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Photoelectron satellite branching ratios and asymmetry parameters 

have been measured for photoionization of atomic He to He+(n), where 

n=3-5, at a few photon energies near the satellite thresholds. The 

n=3 and n=4 satellite branching ratios relative to the n=l main-line 

cross section exhibit behavior similar to that previously observed for 

the He+(n=2) satellite. The asymmetry parameter a shows progressively 

more negative values as n increases, supporting a prediction by Greene 

for the threshold behavior of the He satellites • 
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Multi-electron processes in photoionization are affected strongly 

by electron correlation. 1 Among the manifestations of electron 
(; 

correlation are photoelectron satellites,2 which are final ionic 

states that correspond heuristically to the ionization of one electron 

and the excitation of a second electron to a higher-lying bound 

orbital. The most-studied and best-understood satellite, both 

experimentally3-13 and theoretically,14-22 is He+(n=2), reached by 

ionization of the He(ls2) ground state. This satellite has roughly 

10% of the He+(ls) main-line intensity near threshold4,6,8,9,13 and 

is composed of the effectively degenerate 2s and 2p final ionic 

states, which are split only by the Lamb shift. One important finding 

about electron correlation resulting from the He+(n=2) studies has by 

now been well-documented;13,20 close to threshold, electron-electron 

interactions in the final state [usually called continuum-state 

configuration interactio~ (CSCI) or close-coupling] strongly enhance 

the production of He+(2p) relative to He+(2s) and He+(1s). 

Experimentally, this enhancement results in a higher satellite-to-main 

line branching ratio,6,8,9,13 and a lower value for the satellite 

asymmetry parameter. 9,11-13 Theoretically,17-21 proper treatment 

of the continuum-state interactions has led to a better understanding 

of this classic example of multi-electron phenomena in He, the 

simplest atom for which electron correlation is possible. 

In contrast to the He+(n=2) satellite, less is known about the He 

satellites with higher values of the principal quantum number, no The 

only available results are for n=3, for which the satellite cross 

section has been measured13 ,23 at several photon energies above 80 

• 
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eVe For the series of n>3 satellites, Greene has predicted24 that 

the asymmetry parameters at threshold will decrease with increasing n, 

reaching the lower limit for s of -1 as n gets very large. These 

predictions recently have been confirmed very close to threshold. 25 

At higher energies, and for higher n, no further work on the He 

satellites is available. We report here measurements of satellite 

branching ratios and angular distributions for the n=3-5 He satellites 

in the 76-95 eV photon-energy range. 

The experiment was performed at the Stanford Synchrotron Radiation 

Laboratory, with the same apparatus 26 and experimental conditions as 

in our earlier work on the He+{n=2) satellite,13 with one exception. 

In the present work on the low-cross-section high-n He satellites, we 

enhanced the incident photon flux by accepting, a poorer photon-energy 

resolution of 1.3A (0.6-1.0 eV in the 76-95 eV range) full-width at 

half-maximum. Even with this increase in flux over the previous 

measurements, we still encountered count rates as low as 0.1 sec-I. 

The atomic differential photoionization cross section can be 

described by the expression,27 

da{e,hv) = a{~~) [1 + s{hv) P2{cOS 9)J 
dn 

where a{hv) and S{hv) are the partial cross section and the angular-

distribution asymmetry parameter of the photoionization process, 

P2{cos 9) is the second Legendre polynomial, and 9 is the angle 

between the polarization of the incident radiation and the direction 

of photoelectron emission. Satellite-to-main line branching ratios 

(1) 
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were obtained with a single time-of-flight (TOF) electron analyzer 

placed at the magic angle (e=54.7°), thereby eliminating any angular 

dependence of the photoelectron peak intensities. With a second TOF 

analyzer at e=O°, we were able to determine the a parameters for the 

satellites as well. Calibration of the relative satellite peak 

intensites was accomplished by measuring the known cross sections and 

asymmetry parameters for Ne 2s and 2p photoelectrons. 28 

A TOF photoelectron spectrum of He at 80 eV photon energy and 

with e=54.7° is shown in Fig. 1. All of the available He+(n) final 

states up to n=5 are visible in this spectrum. Their binding energies 

with increasing n are 24.6, 65.4, 72.9, 75.~, and 76.8 eV, 

respectively.29 Higher-n satellites and electrons from double 

ionization (threshold at 79.0 eV) are either too weak or of too low 

kinetic energy to be observed in this spectrum. 

Measured He photoelectron satellite branching ratios relative to 

the 1s main line, satellite cross sections, and satellite asymmetry 

parameters are set out in Table I and plotted in Fig. 2. The errors 

reported for the present data reflect statistical uncertainties only. 

Systematic errors are harder to estimate, but from previous experience 

and from comparison of our He+(n=2) results to other workers' 

measurements, we be li eve that they are no 1 arger than ~10% for the 

branching ratios and ~0.1 for the asymmetry parameters. 

The present branching-ratio data were converted to satellite 

cross sections by multiplying the branching ratios by the 1s partial 

cross section at each photon energy. The 1s cross sections, in turn, 

were determined from the known total photoionization cross section of 

( 
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He 30 after consideration of all possible contributions to the total 

cross section, as follows. The n=2 satellite branching ratios were 

determined from our TOF spectra and from previous results6,8,9,13 to 

vary between 8-10% in this photon-energy range. For the higher-n 

satellites, branching ratios were taken from the TOF spectra where 

possible. At energies for which the higher-n satellites were not 

measured, we estimated their branching ratios from a threshold 

determination25 of their intensities relative to the n=2 satellite 

cross section. At threshold, the n~3 satellites contribute 

approximately 30% of the threshold value for the n=2 cross 

section. 25 Finally, the relative double-ionization cross sections 

above 79.0 eV were determined from ion-yield measurements. 31 The 

n=l main-line cross section thus was found to lie between 88% and 90% 

of the total cross section in the 76-95 eV photon-energy range. 

Table I and Fig. 2 also include previous measurements5,13,23 of 

the n=3 satellite branching ratio, partial cross section, and 

asymmetry parameter. The earlier n=3 branching ratios5,13 were 

converted to cross-section values (and vice versa for the previous 

cross-section measurements23 ) using the n=l main-line cross sections 

determined as described above. Agreement is good among all of the 

available data. Recent threshold-electron measurements25 also agree 

well with the present branching-ratio and angular-distribution results. 

The experimental results can be compared to two calculations for 

the n=3 satellite. Brown15 predicted a branching ratio of 1.1% at 

80 eV. Richards and Larkins19 ,21 used Hartree-Fock calculations to 
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predict a photon-energy dependence of the n=3 cross section in good 

agreement with the results in Table I. 

The n=3 and n=4 satellite branching ratios are relatively 

constant at low energy, but both decrease above 90 eVe The magnitude 

of the decrease for both satellites is 20-40% over the first 20 eV 

above threshold. A quantitatively similar behavior has been observed 

for the n=2 satellite,6,8,9,13 where the branching-ratio decrease is 

ascribed to a rapid drop in the 2p cross section right above 

threshold. 13 ,17,19-21 This rapid decrease in the 2p cross section 

has been observed directly in a fluorescence measurement. 10 It has 

been described as a result of the strong photon-energy dependence of 

CSCI,13,20 to which a considerable fraction of the He+(2p) intensity 

can be attributed. Similarly, for the n=3,4 satellites, the decrease 

of their branching ratios with energy may be due to the low-energy 

importance of final states with angular momenta greater than zero 

(e.g. 3p and 3d). As the photon energy increases, the continuum-state 

effects which enhance the higher-~ states would diminish, and the 

branching ratios relative to the Is cross section would drop. 

Hartree-Fock calculations19 indicate that the 3p cross section is 

enhanced relative to the 3s cross section near threshold. 

The n=3 branching ratio at 95 eV photon energy also can be 

compared to the Al Ka measurement5 of the high-energy limit. To 

within the poor precision of the high-photon-energy measurements, the 

results suggest that by 95 eV, the n=3 satellite branching ratio 

already has reached its sudden limit. This would be surprising 

(
. 
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because 95 eV is only 22 eV above the satellite threshold, whereas the 

satellite excitation energy (above the 1s threshold) is 48 eVe 

Furthermore, in comparison to the higher-precision n=2 branching-ratio 

results,8,9,13 the n=2 satellite does not reach its asymptotic value 

until well above 100 eV photon energy. 

Turning now to the asymmetry-parameter results, and comparing the 

lowest kinetic-energy measurement for each sate" ite n=3-5, we observe 

that the asymmetry parameter varies from -0.2 to -0.4 to -0.7 with 

increasing n. This trend has been predicted,24 and in fact the 

calculations for the threshold behavior of the asymmetry parameters 

show reasonable quantitative agreement with our results 3-4 eV above 

threshold. The decrease of the satellite asymmetry parameters at 

higher n signifies the approach of the multi-electron ionization 

process to that of complete double ionization, in which the direction 

of the two outgoing electrons would be highly correlated. Recent work 

at energies closer to threshold (~1 eV kinetic energy) has found a 

quantitatively similar result. 25 

The n=3,4 asymmetry parameters exhibit a rapid increase with 

energy. This behavior results from two effects. First, the 

populations of the different. angular-momentum states making up each 

satellite may vary as a function of photon energy, and second, the 

asymmetry parameters for each 2 state (except 2=0) also may vary with 

energy. Nevertheless, comparison to the n=2 asymmetry-parameter 

measurements9,11-13 suggests that the 3p and 3d, and the 4p, 4d, and 

4f final states are relatively more important near threshold. 
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Greene32 has calculated the £ populations of the He satellites at 

threshold. For n=3,4, all available angular-momentum states (i.e. 

~n) contribute, with the £=1,2 states being strongest. Therefore, 

the faster intensity decrease with energy of the £>1 final states 

relative to 3s or 4s, respectively, can in part explain the rapid 

observed increase in the satellite asymmetry parameters. 

In conclusion, we have presented new results on the He+(n=3-5) 

photoelectron satellites. Overall, we observe very similar behavior 

to that exhibited in the case of the He+(n=2) satellite, suggesting 

that the effects due to electron correlation seen for n=2 also govern 

the behavior of the higher-n satellites. The asymmetry-parameter 

results tend to confirm the threshold prediction by Greene24 that 

the satellite asymmetry parameters approach -1 as n increases. 

Finally, we hope that this preliminary study to eluciaate the trends 

in the He satellite series will stimulate further experimental and 

theoretical work to understand the detailed electron-electron 

interactions which lead to these final states in photoemission. 
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Table I: Branching ratios relative to the Is main line, partial cross 

sections, and angular-distribution asymmetry parameters for the 

He+(n=3-5) photoelectron satellites at selected photon energies. 

Statistical errors are given in the last digit(s) parenthetically. 

Photon 
Energy (ev) 

72.9 (Ref. 
73.5 (Ref. 
74.0 (Ref. 
76.0 
78.0 

80.0 

25) 
25) 
25) 

80.0 (Ref. 13) 
85.0 (Ref. 23) 
86.0 
90.0 (Ref. 23) 

95.0 
95.0 (Ref. 23) 

100.0 (Ref. 23) 
A 1 Ka (Ref. 5) 

75.6 (Ref. 25) 
76.2 (Ref. 25) 
76.7 (Ref. 25) 
80.0 
86.0 
95.0 

76.8 .( Ref. 25) 
77.4 (Ref. 25) 
77.9 (Ref. 25) 
80.0 

a1 Kb = 10=21 cm2 

Kinetic Branching Cross Asymmetry 
Energy (eV) Ratio (%) Section (Kb)a Parameter (a) 

n=3 

0.0 1. 99( 7) 1509(5) 
0.6 -0.30(16 ) 
1.1 -0.43(17) 
3.1 1.76(9) 13.0(7) -0.20(6) 
5.1 1.64( 7) 11.4(5) -0.14(6) 

7.1 1.73(6) 11.4(4) -0.03(6) 
7.1 1.8(2) 11.8(13) -0.2(2) 

12.1 1.7(2) 10.0(10) 
13.1 1. 66(5) 9.3(3) 0.16(6) 
17.1 1.5(2) 1.5(10) 

22.1 1.33(4) 5.9(2) 0.71(7) 
22.1 1.3(2) 6.0(10) 
27.1 1.3(2) 5. O( 7) 

1.4(8) 0.002(1) 

n=4 

0.0 1.08( 3) 8.0(2) 
0.6 -0.41(16) 
1.1 -0.45(17) 
4.4 0.67(5) 4.4(3) -0. 39( 11) 

10.4 0.70(4) 3.9(2) -0.09(9) 
19.4 0.42(3) 1.9(1) 0.63(15) 

n=5 

0.0 0.31(2) 2.2(1) 
0.6 -0.46( 17) 
1.1 -0.36(23) 
3.2 0.37(6) 2.4(4) -0.67(16) 

~~£< ~ 
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Figure Captions 

Fig. 1 TOF photoelectron spectrum of He at 80 eV photon energy and 

with 9=54.7°. The peak label n refers to the principal 

quantum number of the remaining electron in the He+ final 

state. The small peak to the right of the n=1 main line is a 

result of ringing in the timing circuit, displacing a small 

fraction of the true counts by a few channels. 

Fig. 2 Helium photoelectron satellite branching ratios relative to 

the Is main-line intensity (top) and asymmetry parameters 

(bottom) plotted against energy above the satellite 

thresholds. Solid symbols are for the n=3 satellite, open 

symbols for n=4. Circles represent the present results, 

squares are from Ref. 25, triangles are from Ref. 13, and XIS 

are from Ref. 23. The n=3,4 satellite binding energies are 

72.9 and 75.6 eV, respectively.29 

( 
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