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We have measured the forward-backward asymmetry of photoelectron angular distributions produced in the
vacuum ultraviolet photoionization of helium. This asymmetry, a consequence of the breakdown of the dipole
approximation, measures the real part of the ratio of the quadrupole and dipole matrix elements. In the
autoionization region, the strong energy dependence of the asymmetry permits an experimental separation of
the ratio of those magnitudes from their phase difference. We experimentally determined the Fano parameters
of the 2p? D, quadrupole resonance, and report improved values of the Widthd line profile parameter
from those previously available from electron scattering. Off resonance, the smooth energy dependence of the
asymmetry is found to agree well with the theoretical treatment presented here which incorporates higher-
multipole effects.
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[. INTRODUCTION beam direction has long been known at high energies where
the dipole approximation is expected to fidl. Later, it was
At low photon energies, atomic photoabsorption is usuallysuggested that, in some cases, those effects could become

well described by the dipole approximation in which the significant even close to an outer subshell ionization thresh-
photon field old [9]. Recently, such nondipole effects have been observed

at a very low photon energfd50 e\) in neon valence pho-
exp(ik-r)~1+ik-r+--- (1) t_oelectron angular distributior]4.0], a_nd theoretical prec!ic—
tions have now been made for the size of such effects in rare

. . o . gas atoms down to threshdldil-16.
is approximated by unityk(is the photon propagation vector Ever since Heisenberg’s 1926 attempt to apply the “new

andr is the electron position vectprFor photon energies in quantum theory” to if17], the helium atom has served as a
the vacuum ultraviolet, this is an excellent approximation i”prototypical test bench of the atomic theory. Experimentally,
calculating total cross sectiorid]. Breakdown of this ap- s the lightest rare gas, it is relatively easy to handle as a
proximation, however, can be observed by investigating phoarget atom for photon or particle interaction studies. Theo-
toelectron angular distributionf2,3]. This is because the retically, it is the simplest two-electron system and has thus
higher-order terms of this expansion are analogous to thglayed a pivotal role in our understanding of correlated elec-
higher multipoles of the classical radiation thedgd} and  tron dynamicq18]. Furthermore, for helium, the energy of
thus contribute additional terms to the differential cross secany state in which both electrons are excited is higher than
tion which vanish(or become negligiblewhen integrated the ionization threshold and thus such states appear as au-
over all angles but can be enhanced by specific geometrigsionizing continuum resonances. The autoionization con-
[5]. Measurements of the fore-aft asymmetry of photoelectinuum of He has been studied in great detail for nearly 40
trons emitted in the forward and backward hemispheregears, beginning with the pioneering work of Madden and
(with respect tk) have demonstrated a particularly sensitive Codling [19]. More recently, there have been several exten-
probe of the contribution of higher-order terfits7] because sive high-resolution photoionization studies of many of these
in the dipole approximation all dependence on the photonmesonance$20-25. All of that work, however, has been
propagation direction vanishes. This dependence on thémited to J=1 dipole-excited resonances.
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Y asymmetric with respect to the beam propagation vektor
Here, 0 is the polar angle of the photoelectron momentum
vectorp with respect to the photon polarization axiand ¢

is the azimuthal angle betwednand the projection op in

the plane perpendicular t@ Factoring out the usual dipole

€ — cross section from the interference term yields the following
K expression:
P RN (x2(2)* +(2)(x2)* ___ [(x2)
4 , LN =2Reg —. 2
Y 2 (z2)(z)* (2)

Using this, the general form of the photoelectron angular

FIG. 1. (Color onlin® Schematic arrangement of the experimen- distribution has been given by Coopfi6] for s electrons

tal apparatus. The photon propagation vedtofor x direction), and 100% linear polarization in the form

polarization vectok (or z direction, and gas jet axig were mutu- do(6,¢) o4
ally orthogonal. The four electron spectrometéts-4) were posi- d—Q’ =—[1+ BP,(cosh)+ ycoghsinfcose].
tioned at polar angles df,, and 180% 6,, and azimuthal angles of 4m

225° and 315°, respectively. For the permutation shown here the G
(6,¢) coordinates of each detector ard:(1809m315).  The first two terms represent the dipole contribution charac-
2:(1804,225), 3:(0m,225), and 4:0m,315). terized by the dipole anisotropy paramejgrand the last
) term[of O(aw) relative to the dipole termsresulting from

Recently, it was shown that thep2'D, quadrupole reso-  gq. (2), is the result oE1-E2 interference and is quantified
nance in He could be observed in photoionization by meaj, terms of the parameter which is then simply
suring the nondipole photoelectron asymm¢g§]. Here we
present a more extensive report on the nondipole asymme-
tries of He photoelectrons encompassing ts€@ P, and
2p? D, autoionizing resonances-(60 eV) as well as the
nonresonant photoionization regions at lower and higher enwvherew is the photon energp, Q are the magnitudes of the
ergies. Specifically, we report here our measurements of theéipole and quadrupole matrix elements, a#d, are the
photoelectron angular asymmetry over the photon energphase shifts of th&p,Ed continuum states of photoelectron
range from 10 eV above threshold4.587 eV to 160 eV. energyE [14—164. Note that all quantities are expressed in
Comparisons are made with both of the recent theoreticadtomic units.
calculationd11,12. Some of the numerical computations of At the “magic angles” 6= 6,,~54.74° and 180% 6,
Ref. [12] were repeated with improved accuracy and thosgwhere P,(cost,)=0], the contribution of the3 term van-
results are presented here. ishes and the expression further simplifies to

dO’(am:d)) 01 1+7\/Zz7008¢>. (5)

Il. THEORY <To) “an
rI]:or electron spectra measured at the same polar angle but in
opposite directions with respect to the beam directisee

Fig. 1), cos¢ changes sign. Thus, thdifferencebetween

such pairs of spectra isolates the interference termyarigly

contrast, the nondipole term vanishes in tem of such
spectra yielding only the pure dipole cross secfi@n,2§.

7=3aw%C0352—51), (4)

Keeping the second term in the exponential expansio
[Eq. (1)] and neglecting terms @(a?), wherea is the fine
structure constant, several authpt2—-16 have shown that
the resulting interference between the electric difgileand
the electric quadrupol&2 photoionization amplitudes con-
tributes a term to the differential cross section of the form
(x2)(z)* +{z)(x2)*, where(z) and(xz) correspond to the
E1 andE2 matrix elements, respectively, for a set of coor-
dinate axes such that the photon beam is incident in the
positive x direction with the linear polarization along tle It has been shown that for He, near threshald, « [29]
axis (see Fig. 1 Magnetic dipole M1) terms could also and is thus very small. For photon energies large in compari-
contribute in first order ine throughE1-M1 interference, son with the electron binding energy of H&84.587 eV,
but in a nonrelativistic independent particle moddll am-  further simplification is possible by employing the Born ap-
plitudes vanisij 16] and furthermore have been shown to beproximation for the outgoing electron. This avoids the mul-
negligible below 5 keV even in relativistic treatments with tipole expansion and treats retardation effdefsto all or-
an initial s subshell[11]. ders. In the plane-wave Born approximation, the absorbed

Whereas the dipole approximatiofvith cross section photon transfers all of its momentum to the ejected photo-
o1%(Z)(z)*) contributes terms to the differential cross sec-electron skewing the angular distribution forward in the di-
tion which are only even in co8), the E1-E2 interference rection of the bean4]. This results in the high-energy limit
contributes a term proportional to sifi¢os() and hence is  of y tending toward 12/c~ a\w, wherev is the photoelec-

A. Global behavior
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tron velocity andc is the speed of light. Thus, at low ener- (q1+27)?
. . : . R_

gies, the parameter is small and varies smoothly with. It o= 01—1+ N

can, however, be enhanced wh&nbecomes vanishingly (1+e)

small orQ becomes large—conditions that can be met €L nd, for the ionization of electrons, a resonant value g}
dipole and quadrupole autoionizing resonances. ’ ’ k4

may be written in terms of the, that would exist atw if
autoionization was not present as

(10

B. Effect of autoionization

We have previously reported on autoionization effects ob- R | COLb— 01+ A—Ay)
served in the nondipole asymmetry parameten He [26]. Y =7 cog 8,— 6y)
Here we present additional details of the derivation of the

expression fory in the region of an autoionization reso- (gz2tep) (g1 teq) 11
nance. This requires the application of Fano's formulation X (1+82)12 (1+e2)12 (11)
[30-32 of the resonance profile in total cross sections. Simi- 2 !
lar extensions of the Fano formula have previously beefkqr the general case of arbitrary angular momenta, a similar
given for partial cross sections and branching rat&% and expression has been given by Amustzal. [35].

for the,B_ parameter and photoele_zctron spin polariza_lfm_h]. _ In helium, the autoionizing levelss2p ‘P, and 2p? 1D,

As discussed above,_ in regions of the photoionization;s ¢jose together at about 60 eV above the? IS, ground
spectrum where no autoionizing levels are present, the qualiate They are accessible by an electric dipole and electric
tites D, Q, and d, , are all slowly varying functions of en- 4, ;agrupole transition, and autoionize into teEp P, and
ergy. When autoionization is present, the general form of Edy s 41p, continua, respectively. In our experiment, we have
(4) remains the same but these parameters are now Stronge,q red the energy dependence of both the cross section
functions of energy in the neighborhood of the autoionizing, 4 the nondipole asymmetry parameein the vicinity of
resonancef30]. Here we restrict the discussion to the simple a6 resonances. Though relatively close, these resonances

case of a single resonance interacting with a single cong . sufficiently well separated~250 meV which is more

tinuum channel which is sufficient to describe our measure;
1 21 H
ments ofy through the He 82p P, and 2% D, autoion- 5 4447 can be observed individually and used to isolate the

izing levels near 60 eV. . L nonresonant/D ratio from the cosine factor in E¢4).
Fano showed that for a single autoionizing resonance at

wq coupled to a single continuum, the transition amplitude
should be multiplied by the factor

han four times the level widjhthat the resonant effects on

IIl. EXPERIMENT

The experiment was carried out at the University of Wis-

(_HS = (a+e) expiA), (6) consin’s Synchrotron Radiation Centt8RC on the PGM
I+e (1+&%)1? Undulator 071 beam line. The first-order linearly polarized
radiation from the undulator was monochromatized with a
where plane grating monochromator using p®n slits giving a
bandpass of~20 meV. The beam flux was monitored by
COtA=—g, (7a) measuring the current produced by the passage through a

nickel mesh. The beartfocused to 0.X0.075 mn?) then
entered a doubly.-metal-shielded vacuum chamber housing
e=— (7b)  four parallel plate electron analyze(BPAg. The PPAs were

mounted on a rotation stage with rotation aiise y-axis)

- ) . perpendicular to the photon bedsee Fig. 1. The spectrom-
Writing D=R,, Q=R and labeling resonant quantities eters were at fixed polar angles corresponding to the “magic

with the superscripR and the channef(=1 or 2), multi-  angles” described above and 90° apart in azimuthal angles

plication of this resonant factor with the nonresonant amp“'corresponding to 225° and 315°. By rotation of the mount-

tude gives ing stage, the spectrometers could be permuted and thus each
PPA was situated at all four of those observation angles.
R_ (detep) 8 Thus, with four rotations at each energy, we carried out re-
Ri=Re (1+ 8%)1/2’ (8) dundant measurements of the forward-backward asymmetry,

which were then averaged. This averaging procedure served
to eliminate the dependence of the measured asymmetries on

R__ . . .
Op=06¢+Ay. 9 the polarization properties of the photon befg36]. On the
rotation axis of the stage, an effusive gas jet, positioned at
Here,q, is the Fanag parameter of the resonance, is the ~1 mm below the photon beam, intersected the photons at

energy away from the resonance positiop measured in the common source point of the four PPAs. In this geometry,
units of the halfwidthl",/2 of the resonance, antl, is the  the 1-cm-long analyzing slits of each spectrometer had the
extra phase shift due to autoionization. In E8), the dipole  same projection on the interaction region defined by that
cross section is replaced by the resonant form intersection. Also on the rotation axis, in the opposing direc-
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tion, an ion detector viewed the interaction region from .

j |
Amusia et al. e

above and, with a weak electric fieleg(L V/cm), extracted I g‘e’zv?al;lfgj":;ﬁ‘m ///
photoions produced by the beam. This detector was a chan -++= RPAE (new) P

o This Experiment

nel electron multiplier operated in current mode. 02k

The PPA spectrometers were operated in a constant pas:
energy mode in which electrons from the interaction region,
which entered the spectrometer nozzles, were either accele,.
ated or decelerated to a predetermined energy of 100 eV an 01
then analyzed at this fixed energy while the acceleration po-
tential was varied to sweep out an energy spectrum. In this I 1
way, the kinetic energy resolution of the PPAs was fixed at | I
~2 eV and broad enough to efficiently collect the photopeak
electrons.

Both cross sections and nondipole asymmetries were ' 30 ' 100 ‘ 150 ' 200
measured by carrying out constant ionic sta@éS) scans of o (eV)
the resonance region in the following manner. First, the un- .
dulator and monochromator were adjusted at the starting en- FIG. 2. (Color onling Energy dependence of asymmetry param-

. . etery from threshold to 160 eV. The data have been averaged over
ergy for the scan and the PPA analyzing voltages adjusted té)-ev-wide bins. The open points are the results of this experiment

the maximum of the photopeak. Then, under computer Cor\gith statistical errors noted. The errors at the lowest energies in-
trol, the undulator, monochromator, and PPAs were adjustegl ge a systematic contributiotadded linearly describing the

in equal energy steps across the photon energy range of ifayation between the different measurements as described in text.
terest. The spectrometers were then rotated by 90° and thge solid line is an interpolation of the calculation by Derevianko,
CIS scan repeated, four times, so that each spectrometgéhnson, and Cherfd1]. The dot-dashed line is similarly interpo-
measured the yield at each of the four PPA positions. Fofated to show the calculation of Amusia al.[12], and the dashed
each of the PPAs, the experimenjaparameters were deter- curve shows the high-energy Born-approximation result. The dotted
mined from the forward-backward asymmetries measured aine shows the revised RPAE calculation. The inset shows the data
the four angular positions. Defining the yield measured in(complete unaveraged data and calculatianish an expanded en-
spectrometer position (denoted in Fig. 1as),, then from  ergy scale in the region of théP; and 'D, autoionization reso-
Eq. (5) these can be combined to produce a measured valugnces.

of v, by

I
Ry

IV. RESULTS AND DISCUSSION

Vi— Vo= V3+ Y, A. Nonresonant photoionization

L e

. (12

Figure 2 shows the measuredvalues as a function of
photon energy including all of the data from 35 to 160 eV.
The data, mostly measured in 1 eV steps, have been averaged
This represents an individual measurement of the forward-over bins of 5 eV width to improve statistics and reduce
backward asymmetry. These were computed for each of thecatter. As seen in the inset, there is a pronounced dip in the
four PPAs and then averaged to minimize systematic effect§icinity of the (2s2p) 1P, and 2p2 1D, autoionization reso-

such as stray fields, small angular misalignments, detectiofsnces €60 eV) and consequently, this region was mea-
efficiencies, etc. The angle-integrated cross sections were dgared with much finer steps~0 01’ eV). There are, of

termined from the ion yield detector, which had superior sta- L
- ) ’ course, many other autoionization resonar@% between
tistics to the photoelectron yields from the PPAs. Further, y i

. : this region and the double ionization limit-(79 eV), but
details of this apparatus and measurement procedures ha’?fleese are not observed with the coarse steps used in the mea-
been published elsewhel86]. P

When, as is usually the case, the dipole cross SeCtiOﬁurements above 62 eV. Above and below the resonance re-

dominates the total cross section, the experimeptatan be gion, th_e data generally show a smooth monotonic rise with
compared directly to calculations of the quantjtas defined ~ Increasing photon energy. The experimental errors of the
in Egs.(3) and(4). However, as higher-order multipoles be- lowest energlesbelqw 10 eV in photoelectron energgrow
come significant at high energi¢86], or when the dipole larger because of increased scatter between measurements
amp”tude Vanishe@s in the case of the He d|p0|e resonanCeWith the individual spectrometers. This SyStematiC error,
considered hejethis comparison is inappropriate since, ex- Which grows with decreasing energy, results from weak-field
perimentally, the total cross section includes all multipolesinhomogeneities within the electron spectrometers and is es-
When the dipole amplitude vanishes, the obseryedtually  timated from the dispersion between the individual measure-
scales a®/Q and remains finite as discussed in Appendix A.ments. At higher energiggbove 20 eV in photoelectron en-
As a practical matter, however, our experimental energyergy), this dispersion is negligible in comparison to statistical
resolution is comparable to the dipole resonance width aneérrors. At the highest energies measured, the errors are domi-
obscures this effedisee Appendix B so Eq.(4) remains a nated by statistics and grow with increasing energy as the
good representation of the data. photoionization cross section declines.
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In addition to our experimental data, Fig. 2 also shows the 0.2 T T T T T T T T T
theoretical predictions of Derevianket al. [11], Amusia B
et al.[12], and the Born approximation, along with the cal- ;51
culations from the present work. Dereviankbal. used the
relativistic independent particle approximatidiPA) with a
modified Hartree potential. They report a close agreemen
with the nonrelativistic IPA calculations of Cooplel6] who b
employed a Herman-Skillman potential. Amustal. [12] 0.05
used both the Hartree-Fock approximation and the randorn
phase approximation with exchan@PAE). The new RPAE
results differ slightly from those published previoust2]
due to the improved accuracy of the calculations, specifically
in the solution of the RPAE equations. Previous comparisons -0-05
of IPA and random-phase approximation calculations of the
nondipole parameters in neon have found a close agreemel
[11]. For photon energies=45 eV (photoelectron energies 10
above =20 eV), we find generally a good agreement be-
tween those calculations and our experiment. For the lower- 7
energy region, our data hint at an increaseyinwhich is
inconsistent with the theories. However, because of the limi-_
tations of the present apparatus at low energies as describeg 5
earlier, systematic errors near threshold make it difficult to %
provide a test of current theories in this region. An improved
apparatus is necessary to investigate the threshold region i
detail. At higher energies, the new RPAE results are system
atically lower than either the published RPAE2] or the 0
relativistic IPA result§11], and are in better agreement with

0.1533

units)

tion (arb

Cros

506 598 60 602 604  60.6
the experimental data. ® (V) -

) FIG. 3. (Color online Energy dependence of the total cross
B. Resonance region section(bottom and asymmetry parameter(top) in the region of
The resonance region was investigated with finer energ§he helium (&2p) *P, and (20) 'D, autoionizing levels. The
steps to elucidate the rapid energy dependence afid the dashed_ curve shows tlad |n|t|_o pre_dlctlon, using Eq(11) and th(_a
total cross sectiofsee Fig. 3 These data represent all of the theore_tlcal paramete_rs described in the te>§t a_lnd convoluted_ Wl_th the
CIS scans which were carried out in the resonance region. IffPerimental resolution. The data and statistical errors are indicated
addition to the CIS scans, at a few energigswas deter- In each figure as discrete points. The fits, described in text, are
. ' shown as solid lines.
mined from complete photoelectron spectra measured at eacﬂ
orientation of the PPAs to check for consistency. These data, ) ) )
of somewhat lower statistical quality, are also incorporated€nt With the best values of those parameters available in

into the data set shown in the figure. The well-knownthe literature(see Table)l The quality of the fit with param-
(2s2p) 1P, dipole resonance is observed at 60.15 eV with€ters consistent with previous measurements further confirms

our bandpass determination.
As can be seen from Fig. 3, although the influence of the
quadrupole resonance is not evident in the total cross section
e%ower pane), both the dipole and the quadrupole resonances

its characteristic Fano profile80] and was used as our en-
ergy calibration standar(see Table )l The nearby quadru-
pole resonance, weaker (a’w?)~3Xx10 *, cannot be
discerned in the total cross section. These data were fitt
with a profile determined by the dipole cross sectj@m.
(10)] convoluted with the~20 meV beam line bandpass. TABLE I. Helium autoionizing levels and relevant parameters

The line shape of the bandpass was determined in a Separé)[létained from the literature and present experimental results. The
measurement (see Fig. 4 of the nearby xenon energies {,), widths (I';), andq, are prior ex_perimental value§
4d95825p66p 1Pf1) resonance at 65.11 ef87]. This reso- [21,40; g, [41,42] and the unperturbed continuum phase shifts

nance has a very largg (~200) and hence a symmetric (8¢) [43,44 are theoretical values.

Lorentzian line shap§37,3§. Given the well-established B .
resonance width39], we have used these data to determine ¢ ocley) TymeV) Qo (radians
the spectral shape of the beam line bandpass. The resonargzs2p P, 1 60.15@4) 37.62) —2.73(4) 0
cross section, convolved with that bandpass, is plotted as thenhis work 37.910 —2.74(5)

solid line in Fig. 4. Using the same bandpass function, we

then fitted the He cross section data as shown in the lowerp?1p, 2 59.912) 72(18) ~-1.0 —0.3028

panel of Fig. 3. Allowing the He dipole resonance width andThis work 59.0085) 57(3) —0.25(7) —0.234(38)
g, to vary as free parameters, we obtain an excellent agree
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-0.7 —-0.6 —-0.5
6
g 2
4 646 64.8 (,)(evf_s) 65.2 65.4 FIG. 5. (Color onling Correlation betweem, and §, fitting

parameters in thg? surface.
FIG. 4. (Color online Energy dependence of the measured cross
section for the xenon @’5s25p%6p 1P autoionization resonance.
The data are indicated as open circles with statistical errors. The fi
described in text, is shown as a solid line.

¢ Prior to the experiment, the resonant variationyoivas
éstimated using Eq11) and values for the resonance param-
eters taken from published experimental and theoretical re-
sults. This prediction is shown as the dashed curve in Fig. 3,
produce distinct features in the angular asymmetry parameteind those resonance parameters are compared with our fitted
v (upper pangl The variation of the interference term acrossresults in Table I. The previous experimental values of reso-
the !D, resonance is quite large—approximately an order ohance positions, widths, ang are taken from Ref$21,40.
magnitude larger than that seen in a previous investigation aj, is taken from calculated values of the electron scattering
nondipole asymmetries in autoionization of a quadrupolequantityq,(K). In the limit of small momentum transfé¢,
resonance in C§45]. this is the same as the electric quadrupole vaiyg this
Note that, in this resonance regioyt is both positive and ~ follows from the fact that the Born radial matrix element in
negative. Amusizet al. [12] note that, for the nonresonant the spherical Bessel functign(Kr)«r? asK—0 [46]. The
process in He, the photoelectron moves away from the ion ifforn calculations by Lhagva and Hehnmedéti] and by
an almost Coulombic potential ang is therefore always Kheifets[42] are in good agreement yieldirgp~—1. The
positive; the presence of autoionization modifies the effecEP,Ed phase shifts have been calculated by Tweed and Lan-
tive potential that the photoelectron sees, and this allplis  910iS [43] and Lhagva[44] for various values off; both
to be negative. At the energy, = —q, where the amplitude calculations are in excellent agreement in the energy range of

of the dipole resonance passes through zero, it seems that gigerest. 'I_'he values given n Table | were obtained by I|.ne§r
value of yR would be infinite: in actual fact, very close to Interpolation and are essentially constant over the autoioniz-

. . . - . ing resonances. With this procedus,= —0.3287.
this energy, expressiof#) is modified[as described by Eg. While the phase shift differencé,— o, we find only dif-
. _fers from the predicted value by less thawr,2the shape
- . rbarameterqz is substantially different. As seen in Fig. 5,
also Ieads o a f|p|te measured quantity. i here is a negative correlation between these two parameters
Keeping the dipole resonance parameters fixed at the vag, e fit. As a result, as seen in this figure, further decreasing
ues determined previously, the data in Fig. 3 were best fitteg},o phase shift to the theoretical value @h— &=
with ¥~ as described in Appendix B to yield the quadrupole —0.3028(.e., 5,= —0.6315) would result in an even more
resonance parameters shown in Table I. The resulting fit ipositive value ofg,, a significant departure from theory.
shown in the upper panel of Fig. 3. In addition, the nonreso-  Using the resonance parameters determined in the fits, we
nant asymmetryy, was also determined from the fit and have computed the individual bracketed terms in Ed)
found to be 0.09@), in a good agreement with the theoret- and show those in Fig.(B). Whereas the energy dependence
ical prediction of~0.1[12] described above. The normal- of the total cross section is determined solely by the square
ized x? value for this fit was 0.93. of the dipole matrix elemenjfig. 6(d)], that of they param-
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FIG. 6. (Color online Energy dependence of the various dimen-
sionless terms in Eq1l) computed using the fitted parameters.
Panel(a) shows the value of, while (b) shows the three bracketed  FIG. 7. (Color onling Energy dependence of the difference be-
({}) terms in Eq.(11). Panels(c) and (d) show the energy depen- tween quadrupole and dipole phase shifis 8,) in radians(bot-
dence of Eq.(10) for the quadrupole and dipole resonance crosstom) and the ratio ofQ/D in atomic units(top) predicted by the
sections, respectively. RPAE calculations. The filled circles show the corresponding quan-
tities extracted from the fits to our data in the resonance region.

Photon energy (eV)

eter[Fig. 6(a)] is affected by the interplay among the phase-
shift difference and the two matrix elements. These produce
a local minimum iny at the quadrupole resonance position.knowledge this is the first time this has been realized experi-
The y at the quadrupole resonance shows a minimum ©f mentally. As seen in Table |, we find,—4&; to be
because both th@ matrix element and the phase shift terms —0.234(38). Combining this value with the experimentally
in the numerator of Eq11) cross zero and change signsgt ~ determined value of, and using Eq(4), we also determine
as a consequence of the small magnitudejgfand hence the radial matrix element ratio to /D =2.04(5) at 60 eV
the product is always positive definite. At the enekgy= photon energy. These experimental results are shown in Fig.
—q, that the amplitude of the dipole resonance passe$ along with the predicted energy dependence of the corre-
through zero, the value of changes sign as confirmed by sponding quantities as given by the RPAE calculations per-
this experiment. The energy dependence of the quadrupo@rmed here. The product of the facto@/D and cosé,
cross sectiorfFig. 6(c)] exhibits the characteristic dip of a —8,) determinesy as shown in Eq(4) and measurement of
window resonance. _ o these individual quantities can provide a more rigorous test
A powerful feature of the present experiment lies in theqt theory. As seen in Table II, the measuregl is several

ability to obtain the relative continuum phase shift— 51,  standard deviations below the RPAE prediction. The ratio
which is a fitting parameter in Eq11). This is possible

because of the strong energy dependence™fEq. (11)];
away from resonance, the form ¢f [Eq. (4)] does not permit
the separate determination of both magnitude and phase fro
experiment. The technique of using thleapeof an interfer-

TABLE Il. Experimental and theoreticd RPAE) values for the
mincipal quantities in Eq4) at 60.2 eV photon energy.

ence feature to obtain phase information has been used pre- o b cose;— o)
viously in an €,2e) experiment[27,28. There have also Expt. 0.0962) 2.0405) 0.9739)
been recent suggestions of techniques to accomplish thepaE 0.104 2.24 0.957

same in photoionizatio47,48, but to the best of our
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Q/D is found to be nearly & below theory, while the cosine lium. Off resonance, the energy dependence of this asymme-

factor is roughly 2r higher than predicted. try is generally well represented by the RPAE calculations
presented here. In the region of the2p 'P; and 202D,
C. Comparison with (e,2e) experiments autoionizing resonances, these data have allowed us to ex-

o ] ] ) tract the Fano resonance parameters for the quadrupole reso-

It is interesting to compare our experimentin the M,  pance. Furthermore, the strong energy dependence of the
and *P, resonance region with the equivalent electron scatasymmetry permitted an experimental determination of the
tering experiments. In our photoelectron experiment, thenatrix element raticd/D and the relative continuum phase
pure dipole-quadrupole interference term may be unambigudifference 5,— ;. Further measurements of the other He
ously determined from the fore-aft asymmetry in the angulaquadrupole autoionization resonances would help to eluci-
distribution; this is possible because higher-order multipolegiate the comparison to theory. The experimental measure-
are negligible at 60 eV photon energy. This is not true for thements of these quantities can provide a rigorous test, not
(e,2e) experiments. Even at the highest electron impact enpreviously available, of such calculations.
ergy of 400 eV[49], many multipoles are present and fore-
aft asymmetry is due to the sum of all the possible odd parity
cross terms; it is therefore not possible to isolate the dipole-

quadrupole interference contribution. It is also not possible This work was supported by the Chemical Sciences, Geo-
to obtain a meaningfut] value for a resonance since the sciences, and Biosciences Division of the Office of Basic
observed asymmetry is due to contributions froali  Energy Sciences, Office of Science, U.S. Department of En-
multipoles—not just the resonant chann&l,2g) spectra are  ergy, under Contract No. W-31-109-Eng-38. N.L.S.M. and
therefore analyzed in terms of a generalized triple differentiathe UNLV group acknowledge support by the National Sci-
cross section which contains three parameters to describe tlece Foundation under Grant Nos. PHY-99-87861 and PHY-
collision dynamicg49]. A comparison of theory and experi- 01-40375, respectively. We are grateful for the help and hos-
ment is a comparison of calculated and fitted values of thespgitality of the staff at the Synchrotron Radiation Center. The
parameters. University of Wisconsin SRC is supported by National Sci-

The values ofy, andI', (Table ) obtained from our pho- ence Foundation Grant No. DMR-0084402. M.Ya.A. and
toelectron experiment have implications for botk,2g) L.V.C. are grateful to the International Science and Technol-
theory and experiment. A calculation of He,2e) processes ogy Center for support under Project No. 1358.
requires two ingredients: He wavefunctions for all the states
involved, and a theory of electron impact ionization. Until
now a comparison of calculated and experimental parameters APPENDIX A: y FOR VANISHING D
wave functions. Our oxperimental value af provides an | \When the dipole amplitde varishes at the enargy

' —q4 in Eq.(10), Eq.(4) is inappropriate since it results from

independent test of He wave functiofand correlations - ; . .
. . o . factoring out the dipole cross section. Experimentally, how-
since the electric quadrupole transition operator is known

exactly. As can be seen in Table I, the current theoreticafVe" the total cross section includes all multipoles. In such

values[41,47] of the electric quadrupole, [obtained from circumstances, a better quantity to compare with experiment
(e,2e) calculations in the low momentum transfer limit; see

is they, defined by factoring the total cross section in Bj.
abovg substantially differ from the experimental value.

rather than just the dipole part. In our case, this means in-
. 2 . . .
When extracting the dynamic parameters from experi-CIUd!ng theO(«“) quadrupole contribution in the total cross
o . section and Eq(4) then becomes
mental €,2e) spectra, it is necessary to know the widths of

the resonances. Our more accurate value bB§

ACKNOWLEDGMENTS

=57(3) meV is considerably smaller than the previously oD

used value of 72(18) me\Table )); this result may affect y=3aw———F——C09 5,— 51)
the values of other fitted parameters. The experimental D2+ 2 a2w2Q?

analysis of the €,2e) data used a cross section formalism 4

that assumed no overlap between th, and 'P; reso-

nances. While it d_oes not affect photoionization experiments, —3aw Q/Dz »COg 5,— 87). (A1)
Lhagva[44] has investigated the consequence of such an 1+ aw\“(Q
overlap in ,2e) experiments and found it to be important 2] \D
for specific kinematic conditions where thé®; and ‘D,
yields were comparable; the small&d, level width that we o ]
D<aQ, as in the case of the dipole resonancecat
V. CONCLUSIONS —Q, this becomes

We have reported our measurements of the forward-
backward asymmetry of photoelectron angular distributions _ E 20035 —50) (A2)
produced in the vacuum ultraviolet photoionization of he- YT aw O 2 o
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APPENDIX B: CONVOLUTION Finally, dividing by;yields

T
_ f_ b' (B4)
o

To fit the measured values, it is necessary to properly
account for the beam line bandpass. To do this, consider the
idealized experiment wherg, within a multiplicative con-
stant, is determined by the ratio of cross sections measured
with infinite resolution as which is equivalent to the expression fog,, in Eqg. (B2).

Thus, in order to compare computed valuesyofo experi-
_9t"0b_0f"0p (B1) ment, we energy average our derivedalues by using Egs.
Y oit oy o’ (10) and(11) and forming the convolution integrals

S (13

whereoy |, are the differential cross sections measured in the N R
forward and backward hemispheres and o+ oy, . In con- Jo(w)= f G(e)or(w+ €)de, (B5a)
trast to this idealized situation, experimentally we determine

Yexp With finite resolution and hence use energy-averaged
Cross sections: Jya(w)=f G(e)of(w+e)yR(w+e)de, (B5Sb)
Yexp™ il _Ub_ (B2) whereG(€) is the beam line bandpass function determined
previously. The convoluteg is then given by
Multiplying Eg. (B1) by o and then energy averaging gives T
- Y= (B6)
YO=0¢— Op. (B3) J(J'
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