser beam which lies within the H ™
beam; assume also that the laser beam is uniform in inten-
sity and in time within this cylinder. Then, the last equa-
tion simplifies to

N'VoToPO'F—lis;nc&g ,
a
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where T is the time of interaction of the beams, and Vy is
the interaction volume at ¢ =90°. We may then obtain
the relative cross section:

Nsina
@x——"
F(1+pBcosa)

The lowest possible order of the multiphoton process is
determined in part by the ponderomotive potential. Rath-
er conveniently, as this is proportional to the intensity di-
vided by the square of the frequency, it is independent of
angle, and therefore of photon energy, in our experiment.
Unfortunately, we have as yet no means of determining
the energies of the photodetached electrons, and so we are
unable to calculate the order of the process; but if, in fact,
the lowest-order process is dominant, we have, in terms of
the generalized cross section,

o=0,(F)" '=¢,F" 1y" '(1+Bcosa)" ",

c

and so

N sina
o, & ’
[Fy(1+Bcosa)l”

where the photon flux F is approximately 1.1x10%
photons/cm?s. Using our estimates of ¥o=3x10 "% cm?,
To=1 ns, and p=1200 H ~/cm?, a typical 40 counts per
micropulse for a four-photon process yields a total cross
section =10 ~'® cm? and a count rate per atom (barycen-
tric frame) of order 10'!/s, in good agreement with the
theoretical predictions in Ref. 4.

The curves presented here cannot claim to be a truly ac-
curate representation of the relative cross section. The
primary aim of this experiment was to find a signal for
multiphoton photodetachment, to justify a large-scale,
thorough investigation; however, inherent weaknesses in
the design of the equipment meant that certain systematic
errors were impossible to overcome. These include the fol-
lowing.

(1) Precision optical alignment was impossible, and the
focal spot “wandered” by about 1 mm vertically as the
mirror system rotated through 180°. This changed the
effective overlap, which was optimized at a particular an-
gle by vertical steering of the (3-mm-wide) H ~ beam.

(2) The incident laser beam was convergent, forcing the
waist of the focused beam to fall slightly short of the axis
of rotation. Although compensated for to some degree by
steering the H ~ beam, this may have caused angular vari-
ations of laser-beam intensity that have not been allowed
for in the yield curves.

(3) The time structure of the laser beam was not
smooth. The H™ beam came in 1-ns-wide pulses, spaced
100 ns apart; these “micropulses” could encounter either
dips or peaks in laser intensity, although these would tend
to average out over the sixty or so laser pulses used for
each angle in the longer scans.

(4) At small angles, and therefore high photon energy,
the higher cross section, larger volume of overlap, and
higher effective intensity combined to produce a count
rate sufficient to approach saturation in our detectors.
The cross sections shown may therefore be slightly sup-
pressed towards the high-photon-energy end of the scale.

(5) A small divergence introduced to the laser beam by
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the focusing element limits the angular resolution of the
system to 2.5°; this gives a spread in photon energy of
+ 1% at 0.3 eV, rising to 4% at 0.03 eV.

Although it is unlikely that these systematic distortions
of the data are responsible for the structure seen, we can-
not rule out such a possibility.

In summary, the relativistic Doppler tuning of the
barycentric photon energy of a CO; laser has enabled us
to see, for the first time, the multiphoton photodetachment
of H™ at a range of energies corresponding to the absorp-
tion of a minimum of three to eight photons. Preliminary
yield curves are presented, although they do not necessari-
ly represent the true structure of the cross section due to
the large systematic uncertainties present in this first ex-

RAPID COMMUNICATIONS

6071

periment. It is planned to a conduct a thorough survey of
the cross section as a function of photon energy, laser in-
tensity, and polarization, then examine the ATI phenom-
enon in a future experiment at LAMPF.
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