PHYSICAL REVIEW A 71, 042708(2005

Photoelectron angular distribution measurements ofs and d electrons
from the photodetachment of V" at visible wavelengths

D. Calabrese
Department of Physics, Sierra College, Rocklin, California 95677, USA

A. M. Covington, W. W. Williams} D. L. Carpenteﬂ and J. S. Thompson
Department of Physics and Chemical Physics Program, University of Nevada, Reno, Nevada 89557-0058, USA

T. J. Kvale
Department of Physics and Astronomy, The University of Toledo, Toledo, Ohio 43606-3390, USA
(Received 16 July 2004; published 22 April 2005

Photodetached-electron angular distributions have been measured for the processad*as?)°D +hy
—V(3d®4s?)*F +e7, V7(3d*4s?)°D +hv— V(3d%4s?)*P+e™, and at discrete wavelengths in the region 457.9—
647.1 nm using the laser photoelectron spectroscopy technique. Photoelectron yields were obtained by mea-
suring the laboratory frame energy spectra of photodetached electrons as a function of the angle between the
velocity vector of the outgoing photoelectrons and the polarization direction of the linearly polarized photon
beam. A nonlinear curve-fitting routine was used to extract the value of the asymmetry parameter for a
particular transition at fixed photon energies. Asymmetry parameters are also reported for photodetached
electrons in the transitions 3d*4s?)°D + hy— V(3d*4s)®D +e™ and V(3d%4s?)°D +hv— V(3d*4s)*D +¢e~ at
four photon energies.
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I. INTRODUCTION (LPES, where relative photoelectron production is measured

N . o as a function of the angl® between the direction of the
Significant advances in laser and negative ion beam teckﬁ

. . utgoing electron and the polarization direction of a linearly
nology have stimulated numerous experimental and theore Solarized laser beam.
ical investigations of negative-ion photon interactions Wlthln_ For a single-photon, single-electron, photodetachment
the last three de.cades. I_n partlcu!ar, photodetachment stud_| ?ocess, Cooper and Z4&] have shown that angular distri-
have played a vital role in revealing fundamental features i, . -

ey . ; . utions can be described by

negative ion-photon interactions, electron-electron interac-
tions, and in the structure of the negative ion itddlf-4]. o
The photodetachment process can be perceived as a two- a0 1+ BP;(cos¥), (1)
stage phenomenon. The first stage involves the photon inter-
acting with the negative ion. The second stage involves th&here P,(cos#) is the second-order Legendre polynomial
outgoing electron interacting with the residual core. Sinceandg describes the anisotropy of the outgoing electrons. The
the photodetachment process results in a neutral residuabymmetry paramete® depends on the angular momentum
core, it allows one to study weak effedts.g., as electron transferredj;, to the photodetached electron in the photode-
correlation and relativistic interactionghat can be over- tachment process. Equatigh) is equally valid for any un-
whelmed by long-range Coulomb interactions that are inherpolarized single- and multielectron targets interacting with
ent in photoionization processes. In contrast to total crossinearly polarized photons of enerdgw <100 eV. It has the
section measurements which provide information on thesame form for either LS gj-j coupling, though the predicted
magnitudes of transition amplitudes, the differential crossvalue of g will differ if spin-orbit coupling is significant.
section, moreover, photoelectron angular distribution meaSince the cross sections are non-negati¥és restricted to
surements, provide information on their relative phases. Furthe range —% 8=<2. If there is more than one value of an-
thermore, photoelectron angular distribution measurementgular momentum transfer, the asymmetry value is a weighted
allow one to extract information regarding the initial and average of the form
final states of the negative ion as well as the dynamics of the
interaction itself. These distributions are generally measured > (0BG

using the laser photoelectron spectroscopy technique EU(J') ' (2)
t

where the summations extend over all allowed values of an-
*Present address: Physics Department, Rice University, Houstogular momentum transfgg. The summandg(j,) and o(j,)

TX 77005, USA. are the partial asymmetry values and partial cross sections
TPresent address: National Renewable Energy Laboratory, Goldefgr that particularj,, respectively. The Cooper-Zaf8] for-
CO 80401, USA. malism assumes a central-potential model, and the photode-
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tachment process involves only the interaction of the photothose of the outgoing photodetached electron would, he
with the photodetached electrothe independent-particle 7 J=(-1)"]. The photon initiates an electric dipole transition
mode), thereby neglecting the interactions of the photoelecin the system, which imparts one unit of angular momentum
tron with the residual atomic core. This approximation f€-(j,=1) and changes the parity of the systém,=-1). The

y .

stricts the allowed angular momentum transfer to be equal t . .
the initial orbital angular momentuty of the photodetached llowed values of angular momentum transfeare defined

electron plus or minus one unit of angular momentum, i.e.,by the vector_ equation=j I, which can also be written as
j¢=l,1. Another limitation of the Cooper-Zare theory is that Jt=Lc~Lo Since angular momentum is conservagia

it cannot describe the energy dependence of the asymmetiydiina =(Jo*],) ~(Jc+j)=0 and electric dipole transitions do
parameter for systems in which configuration interaction andhot affect the intrinsic angular momentum states. Parity is
relativistic effects significantly affect the photodetachmentalso conserved in the photodetachment processiy

process. = Tinal= T, = Tce Which reduces to the requirement
A more detailed formalism which overcomes these limi- 7To%:(_l)Hz_ The photodetachment process can follow ei-

tations and treats both stages of the photodetachment proc&ggy a “parity-favored’m,m.=(-1)!, wherej,=1+1 path, or a
was initially developed by Fano and Djb-9]. This formal- “parity-unfavored” m,m.=(-1)il, where j,=| path. Fano

ism is referred to as the “angular momentum transfer theory,” .
and accounts for the coupling of the angular momentum o nd Dill [6-8] showed that the asymmetry parameters de-

the photodetached electron to the orbital angular momenturﬂend on whether the photodetachment process is parity-
of the residual atomic core. To illustrate this the¢@y in a  iavored or -unfavored and can be written in terms of the
system described by LS coupling, consider a negative iofndamental complex photodetachment scattering ampli-
(initial state having total orbital angular momentum, total tudesS(jy from which cross sections are based. These scat-
angular momentum, and parity quantum numbgys,, and  tering amplitudes generally depend on the angular momen-
. Likewise, those quantum numbers for the residual atomi¢um transfer and photon energy. Following Rg®] the
core following photodetachment would bg, J., and7,and  parity-favored quantities are

_ i+ 218G+ (= DIS- G0l = i+ DIYS.G0S (G0 + S.G0S (0]
fev 2+ DIIS G012+ IS0 ’

()

_(2j;+1) . . analysis regarding the spectral dependence of photoelectron
Ofay = HH&(JM +[S(jpl*], (4 angular distributions from transition-metal negative ions.
© Feigerleet al. [11] obtained structural details of Mwith
whereas the parity-unfavored photodetachment quantities atbe LPES technique. Its ground-state configuration was in-
ferred from measured photoelectron spectra, and was found
Bunt=—1, (5 to be(3d*4s)°D with a binding energy of 0.526+0.012 eV.
Fine-structure splitting of the \(3d*4s?)°D ground state was
not resolved in this experiment. Since a fixed frequency Ar
laser(488.0 nm was used in their measurement, four transi-

) _ _ o tions from the ground-state parent ion to states of the neutral
The subscripts on the scattering amplitudgso indicate  atom were observed. The observed transitions were
the orbital angular momentum of the outgoing photoelectron,

I=j;x1 or |=j; respectively. Thus, measurements of the V7(3d%s%)°D + hy — V(3d%4s)*F + € (kp,kf),  (7)
asymmetry parameter provide useful insight into the angular

- :(th+1)
unf 2L0+1

ISy(iol>- (6)

momentum transfefor sharing between the outgoing pho- V7(3d*s%)°D + hv — V(3d*4s)°D + e7(kp), (8)
toelectron and the residual atomic core and how the angular
momentum of the photon coupled with the initial negative- V~(3d%4s2)5D + hv — V(3d%4s)*D + e (kp), (9)

ion state. The energy dependencegsgirovides an indication
of the importance of relativistic effects present in the atomic N 3, 04 _
structure of that particular atof9]. V7(3d%s)°D + hy — V(3d%s) P + e (kpk), (10

Since the pioneering work of Hall and Sieddl0] and and are illustrated in the energy-level diagram in Fig. 1. In
Cooper and Zargs], all experimental and theoretical studies this paper, we augment the previous study by reporting pho-
on photoelectron angular distributions resulting from lasertoelectron angular measuremet@gsymmetry parameterse-
negative ion interactions have focused on the photodetachsulting from a single-photon, single-electron photodetach-
ment ofs and p electrons. In addition, there have been rela-ment of boths and d electrons from V for the four
tively few experimental investigations and no theoreticaltransitions listed above. The measurements have been carried
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1.5] agP4s?) 4p approximately 0.5%. After traversing the exit aperture of the
_ dus) magnet, the mass selectédv~ ions were focused and
10f = (3d%9) D steered into the interaction chamber whose base pressure was
1x 1077 Pa. Typical’’V~ beam intensities inside the interac-
_ tion chamber ranged from 10 to 30 nA. AV~ beam was
3 051 also observed10-50 pA. The ratio of beam intensities
e (3d*4s) °D 5l/7/5%~ was of the same order as the relative abundance of
2 ool (3d%s2)4F  the two isotopes. However, th&V~ beam was not suffi-
’ v ciently intense to allow photoelectron angular distribution
measurements.
05 - Inside the interaction chamber, tA®/~ beam intersected
(8d*s*)°D v a linearly, polarized, continuougw) photon beam from ei-
1ol ther a 25 W At laser or a 1 W Kf laser at 90°. The 25 W

Ar* and the 1 W Kf laser(with the aid of an external prism

FIG. 1. Energy level diagram of Vand V. The energy levels for wavelength selectigroperated in a polarized single-line
shown in the figure are inferred from the measurements fronmode to produce photon beams ranging from 0.25 W to 13
Feigerleet al.[11]. W. The photon beam from either laser passed through a
Glan-Laser polarizing prism and a double Fresnel rhomb

out at discrete photon wavelengths ranging from 457.1 nm té\/2 retardey before entering the interaction chamber. Since
647.1 nm with a crossed ion-laser beams apparatus that uff?€ e;‘“”_Ct'O” ratio of the polarizer was greater than 5
lizes the LPES technique to examine the photon energy deX 10 high polarization purity was guaranteed. To vary the
pendence of the asymmetry parameters, which are sensiti@9le between the outgoing electrons and the polarization
to the angular momentum coupling between the negative iofiréction of the photon beam, the photoelectron collection
and atomic cores, the photoelectron, and the photon. direction was fixed while the polarization direction .o.f the
photon beam was rotated with thé2 retarder. The position-
ing of the two beams was aided by sets of apertures near the
Il. EXPERIMENT interaction region. The overlap between the ion and laser
beams was carefully maximized by positioning the photon
Thorough descriptions of the experimental apparatudeam while minimizing laser beam translations due to rota-
along with benchmark tests have been presented elsewheiiens of the\/2 retarder.
[12,13. However, a brief overview of the apparatus is pre- Photoelectrons produced during the ion-photon interac-
sented below for continuity. Figure 2 presents a schematition were energy-analyzed by a 160° spherical-sector elec-
diagram of the LPES apparatus. Thé ¥n beam is pro- tron spectrometer that was placed 45 degrees below the hori-
duced in a cesium-sputter, negative ion soufté4]. The zontal plane formed by the crossed ion and laser beams. The
source operates by thermally ionizing cesium atoms and aelectron energy analyzer was operated at constant pass ener-
celerating the resulting Cdons towards a negatively biased gies of 20 eV or 40 eV, depending on the photoelectron yield
vanadium-gallium pellet. Negative ions resulting from thefor a particular transition. A comparison of the measured
pellet-Cs collision were accelerated to a potential of 10 kV angular distributions for a particular transition indicated ex-
and focused into a beam. The Yons were momentum se- cellent agreement in the data for the different pass energies
lected by passing the extracted beam through a double focusf 20 and 40 eV. The energy resolution of the spectrometer
ing, 90° bending magnet, thereby resulting in an isotopicallywas approximately 0.4%, and was determined from the full
pure°V~ ion beam. The mass resolution of the magnet wasvidth at half-maximum of the measured photoelectron spec-
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FIG. 2. Schematic diagram of the experimental apparatus.
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FIG. 3. Photoelectron energy spectra for
+V™—V+e. The observed transitions agree
with those of Feigerlet al. [11]. The photoelec-
tron peaks are labeled by their final-state term
designations for vanadium. The energy and
angle-resolved spectra were measured with the
514.5 nm line of a cw Af laser.(a) Observed
photoelectrons when the polarization direction of
the photon beam was 3.4° relative to the veloc-
ity vector of the collected photoelectrons. Note
the dominance of the W3d%s?)°D+hy
—V(3d*4s)°D+e”  and  V(3d*4s?)°D+hv
—V(3d%s)*D+e" transitions at this angle(b)
Observed photoelectrons when the polarization
direction of the photon beam was 86.6° to the
velocity vector of the collected photoelectrons.
Note the appearance of the §3d*4s?)°D+hv
—V(3dP4)F+e”  and  V(3d*4s)°D+hy
—V(3d%4s?)*P+e~ transitions. (c) Observed
photoelectron spectrum when the polarization di-
rection of the photon beam was 56.6° relative to
the velocity vector of the collected
photoelectrons.
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700 [

600 [
FIG. 4. A typical plot of the photoelectron

yields for the transition V(3d44s?)°D +hy
—V(3d%s)®D+e” versus the angle between the
polarization direction of the photon beam and the
photoelectron collection direction. The extracted
value of B for this particular angular distribution

500 I

400 |

Photoelectron Yield {arb. units)

300 [ 1 measurement at 514.5 nm is 1.90+0.04. The error
bar in B reflects the statistical uncertainty of the
200 | : nonlinear curve fit described in the text. A plot for

the V(3d%4s?)°D +hv— V(3d%s)*D+e” is not

100 F shown since it is similar to the one shown here.

. ) . .
-50 0 50 100 150 200
Polarization Angle (degrees)

tra. The acceptance angle was limited to angles less than 1idn is near a minimum. When the polarization direction of
by a pair of entrance apertures and the 31.8 mm distandée photon beam is nearly perpendicular to the photoelectron
from the first entrance aperture and the center of the interacollection direction[refer to Fig. 3b)], the V(3d*4s?)°D

tion region. All nearby materials were coated with Aerodag+hy— V(3d*4s)®D+e” is near a minimum, while the yield

G, thereby minimizing contact potentials in the vicinity of for the V" (3d%4s?)°D +hv— V(3d34s?)*F +€ is near a maxi-

the electron spectrometer and the interaction region. EleGnum.

trons with the proper energy for transmission through the Tq determine the photoelectron yield for each peak, the
spectrometer were collected with a channeltron electron mulspectra were fitted to a linear combination of a Gaussian and
tiplier. All high voltage contacts of the photoelectron detec-5 linear background function, using a nonlinear least-squares
tion system were carefully shielded from the interaction rexoytine that weighted each data point by its statistical uncer-
gion. In addition, the electron spectrometer and thegainty. Once the fitting parameters were extracted from the
interaction region were shielded from stray magnetic fieldsfit each Gaussian was integrated to obtain the photoelectron
which reduced the magnitude of the magnetic field in theyje|d and its uncertainty. The yields for each transition were

interaction region to less than 5 mG. ~ plotted as a function of the dial setting on the polarization
A preamplifier and amplifier successively boosted signalgotator, and fitted to the equation

produced by the channeltron before entering a constant frac-
tion discriminator, which reduced background noise. A 1(6) = a{l + BP,[coga-0)]}, (11

computer-controlled counter collected output pulses from th%vherea B, andc are fitting parameters, and is the dial
discriminator. Additional computer-controlled counters setting of the polarization rotator. The dial setting of the

monitored output pulses from two voltage-to-frequency cons olarization rotatodouble-Fresnel rhomkdoes not neces-

verters that were used to convert analog S|gnlalls from a las rarily correspond withy, the angle between the photoelec-
power meter and an electrometer. The additional counter,

; . i ) tton collection direction and the polarization direction of the
were used to monitor the intensity of the ion and photon hoton beam. As a result, the angular origin ohad to be
beams to normalize the photoelectron s_ignal. Data fro”.‘ th etermined. '.I'he procedl'Jre for this calibration process is
counters were processed and stored W'th.a de_1ta vaUISItIcHfraightforward. First, a polarization analyzer with its trans-
and control program. The data accumulation time for eacrPnission axis parallel to the electron collection direction was
data point varied from 2 to 10 s. inserted into the laser beam beyond the double-Fresnel

Photoelectron spectra were collected and stored as a fung; v Then electrons were collected from a photodetach-

ltlon O{ the fv;l'g;_’:lr?e applluzd to the §pdec_:trcirgoe'_[er for a F;""rlta'cu'ment process whose asymmetry parameter is known to be
ar value otg. 1he angiev was varied in INCrements by near—1. The dial setting of the polarization rotator was var-

rotating the double Fresnel rhomb in 5° increments. Typical d until a minimum photoelectron yield was observed. The

energy- and angle-resolved spectra measured at a wavelen gular origin was easily ascertained, once the dial setting of

of 514.5 nm are shqwn in Fig. 3. The reIapve Intensities Ofthe double-Fresnel rhomb was calibratedds 90°). Plots of
the observed transitions were found to be in excellent agre

ment with those observed by Feigeeteal.[11]. In Fig. 3a), %giplscair %f;]%tOSelectron yields as a function 6fare shown in
the polarization direction of the photon beam and the elec- gs. '
tron collection direction are parallel. At this polarizer setting,

the photoelectron yield for the “\3d*4s?)°D+hy

—V(3d*s)°D+e” process is near a maximum, while the  The measured asymmetry parameters for all transitions
yield for the V (3d*4s?)°D+hv— V(3d%4s?)*F+e transi-  and photon energies are listed in Table I. Each cell in the

Ill. RESULTS AND DISCUSSION
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50 T T

FIG. 5. A typical plot of the photoelectron
yields for the transition W(3d%4s?)°D+hv
—V(3d34s?)*F +e” versus the angle between the
polarization direction of the photon beam and the
photoelectron collection direction. The extracted
value of B for this particular angular distribution
measurement at 514.5 nm is -0.88+0.01. The er-
ror bar in 8 reflects the statistical uncertainty of
the nonlinear curve fit described in the text.
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table displays the weighted average of several measuradodel, the relative contribution gi and f waves resulting
asymmetry parameters with error bars based on the statisticlibm the ejection of thed electron of V' depends on the
uncertainties of the nonlinear curve fits. The mean values ognergy of the incoming photon beam and the structure of the
the extracted asymmetry parameters were used to estimategative ion. Ifp waves dominate, the asymmetry parameter
systematic errors. The largest systematic error was due to tlepproaches a value of 0.2, but if tiiewave dominates it
variation in spatial overlap of the laser and ion beams. Allapproaches a value of 0.8. The minimal and maximal value
error bars in Table | are reported to one standard deviationf —1 and 2, respectively, can only occur when the outgoing
from the mean. Since the entrance aperture of the electrop andf waves interfere. To the authors’ knowledge, a calcu-
spectrometer was sufficiently small, solid angle correctiondation that predicts the asymmetry parameter or the relative
to the measured asymmetry parameters were not required.contribution of the outgoing or f waves for this process has
To gain some insight into the nature of the interactionnot been carried out. One should expect pheave to domi-
between the V and the photon beam, it is important to ex- nate near threshold, since the centrifugal barrier better sup-
amine the experimental results within the framework of thepresses the high angular momentum of thevave [15].
Cooper-Zarg5] theory and the angular momentum transferHowever, all 3 parameters reported in Table | result from
formalism. Within the Cooper-Zarkb] theory, the photode- processes far from threshold, which leads one to expect both
tachment process produces an outggingave when thes  p andf partial waves to interfere. Since the results in Table |
electron is photodetached from the parent ion, aador  are near—1 for the d electron process \3d*4s?)°D +hv
f-wave photoelectrons when tlaeelectron is photodetached — V(3d*4s?)*F+e”, one can infer that both partial waves
from V™. In the case when the electron is photodetached contribute significantly in the photodetachment process. In
from the negative ion, the independent-particle approximathe case of the W3d*4s?)°D+hv— V(3d*4s?)*P+e” pro-
tion predicts an energy-independent asymmetry parametetess, one needs additional theoretical details to deduce the
B=2. A comparison between this theoretical prediction anctdominant interaction.
the measuregB parametergsee Table )l for the processes  To express the asymmetry parameter within the angular
V7(3d%4s?)°D+hv—V(3d*49)°®D+e~  and V(3d*4s?)°D  momentum transfer theory, one must first list all allowed
+hv—V(3d*4s)*D+e™ indicates agreement over all ob- angular momentum transf¢r Table Il lists the allowed val-
served photon energies. According to the Cooper-Zarees ofj,=|L.—L | for each transition along with their corre-

TABLE |. Photoelectron asymmetry parameters for the pro¢bss V™ —V+e€). The transitions are
labeled by the final states in V.

Wavelength(nm) V(3d%4s)°F V(3d%4)*P V(3d*4s)°D V(3d*s)*D
457.9 1.96+0.01 1.995%
476.0 -0.9995% 1.98+0.02 1.98+0.02
488.0 -0.93+0.03 -0.4+0.1 1.92+0.03 1.95+0.01
496.0 -0.85+0.04 2.085% 2.00°5%
514.5 -0.93+0.02 -0.3+0.1 1.91+0.03 199
647.1 200999
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TABLE I1l. Allowed values ofj; and the parity-favored and -unfavored values jofor the observed
transitions. Also listed are the possible outgoing waves predicted by the interchannel-electron cofielation
parenthesgsNote the initial ion and all final states are even, resulting in parity-favored and parity-unfavored
processes determined by even and odd valugg oéspectively.

Final Angular momentum transfer Parity- Parity- Outgoinge™
atomic state ji=|Le—Lgl favoredj; unfavoredj; lox1
V(3d3452)4F 1,2,3,4(5) 2,4 1,3(5) p andf(h)
V(3d34s?)%P 1,2,3 2 1,3 p andf
V(3d44s)°D 0,1,2(3,4) 0,2(4) 1,3 p and(f)
V(3ds)*D 0,1,2(3,4) 0,2(4) 1,3 p and(f)
sponding parity favored and unfavored values. The angular IV. CONCLUSIONS

momentum transfer theory allows more valuesjoflue to A ¢ t h b d for th
the angular momentum coupling of the photon with the nega- . Isymr:ne Yy parallmelers avE een rrr:easure or the
tive ion and the residual atomic core than the independen%'lngte'p O]Eon, S{;‘g (E—z_ectr(?[n P OtOFEta& mgnltshczfnd d.

particle model for the transitions in the current study. Thisis;: ;22547 ronr::q Tﬁe Irz(;rueltg V\,\\I,ae\:g egigscjsslg d \?Vit;l?r?lot?le
results in the allowance of more partial waves interfering for 2~ ° .
the outgoing photoelectron. However, as stated in FSf, Cooper-Zarg5] theory and the angular momentum transfer

. formalism of Fano and Dil[6—9]. The analysis of the pro-
the effects from the higher odd| values may be small. Any cesses involving the photodetachment ofsaglectron from

deviation of the asymmetry parameter predictions from the\/‘ over the discrete photon energies suggests that final-state

measured values or those displaying an energy dependenc . : .
will indicate the need for the more sophisticated angular moﬁt\c}e&a‘;ﬂgn@g;t(wieﬁé}égteinoui%g'tn?hgl%ggl?_’%é;%gi'ﬂual v
mentum theory and be an indication of the electron correla- ™. S g that P y
tion effects. provides a satisfactory description of the observed process.

A comparison of thes-electron photodetachment results to {Potnhfeof\rf_ciﬁzeniég\églr\gg%;Tfegr(‘)?tt?]deezc?n”rf;tr df?re;r_ne ter
the expression fop(“D) and B(°D) indicates that thg,=I, ’ y yp

_ 4 5 3 4 _ _
angular momentum transfer dominates these photodetacﬁ.Eear 1 for the V/(3d'4s’)°D+hw— V(3d*4s”)'F +e tran

ment processes at the measured photoenergies. The asymrﬁ'é'—on. imply that bothp and f partial waves may CO”tF'b“te
Ignificantly to the observed processes. A comparison be-

try parameters also do not display a pronounced energy de- : i
pendence within the range of photon wavelengths of thi ween the Cooper-Zargb] and Fano-Dill[6-9] description

experiment. This suggests that the final-state interaction beo" d electron photodetachment processes requires a com-

tween the residual atomic vanadium core and the outgoinB
electron is weak. Furthermore, the liberated electron can be
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