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Measurements of cross sections and oscillator strengths by electron impact
for the 5d and 7s levels of Xe
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Differential cross sections and generalized oscillator strengths have been measured for two optically allowed
transitions H8(*Sy) —5p°(?P3)5d(K=32,J=1) and $°(*Sy) —5p°(?Psp) 7s(K=3,J=1) and two opti-
cally forbidden transitions B°(1Sg)—5p°(?P4,)5d(K=%,J=3) and $°(Sy)—5p°(?P3,)5d(K=5/2,
J=3) in Xe by means of electron-energy-loss spectroscopy. These measurements are carried out for electron
kinetic energies of 400 and 500 eV at small scattering ari@e4.4°-15.1}. Optical oscillator strengths have
been determined by extrapolating the generalized oscillator strengths to zero momentum trarif@@8s
+£0.045 and (0.0738:0.011), for the 5p°(?P3,)5d(K=3,J=1) and 5°(?P3,) 7s(K=3,J=1) states, re-
spectively. Integrated cross sections have also been determined for each impact energy. The errors are esti-
mated to be less than 159651050-294{06)09705-3

PACS numbe(s): 34.80.Dp

[. INTRODUCTION tively, are measured at 400- and 500-eV impact energies by
means of electron-energy-loss spectrosc@iLS). In J-1
We have been continuing a series of measurements a@oupling, the total angular momentudnof the parent ion
differential cross sectiondCS’s) and generalized oscillator and the orbital angular momentum 1 of the external electron
strengths(GOS'’s for the electron-impact excitation of the are coupled. This coupling causes a resultant angular mo-
resonance lines in rare-gas atothie,Ar,Kr,Xe). As an ad- mentumK. In turn K is coupled with the spin angular mo-
dition to the previous measurements @f-5 6s transitions in  mentum of the electron, and causes the resultasatiue. The
Xe, we present the cross sections and oscillator strengths f&d[3]3 and 5d[3]3 states have the same angular momentum
5p—5d,7s transitions in Xe. The peaks of the energy-lossquantum numbers except f&r values. The optical oscillator
spectra corresponding to these states do not contain contstrength§O0S’g and ICS’s are determined from the GOS'’s,
butions from other states. As a result, the measurements prand are compared with the results of calculations and other
sented represent these features uncontaminated by the effeoteasurements.
of other states. It is especially important to know excitation
cross sections for the B (?P5,)5d(K=3,J=1) state for
some applications because they have the largest values of all Il. EXPERIMENTAL PROCEDURES
excitation cross sections in Xe at high impact energies. Some
earlier results of measurements for resonance lines of rare- The experimental apparatus has been described in preced-
gas atoms have already been publishikd4). ing paperg1-3]. The electron spectrometer consists of an
Few theoretical calculations are available for th&Xe  €lectron gun, a hemispherical electrostatic energy selector
inelastic scattering processes which we are concerned witf@nd an energy analyzer, an electron lens system, and an elec-
Ganas and Greefb] reported a calculation of integrated tron detecting system. In this work, the typical energy reso-
cross sectiongICS’s) for the 5p—ns transitions with an  lution of the apparatus is 50-meV full width at half maxi-
independent particle model. As for experimental studies, inmum (FWHM), and the angular resolution is 0.4°WHM).
elastic DCS's and the ICS’s were given at 15-, 20-, 30-, and The relative scattering intensities associated with respec-
80-eV impact energies by Filipoviet al. [6], and at 20 eV  tive scattering processes were determined from the corre-
by Williams, Trajmar, and Kuppermafv]. Some prelimi- sponding peak areas of the energy-loss spectra. Then the
nary results for the p—7s transition were reported by absolute DCS’s were determined from the relationship
Nishimura, Danjo, and Matsuda].
5p5(2P,)B5(K=3,0=1) and °(Py)6s(K—4,J=1) do / ‘d—“
states in a preceding work. In the present work, DCS’s and dq inel d€ el
GOS'’s for optically allowed p°(?P5,)5d(K=32,J=1) and
5p°(?P,)5d(K=%,J=3) and @5(2P8,2)5d(K=§,J=3) note inelastic and elastic scattering, respectively. The influ-
states, which are designated asl[3], 7s[3], 5d[%]3,  ences of the chromatic aberration to the scattering intensities
5d[3]3 according to thel-1 coupling notation9], respec- are negligibly small because the impact energies are much

@
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1
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We measured DCS's and GOS's for the
5p°(?P5,) 7s(K=%,J=1) states and optically forbidden wherel is the scattering intensity, and “inel” and “el” de-
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larger than the p—5d,7s excitation energies. The actual
zero-scattering angle has been calibrated using the symmetry
of the intensity ratiol ./l ¢ around 0°. fla/d(Q), was ob-
tained by a calculation using a fitting function, which was
based on experimental data of the absolute elastic-scattering

4139

e + Xe

Ej=500eV
0=19

cross sections measured by Bromble@] and Jansen and de IR

Heer[11]. Using Eq.(1), (da/dQ);,e can be determined by 6g,

multiplying the intensity ratio by the factodg/d(}),.
The GOSF(K) is calculated from the equatidi 2]

_Wki Z(d()')
F(K)_?k_fK FTOIR 2

whereW is the excitation energy; andk; are the momenta
of the colliding electrons before and after collision, dfds

the magnitude of the momentum-transfer vector. All quanti-
ties are in atomic units.

The limiting value of the GOS a&? approaches zero
gives the OOS whether the Born approximation is valid or
not. In order to obtain the OOS, we have extrapolated the
experimental GOS values to zero momentum transfer using
the least-squares method with polynomials of the foi13]

L
5di5/ 25—
5417725 |

5di3/21;

INTENSITY (arb.units)
@
n
[&2]

ey

(]

7513121

10 11 1z 13
ENERGY L0OSS (eV)

m n

2

_ 1 2
F(K)—m fo+n:1fn 152/ | ©)

FIG. 1. Typical electron-energy-loss spectra of Xe, for 500-eV

wherel =6 for the 50— 7s transition,| =8 for the 30—5d  impact energy at the scattering angles of 1.9° and 5.1°.

transitions,f, is the OOS, and,, are the coefficients which
describe the relation df to K. X is equal toK/Y, andY is

equal toy21 + y2(1—W). | andW are the ionization energy values of the transition energy table compiled by Mo&g
and excitation energy, respectively. The most intense peak at 10.401 eV corresponds to the

Recently, another extrapolation formula for optically al- excitation to the 8[3]9 state from the ground state. Adjacent
lowed transitions was constructed by Msezane and Sakmgyeaks at 10.593, 10.039, and 10.220 eV correspond to exci-
[14] considering the rigorous physical domainkf It gives  tation to the B[3]9, 5d[3]3, and Si[5]] states, respectively.
the behavior of the GOS in the vicinity #f=0. The formula  The 5d[£]3 and 5[3]3 peaks are well separated from neigh-
is expressed as boring states. The intensity ratios of thd[3]?, 7s[3]9, 5d[

119, and 5[3]$ peaks to the elastic-scattering intensity are

2 4) given in Table I.

The absolute elastic-scattering cross sections were ob-
tained using a fit to the measurements of Bromiéafj and
Jansen and de Hegt1]. It is known that a curve of a semi-

It has been shown that E¢d) agrees well with the ex- logarithmic plot of @a/d()), againstk shows a linear be-
perimental results for smaK? (<0.05 a.u) [15]. We com-  havior in the range of smaK. The elastic-scattering cross
pare our results with the values given from the formula insections are fitted to the equation

F(K)=—fo| 1—

2
1+ m)

Sec. Il
Employing either(2) or (3), the ICS ¢ is obtained as do
follows: In(d_Q =Co+C K+ CK2+c3KS3, (6)
el
B A7 (kitks F(K)
o= Wik K-k K dK. 5 wherecy, ¢4, Cy, andcy are the fitting parameters. Numeri-

cal results of o/dQ) are listed in Table I.

We have made numerical calculations of the ICS in the DCS'’s for the HI[3]] and %[$]? excitation for impact
Born approxima’[ion according to this equation_ energies of 400 and 500 eV are shown in Fig. 2 as functions
of the scattering angle. The DCS’s for both excitations have
the same forward-peaking angular dependence as those for
the 6s[2]9 and 6s[]? we measured befork8], and possess

Typical energy-loss spectra are shown in Fig. 1. Thesshallow minima except for that of thedfi]? excitation at
spectra were taken at an impact energy of 500 eV and scab00 eV.
tering angles of 1.9° and 5.1°. The energy-loss peaks have The DCS'’s for the 8[3]3 and 5[3]$ excitations are
been identified by comparing them with the spectroscopishown in Fig. 3 as functions of the scattering angle. It is

Ill. RESULTS AND DISCUSSION
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TABLE I. The intensity ratios §o/dQ))e/(do/dQ) and the DCS’s da/dQ);ne (in atomic unity for excitation of the S[3/2]9,
7s[3/2]9, 5d[7/2]3, and = [5/2]3 states at impact energies of 400 and 500 eV. The absolute elastic differential cross seletiah®)(,,

are also listed. The numbers in brackets denote powers of 10.ddl(}). are obtained by the interpolation and extrapolation of the
results of Bromberd10] and Jansen and de Hegdr].

Angle (do/dQ)g Intensity ratio Ho/dQ) e (@FsD)
(deg (ag/sn 5d[319 7s[319 5d[319 7s[312
400 eV
1.4 1.682] 3.57-1] 9.210-2] 5.941] 1.551]
1.9 1.492] 2.39-1] 6.07—2] 3.5q1] 9.04
2.4 1.332] 1.53-1] 4.04 -2] 2.041] 5.42
2.9 1.202] 1.09-1] 2.89-2] 1.3q1] 3.42
3.6 1.032] 6.7q—2] 1.9G-2] 7.01 1.99
4.1 9.501] 4.89-2] 1.49-2] 4.61 1.40
4.6 8.641] 3.3§-2] 1.01-2] 2.92 8.75—1]
5.1 7.841] 2.64-2] 7.97-3] 2.07 6.25—1]
5.6 7.111] 1.64-2] 5.04 3] 1.20 3.50-1]
6.1 6.441] 1.30-2] 3.69-3] 8.34—1] 2.34-1]
7.1 5.241] 7.1G-3] 1.84-3] 3.74-1] 9.89-2]
8.1 4.221] 3.64-3] 8.8q 4] 153 -1] 3.79-2]
9.1 3.371] 2.34-3] 5.24 4] 7.99-2] 1.74-2]
10.1 2.671] 2.14-3] 4.671—4] 5.71-2] 1.29-2]
111 2.191] 1.97-3] 5.34 4] 4.19-2] 1.14-2]
12.1 1.691] 1.8 -3] 6.79 4] 3.04-2] 1.19-2]
13.1 1.361] 2.37-3] 9.59 4] 3.29-2] 1.31-2]
14.1 1.111] 2.79-3] 9.04 —4] 3.03-2] 1.04-2]
15.1 9.17 2.44-3] 8.80 4] 2.24-2] 8.07-3]
500 eV
1.4 1.602] 3.14-1] 8.09-2] 5.041] 1.291]
1.9 1.432] 1.99-1] 5.01-2] 2.841] 7.24
2.4 1.282] 1.27-1] 3.3-2] 1.691] 4.30
2.9 1.162] 8.26 2] 2.19-2] 9.59 2.54
3.6 1.012] 4.97-2] 1.37-2] 5.04 1.39
4.1 9.231] 3.41-2] 9.99 3] 3.15 9.18-1]
4.6 8.401] 2.16-2] 6.27—3] 1.81 5.29-1]
5.1 7.631] 1.60-2] 4.70-3] 1.22 3.59—1]
5.6 6.921] 1.09-2] 3.31-3] 7.59-1] 2.29-1]
6.1 6.251] 7.94-3] 2.27-3] 4.9-1] 1.47-1]
7.1 5.0%1] 3.97-3] 1.01-3] 2.00-1] 5.11-2]
8.1 4.021] 2.31-3] 457 —4] 9.24 -2] 1.84-2]
9.1 3.171] 1.77-3] 3.70-4] 5.60 2] 1.17-2]
10.1 2.481] 1.5 3] 4.47—4] 3.87-2] 1.1G-2]
11.1 1.941] 1.56-3] 6.35 4] 3.03-2] 1.23-2]
12.1 1.581] 1.74-3] 6.1 —4] 2.60-2] 9.41-3]
13.1 1.291] 1.89-3] 7.54—4] 2.29-2] 9.17-3]
14.1 9.84 1.6B-3] 6.1 4] 1.6§-2] 6.0 3]
Angle (do/dQ), Intensity ratio do/dQ) e (@3sD)
(deg (af/sn 5d[313 5d[313 5d[313 5d[313
400 eV
24 1.332] 1.03[-3] 1.56 3] 1.34-1] 2.0§ 1]
2.9 1.202] 1.32 [-3] 1.54-3] 1.59-1] 1.84—-1]
3.6 1.032] 1.50 [—3] 1.80-3] 157-1] 1.84-1]
4.1 9.501] 1.74-3] 1.89-3] 1.69-1] 1.79-1]
4.6 8.641] 1.69-3] 2.21-3] 1.44-1] 1.97-1]
5.1 7.841] 2.11-3] 2.29-3] 1.69-1] 1.771-1]
5.6 7.111] 2.31-3] 2.3§-3] 1.69-1] 1.67-1]
6.1 6.441] 256 3] 2.5q 3] 1.64-1] 1.69-1]
7.1 5.241] 2.7 -3] 2.87-3] 1.44-1] 1.47-1]
8.1 4.221] 2.76-3] 2.60-3] 1.16-1] 1.14-1]

9.1 3.371] 2.99-3] 3.01-3] 9.94-2] 1.00-1]
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TABLE I. (Continued.

Angle (do/dQ)g Intensity ratio do/dQ) e (@3/sD)
(deg (@/sn 5d[313 5d[313 5d[318 5d[318
400 eV
10.1 2.671] 2.97-3] 2.96[ 3] 7.95[-2] 7.92[-2]
11.1 2.121] 3.01-3] 2.51[-3] 6.41[—2] 5.33[—2]
12.1 1.69[1] 2.49-3] 2.43[-3] 4.22[-2] 4.11[-2]
13.1 1.361] 2.6-3] 2.48[-3] 3.61[-2] 3.38[-2]
14.1 1.111] 2.34-3] 2.38[-3] 2.59[-2] 2.64[-2]
15.1 9.17 2.10-3] 1.89[-3] 1.94[-2] 1.73[-2]
500 eV
2.4 1.28[2] 1.2 -3] 1.73[-3] 1.64[—1] 2.22[-1]
29 1.16[2] 1.3§-3] 1.63[—3] 1.56[—1] 1.88[—1]
3.6 1.01[2] 1.6q—3] 1.68[—3] 1.62[—1] 1.71[-1]
4.1 9.23[1] 1.74-3] 1.74[-3] 1.60[—1] 1.60[—1]
4.6 8.40[1] 2.07-3] 2.04[-3] 1.73[-1] 1.71[-1]
5.1 7.63[1] 2.164-3] 2.04[-3] 1.65[—1] 1.56[—1]
5.6 6.92[1] 2.63-3] 2.44[-3] 1.82[-1] 1.69[-1]
6.1 6.25[1] 2.417-3] 2.34[-3] 1.54[—-1] 1.47[-1]
7.1 5.05[1] 2.67-3] 2.48[-3] 1.33[—1] 1.25[-1]
8.1 4.02[1] 2.60—3] 2.76[ 3] 1.05[—1] 1.11[-1]
9.1 3.17[1] 2.69-3] 2.28[-3] 8.52[-2] 7.22[-2]
10.1 2.48[1] 2.54-3] 2.56[—3] 6.29[—2] 6.36[—2]
11.1 1.94[1] 2.14-3] 2.00[—-3] 4.15[-2] 3.89[-2]
12.1 1.53[1] 1.84-3] 1.69[-3] 2.78[-2] 2.58[—2]
13.1 1.22[1] 1.71-3] 1.64[—3] 2.07[-2] 1.99[-2]
14.1 9.84 1.20-3] 1.58[—3] 1.19[-2] 1.56[-2]
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FIG. 2. Differential cross sections for the excitation of the
5d[3]9 (circles and &[3]? (triangles states in Xe as a function of FIG. 3. Differential cross sections for the excitation of the
the scattering angle. 5d[2]3 and 5[ 2]] states in Xe as a function of the scattering angle.
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FIG. 4. The generalized oscillator strengths for the excitation of ) ) o
the 5d[ 212 (circles and H[2]° (triangles states in Xe as a function FIG. 6. The generalized oscillator strengths for the excitation of
5 . .
of the squared momentum transtéf (log-log plots. The squares e &d[3]3 state in Xe as a function of the squared momentum

2 .
are part of the §3]° data remeasured. The solid lines are fitted ransferk® (semilog plots. The open squares are the values at 500
lines using Eq(3). eV, and the closed squares those at 400 eV. The solid lines are fitted

lines using Eq(3).

found that the DCS's for .bOth. excitations have a flat angu!arexcitations taken at 400 and 500 eV lie on the same curves in
dependence and show little impact energy dependence in

: . <1.5.
region of the scattering angle smaller than about 8°. In the regionk’<1.5. These GOS curves show minima like

Fhose for &[2]2 [3]. However the GOS’s for &2]2 do not

region larger than about 6°, both DCS’s show an angulaf1ave a minimum as deep as those fef8°. and the GOS'’s
dep_fntdenceNmodr%gentle t_hatnhthos;a for t?%ﬁ aDngS?S[?(l) th for 7s[2]° do not have aFr)1 impact ene[r%y,dependence in the
excriations. \o qiiterence in the values of the S for evicinity of K2, for which the GOS has its minimum value.

710 570 P . i
5d[5]3 and &[3]3 excitations has been observed in the re The apparent GOS’s remeasured fsf %2 around the mini-

gion covered by our experiment. For lower electron-impac . :
energies[6,7], it was reported that DCS's for thedZ]? %um were found to increase as the impact energ;gdecreases.
1 213 If the radial Hartree-Fock wave function of the[Z]} state

exz_:llthaélc()anoasrz ﬁrrgt?]reﬂa]??]OtZ%Sdegs?g]%hg)[(%]ifa%ﬂta:l(;)cnésses had its most prominent maximum beyond the outermost
21 211 P node like that of 8[3]9, the GOS'’s around the minimum

are derived from the DCS'’s using E), and are shown in
. , 310 qu iy i would have an energy dependence because of effects not
Fig. 4. The DCS's for the §]3]; excitation have been remea- ;. 4a in the first Born approximaticisee Ref[16]). We

Iilijrei, "fll_r;ld tg;gO? Sr ?rzomgtzd]ghenrggr[gt]ign ‘;’(‘r?t atlisc;] shorwn 'Thus suggest that the radial wave function of tisg3]° state
g.4. The sforthedzls a 213 EXCIAMONS Ar€ 145 4 different form from that of thesp]? wave function.

also shown in Figs. 5 and 6, respectively. In the graph of th%\ 710 510 ot ;
L ; 310 310 s for 5d[ 3]z and 5[3]3 excitations, it seems that the data
GOS againsK®, the data points for thedi:]; and &[:]; points of the GOS’s taken at 400 and 500 eV lie on the same
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FIG. 5. The generalized oscillator strengths for the excitation of FIG. 7. A comparison of the present generalized oscillator
the 5d[£]3 state in Xe as a function of the squared momentumstrengths for the 821 state with the formula recommended by
transferk? (semilog plots. The open circles are the values at 500 Msezane and SakmaRef. [14]). The OOS value used is deter-
eV, and the closed circles those at 400 eV. The solid lines are fittechined by the extrapolation using E(B). The solid line is calcu-
lines using Eq(3). lated by Eq.(4). The other symbols are the same as in Fig. 4.
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FIG. 8. A comparison of the present generalized oscillator
strengths for the §[3]? state with the values of a formula E@).
The solid line is calculated by Ed@4). The other symbols are the
same as in Fig. 4.

TABLE 1l. Comparisons of the present optical oscillator
strengths for the 8[ 3] and 7[3]? states in Xe with those of other
authors.

00s Ratio of the OOS’s

Author 5d[319 7s[319 7s[31Y/5d[319

EELS
This work 0.298-0.045 0.07380.011 0.248
Lu? 0.381 0.09 0.236
Delagé? 0.395-0.158 0.110.044 0.278
J. Geiget 0.395 0.0968 0.245
W. F. Chal  0.379:0.019 0.08580.0043 0.227

Optical measurements

W. R. Ferrelf 0.370+-0.07 0.088-0.01 0.238
S. D. Kramet 0.098+0.012

Theory
Geigef 0.550 0.0769 0.140

8Referencd 18] (low-energy electron impakt

bReferencd 19] (low-energy electron impakt

‘Reference[20] (high-energy electron impact, energy-dependent
quantum defect theoyy

dReferencd21] [high resolution dipole & e) method.

®Referencd22] (optical phase matching

‘Referencd 23] (optical phase matching

TABLE IIl. Integrated cross sections for the excitation of the
5d[3]9 and %[3]? states in Xe.

Impact energy Cross sectigh0 ™" cnP)

(eV) 5d[3/2]? 7s[3/2)2
400 1.48-0.22 0.378:0.057
500 1.26:0.19 0.323:0.048
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FIG. 9. Integrated cross sections for the excitation of tHES}
state in Xe as a function of the impact energy. The solid circles are
the present results, and the solid curve is drawn by extrapolation to
the lower impact energies within the framework of the Born ap-
proximation using Eq(5). The open circles are experimental results
of Filipovic et al. (Ref.[6]), and the open rectangle is by Williams,
Trajmar, and Kupperman(Ref. [7]).

curves over the whole range &7 measured, although the
data around the maxima are scattered a little.

Comparisons of the present GOS'’s for thd[3]? and
73[%]‘1’ transitions with the values of a formula recommended
by Msezane and Sakmét4] are shown in Figs. 7 and 8.
Both of our GOS's agree with their curves at smiff
(=<0.09H within the experimental errors.

The present results of the OOS’s and the ratios of the
0O0S for %[2]? to 5d[$]? are compared with the published
data in Table Il. The present results of the OOS’s appear to
be smaller than other experimental values by 20-25 %.
However, there is not much difference between our ratio of
the 7s[2]9/5d[3/2]9 OOS’s and some other experimental
ones. The question may be how to determine the absolute
values, or how to extrapolate the GOS values. It was found
that our previous §3/2]S DCS’s gave very good agreement
with the values calculated by the relativistic distorted-wave
method[17] published after our previous paper. We found

6
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i e + Xe 7
- 1 713128
§ 10' - —
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10° —
A9 | | L |
10 | [
10 10 107 10° 10°
IMPACT ENERGY (eV)

FIG. 10. Integrated cross sections for the excitation of the
73[3]9 state in Xe as a function of the impact energy. The same
symbols and notations are used as in Fig. 9.
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that DCS’s remeasured forsB}]° agreed well with our pre- perimental ones, provided no local effects such as resonances
vious data. Our extrapolation procedure seems to be reasoproduce an enhancement, the results of Filiposial. at
able according to Figs. 7 and 8. Considering these facts, wgb and 20 eV seem to be reasonable. The ICS’s for both the
suggest that although our OOS'’s are smaller than other exd[$]? and &[] transitions given by Williams, Trajmar,
perimental values, they are a result of the most careful pracand Kuppermann are much smaller than those we have mea-
tice of the intermediate-energy electron-energy-less spectrosured. As mentioned in a previous paf&}; this discrepancy
copy (EELS) method for the OOS measurement. is considered to be due to their normalization procedure.
The ICS’s for the 8[£]9 and %[$]? excitations at 400- Systematic errors in the measured DCS’s due to the effect
and 500-eV impact energies are determined using(kq. of the limited angular resolution are negligibly small in the
and are tabulated in Table IIl. ICS’s at lower impact energiepresent experiment. The errors in the results for DCS’s and
can be calculated from the GOS’s at 400 and 500 eV withinrGOS’s are estimated to be 13%, the quadratic sum of the
the framework of the Born approximation. These results areandom error to be 10%, the systematic error to be 3%, and
shown in Figs. 9 and 10, where experimental values meathe error of the standard elastic-scattering cross section to be
sured by Williams, Trajmar, and Kuppermafifij and Fili-  7%. The uncertainties in the OOS are estimated to be 15%,
povic et al.[6] are also presented for comparison. Considerthe quadratic sum of the errors of the GOS's to be 13%, and
ing that cross sections calculated according to the Borithe errors due to the extrapolation procedure of the GOS's to
approximation are larger at lower impact energies than exbe 8%. The errors in the ICS’s are of similar magnitudes.
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