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Formation of H(n = 2) atoms by the nearly resonant process H+ in Cs.
Multiple collision processes
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Formation of H atoms in the n = 2 states for the nearly resonant charge-transfer process H+ + Cs
(energy defect: 0.49 eV) is studied in the energy range 0.25-3.0 keV. The outgoing H(2S) atoms are
quenched in a transverse electric field. The cross section for formation of H(2S) atoms exhibits typical
nearly resonant characteristics. The principal maximum, (6.0+ 0.25) p 10 " cm' occurs at 0.5-keV H+

energy; a secondary maximum is observed at 1.35 keV. Structure is discussed in terms of the
potential-energy curves of the quasimolecule (CsH)+. The cross section for formation of H(2P) atoms is
obtained by an indirect method. The H(2S) fraction f relative to the outgoing neutral beam for a thin
Cs target is obtained; f is close to the statistical value of 0.25 for H+ energies greater than 1 keV,
and has a maximum value of 0.55+ 0.075 at 0.6 keV. Multiple collisions are studied for Cs targets of
variable thickness. The H(2S) fractional yield F relative to the total outgoing beam has a maximum
for a Cs target thickness of about 10" atoms/cm'. The largest value of F is 0.30 at 0.5 keV. F
approaches zero as an equilibrium value. A four-component charge-exchange model is used to show
that the primary destruction mechanism of H(2S) atoms is collisional deexcitation, with a cross section
of about 5 X 10 " cm'. The influence of scattering and calibration of a secondary-emission neutral
detector are discussed. Finally, the polarization P of Lyman-a radiation from quenching of H(2S)
atoms in a transverse electric field is measured as a function of applied electric field. P is negative,
varying from —0.31+0.03 in a near. -zero electric field to —0.50 + 0.06 for a field of 475 V/cm. Data
are in agreement with an adiabatic theory; in addition, oscillations about the theoretical curve are
observed.

I. INTRODUCTION

Formation of a beam of hydrogen atoms in the
metastable 28 state by the nearly resonant charge-
exchange process

H'+Cs-H(2S)+Cs (~E =-O.49 eV)

was first studied by Donnally et al. ' and later by
others. " The small energy defect results in a
large cross section for this collision at a low
proton energy, and provides a means of obtaining
an intense metastable hydrogen beam.

An important application of Eq. (I) in nuclear
physics is in polarized ion sources of the Lamb-
shift type, "' which results in polarized H' or
H beams having a larger intensity than in ground-
state ion sources (those using separation of hyper-
fine states of ground-state H in an inhomogeneous
magnetic field). In a Lamb-shift-type polarized
ion source, polarization is obtained by selective
quenching of certain hyperfine substates of H(2S)
in suitable electric and magnetic fields. Metastable
atoms then undexgo selective electron attachment
or detachment in a collision in an appropriate
target gas.

Secondly, there is recent increasing interest in
charge-exchange processes involving alkali-metal
atoms. ' " The theory of such processes, including
resonant" and nonresonant charge transfer'3 '5

has been developed in the impact parameter for-

mulation. " In these systems, consisting of many-
electron atoms, the main part of the charge-ex-
change cross section is due to the valence elec-
tron. The interaction between the active electron
and the remaining core electrons may be replaced
by an appropriate pseudopotential"'" so that the
collision is treated as a one-electron problem.

The following subscript notation is used in this
paper: +, —,m, t', g, and 0 refer, respectively,
to H+, H, and H in the metastable 2S state, H

in the radiative 2P states, H' in the ground state
(or, when used as a second subscript, inthe ground
state or in a state which decays to the ground
state by an electric dipole transition}, and Ho in
any state. [A more usual notation for r is 2P, but
this is not consistent with the use of m for 2S;
furthermore, as reaction (I}is also nearly reso-
nant for formation of the 2P states, the use of r
rather than g emphasizes the role of the 2P states. ]
Thus, for example, o~ is the cross section for
collisional deexcitation of an atom in the H(2S)
state. The metastable fraction f is the fraction
of H(2S) atoms in the neutral beam as the result
of a collision of a proton in a thin Cs target (more
precisely defined in Sec. IVB6).

It is well known that the field-free lifetime of an
H atom in the metastable 28 state is 7„=0.14 sec
(two-photon emission), since decay by electric
dipole and quadrupole transitions to the ground
state is forbidden and since the decay rate by mag-
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netic radiation is very small. The 2P states decay
by electric dipole radiation to the ground state.
The lifetime is very short: v„=1.6&&10 ' sec. The
photon from the decay from n =2 to the ground
state is called Lyman n, and has a wavelength of
1216 A. The 2Sy/2 state lies above the 2P, ~, state
in energy; the separation is, however, very small
(the Lamb shift, which corresponds to an energy
of 4.4x 10 ' eV). Spontaneous decay from the 2S, ~,
state to the 2P~, state could occur; the probability is,
however, negligible because of the small energy
difference. In the presence of an external electric
field, Stark mixing of the 2S state with the 2P
states occurs, leading to rapid decay of the 2S
state with the resulting emission of a Lyman-a
photon; this process is called quenching. The
lifetime of the 2S state as a function of applied
electric field has been calculated. " In a very
strong electric field, the lifetime of the 2S state
approaches twice that of the 2P states. A field of
500 V/cm is sufficient to reduce the 2S lifetime
to 5.6~10 ' sec. The lifetime of the 2P states
increases slightly in an electric field. Lifetimes
of the 2S and 2P states are also affected by a
magnetic field.

This paper presents an absolute measurement
of the cross section o, in the energy range 0.25-
3.0 keV. Although this cross section has been
previously measured, ' ' the results can be criti-
cized because of dubious calibration or normaliza-
tion procedures. Indeed, previous results give
values which differ by as much as two orders of
magnitude at a given energy. The authors have
previously published a measurement of o, ,

' but
for only one energy, 2.4 keV. Thus, in this paper,
the energy range is considerably extended, and
includes the energy range in which o, has its
maximum value. In addition, we present estimated
values for the cross section o,„. A model is pro-
posed to explain structure observed in the cross
section o, .

The cross section o „has been previously mea-
sured" " in a very wide energy range. Reported
values are generally in good agreement at low

energy (up to 5 keV); values at higher energies
show rather poor agreement.

The metastable fraction f has recently been
reported in a companion experiment by Tuan
et al."27 In the experiment of Tuan et al , f was.
directly determined by measuring Lyman-n radia-
tion in the collision zone with and without an applied
quenching field. In the present experiment the
metastable atoms leave the collision zone and are
subsequently quenched. Values of f for the two
experiments are compared.

The influence of multiple collisions, particularly
on the destruction of atoms in the 2S state, is

studied by using a thick Cs target and a charge-
exchange model. Results are reported for o, .

The Lyman-a radiation from the quenching of
H(2S) atoms in an external electric field is known

to be polarized. "" We present results for this
polarization as a function of applied electric field
for fields up to 500 V/cm. Comparison is made
with a previous measurement and with an adiabatic
theory. " Structure is observed, and an explana-
tion is proposed. This polarization is not only of
basic interest but can be used to correct other
measurements made using quenching of H(2S) in'

an electric field; the correction is non-negligible
for field strengths and observation angles com-
monly employed.

Calibration of a secondary-emission neutral-
atom detector for incident ground-state H atoms
is presented for energies between 0.5 and 3.0 keV.
This has been previously reported only at much

higher energies. "" This calibration was neces-
sary for the present experiment, but could be
useful for other experiments as well, as the re-
sults seem to be general.

Portions of the present results have been pre-
viously reported. "

II. APPARATUS

A. General description

A schematic diagram of the apparatus is shown

in Fig. 1. A proton beam is extracted from a
duoplasmatron source and is focused by an einzel
lens. It is magnetically mass analyzed and suitably
collimated before entering a cell containing Cs
vapor where charge-exchange processes occur.
After the cell the beam passes through a drift
region where the ions can be removed from the
beam with a weak transverse electric field without
appreciable quenching of the metastable atoms.
A strong electric field can also be applied in the
drift region, which then serves as a prequenching
system in order to test the efficiency of the
quenching assembly. The quenching assembly
is composed of an electrostatic quadrupole. The
Lyman-a photons, emitted by the Stark-quenched
H(2S) atoms, are detected by a channel electron
multiplier. The beam then passes through a mag-
netic field to separate the H', H, and H compo-
nents, which are detected using two Faraday cups
and a secondary-emission neutral-atom detector.
Typical background pressure in the vacuum sys-
tem is of the order of 10 ' Torr.

B. Proton beam

The proton beam is extracted from a duoplasma-
tron source through a 0.2-mm hole, accelerated
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by an electrode negatively biased, and decelerated
by a ground potential electrode which is also the
first electrode of the einzel lens. The measured
H+-beam energy spread is about 5 eV. The H'
beam is mass analyzed by a 90' deviation in a
magnetic field. It is then collimated by two dia-
phragms, 1.5 mm in diameter and 76 cm apart.
Spurious effects due to the fringing field of the
magnetic analyzer are minimized by careful
shielding. Earth's magnetic field is compensated
for by passing a suitable current in a long rectan-
gular coil surrounding the entire apparatus. The
residual magnetic field is measured to be smaller
than 0.01 6 between the diaphragms and smaller
than 0.02 0 downstream from the second diaphragm.
The deviation of the H' beam from a straight line
due to stray magnetic field does not exceed 0.3
mm per meter of path at 0.5 keV. Care was taken
to ensure that no insulating surfaces were in direct
view of the beam.

The geometrical beam divergence (half-angle) is
0.11 and the measured beam full width at half-
maximum is only 0.08 . All the other diaphragms
have acceptances greater than the geometrical
beam divergence. The acceptance of the detectors,
located at the end of the apparatus, is 0.33', as

seen from the Cs cell. In Secs. IVB1 and VA the
influence of scattering in the Cs cell is discussed.

C. Cesium cell

The Cs cell has been extensively described in a
previous paper. " As shown in Fig. 2, the cell is
loaded with 2 g of Cs under vacuum and is homo-
geneously heated either at a given controlled tem-
perature or at a constant rate of increase of tem-
perature. During a series of measurements the
Cs vapor density is measured by the absorption
of resonant (6P», -6$,~,)Cs light emitted by a
spectral lamp. A calibration procedure described
in Ref. 20 and absolute measurements" show that
the Cs density does not vary more than 5/~.

The rate of Cs loss from the cell is minimized
by two heated copper tubes, 4 mm (entry) and 4.5
mm (exit) in diameter and O'I mm long, located on
the beam axis. At a temperature of about 100'C,
2 g of Cs last several months. Two freon-cooled
traps located on the beam axis protect the re-
mainder of the apparatus from Cs contamination.
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D. Quenching assembly

Metastable hydrogen atoms are detected by
applying a strong transverse electric field which
induces Stark mixing between the 2S,~„2'/2 and

2P, ~, states of hydrogen, resulting in the emission
of a I yman-a photon. The electric quench field

FIG. 1. Schematic diagram of the appax'atus. The
chambers are drawn to scale. The spaces bebveen
them are indicated in cm in the figure. The resolution
diaphragms are 1.5 mm in diameter, 76 cm apart.

FIG. 2. Scaled dravring of the cesium cell. The cell
is made of puxe coppex. Temperatures of the boiler and
of the chamber are controlled and adjustable. The Cs
vapor density is measux'ed by the absorption of resonant
light emitted by a Cs spectral lamp.
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is the fringing field in front of two parallel plates
65 mm long and 40 mm wide biased at opposite
potentials with respect to ground. The gradient
of this fringing field is increased by two image
plates located 3 mm outside the inner plates. This
ensures that the quenching of the H(2S) atoms oc-
curs in a small region of beam in the field of view
of the detector. A plot of the field lines, obtained

by numerical integration of Laplace's equation in

two dimensions, shows that the gradient of the
fringing field is very large when the outer plates
are 4 mm longer than the inner plates. In this
case a zero-field point appears on the axis of the
beam 25 mm in front of the edge of the outer
plates. " A discussion of the detection efficiency
is given in Ref. 20. The photon detector is a pre-
calibrated Bendix 762 Channeltron operating in a
counting mode. Knowing the solid angle (0 =2.33'

&&10 ' sr} of the detector photocathode viewed
from the emitting beam region, the H(2S} atom
intensity in the beam is known to be

I = 4vNe/Qq, (2)

where N is the counting rate at the anode of the
detector and q is the quantum efficiency of the
detector at the Lyman-a wavelength (q =0.107,
furnished by the manufacturer}.

Formula (2) neglects the correction for the
polarization of the Lyman-e radiation, i.e., the
spatial anisotropy of the photon intensity with

respect to the direction of the quench electric
field. It is well known"'" that the magnitude of
the correction depends on the geometry of the
quenching system and the time required for the
H(2S) atoms to enter the quench field. Up to now,
some absolute measurements of H(2S) atom in-
tensity described in the literature~' 44 have not
taken into account the polarization correction be-
cause an investigation, adapted to each field con-
figuration, is necessary to apply such a correc-
tion. As the correction may be large, we have
carefully studied the polarization of the Lyman-&
radiation in our quenching system. The subject
is treated in Sec. IIIB.

E. Particle detectors

The initial proton beam intensity I, is measured
with h, retractable Faraday cup located just behind
the second collimating diaphragm. After the
quenching region a 30' magnetic analyzer deviates
the residual protons and the negative hydrogen
ions, which are detected by two Faraday cups
25 mm in diameter. The Faraday-cup guard rings
are biased at -45 V with respect to ground. It
was verified that an increase of the bias potential
does not appreciably change the measured current.

The neutral-particle detector, located on the
axis of the beam, is a stainless steel cup with a
concentric ring in front biased at +45 V to attract
the secondary electrons. This detector has to be
calibrated for both ground-state and metastable
hydrogen atoms. In Sec. IIIA the secondary-emis-
sion coefficients are investigated for "dirty" stain-
less steel in the energy range of interest.

III. CALIBRATIONS

A. Calibration of the neutral atom detector

While it is easy to measure the secondary-emis-
sion coefficient y, for protons by inverting the
guard-ring bias potential of a Faraday cup, care
must be taken to obtain the secondary-emission
coefficient y for ground-state hydrogen atoms,
which is not necessarily the same as y, . The usual
results cited" "give the ratio y /y, for hydrogen
on nickel, beryllium, copper, and silver mag-
nesium surfaces for energies greater than 8 keV.
The average value of y, /y, =1.11+0.001E, where
the energy E is in keV. These values are often
extrapolated to lower energies and used for other
surfaces. ~ It was pointed out by Barnett and Ray"
that the ratio of the emission coefficients y, /y, is
apparently independent of the target surface and
the angle of incidence. However, it is not expected
to remain close to 1.11 at lower energies because
the secondary-emission mechanism depends on the
energy. 4'

In order to correctly calibrate the neutral detec-
tor, y, and y have been independently measured
in the energy range 0.5-3 keV. A cell containing
argon was mounted on the beam axis between the
quenching region and the detectors. When the argon
target thickness II„, is low enough to ensure single
collisions, the charge-exchange reaction of the
incident H' in Ar produces a linear decrease of
the H' intensity I, and a corresponding linear in-
crease of the H(1S) atom intensity I, . The ratio of
the two linear variations ni, /ni„when lIA, is
varied, is equal to the secondary-emission coeffi-
cient y for neutral hydrogen atoms in the ground
state. The formation of metastable hydrogen atoms
in this charge-exchange process is negligible in
our energy range because the energy defect of the
reaction is much smaller for the H(1S) state
(2.2 eV) than for the H(2S) state (12.3 eV). Fur
thermore, it was verified that negative hydrogen
ion formation by a single collision of H' in Ar was
negligible. An important correction to the intensi-
ties must be made to account for scattering of
particles at angles larger than 6), the acceptance
angle (half-angle) of the detectors. Relative to the
argon cell, the acceptance angle was 8=0.5'. The
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measured H' intensity, taking into account the
proton scattering, is

I, =I, 1-IIA, a, +
I

0 d0'+

dA
(3)

TI
1f dg

0+c= i „dA
0

the residual H' intensity becomes
/ ' d(r

0

+~ +

(4)

(5)

where (do„+do, )/dA is the total differential cross
section dor/dG including both elastic and inelastic
processes for H' in Ar. err/dQ has been recently
measured by Crandall et al.4~ so that it is possible
to evaluate the second integral in relation (5).

In the same way, the detector neutral intensity
is

0
(6)

Equations (5) and (6}can be combined to eliminate

f (do+ /dQ)dA The se. condary emission coeffi-
cient y~ is then obtained:

where I', is the initial H' intensity, 0,~ is the
total inelastic cross section for charge exchange,
and do, /dA is the elastic differential cross sec-
tion per unit solid angle Q for protons. The inte-
gral in the second term of Eq. (3) can be calcu-
lated for angles larger than the detector acceptance
angle. Noting the obvious fact

~~ 1.5—

0 1

I~a 05-
1E

Q
3 Q

threshold energy close to 0.35 keV. However, the
extrapolated value of y, at zero energy is still
0.3. This behavior is in agreement with theory,
which predicts that at low energy, the principal
secondary-emission mechanism is the Auger-
effect ion neutralization process called potential
emission. This process does not occur for inci-
dent H(1S} atoms. " In conclusion, the ratio y~/y,
varies and must be measured in order to obtain
a reliable calibration of a neutral-hydrogen-atom
detector.

To study the secondary-emission coefficient
y, metastable hydrogen atoms are created by
charge exchange of H' in Cs vapor. The secondary
electron current from the neutral detector is mea-
sured with an incident beam composed of a mix-
ture of H atoms in the 1S state and the 2S state,
and with a pure-1S-state atom beam [the H(2$)
are quenched before reaching the detector]. No
significant variation of the secondary electron
current is observed for E&0.5 keV when the H(2S)
atoms are quenched. Thus, for dirty stainless
steel and for E &0.5 keV the secondary-emission
coefficients y and y are taken to be equal. At
0.5 keV, a slight current variation has been ob-

(7) 5E

The third term in the denominator of (7) is the
scattering correction where II~ and dor/dA ap-
pear. The target thickness II~ is measured with
a Baratron differential capacitance manometer.
Figure 3(a) shows corrected values of y in the
energy range 0.5-3 keV as well as values of y,
obtained by simply inverting the guard-ring bias
potential of the proton Faraday cup. The bars in-
clude all sources of error.

The coefficient y, measured by Bayfield44 for
2-keV H' on "dirty" stainless steel is 2.2, which
is in satisfactory agreement with the present
value of 1.86. From our results it is seen that
y is significantly greater than y, at energies
above 0.7 keV. The ratio y /y, [Fig. 3(b}] shows
excellent agreement above 1.6 keV with an extrap-
olation to low energy of Chambers's results. "
At energies lower than 0.7 keV y~ is significantly
smaller than y+ and is expected to be zero for a

0.5
I

1.5
Q tll

25 3

ENERGY (k eV)

FIG. 3. (a) Secondary emission coefficients for H"

and H(1S) on "dirty" stainless steel surface at normal
incidence. y+ is the secondary, emission coefficient for
incident H', y~ for incident H(1$). A smooth curve has
been drawn between the experimental points for clarity.
Above 0.7 keV p~ is significantly greater than p+. p~ is
m~ected to be zero below a threshold energy of about
0.35 keV. The value of y+ extrapolated to zero energy
is 0.3, which is consistent with an Auger-effect ion-
neutralization process. @) Ratio y~/p+ from measure-
ments shown in Fig. 3(a). Circles, present work (the
error bars include all sources of error); dashed lines,
extrapolation to low energy of results of Chambers (Ref.
36) (E is energy in keV). The agreement between the
extrapolation of the results of Chambers and the present
results is quite good above 1.6 keV.
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served; however, the ratio y /y does not exceed
1.04. For deuterium in the ground state, the
secondary-emission coefficient is found to be 0.9
at 1 keV.

IG = (31,/4v) [I Pcos-'6)/(3 -P)], (8)

where 9 is the angular position relative to the
electric quench field direction, P is the polariza-
tion of the radiation, and I,/4v is the photon in-
tensity per steradian which would be emitted if
the polarization were zero. Once P and 9 are
known, from formula (8}one can calculate the
photon intensity I,/4v which is needed to obtain
a, . It is well known that for the so-called "magic
angle" 8, such that cos'8, =-,' (0,=54'44'), the
emitted radiation is independent of P. In all our
measurements the photon detector was placed at
the "magic angle" so that polarization does not
affect the cross section for production of H(2S)
atoms.

As polarization necessitates a correction when

a photon detector is located at an angular position
other than 9„ it is interesting to measure P for
quenching in a transverse electric field with finite
gradient. Such an investigation may be useful
in order to correct other measurements when
polarization has been neglected (photon measure-
ment at 0' or 90' are often made).

Polarization in a weak electric field has been
measured experimentally by Fite et al."and by
Spiess et al.'; measured valu'es are, respectively,
-0.30 +0.02 and -0.31 +0.03. The theoretical
value taking account of the hyperfine structure of
hydrogen" is -0.3233 +0.0004. The agreement is
very good. For intermediate electric fields the
polarization depends on the strength of the field
and on the way the H(2S) atoms enter the field.
The polarization has been calculated for two ex-
treme cases: adiabatic entry of the H(2$) atoms
into the field" and sudden entry. ~ Entry is called
adiabatic under the following conditions. For an
H(2S} atom beam, the time-dependent energy per-
turbation V(t) is due to an electric field, and the
states which are primarily mixed with the 2S,~,
state are the 2P,~, and the 2P, ~, states. The ele-
ments of the Hamiltonian which mix the unper-
turbed states are given by"

V(t) =(2P, )9~eE r~2$, g9)=-v6 E(t) ea9,

V, (t) =(2P, ~9~eE ~ r~2$, ~9) =&3E(t)ea9,

B. Correction due to polarization of Lyman-0( radiation

Quenching of metastable hydrogen atoms in an
external electric field is an electric dipole transi-
tion. The angular distribution of Lyman-e radia-
tion can be written" "

where e is the electronic charge, a, is the Bohr
radius, eE r is the potential energy of the H(2S)
atom in the perturbing electric field E, and r is
the radius in spherical coordinates. For an H(2S)
atom the two natural periods corresponding to the
Lamb-shift splitting (2$,I9-2P, I9) and the fine-
structure splitting (2$, I9-2P9I9) are, respectively,
T, =10 ' sec and T, =10 "sec. Following Wooten
and Macek" the entry condition of adiabaticity is
always fulfilled if V, (t') is smaller than the Lamb-
shift splitting and if the transit time t' of the H(2S)
atom is greater than T,(t' = l /v, where l is the
length of the perturbed region and v is the velocity
of the H(2S) atom). Our experimental conditions
correspond to the adiabatic case. Crandall et al.'~
have studied the sudden entry conditions, which
are applicable when the H(2S) atoms are formed
in the electric field. The only measured values of
P for the adiabatic case are those of Sellin et al."
We have measured polarization for electric fields
between 30 and 500 V/cm, a range of values which
includes those generally used to quench H(2S)
atoms.

From formula (8}, P can be determined by de-
tecting the emitted photons successively in direc-
tions perpendicular and parallel to an electric
quench field whose strength E is known:

P (E) (I90 IO)/I90

For these measurements, the photon detector is
mounted on an axial cylinder shown in cross sec-
tion in Fig. 4. The detector assembly is at ground
potential and can be both translated parallel to the
beam and rotated through 180' about the beam axis
without appreciably perturbing the electric quench
field. The quenching assembly described in Sec.
IID was slightly modified as follows for the polar-
ization measurements. A 2-mm-diameter aper-
ture4' located on the beam axis at the entrance to
the quenching region ensures that the H(2S) atom
beam is well centered on the axis of rotation of the
cylinder. In order to have a smaller field gradient,
a dipole configuration is used instead of the quad-
rupole: the two plates on each side of the beam
axis are at the same potential, +3000 V. The
dipole configuration simplifies the measurement
of the electric field strength 'because the fringing
field rises more slowly with distance from the
plates, and does not change the adiabatic nature
of the entry of the H(2S) atoms in the field. In
front of the photon detector are two slits (2x10 mm
and I x10 mm} (see Fig. 4). The narrower slit
is attached to the cylinder at ground potential so
that the electric field produced by the fixed plates
is not perturbed by the motion of the assembly.
All surfaces seen by the detector are cadmium
coated to minimize photon reflection. '0 In this
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assembly, the photocathode of the detector "sees"
a region of the beam only 4 mm long, in which the
average value of the electric field can be deter-
mined.

Two different methods are used to determine
the electric field strength: numerical integration
of Laplace's equation in plane coordinates and an
indirect experimental method described below.

The photon signal Ie(Z) is measured, for a given
detector angle Q, as a function of Z, the position
of the detector along the beam axis. The signal
IB(Z) is shown in Fig. 5(a) for both the 8 =0' and
6 =90 angular positions of the detector (Z in-
creasing downstream). As Io(Z) is greater than

(Z), (9) shows that p remains negative with
increasing electric field E. The signal Ie(Z)
shows a maximum which is easily explained: for
small Z the quench field is small and few meta-
stable atoms are quenched, while for large Z al-
most all the metastable atoms have already been
quenched and thus few remain in the beam. At a
position Z, where the remaining metastable atom
intensity in the beam is I (Z), dI photons are
emitted from the quenching of dI metastable
atoms in a zone of length dZ. The number of
photons counted by the detector is &I, where ~
is a coefficient which takes into account the ac-

dI =[I (Z)/T (E)v]dZ (10)

As the electric field and the path length are suf-
ficient to quench essentially all the H(2S) atoms,
we can write

Relations (10) and (11)give an experimental value
for v
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ceptance of the slits, the quantum efficiency of
the detector, and the effect of polarization for that
angle. For a beam velocity v, the number of
quenched atoms in dZ depends on I (Z) and the
lifetime T (E) of H(2S) in the field E(Z) existing
at Z:

2mm APERTURE ~BEAM AXIS

DETECTOR POSITION

FIG. 4. Configuration of H(2S) detector for measure-
ment of polarization'of Ly-e radiation as a function of
applied electric field ("dipole configuration"). Fquipo-
tential lines shown for 3000 V applied to plates were cal-
culated by numerical integration of Laplace's equation
(the plates symmetrically located below the beam axis
and biased at —3000 V are not shown). This configuration
provides resolution in electric field. A different config-
uration is used for cross-section measurements: a quad-
rupole electric quenching field is applied and the slits
are removed, the result of which is that essentially all
metastable atoms are quenched within the field of view
of the photomultiplier.

FIG. 5. (a) Lyman~ count rate (arbitrary units) for
quenching of H(2S) atoms with detector parallel to (~ )
and perpendicular to (&9 ) electric field, as a function of
detector position & along the beam axis. Incident H(2S)
beam energy is 2.5 keV. (b) Calculated electric quench-
ing field E (V/cm) as a function of detector position Z
along the beam axis; the abscissa is the same for Figs.
5(a) and 5(b). Curve 1 is the result of a numerical inte-
gration of Laplace's equation. Curve 2 is the result ob-
tained from the method described in the text, which
compares the experimentally measured and the theoret-
ical lifetimes of H(2S) atoms in an electric field.
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I (Z) dI~ Ie(Z')dZ'.
v dZ vIe(Z)

(12)

I, (E) is well known theoretically as a function of
gI9 ~

m r 1 (1 4Eay/2
(13)

where E is in units of 475 V/cm and v, =1.6x10 '
sec is the lifetime of the radiative 2P states.

By combining (12) and (13) we obtain the value
of the electric field as a function of I (Z):

E = (~./T, —1)"/(~./r, —2). (14)

To calculate E only one experimental curve Ie(Z)
(8 =0' or 90', for example) is needed. This method
gives the electric strength with a 7~/ uncertainty,
the primary source of error being the calculation
of the integral of the signal. "

The two methods for determining the electric
field give essentially similar results [Fig. 5(b)].
The result using Laplace's equation gives values
slightly too high, which could be due to the use
of plane coordinates for a problem of mixed sym-
metry.

Knowing the electric field at Z, the polarization
is determined by measuring the photon signal with

the detector successively at 0' and 90' with re-
spect to the electric field direction. In both angular
positions photons are counted during a time which
is typically 1000 sec. The small background noise
is measured and subtracted. Total neutral beam
intensity is monitored by measuring the integral of
the secondary-emission current on the neutral
detector, i.e., the secondary electron total charge.
The Lyman-& signal is normalized to this total
charge. Thus errors due to fluctuations of the
beam intensity are eliminated. According to rela-
tion (9), P is very sensitive to uncertainties in

the photon signals, as the difference I"—I' is
needed to obtain P. The relative error due to
counting is typically 1.5/I). The error due to the
monitor is 0.1~/0 and residual misalignment of the
beam can give an additional 0.5% error. Taking
into account all these sources of independent error,
the polarization is known with an absolute uncer-
tainty of about 0.04, which is shown in the bars in

Fig. 6. Results are shown in this figure together
with predictions of adiabatic theory" and sudden-
entry theory~ and with previous experimental
values of Sellin et al." Our results are in rea-
sonable agreement with the previous values and
are situated in the vicinity of the adiabatic theo-
retical curve. The polarization of the Lyman-~
radiation from the quenching of H(2S) atoms in a
transverse electric field is negative, and its

-0 3i

I-
N
IZ

o
tL -0.4—

I 1 I I

Cl

t&

[[

-05—

I

100
I I . I

200 300 400
ELECTRIC QUENCH FIELD ( V/Clvl)

500

FIG. 6. Polarization of Lyman-u radiation as a func-
tion of electric quenching field. Open circles, experi-
mental values |present experiment); closed circles
experimental values (Ref. 33); squares, experimental
value (Ref. 31); triangles, experimental value (Ref. 20);
solid curve, adiabatic theory (Ref. 33) [our theoretical
curve (Refs. 47 and 48) is identical]; broken curve, im-
pulse theory (Ref. 34). As the detector sees a zone 5 mm
long on the beam axis, the polarization measured cor-
responds to an average value of the electric field (hori-
zontal error bars). The vertical error bars include all
experimental uncertainties.

absolute value increases with electric field
strength, reaching -0.50 +0.06 for a field 475 V/
cm." Neglecting polarization in such a field would
give a photon intensity too high by a factor of 1.28
when the detection direction is parallel to the
field. For a direction perpendicular to the field,
the factor is 0.86. The cross section for the for-
mation of H(2S) atoms would be in error by the
same factor.

We have developed a theoretical model in order
to explain the fluctuations of the experimental
values about the adiabatic theoretical curve of P
as a function of E (Fig. 6). In the interest of sim-
plicity, the hyperfine structure has not been in-
cluded in the model. We have numerically solved
the general equation for the amplitudes of the per-
turbed wave function of the H(2S, ~,) atom for a
polynomial algebraic expression of electric field
which corresponds to the actual electric field.
Our theoretical curve is in agreement with the
result of Sellin et al." In addition, however, for
electric fields of less than 20 V/cm, we obtain
a double oscillatory structure which is related to
the 2P, ~,-2S,~, and 2P», -2S,~, splittings. "'" Be-
cause of the limited resolution in electric field in
our experiment, this theoretically predicted double
oscillatory structure is not measurable.

The experimentally measured polarization has
maxima, for electric field values of about 40 and
190 V/cm, and minima at about 140 and 330 V/cm.



10 FORMATION OF H(n= 2) ATOMS BY THE NEARLY RESONANT. . . 805

The electric field, which is shown as a function
of detector position along the beam axis [Fig. 5(b)],
corresponds to a time scale [obtained using the
curve in Fig. 5(b) and the beam velocity, which
is 6.9&&10' cm/sec]. In this manner the time in-
tervals between the two maxima and between the
two minima in Fig. 6 are found to be 1.7 x 10 '
and 1.1&&10 ' sec.

The periods corresponding to the hyperfine
structure of the 2P, ~, and 2P, ~, states are 1.69
x10 ' sec and 4.16&10 sec, respectively. We
note that the order of magnitude of the time in-
tervals corresponding to the experimentally ob-
served fluctuations in P is comparable to these
hyperfine structure periods. It is likely that the
experimentally observed fluctuations in P are
related to an interference phenomenon between
the radiation coming from the mixed hyperfine
levels 2P, /, and 2P, /, .

IV. CROSS SECTIONS FOR FORMATION

OF H(2S) AND H(2P)

A. Experimental procedure

The error in the absolute value of our measure-
ments of the cross section o', is 35Vo. This error
in the absolute value is sufficiently large to mask
small variations in the relative cross-section
values as a function of incident H' energies.

As only relative measurements are needed to
study variations of v, as a function of H' energy,
a method was employed to eliminate the systematic
uncertainties due to calibration of the Cs target
thickness and of the Lyman- detector efficiency.

In order to perform relative measurements, the
H' energy is varied while the Cs target thickness
is maintained constant. The Cs boiler is held at
a constant temperature to within 0.1'C; the Cs
chamber is maintained at a temperature slightly
higher than the boiler and is regulated to within
1'C. The resulting variation in Cs density does
not exceed 5/0. The H' beam passes through the
Cs target, which has a thickness of about 10"
atoms/cm . This is sufficiently thin so that es-
sentially only single collisions occur. Under
these conditions, it is no longer possible to mea-
sure the H' beam transmission P without Cs vapor.
The transmission I3 is not 100/o even in the ab-
sence of Cs because of slight misalignment and
small residual fields, and it changes with H'
energy. To eliminate the unknown transmission
P, the metastable atom intensity I and the re-
sidual proton intensity I, are measured simul-
taneously after the collision zone. In the single
collision range,

(15)

a, o is smaller than 10 "cm'; thus the term cr„II
is smaller than 0.1, and uncertainty in the value
of v, o does not seriously affect 0, . It is to be
noted that the measured value of v, is also in-
sensitive to a fluctuation of the initial H' intensity
Io„since I and I+ vary in the same proportion.

B. Results and discussion

Measured values of the cross section cr, for
the formation of H(2S) in the energy range 0.25-
3 keV are shown in Fig. 7. Between 0.25 and
1.45 keV each point shown is an average of two
measurements with a D'. beam. Between 1.3 and
3 keV each point shown is an average of four mea-
surements with an H' beam. The error bars indi-
cate only statistical uncertainty resulting from the
dispersion of measured values at a given energy.
A 30% additional systematic error due to calibra-
tion of the Cs detector and the Lyman-o. detector
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FIG. 7. Cross sections o'+~ and &+„ for protons in
cesium vapor. 0'+~ is the cross section for electron cap-
ture in the metastable 2S state, 0'+„ for electron capture
in the radiative 2P states. 0'+~ is directly measured in
this experiment; error bars show only the relative er-
ror so as to show the existence of the maxima and min-
ima. e+„ is estimated assuming that all electron capture
is in + =2 states. O: incident H; ~: incident D+ (shown
at equivalent H' velocity).

(16)

where II is the target thickness and a„ is the total
charge-exchange cross section for formation of all
neutral states of hydrogen. v„has been measured
previously. "'" From relations (15) and (16), P
can be eliminated and v, is obtained:
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must be added at each point to obtain the absolute
uncertainty.

state appears in the expression of the Massey
criterion. Perel et al.' have established an ex-
pression for v, (cm/sec),

1. Effects of scattering

The effect of scattering is discussed in Sec. V A
and in the Appendix. It appears that even with a
detector acceptance angle of 0.3', the error in the
H' intensity I, is negligible for a cesium target
thickness no greater than 10" atoms/cm'. The
acceptance angle of the quenching system is about
1'. The scattering of metastable atoms formed
by charge exchange of H' or D' with Cs atoms has
yet not been experimentally studied. In a nearly
resonant charge-exchange collision, the trans-
ferred momentum is small. Furthermore, it is
expected that scattering of metastable atoms at
angles larger than the detector acceptance angle is
comparable to proton scattering, since the electron
of H(2S) is far from the proton. Thus, in the ab-
sence of reliable scattering data on Cs, it is rea-
sonable to assume that the scattering is the same
for all the particles formed by charge exchange
of protons in a thin Cs target. It was verified that
the H intensity formed by double electron attach-
ment of H' was negligible in a thin Cs target.
With this assumption, it can be shown (Sec. VA
and Appendix) that the error in I due to scattering
would not exceed 3/0 for 1-keV D' if the metastable
detector acceptance angle were 0.3'. As the real
acceptance angle is three times greater, the error
in I is certainly much smaller than 3%, and no
correction has been made to the measured meta-
stable atom intensity for the case of a thin Cs
target (II =10"atoms/cm').

The cross section 0,0 for the formation of all
the neutral states of hydrogen has been measured
previously. ""Direct formation of atoms in the
ground state is very rare at low energy because
the energy defect for the ground state is 9.7 eV,
while it is only 0.5 eV for the excited states n =2.
Thus, the difference between cr„and 0, for a
given energy gives an estimation of the cross sec-
tion o,„ for the formation of the radiative 2P states
of hydrogen. The estimation of o,„ is also shown
in Fig. 7.

2. Massey cri terion

There is an evident maximum in o, at 0.5 keV
and a maximum in o,„at 0.9 keV. The well-known
Massey criterion" provides a relationship between
the velocity vo at the cross-section maximum and
the value AE of the energy defect for a nonresonant
charge-exchange process. For small energy de-
fects, bE (eV), Drukarev'0 has shown that the
bound energy I (eV) of the electron in the initial

v, = 8 x 10'(bE/I't')'I'

which predicts a maximum in the cross sections
o, and cr,„ for an energy of 0.84 keV. The pre-
dicted maximum lies between the experimentally
observed maxima of o, and 0,„. By using the
semiempirical wave functions of Rapp and Fran-
cis,"Qlson et al."have obtained a slightly differ-
ent relation for v„

v, =14.5x10'bE/I'I',

which predicts a maximum in the cross sections
for an energy of 0.675 keV. Again, the predicted
maximum is located between the observed maxima
of o, and 0,„.

3. Cascade effects

Cascade effects from excited states with n & 2
have to be considered. The energy defects for the
states n=3 and n=4 are 2.4 and 3.0 eV, respec-
tively. It would be expected a Priori that the cor-
responding cross sections have their 'maxima at
higher energy than for n =2. According to the
Massey criterion, the maxima for the cross sec-
tions for electron capture into states of n =3 and
n =4 are expected to occur at an energy greater
than 2 keV, so the secondary maximum observed
in the cross section o, at 1.35 keV is probably
not due to a cascade effect. Furthermore, the
branching ratios are well known for hydrogen. "
Only 12% of the created 3I' and 4P states, and
5 /p of the 4S state, decay to the 2S state; the
remaining atoms decay to the ground state. Thus,
the influence of cascade effects is certainly small
even at energies between 2 and 3 keV. However,
the poorly resolved maxima observed above 2 keV
in cr, could be explained by such cascade effects
from the 3P, 4P, and 4S states. We assume,
therefore, that the cross section 0, exhibits,
between 0.5 and 1.5 keV, a structure which is due
to the shape of the potential curves of the quasi-
molecule (CsH)'. A discussion of the theoretical
aspects of the collision is given in Sec. IVB 5, al-
though the exact potential curves of (CsH)' are not
yet known.

4. Comparison saith other results

The present results for o,. compare unfavorably
with those of previous experiments, which is not
surprising. given the difficulty of making absolute
measurements of cross sections for formation of
H(2S) atoms, and noting also that previous results
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di fer by as much as two orders of magnitude. The
results of Sellin and Granoff' are roughly an order
of magnitude larger than the present results. This
discrepancy could arise from the dubious procedure
of noxmalizing the cross section e, to one-quarter
of the cross section 0+, measured by Il'in et a/."
at 10 keV. Not only is the assumption that 0+
=&a,0 doubtful at this energy, but, furthermore,
the value of o+0 of Il'in et a/. is twice as large as
the value measured by Schlachter et a/." The
reported values of Cesati et a/. ' are lower than the
present results by at least a factor of 30. The
reasons for this large discrepancy are not known.
The results of Donnally et a/. ' are, on the average,
roughly in agreement in magnitude with the present
results, but show essentially no structure in the
energy range considered. In view of the normaliza-
tion procedure used and other experimental uncer-
tainties, the apparent agreement in magnitude
could be fortuitous.

The most reliable verification of the present
results is a comparison made by Tuan et a/. ,"who
used their measured values of f and reported
values of o„(Ref. 20) to calculate o, . The re-
sults of the two experiments, obtained by two
entix'ely independent methods, are in agreement
to within the stated accuracy. This is further dis-
cussed in Sec. IVB6, where values of f are com-
pax'ed.

intermolecular potentials E&(R} E—&(ft) .By using
an empirical form of H„(A) established by Olson
et al."and the energy difference E, (~) -E&(~)
=0.0181 a.u. of the separated atom states, the
critical distance is found to be 9.7 Bohr radii,
and is the same for the two excited states E, and

E,. After reaching the turning point, the colliding
partners separate and cross the critical region
again. It is then possible to calculate approxi-
mately the transition probabilities for the two
excited states by applying the well-known Demkov
formulas. If no additional interaction occurred, the
cross sections e, and v,„would be determined
by independently integrating these probabilities
over all impact parameters.

Because the energy diffexence E, -E, is always
smaller than E, —E„ the cross section o,„would
be expected to be larger than 0, for all energies.
However, because the two excited states E, and

E, are correlated to a degenerate state of the
separated atoms, a significant coupling between
them occurs at large separation due to the Coulomb
effect of the Cs' ion, "so that the two-state ap-
proximation used to calculate the cross sections is
insufficient. In this long-range region, the electric
field I/R' can be considered as uniform in an area
the size of the perturbed hydrogen atom.

The molecular wave functions of the 'Z' states
are well approximated by.

5. Theo~eti ca/ approach

When the two colliding partners of the initial
system H'+Cs approach each other, the energy
of the quasimolecule (CsH)' changes along the
'Z'(Cs 6s) ground state curve E„which is sche-
matically represented in Fig. 8. At intermediate
distances, where the total wave function of the
quasimoiecule changes from an atomic to 'a molec-
ular basis, nonlocalized radial couplings occur
between the ground state and the two lowest excited
states 'Z'(H 2s) and'&(H 2p,)having the same molec-
ular symmetry. The operator responsible for the
transitions, in the impact parameter formulation, '6

is &g&l slsRl&, ), where g, and g, are the adiabatic
molecular wave functions of the two states con-
cerned, and where R is the interatomic distance.
These excited states are corx elated, along the
potential curves E, and E„ to the degenerate state
Cs'+H(n =2) of the separated atoms. In a first
approximation, only the 2s and 2p, orbitals of
hydrogen and the 6s orbital of Cs are linearly
combined to obtain the 2E' molecular states.

Following the analysis of Demkov, "the transfer
of charge mill occur in the vicinity of a critical
distance R, where the coupling matrix element
H„(R) equals one-half the difference between the

E2 1~(e +t )
0

0j ~ ~+la ~1IIO

E,I2 QE- 6/R2

Cs++ H (2s)

l
[Cs + H (2p~ +, )

hE = 0.0181

&c

j

Rc=9 7
lNTERNUCLf AR DISTANCE R

FIG. 8. Qualitative representation of the charge trans-
fer processes involving adiabatic potential energy curves
of the quasimolecule (CsH)+. Prebminary results have
shown that the two lowest Z&g& states of (CsH)+ are bond-
ing while the third 2Z&+y& state is not bonding. The entry
channel (Cs+ K') has an energy curve l,ower than the
exit-channel curves I;Cs+ H(n = 2)], the asymptotic value
of the energy difference being 0.0181 hartree. Badial
coupling due to nuclear motion results from the break-
down of the Born-Oppenheimer approximation and induces
transitions in the vicinity of R~ = 9.7 Bohr radii gong ver-
tical arrows). At large R the two excited &&+i2 states
are coupled (small vertical arrows) and their probabili-
ties ca interfere.
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where Pc, , P„, and P» are the atomic wave func-
0

tions of the ground state of cesium and the 2s and

2P, states of hydrogen. It is well known from spin-
less Stark-effect time-dependent perturbation
theory that the energy separation of the perturbed
hydrogen atom will be asymptotically E, —E, =6/R'
while the coupling matrix elements are dominated
by off-diagonal terms like -3/R', where R is time
dependent as v t. According to this additional
interaction between the two populated E, and E,
states, the respective probabilities can interfere
as a function of the velocity v. If Jere is a part
of the probability phases which is not strongly
dependent on the impact parameter, the inter-
ference effect can subsist after integration over
all impact parameters in such a manner that the
resulting o, and o,„cross sections can exhibit
oscillations in opposite phases as a function of the
velocity v. Of course, the sum o„=o, +o,„does
not show any interference effect in that case be-
cause the total probability for transition to the
two excited states remains constant.

An additional complication arises from the 'll
molecular excited state resulting, in a first ap-
proximation, from the 2p» orbitals of hydrogen.
This excited state can be rotationally coupled to
one or several molecular states of different sym-
metry. In fact, the separation between the region
where the excited E, and E, states are populated
and the region where the corresponding proba-
bilities can interfere is not as marked as the
preceding discussion assumes. A complete treat-
ment, including the three molecular states, is
necessary to interprete the observed structure of

z 5—0 '

U
e

The lower-bound values are determined by mea-
surement of the D current after single collisions
in two Cs targets, the first to form either D(lS)
or D(2S) and the second to form D . By applying
a quenching field between the two collision cells
and by assuming that o~ »o„(&r~ and o are
the cross sections for electron capture by a D
atom in the ground state and in the metastable 2S

state, respectively), they found that the lower
bound of f has a maximum value of 0.33 at a proton
energy of 0.4 keV.

Tuan et al. have obtained f without calibration
of the Lyman-0. detector by detecting Lyman-o.
photons emitted from the collision region both
with and without an electric quench field applied
in this region. They found a maximum val ~e f
=0.43 +0.03 at 0.5 keV; the error bars include all
sources of uncertainty except those due to polar-
ization of the Lyman-& radiation and to cascade
effects. The present work gives a value f =0.55
+0.075 at 0.6 keV, where the error bars include
only statistical uncertainty. An additional 35@
systematic error due to calibration has been dis-
cussed in Secs. IVA and IVB. The results of the
present experiment, taking into account this addi-
tional 35% uncertainty, are thus seen to be in
agreement with those of Tuan et al. The results
for f of the present experiment are less accurate
than those of Tuan et al. , as it is necessary to take
the ratio of two absolute measurements, hence the
large error bars. This agreement is, nonetheless,
satisfying, as the two experiments used entirely
different methods. We note also that the low'er

6'. Metastable atom fraction: ComParison

soph othe' results

The metastable atom fraction f in the outgoing
neutral beam is the ratio of the number of atoms
formed in the 2$ state to the number of atoms
formed in all n =2 states as the result of a single
collision of a proton in Cs vapor. The fraction f
represents the efficiency of the reaction to form
metastable atoms. If cascade effects are negligi-
ble, it is equal to the ratio of the two cross sec-
tions 0, and o„. An estimation of the fraction
f is shown in Fig. 9 and is compared with direct
measurements of Tuan et al."and with lower-
bound values obtained by Donnally and O'Dell. '

I I

1 2
PROTON ENERGY ( keV )

FIG. 9. Metastable atom fraction in the outgoing neu-
tral beam as a result of a single collision of H in Cs
vapor. Solid curves, 1ovrer-bound values of Do»~lly
a~ O'Dell (Ref. 56); closed circles, direct measure-
ments of Tuan gg al. beefs. 26 and 27); open circles,
present work. The three methods used to obtain f are
entirely different and show a maximum value at the
same energy.



10 FORMATION OF H(n=2} ATOMS BY THE NEARLY RESONANT. . . 809

bound of Donnally and O'Dell is indeed lower, and
has its maximum value at the same energy as our
results and those of Tuan et al.

It is probably justifiable to say that for H' ener-
gies between 0.75 and 2.5 keV, f -0.25, which is the
result to be expected if the sublevels of the n =2
state are statistically populated. We note that Tuan
et aI foun. d that f =0.25 +0.01 for energies between
0.75 and 3.0 keV. It is not clear from the results
whether f has a maximum near 0.5 keV or whether
f -0.5 for energies 4).5 keV.

V. INFLUENCE OF MULTIPLE COLLISIONS
IN THICK CESIUM TARGET

A. Experimental procedure

In order to study multiple collisions in the H'
+Cs system, the Cs cell is slowly heated so that
the Cs vapor thickness II varies in time from 0 to
10" atoms/cm'. The intensities I'„ I', and I'
of the three components H', H, and H(2S) are
simultaneously measured as well as the secondary-
emission intensity of the neutral atom detector.
When corrected using the secondary-emission
coefficient (Sec. IIIA), the neutral detector inten-
sity gives the sum of the H(2S) atom intensity I'
and the H(1S) atom intensity I,' resulting from the
decay of the radiative 2P states. The incident
H' (or D') beam is monitored by the retractable
Faraday cup located in front of the entrance of the
Cs cell. Reduced component intensities I„I,I, and I~ are obtained by normalizing the intensity
of each beam component to the initial H,

' (or D'}

intensity I, measured by the monitor. The sum of
the four reduced component intensities Ir(II),
which is the beam transmission, is then calculated
and can be compared to its initial value P =Ir(JI =0}.
Typical variation of Ir(II}with II is shown in Fig.
10 for a 1-keV incident D' beam (equivalent to a
0.5-keV H' beam). The initial transmission was
0.75. Generally Ir(II) exhibits a linear decrease
with II due to the scattering of the four beam com-
ponents at angles larger than the detector accep-
tance angle. As it is not possible to investigate
separately the influence of scattering for each of
the four components, it is assumed that all the
reduced intensities are affected in the same ratio
by scattering. This is justified in the limit of a
very thick Cs target, where multiple collisions
take place. For a thin target, the assumption is
also justified, as was discussed in Sec. IVB1.
Thus, it is for intermediate Cs target thicknesses
that the assumption is less reliable. However,
even in that case it can be expected that scattering
of metastable atoms is comparable to proton scat-
tering, since the electron in H(2S) is far from the
proton, so that, in part, the assumption is justi-
fied. A total scattering cross section v~ for angles
larger than the detector angles can be defined
from the linear variation of Ir(II) with II. For a
1-keV D' beam, v~ is found to be 3.10 "cm'.
Finally, the four reduced intensities have been
corrected in the same ratio for scattering. The
fractional yields F+, F, F, and F~ are obtained.
By definition F, +F +F + E~ =1.
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FIG. 10. Typical beam transmission vs Cs target
thickness for an incident 1-keV D+ beam (equivalent to a
0.5-keV H+ beam). The transmission is obtained by add-
ing the four component intensities I+, I, I~, and I~
normalized to the incident beam intensity I+0. The 0.75
initial transmission (without Cs vapor) results from
slight misalignment and small residual fields. An aver-
age scattering cross section cr& can be deduced from the
variation of the transmission: 0'&= 3&10 8 cm .

FIG. 11. Typical fractional yields as a function of Cs
target thickness ~ for an incident 1-keV D' beam. The
yields &+, F~, F~, and F (shown multiplied by 2) are
the fractions of the beam in the positive, metastable 2S,
ground, and negative charge states, respectively. The
H(2S) fractional yield exhibits a maximum and goes to a
near-zero equilibrium value for infinite thickness, indi-
cating the predominance of collisional destruction of
H(2S) atoms.
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B. Results and discussion

Typical fractional yields obtained as a function
of Cs target thickness II are shown in Fig. 11 for
incident 1 keV D'. In the given energy range
(0.5-2.5 keV), the experimental data representing
the fractional yield for each component have the
same form as in Fig. 11. When II increases one
notes an exponential decrease of the H' fractional
yield F, . Simultaneously the H(2S) fractional yield
F increases (Fig. 12). When II is much larger
than 10"atoms/cm' multiple collisions are not
negligible and the metastable atoms can be colli-
sionally deexcited. F increases nonlinearly with
II up to a maximum value. This maximum value
increases with decreasing energy. The maximum
of F~ occurs for a Cs target thickness of about
1.2x10" atoms/cm'. The values of the maximum
of F are shown in Table I with a 35/o uncertainty.
It is to be noted that a maximum of 31% of the
incident D' beam can be transformed into meta-
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M
C4

x

2. 1
& amon

stable atoms at 1 keV. For values of II above that
at which the maximum occurs F decreases and
apparently goes to a near-zero equilibrium value,
indicating the predominance of collisionaldestruc-
tion of the metastable atoms. The ground-state
fractional yield E and the negative fractional yield
E increase monotonically with II. In the vicinity
of II =6x10" atoms/cm', F reaches a limiting
value which is greater than 0.80 in the studied
energy range. The negative fractional yield F
exhibits behavior typical of a two-step process,
as shown in Fig. 11. In the Cs target-thickness
range studied, E does not reach an equilibrium
value, contrary to what would be expected. The
reason for this might be that the effect of scat-
tering has not been correctly taken into account,
or that there is secondary-electron emission on the
guard ring of the Faraday cup. In any case, E is
small, and does not have an important influence
on the accuracy of the other three fractional yields.

We have calculated the destruction cross section
for metastable atoms by use of the charge-exchange
differential equation. The four component charge-
exchange differential equations are integrated, and
a nonlinear least-square analysis is used to fit
the calculated fractional yields to the experimental
data, which determines values for the cross sec-
tions. The calculated fractional yields are shown
as solid curves in Fig. 11 for incident 1-keV D'.
The apparent agreement between the calculated
fractional yields and the experimental data has to
be considered cautiously, since it proves neither
the correctness of the experimental data nor the
correctness of the obtained cross-section values.
With this method, the accuracy of the calculated
cross sections is difficult to estimate. Scattering
is probably the main source of error in the ex-
perimental data. Thus, it seems reasonable to
assume that an upper bound on the error in cal-
culated cross sections is the total scattering cross
section o~ measured by adding the four fractional-
yield components. The calculated cross sections

CESIUM TARGET THICKNESS TT(10 atoms/cm )

FIG. 12. H(2S) fractional yield as a function of Cs
target thickness & for incident H' energies between 0.5
and 2.5 keV. The H(2S) fraction shown in this figure is
the fraction of outgoing beam in the 2S state rel.ative to
the total outgoing beam, and is not to be confused with
the metastable fraction f relative to the outgoing segtral
beam shown in Fig. 9. The position of the curves along
the ordinate axis is proportional to the energy, thus per-
mitting interpolation for a energy not shown. One divi-
sion along the ordinate corresponds to a 10% fractional
yield. The curve shown as 0.5 keV H" energy was actual-
ly D+ at 1 keV.

Proton energy
(keV)

Maximum metastable
fractional yield

0.5(a': 1.0)
0.7
0.9
1.2
1.5
2.1
2.5

0.31
0.27
0.20
0.18
0.21
0.15
0.09

TABLE I. Maximum fractional yield of H atoms in the
metastable 2S state after charge exchange of H" in Cs
vapor, relative to total beam after passage through the
target.
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having values less than oT are assumed to be in-
significant. As was pointed out in Ref. 20, calcula-
tion shows that the primary destruction cross sec-
tion for metastable atoms in Cs is the deexcitation
cross section o'~, which is about 5&10 "cm' in
our energy range. The electron attachment cross
section o is an order of magnitude lower, and
the detachment cross section o, is not measurable
by this technique.
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~I =II '
dQ,

e

hI =II ™dQ,
do+m

e

4I =II dQ,
do'+g

so that ~I, +~I +~I, =IIoT.
According to the discussion in Secs. VIB and VA,

if one assumes that scattering is similar for the
three beam components at angles greater than the
detector acceptance angle, the following relation
applies:

' dQ v+= '
dQ v,

dQ e

APPENDIX: ERRORS IN THE MEASURED INTENSITIES
IN A THIN CESIUM TARGET

For a thin cesium target and for detector ac-
ceptance angle 8 (half angle) the measured re-
duced intensities are

I, =l-ll(o, +o, )-rl 'dn,do'+

e

e do

0

' d(r

0

where do„/dQ are the differential'inelastic cross
sections for formation of beam components i, and
do, /dQ is the differential elastic cr'oss section for
protons in cesium. The direct formation of H

(double electron attachment) may be neglected, as
shown in Fig. 11. The total measured reduced in-
tensity is

&o'+ m

e

=1 -IIo Tp

where Ilo'T is the loss of total intensity and can be
easily measured (Fig. 10). The absolute errors
due to scattering of each intensity are, respective-
ly,

"' dn/o, g
=

dQ '~ o'+ + o+~+ o+g

In the sum o', +o', +cr,~ the total elastic cross
section o', is comparable to o'T and is negligible
compared to o', +o, =o', 0 so that the error of the
intensities, can be estimated:

'I, -llo, o /o„, ~I -IIo, o /o„,
~I, -no„o,/o„.

The relative errors are

'I, /I, -LIo,or/o„-Ha'/o„,

b, I ~&+ m&T (TT

I o„ll(o, —o, or/o„) o„—or '

'I,/I, -or/(o„—or).

For II =10" atoms/'cm' and for 1-keV deuterons,
the measured cross-section values are o'T =3
&&10 "cm o+o=l &&10 "cm' thus

bI /I 0.1%, 'I /I =~I/I 3%.

An upper bound for ~I /I may be obtained by
assuming that the total scattering is due only to
the ~etastable atoms. In this condition, the error
would be

~I /I -or/(o, —or)-5.5/p.
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