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Formation of Excited States in a Helium Target by the Impact of
0.15- to 1.0-MeV Protons and Deuterons, I. Experimental*
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An optical technique has been used to determine the absolute cross sections for the excitation of various
e'5 e'P and N'D states of neutral helium by the impact of 0.15- to 1-MeV protons on a low-pressure gaseous
helium target. The emission resulting from the radiative decay of collisionally excited atoms is analyzed using
an optical spectrometer, and detected by a low-noise photomultiplier. The absolute photon-detection eKci-
ency of the system is determined with the aid of a tungsten-strip-6lament lamp of known emissive power. It is
shown how the rate of emission of photons may be related to the cross section for exciting the parent level in
terms of known transition probabilities. Cross sections for the formation of various singlet excited states of
helium by proton bombardment are presented as a function of projectile energy. Deuterons were used to ex-
tend the effective velocity range of the data in selected cases. The cross sections fog the formation of the '8
and 'D states by excitation from the ground state show a rapid decrease with increasing projectile velocity.
The 'E-state excitation-cross sections peak at about 120 keV and fall off slowly with further increase of pro-
jectile energy. Data are also presented for the emission of the He rr (4 ~ 3) transition induced by proton
impact. Systematic discrepancies between previously published sets of data are identified as being caused by
diGerences in the calibration of detector sensitivity. In a companion paper the present data are compared
with theoretical predictions.

I. INTRODUCTION

~ 'HE study of processes leading to the formation of
excited states as the result of ion-atom impact

under single-collision conditions is of great fundamental
interest with important applications in the physics of
the upper atmosphere and many plasma devices.
Previous measurcmcnts of this type have been primarily
restricted to energies below 200 keV, and the present
work on the excitation of helium by protons represents
the 6rst stage of a program to consider a variety of
collisional excitation processes in. the relatively unex-

plored high-energy region.
The cross sections for the formation of nine neutral

hchum levels have been measured, representing both
dipole and quadrupole transitions from the ground state
by a process of direct excitation;

H++He =8++He(tsl) .

If, ls clcR1 thRt flicI'c ls no amblgulty ln fhls mechanism
Rs to thc posf, 01 plloI' collision stafcs of cxclfRflon OI'

ionization of either of the colliding particles. A single
measurement of an emission function of a Hc II spectral
line has been made but cannot readily be expressed as R

cross section for the formation of a specific excited state.
The excited ion may be formed in a collision involving
charge transfer

H++He= 8+He+(el),

or by simultaneous ionization and excitation

8++He= H++He+(nl)+e. (3)

In tgc case of thc cxcltcd loIl thclc ls RIQblgulfg Rs to
thc post-collision state of the projectile both as regards

*This work was partially supported by the Controlled Thermo-
nuclear research program of the U. S.Atomic Energy Commission.

charge and excited state, although at the high energies
used in this experiment it would be expected that the
process of simultaneous ionization and excitation would
predominate. Deuterons and protons at the same ve-
locity of impact are expected to produce the same ex-
citation cross section, and D+ beams may be conven-
iently used to extend the lower limit of velocity range
available to a particular experiment, .In the present work,
the deuterons were used only in a restricted number of
cases where the extended velocity range materially
assisted in the comparison of the present measurements
with other published theoretical and experimental data.

The present study of the excitation of a hehum target
by the impact of protons was undertaken primarily for
comparison with theoretical predictions, this being one
of the few cases which is tractable by both existing
experimental and computational techniques. Experience
with the ionization of helium by protons' indicates
agreement between experiment and the 6rst-order Born
approximation at impact energies above 500 kcV. A
similar situation is expected in the case of excitation
phenomena, , but since the majority of the existing data
is con6ned to energies be1ow 200 keV little signilcant
comparison between theory and experiment has hitherto
been possible. The present paper presents only experi-
mental measurements of excitation cross sections; the
comparisons with theoretical predictions are, for con-
venience, treated separately in the following paper. '

II. EXPERIMENTAL APPROACH

The passage of a beam of positively charged. ions
through a gas will result in the formation of excited
states of a smRH number of target particles. In cases

' J. %. Hooper, D. S. Harmer, D. W. Martin, and E. W.
McDaniel, Phys. Rev. 125, 2000 (1962).

~ E. %. Thomas, following paper, Phys. Rev. 1{i4, 151 (1N7).
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where the excited products undergo spontaneous radi-
ative decay, the analysis and quantitative detection of
the emitted radiation allows us, in principle, to obtain
a cross section for the formation of an excited state.

If an ion beam of particle density e (ions/cc) at a
velocity o (cm/sec) is incident on a target of density X
(molecules/cc), the rate of change of the population
density of an excited statei of the target system may be
expressed in the following manner:

o.;=+ o.;,—P o.p, +C (e,lV,o), (5)

where C (e,Ep) =C;(N,N, o)/nba If we take the state
l to be one specific lower level, then the intensity of
emission'in the i —+ l transition may be related to the
total photon emission by all decays;

I A. H. Gabriel and D. W. 0.Heddle, Proc. Phys. Soc. (London)
A258, 124 (1960).

The first term gives the rate of collisional population in
terms of the cross section 0-; for exciting the level. The
second term gives the rate of population by cascading
from all states k higher thani, in terms of the radiative
transition probability AI, ; for the transition k —+i. The
third term introduces the rate of depopula, tion of the
state i by radiative decay to states j lower than i.
Secondary collision processes aGecting the density of
excited states E; such as collisional depopulation,
collisional transfer, and population by absorption of
resonance photons, are all included as a fourth term

C;(e,S,o). Gabriel and Heddle' show speci6cally how

such secondary processes may be included. For sim-

plicity, we express them only as a single term which we

recognize as requiring a linear dependence on ion beam
fiux and a nonlinear dependence on target density; the
precise nature of the coefficient C; will depend on the
relevant secondary processes, and in some cases will be
zero.

It is convenient to dehne a cross section for the emis-

sion of photons arising by the decay i —+ j, in terms of
the number of photons emitted per second from 1 cm
of the beam path through the chamber J;,, the number
density of the target S, and the number of projectiles
incident per second I; o;,=I;;(EI) '. I.f 8 is the cr-oss-

sectional area of the ion beam, then I=mS, and J;;
=A;;E,Q,. This cross-sectional area 0', cancels out of the
final equations. Under conditions where equilibrium
has been established between populating and depopu-
lating mechanisms the excited state density E; is invari-
ant with time, and Eq. (4) may be written in terms of
emission cross sections as follows:

Equation (5) may be rewritten as follows:

(7)

The second term of Eq. (7) represents the cascade cor-
rection and has been written in terms of the level m to
indicate that it is unnecessary to determine directly
the emission cross section of the cascade transition; the
measurement of any emission out of the level k may be
related to the actual cascade transition using the ratios
of transition probabilities.

Equation (7) shows that, under conditions where the
emission cross section 0;~ is found to be independent of
target density„ then the secondary processes leading to
the population and depopulation of the level i are
negligible and the term C may be ignored.

If the emission functions for all transitions populating
and depopulating level i can be measured directly, then
Eq. (5) may be used to calculate an excitation cross
section. In general, the limited spectral range of any one
detection system renders this impossible. If the ratios
of transition probabilities are known, then Eq. (7) may
be employed utilizing a relatively small number of
measured emission cross sections. It should be noted that
only the ratios of transition probabilities are required for
this procedure and, in the case of helium, these are
known quite accurately from the self-consistent set
quoted by Gabriel and Heddle. ' In the present work
appreciable cascade corrections were only required for
measurements on the 'I' levels, and the second term of
Eqs. (5) and (6) was otherwise neglected.

Significant population of excited states by secondary
processes was generally excluded by the operation of the
experiment under conditions where the emission cross
sections were independent of target density and incident
beam Aux.

III. APPARATUS

The source of the incident protons was a 1-MeU Van
de Graaff positive-ion accelerator, equipped with beam
analyzing and stabilizing systems which provided a
useful energy range from 0.15 to 1,0 MeU. The incident
proton energy was determined by a 90 deflection in a
regulated magnetic 6eld to within &2 keV. Beam cur-
rents of about 6 pA were typically employed.

A schematic diagram of the apparatus is shown in
Fig. 1. The incident ion beam is collimated to —„-in.
diameter by two knife-edged orifices suitably biased to
inhibit secondary electron emission. A third ori6ce in
the form of a channel was used to provide the limiting
aperture between the collision chamber and accelerator
to inhibit gas loss from the cell. This orifice was chosen
to have a diameter such that no particles w'hich had
traversed the first two apertures could be incident upon
it, so reducing the possibility of secondary electrons
and sputtered material entering the observation region.
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FIG. i. Schematic diagram of the experimental apparatus.

The ion-beam current was monitored on a deep parallel-
plate assembly with an inclined end. Tests indicated that
the application of suitable biases to the beam-collection
system resulted in complete suppression of secondary
ions and electrons. Ion-beam currents were measured
by an electrometer and displayed in one channel of a
two-pen chart recorder.

Helium gas, stated. to be 99.9%%u~ pure by the manu-
facturer, was passed through a cold trap to remove
any condensable materials, and leaked into the collision
chamber. The target gas pressure was measured using a
McLeod gauge, suitable precautions being taken to
reduce the inQuence of sticking and capillary depression
errors. 4 Recently identi6ed errors in McLeod gauge
operation associated with the pumping of mercury from
the reservoir to the cold trap' will inQuence the measure-
ment of helium pressure by less than 4%. In view of
the fact that the precise value of the correction is
diflicult to evaluate, it has been neglected, and an over-
all limit of accuracy in the pressure measurement of
a5% is adopted.

A quartz window is provided in the side of the cham-
ber and an external quartz lens focuses light emitted

4 P. H. Carr, Vacuum 14, 37 (1963).' T. Takaishi, Trans. Faraday Soc. 61, 840 (1965).

from the collision region on the entrance slit of a Jarrel
Ash 84-110 scanning spectrometer 6tted with photo-
multiplier detection (EMI 6256S). To reduce the effects
of photomultiplier noise an ac detection technique is
used. A tuning-fork chopper modulates the light Aux

entering the spectrometer at 100 cps and the required
signal in the output from the photomultiplier, identi6ed
by its speci6c frequency and phase, utilizing a "lock in"
amplifier. The output from the light-detection system is
displayed on the second channel of the pen recorder.

The optical system accepts radiation of a wavelength
corresponding to the transition i —+ j emitted into a
solid angle co from a small section of the ion-beam path
L, to produce an output signal S;;. Assuming that the
radiation was isotropic (i.e., polarization was neglected)
the photon emission rate is given by the following
relation:

4x S;;Jt ~

ZO LE(X)

The dimensionless factor E'(X) includes the detection
sensitivity of the photomultiplier and losses at refractive
and reQective surfaces. The most convenient technique
for determining E(X) is to measure the signal from a
known source of emission. A standard tungsten-strip-
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Jo= (S,;/S), )E),Dgdw4vr. (10)

The brightness temperature of the filament, typically
1050'C, was measured using an optical pyrometer and
related to true temperature by the established pro-
cedures. ' The emissive power of the filament was de-

termined from tables provided by the manufacturer
which are based on the work of De Vos. ~

Care must be taken when using the incandescent
standard lamp at wavelengths below 4300 A to eliminate

stray light from the very intense emission in the visible

regions of the spectrum, which can completely obscure
the low-intensity emissions observed in the ultraviolet.
The scattering of a small amount of visible light to the
exit slit of the spectrometer has been detected and
eliminated by the use of suitable filters of known cali-

brated transmission. This problem is of no consequence
when measuring emission from the collision region since

the intensity of emission integrated over all wavelengths

is very small.

IV. MEASUREMENT PROCEDURE

During preliminary tests the apparent emission cross
section de6ned by Eq. (4) was plotted as a function of

target gas pressure to establish a region of pressure inde-

pendence, so-called single-collision conditions. In the
case of e'P and m'D levels the sects of resonance

absorption of radiation and collisional transfer caused

some degree of variation down to the lowest pressure
used ( 0.5+10 ' Torr). In such cases the apparent
cross section was extrapolated to zero pressure and this

' G. A. %. Rutgers and J. C. de Vos, Physica 20, 715 (1954).
' J. C. de Vos, Physica 20, 690 (1954}.

6lament lamp was used for this purpose. The optical
system was withdrawn from the chamber with no change
in the relative positions of the various optical com-

ponents, and the lamp placed so that the strip filament
was accurately positioned at the point previously oc-
cupied by the strip of emission from the ion beam. If the
width of the filament is zv, the area of the filament
viewed by the optical system is xL. The emissive power
of the lamp at the wavelength of interest E~ is expressed
in terms of the number of photons emitted per sec
per A bandwidth from unit area of the filament into1sr.
The signal from the optical system when viewing the
filament S), is determined by the inverse dispersion of
the spectrometer D~(A/™)and the spectrometer exit
slit width d(mm):

S),=E(X)E),DgdwLco.

By Eq. (8) and (9) we may express the rate of emission

of photons from the collision experiment in terms of a
ratio of two signals, the emissive power of the standard

lamp, and certain readily determined geometrical
factors. The solid angle co and the length of beam path L
seen by the spectrometer do not have to be determined:

value utilized. This procedure will be further discussed
in later sections.

Experimental runs were normally taken by varying
the energy of impact while keeping target pressure con-
stant, preferably in the region where the apparent cross
section was pressure-independent. The spectrometer was
set manually at the wavelength of interest and the
recorder chart run for a period of some minutes so that
a good average value of optical and ion-beam signals
could be obtained. Typical target pressures were in the
region 1 to 4&(10 ' Torr. In this manner a measurement
was made of the emission cross section for a transition,
repeated measurements at different pressures generally
being consistent to within ~3%.The absolute detection
eSciency of the system was determined at frequent
intervals. In all cases except the excited helium ion, it
was possible to use known transition probabilities in
Eq. (7) to arrive at a measurement of a level excitation
cross section.

The major source of possible error in the present work
lies in the determination of the detection sensitivity
of the optical system. The temperature of the standard-
lamp filament could be determined to within &5'K,
leading to an uncertainty in the emissive power of
~10%. DiKculties in reproducing the precise position
of the filament of the standard lamp lead to a further
random uncertainty in the calibration of &5%. The
geometrical factors in Eq. (10) could be determined
with high accuracy and it is estimated that the possible
error in the calibration does not exceed ~15%, most of
which represents random errors in alignment and
temperature measurement.

It is estimated that the absolute magnitudes of most
of the present measurements are accurate to within
+25%. In the case of the 'E levels which are affected

by resonance absorption of photons, the error limits
are somewhat broader at +35% because of certain
required extrapolations. It should be noted that rela-
tive measurements are generally accurate to within

+10% since certain possible errors in the calibration
of detection sensitivity and pressure measurement
cancel out when determining ratios of cross sections.

7. POLARIZATION

The measurement of the polarization of the emitted
radiation was not an objective in the present work.
However, since the polarization gives rise to an aniso-

tropy in the emission, s it was decided to make an esti-
mate of the sects of polarization on the present
measurements. A sheet of Polaroid was used as an
analyzer and suitable corrections made for the diQerent
transmission of light through the spectrometer when

polarized parallel and perpendicular to the entrance
slit. In no case did the polarization fraction exceed 8%.
Using the treatment of Smit, this implies that the cross

J. A. Smit, Physica 2, 104 (1.935).



sections presented here, which are measured at 90 to
the ion-beam path and assume isotropy in the emission,
will be in error by less than 4%, because of the eRect
of polRI'lzRtloIl on thc RngUlar dlstrlbutlon.

Vr. EXCnmram OF rHE ~18~ n18 VRwmSrrrom

The emission functions of the 4'S-+ O'E (504"I A),
5'5 —+ O'P (4920 A), 6'5 —+ O'2' (4169 A), and 7'5~
O'P (4024 A) lines of neutral helium were measured.
The emission was found to be linear with pressure up
to the highest pressures used (10X10 ' Torr) and a
normal operating value of 3&10 ' Torr was adopted.

Cascade into the '5 levels can occur from higher V'

levels through transitions which do not lie within the
spectral range of the detection system. However, the
mcasuremcnt, of an cmlssloQ function of some othcl
transition from the higher state k to a lower level, and
the knowledge of the relative transition probabilities,
will allow the evaluation of the cascade from the state
k into the level of interest i. This feature is essentially
allowed for by the second term in Eq. (7), and use was
made of the emission functions of O'E' —+ 2'5 transitions
to provldc thc cmlsslon functions Og~. CascRdc coll-
tributions froIQ levels above n =6 could not be assessed
ln this manners but RQ estllnatc wRS made Rssumlng thRt
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Fxo. 2. Cross sections for the formation of the O'S excited states of
neutral helium by the impact of protons and deuterons.
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FIG. 3, Comparison of the cross sections for the formation of
the 415 excited state of neutral helium by the impact of protons,
deuterons and electrons.

the cross section for the formation of a level e decreases
as I '. In all cases the cascade contribution to the I'5
population was found to be negligible.

Thc cI'oss scctlons obtalncd fol thc folIQRtlon of 8 g
states, using Eq. (6) and ignoring the negligible cas-
cade terms, are shown in Fig. 2, Incident deuterons were
shown to produce the same cross sections as incident
protons at the same velocity of impact, and were utilized
to extend the lower velocity limit of our data for the
case of the 4'5 level. The estimated limits of accuracy
of the absolllte cl'oss-sectloll data ale +25 po.

Comparisons may be made with the data of Van den
Bos eI, ul ' Dodd and Hughes '0 Sternbcrg and Ton as "
and Robinson and Gilbody"; also with the electron im-
pact data of St. John et al. ,

"and Moustafa ef al. ,
14 which

according to the Born approximation should tend to be
the same as for protons with equal impact velocities at
suKciently high velocities. For clarity, Fig. 2 shows only
the comparison with Van den Bos ek ul. for the whole sct
of '5 levels, while Fig. 3 shows all the various available
data for the excitation of the 4'5 level alone.

The present work. lies consistently below that of Van
den Bos by factors which are outside the range of pos-
sible experimental error. However, the energy depen-

J.Van dcn Sos~ G. Wlntcrq F.J. de Hccr~ Physlca (to bc pub-
lished), " J. Van den Sos, thesis, University of Amsterdam, 1967
(unpublished). These results supclscdc tl1c less cxtcnslvc series by
J. Van EC~~ F. J. dc Hccr~ and J. Klsten1akers PhyslCa
(1964).

10 J. G. Dodd and R. H. Hughes, Phys. Rev. 135, A618 (1964).
11Z. Sternberg and P. Tomas, Phys. Rev. 124, 810 (1961).
1~ M. Robinson and H. B. Gilbody (private communication).
le R. M. St. John, F. L. Miller, and C. C. Lin, Phys. Rev. 134,

A888 (1964).
'4 N. R. Moustafa, F.J.de Heer, and J.Schutten, in Proceefitsgs

of the Fifth Iwternut~ortal coePrence oe the Physics of EIectroeic end
Atomk CoQisioes (Nauka Publishing House, Leningrad, 1967),
p. 489.
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FIG. 4. Comparison of the cross sections for the formation of the
O'D excited state of neutral helium by the impact of protons,
deuterons, and electrons.

dencies arId relative magnitudes of the cross sections at
the region of overlap are very similar, suggesting that
the difference lies in the absolute calibration. The work
of Dodd and Hughes has a quoted uncertainty of &40%,
which represents agreement with Van den Sos but lies
considerably above the present work. There is good
agreement between the present data and the work of
Robinson and Gilbody. Recent work by Denis et Ol."
on the excitation of the O'S, O'S, and 6'S states, by
proton impact at energies up to 500 keV, although not
shown on these figures, is also in complete agreement
with the present data. The work of Sternberg and
Tomas" provides only an absolute determination of
emission cross sections for D+ impact, but a value is
quoted for the relative magnitudes of H+ and D+
impact excitation cross sections, and we have utilized
known transition probabilities to express the proton
impact data as a cross section for the excitation of a
level. There would appear to be little correspondence
between the energy dependence of the work by Stern-
berg and the other available data. Neither of the elec-
tron impact experiments shows the same velocity de-
pendence as the proton impact work, indicating that
equality between the two types of measurements is not
to be expected in the velocity range of the present
experiment.

-17
I l I ill

8
I l l l I l

8

—10 18
I

g 8

-19

for the excitation of the O'D level using Eq. (7). The
emission cross section exhibited a slight dependence
on target pressure which could be ascribed to collisional
transfer from the OV' state. Measurements were made
at a target pressure of 1&j.0 ' Torr and extrapolated
to zero pressure, the correction being of the order of
10'~. Cascade from the n'P levels was estimated by the
procedures described in Sec. VI and found to be negli-
gible. It is more difficult to assess the contribution from
the 'F states since no n'I.'-e'D transitions occur in the
available spectral range of the present experiment.
However, there is a theoretical prediction of the O'F
cross section by Gaillard, ' and if cross sections for
higher 'F states are assumed to decrease as I ', an
estimate may be made of contributions from higher
levels. On this basis, cascade into the O'D state might
necessitate a correction of as much as 20'P~. In view of
the impossibility of making an accurate correction for
the population of the O'D state by cascade from the
e'F levels this was neglected completely, as indeed it
was for the other experimental determinations with
which comparisons are made. The present data are
shown in Fig. O compared with the proton impact data
of Van den Sos et al. ' and Robinson and Gilbody. "
The electron impact excitation data"" at the same
velocities of impact are also shown. It is observed that
there is agreement within experimental error with the

VII. EXCITATION OF THE 11S 41D TRANSITION

The emission function of the O'D-2'E (4922 A) tran-
sition was measured and converted to a cross section

'5 A. Denis, M. Dufay, and M. Gaillard, Compt. Rend. 264,
440 (&9@).

20 l l l l l l l f l l I f l I

~ 04 .06 .08,1 , 2 ,3 .4 ~ 6 .8 1.0
PRfiTON ENERGY MeV

Fxo. S. Cross sections for the formation of the e'I' excited states of
neutral helium by the impact of protons and deuterons.

"M. Gaillard, Compt. Rend. 263, 549 (1966).
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FIG. 6. Comparison of the cross sections for the formation of the
3'P excited state of neutral helium by the impact of protons,
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measurements by Robinson and Gilbody" although,
there is again, a systematic difference with the data of
Van den Bos et a/. Both the electron impact excitation
experiments show approximately the same dependence
of cross section on velocity as in the proton impact
excitation data. It is to be noted that the similarity in
the velocity dependence of electron and proton impact
excitation cross sections is observed over most of the
available velocity range of the present experiment for
the 4'D excitation, but in the case of the e'S excitations
does not occur until maximum impact velocities are
reached.

2 X10
I I I I I I I I I I I / I I

10 19

problem of collisional transfer. However, in the present
work it proved impossible to represent the whole pres-
sure dependence of the apparent emission cross section
using a single value of the e6ective radius of the cham-
ber. It was therefore decided to abandon this approach
and use the pressure plots to extrapolate the apparent
emission cross section to zero target pressure.

The n'P' levels are appreciably populated by cascade,
and these contributions were assessed by the techniques
established in Sec. VI using measured values of e'S —+

2'P and n'D —& O'P emission functions and ratios of
the relevant theoretical transition probabilities. Cas-
cade corrections ranged from 4% for the 3'P level to 1%
for the 6'P.

The difhculties of assessing cascade and resonance
absorption e6ects will increase the uncertainty limits
on this part of the experiment to +35%.Excitation
functions of the 3', 41P, O'P, and 6'P levels were de-
termined and are shown on Fig. 5 with the data of
Van den Bos et at. ,

' for comparison. A more detailed
comparison of the 3V' level with proton'" and electron
impact data" "is shown in Fig. 6. In view of the con-
siderable difficulty inherent in this measurement, the
degree of agreement is surprisingly good, all three
measurements by proton impact agreeing within experi-
mental error. The electron impact data also correspond
very well to the present data at high impact velocities.

VIII. EXCITATION OF THE 1'8~ n P TRANSITION

The various n'P levels are coupled optically with the
ground state and their population is appreciably in-
Quenced by the absorption of resonance photons. The
apparent emission cross section of the m'P ~ 2'S lines
de6ned by Eq. (4) varies considerably with gas pressure,
indicating that the term C (m, Sp) in Eq. (7) is nonzero.
Phelps" has predicted the pressure dependence of the
emission in such a situation for the case of an in'.nite
cylinder, and also a target gas cell contained between
inhnite parallel plates. The treatment may be general-
ized to the consideration of practical collision-chamber
geometries in which the final formulation is expressed in
terms of an e6'ective radius for the collision chamber and
the true excitation cross section. In principle the fitting
of the general curve to the experimental data, over a
wide pressure range, should allow the determination of
the two unknown factors. This technique has been used
with success by Gabriel and Heddle, ' who also included
a necessary consideration of the somewhat lesser

"A. V. Phelps, Phys. Rev. 110, 1562 (1958).
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IX. THE EXCITATION OF THE HELIUM ION

The formation of the helium ion in an excited state
may occur either as a result of charge transfer or ioni-
zation, and the present measurements are unable to
separate these contributions. Also, the levels of a given
principal quantum number all lie so close together that
a group of transitions involving the same principal
quantum number e but different angular quantum
numbers 3 cannot be separated. Consequently, it is not
readily possible to derive excitation cross sections from
the measured emission functions. The present data on
the formation of the excited helium ion are restricted to
the measurement of the emission function of the v =4 —+

v=3 (4686 A) transition. The data are left in the form
of a cross section for the emission of the spectral line
and are shown compared with data from other sources
on Fig. 7.

X. SUMMARY

The present work. has provided a series of measure-
ments of emission functions which have been used to
calculate cross sections for the formation of various
singlet excited states in a neutral helium target by
proton impact. A single measurement of an emission
function of a helium-ion line is also presented. The
present work shows reasonable agreement with other
published data for the relative magnitudes of cross
sections for populating any one series of levels, and also
of the energy dependence for such cross sections.
However, there are some considerable discrepancies
between absolute magnitudes. The calibration of the
detection eSciency of the optical system is the most
likely source of error in an experiment of this type.
Such an error would be expected to cause a systematic
difference between all measurements emanating from
two separate determinations since the relative magni-

tudes of cross sections will not be greatly effected by
errors in emissive power or geometrical factors. Sur-

prisingly, the best agreement between all the available
data is found in the measurement of the V' excitation
cross sections where considerable care is necessary to

assess the effects of resonance absorption and cascade.
Apart from the case of n'I' levels, where the agreement
may have been fortuitous, the present data agree well
with the limited series of measurements by Robinson
and Gilbody, " and di8er from those by Dodd and
Hughes" by a consistent factor of 150%%uq. We have also
observed that our unpublished measurements on certain
other collisional excitation processes disagree with
those obtained by co-workers of Dodd by a similar
amount. The work of Van den Bos et al. ' on the exci-
tation of 'S and 'D states differs consistently from the
present work by approximately 100%%uo.

General theoretical considerations suggest that at
suKciently high impact velocities, electron and proton
impact excitation cross sections should be the same.
Although there are considerable differences between the
magnitudes of the available data, a comparison of the
velocity dependencies is instructive. %e note that al-

though electron and proton impact experiments give
the same velocity dependence for the excitation of the
eV' and e'D levels over most of the velocity range
available to the present experiment, agreement in the
case of the e'S levels is not established.

In a following paper' comparisons are made with
available theoretical predictions. Good agreement is
found between the present experiment and distortion
approximation calculations of the cross section for
forming the 'I' excited state. Born-approximation
calculations of cross sections for the formation of the
'S and 'D excited states are expected to be of poor
accuracy due to the difficulty of choosing a suitable
wave function, but agreement with experiment is found
within the quoted limits of possible error.
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