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Charge-changing cross sections for 1—25-kev H( ls) incident on a Na-vapor target
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Measurements of the charge-changing cross sections og and og+ are reported for 1—25-keV fast
H(ls) atoms incident on a Na-vapor target. The cross section o.

g falls from 3&(10 ' cm at 1 keV

to 3.5)&10 ' cm at 25 keV. The cross section o.g+ rises from 1.1&&10 ' cm at 2 keV to
1.5&(10 " cm at 25 keV. Measured values of the equilibrium fractions I'" and F+ for incident

H ions are also presented.

I. INTRIUCTIGN

In recent years there have been many measurements
made of cross sections for the reactions of hydrogen ions
and atoms with various metal vapors. In addition to its
intrinsic interest, this research has been spurred in part by
the requirements of the magnetic fusion energy program.
In this paper we report measurements of the charge-
changing cross sections trs and os+ for electron capture
and stripping, respectively, for 1—25-keV ground-level H
atoms incident on a Na-vapor target. Previous measure-
ments of charge-changing cross sections for neutral hy-

drogen incident on Na have been made by Oparin et aI. '

(tfs+ for energies from 15—60 keV), Nagata (trs 0.56—5

keV), and Anderson et al. (os and crs+ 30—200 keV).
The results reported here are complementary to measure-
ments made previously in this laboratory of the cross sec-
tions 0 p, 0 +, N+ p, and c7+, and the eqU111bflum

fractions F, F+, and Fo (Ref. 5) in the same energy
range.

after the deflection plates to be -0.01.
After passing through the plates, the H hearn enters a

Na-vapor target. The Na-vapor target is a stainless-steel
box with an interior length of 15 cm and an interior
square cross section 3.8 cm on a side. To reduce the flow
of Na atoms out of the target, stainless-steel tubes 5.1 cm
long and 0.64 cm i.d. are used for the entrance and exit
apertures. Suspended directly beneath the target, and con-
nected to it by a 1.8-cm-i. d. tube, is a reservoir containing
liquid Na. Both the liquid Na reservoir and the Na-vapor
target are heated electrically. The Na number density in
the target is determined as follows. The Na atoms are lost
fmm the target by molecular flow at a rate that depends
on the conductance of the end tubes and on the density
and the velocity of Na atoms in the target and hence on
the temperature of the target, Tr. The net molecular flow
rate of Na atoms from the reservoir into the target de-
pends on the conductance of the tube between the reser-
voir and the target and on the density and the velocity of
Na atoms in the target, and hence on T~ and on the densi-

II. APPARATUS
GAP LENS
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The apparatus used in this experiment is shown in Fig.
1. A H beam is extracted from a duoplasmatron ion
source, accelerated, and focused by a gap lens and two
einzel lenses. The beam is momentum analyzed by a 10'
bending magnet and is collimated by two apertures 1.5
mm in diameter and 100 cm apart. Between the collimat-
ing apertures is a gas-neutralizing cell into which Ar gas
is admitted. The H beam is stripped in the neutralizing
cell to form a H beam. After passing through the second
collimating aperture, the H beam passes between two
parallel metal condenser plates. An electric field is ap-
plied between the plates. It deflects any H or H+ ions
out of the H beam and quenches any metastable H(2s)
atoms in the H beam. The distance between the gas neu-
tralizing cell and the condenser plates is such that the
time of flight of a 15-keV beam is —10 sec. This is
long enough that excited hydrogen atoxns with n & 8 radi-
atively decay to either the H(ls) or H(2s) level. We esti-
rnate the excited-state fraction remaining in the H beam
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FIG 1. A schematic diagram of the apparatus.
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ty and the velocity of Na atoms in the reservoir and there-
fore on the temperature of the reservoir, Tz. In the steady
state the flow rate out of the target is equal to the flow
rate from the reservoir into the target. Equating the two
enables one to determine the density in the target from the
various conductances and from Tz and Tz using the
known vapor pressure of Na as a function of the tempera-
ture. The target is kept at least 150'C hotter than the
reservoir to keep Na from condensing on it. The Na num-
ber density n is nearly constant inside the target and falls
linearly to zero along the entrance and exit tubes. The tar-
get thickness ~ in atoms per cm is therefore given by

=n .[L+ ,' (L,„,+—L,„;,)],

where L is the length of the target and L,„, and L,„;, are
the lengths of the entrance and exit tubes, respectively.
We estimate the uncertainty in the determination of the
target thickness to be +20%, which results primarily
from uncertainty in the vapor pressure of Na as a function
of temperature.

The Na metal used in this experiment was purchased in
vacuum-tight glass ampules, which contain an inert atmo-
sphere, from the Callery Chemical Company. An analysis
of this Na, supplied by the manufacturer, lists K and Zn
as the major impurities at 313 ppm and less than 125
ppm, respectively. All other impurities account for an
additional 302 ppm. The Na vapor target, used in this ex-
periment, has never been used with any other alkali metal.
The liquid Na reservoir, used in this experiment, has been
previously used with other alkali metals, but has been used
only with Na during a five-year period preceding this ex-
periment. Both target and reservoir were boiled for
several hours in distilled water as the final step in the pro-
cess used to clean them in preparation for this experiment.

A magnet located after the exit aperture of the Na tar-
get deflects H+ and H ions, emerging from the target,
into suppressed Faraday cups located at 4' on each side of
the beam axis. The magnitudes of the currents measured
by these Faraday cups are I+ ——qN+ and I =qX where

q is the magnitude of the electronic charge and N+ and
N are, respectively, the number of positive and negative
ions per second emerging from the target.

The neutral beam emerging from the target is measured
by collecting the electrons ejected when the fast H atoms
hit a heated, polished, Cu disk. The neutral detector
current is Io=qNOR(E), where No is the number of neu-
tral atoms per second striking the Cu disk and R(E) is the
average number of electrons ejected from the Cu disk per
incident neutral atom. The quantity R(E) depends on the
energy of the incident H atoms and varies from day to
day as the condition of the Cu surface changes.

The currents I+,I, and Ip are measured using Keith-
ley picoammeters. The outputs of the picoammeters are
averaged for 20 sec. The apertures of each of the three
particle detectors are the same size and all are 1ocated at
the same distance from the target, so that each detector
subtends the same angle (1.4 ) as seen from the center of
the target.

III. DETERMINATION OF E. (E)

The neutral detector constant R(E) is determined using
an incident H beam. The H beam is produced as pre-
viously described, but with no Ar gas in the gas-
neutralizing cell. The proper electric field between the
beam deflection plates deflects the H beam into an off-
axis suppressed Faraday cup before it reaches the target.
The magnitude of the current measured in this cup is
I, =qN„where N, is the number of H ions per second in
the incident beam. After the incident beam current is
measured, the deflection plates are grounded and the H
beam enters the target where charge-changing reactions
occur. The beam, emerging from the target, contains H
ions, H+ ions, and fast H atoms. The number of parti-
cles incident on the target per second must be equal to the
number of particles per second emerging from the target
plus any particles lost from the beam due to scattering
into angles larger than 0.7'. If the scattering losses are
negligible, then

+Xp+N+
or

I, =I +Io/R(E)+I+

or

I, =I +ID/R(E—),

since in this experiment I+ is negligible compared to ei-
ther I or Io/R(E). As the target thickness ~ increases,
I decreases and Io/R(E) increases. Equating the fall of
the one to the rise of the other gives the value of R (E).

In the measurement of R(E), we check the assumption
that scattering losses of H ions from the beam are small
compared to the neutralization losses as follows: At very
high values of m. (m & 10' atoms per cm ) the charge state
fractions defined by

F;=N;/(N +No+N+);

where

, Xp, or 1V+

become constants independent of m, but the total transmis-
s1on

T=(N +No+N+ )/N—

T(~)= Toexp( oLn. ) . —. (4)

The loss cross section crL must be comparable to or
greater than the cross section for scattering of H ions
into angles larger than 0.7'. For all energies in this experi-
ment, o.L is less than 5% of o o, so that, in the deter-
mination of R(E), loss of H due to scattering cannot be
a major effect.

falls exponentially as a function of ~. We define a loss
cross section o.

L by
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FIG. 2. Measured values of the cross section o~ as a func-
tion of H(1s) energy. HMAAL, this report; X, Nagata (Ref. 2);
AGHA, Anderson et al. (Ref. 3).

mentally that the fractions F and F+ increase linearly
with ir. The slope of F as a function of m. is os and
the slope of F+ as a function of m. is os+.

The cross sections oz and os+ are plotted as functions
of incident H(ls) energy in Figs. 2 and 3, respectively.
We estimate the relative uncertainty in these cross sections
as functions of energy to be +15% due primarily to un-
certainty in the determination of R(E) and of the slopes
of F and F+ as functions of nW. e estimate the uncer-
tainty in absolute values of the cross sections to be +25%.
Figures 2 and 3 also show values of oz measured by Na-
gata and by Anderson et al. and of os+ measured by
Oparin et al. ' and by Anderson et al. For both oz and

og+, our measurements match up well with the higher-
energy measurements of Ref. 3. Our cross section os+ is
lower than that of Oparin et al. in the energy range in
rvhich the measurements overlap. At low energies our
cross section oz is higher than that of Nagata.

IV. CROSS-SECTION MEASUREMENTS

and

F =og m, (5)

F+ ——og+a .

For low values of the target thickness n. we find experi-

Measurements of the charge-changing cross sections
oe and os+ are made with a beam of H atoms predom-
inently in the 1s level incident on the ¹ vapor target.
The beam emerging from the Na target contains H, H
and H+. The beam currents ID, I, and I+ are measured
and the charge-state fractions Fp, F, and F+ are deter-
mined from Eq. (2). Clearly, Fp+F +F+ ——1. For very
low values of the target thickness n., and for an incident
H( ls) beam, Fp, F, and F+ are given by

Fp ——1 —(os +ere+ )n. ,

V. EQUILIBRIUM FRACTIONS

At sufficiently large values of m, the fractions F Fp,
and F+ defined in Eq. (2) become constant as m increases
further. The constants are called equilibrium fractions
and are denoted by F,F0, and F+. We experimentally
determine these equilibrium fractions by measuring the
fractions F, Fp, and F+ for an incident H beam for
very large values of ir (m &10' atoms per cm ). These
values of m are a factor of 2—4 times above that at which
the charge composition of the beam emerging from the
target is observed to stop changing, so our measurements
represent the equilibrium fractions.

Before each equilibrium measurement, the apparatus is
aligned at low values of m so that each beam component
strikes the center of its detector. Equilibrium is reached
when the target thickness is high enough that every parti-
cle in the incident beam undergoes many collisions, hence
the angular spread of the H, H, and H+ beams are all
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FKx. 3. Measured values of the cross section o.~+ as a func-
tion of H(1s) energy. HMAAL, this report; OIS, Oparin et al.
(Ref. 1); AGHA, Anderson et al-. (Ref'. 3).

FKx. 4. Measured and calculated values of the equilibrium
fraction F". HMAAL, this report; AHA, Anderson et al. (Ref.
5); SSS, Schlachter et al. (Ref. 11).
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which differs from the definition of the negative fraction
given in Eq. 2 since at large values of the target densi-

ty, X +Xp+N+ is less than N, due to scattering losses.
For this reason, values of Ti'~' are not directly comparable
to values of F" and are left off of Fig. 5.

If hydrogen is assumed to be a three-component system,
we can write the following three coupled differential equa-
tions for F, Fp, and F+ ..

dFp/der= —Fp(crp +0'p+ )+F 0' p+F+cT+p,

dF /dm =Fpap F(—a p+o +)+F+o+
and (7)

l0 ~
I I I I I I

0 5 lO l5 20 25
H lNCIDENT ENERGY (keV)

FIG. 5. Measured and calculated values of the equilibrium
fraction F+. HMAAL, this report; AHA, Anderson et al. (Ref.
5); SSS, Schlachter et al. (Ref. 11).

the same. ' Since the three detectors subtend the same an-
gle as seen from the target, the scattering losses from the
beam affect the H, H, and H+ beam components equal-
ly. The neutral detector is calibrated as previously
described.

The measured equilibrium fractions F and F+ are
plotted as functions of energy in Figs. 4 and 5. The neu-
tral equilibrium fraction is equal to 1 F F+.—Also—
shown in these figures are values of F and F+ measured

by Schlachter et al. ,
" and in this laboratory by Anderson

et al. Our measurement of F" averages about 20%
lower than that of Anderson et al. The negative and posi-
tive equilibrium fractions of Schlachter et al. are also
higher than ours. Our measurement was made with in-
cident H ions, that of Anderson et al. was made with in-

cident protons, and that of Schlachter et al. with incident
D+ ions, compared at the same velocity. The equilibrium
fractions should be independent of the charge state of the
incident ions. We do not know why our results differ
from those of previous researchers. Other research-
ers' ' have measured g'~', the optimum value of the
negative ion conversion efficiency Ti The quantit. y Ti is
defined by

and

F = (cTp o++crp'0+p+ cT+'0'p+ ) /D,

Fp = (0'+po' p+ 0'+po' +, +0' po'+ ) /D,

F+ =(op+a —++op+cT p+o +—op )/—D—
where

D = op+0.—o+0o+0 ++0.o+0+ —+0.o—0.+—+0.o—0.+o

+Op 0 ++0 p0+p+0 +0+p+0 p0+

Values of F and F+ calculated in this manner using
our measured cross sections os+ and os for crp+ and
op, respectively, from this report, and the cross sections
o+p and o+ from Ref. 5 and o p and cr + from Ref. 4,
are shown in Figs. 4 and 5. We believe that the agreement
of the calculated and measured values of F and F+ is
satisfactory, especially when one considers the approxima-
tions that are incorporated in using only three differential
equations to analyze F, Fp, and F+ as functions of ~
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dF+ /de'=Fpop+ F+ (o—+p+o+ ) +F cr + .

These equations can be solved for the equilibrium frac-
tions in terms of the six charge-changing cross sections by
setting

dF /dtr=dFp/drr=dF+/dm =0 .
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