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Abstract 

Excitation cross sections of some states of helium by the impact of 100-200 keV 
protons were studied under various excitation conditions. The lateral distributions of 
light source were also measured. In the higher target gas pressure region, the excitation 
ofn1P(n=3,4) levels are greatly increased by the effect of the imprisonment of resonance 
radiations, and the 41, 3D and 33P levels are also influenced by the effect of a collisional 
transfer. The 41S state is mainly excited by a direct collision with incident protons 
even at the higher gas pressure. 

I. Introduction 

321 

The study of processes leading to the formation of excited atoms as the results 

of ion-atom bombardment is of great fundamental interest. Information obtained 

by measuring light intensities of spectra emitted from the excited atoms under 

conditions of various projectile energies and target gas pressure are directly related 

to the excitation mechanism. 

Many measurements of excitation of helium by the impact of protons have 

been reported1- 1>. Most of these studies were concerned mainly with the direct 

excitation process, and experiments have been made at very low target gas pressure 

where contributions of secondary excitation processes are negligible. However, 

it is necessary to consider both the direct and the secondary excitation processes to 

obtain the over-all features of the collision processes in the gas media. In the 

present study, therefore, we made the measurement over a wide range of target gas 

pressure. 

Important secondary excitation mechanisms are as follows: 

I) Imprisonment of resonance radiation, which must be taken into account for 

the state connected optically with the ground state, 

II) Collisional transfer of an excited atom at one state to another excited state 

* Department of Nuclear Engineering 
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under the gas kinetic region, 

III) Secondary particle collisions. 

Systematic studies on these secondary processes, however, have not been 

made in the case of the proton impact experiment. From this point of view, 

excitations of states 31P, 41S, 41P, 41D, 33P and 43D of helium were studied under 

various conditions. Furthermore, the light intensities as a function of the distance 

from the beam axis (lateral distribution) were measured in order to estimate the 

effect of imprisonment, because radiation. from the region outside the beam axis 

may be expected in this case. 

2. Experimental procedure 

The experimental apparatus is the same as that described in the previous 
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Fig. 1. The pressure and energy dependence of the proton beam 
current on a Faraday cup as a function of He gas pressure. 
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Fig. 2. Light intensity of 5016 A produced by 145 keV proton 
impact on He at IX 10- 1 Torr. 
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paper8l. The incident proton energy was 100-200 keV and the beam current on 

a Faraday cup was about 0.5 µA. The gas pressure in the collision chamber varied 

from 1 X 10-4 to 1 X 10-1 Torr (background pressure was about 2 X 10-5 Torr). 

The beam current on the Faraday cup decreased as the gas pressure increased 

even at a constant incident beam flux as shown in Fig. 1. From these curves the 

correct incident proton current is easily obtained. It is interesting to note that 

the decrease of the Faraday cup current with an increase of gas pressure is slower 

for helium gas than that for nitrogen gas, which was shown in the previous paper. 

The proportionality of light intensity to the incident beam current was confirmed 

for some representative lines. An example of the 5016 A line measured at a pre­

ssure of 1 X 10-1 Torr and at an energy of 145 keV is shown in Fig. 2. This propor­

tionality measns that the effect of successive excitation of the target atoms is negli­

gible8l. 

3. Method of analysis 

In this section, the relation between the number of helium atoms in some ex­

cited state produced by the proton impact, and the number of photons emitted 

spontaneously in the collision chamber is briefly described. Notations used in 

this paper have the following meanings. 

p number density of target atoms per unit volume 

<p number of incident protons per unit area per unit time 

Ni number density of helium atoms in the excited state j 

Q,i direct excitation cross section of helium from the ground state to state j by 

the proton impact 

Ai; radiative transition probability from state j to state i 
Ai0 radiative transition probability from state j to the ground state 

Ai sum of all radiative transition probabilities from the state j 

A/ sum of transition probability other than the Ai0 

Ji the fraction of resonance radiations which are absorbed m the collision 

chamber 

gi imprisonment factor, (1-fi). That is, the fraction of the resonance radia­

tion which escapes from the collision chamber 

Qi; collisional transfer cross section from state k to state i 

v thermal velocity of target atom 

When there are no secondary excitation processes, the rate of excitation of 

state j can be written as 
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d -N. = p¢>Q.-N.A .. 
dt ' ' ' ' 

( 1 ) 

Under the condition where an equilibrium has been established between popula­

tion and depopulation the number density of an excited state j is geven by 

pr/>Q; 
N.=-A 

J • 
J 

Also Eq. (2) can be rewritten as 

A.N. 
Q. = -½:-1-

J P,;, 

( 2) 

( 3) 

In actual cases, there are always some secondary processes, and Ni depends com­

plicatedly on the gas pressure. In these cases, a quantity corresponding to the 

excitation cross section is also defined as 

( 4 ) 

which is called an apparent excitation cross section. 

The forms of Q,/ for some typical cases are described in the following. 

I) Effect of imprisonemnt of resonance radiation 

The transition probability from n1P to the ground state 11S· is very large be­

cause it is an optically allowed transition. A light emitted in this transition 

(resonance radiation) is easily absorbed by the surrounding target atoms in the 

ground state. In this case the rate equation of n1P is written as; 

In equilibrium, 

( (J ) 

The apparent excitation cross section, therefore, 1s given by 

( 7) 

The imprisonment factor g; depends both on the shape and the size of the collision 

chamber. For the determination of the shape, an independent effective chamber 

radius (the curves of g/r) given by Gabriel and Heddle9l) was used, which is 
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reproduced in Fig. 3. 
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Fig. 3. Imprisonment factors for a resonance radiation. Ko is the 
absorption coefficient at the peak of the line. (Reproduced 
from ref. 9). 

II) Effect of collisional transfer 
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The transfer of excitation by collision with other target atoms is called colli­

sional transfer. The reaction for such a transfer of excitation energy may be 

exemplified by the following: 

He(n1P)+He(l1S) .- He(n1•3D)+He(l1S). 

In this case the rate equation is 

( 8) 

State k, in which the energy is close to that of state j, contributes to this process 

because only thermal kinetic energies are available to induce the process. There­

fore, it is sufficient to take into account state k which has same principal quantum 

number as that of state j. 
In equilibrium, 

Nj = 1. [pcf>Q.;+NkpVQ.i;] , ( 9) 
1 

and the apparent excitation cross section is given by 

(10) 

By using the apparent excitation cross section Q./ for state k, Eq. (10) is rewritten as 

( 11) 
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where -.k is the life time of state k. 

III) Effect of secondary particles 

When protons l pass through the gas, secondary particles such as neutral hy­

drogen atoms and electrons are produced as the results of charge changing colli­

sions and ionization processes respectively. These secondary particles may 

excite the target atoms. The production rate of the excited state by this process 

may be written as 

(12) 

where C; is a constant which depends on the projectile energy, and 1s usually 

called a second-order coefficient. In equlibrium, 

N. = _pj_[n -+C.p], (13) 
1 A. 1<.-1 , 

1 

and the apparent excitation cross section of the siate j is given by 

(14) 

If observation of the transition is made by the detection of the corresponding light 

quanta, the photon counting rate R>-- is written as, 

(15) 

where ,l. is the wave length of light emitted in the transition j-i, J;lx) is total 

number of photons emitted from the unit volume at the position x per second, 

G(J., x) is the geometrical detection efficiency of the optical system for the photon of 

wavelength ,l. emitted from position x, and F(J.) is the sensitivity of the detector. 

Integration is taken over the whole volume of the collision chamber. In the 

present measurement, only a very small volume at the position x0 was limited for 

observation with a quartz lens. The polarization of light is negligible in a high 

energy region, so that the emission of photons might be taken as isotropic'>. There­

fore, G(,l., x) is approximated to be 

where w (x) is the solid angle of the detection and T >-- (x) is the transmission pro­

bability of the photons emitted from the position x. 
With this approximation, R>-- is related to ];i as 

( 17) 
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In cases I), (II) and III), ]j; is related to the apparent excitation cross section Q_/ as 

(18) 

Finally, from Eqs (17) and (18), we obtain the relation between the observed 

quantity RA and the apparent excitation cross section Q_/. 

(19) 

4. Results and Discussions 

In Fig. 4 is shown the spectrum which was produced by 145 keV proton inci­

dent on a helium gas target at the pressure 1 X 10-1Torr. 

Fig. 4. Spectrum produced by 145 keV proton impact on He at 1 X 10- 1Torr. 

Apparent excitation cross sections of 31P and 41P are shown in Fig. 5, which 

were obtained by measuring the lines 5016 A (31P-21S) and 3965 A (41P-21S), 

respectively. Sensitivity F(A) and the geometrical detection efficiency of the 

optical system in Eq. (19) were determ.ined so as to make the experimental exci­

tation cross section Qi to be equal to that calculated with the Born approximation 

at 100 keV. (See the later description on the normalization of the excitation cross 

section of the 31P state). As expected from the consideration in section 3, these 

lines are greatly enhanced by the effect of the imprisonment of the resonance 

radiations of 537 A (31P-l1S) and of 522 A (41P-l1S), respectively. The effec­

tive chamber radius r (cm) for resonance radiation was determined as follows. 

The excitation cross sections Q_(31P) calculated with Eq. (7) for various r and for 
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Apparaent excitation cross sections of 31P and 41P of He as 
a function of the gas pressure by the 145 ke V and 140 ke V 
proton impact, respectively. Solid lines are calculated ones. 
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various pressures were plotted in Fig. 6. The cross section Q; must be constant 

and independent of gas pressure, so that the crossing point in Fig. 6 gives the 

effective chamber radius (r= 1.66 cm) and the correct value for the cross section 

(Q,(31P) =4.1 x 10-18cm2). The upper solid line in Fig. 5 is the calculated ap­

parent cross section Q,'(31P) by using these values. The two dash lines in the same 

figure are the apparent excitation cross sections calculated with complete impri­

sonment (g;=0) and without imprisonment (g;=l), respectively. Calculation of 

Q,'(41P) was also made by using the same value r as that of 31P, and is shown by 

the lower solid line in the figure. It was found that the theory of imprisonment 

reproduces very well the experimental pressure dependence of the excitation cross 

sections. 

In Fig. 7 is shown the excitation cross section of the 31P state as a function of 

incident proton energy. The experimental cross section of this state is normalized 

to the theoretical value calculated with the Born approximation at 100 keV10>. 
This normalization factor is also used for other states. The energy dependence of 

Q,(31P) is in good agreement with that of the Born approximation. Following 

the calculation with the Born approximation, it is predicted that the excitation 

cross section of the state with the principal quantum number n is proportional to 

n-3
• In the present case, Q,(41P)/Q,(31P)=0.60 at the incident enregy 145 keV is 

not much different from the calculated value ( 4/3)-3=0.42. 
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Fig. 7. Excitation cross sections of 31P state are compared with 
other experimental and theoretical values. 

0 present, - • - Van den Bos6) (exp.), ······ Thomas 
et al4) (exp.) - - - Born approximation10) (theory), 
-- Van den Bos14) (theory). 

In Fig. 8 are shown apparent excitation cross sections of 41S, 41D, 33P and 43D 

levels obtained by measuring the light intensities of 5047 A (41S-21P), 4922 A 
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Fig. 8. Apparent excitation cross sections of 41D, 41S, 33P and 43D levels as a 
function of the gas pressure by the impact of 145 ke V protons on He. 

(41D-21P), 3889 A (33P-2~S) and 4472 A (43D-23P), respectively. The cross 

section Q,'(41S) seems to be constant over the whole range of the investigated 

pressure. Together with the pressure independence of Q,(31S) reported by Krause 

et al.7>, it may be concluded that the excitation of the 1S state of helium is mainly 

caused by the direct proton collision mechanism. This conclusion was confirmed 

by the measurement of the lateral distribution of light source as shown shortly. 

The apparent cross sections Q,'(33P), Q,'(41D) and Q,'(43D) show the pressure 

dependence, from which the collisional transfer cross sections Qc(31P-33P), 

Qc(41P-41D) and Qc(41P-43D) can be estimated by using Eq. (11). These 

results are tabulated in Table I. The solid lines in Fig. 8 for these states are the 

calculated values, using Eq. (11) with the above Qc values. Reproducibility of 

the experimental pressure dependences are satisfactorily good. 

Table I. Collisional transfer cross sections. 

unit: 10- 15 cm2 

TRANSFER I PERSENT I REF. I) I 
31p-33p 5.53 12.0 

41P-41D 4.86 56.7 

41P->43D 10.2 42.3 

145 keV H+ 200keV H+ 

REF. 15) 

12.3 

2.6 

electron 
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These pressure dependences are compared with those of the electron impact 

experiment by Heddle and Lucas11), shown in Fig. 9. In the electron impact 

excitation, Q,' ( 41S) and Q,' ( 43D) begiri to depart from the constant value (normalized 

to unity) even at a ldw gas pressure. The cause of this disagreement is not clear 

in the present study. In contrast to this, Q,'(41D) and Q,'(33P) have a fairly good 

agreement between the proton impact and the electron impact. 

Fig. 9. Comparison of relative apparent excitation cross sections 
of He excited by 145 keV proton impact (0 present) with 
those by Heddle and Lucas") (eleetron impact e). 

The lateral distributions of the light sources of 5016 A (31P-21S) and 

5047 A (41S-21P) were measured for 150 keV proton impact on helium gas 

at 5 X 10-2 Torr. The beam diameter is 2 mm, and the lateral observation width 

is limited to 2 mm by using a Hartmann slit. The results are shown in Fig. 10 

where each of the maximum intensities is taken to be 100 precent. The dis­

tribution of 5047 A light source is sharp in comparison with that of 5016 A, and 

is confined almost within the beam dimaeter. This result and the pressure 

independence of Q,' ( 41S) indicate the direct excitation mechanism of the 41S state. 

Broadening of the lateral distribution may be expected for line 5016 A since 

the excitation of the 31P state at 5 X 10-2Torr is greatly influenced by the effect 

of imprisonment. The relation between the broadening and the effective chamber 

radius r is not clear at the present stage. 
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Fig. 10. Light intensities of 5016 A (31P-+21S) and 5047 A (41S-+ 
Z1P) as a function of the distance from the beam axis. 

The excitation cross section Q(41S) is in good agreement with the experimental 

data Provided by Van den Bos et al6l., as shown in Fig. 11. The theoretical values 

obtained by the scaling relationship from the electron impact calculation12l is 

also shown for comparison. The excitation of this state from the ground state is 

optically forbidden, and is expected to be a quadrupole transition. Following 

the Bethe-Born approximation, the cross section multiplied by the incident energy 

is constant for the quadrupole transition. This was confirmed by plotting Q(41S)E 

as a function of E in our case. 

The excitation cross sections of the 33P state are shown in Fig. 12 as a function 

of incident proton energy. There is no reported data of proton impact with 

which it can be compared. Energy dependence is represented as E-2-6• In the ec­

ectron impact excitation, the E-3 dependence is predicted by the Ochkur approxi­

mation which takes into account the electron exchange mechanism. Showalter 
et al. 13l reported E-3.s±o.2 dependence of the excitation of this state in the electron 

impact experiment. In the proton impact case, however, it is not clear how far 

the secondary electron affects the excitation of the state. Detailed information 

about such processes may be obtained from the systematic measurement of the 

lateral distribution of the light source. 
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data. 

Fig. 12. Excitation cross sections of the 33P 
state. 
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5. Conclusions 

Light intensities and their lateral distribution of line spectra from the helium 

gas target bombarded with 100-200 keV protons were studied. The main purpose 

of this work is the study of the excitation processes over a wide range of target gas 

pressure, in which the secondary mechanisms also play important roles. While 

systematic studies on these mechanisms by electron impact excitation have been 

made, there are very few experiments with proton and other heavy ion impact. 

The pressure dependence of light intensities shows that the population of the 

resonance levels n1P (n=3,4) is greatly increased by the effect of imprisonment, 

and that 41D, 43D and 33P states are influenced by the collisional transfer effects. 

However, the collisional transfer effect does not contribute to the 43D state exci­

tation even at fairly high pressure in contrast to the case of electron impact expact 

experiment. The excitation of the 41S level is independent of target gas pressure 

and its lateral distribution is confined within the beam diameter. These results 

indicate that any secondary mechanism does not participate in the excitation of 

the 41S state. 
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