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Radiative cascades from doubly excited He states
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Resonance profiles of spectroscopically resolved radiative transitions frgmd{2P°, (sp,2n+)P°,
and (p2n—)P° doubly excited He states withn=3,...,7 were investigated. The
(2p3d)*P°—(1s3d)'D®—(1s2p)*P°-1s? S° cascade transitions were observed using photon induced fluo-
rescence spectroscopy in the vacuum ultraviolet and the visible spectral range.piind (2vels populate
predominantly (5nd)'D levels, while for the §p,2n+or—) levels,n'S levels are populated as well. The
experiments demonstrate that further quantitave branching ratio measurements are needed in order to test
matrix elements for radiative transitions from He
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The He atom is of general interest, as it is the fundamentadbf physical processes governing the production and decay of
neutral three-particle Coulomb system for the study of elecdoubly excited He. Transition elements that determine the
tron correlations. Photons are known to populate doubly exfluorescence intensities are given by the overlap of the wave
cited states on resonances according to the dipole selectidanctions in the upper and the lower states and thus test
rules. Madden and Codling in their pioneering absorptiondifferent parts of the wave functions with respect to transi-
experiment$l] observed two series of Beutler-Fano profiles.tion energies. Using linear polarized radiation for excitation
Synchrotron radiation facilities of the third generation al-the states of:P° symmetry withM =0 are populated ex-
lowed at last to resolve very high members and also to clusively, yielding in principle additional detailed informa-
detect the (Pnd) series[2]. The developement of the theo- tion about their radiative decay via the polarization of the
retical treatment of doubly excited He from the Sommerfeldfluorescence radiation.
orbits to the nowadays hyperspherical coordinate description In the following, we present transitions and relative inten-
has recently been reviewed by Tanretral. [3]. These de- sities observed in a spectroscopic investigation. Further ex-
scriptions lead to classification schemes with quantum numperiments will aim at the relative probabilities of single
bers for the angulari(, T) and for the radialA) correlation.  branches and at cross sections for a determination of fluores-
For the three resonance series leading in their limits to ioneence yields. These studies are important steps towards the
ized He in theN=2 state, the traditional classification complete description of the fundamental He atom.

(sp,2n+) for A=+1, (sp,2n—) for A=—1, and (dnd) A cascade of transitions can be expected, with first the
for A=0, introduced by Coopegt al.[4], is often used. Al- inner 2p electron populating (4nl) states of the helium
ternatively, the notationsn(+1), (n,—1), and f,0), re- atom. Excited states with electronsmis andnd orbits will
spectively, are used here for brevity. decay throughrfs,nd-2p) transitions that finally lead to a

The Beutler-Fano profiles describe the coupling betweerf2p-1s) transition(Fig. 1). np electrons undergo dominantly
autoionization and direct ionization. Radiative transitions(np-1s) transitions. Their intensity is very difficult to mea-
from doubly excited states has been neglected until recentlyure due to the strong resonance imprisonrfi@hfrhe spec-

[5], when fluorescence radiation was detected undispersed lisa of singly excited He and also the branching ratios for
a channel-plate detector and by a channeltrofbinand in  transitions from one upper level to lower levels are well-
[6], respectively. Fluorescence radiation as well as the forknown[10]. The energies of the transitions between the dou-
mation of metastable He atoms were shown to be essentily and singly excited He states can be calculated quite ac-
[6], with increasing resolution=20 000) of the exciting ra- curately from the resonance energies and the binding
diation even series df S—forbidden triplet doubly excited energies of the He electrons. Alternatively, doubly excited
states were detectdd]. Detailed highly resolved spectra in states can populate radiativelp2states that decay through
the extreme ultravioletEUV) range around 30 nm from dou- successive (@-1s) transitions.

bly excited He have only been measured by using a micro- In the present experiments, we apply the photon-induced
wave discharge for excitatiof8]. Only a few transitions fluorescence spectroscopy developed by us in a series of in-
from (sp,2n—) states of*P° symmetry and no population of vestigations of the photon-induced two-electron excitations
the (sp,2n+) states have been observed. of the rare gas valence sheflkl,12, and references therein.

A spectroscopic analysis of the so far undispersed fluored-inearly polarized photons with energies around 64 eV from
cence is very important for a sensitve test of the descriptiothe undulator U125/1-PGM beamline of BESSY Il are fo-
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20 20
19t : : 119 (2p3d)*P level [Fig. 2a)]. Its observation at 66 eV results
18 5 18 from impact excitation by photoelectrons.
's i P D In a second dedicated beam time fluorescence spectra

scanned as a function of the exciting-photon energy across
FIG. 1. HE&* and Heé term diagram. Observed transitions in- the He&™* resonances were registered. Transitions in the

dicated exemplarily by full lines. spectral range of the visible were studied in first place, since

due to the low EUV sensitivity of the spectroscopic normal
cused into a differentially pumped gas target containing Héncidence mode no lines around 30 nm could be scanned. In
at a pressure of 10ubar. Two 1-m-normal-incidence spec- Fig- 3 the intensity of the (43d)*D~(1s2p)*P transition at
trometers are oriented with their optical axis under 90° with® Wavelength of 667.8 nm as function of the energy across
respect to the photon beam direction. The photon beam wit'¢ (3.0 and (4-1) resonance is shown. The

cross section dimensions of 56mx 100 um replaces the (153s)'S—(1s2p) P transition at 728.1 nm was out of the

entrance slit of the spectrometers. One of them, observin pectral range of the_ spectrometer. Mor_eover,_ Fig. 3 contains
; f e total ion vyield and the intensity of the

the emitted fluorescence perpendicular to the electric-fiel 152p) P—(1s?)'S resonance transition. Both resonances

vector of the _undulator radiation, is equipped_ With a 6.0.0'are clearly separated. The intrinsicly very narr®y0) reso-

lines/mm grating _bl_azed at 300 nm and a position SeNsItiVe ance allows a determination of the spectral width of the
detector for the visible range. The second spectrometer US§iing radiation that amounts to 4 meV. Quantitative results
a 1200-lines/mm grating blazed at 80 nm and an OpeRy, the Hefp-1s) resonance transitions are hampered by the

microchannel-plate as a position sensitive detector for theysification of the relative intensity through the strong reso-
vacuum ultravioletivuv) range. A small voltage of 10 V is nance imprisonment.

applied to the entrance diaphragm of the target chamber in
order to attract photoions. Their current intensity, scanned in .4
parallel to the fluorescence signals as function of the 440
primary-photon energy, displays the well-known resonance 1s00
profiles.

In a first short test run, we measured vuv spectra emittec
when the exciting photon energy was fixed either to($6)
resonance at 64.118 eV or to 66 eV. In this experiment, theg 1ooo |-
spectrometer that had its optical axis perpendicular to theg soo f
electric-field vector was equipped with the detector for the‘_g3 600 |-
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vuv. A line at 30.21 nm was observed in second order that™ o Eah e

was identified tentatively in[8] as belonging to the 001 -

(2p3d)P—-(1s3d)'D transition [Fig. 2@]. Our result or . . . 158
agrees with this identification. Weaker features in Figa) 2 6410 a1 a2 8413 Ba14 6415
indicate a population of the €4d)'D level, too. Off reso- exciting-photon energy (eV)

nance this line was absent, as well at 66 [€¥. 2(b)]. At FIG. 3. Intensity of the ($3d)'D—(1s2p)'P transition at

this energy the He(2p-1s) transition becomes energetically 667.8 nm, of the He | (42p):P—1s? 'S transition at 58.4 nm and
allowed and was observed. So is the He(Is) transition,  of the ion yield as function of the photon energy across (86
the final member of the radiative cascade from theand (4-1) resonance.
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Both transitions, the one in the VUV as well as the one in % T 1e4a 'S o> "2 2 'P (5047 ) ™1, 66
visible, are observed on both resonances with nearly the [ @ e 154d'D ==> 15 2p 'P (462.2 nm)
same intensity ratio as the undispersed intens[@slt is S0 e e e
evident that also the (4,1) resonance populates thal 3 £ :Z:Z N A\ 1
level with an expected EUV line at 30.18 nm. This line was 8 ., [ / \ / 1€
not observed in [8], but the presence of the & 4| 7o / 1188 2
(1s3d)'D—(1s2p)'P line on the (4;-1) resonance sup- & zsoof / / {1se >
ports a forthcoming identification. No further fluorescence £ zo00 | /f Jisa 8
channels were investigated spetroscopically for(8)8) and 2 1soo | / WH.:{“ /N Jiee 8
(4,— 1) resonances. As ib], one notes the reversed order of 1000 | el . / \ 110
magnitude of fluorescence intensity and ion yield . soor ,_,./'/ o \\tﬁ::j*"*—‘

In Figs. 4a)—4(c) we have summarized the fluorescence ~ °L_ o =7 R e
intensities and the ion yield measured across(th8) and o438 GheA0 e;:iﬁ:z_pmi"n ei‘;:”y (:'\',";“ saces orero
(5,—1), the (5,0 and (6;-1), and the(6,00 and (7;-1) : . : : : : :
resonances. For all three resonances, the close lying 7o00p I g ==>11522p": (4287 nm) 505
(1snd)'D—(1s2p)'P and (1sn9'S—(1s2p)'P transitions w000 | T atonyi P T nm) 1500

with n=4, 5, and 6, respectively, were centered in the detec- - 0 O

tion range. On thef(d,2n) resonances then@)'D levels are ‘é sooo - o /\ 1% <
predominantly populated, while on tliep,2(n+1)—) reso- 8 4000 | / \ Ha00 f
nances the r(s)'S levels are also populated.Their relative g r ) / P 1 2
contribution increases with. Because of the limited beam § **°[ /X/ 1 s
time, the population of then(s)*S levels on the correspond- 2 2000 - / /A °/°\°\ a0 ®
ing (sp,2n—) resonances was not investigated spectroscopi< | [ //\ / N\ o luss 2
cally in the present study. _ e ﬁ?;j{ ot S S

In a first estimation, the relative intensities of the or = . . . . . N Rl
(]_snd)lD—(lsZp)lP and of the (:Bnng—(lsZp)lp tran- 64.890 64.895 64.900 64.906 64.910 64.915 64.920 64.925
sitions as function oh andn+ 1, respectively, were evalu- exciting-photon energy (eV)
ated. Table | contains the relative peak values of the reso- g [ T 1565 'S mm> 15 2p 'P (416.8 nm) ' Js7e
nance profiles displaced in Figga#4(c), normalized to the 1600 | ©  —=—1s6d'D ==>152p 'P (414.3nm) 1526
exciting-photon flux. The different branching ratios in*He e talionyield - (7.1) i
are taken into account, but a sensitivity correction for the 2 [ ©0/ \ S Jamz
detector photo cathode was neglected due to the limited in-3 1200 C “K /N //* lazo z
vestigated spectral range. We noteradependence close to § 1000 | /A/ B \\ N Jaes ©
n~3 for the population of the Hend)!D levels on the § g0l i \/‘/ Jses &
(pd,2n) resonances. The6)*S levels show no such strong % 500 L F M/ \ ] 3'64 %
variation on the(sp,2(n+1)—) resonances, while on the 3 " - /' lie 8

1 . . = 400 S / N\ 3.62

contrary the (1d)"D levels are again populated with a strong I A/H o N 150
n-dependence. 2000 A —:ly/:ww*" R T 3'58

These oberservations are discussed on the basis of th 0 L L L L L L
. . . 65.035 65.040 65.045 65.050 65.055 65.060 65.065 65.070
simple two-step model that relates the fluorescence intensity exciting-photon energy (eV)

n to the excitation cross sectian, and to the fluorescence
yield according to FIG. 4. Fluorescence intensitigand ion yield of the (a)

(1s4d)'D— and (Is4s)1S—(1s2p)P transitions on th€4,0) and
o= X 0/ (T nFCan). (1)  (5,—1) resonancegb) (1s5d)'D— and (1s5s)"S—(1s2p)*P tran-
’ ' ' sitions on thg5,0) and (6;- 1) resonances, ar(d) (1s6d)'D - and
The energy widtH;, , measures the radiative, aiiy , the ~ (1565)'S—(1s3p)'P transitions on the(6,0) and (7-1) reso-
autoionization decay rate. The relative peak values in Table 12nces, as function of the photon energy.
result from the product ofr, and the convolution of the
natural width of the double excited states with the experi-over, branchings of the radiative decay mode of the
mental width. A derivation ofr,, even on a relative basis is (sp,2n—) levels have to be considered. Their importance is
not within the scope of the presented spectroscopic studgemonstrated by the present study, while for a quantitative
Nevertheless, a relatiom,~n 2 for the (2p,nd) resonances interpretation of observable line intensities a wider range of
can be concluded from Ed1), based on two approxima- transitions has to be studied.
tions: I'y =I5, with I';;~6.6 eV denoting the natural Finally, we report the peak ratio of the
width of the 2 level in He". Secondly,I',<T;, follows  (1sn9'S—(1s2p)!P and (Isnd)'D—(1s2p)'P transitions
from calculationg13]. In consequencé,~ o, andl, is pro-  observed on thes(p,2n+) resonances that we studied for
portional to the measured fluorescence intensity. The situa3=4 andn=6: The He Ins levels are populated by a factor
tion is more complex for thes(p,2n—) resonance, sincé,,  of 5 stronger than thend levels. The signal of the
andT', are comparable for the consideradvalues. More-  (1s,4d)'D—(1s2p)*P transition on the §p,24+) resonance
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TABLE I. Relative fluorescence intensities for to the spectral range of the visible. Transitions from
(1snd)D—(1s2p)*P and (IsngS—(1s2p)lP transitions € (sp,2n+), the (sp,2n—), and the (pnd) resonances
=4,5,6). with n=3,...,7 were observed. The signal rates on the
(2pnd) resonances dominate in agreement with the undis-
4s 5s 6s 4d 5d 6d persed observations described[#] and[6]. These doubly
@0 100 excited states populate in the first transition of_their decay
' cascade (4nd)'D states of He I, while population of the
(5-1) 14 43 (1sn9'S states is rather weak. Accordingly, the p(2d)
(5.0 40 resonances still have an appreciable amount of independent-
(6,-1) 22 22 electron character. To the contrargp(2n+) states populate
(6,0 13 preferentially (5n9*S states. For thegp,2n—) states, a
(7,—-1) 14 12 dependence of the branching ratio mnwas observed. This

investigation has to be continued by efforts to measure accu-
rate branching ratios for a wider range of transitions, to study
the spectral range of the EUV around 40 eV, and to make use

is much lower than the corresponding signal on tAe) » R
resonance. A comparison with the signals related to th&' the ability to measure the angular distribution of the fluo-
rescence radiation.

(sp.24-) resonance has to be postponed due to the lacking Note added in proofRecently, a theoretical study of the

1 .
knowledge about the Hs)'S level population on the oo decay of doubly excitetP? states of helium was
(sp,24—) resonance. i
published[14].

In summary, the first spectroscopic analysis of the radia*
tive decay of doubly excited He states resulting from single- We acknowledge valuable discussions with J.M. Rost, V.
photon absorption has been carried out. Emphasis was givesukhorukov, and J.-E. Rubensson.

[1] R.P. Madden and K. Codling, Phys. Rev. Ldi), 516(1963. 258 124(1960.

[2] M. Domke et al, Phys. Rev. A63, 1424(1996. [11] B. Zimmermanret al, J. Phys. B33, 2467 (2000.

[3] G. Tanneret al, Rev. Mod. Phys72, 497 (2000. [12] H. Schmoranzer, H. Liebel, F. Vollweiler, R. Mer-Albrecht,

[4] J.W. Coopetet al, Phys. Rev. Lett10, 518 (1963. A. Ehresmann, K.-H. Schartner, and B. Zimmermann, Nucl.
[5] J.-E. Rubenssost al, Phys. Rev. Lett83, 947 (1999. Instrum. Methods Phys. Res. (fo be publishel

(6] M.K. Odling-Smeeet al, Phys. Rev. Lett84, 2598(2000. [13] J.M. Rost, K. Schulz, M. Domke, and G. Kaindl, J. Phys3®

[7] F. Penenet al, Phys. Rev. Lett86, 2758(2001). 4663(1997.

[8] P. Baltzer and L. Karlsson, Phys. Rev38, 2322(1988. [14] Ch.-N. Lin, M.-K. Chen, and C.D. Lin, Phys. Rev. 84,

[9] D. Hasselkamgt al., J. Phys. B11, 1975(1978. 010501R) (2001).

[10] A.H. Gabriel and D.W.O. Heddle, Proc. R. Soc. London, Ser. A

040501-4



