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Complete measurements of two-photon ionization of atomic rubidium
using elliptically polarized light
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We report in detail our complete characterization of atomic photoionization via a single measurement,
namely, that of the two-photon photoelectron angular distribution using elliptically polarized light. Through
these measurements we are able to determine the atomic parameters necessary to unambiguously describe
two-photon ionization of atomic rubidium. These parameters include relative cross sections for photoionization
into various outgoing channels as well as the phase difference between the continuumS andD partial waves.
We present a derivation of the angular distribution with arbitrarily polarized light in terms of these cross
sections and phases, demonstrate the advantages of using elliptically polarized light, discuss details of the
experiment, and report the results of our measurements in this paper. While measured phase differences are in
excellent agreement with expected values over the entire range of photoelectron kinetic energy of our mea-
surements from 0 to 0.5 eV, ratios of cross sections for photoionization into the twoD channels are anomalous,
suggesting unexpected fine structure effects in these continua.

PACS number~s!: 32.80.Rm, 32.10.2f
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I. INTRODUCTION

Various techniques for ‘‘complete’’ measurements
photoionization processes have been reported in the
@1–5#. A complete measurement is one in which all the re
tive photoionization cross sections for exciting the differe
outgoing waves, as well as the phase differences betw
these channels, are unambiguously determined. Most c
plete determinations have included a measurement of
photoelectron angular distribution for linearly polarize
light, augmented by some other experimental or theoret
data. The latter is necessary since the former is insufficien
completely characterize the interaction. For example, D
cansonet al. @1# measured photoelectron angular distrib
tions for two-color, two-photon ionization of atomic sodium
While both laser fields were linearly polarized for these m
surements, the investigators varied the angle between th
rections of the polarizations, and thus were able to ext
relative cross sections and the continuum phase differe
Similar measurements were carried out in neon by Sie
et al. @2#. Simultaneous measurements of the angular dis
bution and the spin polarization of the photoelectrons w
carried out by Kaminskiet al. @3# in cesium, and in xenon by
Heinzmann@4#. These spin polarization measurements
volved Mott scattering detectors, adding significantly to t
difficulty of the measurements. Hausmannet al. @5# studied
inner shell ionization of magnesium through simultaneo
measurements of the photoelectron angular distribution
the residual alignment of the ion. Observations of circu
dichroism in photoelectron angular distribution measu
ments have also been identified for their potential in yield
phase differences and relative cross sections@6,7#. In these
two-color, two-photon measurements the intermediate s
is aligned by excitation with linearly polarized light in th
first step, and the difference in the photoelectron angu
1050-2947/2000/62~5!/053404~14!/$15.00 62 0534
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distributions for left- and right-circularly-polarized beams i
ducing the second step of the ionization process is measu
In addition to the requirement of multiple measurements
each of these experiments, they typically yield only the c
sine of the phase difference of continuum waves, rather t
the phase difference directly. Since the cosine function
bivalued in the range 0 –2p, this ambiguity must be resolve
by some other means.

Our present measurements are motivated largely thro
questions raised in previous incomplete two-photon ioni
tion measurements carried out by our group@8#. These mea-
surements consisted only of the photoelectron angular di
bution for linearly polarized light, and so required addition
measurements or theoretical results to draw any firm con
sions. Lacking either of these at the specific waveleng
used for our measurements, we presented analyses bas
two different, equally reasonable assumptions, i.e.,~1! that
the continuum phases of theS and D channels are given
accurately by the semiempirical quantum defect the
@9,10#, or ~2! that the magnitudes of the two-photon rad
transition moments to the«d 2D3/2 and the«d 2D5/2 con-
tinuum channels are equal. In support of the first assumpt
quantum defect phases have been shown to be in good a
ment with the results of more rigorous theories in many s
tems. Conversely, bound state intensity ratios for theD series
in rubidium @11# support the second assumption. Noneth
less, our earlier results showed that at most one of th
assumptions could be true. When we extrapolated quan
defects measured from the bound state spectra@12–14# to the
continuum, we were led to the conclusion that the relat
cross sections for ionization into the continuum2D5/2 and
2D3/2 channels were highly imbalanced. The second assu
tion left us with continuum channel phase differences t
were in strong disagreement with expected values.
sought a measurement that would resolve the conflict.
©2000 The American Physical Society04-1
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ZHENG-MIN WANG AND D. S. ELLIOTT PHYSICAL REVIEW A 62 053404
We recently reported@15# measurements of photoelectro
angular distributions for two-photon ionization of atomic r
bidium using elliptically polarized light. These measur
ments represent a complete determination of the rela
photoionization cross sections and continuum function ph
differences through a single laboratory observation, in c
trast to all previous methods discussed above. Our meas
ments yielded not only the magnitude of the phase diff
ences~modulusp) but the sign as well. These phases are
excellent agreement with expected values over the en
range of photoelectron kinetic energies of our measurem
from 0 to 0.5 eV. The cross sections to theDJ channels,
however, showed a clear asymmetry, in approximate ag
ment with one of the possible conclusions of Ref.@8#. In this
report we expand upon our results and discussion of R
@15#. We first present, in Sec. II, a theoretical derivation
the photoelectron angular distribution for two-photon ioniz
tion with arbitrarily polarized light, and then describe o
apparatus for collecting the photoelectrons~Sec. III!. Finally
we present our measurements~Sec. IV! and our analysis of
the results~Sec. V!. We include a discussion of our tech
nique for interpreting the image created by the photoe
trons in the Appendix.

II. THEORY

Two-photon ionization of an unaligned alkali metal ato
initially in a groundns2S1/2 state produces an outgoing ph
toelectron in the continuum«s 2S1/2, «d 2D3/2, and«d 2D5/2
states. See Fig. 1 for an energy level diagram of rubidiu
The angular distribution of the photoelectrons ejected fr
this atom depends upon the relative magnitudes and ph
of the three outgoing waves corresponding to each of th

FIG. 1. Energy level diagram of atomic rubidium. The arrow
indicate the transition pathways for nonresonant two-photon ion
tion.
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continuum channels. In this section we will present our de
vation of the photoelectron angular distribution resulti
from the two-photon interaction of rubidium with arbitraril
polarized light. We model this derivation after that of Beb
and Gold@16#, who determined a general formulation for th
differential cross section for multiphoton ionization, an
Lambropoulos and Teague@17#, who considered the two
and three-photon ionization of alkali metals driven by circ
larly or linearly polarized light.

In order to allow us to consider any polarization of th
electric field, including linear, elliptical, and circular, w
write the field as a plane wave of the form

EW ~rW,t !5E0ê exp@2 i ~vt2by!#1c.c., ~1!

where1 ŷ defines the direction of propagation of the wa
and ê5e1x̂1e3ẑ is a unit vector that describes the polariz
tion of the field. We assign the vertical direction in our e
periment as theẑ axis. The componentse15e181 i e19 and
e35e381 i e39 are in general complex, and the relative mag
tude and phase difference between these components sp
the polarization state of the light unambiguously. One pol
ization state of special interest in the present work isê

5 i e19x̂1e38ẑ, wheree19 ande38 are real and positive, ande19
Þe38 . This vector describes left-elliptically polarized ligh
where we conform with the convention of Born and Wo
@18# for labeling the sense of rotation. In this state theẑ

component leads thex̂ component, and the electric field vec
tor rotates counterclockwise as a function of time as view
by an observer facing the laser source. The major axis of
ellipse is vertical fore38.e19 and horizontal fore38,e19 . By

parallel arguments, the vectorê52 i e19x̂1e38ẑ describes
right-elliptically polarized light, which rotates clockwis
when viewed by the same observer.

Bebb and Gold@16# presented a perturbative treatment
multiphoton ionization, in which they showed that the ph
toelectron angular distribution for two-photon ionization c
be expressed in the form

ds

dV
5

ma2v2ukW u
\

uTf gu2, ~2!

wherem is the electron mass,a5e2/\c'1/137 is the fine
structure constant,kW is the momentum vector of the photo
electron, and

Tf g5(
n

^kW u ê•rWun&^nu ê•rWug&
~vn2vg2v!

~3!

is the two-photon transition moment. In this expressio

^ i u ê•rWu j & are the matrix elements of the projection of th
electronic position operator onto the field polarization vect
while \vn and\vg are the atomic energies of the nonres
nant intermediate statesun& and the initial stateug&. In Fig. 1,
all state energies are expressed relative to the ground
energy, sovg50. The summation is taken over all interm
diate states that are dipole connected to the initial state,

a-
4-2
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COMPLETE MEASUREMENTS OF TWO-PHOTON . . . PHYSICAL REVIEW A62 053404
tending over the entire manifold ofP states un&
5unp 2Pj ,mj&, wherej is 1

2 or 3
2 . Near resonance of the lase

frequency with any of the intermediate states could lead
strong enhancement of the transition rate, but might a
modify the angular distribution through effects related to
fine or hyperfine structure of the intermediate state@1,19–
21#. We avoid these effects by using laser frequencies in
range from 16 950 cm21 to 18 800 cm21. This single photon
energy lies roughly halfway between the excitation energ
of the 5p 2PJ and the 6p 2PJ intermediate states, as show
in Fig. 1.

Since the rubidium is initially unaligned, the tw
magnetic sublevelsms56 1

2 of the ground stateug&
5u5s 2S1/2,ms& are equally populated. The angular distrib
tion in Eq. ~2! is thus determined by averaging over t
initial spin states ofug&, and summing over the final spi
states of the continuum electron. The final state of photoe
tron momentumkW can be written as a linear superposition
angular momentum states@17,21#

ukW &5 (
l 850

`

(
ml852 l 8

l 8

4p~ i ! l 8e2 i j l 8Gl 8~r !

3Yl 8m
l8

* ~Q,F!Yl 8m
l8
~u,f!xS . ~4!

The functionsYlm are the spherical harmonics, the angu
coordinatesQ andF represent the direction of the mome
tum of the photoelectron, whiler, u, and f indicate the
magnitude and direction of the electronic spatial positi
The final orbital angular momentum states accessed b
two-photon process includel 850,2, i.e.,u f &5u«s 2S1/2,mj8&
or u«d 2D j 8 ,mj8&, j 85 3

2 , 5
2 . The function xS represents the

spin state of the photoelectron, whose projection along thẑ
axis can be6\/2. Gl 8(r ) is the radial part of the con
tinuum wave function, which approaches (ukW ur )21sin@ukWur
1ukWu21 ln(2ukWur)2l8p/21j l 8# for ukW ur @1. The asymptotic
phasej l 8 of the continuum wave function can be written
the sum of two terms, the quantum-defect phased l 8 and the
Coulomb phaseh l 8 @9,10#. The quantum-defect phased l 8 is
a slowly varying function of the kinetic energy« of the
photoelectron, and can be extrapolated from measurem
@12–14# of the energies of theSandD bound states. For the
S wave andD wave of rubidium this phase difference
given by

ds2dd5~1.784220.774«11.75«2!p, ~5!

where« is expressed in rydbergs. While the quantum-def
phase could in principal differ for the2D3/2 and 2D5/2 chan-
nels, we estimate, using bound state energy levels@12#, that
the magnitude of this phase difference is only 0.003p. As we
show later in this report, this estimated phase differenc
smaller than the uncertainty in our measurements ofjs
2jd , and we therefore neglect any phase difference betw
the two continuumD channels. The Coulomb phase is of t
form h l 85arg$G@ l 8112( i /A«)#%, whereG is the complex
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gamma function. This leads to a Coulomb phase differe
between theS andD waves of the form

hs2hd5arctan
1

2A«
1arctan

1

A«
. ~6!

The phase difference given by the sum of Eqs.~5! and ~6!
plays a strong role in the photoelectron angular distributi
and through our measurements we are able to determine
atomic parameter with very good precision, as we shall
later in this paper.

For arbitrary field polarization, the angular distributio
becomes

ds

dV
5

ma2v2ukW u
2\

3(
g
U(

f ,n

^kW u f &^ f u~e1x1e3z!un&^nu~e1x1e3z!ug&
vn2v U2

.

~7!

We should expect that allmj levels of the intermediate
np 2Pj states contribute, even in the absence of any spin-
~fine structure! interactions, as theẑ component of the field
can induceDml50 transitions in each step of the interactio
and thex̂ component drivesDml561 transitions. After the
absorption of two photons, the laser field excites a cohe
superposition wave consisting of theml850, 61, and 62
components of thel 852 state and thel 850,ml850 state.
The proportions of this admixture state depend critically
the relative magnitude and phase of the field polarizat
componentse1 ande3.

After evaluation of the matrix elements of Eq.~7!, the
differential cross section reduces to

ds

dV
5

ma2v2ukW u
2\ (

i , j 51/2
uTi j

(33)e3
21Ti j

(13)e1e31Ti j
(11)e1

2u2,

~8!

where Ti j
(pq) are the spatial components of the two-phot

transition moments. The indicesi , j 51 or 2 of the mo-
mentsTi j

(pq) represent the spins of the ground and final st
electrons, respectively, andp,q51 or 3 represent the rel
evant spatial components. The explicit forms of these m
ments are

T11
(33)5

1

3
ei jsY00~Q,F!Ss̄2

2

3A5
ei jdY20~Q,F!Sd̄ , ~9a!

T11
(13)5

1

A30
ei jd$2@Y21~Q,F!2Y221~Q,F!#Sd̄

2@Y21~Q,F!1Y221~Q,F!#SDd%, ~9b!
4-3
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T11
(11)5

1

3
ei jsY00~Q,F!Ss̄1ei jdH 1

3A5
Y20~Q,F!Sd̄

2
1

A30
$@Y22~Q,F!1Y222~Q,F!#Sd̄

2@Y22~Q,F!2Y222~Q,F!#SDd%J , ~9c!

T12
(33)5A 2

15
ei jdY21~Q,F!SDd , ~9d!

T12
(13)5

1

A5
ei jdFY20~Q,F!2A2

3
Y22~Q,F!GSDd , ~9e!

T12
(11)52

1

A30
ei jd@Y21~Q,F!2Y221~Q,F!#SDd . ~9f!

The 22(21) component is obtained from the11(12)
component by changingYlm→Yl 2m and by changing the
sign of the~13! component. The reduced two-photon tran
tion momentsSr represent the average transition moment
excitation of theScontinuum,Ss̄5(S112S2)/3; the average
transition moment for excitation of theD continuum, Sd̄
5(5S31S419S5)/15; and the asymmetry between the tra
sition moments for theD3/2 and D5/2 waves, SDd5(5S3
1S426S5)/15. We retain the notation and definitions
these radial momentsS1–S5 for the various intermediate an
final states,

S54p(
n

^ f ur unp 2Pj&^np 2Pj ur ug&
vn, j2v

, ~10!

as originally used by Lambropoulos and Teague@17#. u f & is
one of the three outgoing channels«s 2S1/2, «d 2D3/2, or
«d 2D5/2, and j 51/2 or 3/2 is the electronic angular mome
tum of the intermediate state. The initial, intermediate, a
final states for the two-photon transitions corresponding
these five moments are given in Table I.

In order to define the total photoionization cross sectio
for the three channels, we integrate the angular distribu
of Eq. ~8! over all angles to yield

TABLE I. Excitation pathways for the five radial transition e
ements.

Element ug& un8p 2Pj 8& u f &

S1 u5s 2S1/2& unp 2P1/2& u«s 2S1/2&
S2 u5s 2S1/2& unp 2P3/2& u«s 2S1/2&
S3 u5s 2S1/2& unp 2P1/2& u«d 2D3/2&
S4 u5s 2S1/2& unp 2P3/2& u«d 2D3/2&
S5 u5s 2S1/2& unp 2P3/2& u«d 2D5/2&
05340
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s5E ds

dV
dV

5
ma2v2ukW u

\ H 1

9 FSs̄
2
1

8

25S 5S31S4

6 D 2

1
12

25
S5

2G
1

1

9 FSs̄
2
2

4

25S 5S31S4

6 D 2

2
6

25
S5

2G~e1e3* 2e1* e3!2J .

~11!

It has long been recognized that the cross section for t
photon ionization for the cases of linear and circular pol
ization differ @17#. Equation~11! is an extension of that re
sult to the more general case of arbitrary polarization. F
linear polarization the second term in Eq.~11! vanishes. The
two-photon cross sections for photoionization into t
«s 2S1/2, «d 2D3/2, and «d 2D5/2 channels,ss , s3/2, and
s5/2, respectively, and the total cross section for theD wave,
sd5s3/21s5/2, by linearly polarized light in terms of the
radial transition moments can be identified from Eq.~11! as

ss5
ma2v2ukW u

\

1

9 S S112S2

3 D 2

,

s3/25
ma2v2ukW u

\

8

225S 5S31S4

6 D 2

, ~12!

s5/25
ma2v2ukW u

\

12

225
S5

2 ,

sd5
ma2v2ukW u

\

4

45S Sd̄
2
1

3

2
SDd

2 D .

In the absence of spin-orbit coupling in the intermediate
continuum states,S15S2 andS35S45S5. The latter relation
yieldss5/251.5s3/2, as can also be shown using state deg
eracy arguments. For circular polarization, with6 i e15e3

51/A2, the polarization factor in Eq.~11! @i.e., (e1e3*
2e1* e3)2# becomes21, and the excitation of theS wave
vanishes, while the excitation rate of theD wave increases
by a factor of 1.5 over that for linear polarization. For a
other polarization state, the effective cross section for
partial waves lies between these two extremes.

Examples of three-dimensional photoelectron angular
tributions for two-photon ionization, resulting from three di
ferent polarization states of the optical field, are shown
Fig. 2. These distributions correspond to~a! linearly polar-
ized light, ~b! right-elliptically-polarized light, and~c! circu-
larly polarized light. In each case, the laser beam is pro
gating in a direction nearly normal to~into! the plane of the
page~the 1 ŷ direction!. The distribution for linearly polar-
ized light is symmetric about an axis parallel to the las
polarization~the ẑ axis in Fig. 2!, while that for circularly
polarized light is symmetric about the axis defined by t
laser propagation direction~the ŷ axis!. The symmetry of the
angular distribution for elliptical polarization is reduced, b
4-4
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COMPLETE MEASUREMENTS OF TWO-PHOTON . . . PHYSICAL REVIEW A62 053404
inversion symmetry about the origin is still evident. Th
asymmetry of this distribution reverses as the handednes
the elliptical polarization is reversed. The distributions f
linear polarization and circular polarization are in comple
agreement with those derived in Ref.@17#.

In order to illustrate the advantage of using elliptica
polarized light in multiphoton ionization measurements, s
cifically, its ability to constitute a complete photoionizatio
measurement, it is instructive to reduce the very general
pressions fords/dV given in Eqs.~8! and ~9!, valid for all
anglesQ andF, to those for the restricted space ofF50 or
p, i.e., in thex-z plane, and with the limited polarizatio
state defined earlier,e15 i e19 and e35e38 , wheree19 and e38
are real.~We remove our previous restriction thate19 ande38
are positive, allowing the sign ofe19e38 to indicate the sense
of rotation of the field vector.! The angular distribution in
this plane then takes the form

ds

dV
5

ma2v2ukW u
4p\ H U 1

3
~ei jsSs̄2ei jdSd̄~3 cos2 Q21!!e38

2

22iei jdSd̄ sinQ cosQe19e38

2
1

3
~ei jsSs̄1ei jdSd̄~3 cos2 Q22!!e19

2U2

1u2sinQ cosQ~e38
21e19

2!

1 i ~2 cos2 Q21!e19e38u
2SDd

2 J . ~13!

Evaluating this in a harmonic series yields

ds

dV
5

ma2v2ukW u
4p\

a0~11a2 cos 2Q1a4 cos 4Q1b2 sin 2Q!,

~14!

where

FIG. 2. Examples of calculated photoelectron angular distri
tions for ~a! linearly polarized light,~b! right-elliptically-polarized
light, and~c! circularly polarized light. These distributions represe
the probability density for detecting a photoelectron as a function
angle. The direction of laser beam propagation is nearly into
plane of the page.
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a05
1

9 S Ss̄
2
2Ss̄Sd̄ cos~js2jd!1

1

4
Sd̄

2D ~e38
22e19

2!2

1
1

8
~Sd̄

2
1SDd

2 !~e38
416e19

2e38
21e19

4!,

a25
1

3a0
@Sd̄

2/22Ss̄Sd̄ cos~js2jd!#~e38
42e19

4!,

a45
1

8a0
~Sd̄

2
2SDd

2 !~e38
22e19

2!2,

b252
2

3a0
Ss̄Sd̄ sin~js2jd!e38e19~e38

22e19
2!. ~15!

The coefficienta0 affects the overall amplitude of the pho
toelectron flux, but does not influence the shape of the an
lar distribution, which is described completely by the thr
coefficientsa2 , a4, andb2. These last three coefficients a
uniquely defined in terms of the ratios of reduced transit
momentsSs̄ /Sd̄ and SDd /Sd̄ , and the phase differencejs
2jd , or equivalentlyss /sd , s5/2/s3/2, andjs2jd . In the
case of linear vertical polarization, corresponding toe3851
and e1950, the coefficientb2 vanishes. This distribution is

symmetric about theẑ axis, and a measurement of this di
tribution alone is sufficient for determining only two of th
three atomic parameters. Furthermore, since this distribu
depends only on cos(js2jd) and not on the phase differenc
itself, an additional ambiguity results. Use of elliptical pola
ization (e38 and e19 unequal, and each nonzero!, however,
yields an asymmetric angular distribution whose only sy
metry is upon inversion about the origin. This yields o
more fitting term (b2) in the experimental determination
allowing for the simultaneous determination of all three
the atomic parameters. Since the asymmetry of this distr
tion reverses depending on the sign of sin(js2jd), the deter-
mination of the phase difference~modulusp) is unambigu-
ous as well. Additionally, if the sign of the product of two
photon momentsSs̄Sd̄ were known, then the determination
of the phase difference would be modulus 2p. A change of
sign of this product, however, is equivalent to ap phase shift
in js2jd , so that in the absence of any knowledge of t
relative signs of the moments we can determinejs2jd only
to within modulusp. Finally, it can be shown that the spe
cialized angular distribution given by Eqs.~14! and ~15!, as
well as the general form given by Eqs.~8! and~9!, depend on
(SDd /Sd̄)2, but not SDd /Sd̄ . For this reason, the sign o
SDd /Sd̄ is undetermined in our measurements. We did
recognize this important aspect of these measurements w
we prepared of our earlier report@15#.

In the experiments we describe in this paper, we coll
photoelectrons ejected in all directions, not limited to thex-z
plane. These 4p solid angle distributions are, of course, al
sensitive to the ellipticity of the laser polarization, and o
measurements exploit this to make our complete determ
tions.
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III. PHOTOELECTRON COLLECTOR

In order to carry out these measurements, we require
photoelectron detector that would allow us to measure as
metric angular distributions similar to that shown in Fi
2~b!. For this purpose we have adapted a technique in
duced by Helmet al. @22# for measuring complete angula
distributions of photoelectrons. The traditional techniq
~see Ref.@21#, for example! for measuring photoelectron an
gular distributions is to photoionize the atoms in a field-fr
region, and to count the photoelectrons ejected towar
single-channel electron detector while rotating the laser
larization. One must ensure that, as the polarization is
tated, the laser beam does not move, the intensity does
vary, and the polarization does not change other than b
simple rotation. This traditional technique is characterized
a low collection efficiency, as only the photoelectro
ejected toward the single-channel detector are collec
With the Helmet al. apparatus, there is no need to rotate
polarization of the laser field, as the electrons ejected into
entire 4p steradian solid angle are collected with equal e
ciency for each laser pulse. The detector, as shown schem
cally in Fig. 3, consists of a pair of parallel meshes~field
plates! used to create a uniform electric field in the regi
surrounding the interaction region, two microchannel pl
~MCP! electron multipliers, a phosphor screen, and a cha
coupled device~CCD! camera interfaced to a PC. The pa
allel meshes are very fine stainless steel screens~1 mil wires
spaced by 10 mils! stretched tightly across 10 cm diamet
frames. The separation between the meshes isD51.35 cm.
We obtained the MCP/phosphor screen assembly comm
cially. Electrons that escape from the atoms through pho
ionization by the laser field follow a parabolic trajectory d
to their uniform acceleration in the static electric field towa
the upper plate. Electrons transmitted through the up
mesh accelerate toward the microchannel plate electron
tipliers, which provide a gain of;106, and subsequently
produce bright spots on the phosphor screen. The imag
recorded by the camera and stored by the PC.

Several examples of photoelectron images are show
Fig. 4. In each image, the laser beam propagates in the1 ŷ
direction. @See the coordinate frame in Fig. 4~c!#. Each of
these images can be understood by referring to the th

FIG. 3. Schematic diagram of the photoelectron imaging s
tem.
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dimensional angular distributions shown in Fig. 2. For ea
of the three images corresponding to linear polarization
Figs. 4~a!–4~c!, for example, the two maxima in the angul
distribution along the direction of polarization and the ring
the direction perpendicular to the axis are clearly seen. W
the linear polarization vertical@Fig. 4~a!#, one maximum of
the angular distribution is projected upward, the other dow
ward. These two maxima overlap on the image screen
rectly above the interaction region, labeledMu and Ml on
the figure. The electrons comprising the ring around
waist initially travel radially outward in a horizontal plane
Due to the uniform field, they project onto the image plane
form a perfectly circular ring. With the laser polarization st
linear, but rotated 45°, the two maxima separate, as see
Fig. 4~b!. The upper maximum (Mu) is shifted slightly to the
left, but still forms a well-defined image. The electrons in t
lower maximum (Ml) initially propagate down and to the
right in the uniform field region, but have more time
spread out before reaching the image plane, as their ver
velocity must reverse direction. The ring, while not perfec
circular in the image plane, is clearly visible in the diagra
as well. The final sample image for linear polarization
shown in Fig. 4~c!, corresponding to horizontal polarization
In this case the two maxima~M! form symmetrically placed
spots on the left and right edges, while the ring forms
single band in the center. The images for elliptical polariz

-

FIG. 4. Several examples of images created by the photoe
trons on the phosphor screen for different polarizations of light. T
polarizations are~a! linear, vertical,~b! linear, 45° from vertical,~c!
linear, horizontal,~d! left-elliptical, major axis vertical,~e! left-
elliptical, major axis horizontal, and~f! circular. ~The dark mark in
the lower right quadrant of these images is a damaged spot on
phosphor screen.!
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COMPLETE MEASUREMENTS OF TWO-PHOTON . . . PHYSICAL REVIEW A62 053404
tion are slightly more complex, but clearly display the asy
metry that might be expected of the angular distributio
shown in Fig. 2~b!. The major axis of the ellipse is vertica
for Fig. 4~d! and horizontal for Fig. 4~e!. In each case, the
dark band of the image results from the local minimum in
upper side of the distribution. For the image generated
circularly polarized light, the doughnut-shaped angular d
tribution projects onto the phosphor screen to create a si
band, as seen in Fig. 4~f!.

For quantitative analysis of the image displayed on
phosphor screen we must map the parabolic trajectory of
photoelectrons from the interaction region to the phosp
screen. The primary result of this analysis, details of wh
we present in the Appendix, allows us to accurately de
mine the image formed on the phosphor screen for any g
angular distribution of the photoelectrons. The inverse of t
operation, i.e., determining the photoelectron angular dis
bution from the image, can also be carried out, if the angu
distribution is symmetric upon inversion about the origin,
is the case for the present measurements. Coupled with
theory for the photoelectron distributions, we are thus abl
use the photoelectron images produced by this detecto
accurately determine the three atomic parameters we se

IV. EXPERIMENT

A schematic of the experimental setup is shown in Fig
The atomic beam geometry is necessary to limit the volu
of the interaction region, defined by the intersection of
laser beam and the atomic beam. The vacuum system
sists of two separately pumped chambers, one housing
effusive oven that generates the atomic beam, and the o
containing the interaction region. The two chambers
separated by a stainless steel plate with a 4 mmdiameter
hole at the center. The small hole allows only a fraction
the rubidium atoms to pass into the interaction chamber,
ducing the background noise at the detector. The ove
maintained at a body temperature of 145 °C. The noz
with an aperture diameter of 0.9 mm, is held at a sligh
elevated temperature to discourage rubidium condensa
and dimer formation. The oven produces an atomic be

FIG. 5. Schematic diagram of the optical system and detec
apparatus.
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density of 33107 cm23 at the interaction region, a distanc
of ;37 cm from the oven aperture. A second aperture j
before the interaction region limits the beam diameter to 0
mm. The vacuum chamber housing the interaction regio
pumped to a level of 231028 torr using a cryogenic pump
We cancel the earth’s magnetic field to less than 10 mG
the interaction region using three orthogonal pairs of coil

The laser sources for this work include aQ-switched,
frequency-doubled Nd:YAG~yttrium aluminum garnet! laser
and a pulsed dye laser system. The dye laser consists o
oscillator and a three-stage amplifier, each pumped by
532 nm second-harmonic output of the YAG system. T
laser oscillator is a short-cavity, longitudinally pumped Li
man configuration@23#, with the output limited to 1–3 lon-
gitudinal modes in a nearly-lowest-order Gaussian transv
mode. We use the dye laser system to generate light at e
different wavelengths between 540 nm and 590 nm, emp
ing three different laser dyes~Fluorescein 548, Rhodamin
590, and Rhodamine 610! to cover this wavelength range
We determine the wavelength of the light using a quart
meter monochromator, calibrated with a He-Ne laser
632.8 nm and the 532 nm harmonic output of the Nd:YA
laser. We also carry out our photoionization measureme
with the l5532 nm harmonic light directly.

The polarization of the optical field is critical for thes
measurements. We control the polarization using the opt
components shown in Fig. 5. Most of our measurements
carried out using left-elliptically-polarized light, which w
generate by rotating the firstl/2 Fresnel rhomb in the figure
by 11.25° and the polarizer by 22.5°, each in the clockw
direction. ~We describe all rotations as viewed by an o
server looking into the laser source.! The l/4 rhomb, ori-
ented vertically as shown in the figure, changes the polar
tion of the exiting light to right elliptical. The handedness
the ellipticity can be determined only by considering the d
ference in the phase shifts of theS- andP-polarized compo-
nents resulting from the two total internal reflections in t
l/4 Fresnel rhomb. Born and Wolf@18# show that the
P-polarized~vertical! component is advanced relative to th
S-polarized~horizontal! component, so that light entering th
rhomb with polarizationê5sin 22.5°x̂2cos 22.5°ẑ exits the
rhomb as right-elliptically-polarized light,ê52 i sin 22.5°x̂
1cos 22.5°ẑ, with the major axis vertical. The finall/2
Fresnel rhomb, when oriented at 45° from the vertical,
tates the ellipse by 90° and reverses the rotation sense.
major axis of the elliptical polarization is thus horizonta
and the sense of the rotation is left handed,ê5 i cos 22.5°x̂
1sin 22.5°ẑ5 i ue1ux̂1ue3uẑ. The two measurements take
with right-elliptically-polarized light were obtained by rota
ing the firstl/2 rhomb and polarizer in the counterclockwis
direction. We also carried out measurements at each w
length using linear polarization, oriented either at 45° fro
the vertical or horizontally. To obtain linear polarization
45° from the vertical, we keep the firstl/2 rhomb and po-
larizer oriented vertically, as shown in the figure, and rot
the finall/2 rhomb 22.5° from vertical in the counterclock
wise direction. Similarly, for linear horizontal polarization
we rotate the finall/2 rhomb to an angle of 45° from verti

n
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TABLE II. Experimental parameters for each wavelength.

l « V Number of shots e3 /e1 Pulse energy Image radiu
~nm! ~meV! ~V! ~mJ! ~cm!

590.0 26 0.05 8000 10.438i 1.3 0.55
583.3 74 0.40 8000 10.437i 1.3 0.65
583.3 74 0.40 8000 20.437i 1.3 0.65
575.0 135 0.65 8000 20.435i 1.3 0.82
568.2 187 1.0 25000 20.433i 2.5 0.80
560.0 251 1.4 10000 20.431i 2.5 0.79
553.0 307 1.8 10000 20.429i 2.5 0.77
547.0 356 2.2 25000 20.427i 2.5 0.81
540.0 415 2.2 10000 20.426i 2.5 0.86
532.0 484 2.6 10000 20.424i 2.5 0.88
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cal. We insert an additional linear polarizer after the fin
rhomb to improve the polarization purity. For each polariz
tion state we confirm the polarization of the field by meas
ing the transmission of the beam through a Glan-laser po
izer and recording the transmission as a function of
polarizer orientationu8. For elliptical polarization, we fit the
result to the function

Pt5P0~ ue1u2 sin2 u81ue3u2 cos2 u8!. ~16!

We find that the typical rms deviation between the measu
transmitted power and the best fit function of the form of E
~16! is ;1% of the maximum transmitted power. While th
measurement is insensitive to the handedness of the pola
tion, it does allow us to determine very precisely the mag
tude of the ellipticity. We measurede3 /e1 at five different
wavelengths between 532 nm and 591 nm, and fitted a lin
function to these measurements. We observe a slight va
tion of e3 /e1 with wavelength, which is reasonable in th
the phase shift induced upon total internal reflection wit
the Fresnel rhombs is somewhat wavelength dependent

The dye laser beam is weakly focused to ane22 radius of
approximately 0.30 mm in the interaction region, as de
mined by measuring the transmission through a 0.254
diameter pinhole. We estimate the peak laser intensity to
on the order of 0.2 GW cm22 when the laser pulse energy
2.5 mJ. At each wavelength, we accumulate an image o
8000–25 000 laser pulses, with each image consisting of
proximately 105 electrons. The photoelectron kinetic ener
«, the voltage applied between the meshesV, the total num-
ber of laser pulses, the polarization ellipticity, the laser pu
energy, and the image radiusr max8 are given for each wave
length in Table II. With an interaction volume o
;1024 cm3, there are about 33103 atoms in the interaction
region. We detect approximately 10–20 electrons for ev
laser pulse. An example of the raw image of the phosp
screen corresponding to a single laser pulse is shown in
6. The horizontal axes indicate the pixel indices of the
3128 image. The vertical axis is the recorded signal stren
of each pixel in the array. Each peak in the image conta
about 6–12 bright pixels and corresponds to a single e
tron. We purposely maintain this electron count at a l
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level so as to minimize the possibility of overlapping ele
trons on the phosphor screen, space charge effects, w
could perturb the parabolic trajectory of the photoelectro
as they travel toward the upper mesh plate, and high-fi
effects, which would change the atom-field interaction.

In order to decrease the influence of any gain nonunif
mities of the microchannel plate detector, the phosp
screen, or the CCD array in the camera, we employ a thre
hold detection scheme. In this scheme, each bright cluste
the raw image is regarded as one count, regardless of
height or area of the peak. A computer algorithm locates
center of mass of each bright spot in the image, and reco
one electron at the pixel closest to the center of the clus
The PC is able to analyze the image for each laser puls
this way, and add the result to the accumulated image in
than 0.1 s, the time between successive laser pulses.
detection scheme proves to be essential in our measurem
as the image distortions introduced by the irregularities
the detector mentioned above are prohibitive. For exam
the images shown in Fig. 4 were collected in a linear ac

FIG. 6. A sample image of the phosphor screen resulting fro
single shot of the laser. The horizontal axes indicate the pixel in
ces of the 643128 image. The vertical axis is the recorded sign
strength of each pixel in the array. Each peak in the image co
sponds to a single electron.
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COMPLETE MEASUREMENTS OF TWO-PHOTON . . . PHYSICAL REVIEW A62 053404
mulation scheme, in which we simply sum the images pi
by pixel over a large number of laser pulses. While the i
ages in this figure appear to be reasonable qualitatively,
could not be fitted well by any of our theoretical images. T
threshold detection scheme is critical for quantitative co
parisons.

We show examples of photoelectron images collec
with the threshhold detection scheme in Figs. 7~a! and 8~a!.
Figure 7~a! corresponds to a left-elliptically-polarized las
beam atl5540.0 nm with the ellipticity (e3 /e1) of the laser
polarization equal to20.426i , while for Fig. 8~a! the polar-
ization is linear at 45° from vertical,e3 /e1511. The axes
are labeled with the pixel indices 1–128 in theŷ direction
and 1–64 in thex̂ direction.~The pixels of the CCD camer
sensor array are approximately square, but the camera t
fers only alternate columns of data. Therefore there are o
half as many columns of data as rows.! The direction of
propagation of the laser beam (1 ŷ) is from the bottom to the
top of this figure, and the image is nearly symmetric w
respect to the horizontal axis through the image’s cen
Since photoelectron angular distributions are symme
upon inversion about the center~except in special cases in
volving interferences, as described in Ref.@24#, for ex-
ample!, we expect the integrated photoelectron signal of
left and right half planes of the image to be equal, ev
though the images themselves are asymmetric. We find
the integrated signal of these half planes, found by summ
the pixel values in each half plane, match one anothe
within 2% in all cases. Finally, the radius of the image on
phosphor screen is a good indicator of the experiment.
typically used an image radius of;1 cm, chosen to be muc

FIG. 7. Typical photoelectron distribution for left-elliptically
polarized light. These data represent the accumulated image
10 000 laser pulses at a wavelength ofl5540 nm. The measured
two-dimensional image is shown in~a!, while in ~b! we show the
calculated image based on the best fit atomic parameters. Th
gular distribution that produces this image is shown in~c!. Three
cross-sectional slices are shown in the remaining sections, c
sponding to rows 45, 65, and 85 of the images shown in~a! and~b!.
In each cross section, the data points are shown as dots, whil
results of a least-squares fitting procedure are shown as the
line. The dashed line shows the best fit curve if we restrictSDd to a
value of 0.
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greater than the size of the interaction region, but sma
than the size of the plane meshes that produce the unif
collecting field. We observed some evidence of an additio
charge buildup or a bias on one of the field plates, produc
an apparent offset of about 0.2 V to the voltage we appli
When we adjust the applied voltage by this offset, the m
sured radius of the image matches to within 5% the rad
computed on the basis of the photoelectron kinetic ene
the strength of the dc collecting electric field, and the po
tion of the interaction region, as expressed in Eq.~A7!. This
offset has a substantial effect only on the low-kinetic-ene
electrons, and we observed no evidence of distortions of
images for any of the data sets.

V. DISCUSSION

For each image collected using elliptically polarized ligh
we select a trial set of photoionization two-photon mome
and phases and compute the corresponding theoretical
age. We adjust several underdetermined experimental pa
eters~the location of the center of the image, the distancd
between the top mesh and the interaction region, the volt
V applied between the meshes, a parameter that repre
the size of the interaction region, and a scaling factor! within
a reasonable range to obtain the smallest root-mean-sq
deviation between the theoretical image and the meas
image, as computed over all pixels in the image. All pixe
are weighted equally in determining the rms deviation. W
iterate repeatedly with new choices ofSs̄ /Sd̄ , SDd /Sd̄ , js
2jd , and the experimental parameters listed above in or
to find the set that produces the image in best agreement
the measured image. We choose step sizes of 0.02 betw

ter

an-

re-

the
lid

FIG. 8. Typical photoelectron distribution for linearly polarize
light at 45° from vertical. These data represent the accumula
image after 10 000 laser pulses at a wavelength ofl5540 nm. The
measured two-dimensional image is shown in~a!, while in ~b! we
show the theoretical image using cross sections and phases d
mined using elliptically polarized light. Three cross-sectional slic
of the images shown in~a! and ~b! are shown in the remaining
subplots, rows~d! 45, ~e! 65, and~f! 85. In the cross sections, th
data points are shown as dots, while the calculated signal stren
are shown as solid lines. The dashed line shows the curve forSDd

50.
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TABLE III. Relative two-photon moments, cross sections for two-photon absorption, and contin
wave function phase differences as determined from the photoelectron images.

l
~nm! Ss̄ /Sd̄ uSDd /Sd̄u ss /sd

s5/2/s3/2
js2jd

~rad!SDd /Sd̄.0 SDd /Sd̄,0

590.0 20.55(2) 0.35~2! 0.32~3! 0.27~3! 12~3! 2.36~7!

583.3 20.47(2) 0.33~2! 0.25~3! 0.30~3! 11~3! 2.34~6!

575.0 20.45(2) 0.32~2! 0.22~3! 0.32~3! 10~3! 2.25~6!

568.2 20.40(2) 0.32~2! 0.18~2! 0.32~3! 9~2! 2.15~4!

560.0 20.42(2) 0.36~2! 0.19~2! 0.26~3! 14~2! 2.08~4!

553.0 20.43(2) 0.34~2! 0.20~2! 0.29~3! 11~2! 1.98~4!

547.0 20.38(2) 0.36~2! 0.15~2! 0.26~3! 13~2! 2.02~4!

540.0 20.39(2) 0.35~2! 0.16~2! 0.27~3! 12~2! 1.96~4!

532.0 20.38(2) 0.34~2! 0.15~2! 0.29~3! 11~2! 1.85~4!
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trial values forSs̄ /Sd̄ , SDd /Sd̄ , andjs2jd . The results of
this iterative procedure are listed in Table III. The fittin
procedure accommodates the lateral dimensions of the in
action region, but not the vertical.

Using the best fit values ofSs̄ /Sd̄ and SDd /Sd̄ , we also
determine the cross-section ratiosss /sd ands5/2/s3/2, us-
ing

ss /sd5
5

4 S ~Ss̄ /Sd̄!2

11 3
2 ~SDd /Sd̄!2D ~17!

and

s5/2/s3/25
3

2 S 12SDd /Sd̄

11 3
2 SDd /Sd̄

D 2

, ~18!

as determined from Eqs.~12!. These relative cross section
are also presented in Table III. Since the sign ofSDd /Sd̄
cannot be ascertained from our measurements, we repor
possible values ofs5/2/s3/2. PositiveSDd /Sd̄ yields a ratio
s5/2/s3/2 which is less than 1.5, whiles5/2/s3/2.1.5 is the
result if SDd /Sd̄ is negative. Some of the present results d
fer slightly from the results we reported in Ref.@15#. The
present results are more accurate, due to improved fits
tween the calculated and measured images.

The best fit image to the data of Fig. 7~a! is shown in Fig.
7~b!. The calculated angular distribution that produces t
image is shown in Fig. 7~c!. Cross-sectional slices for singl
rows @row 45 in ~d!, 65 in ~e!, and 85 in~f!# of the image,
showing the best fit results~solid lines! and measurement
~data points!, are also shown in Fig. 7. The root-mean-squ
deviations of these data are somewhat larger than those
pected for a Poisson process, as we determine by compu
x2 for the fits. In computingx2, we useAI i , j as the standard
deviation of each pixel value of the image, whereI i , j is the
image value of pixel (i , j ). This is justified in the threshold
detection scheme we described earlier, in thatI i , j is the num-
ber of photoelectrons at that point in the image. We findx2

ranges from 1.5 to 2.3 for each image, wherex251 would
indicate purely statistical counting errors. One contribut
05340
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leading tox2 values greater than unity is a slight variation
the signal strength of individual rows of data, possib
caused by a nonuniformity of the geometric areas in differ
rows of the CCD array of the camera.

We show two-dimensional (x-z plane! angular distribu-
tions calculated using the atomic parameters in Table III a
the ellipticities from Table II for three wavelengths~590 nm,
560 nm, and 532 nm! in Fig. 9~a!. As the optical wavelength
decreases, the relative photoelectron flux along thex axis
increases, and the distribution becomes more elongated

In order to estimate the uncertainty in the results shown
Table III we collected two of the data sets~at l5568.2 nm
andl5547.0 nm) as five separate, consecutive runs of 5
laser shots each. We then fitted each image individually
order to determine the distribution of the fitted results. T
reproducibility of the fits to the images was in fact ve
good, yielding uncertainties that were comparable to
smaller than the step sizes of the various parameters.

The sense of rotation of the elliptically polarized light w
left in all cases except two. Forl5590.0 nm we recorded
the photoelectron image corresponding to right-elliptical p
larization only, while forl5583.3 nm we recorded the pho
toelectron image corresponding to left- and right-elliptic
polarization. ~See Table II.! As predicted by theory, the
asymmetry of the image reversed. Forl5583.3 nm the best
fit values ofss /sd , s5/2/s3/2, andjs2jd resulting from the
two data sets are in agreement within estimated uncertain

FIG. 9. Two-dimensional photoelectron angular distributions
~a! elliptically polarized light and~b! linearly polarized light~ori-
ented along the long axis at 45°) calculated using the cross-se
ratios and phase differences given in Table III. The three lin
correspond tol5590.0 nm~dashed!, l5560.0 nm~solid!, andl
5532.0 nm~dot-dashed!.
4-10
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COMPLETE MEASUREMENTS OF TWO-PHOTON . . . PHYSICAL REVIEW A62 053404
As we discussed earlier, the linear-polarization data
not constitute a complete measurement, and therefore ar
sufficient to allow us to determine the photoionization cro
sections and continuum phase differences. We should ex
however, that the cross sections and phases that we d
mine using elliptically polarized light will enable us to pre
dict the linear-polarization angular distributions. This expe
tation is fulfilled, as can be seen in Fig. 8. The measured d
are shown in Fig. 8~a!, the calculated image in Fig. 8~b!, and
the corresponding angular distribution in Fig. 8~c!. We show
the measured data points~circles! and the theoretical curve
~solid line! for three rows@row 45 in ~d!, 65 in ~e!, and 85 in
~f!# of the image. The only parameters that we adjusted
these calculated images are the amplitude of the signal
the size and position of the image. We determined all ot
parameters from the elliptically polarized data. This clo
agreement is characteristic of that observed for each dat
using linear polarization, for which the rms deviation of t
data and theory is in the 6 –12 % range.x2 for these images
ranges from 1.7 to 2.5. We show two-dimensional (x-z
plane! angular distributions corresponding to linear polariz
tion ~with the laser polarization at 45° from vertical! for
three wavelengths in Fig. 9~b!. These plots are based upo
the experimentally determined atomic parameters prese
in Table III. At the longest wavelength, the ring around t
waist is nearly as large as the maximum flux along the la
polarization. As the wavelength decreases, however, the

FIG. 10. The ratio of~a! two-photon momentsSs̄ /Sd̄ and ~b!
cross sectionsss /sd versus photoelectron kinetic energy. Th
square data points and the diamond-shaped data points in~a! are the
results of calculations of cross sections based on a Sturmian
set @25# and Hartree-Fock basis set@26#, respectively. The circular
data points are the results of the present work. The triangular
point in ~b! is obtained from a spectrum shown in Ref.@12#.
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ring shrinks relative to the maximum. These plots are v
consistent with those that we reported in Ref.@8#.

We show plots ofSs̄ /Sd̄ vs « andss /sd vs « in Fig. 10.
The relative cross section of thes wave decreases with in
creasing photoelectron energy to an energy of about
meV, beyond which there is relatively little change. In ad
tion to data from the present work~circular data points!, we
also show two sets of theoretical results in~a! and an addi-
tional experimental data point in~b!. The theoretical data
points were reported as asymmetry parameters for photoe
tron angular distributions from atomic rubidium, which w
converted to relative two-photon moments and continu
phase differences. The calculations ofSs̄ /Sd̄ were based on a
Sturmian basis set~squares! @25# and a Hartree-Fock basi
set~diamonds! @26#, respectively. We see that the agreeme
of these theoretical results and our experimental points
very good. The energy dependence of the Sturmian b
points is also in good agreement over the limited range
those results. We were also able to extract an estimat
ss /sd from a bound state spectrum presented in Ref.@12#.
This point comes from two-photon absorption atl
5593.83 nm, showing peaks corresponding to excitation
the 100d and 102s states, and its uncertainty is perhaps
large as 25% owing to the small amplitude of the 102s peaks
@27#. We used only the relative peak heights for this es
mate, rather than the peak area. Any differences in th
widths would alter this estimate. A discontinuity at«50 in
ss /sd , if it is real, should not be expected. The results
Ref. @8# ~not shown in Fig. 10!, in which we used photoelec
tron angular distributions for linearly polarized light suppl
mented by semiempirical phases to determiness /sd , are
roughly consistent with the present data.

In Fig. 11 we show a plot ofs5/2/s3/2 vs «. We show two

sis

ta

FIG. 11. The ratio of cross sectionss5/2/s3/2 versus photoelec-
tron kinetic energy. The circular data points are the results of
present work. The triangular data point is obtained from a bou
state spectrum shown in Ref.@12#. The square data points are a
reported in Ref.@11#.
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data sets in this figure, corresponding to columns 5 and
Table III, since our experimental results are not capable
determining the sign ofSDd /Sd̄ . The uncertainty in the data
points is comparable to their difference, so that no clear
ergy dependence is observed. Also shown in Fig. 11 are
points corresponding to bound state spectra from prev
works @11,12#. These values of intensity ratios correspond
two-photon 5s 2S1/2→nd 2D3/2,5/2 transitions, for n55
through 9~squares! and n511 ~triangle!. The data point at
«52990 meV is elevated due to the near one-photon re
nance of the laser with the 5s→5p transition. The disconti-
nuity between the bound state ratios and the continuum s
ratios is quite surprising, and will require further study
understand. The results of Ref.@8# for «.0 also suggested
that the ratios5/2/s3/2 differed significantly from 1.5. While
the present results confirm this qualitative conclusion,
present measurements yield ratios ofs5/2/s3/2 that consis-
tently deviate from 1.5 even more than those of Ref.@8#. In
view of the dependence of the analysis of Ref.@8# on various
assumptions, we regard the present results as the more
able determination of this ratio in the continuum.

It is reasonable to ask to what extent the fit between
measured image and the calculated image is diminished i
restrict SDd to a value of zero. An example of these fits
shown as the dashed lines in Figs. 7 and 8. The off-ce
curves@rows 45 ~d! and 85~f!# with SDd50 show deeper
minima than do the corresponding curves withSDd at its best
fit value. The effect is more evident for the linear polariz
tion data than for elliptical polarization. While the differenc
between the curves can be subtle, the quality of the fi
clearly poorer for theSDd50 curve, and the difference be
tween these curves is statistically significant.

The effect of the spin-orbit interaction on the intens
ratios of the fine structure components of linear absorp
lines @28# has been studied in great detail for rubidium@29–
31#. For example, the ratio of oscillator strengths,r
5 f 3/2/ f 1/2, for the principal series (5s 2S1/2→np 2P1/2,3/2)
in rubidium is known to increase rapidly with increasingn
from r;2 for n55 to r;4 or 5 for 10,n<20. Oscillator
strengths for the fine structure components of
sharp (5p 2P1/2,3/2→ns2S1/2) and diffuse (5p 2P1/2,3/2
→nd 2D3/2,5/2) series have also been measured@30# and cal-
culated@31#. One can estimate the ratio of two-photon a
sorption cross sectionss5/2/s3/2 from the latter series, yield
ing a ratio of between 1.5 and 1.7 up ton510. The
shortcoming of this estimate, of course, is that it ignores
contributions of intermediatemp states form.5. These ad-
ditional contributions could significantly modify the relativ
two-photon cross sections, even if there are no anomalie
the mp→nd line strength intensity ratios, with their sig
determining whethers5/2/s3/2 is greater than or less tha
1.5. This spin-orbit effect should manifest itself in the do
blet line strength ratios measured in the bound state spe
as well as in the continuum measurements reported in
work, so it is not clear how this difference ins5/2/s3/2 be-
tween«,0 and«.0 can be explained.

In Fig. 12, we plot the results of our determination of t
continuum phase difference as a function of the kinetic
ergy of the photoelectron,«. For comparison, we also sho
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the phase difference as given by the sum of Eqs.~5! and~6!
~solid line!, and as data points the phase differences that
extract from the theoretical results of Refs.@25# and@26#. We
see from the figure that there is very good agreement
tween the experimental determinations and the theore
values of the phase difference, providing direct experimen
confirmation of this term over the entire range of photoel
tron kinetic energies of our observations. The agreemen
these results with the expected phase difference lends
siderable confidence to our technique and to our unexpe
values fors5/2/s3/2.

In this paper, we have demonstrated that, by using el
tically polarized light, measurements of two-photon pho
electron angular distributions of rubidium comprise a co
plete determination of the relative atomic cross sections
continuum function phase differences necessary to desc
this interaction. This represents a clear advance over sim
measurements based upon linearly polarized light, or ba
upon simultaneous measurements such as angular dist
tions and spin polarization of the photoelectron. We rep
continuum wave function phase differences that appear to
in excellent agreement with expected values, as well as r
tive cross sections to theSandD continua. The ratio of cross
sectionss5/2/s3/2, however, differs significantly from 1.5, a
result we find surprising in light of bound state ratios r
ported previously@11,12#. Spin-orbit interactions may be re
sponsible for this effect@28#, but it is unexpected that suc
an effect would be dominant in one energy range but abs
in an adjacent energy range. This inconsistency will requ
further study. We hope that these results will motivate c
culations of two-photon cross sections in the discrete as w
as in the continuum regions of the absorption spectrum
rubidium.

FIG. 12. The phase difference between continuum« 2S and
« 2D wave functions,js2jd , in atomic rubidium. The solid line
represents the results of Eqs.~5! and~6!. The square data points an
the diamond-shaped data points are the results of calculation
phase differences based on a Sturmian basis set@25# and a Hartree-
Fock basis set@26#, respectively.
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APPENDIX: MAPPING THE TRAJECTORY
OF PHOTOELECTRONS

In this Appendix, we present our analysis of the trajecto
of the photoelectrons as they travel from the interaction
gion, ejected at an initial angle (Q,F), to the position at
which they strike the phosphor screen. The photoelectr
start with an initial velocityA2«/m, where« andm are the
initial kinetic energy and the mass of the photoelectron,
spectively, and travel a transverse distancer 8 before encoun-
tering the upper mesh, wherer 8 is determined by the condi
tions

d5A2«

m
cosQ8t1

eV

2mD
t2 ~A1!

and

r 85A2«

m
sinQ8t. ~A2!

D51.35 cm is the spacing between the mesh plates,V is the
potential difference between the plates,d.0.55 cm is the
distance between the upper mesh plate and the intera
region,e is the electronic charge, andt is the time required
for the electrons to reach the upper mesh. In our experim
tal geometry, the angle between the initial momentum of
photoelectron and the applied collecting field,Q8, is the
same as the polar angle of the momentum in the ato
frame,Q, and we therefore drop the prime notation. Equ
tions ~A1! and~A2! can be combined to determine the tran
verse distancer 8 as a function of the experimental param
eters andQ,

r 85
2«D

eV
sinQSAcos2 Q1

eVd

«D
2cosQ D . ~A3!

Upon inversion, this yields

Q5
1

2 Farctan~r 8/d!6arccosS 12~eVd/2«D !~r 8/d!2

A11~r 8/d!2 D G ,

~A4!
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which shows that two values ofQ map into eachr 8, as
expected for parabolic trajectories. In our apparat
eVd/«D typically has a value of approximately 2, so th
electrons ejected at an angleQ and those ejected at an ang
p2Q strike the phosphor screen at different locationsr 8.
This is critical for the present measurements, as we m
preserve the asymmetry of the photoelectron angular di
bution created by the interaction of the atoms with the ell
tically polarized light in the two-dimensional image gene
ated on the phosphor screen. For comparison, the dete
employed by Helmet al. @22# used a large accelerating vol
age applied between the meshes, so thateVd/«D@1. Under
these conditions, one observes nearly symmetric ima
even for asymmetric angular distributions.

After passing through the mesh, the electrons are rap
drawn to the microchannel plate multiplier by the 95 V p
tential difference between the bottom side of the MCP a
the upper mesh, which are separated by only;5 mm, allow-
ing us to safely ignore any further transverse motion of
electrons.r 8 is therefore the distance we measure on
phosphor screen from the center of the image.

The magnitude of the average signal detected by e
pixel of the CCD camera is given by

I i 8, j 85E
V
dVE

t
dt

ds

dV U dV

dA8
UDA8F2~rW,t !rat

'
ds

dV U dV

dA8
UDA8E

V
dVE

t
dtF2~rW,t !rat , ~A5!

whereds/dV is the magnitude of the photoelectron angu
distribution in the direction that maps into the pixel of th
CCD camera of indicesi 8, j 8, udV/dA8uDA8 is the solid
angle in the atomic frame that maps into the pixel areaDA8,
F(rW,t) is the photon flux in the interaction region~in photons
cm22 s21), andrat is the density of the atomic beam. Th
integrals are taken over the entire interaction volume and
pulse duration. The approximation in Eq.~A5! is valid when
the interaction volume is small, allowing us to pull th
ds/dV and udV/dA8uDA8 outside the integrals.dV/dA8 is
determined by differentiating Eq.~A3!, yielding

dV

dA8
5

1

r 8

d~cosQ!

dr8

dF

dF8

5
1

r 8

eV

2«D
sinQS cosQ2Acos2 Q1

eVd

«D D 21

3S cosQ1
sin2 Q

Acos2 Q1eVd/«D
D 21

. ~A6!
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The azimuthal angle in the image plane,F8, is identical to
the azimuthal angle of the photoelectron momentum in
atomic frame,F, sodF/dF851. Combining Eqs.~8!, ~A5!,
and~A6!, we can calculate an image of the photoelectrons
the phosphor screen of our detector for any polarization
the laser, given the radial transition moments and continu
phase differences. We use these calculated images for d
comparison with measured images in Sec. V.

We can also determine the radius of the image in
plane of the phosphor screen using Eq.~A6!. At this maxi-
mum radius, the density functiondV/dA8 tends tò , yield-
ing
n,

v

t,

to

tt

05340
e

n
f

m
ect

e

r max8 5
2«DA11eVd/«D

eV
. ~A7!

The factor*VdV* tdtF2(rW,t)rat that appears in Eq.~A5! is
difficult to determine with high precision, but is relativel
constant over the duration of our measurements. Its dete
nation is not necessary in measurements ofds/dV, as it
affects only the overall magnitude of our signal. We do n
consider this factor further in this work.
em.
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