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Absolute generalized oscillator strengths of 2S and 2P excitations of helium
measured by angle-resolved electron-energy-loss spectroscopy
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The differential scattering cross sections and the generalized oscillator strengths ofShe21S and
11s— 2P transitions of helium have been measured by angle-resolved electron-energy-loss spectroscopy
with an incident electron energy of 1500 eV and within the range 2°-11.5° of scattering angles. The correc-
tions for angular factors and density effects have also been made for the experimental results. The differential
cross sections and generalized oscillator strength values are absolute and are the first to be measured at such a
high impact energy. The experimental results are compared with other measurements and theoretical calcula-
tions in the literature.

PACS numbdss): 32.70.Cs, 34.80.Dp

[. INTRODUCTION tering angle, i.e., momentum transi¢r is varied. AREELS
can be used to measure the absolute DCS and GOS of both
Electron-energy-loss spectroscofELS) is a powerful ~ dipole and nondipole electronic transitiof12]. Absolute

tool for investigating the structure of atomic and molecularGOS measurements as a function of momentum trarsfer
energy levels and electron-induced processes. The transfer @/er an extended range Kfvalues provide additional infor-
energy and momentum from the incident electron to the tarMation about the nature of electronic transitions and of elec-
get can be used to produce both dipole and nondipole eledron scattering processes. They can also provide an effective
tronic transitions. According to the Bethe thedty, the dif-  teSt Of the wave-function models used for both the ground
ferential cross sectiotDCS) for a fast electron impact can 2nd excited states and of quantum computational methods,

be factorized into a factor involving the kinematics of the since such a GOS profile is directly related to the initial-state

. - and excited-state wave functions.
electron before and after the collision and the transition prob- Electron impact processes of helium are important for

ability O.f the resqltmg excitation of the target, the Sofcanmboth practical and theoretical interests. They exist in various
generalized oscillator strengthGOS, by the following  jischarge and laser systems, fusion plasmas, the atmosphere,
Bethe-Born formulg2,3]; and in stellar objects. They represent one of the simplest
W p do inelastip electron scattering processes that are suitable for
f(W,K)= — L Ry (1) theoreucal treatment and for developing or refining calcula-
2 py dQ tional schemes.
A large number of cross-section calculations and mea-
Here f(K,W) anddo/dQ) stand for GOS and DCS, respec- surements have been reported for helium. Most of them gave
tively. W andK are the energy loss and the momentum transthe DCS at lower incident electron energy as summarized in
fer while py, and p, are the incident and scattered electronthe reviews of Bransden and McDow¢B] through 1977
momentum, respectively. All quantities in E¢l) are in  and in the papers of Cartwrigkt al.[13] and Trajmaret al.
atomic units. The atomic unit of energy is hartrees. [14] more recently. The experimental DCS research of the
The multichannel quantum defect theory can calculate @ P and 2!S excitations from the ground state'$ in he-
unique energy-dependent quantum defect as well as the cdium, in which the energy of incident electrons is greater than
responding absolute oscillator strength densities for each pat00 eV, is summarized in Table I. This research indicates
ticular initial- and final-state combination including the that the differences between the various theoretical and ex-
bound and continuous statg4—7]. It provides a powerful perimental results and among experimental results are sig-
tool in predicting the electronic excitation spectrum and thenificant.
differential cross section. Therefore, a large amount of the Kim and Inokuti[25] calculated the first Born approxima-
data of the excitation cross sections by the electron impaction results for these two transitions. The earliest authors
especially for high excitation states, can be obtained by thevho indicated that the Born approximation is grossly inad-
interposition from a few of the measured GOS densities. equate at high incident energy and large scattering angle to
Many earlier EELS studies have been devoted to meadescribe the DCS’s of electron scattering were Geltman and
surements of DCS at low impact energi83 or to measure- Hidalgo [26] for hydrogen and Holt and Moiseiwitsdl27]
ments of optical oscillator strengtl®OS in a simulation of  for helium. Opal and Beat}20] studied the angular trend of
photoabsorption by high impact energy at near-zero degreelectron scattering by helium at an incident energy of 200 eV
forward scattering anglg9—11. A further development of and confirmed the essential correctness of the theory. How-
EELS is angle-resolved EEL&REELY), in which the scat- ever, due to poor resolution they used unresolved spectra and
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TABLE I. Summary of DCS measurements for théR and 22500
2 1S transitions in He.
20000 ¢ ' § ~-0.1

Energy Angular , 17500 E

range range K 3
Reference Levels (eVv) (deg (units ofag?) 15000 ¢
[15] 21s21p 511 3.8-8.8 0.18-0.88 £ 12500 |

5

[16] 2's2'p 500 9.3-153  0.45-2.56 8 10000 |-
[17] 21s 500 0.5-2.5 0.02-0.09
[18] 21p 400 1.5-4.0 0.04-0.16 7500
[19] 2s2'p 300,400 5.7.5,10 0.19-0.89 5000 |
[20] 21s21p 82,200 30-150 3.8-52
[21] 21521p 500  5,10,1520  0.29-4.36 2500 ¢
[22] 2's2'p  50-500 20-120 4.36-108 0 TNV S N T
[23] 21s2'p  200-700  7.5-35 0.88-4.70 5 4 321401 2 3 4 5
[24] 21s 200-1000 0-16 0.00-5.65 angle (degree)
[13] 2P 30-100 5-140 0.14-23.1
[14] 21s 30-100 10-135 0.29-22.5 FIG. 1. Calibration for the scattering angles. The horizontal axis
This work 2152 1p 1500 2-115 0.14—-4.40 represents the geometric angle of the spectrometer.

ind scattering angles within the range 2°-11.5° are reported.

he DCS and GOS values are absolute and are the first to be
measured at such a high impact energy. Under such a condi-
tion, the first Born approximation is closer to being valid, so
the GOS values we measured are considered to be closer to
real GOS values. The present experimental measurements
are compared with previous experimental and theoretical re-
fsults.

separated scattering curves for these two transitions by d
convolution. After that Hidalgo and Geltmd8] applied
their Coulomb projected Born approximati¢@6] to these
two transitions of helium and significantly reduced the dis-
agreement of the previous thed35] with experiment20].
Dillon and Lassettrd23] used fully resolved spectra, ex-
tended the measurements to higher incident enefgiggo
700 eV), and first determined absolute DCS and GOS o
these twc; transitions. Their experimental results showed that
beyondK"=5 the experimental GOS values had large devia- || gxpERIMENTAL APPARATUS AND PROCEDURES
tions from the Born approximation for the*$—2 “P tran-
sition, but at low momentum transféK2<2.5) the experi- The electron impact apparatus used to obtain the data of
mental values had small deviations of 7% to 15% from thehelium in this work is a recently built angle-resolved double
first Born approximation. However, for the!$—21Stran-  hemispherical electron energy-loss spectrometer. Details of
sition, even at low momentum transfer, the experimental valthe apparatus were described in our previous widrk].
ues still deviate from the first Born approximation curve.Briefly it consists of an electron gun, a hemispherical elec-
Agreement with the Coulomb Born approximatip®8] is  trostatic monochromator made of aluminum, a rotatable en-
good but calculated values were higher at largérfor the  ergy analyzer of the same type, an interaction chamber, a
11's—-21p transition. Furthermore, their GOS values atnumber of cylindrical electrostatic optics lens, and a chan-
higher incident energy and larger momentum transfer wer@eltron for detecting the analyzed electrons. All of these
much lower than the measurements by Opal and Bg2ly components are enclosed in four separate vacuum chambers
and Suzuki, Takayanagi, and Wakijya2] for both transi- made of stainless steel. Pulse-counting and multiscaler tech-
tions. Moreover, Sakait al.[24] determined relative DCS’s niques were used to obtain energy-loss spectra.
for the 21S transition with respect to the P at small scat- It is known that angular accuracy has a great influence on
tering angles and in the impact energy range 200—1000 e\abserved signal intensities, particularly in the case of for-
They found that the cross section increased as the scatterimgard scattering. The scattering angle8 were calibrated
angle decreased to 0°. Recently Trajratial.[14] confirmed  based on the symmetry of the"$— 2 *P inelastic scattering
again this conclusion at lower impact energy range 30—108ignal around the geometric nominal zero angle. Figure 1
eV. On the other hand, in previous experiments with highgives the result of this measurement and shows that the true
impact energies, these two transitions were usually not rescattering angle is 0.1° less than the geometric zero angle of
solved due to poor energy resolutif?9,3d. the spectrometer. The angular resolution of the spectrometer

So far there have been few theoretical and experimentdias been approximately determined from the angular distri-
results for higher incident energynore than 700 e)and  bution of the direct electron beam from the monochromater
larger momentum transfer. Therefore further studies of inby rotating the energy analyzer. It is shown in Fig. 2. The
elastic electron scattering by helium at higher incident enangular resolution is about 0.6full width at half maximum
ergy and larger momentum transfer are needed both experfFWHM)], which is good enough for the present measure-
mentally and theoretically. ments.

In this paper, our recent experimental results for the DCS The impact energy of the spectrometer can be varied from
and GOS for the 1s—21S and 1!S—-2!P transitionsin 1 to 5 keV and the energy resolution is 40—-120 meV
helium measured at an incident electron energy of 1500 eYFWHM). These variables were set up at 1.5 keV and 120
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FIG. 3. Intensity ratiogp/l¢ as a function of pressure.
FIG. 2. Angular resolution of the spectrometer.

inelastic scattering intensity without pressure effect. The
meV for the present measurements. lines used to obtain thé@ p/l,)p—o in Fig. 3 are the least-

It should be considered that two types of double scatteringquare fits to the data points. The slope of the line is the
processes are the principal causes of errors in DCS measursonstant in the formula(2). It is obvious that the correction
ments of inelastic scattering at large scattering angl&dl].  for the pressure effect becomes weak when the scattering
First, an electron, inelastically scattered at an anglds  angle is less than 8.5°. We also measured the pressure rela-
elastically scattered at an angle-«. Second, an elastically tjon of the ratios of the 1S— 2 'S transition for all angles. It
scattered electron at an angdés followed by inelastic scat- \yas found that there was no need to correct the pressure

tering at an angle/— . effect for the 1*S— 2 1S transition. Therefore, the DCS’s of

To decrease the path length of electrons through thge 71p ransition in Table Il have been corrected for pres-
atomic gas with high density, there is a gas cell with differ-g, .o effects only at the angles greater than 7°. The pressure

ential pumping in the center of the interaction chamber. Thesgtect for the remaining DCS’s was negligible.
length of the cell is 24 mm and the atomic helium gas goes
directly into the cell. The background pressure in the vacuu
chambers was 2:210°7 Torr. The shorter collision cell and b
lower pressure help decrease the effects due to the two typ@g
of double scattering processes on DCS measurements
larger scattering angles for the'$— 2 P transition. In or-
der to evaluate and eliminate the effect, we measured th
pressure relation of the intensity ratios for théS-2°S the angular factor of our apparatus to correct the “line
and 1'S—2'P transitions and also for elastic scattering at¢o ce” and other effects.

all scattering angles. Because the cross section of double 1o experiment of Dillon and Lassetfi23] at an incident
scattering process depends on the square of the pregsure energy of 700 eV in th&? range 0.88—4.7 has shown that

densit;) of measured gas, but the cross section of the singlg.o relative differences of the summed GOS values of the
scattering process depends on pressure, and also because the

cross section of the elastic scattering is much more than that

In the collision cell case, the scattered electrons go out not
Mrom a “point,” but for a “line.” The scattering length seen
the energy analyzer at a scattering angjis proportional
1/sing at larger scattering angl¢82]. But at smaller scat-
f%tring angles it does not increase further because of the fixed
length of the collision cell. In order to get the true angular
istribution of scattered electrons, it is necessary to calibrate

of inelastic scattering at large scattering angle, there is an TABLE II. Angular factor.
approximate relation between the measured intensity ratios N
and the pressurB as follows[23]: 5 do .

6 K do dofy sind

lo/ly=(lo/l g)p_g+CP, @) (deg (au) (1072%a3sr ) I dQ sin7°  A(6)

2 0.139 423 1110 0.381 0.286 0.389
where |l and | represent the scattering intensities corre-3 0.306 156 306 0.510 0.429 0.498
sponding to the 3P excitation and elastic scattering, respec-4 0.539 68.0 111 0613 0572 0.612
tively, including single and double scatterings. The intensityg 5 1.01 221 283 0781 0.786 0.786
ratios as a function of pressure at some angles are shown in 1.64 756 756 1 1 1
Fig. 3. (Ip/l¢)p—o is the intensity ratio extrapolated to zero g g 241 284 292 1.28 121 1.1
gas pressure. As to a different angle, there is a different rati, 333 1.10 0.724 152 142 142
of (Ip/lg)p=g to (Ip/l¢)p for different pressure. Multiplying 4.40 0443 0275  1.61 164  1.64

the ratio and the inelastic scattering intensity after the cor-
rection of instability of beam current, it is a true relative ®Referencd25].
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TABLE Ill. The GOS and DCS for the 1S—2 1P and 11S—2 1S excitations of helium.

K2 (units ofag?) 0.139 0.306 0.539 1.01 1.64 2.41 3.33 4.40
2P
GOS (units of 10
This work 24.1 17.2 12.6 6.99 3.33 1.40 0.616 0.314
Ref.[23] 10.4 5.81 2.67 1.12 0.532 0.261
Ref. [25] 22.1 17.1 12.2 6.47 3.06 1.37 0.593 0.255
DCS (10 %a3sr Y
This work 442 144 55.7 17.6 5.17 2.57 0.471 0.182
21s
GOS (units of 10°?)
This work 1.05 1.68 2.07 2.13 1.70 1.18 0.748 0.471
Ref.[23] 211 1.88 1.49 1.03 0.640 0.406
Ref. [25] 0.949 1.65 2.14 2.24 1.82 1.28 0.818 0.496
DCS (10 %a3sr )
This work 20.7 14.3 9.42 5.52 2.72 1.29 0.589 0.280

11s—21'sand 1's—2 P transitions between their experi- scattering angles were measured at five different values of
ment and the calculation by Kim and Inokyfi5] are less pressure.
than £4%. The experiments of Wong, Lee, and Bonham There is some small change in the intensity of the incident
[29] at an incident energy of 25 KeV and in & range  electron beam during the measuring period. In order to mini-
0.25-5 and of Yinget al. [30] at an incident energy of 2.5 mize this systematic error, each time an elastic and inelastic
keV and in theK? range 0.02—4.7 have also shown that theEELS was measured at an angle, the EELS at an angle of 2°
agreement between their experiments and the calculations @fas measured alternately. Every measured count of the peak
Kim and Inokuti is excellent. Therefore, our angular factorof both elastic and inelastic scattering was normalized to that
A(6) was obtained by dividing the DCS values obtained fromof the 2'P excitation at 2°.
Kim and Inokuti[25] by the measured summed counts for  Subtracting backgrounds, correcting for the instability of
these two transitions at different angles with the results beinpeam current and the effects of double scattering processes,
normalized at an angle of 7°. and multiplying the corresponding angular fact@&s) at
Column 3 in Table Il shows the summed DCS'’s of theseevery angle, we obtained the relative DCS’s for these two
two transitions calculated from the GOS of Kim and Inokuti. transitions. The relative GOS’s were obtained from the
Column 4 shows the measured relative summed cdunfs  Bethe-Born formula(1l) and then were put on an absolute
the peaks corresponding to these two transitions normalizestale using the following method. For sufficiently high inci-
to column 3 at 7°. The effect of double scattering processedent electron energy, where the first Born approximation is
has been corrected in the counts. Column 5 shows ratios thaalid, the apparent GOS should be equal to the real GOS.
were got by dividing column 3 by column 4. Column 6 Furthermore, the OOS is approached from the GOS by ap-
shows simd sin7° normalized at 7°. proaching the limitk>—0. The obtained relative GOS’s of
Comparing column 5 and column 6, one can see that théhe 2P excitation were extrapolated #6°—0 by the fol-
values are in agreement in larger angular range, but thelowing formula[33]:
differences are bigger at smaller angles because of the

above-mentioned fixed length of the gas cell. Therefore, we 1 il x \"

took sirg at angles of 5.5° and higher and took the fitted f(K,B)= (1+x)° Z’o fn(m ’ G
values from the experimental data points at smaller angles as

the angular factoA(#) shown in column 7. where x=(K/a)?2, a=(21)Y2+[2(1-W)]¥2 | is the first

ionization energy.f, is the OOS. The GOS value of the
11s— 2P transition atk =0 should be the OOS value that
has been measured using our EELS spectrometer at an angle
To determine DCS’s and GOS's of the!$—2'S and of 0° and is 0.28(34]. The absolute GOS’s for these two
1S 2P excitations of helium, a number of electron transitions were then obtained and are shown in Table Ill and
energy-loss spectra were measured at a series of scatterif@g. 4 respectively. The absolute DCS’s for these two tran-
angles(corresponding to different momentum transfer val-sitions can be obtained from formu(&) and are shown in
ue9 sequentially in repetitive scans by above spectrometeiTable Il and Fig. 5.
These scattering angles are 2°, 3°, 4°, 5.5°, 7°, 8.5°, 10°, and The overall percentage error of the DCS’s and GOS’s
11.5°. The spectra were recorded primarily at an incidenpbtained in the present work came from the statistics of
energy of 1500 eV and a scanning energy region of 2.56 e\ountsd;, the angular determination and the angular factor
including these two excitations. In order to correct the effec{35] &, the measured OOS value with systematic eidgr
of double scattering processes, the EELS of the series @ind the pressure correctio),. In our measurement the

Ill. RESULTS AND DISCUSSION
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FIG. 4. Absolute GOS'’s of the ¥ and 2!S excitations FIG. 5. Absolute DCS'’s of the 2P and 2'S excitations.

(present, Ref[23], Ref.[25]).
energy of 500 eV and scattering angles within the range
maximum of each error i$5,=3%, 8,=4%, %=6%, and 6.3°-15.3° (K?=0.45-2.56 for the 2'P transition and
d,=2%. The total error is less than 8%. 9.3°-15.3° for the 2S transition. Their DCS and GOS val-
Table Ill and Fig. 4 also give the GOS values for thtP2  ues for the 2P transition are relative and were normalized
and 2'S excitations calculated using the Born approximationto a Born approximation calculatid87]. The DCS and GOS
by Kim and Inokuti[25] and measured by Dillon and Las- values of the 2S transition for above-mentioned research
settre at an incident energy of 700 €23]. All of the values  were normalized by comparison to the absolute values of the
of Kim and Inokuti, and Dillon and Lassettre in Table Ill are 2 1P transition.
from the least-square fits to their data. In Fig. 4 the solid line  So up to now the highest incident electron energy used to
and the dotted line represent the theoretically calculated remeasure the DCS and GOS of théPand 2'S excitations
sults of these two transitions, respectively. Hidalgo and Geltef He is 700 eV[23]. But their smallesk? value is 0.88.
man[28] calculated the DCS and GOS values at an incidentWhat we can compare with previous results is GOS values.
energy of 1500 eV buK? are more than 7.4. The results of Dillon and Lassettre are about 10—-20% lower
There are only a few experimental results for the GOSthan ours for both the %5 and 2'P excitations except at
and DCS for these two transitiof$9,23 that used incident K?=0.539 for the 2S excitation. Their GOS values at
electron energies in excess of 400 eV and momentum trang?=0.539 are extrapolated. Compared with the calculated
fer K2 more than 1. Vriens, Simpson, and Mielczafd®]  results of Kim and Inokutj25], our results are in agreement
used an electron energy of 400 eV, but a scattering angle lesgth theirs for both transitions.
than 10°(K2<0.9). Dillon and Lassettr¢23] used the high- Table IV gives several values of the point of intersection
est electron energy of 700 eV and scattering angles of 7.5%f ¢ and K? of two GOS curves for the 1S—2'P and
10°, 12.5°, 15°, and 17.5K?=0.88-4.70. Their DCS and 1'S—2'S transitions. They were obtained by least-square
GOS values for the 2P transition are absolute and were fits to the data. Table IV also gives sevetend K? values
calibrated using the elastic DCS’s measured by Bromberg ajorresponding to the maximum of the GOS curve for the
the same incident energy and scattering ang3és The to- 2 !S transition. The largest? in Ref.[16] is 2.56 and their
tal error is 6%. Silverman and Lassetfi®] used an incident intersection value in Table IV is an extrapolated value by us.

TABLE IV. The point of intersection of two GOS curves for the'R and 2'S excitations and the
maxima of the GOS curve for theS excitation.

Experimental Theoretical

Ours Ref[23] Ref.[16] Ref.[21] Ref.[20] Ref.[14] Ref.[25]

Eq (eV) 1500 700 500 500 200 100
Intersection

0 (deg 9.0 13 16 16 35 64

K2 (units ofag?) 2.7 2.6 2.8 2.8 5.1 7.4 2.6
Maximum

0 (deg 4.7 <7.5 <9.3 14

K2 (units ofag ?) 0.76 <0.88 <0.20 0.48 0.82
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Referenceg 21] did not give separate values of DCS’s for were calculated by us and were apparent. Their results are
these two transitions, but gave their ratios. The point of in-only for reference. Our measured maximum is 0.76 and is in
tersection is corresponding to the ratio being equal to unityagreement with the calculated result by Kim and Inokuti.
The smallestK? in Refs.[23] and[16] are 0.88 and 0.20, The results of Refd.16,23 are much lower than ours.
respectively. The GOS values'$— 2 'S transitions still in- The agreements of our results with Kim and Inokuti for
crease while th&? decreases to the smallest values. We givewo GOS curves, th&? intersection of two GOS curves for
only the smallest andK?. The real maxima should be less the 2!S and 2P excitations and th&? value corresponding
than these values. The errors in R&X0] are so big that the to the maximum of the GOS curve for the'® excitation

K? value corresponding to the maximum cannot be givershow that the first Born approximation is correct at such high
accurately. The only theoretical result was obtained by Kimincident electron energy and within the range of momentum
and Inokuti[25]. transfer used by us.

Our measured intersection value is 2.7. It is obvious from
Table IV that the intersection value #f° decreases at first
and then approaches a constant as the incident electron en-
ergy increases. The constant approaches the calculated valueFinancial support for this work was provided by the Na-
of 2.6 by Kim and Inokuti{25]. tional Natural Science Foundation of China. We wish to ex-

TheK? value corresponding to the maximum of the GOSpress our sincere thanks to Professor J. M. Li and Professor
curve for the 2S transition in Ref[14] is much smaller than C. E. Brion for useful discussions. One of the authors,
ours. The incident electron energy used by them was 100 eX. Z. X. gratefully acknowledges the support of K. C. Wong
and was too small to get the GOS values. Their GOS valueEducation Foundation, Hong Kong.
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