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Measurements of the electron-impact differential cross sections and generalized oscillator
strengths for excitation of the 2!S and 3!S states in helium at small scattering angles
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Differential cross sectionCS’s) for excitation of the 2S and 3'S states in helium have been measured
at small scattering angles from 0° to 15° for the electron-impact energies from 100 to 500 eV. Measurements
were performed with a high angular resolution, better than 1°, and with an accuracy of the angle position of
0.2°. Distinct forward peaking features have been observed at minute scattering angles lower than about 3°
for impact energies higher than 200 eV. Experimental DCS'’s as functions of the scattering angle are compared
with theoretical calculations based on various kinds of approximation method. Effective generalized oscilla-
tor strengths(GOS’9 for the 2'S and 3'S excitations were deduced from the DCS'’s for impact energies
100-500 eV as a function of the squared momentum traréferA systematic discrepancy between the
measured effective GOS’s and the theoretical GOS calculated by the first Born approximation has been
displayed at the low limit oK?. The effective GOS'’s appear to approach the theoretical GOS very slowly as
the impact energy increases, however, the GOS for low valu&s atill does not agree with the theoretical
GOS up to the impact energy 800 eV for théexcitation.[S1050-2947®8)03503-3

PACS numbds): 34.80.Dp

[. INTRODUCTION he found a striking feature in the angular dependence of the
DCS which has a deep minimum at an angle of around 50°.
Studies on the electron-impact excitation of th&S2and Trajmar, Register, Cartwright, and Csanak have published

the 3!S states from the ground 'B state in He atoms are results of the DCS's for the 25 and 3!S excitation for the
interesting because these processes are typical examplesimipact energies 30, 50, and 100 eV at scattering angles in the
transitions between the states for which the term symbols anange 10°-135{10]. Recently, Xu, Feng, Wu, Ji, Zhang,
the same for the initial and the final states. Zhong, and Zheng have measured the DCS’s for th8 2
Experimental studies on differential cross sectionsexcitation for the impact energy 1500 eV at the angles from
(DCS's) for excitation of the 2S, 2P, and other states in 2° to 11.5° to determine the generalized oscillator strength
He were performed most actively during the early period of(GOS [11].
the development of electron-energy-loss spectroscopy for in- The experimental results, for intermediate and high im-
termediate and high impact energies. Measurements of thgact energies, were treated mainly in the framework of the
DCS'’s for excitation of the 2S state in He have been car- generalized oscillator strength based upon the Born approxi-
ried out by Silverman and Lassettre for the incident energymation[12]. It is known that the Born approximation does
E;=500eV at scattering angles 4.73°-15[3%, and by not hold for excitation processes like thé3—2 S transi-
Skerbele and Lassettre at ang¢s 0.5°—2.5°[2]. Vriens, tion where the term symbols are the same in the initial and
Simpson, and Mielczarek have measured the DCS'sEor  the final states even if the impact energies of electrons are in
=100-500 eV ap=>5°, 10°, and 1513], and Chamberlain, the range 300-500 eY13,14. This feature has also been
Mielczarek, and Kuyatt have performed absolute measuresbserved experimentally in the case of méEJ —a” 12g
ments of the DCS'’s foE;=50—-500 eV a¥=>5° [4]. Takay-  in N, [14], and theX =" —B '=*,C =" in CO[15].
anagi and co-workers measured the DCS's f&f It is well known that the DCS’s for the excitation of the
=50-500 eV at§=20°-120°[5-7]. Dillon and Lassettre 2 S state which are calculated by the first Born approxima-
measured the DCS'’s for the energy rarige-200—-700 eV  tion are generally too small at large scattering angles. The
at the angle®)=7.5°-35°[8]. theoretical DCS curve as a function of the scattering angle,
Subsequently, many measurements of the DCS’s for théor instance for the impact energy 500 eV, departs from ex-
2 'S excitation have been published, however, they were perperimental data at about 20°, and becomes one order of mag-
formed mainly for lower impact energies. Among these meanitude smaller than experimental data at 40°.
surements, the results of Trajmar for the impact energies At minute scattering angles, very few experimental data
29.6 and 40.1 e\f9] are worthy of special mention because are available on the DCS’s for excitation of thé®state in
He except for one example of measurements by Skerbele and
Lassettrd2]. On the other hand, plenty of theoretical studies
*Present address: Department of Physics, Toho Universityhave been published on the DCS’s for théSexcitation,
Miyama, Funabashi, 274 Chiba, Japan. which were calculated utilizing various types of approxima-
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tion method. A comprehensive review has been published omstitute for Laser Science, University of Electro-
theoretical works for the DCS for excitation of H&6)]. Communications, which we used for the measurements at
As for the behavior of the DCS’s at minute scattering300 and 400 eV and at other energies, for scattering angles
angles for intermediate and high impact energies, significatibove 3°. This apparatus has been utilized for a series of
discrepancies are found depending on the type of methogheasurements of DCS and GOS for the lowest excited states
used. The first Born approximation results in the smallesn rare-gas atoms, Ai23], Kr [24], Xe [25,26], and Ne[27].
value in the DCS at 0° anglel7]. The Glauber approxima- A detailed description of this apparatus has already been
tion also generally leads to the second smallest results at Q;oiven [23].
angle[18]. Sophisticated calculation methods which consider The second electron spectrometer at Sophia University

higher-order terms and many-state basis generally lead g5 ysed for the remaining measurements. This apparatus
larger DCS's at the smallest angles. For instance, a calculgzag gesigned especially to be suitable for measurements at

tion by means of the eikonal Born series method by Byronyi e angles including 0°. A brief description of this appa-
and Joachan{19] shows a considerable increase in the 4tus has already been given in a previous paper which re-

DCS'’s at small angles. The second-order potential theory b}ﬂorted the measurements on DCS's for thSXtate in He
Berrington, Bransden, and Colemg20] and the multichan- 28],

nel eikonal theory with the dipqle correctio_n by Mansky and”™ |, order to make this paper self-contained, we will de-
Flannery show a forward peaking feature in the DA2E|.  goijpe the construction and specifications of the two spec-
The R-matrix method using a five-state basis b})’ Fon, Beryometers briefly including subsequent improvements. The
rington, and Kingston gives the largest DCS ato ahB®.  first spectrometer consists of an electron gun, an energy se-
The discrepancy in the values of the DCS at 0° angle amonguqtqr, 4 collision region, an energy analyzer, and a channel

the theoretical results of different approximation methodssjecyron multiplier. A set of electrostatic lenses connects
amounts to about a factor of 5. , each part. Simulated hemispherical analyzers, first designed
No experimental data have yet been made available g, jo5i29] are employed for the selector and analyzer. The
verify the validity of the theoretical calculqtlons. Itis a pur- nean trajectory radius is 50 mm for the selector and 80 mm
pose of the present work to supply a series of experimentgy, he analyzer. The energy selector is rotatable around the
data of the DCS'’s for excitation of the'S and 3'Sstatesin . iision center from—5° to + 110°.
He at minute scatt'ering angles in the intermediate and high 11 \whole electrode system of the spectrometer was cov-
Impact energy region. _ ered by a cylindrical magnetic shield made of high magnetic
In this work, we present the experllmental results of thepermeanility alloy(Permalloy PG, while the vertical com-
DCS’s for excitation of the 2S and 3'S states from the  honent of the earth’s magnetic field was canceled utilizing a
ground state in He at scattering angles from 0° to 15° folair of square Helmholtz coils. Consequently, the residual

impact energies 100, 200, 300, 400, and 500 eV. Convengagnetic field at the spectrometer system was reduced to less
tional electron-energy-loss spectroscofBELS) has been ih4n 3 few mG.

used. However, we have paid special attention to the calibra- a¢ the collision center, a target atomic beam was crossed
tion of the scattering angle to determine the true angulafith the electron beam at right angles. The target atomic
scale and to maintain good angular resolution. Furthermorgye,m effused from a nonmagnetic needle of 0.5 mm inner
we have taken consideration of the finite angular resolutionyismeter and 10 mm length. The whole system was enclosed

in our analysis of the measured data. in a vacuum chamber where the ultimate pressure was about

The experimental DCS'’s were compared with theoretical 107 Torr. The pressure when the EELS measurements

calculations as functions of scattering angle for impact energ oo performed was maintained at less than1D° Torr.

gies 100, 200, and 500 eV. The effective, or apparent, gen- e conventional constant resolution mode, where the de-

eralized oscillator strengths were deduced as functions of thg|eration voltage for the scattered electrons was swept keep-

squared momentum transfiéf from the DCS's for the 2S ing the pass energy through the analyzer constant, was used
and the 3'S excitations, and are displayed together with thegnd the typical energy resolution was better than 50 meV
theoretical GOS'’s calculated by the first Born approxima-[fu” width at half maximum(FWHM)].

tion. This set_of curves of the_dependence of the_: effective The angular resolutions of the apparatuses have been es-
GOS on the impact energy might be useful to display thgjmated from the measurement of the angular distribution of
character of transitions where the term symbols are the sam@e primary electron beam incident from the selector as a
in the initial and final states. o function of the rotation angle around 0° position. The angu-

_ At low s_oattermg angles, due to the finite angular resolu,; resolutions were estimated to be 0.4° and 1.1° full width
tion associated with any measurement, the measured scattef- a1t maximum for the two apparatuses used.

ing angle may differ by a significant amount from the mean  the second apparatus is an electron spectrometer which
scattering angle. Throughout this paper, unless the specifi¢ys essentially the same composition as the first one. This
phrase “the mean scattering angle” is used, we refer to “thegecirometer, however, has been designed to make measure-

measured angle” as the geometrically measured scatteringanis at minute scattering angles including 0° angle, and for
angle, corrected for systematic errors as described below. high impact energies. The most important difference is the

use of tandem analyzers. Simulated hemispherical analyzers
of the Jost type, with a mean radius of 52 mm, are employed
for the energy selector and each component of the tandem-

We used two sets of apparatus for the present measuré/pe analyzer. The energy analyzer is rotatable around the
ments. The first one is an electron-impact spectrometer in theollision center from—30° to 100°.

II. EXPERIMENTAL APPARATUSES AND PROCEDURES
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The whole of the selector and analyzer system is covered T T T T T T T 1T T T 17171
by a cylindrical magnetic shield made of Permalloy PC al-
loy, resulting in the residual magnetic fields being less than a 10"
few mG. All of these components are enclosed in a vacuum
chamber evacuated with a turbomolecular pump, and the ul-
timate vacuum pressure was lower than a few times
107 Torr. The pressure during the EELS measurements
was maintained below 10 ° Torr.

A set of apertures of 0.5 mm diameter was placed in the
lens system before the analyzer to obtain the desired angular .
resolution. The electron-energy-loss spectra were measured RN
utilizing the conventional constant resolution mode, and the 10
typical energy resolution was better than 80 m&WHM). —

Ratio (2'S/ 2'P)
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®
S
|
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Use of the tandem analyzer has proved to be effective to
suppress background noise due to the multiple scattering of = - —
incident electrons on the inner surface of the outer hemi- Z g0 |— —
sphere and the outer surface of the inner hemisphere of the & | _ _
analyzer. The tandem analyzer has enabled us to measure the >, | FWHM=1.1deg |
EELS at 0° angle with sufficient signal-to-noise ratio to de- 2
termine the intensity ratiolf15/l,1p) with an accuracy of % 20 B (b) n

about 5-7 %.

A nozzle of 0.5 mm diameter and 10 mm length was used
to make an atomic beam, with which the impact electron 0
beam collides at right angles, at the collision center. Calibra-
tion of the scattering angle scale was performed by use of the

symmetrical nature of the scattering intensity ratio g 1 (5 calibration of the zero angle position. The vertical
(I215/11p) in He. Figure 1a) shows that the true 0° of the 545 represents the intensity ratib, (s/I,1p) and the horizontal
measured scattering angle scale is shifted by 0.5° to the posixis represents the geometric angle of the instrument. The symme-
tive side of the geometric zero angle of the instrument. Ac+ry nature of the scattering intensity ratio shows that the true zero
curacy in the angle position is estimated to be better thagegree of the scattering angle is shifted+#®.5°. (b) Typical an-
0.2°. The angular resolution is estimated from the measuregular distribution of the electron beam that is directly incident from
ment of the angular distribution of the incident electron beanthe energy selector at the geometric zero angle. The angular reso-
from the selector as a function of rotation angle around 0° agution is estimated to be 1.1FWHM). The incident electron en-
shown in Fig. 1b) to be about 1.1{FWHM) for this second ergy is 500 eV.

spectrometer.

For each spectrometer, under each set of experimentgjherel,:5andl,1p are the scattering intensities which were
conditions, a c_al|brat|on of the zero of scattering angle fr_efbbtained by the corresponding peak area in the energy-loss
from systematic errors has been performed, as descrlbegbectra for the 2S and 2P excitation, respectively.
above. _ The absolute DCS’s for the P excitation, which are

For each energy loss spectrum the range of collection enspnsidered to be the most reliable, were obtained from the
ergies covered was much less than the mean collection eFollowing way. We adopted the DCS'si¢/dQ),1p for E;
ergy. Furthermore, in both electron spectrometers, the.3g0ev andg< 15°, which are calculated from the gener-

energy—loss.spectra were measured under conditions Wheggi;ed oscillator strengtR (K) with the relationshif12]
the chromatic aberration in the electron lens before the ana-

lyzer was minimized, and consequently the peak intensity

ratios should be proportional to the true ratios of the corre- do| 2 |k

sponding DCS's. dQ/) WKZ |k F(K), @
The results of the intensity ratio for each angle and each

impact energy have been determined from an average of the ) o

intensity ratios obtained from three independent spectra mejthereW is the excitation energy; andk; are the momenta

Standard deviation in the measured ratios was at most 7%K iS the absolute Value Of the momentum transfer vector. All
The absolute DCS's for the 5 excitation do/dQ),1g quantiti_es are in atomic units. When.the incide_nt energy is

were deduced from the scattering intensity ratigwg/1,15)  Ei. €xcitation energy isV, and scattering angle i k; and

utilizing the absolute DCS's for the P excitaton Kr, andK are represented by the following relationship in

(do/dQ)),1p as the normalization standard, following the re- at0mic units:

lationship

Angle (deg)

ki=V2E;, ki=v2(Ei—W),

5,2 ) e
dQ/, g \l21p/1dQ), " K2=2(2E;—W)—4E;(E;— W)cos 6. 3
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_ FIG. 2. A typical electron-energy-loss spectrum of He for the 5 3. A typical electron-energy-loss spectrum of He for the
impact energy 200 eV at the scattering angle'5°, taken using thf?npact energy 500 eV at the scattering angle 0°, taken using the
first electron spectrometer described in the main text. second electron spectrometer described in the main text.

The GOSF(K) is related with the optical oscillator strength A. DCS for the 21S excitation
(009 f, using the expansion formula proposed by Dillon
and Lassettrg8], which is independent of the validity of the
Born approximation.

Results of the measured intensity ratids1/1,1p) and
the DCS’s for the excitation of the '5 state @o/dQ2),1g
are tabulated in Table | against the measured scattering
angles for the impact energies 100, 200, 300, 400, and 500

1 § X n eV. The DCS's @la/dQ),1p for the 2P excitation, which
F(K)= 1+x2 f0+n=1 Cn (1+x3)12[ | (4) were used as the normalization standards, are also listed. The

squared momentum transf&?, and the effective general-
. . . ized oscillator strength(K) are listed in the last two col-
wherec,, are a series of coefficients,is equal toK/Y, here  ymns for comparison of the relationship of the DCS versus
Y is equal toy2I+2(1-W), while | andW are the ion-  scattering angle with that of the(K) versuskZ.
ization energy and excitation energy, respectively. In Table I, the DCS'’s for the 2P and 2'S at the angles
We obtained th@n coefficients and hence DCS'’s for the |arger than 15° for the impact energies 100’ 300, 400' and
2P excitation from reference data using the least-squaregoQ eV, and those at the angles larger than 30° for the impact
method. We obtained the DCS’s for the impact enefgy energy 200 eV are experimental data measured in the previ-
=200 eV flttlng to the eXperimental data measured by Di”onous experiments in our |ab0rat0ry performed over a wide
and Lassettrg8] except for the impact energies 600—800 eV.range of scattering angles, part of which have already been
At these energies, reference data were derived from the cahublished[5,6].
culations of Kim and Inokut{17]. For Table I, the DCS'’s for the ¥P excitation and the
For the impact energff; =100 eV, the coefficients were intensity ratios are not listed in the rows corresponding to
deduced from a fit to experimental data measured previouslyngles larger than 30° for the impact energy 200 eV, and
in our laboratory. The DCS'’s for the ‘P excitation have angles larger than 15° for the impact energies 300, 400, and
been determined from the experimental ratio of the peak in500 eV. The reason is as follows: the DCS's for th&P2
tensity for the 2'P excitation compared to the elastic scat- excitation obtained in our previous measurement were sys-
tering peak (21p/l¢asiid- The absolute values were deducedtematically larger than those determined by Dillon and Las-
by multiplying the intensity ratio by experimental DCS’s for settre at these large anglf8]. These excess values in the
the elastic scattering measured by Jansteal. [30]. Results  DCS's for the 2!P excitation were pointed out by Dillon and
of the DCS'’s are in good agreement with those reported by assettre to be due to a pressure effect, which is caused by a
Cartwright, Csanak, Trajmar, and Regisféd] within the  combination of an elastic collision and an inelastic collision,
mutual experimental errors. one of which is in the forward directiof8]. For the DCS’s
For measurements at low scattering angles, the angulagr the 21S excitation, however, the listed data are in very

resolution cannot be neglected. Using a procedure outlined iQood agreement with those of Dillon and Lassettre, where
the Appendix, we determined the effect of the finite angulatthe pressure effect might be negligible.

resolution and made appropriate corrections to both the cross gor the DCS's for the 2P excitation for the impact en-
section scale and the angular scale. ergy 100 eV, the listed data agree well with those of Cart-
wright, Csanak, Trajmar, and Registg81], and those of
Vriens, Simpson, and Mielczar¢R] renormalized to the ab-
solute measurements at5° by Chamberlain, Mielczarek,
A typical energy-loss spectrum in He is shown in Fig. 2,and Kuyatt[4], within the mutual experimental errors.

which was taken for the impact energy 200 eV and at the The experimental errors in the results of the DCS
scattering angle 5°. An example of the energy-loss spectrurtdo/d()),15 at angles larger than 3° for all impact energies
at a measured angle 0° is shown in Fig. 3 for the impachare estimated to be less tharl1%, which is deduced as the
energy 500 eV. quadratic sum of the statistical error 7% in the intensity ra-

Ill. RESULTS AND DISCUSSION
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TABLE I. The intensity ratios§o/d(Q),15/(da/dQ),1p and the DCS'sdo/d(), 15 (in atomic unitg at
impact energies 100, 200, 300, 400, and 500 eV. The absolute cross sections fotPthex@tation
(da/dQ),1p, which are used for the normalization standards, are also listed. The squared momentum
transferk? and the corresponding effective generalized oscillator strerfgti are listed in the last two
columns. The square brackets denote powers of 10.

Intrzg(s)lty Squared Effective
Scattering momentum GOS
angle (dofdQ), 15 (do/dQ),1p (do/dQ) ;15 transfer for 21S
(deg (da/dQ);1p (a3/sr) (a3/sr) K?2 F(K)
E|:100 eV
1.2 5.18-2]
2.2 5.44—2]
2.7 5.53—2]
3.7 5.70-2] 3.92 2.28—-1] 1.1 -1] 1.09 - 2]
4.7 5.7%—2] 3.29 1.89—1] 1.37-1] 1.0 —2]
5.7 5.90—2] 2.71 1.60—1] 1.57—1] 1.03 - 2]
6.7 6.08—2] 2.21 1.34-1] 1.771-1] 1.01-2]
7.7 6.43—2] 1.78 1.15-1] 2.09-1] 1.0q0 - 2]
9.7 7.25—2] 1.15 8.33—2] 2.79-1] 9.7 -3]
11.7 8.87-2] 7.4 —1] 6.69 —2] 359 1] 1.01 - 2]
13.7 1.02—-1] 5.00 —1] 5.10 - 2] 4.60—1] 9.91-3]
15 1.3[-1] 33[-1] 43[-2] 53[-1] 9.7 [-3]
20 19[-1] 1.2 [-1] 23[-2] 8.8 [—1] 9.0 [-3]
25 2.6 [—1] 48 [-2] 1.2 [-2] 1.3 6.1[—3]
30 29[-1] 1.8 [—-2] 5.2 [-3] 1.8 4.0[-3]
35 3.1[-1] 11 [-2] 3.4[-3] 2.5 3.4[-3]
40 41[-1] 6.5 [—3] 2.7 [-3] 3.2 3.3[-3]
45 49[-1] 3.6 [—3] 1.8 [—3] 3.9 2.8[—3]
50 54[-1] 2.7 [-3] 15 [-3] 4.8 3.0[-3]
55 6.7 [—1] 2.0 [-3] 1.3 [-3] 5.7 3.1[-3]
60 8.1[—1] 15[—3] 1.2 [-3] 6.6 3.4[-3]
65 8.5[—-1] 1.6 [—3] 14 [-3] 7.6 4.2[-3]
75 1.2 1.2[-3] 15 [-3] 9.8 6.2[—3]
85 1.3 8.0[—4] 1.0 [-3] 1.2 [+1] 5.1 [—3]
E;=200 eV
0 3.01-2]
0.5 2.83-2]
1.0 2.71-2]
15 2.79-2]
2.2 2.50-2]
3.2 2.99-2] 6.37 1.91-1] 8.44 — 2] 6.4 — 3]
4.2 3.78-2] 4.41 1.67-1] 1.14-1] 7.79-3]
5.2 4.76-2] 3.06 1.46-1] 1.5 —1] 9.1q - 3]
6.2 5.91-2] 2.14 1.27-1] 2.04 -1] 1.04-2]
7.2 7.52-2] 1.52 1.14-1] 2.60-1] 1.19-2]
8.2 9.19—2] 1.09 1.00—-1] 3.26 1] 1.30 - 2]
9.2 1.10-1] 7.84 —1] 8.69 — 2] 3.99-1] 1.34 -2]
10.2 1.35—1] 571-1] 7.771-2] 481—-1] 1.50 - 2]
11.2 1.61-1] 417-1] 6.77 — 2] 574 —1] 154 -2]
12.2 1.94—-1] 3.0 —1] 5.94 —2] 6.70 —1] 1.59 - 2]
13.2 2.38—-1] 2.29-1] 5.3 — 2] 7.70-1] 1.67-2]
14.2 2.50—-1] 1.63-1] 4.07-2] 8.97-1] 150 -2]
15.2 2.87-1] 1.19-1] 3.47-2] 1.02 1.49-2]
16.2 3.53-1] 8.79 - 2] 3.10-2] 1.15 1.472-2]
17.2 3.83—1] 6.51 2] 2.49 - 2] 1.30 1.28-2]
18.2 4.68—1] 4.89 2] 2.27-2] 1.43 1.30-2]
19.2 5.10-1] 3.64-2] 1.89-2] 1.59 1.18-2]
20.2 5.25—1] 2.79 -2] 1.44 - 2] 1.75 1.01-2]
21.2 5.39—-1] 2.09 -2] 1.13-2] 1.93 8.70—3]
22.2 5.98—1] 1.60—2] 9.59 —-3] 211 8.08—3]

23.2 6.15—1] 1.24 -2] 7.64 —3] 2.29 7.01-3]
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TABLE I. (Continued).

Intensity

ratio Squared Effective
Scattering momentum GOS
angle (dofd€))15 (do/dQ),1p (do/dQ);1g transfer for 21S
(deg (do/dQ),1p (a3/sr) (a3/sr) K2 F(K)
30 2.8[—3] 3.77 4.22—3]
35 1.6[—-3] 5.08 3.25-3]
40 1.1[-3] 6.56 2.88—3]
45 9.2[-4] 8.20 3.02—-3]
55 7.3[—-4] 1.19+1] 3.4 3]
E;=300 eV
0.75 1.81-2] 1.97+1] 3.47-1] 3.0 —2] 4.1 - 3]
1.75 1.85—2] 1.23+1] 2.27-1] 4.69-2] 4.17-3]
2.75 2.57-2] 7.24 1.86—1] 7.60 —2] 5.54 —3]
3.75 3.65—2] 4.36 1.59-1] 1.1 1] 7.39 - 3]
4.75 4.65—2] 2.71 1.26—-1] 1.73-1] 8.5 — 3]
5.75 6.57T—2] 1.75 1.15-1] 241-1] 1.09 -2]
7.75 1.20-1] 7.79-1] 9.3 -2] 4.1 1] 1.53-2]
9.75 1.83—-1] 3.71-1] 6.79 — 2] 6.4 —1] 1.71-2]
14.75 4.36—1] 6.19 — 2] 2.70-2] 1.43 1.52-2]
20 6.7 [—3] 2.59 6.82—3]
25 23[-3] 4.01 3.62—3]
30 1.4[-3] 5.73 3.15-3]
40 8.6 [—4] 9.98 3.37-3]
E;=400 eV
0.75 1.45-2] 253 +1] 3.61—1] 2.49 -2] 3.5 -3]
1.75 1.47-2] 1.37+1] 1.94-1] 4.64 —2] 3.53-3]
2.75 2.60—2] 6.77 1.76—-1] 8.60 —2] 5.84 —3]
3.75 3.89—2] 3.71 1.44-1] 1.43-1] 8.00 — 3]
4.75 6.34—2] 2.16 1.37-1] 2.17-1] 1.1 -2]
5.75 8.88—2] 1.31 1.16-1] 3.09-1] 1.39-2]
7.75 1.61-1] 5.14-1] 8.2 - 2] 543-1] 1.79-2]
9.75 2.63—1] 2.1 -1] 567 2] 8.47—-1] 1.87-2]
14.75 6.62—1] 2.66 —2] 1.7 - 2] 1.91 1.30-2]
20 3.4[-3] 3.47 4.59-3]
30 8.3[—4] 7.69 2.48-3]
40 3.9[—-4] 1.34+1] 2.04 -3]
E;=500 eV
0 1.45-2]
0.4 1.32-2]
0.8 1.43-2]
1.2 1.49-2]
1.8 1.95-2]
2.3 257-2]
2.8 3.30—-2]
3.1 3.80-2] 4.65 1.77-1] 1.20-1] 8.30 — 3]
35 4.86—2] 3.59 1.75—-1] 1.50-1] 1.07 -2]
3.8 5.45—2] 2.98 1.63—-1] 1.74-1] 1.1G-2]
4.8 8.43—2] 1.68 1.42-1] 2.6 1] 1.47-2]
5.8 1.22-1] 9.90-1] 1.21-1] 3.84-1] 1.8G-2]
71 1.79-1] 5.19 —1] 9.27-2] 564 —1] 2.04 2]
8.1 2.25—1] 3.20-1] 7.20—-2] 7.34-1] 2.04-2]
9.1 2.93-1] 1.99 1] 5.84 —2] 9.27 -1] 2.0 - 2]
11.1 4.84—1] 7.83-2] 3.79-2] 1.36 2.00—-2]
13.1 6.13—1] 3.11-2] 1.90-2] 1.89 1.39-2]
16 8.1[-3] 2.80 8.79—3]
21 2.3[-3] 4.80 4.27-3]
26 9.4[—4] 7.30 2.65—3]
31 5.3[—4] 1.03+1] 2.110-3]
36 3.3[—4] 1.3§ +1] 1.76 - 3]
41 2.6 [—4] 1.77+1] 1.79-3]
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TABLE Il. The DCS'’s (da/d()), 15 corrected for the limited angular resolution effects at small scattering
angles, for impact energies 100, 200, 500, 600, 700, and 800 eV. Average angles and absolute DCS'’s
(do/dQ),1p for the 2P excitation corrected for the angular resolution effects are also listed. The squared
momentum transfek? and the effective GOS'B(K) are listed corresponding to the corrected average angle
and the corrected DCS'9@/d(})),15, respectively. See the Appendix for details of notation used in the
headings of the second and third columns.

Mean
Measured scattering IS0 6 Squared Effective
do do —

angle angle X —(00) dé, (—[9(0m)]) momentum GOS

Om 0(0m) dQ v/, dQ 21s transfer for 21s

(deg (deg (a3/sr) (a3/sr) K?2 F(K)
E;=100 eV

1.2 1.25 4.98 2.95-1] 9.04 - 2] 9.80 — 3]

2.2 2.20 457 2.49-1] 9.7q — 2] 1.03 - 2]

2.7 2.70 4.34 2.40-1] 1.0 -1] 1.04-2]
E;=200 eV

0.0 0.60 1.2p+1] 3.8 1] 4.27-2] 6.6 —3]

0.5 0.75 1.2p+1] 3.57-1] 43¢ 2] 6.2 — 3]

1.0 1.10 1.1p+1] 3.21-1] 4.63-2] 5.94 —3]

1.5 1.52 1.00+1] 2.8 1] 5.10 — 2] 5.81 —3]

2.2 2.20 8.92 2.73-1] 6.17 - 2] 5.5 —3]
E,=500 eV

0.0 0.60 3.15[+1] 459 1] 1.99 - 2] 3.53-3]

0.4 0.70 2.98B+1] 3.94-1] 2.13-2] 3.2 -3]

0.8 0.95 2.580+1] 3.69—-1] 2.5 —2] 3.69 3]

1.2 1.25 2.09B+1] 3.11-1] 3.30-2] 3.93-3]

1.8 1.8 1.38+1] 2.7G-1] 5.14 — 2] 5.37—3]

2.3 2.3 9.42 2.42-1] 7.39-2] 6.99 —3]

2.8 2.8 6.43 2.12-1] 1.09 —1] 8.3 — 3]
E,=600 eV

0.0 0.6 3.690+1] 4.0 -1] 1.80 - 2] 2.87-3]
E,=700 eV

0.0 0.6 4.02B+1] 359—-1] 1.71-2] 2.39-3]
E,=800 eV

0.0 0.6 4.39B+1] 3.36-1] 1.67-2] 2.09 3]

tios, systematic error 5% caused by the effect of the limitectorrection has been applied, the typical error is estimated to
energy resolution, angular resolution and the angle calibrabe about 15%. The correction was applied to all data for
tion and others and the error 7% in the standard absolut@hich its magnitude was comparable to the systematic un-
values of the 2P DCS, [da/dQ),1p. certainties. The corrected entries are given in Table Il. Here,

When the DCS is a steep function of the angle in the . . a7
forward direction, as in the case of thé3— 2 1P excitation the DCS's for the 2S excitation, o/dQ)[ 6(6)];1s, are

for high impact energies, the measured angular dependen@épres_sed as a function of the mean scattering aﬁglg
of the peak intensity may be changed due to the Iimited"’h'ch is calculated as the mean angle |n_ thfa _dlstrlbutlon
angular resolution of the spectrometer. Errors especially diinction of the angular resolving power, which is in turn the
the smallest scattering angles for high impact energies arfginction of the measured anglé,. The mean scattering
mainly due to the uncertainty in the calibration of the scat-angle 8, of course, becomes equal &, at higher angles.
tering angle and the limited angular resolution of the appaConcerning the exact definition @ the reader should refer
ratus. to the description in the Appendix.

The experimental uncertainty in the DC8d/d()),1g at Experimental uncertainty in the DCS’s at angles larger
0° without any correction is estimated to be22%, and than 15°, which have been adopted from the results of the
+11%, for the impact energies higher than 500 eV, which isprevious experiments, is estimated to be about 15%, for
deduced as the quadratic sum of the statistical error 9%, which the main source of the error comes from the system-
systematic error-20%, +5%, due to the effect of the lim- atic and statistical errors in the determination of the intensity
ited angular resolution, and the error of 3% in the standardatios, about 10%, due to the energy resolution and signal-
DCS (do/dQ),1p. For the DCS @o/dQ),15 for which a  to-noise ratio.
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FlG: 4. Intensity rati_o (,15/151p) in He as a function of the FIG. 5. The DCS's §o/dQ),15 in He as a function of the
scattering angle for the impact energigs=80, 100, 200, 300, and  scattering angle for the impact energy=100 eV. Experimental
500 eVv. data of Vriens, Simpson, and Mielczargk, Chamberlain, Mielc-
zarek, and Kuyatf4], and of Trajmaret al. [10] are also plotted.
The intensity ratios I,15/1,1p) for the different impact ~Results of the theoretical calculations are in the order of the DCS
energies are shown in Fig. 4 as a function of the scatterinyalue at #=0°; RM-5 of Fon, Berrington, and Kingstof22],
angle. To avoid making the curves indistinct, data Epr ~DMET of Mansky and Flannerf21], SODM of Baye and Heenen
=400 eV are not plotted but data f& =280 eV are plotted [32], SOPT of Berrington, I_3ransden, and Colenja6l, Glauber qf
for reference. For the impact energies from 200 eV to 50¢ rancol18], and Born of Kim and Inokuff17]. Refer to the main
eV, the intensity ratio decreases slowly as the angle detext for the names of .thg calculation methods which correspond to
creases. This decrease becomes steeper as the angle t-reSpective abbreviations.
creases down to about 2°. At lower angles, the intensity ratio
becomes constant or increases. For the impact energy 1@dnaller values at small angles. The first Born approximation
eV, the decrease in the ratio is very gentle and no increase gives a remarkable discrepancy from the experimental data
the near-zero angle is observed. and all other theoretical calculations. The experimental re-
The DCS’'s @a/dQ),15 for E;=100 eV are shown in sults do not display a distinct increase in the DCS'’s at the
Fig. 5 on a logarithmic scale as a function of the scatteringsmallest angles in contrast to the prediction by the advanced
angle. Experimental data by Vriens, Simpson, and Mielcza€alculations with higher-order terms and multichannel con-
rek, which are not renormalizd@8], are plotted together with siderations.
data of Chamberlain, Mielczarek, and Kuyattét5° [4], The DCS'’s for the 2'S excitation for the impact energy
and recent data of Trajmar, Register, Cartwright, and Csanak00 eV are shown in Fig. 6 on a logarithmic scale as a
[10]. The experimental data give a reasonable agreemefiainction of the scattering angle. Experimental data of Dillon
with each other within experimental uncertainties. and Lassettrg8], those of Vriens, Simpson, and Mielczarek,
Results of theoretical calculations using different approxi-which are not renormalizefB], and those of Chamberlain,
mation methods are shown for comparison to the experimerMielczarek, and Kuyatf4] are also plotted together. Agree-
tal data. There are significant discrepancies among the difnent among the experimental DCS'’s is very good.
ferent calculations. Starting with calculations which give the Results of calculationglargest magnitude firstof the
largest DCS, the five-stae-matrix methodRM-5) of Fon,  RM-5 of Fon, Berrington, and Kingstdr22], the DMET of
Berrington, and Kingstori22], the dipole corrected multi- Mansky and Flannerj21], the SOPT of Berrington, Brans-
channel eikonal theoryDMET) of Mansky and Flannery den, and ColemafR0], and the eikonal Born series method
[21], the second-order diagonalization meth@DDM) of  (EBSM) of Byron and Joachaif83], give larger DCS’s near
Baye and Heenel82], and the second-order potential theory 0° angle. The RM-5 gives a value a factor of 2 larger at 0°
(SOPT) of Berrington, Bransden, and Colemi@0], give the  compared with other calculations. The Glauber and the first
DCS's at 0° much greater than the experimental data. On thBorn approximations give smaller DCS’s at 0° angle. The
other hand, the Glauber approximation of Fraft6], and calculations with the higher-order terms and multichannel
the first Born approximation of Kim and Inokutl7], give  contributions reproduce a steep increase in the DCS's at the
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FIG. 6. The DCS’s do/dQ),15 in He as a function of the FIG. 7. The DCS’s @s/dQ)),15 in He as a function of the
scattering angle for the impact ener§y=200 eV. Experimental scattering angle for the impact enerf§y=500 eV. Experimental
data of Dillon and Lassettrg8] Vriens, Simpson, and Mielczarek data of Skerbele and Lassetf, Silverman and Lassettf&], and
[3], and Chamberlain, Mielczarek, and Kuypdf are also plotted.  Dillon and Lassettr¢8] are also plotted. Results of theoretical cal-
Results of the theoretical calculations are in the order of the DCSulations are, in the order of the DCS valuefat 0°; DMET of
value at #=0°; RM-5 of Fon, Berrington, and Kingstof22], Mansky and Flannery21], SOPT of Berrington, Bransden, and
DMET of Mansky and Flannerj21], SOPT of Berrington, Brans- Coleman[20], Glauber of Francd18], CSSBA of Buckley and
den, and Colemaj20], EBSM of Byron and Joacha(33], Glauber  Walters[34], and Born of Kim and Inokutj17].
of Franco[18], and Born of Kim and Inokutj17].

the Appendix being performed.
smallest angles in agreement with the experimental results. Theoretical calculations by the multichannel eikonal
We have made no attempt to evaluate the approximatiotheory with the dipole correctio®dDMET) of Mansky and
methods, however, it is notable that the EBSM by Byron andFlannery[21], and by the second-order potential theory of
Joachain reproduces the experimental data very closely. Berrington, Bransden,and Colem§20] reproduce the for-

In Fig. 7, the DCS’s for the 2S excitation for the impact ward peaking feature. However, the Glauber approximation
energy 500 eV are plotted in linear scale as a function of thef Franco[18], and the corrected simplified second Born
scattering angle. Experimental data of Skerbele and LassettapproximationfCSSBA of Buckley and Walter§34] do not
[2], Silverman and Lassettf&], and Dillon and Lassettiie] reproduce the forward peaking behavior in the angular de-
are also plotted. Although experimental data sets agree wefilendence of the DCS any better than the first Born approxi-
at angles larger than 2°, there is a notable discrepancy benation[17].
tween the present results and the data of Skerbele and Las- From comprehensive consideration of the experimental
settre at the angles from 0.5° to 2.5°, which are the onlyresults and their comparison with theoretical calculations, we
other experimental data presently available for minutededuce the following features in the behavior of the DCS for
angles. The present results show a steep increase in the D@® 2'S excitation at small scattering angles: a forward peak-
at angles smaller than 2°, while the data of Skerbele anthg behavior is observed for the impact energies higher than
Lassettre do not show a forward peaking feature in the an200 eV, and the steepness of the increase in the DCS at the
gular dependence of the DCS. smallest angles has a tendency to increase as the impact en-

We have no basis from which to discuss the origin of theergy increases.
discrepancy of the data of Skerbele and Lassettre with the Elaborate theoretical calculations which include higher-
present ones, because no description is given on details ofder terms and take into account the contributions of several
the calibration of the angle scale and the estimation of thddound states reproduce the sharp increase in the DCS at
angular resolution in their papég]. It is, however, worth minute scattering angles in a good agreement with the
noting that the general trend in cross section measured bgresent experimental results. Intuitively, a contribution of the
Skerbele and Lassettre is consistent with ours if we assumietermediate 2P state in the 2'S excitation process is con-
their measurements were made with a somewhat worse asidered to be a main origin of the increase in the DCS at
gular resolution, with no correction of the type described inminute angles.
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0.025 77 LILAAL) B R AL LI 11 B B R Born curve very slowly in contrast to the case for théP?
T ——Bom approx. . excitation[3]. Secondly, the GOS'’s do not agree with the
oop L. 1006V h Born GOS in the limit of smalk?, even if the impact energy
T —o-200ev ] is high enough for the first Born approximation to hold, as
- ——300eV 5 observed for the impact energies from 200 to 800 eV.
0.015 [ —O-400 eV _]
@ [ —0o-500eV ] 1 S
o C 7 B. DCS for the 3*S excitation
o C o 600 eV ]
001 |~ § 700eV - Experimental results of the scattering intensity ratios
- @ s00ev . (I3 141, 1p) and the DCS’s do/dQ2)51g for the 31S exci-
0005 tation are tabulated in Table Il for the impact energies 100,
r 200, 300, 400, and 500 eV. The corresponding GORIK)
: and the squared momentum transférare also tabulated in
o ' iy » "“"1| o "'“:0 the last two columns. The DCS’s for the!R excitation,

which were employed as the normalized standards for the
absolute scale, are also given in the third column. These
FIG. 8. The effective GOS;(K), for the excitation of the 25  DCS'’s are obtained in the same way as those described in
state in He as functions of the squared momentum tramgtéor ~ Sec. Il. The measurements were performed at the range of
the impact energiek; =100, 200, 300, 400, and 500 eV. The ef- the scattering angle from about 1° to 15°, because it was
fective GOS's forE; = 600, 700, and 800 eV at the low limit &  practically impossible to discriminate the signals of the scat-
(for a measured angle of 0°, corresponding to a mean scatteringring intensity for the 3S excitation from the background
angle of 0.6} are also shown. A curve calculated by the first Born nojse at angles lower than 1°.
approximation is drawn using a thick line. Vertical arrows desig-  The experimental errors in the results of the DCS’s for the
na;ted by the energy values |nfj|cqte the minimum possible values of 1g axcitation are estimated to be about 15%, which is de-
K* (for §=0°) for the respective impact energies. duced as the quadratic sum of the statistical error of 10% in
the intensity ratios, systematic error of 8% caused by the
The effective or apparent, GOSE(K), for the 2'Sstate  effect of the limited energy resolution, angular resolution,
are plotted in Fig. 8 as functions of the squared momenturtincertainty in the angle calibration, etc., and the error of 7%
2 . . _ 1 1
transferk? for impact energie&; =100, 200, 300, 400, and In the absolute values of the’® DCS, (do/d}),1p, used
500 eV, while the effective GOS’s fd = 600, 700, and 800 @s the normalization standard. Again, a correction for the
eV are plotted only fop=0° equivalent to a mean scattering finite angular resolution was applied where necessary. The

angled=0.6°. A curve of the GOS againkf calculated by corrected results are presented in Table IV.

) L . . The scattering intensity ratid {15/1,1p) is plotted in Fig.
the first Born approximation of Kim and Inokytl7] is com- : . . .
pared with the curves of the effective GOS’s which areg as a function of the scattering angle for the different impact

energies. The intensity ratio decreases rather steeply as the

drawn for different impact energies. The curves of the effec'angle decreases from about 10° to the smallest angles, except

tive GOS revea_l a distinct variat_ion depending on the impacfor the curve for the impact energs; =100 eV. The steep-
energy. In particular, the effective GOS for the impact en-negs in this decrease became larger as the impact energy was
ergy 100 eV behaves in a totally different way from those forjncreased. The overall tendency of the variation of the ratio
higher impact energies. The effective GOS has a broad angith angle is similar to that for the 25 excitation, but the
flat minimum of about 0.003 a&?*=2-6, and increases Up value of the ratio is about one order of magnitude smaller.
to F=0.01, nearly 50% larger in value than the first Born The behavior in the variation of the ratios at the angles
approximation, a¥? decreases t&?=0.09. The curves of smaller than 1° to 2° is not clearly revealed here because of
the effective GOS for impact energies higher than 200 eMthe lack of data at 0° and large statistical fluctuations in the
have their maxima at arourki?=0.7—1.0, and their overall ratio at minute angles.
heights become closer to the curve of the Born approxima- The DCS'’s @lo/d(})315 are plotted in Figs. 10, 11, and
tion as the impact energy increases, although the approach 12 on a logarithmic scale as a function of the scattering angle
very slow. The effective GOS curve for the impact energyfor the impact energies 100, 200, and 500 eV, respectively.
500 eV, for instance, is observed to be very close to the BoriTheoretical calculations by means of the dipole corrected
curve except for the region a€2 smaller than 0.05 and for multichannel eikonal theory of Mansky and Flann¢ai],
the region ofK? larger than about 6. the generalized distorted wave mod€lDWM) of Winters,
Recent results of the effective GOS’s determined by Xu/ssa, and Bransdd35], the distorted wave polarized orbital
Feng, Wu, Ji, Zhang, Zhong, and Zheldd] for the impact  theory (DWPO) of Scott and McDowel[36] (not available
energy 1500 eV give excellent agreement with the GOS calfor E;=500 e\), and the first Born approximation of Kim
culated by the first Born approximation within the experi- and Inokuti[17], are shown for comparison.
mental uncertainties, 8%, in the rangetof from 0.139 to As observed in Figs. 10 and 11, for the impact energies
4.40. 100 and 200 eV, respectively, the DMET and the GDWM
The effective GOS curves againét for different impact  calculations appear to give the angular dependence of the
energies suggest the following features in th&82xcitation ~ DCS’s which reproduce the experimental results relatively
process. The curves approach the Born curve as the impaetell, except for the data point at the angle 1.25° for the
energy increases. The curve of effective GOS approaches thmpact energy 100 eV, which may have a large fluctuation to
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TABLE Ill. The intensity ratios a/dQ)315/(da/dQ),1p and the DCS'sdo/dQ) 515 (in atomic units
at impact energies 100, 200, 300, 400, and 500 eV. The absolute cross sections fdiPthexcitation
(da/dQ),1p, which are used for the normalization standards, are also listed. The squared momentum
transferk? and the corresponding effective generalized oscillator strerfgtig are listed in the last two
columns. The square brackets denote powers of 10.

Init;:zlty Squared Effective
Scattering momentum GOS
angle (dofd()315 (doldQ),1p  (do/dQ)s1g transfer for 31
(deg (da/dQ),1p (ad/sr) (ad/sr) K2 F(K)
E|:100 eV
1 8.57 -3]
2.2 1.06—-2]
2.7 9.87-3]
3.7 1.04-2] 3.92 4.07-2] 1.3 -1] 2.64 —3]
47 1.03-2] 3.29 3.39—-2] 153 -1] 2.44 - 3]
5.7 9.96 3] 2.71 2.70-2] 1.73-1] 2.2 -3]
6.7 1.02-2] 221 2.25-2] 1.9 -1] 2,13 -3]
7.7 1.06—2] 1.78 1.88—-2] 2.2 -1] 2.04 -3]
9.7 1.31-2] 1.15 1.50—-2] 294 1] 2,17 3]
11.7 1.52-2] 7.44 —1] 1.14-2] 3.74 -1] 2.04 —3]
13.7 2.02-2] 5.0 —1] 1.01-2] 471-1] 2.31-3]
E;=200 eV
1.75 4.38-3]
2.2 4.89—3]
3.2 5.28-3] 6.37 3.36—2] 9.44 - 2] 1.47-3]
4.2 5.98 3] 4.41 2.63—2] 1.2 -1] 1.44 - 3]
5.2 8.00-3] 3.06 2.4%5-2] 1.65-1] 1.81-3]
6.2 1.10-2] 2.14 2.35—2] 213 -1] 2.24-3]
8.2 1.71-2] 1.09 1.86—2] 3.34-1] 2.79 -3]
10.2 2.88—-2] 571 —-1] 1.6 —2] 484 1] 3.60 —3]
11.2 3.77—-2] 4.17-1] 1.57-2] 574 —1] 4.01-3]
13.2 5.29—2] 2.2 -1] 1.19-2] 7.8 1] 4.17-3]
15.2 6.59—2] 1.27-1] 8.0 — 3] 1.02 3.68—3]
E;=300 eV
0.75 3.7%—3] 1.97+1] 7.170-2] 3.71-2] 1.17-3]
1.75 3.183—3] 1.23+1] 3.8 —2] 5.3 —2] 8.99 —4]
2.75 4.67-3] 7.24 3.38—-2] 8.23 - 2] 1.27 -3]
3.75 6.93—3] 4.36 3.01-2] 1.24-1] 1.64 —-3]
4.75 9.20-3] 2.71 2.49-2] 1.79-1] 1.9 3]
5.75 1.30-2] 1.75 2.28-2] 2.47-1] 2.4 3]
7.75 2.30-2] 7.79 —1] 1.80 2] 421-1] 3.33-3]
9.75 3.95—-2] 3.71—-1] 1.4 —-2] 6.44 — 1] 4,14 -3]
14.75 1.0p—-1] 6.19 —2] 6.34 —3] 143 3.97-3]
E;=400 eV
2.75 5.25-3] 6.77 3.55—2] 9.04 —2] 1.40-3]
3.75 6.99-3] 3.71 2.59-2] 147-1] 1.6 -3]
4.75 1.19-2] 2.16 2.57-2] 221 -1] 2.44 —3]
5.75 1.79-2] 1.31 2.34-2] 3.17-1] 3.1 - 3]
7.75 3.54-2] 5.14-1] 1.8 -2] 5.44 —1] 4.33-3]
9.75 5.92—2] 2.1 —-1] 1.27-2] 8.49 1] 4.69—3]
14.75 1.78—-1] 2.64 —2] 4.59 —3] 191 3.79—3]
E;=500 eV
1.2 2.09-3]
17 2.72-3]
2.3 3.55-3]

2.8 4.49-3]
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TABLE lll. (Continued).

In’;zrt}ilty Squared Effective

Scattering momentum GOS
angle (dofd))315 (do/dQ),1p (do/dQ)31g transfer for 31S

(deg (do/dQ);1p (ad/sr) (a3/sr) K?2 F(K)
3.3 7.35—3] 4.09 3.00—2] 1.39 1] 1.80 - 3]
3.8 9.46— 3] 2.99 2.83-2] 1.7 -1] 2.17-3]
4.3 1.16-2] 2.23 2.60—-2] 2.27-1] 2.49 - 3]
5.3 1.95-2] 1.29 251-2] 3.21-1] 3.53 3]
6.1 2.71-2] 8.49 —1] 2.30 2] 4.2 1] 4.27-3]
7.1 4.10-2] 5.1 —1] 2.11-2] 5.7G —1] 5.19 —3]
8.1 5.74-2] 3.17-1] 1.87 -2] 7.3 —1] 5.7 — 3]
9.1 7.92-2] 1.97-1] 1.5 -2] 9.23-1] 6.20—3]
11.1 1.17-1] 7.73-2] 9.03[3] 1.36 5.31-3]
13.1 1.50—-1] 3.09 -2] 4.64 —3] 1.89 3.78—-3]

the minus side. As for the forward peaking tendency in thefor the impact energieg; =100, 200, 300, 400, and 500 eV.

angular dependence of the DCS’s for the impact energy 200he curves of the effective GOS verdk$ behave very simi-

eV, which is anticipated from the analogy of théRcase, it  larly to those for the 2S state and show a similar impact

is not clear whether the forward peaking really occurs or noenergy dependence. The effective GOS curves for the impact

at angles smaller than 2°, because of the lack of data. energies from 200 to 500 eV show similar shape as the Born
For the impact energy 500 eV, as Fig. 12 shows, the reeurve having their maxima at around tK& of 0.6 to 0.8,

sults of three kinds of calculation appear to reproduce thend their overall height becomes closer to the Born curve as

experimental data rather well. An indication of the existencethe impact energy increases. The curve for the impact energy

of the forward peaking tendency in the DCS’s is inferred atl00 eV behaves in a quite different way from the other

the smallest angles, in the same way as the case of 1Be 2 curves. The effective GOS increaseskdsdecreases up to

excitation. nearly 0.003, which is more than 60% larger than that of the
The effective GOS'sF(K), for the 3'S state are plotted first Born approximation, ak?=0.11 as the lowest limit of

in Fig. 13 as functions of the squared momentum trarksfer K2

TABLE IV. The DCS’s (do/dQ);15 corrected for the limited angular resolution effects at small scatter-
ing angles, for impact energies 100, 200, and 500 eV. Average angles and absolute @288 ), 1, for
the 2'P excitation corrected for the angular resolution effects are also listed. The squared momentum
transferk? and the effective GOS'§(K) are listed corresponding to the corrected average angle and the
corrected DCS’sdo/d()) 315, respectively. See the Appendix for details of notation used in the headings of
the second and third columns.

Mean IS0 03) _
Measured  scattering Squared Effective
do do —
angle angle X _(g[)) de, (_[g(gm)]) momentum GOS
Om 6(0y) dQ "), dQ 3ls transfer for 31S
(deg (deg (a3/sr) (a3/sr) K2 F(K)
E;=100 eV
1.2 1.25 4.98 4.93-2] 1.13-1] 2.30-3]
2.2 2.20 457 4.44-2] 1.19-1] 2.7 - 3]
2.7 2.70 4.34 4.98-2] 1.24-1] 2.5 —3]
E, =200 eV
1.75 1.75 1.013+1] 4.44—2] 6.41 —2] 1.27-3]
2.2 2.20 8.92 4.36-1] 7.1 -2] 1.4q0 —3]
E, =500 eV
1.2 1.25 2.09B+1] 4.37-2] 3.6 2] 6.94 —4]
1.8 1.8 1.38[+1] 3.771-2] 5.59 —2] 8.97 4]
2.3 2.3 9.42 3.34-2] 7.76 - 2] 1.19 3]
2.8 2.8 6.43 2.99-2] 1.0 -1] 1.31-3]
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FIG. 9. Intensity ratio (315/l,1p) in He as a function of the 0 10 20
scattering angle for the impact energigs- 100, 200, 300, 400, and Angle (deg)

500 eV.

The curves approach closer and closer to the Born curve

FIG. 11. The DCS’s do/dQ);15 in He as a function of the

as the impact energy increases, although the advance of tﬁgattering angle foE;=200 eV. Results of the theoretical calcula-
approach is very slow.

The effective GOS’s appear to approach a larger valu

tions are, in the order of the DCS value@&t0°, DMET of Man-
ky and Flannerj21], GDWM of Winters, Issa, and Bransdgsb],
WPO of Scott and McDowell36], and Born of Kim and Inokuti
[17].

LLC A e o e e o e e e L
SR E-100eV A than the theoretical GOS at the limit of the smallést,
- e\ i . although it is not clearly displayed for the curves of the im-
. o *\. . pact energies 400 and 500 eV, due to the lack of data at the
B **&.K\. —— . minute angles.
\ ~¥_~ N ~ - -
I T Tl
'g \ ® . S~ - IV. SUMMARY
C\I\O ~<O —.’\' T
S 102 — e ~ We have measured the DCS'’s for excitation of thkS2
8 - ® Present 5\.._\ . and 3!S states from the ground state in He at scattering
a R & Trajmar et al. N angles from 0° to 15° for the |mpact energies ;OO, 200, 300,
~ > 400, and 500 eV. We have paid special attention to perform-
- —- DMET 1 ing the calibration of the true scattering angle and to keeping
- .. GDWM . a relatively good angular resolution. The accuracy of the
angle is estimated to be better than 0.2°, and the angular
- -~ DWPO - resolution is estimated to be 1.(RWHM) at angles from 0°
—_ Bom to 3°, and 0.4YFWHM) at angles larger than 3° and for the
| entire angular range for impact energies 300 and 400 eV.
10° L Accuracy of determination of the DCS's for the'Q ex-
0 Angl;%deg) 20 citation is better thant 11% at angles larger than 3°, and is

estimated to be-15% at small angles.
Accuracy of the DCS’s for the 3S excitation is also es-

FIG. 10. The DCS’s do/dQ)315 in He as a function of the . . . X
scattering angle for the impact energy=100 eV. Experimental fimated to bet15%, and in this case no data were obtained

data of Trajmaet al.[10] are also plotted. Results of the theoretical &t angles below 1° because of the poor signal-to-noise ratio.
calculations are in the order of the DCS valuefat0°. DMET of Angular dependence of the DCS’s reveals a remarkable
Mansky and Flannerj21], GDWM of Winters, Issa, and Bransden forward peaking feature at minute scattering angles for the
[35], DWPO of Scott and McDowel[36], and Born of Kim and  impact energies higher than 200 eV, in accordance with the
Inokuti [17]. predictions by the advanced theoretical calculations includ-
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agree with the Born GOS even at the limit of the small€st
up to the impact energy 800 eV for the'Q excitation.

This sort of feature in the curve of the effective GOS
versusk? is characteristic of transitions where the term sym-
~ bol is the same in the initial and final states. It is suggested
& that the feature of the curve of the effective GOS vellstis
may help in identification of the character of unknown tran-
sitions which appear in the electron-energy-loss spectra of
molecules.

We would like to emphasize that the measurement of the
DCS'’s at minute scattering angles is important especially for

« N\ optical forbidden transitions, because the knowledge of the

® Present \f N behavior of the DCS’s at minute angles is useful for testing
NN the theoretical calculation methods. The experimental data

\\\\\\ are very scarce due to a technical difficulty in measurement
- —--- GDWM N of the electron-energy-loss spectra at 0° angle, because of the
E N poor signal-to-noise ratio especially for forbidden transitions.
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APPENDIX: CORRECTION FOR ANGULAR
Angle (deg)

RESOLUTION EFFECTS

FIG. 12. The DCS'’s §o/dQ)315 in He as a function of the This paper is concerned with detection of electrons scat-
scattering angle foE; =500 eV. Results of the theoretical calcula- tered through small angles. Under such circumstances, it is
tions are, in the order of the DCS valuet0°, DMET of Man-  jmportant to consider effects due to the finite angular reso-
sky and Flannerj21], GDWM of Winters, Issa, and Bransdg86],  |ytion of the apparatus and systematic errors which arise
and Born of Kim and Inokut{17]. when measuring the angular scale. These systematic errors

and their treatment have been described in the main text.
ing higher-order terms and contributions of many bound Once the geometric scattering andiee., the angle of
states. intersection of the center lines of the final lens of the selector

The curves of the GOS'’s as functions of tKé for dif- and the first lens of the analyzdrecomes comparable to the
ferent impact energies reveal the following features of thisangular resolution of the device, the effect of integrating
sort of transition.(1) The curve of the effective GOS ap- over a range of angles can no longer be ignored. To account
proaches the curve calculated by the first Born approximafor the range of scattering angles present in each measure-
tion as the impact energy increases from 200 to 500(8). ment, we use a functio§( 4,,, 8;) which describes the prob-
This approach is very slow, and the effective GOS'’s do nobility that for a geometridor measured scattering angle

0-007b T T T T T T T T T T T T Iy
— -
0.006 | Q -
E Born E
0.005 —— 100eV —
c —O— 200eV -
¢ 0.004 —a— 3006V —
O C —O— 400eV ;
S 0.003 —O— 500eV —]
= =
0.002 — 400eV -
C 500eV _l -
0.001 |- _l -
0: L 11 Tl Lol N
0.001 0.01 0.1 1 10
K2

FIG. 13. The effective GOS;(K), for the excitation of the 3S state in He as functions of the squared momentum tran&feior
E;=100, 200, 300, 400, and 500 eV. A curve calculated by the first Born approximation is drawn using a thick line. Vertical arrows
designated by the energy values indicate the minimum limkdffor §=0°) for the respective impact energies.



1846 T. Y. SUZUKI et al. 57

0.,, a detected scattering event was really due to scattering

through an angl®, (i.e., the true scattering angléAs shown S(bm, 0) = J Pa(ba,da, 0m)Ps(0s,ps) 56,
. . 4D

below, S(6,,,6;) can be calculated numerically subject to

certain assumptions. Furthermor8(6,,,6;,) can then be + | ps— bal)d7ap, (A3)

used in subsequent equations to relate the actual measured

intensity to a parametrization of the cross secfi®h In this ~ where the integral is over four angular dimensions given by

way, we have accounted for the effects of finite angular reso-

lution. The width of the distribution shown in Fig. 1 corre- d74p=d0dpadOdebs. (A4)

sponds td5( 6,,,0) since this measurement was taken with no

target gas to produce any scattering. Hence this distribution, 1€ modulus terms in thé function arise because the
can be used to assess the funct&fi,,, 6,). sign of the scattering angle has no meaning from the point of

In considering the effects of the finite angular resolutionVieW Of measured cross sections. The te#— 6,| +| s

of the selector and analyzer, we have assumed all the anglés®al is the absolute value of the scattering angle for small

involved are small, making use of the approximations,ésin values of the angless, 6,, ¢s, and¢,. .
=6 and cosf=1—6. Furthermore, we assumed that angular The § function in Eq.(A3) restricts the space over which

distribution of the beam emerging from the selector and thdh€ integral must be evaluated to a subspace of three dimen-

efficiency of the analyzer have a Gaussian form. AccordSions: We can explicitly reduce this integral to a three-
ingly, the expected intensity of a small part of the electrondimensional integral, removing one of the angular variables.

beam emerging from the interaction region is given by ~ D0ing this, we get

03_ 9a|

S( 0m!6t): J;’:DPS( 0S!¢S)G(0a10t’051¢S)d7-3D’

~ 04
¢ } , (A1) (A5)

Ps(0s,bs)=Ng exr{ 2 2
O-S
where the integral is now over three angular dimensions

where N is a normalization factorfs is the angle in the given by

scattering plane measured with respect to the selector’'s beam drap=0d6,d6.ddb (AB)
axis, ¢ is the angle perpendicular to the scattering plane, 3 anTsers
and o is a measure of the angular range produced by th@ng the functiorG(6,, 6, , s, ®<) is given by
selector system.
Similarly, the angular distribution of electrons entering G(6,,6;,0s,bs)=Pa(0,,+ (6;—|0s— 04]) — bs,6r)
the analyzer and subsequently resulting in detected events is
+ Pa(aaa_(et_les_ 0a|)_ ¢510m)-

(a0 82 (A7)
Pa(0a,$a,0m)=Na €x zgg . (A2) The angular profile shown in Fig. 1 can be calculated
(except for the systematic shift which was subtracted during
the data analysjsas S(6,,,0). We use comparison between
where N, is a normalization factorg, is the angle in the the measured profile an§(6,,,0) to fix the parameters,
scattering plane measured with respect to the analyzerandos. We made one further assumption to uniquely deter-
beam axis,¢, is the angle perpendicular to the scatteringmine these parameters. Since the impact energy is almost
plane, ando, is a measure of the analyzer's angular accepequal to the collection energy and the geometry of the selec-
tance.d,, is the angle which the center line of the selector’stor’s last lens system is similar to the geometry of the ana-
final lens system makes with the center line of the analyzer'syzer's input lens system, we assumeg=o,. Numerical
first lens system. This angle corresponds to the measurezkperiments have shown that relaxation of this constraint
scattering angle in the absence of systematic alignment emakes little difference to the final results. Further numerical
rors. experiments have shown that the results have only a small
We have ignored the finite size of the target region in thisdependence on the distributions used in E44,) and(A2).
analysis. In practice, effects due to the size of the targefn estimate of these effects has been included in the final
region manifested as a path length correction have much lesscertainties for the corrected results.
effect on the range of scattering angles accepted for a local- The functionS(6,,,6;) was calculated by numerical inte-
ized target of the type we used. The path length correctiogration for all values off,, at which measurements were
has been implicitly accounted for in our treatment of themade. As expected, these calculations showed that at low
experimental data since a reference cross sectioiPds  scattering angles, the average scattering angle is somewhat
used. This assumption is particularly valid for the spectromhigher than the measured scattering angle. At higher scatter-
eters we used because the angular acceptance is definedibg angles the difference becomes negligible.
real apertures after the final lens system of the selector and A correction factor can be applied to the data, based on a

before the input lens system of the analyzer. known cross section as indicated by Ed). The function
We have approximated the number of electrons scattere8(6,,,6;) was used to relate the actual cross sectiamshe
through a scattering angk for some particular value of,,  limit of infinitesimal resolution to the measured intensities.

by When this is done, the expression for correction becomes
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do the spectrometer is positioned at a measured scattering angle
J S(Hm!at)(m (Ht)) do, 6.,. For high angles, as expected, the conditit§d,,)~ 6,,
21s was found to hold. The product of the two normalization
I515(0pp) do constantdNg andN, was fixed so that the conditiod o= 1
:<m) f S(ﬁ’m'@t)(m (90) dé:, (A8)  holds, consistent with the interpretation ti&(t6,,,6,) is a
21p probability distribution. In actual fact that subsequent analy-
where the factors 1,14(6,), Lyap(6,), sis is independent of this condition since the normalization

and . !
[(do/dQ)(6,)],1p are as defined in the main text with their SIMPIY scales both sides of E(A8). _
functional dependencies now being made explicit. The refer- Substituting these values and keeping terms up=a,
ence data used to derifédo/dQ)(6;)],1p should be im- W€ have
mune from angular resolution effects since it only concerns do — M, 52
measurement at scattering angles greater than or equal tg(am)z(d—Q [6( 9m)]) + 72 5

(35 7o)
Fr d—Q[ﬁ(ﬁm)]

7.5°. The right-hand side of EqA8) can be written as a 21s
single function ofg,,. Hence, (A13)
lp1e( O The second moment integral was calculated numerically and
9(6m) = (I P ) f S(6p, 6,) ( a (90) dé,. an estimate of the magnitude of the second differential of the
21p(Om) 21p cross section with respect to angle has been made from the

(A9) experimental data. These calculations show that the experi-
1menta| errors associated with the measurements are larger
Fhan the second term in this expressiond6p,,). Hence, to

the accuracy of the measurements presented in this paper, we
have

This function can be evaluated numerically for any value o
0., at which the two intensities have been measured at ene
gies where the 2P cross section has been parametrized.
From Egs.(A8) and (A9) we have

d—a(a)) dé (A10) g(ﬁm)=(d—g[0_(6m)]) : (A14)
df) t 21s v df 21s

g(am):J S(amret)

the right-hand side of which can be expanded as a Taylor's 1hiS equation simply shows us that the quangy) is
series, using moment integrals of the form equal to the cross section, not at the measured scattering

angle but at the mean scattering angle calculated by integrat-
— . ing over all possible detected events.
Mi= f [6:= 6(0m)]'S(6Om, 01)d6; (A11) Using Eq.(A9) and the condition tha¥l ;= 0, a table with
) entriesf(6,,) and da/dQ)[ 6(6,,)],15 can be created with
to give one entry for each measured scattering angle Such a
d table has been created for all data which have systematic
(0)= z — (_‘7 [6(6 )]) . (Al2)  errors due to finite angular resolution which are comparable
" 96" | dQ 21g to the statistical errors of the measurements. Results are
_ shown in Table Il for the 2S excitation and in Table IV for
where 6(6,,) is uniquely defined by the conditioN;=0.  the 3'S excitation. Entries from these tables were used to
Hence, we see thdi( §,,,) is the mean scattering angle when replace uncorrected entries in all figures.
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