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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 confirrund® 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 thannels are anomalous,
suggesting unexpected fine structure effects in these continua.

PACS numbes): 32.80.Rm, 32.10-f

[. INTRODUCTION distributions for left- and right-circularly-polarized beams in-
ducing the second step of the ionization process is measured.
Various techniques for ‘“complete” measurements ofIn addition to the requirement of multiple measurements in
photoionization processes have been reported in the pasach of these experiments, they typically yield only the co-
[1-5]. A complete measurement is one in which all the rela-sine of the phase difference of continuum waves, rather than
tive photoionization cross sections for exciting the differentthe phase difference directly. Since the cosine function is
outgoing waves, as well as the phase differences betwedsivalued in the range 02, this ambiguity must be resolved
these channels, are unambiguously determined. Most conlpy some other means.
plete determinations have included a measurement of the Our present measurements are motivated largely through
photoelectron angular distribution for linearly polarized questions raised in previous incomplete two-photon ioniza-
light, augmented by some other experimental or theoreticaion measurements carried out by our gr¢8p These mea-
data. The latter is necessary since the former is insufficient teurements consisted only of the photoelectron angular distri-
completely characterize the interaction. For example, Dunbution for linearly polarized light, and so required additional
cansonet al. [1] measured photoelectron angular distribu-measurements or theoretical results to draw any firm conclu-
tions for two-color, two-photon ionization of atomic sodium. sions. Lacking either of these at the specific wavelengths
While both laser fields were linearly polarized for these meaused for our measurements, we presented analyses based on
surements, the investigators varied the angle between the diwo different, equally reasonable assumptions, (®.,that
rections of the polarizations, and thus were able to extracthe continuum phases of th® and D channels are given
relative cross sections and the continuum phase differencaccurately by the semiempirical quantum defect theory
Similar measurements were carried out in neon by Siegdl9,10], or (2) that the magnitudes of the two-photon radial
et al. [2]. Simultaneous measurements of the angular distritransition moments to thed ?Dj, and theed 2D, con-
bution and the spin polarization of the photoelectrons werg¢inuum channels are equal. In support of the first assumption,
carried out by Kaminsket al.[3] in cesium, and in xenon by quantum defect phases have been shown to be in good agree-
Heinzmann[4]. These spin polarization measurements in-ment with the results of more rigorous theories in many sys-
volved Mott scattering detectors, adding significantly to thetems. Conversely, bound state intensity ratios forQseries
difficulty of the measurements. Hausmaeinal. [5] studied  in rubidium [11] support the second assumption. Nonethe-
inner shell ionization of magnesium through simultaneoudess, our earlier results showed that at most one of these
measurements of the photoelectron angular distribution anassumptions could be true. When we extrapolated quantum
the residual alignment of the ion. Observations of circulardefects measured from the bound state sp¢t#a14 to the
dichroism in photoelectron angular distribution measure-continuum, we were led to the conclusion that the relative
ments have also been identified for their potential in yieldingcross sections for ionization into the continuiBs;, and
phase differences and relative cross secti@]. In these  2Dg/, channels were highly imbalanced. The second assump-
two-color, two-photon measurements the intermediate staton left us with continuum channel phase differences that
is aligned by excitation with linearly polarized light in the were in strong disagreement with expected values. We
first step, and the difference in the photoelectron angulasought a measurement that would resolve the conflict.
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E(cm_1)]\ continuum channels. In this section we will present our deri-
vation of the photoelectron angular distribution resulting

_____ es 28 o _ _ed® from the two-photon interaction of rubidium with arbitrarily

33691.02 » 4 polarized light. We model this derivation after that of Bebb

and Gold[16], who determined a general formulation for the
differential cross section for multiphoton ionization, and
Lambropoulos and Teagud7], who considered the two-
and three-photon ionization of alkali metals driven by circu-
larly or linearly polarized light.

23766 T . —
In order to allow us to consider any polarization of the
electric field, including linear, elliptical, and circular, we
write the field as a plane wave of the form
E(r,t)=Epeexg —i(wt—By)]+c.c., (1)
12737 T 5p 2P

where +y defines the direction of propagation of the wave

ande= e;X+ €3 is a unit vector that describes the polariza-
tion of the field. We assign the vertical direction in our ex-

periment as the axis. The componentg,; =¢€; +ie] and

€3= €5+ iey are in general complex, and the relative magni-
tude and phase difference between these components specify
the polarization state of the light unambiguously. One polar-

FIG. 1. Energy level diagram of atomic rubidium. The arrows ization state of special interest in the present workeis

indicate the transition pathways for nonresonant two-photon ioniza- . , ~ ~ ..
tion P Y P =i€]x+ €5z, wheree] and e} are real and positive, anef

# e5. This vector describes left-elliptically polarized light,

We recently reportefil5] measurements of photoelectron Where we co_nform with the conven_tion of Bgrn and Wolf
angular distributions for two-photon ionization of atomic ru- [18] for labeling the sense of rotation. In this state the
bidium using elliptically polarized light. These measure-component leads thecomponent, and the electric field vec-
ments represent a complete determination of the relativeor rotates counterclockwise as a function of time as viewed
photoionization cross sections and continuum function phaspy an observer facing the laser source. The major axis of the
differences through a single laboratory observation, in conellipse is vertical fore;> €; and horizontal fore;<€j . By
trast to all previous methods discussed above. Our measurg: ool - ;
ments yielged not only the magnitude of the phase differ-B-ara”el- a_rguments, _the vgcto&'— . €1X+ €32 descrlbe_s

. - right-elliptically polarized light, which rotates clockwise
ences(modulus7) but the sign as well. These phases are i hen viewed by the same observer
excellent agreement Wlt_h e_xpected_ values over the entire Bebb and Gold 16] presented a perturbative treatment of
range of photoelectron kinetic energies of our measuremenﬁultiphoton ionization, in which they showed that the pho-

from O to 0.5 eV. The cross sections to g channels, toelectron angular distribution for two-photon ionization can
however, showed a clear asymmetry, in approximate agregs,, expressed in the form

ment with one of the possible conclusions of R&i. In this
report we expand upon our results and discussion of Ref. do ma2w2|g|

[15]. We first present, in Sec. Il, a theoretical derivation of —= —|ng|2,
the photoelectron angular distribution for two-photon ioniza- dQ h
tion with arbitrarily polarized light, and then describe our
apparatus for collecting the photoelectr@B8ec. Ill). Finally
we present our measuremeii&ec. 1V) and our analysis of
the results(Sec. \j). We include a discussion of our tech-

0 - 5s 28,

@

wherem is the electron massy=e?/fc~1/137 is the fine

structure constant is the momentum vector of the photo-
electron, and

nique for interpreting the image created by the photoelec- oA o n -
trons in the Appendix. To=S (Kle-r[n)(n|e-r|g) @
9 4 (wn—wg—w)
Il. THEORY is the two-photon transition moment. In this expression,

Two-photon ionization of an unaligned alkali metal atom (i|e-r|j) are the matrix elements of the projection of the
initially in a groundns?S,, state produces an outgoing pho- electronic position operator onto the field polarization vector,
toelectron in the continuums ?S,,, ed 2Dy, anded?Dg;,  While fiw, andfwy are the atomic energies of the nonreso-
states. See Fig. 1 for an energy level diagram of rubidiumnant intermediate statés) and the initial stat¢g). In Fig. 1,

The angular distribution of the photoelectrons ejected fronall state energies are expressed relative to the ground state
this atom depends upon the relative magnitudes and phasesergy, sawg=0. The summation is taken over all interme-
of the three outgoing waves corresponding to each of thesdiate states that are dipole connected to the initial state, ex-
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tending over the entire manifold ofP states |n) gamma function. This leads to a Coulomb phase difference
=|np2Pj .m;), wherej is 5 or 3. Near resonance of the laser between thes andD waves of the form

frequency with any of the intermediate states could lead to

strong enhancement of the transition rate, but might also 1 1

modify the angular distribution through effects related to the 7s— 1¢=arctan—-= + arctan—. (6)

fine or hyperfine structure of the intermediate stdtg9— 2\e Ve

21]. We avoid these effects by using laser frequencies in the

range from 16 950 cm' to 18800 cm *. This single photon  The phase difference given by the sum of E@®.and (6)
energy lies roughly halfway between the excitation energieplays a strong role in the photoelectron angular distribution,
of the 5p %P, and the ¢ ?P, intermediate states, as shown and through our measurements we are able to determine this

in Fig. 1. atomic parameter with very good precision, as we shall see
Since the rubidium is initially unaligned, the two later in this paper.
magnetic sublevelsm,=+3 of the ground state|g) For arbitrary field polarization, the angular distribution

=|5s2S,,,,m,) are equally populated. The angular distribu- becomes

tion in Eq. (2) is thus determined by averaging over the

initial spin states oflg), and summing over the final spin d 2,2k
states of the continuum electron. The final state of photoelecﬁ = ma—w||

tron momentunk can be written as a linear superposition of 2h
angular momentum stat¢$7,21] (IZIf)(f|(elx+ €32)| )| (ex+ e3z)|g)‘2
x> > — .
. K g f.n wWh— w ’
Ky=2> > 4n(i)'eG(r) )
I"=0 ml':—l’
* We should expect that alin; levels of the intermediate
XYy (€, @)Yy (8, ) xs. @ np?2P; states contribute, even in the absence of any spin-flip

_ _ _ (fine structure interactions, as the component of the field
The functionsY, are the spherical harmonics, the angularcan induceAm; =0 transitions in each step of the interaction,
coordinatesd and® represent the direction of the momen- 44 thex component drivedm,= = 1 transitions. After the
tum of the photoelectron, while, 6, and ¢ indicate the  jhsorption of two photons, the laser field excites a coherent

magnitude and direction of the electronic spatial pOSitionsuperposition wave consisting of the/ =0, =1, and +2
The final orbital angular momentum states accessed by mponents of thé' =2 state and thé’—b m’,—O state
= =0,m/ = )

two-phgton process Ln(;IUdé:O'Z' "_6"|f>: |e52Sy2,m)  7pe proportions of this admixture state depend critically on
or [ed*Dj,,m;),j’=2,2. The function xs represents the  the relative magnitude and phase of the field polarization
spin state of the photoelectron, whose projection alongzthe componentss; and 5.

axis can bex#/2. G;/(r) is the radial part of the con-  After evaluation of the matrix elements of Ef}), the
tinuum wave function, which approachesk|¢) ‘sir[|kr differential cross section reduces to

+|K "t In(2Kr)—1"m/2+ &:] for |k|r>1. The asymptotic

phase¢;, of the continuum wave function can be written as (¢ ma2w2|I2|
the sum of two terms, the quantum-defect phaseand the a0 - 2n
Coulomb phasey,, [9,10]. The quantum-defect phasy is

a slowly varying function of the kinetic energy of the

photoelectron, and can be extrapolated from measurements (pa) i
[12—14 of the energies of th& andD bound states. For the Where Ti™ are the spatial components of the two-photon

S wave andD wave of rubidium this phase difference is transition moments. The indicésj=+ or — of the mo-
given by mentsTi(jp“) represent the spins of the ground and final state

electrons, respectively, anglg=1 or 3 represent the rel-
S— 84=(1.7842-0.77% + 1.75%2) m, (5) (ranv:r:ltszeztial components. The explicit forms of these mo-

| j;/_ |Ti(j33)6§+Ti(j13)6163+Ti(jll)Ei 2,
(8

wheree is expressed in rydbergs. While the quantum-defect
phase could in principal differ for théD, and 2D, chan-
nels, we estimate, using bound state energy leMgl§ that

the magnitude of this phase difference is only 0808s we
show later in this report, this estimated phase difference is
smaller than the uncertainty in our measurementséof

— &4, and we therefore neglect any phase difference between
the two continuunD channels. The Coulomb phase is of the
form »n, =arg{I'[I' +1—(i/\e)]}, wherel is the complex —[Y(O,D)+ Y, 1(0,D)]Syq}, (9b)

(33) 1 i€ 2 (3
TEY=Ze sYoo(,cb)%—ﬁe 1Y,(0,P)Sy, (93

1 .
TE= el 2[Y,(O,D)—Y, (O,P)]|Sy
++ r—30 { [ 21( ) 2-1( )] d
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TABLE I. Excitation pathways for the five radial transition el- do
ements. o= | 75dQ
dQ
rh2p. —
Element lg) In"p?P;j.) If) _ma2w2|k| 1 2, 8 [5S;+5S, 2+12 )
Sy |552S,/2) Inp2Pys2) |£2Sy2) A 9|75 " 25 6 257°
S, |552S,/5) Inp2Pa) |£2Sy2) 2
S; |552S,5) INp2Pay2) led D) 1 Sé_i 555|° 6 , * o ox o2
2 2 2 + Ss|(€1€3 — €1 €3) .
S, |55 “Syy2) Inp=Pg) led “Day) 9l® 251 6 25
Ss |552S,5) Inp2Pg) |ed *Ds;) (12)

It has long been recognized that the cross section for two-
1 photon ionization for the cases of linear and circular polar-
3\/§Y20(®,¢’)SJ ization differ [17]. Equation(11) is an extension of that re-
sult to the more general case of arbitrary polarization. For
linear polarization the second term in E@1) vanishes. The

1 . )
T =3e%Yol ©,0) S5+ elgd[

1 . R .
— ——{[Yol O, D)+ Y,_o(0,D)]Sg two-photon cross sections for photoionization into the
J30' 2 22 ‘ £52S,),, £d?Dgyp, and ed?Dsj, channels,og, o35, and
o0, respectively, and the total cross section for Ehevave,
B B o4= 03t o5, by linearly polarized light in terms of the
[Y2A©,®) Y22(®’CD)]SA"}’ : (90 radial transition moments can be identified from Etfl) as
5 ma?w?K| 1(S;+2S,)?
_ o= < 1
169=\ 2eeva0,5,, 99 A
. :ma2w2||2|i 553+ 5,2 1
T09— L gt v, 0,0)— \/2 Y ©,8) | Saq, (O ¥R 28 6 )Y
Yo \/ge 2000,P) 3 200,®)|Syq, (99
_ma2w2||2| 12
1 TeT T 2257
T@:—Ee'fdwm(@,@)—Y271(®,<1>>15Ad. (of) )
ma?w?lk] 4 , 3 5
TS 45| STz

The — —(—+) component is obtained from the +(+ —)

component by changin|n—Y,_n and by changing the | the absence of spin-orbit coupling in the intermediate or
sign of the(13) component. The reduced two-photon transi- ;ontinuum statesS; =S, andS;=S,=Ss. The latter relation
tion momentsS; represent the average transition moment foryje|gs o5;,= 1503, as can also be shown using state degen-
excitation of theS continuum,S;= (S, +2$,)/3; the average eracy arguments. For circular polarization, with e;= e,
transition moment for excitation of th® continuum, Sy —1/\2, the polarization factor in Eq(11) [i.e., (e1€%
f(583+ S,+9S5)/15; and the asymmetry between the tran-_ef €5)2] becomes—1, and the excitation of th& wave
sition moments for theD,;, and D, waves, Syq= (53 vanishes, while the excitation rate of tBewave increases
+S,—6S)/15. We retain the notation and definitions of 5 actor of 1.5 over that for linear polarization. For any
these radial moment, -S; for the various intermediate and er pojarization state, the effective cross section for the

final states, partial waves lies between these two extremes.
Examples of three-dimensional photoelectron angular dis-
(f|r[np?P;)(np?Pj|r|g) tributions for two-photon ionization, resulting from three dif-
824772 wnj—© ' (10 ferent polarization states of the optical field, are shown in

Fig. 2. These distributions correspond (&) linearly polar-
ized light, (b) right-elliptically-polarized light, andc) circu-
larly polarized light. In each case, the laser beam is propa-
gating in a direction nearly normal {into) the plane of the

as originally used by Lambropoulos and TeadLé@. |f) is
one of the three outgoing channels?S,,,, sd2Dy,, or
ed?Dsj,, andj=1/2 or 3/2 is the electronic angular momen- A S .
tum of the intermediate state. The initial, intermediate, anooa%ef_thﬁtfy dlrectlotn)_. Thbe d;stnbutu_)n for l'l??irlytﬁdalw'
final states for the two-photon transitions corresponding td#€@ "9Nt 1S SYMmELrc about an axis parailel 1o the laser
these five moments are given in Table I. polarization(the z axis in Fig. 3, while that for circularly

In order to define the total photoionization cross sectiongolarized light is symmetric about the axis defined by the
for the three channels, we integrate the angular distributiotaser propagation directiofthey axis). The symmetry of the
of Eq. (8) over all angles to yield angular distribution for elliptical polarization is reduced, but
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1 2 1 2 12 n2\2
a0=g | S5~ SsSu cod§s—Ea)+ 1 Sy (€"€1)

+ (S%-I—Sid)(eé4+66'l’zeéz+e'l’4,

| =

1

8p= 3, (52~ iS5 o0t & £ (g~ €1,

FIG. 2. Examples of calculated photoelectron angular distribu- 1
tions for (a) linearly polarized light,(b) right-elliptically-polarized a=-—
light, and(c) circularly polarized light. These distributions represent 8ay
the probability density for detecting a photoelectron as a function of
angle. The direction of laser beam propagation is nearly into the

2
plane of the page. m=—§£%%swa—an&ﬂéhf?» (15)

(S Sho)(e5*— €102,

inversion symmetry about the origin is still evident. The - . i
asymmetry of this distribution reverses as the handedness %']he coefficienta affects the overall amplitude of the pho

the elliptical polarization is reversed. The distributions for|gf|§i(8:tt|;?§uzlizi’(]’ t\),\%lgﬁi rc]i(()atslcnrfiltl)f;i%rtselsg?pi Oft:;et?pgeu'
linear polarization and circular polarization are in complete o ’ pietely by
; - : coefficientsa,, a,, andb,. These last three coefficients are
agreement with those derived in REL7]. uniquely defined in terms of the ratios of reduced transition
In order to illustrate the advantage of using elliptically 9 3{ / 4S../ d the oh gif
polarized light in multiphoton ionization measurements, Spe_momen $35/Sq and $,q/Sq, an e phase differencgy

cifically, its ability to constitute a complete photoionization — d+ OF equivalentlyos/ay, o5yl oy, andés—£q. In the
measurement, it is instructive to reduce the very general ext35€ ff linear vertical polarization, correspondingefo=1
pressions fodo/dQ given in Eqs.(8) and (9), valid for all and €]=0, the coeﬁiluenlbz vanishes. This distribution is
angles® and®, to those for the restricted space®f=0 or  symmetric about the axis, and a measurement of this dis-
m, i.e., in thex-z plane, and with the limited polarization tribution alone is sufficient for determining only two of the
state defined earliek;=i€] and e;=€}, wheree] ande;  three atomic parameters. Furthermore, since this distribution
are real (We remove our previous restriction thét ande, ~ depends only on co&~£g) and not on the phase difference
are positive, allowing the sign of! €} to indicate the sense itself, an additional ambiguity results. Use of elliptical polar-

of rotation of the field vector. The angular distribution in iZation (ez and €] unequal, and each nonzgrdowever,
this plane then takes the form yields an asymmetric angular distribution whose only sym-
metry is upon inversion about the origin. This yields one
more fitting term p,) in the experimental determination,
allowing for the simultaneous determination of all three of

dO' ma2w2|l2| 1 i§ ig ’2 - . . . .
a0 ann §(e sSg—e'f4S5(3cog O —1))eh the atomic parameters. Since the asymmetry of this distribu-

m tion reverses depending on the sign of &ir(&,), the deter-

—2ieléS; sin® cosO €€} mination of the phase differendenodulus) is unambigu-

ous as well. Additionally, if the sign of the product of two-
photon moment$;S; were known, then the determinations
of the phase difference would be modulus.2A change of
sign of this product, however, is equivalent targphase shift

1 . 2
- §(e's’fss;+ €'éS5(3 cog O —2)) €2

+|—sin® cosO (e3> + €7%) in &— &4, so that in the absence of any knowledge of the
relative signs of the moments we can deterngge &4 only

+i(2 cog ®_1)E,1I€é|28id]- (13  to within modulusz. Finally, it can be shown that the spe-
cialized angular distribution given by Egd.4) and(15), as

well as the general form given by Ed8) and(9), depend on
_ o _ o (Saa/Sg)?, but not S,4/Sy. For this reason, the sign of
Evaluating this in a harmonic series yields Suq/Sq is undetermined in our measurements. We did not
recognize this important aspect of these measurements when
g 2,25 we prepared of_ our earlier repc[t_ft5]._ _
o Ma‘w K| ag(1-+a, C0S 20+ a, CoS 40 + b, sin 20), In the experiments we describe in this paper, we collect

dQ 4k photoelectrons ejected in all directions, not limited to xke
(14)  plane. These 4 solid angle distributions are, of course, also
sensitive to the ellipticity of the laser polarization, and our
measurements exploit this to make our complete determina-
where tions.
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|:_| CCD camera

[ ] -.— Phosphor Screen

= ST 2 _@— Microchannel Plate

| T %] Electron Multipliers

v L
il ’\ Field Plates

Interaction
Region

FIG. 3. Schematic diagram of the photoelectron imaging sys-
tem.

Ill. PHOTOELECTRON COLLECTOR

In order to carry out these measurements, we required a
photoelectron detector that would allow us to measure asym-
metric angular distributions similar to that shown in Fig.
2(b). For this purpose we have adapted a technique intro-
duced by Helmet al. [22] for measuring complete angular
distributions of photoelectrons. The traditional technique fing
(see Ref[21], for example for measuring photoelectron an-
gular distributions is to photoionize the atoms in a field-free  FIG. 4. Several examples of images created by the photoelec-
region, and to count the photoelectrons ejected toward &ons on the phosphor screen for different polarizations of light. The
single-channel electron detector while rotating the laser popolarizations aréa) linear, vertical(b) linear, 45° from vertical(c)
larization. One must ensure that, as the polarization is rolinear, horizontal,(d) left-elliptical, major axis vertical(e) left-
tated, the laser beam does not move, the intensity does nelliptical, major axis horizontal, an) circular. (The dark mark in
vary, and the polarization does not change other than by the lower right quadrant of these images is a damaged spot on the
simple rotation. This traditional technique is characterized byphosphor screen.

a low collection efficiency, as only the photoelectrons

ejected toward the single-channel detector are collectedjimensional angular distributions shown in Fig. 2. For each
With the Helmet al. apparatus, there is no need to rotate thepf the three images corresponding to linear polarization in
polarization of the laser field, as the electrons ejected into thﬁigs. 4a)-4(c), for example, the two maxima in the angular
entire 4 steradian solid angle are collected with equal effi-distribution along the direction of polarization and the ring in
ciency for each laser pulse. The detector, as shown schemathe direction perpendicular to the axis are clearly seen. With
cally in Fig. 3, consists of a pair of parallel mesh@eld  the linear polarization verticdFig. 4(a)], one maximum of
plateg used to create a uniform electric field in the regionthe angular distribution is projected upward, the other down-
surrounding the interaction region, two microchannel platayard. These two maxima overlap on the image screen di-
(MCP) electron multipliers, a phosphor screen, and a chargerectly above the interaction region, labeldt|, and M, on
coupled devicdCCD) camera interfaced to a PC. The par- the figure. The electrons comprising the ring around the
allel meshes are very fine stainless steel screemsil wires  wajst initially travel radially outward in a horizontal plane.
spaced by 10 milsstretched tightly across 10 cm diameter pye to the uniform field, they project onto the image plane to
frames. The separation between the meshé3=sl.35 cm.  form a perfectly circular ring. With the laser polarization still
We obtained the MCP/phosphor screen assembly commefinear, but rotated 45°, the two maxima separate, as seen in
cially. Electrons that escape from the atoms through photoFig. 4(b). The upper maximumN ) is shifted slightly to the
ionization by the laser field follow a parabolic trajectory due eft, but still forms a well-defined image. The electrons in the
to their uniform acceleration in the static electric field toward|gwer maximum M,) initially propagate down and to the
the upper plate. Electrons transmitted through the uppefight in the uniform field region, but have more time to
mesh accelerate toward the microchannel plate electron mUé*pread out before reaching the image plane, as their vertical
tipliers, which provide a gain of-10°, and subsequently velocity must reverse direction. The ring, while not perfectly
produce bright spots on the phosphor screen. The image §rcular in the image plane, is clearly visible in the diagram
recorded by the camera and stored by the PC. as well. The final sample image for linear polarization is
Several examples of photoelectron images are shown ighown in Fig. 4c), corresponding to horizontal polarization.
Fig. 4. In each image, the laser beam propagates intthe In this case the two maxim@/) form symmetrically placed
direction. [See the coordinate frame in Fig(cf]l. Each of spots on the left and right edges, while the ring forms a
these images can be understood by referring to the threaingle band in the center. The images for elliptical polariza-
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CCD density of 3x 10’ cm 2 at the interaction region, a distance
Camera .
Nd: YAG Phosphor of ~37 cm from the oven aperture. A second aperture just
Laser Screen\mMCP before the interaction region limits the beam diameter to 0.66
| : mm. The vacuum chamber housing the interaction region is
LEZZr pumped to a level of 2108 torr using a cryogenic pump.
%Momb We cancel the earth’s magnetic field to less than 10 mG in
Polarizer > the interaction region using three orthogonal pairs of coils.
Mirror Laser Beam The laser sources for this work include Gswitched,
A

frequency-doubled Nd:YAGyttrium aluminum garnetlaser
and a pulsed dye laser system. The dye laser consists of an
oscillator and a three-stage amplifier, each pumped by the
532 nm second-harmonic output of the YAG system. The
laser oscillator is a short-cavity, longitudinally pumped Litt-
man configuratiorj23], with the output limited to 1-3 lon-
gitudinal modes in a nearly-lowest-order Gaussian transverse
FIG. 5. Schematic diagram of the Optical SyStem and detectioﬁ}node_ We use the dye laser System to generate ||ght at e|ght
apparatus. different wavelengths between 540 nm and 590 nm, employ-
ing three different laser dye@luorescein 548, Rhodamine
tion are slightly more complex, but clearly display the asym-590, and Rhodamine 61@o cover this wavelength range.
metry that might be expected of the angular distributionswe determine the wavelength of the light using a quarter-
shown in Fig. 2b). The major axis of the ellipse is vertical meter monochromator, calibrated with a He-Ne laser at
for Fig. 4(d) and horizontal for Fig. @). In each case, the 632.8 nm and the 532 nm harmonic output of the Nd:YAG
dark band of the image results from the local minimum in thelaser. We also carry out our photoionization measurements
upper side of the distribution. For the image generated bwith the A =532 nm harmonic light directly.
circularly polarized light, the doughnut-shaped angular dis- The polarization of the optical field is critical for these
tribution projects onto the phosphor screen to create a singiéeasurements. We control the polarization using the optical
band, as seen in Fig(f. components shown in Fig. 5. Most of our measurements are
For quantitative analysis of the image displayed on thecarried out using left-elliptically-polarized light, which we
phosphor screen we must map the parabolic trajectory of thgenerate by rotating the firat2 Fresnel rhomb in the figure
photoelectrons from the interaction region to the phosphopy 11.25° and the polarizer by 22.5°, each in the clockwise
screen. The primary result of this analysis, details of whichdirection. (We describe all rotations as viewed by an ob-
we present in the Appendix, allows us to accurately deterserver looking into the laser sourgé&he /4 rhomb, ori-
mine the image formed on the phosphor screen for any givegnted vertically as shown in the figure, changes the polariza-
angular distribution of the photoelectrons. The inverse of thigjon of the exiting light to right elliptical. The handedness of
operation, i.e., determining the photoelectron angular distrithe ellipticity can be determined only by considering the dif-
bution from the image, can also be carried out, if the angulaference in the phase shifts of tiSe and P-polarized compo-
distribution is symmetric upon inversion about the origin, asnents resulting from the two total internal reflections in the
is the case for the present measurements. Coupled with thg4 Fresnel rhomb. Born and Wolf18] show that the
theory for the photoelectron distributions, we are thus able t-polarized(vertica) component is advanced relative to the

use the photoelectron images produced by this detector tgpolarized(horizonta) component, so that light entering the
accurately determine the three atomic parameters we Seekrhomb with polarizatiore = sin 22.5%— cos 22.5% exits the

rhomb as right-elliptically-polarized lighe= —i sin 22.5%

IV. EXPERIMENT +¢€0s22.5%, with the major axis vertical. The fina\/2

A schematic of the experimental setup is shown in Fig. 5_Fresne| rhomb’ when ?rlented at 45° from th? vertical, ro-
The atomic beam geometry is necessary to limit the volumdates the_elhpse by 90 .and reverses th? rotation sense. The
of the interaction region, defined by the intersection of theMajor axis of the elliptical polarization S thus horlzoptal,
laser beam and the atomic beam. The vacuum system coAnd the sense of the rotation is left handedi cos 22.5%

sists of two separately pumped chambers, one housing ahsin 22.5Z=i|e;|X+|€3|z. The two measurements taken
effusive oven that generates the atomic beam, and the otheiith right-elliptically-polarized light were obtained by rotat-
containing the interaction region. The two chambers aréng the first\/2 rhomb and polarizer in the counterclockwise
separated by a stainless steel platehvdat4 mmdiameter direction. We also carried out measurements at each wave-
hole at the center. The small hole allows only a fraction oflength using linear polarization, oriented either at 45° from
the rubidium atoms to pass into the interaction chamber, rethe vertical or horizontally. To obtain linear polarization at
ducing the background noise at the detector. The oven i45° from the vertical, we keep the firaf2 rhomb and po-
maintained at a body temperature of 145°C. The nozzlelarizer oriented vertically, as shown in the figure, and rotate
with an aperture diameter of 0.9 mm, is held at a slightlythe final\/2 rhomb 22.5° from vertical in the counterclock-
elevated temperature to discourage rubidium condensatiowise direction. Similarly, for linear horizontal polarization,

and dimer formation. The oven produces an atomic beanwe rotate the finah/2 rhomb to an angle of 45° from verti-

2 Rhomb Z—; Rhomb
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TABLE Il. Experimental parameters for each wavelength.

\ € \% Number of shots e3le; Pulse energy Image radius
(nm) (meV) V) (mJ) (cm)
590.0 26 0.05 8000 +0.438 1.3 0.55
583.3 74 0.40 8000 +0.431 1.3 0.65
583.3 74 0.40 8000 —0.431 1.3 0.65
575.0 135 0.65 8000 —0.435 1.3 0.82
568.2 187 1.0 25000 —0.433 25 0.80
560.0 251 1.4 10000 —0.431 25 0.79
553.0 307 1.8 10000 —0.429 2.5 0.77
547.0 356 2.2 25000 —0.427 25 0.81
540.0 415 2.2 10000 —0.426 2.5 0.86
532.0 484 2.6 10000 —0.424 2.5 0.88

cal. We insert an additional linear polarizer after the finallevel so as to minimize the possibility of overlapping elec-
rhomb to improve the polarization purity. For each polariza-trons on the phosphor screen, space charge effects, which
tion state we confirm the polarization of the field by measur-could perturb the parabolic trajectory of the photoelectrons
ing the transmission of the beam through a Glan-laser polaras they travel toward the upper mesh plate, and high-field
izer and recording the transmission as a function of theeffects, which would change the atom-field interaction.

polarizer orientatiord’. For elliptical polarization, we fit the In order to decrease the influence of any gain nonunifor-
result to the function mities of the microchannel plate detector, the phosphor
screen, or the CCD array in the camera, we employ a thresh-

Pi=Po(|€1|?sir? 6"+ |e3]? cog 6"). (16)  hold detection scheme. In this scheme, each bright cluster in

the raw image is regarded as one count, regardless of the

We find that the typical rms deviation between the measuref€ight or area of the peak. A computer algorithm locates the
transmitted power and the best fit function of the form of Eq.center of mass of each bright spot in the image, and records
(16) is ~ 1% of the maximum transmitted power. While this ON€ elec_tron at the pixel Closes_t to the center of the cluste_r.
measurement is insensitive to the handedness of the polarizat® PC is able to analyze the image for each laser pulse in
tion, it does allow us to determine very precisely the magniihis way, and add the result to the accumulated image in less
tude of the ellipticity. We measurees/e, at five different than Q.l s, the time between successive laser pulses. This
wavelengths between 532 nm and 591 nm, and fitted a line4let€ction scheme proves to be essential in our measurements,
function to these measurements. We observe a slight vari&S the image distortions introduced by the irregularities of
tion of e5/¢; with wavelength, which is reasonable in that € detector mentioned above are prohibitive. For example,
the phase shift induced upon total internal reflection withint€ images shown in Fig. 4 were collected in a linear accu-
the Fresnel rhombs is somewhat wavelength dependent.

The dye laser beam is weakly focused toeart radius of
approximately 0.30 mm in the interaction region, as deter-
mined by measuring the transmission through a 0.254 mm 500+
diameter pinhole. We estimate the peak laser intensity to be
on the order of 0.2 GW ci? when the laser pulse energy is 9 .
2.5 mJ. At each wavelength, we accumulate an image over2400{ "
8000-25 000 laser pulses, with each image consisting of ap-5,
proximately 16 electrons. The photoelectron kinetic energy &
e, the voltage applied between the meskeshe total num- 23001
ber of laser pulses, the polarization ellipticity, the laser pulse
energy, and the image radiu§,, are given for each wave-
length in Table Il. With an interaction volume of
~10"* cn?, there are about:810° atoms in the interaction
region. We detect approximately 10—20 electrons for every X piy, 40 - LoV
laser pulse. An example of the raw image of the phosphor e/"Ufnb 60 o y e
screen corresponding to a single laser pulse is shown in Fig. or
6. The horizontal axes indicate the pixel indices of the 64 F|G. 6. A sample image of the phosphor screen resulting from a
% 128 image. The vertical axis is the recorded signal strengtgingle shot of the laser. The horizontal axes indicate the pixel indi-
of each pixel in the array. Each peak in the image containges of the 64 128 image. The vertical axis is the recorded signal
about 6-12 bright pixels and corresponds to a single elecstrength of each pixel in the array. Each peak in the image corre-
tron. We purposely maintain this electron count at a lowsponds to a single electron.

pix

200l
0
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FIG. 8. Typical photoelectron distribution for linearly polarized
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polarized light. These data represent the accumulated image aft
10000 laser pulses at a wavelengthaof 540 nm. The measured image after 10 000 laser pulses at a wavelength-s640 nm. The

two-dimensional image is shown @), while in (b) we show the . ) ; . ; o
. . . measured two-dimensional image is showr(dh while in (b) we
calculated image based on the best fit atomic parameters. The an- L : ;
o . . . show the theoretical image using cross sections and phases deter-
gular distribution that produces this image is showr(dn Three

: . . g . mined using elliptically polarized light. Three cross-sectional slices
cross-sectional slices are shown in the remaining sections, corre-,

sponding to rows 45, 65, and 85 of the images show@jiand(b). of the images shown iria) and (b) are shown in the remaining

In each cross section, the data points are shown as dots, while thSpr|0t5’ rows(d) 45, (¢) 65, and(f) 85. In the cross sections, the

" cf\ta points are shown as dots, while the calculated signal strengths
results of a least-squares fitting procedure are shown as the SOlére shown as solid lines. The dashed line shows the curvé,fr
line. The dashed line shows the best fit curve if we res8igtto a —0 ' .
value of 0. '

ﬁ(E]ht at 45° from vertical. These data represent the accumulated

mulation scheme, in which we simply sum the images pixegreater than the size of the interaction region, but smaller
' than the size of the plane meshes that produce the uniform

by pixel over a large number of laser pulses. While the im- o2 ¢ -
ages in this figure appear to be reasonable qualitatively, the§P!l€cting field. We observed some evidence of an additional
harge buildup or a bias on one of the field plates, producing

could not be fitted well by any of our theoretical images. The

threshold detection scheme is critical for quantitative com-2" apparent offset of about 0.2 V to the voltage we applied.

parisons. When we adjust the applied voltage by this offset, the mea-

We show examples of photoelectron images coIIecteo‘Bured radius of the image matches to within 5% the radius
with the threshhold detection scheme in Fig&) and 8a). computed on the basis of the photoelectron kinetic energy,

Figure 7a) corresponds to a left-elliptically-polarized laser (e strength of the dc collecting electric field, and the posi-
beam at =540.0 nm with the ellipticity &5 /e,) of the laser tion of the interaction region, as expressed in &Y). This

polarization equal to-0.428, while for Fig. §a) the polar- offset has a substantial effect only on the low-kinetic-energy
ization is linear at 45° .from’verticalgglelzl 11 The axes €lectrons, and we observed no evidence of distortions of the

. . LN images for any of the data sets.
are labeled with the pixel indices 1-128 in thiedirection 'mag y

and 1-64 in the direction.(The pixels of the CCD camera
sensor array are approximately square, but the camera trans-
fers only alternate columns of data. Therefore there are only For each image collected using elliptically polarized light,
half as many columns of data as row3he direction of e select a trial set of photoionization two-photon moments
propagation of the laser beant f) is from the bottom to the and phases and compute the corresponding theoretical im-
top of this figure, and the image is nearly symmetric withage. We adjust several underdetermined experimental param-
respect to the horizontal axis through the image’s centereters(the location of the center of the image, the distadce
Since photoelectron angular distributions are symmetridetween the top mesh and the interaction region, the voltage
upon inversion about the centé@rxcept in special cases in- V applied between the meshes, a parameter that represents
volving interferences, as described in R§24], for ex- the size of the interaction region, and a scaling fgotathin
ample, we expect the integrated photoelectron signal of thea reasonable range to obtain the smallest root-mean-square
left and right half planes of the image to be equal, everdeviation between the theoretical image and the measured
though the images themselves are asymmetric. We find th@nage, as computed over all pixels in the image. All pixels
the integrated signal of these half planes, found by summingre weighted equally in determining the rms deviation. We
the pixel values in each half plane, match one another titerate repeatedly with new choices 8f/Sy, Sxq/Sq, &s
within 2% in all cases. Finally, the radius of the image on the— &4, and the experimental parameters listed above in order
phosphor screen is a good indicator of the experiment. Wéo find the set that produces the image in best agreement with
typically used an image radius ef1 cm, chosen to be much the measured image. We choose step sizes of 0.02 between

V. DISCUSSION
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TABLE I1ll. Relative two-photon moments, cross sections for two-photon absorption, and continuum
wave function phase differences as determined from the photoelectron images.

N Ts12/ 312 £ &g
(nm) S./Sy |Sada/Sdl osloy Sag/Sg>0 Spg/Sg<0 (rad

590.0 —0.55(2) 0.3%52) 0.323) 0.273) 12(3) 2.367)
583.3 —-0.47(2) 0.382) 0.253) 0.303) 113) 2.34(6)
575.0 —0.45(2) 0.322) 0.223) 0.323) 10(3) 2.256)
568.2 —0.40(2) 0.322) 0.182) 0.323) 9(2) 2.154)
560.0 —0.42(2) 0.362) 0.192) 0.26(3) 14(2) 2.084)
553.0 —0.43(2) 0.342) 0.2012) 0.293) 11(2) 1.984)
547.0 —0.38(2) 0.362) 0.152) 0.263) 13(2) 2.024)
540.0 -0.39(2) 0.352) 0.162) 0.273) 12(2) 1.964)
532.0 —0.38(2) 0.342) 0.152) 0.293) 112) 1.854)

trial values forSg/Sy, Syq/Sg, andés— &4. The results of  leading toy? values greater than unity is a slight variation in
this iterative procedure are listed in Table Ill. The fitting the signal strength of individual rows of data, possibly
procedure accommodates the lateral dimensions of the intecaused by a nonuniformity of the geometric areas in different

action region, but not the vertical. rows of the CCD array of the camera.

Using the best fit values d&;/Sy and S,4/Sy, we also We show two-dimensionalxfz plane angular distribu-
determine the cross-section raties/ oy and o5,/ 055, UsS-  tions calculated using the atomic parameters in Table 11l and
ing the ellipticities from Table Il for three wavelengtt&90 nm,

560 nm, and 532 nirin Fig. 9(a). As the optical wavelength
5 (Ss/Sg)? decreases, the relative photoelectron flux along xhaxis
osl0e=7| 5 o (170 increases, and the distribution becomes more elongated.
1+3(Saa/Sa)

In order to estimate the uncertainty in the results shown in
Table Il we collected two of the data st A =568.2 nm

and and\ =547.0 nm) as five separate, consecutive runs of 5000

2 laser shots each. We then fitted each image individually in
enlo :§ 1-5,4/Sq (18) order to determine the distribution of the fitted results. The
MU\ 14 35,4155 reproducibility of the fits to the images was in fact very

good, yielding uncertainties that were comparable to or

as determined from Eq¢12). These relative cross sections Smaller than the step sizes of the various parameters.
are also presented in Table Il Since the signSaf,/Sy The sense of rotation of the elliptically polarized light was

cannot be ascertained from our measurements, we report tWgft in all cases except two. For=590.0 nm we recorded
possible values ofg,/o4,. PositiveS, /Sy yields a ratio th(nT ph'otoelectron image corresponding to right-elliptical po-
5ol 04, Which is less than 1.5, whileg,/ o> 1.5 is the larization only, while forA = 583.3 nm we recorded the pho-
result if S, /S is negative. Some of the present results dif-toelectron image corresponding to left- and right-elliptical

fer slightly from the results we reported in RéL5]. The polarization. (See _Table [). As predicted by theory, the
present results are more accurate, due to improved fits b@SYmmetry of the image reversed. Ror 583.3 nm the best

tween the calculated and measured images. fit values ofas/ oy, s/ 73, andés— &g resulting from the

The best fit image to the data of FigaYis shown in Fig. two data sets are in agreement within estimated uncertainties.
7(b). The calculated angular distribution that produces this
image is shown in Fig.(€). Cross-sectional slices for single
rows [row 45 in (d), 65 in (e), and 85 in(f)] of the image,
showing the best fit result&solid lineg and measurements
(data pointg, are also shown in Fig. 7. The root-mean-square
deviations of these data are somewhat larger than those ex-
pected for a Poisson process, as we determine by computing
x? for the fits. In computing¢®, we use/l; ; as the standard

deviation of each pixel value of the image, wheye is the FIG. 9. Two-dimensional photoelectron angular distributions for
image value of pixeli(j). This is justified in the threshold (4 eliiptically polarized light andb) linearly polarized light(ori-
detection scheme we described earlier, in thats the num-  ented along the long axis at 45°) calculated using the cross-section
ber of photoelectrons at that point in the image. We fifd  ratios and phase differences given in Table Ill. The three lines
ranges from 1.5 to 2.3 for each image, whgre=1 would  correspond to\=590.0 nm(dashed, A =560.0 nm(solid), and
indicate purely statistical counting errors. One contribution=532.0 nm(dot-dashef
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FIG. 11. The ratio of cross sectiowns;,/ o3, versus photoelec-
0 ; i i ; i tron kinetic energy. The circular data points are the results of the
0 100 200 300 400 500 present work. The triangular data point is obtained from a bound
Photoelectron Kinetic Energy(meV) state spectrum shown in Rdfl2]. The square data points are as

FIG. 10. The ratio of(a) two-photon moment$;/Sy and (b) reported in Ref[11].

cross sectionsog/oy versus photoelectron kinetic energy. The

square data points and the diamond-shaped data poi(dsare the . . . .

q poInts -shap poifds . ring shrinks relative to the maximum. These plots are very
results of calculations of cross sections based on a Sturmian basis

set[25] and Hartree-Fock basis de26], respectively. The circular cor\llalstetr: t W'trll those ';hat we repé)rte;i in F{eﬂ'. Fig. 10
data points are the results of the present work. The triangular data €s QW plots o, %vs & andos/og VS e In 'g'. !
point in (b) is obtained from a spectrum shown in REE2]. The relative cross section of tleewave decreases with in-

creasing photoelectron energy to an energy of about 200
meV, beyond which there is relatively little change. In addi-
As we discussed earlier, the linear-polarization data ddion to data from the present wotkircular data points we

not constitute a complete measurement, and therefore are n@so show two sets of theoretical results(@ and an addi-
sufficient to allow us to determine the photoionization crosgional experimental data point ith). The theoretical data
sections and continuum phase differences. We should expegints were reported as asymmetry parameters for photoelec-
however, that the cross sections and phases that we detdfon angular distributions from atomic rubidium, which we
mine using elliptically polarized light will enable us to pre- converted to relative two-photon moments and continuum
dict the linear-polarization angular distributions. This expec-phase differences. The calculationsSgf Sy were based on a
tation is fulfilled, as can be seen in Fig. 8. The measured dat&turmian basis sefsquares [25] and a Hartree-Fock basis
are shown in Fig. &), the calculated image in Fig(i®, and  set(diamond$ [26], respectively. We see that the agreement
the corresponding angular distribution in Figc8 We show  of these theoretical results and our experimental points is
the measured data pointsircles and the theoretical curves very good. The energy dependence of the Sturmian basis
(solid line) for three rowgrow 45 in(d), 65 in(e), and 85 in  points is also in good agreement over the limited range of
(f)] of the image. The only parameters that we adjusted irthose results. We were also able to extract an estimate of
these calculated images are the amplitude of the signal ands/o4 from a bound state spectrum presented in RE2).
the size and position of the image. We determined all othefhis point comes from two-photon absorption at
parameters from the elliptically polarized data. This close=593.83 nm, showing peaks corresponding to excitation of
agreement is characteristic of that observed for each data séte 10@ and 103 states, and its uncertainty is perhaps as
using linear polarization, for which the rms deviation of the large as 25% owing to the small amplitude of the 4@2aks
data and theory is in the 6-12 % rangé.for these images [27]. We used only the relative peak heights for this esti-
ranges from 1.7 to 2.5. We show two-dimensionatz( mate, rather than the peak area. Any differences in these
plane angular distributions corresponding to linear polariza-widths would alter this estimate. A discontinuity &t 0 in
tion (with the laser polarization at 45° from vertigdor  og/oy, if it is real, should not be expected. The results of
three wavelengths in Fig.(8). These plots are based upon Ref.[8] (not shown in Fig. 1§ in which we used photoelec-
the experimentally determined atomic parameters presentdétbn angular distributions for linearly polarized light supple-
in Table Ill. At the longest wavelength, the ring around themented by semiempirical phases to determingdoy, are
waist is nearly as large as the maximum flux along the laseroughly consistent with the present data.
polarization. As the wavelength decreases, however, the side In Fig. 11 we show a plot ofrs;,/ 03/» VS . We show two
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data sets in this figure, corresponding to columns 5 and 6 in . ' ' ' '

. . c
Table 11, since our experimental results are not capable of S, 4l |
52,

determining the sign 08,4/Sy. The uncertainty in the data ¢
points is comparable to their difference, so that no clear en-,.»
ergy dependence is observed. Also shown in Fig. 11 are dateu'ff"‘
points corresponding to bound state spectra from previousz
works[11,12. These values of intensity ratios correspond to g2.2
two-photon  %2S,,,—~+nd?Dg, 5, transitions, for n=5 3
through 9(squares andn=11 (trianglg. The data point at
e=—990 meV is elevated due to the near one-photon reso-
nance of the laser with thes5-5p transition. The disconti-
nuity between the bound state ratios and the continuum states
ratios is quite surprising, and will require further study to 3
understand. The results of R¢8] for e>0 also suggested £ 165 1

that the ratioog,/ o3, differed significantly from 1.5. While 0 100 200 300 200 500

2

1.8

fference (Modu

Se

the present results confirm this qualitative conclusion, the Photoelectron Kinetic Energy(meV)
present measurements yield ratios«f,/ o3, that consis- ) )
tently deviate from 1.5 even more than those of R&F. In FIG. 12. The phase difference between continusfS and

view of the dependence of the analysis of R8f.on various ¢ 2D wave functions£s— &4, in atomic rubidium. The solid line

assumptions, we regard the present results as the more rgifpresents the results of EdS) and(6). The square data points and
able determination of this ratio in the continuum the diamond-shaped data points are the results of calculations of

It is reasonable to ask to what extent the fit between th%
measured image and the calculated image is diminished if we
restrict Sy4 to a value of zero. An example of these fits is
shown as the dashed lines in Figs. 7 and 8. The off-center
curves[rows 45(d) and 85(f)] with S,4=0 show deeper the phase difference as given by the sum of E§sand (6)
minima than do the corresponding curves vy at its best  (solid ling), and as data points the phase differences that we
fit value. The effect is more evident for the linear polariza-extract from the theoretical results of R€f85] and[26]. We
tion data than for elliptical polarization. While the difference see from the figure that there is very good agreement be-
between the curves can be subtle, the quality of the fit isween the experimental determinations and the theoretical
clearly poorer for theS,q=0 curve, and the difference be- values of the phase difference, providing direct experimental
tween these curves is statistically significant. confirmation of this term over the entire range of photoelec-

The effect of the spin-orbit interaction on the intensity tron kinetic energies of our observations. The agreement of
ratios of the fine structure components of linear abSOfptiOﬂhese results with the expected phase difference lends con-

hase differences based on a Sturmian basi2§¢tind a Hartree-
ock basis sefi26], respectively.

lines[28] has been studied in great detail for rubidi{®9—  siderable confidence to our technique and to our unexpected
31]. For example, the ratio of oscillator strengths, yajues forasysl oras.
=f3,/f1, for the principal series (§°S;,—np?Py3/) In this paper, we have demonstrated that, by using ellip-

in rubidium is known to increase rapidly with increasing
from p~2 forn=5 to p~4 or 5 for 10<n=<20. Oscillator
strengths for the fine structure components of th
sharp (9 2Pyj37ns°Syy) and diffuse (P*Pipap
—>nd2D3,2,5,2) series have also been measufgd| and cal-
culated[31]. One can estimate the ratio of two-photon ab-
sorption cross sectionss,/ o3, from the latter series, yield-

tically polarized light, measurements of two-photon photo-

electron angular distributions of rubidium comprise a com-

epIete determination of the relative atomic cross sections and
continuum function phase differences necessary to describe
this interaction. This represents a clear advance over similar
measurements based upon linearly polarized light, or based
ing a ratio of between 1.5 and 1.7 up tv=10. The upon simultaneous measurements such as angular distribu-

shortcoming of this estimate, of course, is that it ignores aifons and spin polanz_atlon of the_ photoelectron. We report
contributions of intermediatenp states fom>5. These ad- continuum wave function phase differences that appear to be

ditional contributions could significantly modify the relative N €Xcellent agreement with expected values, as well as rela-

two-photon cross sections, even if there are no anomalies ifive Cross sections to ttgandD continua. The ratio of cross

the mp—nd line strength intensity ratios, with their sign S€ctionsos;,/oz,, however, differs significantly from 1.5, a
determining whethewrs,/ o5, is greater than or less than result we find surprising in light of bound state ratios re-
1.5. This spin-orbit effect should manifest itself in the dou-ported previously11,12. Spin-orbit interactions may be re-
blet line strength ratios measured in the bound state spectraponsible for this effect28], but it is unexpected that such
as well as in the continuum measurements reported in thign effect would be dominant in one energy range but absent
work, so it is not clear how this difference ing,/ 05, be-  in an adjacent energy range. This inconsistency will require
tweene <0 ande>0 can be explained. further study. We hope that these results will motivate cal-

In Fig. 12, we plot the results of our determination of the culations of two-photon cross sections in the discrete as well
continuum phase difference as a function of the kinetic enas in the continuum regions of the absorption spectrum for
ergy of the photoelectror;,. For comparison, we also show rubidium.
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employed by Helnet al.[22] used a large accelerating volt-
APPENDIX: MAPPING THE TRAJECTORY age applied between the meshes, so éha/ D> 1. Under
OF PHOTOELECTRONS these conditions, one observes nearly symmetric images,

In this Appendix, we present our analysis of the trajectory(':'vi\r;tfor asymmet:]rlc anhgtjrllar d|strr|]bl#]|onsi. t idl
of the photoelectrons as they travel from the interaction re- er passing through the mesn, the electrons are rapidly

gion, ejected at an initial angle®(P), to the position at dravyn tq the microchannel plate multipl@er by the 95 V po-
which they strike the phosphor screen. The photoelectron%:ntlal difference bgtween the bottom side of the MCP and
start with an initial velocityy2e/m, wheree andm are the the upper mesh,.wh|ch are separated by onfy mm, gllow-

initial kinetic energy and the mass of the photoelectron, relNg Us to s?f(_aly \gnore any further transverse motion of the
spectively, and travel a transverse distancbefore encoun- electrons.r’ is therefore the distance we measure on the

: : ) . phosphor screen from the center of the image.
tering the upper mesh, where is determined by the condi The magnitude of the average signal detected by each

tions pixel of the CCD camera is given by
d= [2e o’ eV ) AL
= ECOS t+mt (A1)
| —fdvfd do | df) AA'FY(r
and il A 90 dA (r,t)pat

dQ

2¢ d
r'=1/—sin@'t. (A2) ~-Z
D=1.35 cm is the spacing between the mesh platés,the
potential difference between the plates=0.55 cm is the
distance between the upper mesh plate and the interactiagheredo/d() is the magnitude of the photoelectron angular
region, e is the electronic charge, artds the time required distribution in the direction that maps into the pixel of the
for the electrons to reach the upper mesh. In our experimereCD camera of indice$’,j’, |dQ/dA’|AA" is the solid
tal geometry, the angle between the initial momentum of theangle in the atomic frame that maps into the pixel ake¥d,
photoelectron and the applied collecting f|e,, is the _F(F,t) is the photon flux in the interaction regig¢im photons
same as the polar angle of the momentum in the atomlem—zs—l) and p,, is the density of the atomic beam. The
frame, ®, and we therefore drop the prime notation. Equa-inteqrals are taken over the entire interaction volume and the
tions (A1) and(A2) can be combined to determine the trans-, e duration. The approximation in E@5) is valid when
verse distance’ as a function of the experimental param- the interaction volume is small, allowing us to pull the
eters and®, do/dQ and|dQ/dA’|AA’ outside the integralsdQ/dA’ is

Upon inversion, this yields

AA’f dethz(F,t)pat, (A5)
\% t

dQ 1 d(cos®) do

dA” 1 dr' do

1 eV o / SZG)JreVd’1
= oy 2D Sin COS CcOo eD

1 N {1—(eVd/23D)(r’/d)2> - 1
A= —| arctarir’/d) = arcco , , Sit 0 -
2 J1+(r'1d)? X | cos® + ) : (AB)
(A4) Jcog ®+eVdeD
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The azimuthal angle in the image plari;, is identical to 2sDV1+eVdeD
the azimuthal angle of the photoelectron momentum in the [ AY; .

atomic frame®, sod®/d®’=1. Combining Eqs(8), (A5),
and(A6), we can calculate an image of the photoelectrons on
the phosphor screen of our detector for any polarization of
the laser, given the radial transition moments and continuum .
phase differences. We use these calculated images for diretbe factor[ydV/dtF*(r,t) p,, that appears in Eq(A5) is
comparison with measured images in Sec. V. difficult to determine with high precision, but is relatively

We can also determine the radius of the image in theconstant over the duration of our measurements. Its determi-
plane of the phosphor screen using E46). At this maxi-  nation is not necessary in measurementsdafd(}, as it
mum radius, the density functiat()/dA’ tends too, yield-  affects only the overall magnitude of our signal. We do not
ing consider this factor further in this work.
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