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Abstract 

The emission cross sections of Hell (4-3) 4686 A line by the incident beams of 0.5-
1.5 MeV H+, 1.0--2.5 MeV He+ and 1.0--2.0 MeV He2 + are studied. By measuring the 
lateral distribution of the light intensity, the excitation of He+ (n=4) levels is found to 
be caused by direct collision. The emission cross section by the proton impact is due to 
the 'ionization process' and shows an E- 1 dependence, while that by the helium ion 
impact is due to the "charge transfer process" as well as the "ionization process" and 
shows a steeper energy dependence. 

I. Introduction 

The experimental study of the excitation of a gaseous target by the impact 

of fast charged particles is very important for the fundamental understanding of 

the complex phenomena of atomic collisions. Recently, many investigations on 

atomic collisions with a spectroscopic technique have been reported. This techni

que is one of the most useful means for obtaining information on the excited states 

of ions, atoms and molecules. The results of the measurement can give emission 

cross sections, and moreover, excitation cross sections when the branching ratios of 

the corresponding transitions are exactly known. This kind of work, up to 1970, 

has been reviewed by Thomas.1> The present work confines the investigation to 

the excitation of the n=4 levels of He+ by proton and helium ion impacts. 

There are several reports2
- 9> on the excitation of the n=4 levels of He+ by 

electron impact. In this case, the excitation of He+ takes place via simultaneous 

ionization and excitation: 

(1.1) 

In the case of proton impact, it is possible that the electron in the target helium 

transfers to the projectile, and the following two processes must be taken into 
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account: 

(1.2) 

and 

(1.3) 

Usually, the former process is called the "ionization process" and the latter the 

"charge transfer process". 

In Mapleton's papers, the theoretical excitation cross sections via the "ioni

zation process" are given up to the n=3 He+ levels10>, and those via the "charge 

transfer process" up to the n=2 He+ levels.11> However, there is no theoretical 

estimation of excitation cross sections for the formation of the n=4 He+ levels. 

The experimental studies on the simultaneous ionization and excitation of helium 

by proton impact have been reported by several investigators.5•
12

-
15> Most of 

the measurements were made with proton energies below 200 keV. Only Thomas' 

work was made in the comparable energy region with our present work. 

For helium ion impact, there are many possibilities for making a simultaneous 

"ionization and excitation of target helium: 

and 

He+ +He--+ He+ +He+*(n=4)+e, 

He+ +He--+ He2+ +He+*(n=4) +2e, 

He+ +He--+ He+He+*(n=4) , 

He2+ +He--+ He2+ +He+*(n=4) +e 

(1.4) 

(1.5) 

(1.6) 

(1. 7) 

(1.8) 

The processes (1.4), (1.5) and (1.7) are the "ionization process" and others are 

the "charge transfer process". There is no experimental nor theoretical work on 

these processes. 

In the present work, the emission cross section of the Hell (4--+3) 4686 A line 

emitted from a helium gas target was measured. For the incident beams 0.5-1.5 

MeV H+, 1.0-2.5 MeV He+ and 1.0-2.0 MeV He2+ ions were used. The beam 

current was about 5 µA for the He+ and He2+ incidences, and I µA for the proton 

incidence for all the measurements of the present work. 

In order to obtain sufficient light intensities with these incident beam cur

rents, it is necessary to use somewhat higher target pressures. In the present 

experiment, we measured the light emitted from a point IO cm downstream from 

the entrance slit of the differentially pumped target cell. For the helium ion 

incidence, therefore, the effect of charge-changing collisions in the gas target must 
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be taken into account. That means the impact of both He+ and He2+ ions must 

be considered, even if either He+ or He2+ ion is used as the incident beam. From 

the measurements of the pressure dependence of the emission cross sections for 

the primary incident beams of He+ and He2+, the emission cross sections for He++ 

He collisions and those for He2+ +He collisions can be determined separtely. 

2. Experimental Method and Apparatus 

The experimental arrangement is shown schematically in Fig. 1. The ion 
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Fig. 1. Schematic experimental arrangement: 1) collimating slit, 2) ionization vacuum 
gauge, 3) entrance slit, 4) Pirani gauge, 5) quartz window, 6) gas inlet, 7) 
exit slit, 8) SSD, 9) Faraday cup, 10) movable Ta plate. 

beam from a Van de Graaff accelerator was passed through a target cell which 

was about 50 cm in length. The entrance slit of the target cell was 2 mm in dia

meter and 30 mm in length, and had a threaded inner surface for suppressing 

the edge scattering. The exit slit was 4 mm in diameter and 20 mm in length. 

Two kinds of beam-monitoring systems were used for different experimental pur

poses. One is a Faraday cup, and the other a Solid-State-Detector (SSD), which 

detects 90 deg.-scattered particles from a thick Ta plate placed in front of the 

Faraday cup. This Ta plate was mounted on a movable target holder and was 

moved away from the beam course when the Faraday cup was used. The output 

signal of the Faraday cup system is independent of the projectile energy and mass, 

but depends on the projectile charge. However, that of the SSD system has just 

the reverse dependence. Therefore, the SSD is suitable when the pressure de-
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pendence of the emission cross section is measured, as well as when the emission 

cross sections between He+ and He2+ incidences are compared. On the contrary, 
the Faraday cup is rather suitable when the energy dependence of the emission 
cross section is measured, as well as when the emission cross sections between the 
proton and helium ion incidences are compared. 

In order to deduce the particle flux from the Faraday cup reading, it is necessary 
to make corrections for the charge fractions of the beam. Charge fractions were 
measured for the He+ and He2+ incidences on the He target, and are shown in Figs. 
2(a)-(b).17l These charge fractions are in good agreement with the calculated 
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Fig. 2(a). Charge fractions of 1.0 MeV He+ incidence on He. 
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Fig. 2(b). Charge fractions of 1.0 MeV He2+ incidence on He. 
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values based on the published experimental charge-changing cross sections.18
-

21> 

The emitted radiations from the excited target ions were measured through 

a quartz window of the target cell. They were focused by a quartz lens and were 

analyzed with a monochromator in conjunction with a photomultiplier. The 

optical system was set at an angle of 65 deg. with respect to the beam direction. 

This arrangement made it easy to distinguish between the emitted radiation from 

an excited target helium ion and that from an excited projectile helium ion. In 

Fig. 3 is shown the spectrum resulting from the 1.0 MeV He+ incidence on He. 
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Fig. 3. Spectrum produced by 1.0 MeV He+ incidence on 
He at a target pressure of 0.03 Torr. 

The radiation in the transition He+ (4-3) is observed as the 4686 A line when it 

is emitted from the excited target He+ ion. Because of the Doppler effect, the 

line is shifted to 4640 A when it is emitted from the excited projectile He+ ion. 

3. Results and Discussions 

In order to confirm that the excitation of the n=4 levels of He+ was caused by 

the direct collision between a projectile ion and a target atom, the lateral distribu

tion of the light intensity of 4686 A line was measured. The lateral distribution 

means the variation of the light intensity along the axis perpendicular to the beam 

direction. In the previous works, we studied the lateral distribution for some 

collision processes, and obtained the following results22
-

24>. The lateral distribu

tion for the direct collision had a sharp peak around the beam axis, and that for 
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Fig. 4. Lateral distribution of the light intensity of Hell 4686 A line. 
Solid line (N2 3371 A) and dashed line (N:t 3914 A) are ex
perimental curves by the impact of 150keV proton on N2 gas. 
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the secondary electron collision had a broad distribution. In Fig. 4 is shown the 

lateral distribution of the 4686 A line resulting from the 1.0 MeV He+ incidence on 

He. Also shown are typical distributions for a direct collision and for a secondary 

electron collision. The present lateral distribution is in good agreement with 

that of the direct collision. This leads to the conclusion that the formation of the 

n=4 levels of He+ is caused by a direct collision. 

For the direct collision process, the intensity of the emitted light as well as the 

density of excited atoms is proportional to the taget demity p. When the ions 

in charge state k and energy E enter the target cell, the intensity of the light Jk at 

the distance l downstream from the entrance slit is given by 

where, 0:(pl, E) is the beam flux of ions in charge state q. aq(E) is emission cross 

section for a collision between a target atom and a colliding ion in charge state q. 
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(l)!(Pl, E) is the product of the total beam flux (l)k and the fraction of charge 

state q at the distance l, ¢!(Pl, E), that is, 

Substituting eq. (3.2) into eq. (3.1), we obtain: 

Jk = p<l>kak(x, E) ' 

where x=pl, 

(3.2) 

(3.3) 

(3.4) 

The quantity ak(x, E) is hereafter called the effective em1ss10n cross section. 

In the case of helium ion incidence, the pressure dependence of the effective 

emission cross sections a1(x, E) and a2(x, E) was measured in a pressure range 

from 0.003 to 1.0 Torr at the incident energies of 1.0, 1.5 and 2.0 MeV. The mea

sured charge fractions show that the maximum of ¢t(x, E) is below 0.04 in these 

energies. Therefore, the term with q=O on the right hand side of eq. (3.4) is 

neglected, and the effective emission cross sections for the He+ and He2+ incidences 

are given by the following expressions: 

(3.5) 

and 

(3.6) 

When the above equations are used directly for estimating a1(E) and a2(E) 

with the experimental values of a1(x, E) and a2(x, E), the results have large errors 

caused by the following situations. 

( 1) Errors in the pressure measurement propagate directly to the experi

mental values of a1(x, E) and a2(x, E). 

(2) In the higher pressure region, the effect of the beam-divergence results 

in the large values of a1(x, E) and a2(x, E). 

(3) Because of the small but ~ignificant difference in the beam courses of 

the He+ and He2+ incidences, there are some differences in the efficiency of the 

beam flux monitor and in the solid angle of the light detection. 

In order to improve the analysis, we used the ratio a1(x, E)/a2(x, E) in the 

wide pressure range, and a1(x, E) at the relatively higher target pressure instead 

of a1(x, E) and a2(x, E). By this ratio, there are cancellations of errors originating 

from the situations (1) and (2). In Fig. 5, the ratio a1(x, E) Ja2(x, E) is plotted 

as a function of the target pressure. In the higher pressure region, we should 

have a ratio of unity because the equilibrium charge state distribution must be 
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established. However, due to the situation (3), the above ratio was different 

from unity. A correction must be made so as to make a ratio unity in the higher 

pressure region. Corrected data points are shown by the full circles in Fig. 5. 
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The ratio a1(x,E)/ci(x,E) is related to a2(E)/a 1(x,E)=fi(E) as follows: 

a1(x, E) _ ¢l(x, E) + fi(E)¢Hx, E) (3.7) 
a2(x, E) - ¢f(x, E) + fi(E)¢Hx, E) · 

By the least square fitting of eq. (3. 7) to the corrected data points, the value of 

fi(E) can be obtained. The solid line in Fig. 5 is the calculated one with the 

most probable value of /i(E)=2.63. It is in excellent agreement with the cor

rected data points over the wide pressure region. At other energies, namely 

1.0 and 2.0 MeV, similar results were obtained. Considering the uncertainties 

in charge fractions due to experimental errors in pressure measurement, we ob

tained 2.6±0.3 as the value of fi(E) in the present energy region. 

In Fig. 6 are shown the effective emission cross sections and the estimated 

emission cross sections by proton and He+ incidences at the relatively higher target 

pressure of 0.15 Torr. For the helium ion incidence, by using the above value of 
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ratio /J(E) and the equilibrium charge fractions, we estimated u1(E) and aiE). 

For the proton incidence, the neutral fraction is negligibly small (less than 10-3) 

in the present energy region, and a1(E) is almost equal to u1(E). 

In Fig. 7 are compared the emission cross sections by electron, proton, He+ 

and He2+ impacts with the same velocities. The normalization of our data was made 

so that the emission cross section at the proton energy of 500 keV was 6.5 x 10-:21 

cm2
• It can be seen in this figure that our data with this normalization lies on 

the straight line extrapolated from the proton data by Moussa and De Heer5l. 

It also agrees with their electron data at relatively high velocities. It should be 

noted that all the experimental emission cross sections by proton impact have 

the same energy dependence ( ocE-1) above the energy of 60 keV. This fact 

means the discrepancies between the absolute values of different investigators are 

due to the differences in the calibration of the detection efficiency. 

The emission cross sections by proton impact and helium ion impact are 

different in their energy dependence. In the case of helium ion impact, the 

energy dependence is steeper than that of proton impact. In the present energy 

region, the emission cross section by proton impact is due only to the "ionization 

process". The steeper energy dependence of helium ion impact, therefore, means 

that there are some contributions from the "charge transfer process" in this case. 

This conclusion is also supported by the comparison of the emission cross sections 

by proton and He2+ impacts with the same velocity. The emission cross section 

by a 2.0 MeV He2+ impact is about six times as large as that by a 500 keV proton 

impact. The predicted value of this ratio by the "ionization process" is 4, 

according to the z2-dependence of the cross section. Therefore, the difference 

between the experimental and predicted values must be attributed to the "charge 

transfer process". 
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