CYCLOTRON RESONANCE

momentum j=13. (We could write, for example, J=30.)
Substituting in (41) again, we get
D—Y(A+2B)k*+ (e/6mc) 2Km—1)J-H

=1(A+2B)E+ (¢/12mc) 2Km—o-H.  (b.9)

IN SEMICONDUCTORS 1041

If we leave off the J-H term and choose the represen-
tation (39) for J [in (b.7)], then (b.7) and (b.9) agree
exactly with (V.13) of LK. It is easily seen by the

. methods of Sec. I that the form of (b.9) is the most

general possible for the twofold degenerate case.
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Ion beams of Het and Het*, in the kinetic energy range 100 to
450 kev, are held in arcs of circular orbits in a magnetic field.
When a few microns of gas are admitted the beam is attenuated
by charge-changing collisions, since with change of charge the
ion is lost from its orbit. Cross sections for such charge-changing
collisions are designated by o:s, where 7 is the initial positive ionic
charge in electron units and f the charge after the collision.
(o10+012) has been directly measured for He* in hydrogen,
helium, and air, and (e214020) for Het™ in the same gases.

Other observers have measured the equilibrium ratio Het/He*+
attained in a field-free beam after many collisions, and combining
these data with our observations allows calculation of ¢10 and o12
separately if one assumes oo negligible compared to the other
cross sections. The electron loss cross sections 12 increase with

1. INTRODUCTION

HE discovery by Henderson,! in 1922, that an
appreciable fraction of the alpha particles
emitted from natural sources have an orbital electron
attached, and thus are Het ions, initiated a series of
researches in which the capture and loss of electrons by
moving helium ions were studied. The results on o
particles prior to 1933 have been summarized in the
Handbuch der Physik by Geiger,? and the same volume
contains a review of work on the more general aspects
of charge changing collisions, by Riichardt.?

The status of the problem as of June, 1953, has been
recorded by Allison and Warshaw.

Experimental researches on this problem may be
roughly divided into two categories: (A) studies of the
equilibrium ratios of the various charge states attained
after a sufficiently large number of charge-changing
collisions; (B) studies of the collision cross sections for
individual charge-changing events.

* This work was supported in part by a grant from the U. S,
Atomic Energy Commission.

+ Now at Junta de Energia Nuclear, Madrid, Spain.
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energy for helium and air throughout the measured region and
are of the order 10717 cm?; o2 for hydrogen vs energy shows a
broad maximum at about 370 kev and 0.98X10" cm? per hy-
drogen atom.

The capture cross sections o10 decrease rapidly in the measured
energy range and in the region 200450 kev those measured in
helium agree, within the estimated experimental error, with
theoretical calculations of H. Schiff.

In attempting the resolution of the sums (o91-+020) into the
separate cross sections it is found that the errors in the measure-
ments accumulate to such an extent that the individual values
become very unreliable. An auxiliary experiment designed to
increase the accuracy of our knowledge of the separated capture
cross sections o3 and o9 is in progress.

Subsequent to the work summarized by Allison and
Warshaw other reports of researches on helium ions
under a category (A) have appeared from the Cavendish
Laboratory® and the Oak Ridge National Laboratory.®
Specific applications to the production of He** beams
for acceleration to high energies are reported by Bittner?
and by Geller and Prevot.?

The experimental studies reported here belong in
category (B), and are in the kinetic energy range 100
to 450 kev. We shall use the notation i in discussing
the cross sections, where subscript ¢ refers to the initial
positive charge on the ion in units of the magnitude of
the electronic charge, and f to the positive charge after
the collisions in the same units. Very little was known of
the helium cross sections in the range 100 to 600 kev
when the summary by Allison and Warshaw was
written. Some helium cross sections in the kinetic
energy range up to 100 kev had been reported,®** and
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18 R. A. Smith, Proc. Cambridg e Phil. Soc. 30, 514 (1934).
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there are more recent results in this region by Stedeford
and Hasted,' and by Fedorenko.!® Krasner!” has re-
ported cross sections o1 in hydrogen, helium, and air
using essentially the same equipment as that with which
the present results were obtained, and Barnett and
Stier'8 have presented results for oo in the region from
30 to 200 kev.

2. EXPERIMENTAL METHOD

The experiments reported here are direct measure-
ments of the cross-section sums (o10+012) and (o214 020)
for helium beams traversing hydrogen, helium, and air
respectively. The method is the second (ii) of those
described on page 810 of the article by Allison and
Warshaw.!

For the measurement of (o10t012) a beam of Het
ions is held in a circular orbit as it traverses a measuring
cell, by placing the cell between the poles of a powerful
electromagnet. With the gas pressure in the cell so low
that the mean free paths for all possible collision types
are much longer than the cell dimensions, one measures
the flux of ions leaving the cell through an aperture
whose dimensions are small compared to the displace-
ment of the emergent beam caused by the magnetic
field. The introduction of gas attenuates this beam due
to charge changing collisions which cause the ion to be
lost from its orbit. If the length of path along the arc
through the gas is known, and the pressure is measured,

T R(0)
a,;f=———ln————, (1)
Plt R(p)

where Y o is the total cross section per atom of gas
traversed for all processes which may change the ion
orbit, % is Boltzmann’s constant, 1.380X 10716 erg/°K,
T is the temperature of the gas in the measuring cell
in °K, P is the pressure in dynes/cm? in the measuring
cell which corresponds to the attenuated flux R(p), ! is

15 J, B. H. Stedeford and J. B. Hasted, Proc. Roy. Soc. (London)
A227, 466 (1955).

16 N. V. Fedorenko, Zhur. Tekh. Fiz. 24, 769 (1954).

17§, Krasner, Phys. Rev. 99, 520 (1955).

18C. F. Barnett and P. M. Stier, Phys. Rev. 100, 1268(A)
(1955).
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the effective beam length along the curved path in the
measuring cell, £ is the number of atoms per molecule
of gas. R(0) is a measured quantity proportional to the
unattenuated flux of ions emerging from the cell, and
R(p) is proportional to the attenuated flux when gas
is added.

The ion beams used in the experiment were supplied
by a Cockcroft-Walton accelerator, or kevatron, which
had a standard type of radio-frequency ion source'
and produced a beam of 10-30 microamperes of Het
at energies from 100 to 450 kev. The accelerated ion
beam from the kevatron, which contained some H*
even after long operation on Government Grade A
helium, was angularly dispersed into a momentum
spectrum by the kevatron magnet, and the Het con-
stituent was deviated 223° from the kevatron accelera-
tor tube axis into the chambers used for this experi-
ment. For studies of (¢i04012), the Het beam as it
came from the kevatron could be used without modifica-
tion, but He** had to be obtained by charge equilibra-
tion of the He* beam in an “equilibration chamber”
which preceded the measuring chamber in which the
cross sections were determined. The apparatus was
essentially that of Fig. 1 of Krasner’s paper, with some
modifications described below. A schematic diagram is
given here as Fig. 1 of this report. Some pertinent
dimensions are given in Table I.

In Fig. 1, the insulated disk at s; is connected to a
galvanometer through lead »/. This serves as an indi-
cator to assist in directing the Het beam along the axis
of the system. In order to monitor the equilibrated
beam before it enters the measuring chamber, part of
it is intercepted on a fine mesh grid at m. For reliable
monitoring by such a screen its mesh must be fine com-
pared to the cross-section area of the beam. The screen
selected is commercially available? and has 200 open-
ings to the inch. The openings are square, and 0.002
inch on a side; the transmission is 169, and the thick-
ness is 0.002 inch. Thus there are approximately 250
apertures in this screen across the beam which is
circular and 0.0914 cm in diameter. The current inter-
cepted by this screen was allowed to charge up a high
quality condenser and was integrated by observing the
rise of voltage on a suitable electrometer.

The detector & was of the type first described by

TaBLE I. Data concerning apparatus (see Fig. 1).

Y 0.318 cm diam

51 0.226 cm diam

S2 0.0914 cm diam s1—se=12 cm

3 0.0914 ¢cm diam s2—53=20.63 cm

Sy 0.199 cm diam s1—s4=061 cm

D 1270 cm slit at d, 0.41 cm wide;

/ 1240 cm in some runs; 0.278 cm wide.

19 Adapted from the design of Moak, Reese, and Good, Nu-
cleonics 9, 18 (1951).

20 “Lektromesh” screen from C. O. Jelliff Manufacturing Cor-
poration, Southport, Connecticut.
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Montague, in which the jon beam impinged on a
beryllium-copper plate biased negative with respect to
the detector housing, and the primary ion current is
amplified by the emission of secondary electrons.

The tubes of Fig. 1 through which the ion beam
passed were built of mild steel, in order to shield the
beam from the stray field of the magnet between the
poles of which the measuring chamber was placed.

All pressure measurements used in computing cross
sections were made on a sensitive McCleod gauge
(311.7 cc bulb, 0.0803 cm radius capillary).

3. METHOD OF MEASUREMENT

The kevatron was adjusted to the desired voltage,
and the ion beam from the radio-frequency ion source
operating on helium gas was focused. By means of the
sorting magnet of the kevatron, the He* constituent
was directed down the axis of the measuring system,
(Fig. 1).

If measurement of a cross section for He** ions was
desired, a convenient pressure (5-15 microns) of gas
was introduced into the equilibration cell (between s,
and s3), using the same gas which would later be used
in the measuring chamber for the cross-section deter-
minations. For He* measurements, no gas was needed
in the equilibration cell, in fact, many of the measure-
ments on He* were taken without the interposition of
the equilibration cell into the beam.

The magnetic field on the measuring chamber was
then adjusted until the desired ionic component (Het+
or Het) was directed into the detector at d.

The rate of rise of potential of a condenser, charged
by the fraction of the equilibrated beam intercepted at
m, was noted on a quadrant electrometer, and by means
of a multiple throw switch a capacity was selected
which would result in a suitable deflection in about 30
seconds.

A similar selection of a suitable capacity in the de-
tector circuit, in which the measuring device was a
vibrating reed electrometer, was made so that a con-
venient deflection resulted in the same time interval.
A beam flux measurement consisted in measuring the
potential acquired by the detector condenser when the
monitor condenser had reached a predetermined charge,
thus integrating both currents.

When measurements were under way on He'™, the
presence, in the measuring chamber, of the consider-
ably more intense He™ beam caused some difficulty.
When the magnetic field was so adjusted that the Het+
beam was deflected 30° and therefore passed into the
detector at d, the Het beam was deflected 15° toward
d from the undeviated position. When gas was admitted
for an attenuation measurement on Het+ there was
electron loss from this Het beam, and a ‘“‘spray” of
new Het* ions fanned out from it toward larger angles
of deviation, producing a background under the at-

2 J. Montague, Phys. Rev. 81, 1026 (1950).
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tenuated He™* beam. This was revealed, see Fig. 2, by
increasing the magnetic field slightly so that the at-
tenuated He™ beam no longer entered the detector
slit, and the background under it was exposed.

After several methods had been thought up and tested
for correcting the attenuated He*™* intensity for this
effect, the most certain, but most tedious, of them was
adopted. This consisted in running a complete profile
of both the “gas out” and attenuated beams, sweeping
them across the detector slit by varying the magnetic
field and taking care to measure the level of the back-
ground on the high and low magnet side of the peak.
A set of data is shown in Fig. 2, which is a measurement
of (o21+020) for 300-kev Het* ion in helium gas. The
“gas out” pressure was 0.70 micron of mercury (rather
higher than usual) and although the relevant oy, cross
section is rather small (1.2)X10~'7 cm?), the 11.2 times
higher intensity of the He* beam causes an appreciable
Het+ spray even with gas out. When 8.62 microns of
helium was admitted, to produce the attenuated curve
of Fig. 2, we see that the spray has greatly increased.
There is no spray on the low magnet current side of the
peak because no He™™ jons formed anywhere along the
He* beam can enter the slit if the magnetic field is too
weak to deviate the true Het+ beam sufficiently. Since
the width of the slit in the direction of the sweep of the
beam was 0.41 cm and the effective diameter of the
beam at the detector aperture was 0.188 cm,? the
profile should have a flat top. However, the shape of the
peaks at the top indicates that they are superimposed
on a sloping background. The dotted lines under the
peaks of Fig. 2 show how much was subtracted from the
area for this “spray effect.” The areas between the re-
constructed backgrounds and the profiles were measured
by cutting out the curves and weighing them. Making

22 S. Kragsner, reference 17, p, 523.
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F16. 3. Cross sections from experiments on the attenuation
of a He* beam when ions which have changed their charge are
removed.

the spray correction in this manner corresponded to
using the full path length of 12.40 cm as the effective
length /.

In the example of Fig. 2, the ratio of areas, or the
fractional attenuation, R(p)/R(0), was 0.637. The
temperature of the measuring cell was 20°C, and with
1=12.40 and £=1, the coefficient of the logarithm in
Eq. (1) is 3.51X10%. The resultant (os0+021) Iis
13X 10717 cm? per helium atom.

When low cross sections are measured, such as
(010+012) for 400 kev Het in hydrogen, where the value
is 0.9XX 107 cm? relatively large amounts of hydrogen
must be let into the measuring cell to produce sufficient
attenuation for accurate measurement. In our measure-
ments 21.0 microns were admitted. It was thought
advisable to test again® whether the detector was “gas
sensitive.” This was done by directing the 400-kev
proton beam from the kevatron, always present even
when operating on helium, into the measuring cell, and
then deviating it into the detector. At 400 kev the
capture cross section oo for protons is so small that
the beam remains 1009, charged, so that no attenuation

TABLE II. (010+012) in units of 10717 cm? per gas atom.

Helium
don |

(1:1221; Hydrogen Helium Air

(kev) Best Uncertainty Best Uncertainty Best Uncertainty
100 9.8 =+2.0 17.5 +1.0 30 +3
150 7.0 +0.7 13.0 +3.0,—1.0 21.6 +2.2
200 5.1 +0.5 9.5 +40.5, —1.5 17.5 +1.8
250 3.8 +40.2,—-0.7 7.2 +0.7 15.0 +1.5
300 2.8 +03,—-0.7 5.6 +0.6 134 +1.3
350 2.2 +0.2 4.6 +0.5 12.3 +1.2
400 1.9 +0.2 39 +0.4 11.5 +1.7, —0.7
450 1.5 +0.2 34 +0.3 10.6 +1.1

2 J. Montague, reference 21, p. 1031.
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was to be expected. When 21 microns of H, was ad-
mitted, the detector response to the proton beam
actually increased, as Montague had previously found,
and by about 69,. This is presumably due to ionization
of the gas in the detector cavity by the ion beam and
the secondary electrons. The magnitude of the effect is
roughly the same as in Montague’s work, and an appro-
priate correction was made to our measurements.

4. EXPERIMENTAL RESULTS

The direct experimental results of the series of
measurements reported here are the cross-section sums
(0c10+012) and (o21+020). The results are displayed in
graphical form in Figs. 3 and 4, and tabulated in
Tables IT and III. Estimates of the uncertainties in
the values are included. As previously experienced in

\
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F16. 4. Cross sections from experiments on the attenuation
of a He** beam when ions which have changed their charge are
removed.

taking this type of measurement, it was found more
difficult to reproduce results in the lighter gases, espe-
cially hydrogen, than in air. We do not have an explana-
tion of this; one guess is that the reducing action of
ionized hydrogen gas affects the secondary electron
yield from our detectors by acting on their surfaces.

In certain cases we have recommended a ‘best”
value which does not lie centrally in the region of un-
certainty. This choice has, of course, been influenced
by neighboring points on the curve, and by the pre-
sumption that the choice producing the minimum
change in slope and curvature is the best choice, a sort
of primitive least squares method.

5. CALCULATION OF INDIVIDUAL
CROSS SECTIONS

If the results expressed in Tables II and III are
combined with other results concerning the charged
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TABLE IIL. (020-+021) in units of 10717 cm?.

Helium

Jon_

]é;r;ertgl; Hydrogen Helium Air

(kev) Best Uncertainty Best  Uncertainty Best Uncertainty
100 (38)* 40.0, —6.0 (28)= +4.0 (79)» +8.0
150 27.5 +3.0 24.5 +4.0 62 +5.0
200 200 +3.0, —1.0 200 +3.0, —1.0 49.5 +3.0
250 145 +2.0, -1.0 16.6 +25, —1.0 40.0 +0.0, —2.5
300 10.1 +1.0 140 +1.0,—-04 32.5 +2.0
350 7.0 +0.7 11.7 +1.2 26.8 +0.0, —3.0
400 45 +04, —06 100 401, —1.0 222  =+20
450 2.5 +0.3 8.6 +1.5, —0.1 18.2 +1.5

d & Values in parentheses were extrapolated beyond the region of taking
ata.

states of helium beams, it is possible to calculate in-
dividual cross sections from them. The necessary
formulas can be developed from the treatment by
Allison and Warshaw.* Their equations (23") are
do=[o10(021+020)+ 200121/ D,
¢1= [021(002+001)+0016203/D, (2)
¢2=[002(010+012) 0190011/ D,
in which ¢; is the fraction of ions of positive charge 7,
in electron units, in the entire equilibrated beam, and
D=0’12(0'01+Uo2+020)+010(021+0’02+020)
+ou (001+0'02)+0'01020. (3)
If we introduce the equilibrated ratio Het/Hett, and
call it 712, we obtain
721(005+001) +-0010%0

719=1/ 2= (4)

0‘02(010+¢T12) +o1200
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We will now make the assumption that oo is small
compared to the other cross sections. This cross section
concerns the ionization loss of both electrons from a
moving helium atom in a single encounter. Classically
it involves the product of the probability that one
electron in the helium atom passes near enough to the
effective positive core of a gas atom to receive more
than 24.5 electron volts energy, while, simultaneously,
the second is near enough to receive more than 54
electron volts. With this approximation, Eq. (4)
becomes
r12= (0214-020) /012,

or

012= (0'21+0'20)/7’12- (5)

Thus, measured values of 75, shown in Table IV,
when combined with values of (o214 020) from Table IIT,
should, if our assumption is valid, permit calculation of
o12; then 19 can be obtained, by subtraction, from the
values in Table II.

The values of o1, which result from Eq. (5), and the
values in Tables IIT and IV, are shown in Table V. In
compiling the best, or recommended values, the equi-
librium ratio data of Stier, Evans, and Barnett® have
been used in certain cases, notably where Snitzer* gave
no equilibrium ratios, and in certain cases where the
results of Stier et al. seem to lead to a smoother curve of
o1 US energy.

Values of ¢19 may be obtained by subtracting the o,
values from the measured total cross section of Table IT.
The results are shown in Table VI.

It is formally possible to proceed to the calculation of
21, since from the relations of Egs. (2), plus the assump-

TaBLE IV. Equilibrium ratios Het/He** and He?/He*™ for helium beams in various gases. Sn=E. Snitzer, Phys. Rev. 89,
1237 (1953) ; St=Stier, Barnett, and Evans, Phys. Rev. 96, 973 (1954).

Kinetic Hydrogen Helium Air
energy 712 702 712 702 712 702
(kev) Sn St Sn St Sn St Sn St Sn St Sn St
100 I ~300 ~800 s ~50 s ~130 ~100 ~100 cee ~150
150 ~350 100 134 ~50 38 43.5 58 ~50 35 ~15 31
200 31 v 18 36 22.8 25 160 27 23.7 18.1 8.66 99
250 21.7 e 8.2 e 16.5 s 8.93 v 13.1 ce. 347 cee
300 12.5 e 3.17 11.2 4.67 cee 8.0 1.58
350 7.03 1.35 7.72 245 e 5.25 0.893
400 4.62 0.62 5.93 1.42 3.74 0.500
450 3.38 0.39 4.41 0.84 2.74 0.260
TABLE V. Values of o2 in units of 10717 cm? per atom, computed by Eq. (5) from Tables III and IV.
Helium ion . .
kinetic energy Hydrogen Helium Air
(kev) yo? Best Uncertainty Best Uncertainty Best Uncertainty
100 1.99 0.13b +0.01, —0.02 0.56b +0.1 0.79v +0.12
150 1.62 0.28® +0.03 0.64b +0.1 1.25 +0.16
200 1.40 0.64 +0.1, —0.03 0.88 +0.14, —0.04 2.09 +0.16
250 1.26 0.67 +0.09, —0.05 1.00 +0.16, —0.07 3.05 +0.18
300 1.15 0.81 +0.08 1.25 +0.09, —0.05 4.06 +0.32
350 1.06 1.00 +0.10 1.52 =+0.11 5.10 +0.36
400 0.994 0.97 +0.08, —0.14 1.68 +0.03, —0.16 5.94 =+0.40
450 0.937 0.74 +0.08 1.95 +0.37, —0.03 6.64 +0.44

2 g = (orbital velocity of electron in He*)/(translational velocity of He* ion).
b Values of r12 used to compute this cross section were taken from Stier, Barnett, and Evans, Phys, Rev. 96, 9737(1954).
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TaBLE VI. Values of 010 in units of 10717 cm? per atom of gas trav-
ersed. Computed by subtraction of Table V from Table II.

Helium
Jon

‘é:gg; Hydrogen Helium Air

(kev) Best Uncertainty Best Uncertainty Best Uncertainty
100 9.7 +2.0 16.9 +1.0 29 +3.0
150 6.7 +0.7 124 43, -1 204 £2.2
200 4.5 +0.5 86 405, —1.5 154 +1.8
250 31 40.2,-0.7 6.2 +0.7 120 £1.5
300 20 +03,—-0.7 44 +0.6 9.3 £1.6
350 1.2 +0.2 3.1 +0.5 7.3 %13
400 0.9 +0.2 22 +406,—-04 56 £13
450 0.8 +0.3 1.5 403, —-0.7 40 10

tion that o2 is negligible, we obtain

o91= (010+012)712—T0r702- (6)

However, in the lower part of our energy range, up to
300 kev, Het* is a very minor constituent of the
equilibrated beam (<13%), and its change into He* or
He® offers a negligible contribution to either of these
dominant beam constituents. Thus the observed
equilibrium ratios are insensitive to the partition of the
total (oa1+020) Into o9 and oo and accurate values
cannot be obtained.

In the upper part of the energy range the equi-
librium fraction of He? is small and there are relatively
large errors in its measurement. Thus calculated values
of o33, using Krasner’s data!? for o1, which are included
in Figs. 5, 6, and 7, fluctuate widely and are very
inaccurate. Stier, Barnett, and Evans® have assumed
that both the double-loss cross section ¢ and the
double-capture cross section ¢y are negligible with
respect to the other single electron charge changes.

40
20
ool ¢
(o]
5 \
1.0 p—

T

Charge Changing Cross sections in
Units of 10”7 cm? per Hydrogen
Atom for Helium lons in Hydrogen
Gas

200 300 4
Kinetic Energy in Electron Kilovolts

FiG. 5. Charge-changing cross sections for helium ions
in hydrogen gas.
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We are not yet ready to assume that o3 is negligible;
there appears to be some indication from Eq. (6)
applied to our values that within a wide margin of
error, such a double capture occurs in He** ions of
300-400 kev kinetic energy passing through hydrogen
gas.

An experiment intended to give greater precision in
the estimates of the individual cross sections o2 and
021 1 In progress in our laboratory. We hope to observe
the initial ratios Het/He® as a pure Hett beam is
passed through the equilibration cell and the pressure
increased in small steps above that in which the length
of the cell is large compared to the mean free path for
any charge changing collision. When this work is com-
pleted we expect to report the individual values o
and o rather than their sums.

40
T
|
20 !
10 Sy f—
5
1.0 L
1
I _ Charge Changing Cross sections in
0.5 Units of 1077 cm? per Helium Atom
For Helium lons in Helium
1 1 1 3
0z L L] ]
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Fi6. 6. Charge-changing cross sections for helium ions
in helium gas.

6. DISCUSSION OF THE RESULTS

The cross section 12 is an electron-loss cross section.
Other loss cross sections which have now been studied
in hydrogen and helium are (so1+o002) for moving
helium atoms (which is presumably all o;) and oo
for moving hydrogen atoms.? Let us define v,, intro-
duced by Knipp and Teller,* by

vi=V/V, )

where V; is the orbital velocity of the most loosely
bound electron in the moving ion, and V is the transla-
tional velocity. For a moving He* ion, V', is calculated
from

Vo= (21,/m)}, ®)

where I, is the second ionization potential of He*, or
54.14 volts. Values of v, are given in Table V. In the

24 J, Knipp and E. Teller, Phys. Rev. 59, 659 (1941).



CHARGE-CHANGING COLLISIONS OF Het* AND He** IONS

case of o1, for Het passing through hydrogen, if we
consider a system of coordinates in which the Het is at
rest, the removal of the electron from the Het is
accomplished by the energy transfer from moving
protons, whose charge is partially screened by the
electrons around them. Classically, the threshold for
transferring the necessary 54.14 electron volts from a
moving proton to an electron at rest occurs at a proton
kinetic energy of 24.9 kev. In the laboratory system
this corresponds to a helium ion kinetic energy of 99.5
kev. Making allowance for the motion of the electron
in Het, we can at least anticipate a rapid rise in o1, as
the helium ion kinetic energy rises in the vicinity of
100 kev, and this appears on the hydrogen curve, Fig. 5.
The maximum in ¢;2 in hydrogen occurs in the vicinity
of y,=1, as anticipated from incomplete evidence in
Krasner’s paper. However, the cross section for strip-
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Fic. 7. Charge-changing cross sections for helium ions in air.

ping electrons from moving helium or hydrogen ions in
hydrogen gas does not seem to be only a function of v
(see Krasner, Fig. 6). The cross sections o1, at the same
values of v are much lower than 3o;.

Barnett and Stier'® have reported some measure-
ments of go; for helium ions in various gases, which in
some cases are considerably lower than those of
Krasner.” They have suggested that in selecting the
neutral component from an equilibrated beam, it is
not certain that all the helium atoms in the beam are
in the ground state (1s)21S,; there may be an appreci-
able fraction in the metastable state (1s2s)1So. The
cross section for stripping an electron from the meta-
stable state would presumably be greater, at the same
velocity, than from the ground state. The fraction in
the metastable state might possibly depend on the
nature and pressure of the gas in which charge equili-
bration takes place.

We do not have any direct evidence as to what
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TaBLE VIIL. Conditions for ¢1=d,.

Critical kinetic energy of moving ions (kev)
Estimated by Predicted by equality of

Gas Snitzer; see ao1 and o10; see
traversed Table IV Figs. 5,6, 7
Hydrogen 148 130420
Helium 145 150415
Air 98 100, +10, —20

fraction, if any, of the neutral beam is in the metastable
state under given conditions. However, there is some
internal evidence in the experiments of our group that
the neutral constituent of the equilibrated beam ob-
served by Snitzer,* had the same composition as the
neutral beams whose cross sections oo; were measured
by Krasner'” and the same composition as those neu-
trals produced by the process oy in the present experi-
ments. This comes from a consideration of those kinetic
energies of motion at which the equilibrated beam
shows equal fractions of He™ and He? At the energies
at which these equalities occur, He** is a negligible
constituent of the equilibrated beam, and the postu-
lated equality calls for equal values of o1 and ojo.
Snitzer estimated the energies E, at which ¢;=¢o, and
we can compare them with the energies at which goy=010
from Figs. 5, 6, and 7. This is shown in Table VII. The
agreement is within the estimated errors.

Schiff?> has made theoretical studies of certain cap-
ture cross sections for helium ions traversing gaseous
hydrogen and helium. The methods of calculation were
those of Jackson and Schiff,?® in which they used the
complete perturbation Hamiltonian, including the in-
teraction of the two nuclei between themselves, in
addition to their interactions with the electrons, and
calculated by the Born approximation. This method,
applied to the calculation of the capture of electrons
by protons moving through hydrogen gas has given

TasLE VIII. Comparison of experimental and theoretical
values of certain cross sections. Cross sections in cm? per atom of
traversed gas, X 10'7. o91’~capture into first excited state.

eln(ei?;;igf o10 for Het in helium gas He*+ in hydrogen gas
i Experiment

h?tx)lr;lsm This Theory E:(;gelr?‘rgggt, Theory, Schiff®
(kev) Snitzer» report Schifft  this report o2 aan’
100 e 16.9 30 (38) 180 70
131 172 20 PN cee
150 124 17 27.5 80 32
200 8.6 10 20.0 44 16
250 6.2 6.3 14.5 23 8.2
300 cee 44 4.5 10.1 15 48
350 e 3.1 3.0 7.0 8.3 3.0
400 2.2 2.2 4.5 5.2 2.0
450 1.5 1.8 2.5 3.5 1.3

= See reference 6.
b See reference 25.

26 H, Schiff, Can. J. Phys. 32, 393 (1954).
26 J. D. Jackson and H. Schiff, Phys. Rev. 89, 359 (1953).
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surprisingly close agreement with the measurements in
the 25- to 150-kev region.

Schiff has calculated the cross section oy for He* ions
moving in helium gas, and between 200 and 400 kev
kinetic energy there is remarkable agreement with our
measured values, including some rough estimates of
o10 made by Snitzer during his experiments. The extent
of the agreement is shown in Table VIII and Fig. 8.

Schiff has also calculated o;, the cross section for
single electron capture by He** moving in hydrogen
gas, and has given values for the capture cross section
into the first excited state, as well as the sum of the
capture probabilities into the excited states plus the
ground state. The experimental method used here does
not distinguish between capture into excited states
and capture into the ground state, and only measures
their sum, since any capture which changes the ion
orbit is counted.

Our opinion is that the experimental situation at
present does not warrant a breakdown of the sum

F16. 9. Comparison of theoretical calculations of single electron
capture by He** ions in hydrogen with the measured cross-section
sum (o20+021). The experiment does not distinguish capture into
the ground state from capture into an excited state.

o20+02 into the separated cross sections. Thus the
experimental sum can only serve as indicating an ex-
perimental maximum for ¢;.

A comparison is made in Table VIII and Fig. 9. It
is seen that there is lack of agreement in the range
100-200 kev, and that between 200 and 450 kev the
theoretical result is of the order of 509, greater than
the maximum consistent with our experiments.
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