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Superexcited states of NO studied by angle-resolved electron-energy-loss spectroscopy
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Absolute double differential cross section spectra of NO below 135 eV have been determined by an angle-
resolved electron-energy-loss spectrometer with an incident electron energy of 2500 eV and an energy reso-
lution of 100 meV. Some features above the first ionization threshold, which are too weak to be observed in the
photoabsorption spectrum, stand out at large scattering angles. The present measured features and those unas-
signed ones in the fluorescence spe¢ttaem. Phys.293 65 (2003] are assigned based on the present
experimental work and theoretical analysis. The energy levelssok(@’[I)nso(n=3-5), 40" 1B )nso(n
=3-5), a vibrational resolved doubly excited state, and the inner-valence transition32- are determined.
Meanwhile, the ionization threshol@2.1 e\j of (40)1 B 1 is estimated.
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[. INTRODUCTION definition shown in Eq(1), the absolute GOSD measured by
The electron-atom and molecule collision process extengngle-resolved el_ectron-energy-lpss spectrometer can be
. o ; . . used to test the different theoretical methods as well as to
sively exists in many fields such as plasma physics, chemisissess accuracy of the wave functions, especially for the ex-
try, gaseous discharge, and laser system, so the investigatiogged state’s wave functions. Meanwhile, the generalized os-
of differential cross section€DCSs9 of electron scattering cjjjator strength§GOSg or DCSs for different kinds of tran-
are helpful to the development of these fields. In additionsjtions versus angles show different behaviors; therefore,
the DCSs of atoms and molecules determined by inelastitheir shapes are helpful in determining correct spectral as-
electron scattering are useful in gaining insight into the designments[3,4]. Also as an important excitation method
tails of the collision mechanism. The generalized oscillatorsupplementary to photoabsorption, an electron impact
strength densitfyGOSD) plays the central role in inelastic method, such as electron-energy-loss spectroscopy, is a pow-
collisions of fast charged particlgg, and it is directly re- erful tool to investigate the structures of atomic and molecu-
lated with the overlap integration between the initial-statelar excitation states due to its nondipole excitation nature.
and excited-state wave functions as the following definition Up to now, most high-energy-resolution electron-energy-
(in atomic unitg[1]: loss spectrometers have been employed to measure the opti-
cal oscillator strength€O0OS9 and GOSs below the first ion-

df(K,E) E, N . ) ization threshold. The GOS measurements for superexcited
E > @K‘ME expliK -1)|[Vo)|“6(E, — E). states, i.e., excited states of molecules above the first ioniza-
n =1 tion threshold such as high Rydberg states which are vibra-

(1)  tionally (or/and rotationally, doubly-, or inner-shell excited,
and non-Rydberg stat¢5—7], are fragmental due to the low
Here, df(E,K)/dE represents GOSD¥, and W, are the cross sections and the difficulties in achieving required en-
electronic wave functions of the initial and the final states,ergy resolution. Meanwhile, there is increasing interest about
respectivelyN is the anticipated number of electrons in thethe dynamics of superexcited states because superexcited
target,E, is the excitation energy, angis the position of the  states play an important role as reaction intermediates in a
jth electron. In the limiK — 0, the GOSD is identical to the variety of collision processes such as electron-ion and ion-
optical oscillator strength densifDOSD). Within the non-  jon recombinations, Penning ionization, and electron attach-
relativistic Born approximation, the GOSD is related to ment processe$5,6,8. The three most commonly used
DDCS by the Bethe-Born formul@n atomic unit3[1,2] methods to investigate the structure of superexcited states are
2 the fluorescence spectroscopy emitted from neutral frag-
df(E,K) =E&>K2d_‘7_ ) ments, the photoelectron spectroscopy, and the photoion
dE 2p, dEdQ spectroscopy7,9-11, each of which is related to one spe-

Here, df(E,K)/dE and d2o/(dEKY) represent the GOSD cific decay process of superexcited states. However, the

: I~ spectra measured by angle-resolved electron-energy-loss
and DDCS, respectivelf an_d K are the excitation energy spectroscopy include all possible decay processes for a spe-
and momentum transfer, whifg andp, are the incident and

. . . cific state. As mentioned above, the momentum transfer de-
scattered electron momenta, respectively. According to It?)endence of different superexcited states is different; some
superexcited states may stand out at large scattering angles.
This is elucidated by recent workl2]. Therefore, angle-
*Corresponding author. Email address: zpzhong@gscas.ac.cn resolved electron-energy-loss spectroscopy with high energy

1050-2947/2004/10)/0127086)/$22.50 70012708-1 ©2004 The American Physical Society



SUN et al. PHYSICAL REVIEW A 70, 012708(2004)

resolution may provide helpful information on the structure[17-19. Briefly, it consists of an electron gun, a hemispheri-
and nature of superexcited states. This is our main interest ical electrostatic monochromator made of aluminum, a
this paper. rotable energy analyzer of the same type, an interaction
As one of the important atmospheric pollutants, NO playschamber, a number of cylindrical electrostatic lenses, and a
a significant role in investigations of the natural environmentone-dimension position-sensitive detector for detecting the
such as the greenhouse effect, acid rain, ozone problemcattered electrons. All of these components are enclosed in
etc., and it is also significant in development of lasers. Infoyr separate vacuum chambers made of stainless steel. The
addition, ~ the = ground  state of  NO, i€ jjpact energy of the spectrometer can be varied from 1 to
(10)%(20)%(30)*(40)*(1m)"(50)*(2m)*, can be referred to as 5 ey, For the present experiment it was set at 2.5 keV and
a prototype molecule equivalent to an alkali atom in atomicy,o energy resolution was about 100 meV. The background
system, so theoretical problems connected with the ener ressure in the vacuum chamber was B Pa and when

!evels of the excited NO mplecule are of great Interest an he gas sample was entered, the pressure in the reaction
importance. As for theoretical works, many studies have

3 :
been carried out recently for the energy levels of excited Nott:)hamé)et: rors;e to 810 Pa.f Tr?e true Izerc()jlangble was (f;alr']'
such as Refg[13,14. Among them, Zhongt al. [14] have “’;‘te y2t e sym_metry 0 .t € anguiar Istribution of the
calculated the photoabsorption spectrum of NO in the regioho‘ E_HX Il inelastic scattering S|gnal_around the geometr{
of 9.3—22 eV by the multiple-scattering self-consistent-fieldoMinal zero. The angular resolution was about 0.8
(MSSCF or MSX,) method based on quantum defect theory(FWHM) at present. ,
(QDT), which is in general agreement with the available ex- ~The electron-energy-loss spectra of NO were measured in
perimental data. Meanwhile, the energy levels of the Rydthe scattering angle range of 0°—8° with an interval of 2°,
berg series resulting from the excitation ofr,15¢, or 40  and the energy calibration of the spectra was referred to the
electron have been reported. With regard to experimentdio (b IT)3p (13.82[11]. Then, the spectrum measured at
works, the energy levels of NO below the first ionization a mean angle of 0° was converted into relative OOSD spec-
threshold have been studied extensively and well summa¥rum by multiplying the Bethe-Born conversion factor of the
rized by Huber and Herzbefd5]. As for the energy levels spectrometef17,2Q. The spectra at other scattering angles
of NO above the first ionization threshold, Ermeinal. [11] ~ were converted into relative GOSD spectra according to Eq.
have analyzed and classified the Rydberg series converging).
to all known states of NObelow 24 eV, except the one  These relative GOSD spectra were made absolute by us-
converging to singlet ionization threshold of & 4lectron.  jng the valence shell Bethe sum-rite 2]
Recently, a number of peaks observed in the fluorescence
spectrum in the energy region of 17.2—-25.8 eV were as- -
signed to “new” NO states since they showed a poor coinci- _ —
dgnce with the known NO Rydberg Igvels or otherr) molecular Sta(0) = Nuar + NPE_f (dE>dE’ ©)
stateq9]. On the other hand, the electron energy loss spectra
of NO below 55 eV were measured by LEES] in the scat- ) )
tering angle range of 0.5°—4° with high incident electronwhere N, is the totallnumber of v'alence electrqns in the
energy(25 ke\) and low energy resolutiof2.5 eV); a peak  target(11 for NO), Npe is a small estimated correctigf.32
at 21.3 eV and a broad peak at 33 eV were observed at larde" NO) of the Pauli-excluded transitions from tKeshells to
momentum transfers, and @] suggested that the one at the already occupied valence shell orbitg2,23, andE’ is
21.3 eV is related to transitions to Rydberg statesluding  the lowest excitation energy. In the linkt— 0, the GOSD is
optically forbidden transitionswhich converge tcIl or X[1  identical to the OOSD which was obtained using the valence
of NO* or two electron transitions, and the one at 33 eV isThomas-Reiche-KuhVTRK) sum rule[24]. In the sum-
related to the inner-valence transitions from<2 3¢0. How-  rule normalization procedure, the intensity of the relative
ever, to the best of our knowledge no further electron impacOOSD or GOSD obtained at a particular scattering angle was
works have been carried out for this energy region. In sumfirst numerically integrated over a sampling energy loss
mary, although a number of experimental and theoreticatange, i.e., up to 75 eV for 0°, 2°, and 4°, 93 eV for 6°, and
studies of the excited energy levels of NO have been rei30 eV for 8°. The remaining intensity of the valence shell
ported, some superexcited states of NO are still unidentifiechigher than the measured energy region for NO was esti-
In the present work, we measured the electron energy lossated by integration of a fitted functionaE™15+bE25
spectra in the scattering angle range of 0°—8° with an inter+cE 3 from the limit of the measurements to infinity, where
val of 2°, and absolute OOSD and DDCS have been detethe empirical constants b, andc were determined by least—
mined. Some features above the first ionization thresholdsquares fitting to the experimental data in the energy loss
which are too weak to be observed in the photoabsorptionange of 55—-75 eV for 0°, 2°, and 4°, 73-93 eV for 6°, and
spectrum, stand out at large scattering angles. Based on th€®0—-130 eV for 8°.
present experimental work and theoretical analysis, the The overall percent error of the OOSD and DDCS ob-
present measured features as well as those unassigned omasised in the present work is no more than 20%, which
in the fluorescence spectra are assigned. mainly comes from the statistics of counts, the angular and
energy position’s determination, and the least—squares fitting
Il. EXPERIMENTAL METHOD procedure to obtain the intensity of the valence shell higher
The angle-resolved electron-energy-loss spectrometdhan the measured energy region. Note that the pressure ef-
used in this work has been described in detail in Refsfect is not included.
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FIG. 1. Absolute OOSD of NO in the energy
region of 5-80 eV. The inset shows the ex-
panded spectra in the energy region 6—20 eV.
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Ill. THEORETICAL METHOD feature observed at the scattering angles of 6° and 8°, i.e.,

o . the Bethe ridge, moves to higher energy loss and the corre-
The MSSC.F method was gmployed in this work. Bngfly, sponding width becomes more diffuse. Such phenomena

based on a trial charge density of the molecule, a muffin-tin, ;e also been observed in other molecules such,@g82]

trial molecular potentiaV™ with the symmetry of molecu- and SK [33]. Furthermore, some features markedveend

lar point group was constructed. We can then calculate thgiang out at large scattering angles. We will discuss these

occupied molecular orbital3M0s), which serve to construct  faatyres in detail in the order of the excitation energy.

the charge density of the molecule and then a new trial mo- st e will discuss the features in the energy region of

lecular potential. With this process going on, self-consistent7 3_52 a\/ shown in Fig. 3, i.e., marked asin Fig. 2.

iterations were undertaken until a certain precision was Meyere, RA) and Rc) stand for the Rydberg series converging

A self-consistent-field SCH molecular potential\/g“c?' Was  tg (50)L A I and (40)~! ¢ 31 of NO*, respectively. On

obtained and thereafter we can calculate all the MOs, includg, o top of Fig. 3 the energy positions of/R and Rc) are

ing nondiffusive molecular orbitaleNMOs), Rydberg mo- (51 en from photoionization spectrfll], expect that of

lecular orbitals(RMOs), and adjacent continuum molecular gcyns; are determined by this work according to the fluo-

orbitals (CMOs), respectively. In our ca!qulations, aII. the rescence spectrum of neutral atomic fragmég8is Six ion-
RMOs and CMOs were treated in a unified manner in th%zation thresholds in this energy region, i@m) 1 b’ 35"

framework of QDT[25-37. With the calculated wave func- 1768 e 1m) 1A IS¢ (17.91e 11 WA
tions, GOSD can be calculat¢dl] according to Eq(1). E18:14 eg’ (177)_1)12_ (19.84 eV ('50)_1\3'& 11_[((123.33 eV

and(40)™1 ¢ 31 (21.72 eV are also indicated. As shown in
IV. RESULTS AND DISCUSSION Figs. 3b) and 3c), the Rydberg states related to

Figure 1 shows the experimental absolute OOSD spectr:
and the calculated photoionization OOSD. It can be seen tha
the present measured spectrum above 16 eV is in agreeme7 osf
with the previous experimental orj@4] determined by the <
same method as ours but with higher impact energy of 8 ke\/§
and lower energy resolution of 1 eV. The discrepancy in theg *¢f
energy region below 16 e¥see the inset graph in Fig) tan &
be attributed to the different energy resolution. Meanwhile, & .
the present calculated result generally agrees with the exper§ “r
mental data, except for the energy region of 9.2—-18®é a
the inset graph in Fig.)1 This discrepancy can be under- 5 ,,|
stood since our calculations are based on self-consistent ca®
culations; thus, electron correlatiofise., channel interac-
tions) were ignored. In addition, the contributions from the oo
autoionization Rydberg states were not included in our cal-
culations.

Figure 2 exhibits the present absolute DDCS spectra at FIG. 2. DDCS of NO below 135 eVa and 8 denote some
the scattering angles of 0°, 2°, 4°, 6°, and 8°. Note that wittfeatures standing out at large scattering angle. The inset shows the
the increasing oK?, the energy position of the very broad expanded spectra in the energy region 620 eV.
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14F0) . 1 D W spectra[9]. On the top of OOSD spectrum the
12t AR positions of the experimentally known NO Ryd-
FI. berg levels are indicated, except the
> 10 r . o L . 4067Yc ®nso is assigned by this workAy,

8 04| €) ) A1, Ay, B, C, and D represent the features
[ } } standing out at the scattering angle of 6°. The
3L Repax RO vertical arrows in(d) indicate the calculated
8 .g @ ! ey T R S ! thresholds for exciting the multiplg®].
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R(c)npa(n=3-4), npm(n=3-4), and I, which are hardly series is a window-type Rydberg series in the photoionization
observed in the photoabsorption spectrum due to the weakpectrg[11] and their energy positions are determined by the
intensity [see Fig. 8a)], stand out at the large scattering minimum positions in Refl11]. However, the idealized reso-
angle of 6° or 8°. Meanwhile, these superexcited states angance energy of an isolated atomic or molecular state above
not observed in the fluorescence spefsee Fig. &)], i.e., the first ionization threshold in the photoabsorption and
their primary decay paths are not neutral dissociation. As fophotoionization spectra should be determined by a nonlinear
the window-type seriesc 3I1)nso, it is difficult to estimate  parameter-fitting procedure according to the Beutle-Fano for-
their presence in ou; experimental measurements. To the beswula[34,35
of our knowledge(c °II)nso were only reported experimen- _ 2 2
tally by photoionization spectrfll]. More specifically, the ole) = ol (q+ &)L +e9] + o @)
energy positions of4o)™* (c °Il)4so and (40) Xc 3I)5sc  Here,e=(E-E,)/(I'/2) indicates the departure of the exci-
are 20.26 and 20.90 eV, respectively, d&dd)™* (c °I1)3soc tation energ)E from an idealized resonance enefgywhich

is too weak to be observed. Note that the energy positions afgertains to a discrete autoionization state. AE®#2 is the

a little lower than that of the peaks marked®sS,, andS;  half linewidth of the autoionization resonanag,is a line
around 18.8, 20.3, and 21.0 eV, respectively, in the Niprofile index which represents the ratio of transition ampli-
3s2P—3p 2D%and NI & “P«—3p *P fluorescence spectra. tude of the “modified” discrete state to that of the relevant
Since the structure of these excitation functions showed aontinuum state, and a window-type state corresponds to q
poor coincidence with the known NO Rydberg levels taken— 0. Finally, o(¢) represents the absorption cross section at
from photoionization spectrgll], Ref.[9] suggesteds;, S,,  the excitation energy¥, whereaso, and o}, represent two
andS; may belong to “new” NO states. However, we suggestportions of the cross section corresponding, respectively, to
thatS,, S,, andS; belong to(40) (¢ ®Il)nse(n=3-5 Ryd- transitions to states of the continuum that interfere and do
berg series. The reason is discussed as follows: the corr@ot interfere with the discrete autoionization state. Therefore,
sponding effective quantum numbersof S;, S,, andS; are  the errors of the energy positions 640)Y(c II)nso re-
2.16, 3.09, and 4.35, respectively, when the ionizatiorported by Ref.[11] should not be small. In addition, the
threshold value is taken that ¢fo)'c °I1, i.e., 21.72 eV  weak window serieg4o) (¢ 3[I)nso are overlapped with
[15]. In addition, the intensity of the three peaks decreases abe strong series4o)™(c 3[I)nd= in the photoionization
excitation energy increases, which is also similar to the bespectrum[11], so it is difficult to obtain the accurate energy
havior of a Rydberg series. Therefore, the assumption thaiositions of the weak window series. However, such diffi-
the three peaks belong to a Rydberg series converging toulty can be avoided for the fluorescence spectroscopy
(40)71 ¢ ®1 is reasonable. The discrepancy between the datmethod since the profile of a superexcited state in the fluo-
from photoionization spectrum and that from the fluores-rescence spectrum may not be a Beutle-Fano prieide Fig.
cence spectrum is understood as follows: the profile of &(d)] if it does not interact with the continuum. In such cases,
specific superexcited state may vary with different experithe energy position of a superexcited state can be directly
mental methods, which would result in different accuracy indetermined instead of being determined by a nonlinear
determining its energy position. In fac;, S,, andS; fea-  parameter-fitting procedure according to E¢g). Further-
tures are related to three peaks in the fluorescence spectrumpre, some structures stand out in the photoionization spec-
and corresponding energy position are undoubtedly detetrum but vanish in the fluorescence spectrum such as the
mined by peak positions, whilé4o) (c 3I)nso(n=4-5  (40)%(c ®I)ndm; thus, overlapping is relieved or partially

012708-4



SUPEREXCITED STATES OF NO STUDIED BY ANGLE- PHYSICAL REVIEW A 70, 012708(2004)

relieved in the fluorescence spectrum. therefore, we recom
mend that the energy positions of the serids) nso(n
=3-5 are 18.8, 20.3, and 21.0 eV, respectively, taken from
the fluorescence spectruisee Fig. 8d)].

Since the neutral dissociation probability of the series.
(40)Yc *Inso(n=3-5) is large, the neutral dissociation &
probability of the serieg40)™Y(B I)nso(n=3-5 should 2
not be small. However, to the best of our knowledge, no dat £
for the energy positions of the seri¢do) (B 3IT)nso(n g oof
=3-5 have been published and the ionization threshold of
(40)7*BMI is still controversial. One assignment associates? ,
both thec 3IT andB 11 states with the band at 21.7 686]. 8 ,,| 0 x9x10°
The alternative assignment puts theéll state at 21.7 eV ]
and theB 11 at 22.7 eV[37]. Note that the three unassigned » = - = = 2
features marked ag,, Z,, andZ; in the NI 3s *P— 3p *P° Energy Loss (6V)
fluorescence spectrum are around 19.2, 20.7, and 21.4 eV,
respectively. Similarly, they may belong to a Rydberg series  FIG. 4. DDCS of NO in the energy region of 20—72 eV.

as discussed above. We suggest that the three features belon? ,
to the Rydberg series converging (@)~ B 1IT; Therefore, [9]. The assignments for the featui@sC, andD are an open
the ionization threshold 22.1 eV @#io)™'B 11 is derived. question. Some of them may be ascribed to the Rydberg

. . 1 states resulting from the excitation of a Electron.
That the assignment associates bothaRH andB 11 states Finally, let us discuss the feature at 33 eV markegas

Wit::l the ballnd at 21'2,6%6] maz be freasonable. ved adig 2. As shown in Fig. 4, the broad feature at 33 eV was
ow, let us discuss the features marked as,u clearly observed until the scattering angle increases to
Ao, A1,A2,B,C, andD which are overwhelmed in the pho- go(k2_ 27, ). This feature was also observed in Rf6]
toabsorption spectrurfsee Fig. 83)], and stand out at the 51k2=>2 1 a.u(9=2.0°). Lee[16] suggested that the feature
large scattermg angle of 6° or 8°. To. the best of our know"may be assigned to the transition of 2- 30, and the exis-
edge, no asagnrnents have been given for them. Note thf’r;rlnce of a minimum followed by a maximum in the GOS of
thed energy pOS't'é)”S of the thre% prominent featgshy, e feature results in the phenomenon, i.e., the feature stands
andA, are around 18.1, 18.3, and 18.5 eV, respectiVe®e ¢ ot |arge momentum transfers. In order to elucidate the
Fig. Ib)], and the energy mtgrvals among them are glmos enomenon, we calculated the excitation energy of the tran-
equal to 0.2 eV. Therefore, it is a reasonable suggestion thakion of 27 30 and its GOS curve versu€ based on the
Ao,A1, and A, may be ascribed to a vibrational progressiony;sscr method as shown in Fig. 5. The calculated energy
of an electronic state. Furthermore, the electronic state cans <iion is 32.4 eV. which is close to the observed energy
not be a Rydberg state corresponding to the excitation of I%osition 33 eV. It can be seen from Fig. 5 that there is only
50, 1, or 4o electron; it may be a doubly excited state. Thea maximum in the region dk?=0.8—3.6 a.u(i.e., the scat-
reason is discussed as followd) Since the transition with tering angle range of 4°—8° under the presen'E experimental
Av'=0, i.e, 0-0 transition, is dominant for the excitation of a conditions, which is in agreement with our observaticsee

50 electron due to the Franck-Condon princifleee the  gig 4 Therefore, the broad feature at 33 eV is assigned to

analysis in Ref[14]), Ag,A, and A, cannot be the vibra- ne yransition of 2 30 based on our calculations.
tional progression of a Rydberg state corresponding to the

excitation of a o electron;(2) Based on the calculated re- V. CONCLUSION
sults by Zhonget al[14] there is more than one Rydberg
state resulting from the excitation of arklectron(see Table

V in Ref. [14]) in the energy region of 17.3-22.0 eV, and

u)

on (a.

ecti

x4x10°

The electron-energy-loss spectra of NO have been mea-
sured in the scattering angle range of 0°—8° with an interval

the behaviors of GOS in a Rydberg series should be similar sl

to each other. However, no other structures which are similar '

to Ag,A;, and A, were observed(3) The electronic state 005 b

cannot be a Rydberg state resulting from the excitation of a /

4o electron based on the photoionization data taken from o0s |

Ref. [11] (see the top of Fig.)3 Such a doubly excited state 8

related toAy,A;, and A, may result from the transition of © oap \

2m2«—502, 27— 4050, andlor 2m°— 1750 based on the I \

ab initio calculationg9]. On the other hand, the presence of T I

Ag,A;, and A, is also indicated in the NI $*P« 3p *P° ool | \\
fluorescence spectrum shown in Figdg In fact, there is a ’

broad peak around 18.5 eV. Considering the dissociation ot L L L L r— .
thresholds denoted by vertical arrows in Figd)3 it is un- K (a)

derstandable that the featurAg and A; are too weak to be
observed in the NI 82P«—3p 2D° fluorescence spectrum  FIG. 5. The calculated GOS fori2— 3¢ transition of NO.
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of 2°; then, absolute OOSD and DDCS have been obtained,, A;, andA, [see Fig. 8)] around 18.1, 18.3, and 18.5 eV,
(see Figs. 1 and)2 Interestingly, some superexcited statesrespectively, may belong to a vibrational progression of a
stand out at large scattering angisse Figs. 2-# Based on  doubly excited state. The doubly excited state may result
the present experimental work and theoretical analysis, mo$tom the transition of 22« 502, 272« 4050, and/or 272

of the measured features and the ones in the fluorescence 1 754 based on thab initio calculations[9]. (4) The fea-
spectra[9] are assigned. Therefore, the energy levels Okyre around 33 eV is ascribed to the transition 6f<2 3¢
4o7Y(c *IHnso(n=3-5), 407 *(B 'M)nso(n=3-5), a vibra-  pased on our calculations.

tional resolved doubly excited state and the inner-valence ag e|ucidated in this paper, angle-resolved electron-
transition 2r<— 3o are determined. More specifical{§) the

energy-los t includ I ible d -
features marked &, S,, andS; in Fig. 3(d) taken from the gy-bss Specioscopy Inclides av possibie cecay pro

cesses for a specific state, and some superexcited states may
fluor?sc?nce spectt'[g] ;:09[”: l?is’ 3?33 and_él'o ?_\Y' '€ stand out at large scattering angles. Therefore, it is an impor-
Spectively, are ascribed 1o iéo)~(c “IDnso(n=3-95 Ry- tant method supplementary to the three most commonly used
dberg states. The discrepancy between the data from photfiethods to investigate the structure of superexcited states,
ionization spectrum and that from the fluorescence spectrufly  the fluorescence spectroscopy of neutral atomic frag-
s explained, and the energy positions of themens the photoelectron spectroscopy, and the photoion

-1 3 —
(40)~(c "IDnso(n=3-5 Rydberg states taken from the gnectroscopy, each of which is related to one specific decay
fluorescence specti@] are recommended?2) The features process of superexcited states.

marked a¥Z,, Z,, andZ; in Fig. 3(d) taken from the fluores-

cence spectrurf@] around 19.2, 20.7, and 21.4 eV, respec- Support of this work by the National Nature Science
tively, are ascribed to th¢4o) (B II)nso(n=3-5 Ryd-  Foundation of Ching10134010, 10004030and the Youth
berg states. Thus, the ionization threshold 22.1 eV ofoundation of the University of Science and Technology of
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