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The excitation of helium atoms by impact of protons and deuterons is examined in the energy range 
from 40-200 kev. The cross sections of some ^ 1D and the 3 XP state are determined. The excitation of the 
2XP—415 line attains a broad maximum at 65 kev for protons, and at 115 kev for deuteron excitation. 
The 3 ZD state appears to be weakly populated by direct D + excitation; at 130 kev D + energy, 
Q(33.D) <2X10~20 cm2. Inelastic collisions between excited helium and foreign atoms bringing about the 
transition from singlet to triplet states are discussed. 

I. INTRODUCTION 

IN the past years considerable work has been done 
on the excitation of helium by electron impact. At 

the same time comparatively little information has been 
obtained on the excitation of helium by protons or 
deuterons. Such data are of interest for a better under­
standing of excitation processes and for plasma physics. 

The early experimental approach to the problem of 
excitation by protons and hydrogen atoms was under­
taken under not sufficiently defined conditions.1,2 Re­
cently the techniques used in excitation experiments by 
ions have considerably been improved. I t has been found 
that an appreciable excitation of helium does not appear 
until the proton beam energy reaches 2 kev,1-3 whereas 
the excitation of the 4 XS and 5 *S states appears to be 
strong at 200-kev proton energy.4 

The purpose of the present experiment is to extend 
the energy range of helium excitation measurements 
using a well-defined ion beam, and also to examine the 
excitation transfer reactions. 

II. EXPERIMENTAL 

The Institute "Ruder Boskovic" accelerator giving a 
magnetically analyzed beam of protons or deuterons in 
the energy range from 40-200 kev was used in the 
present experiment5; good focusing properties were ob­
tained at higher energies. Some details of the collision 
chamber are shown in Fig. 1. The ion beam cross-
sectional area is defined by the inlet hole drilled in an 
1-mm thick steel plate. The Faraday cup and the colli­
sion chamber are insulated. Secondary electrons from 
the Faraday cage are reflected by the grid 2, maintained 
120 v negative to the cage. Secondaries are also removed 
from the ion beam by the repeller plate. The electrons 
ejected from the brass wall by helium metastables, soft 
x rays, and resonant photons are reflected by the grid 1. 
In that way the chance of collisions with electrons is 
considerably reduced in the collision space. The ion 
beam was imaged by a spherical glass lens on the slit 
of a Hilger glass spectrograph. Large slit widths were 

1 R. Doppel, Ann. Physik 16, 1 (1931). 
2 R. Junkelmann, Z. Physik 107, 561 (1937). 
3 E. J. Dietrich, Phys. Rev. 103, 632 (1956). 
4 R. H. Hughes and R. C. Waring, Phys. Rev. 122, 525 (1961). 
6 M. Paic, K. Prelec, P. Tomas, M. Varicak, and B. Vosicki, 

Glasnik mat,-fiz.i Astron. Ser, I I 12, 269 (1957). 

used throughout the experiment. The spectral sensitivity 
of the photographic emulsion was determined by use of a 
five-step rotating disk and a helium glow discharge 
lamp, calibrated by a Philips standard tungsten lamp of 
known light emission. The fast Kodak Panchro-Royal 
film was used, nevertheless very long exposures were 
necessary. 

The absolute intensity of the 5875-A helium line was 
measured by an E M I 6256 B photomultiplier. The signal 
from the multiplier tube was measured by a sensitive 
galvanometer; the dark current was ^10~ 8 amp. The 
line was isolated using a narrow band interference filter. 
The quantum efficiency k of the photomultiplier in 
connection with the interference filter and the glass 
lenses was checked by the calibrated helium lamp: 
k = ihv/eso), where i is the photomultiplier current out­
put ; e is the light emissivity of the helium lamp; s is the 
radiation area, and o> is the solid angle. 

From the relative intensities obtained from photo­
metric data and the 5875-A line absolute intensity, the 
absolute intensities of other helium lines were derived. 

Spectroscopically pure helium was admitted into the 
chamber via a needle valve, and the chamber was con­
tinuously pumped through the inlet hole. With the 
needle valve closed and 20-//a proton beam current, the 
residual pressure in the chamber increased to about 
3X10~5 mm Hg. The total pressure including vapors 
was probably higher owing to the sputtering of metal 
surfaces under ion bombardment. The pressure was 
measured absolutely by means of a McLeod gauge and 
monitored by a calibrated Pirani gauge. 
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FIG. 1. Collision chamber. 
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TABLE I. Excitation cross sections in 10 20 cm2 units 
for 130-kev deuteron impact. 

Transition 

2 1S-31P 
2 1 JP-4 1 S 
2 1 P - S 1 5 
2 1 P-4 1 £> 
21P-51Z> 

ft* 
37 
34 
11 
16 
7.6 

Level 

3XP 
41S 
5lS 
4lD 
5lD 

Qi 

86 
57 
23 
22 
12 

A considerable noise was detected in the 5000-A region 
using an interference filter and the multiplier tube as 
detector; in the 5875-A region the noise was found to be 
smaller. I t is supposed that the noise originates mainly 
from ZVbands. Thus, in separating spectral lines by 
interference niters it was necessary to measure the 
spectral emission before and after the admission of the 
gas into the chamber, and subtract the noise U from each 
emission reading ip. The photon flux per unit time and 
unit length of the ion beam, Ejk, corresponding to the 
transition j —» k is then given by Ejk=4:7r(ip—io)/wk. 

The partial pressure of deuterium and thus probably 
the spectral background depend on the pressure drop at 
the inlet hole. The actual pumping speed ensures a 
practically constant flow of deuterium from the collision 
space, up to 10-ju Hg pressure in the chamber, and io may 
be considered constant in the observed pressure range. 

Considerable uncertainty is due to the variation of the 
ion beam intensity, the error in the pressure measure­
ment, and the photometric evaluation of the data. The 
relative values of the cross sections are estimated to be 
accurate within ± 2 0 % . The absolute values depend also 
on the stability of the helium lamp and its calibration, 
and are accurate within ± 3 0 % . The relative variation 
of Ejk with ion energy and with pressure is more accurate 
and is correct to better than ± 8 % . 

III. TREATMENT OF DATA 

At low pressure, neglecting the cascade population of 
the j state and transfer reactions, the collision cross 
section for the excitation of the 7th level is given by 

&•= Ejk(yg+Aj)/nAjki/e, (1) 

where 7 is the radiative transition probability from the 
state j to the ground state; Aj is the sum of all other 
radiative transition probabilities from the state j ; Ajk is 
the radiative transition probability from the state j to 
the state k; g is the coefficient of imprisonment of the 
resonance radiation; n is the target gas density. In the 
present analysis the calculated values of transition 
probabilities6,7 were used. 

The 2lS—n1P lines are enhanced owing to the im­
prisonment of resonance quanta. The coefficient of im­
prisonment has been calculated for cylindrical ge-

6 E. A. Hylleraas, Z. Physik 106, 395 (1937). 
7 A. H. Gabriel and D. W. O. Heddle, Proc. Roy. Soc. (London) 

A258, 124 (1960). 

ometry8; for the present case it is assumed that the 
effective imprisonment radius is approximately equal 
to the radius of the chamber. 

7 is zero for all except lP states and Eq. (1) is thus 
reduced to 

Qj^EjhAj/nAjki/e. (2) 

Qj as given by Eqs. (1) and (2) is sometimes defined 
as the apparent cross section Q/.9 

IV, RESULTS 

The values of the excitation cross sections Qjk and Qj 
for 130-kev deuterons at 6-/x helium pressure are given 
in Table I. 

An interesting feature in the above results, as com­
pared with electron cross sections,7,10 is the compara­
tively strong excitation of the n lS states and the small 
cross section of the 3 lP state as observed also for 
200-kev proton excitation.4 

The excitation function of the 5015-A and 5047-A 
lines was measured by the photomultiplier and an inter­
ference filter; the two lines were not resolved by the 
filter. Figure 2 shows the variation of light intensity as 
a function of proton and deuteron energies. For the D+ 

excitation two maxima are visible, at 80 kev and 115 kev, 
respectively. At higher pressures the 80-kev peak was 
not detected. From the cross sections given in Table I, 
and taking into account the imprisonment coefficient g 
for the 5015-A line as well as the observed approximately 
linear variation of the 5047-A line intensity with pres­
sure, the line intensity ratio £5047 A/^SOIB A is found to 
be about 6. Consequently the maxima in Fig. 2 corre­
spond predominantly to the 5047-A'line excitation. With 
increasing pressure the 65-kev and 115-kev peaks are 
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FIG. 2. Excitation of the 2 1P—4 Ŝ* line by deuterons and protons 
with 10 /xa ion beam current and 0.5 11 helium pressure. 

8 A. V. Phelps, Phys. Rev. 110, 1362 (1958). 
9 H. S. W. Massey, Handhich der Physik, edited by S. Flugge 

(Springer-Verlag, Berlin, 1956), Vol. 36, p. 332. 
10 D. T. Stewart and E. Gabathuler, Proc. Phys. Soc. (London) 

A74, 473 (1959). 
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FIG. 3. 5875A line intensity as a function of He pressure with a 
beam current of 20 jua and 130 kev deuteron energy. 

slightly displaced toward higher energies, due probably 
to the steep increase of the 501S-A intensity. 
f\" Considering that the excitation function of any state 
of the same series can be expressed by the product of a 
characteristic shape function with a constant,11 the 
maximum of the proton excitation curve at 65 kev is in 
a fairly good agreement with the maximum of the 
ionization curve calculated by Mapleton12 and measured 
by Fedorenko, et al.lz 

The values of Qj for the 3 ZD and 4 ZD states are found 
to be 4X10-20 cm2 and 1.6X10-20 cm2, respectively; it 
shows that the 130-kev deuterons are very ineffective 
in exciting triplet states. In fact, since the spin-orbit 
coupling in helium is very weak, the change of the total 
electron spin by impact of D+ seems to be very 
improbable. 

With constant energy of incident ions and constant 
target gas pressure the 2 IP—3 3Z> line intensity is pro­
portional to the ion beam current. Further, it is found 
that with constant beam current and ion energy the 
intensity of the 2 3P—3 ZD line increases quadratically 
with pressure. Figure 3 shows the 5875-A line intensity 
plotted against the pressure at 130 kev and 20 /*a D+ 
beam current. At low pressure there exists an approxi­
mately linear relationship between line intensity and 
helium pressure. From the departure from linearity at 
higher pressures the true value of Q(3 ZD) can be esti­
mated. The intensity in the observed pressure range 
can be represented by 

E=(i/e)(Qn+CrF). (3) 

The first term represents the direct excitation of the 
2 2P—3 W line. Hence the true excitation cross section 
for the 3 3£> state is found to be ~ 2X 10~20 cm2. Assum-

11L. S. Frost and A. V. Phelps, Westinghouse Research Labora­
tory Report 6-94439-6-R3 (unpublished). 

13 R. A. Mapleton, Phys. Rev. 109, 1166 (1958). 
13 N. V. Fedorenko, V. V. Afrosimov, R. N. Il'in, and E. S. 

Solov'ev, Proceedings of the Fourth International Conference on 
Ionization Phenomena in Gases, Uppsala, 1959 (North Holland 
Publishing Company, Amsterdam, 1960), p. 47. 

ing that the quadratic component can be attributed 
only to excitation transfer according to 

He(3 l P ) + H e ( l XS) -> He( l 1 5)+He(3 3P), 

the constant C [Eq. (3)] is given by C=Qfavr, where 
Q' is the cross section for the excitation of the 3 lP 
state, a the cross section of the transfer reaction, r the 
mean life time of the 3 lP state, and v is the mean 
velocity of helium atoms. With the value of Qf (Table I) 
and the mean lifetime14 corrected for the imprisonment 
of resonance radiation, and assuming that v is equal to 
the mean thermal velocity, one finds a~8X 10~14 cm2. 

Figure 4 shows the excitation function for the 5875-A 
line. As seen, the line intensity decreases with increasing 
ion energy but also two overlapping small maxima are 
visible. The hump at about 115 kev coincides with the 
excitation maximum in Fig. 2, and it is consequently 
attributed to the transfer processes. With increasing 
beam current the 115-kev peak is more pronounced. 
The small peak at 180 kev is tentatively related to the 
excitation resulting from sputtered atoms. The trend of 
the excitation curve indicates that the direct excitation 
processes reach their maximum in the region of 70 kev 
or lower. The uncertainty of the present measurements 
below 70 kev is considerable. 

Owing to the small value of <2(3 3Z>) the relative im­
portance of some processes other than deuteron excita­
tion, which might also cause the direct excitation of 
triplet states, will be considered. The increase of the 
5875-A line intensity at lower deuteron energies suggests 
that such processes might be effective. 

The concentration of neutrals in the beam originating 
from charge exchange processes15,16 is certainly lower 
than 2% under the actual experimental conditions. 
Assuming that the cross section for the excitation of the 
3 SD level by fast hydrogen atoms is approximately 
equal to the excitation by impact of electrons of the same 
relative velocity, the hydrogen atoms from charge ex­
change can account for at most 0.4X10""20 cm2. However, 
not well known is the content of D atoms in the beam 
resulting from neutralization at the inlet hole. According 
to some authors it may not be negligible,16 but the 
available data do not allow a quantitative estimation of 
the above effect. 

Furthermore, the excitation by metallic atoms 
sputtered by the ion beam at the inlet orifice and in the 
Faraday cage could also contribute to the 3 ZD level 
population. Recently Moe and Petsch17 have observed 
the excitation of neon by slow potassium ions. A similar 
process cannot be completely excluded in the described 
experimental arrangement. The true value of Q(3 ZD) 

14 S. Heron, R. W. P. McWhirter, and E. H. Rhoderick, Proc. 
Roy. Soc. (London) A234, 565 (1956). 

15 J. P. Keene, Phil. Mag. 40, 369 (1949). 
16 J. B. H. Stedeford and J. B. Hasted, Proc. Roy. Soc. (London) 

A227, 466 (1955). 
17 D. E. Moe and O. H. Petsch, Phys. Rev. 110, 1358 (1958). 
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FIG. 4. Excitation function of the 2 3P—3 ZD line with 
20 /za beam current and at 6.7 /x helium pressure. 

for deuteron excitation derived from Eq. (3) is thus 
probably too high, and Q(3 *D) ^ 2X 10~20 cm2. 

V. DISCUSSION 

The ion velocities at which the excitation maxima 
occur (Fig. 2) are about (3 to 3.5)X108 cm sec-1, as 
expected by the near adiabatic condition a/v^h/(AE).u 

As seen, the excitation by 130-kev deuterons is about 

18 H. S. W. Massey and E. H. S. Burhop, Electronic and Ionic 
Impact Phenomena (Clarendon Press, Oxford, England, 19sS2). 

1.7 times more intense than that by 200-kev protons. 
Accordingly we would expect for Q(£lS) and Q(5lS) 
larger values than those recently reported for 200-kev 
proton excitation.4 

Contrary to the large apparent transfer cross section 
(31P—3ZD) obtained from the ion excitation experi­
ments, the conclusions of the recent electron excitation 
experiments are unanimous in finding that the Wigner 
spin conservation rule is partially obeyed,7,10 and that 
the 3D levels are populated to only a small degree, by 
collisional transfer from the 3 lP state. 

The concentrations of foreign gases were obviously 
higher in the ion-excitation experiments, and propor­
tional to the ion beam current. The possibility of a 
perturbing influence of foreign atoms was recently dis­
cussed by Hughes, et al.A However the observed propor­
tionality of the 5875-A line intensity to the deuteron 
beam current seems to exclude an appreciable popula­
tion of the 3 3Z> level by collisions of He (3 lP) with 
foreign atoms or molecules. 

The analysis of the population of triplet levels requires 
further experimental data. We would like to point out 
that the target gas in the ion excitation experiments is 
heated by scattered deuterium atoms and the assump­
tion that the velocity of helium atoms in the collision 
space is thermal may also contribute to an overestima-
tion of the transfer cross sections. 
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