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Autoionization and interchannel mixing in atomic fluorine: The 2p*(*S)ns,md Rydberg series
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Experimental data on the spectroscopic and dynamic properties ofpthéSIns,md series between the
1D and 'S thresholds of atomic fluorine are presented. These series are observed through their decay into the
allowed 20*(3P) el and 204(*D) el ionization channels. Thé§)ns 2S resonances are broad windows, and the
(*SYmd’D resonances are narrow peaks in the principat(2D)el channel. The 82p® 2S resonance is
located at 20.99) eV and is seen to interact strongly with the nearlp}(2S)4s 2S resonance. The resulting
structure can serve as a sensitive marker for this interchannel mixing. Except for the interacting resonances, the
data are found to be in satisfactory accord with eigenchaRsehtrix results for the total cross section.

PACS numbsgs): 32.80.Fb, 32.80.Dz

Recently, we employed synchrotron-radiation-based elecslose proximity to then=n—1 members of thend 2D se-
tron spectrometry for a detailed investigation of the autoion+ies. The energies and quantum defects for the series mem-
ization resonances in atomic fluorine between thé F bers up to 10 are listed in Table I. These values are derived
2p* P and 'D ionization thresholdfl]. We have now used from the spectrum of Fig. 1 and two additional spectra re-
the same technique to determine the spectroscopic pararfiorded with a finer mesh at a bandpass of 21 and 7 pm for
eters of the p*(1S)ns,md Rydberg series, and, more impor- the higher members of the series. Since the line profiles have
tantly, to delineate the dynamic characteristics of these au Very high value for the shape parametgms for themd
toionizing series as they manifest themselves inphgial ~ S€Mes, or a value close to zero, as for #eseries, the
cross sections. At the same time, we have located thd'@xima orminima of the respective profiles are taken as the
252p® 2S resonance, which is of special interest because ofesonance energies. The quoted uncertainties in the energies

its interaction with the members of thé)ns 2S series. To include the calibration error of:4 meV, which was some-
. : what larger than it was in the previous wdrk]. The values
our knowledge, up to now, none of these various series has

been observed experimentally, and the only available infor9f the quantum defecs given in Table | are based on the

) ¢ . hanfematrix calculation of reduced Rydberg constant Ry13.6054 eV and théS, se-
mation comes from an eigenchan atrix caleulation of - ieg jimjt of 22.9919 eV[5-7]. We notice a decrease in the
the total cross sectiof2].

quantum defect with increasing quantum number. A slight

The experiment was carried out at the Synchrotron Radiadependence is expected to ocf8J; however, series interac-
tion Center in Wisconsin using our electron spectrometetions such as g* (‘D,)md 2D 2p* (}S;)md 2D might

system equipped with a microwave-driven discharge tube fog|sg contribute. On the other hand, a reduction of the line

the production of F atoms. The apparatus and proceduresergies by about 3 meV, which would be compatible with
were the same as have been described in our previous work

on fluorine[1]. The 4-m normal incidence monochromator &
used was set to a bandpass of 21 pm for the bulk of thez

measurements, and théSjns,md series between théD 2 3.0 [ 04 5 6 7810 « J
and the S thresholds at 20.011 and 22.9919 eV were re-g [ Fop*('s) ns"S 3 ' 4 '5 '6'7;;0;
corded by observing the emitted electrons at the—25[ md2D T T T
pseudomagic angle in the constant ionic st&ikS) mode of ,§ 20 i i
electron spectrometry. This procedure is equivalent to theg | a5pp82g

measurement of the relative partial cross sections for the fisg 15| -

nal ionic states, F 2p*(®P) and F* 2p*(‘D), which are &

populated in the decay of the autoionizing resonances. o 1oF 7]
We calibrated the energy scale of the monochromator bys i F*('D,) 1

using the energies of the Xe resonance lines Nos. 1, 4, and § 0.5 | 2

as given by Codling and Madddi8] and the Ar 3—np, % —_

n=4-6, lines measured by Maddenal. [4]. The energies 200 205 210 215 220 225 230

of these lines lie between 20.7 and 21.4 eV and between 26.6 Photon Energy (eV)

and 28.5 eV, respectively, and are accurate to better than

8x10 °. For conversion we used the factor 1239.842 g 1. Autoionizing resonances of atomic fluorine measured in

nm eV. a CIS scan on the F (!D) ionic state in the range between the

The F 20*(*S)ns 2S,md °D series are shown in Fig. 1 as 1p and S thresholds. The spectrum is recorded with a bandpass of
they manifest themselves in th@Z'D) continuum chan- 21 pm at the pseudomagic angle and is fully corrected. Small peaks
nel. Themd ?D series appears as very sharp narrow linesyisible 50 meV below the 8 and 4 members are due to the
while the ns ?S series appears as rather broad windows in?P,,, excited state of fluorine.
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TABLE |. Energies and quantum defecfsfor the members of
the two autoionizing series converging to ths limit of atomic
fluorine at 22.9919 eV.

o Experiment

— Theory

Members EnergyeV) S 30 | F 3d =
n,m ns?s md?D ns?2s md?2D |
3, 18.2185) 1.3135) —_
43 21.218) 214675 12344)  0.0134) 3 -
54 22.03%5) 22.1395 1.2299) 0.00711 Z
6,5 22.3975) 22.4495) 1.222) —0.01(2) 2
7,6 22.5875) 22.6175) 1.203)  —0.024) 3
8,7 22.7006) 22.7185) 1.175) —0.056) % ]
9,8 22.7766) 22.7846)  1.068) —0.099) g
10,9 22.8207) 22.8297) 1.118) -0.2(1) O

g 4
the calibration uncertainty and earlier res|lt$, would lead

to a lesser dependence &f on n*.

The energy of the peak observed earlier at 18214V
[1,9], and generally believed to correspond to the
(*S)3s 2S excitation, was determined to be 18.28)8eV. Its
quantum defect of 1.31 is somewhat greater than the values ) )
found for the subsequent members of th@ series. This ® 20.5 21.0 215 22,0 225
value is within the range the quantum defect may assume for Photon Energy (eV)
the first member of a series, but it cannot be regarded as an
entirely unambiguous confirmation of the assignment. The FiG. 3. Comparison of the theoreticéRef. [14]) and experi-
quantum defects for thé §)ns and (‘S)md series members mental total cross sections. The experiment is normalized to the
are close to the values of 1.26 and 0.008 for the correspondheoretical cross section at 21.8 eV.
ing (*:D)ns and ¢D)md series membergl], and compa-

rable with the Hartree-Slater values of 1.20 and 0.003 calcu-
lated fors andd electrong10].

At 20.991) eV a strong and broad peak, about 0.15 eV
ogp Total 1 wide, is observed in théD el channel. We assign it to the F
30| - 2s2p® 2S excited state arising from thes2s2p transition.

To our knowledge, this excitation has not been observed be-

fore, and various predictions of its energy, width, and shape

have varied widely. The position of the peak as observed by

us differs from that of 21.055 eV evaluated by KeJlid],

Y — 21.13 eV predicted by Cowaet al. [12], 22.14 eV calcu-

' 3p | lated by Aspromallis and Nicolaidg¢4 3], and 21.08 eV cal-

culated by Robicheaukl4]. We note that the latter value,

obtained in an eigenchannBtmatrix model, is higher than

the energy of 20.58 eV calculated earljél. In either case,

the accuracy is believeld 4] to be only about+0.3 eV for

this particular state. The differences in the predicted energies

T T T S are not surprising, because the position is strongly influenced
s 1p : by the interaction with thens 2S series members, particu-

ol 2 | larly the 4s member. As a consequence, the2p® °S reso-

' nance is not an isolated resonance with well defined proper-
ties as expressed, for example, by the Fano parameters. We
10k | may, however, speak ofpparent energies, widths, and
shapes for ease of discussion. It is surprising that the inter-
action does not introduce a noticeable effect on the quantum
defect of the?S series, especially the lower members 4
andn=>5 (cf. Table ).

Photon Energy (eV) The dynamic information contained in the partial cross
sectionso,,(LS), is shown in Fig. 2 by way of CIS spectra

FIG. 2. Partial and total cross sections in the region between théor the two accessible ionic states"{'D) and F* (°P).

D and 'S thresholds of atomic fluorine. Ordinate scales are nor-The spectra are fully corrected for background and photon
malized to one another at 21.8 eV. flux, and they are normalized to each othehat=21.8 eV
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with the aid of a photoelectron spectroscopy spectrum, which Figure 3 gives an overall comparison between our data

yielded o5,(3P)/a5(*D) = 1.0(1). and the length-gauge theoretical resutig] based on the
The relative total cross section is also shown in Fig. 2 agnodel given by Robicheaux and Gred2¢l16]. The theoreti-

the sum of the partial cross sections. While the averagéal calculations of the cross sections in the length gauge and

02p(LS) are of similar magnitude in both channels, exceptin the velocity gauge differ by 10%. The theoretical results

just above the'D threshold, Whererzp(3p) dominates, the are convoluted with the experimental bandpass of 21 pm,

resonance features are much more pronouncadzy(llD) and the experimental total cross section is matched at
than in o,(3P). For example, thend 2D resonances are hy=21.8 eV to the theoretical value of 13.8 Mb. There is
P . '

stronger in *D by about a factor of 3 than ifP, where good agreement between the data measured and the theoreti-

interference with the direct photoionization channel leads td:alz ﬂ?ig‘ts’ dezécfgt for the reqll_(r)]n nea_ltr_ the flnbte{;]e:;:\g
a dispersive profile of these resonances. Not unexpectedléﬁ P d%TD >4resonances. e %ostlhmns 0 g 0 i €
the ns 2S resonances are not seen3R; they are forbidden >"&P MA*L, m=4, ré€sonances and the window-type

2 .
in LS coupling to autoionize intdP. This applies also to the ns“S, n=5, resonances are in very good agreement. The

3s 2S resonance, whose suspected appearance below tM\gndows are more pronounced in the theoretical total cross

D threshold depends solely on spin-orbit coupling for non-Section th'an in the e.x.pe(lmental one, which m";‘y indicate a
radiative decay1,9,15. By contrast, thens ?S resonances varlalnce in the partitioning ofrz, into the o5p(°P) and
exhibit two major points:(i) They can interact with the a2p("D) components.

s ; ; In summary, the {S)ns,md autoionizing series, as well
nearby strong 82p® 2S resonance; andi) they readily de- 5 o ' ? o
cay into theDel continuum. The first point is of greatest &5 e 32p” °S resonance have been investigated. Both

import, because it leads to the window-type resonances in ﬁpectroscopic anq dynamic properties have been dgtermined
observed in this experiment and first predicted by Ro_and_compared W'gh;heory- The apparent energy, .W'dth’ and
bicheaux and Greeng], and it makes these windows un- p_rqflle of the Z2p” “S resonance are seen to prov!de a sen-

usually wide. This is particularly evident in thes &S win- sitive measure for the correct assessment of the interactions

dow, which is also devoid of the Fano shape pertaining td"”th the (18)_ns °S members. More detailed data, Wh.'Ch. In-
isolated resonances. In turn, the2p® 2S resonance is also cluc_ie the widths of the lower member; O.f th? autoionizing
distorted. The observed apparent width is about double thgeres and the phqtoelectron angular distribution parameters,
calculated widtH 14], as seen in Fig. 3. The tail on the low- will be presented in the near future.

energy side occurs in both the experiment and theory. Since We thank F. Robicheaux for providing us with the numeri-
the eigenchannelR-matrix calculation [14] places the cal output of his new calculations. We also thank W. C. Mar-
2s2p°® 2S state close to thesi?S state, the latter appears to tin, NIST, for helpful discussions regarding the earlier spec-
be pushed toward higher energy and spread out. By contrastoscopic work on the fluorine atom. This work was
the observation gives thes#S state more the resemblance supported by the National Science Foundation under Grant
of a window-type resonance. If the two states are spaceMos. PHY-9207634 and PHY-9507573. The loan of equip-
further apart yet, as indicated in an earlRmatrix calcula- ment by the Oak Ridge National Laboratory is gratefully
tion [2], the 252p® 2S resonance is considerably broadenedacknowledged. The University of Wisconsin Synchrotron
and the 4 ?S resonance is close to an isolated window reso-Radiation Center is supported by the National Science Foun-
nance due to the reduced interaction. dation under Grant No. DMR-9212658.
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