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Resonance parameters of autoionizing Be@h¢ states
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We have employed monochromatized synchrotron radiation to measure théoBeield in the photon
energy region of the Be@nh¢(n=3-12) double excitations. The energy positions of the resonances are in
good agreement with a previous experimghtM. Esteva, G. Mehlman-Balloffet, and J. Romand, J. Quant.
Spectrosc. Radiat. Transi2, 1291 (1972] and theoretical calculations. We also report the experimentally
determined Fano parameters of the widthand profile parameters for the 2pns (n<8) resonances. The
values are about 0.54 except fon=3 with a clearly lower value of-0.935).
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. INTRODUCTION of the Be 2ns (n=3-8) and »nd (n=3-5) double ex-
citations. Since thed electrons do not actively participate in

While photoionization of helium has been studied thor-the autoionization process, Be appears to be a system only
oughly, beryllium (522s?), the next heliumlike atom in the slightly more complicated than He. However, as was found
Periodic Table, has been investigated only marginally byin previous investigations, it is very different from He insofar
comparison. Most experimentgl—3] and theoretical4—9]  as the series of autoionizing resonances stantaediately
papers regarding the photoionization of Be have investigatedbove the first ionization threshold. Note that previous ex-
theK-shell region. Double excitations in the Be valence-shellperimentg10,11] did not measure the photoabsorption near
region have been studied experimentdily,11] as well as  the threshold of the first resonance. Another difference from
theoretically [12-19 in the past. In these experiments He is that the Be @nsresonances are much broader due to
[10,17 vacuum sparks were used to photoexcite and -ionize strong coupling to a rather weak continu{ih2].
Be atoms, and absorption spectra were recorded on high-
sensitive film. For the calculation of the cross section in the Il. EXPERIMENT
double-excitation region different methods such as various

forms of theR-matrix method[14,16,18, the multiconfigu- The experiment was performed at the Synchrotron Radia-

. ) A . tion Center(SRQO. lon-yield measurements were carried out
ration Tamm-Dancoff approximatidi], the hyperspherical at the 4 m normal incident monochromat®t{iM) beamline

method [13], a hyperspherical close-coupling calculation . .
[19], and a multiconfiguration relativistic random-phase ap-[gz]' Photons monochromatized by a 1200 lines/mm

proximation[17] have been employed. Recently, interest haf‘l'MgF2 grating entered the experimental chamber through

also turned to the double-photoionization process in the B& 9'353 _capiIIary and intersected the Be vapor emerging from
valence shel[20—27 a resistively heated oven. The temperature of the oven was

éypically 1150°C. The crucible was electrically biased to
prevent thermal electrons from reaching the interaction re-
gion. The ions created were extracted by a pulsed electrical

In general, for atomic photoexcitation resonances abov
the first ionization limit, autoionization becomes possible by
interaction with one or more single-photoionization continua.f. ld he i . ; | di drift
This leads to an asymmetric resonance profile in the single—Ie across the Interaction region, acce erated into a dri
ionization cross sectiof23,24]. A theoretical description of wbe, and d_etected _by "? Z_-stack mlcrochann_el-plate_detector.
this process was introduced by Fd2&] and refined later by By measuring the ions’ flight time we obtained a time-of-

Shore[26] and Staracd27]. There are numerous papers flight ('EE)F)Bign-yiekld sdpectrym. Wet set ta time Windé)vtvh
about double excitations in heliutsee, e.g[28,29), which ~ &cross the be peak and, using a ralemeter, measured the

is an ideal target for studying double excitations and theount rate while scanning the photon energy. The photon flux

subsequent autoionization. Since autoionization is a cons&¥as measured separately with an XUV100 silicon photodi-

guence of electron correlation, a measurement of the res de which has a known quantum efficiency. The resulting

nance profile for comparison with theory can provide impor- lux Cutr\./e t\a’as tnormallged acrﬁ:'o[]dlng to thedelgctrlon bez'atrg
tant information toward our understanding of how electronUrrent in he storage ring, which was recorded along wi

4
correlations affect a simple system. In addition to the nonraIhe Be" data. We also took a TOF spectrum before each

; &
diative decay of doubly excited states, fluorescence photorfd10ton energy scan to determine the background. The Be

may be emitted in the decay process, and the radiative decajFa"s Were background corrected and normalized to the pho-
in particular of long-lived states, can compete significantly on flux before further analysis. Further details of the experi-

with the autoionization channgB0,31]. mental setup can be found elsewhg3g].

Here we report our autoionization-profile measurements L. RESULTS AND DISCUSSION

Figure 1 shows our Beion-yield scan from the first ion-
*Electronic address: wehlitz@src.wisc.edu ization threshold(9.3227 eV [34]) to the first double-
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FIG. 1. B€ ion-yield scan across thephs and 2ond reso-
nances(circles connected by a black linend a least-squares fit
curve of Fano profileggray curvg. Note the onset of the cross
section at the first ionization threshold.

excitation limit Be" 1s?2p ?P at 13.277 eV[35]. In the 10 11 19 13

low-ener artbelow 12.60 eV of this scan the step size

was 20 mgg\?while for the higher-energy part it wasp5 meV, Photon energy (eV)

the monochomator F’a”dpas_s W.ail‘lZ‘neV in b_Oth cases. FIG. 2. Be' ion-yield scan across thephs and 2ond reso-

T_h? onset of the Sl.ngle-lonlzatlon cross section Is Clearl)ﬁances(solid line) together with calculated cross sections of Ref.

visible and appears in our scan at a photon energy of9.32 [13) (dash-dotted ling Ref. [16] (gray solid lind, and Ref.[18]

eV. Note that the resonance profile of thp33 resonances (dotted ling. Our experimental data were scaled to match the the-

starts right at the € ! threshold. It is also worthwhile to oretical cross section. Note that the energy axis was slightly ad-

mention that this measurement would not be easy to perforfusted for the data of Greend3] to match the energies of the

if we were to detect electrons instead of ions because of thes?2s and 1s?2p thresholds.

resonance’s close proximity to the threshold. It would require

a reliable transmission function of the electron spectrometetion energyE, is the energy position of the resonance, &nd

down to 0.1 eV. Since there is only one open channelis the resonance widthr, represents the part of the con-

namely, Z— ep, the electron emission spectrum would be tinuum cross section that interacts with the discrete level. In

identical assuming there are no angular distribution effectgrder to fit a Fano profile to each of thep s resonances,

except for the narromd resonances. Eq. (1) was convoluted with a Gaussian bandpass of 12 meV.
A comparison of our experimental data with theoreticalunfortunately, the pnd resonances are too narrow com-

cross sections in theghs double-excitation regiofiFig. 20  pared to our monochromator bandpass and energy step size

shows in general a good agreement. The theoretical calculgo perform a fit to these resonances. Therefore, the data

tion of Greeng 13] based on the hyperspherical method pre-points that were visibly affected by thep2d resonances

dicts the resonance positions at a slightly too high photorvere removed for the fit procedure, and any interference ef-

energy but reproduces the resonance shape fairly well if onact of the 2rnd resonances on thephs resonances was

scales the energy axis to match the resonance minima. Th&sumed to be negligible.

calculated cross section of Tulst al.[16] achieves the best  The results of this fit procedure are summarized in Table |

match to our data, particularly below 10 eV, whereas theogether with results from previous investigations. We have

calculation of Kimet al. [18] is S|Ight|y too hlgh near the used our resonance positidﬁ&s(n) to derive the energi.,

first ionization threshold but compares faVOfably with ourof the a)ng series limit by app|y|ng the Rydberg formula
data at higher energies. Note that due to the very narrow

widths of the 2 nd resonances the experiment does not rep- E,es(N)=E..—R/(n—5)2. 2)
resent them well because of a too large step size in energy.

For a qufantitative gnalysis we have gpplied the Fano forgere R is the Rydberg constaril3.606 eV, n is the prin-
mula [25] with an additional slowly varying backgroung,  cipal quantum number, andlis the quantum defect. Because

to our data: we do not have an energy calibration more accurate than 10
) meV from the onset of the single-ionization thresh@ege
U:Ua(q+e) +oyp, (1) aboveg, we shifted all our resonance positions so tEat
1+ €2 agrees with the value 13.277 eV given by Mo¢85]. We

determine the quantum defeétas 0.611) which is in fair
wheree=2(E—Eg)/I". Here,q is Fano’s profile parameter, agreement with the quantum defect of about 0.585, slightly
which depends on the relative strength of the dipole transivarying withn, reported in Ref[18]. Mehiman-Balloffet and
tions and radiationless Coulomb transitiofsis the excita- Esteva[10] report a quantum defect, based on the energy
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TABLE I. Our fit results for the energy positida,, width I', and profile parametey of the Be Zonsresonances compared to previously
published values. Our resonance energies were shifted so thap tres2ries limit is at 13.277 eV35].

EnergyE, (eV) Width ' (meV) q
Expt. Expt. Expt. Theor. Theor. Theor. Expt. Theor. Theor. Theor. Expt. Theor. Theor. Theor.
This work  [10] [12] [16]® [17] [18] Thiswork [18]® [16] [13] This work [18] [16] [13]

=]

3 10.8891) 10.7068 10.933 10.915 10.63 10.9103 5%BQ@). 473 606 530 —0.9310 —-0.83 —-0.91 —-0.71
4 12.1121) 11.9678 12.096 12.102 12.09 12.0918 1@ 162 180 168 —0.5210 —0.49 —-0.64 —0.48
5 125711) 125339 12572 12571 12.64 125579 (I0) 73 78 76 —0.5410 —0.44 —-0.48 —0.38
6 12.8121) 12.7820 12.811 12.800 12.91 12.7911 (3@y. 42 —0.4815) —0.45

7 12.9441) 12.9219 12.945 12.932 13.06 12.9239 (3p. 22 —0.6215) —0.40

8 13.0221) 13.0100 13.029 13.15 13.0070 (3. —0.80120)

9 13.0781) 13.083 13.21 13.0623 S)

10 13.1281) 13.121 13.25 13.1009

11 13.1431) 13.152 13.1289

12 13.1781) 13.170 13.1498

&This energy position was determined by a fit to the theoretical cross section data.
®This width is not the one reported in R¢L8] but was determined by a fit to their data.

positions of the intensity maxima, of ca. 0.8. Note that theful comparison of their theoretical widths with our experi-
guantum defect changes slightly withbecause it depends mental widths, we performed a fit to their cross section data
on the overlap of the electron’s orbital with the nucleus dueusing Fano profiles. In Table | we present the widths deter-
to the non-Coulombic potential inside the nucleus. Theremined by our fit instead of the widths reported in Réf3].
fore, it is also not surprising thak is larger in the case of Be Greend13] gives only the full width at half maximum of the
compared to the analogous resonances in He. 2p3s resonance as about 1.3 eV.

As mentioned above, thephd resonances are too narrow  In Fig. 3 we show the width" as a function of the prin-
(=<1 meV[18]) to apply Eq.(1) to our data, and we deter- cipal quantum numben as well asI'(n*)® with n*=n—4§
mined the energy positions from the resonance maxim@s=0.61) the effective quantum number. This product yields
which are listed in Table Il. We applied E@2) to these a constant value within the error bars fora#k 8. For higher
energies and obtained a quantum defect for the@series n our width is not reliable because the natural width is
of 6=—0.060(15), which compares favorably with the val- smaller than the monochromator resolution.
ues of ca.—0.08[18] and ca.—0.09 [10]. The smallerd Figure 4 shows ouig parameters as a function of the
values for the pnd series compared to thep2s series are  principal quantum number along with the theoretical pa-
easily explained by the fact that caorbital has a smaller rameters. As for the widths, the theoretiggdarameters were
overlap with the nucleus than a@orbital. determined by a fit using Fano’s formdlag. (1)]. While the

In Table | we also present the resonance widths gnd ¢ parameters fon=4-7 appear to be constant at around
parameters for the ns resonances which have not been —0.54, forn=3 g has a distinctly smaller value of 0.9.
measured previously. The theoretical widths in Table | wereThis markedly smalleg value might be due to the fact that
determined by a fit using Eql). Data points that obviously the underlying nonresonant cross section is not slowly
belong to the Pnd resonances were removed before per-
forming the fitting procedure. The resonance widths reported
by Kim et al. [18] are always about a factor of 2.6 larger 500 Be 2pns 12
than our widthsl' because they determined the width from
the inverse of the eigenphase gradient. For a more meaning- __ 400

600 T T T T T T 14

>
()
3 18 >
L £ 300 | B g B B 2
TABLE Il. Our energy positiongin eV) of the Be Znd reso- — % % d6 *<
nances compared to previously published resonance positions. Our = 54,1 ~
resonance energies were shifted so that tha®series limit is at . 14 =
13.277 eV[35]. 100 - 49
. L
Expt. Expt.  Expt. Theor. Theor. Theor. 0 — . - 5 ; g 0
n  This work [10] [11] [16] [17] [18] n
3 11.84@6) 11.8623 11.855 11.840 12.03 11.8310  FG. 3. Resonance widtHs (filled circles: left-hand ordinajeof
4 12.46@6) 12.4658 12.503 12.448 12.61 12.4374 the Zpns resonances as a function of The open circles ar&
5 12.7476) 12.7570 12.789 12.735 12.89 12.7272 X(n*)® with n* =n— 6 the effective quantum number amtithe
6 12.9192 12.952 12.893 13.05 12.8863 quantum defectright-hand ordinate The dotted line indicates an

average value oF X (n*)3 of 7.1 eV.

052708-3



WEHLITZ, LUKIé, AND BLUETT PHYSICAL REVIEW A 68, 052708 (2003

0.0 — w w w T I ment with a previous experimefitl] and theoretical calcu-
Be 2pns lations[16,18. From the energy positions we derive a quan-
tum defect5=0.61(1) for the ns series andS= —0.060(15)

for the nd series. The resonance widths multiplied oy {3
(with n* as the effective quantum numbeemain constant

-0.5-..|
o ﬁj + and agree well with the predicted widtf%3,18. The Fano
v

parametersy for the 2pns (n<8) resonances are approxi-
mately — 0.54, except for the 23s resonance, which has a
clearly lowerq value of —0.935). Overall, the R-matrix
calculations of Tullyet al.[16] and Kim et al.[18] are able

to model autoionization resonances of a closed-shell atom,

3 4 5 6 7 8 such as Be, very well. The hyperspherical method employed
n by Greene[13] also predicts the shape of the resonances
fairly well, but does not calculate the right energy positions.
FIG. 4. Experimentaffilled circles and theoretical Fano param- In future experiments, the very narroyp @d states can be

etersq of the Zpnsresonances as a function of the principal quan-investigated using a higher energy resolution to be able to
tum numbem. Theoretical values are of Re{.16] (open squarés  compare the experimental results with theory in more detail
Ref. _[13] (open diamonds and Ref[18] (open triangles The dot- (width andq parameter While we do not expect any devia-
ted line represents an averagealue of —0.54 forn=4-7. tion from B=2 in the electron angular distribution for the

) o 2pns series, the @nd series may show changes in the an-
varying—which is usually assumed—at threshold but maygy|ar distribution, and investigations of these resonances

have a strong photon-energy dependence itself.di@am-  ith an electron spectrometer will give us valuable informa-
eter forn=8 appears to be slightly too small but may be tjgn.

affected by highen resonances. The theoreticgbarameters
agree quite well with our experimental values; in particular
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