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Detailed comparison of theory and experiment of strong-field photodetachment
of the negative hydrogen ion

Rainer Reichle, Hanspeter Helm, and Igor Yu. Kiyan
Physikalisches Institut, Albert-Ludwigs-Universita¨t, D-79104 Freiburg, Germany

~Received 22 August 2003; published 10 December 2003!

We study the strong-field interaction of a negative hydrogen ion in a short infrared laser pulse. An imaging
technique is employed in a fast ion beam to record angular-resolved energy distributions of the photodetached
electrons. The spectrum exhibits four excess photon channels. A detailed analysis of the energy and angular
distribution is presented, including a comparison with recent theories. From our data we determine elastic-
scattering phase shifts of the partial continuum waves in the lowest-order detachment channel. Quantitative
agreement with scattering theory is obtained. A quantum interference effect predicted in a recent Keldysh-like
theory is observed at energies close to threshold. We propose an analogy to a double-slit model which explains
the interference features in a simple and intuitive way. We also verify the applicability of the Wigner threshold
law in the strong-field regime and discuss its role in the observed quantum interference.

DOI: 10.1103/PhysRevA.68.063404 PACS number~s!: 32.80.Rm, 32.80.Gc
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I. INTRODUCTION

Atomic or molecular systems exposed to intense la
fields show above threshold ionization~ATI !, a multiphoton
ionization process that involves more than the neces
number of photons to reach the continuum@1,2#. ATI occurs
at field strengths well below the inner atomic field. Seve
distinct, nonperturbative approaches have been develope
its description. Among these are direct numerical integrat
methods~see Sec. III G of Ref.@2#!, the Keldysh-Faisal-
Reiss~KFR, Refs.@3–5#! method and its various modifica
tions @6,7#, and complex quasienergy methods@8,9#.

From the standpoint of theory, negative ions constit
simpler systems than neutral atoms due to the lack of s
able intermediate states for resonantly enhanced ioniza
In addition, the atomic potential for negative ions can, to
first approximation, be modeled by a zero-range poten
This approximation allows a pure analytical description
the form of a Keldysh-like theory@6#. In unraveling the in-
herent ionization dynamics this approximation turns out
be rather practicable as it expands the multiphoton transi
matrix element in complex trajectories in the formalism
path integrals. The dynamics of the electron is thus relate
a coherent superposition of quantum trajectories.

Strong-field ionization of the weakly bound electron in
negative ion represents one of the rare cases in which on
small number of such paths contribute to the dynam
@10,11#. We show here that the quantum path interference
a single electron can be observed by exposing negative
to a linearly polarized, intense laser field. In fact this int
ference dominates angular distributions~ADs! at low elec-
tron energies, preventing under certain conditions any p
todetachment along the laser polarization axis. T
counterintuitive behavior has also been predicted in rec
theoretical works by Borcaet al. @8# and by Telnov and Chu
@9#.

Experimental investigations of negative ions in inten
laser fields are limited@12–14# since they must first be pre
pared and properly isolated from their neutral parent
1050-2947/2003/68~6!/063404~11!/$20.00 68 0634
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specify the initial state. The observation of excess pho
detachment~EPD! in H2, the analogous process to ATI fo
negative ions, was found to be difficult because of the sm
binding energy of the outer electron and the high laser int
sity required@15,16#. A major difficulty lies in the finite rise
time of the laser pulse which leads to depletion of the H2

bound state population prior to reaching the peak intens
We show here that this problem can be circumvented
using long wavelength radiation and ultrashort laser puls
Our work tests the applicability of Keldysh-like approach
over a wide range of phase space of the continuum elec
and examines the profound role of quantum path inter
ences in the detachment dynamics of a negative ion.

II. EXPERIMENT

Our experimental setup is shown in Fig. 1. H2 ions are
formed in a hollow cathode discharge, accelerated to 3 k
and mass selected. Einzel lenses control the focusing of
ion beam in the interaction region, where the beam wais
400 mm at a flux of 100 nA. The 90° bend in the quadrupo
serves to clean the negative-ion beam from neutral ato
formed by collisional detachment in the first two vacuu
sections. Three differentially pumped sections maintain a
sidual pressure of 5310210 mbar in the interaction region
during operation. Laser pulses of an energy of 56mJ, a pulse
length of 250 fs@full width at half maximum~FWHM!#, and
a wavelength of 2.15mm are generated in an optical par
metric amplifier pumped with a Ti:sapphire laser system a
repetition rate of 1 kHz. The laser beam is focused by
15- cm focal length lens and crosses the ion beam at r
angle. The intensity distribution in the laser focus is me
sured by scanning a razor blade across the focus. It ca
well reproduced by a Gaussian shape with a waist of 50mm
~FWHM! and a Rayleigh range of 4 mm. The peak intens
in the laser focus is of the order of 1.731013 W/cm2.

The central part of our setup is an imaging spectrome
@17#, which maps electrons ejected in the entire solid an
onto a two-dimensional~2D! position sensitive detector b
an electrostatic field. The position sensitive detector cons
©2003 The American Physical Society04-1
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FIG. 1. Schematic view of the negative-ion beam apparatus. Details are given in the text.
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of a stack of image-quality multichannel plates and a hom
made phosphor screen, coated on a glass plate with a t
parent conductive gold layer. The light spots are imaged o
a charge-coupled-device array~12-bit resolution! where they
are accumulated and retrieved by a frame grabber at inter
of a few minutes. A Wollaston prism polarizer ensured line
polarization, oriented parallel to the detector surface. T
spectrometer is operated in the velocity mapping regime@18#
which we discuss in the following section. The last vertic
pair of steering plates precompensates the small deflectio
negative ions towards the interaction region by the projec
field of the imaging spectrometer. This ensures a nearly h
zontal beam path across the laser focus, an important req
ment to suppress asymmetry of the photoelectron image.
sidual electron background is reduced by pulsing the
beam with 10ms on and 990ms off for each laser shot pe
riod. Under typical operating conditions about 5 events
laser shot are recorded. Distortions by space charge ef
do not occur at such an electron yield.

The drift energy of photoelectrons formed in ann-photon
transition by a short laser pulse is defined as~in atomic units!

Epn
5pn

2/25n v1E02a0~v!F2/42F2/4v2. ~1!

Here pn is the electron momentum,v and F are the fre-
quency and the electric-field strength of laser radiation,
spectively.E0 is the binding energy of the negative hydrog
ion (20.754 21 eV@19#!. The last two terms in Eq.~1! cor-
respond to the ac Stark shift of the ground state of H2 and
the ponderomotive shift of the continuum threshold, resp
tively. The dynamical polarizabilitya0(v) is described in
Ref. @20# and its value is'270 a.u. at our laser frequenc
Equation~1! is valid for our short laser-pulse condition, i
which case the ponderomotive acceleration of electrons f
the focal volume can be neglected.

III. ELIMINATION OF IMAGE DISTORTIONS

The spatial distribution of photoelectrons moving towar
the detector under the action of the projection field can
represented by a superposition of expanding concen
06340
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spheres. Each sphere describes electrons of a particular
mentum valuepn and its radius is defined asr 5pnt/me ,
wheret is the expansion time. The modulation of the electr
density over the sphere is determined by the angular de
dence of the photodetachment probability at the given e
tron momentum. For linearly polarized electromagnetic fie
the angular distribution has a cylindrical symmetry and re
resents a function of solely the angleu between the electron
momentum vector and the laser polarization axis.

Here we consider two intrinsic sources of image distort
by comparing simulated maps of a single sphere onto
detector plane. Ideal imaging is achieved when the sphe
mapped in a parallel projection as indicated in Fig. 2~a!. In
this case, each parallel of latitude is projected into a sin
line in the detector plane.

Distortions arise because of the finite timeDt of the
sphere projection. While the front part of the sphere is
ready mapped onto the detector, its back part continue
expand during this time interval. The value ofDt can be
defined by dividing the diameter of the sphere by the vel
ity of its center,v, at the location of the detector. Thus,Dt
52v0T/v, whereT denotes the time of flight of an electro
with zero initial energy from the origin to the detector, an
v05pn /me is the initial electron velocity. The influence o
this distortion decreases with smaller values of the ra
Dt/T. This ratio is related to a parameterr which represents
the ratio of the energy gained by the electron in the proj
tion field and the initial drift energyEpn

:

Dt/T52/Ar. ~2!

The parameterr is therefore a measure of the quality of th
projected image. Images for three different values ofr are
compared in Fig. 2~b!. For large values ofr the parallels of
latitude are projected into narrow ellipses, approximating
ideal case of straight lines@21#.

Another distortion arises from the translational motion
the negative-ion target. Ejection from a moving targ
sweeps the spheres across the detector surface in the d
tion of the translation during the projection timeDt. This
4-2
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DETAILED COMPARISON OF THEORY AND . . . PHYSICAL REVIEW A68, 063404 ~2003!
complication is illustrated in Fig. 2~c! for the particular case
when the velocity of the target ion is identical to the veloc
v0 of the emitted electron. In this case backwards emit
electrons have zero kinetic energy.

Both distortion effects can be significantly reduced
choosingr to be large, as may be seen from Fig. 2. Th
situation may be named ‘‘hard projection.’’ The value ofr
controls the size of the image on the detector, a larger
value implying an image of smaller dimension. However
is possible to achieve a predefined quality valuer and an
appropriate size of the image by choosing a long eno
flight distance. In our experiment we achieve a quality va
r'1000 at a typical image diameter of'1 cm. In order to
demonstrate the sufficient improvement in the image qua
at such a high valuer, a test experiment was performe
where we recordedp-wave photoelectrons produced by on
photon detachment in a weak field of the fundamental of

FIG. 2. ~a! Definition of ideal imaging conditions~parallel pro-
jection!, ~b! distortions due to finite projection time when the io
target is at rest, and~c! finite projection time distortions when th
target has an additional translational motion~assumed here to b
equal tov0). The X-Z plots show how parallels of latitude on th
sphere are projected as a function of the imaging parameterr. The
quality of our measurement corresponds tor'1000. Calculations
are based on classical trajectory solutions in a homogeneous
jection field.
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Ti:sapphire laser (l5796 nm). Figure 3 gives two example
of images, one taken with a moderate projection qualityr
'30) and a flight distance of 16 mm, and one by employ
a hard projection (r'1000) with a five times longer fligh
distance. The two distortion effects discussed above are
parent from Fig. 3~a!. As a consequence of the finite time o
projection and the translation of the target a broadening
the outer rim and a forward-backward-asymmetry appea
closer inspection of the image in Fig. 3~a! also reveals that it
is not circular but elongated along the laser beam propa
tion direction. This is because of a finite size of the intera
tion volume which extends in this dimension over t
400 mm width of the ion beam~note that the Rayleigh rang
of the laser focus is much larger than this value!. The two
other dimensions of the interaction volume are defined by
waist of the laser focus of 50mm, which is smaller than the
spatial resolution of our detector ('100 mm). In order to
avoid the elongation, we employed a slightly nonunifor
projection field which operates in the form of an electrosta
immersion lens~for details, see Ref.@22#!. In this case tra-
jectories of electrons starting with the same velocity vecto
different lateral positions in the interaction volume merge
a single point on the detector. The improvement in the ima
quality obtained with the use of this velocity mapping@18# is
evident from Fig. 3~b!, where the image appears circular.

IV. EXPERIMENTAL IMAGE AND IMAGE PROCESSING

Employing a hard projection in combination with the v
locity mapping regime, the image shown in Fig. 4 was
corded by using strong laser radiation at the wavelength
2.15mm. The data were accumulated over a period of 3
corresponding to;108 detected electrons. To avoid long
term drifts this time was divided into equal periods with t
laser off and on. The background images~laser off! are sub-
tracted to discriminate the signal of collisionally induce
electrons. The electron image in Fig. 4 is smooth and hig
structured. Note that no smoothing routine is applied to th
data. They cover a pixel area of'1503150 at a dynamic
range of'23103.

The system of rings in Fig. 4 corresponds to differe
n-photon channels according to the proportionalityr}pn .
The polar modulation of the electron yield at a given rad

ro-

FIG. 3. Raw images of one-photon detachment of H2 in a weak
field of 796 nm recorded by using a homogeneous projection fi
of moderate qualityr'30 ~a! and by using a hard projection with
r'1000 in the velocity mapping regime~b!. Both images show a
signal ofp-wave electrons with the kinetic energy of 0.804 eV. A
image distortions discussed in the text are clearly visible in~a!.
4-3
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REICHLE, HELM, AND KIYAN PHYSICAL REVIEW A 68, 063404 ~2003!
renders the angular distribution at a corresponding value
the electron momentum. Nodes indicate the dominance
specific partial waves describing the outgoing electron
quantitative analysis of the differential detachment rates
performed below in two steps. First, the recorded image
numerically inverted in order to reconstruct the 3D pho
electron distribution before projection. In a second step,
data are corrected for the detector resolution. An abso
calibration of the momentum scale of the detector is a
carried out.

A. Backprojection

It is evident from Fig. 2 that under hard projection cond
tions the reconstruction of the 3D distribution separates
inversions of lower dimensionality. In this case an invers
of each separate pixel row in Fig. 2 results in a 2D slice
the 3D distribution. This inversion corresponds to an Ab
transform@23#. A drawback of such a 1D backprojection ro
tines of a discrete set of pixels is that they accumulate
merical errors along the symmetry axisX50. In order to
avoid this we applied the approach of Vrakking@24#, which
is based on an Abel inversion and a subsequent 2D cor
tion employing a quasifitting algorithm. Numerical errors
this approach are contracted at the unessential center o
imageX5Z50, corresponding to zero electron kinetic e
ergy. In a first approximation this algorithm reconstructs
3D radial and angular distribution using an Abel inversi
for each pixel row. In a second step this trial distribution
numerically forward projected and compared with the r
data. The difference obtained this way is used in an itera
correction for every angular and radial point. After each
eration ax2-test decides for continuation or abortion of th
correction procedure.

B. Energy calibration and deconvolution

We calibrated the detector scale in the momentum re
sentation by recording images of thep-wave one-photon de
tachment at three known wavelengths, the fundamenta
the Ti:sapphire laser, its second harmonic, and a dye l
wavelength of 591.3 nm@see Fig. 3~b! for an example#. In
each case laser radiation was strongly attenuated to mak
ponderomotive shift of the continuum threshold negligib
The corresponding photoelectron kinetic energies are 0.

FIG. 4. Raw image of photoelectrons produced in a laser field
2.15mm wavelength and 1.731013 W/cm2 peak intensity. The im-
age corresponds to;108 detected electrons.
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2.363, and 1.347 eV, respectively. The calibration imag
were backprojected by using the routine described above.
obtained a linear relation between the radii of reconstruc
spheres and the expected electron momenta with a cal
tion coefficient of 0.976(3)3106 m/s per pixel. The radial
profile of a backprojected calibration image defines the
paratus function of the detector. We found it to be equival
to the finite spatial resolution of the single event response
the detector. This function can be described by a Voigt pro
with a FWHM of 7.5 pixels.

The Voigt response function was used to deconvolve
(p,u) distribution obtained as a result of backprojection
the raw image shown in Fig. 4. Herep denotes the calibrated
momentum coordinate. Since the angular dependence
tains no sharp features over the width of a few pixels,
deconvolution is solely performed along the momentum
ordinate. The convolution is described by a Fredholm in
gral equation

hi~p!5E K~p,p8! f i~p8!dp8. ~3!

The kernelK(p,p8) represents the experimentally define
response function expressed in the momentum represent
and p8 denotes the momentum coordinate of the decon
luted image. The functionhi(p) is the measured momentum
distribution at a given angle stepi and f i(p) is to be deter-
mined. A typical feature of such an ‘‘ill-posed’’ problem i
that the deconvoluted image accumulates an oscilla
structure caused by statistical noise. This problem can
overcome by using a Tikhonov regularization routine@26#.
The regularization procedure was carried out for discr
emission anglesu i at a step size of 4°. The deconvolute
(p,u) distribution was converted into the (E,u) spectrum,
whereE represents the kinetic-energy scale. The final res
is shown in the upper part of Fig. 5.

V. COMPARISON WITH A KELDYSH-LIKE THEORY

Similar to the original work by Keldysh@3# and Perelo-
mov et al. @28#, the adiabatic approach by Gribakin an
Kuchiev @6# uses the saddle-point method to evaluate
transition matrix element in a linearly polarized fieldF(t)
5F cosvt. The transition amplitude represents the sum
two contributions corresponding to the saddle pointsm
51,2 of the classical action in the plane of complex time

Apn5 (
m51,2

~cm1 ism!n

A2p~2 iSm9 !
exp@2 icm~j1zsm!#, ~4!

where

sm5@2j6 iA8z~n2z!2j2#/4z, cm56A12sm
2 ,

Sm9 5cm~j14zsm!, z5e2F2/4v3, j5eFpcosu/v2.

The 6 signs correspond tom51,2, respectively. The ampli
tude in Eq.~4! is in the familiar path-integral formalism~see
Ref. @10#, and references therein! which enables an interpre
tation in terms of complex trajectories. The real part of

f

4-4
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DETAILED COMPARISON OF THEORY AND . . . PHYSICAL REVIEW A68, 063404 ~2003!
complex trajectory may be considered as the classical p
while the imaginary part is related to a measure of its rela
weight @11#. The coherent superposition of two saddle poi
in Eq. ~4! gives rise to interference between the two asso
ated quantum trajectories. Using Eq.~4! for the transition
amplitude, the differential rate for then-photon detachmen
channel is@6#

dwn

dV
5

3A2

4p
p uA pnu2, ~5!

where A50.75 is a normalization coefficient of th
asymptotic wave function of the ground state of H2.

A. Saturation, focal volume, and ponderomotive shift

In order to compare the angular and momentum distri
tion calculated from Eqs.~4! and ~5! with the experimental
values, the following experimental circumstances need to
taken into account. Because of the spatial and temporal
tribution of laser intensity in the focus, negative ions exp
rience different field strengths in the range from zero to
peak value. Thus, the photodetachment rate must be
grated over the intensity distribution. On doing this, the po
deromotive shift should be taken into account. Since the p
deromotive shift is proportional to the laser intensity, th
integration results in a broadening of the energy peaks

FIG. 5. ~Color online! Photoelectron spectrum as a function
drift energy and emission angle: upper part—experiment, lo
part—simulation by using a Keldysh-like theory~see text!. The
spectra are normalized according to the integrated signal. The c
scale factor is in arbitrary units.
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addition, the saturation of the photodetachment proc
~depletion of the primary ions! needs to be taken into ac
count. It effectively reduces the peak intensity experienc
by negative ions. We found that this effect is sensitive to
temporal profile of the laser pulse assumed. The best ag
ment between the experimental and simulated spectr
achieved with a sech2(t) profile. This is also consistent with
the measured autocorrelation trace of the temporal laser
file. Since the Rayleigh range of the laser focus is mu
larger than the spot size of the ion beam, the interact
volume can be approximated by a cylinder where the int
sity dependence on its radial coordinater needs to be con-
sidered. Thus, the spatial and temporal shape of the l
pulse in the focus is represented by

I ~r ,t !5I peak e2(r /sr )
2
sech2S t2t0

s t
D , ~6!

wheres t5250 fs and the focus waists r550 mm according
to our beam diagnostic measurements. The value of the p
intensity I peak is obtained by normalizing the integral o
I (r ,t) over r and t to the pulse energy delivered into th
interaction region.

For a given radial coordinater and timet the n-photon
yield of photoelectrons per unit time and unit volume
interaction is defined as the product of the differential r
and the population of negative ions in the ground state:

yn~u,r ,t !5g~r ,t !
d

dV
wn„u,I ~r ,t !…. ~7!

Taking depletion into account, the ground-state populatio

g~r ,t !5g0 expH 2(
n
E

2`

t

dtwn„I ~r ,t!…J , ~8!

whereg0 is the initial density of negative ions andwn is the
n-photon detachment rate integrated over the solid angle
simulated (E,u) electron distribution is obtained by integra
ing Eq. ~7! over the radial coordinater and timet, and add-
ing together contributions from differentn-photon channels:

dG

dV
~E,u!}(

n
E

0

`

dr r E
2`

`

dt yn~u,r ,t !

3d„nv2E2tI ~r ,t !1E0…. ~9!

Here thed function accounts for the ponderomotive shift
the continuum and the ac Stark shift of the ground state,
t5@a0(v)11/v2#/45623.7 a.u. Sincea0(v)v2;1/10 for
the frequency used in our experiment, the ground-state s
is of minor importance and is neglected in these calculatio
The simulated spectrum is presented in the lower part
Fig. 5 @27#.

VI. DISCUSSION

Below we analyze the experimental and theoretical sp
tra in Fig. 5. Both spectra reveal four distinct EPD chann
broadened by the ponderomotive effect. Energy limitsEn

r

lor
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REICHLE, HELM, AND KIYAN PHYSICAL REVIEW A 68, 063404 ~2003!
5nv1E0 for vanishing intensity are indicated by arrows t
gether with the respective photon numbers. Since the dif
ent photon channels are well separated in energy we
analyze each channel individually. Then, electrons of a gi
energy E can be unambiguously assigned to a particu
n-photon channel, and the measured ponderomotive s
Up5En2E can be used to define the intensity value
which these electrons are produced,I 54v2Up . It enables to
analyze angular distributions in a given channel as a func
of the laser field strength.

A. Lowest-order channel and threshold effects

Figure 6 shows polar plots of the experimental ADs in t
two-photon channel at different kinetic energies between
threshold and the unshifted energyE25399.1 meV. Re-
cently Wang and Elliott have shown that ADs of multiphot
ionization allow a direct experimental insight into the elas
scattering phase shift@29#. In a similar way, our data allow to
extract complex partial-wave amplitudes of the final co
tinuum state as a function of electron energy. The ADs
fitted to the partial-wave decomposition of then-photon de-
tachment rate

dGn

dV
}u f pn

~u!u2, f pn
~u!5 (

L50

Lmax

f L
(n)YL0~u,f!, ~10!

where L denotes the angular momentum of the outgo
electron andYL0 is the corresponding spherical harmon
Only terms with zero projection of the angular momentu
contribute to the sum, as it should be in the case of lin
polarization and isotropic initial state. The complex amp
tudesf L

(n) are determined in the fit. For a given EPD chann
the parity of the final state is defined by the numbern of
absorbed photons, and either odd or evenL contributes to the
sum in Eq.~10!. The number of fitting parameter isLmax or
Lmax11 for odd or even final-state parity, respectively.

For two-photon detachment of H2 a superposition ofs
and d waves is expected. In a strong laser field, howev
stimulated reemission of photons from higher channels m
be significant to induce higher angular momenta. In orde
explore this effect the sum in Eq.~10! is extended toLmax
54, allowing for ag-wave contribution. The right column in
Fig. 6 compares fitted and experimental polar plots. Circ
represent experimental data and solid lines are the fit re
The inner solid lines illustrate the analogous fit to the sim
lated data shown in the lower part of Fig. 5. For visual co
venience the latter are scaled by a factor of 0.8. One can
from Fig. 6 that the simulation results reproduce well t
experimental data.

In the lowest-order channel the ADs undergo strong mo
fications close to threshold. At low kinetic energies t
Wigner law@30# predicts the partial-wave amplitudes to ha
the energy dependenceu f L

(2)u2}EL11/2. According to this de-
pendence, thes wave dominates near threshold, a tenden
which is indeed observed in the experiment. The three p
in Fig. 6 for electron energies of 163, 136, and 108 m
show how the nodal cone of thed wave is gradually elimi-
nated due to the increasings wave contribution. Experimen
06340
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tal ADs at even lower kinetic energies have worse signal
noise ratio and are not shown. Instead, we refer here to
simulated spectrum in Fig. 5, where the isotropic angu
distribution near threshold can be clearly seen.

In view of this discussion, it is interesting to show that t
Wigner law can be derived from the Keldysh-like theory.
the limit of low kinetic energiesE!uE0u the n-photon de-
tachment rate from a state of angular momentum, acquires

FIG. 6. Experimental and theoretical angular distributions
the two-photon channel. The laser polarization is oriented vertic
in the graph. The dependence of the ADs on the laser intensi
shown from the top to the bottom with increasing field streng
~decreasing electron energy!. The left column shows experimenta
ADs in 3D. The right column compares the experimental data w
a fit ~circles and outer solid line! and the inner solid lines represen
the calculated ADs from Fig. 5~lower spectrum!. The calculated
curves are multiplied by a factor 0.8 for visual convenience.
4-6
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the form @Eq. ~42! of Ref. @6##

dwn

dV
}p expF S 2sinh21g1

gcos2u

Ag211
D p2

v G
3H 11~21!n1, cosS 2kp cosuAg211

vg D J , ~11!

where g5kv/F is the Keldysh parameter,k252E0, and
only terms dependent onp andu are considered. When th
value of p is close to zero, the above expression can
expanded into a Taylor series overp. Leaving the first sig-
nificant term in the expansion we obtain a detachment
proportional top when n1, is even and proportional to
p3cos2(u) whenn1, is odd. This is exactly the prediction o
the Wigner threshold law.

For a quantitative comparison we present in Fig. 7
energy dependence of the squared moduli of the normal
partial-wave amplitudes for the experimental and the theo
ical data. Theg-wave contribution turns out to be very sma
in both datasets. Hence, stimulated reemission of photon
only a minor path in the lowest-order detachment chan
The main source of error in the experimental data is due
the uncertainty in the background signal from which we
timated the error bars in Fig. 7. An additional contribution
the error bars arises from systematic errors in the data
cessing. The disagreement with the theoretical data at e
gies close to the unshifted limit of 2v1E0 is attributed to a
failure of the deconvolution process due to the steep slop
the signal in this region. Quantitative agreement is obtai
in the lower-energy part of the two-photon channel.

The amplitudesf 0
(2) and f 2

(2) , as complex numbers, can b
represented in terms of their absolute values and pha
These phases are identical to the elastic-scattering phased0
andd2, which describe thes- andd-wave electron scattering
on the neutral hydrogen atom@31#. Thus, our data can b
compared with results from scattering theory. From the

FIG. 7. Partial-wave contributions in the two-photon chann
The sum of contributions is normalized to unity. Upper and low
parts refer to the analysis of the experimental and theoretical sp
in Fig. 5, respectively.
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however, we can determine only the phase differenced0
2d2, a limitation which we discuss in the Appendix.

The dependence ofd02d2 on the electron kinetic energ
is shown in Fig. 8 together with the predictions from scatt
ing theory. The phased0 is analytically described in Ref
@32# by using the effective range approximation and it h
the form

cotd05
1

p S 2k1
1

2
r̃~k21p2! D , ~12!

wherep is the electron momentum,r̃52.646 is a numerical
parameter, andk50.2354 is already introduced above. Th
phased2 is calculated by using the expression

tandL5
pad

~2L13!~2L11!~2L21!
p2, ~13!

which is derived in Ref.@33# for elastic scattering on a mode
polarization potential and can be applied for the case oL
>1. Heread54.5 a.u. is the dipole polarizability of the hy
drogen atom. Figure 8 shows that in the given energy ra
the predicted phased2 is much smaller thand0, and the
experimental phase difference is well reproduced byd0 ob-
tained from Eq.~12!. We would like to notice that the phas
difference extracted from an analogous fit of the simula
spectrum is in disagreement with the results of the scatte
theory. This is not surprising because a Keldysh-like a
proach uses the Volkov function to describe the final state
the photoelectron. This function describes a free electron
the laser field, disregarding effects of the atomic core.

Figure 6 shows that at a certain kinetic energy the A
experience a dramatic change characterized by a prefere
electron emission perpendicular to the laser polarizati
This behavior appears in both the experimental and theo
ical spectra. It can be attributed to the quantum path inter
ence, as we discuss it in detail in Sec. VI C. This spec
modification of the angular distributions is also recently p
dicted by Borcaet al. @8# and by Telnov and Chu@9#.

.
r
tra

FIG. 8. Difference between thes- andd-wave elastic-scattering
phases. The experimental data are shown by circles with error b
The upper and lower solid lines represent predicted phasesd0 and
d2 calculated from Eqs.~12! and ~13!, respectively.
4-7
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B. Angular distributions of higher-order channels

Figure 9 compares theoretical and experimental ADs
higher-order channels with the number of absorbed pho
in the range from 3 to 5. The variation of an AD with ener
in each of these channels is comparatively small. Theref
the ADs are shown at energies where corresponding E
peaks have their maximum signal, 0.813 eV (n53), 1.382
eV (n54), and 1.897 eV (n55). With the increase in the
number of absorbed photons the maximum value of the
gular momentum in the final state is also increasing. T
explains the decrease in width of maxima along the la
polarization, a tendency found in both experimental and
theoretical results. Experimental widths of these maxima
well reproduced by the theory. We should note that for o
photon channels small discrepancies appear at angles
40° and 140°.

ADs of higher-order channels are fitted to a sum of Le
endre polynomials usingb coefficients as fit parameters@Eq.
~A1!#. The set ofb coefficients is not uniquely related to th
set of partial-wave amplitudes of Eq.~10!. This ambiguity is
a consequence of the 2Lmax/2 degeneracy in the solution o
partial-wave amplitudes which we describe in the Append
Consequently, experimental results cannot be used to di
guish between different sets of complex partial amplitud

FIG. 9. ADs of channelsn53-5. Distributions are shown a
kinetic energies where EPD channels acquire their maximal sig
The corresponding energy values are given in the figure. Dots
resent experimental data, solid lines show simulated results
tained in previous chapter. Experimental and theoretical data
normalized to each other.
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and further support from theory is required to identify t
correct solution. In Table I we give the results of physica
correct sets ofb coefficients for the two-, three-, and fou
photon channels, obtained by explicitly accounting for t
theoretical constraint discussed in the Appendix.

C. Quantum interference

In this section we refer again to the dramatic change
ADs of the two-photon channel at low kinetic energie
When the electron momentum is small, the two saddle po
in the plane of complex time acquire the simple form@6#:
t15( i sinh21g)/v; t25(p1 i sinh21g)/v, where g is the
Keldysh parameter introduced above. Real parts oft1,2 define
the two instants on the real time scale at which the electro
released into the continuum. It follows that electrons w
low kinetic energies are emitted when the laser field has
maximum amplitude, att50 andT/2, whereT is the period
of the field oscillation. One can relate the timest1,2 to the
electron positions at the instant of photodetachment. Us
the classical trajectoryr (t)5(F/v2)cosvt the electron po-
sitions are connected to the simple relation

r 125
2k

v

Ag211

g
. ~14!

It was already discussed in Ref.@34# that results by Gribakin
and Kuchiev in the limit of low kinetic energies@Eq. ~11!#
can be well described in terms of an intuitive two-slit inte
ference picture. According to this picture, the ADs of pho
electrons are determined by the interference of two wave
wave vectork5p/\ emitted with a time delayT/2 from two
isotropic point sources, which are separated by the dista
r 12 and oriented along the laser polarization. A correspond
expression has the form

dwn

dV
}ueik(r2r1)1~21!n1,eik(r2r2)u2, ~15!

which implies that the interference pattern is observed
large distances compared tor 12. Figure 10 gives a schemati
view to this situation.

The interference character depends on the parity of
final state determined byn1,. From Eq.~15! one can easily
obtain the condition of destructive interference in the dire
tion of laser polarization. For even parity of the final sta

l.
p-
b-
re

TABLE I. b coefficients for channelsn52, 3, and 4.

Order Energy b coefficients
n ~meV! b0 b2 b4 b6 b8

2 108 1.00 21.22 0.13 0.11 0.01
2 325 1.00 20.17 1.67 0.04 0.00
3 813 1.00 2.51 2.44 2.12 a
4 1382 1.00 3.39 3.67 2.62 0.73

aFor final states of odd parity onlyp and f waves and their relative
phase are included in the fit.
4-8
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this situation occurs when the distance of source separa
r 12 is a half-integer number of the electron de Broglie wav
lengths

2k

v

Ag211

g
5S m1

1

2Dl, ~16!

wherel52p/p andm is an integer number. Equation~16!
describes the condition of destructive interference in the c
of two-photon detachment of H2, where the final state ha
even parity. This equation was solved to define the co
sponding electron kinetic energy. One should take here
account that the electron energy is tuned by the pondero
tive shift. Thus, a given energy valueE corresponds unam
biguously to the field strengthF52v(E22E)1/2, whereE2
52v1E0 is the energy limit for the two-photon proces
This field strength value should be used to evaluate
Keldysh parameterg and, thus, the left-hand side of Eq.~16!
should be considered as an energy dependent function.
result of the solution of Eq.~16!, we found that the destruc
tive interference along the laser polarization occurs wh
electrons produced by two-photon detachment have a kin
energy of 168.9 meV. This value is close to the experime
observation which shows that electrons of'130 meV en-
ergy are emitted preferentially perpendicular to the laser
larization.

A similar analysis is performed for the three-photon d
tachment channel. In this case a destructive interfere
along the laser polarization occurs when the separation
tance r 12 is an integer number of the electron de Brog
wavelengths. As a result, the destructive interference co
tion was found at two kinetic energies of 458.9 and 89
meV. These values, however, are of the order of the bind
energy of the initial state and Eq.~14!, which is valid in the
limit of low energiesE!uE0u, cannot be applied here. A
numerical analysis of the full expression@see Eq.~4!# shows
that electron emission along the laser polarization is zer
E5344.5 meV. This value falls into the region where t
two-photon detachment has its maximum and, therefore,
interference effect in the three-photon channel is masked
the signal of the lower-order channel.

The simple picture of interference of two coherent ele
tron emitters provides a useful and fully consistent two-
analogy of the detachment process. It easily predicts the

FIG. 10. Schematic picture of the origin of interference in ele
tron emission from two laser induced point sources.
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usual angular distributions observed, but offers a much s
pler explanation than the interplay of quantum path trajec
ries in the formal approach@10#. It is also clear that for odd
parity of the final state the detachment yield perpendicula
the polarization axis will interfere destructively. This is co
sistent with the property that odd partial-waves have a no
plane perpendicular to the laser polarization axis. This is a
in harmony with the Wigner threshold law in the limit of low
kinetic energies.

VII. CONCLUSION

We present an experiment which employs a photoelec
imaging spectrometer in a fast negative-ion beam. Avoid
image distortion by diligent choice of experimental para
eters we obtain the momentum-resolved angular distribu
of electrons, photodetached from H2 in a strong infrared
laser pulse. An accurate numerical procedure for the ext
tion of the energy-dependent differential photodetachm
rate from the planar detector distribution is used in an ana
sis of partial-wave amplitudes and phases. Ambiguities as
ciated in their extraction from experimental data are d
cussed.

The KFR theory of Gribakin and Kuchiev is used to sim
late our experiment, explicitly accounting for the spatial a
temporal laser intensity distribution, the saturation effe
and the ponderomotive shift. This enabled a determination
the differential photodetachment rate which can be direc
compared with our experiment. The experimental verific
tion of the KFR theory shows that it describes well the p
cess of photodetachment in a strong laser field, reprodu
all features of the rich experimental spectrum.

The Wigner law is a specific feature of a short-range p
tential, which signifies a fundamental difference betwe
photodetachment and photoionization. We show here that
KFR theory does predict the Wigner threshold law.

Most intriguing, the KFR method predicts the profoun
quantum interference effect observed in the experiment.
interference case studied here can be interpreted in terms
superposition of two complex electron trajectories. In t
limit of low photoelectron momenta this effect has a surpr
ingly simple analogy of a double-slit interference. We su
gest this stationary picture of quantum interference as
alternative interpretation of the photodetachment proces
negative ions. This interpretation relies on the ratio of the
Broglie wavelength of the free electron and the separa
distance between two isotropic coherent electron sour
which are located at the semiclassical amplitudes of the la
driven electron. We show that this interpretation is fully co
sistent with the Wigner threshold law and with the quantu
path picture as motivated by the Feynman formalism.
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APPENDIX: AMBIGUITY OF PARTIAL-WAVE
AMPLITUDES AND CONSTRAINTS OF b COEFFICIENTS

The angular distribution of electrons formed in multiph
ton detachment from an isotropic initial state by linearly p
larized light has the form

dGn

dV
5B (

L>0

2Lmax

bLPL~cosu![B (
L>0

2Lmax

aL cosLu, ~A1!

wherePL are Legendre polynomials, and the normalizati
coefficientB is introduced so thatb051. The parity require-
ment implies the contribution of oddL to vanish. The right-
hand side gives an equivalent functional form which rep
sents a polynomial of order 2Lmax in the variablex5cosu.
The coefficientsaL and bL obey a linear relationship. An
equivalent representation of the polynomial in terms of pr
ucts has the form

dGn

dV
5B a2Lmax )i 51

2Lmax

~x2zi !, ~A2!

wherezi are complex roots of the polynomial and are rela
to the above coefficients in a nontrivial way. On the oth
hand, if the roots are known, the sets ofa andb are easily
computed by expanding Eq.~A2!. Since theb coefficients
are real, the roots of Eq.~A2! should emerge in comple
conjugated pairs. In particular, ifzj is a root with Im(zj )
Þ0, then zi* represents another root. A special case
Im(zj )50. Then,zj* 5zj and the root might emerge as twic
degenerate. However, this is not an unambiguous co
quence and such a root can also be nondegenerate. To c
whether a degenerate root exists, we decompose the ge
form of Eq. ~10! into a product of partial-wave amplitudes
A

s
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f pn
~u! f pn

~u!* 5a2Lmax)i 51

Lmax

~x2zi ! )
i 51

Lmax

~x2zi* ! ~A3!

and use the constraint that real roots of Eq.~A3! must appear
as twice degenerate roots. This restricts the possible se
the coefficientsaL ,bL . If the amplitude and roots are
known, the more general expression

f̃ pn
~u!5Aa2Lmax)i 51

Lmax

~x2 z̃i ! ~A4!

with the zeroesz̃i chosen arbitrarily either aszi or zi* pro-
duces exactly the same set ofb coefficients. This latter prop-
erty defines a 2Lmax ambiguity for the partial-wave decompo
sition. If the parity of the final state is taken into account, t
ambiguity reduces to 2Lmax/2 equivalent possibilities. Correc
solutions are selected by forcing the coefficients of the
posite parity to vanish. For the case of even parity of the fi
state andLmax54, the two complex equations

z̃11 z̃21 z̃31 z̃450,

~ z̃3z̃42 z̃1z̃2!~ z̃11 z̃2!50 ~A5!

correspond to vanishing coefficients of the odd termsx and
x3. The nine independent quantities in Eq.~A4! @as well as
aL or bL in Eq. ~A1! with L50,1, . . . ,8] arereduced by the
above equations to five independent fitting parameters. In
representation of partial-wave amplitudes in Eq.~10! these
are given by the three moduli of partial-wavesf 0 , f 2 , f 4 and
the two phase differences (d02d4),(d22d4). Thus, if one
set of the latter is known, all 2Lmax/2 solutions can be obtaine
from Eq. ~A4!. A general solution of this ambiguity is im
possible by an experiment using linearly polarized light. F
the caseLmax52 only a phase ambiguity remains, preventi
the experimental determination of (d02d2) only modulop
with an undefined sign.
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