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Nonresonant excess photon detachment of negative hydrogen ions
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One-photon detachment and two-photon nonresonant excess photon detachment of electrons from the H2

ion ~outer-electron binding energy5 0.7542 eV! are observed with 1.165 eV laser pulses from a Nd:YAG laser
~where YAG denotes yttrium aluminum garnet!. A Penning ion source produces a pulsed 8mA, 35 keV H2

beam that intersects a laser beam cylindrically focused down to a 17mm full width at half maximum waist in
the ion beam direction, creating a high-intensity interaction region with peak intensities of up to 1011 W/cm2.
The interaction time is 7 ps. The detached electrons are detected by a time-of-flight apparatus enabling us to
detect a very small two-photon signal in the presence of a very large signal from single photon detachments.
By rotating the linear polarization angle, we study the angular distribution of the electrons for both one- and
two-photon detachments. The spectra are modeled to determine the asymmetry parameters and one- and
two-photon cross sections. We findb2 to be 2.5410.44/20.60 andb4 to be 2.2910.07/20.31, corresponding
to a D state of 8913/212% of theS wave andD wave detachments for the two-photon results. The relative
phase angle between theSandD amplitudes is measured to be less than 59 °. The measured cross sections are
found to be consistent with theoretical predictions. The one-photon photodetachment cross section is measured
to be (3.661.7)310217 cm2. The two-photon photodetachment generalized cross section is (1.360.5)
310248 cm4 sec, consistent with theoretical calculations of the cross section. The three-photon generalized
cross section is less than 4.4310279 cm6 sec2. @S1050-2947~99!02812-7#

PACS number~s!: 32.80.Rm, 32.80.Gc, 32.80.Wr, 32.90.1a
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I. INTRODUCTION TO THE PHYSICAL SYSTEM

The negative hydrogen ion (H2) is important in the de-
velopment of three-body quantum mechanics. This fun
mental bound three-body Coulombic system has no sin
excited Rydberg levels, and, consequently, differs from m
other atomic systems in its electron photoejection dynam
The early successful picture of H2 by Bethe@1#, with the
polarization of the core hydrogen atom providing the bind
potential for the second electron, demonstrated that H2 is an
ideal case upon which to build approximation methods
two-electron systems and for the study of electron corre
tion effects. The detachment energy threshold (Eb) for H2 is
only 0.7542 eV@2#, making it easy experimentally to detac
the electron. The broadly peaked absorption continuum
featureless below the onset of detachment resonances ne
eV. In studies at photon energies of 1.165 eV, there will
no competing resonant processes for photon multiplici
below 9 or 10. An earlier paper on this work has been p
lished@3#; in this paper we provide further details and ana
sis of this study.

We use the description ‘‘excess-photon detachme
~EPD! to describe the detachment of an electron from
negative ion with more than the required minimum numb
of photons~refer to Fig. 1!. Previous multiphoton detach
ment measurements on H2 with laser energies below th
binding energy were not sensitive to the EPD process@4#.
Prior to the present work, EPD in H2 had been reported o
only the two-photon1De resonance near 11.2 eV below th
n52 threshold@5#. The first observations of EPD used ph
tons with energies well below the ion binding energy@6,7#.
Multiphoton studies using photons with energies in exces
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the binding energy are hampered by the strong one-pho
detachment. Previously, the absorption of a second photo
this regime was observed only when enhanced by an in
mediate ‘‘window’’ resonance@8# or final-state resonanc
@5#. This work describes the observation of EPD with a ph
ton energy above the binding energy, without resonance
hancement, in the negative hydrogen ion, H2. In this study,
we report nonresonant EPD in the negative hydrogen
when subjected to an intense beam from the Nd:YAG~yt-
trium aluminum garnet! fundamental mode withhn of 1.165
eV. The focused photon beam is directed at 90 ° to the
beam. The interaction time~about 7 ps! is determined by the
transit time of the ions through the laser beam. We ha
established the feasibility of using slower beams~35 keV!
combined with multiphoton techniques, to probe the str
ture of ions in a way that complements the previous work
LANCSE ~formerly LAMPF! @4# at 800 MeV. With slower

FIG. 1. Schematic diagram of the energy levels in H2 and the
one- and two-photon detachments.
4753 ©1999 The American Physical Society
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4754 PRA 60M. S. GULLEY et al.
beams, although we do not have the advantage of large D
pler effects and motional electric fields, we have gained
ability to measure the energies of the detached electrons
enough resolution to sort out final states. We have dem
strated the basic multiphoton interaction in H2 using non-
resonant EPD, with no stepping stones whatsoever.

The nonresonant two-photon process has been the top
a theoretical study by Collins and Merts@9#. The multipho-
ton studies of Laughlin and Chu@10# as well as Liu, Gao,
and Starace@11#, are also relevant. Recently, Telnov an
Chu have specifically addressed the question of angular
tribution of detached electrons under conditions in the ra
of our measurements@12#. Nikolopoulos and Lambropoulo
@13# have also performed calculations of two- and thre
photon above-threshold ionization partial wave amplitud
and phase shifts for H2. Sánchez, Bachau, and Martı´n @14#
recently calculated detachment rates and angular distr
tions for H2.

II. KINEMATICS

Two aspects of photodetachment of H2 can be experi-
mentally investigated using our apparatus. First, the cen
of-mass angular distribution of electrons is inferred by mo
eling the time-of-flight distribution of the raw data. Th
angular distribution~through conservation of momentum!
tells us into which final states the electrons are ejected. S
ond, we are able to determine the cross sections for the
and two-photon detachments by measurement of elec
counting rates at known laser intensities.

After absorbing one or more photons from a laser bea
an electron is detached with velocityve from an ion in its
rest frame. The velocity,ve , is determined by the exces
energy,Te , the electron carries away from the system, giv
in the rest frame byNhn2Eb , whereN is the number of
photons absorbed,hn is the photon energy, andEb is the
electron binding energy. The ion is moving in the lab w
beam velocityv. Treating the problem nonrelativistically
we find

tanuL5
ve sinuc

v1ve cosuc
, ~1!

whereuL anduc are the ejection angles of the electron w
respect to the beam direction in the lab and rest fram
respectively.

The kinetic energy of the electron in the lab frame,T, is
given by

T5
1

2
mevL

2 . ~2!

Equation~2! can be expressed in terms of center-of-m
quantities,

T5
1

2
me~ve

21v212vev cosuc!, ~3!

or

T5T01Te12AT0Te cosu, ~4!
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where Te is 1
2 meve

2 and T0 , 1
2 mev

2. By measuring the
laboratory kinetic energy spectrum of the electrons for a c
stantTe , we are in effect measuring the angular distributi
of the detachments for a particular number of absorbed p
tons. Equation~4! demonstrates the kinematic amplificatio
of this particular experimental procedure which allows us
extract the useful information. Notice that althoughTe can
be quite small, the angular-dependent part ofT containsT0
as well asTe , which is especially important since the spac
charge effects can be larger thanTe . Since the H2 beam is
traveling at a velocity of 0.86% the speed of light, relativis
corrections to the kinematics are not significant.

A. Angular distributions

Since the initial state of the ion and the final state of t
neutral atom are bothS states,@ng1H2(1 1S)→ H(1s)
1e2#, the angular momentum of the absorbed photons m
be disposed of in the orbital angular momentum between
ejected electrons and the neutral atom. In this case, as g
by Blondel and Delsart@15#, the electron angular distribution
for linear polarization can be expanded with Legendre po
nomials:

ds

dV
5

s

4p S 11 (
k51

N

b2kP2k~cosu!D , ~5!

wheres is the total cross section,N is the number of ab-
sorbed photons,P2k is the Legendre polynomial of orde
2k, u is the angle between the ejection direction of t
electron and the laser polarization, andb2k is the asymmetry
parameter of order 2k. The dipole selection rule for the
single-photon absorption requires aP wave angular distribu-
tion in the center-of-mass frame, while the two-photon a
sorption should produce a coherent superposition of anSand
a D wave distribution. The branching ratio and phase an
of the scattering into theSandD processes arises through th
photodetachment dynamics. The ejection angular distribu
for the single photon with a linearly polarized laser corr
sponds to aP wave withb252. In the case of two-photon
absorption, the measuredb2 and b4 tell us the branching
ratio. We must obtain the angular distribution from the tim
of-flight data; we start by relating the angular distribution
the energy distribution:

ds

dT
5

ds

dVCM

dVCM

dT
. ~6!

From Eq.~4!, we find

dT

dVCM
52

1

p
AT0Te. ~7!

Because of azimuthal symmetry, the differential solid an
is

dVCM522pd~cosuc!. ~8!

For the final analysis, the differential time dependence
the cross sections can be expressed as
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ds

dt
5

ds

dT

dT

dt
. ~9!

The time derivative of the kinetic energy can be found fro
Eq. ~2!,

dT

dt
5

d~ 1
2 mevL

2!

dt
52

med
2

t3
, ~10!

whered is the distance the electron travels. Putting all of t
together,

ds

dt
5

ds

dVCM

p

2AT0Te

med
2

t3
. ~11!

Recalling Eq.~5! assuming linearly polarized light, we arriv
at

ds

dt
5

1

AT0Te

med
2

t3

s

4 S 11 (
k51

N

b2kP2k~cosu!D . ~12!

It is useful to see how the asymmetry parameters,b2k , are
related to quantities that are more intuitive, such as the r
tive presence of different states. In the two-photon case,
~5! can be written

ds

dV
5

s

4p
@11b2P2~w!1b4P4~w!#, ~13!

wherew5cosu. We know physically that the two possibili
ties for the two-photon detachment are either anS wave,
which can be represented by the spherical harmonicY00(u),
or aD wave, represented byY20(u). The angular distribution
can then be represented by a coherent mixture of these
possibilities:

ds

dV
5s@aY00~u!1beifY20~u!#2, ~14!

wherea21b251, anda, b, andf are real. In this represen
tation, a2 and b2 represent the fractions ofS and D waves,
respectively, andf, the phase between theS andD waves.
Comparison with Eq.~13! yields

b45
18

7
b2 ~15!

and

b252A5bA12b2cosf1
10

7
b2. ~16!

Thus, if the electrons are ejected purely in theD state,b2

51 andb2510/7 andb4518/7.
Equation ~5! describes the angular distribution with r

spect to the laser polarization. Since our observations
relative to the beam direction, we must transform Eq.~5!. Let
the angle between the H2 beam direction and the laser po
larization direction beF as shown in Fig. 2. The cosine o
the angleu between the laser polarization and the elect
s

a-
q.

o

re

n

ejection must be expressed in terms ofF, uc , andx, where
the latter two angles are the polar and azimuthal angles of
electron’s velocity vector in the center of mass, with a co
dinate system whosez axis lies along the~horizontal! beam
direction and whosey axis is vertical. Thus we can write

cosu5cosx sinuc sinF1cosuc cosF. ~17!

Writing the Legendre polynomial as an expansion of sph
cal harmonics,

PL~cosu!5
4p

2L11 (
M

YLM~uc ,x!YLM~F,0!. ~18!

Averaging over x, the spherical harmonics simplify to
PL(cosuc)PL(cosf). Equation~5! becomes

ds

dV
5

s

4p S 11 (
k51

N

b2kP2k~cosuc!P2k~cosF!D . ~19!

The final form of the equation used to model the time-
flight data is

ds

dt
5

1

AT0Te

med
2

t3

s

4 S 11 (
k51

N

b2kP2k~cosuc!P2k~cosF!D .

~20!

Once the fit is made and the asymmetry parameters
determined, Eqs.~15! and ~16! are used to determine th
percentage ofD wave and the phase angle between theSand
D waves.

B. Ponderomotive potential

An electron detached by a high-intensity laser beam fi
itself in a continuum state whose energy includes a pond
motive ~quiver! term arising from the electron’s response
the ambient electromagnetic field. This time-averaged, c
sical ‘‘ponderomotive potential energy’’ is given by

Ep5
r e

2pc
Il2, ~21!

FIG. 2. Geometry when the laser is linearly polarized at
angle F with respect to the H2 beam direction. The electron i
ejected at an angleu with respect to the laser polarization.
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4756 PRA 60M. S. GULLEY et al.
wherer e is the classical radius of the electron,c is the speed
of light, I is the laser power per unit area, andl is the laser
wavelength. In electron volts,

Ep59.337310214l2I , ~22!

if I is measured in W/cm2 andl in mm.
This additional energy the electron must acquire in or

to enter the continuum adds to its effective binding ener
However, in our case, withl51.064 mm with I up to
1011 W/cm2, the ponderomotive shift in energy is 0.01 e
This energy difference translates into a time-of-flight diffe
ence of 0.1 ns, which is less than the resolution of our d
acquisition setup, and therefore is ignored.

C. One-photon cross section

In 1976, Broad and Reinhardt@16# used the multichanne
J-matrix formulation of close-coupling theory to calcula
the photodetachment cross section for H2, yielding a one-
photon cross section at a photon energy of 1.165 eV of ab
3.510310217 cm2. In order to extract the cross section fro
our results, we need to model the interaction of the H2 beam
with the laser beam and determine what the counting
should be, i.e., how many H2 ions are photodetached. Le
the rate~R! be the product of the luminosity,L, and the cross
section,s,

R5Ls. ~23!

The luminosity is given@17# as

L~ t !5~12b cosu!E dVF~ r̄ ,t !n~ r̄ ,t !, ~24!

whereu is the angle between the laser beam and the par
beam,F is the photon flux density in photons per second
unit area, andn is the ion density in ions per unit volume.b

is the usual relativistic velocity ratio andr̄ is the ion beam
spatial coordinate system.

The simplest case is to model both the ion beam and
laser pulse as uniform overlapping cylinders of radiusa, in
which the luminosity becomes

L516a3~12b cosu!nF/~3 sina!. ~25!

This simple model, however, is inadequate for accura
predicting our data for two reasons. First, our laser beam
a Gaussian intensity profile, and second, the intensity is h
enough that our ion beam can be significantly attenuated.
us consider an ion that has survived up to the pointz in the
laser pulse; the probability of detachment in the next inter
dz,dP is given by

dP52s~E8,F8!F~x,y,z,t !
12b cosu

bc
P~x,y,z,t !dz,

~26!

where the primed quantities are in the ion rest frame. In
grating Eq.~26! gives us the probabilityPs(x,y,z) for an ion
to survive to a pointx,y,z into the laser pulse:
r
.
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Ps~x,y,z!5expH 2
12b cosu

bc

3E
2`

z

dz8s~E8,F8!F~x,y,z!J . ~27!

The complement to the probability of survival is the detac
ment probability,PD(x,y,z), given by

PD~x,y,z!512Ps~x,y,z!. ~28!

We can now consider the instantaneous detachment rate
ion, r D(x,y,z,E8), given by

r D~z![bc
]PD

]z
5s~12b cosu!F

3expF2
12b cosu

bc E
2`

z

dz8sFG . ~29!

By integrating this rate up to pointz, we can determine
the total number of detachments. We now specifically c
sider the spatial and temporal structure of the laser pulse.
will approximate it to be Gaussian in both space and time
the flux can be written as

F~ r̄ ,t !5
2Nn

p3/2A2DLv2
expF 2t2

2DL
2GexpF22~x21y2!

v2 G ,

~30!

whereNn is the number of photons per laser pulse,v is the
laser beam waist, andDL is the temporal standard deviation
We may now look at the spatial dependence of this relati
ship. The coordinate system for the ion pulse is (x,y,z),
wherez is the ion beam direction; the coordinate system
the laser pulse is (x̄,ȳ,z̄), wherez̄ is the laser beam direc
tion. The intersection angleu is the angle between thez and
z̄ axes. The laser spot obeys the relation

w2~ z̄!5w0
2S 11

z̄2

zR
2 D , ~31!

wherezR is the Rayleigh range,pw2/l. The transformation
between frames is then

x̄52z sinu1x cosu,

ȳ5y,

z̄5z cosu1x sinu.

So the spatial-dependent part of the laser flux can be wri
as
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F~ r̄ !5
2Nn

w0
2S 11

~z cosu1x sinu!2

zR
2 D

3expH 22~x cosu2z sinu!21y2

w0
2S 11

~z cosu1x sinu!2

zR
2 D J . ~32!

By integrating Eq.~29! using Eqs.~30! and 32 to model
the temporal and spatial structure of the laser pulse, we
predict the yields of the different detachment processes
function of the laser pulse energy. By fitting the yield curv
to the experimental results, we are able to extract cro
section values. Figure 3 shows how the yield of the o
photon process depends on the laser energy,. At high l
energy the large depletion of the H2 pulse causes the yield t
level off. The H2 beam is mostly depleted even before
reaches the highest intensity region of the laser pulse.

D. Two-photon cross section

Two recent calculations of the generalized cross sec
for the nonresonant two-photon process are by Liu, Gao,
Starace@11# and by Proulx and Shakeshaft@18#. The former
did not calculate the cross section for photon energies hig
than 0.65 eV, so we will need to compare to the latter res
~these two calculations are consistent with each othe
lower photon energies!. There is also a new study by Niko
opoulos and Lambropoulos@13# that investigates both theS
to D ratio and the photodetachment cross sections for
two- and three-photon events. In Fig. 4, we show our p
dicted yield for the two-photon process. By fitting this yie
curve to the experimental yields, we extract the cross s
tions to compare to the theoretical models.

Figure 5 shows what the predicted photodetachment r
as the ion penetrates the laser beam, looks like for the t
photon process. Here one can see that the detachment p
before the H2 beam makes it to the center of the laser pul
where the laser intensity is greatest. By this point, the o
photon process has depleted the H2 beam to the point where
even though the laser intensity is greater, there are

FIG. 3. Results of the model for one-photon detachment yie
The yield is given in terms of the duration of a bite out of the H2

beam equivalent to all of the events produced by the process.
an
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enough ions left for there to be a large two-photon photo
tachment rate. The surviving fraction of the H2 beam is also
shown.

E. Three-photon cross section

In a manner similar to the two-photon calculation, we c
also calculate the yield of the three-photon process to ext
a cross section. In this case, our experiment was not sens
enough to detect the three-photon peak, so we will be abl
estimate only an upper limit on the three-photon cross s
tion. Figure 6 demonstrates the expected three-photon y
versus laser pulse energy.

III. EXPERIMENTAL METHOD

Our experimental goal was to measure the time-of-flig
spectra of the electrons produced by two-photon deta
ments. These data are analyzed to determine the angula
tribution and yield of the two-photon detachment. The pr
cipal experimental hindrance is single-photon detachm

s.
FIG. 4. Results of the model for two-photon detachment yiel

The vertical axis represents the time the H2 beam is completely
detached by two-photon events, as defined in the Fig. 3 captio

FIG. 5. This figure shows the shape of the two-photon deta
ment rate compared to the depletion of the H2 beam. Notice that
the beam is substantially depleted by the time it reaches the pea
the Gaussian laser pulse~at time 5 0!. Thus, the two-photon de
tachment rate hits its maximum at an intermediate point.
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which depletes the ions before they can reach the inte
field region where nonlinear two-photon processes occur
preciably. Nevertheless, we resolved two-photon EPD p
toelectrons in the energy spectrum resulting from a fast h
current ion beam@19# directed at 90 ° through a focused 1
ns pulsed laser beam. An alternative approach to produc
abrupt onset of the photon field intensity requires firing
picosecond laser@8# into a slow moving H2 beam, although
this method is inherently less productive per laser pulse.
tails of the experimental setup using a different laser arran
ment are also discussed in Ref.@5#. The two main pieces o
equipment for this experiment were an ion accelerator
produce a beam of H2 ions and a laser to produce a beam
photons. These two beams were made to intersect in an
teraction chamber and the resulting detached electrons
guided by a magnetic bottle to a microchannel plate dete
~MCP!. The MCP signal was sent to an oscilloscope, av
aged, and then sent to a computer to be recorded.

A. The H2 ion source: The ground test accelerator

The ground test accelerator~GTA!, the centerpiece of the
Neutral Particle Beam Program at Los Alamos@20#, was
stimulated by the successful demonstration of a neutral b
in space in July, 1989@21#, and required the development o
high brightness H2 ion sources. The 4X H2 Penning ion
source developed for the GTA provides a 46 mA peak2

beam accelerated to 35 keV and pulsed at 5 Hz@22#. This
beam was fed through our beam transport line into the in
action chamber.

B. The photon source: Nd:YAG laser

A Quanta Ray GCR-4 neodymium-doped yttrium alum
num garnet~Nd:YAG! laser provided the laser beam. In o
der to avoid transient spikes and hot spots due to multim
laser beams when modeling multiphoton processes@23,24#,
an injection-seeded Nd:YAG laser provided a single-mo
pulse with a smooth, reproducible temporal profile with
full width at half maximum~FWHM! of approximately 11
ns. This laser provided photons at a wavelength of 1064
~1.165 eV!, and produced pulses with an energy of up to
joule, at a repetition rate of 10 Hz. The laser beam w

FIG. 6. Model of the three-photon detachment rate versus l
pulse energy. The vertical axis represents the time the H2 beam is
completely detached by three-photon events, as defined in the F
caption.
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tightly focused by a cylindrical lens (f 510 cm) to a
17 mm ~FWHM! thick photon sheet perpendicular to the io
beam direction. The sheet height~FWHM! was 2 mm, deter-
mined by another cylindrical lens (f 525.4 cm) placed 20.3
cm from the interaction region. Since the diameter of the
beam was about 1 mm, this height assured complete ove
of the two beams. Traveling at 0.86% the speed of light, e
ion transits the laser field in less than 7 ps. Since the2

particles are traveling so much faster than the residual
particles in the system, the photoelectrons from these ba
ground particles make minimal contributions to the signal
interest.

C. The optics system

The laser is designed to run optimally at a 10 Hz repe
tion rate, even though it can be operated at any rate betw
0 and 30 Hz. The ion source runs at 5 Hz, so the simp
way to trigger the laser would have been to trigger it direc
from the source trigger signal. However, to be able to run
laser optimally, we doubled the source trigger signal f
quency to form a 10 Hz laser trigger. In this way we got t
proper timing between the laser pulse and the ion pulse
though only alternate laser pulses were used.

The optical beam path contained primarily al/2 plate for
rotating the linear polarization of the laser beam and t
cylindrical lenses for focusing the laser. The first lens ha
focal length of125.4 cm and was placed 20.3 cm from th
interaction region. It was oriented to focus in the vertic
direction. This narrowed the 1 cm diameter beam down
about 2 mm in the interaction area. The second lens wa
110.2 cm focal length cylindrical lens placed to focus at t
interaction region. This lens was oriented to focus the la
beam along the H2 beam direction of travel (z axis in Fig.
2!. The focal region was designed to allow the H2 ions to
reach areas of high laser intensity in the shortest poss
time, so that two-photon processes can take place before
one-photon processes completely deplete the H2 beam.

The laser beam waist was measured by moving a ra
blade through the beam waist and measuring the total si
in the one-photon peak versus razor edge position. The
rivative of the total one-photon signal with distance tran
verse to the beam produces the Gaussian shape of the e
tive focal spot.

D. The interaction chamber

Figure 7 shows a schematic overview of the appara
including the beamline and interaction chamber. Figure
shows the details of the interaction chamber.

An aperture reduced the H2 flux extracted from the ac-
celerator to 8 microamperes, and the beam was directe
an Einzel lens through a set of electrostatic deflection pla
These plates were tuned to deflect the H2 particles, but not
H0 or H1, through the interaction region, making the bea
as pure H2 as possible. The 5 Hz H2 beam pulses were
nominally 500 ms in length. Since the laser pulse is o
about 11 ns in duration, most of this beam goes only
increase the background pressure in the interaction reg
For this reason an electrostatic chopper after the Einzel
shortened the beam pulses to 100 ns duration. The H2 beam
passed through the interaction region into a Faraday cup

er
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measurement of the beam current. Immediately before
interaction region, the 1 mm diameter H2 beam passed
through a cylindrical 5 mm hole along the symmetry ax
parallel to the field, of a cylindrical samarium-cobalt perm
nent magnet. This magnet, with a peak field of 2700
formed the entrance field to a magnetic bottle time-of-flig
apparatus@25,26#. The laser beam intersects the H2 beam
about 3 mm beyond the exit from the permanent mag
Photodetached electrons are guided by the magnetic
lines from the permanent magnet into the solenoidal field
the time-of-flight tube.

E. Detection equipment

The laser and ion beams intersect near the maximum
of the permanent magnet. The magnetic field, as it diver
from the axis of symmetry of the magnet, adiabatica
aligns and expands the photodetached electron traject
into the throat of the time-of-flight~TOF! magnetic bottle. A
microchannel plate~MCP! detector at the end of the mete
long solenoid flight tube time-resolves the photodetac
electron pulses. A current coil trims out the earth’s magne
field transverse to the TOF tube. The signal is averaged
1000 laser pulses using a digital oscilloscope with a ti
resolution of 2.5 ns. The instrumental response time, limi
by the laser pulse width, space-charge repulsion, and n

FIG. 7. Schematic overview of experimental apparatus.

FIG. 8. Detailed design of the interaction chamber showing
second set of deflector plates, permanent magnet, interaction re
and the front end of the time-of-flight tube.
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ideal magnetic collimation, is found to be approximately
ns by convolving Eq.~20! to fit the one-photon detache
electron TOF distribution. The MCP is a double-plate,
chevron, design. Each of the two stages or plates multip
the electron signal by a factor of one thousand, giving a to
gain of the electron signal of about one million. Each plate
kept at a potential of about 1000 V. The electrons detac
from a 35 keV H2 beam have, not taking into account th
excess energy imparted to them by the photons, an energ
19 eV in the lab frame. This 19 eV is not enough to cre
the cascade of electrons in the front plate of the MCP;
front end of the front plate is therefore held at a positi
potential of several hundred volts to accelerate the electr
at the last instant enough to create a detectable signal.
amplified electron current pulse then charges up a hi
voltage capacitor circuit and the resulting voltage sig
pulse is sent to an oscilloscope. The oscilloscope time sw
is triggered by a coincidence between a photodiode detec
the laser pulse and the trigger pulse from the H2 source. The
oscilloscope then averages the electron signal over typic
1000 laser pulses, resulting in a raw time-of-flight spectru

F. Data acquisition

The oscilloscope~LeCroy 9450A! is controlled by a per-
sonal computer usingLabVIEW software. The software is
written to allow the user to input the file name, the number
counts over which to average, and the time and voltage
tings on the oscilloscope. Once activated, the program
the oscilloscope to average the electron signal for the sp
fied number of counts, and then collects the averaged T
signal and places it in the user-specified file.

IV. DATA ANALYSIS

A. The data

In the ion rest frame, the photoejected electron distrib
tions for a particular laser frequency and photon multiplic
are expected to be monoenergetic and cylindrically symm
ric about the laser polarization axis. As discussed in Sec
the TOF spectrum of the photodetached electrons refl
their ion center-of-mass angular distribution. Consequen
the desiredb2k values which characterize the branching ra
and angular distribution can be inferred from the TOF sp
trum. In principle, fitting the model to a single spectrum f
a particular angleF, the angle of polarization of the lase
beam with respect to the ion beam~zero degrees means th
laser polarization is along the H2 beam direction! will suf-
fice to determine the asymmetry parametersb2k . In practice,
we took data at different laser polarization anglesF to be
able to cross check the data.F is stepped through a sequen
of values with a half-wave plate, and, at each value ofF, the
one- and two-photon detached electron TOF spectra are
corded. Figures 9~a! and 9~b! show typical arrival time dis-
tributions for several polarization angles for the one- a
two-photon distributions. The one- and two-photon arriv
time distributions overlap partially, so that only the leadi
edge of the two-photon signal is visible, as seen in Fig. 9~b!.
The rising signal at arrival times after 380 ns marks the on
of the overlap of the weak two-photon signal with the stro
one-photon signal.

e
on,



th
ia

ta
s
hi

in
nc

e
Ch
hi
s
-
e
a
e

l t
t b
er
re
si
b

rio

ton
of

on
the
11

ted
e
of

data
l to

nd
m
the
e
by

tial
an

ily
lues
ct
ble
to

ht
w-

ffect
the
he
rob-

t in
la
a

les

e

fit
w-

dity

4760 PRA 60M. S. GULLEY et al.
No new physics would be expected to arise from
shape of the one-photon spectrum, since the only apprec
possibility is for the electrons to be ejected in aP state,
meaning thatb2 should be 2. The accuracy to which the da
can be modeled by ab2 of 2 with higher-order betas of 0 i
a test of the accuracy of the dipole approximation in t
case. We found that the best-fit value forb2 is 1.9660.03,
slightly below its expected theoretical value. Fits which
cluded higher-order betas did not improve the confide
level of the fit and gave values of the higher-order asymm
try parameters that are consistent with zero. Telnov and
@12# performed a nonperturbative Floquet calculation of t
system and included higher-order terms. For a laser inten
of 1011 W/cm2, their value ofb4 for the one-photon detach
ment is 24.5631024, smaller than our uncertainty in th
values of the asymmetry parameters. Thus, the dipole
proximation is sufficiently accurate to model our data. W
were able to use the one-photon spectra to test the mode
we use on the two-photon spectra. This turned out to no
as useful as we had originally hoped; important paramet
such as the time spread due to the laser pulse, are diffe
between the one- and two-photon data. The two-photon
nal is on the order of 1000 times smaller and is measura
only at higher laser intensities. Thus, there is a shorter pe

FIG. 9. Angular dependence of time-of-flight signal for~a! one-
photon and~b! two-photon detached photoelectrons. The top plo
each case shows the height of the leading peak as a function of
polarization angle. The lower plots show three typical electron
rival time distributions corresponding to three polarization ang
The solid line is the expected behavior for a pureP wave andD
wave angular distribution for the one-and two-photon yield, resp
tively.
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of time during which the laser pulse produces two-pho
electrons. This also explains why, even though the width
the laser beam is about 11 ns FWHM, for the two-phot
data the time spread is usually about 6.7 ns FWHM. For
one-photon data, the best fit is typically with a spread of
ns FWHM.

B. Time smear of the data

A model for the expected TOF structure was construc
by convolving into the electron arrival distribution at th
MCP a Gaussian shape for the laser pulse, with a FWHM
11 ns. Because of the need to model the smear in the
created by the laser temporal structure, it was beneficia
use a seeded laser in which the pulse was smoothed.

Figure 10 shows a one-photon time-of-flight spectrum a
its best fit. It was difficult to get a good one-photon spectru
because the signal was strong enough to easily saturate
MCP. The distortion to the signal created by the RC tim
response of the MCP is accounted for in the analysis
convolving the time-spread signal with a dying exponen
to represent the RC time constant. We eventually used
MCP in which the capacitor was external and eas
changed. We experimented with different capacitance va
to try to minimize the effect of the time constant. The effe
is not as great on the two-photon signal since the visi
portion arrives at the MCP for a small time period relative
the RC time constant.

The fitting routine can include spread of the time-of-flig
distribution due to space-charge effects if so desired. Ho
ever, space-charge effects seem to have no significant e
on the raw data spectra. Figure 11 is an example of how
pure D state model of the two-photon process looks. T
three peaks in the spectrum come from the three high p
ability regions of theD orbital. Figure 12 shows a fit to the

ser
r-
.

c-

FIG. 10. One-photon time-of-flight spectrum with the best-
model. To produce a spectrum with this little distortion of the lo
energy side, both the laser power and H2 beam current had to be
reduced to minimal levels. This fit establishes the essential vali
of the dipole approximation for these conditions.
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data. Notice that we have access to only the front end of
two-photon signal, as the one-photon signal obscures mo
the rest except for the low-energy end of the two-pho
signal, which is too weak and temporally extended to
useful. The asymmetry parameters were the fitting par
eters. A discussion of the fitting procedure can be found
@27#.

C. Yields

We examine the dependence of the yield of the one-
two-photon processes on the laser power. The single-ph
electron yield initially increases linearly with the laser irr
diance and eventually saturates. Other studies attribute
nonquadratic behavior to quantum interference effects fr
multiple detachment channels@28,29#, incomplete overlap of
the laser focus and the ion cloud@30#, and competition by
other processes@24#. Since our electrons are generated p
dominantly in a single orbital angular momentum state~as
discussed below!, interference is a weak effect and our she
focus geometry assures the overlap of the ion and la
beams. Our model indicates that the observed laser inten
dependence can be accounted for by the single-photon
tachment, which depletes the ions before they can reach
peak laser power; indeed, despite the 7 ps transit time,
sentially all two-photon events occur prior to the peak inte
sity of the laser focus. We emphasize that depletion does
represent a corruption of the measurement process; in
ticular, it should not affect the energy or angular distributi
of the one- and two-photon photoelectrons.

FIG. 11. Model of the two-photon time-of-flight spectrum at
laser polarization angle of zero.

FIG. 12. Two-photon time-of-flight spectrum with the best-
model.
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D. Converting the data to useful yields

The raw data consist of signals in units of volts vers
time from the oscilloscope that are not directly normalized
calibrated. The one-photon signal can be calibrated by us
the Faraday cup signal. The one-photon detachment sign
strong enough that a visible notch is seen in the Faraday
spectrum, corresponding to the ions neutralized by this p
cess. By normalizing the area of this notch to the area of
background signal, we can determine the fraction of the2

beam photodetached. We also compare the area of the
photon signal taken from the MCP to that from the Farad
cup. The tendancy at larger laser pulse energies for the M
signal to be less than the Faraday cup signal is caused b
electron signal saturating the MCP, effectively decreasing
gain. This saturation can be seen in the shape of the time
flight spectrum. As the signal strength increases to the
where depletion of the MCP plates occur, the area under
low-energy side of the spectrum decreases.

The normalized one-photon signal can be compared to
yield predicted by integrating Eq.~29! and modeling the la-
ser pulse. We adjust the cross-section parameter for the
fit. Our model is compared with the data in Fig. 13. There
a systematic overestimation of the yield at intermediate la
pulse energy values that we believe is due to nonopti
alignment of the optics.

V. RESULTS AND CONCLUSIONS

We observed nonresonant EPD in H2 with the absorption
of two photons of energy 1.165 eV. This regime is partic
larly interesting because it lies far above threshold@31#, near
the maximum@16# of the single-photon continuum, and th
one- and two-photon energies are not near any intermed
or final resonances or features. Even though the one-ph
absorption process severely depleted the ions penetratin
the most intense region of the laser focus, we observed n
resonant EPD from a two-photon absorption.

A. Branching ratios and phase angle betweenS and D waves

The asymmetry parameters are determined from fits to
TOF profiles. We findb2 to be 2.5410.44/20.60 andb4 to
be 2.2910.07/20.31. The branching ratio of theS and D
wave ejection processes is determined from the asymm

FIG. 13. The fraction of the H2 beam that undergoes one
photon detachments vs photon pulse energy, showing the com
son between the model and the final data.
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4762 PRA 60M. S. GULLEY et al.
parameters. The process appears to branch 89%13/212%
into theD wave. The final number is a weighted average@32#
of the final set of results. The model predicts the phase an
f, as defined in Eq.~14! to be 25 °634 °, that is, a phase
angle of less than 59 °. The uncertainty is due to system
distortions of our signal inadequately accounted for in o
model. For a light atom, where the interaction of the outg
ing electron with the residual core is minimal, theoretic
calculations using the plane-wave approximation ha
shown quantitative agreement with previous experime
@33#. In the plane-wave approximation@34,35#, the relative
phases of the different angular momentum~l! amplitudes dif-
fer by pDl/2, so that, in our case, theS andD wave chan-
nels should have an interference angle ofp @35#. The Wigner
law @36# predicts that near threshold the branching amo
processes of differing angular momentum will scale
Te

l 11/2; as the excess energy increases, the fraction of po
lation in the lower angular momentum states declines. P
studies@35,7# have shown good agreement with the Wign
law near threshold. If the law holds far from threshold, th
it predicts very little S-state production@37#. Collins and
Merts @9# ~momentum-space method! as well as Telnov and
Chu @12# ~Floquet method! predict that, at the photon energ
and laser intensities in our experiment, theD state dominates
the two-photon detachment state; Telnov and Chu pre
@12# greater than 90%D wave population. Our experimenta
results appear to confirm these theoretical predictions.

B. One-photon cross section

We modeled the one-photon yield versus laser energy
compared it to our data. We adjusted the one-photon c
section until we had a best fit: (3.661.7)310217 cm2. Fig-
ure 13 shows how the yield curves look for the data ver
the model. The fit is best at the lower pulse energies.
results are consistent with the predictions of Broad and
inhardt@16#, 3.58310217 cm2 at our photon energy of 1.16
eV.

C. Two-photon cross section

Proulx and Shakeshaft give the detachment rate as b
25 800 ~in atomic units of rate perI 2). This converts to a
generalized cross section of 9310249 cm4 sec. Nikolopou-
los gives the 1S rate as being about 2500 and the 1D rate as
about 30 000, which combined to give a generalized cr
section of about 1.1310248 cm4 sec. Our results gave
best fit of the data with a generalized cross section of (
60.5)310248 cm4 sec. Our cross-section value is cons
tent with the theoretical predictions. The results of the mo
being fit to our best data runs are shown in Fig. 14.

D. Upper limit on three-photon cross section

We were unable to detect detachments from the th
photon process. However, from the size of the noise in
region of the spectrum where the three-photon signal sho
be, we can estimate an upper limit on what the cross sec
le,
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could be. We calculate the noise for one channel of our tim
of-flight spectrum based on the noise in that region. We
sume the noise is the upper limit to the three-photon sig
and add the noise over all the channels in which we wo
expect to see the three-photon process. We compare this
per limit to the three-photon yield to the size of its tw
photon counterpart on that spectrum to calibrate it. By
justing the generalized three-photon cross section in
modeling program until it produces a yield equal to o
upper-limit value, we get a limit on the generalized cro
section for the three-photon process; it must be less t
4.4310279 cm6 sec2. Nikolopoulos and Lambropoulos
@13# calculate the three-photon detachment rates to be a
33106 for both the1P and the1F in atomic units of rate/I 3,
giving a total rate of 63106, which converts to a generalize
cross section of 8310280 cm6 sec2, consistent with our es-
timate.

E. Summary

We measured the photodetachment cross sections fo
one- and two-photon photodetachment processes using
tons of energy 1.165 eV. The one-photon cross sectio
(3.661.7)310217 cm2. The two-photon generalized cros
section is (1.360.5)310248 cm4 sec. We findb2 to be
2.5410.44/20.60 andb4 to be 2.2910.07/20.31, giving a
D to Sstate mixing of 89%13/212% into theD state with
the relative phase angle between the two states being
than 59 °. The three-photon generalized cross section is
than 4.4310279cm6 sec2.
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FIG. 14. Comparison of the model to the final data for the tw
photon process.
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