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Charge Transfer for Protons in H&$
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A precise measurement of the electron capture cross section for protons in H2 is reported for proton
energies between 2.4 and 60 kev. The method involves collection of the residual ions by a sequence of
identical condensers. The same scattering chamber is also used for the measurement of o.

p& and (op]+I.Tf,p)
The recent measurements of Stier and Barnett are in close agreement with our results.

J p(~) =fp(~)+Pp(o) —Ip(~)3
Xexpf —rt(ate+&rot)xj, (1)

provided single electron capture and loss are the only
important charge transfer processes. In the notation
rr;i, i denotes the initial charge state and f the final
charge state of a beam particle. The equilibrium neutral
current Ip(~) is given by

Ip (~ ) = Irr1 p/ (tr 01+tr 1p) ) (2)

where I is the total particle current.
Measurements of charge transfer cross sections usually

are based on the use of the appropriate high-pressure or
low-pressure approximation to Eq. (1). In equilibrium
methods the pressure is so high that the equilibrium
mixture of ions and neutrals is achieved. The various
charge components of the beam are separated and
measured and a cross section ratio such as that in Eq.
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INTRODUCTION
' X this paper is reported a measurement of the elec-
t - tron capture cross section for protons in molecular
hydrogen for proton energies between 2.4 and 60 kev.
The method used is precise and the cross sections
obtained show much less scatter than any previously
reported. Except on a narrow range of energy near
10 kev near the peak of the cross section, they agree
closely with those recently measured by Stier and
Barnett. ' A feature of the measuring apparatus was
that it could also be used without modification for
measurement of other charge transfer cross sections,
such as the electron loss cross section and the sum of the
capture and loss cross sections by entirely different
techniques. Thus two independent measurements of
o-», the capture cross section, by vastly diferent
methods employing the same apparatus can be made.

When a monoenergetic beam of ions and neutral
particles of a single species passes through a gas whose
density is e, the neutral beam current as a function of
distance is

(2) deduced. ' ' Individual cross sections can then be
given by measurement of the composition of the beam
before equilibrium is reached for varying path lengths
or pressures. ' "Or they may be obtained if the charged
component is removed as it is formed by means of
electric or magnetic fields and an absorption experiment
performed on the residual neutral component. ' ' "Alter-
natively a chosen charge component of the beam may
be deRected by a field into a well-defined path which
particles thrown into other charge states cannot follow,
and the charge transfer cross section for the selected
component measured in an attenuation experiment. "'

At low gas pressures a more direct method of measur-
ing cr10 or o-0 1 involves the collection of the slow ions
left behind af ter charge transfer along the beam
path. " -" This method has been modified and adapted
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FIG. 1. Measurements of
electron capture cross sec-
tions 0.~0 for protons in H. .
All results are shown in
units of cross section per
molecule. In some cases we
have applied to the pub-
lished results a correction
factor of 300/273."~ "
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recently to the measurement of electron capture cross
sections in cases for which there are several important
charge transfer processes. "

For electron capture by protons in H2, measurements
based on these methods have led to the results plotted
in Fig. 1. Agreement is very rough and there is consider-
able scatter. The theoretical situation has been even
less satisfactory, for until very recently there has been
no calculation available for the cross section actually
measured. Instead comparisons have been made with
twice the cross section for capture by protons from
atomic hydrogen. Recent calculations by Tuan and
Gerjuoy" indicate that molecular effects are large
enough to make agreement between observed cross
sections for molecular hydrogen and those computed
for atomic hydrogen largely fortuitous.

Ke have undertaken an experiment designed to reduce
uncertainties in the measurement of these cross sections,
particularly with regard to the efkctive volume of the
scattering region, in the hope of making a measurement
of precision. The experiment was designed in such a
way that measurements of both types, equilibrium and
direct, could be carried out in the same apparatus under
conditions as nearly identical as possible. In what
follows, we present a general discussion of our procedure

together with the results and save the finer experimental

details for publication elsewhere.
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MEASUREMENT OF 0'10

The principal feature of the experiment was the use
of a linear array of nine identical condensers in the
scattering chamber to collect the slow ions in the one

type of measurement, or to remove the charge com-
ponent in the beam in the other. A sketch of the
apparatus is presented in Fig. 2. Protons from an rf ion
source, accelerated in a simple two-electrode lens

system, were deflected through 90' and focused on the
entrance slit of the scattering chamber by a magnetic
field produced between pole tips of a special design.
The energy of the protons was determined by the

magnetic field. After passing through a fore chamber
which could be pressurized for the production of a
large neutral component, and between two electrodes
which could be used to remove the charged component,
and after collimation, the beam proceeded into the
main scattering chamber past the series of nine con-
densers and into a Faraday cup.

In the measurement of 0-&0 by the direct method, no

gas was admitted to the beam preparation chamber so
that the beams contained protons only. Low voltage
was applied to all of the nine condensers and an electrorn-
eter connected as in Fig. 3. Any number of condensers
could be switched to the electrometer circuit which then
measured, aside from leakage current, the rate of pro-
duction of slow ions by charge transfer in the region
from which these condensers collected current. The
circuit arrangement obviously compensates for ion pair
currents and secondary electron currents. Since the
collecting voltages and the dimensions of the condensers

were carefully adjusted to uniformity, the addition of
each condenser to the measuring circuit adds a constant
volume of interaction between the beam and the gas
in the chamber.
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From Eqs. (1) and (2) it follows that at low gas
pressure the positive-ion beam current as a function of
distance from the place where the neutral current is
zero is

(3)

where I= I+(0). If the distance g is divided into m equal
segments of length x, plus an end correction xp, Eq. (3)
may be written

I~(m)=I+(0) $1—(olpn+o ip'e') (mx.+xp)], (4)

where (o.lp'e') ' is the mean free path in whatever im-
purities are present. When these m segments represent
m successive condensers collecting residual charge
transfer ions, the current to these condensers is the
decrement in Eq. (4) over the dista, nce mx. +xp, or

j(m) —I+(0) (oyptt+oyp e ) (nlrb +xp). (5)

From the slope of j(m)/I~(0) as a function of mx,
combined with a pressure and temperature measure-
ment, o» maybe derived. "Or, preferably, (o&pe+o lp'&')

obtained as a function of m may be plotted against e
and o-~0 read from the slope.

To avoid the need to make repeatedly accurate
pressure measurements, the cross sections relative to
that at a standard energy (20.29 kev) were mea, sured.

FIG. 3. Electrometer circuit for slow-ion collection.

' If I0(0) /0, what is measured is

where n is assumed constant from x=0 on and 0.1, 1 is neglected.

The procedure used at first was to permit hydrogen at
relatively high pressure to come to equilibrium in the
scattering chamber. Then, while the pressure remained
Axed, the slow ion current, j(m), was measured as
successive condensers were switched into the measuring
circuit and again as they were switched out of it. I~(0)
was obtained by reading the current to all condensers,
the Faraday cup and its associated guard rings at the
beginning and end of each run. The proton beam was
deflected away from the chamber and the leakage
current read for each switch position. This procedure
was repeated, the pressure still remaining constant, for
several successively higher proton energies including
always the standard. For each energy j(tu)/I+(0) after
correction for leakage current was plotted against m

(Fig 4) (o lp++o'ip'&') was thus obtained for all energies
at a value of rs which was unknown but was presumed
the same for each energy. This procedure was followed
repeatedly at 6 to 10 successively lower pressures. The
values of (o.&pn+o. &p'e') for each energy were then
plotted against the corresponding (o lpB+o lp'n'), for the
standard energy and olp/o&p, read from the slope of the
straight line drawn through these points (Fig. 5).

The absolute cross section at the standard energy as
well as at several other energies was measured by
following the above procedure (for a single energy
setting) with accompanying pressure and temperature
measurements. olpe+o. lp'.n' was then plotted against n
and the cross section obtained from the slope of the
resulting straight line (Fig. 6).

The use of this method yielded a curve for the cross
section as function of proton energy which was very
smooth, and which agreed with other measurements at
the standard energy but disagreed with them as well as
our own absolute measurements at other energies. '0 It
was decided finally that the assumption of constant
pressure during runs through several energies was a
poor one. Thereafter the reading of a sensitive ioniza-

tion gauge was recorded for each energy setting and

( '
poBl+'p0'ml') plotted for each energy against the gauge

' Donahue, Kasner, and Nolan, Bull. Am. Phys. Soc. Ser. II 3,
230 (1958}.
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reading. The result, illustrated in Fig. 7, was a family
of straight lines radiating from a common intercept
on the ion gauge axis. The slopes relative to the slope
of the standard were taken as the relative cross sections.

RESULTS AND DISCUSSION FOR e„
The result is a curve (Fig. 1 and Fig. 8), again

smooth, which agrees well with the checks made on the
absolute cross section (Table I) and also agrees with
the results of Stier and Barnett. ' Judging by the scatter
in the points of Stier and Barnett, it would appear that
their results nowhere disagree with ours even though
the smooth curve they draw through their points does
not everywhere coincide with ours. The most notable
difference is at the peak value where we obtain a O.jo of
8.04&(10 "cm' per molecule at a proton velocity of
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FIG. 4. Ratio of slow ion to total'current as a function of the
number of collecting condensers for protons at 20.3 kev. The
parameter is H2 pressure.

The precision of the results we have obtained for
absolute and relative cross sections has been estimated.
The greatest uncertainty in the absolute measurement
comes from the pressure measurement with a McLeod
gauge. Taking into account the performance of the
electrometer, and the contribution of electron loss by
the neutral component in the beam to the condenser
currents, we estimate the accuracy of the relative
capture cross sections at &2% for energies greater
than 3 kev and &3% for energies less than 3 kev. The
accuracy of the absolute measurements was estimated
to be +6%, —4%.

These results are based on the assumption that
double electron capture does not occur. cr~, i has, how-
ever, been measured recently over the energy range
from 9 to 30 kev.""The fact that the variation of this
cross section with energy is similar to that of z&0 means

that the effect on the relative cross-section curve should

be slight. It is difficult to assess the effect on the absolute

1.12X10s cm/sec, compared to their 8.14&&10 "cm'
per molecule at 1.24)(10s cm/sec.

From Fig. 1 it can be seen that our agreement with the
results of other workers is really good throughout the
entire energy range only in the case of Stier and Barnett,
despite the use of a method which diGers greatly from
theirs and most closely resmebles that of Stedeford and
Keene. In Fig. 1 and Fig. 8 we have presented all experi-
mental results in terms of the cross section per gas
molecule. It should be noted that similar comparisons
between different experimental results or between
experiment and theory have in several cases been
confusing because of a failure consistently to use units
per atom or per molecule for the cross section. 4"""

"T.Pradhan, Phys. Rev. 105, 1250 (1957).
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Fzo. 6. Slope of J(m)/I+(0) ns mx. curves at 20.3 kev plotted
against gas density. The slope of the straight line drawn gives O.

qf)

as 5,54X10 "cm'/molecule.
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FiG. 7. Slope of J(nz)/I+(0) os nz plotted against ionization
gauge reading at three energies.

chamber, a pure proton beam, and the help of the
Faraday cup. When there- is applied to the last m con-
densers in the array a voltage so high. that all positive
ions are removed from the-beairi as quickly as they are
formed, the total particle current reaching the detector
is the neutral current a,t the end of the last condenser:

Ip(m) =Ip(0) exp[ —(oorzz+ooi'zz') (mx, +xo') j, (6)

where the zero is taken at the beginning of the first of
the m condensers. Now if the voltage is removed from
the last condenser, the detected current is given by
Eq. (6) with m reduced by one; if it is removed from
the last two, with ns reduced by two; and so on. The
experimental procedure of obtaining relative and abso-
lute cross section op& from Eq. (6) is then just the same
a.s that used to determine v~0.

TABLE I. Comparison of absolute and relative 0-10 measurements.

value because of poor agreement in the values of cr~,

so far published. If account is taken of the fact that this
process contributes a double measure of collected current
the value of 0.&o computed would appear to be too large
by from 1 to 2%%uo. This is smaller than the experimental
errors.

Energy-
(kev)

9.49
20.3
31.1
43.5

Xo. of
measurements

Absolute o10
(cm')

7.90X10 "
5.48X10 "
3.67X10 '"
2.18X10 j6

From 010 relative to
a1o at 20..3 kev

(cm')

7.84X10 "
(Standard)
3.63X10 '"'

2.38X10 "

i0~6cm~
8

O
b

p
Proton Ve locity

l0%mkec

FIG. 8. Present results (circles and solid line) for 0 lp compar'ed to
results of Stier. and Barnett (crosses).

MEASUREMENT OF eoi

The same instrument can be used to measure 0-0~ if
the scattering chamber is filled with gas to a moderately
high pressure (of the order of 2 microns) and a large
neutral component provided in the incident beam by
the beam preparation chamber. The first few condenser
lengths of the chamber may equally well serve as a
region of build up for the neutral ratio. Inside the
Faraday cup and connected to it electrically is a, thin-
foil thermocouple detector which responds to the total
particle current. This detector is calibrated in a pre-
liminary experiment at each energy with an evacua, ted

TABLE II. Comparison of cross sections obtained by equilibrium
and direct methods (in units of 10 '6 cm' per molecule of H~).

Energy
(kev) &10 +0 01 O n1+0'0,

0'10 00, —1

deduced

&10
direct

method

9 49
20.29
29,22

7.44+2.32 0.72%0.07
7.22+0.80 1.32&0.13
6.00+0.46 1.44~0.14

6.72~2.40
5.90~0.93
4.56~0.60

7.84
5.48
3.90

MEASUREMEZr OF (e o+eo )

A further high-pressure experiment making use of
the thermal detector is capable of measuring ooi+p. &o.

This is obtained from Eq. (1) by a measurement of the
fraction of the total current neutral a,t the end of the
nsth condenser:

I' (m) =Io(m)/I=I" (")+[I"o(0)—I'o(

X«p{—[(oo&+0&o)zz+(~op+0/0 )zz )mg }
X«p{—[(~oi+~io)~z+ (~pi'+~io')zz'jh}, (7)

where 6 is an end correction. This may be condensed
to read

Iip(m) =2+8 exp[ —(p~z+y'zz')mx, j. (g)

This fraction is measured by taking a detector reading
with no voltage applied to the condensers for I and then
applying high voltage to the (m+1)st condenser. What
is then actually obtained is

I p(m) exp[ —a.o~(x,+5)]
=C+D exp[ —

(yzz+ y'zz') moo.j (9).
Equa, tion (9) is somewhat dificult to deal with in
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practice. If, for example, differences are taken between
values for successive values of nz to eliminate C the
differences are small compared to Fp(m). Best success
and speediest processing of data has been aGorded by
securing the best fit of the data to an equation of type
of Eq. (9) with the help of an IBXl 650 computer. The
computer program a, iso fits (ye+a'e') for different.
values of n to a straight line and gives 0pi+0 ~p together
with the probable error.

The results for two energies are given in Table II. In
the treatment of this problem we have ignored the

presence of negative ions in the beam. Actually what.
was measured, instead of 0'pi was 0'pi+0'p i. The effect
of a negative component on the measurement of 0 ip+0pi
is to make the sum arrived at too large by no more than
1.5%%ug up to 40 kev.
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Chemical Reactions of Positronium in Aqueous Solutions*
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An attempt to a preliminary but systematic study of the chemical properties of the element positronium
is described. It is verified (in agreement with Green and Bell) that positrons react with nitrates; it is believed
that this reaction is an oxidation process. It is found that positronium is not so readily attacked by the ions
Cl and SO4 . In chloride and sulfate solutions positronium more effectively replaces the metals which are
lowest in the electrochemical series: this result opens the possibility of determining the position of posi-
tronium in the electrochemical scale.

INTRODUCTION

"UMEROUS workers have found evidence for the
existence of a bound state of positronium in

water. Measurements of lifetime show a long-lived com-
ponent'; studies of angular correlation of two-photon
annihilation radiation show a narrow component'; and
determinations of the three-photon annihilation rate
indicate that this is greater in water than in metals. '
All of these results can be explained by assuming that
triplet positronium exists for a short time in water
before it is destroyed by conversion to singlet and
subsequent annihilation.

The existence of this "atom" of positronium in water
suggests the possibility of observing chemical reactions
in which the atom takes part. If a chemical is dissolved
into the water, a reaction between this chemical and
the positronium would tend to destroy or reduce the
magnitude of the eBects mentioned above. Experiments
along these lines have been conducted by Green and
Bell4 and by de Zafra. ' Lifetime measurements by

* This work was supported by a National Science Foundation
Grant.
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lished).' R. T. Wagner and F. L. Hereford, Phys. Rev. 99, 593 (1955).' R. E. Green and R. E. Bell, Can. J. Phys. 35, 398 (1957).

Green and Bell showed that the long-lived components
tended to disappear when increasing concentrations of
nitrate were added to the water, but when certain
chlorides and sulfates were .dded there vas ovly a
small variation in the long lifetime.

The angular correlation measuren-. ends by uc Zafra
con6rmed some of the results of Green and Bell and
also showed that certain paramagnetic salts caused the
narrow angular distribution to broaden, indicating some
e8ect on the positronium atom.

It appears from these observations that a more
systematic study of the behavior of positronium in
solution was desirable. The present work was started
for the purpose of determining the position of the ele-
ment positronium (Ps) in the electrochemical scale.
The method is obvious; it consists in studying which
metallic ions are "replaced" by positronium in solution.

EXPERIMENTAL PROCEDURE AND RESULTS

The equipment used to reveal triplet positronium was
similar to that described by Siegel. ' The three-quantum
annihilation rates were measured in the various solu-
tions and compared to those found in water. All com-
parisons were made by replacing the salt solutions with
water several times during each run. Our positron
source consisted of ten microcuries of Na" sealed in a
narrow, thin-walled glass tube (1 mm diameter and

' S. DeBenedetti and R. Siegel, Phys. Rev. 85, 371 (1952).


