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Discrete structure in the 3d photoabsorption spectra of neutral, singly ionized
and doubly ionized bromine
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The 3d photoabsorption spectra of Br, Brand BF* have been recorded photographically in the 60—90 eV
region using the dual-laser-produced plasma technique. In each case irdendg 3ransitions were observed
while 3d—np (n>4) features were also obtained in the spectrum of neutral bromine. The transitions were
classified with the aid of multiconfiguration Hartree-Fock calculations. The excited states are predicted to
decay by direct autoionization involvingsdor 4p electrons and the rates for the different processes and
resulting linewidths were also calculated. From these data theoretical cross sections for the observed features
were also computedS1050-294{@6)01507-1

PACS numbe(s): 32.80.Hd, 32.30.Jc, 52.50.Jm

. INTRODUCTION 45%4p°® 2P, ,— 4s4p°np(?P,2?D) features up tai=10 were
reported and compared with the  analogous
In a recent paper the usefulness of the dual-laser-producets®4p® 1S,—4s4p®np P series in Kr. It was found that the
plasma(DLP) method for the investigation of inner-shell quantum defects were almost identical in both cases and that
photoabsorption of chalcogen and halogen atoms and ions
was discussed and specifically demonstrated in the case of
4d shell photoabsorption of 1,7l and £ [1]. The reactive
and transient nature of such atoms has severely limited ex-
perimental investigation in the past. Previous studies with the
DLP method have been restricted largely to metals and the
A =50ns

targets used were pure single element samples; see, e.g.,
[2—4]. However, if a suitable composite or salt target is se- 16|
lected it is possible to obtain photoabsorption spectra of the
constituent elements. In the present case we report on the
discrete structure obtained near the bromirte tBreshold i
using compressed pellets of KBr and CsBr as targets.
The ground state of neutral bromine igd*84s?4p°® 2P, .
and valence shell excitation by electric-dipole-allowed pro- 2r
cesses gives rise top4->ns,nd Rydberg series converging .
on the®P,, 3P, 3P,, !D,, and!S, states of Bf. Early A d

studies on emission spectra established a number of series:
converging on théP stated5]. Subsequent absorption stud-
ies on microwave or flash pyrolosis dissociated iHentified
further series and enabled the energies of g and 'S,
states to be derived—8]. Photoelectron spectra produced by
irradiation with unpolarized Het 584 A radiation have also os i
been reported9,10] and the latter work also included mea-
surements of relative differential cross sections for the 4 AT = 130 0
ionic state. Theoretical g 1 photoionization cross sections 04l
have also been calculated within the Hartree-Fock approxi-
mation and compared with valence photoexcitation of other
halogeng 11], while a subsequerR-matrix calculation for o2l
the total photoionization below th&, threshold reproduced
the essential features of the autoionising strucfd&. For
4s™! excitation, although the $¥4p® ?P,,—4s4p°® 2S,, 0 Y Y

oy . . . 63 64 65 66 67 68 69 70 71 72
transition was observed in very early spectroscopic studies Photon Energy ( &V )

[5], 4s—np (n=5) transitions have only been reported very

recently [13]. Angle-resolved photoelectron spectro-  FIG. 1. Densitometer traces of absorption spectra from a laser-
scopy was used to investigate the photoexcitation of &roduced plasma containing bromine obtained with radiation from a
microwave dissociated Brbeam by synchrotron radia- samarium plasma as the backlighter recorded at different time de-
tion. Energies and effective quantum numbers forlays. The absorbing path lengths were 12 mm in each case.

ity ( arbitrary units )

Relative Intensi
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TABLE I. Theoretical and observed energigd, values, and autoionization widths of the most intense
3d—np (n=5) transitions of neutral bromine.

Transition Epe+0.80(eV) 10 gf I (meV) E (eV)? E (eV)°
?P3,—5p('D) *Pgp 75.29 7 75.4
—5p(*D) 2Py, 75.31 5 75.3
—5p(°D) *Py, 75.42 21 111.1 75.35 75.39
—5p(3D) 2Dy 75.46 15 104.8 75.46
2p,,—5p(3D) *Dyp 75.63 14 94. 75.60 75.56
P3,—5p(°F) ?Dsgp, 75.66 35 76,51
2P;,—5p(°D) 2Py 75.76 17 95.5
—5p(°F) ‘D 75.86 31 81.6] 75.90 75.83
?P32—5p(°D) *Py 76.14 5 85.4
?P1,—5p(°P) *Dyj 76.14 14 70.6 76.18
2p,,,—5p(3D) *Pgyp, 76.16 6 96.6]
—5p(°F) “Dg)y 76.27 6 76.9 76.30 76.22
—5p(F) *Fsp 76.35 7 77,5]
?P11,~5p(°F) “Dgp 76.59 38 78.6
ZP4,—6p('D) 2Py 76.60 4 74.9] 76.58
5p(3P) *Pgp, 76.61 5 73.0
5p(3P) 2D, 76.67 5 73.0
?P112—5p(%F) *Fap 76.70 24 75.9 76.70 76.70
2P4,—6p(°D) 2Pay 76.72 9 111.0
—5p(°P) Sy, 76.73 11 75.3
2p, ., —5p(3P) *Dyp 76.76 11 71.3
2P4,—6p(°F) 2Dg)y 76.93 29 729 76.85 76.85
—5p(*F) *Dsgp, 77.06 7 89,zJ
2P, ,—6p(°F) *Dgp 77.20 21 76.5 77.15 77.16
2P4,—7p(%F) 2Dy 77.40 7 71.4 77.40 74.40
?P1,—5p(*P) %Sy, 77.42 18 43.8] 77.55 7750
2P4,—8p(°F) 2Dy 77.67 10 71.7
2P, —6p(3F) *Fgp 78.01 20 73.6 77.95
—7p(°F) *Fp 78.49 11 71.4 78.40

8Measured approximately from Fig. 2 of R¢L7].
bPresent work.

the series formed window resonances. In addition, a numbe§4.54, 65.58, and 65.3 for these features and autoionization
of doubly excited 4°4p®—4s?4p®nin’l’ resonances were widths of 100 and 90 meV for thed3! 2Dy, and ?Dy,
also detected and absolute partial photoionization cross sestates, respectivelyl6]. Furthermore, a detailed theoretical
tions and asymmetry parameters fqr ghotoionization both  study of the relaxation dynamics of these states concluded
in the resonance regions and at selected energies between that direct autoionization into#%s?4p*, 3d%s4p®, and
4p~t and 4! thresholds were evaluated. The results at3d*%p® were the dominant decay mechanisms.
nonresonant energies were in good agreement with the ear- In the decay to the @'%s?4p* configuration preferential
lier Hartree-Fock(HF) calculations[11]. Subsequently the population of the'D and 'S states rather thafP was pre-
eigenchanneR-matrix method was used to determine partialdicted by theory and confirmed experimentally. For decay to
and differential cross sections below the4#® threshold 3d'%s4p® strong mixing between Hp®(iP),
[14] and again reproduced the essential details of the'4 4s?4p3(*P)4d'P, and 4%4p°(°D)4d*P had to be invoked
resonances and measured partial cross sections, any diffeo- account for the structure observed in the PES spectrum
ences being attributable to the fact the calculation did nowhere ten well-resolved peaks were obtained. Subsequently,
specifically include double valence excitation. features due to @—np (n>4) excitation recorded using the
The earliest reported study ofi3photoabsorption identi- same technique asd3-4p were reported17]. The spec-
fied three resonances measured at 64.38, 65.43, and 64.97 8¥m was found to contain two well-resolved peaks below
as '%s?4p®—3d%4s?4p? 2P, ,—2De),  2Pspy—2Dgp  the 371 2D, threshold and at least five other features that
and ?P,,,—2Dy, transitions[15]. Photoelectron spectros- together spanned the energy range from 75 to 79 eV. No
copy (PES on a laser photodissociated Br gas jet backlit byattempt was made to classify these spectra, but from a com-
monochromatized synchrotron radiation gave positions oparison with similar 4—np (n=5) features in iodine it was
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FIG. 2. Predicted cross sections fat-3 np (n>4) photoabsorption in neutral bromine from bdg ground(2P3,2) and(b) excited state
(P,,) terms.(c) Comparison between theory and experiment. Note that the relative contributions were assumed tc?Bg,7@% 30%
2

P

concluded that the excited states decayed preferentially by pressed at high pressure to form a pegltetyield a plasma
resonant Auger process. In the present paper we again rep@aelumn containing ionized bromine. Focusing was achieved
an observation of the®—np (n>4) spectra recorded with with a crossed cylindrical lens assembly, which gives a
improved resolution and an attempt is made to classify th@lasma whose width is 20@m and whose length can be
strongest features, using the Cowan suite of atomic structuréaried between 2 and 12 mm. The backlighting continuum
codes[18]. We also report the observation of thd Bhoto-  was produced by tightly focusing an 860-mJ, 10-ns Nd:YAG
absorption spectra of Brand BF*. To the authors’ knowl-  pulse(where YAG denotes yttrium aluminum garhento a
edge, subvalence photoabsorption spectra of these ions hae or Yb target. Variation of the interlaser pulse deayor
not been reported previously because of the difficulties ofaser pulse power densify on the target makes it possible
preparing an ionized beam of sufficient density. In additionto obtain spectra in which different ion stages are optimized
to energy levels, oscillator strengths and linewidths are alsor at least occur in very different ratios. The spectra were
calculated and from these absolute photoionization cross setecorded on a 2-m grazing incidence spectrograph with a
tions are deduced. These data are important for future inved-200-g/mm grating and an entrance slit width of 2.
tigations using synchrotron radiation crossed with ion beam$&/nder these conditions the instrumental resolving power is
and indeed can only be verified using such techniques as tH8005 eV in the energy region of interest. It was found that
methods used here at best give only relative cross-sectidior A7<50 ns the spectrum consisted of a mixture of Br
information. and BF', for A7~130 ns it was predominantly Br while
for A7>500 ns neutral Br predominated. The spectra were
calibrated by superimposing emission lines from an alu-
minium plasma 19]. Measurements were performed with a
The experimental system has already been described elsghotoelectric comparator and digital densitometer. The mea-
where[1-3]. A 1-J, 30-nsQ-switched ruby laser pulse was surement accuracy is estimated26.03 eV and is limited
focused onto a KBr or CsBr targéivhich had been com- by the inherent width of the features.

Il. EXPERIMENT
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FIG. 4. Excitation and decay pathways used to determine
3d—4p excitation energies and decay widths in the spectrum of
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FIG. 3. Excitation and decay pathways used to determine the
energies and widths of thed3-np (n>4) features in the spectrum tions are allowed for, the predicted linewidths are 95 meV in
of neutral bromine. each case. Reduction 6%, G¥, or R integrals leads to a
further reduction in linewidth. Since the agreement with ex-
periment is reasonably good a similar scaling of parameters
was used in all subsequent calculations for each ion stage. If

. RESULTS the line profile is assumed to be Lorentzian, which indeed
) appears to be the case here, then the cross seetgam be
A. Neutral bromine written (in Mb) aso=109.7 /27[( E,— E)%+'2/4], where

A spectrum obtained at a time deldy- of 130 ns and an E, andI', are the energy and linewidth of the transition
absorption path length of 12 mm corresponding to an avereV) andf, is the oscillator strength. Hence it was possible to
age flux on target of 18 W m™2 is presented in Fig. 1. It calculate the cross section for the observed features. The
contains lines of Br and Bt The features with peak inten- values obtained were 45.5 and 5.4 Mb fét;,— D5, and
sities at 64.38, 64.97, and 65.43 eV correspond to théDg,, respectively, and 54.3 Mb fGiP1,,— 2Dy,
3d%s?4p®—3d%4s?4p® 2Py ,—2Dsj, °Pypy—2Dgp and As already pointed out, a photoabsorption spectrum con-
2p,,,—2Dg), of neutral bromine. These measurements agreéaining a number of discrete features arising frooh-3np
with the earlier values of Mazzoni and Pettii5] rather (n=5) transitions has been reported by Nahon and Morin
than the later data df16]. Ab initio calculations with the [17]. We have also observed these features and calculated
CowanRcN, RCN2, and RCG suite of codgdl 8] predict that their energies, oscillator strengths, and linewidths using
the 2P4,—2Dg, t0 2P3;,— 2Dy, intensity ratio should be 3d°4s?[4p°+4p>(5p+6p+7p+8p)] as an excited-state
8.46 and this agrees with observatidd$]. In the spectrum basis. Transitions taf states were not included as the pres-
of Fig. 1 the observed ratio is approximately 2, which indi- ence of a large centrifugal barrier in the 3 potential expels
cates either plate saturation or a nonlinear photographic réhese states from the core region and they have negligible
sponse or both. The intensity of tR€,,,— 2D, transition  oscillator strength as a consequefi2@]. Although these cal-
indicates that a sizable population exists in ﬁﬁq,z meta-  culations predict almost 400 lines, as with iod[ié, consid-
stable state. The measured widths of ibe, and?D,, lev-  eration of only the strongest transitions, i.e., those wijth
els are 100 and 90 meV, respectivglyo]. Autoionization  >0.001, successfully reproduces the spectrum. The results of
calculations in which thé*(nl;nl) integrals were reduced these calculations are summarized in Table | and shown
by 10% while all other Slater Condon parameters were lefgraphically in Figs. 28) and Zb), where all transitions are
unchanged were also performed with the Cowan code. lincluded regardless @ff value. They are compared with the
decay to 31'%s?4p*, 3d'%s4p®, and 31'%p® configura- experimental spectrum in Fig(@, where théP,, and?P,,,
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TABLE II. Theoretical and observed energiesf, values, and 200 . : . . :
autoionization widths of the &%d?4p*—3d°4s?4p°® transition
array in Br". 100} S
Transition Ec(eV) 10°gf I (meV) Egs(ev) 12 NN . . s
63 64 65 66 67 68 69
15,—%D,; 63.46 17 86.7 100 . , , . .
-3,  64.03 13 75.1
'D,—~'D, 6452 66 74.6 64.48 o sof Dy 4
—%D; 6464 3 110.0
ls,—1P;  65.18 116 427 65.21 10 0 T pe p” ®
'D,—%D, 65.40 12 1015 ~ 1% . . . '
3D, 6541 1 86.7 2
—3F, 6553 49 750 6552  f0 g k _—
’p,—1D, 65.63 17 74.6 65.59 o v oor 1
p,-3p,  65.89 20 70.6 & o : ] ] A
3 63 64 65 66 67 68 69
—P,  65.99 0 75.1
%p,-1D,  66.02 58 746  66.0 60 0 ' ' ' ' '
—°D;  66.13 47 110.0 66.21 100 Wb »
D,—%, 66.32 14 71.2 J\A_/\ !
-, 66.41 569 110. 66.45 80 0 ! ! !
3P0—>3D1 6643 129 8677 63 64 65 66 67 68 69
3p, .3D,  66.50 269 101 66.52 70 o ‘ ' ' ' '
—3D, 66.52 31 86_751 ok »,
’p,—3D,  66.89 19 101.5 JL
—3D, 6691 1 86.7 0 ] L - N
P1—°P,  67.00 1 706 T ey
3py—3P;  67.01 0 75.1
3py—°3P, 67.01 0 75.0 FIG. 5. Theoretical cross sections fod-3-4p photoabsorption
3p,.3p,  67.10 82 75.1 67.07 30 for each term of the 8'%s24p* configuration of Bf.
ID,—P, 67.14 7 42.7
%p,—3P,  67.39 137 70.6 67.30 60
’p,—3%F, 67.43 0 71.2 ) ) ) o
3p,3p,  67.49 46 75 1) 67.44 40 authors ha_ld an appreciable po_pulatlon of excited bromine in
3p._.3p 6751 138 691 thel_r at_omlc beam. The_ remaining strong feature du?EP@Z
1 0
%, 9F,  67.82 9 712 67.86 1 excitation at 75.90 eV is evident in both spectra.

1 6791 0 110.3 Also listed in Table | are autoionizing linewidths for each
3p :1p3 68'16 0 42'7 68.19 15 of the exqted terms. In perfor_mmg these call%ulaztlorls the
3P0 1P1 68'25 o 42'7 : con(1;|guzrat|39n average energie$E,) of 3d"4s°4p®,
A : : 3d%s24p34d, 3d%s4p®, 3d%s?4p35p,

P—"P, 6834 6 42.7 68.66 5 3d%s?4p?4ds5p, 3d*%s4p?sp, 3d%p®, and 31*%pS5p

were first obtained. The kinetic energy of the electron ejected
in the decay of eachd®4s?4p*np term was evaluated with
respect to each of these and used to specify the energies of
the continuunel electrons. In similar calculations for iodine

it was noted that if final-state term energies were chosen
populations are weighted as 70% and 30%, respectivelynstead ofE,, and the partial linewidths for decay to each of
Agreement between the theoretical and experimental spectthese were evaluated and summed, the final value differed
is optimized if the former is shifted by 0.8 eV towards higher from that obtained using,, directly by at most only a few
energy. Because of this close agreement and the good corrgercenf1]. A diagram showing the calculated term energies
lation between observed and calculated intensities it wasef all possible final states is presented in Fig. 3. Note that all
possible to assign all of the observed features. These classinergies are relative to tH®,,, energy. We expect the cal-
fications are listed in Table | together with experimental en-<culated linewidths to be quite reliable considering the accu-
ergies. The energies of the features observed by Nahon amdcy of the 31— 4p predictions and the fact that earlier cal-
Morin, determined approximately from Fig. 2 of their paper, culations by McGuire indicated linewidths of 90 meV for
are also included for comparison. Most of the features cor3d™*np hole state§21]. From the calculations it is apparent
respond to blends of a number of the stronger transitions. Athat decay to 8'%s°4p35p, 3d*%s4p?*5p, and 3'%p°5p
interesting fact is that the features noted by Nahon andre the dominant channels for the 3'5p state. For higher
Morin at 77.95 and 78.40 eV are absent from our data. Achp states the probability of shake-off processes where both a
cording to the calculations these features originate /B,  valence and the Rydberg electron are ejected simultaneously
photoexcitation from which it must be concluded that thesds expected to be enhanced and cause an increase in line-

a/isual estimates.
bBlended with lines of neutral bromine.
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) FIG. 7. Comparison between the observed and the calculated
tron temperatures in the range 0.5-3.0 eV.

Br™ spectrum for an electron temperature of 1.5 eV.

width. In the case of the adjacent element &r=36), for
example, it was found thatd3 *np states decayed preferen-
tially into Kr?*+2e~ [12]. From an investigation of reso-
nance Auger spectra it was concluded that tHé5p decays
primarily by two-step autoionization. In the first step the de-
cay proceeds tost?® or 4p ! states with the p remaining

as a spectator or being shaken up tonap state[22]. The
excitation then subsequently decays to the % configura-
tion of Kr?* [23]. For higher Rydberg states the linewidth
due to resonant Auger processes should dgcreasen{ﬁm], completely dominates ovempSshake-off in the first autoion-
but experimentally is found to be approximately constant, , oo step

pointing to the increased importance of shake-off processes '
at higher energy25]. Combet-Farnouk26] has investigated

the decay of the homologousi?5s?5p°np states of iodine

in considerable detail. The situation here is more compli- The ground state of Bris 3d'%s24p* 3P, and the posi-
cated because of the large multiplet splitting within thetions of the excitedP,, P,, 'D,, and'S, states have been
4d°5s?5p° parent configuration. She concluded that directestablished previousl{6]. In Fig. 1, a number of features
autoionization in which the Rydberg electron acts as a speatrising from 31*%s?4p*—3d°4s?4p°® transitions in Bf are
tator or is involved in a shake-up process is the most imporevident between 64 and 69 eV. As before, calculations were
tant route for decay to @'’5s°5p%6p, while decay to performed for 21'%s?4p*—3d°4s’[4p®+4p*(5p+6p
4d'%s5p“*6p can be followed by further ionization in which +7p+8p)] and transition energiesyf values, and lin-
the 6p electron can participate. Strong mixing of ewidths evaluated. For the latter partial linewidths for the
5s5p*6p+5s5°5p?5d6p leads to a whole range of double decay pathways, P45°4p®—3d%s?4p3+el,
ionization thresholds €p*+5s?5p?5d in addition to  3d%s4p*+el, and 31'%p°+el were evaluated and

5s25p%, which need to be accounted for in linewidth calcu-
lations and to explain the Auger spectra. These predictions
were subsequently verifiefll7]. Combet-Farnoux further
postulated that shake-off rather than spectator or shake-up
processes must be considered as soamiashigh enough to
involve higher n'd states in the configuration mixing
5s5p*np+5s25p?n’dnp. In the present case we anticipate
that an identical situation will prevail, especially as we have
seen that theory indicates that direct decay $64or 4p *

B. Singly ionized bromine
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tron temperatures in the range 0.5—-4.0 eV.

summed. The term energy diagram for all processes consid-
ered is given in Fig. 4. From these data theoretical cross

. . . 2 4
sections for excitation from each of thel $4s°4p terms  from excited terms of the ground configuration clearly con-
were computed. From comparison between experimental andp te 1o the spectrum. It is of interest to compare the cal-

theoretical data it was possible to assign all of the observeg, |ated and observed spectra in order to make a quantitative

peaks. estimate of the importance of excited state absorption. In Fig.

T_he detailed classif_ications are presented in Table II. AS the photoabsorption cross section for each term of the
particular feature here is the agreement between the observ§%104sz4p4 configuration is presented. Here the theoretical

energy E,,s and the calculated enerdy ;.- It should be . . :
noted that . is not the energy calculated directly from the energies correspond 8. The corresponding absorption

HF codes, but was obtained as follows: first thif&s24p® for differen_t thermal populations at plasma elgctr(_)n tempera-
energies were calculated relative g, of the 3d'%s24p* tures ranging from 0.5 to 3.0 e\_/ are shown_ in F|g. 6. From
configuration; then using known values for the term energied’® comparison of these data with observation it is seen that
of the 30'%s24p* the true value of,, was estimated and the relative contributions expected for a plasma electron tem-
the 30%4s24p° terms shifted to compensate for the differ- Perature in the range 1.5-2.0 eV fit the experimental data
ence between actual and theoretical values. The differencite well, especially when the nonlinearity of plate response
between individual term energies using HF values for theat low light levels is allowed fokFig. 7). Finally, term en-
upper configuration and observed values for the lower on€rgies and eigenvectors ibS coupling are presented in
were then taken to yield the energy of each possible transitable lll. It should be noted that the average purity in i

tion and a constant energy shift of 0.626 eV determined byscheme was 80% for thed34s?4p® configuration compared
least-squares fitting of the observed to the calculated peaklts 72% for thejj scheme, so the former was chosen to label
was added to each value. As before, there is an excelletibe terms.

correlation between oscillator strength and observed intensi- At higher energies, between 82.4 and 85 eV, some weaker
ties, especially when the nonlinearity of the spectral recordstructure due to 8— 5p excitation was also observed. It was
ing is remembered. Also it should be noted that absorptiomot possible to make any detailed assignments as hundreds of
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FIG. 10. Excitation and decay pathways fad-34p photoex-
citation in BP". As before, the @8%s24p? state energies are ex-
perimental values, thed$4s?4p* energies are experimental or fit-
ted values, while energies of the final states reached in the decay

0.4

0.2

0
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process arab initio theoretical values.

TABLE lll. Term energies and eigenvector composition of the

3d'%4s?4p* and 3%4s24p°® configurations of BF.

Configuration J Term Egys(eV)

%LS

3d%s?4p* 0 s 3.458 98%1'S
p 0.476 98%°P
1 °p 0.38¢% 100%°3P
2 °p 0 98%°p
B 1.498¢ 98%D
3d%s%4p® 0 P 67.83  100%°P
1 P 6867 68%P—-25%°3P+7%°D
5P 67.44  64%°P+27%°D+10% P
5D 66.91  67%°D—20%'P—12%°3pP
2 %P 67.30 80%P+10%°3F—7% D
1D 6599  76%'D+14%°D +6% °P
D 66.93  81%°D—-10%°3P—-8% D As
S 67.86  84%°F+10% D 5% 3P
3 D 6621 96%°D
IF 67.95 88%F—-9%°F
SF 67.02  90%°F+9% F

%Energies from Refl6].

63 64 65 66 67 68 69 70 71 72
Photon Energy ( eV )

FIG. 11. Comparison between the observed and the calculated
Br?* spectrum for an electron temperature of 2.0 eV. The calculated
Br™ spectrum for the same electron temperature is also included.
The differences in peak heights between predicted and observed
spectra can be attributed to the fact that for large absorption the
photographic response is almost logarithmic and can also suffer
from reciprocity failure.

lines blend to form a near-continuume-like structure through-
out this energy range.

C. Doubly ionized bromine

In Fig. 1 the spectrum obtained for an interlaser delay of
50 ns and an absorbing path length of 12 mm is also pre-
sented. In addition to the features identified ag Bnes it
contains discrete structure at higher energies that arises from
3d'%s24p®—3d%4s?4p* excitation in BF'. The ground
term of this ion is*S,),, while the ?Dg),, Dy, Py, and
%p,, levels are known from vacuum spark emission spectra
to lie 1.89, 2.02, 3.37, and 3.553 eV higher in enefgy].
before, by consideration of d3%s’4p®
—3d%4s?[4p*+4p°(5p+6p+ 7p+8p)] excitation, transi-
tion energies, oscillator strengths, and autoionizing lin-
ewidths were calculated and used to generate an absorption
cross section for each state of the lowest configurafiag.

8), while the changes in overall profile due to excited-state
absorption are presented in Fig. 9 for plasma electron tem-
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TABLE IV. Theoretical and observed energigd, values, and autoionization widths of the most intense
(gf>0.01) lines of the 31'%4s?4p3—3d°4s?4p* array in BF".

Transition Ecac (€V) 13 gf T (meVv) Eops (€V) | *

2Py~ (3P) 2Pyp 65.09 19 495
2P3—(3P) 2P, 65.13 36 67.9

—(®P) “P3; 66.09 20 73.9

—(®P) *Dg)y 66.09 10 57.6
2P1,—(CP) *Fgp 66.35 10 65.7
P4~ (3P) %Fs 66.52 10 67.2
2Dy~ (3P) 2Py 66.57 12 495
2P3—(3P) ‘D3 66.68 15 55.1
2D (PP) *Fp 66.78 26 72.0
%P3~ ('D) 2Dspp 66.83 38 88.6
2Pg—(3P) 2Dy 67.36 64 65.9
D3~ (®P) “Fsp 67.41 33 74.6
ZDSIZ‘)(SP) 4F)3/2 67.62 11 73.9

—(*P) “Dsy; 67.62 22 57.6 67.60 10
2D~ (3P) *Pap 67.75 11 73.9

—(°P) “Dgp 67.75 30 57.6
2Pg—(3P) 2Dgp 67.75 10 50.1
D3~ (3P) *Fap 67.83 21 65.7
2Dg)— (3P) Dy, 67.85 15 61.0
2P, ,—(3P) 2Dy, 67.93 292 50.1 67.86 20
2D~ (3P) s 68.05 43 67.2
Py~ ('D) *Fspp 68.06 338 715 68.00 20
2DSIZ‘)(E;F)) 2F3/2 68.18 52 67.2

—(®P) *Dgyp 68.34 12 55.1
’Ds;—('D) *Dspp 68.36 81 88,6
285, (3P) 2Py, 68.46 17 49.5
2Dgp— (*P) 2Dy 68.49 315 88.6 68.36 60
2Py~ ('D) 2Py 68.53 84 28.4
2Pg—('D) P3 68.57 159 39.0
?Dgjz—('D) *Fopp 68.68 918 121.8

68.67 100

Sgi2— (°P) 2P, 68.68 155 67.9
Sy~ (°P) *Psy 68.86 469 101.0 68.90 80
D3~ ('D) *Dapp 68.89 175 63.3
2D/ (°P) ?Dg)y 68.89 188 65.9
2Dg— (3P) 2Dy, 69.02 116 65.9
2Pg—('D) Sy 69.35 88 28.7
S5~ (°P) *Pyp 69.54 142 92.1
2Dg)— (°P) %Dg)y 69.59 16 715 69.63 80
4S5 (3P) *Pa, 69.64 148 73.9
’Dg—(°P) *Dgp2 69.72 116 71.5
2P5—(1S) 2Dy, 69.99 172 70.5] 69.87 10
Dy~ ('D) *Pypp 70.01 18 28.4
D~ ('D) *Pap 70.10 71 39.0
*S3— (°P) Dy 70.23 10 55.1] 70.18 10
2Py~ (*S) 2Dy 71.08 55 61.7
2D (*S) *Dspp 71.52 34 70.5

2Dy (*S) 2Dy 72.56 14 61.7
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TABLE V. Term energies and eigenvector compositions of tHé’8s?4p® and 31°4s24p* configurations of BY'.

Configuration J Term Eops (V) %LS
3d%s?4p® 1/2 ’p 3.37¢ 100%2pP?
32 s 0 98%4s?
2p 3.553 91%2P+7% 2D?
D 1.89¢ 929%°D +8% 2P?
5/2 D 2.02F 100%2D?
3d%s24p* 1/2 épP) 2P 84% (3P) °P+9 % (°P) *P
¢P) “P 69.63 90% tP) *P—7 % (°P) 2P
(®P) “D 70.18 93% P) *D+6 % (CP) 2P
(*D) 2p 63% (*D) 2P—34 % (*D) 2S
(*D) %s 65% (‘D) 2S+34 % (D) 2P
3/2 épP) 2P 68.67 53% tP) 2P+43 % GP) 4P
¢P) “P 69.63 50% BP) “P—29 % (CP) 2P+9 % (°P) “F+7% (°P) “D
(°P) *F 66% (P) *F—12 % CP) “D-12 % CP) 2D
(P) “D 66% CP) *D+14 % GP) “F+8 % (P) °D
+8% (3P) 2P
(*D) %D 70.79 49% tD) 2D-18 % (P) 2D—14 % (*D) 2P
—8% (CP) “F+6% (°P) “D
(®P) °D 71.23 59% tP) 2D+22 % (*D) 2D—-7 % (P) *D
—6% (‘D) 2P
(‘D) 2P 77% (D) 2P+17 % (*D) D
(*s) °D 90% (S) 2D+8 % (*D) 2D
5/2 GpP) “F 65% CP) *F+28% (P) °F
(®P) %F 69.62 65% tP) “D +12% (P) 2F+10% (P) 2D
—-9% (°P) *F
0 - 0 - 0
3p) 2F 44% (P) 2F—24% (P) “D-18% (P) *F
+7% (*D) 2F—6% (*D) 2D
(‘D) °D 70.25 61% tD) 2D-18% (D) 2F+7% (3P) 2F—7% (}S) °D
(*D) °F 71.55 36% tD) 2F+37% (P) 2D +16% (‘D) D
—6% (3P) °F
(*s) 2D 87% (S) 2D+9% (*D) 2D
712 CP) “P 49% (P) “F+25% (P) 2F+12% (D) %F
+14% (P) “D
(®P) “D 48% (P) “D—41% (P) *F+5% (*D) °F
(¢P) °F —29% (CP) 2F+38% (P) “D
—22% (1D) 2F+9% (°P) *F+9% (°P) *F
(*D) %F 70.69 58% {D) 2F—41% (P) °F
(1D) %G 96% (‘D) %G

% nergies and eigenvectors from RE27].

peratures ranging from 0.5 to 4.0 eV. The results of thes¢ions of the different levels of the ground configuration were

calculations are summarized in Table IV. The excited-statsummed in the ratio corresponding to a 2.0-eV plasma,

lifetimes were calculated by allowing for the decay channelgvhich is seen to reproduce the experimental data quite well.
The classifications made on the basis of this comparison are

3d%s24p*—3d%s?4p?el  (1=0,2,4) also included in Table IV. In Table V the term energies
—3d%s4p3el  (1=1,3) derived from the assignments of Table IV are listed along
—3d%p%l (1=0,2,4), with eigenvector compositions in theS-coupling scheme.

The average purities in the upper configuration were found to
and their detailed term structure is shown in Fig. 10. Interbe 68% and 67% .S andjj schemes, respectively. Note
estingly, the contribution of @4s?4p*—3d'%s4p?4del  also that there is considerable term mixing, which leads to
to the autoionizing linewidth is predicted to be negligible assome ambiguity in term labels. The term labelé®) %Fs,
observed in the homologousd#5s®5p*—4d'%s5p?5dsl  has in fact a larger 3P) 2Dy, component. However, the
of 1?* [1]. In Fig. 11(@) direct comparison is made between term with the largest3P) 2D/, component has been given
theoretical and experimental results. The individual contributhis designation. Similarly, the’P) ?F,,, term has a lower
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associated with 8— 5p transitions, while the higher-energy

. | ; ; . . group arises from @— 6p excitation. Furthermore, although

6F . many hundreds of lines contribute to the spectrum in the
% 4 90-92 eV region, the calculations show that only five fea-

tures withgf>0.01 arising from ground stafiS,, excitation

are predicted. These aréS) *Pc),, *Psp P/ *Psj and

7 Dy, states at 89.60, 90.16, 90.40, 90.57, and 90.67 eV. The

observed feature at 91.39 is the most intense and most likely

corresponds to a blend of the features predicted for 90.40 and

L i 90.57 eV. Thus the strongest lines can be readily accounted

for if we add 0.7-1 eV to the calculated values.

ok 4 Finally, 3d partial cross sections for Br, Br and BF*

were computed to see if thed3-¢f is altered with increas-

5 200 ing ionization. The results are shown in Fig. 12. To construct

this figure continuumep andef wave functions were first

obtained, the/3d|r|el) matrix elements evaluated, and the

formula of Manson and Coop¢20] applied to calculate the

3d—ep,ef cross sections. Thed3-ep cross section de-

cays hydrogenically, while thed3— & f cross section exhibits

a minimum at threshold. However, thel 3onization poten-

tial is increasing so the®@—¢f peak actually moves closer

to threshold with increasing ionization. Because of the non-

linearity of our spectral detection and lack of absolute inten-

sity calibration it was not possible to extract continuum ab-

sorption profiles from densitometer traces of the spectra.

451
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IV. CONCLUSION

Discrete structure due tod3-4p photoexcitation for Br,
Br*, and Bf' has been recorded and the origin of all of the
strongest features has been identified. In addition, the stron-
gest 3—5p,6p, etc., transitions have also been observed.
Cross sections for ground- and excited-state photoabsorption
have been calculated and the dominant decay pathways of
the resonances identified and predicted to be by direct auto-

" L L L L lonization.
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