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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 nuntber32.80.Rm, 32.80.Gc

[. INTRODUCTION specify the initial state. The observation of excess photon
detachmentEPD) in H™, the analogous process to ATI for
Atomic or molecular systems exposed to intense lasenegative ions, was found to be difficult because of the small
fields show above threshold ionizati¢AT!), a multiphoton  binding energy of the outer electron and the high laser inten-
ionization process that involves more than the necessargity required15,16. A major difficulty lies in the finite rise
number of photons to reach the continufih2]. ATl occurs ~ time of the laser pulse which leads to depletion of the H
at field strengths well below the inner atomic field. Severaloound state population prior to reaching the peak intensity.
distinct, nonperturbative approaches have been developed ¥ show here that this problem can be circumvented by

its description. Among these are direct numerical integratiort/Sind long wavelength radiation and ultrashort laser pulses.
methods(see Sec. IIIG of Ref[2]), the Keldysh-Faisal- Our work tests the applicability of Keldysh-like approaches

Reiss(KFR, Refs.[3-5]) method and its various modifica- °V&' & wide range of phase space of the continuum electron
tions[6,7], and complex quasienergy methd@sd] and examines the profound role of quantum path interfer-

From the standpoint of theory, negative ions constitute°¢> N the detachment dynamics of a negative ion.
simpler systems than neutral atoms due to the lack of suit-
able intermediate states for resonantly enhanced ionization.

In addition, the atomic potential for negative ions can, to a oy experimental setup is shown in Fig. 17 Hons are
first approximation, be modeled by a zero-range potentialformed in a hollow cathode discharge, accelerated to 3 keV
This approximation allows a pure analytical description ingnd mass selected. Einzel lenses control the focusing of the
the form of a Keldysh-like theory6]. In unraveling the in-  jon beam in the interaction region, where the beam waist is
herent ionization dynamics this approximation turns out ta400 um at a flux of 100 nA. The 90° bend in the quadrupole
be rather practicable as it expands the multiphoton transitioserves to clean the negative-ion beam from neutral atoms
matrix element in complex trajectories in the formalism offormed by collisional detachment in the first two vacuum
path integrals. The dynamics of the electron is thus related teections. Three differentially pumped sections maintain a re-
a coherent superposition of quantum trajectories. sidual pressure of 810 ° mbar in the interaction region
Strong-field ionization of the weakly bound electron in a during operation. Laser pulses of an energy ofah a pulse
negative ion represents one of the rare cases in which onlylangth of 250 f{full width at half maximum(FWHM)], and
small number of such paths contribute to the dynamicsa wavelength of 2.1%m are generated in an optical para-
[10,11]. We show here that the quantum path interference ofnetric amplifier pumped with a Ti:sapphire laser system at a
a single electron can be observed by exposing negative iongpetition rate of 1 kHz. The laser beam is focused by a
to a linearly polarized, intense laser field. In fact this inter-15- cm focal length lens and crosses the ion beam at right
ference dominates angular distributiof®sDs) at low elec- angle. The intensity distribution in the laser focus is mea-
tron energies, preventing under certain conditions any phosured by scanning a razor blade across the focus. It can be
todetachment along the laser polarization axis. Thiswvell reproduced by a Gaussian shape with a waist of.50
counterintuitive behavior has also been predicted in recentFWHM) and a Rayleigh range of 4 mm. The peak intensity
theoretical works by Borcat al.[8] and by Telnov and Chu in the laser focus is of the order of X720 W/cn?.
[9]. The central part of our setup is an imaging spectrometer
Experimental investigations of negative ions in intense[17], which maps electrons ejected in the entire solid angle
laser fields are limitefl12—14 since they must first be pre- onto a two-dimensional2D) position sensitive detector by
pared and properly isolated from their neutral parent tcan electrostatic field. The position sensitive detector consists
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FIG. 1. Schematic view of the negative-ion beam apparatus. Details are given in the text.

of a stack of image-quality multichannel plates and a homespheres. Each sphere describes electrons of a particular mo-
made phosphor screen, coated on a glass plate with a transentum valuep,, and its radius is defined as=p,t/m,,
parent conductive gold layer. The light spots are imaged ontavheret is the expansion time. The modulation of the electron
a charge-coupled-device arrél2-bit resolution where they  density over the sphere is determined by the angular depen-
are accumulated and retrieved by a frame grabber at intervatfence of the photodetachment probability at the given elec-
of a few minutes. A Wollaston prism polarizer ensured lineartron momentum. For linearly polarized electromagnetic field,
polarization, oriented parallel to the detector surface. Thehe angular distribution has a cylindrical symmetry and rep-
spectrometer is operated in the velocity mapping redib®  resents a function of solely the anglebetween the electron
which we discuss in the following section. The last verticalmomentum vector and the laser polarization axis.
pair of steering plates precompensates the small deflection of Here we consider two intrinsic sources of image distortion
negative ions towards the interaction region by the projectioby comparing simulated maps of a single sphere onto the
field of the imaging spectrometer. This ensures a nearly horidetector plane. Ideal imaging is achieved when the sphere is
zontal beam path across the laser focus, an important requirerapped in a parallel projection as indicated in Fig)2In
ment to suppress asymmetry of the photoelectron image. Réhis case, each parallel of latitude is projected into a single
sidual electron background is reduced by pulsing the iorine in the detector plane.
beam with 10us on and 99Qus off for each laser shot pe- Distortions arise because of the finite tindd of the
riod. Under typical operating conditions about 5 events pesphere projection. While the front part of the sphere is al-
laser shot are recorded. Distortions by space charge effecteady mapped onto the detector, its back part continues to
do not occur at such an electron yield. expand during this time interval. The value At can be
The drift energy of photoelectrons formed in mphoton  defined by dividing the diameter of the sphere by the veloc-
transition by a short laser pulse is definediasatomic unit$ ity of its center,v, at the location of the detector. Thust
) 5 . =2vqT/v, whereT denotes the time of flight of an electron
Ep,=Pn/2=nw+Eo—ag(w)F/4=F40°. (1)  with zero initial energy from the origin to the detector, and
vo=Pn/Me is the initial electron velocity. The influence of
Here p, is the electron momentumy and F are the fre- this distortion decreases with smaller values of the ratio
quency and the electric-field strength of laser radiation, reAt/T. This ratio is related to a parameiemwhich represents
spectively.Ey is the binding energy of the negative hydrogenthe ratio of the energy gained by the electron in the projec-
ion (—0.754 21 eM19]). The last two terms in Eq1) cor-  tion field and the initial drift energ‘Epn:
respond to the ac Stark shift of the ground state of &hd
the ponderomotive shift of the continuum threshold, respec-
tively. The dynamical polarizabilityxg(w) is described in
Ref. [20] and its value is~270 a.u. at our laser frequency. ) _
Equation(1) is valid for our short laser-pulse condition, in The parametep is therefore a measure of the quality of the
which case the ponderomotive acceleration of electrons frorrojected image. Images for three different values adre

the focal volume can be neglected. compared in Fig. @). For large values op the parallels of
latitude are projected into narrow ellipses, approximating the

ideal case of straight lind21].

Another distortion arises from the translational motion of
The spatial distribution of photoelectrons moving towardsthe negative-ion target. Ejection from a moving target
the detector under the action of the projection field can besweeps the spheres across the detector surface in the direc-

represented by a superposition of expanding concentrion of the translation during the projection tindt. This

At/T=2/p. 2

lIl. ELIMINATION OF IMAGE DISTORTIONS
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FIG. 3. Raw images of one-photon detachment ofiH a weak

(b) field of 796 nm recorded by using a homogeneous projection field
4 of moderate qualityp~30 (a) and by using a hard projection with
2 p=~1000 in the velocity mapping regim@). Both images show a
signal of p-wave electrons with the kinetic energy of 0.804 eV. All
b 0 image distortions discussed in the text are clearly visiblejn
-2
-4

Ti:sapphire laserX=796 nm). Figure 3 gives two examples
of images, one taken with a moderate projection quality (
~30) and a flight distance of 16 mm, and one by employing
a hard projection g~1000) with a five times longer flight
distance. The two distortion effects discussed above are ap-
parent from Fig. 89). As a consequence of the finite time of
projection and the translation of the target a broadening of
the outer rim and a forward-backward-asymmetry appear. A
closer inspection of the image in Figi@3 also reveals that it
p=1000 is not circular but elongated along the laser beam propaga-
0.05 0.05 tion direction. This is because of a finite size of the interac-
b

05 0 05
Z

* 0
-0.05

% 0 i‘l” Um' tion volume which extends in this dimension over the

400 pm width of the ion beantnote that the Rayleigh range
-0.05 of the laser focus is much larger than this valuEhe two
050 008 005 0 003 other dimensions of the interaction volume are defined by the
oz oz waist of the laser focus of 50m, which is smaller than the
spatial resolution of our detector=(100 wm). In order to
FIG. 2. (a) Definition of ideal imaging conditiongarallel pro-  ayoid the elongation, we employed a slightly nonuniform
jection), (b) distortions due to finite projection time when the ion projection field which operates in the form of an electrostatic
target is at rest, ar_@) finite proje_ction timg distortions when the jnmersion leng(for details, see Ref22)). In this case tra-
target has an additional translational moti@ssumed here to be q:tries of electrons starting with the same velocity vector at
equal tovo). The X-Z plots show how parallels of latitude on the ierent |ateral positions in the interaction volume merge at
sphere are projected as a function of the imaging pararpetéhe a single point on the detector. The improvement in the image
quality of our measurement correspondspte 1000. Calculations quality obtained with the use of this velocity mappiig] is

are based on classical trajectory solutions in a homogeneous pro- . . . h
jection field J y 9 Pr&vident from Fig. 8), where the image appears circular.

complication is illustrated in Fig.(2) for the particular case |, ExpPERIMENTAL IMAGE AND IMAGE PROCESSING
when the velocity of the target ion is identical to the velocity

vo of the emitted electron. In this case backwards emitted Employing a hard projection in combination with the ve-
electrons have zero kinetic energy. locity mapping regime, the image shown in Fig. 4 was re-
Both distortion effects can be significantly reduced bycorded by using strong laser radiation at the wavelength of
choosingp to be large, as may be seen from Fig. 2. This2.15um. The data were accumulated over a period of 3 h,
situation may be named “hard projection.” The value of corresponding to~10° detected electrons. To avoid long-
controls the size of the image on the detector, a lagger term drifts this time was divided into equal periods with the
value implying an image of smaller dimension. However, itlaser off and on. The background imadésser off are sub-
is possible to achieve a predefined quality vafjuand an  tracted to discriminate the signal of collisionally induced
appropriate size of the image by choosing a long enouglelectrons. The electron image in Fig. 4 is smooth and highly
flight distance. In our experiment we achieve a quality valuestructured. Note that no smoothing routine is applied to these
p~1000 at a typical image diameter 6f1 cm. In order to  data. They cover a pixel area 6f150x 150 at a dynamic
demonstrate the sufficient improvement in the image qualityange of~2x 10°.
at such a high valug, a test experiment was performed The system of rings in Fig. 4 corresponds to different
where we recordeg-wave photoelectrons produced by one-n-photon channels according to the proportionalityp,, .
photon detachment in a weak field of the fundamental of th&' he polar modulation of the electron yield at a given radius
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2.363, and 1.347 eV, respectively. The calibration images

%g were backprojected by using the routine described above. We
RN g R obtained a linear relation between the radii of reconstructed
¥ 8% spheres and the expected electron momenta with a calibra-

tion coefficient of 0.976(3% 10° m/s per pixel. The radial
S\ profile of a backprojected calibration image defines the ap-
paratus function of the detector. We found it to be equivalent
to the finite spatial resolution of the single event response of
AN © & the detector. This function can be described by a Voigt profile
Z (pixey) o with a FWHM of 7.5 pixels.
) ) _ The Voigt response function was used to deconvolve the
FIG. 4. Raw image ofphotoelsectrons produ_ced |n_alaser fleld Okp,a) distribution obtained as a result of backprojection of
2.15 um wavelength and 1:710° W/en peak intensity. The im- o ray image shown in Fig. 4. Hepedenotes the calibrated
age corresponds to 10" detected electrons. momentum coordinate. Since the angular dependence con-
o ] tains no sharp features over the width of a few pixels, the
renders the angular distribution at a corresponding value &fieconvolution is solely performed along the momentum co-
the electron momentum. Nodes indicate the dominance Qjrdinate. The convolution is described by a Fredholm inte-
specific partial waves describing the outgoing electron. Ayra| equation
guantitative analysis of the differential detachment rates is
performed below in two steps. First, the recorded image is . , ,
numerically inverted in order to reconstruct the 3D photo- hi(p):f K(p,p")fi(p")dp". (€
electron distribution before projection. In a second step, the
data are corrected for the detector resolution. An absolutéhe kernelK(p,p’) represents the experimentally defined
calibration of the momentum scale of the detector is alsgesponse function expressed in the momentum representation
carried out. and p’ denotes the momentum coordinate of the deconvo-
luted image. The functioh;(p) is the measured momentum
distribution at a given angle steépandf;(p) is to be deter-
mined. A typical feature of such an “ill-posed” problem is
It is evident from Fig. 2 that under hard projection condi-that the deconvoluted image accumulates an oscillatory
tions the reconstruction of the 3D distribution separates intstructure caused by statistical noise. This problem can be
inversions of lower dimensionality. In this case an inversionovercome by using a Tikhonov regularization rout{rs].
of each separate pixel row in Fig. 2 results in a 2D slice ofThe regularization procedure was carried out for discrete
the 3D distribution. This inversion corresponds to an Abelemission angle®, at a step size of 4°. The deconvoluted
transform[23]. A drawback of such a 1D backprojection rou- (p,#) distribution was converted into theE(6) spectrum,
tines of a discrete set of pixels is that they accumulate nuwhereE represents the kinetic-energy scale. The final result
merical errors along the symmetry ax¥=0. In order to is shown in the upper part of Fig. 5.
avoid this we applied the approach of Vrakkify], which
is based on an Abel inversion and a subsequent 2D correc- v COMPARISON WITH A KELDYSH-LIKE THEORY
tion employing a quasifitting algorithm. Numerical errors in o o
this approach are contracted at the unessential center of the Similar to the original work by Keldysh3] and Perelo-
imageX=Z=0, corresponding to zero electron kinetic en- MoV etal. [28], the adiabatic approach by Gribakin and
ergy. In a first approximation this algorithm reconstructs theuchiev [6] uses the saddle-point method to evaluate the
3D radial and angular distribution using an Abel inversiontransition matrix element in a linearly polarized fiefqt)
for each pixel row. In a second step this trial distribution is = F coswt. The transition amplitude represents the sum of
numerically forward projected and compared with the rawtwo contributions corresponding to the saddle poipts
data. The difference obtained this way is used in an iterative® 1,2 of the classical action in the plane of complex time:
correction for every angular and radial point. After each it-

A. Backprojection

) . . ; ; c,+is, )"
eration ay?-test decides for continuation or abortion of the A = (“—“exp:—ic (é+zs,)] 4
correction procedure. e V2m(—iS)) g o

B. Energy calibration and deconvolution where

We calibrated the detector scale in the momentum repre- S,=[—£&*i \/82(n—z)—§7]/4z, c,=*vVl-s,,
sentation by recording images of thevave one-photon de-
tachment at three known wavelengths, the fundamental of s”zcﬂ(§+4zsﬂ), z=e’F?l40®, ¢=eFpcosblw?.
the Ti:sapphire laser, its second harmonic, and a dye laser g
wavelength of 591.3 nmisee Fig. &) for an exampl¢ In  The = signs correspond ta=1,2, respectively. The ampli-
each case laser radiation was strongly attenuated to make thede in Eqg.(4) is in the familiar path-integral formalisitsee
ponderomotive shift of the continuum threshold negligible.Ref.[10], and references thergimhich enables an interpre-
The corresponding photoelectron kinetic energies are 0.804ation in terms of complex trajectories. The real part of a
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n=2 n=3 n=4 n=5 =6 addition, the saturation of the photodetachment process
360 + { 4 { | (depletion of the primary ionsneeds to be taken into ac-
count. It effectively reduces the peak intensity experienced
by negative ions. We found that this effect is sensitive to the
temporal profile of the laser pulse assumed. The best agree-
ment between the experimental and simulated spectra is
achieved with a seélit) profile. This is also consistent with
the measured autocorrelation trace of the temporal laser pro-
file. Since the Rayleigh range of the laser focus is much
larger than the spot size of the ion beam, the interaction
volume can be approximated by a cylinder where the inten-
sity dependence on its radial coordinateeeds to be con-
sidered. Thus, the spatial and temporal shape of the laser
pulse in the focus is represented by

270

Experiment
—
o]
(=

\©
(=]

t—to), ®)

2
I(r,t)=1 e (M) seck
( ) peak oy

Emission angle (degree)
S
3

whereo= 250 fs and the focus waist, =50 um according
to our beam diagnostic measurements. The value of the peak
intensity | ;. is obtained by normalizing the integral of
I(r,t) overr andt to the pulse energy delivered into the
interaction region.
For a given radial coordinate and timet the n-photon
0 05 10 15 20 25 yield of photoelectrons per unit time and unit volume of
Electron energy [eV] interaction is dgfined as the_ pr_oduc_t of the differential rate
and the population of negative ions in the ground state:
FIG. 5. (Color onling Photoelectron spectrum as a function of

Theory
2

drift energy and emission angle: upper part—experiment, lower _ i

part—simulation by using a Keldysh-like theorfgee text The yn(0.r,=g(r.1) daQ Wn(,1(1,0)). )
spectra are normalized according to the integrated signal. The color

scale factor is in arbitrary units. Taking depletion into account, the ground-state population is
complex trajectory may be considered as the classical path, o(r 1) = go ex —E J‘t drw(1(r. ) ®
while the imaginary part is related to a measure of its relative ' 0 TRl SR ’

weight[11]. The coherent superposition of two saddle points

in Eq. (4) gives rise to interference between the two associwheregy is the initial density of negative ions and, is the
ated quantum trajectories. Using E@) for the transition n-photon detachment rate integrated over the solid angle. A
amplitude, the differential rate for thephoton detachment simulated E, 6) electron distribution is obtained by integrat-
channel i96] ing Eq. (7) over the radial coordinateand timet, and add-

g 3p2 ing together contributions from differemtphoton channels:
W, A
dQn:Ep |Apn|2, (5)

dr 0 0
0 —®
where A=0.75 is a normalization coefficient of the "
asymptotic wave function of the ground state of .H X S(Nw—E—7l(rt)+Ep). (9)

Here thes function accounts for the ponderomotive shift of

the continuum and the ac Stark shift of the ground state, and
In order to compare the angular and momentum distribu-r=[ o(w) + 1/w?]/4=623.7 a.u. Sincery(w)w?~1/10 for

tion calculated from Eqs4) and (5) with the experimental the frequency used in our experiment, the ground-state shift

values, the following experimental circumstances need to bgs of minor importance and is neglected in these calculations.

taken into account. Because of the spatial and temporal disfhe simulated spectrum is presented in the lower part of
tribution of laser intensity in the focus, negative ions expe-Fig. 5[27].

rience different field strengths in the range from zero to the
peak value. Thus, the photodetachment rate must be inte-
grated over the intensity distribution. On doing this, the pon-
deromotive shift should be taken into account. Since the pon- Below we analyze the experimental and theoretical spec-
deromotive shift is proportional to the laser intensity, thistra in Fig. 5. Both spectra reveal four distinct EPD channels
integration results in a broadening of the energy peaks. Itbhroadened by the ponderomotive effect. Energy linfifs

A. Saturation, focal volume, and ponderomotive shift

VI. DISCUSSION
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=nw+E, for vanishing intensity are indicated by arrows to-
gether with the respective photon numbers. Since the differ-
ent photon channels are well separated in energy we cal
analyze each channel individually. Then, electrons of a given
energy E can be unambiguously assigned to a particular
n-photon channel, and the measured ponderomotive shif
U,=E,—E can be used to define the intensity value at
which these electrons are producéd,4w2Up. It enables to
analyze angular distributions in a given channel as a functior
of the laser field strength.

F ~ 0.0022 a.u.
E ~ 325 meV

F ~ 0.0029 a.u.
E ~271 meV

A. Lowest-order channel and threshold effects

Figure 6 shows polar plots of the experimental ADs in the
two-photon channel at different kinetic energies between the
threshold and the unshifted enerd,=399.1 meV. Re-
cently Wang and Elliott have shown that ADs of multiphoton 4
ionization allow a direct experimental insight into the elastic |
scattering phase shif29]. In a similar way, our data allow to
extract complex partial-wave amplitudes of the final con-
tinuum state as a function of electron energy. The ADs are
fitted to the partial-wave decomposition of thgphoton de-
tachment rate

F ~ 0.0035 a.u.
E ~217 meV

F ~ 0.0040 a.u.
E ~ 163 meV

L max

dr,
40 “Ife (017 T (0)=2 fVYVio(6.4), (10

L=0

where L denotes the angular momentum of the outgoing
electron andY g is the corresponding spherical harmonic.
Only terms with zero projection of the angular momentum
contribute to the sum, as it should be in the case of linear
polarization and isotropic initial state. The complex ampli-
tudesf("™ are determined in the fit. For a given EPD channel,
the parity of the final state is defined by the numbeof
absorbed photons, and either odd or ekawontributes to the
sum in Eq.(10). The number of fitting parameter is, Or
Lnaxt1 for odd or even final-state parity, respectively.

For two-photon detachment of Ha superposition of
and d waves is expected. In a strong laser field, however,
stimulated reemission of photons from higher channels might
be significant to induce higher angular momenta. In order to

xplore this eff h m in EQL0) is exten
explore this effect the su 410) is extended td.pmax FIG. 6. Experimental and theoretical angular distributions for

=4, allowing for ag-wave contribution. The right column in the two-photon channel. The laser polarization is oriented vertically

Fig. 6 compares fitted and experimental polar plots. CIrCleSl the graph. The dependence of the ADs on the laser intensity is

represent experimental data and solid lines are the fit resul hown from the top to the bottom with increasing field strength
The inner solid Iin_es lllustrate the analqgous fit to _the Simu'(decreasing electron enepgyrhe left column shows experimental
Iate_d data shown in the lower part of Fig. 5. For visual CON-ADs in 3D. The right column compares the experimental data with
venience the latter are scaled by a factor of 0.8. One can Segt (circles and outer solid lireand the inner solid lines represent
from Fig. 6 that the simulation results reproduce well theihe calculated ADs from Fig. Bower spectrum The calculated

experimental data. _curves are multiplied by a factor 0.8 for visual convenience.
In the lowest-order channel the ADs undergo strong modi-

fications close to threshold. At low kinetic energies thetal ADs at even lower kinetic energies have worse signal-to-
Wigner law[30] predicts the partial-wave amplitudes to have noise ratio and are not shown. Instead, we refer here to the
the energy dependengf{?)|?«E-12 According to this de- simulated spectrum in Fig. 5, where the isotropic angular
pendence, the wave dominates near threshold, a tendencydistribution near threshold can be clearly seen.

which is indeed observed in the experiment. The three plots In view of this discussion, it is interesting to show that the
in Fig. 6 for electron energies of 163, 136, and 108 meVWigner law can be derived from the Keldysh-like theory. In
show how the nodal cone of ttiewave is gradually elimi- the limit of low kinetic energiesE<|E,| the n-photon de-
nated due to the increasirsgvave contribution. Experimen- tachment rate from a state of angular momentuacquires

F ~ 0.0042 a.u.
E ~ 136 meV

F ~ 0.0044 a.u.
E ~ 108 meV
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. o . phases. The experimental data are shown by circles with error bars.
FIG. 7. Partial-wave contributions in the two-photon channel.The ypper and lower solid lines represent predicted phagesid
The sum of contributions is normalized to unity. Upper and lower s, cajculated from Eqs(12) and (13), respectively.
parts refer to the analysis of the experimental and theoretical spectra

in Fig. 5, respectively. however, we can determine only the phase differeAge

— &,, a limitation which we discuss in the Appendix.
The dependence af,— 5, on the electron kinetic energy
is shown in Fig. 8 together with the predictions from scatter-

the form[Eq. (42) of Ref.[6]]

%m _sinh 1yt ycos § P_2 ing theory. The phasé, is analytically described in Ref.
dq “Pex sinh- 7y Jy2+1) @ [32] by using the effective range approximation and it has
the form
2kp cosOyy>+1

X

1+(—1)””cos( ] (11)

Wy COtBOZ% — K+ %7)(K2+p2) , (12
where y=kw/F is the Keldysh parametek?=—E,, and _

only terms dependent gmand # are considered. When the wherep is the electron momentunp,=2.646 is a numerical
value of p is close to zero, the above expression can bgarameter, and=0.2354 is already introduced above. The
expanded into a Taylor series over Leaving the first sig- phased, is calculated by using the expression

nificant term in the expansion we obtain a detachment rate

proportional top when n+¢{ is even and proportional to Tay

p3co(6) whenn+ ¢ is odd. This is exactly the prediction of tand, = (2L+3)(2L+12L—1)P
the Wigner threshold law.

For a quantitative comparison we present in Fig. 7 thewhich is derived in Ref{33] for elastic scattering on a model
energy dependence of the squared moduli of the normalizegolarization potential and can be applied for the casé of
partial-wave amplitudes for the experimental and the theoret=1. Hereay=4.5 a.u. is the dipole polarizability of the hy-
ical data. Theg-wave contribution turns out to be very small drogen atom. Figure 8 shows that in the given energy range
in both datasets. Hence, stimulated reemission of photons ige predicted phasé, is much smaller thans,, and the
only a minor path in the lowest-order detachment Channe|experimenta| phase difference is well reproducedﬁbpb_

The main source of error in the experimental data is due t@ained from Eq(12). We would like to notice that the phase
the uncertainty in the background signal from which we esdifference extracted from an analogous fit of the simulated
timated the error bars in Fig. 7. An additional contribution tospectrum is in disagreement with the results of the scattering
the error bars arises from systematic errors in the data praheory. This is not surprising because a Keldysh-like ap-
cessing. The disagreement with the theoretical data at engroach uses the Volkov function to describe the final state of
gies close to the unshifted limit of+ E, is attributed to a  the photoelectron. This function describes a free electron in
failure of the deconvolution process due to the steep slope ahe laser field, disregarding effects of the atomic core.

the signal in this region. Quantitative agreement is obtained Figure 6 shows that at a certain kinetic energy the ADs
in the lower-energy part of the two-photon channel. experience a dramatic change characterized by a preferential

The amplitudes{” andf?, as complex numbers, can be electron emission perpendicular to the laser polarization.
represented in terms of their absolute values and phaseShis behavior appears in both the experimental and theoret-
These phases are identical to the elastic-scattering ph&ses, ical spectra. It can be attributed to the quantum path interfer-
and d,, which describe the- andd-wave electron scattering ence, as we discuss it in detail in Sec. VI C. This specific
on the neutral hydrogen atofi31]. Thus, our data can be modification of the angular distributions is also recently pre-
compared with results from scattering theory. From the fitdicted by Borcaet al. [8] and by Telnov and Ch[g].

2 (13

063404-7



REICHLE, HELM, AND KIYAN PHYSICAL REVIEW A 68, 063404 (2003

20F ‘ ‘ ‘ ‘ 3‘ ] TABLE I. B coefficients for channels=2, 3, and 4.
b n= 4
16 : 0.813 ¢V Order  Energy B coefficients
12F n (meV) Bo B Ba Bs Bs
0.8 | 2 108 1.00 -1.22 0.13 0.11 0.01
04’ 2 325 1.00 -0.17 1.67 0.04 0.00
F 3 813 1.00 2.51 2.44 2.12 a
006 C ‘ 4 1382 1.00 3.39 3.67 2.62 0.73
Tk n=4 4
1382ev /1 3 or final states of odd parity only andf waves and their relative

3 phase are included in the fit.

)
=
=
=t
2 04t
= 8 ]
a : and further support from theory is required to identify the
g 021 ] correct solution. In Table | we give the results of physically
5 3 ] correct sets of 8 coefficients for the two-, three-, and four-
% 0F ] photon channels, obtained by explicitly accounting for the
016, 0=5 . theoretical constraint discussed in the Appendix.
T C. Quantum interference
0.08 | ] In this section we refer again to the dramatic change in
ADs of the two-photon channel at low kinetic energies.
0.04 ] When the electron momentum is small, the two saddle points
in the plane of complex time acquire the simple fof6i:
0 4

t,=(i sinh 1y)/w; t,=(m+isinh *y))/w, where y is the

Keldysh parameter introduced above. Real parts gtlefine

the two instants on the real time scale at which the electron is
FIG. 9. ADs of channelsi=3-5. Distributions are shown at released_into the_ continuum. It follows that elec_trons Wit.h

kinetic energies where EPD channels acquire their maximal signal.ow !(Inetlc energles are emitted when the Ic'?lser field _has Its

The corresponding energy values are given in the figure. Dots regh@Ximum amplitude, at=0 andT/2, whereT is the period

resent experimental data, solid lines show simulated results ofRf the field oscillation. One can relate the timgs to the

tained in previous chapter. Experimental and theoretical data arglectron positions at the instant of photodetachment. Using
normalized to each other. the classical trajectory(t) = (F/w?)coswt the electron po-

sitions are connected to the simple relation

0 30 60 9 120 150 180
emission angle [degree]

B. Angular distributions of higher-order channels 2k /y2+ 1
Figure 9 compares theoretical and experimental ADs of rlZ—j y (14)

higher-order channels with the number of absorbed photons

in the range from 3 to 5. The variation of an AD with energy ¢ \yas already discussed in RE&4] that results by Gribakin
in each of these channels is comparatively small. Therefor nd Kuchiev in the limit of low kinetic energie€q. (11)]

the ADs are sh_own a,t energies where corresponding EP an be well described in terms of an intuitive two-slit inter-
peaks have their maximum S|gnal,_0.813 .GN:(3)' 1:382 ference picture. According to this picture, the ADs of photo-
eV (n=4), and 1.897 eVi{=5). With the increase in the g|ac1rons are determined by the interference of two waves of
number of absorbed photons the maximum value of the an,,e vectok=p/# emitted with a time dela§f/2 from two
gular momentum in the final state is also increasing. ThiSqqronic point sources, which are separated by the distance

explains the decrease in width of maxima along the lasef 4.y oriented along the laser polarization. A corresponding
polarization, a tendency found in both experimental and th%xpression has the form

theoretical results. Experimental widths of these maxima are
well reproduced by the theory. We should note that for odd d
photon channels small discrepancies appear at angles near ﬂm|eik(r—rl)+(_1)n+eeik(r—r2)|2 (15)
40° and 140°. dQ ’

ADs of higher-order channels are fitted to a sum of Leg-
endre polynomials using coefficients as fit parametefl&q.  which implies that the interference pattern is observed at
(A1)]. The set ofB coefficients is not uniquely related to the large distances comparedrtg,. Figure 10 gives a schematic
set of partial-wave amplitudes of EGLO). This ambiguity is  view to this situation.
a consequence of the-®/? degeneracy in the solution of The interference character depends on the parity of the
partial-wave amplitudes which we describe in the Appendixfinal state determined hy+ ¢. From Eq.(15) one can easily
Consequently, experimental results cannot be used to distimbtain the condition of destructive interference in the direc-
guish between different sets of complex partial amplitudegion of laser polarization. For even parity of the final state,
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T/2 usual angular distributions observed, but offers a much sim-

— pler explanation than the interplay of quantum path trajecto-
ries in the formal approacHLQ]. It is also clear that for odd
parity of the final state the detachment yield perpendicular to
the polarization axis will interfere destructively. This is con-
sistent with the property that odd partial-waves have a nodal
plane perpendicular to the laser polarization axis. This is also

K in harmony with the Wigner threshold law in the limit of low
kinetic energies.

> -
1,=[1, -1

SR

-
k
FIG. 10. Schematic picture of the origin of interference in elec- Vil CONCLUSION
tron emission from two laser induced point sources. We present an experiment which employs a photoelectron

imaging spectrometer in a fast negative-ion beam. Avoiding
this situation occurs when the distance of source separatiofmage distortion by diligent choice of experimental param-
12 is a half-integer number of the electron de Broglie wave-eters we obtain the momentum-resolved angular distribution
lengths of electrons, photodetached from Hn a strong infrared

laser pulse. An accurate numerical procedure for the extrac-

2k \y*+1 1 tion of the energy-dependent differential photodetachment
o Y =|m+ 5 A, (16) rate from the planar detector distribution is used in an analy-

sis of partial-wave amplitudes and phases. Ambiguities asso-

wherex =2a/p andm is an integer number. Equatidaé) g:flstggdm their extraction from experimental data are dis-

describes the condition of destiuctive inferference It (e GaS€ ive KR theory of Gribakin and Kuchiev s used to simu-
pn . ; . late our experiment, explicitly accounting for the spatial and
even parity. This equation was solved to define the corre;

nding electron kinetic eneray. One should take her inttemporal laser intensity distribution, the saturation effect,
Spo g electro etic energy. Une should take nere g, 'y,q ponderomotive shift. This enabled a determination of
account that the electron energy is tuned by the ponderom

tive shift. Thus. a aiven ener Al corresponds unam e differential photodetachment rate which can be directly
b“'/ S II. ¢ li; f. gll(;/ ¢ tF?Z\ZI E_E f,g hS u £ " compared with our experiment. The experimental verifica-
'%UOESEV ics) thi :eenerzgel?rgit f_or (;)Ife ztvvo );)h(;t\(,)vn epr?ocizss tion of the KFR theory shows that it describes well the pro-
_c@T o ) - f photodetachment in a strong laser fiel i
This field strength value should be used to evaluate thCess of photodetachment in a strong laser field, reproducing

Keldysh parametey and, thus, the left-hand side of E46) QI features of the rich experimental spectrum.

hould b dered d dent function. A The Wigner law is a specific feature of a short-range po-
snhould be considered as an energy dependent Iunction. ASigntiq| - which signifies a fundamental difference between
result of the solution of Eq.16), we found that the destruc-

o o hotodetachment and photoionization. We show here that the
tive interference along the laser polarization occurs whe

= KFR th ict the Wi threshold law.
electrons produced by two-photon detachment have a kinetic eory does predict the Wigner threshold law

! . . Most intriguing, the KFR method predicts the profound
energy O.f 168'9. meV. This value is close to the experlmentaﬁuantum interference effect observed in the experiment. The
observation which shows that electrons fL30 meV en-

. . X interference case studied here can be interpreted in terms of a
ergy are emitted preferentially perpendicular to the laser poéuperposition of two complex electron trajectories. In the
larization.

. o limit of low photoelectron momenta this effect has a surpris-
A similar analysis is pgrformed for the thr_ee-photon Ole'ingly simple analogy of a double-slit interference. We sug-
tachment channel. In this case a destructive interferencgoq s stationary picture of quantum interference as an
along thellaser .polar|zat|on occurs when the separation .d' Alternative interpretation of the photodetachment process of
tancery, is an integer number of the electron de Broglie negative ions. This interpretation relies on the ratio of the de
wavelengths. As a result, the destructive interference condig,oyjie wavelength of the free electron and the separation
tion was found at two kinetic energies of 458.9 and 394'0distance between two isotropic coherent electron sources,
meV. These vqlggs, however, are of thg orQer Of. th_e bindingy hich are located at the semiclassical amplitudes of the laser
energy of the initial state and E¢L4), which is valid in the 4 en electron. We show that this interpretation is fully con-

limit of low energiesE<|E,|, cannot be applied here. A gistant with the Wigner threshold law and with the quantum
numerical analy§|s .Of the full expressifsee E_q(4)] shows apath picture as motivated by the Feynman formalism.
that electron emission along the laser polarization is zero at

E=344.5 meV. This value falls into the region where the
two-photon detachment has its maximum and, therefore, the
interference effect in the three-photon channel is masked by
the signal of the lower-order channel. We acknowledge technical assistance by U. Person and I.
The simple picture of interference of two coherent elec-Siegel. We are indebted to M. J. J. Vrakking for supplying us
tron emitters provides a useful and fully consistent two-slitwith his numerical algorithm used for image deconvolution,
analogy of the detachment process. It easily predicts the urand T. Roths for his advice on Tikhonov regularization. This
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_ and use the constraint that real roots of &8) must appear
APPENDIX: AMBIGUITY OF PARTIAL-WAVE as twice degenerate roots. This restricts the possible sets of
AMPLITUDES AND CONSTRAINTS OF g COEFFICIENTS the coefficientsa ,B, . If the amplitude and roots are
The angular distribution of electrons formed in multipho- known, the more general expression
ton detachment from an isotropic initial state by linearly po-

Lmax
larized light has the f =z -
arized light has the form fpn(a):miﬂl (x=%) (Ad)

dl" 2Lmax 2Lmax
"B > B P (cosh)=B >, a cosd, (Al)
dQ =0 =)

with the zeroes; chosen arbitrarily either ax or z* pro-
duces exactly the same set@toefficients. This latter prop-
whereP_ are Legendre polynomials, and the normalizationerty defines a %max ambiguity for the partial-wave decompo-
coefficientB is introduced so thgB,=1. The parity require-  sition. If the parity of the final state is taken into account, the
ment implies the contribution of odd to vanish. The right-  ambiguity reduces to'2w/? equivalent possibilities. Correct
hand side gives an equivalent functional form which represolutions are selected by forcing the coefficients of the op-
sents a polynomial of orderl2,,, in the variablex=cos6.  posite parity to vanish. For the case of even parity of the final
The coefficientsa and g, obey a linear relationship. An state and.,,,,=4, the two complex equations

equivalent representation of the polynomial in terms of prod-

ucts has the form 21+ 2y+ 23+ 2,=0,
dl“ ZLmaX o~ ~ = ~ o
d_Qn:B az'-maxiﬂl (x—27,), (A2) (2324—212,) (211 25) =0 (A5)

correspond to vanishing coefficients of the odd tesand
wherez; are complex roots of the polynomial and are relatedx®. The nine independent quantities in EA4) [as well as
to the above coefficients in a nontrivial way. On the otherq, or 8, in Eq. (A1) with L=0,1, . . .,8] areeduced by the
hand, if the roots are known, the setsofand 8 are easily  above equations to five independent fitting parameters. In the
computed by expanding E@A2). Since thep coefficients  representation of partial-wave amplitudes in EtQ) these
are real, the roots of EqA2) should emerge in complex are given by the three moduli of partial-wavks f,,f, and
conjugated pairs. In particular, & is a root with Img;)  the two phase differences’{— 8,),(5,— ). Thus, if one
#0, thenz" represents another root. A special case isset of the latter is known, all'‘®a/? solutions can be obtained
Im(z;)=0. Then,zj* =z; and the root might emerge as twice from Eq. (A4). A general solution of this ambiguity is im-
degenerate. However, this is not an unambiguous consgossible by an experiment using linearly polarized light. For
quence and such a root can also be nondegenerate. To chdble casd ,,,=2 only a phase ambiguity remains, preventing
whether a degenerate root exists, we decompose the genethé experimental determination of{— §,) only modulo
form of Eq.(10) into a product of partial-wave amplitudes: with an undefined sign.
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