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Measurements have been made of the electron-capture cross sections a, in hydrogen gas for protons moving
with kinetic energies between 34 and 149 kev. At these energy limits, a, has the values 1.52)&10 ' and
2.29X10 '8 cm~, respectively. Using the values of the electron-loss cross sections a& for hydrogen atoms in
hydrogen gas recently measured in this laboratory, the ratio a~/a, was derived from the results of the present
measurements. Direct measurements of this ratio agreed with the values derived from the separate measure-
ments of a~ and 0, to within 10 percent.

In the present case a&/a, is unity at an ion velocity of 1.44 Bohr units (e'/h). This may he compared with
the traversal of metals by protons, for which a&/a, = 1 is attained at 0.95 Bohr unit.

I. Im.RODUCTrom

HE processes by which ions capture and lose elec-
trons in passing through matter were the subject

of many early investigations using low energy canal
rays and the high energy alpha-particles from radio-
active sources. ' Recent measurements by Hall, ' on the
ratio of loss and capture cross sections for protons in
various metals, and by Montague, ' on the loss cross
sections for hydrogen atoms in hydrogen gas have
extended these studies to intermediate energies (35 to
400 kev).

Rudnick4 and Bartels, ' in their low energy work on
ions in gases, made use of the fact that an initially
charged beam acquires a neutral component as the gas
is introduced into its path, until at sufficiently high
densities there occurs an equilibrium distribution of
neutral and charged particles which is unchanged by
further increases in gas pressure. The ratio of the
charged to the neutral component of the beam, after
it had passed through a gas chamber, gave a measure of
the ratio of loss and capture cross sections. From this
measurement and a measurement of the variation of
the charged-to-neutral ratio with gas pressure, before
equilibrium, the capture and loss cross sections could
be obtained. Meyer' has also used this method at
higher energies, obtaining, among his results, three
measurements of the capture cross sections for protons
in hydrogen gas at energies between 35 and 145 kev.

In the work of Montague' a direct measurement was

made of the loss cross section without using the equi-
librium ratios as an intermediate step. By causing the
moving neutral atoms to be deflected out of the beam
immed. iately upon becoming charged, an exponential
decay of the neutral-beam intensity with gas pressure

' E. Riichardt, Hand. Physik XXH/2, 103 (1933). This article
contains a review of the subject and a summary of the older
results. Further references are contained in the papers of Hall
and Montague (references 2 and 3, below).' T. Hall, Phys. Rev. 79, 504 (1950).' J. H. Montague, Phys. Rev. Sl, 1026 (1951}.' P. Rudnick, Phys. Rev. 38, 1342 (1931).

~ H. Bartels, Ann. Physik 6, 957 (1930); 13, 3/3 (1932). The
latter reference contains the results for protons in hydrogen gas.' H. Meyer, Ann. Physik 39, 635 (1937}.

was obtained, from which the cross sections were
determined.

Goldmann, ' Rostagni, ' Wolf, ' and, more recently,
Keene, " using low energy ions, have determined
capture cross sections by using a known current of ions
and measuring the positive-ion current arising in a known
path length from the stripped gas atoms as a function
of pressure. Smith" measured capture cross sections in
the same energy range by observing the exponential
decrease in ion-beam current at three positions along
the path of the ions in the gas, assuming that only
capture events occurred at the pressures used. Bartels'
also applied this principle, obtaining values of the
capture cross sections for protons in hydrogen in good
agreement with those measured by the equilibrium
method.

In the present experiment the capture cross sections
for protons in hydrogen gas in the intermediate range
of energies were obtained by a method similar to that
used by Montague for the loss cross sections. A beam
of protons entered an evacuated chamber, sealed from
the beam-defining tube by a thin window. Traversing
the chamber was a magnetic fieM which bent the proton
orbits along a circular path which ended in a faraday
cage. As hydrogen gas at low pressure was introduced
into the chamber, some of the protons captured orbital
electrons from the gas molecules, thus becoming
neutral; they then moved off tangentially to the circular
path, missing the faraday cage. Using Montague's
notation, the ratio of the number X(p) of protons in
the attenuated beam corresponding to gas pressure p,
to the number 1V(0) of protons entering the faraday
cage when the chamber was evacuated, is

~(p) =&(p)l&(o) =eW[—~(p) ~ d j,
where n(p) is the number of atoms per cubic centimeter
of the gas, d is the length of the circular path from en-
trance window to detector, and 0, is the electron-
capture cross section per atom of hydrogen for protons

7 F. Goldmann, Ann. Physik 10, 460 (1931).
A. Rostagni, Nuovo cimento 15, 117 (1939).

s F. Wolf, Z. Physik 74, 575 (1932)."J.P. Keene, Phil. Mag. 40, 369 (1949)."R.A. Smith, Proc. Cambridge Phil. Soc. BO, 514 (1934).
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FIG. 1. Apparatus, schematic.

of the energy under consideration. In the following

p(p) will be called the "attenuation ratio. "
In applying capture and loss information to the calcu-

lation of the energy loss by moving ions at intermediate
energies, the ratio of loss and capture cross sections is
of primary interest. This ratio, as a function of energy,
can now be obtained by dividing the loss cross sections
measured by Montague by the capture cross sections
of this experiment.

The consistency of the separate measurements of
loss and of capture cross sections was checked at a few

energies by means of an equilibrium method similar
to that employed by Bartels and others. Using no
magnetic field, a well-defined beam of protons was
directed from the entrance aperture straight across
the chamber to a faraday cage (which would not register
neutral particles). As gas was admitted, some of the
original protons became neutralized, and the proton
current to the cage decreased to an equilibrium value.
If oi/0, is the ratio of loss and capture cross sections,
and the incident beam is composed entirely of protons,
equilibrium value of p(p) is given by

Thus the measured values of p, could be compared with
those calculated from the values of 0., and cr, at cor-
responding energies.

A. Experimental Arrangement for Measuring the
Capture Cross Sections

1. The Beati De/ning A-pparutes

The beam of protons was provided by the University
of Chicago 400-kev Cockcroft-Walton. accelerator, or
kevatron. After either the atomic or the molecular
component was selected by the analyzing magnetic
6eld H~, the beam entered the beam-defining tube E

II. APPARATUS

Figure 1 is a schematic diagram of the apparatus, the
main components of which were the beam-defining
tube E, the electron-exchange chamber Ii, and the
vacuum manifold G. This diagram will be referred to
throughout this section.

with diaphragms Ci and Cm (hole diameter=0. 158 cm,
spacing=86 cm). The hearn then passed through a
monitoring screen H and entered the electron-exchange
chamber Ii through a thin aluminized zapon window
A which provided a vacuum seal between the exchange
chamber and the beam-de6ning tube. For the range of
energies used in this experiment the windows had an
average thickness of 6.2 kev. A weak magnetic field H2
provided 6ne adjustment of the beam position in the
horizontal plane.

It was necessary to shield the beam from the stray
magnetic field during its passage through tube E; hence,
the tube itself was made of steel and was surrounded
by an outer steel tube to a distance of 71 cm from the
exchange chamber. Additional magnetic shielding was
placed around the beam-defining tube to a distance of
22 cm from the exchange chamber.

Z. The E/ectron-Exchange Chamber

This chamber, as well as the monitoring screen H
and the current-measuring ampli6ers, has been de-
scribed in some detail in Montague's paper. " It had
an inside diameter of 12.70 cm and an over-all (outer)
height of 3.17 cm. An axial magnetic 6eld was provided
by an electromagnet between whose pole faces the
chamber 6tted snugly. The inside diameter of the
chamber and that of the poles was the same, so that the
slits of detectors D& and D2, as well as window A, lay
directly between the circular edges of the pole faces.

The bent beam, indicated by the dashed circular
line, entered detector D~, after being deQected by 60
degrees, through a 1.06-mm slit de6ned by a pair of
knife edges and was collected by a faraday cage. After
amplification, the current to the detector (and similarly,
the monitor current) was read on a galvanometer. The
length of the circular arc from entrance window A to
the opening of the faraday cage was 12.02 cm. The
amount by which the actual path length of the protons
dift'ered from this, owing to edge efkcts of the magnetic
6eld, will be discussed later. Can J, projecting into the
chamber, allowed a synchronous-motor-driven Qux-
meter to be introduced between the pole faces.

The foregoing arrangement provided a magnetic
analyzer for measuring beam energies after the entrance
window, and it was so used in the experiment. The
magnetic 6eld was exactly zeroed, as indicated by the
Auxmeter, and the electromagnet current then gave a
measure of the momentum of the protons. A calibration
was carried out by removing window A and tabulating
magnet currents and corresponding beam energies,
the latter being measured by means of a cylindrical
electrostatic analyzer. "

In addition to the charged beam a neutral component,
indicated by the straight dotted line, emerged from
window A because capture processes take place in the

"See reference 3, p. 1028."S, K. Allison et u/. , Rev. Sci. Instr. 20, 735 (1949).
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window material. Another e6ect arising from the
window was elastic scattering of the proton beam.
Although the faraday cage in detector D& could be
expected to be insensitive to neutral atoms, those
formed by capture processes in the scattered beam were
prevented from entering the detector by means of
baSe 8. This baSe intercepted most of the scattered
particles which could give rise to neutral atoms en-
tering the 60-degree detector Di.

Detector D2 was used in measuring the equilibrium
attenuation ratios p„as will be described later. Figure 2
shows the cross section of a detector.

3. The Vacuum System

The electron exchange chamber could be evacuated
or filled with hydrogen at the low operating pressures
used in the experiment (of the order of 10 '- mm Hg)
through manifold G. In the following discussion needle
valve SVi may be assumed to be closed. Kith valve V~

open the high vacuum obtained was about 4&(10—' mm
Hg. Upon closing this valve, the rate of rise of pressure,
in the absence of hydrogen, never exceeded 2X10—' mm

Hg per hour, corresponding to a leak rate of about
4&10 'cc per hour. Since the time lapses between
successively pumping out the system did not exceed
ten minutes, this leak rate was negligible.

Kith valve V& closed, hydrogen from a palladium
leak could be admitted to the system through valve V3.
Pressures were measured by means of a McLeod gauge,
connecting through valve V4.

An additional diGusion pump was attached through
line L to the collimating tube. Valve V2 was provided
in order to equalize the pressures on both sides of
window 2 while the system was pumped down and was
closed when a high vacuum was obtained.

B. Experimental Arrangement for Measuring
the Equilibrium Attenuation Ratios

In making these measurements it was desirable to
have as nearly pure a proton beam as practicable and
hence to eliminate the excessive neutral component
arising from capture processes in window A. Therefore,
the window was replaced by a small brass diaphragm K
with a 0.51-mm diameter hole (No. 76 drill), having a
sharply beveled edge, as shown in the detail drawing at
the bottom of Fig. 1. Since the individual wires of the
monitoring screen H could cover an appreciable fraction
of the area of such a hole, the screen was replaced by a
thimble T, separated by a Lucite spacer 5 from dia-
phragm C2. The hole in the end of T had a diameter of
1.19 mm and, therefore, intercepted a portion of the
collimated beam, passing the rest to diaphragm E.

The diffusion pump on line I. evacuated the space
behind diaphragm E and thus provided difI'erential

pumping to isolate the exchange chamber from the
high vacuum of the beam-dehning tube. The pressure
in the exchange chamber was maintained at the desired
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FiG. 2. Cross section of faraday-cage detector.

magnitudes by matching the rate of Bow of hydrogen
into the exchange chamber with the effusion rate
through the hole in diaphragm E. Needle valve SVi,
leading back to the di6usion pump, provided a fine
adjustment on the rate of flow of hydrogen into the
chamber.

The proton beam in this part of the experiment was
collected by the faraday cage of detector D2 whose slits
were opened to 3.5 mm.

III. EXPERIMENTAL PROCEDURE

A. The Electron Capture Cross Sections

1. Procedure Used in Obtaining the Data

The energy of the ion beam was set; and with the
exchange chamber evacuated, a "profile" of the current
to the 60-degree detector versus magnet current was
obtained. As always, the magnetic field was carefully
adjusted to zero by means of the Quxmeter before
beginning, and the magnet current was increased
throughout the desired range, with no decreases to give
hysteresis errors. The profiles had widths at half-
maximum of from 8 to 14 percent, a large fraction of
which could be attributed to elastic scattering in the
entrance window rather than to inhomogeneity of the
beam energy. For convenience in obtaining protons at
the lower energies, the molecular beam from the keva-
tron was often used; the molecules were dissociated in
the window, giving protons of half the molecular beam's
energy.

Having determined the beam energy from the peak
of the profile, the magnet current was set at peak value
and maintained at this value during the course of the
run. The magnet coils and their series rheostats were
water-cooled, so that there was very little drift of the
magnet current, and only slight adjustments were re-
quired during a run to compensate small fluctuations
in the voltage of the motor-generator set supplying
the coils. Both magnet current and accelerator voltage
were held constant to within less than one percent
during the runs.

With the beam thus held in position on the 60-degree
detector the ratio r(0) of the detector-galvanometer
deQection to the monitor-galvanometer deflection was
measured with the electron-exchange chamber evacu-
ated to less than 10 4 mm Hg. Hydrogen was admitted
to the chamber, during which process the detector
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TABI E I. Relative detector currents at various hydrogen
pressures for a 44.5-kev proton beam and the calculation of the
electron-capture cross section from these data.

Hydrogen
pressure

1'
10 smmHg

&0.01
0.97

&0.01
1.61

&0.01
0.75

&0.01

Normalized
detector
current

r

0.636
0.322
0.624
0.199
0.611
0.339
0.580

Attenuation
ratio

p(p) r(p) /mean r(0)

0.322/0. 630=0.511

0.199/0. 167=0.322

0.339/0.595=0.570

Calculation of the capture cross section:

s =slope of straight line in Fig. 3 =30.9~.9 (mm Hg) '
T =room temperature 294.7'K,

ae' uncorrected capture cross section =2.959 X10 «s(T/298)
={9.04+0.27) X10» cm~,

ee =corrected cross section =0'e" +0'g =0'e'+0. 108 X10 &7

={9.15&0.27) X10 tr cms.

l.o

0.9

0.8

q 0.7
Q

$ 0.6

w 0.5

0.4

SLOPE = 0.35+006(MM HG)

CORRESPONDS TO

~gaseffect I.Px)0 '
CM

(PROTON ENERGY= 24l KEV)

SLOPE = 309+0.9(MM HG)

CORRESPONDS TO

O;,»„-It) xi0-"CM~

/PROTON ENERGY =44.5 KEV)

02' ' 1 ' I ' I ' l ' I ' I

0 l 2 3 4 5 6 7
HYDROGEN PRESSURE - MM HGxl0

Frc. 3. Lower curve: Attenuation curve for a 44.5-kev proton
beam at the 60-degree detector. Upper curve: Variation of detector
response with hydrogen pressure.

current decreased; and when a suitable pressure had
been reached, the ffow was stopped. The ratio r(p), at
hydrogen pressure p, was then determined, and the
hydrogen pressure was measured with the McLeod
gauge. Finally, the chamber was evacuated and the
ratio r(0) measured again. The cycle was then repeated
for a diferent pressure.

It should be emphasized that since only ratios of the
currents were required, the absolute values were not
important in the cross-section measurements. These
values were, however, a few thousandths of a micro-
ampere. The linearity of the amplifier-galvanometer

l4

arrangements (exclusive of input resistors) was checked
over the operating range and found to be good to
better than one percent.

In measuring the ratios r(0) and r(p), three or more
readings were taken and averaged; and in each run a
minimum of two, and usually three or four, pressures
were used. In terms of these ratios the attenuation
ratio p(p) of Eq. (1) is given by

o(p)=r(p)ir(0). (3)

The data for a typical run at a beam energy of 44.5 kev
are given in Table I and plotted in Fig. 3 (lower curve).
Using d=12.02 cm, Eq. (1) gives for the electron-
capture cross section per atom,

o,= 2.959X10 "s(Tj298), (4)

where s is the slope of the line ("attenuation curve")
in Fig. 3, expressed in (mm Hg)

—', and T is the absolute
temperature. In the sample calculation of Table I the
value of o. derived from the slope of the attenuation
curve is called cr,'. It is necessary to correct this value
by adding a small quantity —0, due to the eGect of
gas on the detector, as will presently be explained, to
obtain the value 0., of the electron capture cross section.

Z. Tests for Experimental Errors

9%en the faraday cage was used in measuring proton
current in this part of the experiment, it was always
situated in a strong magnetic 6eld, which varied from
about 1900 to 5500 gauss for the energy range of protons
used. Therefore, it was not necessary to bias the cage
in order to trap completely all secondary electrons
produced by the proton beam in the cage. In order to
check this point, the voltage from a mell-insulated
battery was applied between the grid of the beam-
current amplifier and the faraday cage of the 60-degree
detector (faraday cage positive). With proton beams
of 61 and 258 kev and the exchange chamber evacuated,
no diGerence was observed in the detector-galvan-
ometer deQections for the conditions of zero and 100
volts on the faraday cage. Thus, it can safely be assumed
that the cage did not respond to neutral atoms whose
e6ect would be to produce secondary electrons from
the surfaces which they struck. Therefore, no correction
of the path length, owing to the entry of neutral-
hydrogen beam atoms from positions at small distances
in front of the detector, was applied. Neither were
neutral atoms arising from capture processes in the
proton beam scattered by the entrance window reg-
istered. A large fraction of these were excluded by means
of bafBe 8 of Fig. 1 whose knife edge was separated
from the center of the bent beam by about 2 mm.

However, with a beam entering the faraday cage, the
response of the detector itself was found to be somewhat
a6ected by the presence of hydrogen gas. In order to
measure this eGect the beam energy was set at a
value sufficiently high (295 kev) that the effect of
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C.=o, +Og. (5)

Such an eGect was also observed by Montague, "who

used a diGerent type of detector in his measurements
of loss cross sections and attributed the eGect to ioniza-
tion produced by the beam in the detector. In the
present case the correction is somewhat smaller, but it
is dHBcult to see how it is produced by ionization in
view of the geometry of the detector. It should perhaps
be mentioned that the voltage developed by the beam
current across the input resistor to the beam-current
amplifier (100 megohms) never exceeded 0.11 volt.

"See reference 3, p. 1031.

electron capture (as given by o,') was certainly neg-

ligible. %'ith the proton beam bent into the faraday
cage at the 60-degree position, the normalized detector
current rose by a few percent as the pressure of hydrogen
was increased up to the maximum value (about 7X10 '
mm) used in the experiment. The percent rise was also
found to be independent of beam current. At slightly
lower energies where there was some residual capture
cross section, this rise decreased. However, by using
the values of 0.' extrapolated from the working energy
region (32 to 150 kev), it was possible to correct for
this. %hen this was done, the rise was found to be inde-
pendent of beam energy within experimental error. The
data for a typical rise corresponding to a beam energy
of 241 kev are plotted in Fig. 3 (upper curve). Such a
rise can be represented by an equivalent negative cross
section.

In order to estimate the eGect at lower energies
where capture processes caused a large attenuation of
the bent beam, the 60-degree detector was inserted at
the zero-degree position, and a 0.025-mg/cm' aluminized
zapon foil was placed about 3 mm in front of the
detector. Capture and loss processes occurring in the
gas of the chamber did not aGect the faraday cage
current, since the beam emerging from the foil covering
the cage had an equilibrium distribution of protons
and atoms, regardless of the composition of the beam
impinging on the foil. Kith a magnetic Geld of about
100 gauss it was possible to prevent secondary electrons
ejected from the foil from entering the cage and stiLL

to work on the portion of the beam scattered slightly
by the entrance window. Measurements at 109 and 137
kev gave gas eGects which were of the same size as
those obtained before, indicating that the eGect was
independent of energy and magnetic Geld.

Table II gives the data for the gas eGect. In the
second column are the equivalent negative cross sections
corresponding to the slopes of the gas-eGect rises.
Column 3 gives the extrapolated values of 0.' added to
their magnitudes to correct them, and the last column

gives the gas eGect —0, itself. It can be represented as a
constant correction to be added to the cross sections
cr,', giving for the corrected capture cross section:

Proton
energy

kev

295
241
208
190
137
109

Negative cross
section corres-
ponding to gas

effect
cms X10-«

1.07~0.06
1.03+0.18
0.94%0.42
0.86~0.17
1.10~0.28
0.84~0.16

Extrapolated
capture cross

section
I0'c

cm&)(10 «

0
0,033
0.10
0.25

Corrected
gas effect

—try
cm~)(10 is

1.07&0.06
1.06~0.18
1.04~0.42
1.11&0.17
1.10&0.28
0.84~0.16

Equivalent gas-e6'ect cross section used in correcting the data:
—ap =(1.08&0.10) X10» cm~.

The process was repeated for a number of hydrogen
pressures. As pressure increased, the attenuation ratio
p(p) at first decreased and. then reached an approxi-
mately constant value. A slight rise at saturation
occurred because of the gas eGect discussed in the last
section, and the data were corrected for this eGect. In
taking each point, the ratio r(p) was read quickly in
order to minimize Quctuations in pressure, and gas was
trapped in the McLeod-gauge bulb at the time of read-
ing the galvanometer de6ections.

Three such runs were made at energies of 59.0,
66.7, and 73.0 kev. In order to obtain decreases in
attenuation ratio which were suKciently large for
its accurate determination, it was necessary to run
at low energies where o&/o. is close to unity. How-
ever, since there was no entrance window, dissoci-
ated molecules could not be used to furnish low
energy protons, and the lowest proton energy used was,
therefore, that for which the beam from the kevatron
focused suKciently well to give a workable beam.

The data are plotted in Fig. 4 with the equilibrium
value, p„of p(p) indicated for each curve. It can be

B. The Eg~ibbrium Attenuation Ratios

I. Procedlre Used in Obtaining the Epulibrigm Data

Since there was no entrance window in this case, the
proton beam was well deGned, and the proGles were
quite narrow. Therefore, the beam energy was measured
simply by visually observing the peak of the 60-degree
detector currents.

With the beam energy held constant, the Geld was
carefully zeroed and then increased to a value of about
60 gauss in order to trap secondary electrons in the
faraday cage. The slits of the zero-degree detector were
set sufBciently wide that the beam still entered the
faraday cage at this weak Geld. Hydrogen pressure was
then allowed to build up in the exchange chamber, and
needle valve XV& of Fig. 1 was adjusted so that the
pressure remained approximately constant at the
desired value. The ratio r(p) of detector- and monitor-
galvanometer deQections was then read, the Row of
hydrogen was stopped, and the system was pumped to
high vacuum. Finally, the ratio r(0) was determined.

TABLE II. Effect of hydrogen gas on detector response,
expressed as an equivalent negative cross section.
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Z. Tests for Experimental Errors

It was further verified that the faraday cage at the
zero-degree position in these runs did not respond to a
neutral beam. With chamber evacuated and sufEcient
magnetic field to deflect away the protons, no detector-
galvanometer deflection was observed when the en-
trance hole was replaced by an aluminized zapon
window which gave a neutral component of beam
entering the cage.

An attempt was made to see if the presence of hydro-
gen gas caused a broadening of the beam as measured
at the 60-degree detector. With the 0.5-mm entrance
hole and the detector slit set at 1.06 mm, profiles were
taken with and without gas in the chamber. No in-
crease due to the presence of hydrogen was observed
in the half-width for a pressure of about 3X10 ' mm Hg
pressure, at a beam energy of 60 kev. This indicated
that scattering by the gas in the chamber was negligible.

IV. RESULTS

FIG. 4. Attenuation curve, showing the attainment of charge
equilibrium, for mixed neutral-atom and protom beams at the
zero-degree detector.
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FIG. 5. Electron capture and loss cross sections as functions
of ion energy for hydrogen beams in hydrogen gas.

"See reference 2, p. 507.

shown" that these curves should be of the form

p(p) =p,+(I—p,) expL —(cri+o,)n(p)d'5, (6)

where d' is the distance between the entrance to the
exchange chamber and the zero-degree detector. The
curves shown in Fig. 4 were obtained by using this
form to fit the data. It may be noted that this equation
allows a determination of (oi+ o,);however, no attempt
was made to determine this quantity accurately from
these data, since instabilities in pressure did not allow
an accuracy comparable to that obtained for the cross
sections themselves. Such small variations in pressure
did not aGect the accuracy of the determination of
p„however.

A. The Electron Capture Cross Sections
and the Ratio ei/e,

The results of the measurements of electron-capture
cross sections are summarized in Fig. 5 in which 0, is
plotted as a function of energy. For comparison, the
results obtained by Montague' in this energy range for
the electron-loss section 0, are also plotted in this graph.

The values of 0, are tabulated in the second column of
Table III; in the third column are the values of oi/&r.
obtained by dividing the magnitudes of the loss cross
sections measured by Montague by those of the capture
cross sections obtained here. This ratio is plotted as a
function of energy in Fig. 6 (the curve marked M gr R).

B. Consistency of the Measurements of 6& and e,

The consistency of the measurements of the two cross
sections, at least in the range of energies in which the
equilibrium ratio p, was measured, is indicated by the
graph in Fig. 7. In the upper curve the values of p,
given in Fig. 4 are plotted as a function of energy. The
lower curve is a plot of p, derived from Eq. (2), using the
values oi/o. obtained from Fig. 6. The discrepancy
between the two results can be attributed to a small
component of neutral atoms in the incident beam of the
equilibrium-ratio experiment which arose from capture
and loss processes taking place on the periphery of the
entrance hole to the exchange chamber and in the
residual gas in the beam-defining tube. If one assumes
a fraction v of neutral atoms in the incident beam, Eq.
(2) should be modified to read

o = («lo )/D~ r)(&+oi/—o )3 (2')

Solving this equation for v, using the values of p, and
oi/o, corresponding to 59.0, 66.7, and 73.0 kev, gives,
respectively, 4.5, 2.4, and 4.2 percent. These values
are about what might be expected from edge e6ects.
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An attempt was made to estimate the neutral com-
ponent using a secondary-emission detector described
by Montague. " Measurements made by comparing
the responses of this detector (at the zero-degree
position) to the total beam and to the neutral beam,
when the protons were deflected away by the magnetic
6eld, indicated a small neutral component. However,
the relative responses of the detector to neutral and
charged particles, as well as the dependence of its
multiplication on magnetic 6eld, were not known and
could not be determined without further, rather exten-
sive, experiments.

The measurements of p, provide estimates of a~jo..
I'rom the foregoing it is concluded that the values
derived from the separate measurements of 0~ and 0,
are consistent with the direct estimates of their ratio
to within 10 percent.

TABLE III. The electron-capture cross sections cr, and the ratio,
Or/a„of loss and capture cross sections for hydrogen beams
passing through hydrogen gas.
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2.75 ~0.29
1.77 ~0.02
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0.842~0.069
0.733+0.017
0,485+0.098
0.410~0.033
0.229~0.028
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ort«

~ ~ ~

0.728
0.851
0.922
1.10
1.61
2.07
3.09
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6.41
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FIG. 6. Ratio of loss to capture cross section a&j0', as a function
of ion energy E. Curve M L R and that of Bartels: Hydrogen
beams in hydrogen gas. Curve of Hall: Hydrogen beams in the
metals Be, Al, and Ag.

section due to this correction is estimated to be 0.07
and 5 percent at the lower and upper energy extremes
of the measurements, respectively.

C. Accuracy of the Measurements

The limits of random error in the measurements of
0., are given in Table III and indicated on the experi-
mental points of Fig. 5. They were estimated from the
spread of points about the attenuation curves and
thus take into account instrument-reading errors and
fluctuations in the experimental conditions. In addition,
there were systematic errors which are enumerated
below.

f The Effect o.f Gas on the Detector Response

Values of a..are given for energies up to the maximum
at which measurements were made of 149 kev. At this
end of the energy range, however, the capture cross
sections have small magnitudes, comparable with the
correction —0, due to the detector gas e6ect. This cor-
rection rapidly becomes less important at lower energies
and represents only 0.71 percent at the lowest energy
(34 kev) used. The systematic error in capture cross

"See reference 3, p. 1029.
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FIG. 7. Comparison of the equilibrium attenuation ratios p,
derived from the separate measurements of Irr and Ir, (the curve
marked M 8z R) vrith those measured directly.

Z. InhontogeneAy of the Beam Energy

Some inhomogeneity was introduced into the beam
energy by straggling arising from energy loss in the

0.90
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entrance window to the electron-exchange chamber. "
For an energy loss of 6.5 kev this straggling is estimated
to be about 0.9 percent of the beam energy at the
lowest value (34 ltev) used. In addition, the ripple of
the kevatron voltage gave rise to an energy inhomo-
genity. Morrish" has measured the effect for this
accelerator. Assuming a total current drain of 400
microamperes in the present experiment, his results
yield an energy spread of about 3.0 percent due to
ripple at a beam energy of 34 kev.

It should be noted that the proton beam in the
measurements of cr, was held accurately on the 60-degree
detector by means of the magnetic field. %ith this
arrangement the proton energy was selected to within
a total spread of 1.8 percent. Any systematic correction
of the capture cross-section curves arising from in-

homogeneity of the beam energy is thus considered
negligible.

3. Determination of the Path Length for Eteotron Capture

Since there was some fringing of the magnetic 6eld,
the path of the protons was not precisely circular as
indicated in Fig. 1. In order to determine the amount
by which the path length d varied from the circular-arc
length of 12.02 cm, the variation of the magnetic 6eld
along the nominal circular path was measured through-
out most of its 60-degree extension. Using a search coil
of 1-cm diameter on the generating Quxmeter, the
6eld was found to be weakened by respectively 9 and
26 percent at the entrance and detector ends of this
circular arc and to be homogeneous to within 1 percent
over 60 percent of this arc. The difference in fringing
at the ends of the arc was due to the magnetic shielding
about the entrance window.

Since the ends of the protons' path were 6xed at the
positions of the entrance window and of the detector,
the main effect of this 6eld inhomogeneity was merely
to require a larger 6eld at the center of the exchange
chamber for bending protons of a given energy than
would have been necessary had the 6eld been uniform.
A 6rst-order calculation which took account of the
variation of curvature of the proton orbit showed that
the path length was increased by considerably less
than 1 percent; although the "6eld strengthening" was
about 2 percent. Thus, the correction to be added to the
value 12.02 cm of d was negligible.

4. E/astic Scattering in the Hydrogen Gas

Appreciable scattering by the nuclei of the gas in the
exchange chamber would have caused the capture cross
sections to appear too large. That this effect was

negligible, however, was indicated by the fact that no
broadening was observed in a well-collided beam at

"In his measurements of o~ Montague (reference 3, p. 1033)
overestimated this strayglmg in setting 45 kev as the lowest
beam energy at which his results could be considered reliable.

"A.H. Morrish, Phys. Rev. N, 1651 (1949).

the 60-degree detector. In addition, since the beam in
the measurements of a, was spread by elastic scattering
in the entrance window to a width considerably greater
than that of the detector slit, the "geometry" was poor
for observing such scattering in the gas. Bartels, ' using
good collimation and thicknesses of hydrogen gas corn-
parable to those used here, observed no elastic scattering
of protons at 30 kev. If there were such an effect in the
present experiment, it would be included in the meas-
ured detector gas-effect correction —0,.

5. Mcl.eod-Galge Calibration

The McLeod guage was calibrated by measuring the
volume of' its bulb and the diameter of its capillary. The
consistency of several measurements indicated a calibra-
tion error of less than 1 percent.

V. DISCUSSION

A. The Capture Cross Section

From Fig. 5 it is seen that the capture cross section
varies much more rapidly with energy than does the
loss section. A log-log plot of the data shows that 0.
varies approximately as E "at the upper end of the
energy range (100 to 150 kev), while the value of the
exponent reported by Montague for 0 & in the region 120
to 329 kev is —0.70. This diGerence is qualitatively in
accord with previous observations and theory. Ruther-
ford" obtained the value —2.8 for this exponent for the
capture by doubly-charged alpha-particles in air and
the value —0.5 for the corresponding loss cross section.
Brinkmann and Kramers, 'P using the first Born approxi-
mation, calculated the cross sections for capture into
the Bohr orbits of a moving ion from hydrogen. Their
result gives a variation of o..as E, asymptotically for
MPEp where Ep is the kinetic energy at which the ion
velocity is equal to that of an electron in the first hydro-
gen Bohr orbit (oo ——o'/ft). In the present experiment,
however, E/Eo varies between 1.37 and 6.01, so that
this condition is not met. A decrease in the numerical
value of the exponent at lower energies is predicted,
however; and it might be worth noting that the value
of the exponent obtained from their equation in the
energy range 100 to 150 kev is about —3.8.

The diGerence between the exponent —3.5 observed
in this experiment (1.17&v/so&2. 46) and Rutherford's
value of —2.8(4.1&s/os&8. 3) indicates a more rapid
decrease of 0.with increasing ion velocity for hydrogen
than for heavier stopping atoms. On classical grounds,
Bohr" estimates the value —3 for this exponent for
heavy stopping atoms. This difference in exponents for
light and heavy stopping materials is in qualitative
accord with the Brinkmann-Kramers result, which indi-

"E.Rutherford, Phil. Mag. 47, 277 (1924).
~o H. C. Srinkmann and H. A. Kramers, Proc. Akad. Amsterdam

33, 973 (iso)."¹Bohr, Kgl. Danske Videnskab. Selskab, Mat. -fys Medd.
18) 115 (1948).
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cates a decrease in the numerical value of the negative
exponent, at a given velocity, with increasing atomic
number of the stopping material.

Keene" has published a summary of the previous
measurements of a, for protons in hydrogen gas. Of
these measurements those of that author, of Bartels,
and of Meyer extend to suKciently high energies for
comparison with the present data. At low energies both
Keene and Bartels observe a maximum of the curve
a,(E) at about 7 itev, but they disagree appreciably
on the magnitude of o,. The present data appear to
agree quite well with those of Bartels, forming a reason-
able extension of his curve, which is given for proton
energies up to about 32 kev. The data of Meyer and the
present data diGer appreciably in the region about 32
kev, with the former showing a smaller exponent in the
dependence of cr, on E.

B. The Ratio e~/e.

In Fig. 6 are plotted curves of the ratio a ~/a, obtained
from the present experiment and that of Montague and
also from the data of Bartels. ' The curve given by Hall'3

for protons in the metals Be, Al, and Ag is also plotted
for comparison.

A striking fact that appears from the data for
protons in metals is that a~/a. for a given energy is
approximately independent of the atomic number of
the stopping material. The ratio a~/a, has the value
unity for a proton velocity ~ of about one Bohr unit
(v/v, = 1).Hall gives for this critical ratio the value 0.95.
The present data, however, indicate a value 1.44 for
this critical ratio; and this diGerence between the
values obtained for metals and for hydrogen is con-
firmed by Bartels's data for protons in hydrogen gas
given in Fig. 6.

In calculating the eGective charge of moving ions it is
assumed that roughly all electrons of velocities less
than the speed of the ion are stripped off, since a~/a.
increases rapidly from unity for v/va& 1. In some of the
calculations on the stopping of heavy ions in heavy

~ See reference 9, p. 385, Fig. 18.
~ See reference 2, Fig. 3. The curve plotted in Fig. 6 is the

solid curve given by Hall.

gases the value v/vp = 1 obtained from previous measure-
ments has been a rough guide. On this basis the higher
value 1.44 obtained here would result in a lower eGective
charge for ions moving in hydrogen.

C. The Effect of Negative Hydrogen Iona

At the lower energies, there is a possibility of forming
negative hydrogen ions (binding energy of second
electron=0. 71 ev) in the traversal of matter by hydro-
gen atoms and protons. The capture cross sections
obtained in the present experiment would hardly be
aGected, however, since the cross section for capture of
two electrons by a proton can safely be assumed
negligible. In Montague's measurements of cr~, however,
there was a possibility not only of loss of the orbital
electrons of the neutral atoms of the beam but also of
capture of electrons to form negative ions.

In order to estimate the eGect of negative ions the
beam emerging from the aluminized entrance window
was analyzed for such ions. At 35 kev, the fraction of
negative ions was about 3 percent of the proton com-
ponent, while at 90 kev none were observed to within
an experimental error of about O.i percent. Fewer
negative ions are expected to be formed in hydrogen
gas than in a metal owing to the smaller density of
electrons per atom in the former. Since the measure-
ments of o.

& extended only down to 45 kev, it seems
safe to neglect the eGect of negative hydrogen ions in
these measurements. At lower energies, such as those
used by Bartels in his measurements of a&/a„ there
may, however, be such an eGect, so that his results
would represent (a~/a. )+a.*/a~* instead of a~/a„
where the starred quantities refer to transitions in-
volving negative hydrogen ions and neutral atoms.
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