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Structure and dynamics of the 49— ns,md autoionizing resonances between théP and 'S
thresholds in atomic bromine
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The relative partial photoionization cross sectiensand photoelectron angular distribution paramejfgrs
are measured for all possible final ionic states of Between the’P, and 'S, thresholds. The decay patterns
of the autoionizing #*3Pyon/, 4p* D, n/, and 4* Sy, n/ Rydberg series arising from thep4
—ns,md excitations are observed at the fine-structure level in all available channels. For each Rydberg series,
the energies, quantum defects, and photoelectron angular distribution parameters are determined, as well as the
widths and shape parameters of the low-lying members. Relative total cross sections are derived from the
partial cross sections and from ion-yield measurements over the lowest members’f hend 1D, series.
All major spectroscopic and dynamic properties of these series are reported for this open-shell atom. Conclu-
sions are drawn from the comprehensive data sets in comparison with other halogen atoms and the neighboring
closed-shell rare gas atoms. Our results, encompassing the entire autoionization regime, are compared with
other experimental data and theoretical calculations, where avai[&dl650-294{08)06106-X]

PACS numbg(s): 32.80.Fb, 32.80.Hd

I. INTRODUCTION [12-15, multiphoton ionization[16], and, most recently,
electron emissiofil7,18. Among the most relevant works in
In analogy to the Beutler-Fano autoionizing resonanceghe present context are the spectroscopic studies by Sarma
between the fine-structure components of the rare gases, aad Josh[8], who measured all series except tg series,
toionizing resonances occur between the multiplet compoand by Martin and Tech9,10], who determinedinter alia,
nents of the halogen atoms. Delineation of these resonancé¢ series limits, the ion-yield measurement by &ust al,
is of importance becauge) the halogen atoms, with thei® whose data include th(_a total cross sectit_)n, but only one
configuration, are a first stepping stone from the closed-shell$md pair of the 'S, series, and the theoretical treatment by
structure of the rare gases to the more complex structure dfobicheaux and Greerié], who present the variation in the
open-shell atoms antb) the halogen atoms, being radicals, total cross section across the resonances of all series.
play significant roles in chemistry and in the upper atmo-
sphere. We report here on a comprehensive study of th

) 2 4,3 1 1
properties of the 4p(*Py,0, D2,"Sp)ns,md resonances the following, we summarize the results of our comprehen-

gnstrl\gz;r05m2;p—>nz/;phlotqexm;aur?n Ofl the bromine at_om,d sive study of the entire autoionization regime extending from
r 4s°4p>(“Pgp). Analysis of the electrons associated yq first jonization threshold, Brap*(3P,), to the highest

un;quilys ;’Viths trl‘e final ionic ~ states  Br ynreqhold, Bt 4p*(1Sy), of the multiplet created by the ion-
4s°4p"(°P2,"P1,"°Po,"D,) created in the decay of the reso- j;ation of a 4 electron.

nances allowed us to examine the important aspects of the
electronic structure and dynamics, ranging from the energies
and quantum defects to tHeelative partial cross sections Il. GENERAL BACKGROUND
and electron angular distributions for the resonances of all N . .
g lonization of the 4 subshell of atomic bromine creates a

Rydberg series. five-component multiplet of the bromine ion. The energies of

Presumably due to complexities facing theory for a id- . . .
element with an open-shell configuration, and strong chemiglt]ebr]t‘llt]!plet Ievels. are W‘Tp tl;}nowEV.,tQ,gq and are listed mth
cal reactivity facing experiment, photoexcitation and photo- able 1 for convenience. € excitation energy covers the
ionization studies of Br have received rather scant attention o e ora
thus far. On the theoretical side, photoionization studies areTABLE I Energy levels(ionization thresholdsof Br™ 4s°4p®.

limited to a few report§1-5], and only Robicheaux and

An important result of our investigation has recently been
gresenteo[lB]; it concerns the observation of a spin-orbit-
induced autoionization pathway in thEX,)ns,md series. In

Greene treated the autoionization regi . State E@Ev)?
gimé%]. On the ex

perimental side, work since the compilation by Mod6 3ps 11.8138

comprises studies by photoabsorptigh8], photoemission 3pe 12.2027

[9,10, ion vyield [11], Hel photoelectron spectrometry 3pe 12.2896

DS 13.3127

s 15.2689

*Present address: Department of Molecular Interactions, Max-
Planck-Institut fu Stramungsforschung, Bunsenstrasse 10, D-%rom Refs[9,10], using the conversion factor 1239.8424 nmeV;
37073 Gdtingen, Germany. uncertainties ares0.1 meV.
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Brt+ 4s24p el TABLE II. Optically allowed Rydberg series and the continua
25 into which they can decay in thHeS notation.
Series Continua
N\ S . 4524p*(®Py)ns 2P 3P, esled
N 0 md 2D 3P, ed
- 4s?4p*(®P,)ns 2P 3P, esled
2 md 2P 3P, esled
20+
4s?4p*(*D,) ns?D 3P ed
3p e 2 3
~ 0 md “P P ed/es
) md 2D %P ed
2 3Ple md 2S °P, ed
g d?F® 3P ed
e m €
= e 241m4(1 2 1
2 4s°4p*(*Sp) ns“S D ed
151 _ md 2D 3P ed, D ed/es
4Decay possible through spin-orbit interactions.
§ PExcitation possible through spin-orbit interactions.
a constant ofR(Br)=13.605 604 eV applies. The limits,,
are equivalent to the energy levels listed in Table I, anid
10 the quantum defect. The energies arergsonancesnergies
= = E, of the autoionization profiles; they differ from thpeak
energiesk,,, according toE,,=E,+1I'/2q, whereI is the
0 | width and g the shape parameter of the resonance profile
Br 4s24p5 (2P ) [19]. Resonance energies are obtained from Shore fits
” [20,21]:
FIG. 1. Energy diagram of atomic bromine showing the" Br
4p*(LSJ) continua and the excitation of ap4electron to an au- aje+b;
toionizing state, together with the available ionization pathways. o=Ci+ 112 (3

interval given by the multiplet splittingg(3P,)=11.81 eV ] . . .
to E(1S,)=15.27 eV, ionization proceeds directly or indi- Which are applied to the experimental total cross sections as
rectly via the autoionizing Rydberg resonances converging t¥/ell as to the measured partial and differential cross sections
the various ionization thresholds. The two coherent pathway¥ith the bandpass folded into the functigt9,23. The pa-
are sketched in Fig. 1 and are given as follows: rametersy; andb; refer to the shape of the resonance and can
be converted to the parameter given in the Fano formulation
Br* 452458 (CPE, 3P, \D5, 1S5) ns,md [23] as g;, while € is the reduced energy in terms of the
resonance widthd'. The “background” cross section is
7 given byc;, which is the sum of the interactingr{) and
Br 4s%4p° (2 Py)3) 1 non interacting_(rb) parts of the cross section,= ot o,
as introduced in the Fano modg3]. In our analysis, the
N bandpass is removed following the fit of the data and the
Brt ds24ph(P P, SPE, P, D5, LS5) + es.ed “true” parameters are thus obtained. However, these reso-
nance parameters should not be viewed as equivalent to
those defined by Fano and Shore, because the condition of an
isolatedresonancé¢20,21,23 is generally not fulfilled in the
i ) i present work. Instead the parameters obtained by using Eq.
where the final state will couple in théS scheme (3) 55 a mathematical tool will be presented for heuristic

2 2p 2N 2F 4p 4 4 i . . . .
to °5,°P,°D,F,"P,"D,"F. Table Il summarizes the COU- pyrposes in the discussion of those series members that are
pling possibilities which are significant in our work. As in- subject to various interactions.

dicated N Eq.(1), we are concerned only with excitation |5 aqdition to the determination of the energies, widths,
from the ?Pg, ground state, because the excité®y; state,  and shape parameters of the resonances, relative intensities
w_h|cr_1 lies 0.4569 eV above the ground state, makes N0 CoNye determined for the members of the series basetPgg.
tribution. Using the values for the widthE, the cross sectionr, and
In the Rydberg formula the shape parametgrresulting from the fits of the resonance
profiles we determined from

oY)

En=EeT (n —p)? @ lca (g2 — 1), 4
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which gives a quantity that is proportional to the excess os
cillator strength[21] with ¢, set to zero. 3 'D

* 4
Ill. EXPERIMENTAL SETUP AND PROCEDURES Br 4p- ns,md

The experiment was performed at the University of Wis-
consin Synchrotron Radiation Centé8RC. The ionizing
radiation was provided by a bending magnet in conjunctior
with a 4 m normal incidence monochromatofNIM)
equipped with a 1200 lines/mm gold-coated Mgitating.
Our electron spectrometer, the atomic source, and exper
mental procedures have been described elsewhel
[17,19,24-2& Pertinent details are given in the following.

Using two out of three analyzers mounted at right angles
to each other on a rotatable platform perpendicular to the
direction of the photon beam, we measured either the relativ

B, 1~

partial cross sectiom; or the photoelectron angular distribu- diﬁgé}) e &
tion paramete; for decay into channdl according to e’é’y(ev) e
() 222 i 1 B4 3p cos 29 5
(0)i dQ 4 4 ( p cos 29) . ) FIG. 2. 3D plot of ionization in the g—n/" autoionization

regime of Br as seen by electron spectrometry in the PES and CIS

For measurements of, the angles, which is measured with modes of operation. The arrows indicate ffi3, and 1S, ionization
: thresholds.

respect to the major polarization vector, is set to the
“magic” angle 6,,=(1/2)cos *(— 1/3p) for which the term
proportional toB; vanishes. For a measurement @f the ~ Pass was found to be 168 pm (FWHM), or 1.8 meV at 12

anglesf=0° and 90° are used, from which eV. The contour is essentially Gaussian.
Bromine atoms were produced by dissociation of, Bu-
AR~ 1) rity 99.99%, in a 2.45 GHz microwave discharge as de-
= i , (6)  scribed previously17]. Only about 14 W were dissipated in
3p(Ri+1)—(Ri—1) the air-cooled tube to optimize stability and to minimize the

noise level. The discharge tube was thinly coated with phos-
whereR; is the ratio ofdo; /d() at 0° todo;/d{) at 90° and  phorous pentoxide and the flow tube, which guided the at-
p is the polarization of the photon beam, which we deter-oms to the source cell, was thinly coated with halocarbon
mined to bep=0.851). Theanalyzers were set to a resolu- wax. An atom vyield of about 70% was measured in the
tion of typically 50 meV (full width half maximum, source cell at a distance of 30 cm from the discharge. No
FWHM), sufficient to separate all the multiplet componentsdirect line of sight existed between the source cell and the
(cf. Table ). Two modes of operation are used, the photo-discharge tube. It is to be noted that no discharge products,
electron spectrometryPES mode and the constant ionic such as HBr and excited Br, could be discerned in the PES
state (CIS) mode. As described in various places spectra, as may be judged from Fig. 1 of Raf].
[17,18,24,26,2]; the CIS spectra dependably reveal the reso- All spectra were corrected for background contributions,
nance structures in bothy andB; for each of the channels  normalized to the photon flux according to the current from a
at a resolution given by the bandpass of the photon beammickel mesh located after the monochromator exit slit, and
while PES recordings at suitably chosen photon energies rexdjusted to the response of the electron analyzers and detec-
late the partial cross sectiolns to one another and calibrate tion system. PES scans at the beginning and end of a CIS
the B; CIS spectra. The three-dimensioi@D) plot of Fig. 2  scan, which may last up to 60 minutes, safeguarded against
illustrates the two modes and their relationship by way ofunrecognized drifts in target density and surface potentials
CIS spectra for the’P, and 1D, ionic states in several re- along the electron paths. Tests for spurious signals from mo-
gions of the autoionizing Rydberg series and a PES plot aecular bromine proved negative in CIS runs on pure, Br

hy=16 eV. except in the position of the B(1D,) state, which overlaps
In this work the energy calibration of the monochromatorwith the Br,* (*I1,) band.
is a major concern. We relied on the narrow Xp,pns’, To complement the electron spectra, total ion yields were

n=10-16, and the Kr g,s,ns’, n=9-11, resonance lines measured for a few resonance groups, with emphasis on re-
with their accurately known energigsvithin 0.03 meV}  gions just above the ionization thresholds, where the low-
[28,29. The resulting calibration curve, basically lineain  energy electrons are difficult to detect. lons were allowed to
provided a reference with an accuracy-00.7 meV between drift through the apertures of the source dglb] at their

11.8 and 14.5 eV. The monochromator bandpass was detehermal energies before being accelerated into the analyzer,
mined by reference to the narrow resonance lines, Xaised as a velocity filter, and then impinging on the detector
5p42,13’ and 14’ and Ar 3p4158’, and the so-called at a total energy of 2.5 keV. Obviously, only the photon
zero-order scans, which also yielded the beam contour. Forenergy needed to be changed to record an ion spectrum, but
typical setting of 6Qum for entrance and exit slits, the band- without mass analysis Bf ions give rise to a considerable
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FIG. 4. Autoionization structure of the Bp4(®P, gns,md se-

FIG. 3. Overview of the autoionization series converging to theries near the’P, ionization threshold, as seen in electron emission
P10, 1Dy, and S, limits. The electron spectra are recorded at theand ion-yield measurements. The two spectra are matched at peak
magic angle in the partial channels indicated E#¥,) or no. 7. The bandpass is 16 piRWHM) for the electrons and 8 pm
Br*(*D,)]. Relative cross sections are approximate. for the ions. The symbols are explained in Fig. 5.

background. This generally smooth background could benly two series of each are clearly developed in the autoion-
subtracted to a good approximation with the aid of an ion4zation regime in the case of photoexcitation, and an addi-
yield spectrum from Br alone. tional series can be discerned. However, none of these form
regular intensity patterns. This observation must be attrib-
uted to interchannel coupling between series, involving also
members of the }D,) 6s,4d group, most of which have
been observed in the discrete spectrum just below’tg

3 ; 3 .
The resonance series based on g o, D,, and 'S, threshold[9]. The °P, o series are presented a$°P,) in

. 3 . . .
thresholds are shown in Fig. 3. The spectra represent lon igs. 3-6 and also a_B( P2) in in Figs. 5 and 6. The data
range CIS scans at moderate resolution, with the first me or bOth_‘T andg are mternally_self-co_nS|stent beca_use both
bers of the series added on from sepa’rate runs. Mg, are derived from the same differential cross sections mea-
series is recorded in th&P, e/ channel and representé the sured at 0° and 90_' A direct determination ofwas also
total cross sectionr,, up to the 3P, threshold; the!D, made at the anglé,,; both sets ofo data agree excellently

series is also recorded in th®, e/ channel and represents with each other. Th? elgctron CIS spectrum of Fig. 4 IS
the partial cross sectiom(®P,), which pertains to the domi- suppleme_nted by an |c_)n-y_|eld spectrum because of the fading
nant decay mode; and tH&, series is recorded in the strong transmission for low kinetic energy electrofi§;,=<70 meV,

D, e/ channel. Each of the spectra has been corrected antgrough the elect.ron—optical components. Due to the thermal
normalized as described in Sec. lll, but the cross sectiof?nergles of the ions, about 25 meV, the spectrum extends

scales of the three panels are interrelated only approximatel elow the first ionization threshold. The various features in

as no special effort was expended to determine the crosge figures are Iabel_ed In consecutive order a_nd marked_ by
section over the entire range of autoionization and beyon ymbols corresponding to the identifiable series. Energies,

All partial and total cross sections reported in our work arequantum defects, resonance widths, and shape parameters are

relative cross sections. We note that a previous experimerfgmma“md in Tables Il and IV. As done in previous work

[11] and theory[4] report o, =90 Mb at 12.34 eV at the ,11], we used the quantum defeetto makg SEres assign-
maximum of the broad*(D,)5d 2P,?D resonance. ments. Thes andq parameters measured in our work pro-
2 ' vided additional criteria. Nevertheless, ambiguities persist in

a few cases. For example, a valuewt 1.39 for ¢P,)11d
fits better into the series if assigned to peak 18 than does
=1.27 if assigned to peak 19, whereas a valugeb.4 for
peak 18 is not as good ap=3.0 for peak 19. A reassign-

IV. RESULTS AND DISCUSSION

A. Overview

B. The (3P gns,md series

Of the 12 allowed series converging to tAe; threshold
and the five series converging to th®, threshold[8,9],
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FIG. 5. Autoionization structure of the Bip4(®P, gns,md se- Photon Energy (eV)

ries. Botho; and B; are derived from CIS scans of the differential
cross sections at 0° and 90° for the'B?P,) ionic state. Note that
o; is equivalent tar, up to the3P, limit. The o; scale is matched
with those of Figs. 3, 4, and 6. Points with error bars are

from PES measurements. Symbols denote the various seriethe °P, threshold, and the splitting of 1(8) meV is roughly
(*)(3P)Md 2Py 110 (V)(CPo)Md 2D s (#)(3P)Ns?Py,;  compatible with the splitting of members in the discrete part

(+)(CPo)ns 2Py, (O)(3P1)ns *P. Tick-marks indicate unidenti- Of the spectruni9]. Similarly, the splitting of the’D dou-
fied resonances. Lines through tBedata correspond to a three- blet, observed by us, is compatible with the data in the dis-
point smoothing and are intended to guide the eye. The bandpassadsete spectruni8,9]. The positions of the double peak com-
1.8 meV and the step size 0.4 meV. ponents, nos. 11,12 and nos. 13,14, were pinpointed in a scan
at a bandpass of 4 pii®.5 me\j.
ment, which we do not favor, would leave peak 18 uniden- Many resonances are broader than the bandpass, be it due
tified and make {P;)11d coincident with fP,)9d (see to the lifetime of the excitation states or a closely spaced
Table IlI). doublet or both. Allmd members are broad and have a pro-
At a photon bandpass of 8 pm, or 0.9 meV, many morenounced tail toward the higher energies, as is common for
resonances are observed than in previous W8ykl]. Shore  autoionizingd states in other series of the halogens, the rare
profiles, Eq.(3), equivalent to Fano profiles, can be fitted to gases, and other elemerf830], with the exception of the
allow one to determine the resonance energy. Our energiegoms in the first row. By contrast, but in accord with expec-
given in the tables have an uncertainty 02 meV, which tations, thens members are sharp and appear symmetric.
combines all uncertainties inherent in the energy determinafhe region up tchy=12.15 eV was fit by a Shore profile,
tion. Previously reported energies are in good accord wittfolded with the applicable bandpad®]. The Fanay param-
our values, but are greater by 2 to 3 meV on the average. Theters are calculated from the Shore parameters following re-
gquantum defects argi~1.39 for the md levels and u moval of the bandpass function and are listed, together with
~3.11 forns levels, with little difference between th&éP,  the resonance widths, in Table lIl. It must be remembered
and 3P, series. Within the error limits, thg. values are that in some instances the width may be an effective width
rather constant, except fofR;)md 2P, whereu is increas-  for an unresolved, or unresolvable, doublet. For rihe se-
ing. A value of u~3.06 applies to the®P;)ns P, series  ries, we estimate the resonance widths for the doublet com-
in Table IV, which is identifiable in our spectrum on the ponents to be up to 20% smaller than thevalues obtained
basis of the antecedents below tHe, threshold[9] and the  from the fits and listed in Table Ill. The uncertaintiesIin
9s member reported at 11.820 €8] and seen in Fig. 4 at and also ing, are derived from the fitting procedure and do
11.820(2) eV (peak 3. Fine-structure splitting occurs in not include the influence of the doublet structure.
several series. However, only the splittings of Finally, the energies of the resonances betwéen and
(®P1)7d 2Pg; 10and EPg)7d 2Dy, 50are resolved. Th8P 3P, (see Fig. 3 are included in Table V. The profiles, as
doublet is seen in Fig. 4 at 11.803 and 11.805 eV just beloveeen in the Bf(®P,)e/ channel, recommend their assign-

FIG. 6. Autoionization structure for the higher members of the
Br 4p4(3P1,0)ns,md series. Explanations are the same as for Fig. 5.
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TABLE lll. The (3P1,0) ns,md series: Energieg, quantum defectg, intensitiesl, shape parameterg

and widthsI".
AE (meV) ©
Label®  Member E(eV)® Ref[11] Ref.[8] " 19 q ' (meV)

8 (®Po)9s 11.906 -2 -3 3.041) 40 21 1.5
15 CPo)10s  12.004 0 +3 3.092 17 -5.9 1.1
21 CPo)1ls  12.071 +1 +2 3.1%3)

27 (GPo)12s  12.119 -1 -1 3.065)
33 CPo)13s  12.149 +6 3.156)

5 (Po)7d 11.861 +5 +6 1.3592) 110 4 5

6 11.864 60 5.9 3
13 (Pgy)8d 11.983 +2 +4 1.342) 248 4320 3.103)
19 (Py)od 12.059 +3 +3 1.323) 126  3.41) 1.6(1)
25 CPg)lod  12.107 +2 +2 1.314) 47 2.85) 1.21)
31 CPo)lld  12.142 +2 +2 1.406) 42  9.41.9 1.41)
38 CPo)l2d  12.167 0 +2 1.448)

47 (Py)13d  12.187 1.41)

9 (Py)10s  11.919 -1 +1 3.082 21 -6.9 0.7
14 (Py)1ls  11.984 +1 +3 3.1a3) 17 -1 0.6
17 (Py12s  12.030 3.18)

20 (Py)13s  12.062 3.1%)
23 (Py)l4s  12.086 3.18)
(*Py)7d 11.803 1.182)

11.805

7 (®Py)8d 11.900 +4 +3 1.292) 554  4.89) 5.21)
12 (Py)9d 11.970 +4 +4 1.343) 162  2.55) 3.003)
16 ¢épPplod  12.021 +1 +2 1.354) 158  3.21) 2.31)
18 ¢Pyl1d  12.055 +7 +2 1.396) 28 541 1.72)
22 ¢Pyld  12.081 +4 +3 1.438) 68 2491 1.21)
24 GéPy)1xd 12101 +2 1.41) 32 2.51) 1.2(2)
26 GPy)lad 12,116 +2 1.41) 66 3.41) 1.002)
28 GpPy)1sd 12,128 +2 1.52) 24 2.31) 0.8(2)
30 GpPyl6d 12,137 +2 1.52) 21 211 0.8(2)
32 GPy)17d  12.145 +3 1.62) 11 15 0.8
34 (GPylsd 12152 +3 1.63)

35 GPylad 12157 1.713)
36 (GPy20d  12.161 1.84)
39 (Py)21d  12.165 1.95)

&The labels refer to Figs. 4—6.

bUncertainty is+2 meV.

‘Referred to our energg.
dArbitrary units.

TABLE IV. The (3P,)ns *P,, series.

Label Member EnergyeV) %
This work Ref.[8]
(®P))7s 11.326 3.062
(°P,)8s 11.652 3.030
3 (®P,)9s 11.820 11.820 3.02)
10 GPy)10s 11.919 3.08)

ment to the presumably dominantR,)md ?D series. Be-
cause of the weak signal in this region, we report for the
energies thepeak values of the resonance profiles. No at-
tempt was made to investigate this region in th@,)e/
channel or by an ion-yield scan.

One striking feature of the spectra in Figs. 4—6 is that the
intensities for a given series do not follow regular patterns.
As pointed out above, interchannel coupling is the most
likely reason for this. Coupling with other members
of the 3P1,0 series and with members of the
(*D)ns,md(?>P,°D,2S,%F) group is possible. Surprisingly,
this coupling seems to affect some members of the series
more strongly than others, while at the same time no corre-
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TABLE V. Energies and assignment of resonances between the p P *p
imi 2 1 0

3P, and 3P limits.
Member EnergyeV) 2 m N 8§O---mmmmeo /
(3Pg)14d 12.206 1.7) - Ls % / /
(°Po)15d 12.217 1.2) I T %
(°Po)16d 12.227 1.2) Ls :
(®Py)17d 12.236 1.03) SO
(°Po)18d 12.242 1.09) :
(®Pg)19d 12.248 0.94) ' Ground State
(3Pg)20d 12.252 0.95) o , _
(®Py)21d 12.256 0.96) FIG. 7. Schematic diagram showing how tAB continua are

0. . .

reached via théS and ?F excited states. Spin-orbit-induced tran-

33333 sitions are denoted by SO anhd-allowed transitions by S.

"Peak energy, uncertainty 3 meV. Previously we reported the most significant results for the

_ _ 1D, series: the observation of tHeS-forbidden 2F reso-
lations can be made fqu, which behaves rather regularly. nance series and the partition @f,, into o; of all available
The intensities are calculated with the aid of Bd) and  jopization channels [18]. Here, we supplement the, data
given in Table Ill. , _ by the B, results and report on other properties of the series.

An overall visual comparison of our spectrum, shown inThe series that can be populated by the excitation opa 4
the lower panel of Fig. 3, with the experimental results ofgjeciron are summarized in Table II, where we denote the

Ref. [11] and the theoretical results of Re#] indicates g series that require spin-orbit interactions to couple to the
some variance with the data of Rits Greene, and Berko- ontinya. Figure 7 illustrates the difference for these two

witz [11] and a satisfactory overall accord with the calcula-garies: Excitation ofS from the 2p_,, ground state i4.S

tions by Robicheaux and Greef4. allowed, but requires spin-orbit interaction to decay into
The angular distribution parametegsreveal an average e 3p, continuum via coupling of thé D, and 3P, core

value of §~0.3 across the series, with excursiongte 0.9 giates; excitation ofF can proceed only by spin-orbit cou-

andp=—0.3 at the resonances. As seen in Figs. 5 anl 6, pjing but the?F is LS allowed to decay into all thredP, ; ,
for eachmd resonance is preceded by a negative dip a”%ontinua[4 18]. -

followed past the maximum by a slow decline toward higher |, Fig. 8, theo; for the 8s,6d group are juxtaposed to the
energies. This behavior is reminiscent of the behaviod of B, values for the same decay channélsBr'(3P,)e/
resonances in the outer shell of the rare gases Ar to x%|r+(3P1)e/ and Bf (3P,)e/. The data presented fm‘-’

‘ ‘. i

[22,3] and in CI[32], and it repeats in the other series of Br 4 3 have a common source, namely, the differential cross
(see below. The analogy applies also to tlseresonances, gqctiongde/dQ at 0° and 90°. Thelo/d) CIS spectra are

which produce slight dips here and in all the above instanceq-med by a Shore functiof20] convoluted with our bandpass

Generally, the excursions i are dampened by comparison g nm or 1 meV. The fit curves are then substituted into Egs.
with the rare gases due to the greater number of exit channefg)” 5, (6) to calculate therelative o displayed in Fig. 8
accessible and the increased coupling possibilities in a nd theg, , represented as solid lines in the figure. The re-

open-shell atom. . L sulting B; (or o) curves constitute a natural fit to thg (or

In concll,_ldlng this section, attention is drawn to the facto_i) calculated using individual data points. Also shown in
that the various resonance parameters, espeqally andl, the figure are the individual data points f8r. This proce-
are not those applicable to |sola_ted resonances. The dev'@hre dispenses with any additional parameters that would be
tions from the patterns of a noninteracting series are espe: quired for adirect fitof the 8 data[33]. Another advantage
cially evident in the shape parameters and the intensities an f our method lies in the capability of r.emoving the bandpass

to a lesser extent, the widths of the resonances. However, trl:%ntribution and thus to calculate the “trugg, values. For
i .

dgwatmns are not solely due to the effects of |nteract|on§ e very narrow resonance 8D the minimum;3 value then
with perturbers, but also due to the presence of an unresolv

comesB3(true)=0.16 for 3P, rather than3(conv)=0.30.

doublet structure for most series members. There is probab Y cursions ing. for the other resonances are hardly modified

I|tt.le hope that even a much higher resolution than used "hecause the resonance widths are considerably larger than
this work could decisively separate the components.

the bandpass. Regarding the partial cross sections, wefind
1 i derived fromda/d() to be in good overall agreement with
C. The (*D2)ns,md series o; measured directly af, (cf. Ref.[18]).

This series is presented in its entirety in Fig. 3. Shown is As has already been pointed out in Sec. IV B, thel
the partial cross sectionr(3P,), which displays all salient resonances are broad and tieresonances are narrow, thus
features seen also in the total cross section. This becomésllowing a general pattern. TheS-forbiddenmd 2S and
apparent by a comparison @f(°P,) with o, recorded md?F resonances are exceptions. They are rather narrow
directly by an ion-yield measurement for the first and secondut somewnhat broader thars 2D. Similarly, the general be-
groups of the series €/5d, and &,6d members and o, havior of B; fits the general trend discussed above in context
formed as the sum of all partial cross sectionss done for  with the (3P1,0)ns,md series. However, distinctive differ-
the second and third groups. ences appear in the three partial channels. Fond 2F),
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ed:PFD Ssl,QD ed:PfD aslzo the 3P~ channel
750 sdF sa’s %, 1or od’F 64° P, T J s
sol 0s| : ] Resonance P, 3P, %Py Total
ool ® o 6d 2PD 1.82) 2.21) 2.602) 1.92)
= 6d 2F 0.4(3) 0.9(1) 1.6(1) 0.7(2)
1 05} 6d 2S 6.7(4) 7.23)
8s 2D 4.94) 3.803 2.7(1) 5.5(5)

401

301

201

B Parameter

12.70

12.80

12.90

o8}
04}
oo} *
04f

-0.81

08}
04}
0.0} ;
0.4}

08}

12.70

Photon Energy (eV)

12.80

12.90

are seen to be constant for each series. Wh#€3.07 for the
(*D,)ns series is virtually identical with the, for the cor-
responding 3P1,0 series members as ig~1.32 for the
L S-allowed (D,)md series, theS-forbidden?F series has
a slightly lower value ofu~1.25 and the_ S-forbidden 2S
series has a much lower valye~0.87. The energies from
previous work{8,11] agree satisfactorily with our values for
thens series, but show a greater variance for thd series,
especially in the case of the energ|&gl] reported in Ref.
[8]. No irregularities are observed for the resonance widths
and intensities of théD, series members; the data fiorand
q(®P,) are listed in Table VIII. The reduced widthg
=I'(n*)% is found to be fairly constant for all series. We
obtain as weighted averagEg(’PD)=4.0(2) eV,I'r(°F)
=0.74(14) eV, TI'r(®S)=0.65(8) eV, and I'x(°D)
=0.21(5) eV.

FIG. 8. Partial cross sections; and B; parameters for the The members of the first group of this series,
Br'(®P,,10 components across thél(;)8s,6d resonances. Solid (1D,)6s,4d, are placed by Tecf9] below the 3P, thresh-
points are data points, and all solid lines are calculated from conp|d, As a consequence, the broad structures become lines and

voluted Shore fits of the differential cross sections at 0° and 90°the 4d 2D and 4d 2P lines are separated. The quantum de-
Points with error bars are PES data. Scalesofoare in the proper oot w=1.282 for 4l 2D, is close to the values of the

ratios, as determined by PES recordings. The bandpass is 2.0 mer}{d 2D 2p resonances withm=5. while u=1.176 for

and the step size is 2 mev. 4d 2Py, is much smaller. The value @f=1.170 for 4 2F

'g,_ slightly smaller tharu in the autoionization region, and
1=3.084 for & 2Dy, is marginally greater. However,
w=1.167 for the line identified in Ref9] as 4 2S is sur-
prisingly large compared witly=0.87 form=5. Assuming

a value of 0.80 to 0.90 for. would place this line between
11.98 and 11.89 eV, allowing us to tentatively assign the line
to peak 11 in Fig. 5 at 11.968 eV.

In Fig. 9 a comparison is presented for the total cross
section oy, obtained directly in an ion-yield measurement
and o obtained as o shown in Fig. 3 of Ref[18]. Fol-

_ . PR lowing subtraction of a suitable background for the raw ion
The B; spectra confirm the spin-orbit-induced decay Ofspectrum, the twar,, spectra are matched at 12.770 eV.

md 2S into 3P, e/ and the weak indication iw; for the Excollent dis ahicved the enti ttost
decay into®P, e/. The latter decay must be mediated via . xcellent accord IS achieved across the entire group, attest-

the 1S, core which would couple sufficiently strongly with ing ta the reliability of both approaches.
the 3P, core in spite of the large energy separation between L _
the two core states. A slight excursionf is also observed D. The (“So)ns,md series
in 3P, /. An interpretation seems to require an interaction An overview of this series is given in Fig. 3 as observed
with the 3P series to be invoked, since a signal arising fromin the (\D,) e/ exit channel. This is a recording of the entire
the tails of the®*P, and 3P, components can be excluded by series; only the lowest group of the series had been seen
the incompatible shapes of the excursions. before in an ion-yield experimeritl]. However, the total

The differences ino; for the various channels may be cross section across the series was calculated more recently
expressed in the shape paramefer These parameters were [4]. While the two expected series:S)ns and (S,)md,
obtained from a fit to two sets of data for the,8d group  are clearly delineated in both experiment and theory, the
and are listed in Table VI. As expected from Fig.c8,dis-  “background” cross section displays a slope in the experi-
plays the greatest variation fod&F. ment and is flat in theory. The slope is likely to be due to a

Resonance energies and quantum defects for members wiolecular contribution and a decreasing transmission of the
all 1D, series are listed in Table VII. The quantum defectselectron analyzers toward low kinetic energies. Both contri-

the dispersive shape becomes increasingly pronounced in g
ing from decay into®P, to 3P; to 3P,. For B(ns ?D) the
excursion is windowlike in®P,, as it is for Kr[22], but
dispersionlike in3P; and 3P,. For g(md ?P,2D) the be-
havior is similar in all channels, wit; for 3P, being higher
than for 3P1,0. The minimum value for this series Bnn
~—0.7, which is greater thag,,~—1 in the case of Kr
[22]. This difference is presumably due to the overlap of two
series in Br, thus providing more/” channels and hence a
less sharply defined minimum.
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TABLE VII. Energies and quantum defegts for the (D,)md(?PD,?S,?F) and ¢D,)ns ?D series.

m,n Energy(eV) 2 m AE (meV) ®
°PD ’s 2F ’D ’PD ’s °F ’D Ref.[11] Ref.[8]
2D 25 D D 32 D

57 12.324 12521 12.356 12429 1.291 0.8533) 1.2292) 3.0762) -5 +6 +5 -—-27 -50 +4
6,8 12.693 12.796 12.709 12.752 1.5 0.8645) 1.2514) 3.0734) +2 +3 +2 -4 +3 +1

79 12891 12.951 12.899 12.927 1.828 0.8648) 1.2607) 3.0638 -2 +2 0 -2 +1 0O
8,10 13.008 13.045 13.013 13.029 1.g1m 0.861) 1.26411) 3.06312) -4 +2 +1 -5 +1 +2
9,11 13.082 13.107 13.086 13.097 1.805 0.872) 1.259417) 3.062) -1 -1 -6 0 +1
10,12 13.132 13.149 13.135 13.143 133 0.873) 1.252)  3.079 -4 +1 -1
11,13 13.193 13.179 13.169 13.175 184 0.894) 1.283)  3.064) -27 +1 O
12,14 13.213 13.202 13.194 13.199 1®3 0.905 1.284)  3.075) -22 41 +1
13,15 13.228 13.220 13.214 13218 1®3 0.897) 1.2716)  3.026) -17 +1 -1
14,16 13.240 13.233 13.229 13231 I®3 0.908) 1.258)  3.078) ~13

15 13.249 13.244 13.241 1@1) 0.8810 1.2310) -10

16 13.257 13.253 1.339 0.8912) -5

17 13.264 1.317) -7

18 13.269 1.2) -5

19 13.274 1.8) —4

20 13.278 1.83)

@Uncertainty is=2 meV.
bReferred to our energg.

butions could be corrected only approximately; for exampleto Br+ 3p1’0 and 'D,. The third group of the series, with its
several broad molecular humps still appear near 14 eV. 18s 2S 6d °D members, was subject to a detailed investiga-
contrast to the {D,) e/ channel, the {P,) e/ channel(not  tion in all channels. The results are shown in Fig. 10. Both
shown displays no molecular contamination, as expectedhe ¢; and3; are based on the sande;/dQ) CIS spectra at
from the PES spectra, and a flat background, which woulg)° and 90°, and the “fits” to the3; ando; are derived from

not be subject to transmission effects at the higher energiape Shore fits of thelo; /dQ spectra. CIS scans of, at the
of these electronésee Figs. 1 and)2Energies and quantum

defects for series members up to the seventh group are sum-

I v 1 v 1 v 1 v I ' I
marized in Table IX. Againu~3.09 for thes series andgu 6d°F 8s2D
~1.30 for thed series following the same trend as found in 120 - | | Br
Secs. IV B and IV C for the corresponding series converging X 6d °P,°D . 6d’s
TABLE VIIl. Resonance widthsI' and shape parameters 3§ 100 - : 1
q(3P,) for (!D,)ns,md series members. 5 oo lONS
g — Electrons
Resonance I (meV) ai®py) & 80 1
c
6d 2PD 35(2) 1.82) %
7d 22(1) 1.51) & e} 4
8d 16(1) 1.4 »
od 10(1) 1.5(1) 3
© 4t .
6d %F 5.41.0 0.4(3) I
7d 5(1) -0.2(1) |g
8d 3.4(2 -0.2(1
42) (1) w0l |
6d 2S 4.55) 6.7(4)
7d 2.96) 8.7(2)
8d 1.98) 10.05) 0 -
8s 2D 1.96) 4.94) R ——
o5 1.1(5) 3.91) 12.65 1270 1275 12.80 12.85 12.90
10s ~0.8 ~2.2 Photon Energy (eV)

FIG. 9. Relative total cross sections for thég)8s,6d group;
aWwidths for the %,7d group and higher are derived froriR;) e/ comparison of the ion-yield data with the electron emission data.
data only. The bandpass is 2 meV, and the step size is 1 meV for both spectra.
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TABLE IX. Energies and quantum defegisfor the (:S)ns,md
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series.
Resonance EnerggV) @ "
4d 2D 13.485° 1.2382)
5d ?D 14.283 1.28M)
6d °D 14.653 1.30(6)
7d °D 14.850 1.29611)
8d 2D 14.965 1.31017)
9d 2D 15.040 1.3®)
10d °D 15.091 1.2%4)
11d D 15.125 1.28%)
6s 2S 13.657° 3.0942)
7s2S 14.381 3.084)
8s?S 14.707 3.077)
9s?S 14.881 3.076L2)
10s %S 14.984 3.088L9)
11s %S 15.052 3.083)
125 ?S 15.096 3.114)
135 %S 15.130 3.106)

@Uncertainty is=2 meV.

bReferencd 11] reports 13.476 eV.
‘Referencd11] reports 13.655 eV.

6d°D 8s°S
40 ) )
32

24

0.6

03

0.0

-0.3

2]
S

s
S

@
k=3

N
S

Partial Cross Sections (arb. units)

B Parameter

0.9

06

03

0.0

°
" 1450 14.60 14.70

FIG. 10. Partial cross sections; and B; parameters for the
Bri(*D,) and Br (®P,;0 components across the'S)8s,6d

14.80

06} 1.l.
5

14.50 14.60 14.70

Photon Energy (eV)

14.80

Br

Total Cross Section (arb. units)

40 L L ] L 1 . 1 L 1
14.55 14.60 14.65 14.70 14.75

Photon Energy (eV)

FIG. 11. The relative total cross section of th&&)Ss,Gd
group. Data are averaged from the sumsrpbbtained directly at
0, and indirectly fromdo; /dQ) at 0° and 90°(see Fig. 1D The
bandpass is 4 meV and the step size 1 meV.

angle 6,, are in satisfactory agreement with the indirectly
obtainedo; seen in Fig. 10. The sum of alf;, equivalent to
oo, 1S displayed in Fig. 11 as a weighted average of the
directly and indirectly obtained; .

The md members are broad, as is usual &belectrons,
but thens members, although narrower than tmel mem-
bers, are relatively wide. Excitations tad are allowed to
decay into all channel$D,,°P,,%P,,%P,, while excitations
to ns should decay only intdD,. This preferred behavior is
indeed observed. However, ti#3P;) scan over the 82S
resonance reveals a signal. This would indicate that the
(D,)8s 2S,,, would interact with a total final state having
the same total angular momentynrs 1/2. The dip ing; for
6d 2D extends over 0.3-0.6 units, and the valuegpfis
lowest in 'D, and decreases frotP, to 3Py This is prob-
ably largely an energy effect becaugehas a tendency to
rise from a low value somewhat above threshold to higher
values with increasing energy of the ejected electron. Return-
ing to oy, it is to be noted that the shape paramater
changes sign between th&D(,)e/ and $P;)e/ channels.
However, the shapes for théP -fine-structure profiles are
nearly the same as seen in Fig. 10 and in Table X where the
results of a detailed analysis of thes,8d group are tabu-
lated. Values foig; are summarized in Table XI along with
the resonance width values for several of the broader mem-

resonance group. Solid points are data, and all solid lines are ca€rs. From the entries in Table XI, the redgced widths are
culated from convoluted Shore fits of the differential cross sectionglerived: the weighted average values &ig(“D)=1.9(3)

at 0° and 90°. Points with error bars are PES data. Scales fare

eV andI'g(?S)=0.8(1) eV. These fairly constant values for

matched to one another. The bandpass is 4 meV and the step sizelig, and the constant values fgr and g demonstrate that

1 meV.

the 1S based series are not perturbed.
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TABLE X. Shape parameteng for the (:S;)8s,6d group. TABLE XI. Resonance widthd" and shape parametegs for

(*Sp)ns,md series members.

Br* 6d 2D 8s?2s
1 3
1D, ~1.3(2) —2.4(3) Member T (meV) q('Dy) q(®Py)
p, 2.4(2) 5d 2D 31(3) —1.3(2) 2.712)
3p, 2.71) 6d 2D 15(2) —1.3(2) 2.42)
3P, 3.1(1) 7d 2D 11(2) —1.2(2) 2.42)
Total 4.82) —-2.2(1) 8d 2D 1) -1.2(2) 2.32)
7s 28 10(3) —3.2(3)
8s2S 7(2) —2.4(3)
V. CONCLUSIONS 9s S 52 —2.2(3)
10s %S 3(1) —2.2(3)

Autoionizing resonances of all series converging to the

Brt 3P4, 'D,, and 'S, ionization thresholds have been
studied at the fine detail that is afforded by electron Spec_closed—shell atom Kr. However, the open_—shell chara_qter of
r, and Cl, introduces greater complexity and facilitates

trometry in tandem with a synchrotron radiation source. This_: o ) : . i
study offers a comprehensive view of the spectroscopic an pin-orbit interactions. Resonance widths and intensities be-
Nave in a regular fashion for thtD,- and Sy-based series

dynamic properties of the resonance series involving the e A .
citation of a 4 electron, 4—ns,md, and the ionization and are |_nd|cat|ve, together with the quantum defect, that
these series are not exposed to a perturber. By contrast, the

into the final(ionic) continuum channels which are energeti- . tensiti fth b f 1@, —based X
cally allowed. The resolution achieved in this work exceeddNtenstties ot the members o 1g0ased Series are very

that used in previous spectroscopic work, as do the signé(ilr[e)gmar' TS'S canbbe attr:jbtjtedtr:o the mfltt)JIer?c;a of the Io.V\f[eSt
strength and the signal-to-noise ratio. As a result, new serie 2)ns,md members and to other possible interseries inter-

members could be identified in all series, and #8g-based actions. Our results for the energies and quantum defects

series could be fully delineated. Quantum defects were founf9ree sa'_usfactorlly with earlier data where available. .HOW'
fo be constant, or nearly constant, for all series with ever, variances are observed for the total cross sections of

3 . . _ . -. 2 _
~1.3 ford electrons angv~ 3.1 fors electrons regardless of the °P, ¢ series, and the spin-orbit inducetDp)md °F se

the ionization limit. This demonstrates that the orbital mo-/'©> aPPe€ars only in our experimental data. The only theoret-

mentum determines the behavior of the Rydberg serie§:aI g:alculation, the eigenchannlmatr_ix approach with a
also in an open-shell configuration, and the *Br multichannel quantum defect extension presented by Ro-

4p*(3P,0,1D,,1S,) states may be regarded as “core” statesbiChe.aux and Greene, i§ in good accord throughout with our
exerting' only a minocore-specifianfluence on the behavior (relfatlve tc_)tal Cross section mez_isurements. Hpv_vever, a com-
of the series. An exception occurs for thes-forbidden parison with theory of our detailed data pertaining to partial

(*D)md ?S resonance series which has a lowewalue of crodssr?ectlons an,ﬂtparam_el,-lt(;rs, a? well af resona}p(_:te Wl'dtTS
about 0.9. In this case, core participation is required for autoggn ; %peiep?jrarzg?n'ersy Wi ‘?’e 0 tawa| an ”exz.'f(f:' cat(_:ut a(;
ionization to take place, y ic parameters at an equally differentiate
Partial cross sectiong; and electron angular distribution Ieve!. . :
parameters3; have been presented for selected groups o .Flnally, we note .that this work on thep4—>ns,mq exci-
each major series. From these data additional dynamic proégtlo_nds and "?1?] ear_her ﬁtudﬂﬂ ?f the 4s—>npfe;]<0|ta}tlons .
erties such as shape parameters and resonance widths h£\58v' eus V\gt dawrtga ycohmp ete account of the e ec;rom;
been extracted. The cross section results, which were Supp@_ructure and dynamics in the autoionization regimes for the

mented by a determination of the total cross section by wa égm'sgefo?tt?]r:crﬁgmir,ag l:]tq ?nomivgarl:efssng%mp;g elonﬁ:\zle
of a total ion-yield measurement, allowed us also to deter- P 9

mine the proper resonance energies by a fitting procedure 3fmn regime432,35 complement these results for bromine.
the resonance profiles. In all instances, except for the

L S-forbidden ¢D)md 2S,%F series, thed resonances were
seen to be broad and tleresonances to be narrow, both  This work was supported by NSF Grant No. PHY-
observations being in accord with expectations. The gener&@507573. The loan of equipment by the Oak Ridge National
behavior ofo; and B; for the 'D,-based series resembles Laboratory is gratefully acknowledged. The SRC is sup-
that observed in Cl, and in fact that of the neighboringported under NSF Grant No. DMR-9531009.
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