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We have measured the resonance-enhanced four-photon ionization of atomic hydrogen. The de-
generate four-photon process occurs via a three-photon resonance between the 1s and the 2p levels,
with subsequent one-photon ionization near threshold. We have studied the highly asymmetric
resonance-enhanced profile, i.e., the photoion yield as a function of laser detuning from three-
photon resonance between the 1s and 2p levels. In particular, we have determined the width, shift,
peak, and asymmetry of the profile as a function of laser intensity. The experimental results are
compared to theoretical models. These models involve both the properties of the atom in an intense
near-resonant radiative field, and a detailed model for the multimode laser field, particularly the
field fluctuations due to mode beating. The asymmetric resonance-enhanced photoionization profile
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is well reproduced by both a random-phase and a chaotic-light model.

I. INTRODUCTION

We report a detailed study of resonance-enhanced mul-
tiphoton ionization of atomic hydrogen, using a single
high-power pulsed tunable laser. Three photons with
wavelength A=365 nm excite the 1s-2p transition, and a
fourth photon from the same laser pulse photoionizes the
atom very near its ionization threshold (see Fig. 1). The
laser frequency in this experiment was tuned through the
three-photon 1s-2p resonance to observe the ion-yield
profile associated with resonance enhancement of the
four-photon ionization. Profiles for this photoionization
scheme were reported by Tjossem and Cool and by Alden
et al.' The purpose of the present paper is to expand
upon an earlier quantitative interpretation of our results?
and to present further experimental and theoretical re-
sults.

According to the nonrelativistic theory of the hydro-
gen atom, the energy difference between the n =1 and
n =2 levels is exactly three-fourths of the energy needed
to ionize the atom. In this case the fourth photon in our
ionization scheme would lead to excitation exactly at
threshold. In actuality, however, relativistic and QED
effects shift the energies of the levels. In the absence of
external fields the net result is that four photons with ex-
actly one-third the energy of the 1°S, ,—22P;,, transi-
tion provide enough energy to ionize the atom, while four
photons with exactly one-third the energy of the
12S,,,—22P, ,, transition have an energy which lies just
below the ionization threshold. In the intense laser fields
of our experiment the bound energy levels will be further
altered by the ac Stark shift, and the ionization threshold
will be shifted up by the related ponderomotive potential.
The largest of these effects is the upward ac Stark shift of
the 2P levels, and at all the laser intensities used in this
experiment this shift is sufficient to increase the energy of
the resonant photons to the point that the fourth photon
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will provide sufficient energy for ionization for either of
the intermediate states. Thus photoionization is energeti-
cally allowed, even without considering such effects as
field ionization by the small electric field that we use to
extract the ions.

In our experiments the observables are the width, shift,
and shape (i.e., asymmetry) of the resonance-enhanced
photoionization profile generated as we tune the laser
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FIG. 1. Excitation scheme for the four-photon ionization of
atomic hydrogen. The hydrogen 2p level is populated by three
photons with A=364.6 nm and a fourth photon of the same
wavelength ionizes the atom near threshold.  is the three-
photon excitation rate of the 2p state; y is the one-photon ion-
ization rate of the 2p state.
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through the three-photon transition to the n =2 level.
Also, we measured the dependence of the peak of this
profile as a function of the absolute laser intensity.

In our photoionization scheme, the three-photon Rabi
rate () driving population between the 1s and 2p states is
much slower than the subsequent one-photon ionization
rate ¥ of the 2p state. The relatively slow Rabi rate con-
stitutes the “bottleneck” for the photoionization, and vir-
tually any excitation to the 2p state will be followed by
photoionization. The lifetime, and thus the width, of the
2p state in the radiative field is dominated by its one-
photon ionization rate.

For a given laser intensity, the net photoionization rate
in this case is a function of the three-photon excitation
rate times the ‘“‘shape function” associated with the
broadening and shifting of the 2p level. Both the width
and the shift of the profile vary linearly with laser intensi-
ty. These points will be discussed in detail in the next
section.

To model the resonance-enhanced multiphoton ioniza-
tion we require a knowledge of the effect of the radiative
field on the atom. This includes the evaluation of the
Rabi rate between the ground and excited states, and the
width and shift of the resonance-enhanced profile for a
given radiative field.> We also require a detailed
knowledge of the time dependence of the radiative field
E(t). For a multimode laser, E(t) can be quite compli-
cated, and vary significantly from one laser shot to the
next. A useful model for E(¢) and the effect it has on the
resonance profile (for the case where the photoionization
rate of the intermediate resonance exceeds its excitation
rate) has been published by Zoller.*

II. THEORETICAL MODEL

Multiphoton ionization can be treated most simply in
laser fields of constant amplitude. Holt, Raymer, and
Reinhardt® have studied the time dependence of resonant
multiphoton ionization of atomic hydrogen in constant
laser fields and demonstrated that for three-photon reso-
nant, four-photon ionization there exists a time interval
during which a time-independent rate of ionization can
be defined. For the ionization channel involving the 2p
state this rate, R, is given by

— 1,332 Y

R=lpre’l [Bop—w;,—(8,—8)P+(y /2?2’ W
where u{3 is the third-order effective matrix element cou-
pling the 1s and 2p states, w; is the laser frequency, o, is
the unperturbed 1s-2p transition frequency, y is the
single-photon ionization rate of the 2p state, 8, (8,) is the
ac Stark shift of the 1s (2p) state due to the laser-induced
mixing of the 1s (2p) state with all other atomic levels,
and g is the amplitude of the laser field defined by

e(t)=¢gge'“+c.c. )
The three-photon Rabi rate Q is given by Q=2u'Ye}.
The following values of the parameters used in this inves-
tigation were calculated by Reinhardt using the Floquet
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techniques of Ref. 3: Q=(3.63X10%e}, 8,—8,=(1.27
X 10%)ed, and ¥ =(1.01X 10?)e3, where all quantities are
in atomic units.

The rate predicted by Eq. (1) is simply the rate at
which population is lost from a driven two-level system.
The rate constant y reflects the rate of loss from the ex-
cited state due to photoionization. Equation (1) is valid
for times ¢ >>1/y long enough that all transient effects
associated with the turning on of the laser have died out,
and for times short enough that the ground state is not
significantly depopulated, i.e., Rt <<1. This further re-
quires that the field strength be such that y >>|u{3el|. In
this limit, the 1s-2p transition represents the rate-limiting
step or bottleneck of the ionization process. For our ex-
perimental conditions, collisional and radiative processes
which compete with the depopulation of the 2p state by
photoionization have rates several orders of magnitude
smaller than y and thus do not appear in Eq. (1). We
note that the rate of direct four-photon ionization
through virtual states excluding the 2p state is negligible
at the field intensities of our experiment so that interfer-
ence between these processes is insignificant.’

The resonance-enhanced ionization line shape predict-
ed by Eq. (1) has a symmetric Lorentzian profile whose
center is shifted in frequency from the unperturbed
three-photon 1s-2p resonance by the net ac Stark shift of
the 1s and 2p states. The width of the profile is deter-
mined by the single-photon ionization rate of the excited
2p state, which determines the lifetime of this state. Al-
though the ionization probability integrated over the de-
tuning frequency increases as the cube of the laser inten-
sity (since the rate-limiting Rabi excitation is a three-
photon process), the peak of the predicted ionization rate
grows only with the square of the laser intensity. This is
because the loss rate from the 2p state due to photoion-
ization, and thus the width of the profile, grows linearly
with the intensity of the laser. This effect can be seen
simply by noting that the peak rate given by Eq. (1) al-
ways occurs when 3w; —w,,—(8,—8,)=0, which leaves
a quartic intensity dependence in the numerator and a
quadratic dependence in the denominator.

The constant-amplitude field used in deriving Eq. (1) is
not a good approximation to the field of the high-power
laser used in this and many other multiphoton ionization
experiments. The measurements described in the experi-
mental section of this paper demonstrate that our laser
spectrum consists of many longitudinal cavity modes
spanning a full width at half maximum (FWHM) band-
width of B=0.25 cm~'. This finite bandwidth leads to
pronounced intensity fluctuations occurring on a time
scale characterized by 1/B ~0.1 nsec, and an accurate
description of the nonlinear ionization process must ac-
count for these fluctuations of the field amplitude. These
fluctuations about the mean laser intensity lead to sub-
stantial enhancements of the observed widths and shifts
over those predicted by Eq. (1), as well as a pronounced
asymmetry of the ionization profile. The asymmetry
arises from the distribution of instantaneous ac Stark
shifts (always to the blue in our case) which result from
the variation of intensity within each ionizing laser pulse.

The observed ion yield is also influenced by the spatial
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distribution of field intensities at the focus of the laser.
Individual atoms experience fields which are dependent
on their position, and any model that predicts measured
total ionization yield must integrate the yield for atoms at
various locations within the laser beam over the spatial
profile of the beam.

When calculating the time-dependent rate of resonant
multiphoton ionization in finite-bandwidth fields it is
easiest to employ a semiclassical description of the ion-
ization process because of the advantages afforded by the
use of a classical electromagnetic field when describing
laser pulses whose amplitude varies in time. The general
density-matrix equations governing resonant multiphoton
processes have been discussed in Ref. 6, and are reviewed
in the Appendix. Equation (1) no longer gives an accu-
rate prediction for the experimentally observed ionization
profile in the case of finite-bandwidth excitation. Howev-
er, if the one-photon ionization of the excited state occurs
rapidly on the time scale of the field fluctuations, i.e., if
v /27 >> B, then the ionization can be considered to have
occurred at a fixed value of the field. In this case Eq. (1),
with the values of €(z), y(¢), and 8(¢) corresponding to
the instantaneous value of the field, will give an instan-
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taneous time-dependent rate of ionization. These ideas
are developed more completely in the Appendix.

To obtain a prediction of the experimentally observed
ion yield as a function of laser frequency, the rate of ion-
ization must be integrated over the temporal and spatial
distributions appropriate to the laser pulses used. For
atoms that are sufficiently slow so that they do not move
out of the focus of the laser in the time of a single laser
pulse, the number of ions, N, created in a pulse will be
given by

N= [dt [drp(r)R(r,1), (3)

where p(r) is the density of atoms and R (r,t) is the gen-
eralized time- and space-dependent ionization rate which
is equivalent to Eq. (1), except that the quantities ¢, 7,
and & are now functions of r and z. We have analytically
integrated the spatial variables of Eq. (3) over the radial
profile of a Gaussian laser beam and numerically in-
tegrated over time using a simple model of the laser field
behavior as a function of time.

For a Gaussian laser beam the generalized ionization
rate becomes

R(r,t)=1,u,2 50(1)|2

[Bo, —w,—8(the "/ P+ Hyo)e 77w R

4)

where €y(1), (), and §y(¢) are, respectively, the values for the field strength, 2p-state ionization rate, and net Stark
shift at the spatial center of the beam at the beam waist. For a Gaussian beam with a waist w, small compared to the
scale of variations in p(r), we have performed the integration of Eq. (3) over the radial coordinate to simplify the ex-

pression for the total ion yield as a function of the laser detuning, A=3w; —w,,:

Tw’gG 483 2202 §2(1+¢2)
:A_.“T;) 1+g2+£+éi—(3-g—2)ln 1_2_+_0_..g_
41+g?) 8  81+g?) A A?
2 A 1—3g2) C 81+t o
+E = H—=——g " |+tan g ! A0) .
g 6X1+g) 2h g an (g ) (A70) (5)

In performing this integration we have taken advantage
of the fact that the ionization rate of the 2p state, ¥, and
the net ac Stark shift, §,;, are both proportional to the
laser intensity, and thus the numerical factor g =v,/28,
in Eq. (5) is independent of the field intensity, as is G,
defined as Q283

To complete our treatment we have made a model of
the temporal behavior of our laser pulses which is based
on the measured properties of our laser as reported in the
experimental section of this paper. For a laser cavity
with more than one longitudinal mode, mode beating
gives rise to pronounced intensity fluctuations within
each laser pulse. The beat frequencies for n modes range
up to nc /2L ~ B where L is the optical length of the laser
cavity. In our model we write the field as a sum over in-
dependent modes with each mode having a randomly
determined phase with respect to the other modes. The

complex field amplitude is then given by summing over
the j modes:
—i(Au)Jt+d2J) )

s(r,t)ze"z/z’ze_'z/z‘“zzaje (6)
j

Each mode has an amplitude a;, phase ¢;, and frequency
detuning Aw; from the center laser frequency w,. The
relative mode amplitudes are chosen to match the mea-
sured Gaussian spectrum about the central laser frequen-
cy and they are normalized to give the correct total ener-
gy per laser pulse. The factor exp(—t2/27?) reflects the
overall time envelope of the pulses, and the factor
exp(—r?/2w?) reflects the previously discussed spatial
profile of the laser beam.

Typical temporal behavior of model pulses resulting
from Eq. (6) are shown in Fig. 2(a). The pulses for 1, 3, 7,
and 15 modes all have the same energy, with the mode
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separation given by 1 GHz. It is clear that the mode
beating characteristic of the conditions in our laser leads
to intensity spikes well above the mean intensity. It is the
effective concentration of the photon flux into these
high-intensity spikes which enhances the observed shifts
and widths in multiphoton ionization experiments. The
exact simulated pattern generated by Eq. (6) varies from
“shot to shot” due to the randomly generated phases for
each shot [see Fig. 2(b)]. We note that the time behavior
displayed in Fig. 2 is similar to that observed for other
multimode pulsed lasers.” This is also the case for our ex-
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FIG. 2. (a) Typical time dependence of a laser pulse with 1, 3,
7, and 15 longitudinal modes. (b) Time dependence of two laser
pulses with seven modes, but different sets of random phases be-
tween the modes. In generating the computed ionization
profiles such as those in Fig. 3, we used 60 different sets of ran-
dom phases to generate each point along the profile.
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perimental time behavior presented later in this paper.

The ion yield as a function of detuning has been calcu-
lated by performing the integration indicated in Eq. (3)
over 60 simulated laser pulses with 15 modes and random
intermode phases, and the result is displayed in Fig. 3(d).
The pulses used to generate the profiles in Fig. 3 had an
energy of 5.8 mJ, 7=5.4 nsec, and w=32 um, corre-
sponding to our experimental conditions. In order to
demonstrate the large effects of both the spatial and tem-
poral inhomogeneities which have been combined to give
the integrated ionization profile of Fig. 3(d), we have plot-
ted the theoretical profiles from other idealized pulses in
Figs. 3(a)-3(c). All pulses used in generating Fig. 3 have
equivalent temporal and spatial widths, and were normal-
ized to have energies of 5.8 mJ. In order to facilitate the
comparison of the shapes of the profiles, and because we
did not experimentally measure absolute ionization cross
sections, we have adjusted the heights of all the profiles to
be equal. We note, however, that the peak of profile 3(d)
is predicted by our analysis to be a factor of 4 greater
than the peak of 3(a).

The Lorentzian profile for uniform intensities predict-
ed by Eq. (1) is displayed in Fig. 3(a), while the result of
averaging Eq. (1) over a Gaussian spatial intensity distri-
bution is given in Fig. 3(b). Figure 3(c), which is the re-
sult of averaging over Gaussian spatial and temporal dis-
tributions, corresponds to the result from a Fourier-
transform-limited single-longitudinal-mode laser. Even
this “best-case” laser results in significant differences
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FIG. 3. Resonance-enhanced ion-yield profiles to illustrate
the relative importance of different contributions. (a) Yield
from uniform laser in space and time, (b) yield averaged over
Gaussian spatial distribution of the focused beam, (c) yield aver-
aged over Gaussian spatial and temporal envelopes, but no
mode beating, and (d) yield averaged over spatial and temporal
inhomogeneities of a multimode laser.
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from the profile predicted for uniform fields. Figure 3(d)
includes the effects due to the temporal fluctuations of a
multimode laser, and these give by far the largest
modifications to the profile.

Unlike the pronounced effect of the field fluctuations
on the shift, width, and shape of the ionization profile,
the intensity dependence of the peak of the ion yield is
not affected by the fluctuations as long as the instantane-
ous ionization rate can be written in the form of Eq. (1).%
This invariance holds in a statistical sense for any ensem-
ble of pulses which is large enough to completely sample
the intensity distribution of the laser field, i.e., the com-
bined pulse durations must be much greater than B !
Thus our model predicts that the peak of the resonance
profile should grow with the square of the laser intensity.
Deviations from this dependence will arise whenever an
instantaneous rate in the form of Eq. (1) is not a valid ap-
proximation. This simple formula breaks down whenever
the bandwidth of the laser is large compared to the
single-photon ionization rate of the excited state, i.e.,
B >y /2 (see the Appendix). In this limit the field fluc-
tuates significantly during the characteristic ionization
time of the 2p state, and the ionization cannot be con-
sidered to have occurred at a fixed value of the field. We
note that Zoller* has considered the effects of such rapid
fluctuations for the case of a field which can be character-
ized by Gaussian statistics. We have also neglected the
small Doppler width of the 1s-2p transition, which would
modify slightly the form of Eq. (1).

III. EXPERIMENT

Tunable 365-nm (uv) light was generated using the
technique of Zacharias et al.”'® The laser setup is shown
in Fig. 4. The oscillator, a Littman-type near-grazing-
incidence (~5°) dye laser!' with prism beam expander,
was tuned to a wavelength of approximately 555 nm. The
laser dye was Rhodamine-6G in triflouroethanel solvent.
Light from the oscillator was amplified by two longitudi-
nally pumped amplifiers and then frequency sum mixed
in a potassium dihydrogen phosphate (KDP) crystal (type
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FIG. 4. Schematic view of the laser setup used for the four-
photon resonance ionization of atomic hydrogen.

II) with the 1064-nm Nd:YAG (yttrium aluminum gar-
net) fundamental (ir) to produce 365-nm uv radiation.

The KDP crystal was phase matched by angle tuning.
During a 12-cm ! scan of the dye laser, the uv laser
power was kept constant to within 10% by monitoring
the power at several frequencies and phase matching the
crystal manually. During a scan of 12 cm ™! (0.15 nm at
365 nm) only slight adjustments were needed. Typically
55 mJ of dye-laser light was converted to 10 mJ of ultra-
violet laser light by sum mixing with 150 mJ of the
Nd:YAG fundamental. The ir, uv, and dye-laser beams
were separated using a trio of Pellin-Broca prisms.

Because measurements of the resonance-ionization
profile were made as a function of the laser-pulse energy
it was important to be able to vary this quantity without
changing the spatial properties of the laser beam. For
this purpose we used a polarization rotator (Soleil-
Babinet compensator) and analyzer (Glan-Air polarizer).
The uv beam was focused into the interaction region by a
diffraction-limited 240-mm-focal-length lens.

The uv laser-pulse energy was measured with a
volume-absorbing disk calorimeter. The overall instru-
mental accuracy of this combination was 5%. The
pulse-to-pulse fluctuations of the uv light were measured
with a photodiode. They were found to be +22% (one
standard deviation) of the mean laser intensity.

The wavelength of the uv laser light was determined by
measuring the wavelength of the tunable dye laser to an
accuracy of 0.05 cm ™! using an iodine absorption cell.
The second harmonic of the Nd:YAG fundamental wave-
length was measured to be 532.09+0.01 nm (in air) giv-
ing the fundamental wavelength of 1064.18+0.02 nm (in
air). The frequency of the uv light was determined to an
accuracy of 0.2 cm™

An air-spaced étalon with a free spectral range of 1.1
cm™! and a finesse of between 25 and 30 was used to
determine the linewidth of the uv light. The intensity of
light transmitted by the étalon was measured by a photo-
diode as the laser frequency was scanned. The linewidth
of the uv light (FWHM) was 0.25+0.05 cm ~!. To check
the frequency jitter of the uv laser source the linewidth
was also measured by imaging the étalon fringes onto a
linear diode array, displaying the results on an oscillo-
scope and photographically recording the single-laser-
shot fringe pattern. This measurement was in agreement
with the first.

The number of longitudinal cavity modes can be ap-
proximately calculated. The full width half maximum of
the tunable dye laser output was B'=0.1cm ~!. The full
width at one-tenth maximum was 0.18 cm~!. The
tunable-dye-laser cavity length L was 35 cm. The spac-
ing between longitudinal modes was 1/2L =0.014 cm !
and the number of modes was 13.

The diameter of the uv laser beam at the focus was
measured with a photodiode array. The laser light was
attenuated to several different intensities and the resul-
tant profiles were examined to make sure the diode array
was not saturated. Individual lasczer ghots were fit to a
Gaussian in laser intensity, I ~e ~"/%". A typical spatial
profile is shown in Fig. 5 along with a least-squares fit.
For diode array axes both parallel and perpendicular to
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FIG. 5. Spatial distribution of the laser-beam intensity
(crosses). The profile was measured at the focus of the f=240
mm lens used for focusing the A=364.6 nm light into the in-
teraction region. The solid line represents a least-squares fit to
the data using a Gaussian distribution.

the laser polarization w=32%3 um. This corresponds to
a full width half maximum of 53+5 pm.

The temporal profile of the ultraviolet laser pulse was
measured using a fast photodiode-oscilloscope system
with a combined rise time of 600 psec. Figure 6 shows
two temporal pulse profiles. These profiles can be com-
pared to the theoretically generated temporal profiles of
Fig. 2. The spikey character of the profile is due to beat-
ing of the longitudinal laser modes. The full width at half
maximum of 30 pulses was measured and the mean was
found to be 9*1 nsec. We saw no recurrent patterns in
the temporal profile of the laser pulses from .shot to shot.
The temporal shape looked different for each pulse. The
model assumption we used of a random phase for each
mode is consistent with these observations, although we
note that some coherence has been observed in similar
dye lasers.!? The validity of this “random-phase” ap-
proximation is addressed further in the discussion sec-
tion.

The atomic-hydrogen source'® and interaction region
are shown in Fig. 7. Molecular hydrogen gas was dissoci-
ated at a pressure of 200 torr by a rf discharge in a Pyrex
tube surrounded by liquid nitrogen. A photodiode and
an interference filter were used to monitor the amount of
Balmer a radiation coming from the discharge. A 2-mm
orifice limited the flow of hydrogen atoms into the in-
teraction region. The pressure in the interaction region
was 1X107° torr when atomic hydrogen was flowing.
An indium seal separated the liquid-nitrogen reservoir
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FIG. 6. Temporal profile of the laser-light pulse for two arbi-
trary pulses. The spikes on the signals and their different tem-
poral structure indicate the presence of many laser-cavity
modes with random-phase relations (see text).
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FIG. 7. Schematic view of the atomic-hydrogen beam source.
Indicated in the figure are also the interaction region of the hy-
drogen with the laser light and the electron-multiplier tube
(EMT) used for the ion detection.
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FIG. 8. Hydrogen ionization signal as a function of the
single-photon detuning w; —wy/3, where w; is the laser fre-

quency and @,/3=27419.7cm ™.

from the vacuum region. 10 W of rf power were
transferred from the rf source to the load. The density of
atomic hydrogen in the interaction region was measured
to be ~10'"" atoms/cm® using a platinum recombination
detector. '

The laser intersected the atomic beam at right angles.
H?* ions created by resonant multiphoton ionization
were swept by a pair of field plates through a grid to the
detector. The fast linear focused electron multiplier
detector was manufactured by EMI, No.D233B. The
detector linearity was carefully verified.

The experiment consisted of measuring the resonance-
ionization profile, i.e., the ionization yield as a function of
laser frequency. The profile was measured over a range
of different laser-pulse energies. The ionization signal
from 16 laser shots was averaged at a specific laser fre-
quency and stored in a computer channel. The laser was
then scanned by computer to the next frequency. 450
computer channels correspond to a 12-cm ™! scan at 365
nm. An iodine absorption signal was simultaneously
recorded by the computer. A typical profile is shown in
Fig. 8. The laser detuning is defined as w —w,/3, where
o is the laser frequency and w,/3=27419.7 cm™! is
one-third the energy of the ls-to-2p transition.

1V. DISCUSSION AND RESULTS

A. Competing ionization mechanisms

It was important to experimentally determine that the
observed ionization signal resulted from resonant four-
photon ionization rather than some other nonlinear pro-
cess. To check for photodissociation of dimers

BREWER, BUCHINGER, LIGARE, AND KELLEHER .39

H,—H+H and photoionization of dimers H,—H; +e
we tuned to the peak of the resonance-ionization profile.
The laser-pulse energy was 7 mJ and the ion signal was
approximately 1 V across 50 Q. When the rf discharge
was turned off the signal disappeared. The electron-
multiplier bias was then increased by 1000 V. An ioniza-
tion signal was still not observed.

Nonresonant four-photon ionization was experimental-
ly ruled out as a competing process by the lack of a
detected constant background signal on the blue side of
threshold. In addition, using a Soleil-Babinet compensa-
tor to produce circularly polarized light produced no ob-
servable signal. Only nonresonant photoionization is al-
lowed in this case because the dipole selection rule for
circularly polarized light does not allow three-photon
transitions between the 1s and 2p states.

Third-harmonic generation in atomic hydrogen was
ruled out for our experimental conditions by the null re-
sult we obtained in searching for Lyman-a light. By us-
ing a Lyman-a detector we were able to determine that
less than 3X 1073 of the multiphoton ionization signal
could be attributed to Lyman-a generation in atomic hy-
drogen.

B. Line shape, line shift, and linewidth

The resonance-ionization profile shown in Fig. 8 has
several notable features. (1) The line shape is asym-
metric, with a pronounced blue wing. (2) The peak of the
profile is shifted to the blue (w,x —w/3>0). (3) The
width of the profile significantly exceeds the laser band-
width, one-third the 2p-state fine-structure splitting, and
also Doppler width and collisional and radiative widths.
(4) The blue side of the profile exhibits significantly more
noise than the red.

The shape of the profile can be compared to that pre-
dicted from the theoretical model discussed in Sec. II.
The experimental and theoretical profiles are shown in
Fig. 9. The experimental profile has been smoothed using
a simple three-point average. The height of the theoreti-
cal profile was normalized to that of the measured profile.
Also, we had to assume a laser-pulse energy that was
20% lower than measured, but within experimental error,
to get good agreement with the measured width. The line
shapes agree quite well.

In this paper we define the width of the resonance-
ionization profile as the full width at half maximum. The
shift is defined as the frequency of the bisector of the
profile at half maximum, minus 1 the 1s-2p transition fre-
quency, w,/3. We measured the width as a function of
the laser-pulse energy. Figure 10 shows the variation of
the ionization profile with the laser-pulse energy. The
profiles are offset for purposes of display and each profile
was recorded with a different detector gain to permit the
highest signal-to-noise ratio. These profiles have been
smoothed using a simple three-point average. The shift
and width was measured for each profile. The result is
shown in Fig. 11 along with the width and shift predicted
by the theoretical model. The shift and width vary
linearly with laser intensity, as expected. Although there
is a systematic deviation of the data points from the
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FIG. 9. Experimental and theoretical resonance-enhanced
ionization profiles as a function of the single-photon laser detun-
ing o —wy/3, where w,/3=27419.7 cm™'. The curve labeled 4
represents the theoretical curve of Zoller [Eq. (21) of Ref. 4] and
B represents our model described in the text. The laser-pulse
energies of the 4 (4.3-mJ) and B (5.8-mJ) curves were chosen so
that the FWHM’s of these curves were the same as the experi-
mental curve (7.1 mJ).
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FIG. 10. Variation of the ionization signal profile with the
laser-pulse energy. The frequency scale is the same as in Fig. 8.
The individual curves are obtained with laser energies in mJ: (a)
7.1, (b) 4.2, (c) 3.4, (d) 2.5, (e) 1.7, (f) 0.8, (g) 0.4. The signals are
offset for the purpose of display.
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FIG. 11. The width (black dots) and shift of the resonance
profiles displayed in Fig. 10 are plotted as a function of the
mean laser intensity at the spatial and temporal center of the uv
pulse. The solid lines are the theoretical predictions. The width
is the upper line and the shift is the lower line. The dashed lines
were fitted by hand to the data.

theoretically generated lines, this deviation is within the
estimated experimental error.

At low intensity the measured width departs from a
straight line and is dominated by the laser linewidth (0.25
cm™!), Doppler (0.17 cm™!/photon), and fine-structure
(0.12 cm ™~ !/photon) widths of the 2p state. The estimat-
ed net width, 0.42 cm ™!, is the maximum residual width
at zero intensity. This value agrees well with the value
extrapolated from the data, 0.5+0.1 cm .

The shift-to-width ratio is an intensity-independent pa-
rameter. This was derived from resonance profiles mea-
sured at the highest laser-pulse energies taken from eight
independent sets of data. The mean of 0.61+0.04 (one
standard deviation) agrees well with the value generated
by the theoretical model, 0.56. This value from the ob-
served profile is quite different from the theoretical ratio
8/y =1.26 for a uniform field. This is because the distri-
bution of shifts associated with different values of the ra-
diative fields increases the apparent width of the profile.

C. Laser-intensity dependence of the ion yield
at the peak of the resonance profile

The measurement of the laser-intensity dependence of
the ionization yield is a further test of resonant multipho-
ton ionization theory.

As discussed in Sec. II, the intensity dependence of the
ion yield at the peak of the resonance-ionization profile is
expected to be quadratic. This can be shown to be in-
dependent of the spatial or temporal variations in the
laser intensity, in the limit when a large number of laser
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shots is averaged.!® An important provision is that the
ionization width y /27 >>B. At our highest “mean” laser
intensity, ¥ /2m=6.8 cm !, we note that the theoretical
model predicts instantaneous peak laser intensities that
are a factor of 4-5 larger than this mean. Most of the
ionization takes place in the high-intensity spikes. The
laser bandwidth is 0.25 cm ™! (FWHM), so the condition
v /27 >>B is satisfied. (In the large-laser-bandwidth limit
y /21 << B the intensity dependence is predicted to be cu-
bic.)

Profile peak exponents between 2 and 2.5 for three-
photon resonant, four-photon ionization have been mea-
sured in an experiment in Cs (see Fig. 10 of Ref. 15 and
Fig. 8 of Ref. 16) and have been attributed to laser band-
width,'> Doppler effect,'” fine-structure effects, and to ra-
diation fields which fluctuate during the ionization time
of the resonant state.'

During the experimental runs the laser-pulse energy
was kept constant to within 10% during the scan. The rf
power to the hydrogen discharge, the H, pressure, and
the Balmer-a monitor were all constant during an experi-
mental run. Seven sets of data were taken with laser-
pulse energies between 1 and 11 mJ.

In Fig. 12 the peak intensity of the resonance profile is
plotted versus the laser-pulse energy on a log-log scale.
The data were fitted to a straight line. In this higher-
laser-pulse-energy range the measured intensity exponent
m of the peak of the ion-yield profile was m =2.3+0.1.
The indicated errors represent one standard deviation.

The intensity dependence in the higher-pulse-energy
range, 1%3%%! differs somewhat from the I? dependence
that our model predicts. Deviations from I? behavior are
expected to be due to nonadiabatic effects, as discussed in
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FIG. 12. Peak ion yield vs laser-pulse energy in the high-
laser-energy regime (1 < E <11 mJ). The solid line represents a
least-squares fit to the data with a straight line yielding a slope
of m=2.3+0.1.
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FIG. 13. Peak ion yield vs laser-pulse energy in the low-
laser-energy regime (0.3 < E <1.5 mJ). A least-squares fit to the
data by a straight line (solid line) yields a slope of m =3.0+0.2.

Sec. II. The nonadiabatic theory of Ref. 4 predicts an
I?? dependence for our conditions (at higher pulse ener-
gy and after spatial averaging).

Three sets of data were taken at low laser-pulse ener-
gies between 0.3 and 1.5 mJ. In Fig. 13 a similar plot is
displayed for this low-pulse-energy range. In this energy
range the measured intensity exponent was measured to
be m =3.0%0.2. In this energy range the fine structure,
Doppler, and laser linewidth of the 2p state dominate the
linewidth of the profile. In this regime the intensity
dependence of the ion yield at the peak of the profile is
expected to vary cubically with laser intensity. The mea-
sured intensity dependence confirms this.

D. Discussion of the photon-statistical properties
of the dye laser

Recently Westling and Raymer'? have undertaken de-
tailed investigations of the relative mode amplitudes and
phases of a multimode grazing-incidence dye laser. Their
modeling of intensity autocorrelation functions for ob-
served pulses demonstrates that for certain configurations
of their laser cavity, the mode-intensity distribution is
clearly non-Gaussian, and for other configurations they
determine that the mode phases are locked together. Our
single-shot spectral measurements indicate a Gaussian
distribution of mode intensities for our laser. While we
do not have a direct measure of the relative phases of the
modes, the random-phase approximation that we have
made does give a good approximation to the variety of
observed temporal profiles of our pulses, as well as a good
fit to the observed ionization line profiles. Finally, we
note that the role of the multimode Nd:YAG pump laser
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has not been explicitly included in our model for the pho-
ton statistics. In general, the mode structure and tem-
poral behavior of the pump laser can influence the corre-
sponding behavior of the dye laser. Also, in our experi-
mental configuration in which we sum mix the output of
the dye laser with the fundamental of the pump laser, the
resulting photon statistics can be a complex admixture of
the two inputs. We assume here, however, that if the
phases are largely random, it is sufficient to incorporate
these statistical contributions via their effect on the net
bandwidth of the pulse used to photoionize the atoms.

V. CONCLUSIONS

We have measured the line shape of the resonant four-
photon multiphoton ionization of atomic hydrogen. In
particular, we have measured the width, shift, asym-
metry, and peak height of the resonance-ionization
profile as a function of laser intensity. These measure-
ments agree well with the predictions of our theoretical
model of resonant multiphoton ionization. The model
explicitly takes into account the spatial and temporal
variations of the radiative field of our multimode laser.
The agreement between our experimental measurements
and the model confirms the values of the parameters (Q, 8,
and y provided to us by Reinhardt.’

Except at our lowest laser intensities, the width of the
observed resonant-enhanced photoionization profile
significantly exceeded the Doppler width, radiative decay
rate, and laser bandwidth. This latter condition is partic-
ularly important because it is essential to justify the use
of Eqg. (1) in modeling the effect of the radiative field fluc-
tuations on the profile.

The width and shift of our experimental profile were
observed to vary linearly with laser intensity (except for
the width at low intensities, due to Doppler and laser-
bandwidth contributions). The magnitude of the mea-
sured width and shift are about 20% smaller than pre-
dicted by the model on the basis of our measured laser-
intensity distribution. This discrepancy is just within the
limit of what we estimate to be the uncertainty in our
laser-intensity measurements, which stem from the deter-
mination of the spatial and temporal distribution of the
laser pulse, in addition to the total energy measurement.
Except at our lowest intensities, the width-to-shift ratio
was measured to be independent of laser intensity.

The shape of the observed ionization profile is highly
asymmetric, with a long tail towards the blue and a rela-
tively fast dropoff of the red wing. This latter effect ap-
pears to be unrelated to the fact that the photoionization
occurred near threshold. In fact, the entire profile, in-
cluding the steep red wing, are in good agreement with
models which do not include explicitly any threshold en-
ergy effect. The asymmetric shape as a whole reflects the
distribution of ac Stark shifts (quadratic in the field)
which arises from the distribution of intensities in the
laser pulse.

The details of the shape, shift, and width depend on the
mode structure of the laser. The width and ionization

yield can be on the order of 3-5 times larger for a mul-
timode laser than for a single-mode pulse of the same en-
ergy and pulse duration. The shape of the experimental
profile agrees well with two different models. Our model,
described earlier in the text, numerically simulates the
mode structure of the laser in great detail, but assumes
that the radiative field fluctuations are slow compared to
the photoionization rate of the excited state. The analyt-
ic model of Zoller* assumes a finite-bandwidth chaotic
field characterized by Gaussian statistics, but makes no
other assumptions except that depletion of the ground
state is small. The shape of Zoller’s predicted profile
agrees well with both our measured and calculated
profiles. This is consistent with the fact that the effect of
a multimode laser field should approach that of a chaotic
field as the number of laser modes becomes large. (We
note, however, that the analytic results of Zoller* have
not been averaged over the spatial distribution of intensi-
ties at the focus of a laser.)

The measured intensity dependence of the peak of the
ionization profile agrees with the predictions of our
model-quadratic for intensities such that y >>B, and cu-
bic when y <<B.

It would be very desirable to make observations using
this same excitation at higher laser intensities to study
threshold effects such as those discussed in Ref. 17. Such
measurements would have to be done with much shorter
laser pulses to avoid depletion of the ground state.
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APPENDIX

The general density-matrix equations governing multi-
photon processes are discussed in Ref. 6. Following the
development of Ref. 6 we expand the general density-
matrix elements in terms of harmonics of the incident
field frequency,

pa(N=04()+ 3 [o@ D™+l (e =] .
n>0
(A1)
After adiabatic elimination of all elements other than o,
the population in the 1s state, o ,,, the population in the
2s state, and o3, the remaining equations governing the
secular evolution of these elements are

do (1)

SO o0 2 I e Ol 0, (A2)

dUzz(t)

7—:—[71(‘)4‘7:]022(”
—2Im{u* D[ (O]} (A3)
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dg<l321(t) . the paper and y; and ¥, are the ionization and spontane-
a —i{[30; —w,—8()]+ [y () +y, 1} ous emission loss rates from the 2p state, respectively.
Note that the complex field amplitude €(¢) is now time

X' +ilopn(t)—o (O], dependent. Formal integration of Eq. (A4) yields an ex-

pression for ¢{3'(¢) which can be substituted in Egs. (A2)
(A4)  and (A3) to give equations for o ,(¢) and o ,,(¢), the popu-
lations in the 1s and 2p states, respectively. The equation
where the notation is the same as that used in the body of  for 0,,(¢) becomes

J

dUzz
ar =—[ri(O)+r,lonl)
N2 i3 341 . _ ’__ ! " " . rﬁ ”" ”"
—2Re{|ud] fos(t)e* (1")exp |i [(Bw, —w) (' —1)+ f’,zsu dt +zfr, St ]
X[O’zz([l)_o'“(tl)]dt,] . (AS)

In the time regime in which the process can be treated perturbatively, i.e., when depopulation of the ground state is
negligible, we can set 0,,—0 ;= —1. In addition, when the ionization rate of the 2p state is rapid compared to the rate
of transitions between the 1s and 2p states the repopulation of the ground state will be negligible. In this case the
second term of Eq. (AS) can be regarded both as the instantaneous rate of population of the 2p state, and of multipho-
ton ionization. Thus

(¢")dt"

i

R(1)=2 Re m‘ﬁz)\zfo’e-‘u)*e%z')exp (3w, —w,)(t'—1)+ flfS(t")dt"Jriftﬁ dt’] . (A6)

2
If the complex field amplitude £(¢)=|e(z)|e®" is known explicitly for all times then Eq. (A6) can be integrated over
the history of the laser field to give the instantaneous rate of ionization R(¢). This process is simplified greatly in the
limit where the field fluctuations occur on a time scale which is slow compared to the time characterizing ionization of
the 2p state, i.e., ¥ /27 >>B. In this case the exponential factor exp[ — fﬁ.y,»(t”)dt”] in the integrand of Eq. (A6) en-
sures that the integrand will be vanishingly small for values of ¢’ which are very different from the upper limit of in-
tegration t. Thus we can expand the integrand to first order in ¢’ about ¢ which yields the following expression for R (z):

- 3)12 6 ! . _ 14 _ . Yi(t) £(t)
R()=2Reluld|?le(r)] deTexpl P Bop =) =300 =8(0—i | =5—+3 |~ | |71 (A7)
Integration of (A7) gives
(1) e(t)
2 (1)
R()=2[uP[e()]’]? " o (A8)
. it :
[Bo, —o,—30(0 -0+ | Lo 43|88 ]
2 e(t)

Since 6 and |&/¢| are both of order B, is the bandwidth of the laser, and since we have already assumed that 7,8 >>B,
the instantaneous rate of ionization can be approximated as

vi(t)

R(0)=|u3[e()]]?

2
; (1)
[3CUL_C()12—8(t)]2+ y— ]

which is identical to Eq. (1).

Alternatively, if the statistics of the field are known, an effective ionization rate can be calculated by averaging Eq.
(A6) over the field fluctuations characteristic of the relevant correlation functions of the field. This has been accom-
plished for fields with a constant mean intensity and a Lorentzian frequency spectrum by Zoller in Ref. 4.
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