PHYSICAL REVIEW A

VOLUME 40, NUMBER 5

SEPTEMBER 1, 1989

Complex spatial structure of ion yield arising from high-intensity multiphoton ionization

T.J. Mcllrath
Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742

R. R. Freeman
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

W. E. Cooke
Department of Physics, University of Southern California, Los Angeles, California 90007

L. D. van Woerkom
AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 7 February 1989)

Recent measurements of the electron-energy distribution for high-intensity short-pulse multipho-
ton ionization in xenon have yielded a spectrum unexpectedly rich in well-resolved peaks, ap-
parently arising from optical Stark shifts of atomic levels into resonance with harmonics of the ion-
izing laser. Here we show that such a resonance structure is, quite generally, accompanied by a
surprisingly complex spatial structure of the total ionization yield. We predict this spatial structure
to arise in a wide variety of multiphoton experiments.

In a recent paper, Freeman et al.! reported the obser-
vation of an unexpected fine structure in the electron-
energy spectrum for short-pulse high-intensity multipho-
ton ionization in xenon. This result, subsequently
confirmed in xenon by other researchers® and also recent-
ly observed by us in krypton, argon, and neon, is thought
to be due to optical Stark shifts of atomic levels during
the course of the intense laser pulse. Here we show that
when such a structure appears in the energy spectrum,
the resulting ionization yield is necessarily distributed
spatially throughout the interaction volume in a complex,
inhomogeneous manner. We demonstrate that the form
of this spatial structure can be derived directly from that
of the fine structure in the electron-energy spectrum.

In an intense optical field with peak intensity I and fre-
quency o, the ionization threshold (I, ) increases its ener-
gy relative to the ground state by the ponderomotive en-
ergy,’ viz., U,(I)=2me*I /m,ce’. For long-pulse excita-
tion this threshold increase is effectively masked in the
photoelectron spectra,* but under the conditions of
short-pulse excitation, the photoelectrons all arrive at the
detector with their energy reduced'> by U,(I), where I is
the intensity at the moment of photoionization for each
electron. The high-lying Rydberg states of atoms or mol-
ecules increase in energy relative to the ground state by
approximately$ U,(I), opening up the possibility that
they will shift into resonance with the mth harmonic of
the laser frequency sometime during the pulse.”® States
that can enhance the multiphoton ionization rate must
have a zero-field energy that is less than m#w above the
ground state and have the appropriate parity. The oc-
currence of such a resonance increases the ionization
yield at a specific photoemission energy.! Figure 1 shows
a portion of the record of electron kinetic energies ob-
tained in high intensity ( <7X10'* W/cm?) multiphoton
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FIG. 1. A portion of the experimental record of electron ki-
netic energies N(E) obtained in high-intensity (<7X10"
W/cm?) multiphoton photoemission of xenon for a laser at 616
nm with a pulse width of =250 fsec. Because of the connection
between the ponderomotive potential, the high intensity light,
and the shift of the atomic ionization potential, the abscissa is
also labeled with the intensity of light experienced by each
atom. The “normalized” spectrum is obtained by dividing the
experimental spectrum at each energy by a value proportional
to the effective spatial volume which can contribute photoelec-
trons at that energy [Eq. (2)].
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photoemission of xenon for a laser at 616 nm with a pulse
width of =~250 fsec. At 616 nm, xenon requires seven
photons to ionize the ground state, and the sixth harmon-
ic (6fiw) lies just 0.05 eV below the (zero-field) ionization
threshold 7. This relative positioning in energy of 67w
and the xenon ionization threshold places the sixth har-
monic just above the unshifted energy positions of a large
family of xenon excited states. The position labeled 7#w
is the energy that electrons would have if photoemitted
by seven-photon ionization without a ponderomotive
shift.

The resonance structure in the kinetic energy spectrum
in Fig. (1) is uniquely related to the specific intensities re-
quired to shift the excited states into six-photon reso-
nance with the laser.! This intensity is the same for all
atoms in the interaction volume; thus the abscissa on Fig.
1 may be relabeled according to the intensity 7, with the
conversion factor derived from the ponderomotive poten-
tial (Z(W/cm?)=[(2.0—E)/(0.37 eV)] X 10'? at 616 nm).
The states are labeled in Fig. 1 by assuming their optical
Stark shifts to be approximately ponderomotive.

The ponderomotive shift at any position (7,z) and time
¢t within the ionization pulse is directly proportional to
the local intensity® I(r,zt); at the focus (z=0),
I(r,t)=Iyexp[—(r/ry)*—(t/7)*]. If the intensity re-
quired to shift one of the f states into six-photon reso-
nance is Ip, where Iy <I, electrons with energy Ex will
be produced at the temporal peak of the pulse (i.e., t =0)
from atoms in a narrow spatial band centered at
ri=ro[In(I,/Ig)]'/%. However, electrons with the same
energy Ep from the same f state are also produced by
different atoms whose radial positions satisfy r <r,.
These atoms also produce their electrons at I =1, but at
times other than 7 =0: once when the intensity passes
through I on the leading edge of the pulse and again on
the falling edge.

The ionization rate is a convoluted function of time
and space.’ However, the assumption that high-intensity
photoemission arises primarily from level crossings yields
a significant simplification: Because each atom undergoes
an m-photon resonance for a given state at precisely the
same intensity, regardless of the spatial location of the
atom, the ionization probability can vary from atom to
atom only because the amount of time each atom experi-
ences that intensity depends upon its location in the beam
focus. This time is greatest for those atoms located
where the resonance intensity Iz occurs at the peak in
the local intensity; i.e., where I(¢t)=Igexp[ —(z/7)?]. At
these points the resonance time interval is ¢t =~ ; however,
at spatial points where I(t)=1I,exp| —(t/7)*] and
I, > Iy, resonance occurs only on the leading and falling
edge of the pulse, and the time interval for resonance is
much less than 7. Iz is this spatial variation in “resonance
time” that produces a nonmonotonic variation of total ion-
ization with radius. Here we outline a quantitative model
of the spatial dependence of the ionization probability
based upon Landau-Zener curve crossing theory'? extend-
ed'' to account for curve crossings having not only the
usual linear dependence on time (as on the steep edges of
the pulse), but quadratic as well (as near the top of the
pulse). The full derivation is given elsewhere. '!

2771

Consider two states: State 1 is the excited Rydberg lev-
el of the atom, and state 2, assumed to lie above state 1, is
the ground state dressed by m photons. These levels are
initially separated in energy by #iwg, but because of the
optical Stark shift of state 1, the separation 7w decreases
with  increasing laser intensity according to
w=wg(1—1/Iy), where I is the intensity for the levels
to cross (i.e., “resonance”). The first and second deriva-
tives of the energy separation are used to parametrize the
level separation with time. For a laser beam with a
Gaussian  distribution in time and for I=I,
18w /81| =(2wg /7)[In(1, /Ig)]'/?. If Iy =1I,, so that the
resonance occurs at the peak of the local beam intensity
where 9w/0t =0, then [0’w/dt?|=2wg /7 [ignoring
terms of order (¢ /7)*].

Conventional Landau-Zener theory for a curve cross-
ing linear in time computes the probability for a transi-
tion from the ground (state 2) to the excited state (state 1)
to be P =1—exp(—p), where p =27V 272 with #V equal
to the interaction strength [proportional to (Iz )™ in this
instance] and 72=3w/dt| ~!. (Assuming that the ioniza-
tion cross section of state 1 is sufficiently large that no
population is coherently returned to the ground
state.) When I,=Iy, 0w /0t =0, 7, is dominated by the
second-order derivative and can be shown!' by direct
integration to be 72=a? 3% /01?23, where o
=(1/2m)($)'3[T(1)]%. Adding the linear and quadratic
rates in quadrature, and assuming no coherence in the ex-
citation, yields the total ionization probability from reso-
nance R at any spatial location to be

N'(r)
P N, [1—exp(—p)],

(1)
€

1+e[In(1, /1)1’

p=p(rz,og)=2aVi(1/wg)

where e=T*(1/3)(wg7/3)"3/27=0.79(wg 7). Here
I,=1,(r) is the peak intensity at £ =0 at position (r,z) in
the beam; at z =0, Ip and r are related to I, the peak in-
tensity at » =0, and r,, the spot size at the focus by
r=ro[InIy/1, )]'/2. N'(r), the ground-state density
remaining after the ionization due to all j atomic reso-
nances requiring less intensity than I, is related to
Ny, the initial ground-state density, by N’(r)
=Noexp(—3/_p;).

Under conditions far from saturation, p <<1, yielding
P =p, but Eq. (1) correctly predicts the general case. We
have elsewhere!? considered explicitly how the spatial
structure is distorted by saturation. For the purposes of
this paper it is sufficient to note that short-pulse multi-
photon ionization measurements provide an empirical
monitor of the role of saturation: the quality of the struc-
ture in the photoelectron energy spectrum. If there were
saturation, the structure at the lower kinetic energies,
corresponding to levels requiring more intensity to under-
go resonance (and thus later in the pulse for all r), would
be absent or seriously attenuated. However, none of the
data we have taken in short-pulse multiphoton ionization
measurements shows any sign of saturation for any reso-
nance. Indeed, the ratio of signal strength of the 4/ to 5f
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resonances in the volume normalized spectra in Fig. 1 is
very nearly what one would expect from a ratio of reso-
nance intensities raised to the sixth power. For these
reasons our further discussion assumes the weak ioniza-
tion limit, although we emphasize that Eq. (1) is quite
general and applies to arbitrary ionization probabilities as
well.

The total ionization contributed to the photoemission
spectrum N (E) from resonance R is obtained by sum-
ming contributions from all points in the volume. That
is, integrating NoP =N p over all space, we find (after the
explicit radial integration)

N(wg)=8mN, V3 T |
C()R J
Zm 1
Xf (1+z%) |u ——In(1+eu) | |dz , (2)
0 3
where
1, 172
u= |ln——— , Z, =V 1y/Ig—1.
Ig(1+22) n=V1o/Iy

Equations (1) and (2) allow the calculation of both the
spatial and energy distribution of a high-intensity multi-
photon experiment given a list of the atomic energy levels
and the m-photon transition strengths: First calculate
the spatial distribution from Eq. (1), then weight the con-
tribution of each resonance in the energy distribution by
computing its effective volume [Eq. (2)].

To calculate the spatial distribution from an experi-
mental record of the energy spectrum N (E), (i) deconvo-
lute the energy response function of the electron-energy
analyzer from the recorded data, (ii) determine the con-
tribution of each Ep contained in N(E) to the spatial
yield by first normalizing N(E) by N(wg) (we have
shown the application of this normalization to the experi-
mental data in Fig. 1; the effective volume of resonances
with small values of Iy, e.g., 6f,7f, ..., is so large that
it contributes significantly to the experimental photo-
emission spectrum, even though its intrinsic strength,
shown in the normalized spectrum, is negligible), (iii) ap-
ply Eq. (1) to determine the total ionization at (r,z), that
is,

N(r,z2)= [[N(Eg)Nop(r,z,0p)/N(wg)1dEg .

We have applied this procedure to the data in Fig. 1.
Figure 2 shows the results: The peak intensity in the
beam is taken to be 7X10'* W/cm?. The Gaussian beam
profile and the distribution of photoemitted electrons as-
suming truly nonresonant, seven-photon multiphoton
ionization are also shown. Note that while the position
of the peak in the nonresonant distribution is indepen-
dent of I,, that of the resonant ionization scales as
(InI,)'”%. The complex spatial structure introduced in
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FIG. 2. The resultant spatial distribution at z =0 of total ion-
ization yield calculated from the energy spectrum shown in Fig.
1 for an intensity of 7X 10'> W/cm?. Also shown is the ioniza-
tion yield assuming conventional seven-order ‘‘nonresonant”
ionization. The position of the peak of the nonresonant distri-
bution is independent of I,, while that for resonant ionization
scales as (Inl,)'/2

Fig. 2 by the excited atomic states is dramatic. !*

The complex spatial distribution of ionization intro-
duced by resonances is expected to influence several kinds
of high-intensity multiphoton experiments. In sequential
ionization,®!* for example, the rising laser pulse first ion-
izes the neutral atom and then, at higher intensities, pro-
duces higher stages of ionization in a sequential manner.
These experiments are usually analyzed by assuming that
at saturation the resulting ions are produced primarily on
axis, with a monotonically decreasing density with ra-
dius. These ions are then presumed to have been exposed
to higher intensities where they nonresonantly ionize fur-
ther. In contrast, this paper demonstrates that the ion-
ization density for any stage will not necessarily fall off
monotonically with radius, but may be instead concen-
trated in the regions of ‘“‘spatial resonances.” In general,
the spatial resonances for one stage of ionization will not
match up with the spatial regions of resonance for the
succeeding ionization stage. Although saturation due to
long laser pulse lengths or very large atomic transition
strengths may limit the effects of this mismatch, we ex-
pect the complex ionization distributions to play a
significant role in inhibiting multiple ionization; however,
their effects can be explicitly calculated using the pro-
cedure outlined here.
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