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Superexcited states of oxygen studied by fast-electron impact
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Absolute double differential cross section spectra gfascattering angles of 0°, 2°, 4°, 6°, and 8° below
119 eV have been determined by the angle-resolved electron-energy-loss spectrometer at an incident electron
energy of 2500 eV. Some features above the first ionization threshold stand out as the momentum transfer
squareK? increases. Based on our experimental results and theoretical analysis, they are assigned to the
optically forbidden Rydberg series ofog'(c*S;)npoy °S; (n=2-6) and the inner-valence transition of
(209) H(17mg)* *I1— X °%, respectively. Furthermore, the observed energy positionsgf(@*S))npo, 2
(n=2-6) confirm a theoretical predictiofzhong and Li, J. Phys. B37, 735 (2004)] that the eigenquantum
defects show an evident oscillation due to the presence of shape resonance.
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|. INTRODUCTION nance related to the excitation of ardelectron occurs near

_— . the threshold at about 12 €V]. However, no experimental
The definition, nature, use, and supposed miraculous cably ev] b
&

biliti £ sh h b di di .“UJata have been reported aboyio, < 1, transitions due to
pabilities of shape resonance have been discussed INeNSIVeH, gmg)| intensity and overlapping with many autoionization
for more than one decadl&]. Theoretically, Dehmer and Dill

. ) states. There is only one shape resonance at 22.6 eV above
[2] predicted thatf-wave enhancement in the (o, for. threshold in the photoionization to ther3 channels instead
homonuclear diatomic moIecuDeshanneI would result in ¢\ o separated multiplet-specific shape resonances, be-
. %ause a significant interchannel coupling effect exists in
cently, Zhong and LE?.’] calculated the eigenquantum defeCtSthese channel]. It is an interesting question whether such
p (u=7lm, where7 is the shortrange phase shift above ys.iation can be observed in the optically forbidden Ryd-
threshold of .the co mo!ecu!e. Their results indicate that berg series related to the excitation of a,2lectron. This
different partial waves mix with each other strongly and no,  ciion may be answered by angle-resolved electron-

partial wave 'is dominant in each eigenchannel close to 'th nergy-loss spectroscofAREELS), which is a powerful
energy position .Of a shape resonance. Such C""ICUI""'['OgoI for investigating the structures of atomic and molecular
agree with the ion-electron _comm_den_ce_ measurements nergy levels including both the optically allowed and opti-
flxed-ln-spape moleculelst, 3], in which it is _|nd|cated that cally forbidden transitions. In addition, the recent experimen-
sever_al p_art|al waves, at ledstl, 2, and 3, give comparable ;) 4 on NOI[8] and calculation on CQ9] elucidate that
contnbunon; to the shape resonances,. Eurthermore, based RREELS is an important method to investigate the structures
th? calculatlo_ns of Zhong and [[B], x's in th? o channel of superexcited states, i.e., excited states of molecules above
evidently oscillate af_o“’?d the energy position _Of a Shap‘?he first ionization threshold such as high Rydberg states,
resonance. Such oscillation cannot be observed in the EXPEo bly or inner-shell excited, non-Rydberg states, etc.
mental spectrqm gnless the shapg resonance Is embedde[fi'b—la. Since the momentum transfer dependence behaviors
a Rydberg series in the channel, i.e., the shape resonances jitfarent superexcited states are different, some superex-
occurs below the threshold. Up to now, this type of oscilla- ;o states may stand out at large scattering angles.

tiorllﬂg?escﬂgrboexeyr;gr?s\?vrr\]/gge. ground state can be written ag In this work, we have measured the electron-energy-loss
) 5 by 4 2 . “Bpectra of Q in the scattering angle range of 0°-8° with an
KK(209)*(20)*(30¢)*(1m,)*(1mg)%, may be a good candi- . ierval of 2°, and the absolute optical oscillator strength
date for observing such oscillation, since the ®shape jensjty (OOSD and double differential cross section
resonance occurs below the threshid@ll However, itis dif-  (ppcg) have been determined. Some features above the first

ficult to verify this oscillation in the OK-shell spectrum, jqnization threshold stand out at large scattering angles.
because the high Rydberg structures in the K-shell spec-  compining with the present theoretical analysis, these fea-

trum are veiled due to insufficient energy resolution or poor a5 are assigned. Furthermore, evident oscillation of the

signal-to-noise ratios. Such oscillation cannot be observediqenguantum defects due to the presence of shape resonance
either in the optically allowed shape resonances in the energy " yserved.

region of valence excitation which is related to the excitation

of a 1my or 30y electron. More specifically, the shape reso-
Il. EXPERIMENTAL AND THEORETICAL METHOD

The angle-resolved electron-energy-loss spectrometer
*Corresponding author. Email address: zpzhong@gscas.ac.cn used in this work has been described in detail in Refs.
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[13-15. Briefly, it consists of an electron gun, a hemispheri- 04 .
cal electrostatic monochromator made of aluminium, a rotat- T ey T ment
able energy analyzer of the same type, an interaction cham‘-;
ber, a number of cylindrical electrostatic lenses, and a one-z .|
dimension position-sensitive detector for detecting the
scattered electrons. All of these components are enclosed A
four separate vacuum chambers made of stainless steel. TS
impact energy of the spectrometer can be varied from 1to 5& o.z2f
keV. For the present experiment, it was set at 2.5 keV and the g
energy resolution was about 100 meV. All the spectra Were%
measured at the pressure ok8072 Pa and the background &
pressure in the vacuum chamber was B)® Pa. The true 3
zero angle was calibrated by the symmetry of the angular&
distribution of theE 33, v =0~ X33 inelastic scattering
signal around the geometry nominal zero. The angular reso- gl
lution was about 0.8° at present.

The electron-energy-loss spectra of @ere measured in
the scattering angle range of 0°-8° with an interval of 2°, FiG. 1. Absolute OOSD of @in the energy region of 4-81 eV.
and calibrated at 9.970 eV according to the transition ofrhe inset figure exhibits the expanded spectra in the energy region
E32;, v'=0 [16]. Then, the spectrum measured at a mearvf 4-22 eV.
scattering angle of 0° was converted into relative OOSD

spectrum by multiplying the Bethe-Born conversion factor of yy=g gptained in this work is about 20%, which mainly
the spectromete]i13,17. The spectra at the other scattering .omes from the instability of beam current, the angle deter-
angles were converted into relative generalized OSCi"atOFnination the angular correction factor, the statistics of
strength densityGOSD) spectra according to the following counts énd the least-squares fitting proc,edure.

Bethe-Born formuld 18,19 within the nonrelativistic Born The'multiscattering self-consistent-fislMSSCF or MS-

approximation: X,) method was employed in this work. Briefly, based on a
df(E,K) _Epy,,, do trial charge dgnsity of the molecule, a muffin-tin trial mo-
aE 2p." dE’ (1) lecular potentiaM™® with the symmetry of molecular point
a group was constructed. We can then calculate the occupied
Here, df(E,K)/dE and d’c/(dEAQ) represent GOSD and molecular orbitals(MOs), which serve to construct the
DDCS, E andK are the excitation energy and momentum charge density of the molecule and then a new trial molecu-
transfer whilep, and p, are the incident and scattered elec-lar potential. With this process going on, self-consistent it-

ensity

00SD (eV ™)

20 40 60 80
Energy Loss (V)

tron momenta, respectively. erations were undertaken until a certain precision was met. A
These relative GOSD spectra were made absolute by tHeelf-consistent-fieldSCH molecular potentiaVZ' was ob-
valence shell Bethe sum ru[&8,20: tained and thereafter we can calculate all the MOs, including
- [ df nondiffusive molecular orbitaleNMQOs), Rydberg molecular
orbitals (RMOQs), and adjacent continuum molecular orbitals
= + = _— . .
Sall0) = Noar + Nee L, (dE)dE' 2 (CMOs), respectively. In our calculations, all the RMOs and

CMOs were treated in a unified manner in the framework of
where N, is the total number of valence electrons in thequamum defect theoryQDT) [24—28. With the calculated
target(12 for O,), Npg is @ small correctiori0.42 for Q) for  wave functions, the GOSD can be calculated as follplgs:
the Pauli-excluded transitions from tKeshell to the already N
occupied valence shell orbitdl&1,22), andE’ is the lowest df(K,E) E, )
excitation energy. In the limit ok — 0, the GOSD is identi- dE > ﬁwn@: expliK 1)) Wo)?8(E, - E).
cal to the OOSD which was obtained using the valence " =
Thomas-Reiche-KuhttVTRK) sum rule[23]. In the sum- Here, ¥, and ¥, are the electronic wave functions of the
rule normalization procedure, the intensity of the relativeinitial and the final states, respectively,is the anticipated
OOSD or GOSD obtained at a definite scattering angle waaumber of electrons in the target partidig, is the excitation
first numerically integrated over a sampling energy-lossenergy, and; is the position of thgth electron.
range, i.e., up to 81 eV for 0°, 119 eV for 2°, 4°, 6°, and 8°.

The remaining intensity of the valence shell higher than the Il RESULTS AND DISCUSSION
measured energy region for,@vas estimated by integrating '
a fitted functionaE 15+ bE 25+ cE 3 from the limit energy The present absolute OOSD is shown in Fig. 1 together

of the measurements to infinity, where the empirical paramwith the one determined by the same method as ours but with
etersa, b, and ¢ were obtained by least-squares fitting aa higher impact energy of 8 keV and a lower energy resolu-
smoothly decreasing region, i.e., 50—-81 eV for 0°, 50-11Gion of 1 eV[23]. Clearly, the spectra are in good agreement
eV for 2°, 60-119 eV for 4°, 80-119 eV for 6° and 8°, with each other above 22 eV. The expanded spectra below 22
respectively. The overall percent error of the OOSD andeV are shown in the inset graph in Fig. 1. The discrepancy
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FIG. 2. DDCSs measured at

Double Differential Cross Section (a.u.)
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can be attributed to the different energy resolution. The spectra of @in the energy region of 12-25 eV are
In Fig. 2, we present the absolute DDCS spectra belovshown in Fig. 3 with the experimental ionization thresholds
120 eV at scattering angles of 0°, 2°, 4°, 6°, and 8°. It can b¢31,32 for valence-hole states. The assignments in Fig. 3
seen clearly that the energy position of the very broad feaare cited from Refq.33-37 except that the energy positions
tures observed at 6° and 8°, i.e., the Bethe ridge, moves tgf the vibrational levels of 4,*(A Il )4so, are calculated
higher energy loss and becomes more diffuse with the ingsing the molecular constants of74(A °I1,) 3sar, [36] since

crease ofK2. Such phenomena have also been observed i'Eh -

ey belong to the same Rydberg series. The Rydberg states
other molecules such as N@8], H,0 [29], and Sk [30]. denoted byl, I’, and|” are three bound electronic states
Furthermore, some features markedfaand B stand out as converging to thea “I, state of G [35]. HereR(A) in Fig
K2 increases. These features will be discussed in detail in th u ' '

%(a) represents the Rydberg series converging to ionization

order of excitation energy.
12 14 16 18 20 22 24
0.5 ' . ' . - T
(a) R@EI v=0123 g ', E A
04 R@T v=0123 ey BT R(c) ndx_ c‘;‘n
F[ R@3se poyp w0123 R(A)4 i =3 4378]7
o~ V=012343678 ory rrﬂ_rl;'ll:!(lZ)34m:n7 5n=3 4R (B)S 6 Bz):-. R 80,
< oaf [T {\’ﬁ T T
2 3
[a) R(A) 350, H .
202l onwer ¥ WWWN\M
=} }qﬁ I\ »;
o1} PQ:_ ]f\éh
0.0 ""‘&
() —+—9=6" [(© —o—p=2"
R
n=1 © e, 3 4 56 170
= w28 vegll —od T
é/ 2 [ A. ' A 4_-
wn o,
Q A A A
a .
A gL wa-w‘“'\x i
- - . : : - 40
12 14 16 18 20 22 24
Energy Loss (eV)

FIG. 3. The spectra and assignments g¢fiOthe energy region of 12-25 el OOSD;(b) DDCS measured at 6f¢) DDCS measured

at 2°.
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TABLE I. The excitation energies, effective numbers and quantum defecta of observed(2o,) X(c*2,)npa, (n=2-6) series in
molecular oxygen.

Energy(eV) n* "
Present
Feature (+0.02 Ref.[39] Ref.[39]" Present Ref[39] Ref.[39]* Present Ref[39] Ref.[39 Assignment
Ay 15.46 1.22 0.78 (20 Hc 43 y)2pa,r' =0
A 15.67 (20 Hc ) 2pa,r' =1
A} 15.88 (20 Hc 43 y)2pa,v' =2
Ay 16.03 (20 Hc 43 )2pa,v' =3
A 21.80 21.85 21.82 2.22 2.24 2.23 0.78 0.76 0.77 (20) Hc*2)3pay,v' =0
A 22.01 (20 Hc*3)3payr' =1
A, 23.31 23.30 23.31 3.29 3.28 3.29 0.71 0.72 0.71 (20) ¢ *2 ) 4pay,v' =0
A, 23.49 (20 NS 4payr' =1
A; 23.87 23.80 23.87 4.43 4.22 4.43 0.57 0.78 0.57 (20) X c*2)5pa,v' =0
A, 24.06 24.06 24.06 5.20 5.20 5.20 0.80 0.80 0.80 (20) c*3)6pa,v' =0

“Obtained by digitizing the Fig. 3 in Ref39].

thresholdA 2Hu, the rest in Fig. 8) and those in Fig. ®) of quantum defects in thpo, channel. Therefore it is under-
are similar. standable that the quantum defectA&f evidently deviates
The feature marked a& in Fig. 2 consists ofy;, A), Aj,  from those ofA;, A;, Ay, andA,. The different energy posi-
AJ, A, A, A, AL, Ag, andA, as shown in Figs. ®) and tions of such oscillation between _experimental a_nd calculqted
3(c), their energy positions are listed in Table I. Note thgt ~ data may be due to the neglecting of electronic correlation
A, Az and AY, which have not been observed before, are(';‘?-a channel |_ntera_ct|0|)1$n the present calculations. In ad-
almost equidistant with an energy interval of about 0.2 evdition, comparing with only the’=0 and 1 levels supported
They may be a vibrational progression of an electronic stateE?y the optically allowed Rydberg series converging:fix
Such electronic state should not correspond to the excitatiorsol 29 (€ >y)2poy, shows unusual vibrational structures,
of a bonding orbital electrofe.g., &r, or 30,) since vibra- l.e., more thar) two vibrational levels. Such phgnomenon is
tional energy intervals related to the excitation of a bondingSiMilar to that in thek-shell spectrum of @ which is due to
orbital electron are much smaller than 0.2 eV. Therefore thidh€ fact that the Bo—1s Rydberg excited state is strongly
electronic state may be related to the excitation of an antiPerturbed by the repulsive state gic,— 1s[38]. Therefore
bonding orbital electron @,. Similarly, the energy interval It IS suggested that the strong interaction betwegw,3

betweenA, andA! is almost equal to 0.2 eV. They may be a — 20, Rydberg excited state anp&,« 20, valence state

vibrational progression of an electronic state, and this elec€Sults, in the —unusual vibrational  structures of

_l 4 —_
tronic state may also be related to the excitation of an anti€% (c™2)2poy,

bonding orbital electron @,. It is the same situation foh, _ Dillon and Spenc¢39] have also oleErv_ed thegsa_tme op-
andA}. As shown in Table I, the quantum defectsfgf A,  tically forbidden Rydberg series o2 ("2 )npoy 24 (0
A, Az, andA, are almost constant except thatAgfwhen the
ionization threshold is taken as that of2(c *S;) (24.564 1o} n
eV) [31]. Meanwhile, the intensity behavior amorg, A,, A f

Az, andA,, which decreases as excitation energy increases, is - /j

similar to the behavior of a Rydberg series. Therefore we g

A
assign feature8,, A;, A,, Az, andA, to the Rydberg series of §
207, (c*2)npoy, °3y, v'=0 (n=2-6, Do, corresponds to 50'6 I i
the unoccupied orbital@,), andA,, A;, andA, have several § .
vibrational components as shown in Figgbj3and 3c). C30.4 :z:g::ﬂﬂ“zm f" “(lf’“-) &f' /
Now, we discuss the reason why the quantum defeégof 2 ations .°r“( %)
|---&--- Present experimental data

o
[N)

evidently deviates from those é§, A;, A%, andA,. F|gure. 4 for o) from (26,)"po

shows our calculated quantum defects in éjechannel with ceries v

the present experimental onesAf, A,, Ag, andA,. Clearly, o

the present experimental quantum defects are close to th %°f

calculated ones in theo, channel. Moreover, the well- : : . :
. . . -0.2 -0.1 0.0 0.1 0.2

known o, resonance is also demonstrated in our calculations, Orbital Encrgy (Ry.)

i.e., there is a rapid increase of the eigenquantum defect by 1

near threshold in théo, channel. Our calculations show that ~ FIG. 4. The calculated and experimental quantum defects in the

the presence of this shape resonance results in the oscillatief channel.
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=3-6) with a similar experimental method. Their observedder to elucidate the experimental observations, we calculated
energy positions of a;l(c 42;)npou (n=3-6) are also listed the excitation energy and GOS curve versdsof 1my—20y

in Table I. Note that there are evident discrepancies fobased on the MSSCF method. The calculated excitation en-
20, 1(c*2)3pa, and (¢ *S;)5po, between ours and ergy is 27.99 eV, which is close to the experimental one, 28.8
that of Dillon and Spencégg]. The present count for each €V. It can be seen from the calculated GOSs in Flg 6 that
energy point in the energy region covering 2(c *S;)npa, there 'is or)Iy one maxim_um in thig? region of 0.84—3.64
(n=3-6) Rydberg series is more than X3.0* and the mea- &.U., i.e., in the scattering angle region of 4°-8°, which
sured energy interval is 0.01 eV. Therefore the discrepanc{dr€es with our observation as shown in Fig. 5. Therefore
cannot be attributed to statistic errors. After digitizing thePased on our calculations and experiment we assign it to the
spectrum shown as Fig. 3 in Ré89], the energy positions transition of(20g) ™(1mg)* Iy X "%y

of 2051(042;)npau (n=3-6) were obtained as shown in

Table 1. Itis found that the digitized results agree well with IV. CONCLUSION
ours. Therefore our energy positions of{,?(c 2npoy (n
=2-6) are recommended. The electron-energy-loss spectra of Bave been mea-

As shown in Fig. 5, a broad feature around 28.8 evsured at scattering angles of 0°, 2°, 4°, 6°, and 8° below 119
marked asB in Fig. 2 is not clearly observed until the scat- €V. Then the absolute OOSD spectrum and the absolute

tering angle reaches K2~ 2 a.u). This feature has also DDCS spectra have been determined. Some interesting fea-
been observed by ReH0] for K2>2.0 a.u. and its intensity tures above the first ionization threshold become prominent
decreases fdk?> 6.6 a.u. Referendgt0] suggested that this asK? increases. Based on present experimental observations

feature was the transitiof2o,) (17, *I1,— X 337 In or- and theoretical calculations, featurdg Aq, Ay, A, and A,
g g are assigned to optically forbidden Rydberg series

0.030 20, (c*Sp)npo, 33y, v'=0(n=2-6). Meanwhile, the fea-
— turesAy, A), Aj, andAf are assigned te’=0, 1, 2, 3 levels
0025 | / " of 203, (c *X})2pa, °%. The features marked; andA; are
assigned ta'=0, 1 levels of 2%(c*;)3pa, °X;. Analo-
gously, the features markedl, and A} are assigned to’
=0, 1 levels of 2,}(c *;)4po, °%;. In addition, the present
experimental quantum defects Af, A, A,, Az, andA, ex-
hibit an oscillation, which is well explained by our calcula-
tions that a shape resonance in fiag, channel occurs near
threshold[3]. A feature around 28.8 eV is assigned to the

-\-\- transition of (20g) ™}(11rg)® *I1; — X33
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