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Measurement of excited-state charge exchange reactions
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A microwave-resonance optical detection technique has been used to study the charge exchange

reaction in which 49-keV protons incident on nitrogen and hydrogen molecules form hydrogen

atoms in the n =3 state. Hydrogen atoms formed in the n =3 state in the charge exchange cell pass

through a radio-frequency field, and the Balmer-a light emitted by the atoms is monitored. Mea-

surements are made with the microwave electric field both perpendicular and parallel to the direc-

tion of the proton beam and for light polarized both parallel and perpendicular to the beam direc-

tion. Through a detailed analysis of the observed resonances, the partial cross sections for capture

into each of the angular momentum states (L and Ml ) are determined. The population of any state

in the n =3 manifold can be calculated from these cross sections.

I. INTRODUCTION

The process where a proton captures an electron from a
target atom or molecule to form a ground- or excited-state
hydrogen atom is a basic collision reaction which is
relevant to a wide area of pure and applied physics. Not
only is this reaction a fundamental one which can be used
to test our understanding of simple collisions, but there
are many processes which are dependent on electron cap-
ture by protons. Charge exchange collisions are used to
produce excited atoms for fast-beam precision measure-
ments of the Lamb shift and fine structure of one-electron
atoms ' and to produce metastable beams for experiments
searching for weak-interaction parity-violating effects in
hydrogen. Electron capture is important in thermonu-
clear fusion research for understanding atomic processes
in plasmas, for production of intense neutral beams to
heat the plasma, and for determining plasma parameters.
Charge exchange collisions are important in a wide variety
of astrophysical phenomena ranging from the evolution of
the early universe to the aurora borealis.

Because of their importance, a great deal of effort has
been devoted to measuring and calculating charge ex-

change cross sections. " The calculations are quite suc-
cessful in the low-energy region where the velocity of the
projectile is much less than the velocity of the orbiting
electron and one can use a molecular-orbital approach and
in the high-energy domain where one can use the Born ap-
proximation. It is still not clear, however, how to calcu-
late the cross sections in the intermediate-energy range
where the velocity of the projectile is comparable to the
velocity of the orbiting electrons. Much of this dlffl-
culty is centered on the correct treatment of the wave
function for the electron which switches from the target
atom to the projectile ion in the co11ision. This problem is
usually referred to as the momentum-transfer problem. It
may be necessary to carry out a full integratio~ of the
Schrodinger equation with no approximations to over-
come this problem. ' ' There are only a few calculations

which pmvide the partial cmss sections for capture into
all the angular momentum sUbstates belonging to a given
principal quantum number and thus give a complete
description of the charge capture collision.

A detailed test of the ability to calculate the cross sec-
tion is provided by measurements of the partial cross sec-
tions for capture into each of the angular momentum
states belonging to a given principal quantum number for
protons incident on target atoms or molecules. Several
measurements of the partial cross sections for capture into
the 2s and 2p states of hydrogen which utilize the unique
properties of the n =2 manifold ' ' have been carried
out. Some measurements of the partial cross sections for
capture into the n =3 and 4 manifolds of hydrogen have
been carried out using an analysis of the time dependence
of the light emitted subsequent to an electron-capture col-
lision to determine the partial cross sections. ' ' These
measurements are subject to large errors because of the
difficulty of resolving a single observed decay curve
unambiguously into the sum of three or more exponential
curves. The results are ambiguous due to the disagree-
ments between the different observers. These experiments
are limited in that they do not determine the partial cross
sections for capture into each of the magnetic substates
belonging to a particular angular momentum state.

This paper gives a complete report on an experiment
which used a microwave-resonance optical detection
(MROD) method to study excited-state electron-capture
collisions for protons incident on hydrogen and nitrogen
molecules. Using this method we have been able to deter-
mine the partial cross sections for capture into each of the
I.,M& states for the n =3 manifold of hydrogen. This pa-
per gives in succession an overview of the experiment, the
theory for the experiment, a description of the apparatus,
the procedure used to take data, the results of the rnea-
surements, and the conclusions. A preliminary report on
the measurements for a nitrogen target has been published
elsewhere. The technique used can be traced to measure-
ments carried out earlier on the n =4 manifold of hydro-
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II. OVERVIE%'

Figure 1 shows a schematic diagram of the experiment.
Fast protons enter the gas cell where some of them cap-
ture an electron through collisions with the gas molecules
and form hydrogen atoms in an excited state. The
excited-state atoms are detected downstream by a filter-
polarizer-photomultiplier combination which measures
the light from the states in a particular n manifold. An
intervening microwave electric field is used to drive tran-
sitions between adjacent I. levels within the n manifold be-
ing studied. The fractional change in the light emitted
when a particular transition is driven gives a measure of
the difference in population of the levels involved. Figure
2 shows the energy levels and observable electric dipole
microwave transitions for the n =3 state of hydrogen.
For each transition one observes the change in light inten-
sity for the microwave electric field both parallel and per-
pendicular to the beam and for the emitted light polarized
parallel and perpendicular to the beam. A precise under-
standing of the dependence of the observed signals on the
populations of the atomic sublevels makes it possible to
determine the partial cross sections for charge capture
into each of the I.,ML states of a particular n manifold.

2
1/

FIG. 2. Energy levels and allowed electric dipole transitions
for the n =3 manifold of atomic hydrogen.

The signal is defined as the fractional change in the
light detected when the microwave field is switched on
and off. In order to determine the electron-capture cross
sections it is necessary to understand in detail how the sig-
nal depends on the state of the excited atom produced in a
charge exchange collision. In this section we will calcu-
late the signals for the situation in which a fast proton
captures an electron in the target to form an excited atom,
and after passing through a radio-frequency field the ex-
cited atom emits a photon which is detected. Our descrip-
tion of the signals is a generalization of earlier work of
Silverrnan and Pipkin. Even with an accurate
knowledge of how the signals depend on the cross sec-
tions, it might not be possible to derive a unique value for
the cross sections from the data. In the latter part of this
section we examine the number of measurements required
to determine uniquely the cross sections.
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FIG. 1. Schematic diagram of the mi.crowave resonance opti-
cal detection experiment used to study charge exchange col-
lisions.

A. Electron-capture collisions

The electron-capture collisions between the fast incom-
ing protons and the relatively stationary atoms or mole-
cules take place in the target and produce fast excited hy-

drogen atoms which exit the target region. A complete
description of the collision is given by the momenta and

quantum states of both the initial proton and target atom
and the final hydrogen atom and target ion. This experi-
ment will be concerned with the situation where the in-
coming proton beam is monoenergetic and unpolarized,
the initial target atom or molecule is relatively stationary
and in the ground state, and the resultant cross sections
are averaged over the states of the final target ion and in-
tegrated over the scattering angles. The result of the
electron-capture collision is specified by the excited- and
ground-state amplitudes of the hydrogen atom.

A complete description of the hydrogen atoms is given
by the density operator p. Neglecting coherences between
different n manifolds there are [2n (4n + 1)—I] indepen-
dent density-matrix elements for each manifold. For
n =3, it requires 129S real numbers to describe completely
the most general density matrix. Since it is experimentally
impractical to determine all these parameters general ar-
guments must be used to simplify the density matrix. The
Hamiltonian describing the collision will consist of kinet-
ic, Coulornbic, and spin-dependent terms. It is expected
that to a good approximation the collision will not depend
upon either the electron or proton spins. In the uncoupled
angular momentum basis, n, I.,S,I,ML, Ms, M~, this re-
stricts the nonzero density-matrix elements to ihe follow-

ing types:
LSIMLMSMI LMI

~n'L'SIMI' M~ MI ~n 'L 'ML M~M~ MIMI'

Since in the absence of any external fields the only pre-
ferred axis is the beam direction z and the initial target
atom is in the ground state, the collision will possess rota-
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tional symmetry around the z axis and reflection symme-
try through any plane containing this axis. The first syrn-
metry restricts the nonzero elements to those where

ML ——ML,' the second symmetry requires that the density-
matrix elements satisfy the equation

MI +MI'
P. L -M,', ,

' =(—1) '

Coherences between different n levels are generally unob-
servable in an experiment with a macroscopic length tar-
get, macroscopic detection window, or narrow detection
bandwidth due to averaging of the rapidly oscillating
phases. Thus only density-matrix elements with n =n'
are effectively nonzero; this uncouples the different mani-
folds and leaves n (n + 1)l2 diagonal elements which
represent the collision-produced populations and

I

n (n —1)l6 off-diagonal elements (L&L ') which
represent coherences between orbital angular momentum
levels. For n =3, there are six parameters

3L
I
M

3L IML I

for the populations and four complex parameters
3L IM

p3L'I ML
~

for the coherences.
The microwave field interacts with atoms in states

which are eigenfunctions of the total Hamiltonian of the
hydrogen atom which includes the electron and nuclear
spins. The density matrix in this coupled angular momen-
tum basis, nLJFMF, can be found by using Clebsch-
Gordan coefficients,

nL JFM~
PnL 'J'F'M~

I I I
ML ~M~~MI~MI ~M~ ~Mr

nLSIML Ms M
p L,srM, M, M, (LSMLMs

l
JMI ) (JIMJMI

I
FMF ) (L'SMLMs

l

J'MI )

x (J'IM,'M;
l
F'M,'),

where
MJ ——ML +Ms ——MF —MI,

ML +Ms ——M
Evaluation of Eq. (2) with the previous model for the
electron-capture density operator yields the following four
types of nonzero density-matrix elements (labeled 1, 2, 3,
and 4, respectively):

nLJFMF

pnLJFMF

nLJF'MF

PnLJFMF '

nLJ'F'MF (3)

PnL JFMF

nL'J'F'MF
PnLJFMF

Type-1 elements are diagonal elements describing the pop-
ulations in this basis; types 2—4 are off-diagonal elements
describing coherences induced by the collision-produced
coherenees between different L levels and the coupling of
nuclear and electron spins. It will be shown later that the
present experiment is not sensitive to the type-3 or -4 ele-
ments. Type-1 and -2 elements are summarized in Tables
I and II for the n =3 manifold. Elements with negative
MF can be derived using a relationship obtainable from
Eqs. (1) and (2), namely,

nLJF' —M~ F+F' nLJF M~
PnL JF—M~ PnL JFM~

F
( 1)F+F' F (4)

B. Non-electron-capture collisions

So far only single collisio~s which result in the capture
of an electron have been considered. There can also be
collisions which cause excitation of a previously formed
atom, ionization or quenching of the excited states, de-
crease of the ion beam due to production of other states,

(2)

dz
ponn+ +posnp, (sa)

dnp

dz
ponn+ p~sn0 ~ (5b)

where cr„,o., are the total capture and stripping cross sec-
tions, p is the gas density, and n+, no are the ion and neu-
tral currents. These coupled equations can be solved for a
constant density target to yield

0n+n+= Io, +o.„exp[ —p(o;+o.„)z]J, (6a)
Os+On

0n+
np —— cr„ t 1 —exp[ —p(o, +sr„) ]Iz, (6b)

Os+n

where n+ is the initial ion current and z is the distance
into the target.

The growth of an excited-state current n' will be
described by

dn —'|I'n
po in +poe n+ +poe np,

dz V
(7)

where y is the spontaneous decay rate, v is the beam
speed, and o.I, u„and o, are the cross sections for col-
lisional loss of n*, charge capture into n', and excitation
of np to n* averaged over all the states. Combining Eqs.
(6a), (6b), and (7) and solving for n" yields the excited-
state population for a target of length I.

I

formation of H, and elastic scattering. Since the cross
section for formation of H is small, and the elastic
scattering cross section is strongly peaked in the forward
direction, we will neglect these two processes. For the
present analysis of the remaining collisions in a finite
length target, we will examine only the diagonal density-
matrix elements or populations. The loss of ions and for-
mation of neutrals can be written
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TABLE I. Type-1 diagonal density-matrix elements for the n =3 manifold of hydrogen. The matrix
nLJFMF

elements p LJFM are related to the six parameters o„LM describing the partial cross sections for theL
electron-capture collision.

nLJFMF
PnLJFMF

0

3
2

3
2

3
2

3
2

5
2

5
2

5
2

5
2

5
2

5
2

1

2

1

2

3
2

3
2

3
2

3
2

0 2 1

3 0311+ 3 310
2 1

3 +311+ 3 310
2 1

3 311+ 3 ~310
1 2
3 311+ 3 310
5 1

6 O311+ 6 O310
1 2
3 ~311+ 3 310
1 1

2 311+ 2O»0

O 311

3 2
5 O 321+ 5 O'320

3 3 1

5 &322+ 10 O321+ 10 &320
3 2
5 O321+ 5 320
1 1 3
5 322+ 2 321+ 10 320
4 1

5 ~322+ 5 O321

2 3
5 4 321+ 5 &320
2 2 1

15 ~322+ 3 O 321+ 5 O 320
13 2
15 322 + 15 O'321

2 3
5 O321+ 5 O320

1 8
15 322+ 15 321+ 5 +320
1 2
3 322+ 3 O 321

~322

0
PP1 +n'=

s+~n
' " (1—expI —[y/u+(o, p)]L])

y/v +oIp

cr„(cr, cr, )Iex—p[ —p(o, +o„)L]—exp[ —(ylu+otp)L]I+
y /u +pcTt —p( (le +o~ )

(8)

Expansion of Eq. (8) in a low-density limit yields

1
1 — 1—

1 —exp( yL /u)—1

yL/u
1 —exp( yL/u)—n'=n+(pLo, )

yL /u

e—o„pI. 1—
Oc 1 —exp( yL/v)—1 + 0 0 ~

yL/u

This equation shows that the excited-state current wi11 be linearly dependent on the ion current, target density and
length, and the capture cross section if pL is small. Since the purpose of this experiment was to measure electron-
capture cross sections, the target was operated in this low-density regime where the signals depend only on the electron-
capture coHisions.
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TABLE II. Type-2 off-diagonal density-matrix elements for the n =3 manifold of hydrogen. The
nLJFMF

matrix elements p„LJF M are related to the six parameters o.„LM describing the partial cross sections for
F L

the electron-capture collison.

L

3
2

3
2

5
2

5
2

MF

3
2

3
2

5
2

5
2

F' nLJFMF
pnLJF MF

(V 3/6)(CT311 &310)

(3/3/1o)(2~322 C 321 C 320)

(')/2/15)(~322+2C 321 3C 320)

(2V 5/15)(cr322 321)

C. Free-field evolution

After the formation of the excited-state atom, the atom
will transverse a field-free region where the density opera-
tor evolves according to the equation

field-free region after the target as a function of the six

o„L, ~M
~

parameters.

D. Atom-microwave field interactions

dt i%
[p(t),H,«], (10)

where H„, , the complex atomic Hamiltonian, is

H„om ——Hp+H ),

H0
~

a ) = irtco,
~

a ),

H, ~a)= ,'iy ~

—a)—.

Solution of Eqs. (10) and (11)provides the evolution of the
density matrix in a field-free region,

The most critical part of a MROD experiment is the in-
teraction of the excited-state atoms with the microwave
field. The oscillating electric field drives electric dipole
transitions which alter or rearrange the excited-state popu-
lations. The effect of these transitions are later observed
through changes in the visible light emitted in the spon-
taneous decay of the states. It is necessary to obtain an
accurate understanding of the atom-field interaction in or-
der to be able to interpret correctly the observed signals.
This analysis will assume that the electric field is a mono-
chromatic microwave field though, in general, other fields
such as a laser or constant electric or magnetic field could
be utilized to probe the excited-state populations.

The Hamiltonian describing the atom-field interaction
can be written as

P~P(t) =P~P(t0)eXp[ (iC13 p+y p—)(t —t0)],
H =H„, +Hf„g+H;„, ,

CV~p= (CO~ —COp), (12) where

y p=(y +yp)/2. H;„,=2 Vcos(cot +5), (15a)

Equations (12) can be used to generalize Eq. (9) to include
the coherences. By averaging Eqs. (12) over a target of
constant density p and length 1., the density matrix at the
target exit becomes

1 —exP[ (ico p+y p)L/v]—
(13)

The factor in square brackets shows how the exponential
decay decreases the populations and coherences in a finite
target. The co~pL/v term in the denominator causes the
coherences with large energy separations to average quick-
ly to zero. In particular, the types 3 and 4 and especially
the n&n' coherences will be greatly reduced. Tables I and
II and Eqs. (12) and (13) describe the density matrix in the

d Ep e r.Ep
(15b)

H,« is the Hamiltonian described in Eq. (11), and Hr„id
is the Hamiltonian describing the radio-frequency field
which we treat classically due to the large number of pho-
tons. H;„, describes the interaction of this external field

of amplitude Ep with the atomic electric dipole moment

d. Initially we will assume that all the atoms enter the in-
teraction region at the same phase 5 and that the field has
a constant magnitude and direction. The axis of quantiza-
tion z will always be chosen to be along the radio-
frequency electric field and the density operator in this
coordinate system will be calculated by using the ap-
propriate rotation operators. Later we will generalize the
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results to describe the situation where the atoms enter at
random phases and the amplitude and direction of the
field varies spatially.

Instead of solving for the evolution of the density ma-

trix directly, it is mathematically more convenient to solve
for the state amplitude a;(t) and use this solution to calcu-
late the density matrix, pi (t) =a; (t)a;*(t). From the
Schrodinger equation, the following set of coupled equa-
tions are obtained for the amplitude:

I

da (t) y
t'co + a (t)

t 2

V a (t)(et(tat+5)+e i—( rat+S))

k=1
(16)

where V t, =(a
I

V
I
k) is the dipole matrix element.

Evaluation of these matrix elements in hydrogen for the
case in which the field is along the z axis yields

(nLi J)F(Mi
I
z

I
nL2J2F2M2) =( —1)"+" ' —', n((2Fi+1)(2F2+1)(2Ji+1)(2Jp+1)

X(2L(+1)(2L2+1)In —[max(L), Lq)] I
)'

X '
1

J) J2 1 L) I2
r

J2 J)

1 I'"2 1 I' )

2
M2 0 —M)

L) 1 L2

000 (17)

where the large parentheses and the large curly brackets
denote, respectively, the usual 3-J and 6-J symbols. The
solution to Eq. (16) can be written in matrix notation,

A (t) =M(t, t() rd 5 Ep )A (tp) (18)

a~ =b~e

All the remaining terms containing time-dependent ex-
ponentials are then assumed to have no net effect and are
set equal to zero. This approximation is a combination of
the usual rotating field approximation which neglects an-
tiresonant terms and the neglect of states which are far
from resonance with the applied field. These two effects
will produce small line-shape asymmetries which can be
important in precision line center studies but are negligible
in this experiment. The coupled equations then separate
into a group of uncoupled states which evolve according
to Eq. (12) and a small number of groups of states which
are coupled by the microwave field. Evaluation of the
coupling matrix using Eq. (17) leads to three basic types
of transitions, those involving coupling of 2, 3, or 4 states.
Figure 3 shows the allowed hM =0 electric dipole transi-
tions in the n =3 manifold with the dipole matrix ele-
ments and energy separations. This uncoupling of states
is one of the advantages of using the MROD technique to
probe the excited-state populations. The signal at any par-
ticular frequency will depend on only a small number of
states within the manifold; this greatly simplifies the
analysis.

Since the resonances couple at most four states at one
time, it is possible to derive analytic solutions to these
equations. The solutions for 2, 3, or 4 coupled levels have

where A(t) is a column vector of the state amplitudes and
M(t, tp, pi, 5,EQ) is the matrix describing the affect of the
microwave field on the excited states. In terms of M the
time development of the density matrix is given by

p fi(t) =M~k(t, tp, to, 5,EQ)pki(tp)Mt3i(t, tp, to, 5,EQ) .

Equation (16) cannot be solved analytically without
some approximations. The equation is first transformed
to the interaction representation

been derived previously. There are some errors in the
published solutions. Correct expressions have been given
by one of the authors. Since the solutions are analytic
their accuracy depends only on neglected nonresonant
terms which contribute less than 1 part in 10 to the peak
signal height. The complete matrix M for the whole man-
ifold will be given by appropriate combinations of these
solutions.

In general, the field will vary spatially in both ampli-
tude and direction. This generalized problem can be
solved by subdividing the interaction region into X seg-
ments where X is chosen sufficiently large so that to a
good approximation the field can be assumed to be of uni-
form polarization and magnitude within each segment.
The evolution matrix in the interaction region can be writ-
ten as

M(t, t, ,5,E)= ff M(t +kT, t +(k —1)T,
k=1

5 +(k —1)tpT, Ek)R(8k —8k, ),
(20)

where T is the time spent in each region and R (8k —8k i)
is the rotation operator from the field direction 8), i to 8k
(8p is the beam direction). The effect of this changing
field amplitude or polarization is very important for deter-
mining the experimental line shapes. If either is changing
rapidly with a distance scale comparable to AT, then
there can be significant line broadening or even oscillatory
shapes such as found in Ramsey's separated oscillatory
field experiments. These effects are properly taken into
account by the simulation technique and are not a major
source of uncertainty in the analysis of the data. To
describe the experiments where the atoms enter at random
times, Eq. (20) is averaged over the phase 5 of the mi-
crowave field. This average leads to an uncoupling of the
first three types of density-matrix elements from the
type-4 elements of mixed parity. Instead of averaging Eq.
(20) directly, the evolution of the first three types of
density-matrix elements can equivalently be found by
evaluation of M at one phase (5=0) and then neglecting
mixed parity matrix elements.
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FZ~. 3. Allowed M =0 electric diPole transitions for each of the MF states in the n =3 manifold of atomic hydrogen. The hor-

izontal numbers are the e]ectric diPole matrix elements in units of the Bohr radius; the vertical numbers are the energy seParations in

MHz.

E. Optical detection

After the microwave interaction region, the excited-
state atoms transverse a field-free region where their evo-
lution is described by Eq. (12). The atoms then enter the
detection region where an optical detector such as a pho-
tomultiplier with a suitable polarizer and filter is used to
monitor the spontaneous emission of light. The probabili-
ty for detecting photons from a particular atomic level de-

I

pends on the lifetime of the level, the velocity of the beam,
the geometry of the observation window, the transmission
of the filter polarizer combination, and the quantum effi-
ciency of the photomultiplier. A schematic diagram of
the detector geometry utilized in this experiment is shown
in Fig. 4. A coordinate system is used in which the z axis
is along the beam and the x axis is parallel to the axis of
the detector.

The probability W for detecting a photon from an atom
25, 28

2 3

f dQ f dz' g er~(p, k,z')(f
~

r e r ~i)p;; (0)(i'~ r e~
~
f)exp[ (ice;; +y;; )t—'j, (21)

where

t'=z'/U . (e„)=(e~),eo,e, )= —,z,&2 2
(22)

pn this expression e(p, k,z') is the efficiency matrix for
detection of a linearly polarized photon emitted at the
point z' with a propagation direction given by the unit

vector k and with the electric field polarized along the
direction given by the unit vector p. The angular distribu-
tion of the radiation is determined by the projection of the
electron coordinate operator on the unit polarization vec-

tor, e~(k). For a general direction of propagation k these
vectors are given in terms of the unit vectors e„defined by

by the equation

er„(k)= g &„'r(k)e (23)

Here x, y, and z denote unit vectors along the x, y, and z
axis, respectively, and the argument k of the rotation ma-
trix &'(k) is the set of Euler angles (pk, 8k, 0) through
which the z is rotated into the k axis. We can accordingly
write 8'as
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2 2

0 z' 3 r e*„ i i' r.e p;; z'
tie' (24)

where

A~ ——g e&&(p, k,z')&„"q(k)&„'x(k) .

Figure 5 shows the relationship between the several vectors together with the linear polarization vector axes used to
describe the photon emitted with propagation vector k. Evaluation of the matrix elements in the spherical basis (e, )

yields

F 1 F'
(nLJFM

I
r e„ I

n'L'J'F'M') =(—1)

&(( —1)~+I+~+'[(2F+1)(2F'+1)(2J+1)(2J'+1)(2L +1)(2L'+1)j'~'

J F
I" J' 1 J'

2, L1L'
0 0 O nI. (25)

fJ; —Jf i
=0,1,

( J," —Jf f
=0,1,

[F, Ff [=01,—
[F,' —Ff [

=0,1,
M; —Mf ——v',

M —Mf ——v.

(26b)

(26c)

(26d)

(26e)

(26f)

(26g)

(26h)

Equations (26a) and (26b) make the mixed parity density-
matrix elements unobservable. Since the microwave field

where R„"I (=nL
~

r
~

n'L'). The selection rules for
spontaneous emission are determined by the properties of
the 3-J and 6-J expressions,

aqua =D ( k,z)P~& (p, k,z)F (k,z) . (27)

The F, Px~, and D describe, respectively, the action of the

t

does not couple these type-4 elements with the observable
same parity elements (types 1—3), this experiment will not
be sensitive to the mixed parity cross sections where
L&L'. These cross sections can be detected if there is an
additional field (i.e., a static electric field) which mixes the
states. The integration axes z' in Eq. (21) decreases the
sensitivity to the spin-induced coherences (type-2 and -3
elements) due to the averaging of the phases. For the
detector geometry used in this experiment, the
electron —spin-induced coherences (J&J') contribute
negligibly to the signal and only the nuclear —spin-induced
coherences (F&F') and the diagonal matrix elements were
retained in the data analysis.

The efficiency matrix for the detection of a photon with
linear polarization Pean be written in the form

BEAM
=Z

FIG. 4. Diagram showing the detector geometry. The angle
between the transmission axis of the polarizer and the beam
direction is 5. The orientation of ihe unit vectors e~ and e2 in
terms of which the polarization of the photon is described are
depicted with greater detail in Fig. 5.

FIG. 5. Diagram showing the coordinates used to describe
the direction of propagation of the photon and the unit vectors

e&(k) and eq(k) in terms of which the polarization of the emit-
ted photon is described.
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filter, polarizer, and detector on photons emitted at z with

propagation vector k and the polarizer set to transmit
photons with the polarization vector in the direction p.

The filter used in this experiment is a Balmer-a
narrow-band dielectric interference filter which resolves
the n =3 manifold but not individual levels within this
manifold. The transmission efficiency of the filter can be
written as

F(z,k) = 1/(co(8), co, (8),hco), (28)

1+(U/c)cos8

[1 ( / )2]1/2

Pl

(n —cos 8)
(30)

Here co(8) is the angular frequency for the emitted light in
the laboratory coordinate system, co, (8) is the center of
the pass band for the interference filter corrected for an-
gular effects, U is the velocity of the beam, n is the effec-
tive index of refraction for the filter, and b.co is the band-
width for the filter. The function Tf has to be determined
experimentally. Owing to the angular dependence there is
a limited detection cone; for a 6536-A filter with a full
width at half maximum (FWHM) of 100 A detecting ra-
diation from 49-keV hydrogen atoms, the cone is limited
to 30 FTHM and is slightly asymmetric.

For light at normal incidence, and a polarizer with
complete extinction for the orthogonal polarization, the
transmission efficiency of the polarizer is given by

t—2i5
22

Pii (p, k,z) = Tp ——e '
2

(31)

where Tz is the experimentally measured transmission ef-
ficiency for the polarizer and 5 is the angle between the
transnussion axis of the polarizer and the e& axis depicted
in Figs. 4 and 5. Corrections to Eq. (31) due to oblique in-
cidence are small (1% for a 60 FWHM cone) and not
important for this experiment. The detector function

D(k,z) is weakly dependent on the wavelength, polariza-
tion, and photon direction and must be determined experi-
mentally.

S(co,E,5)=[X(0,0,5)—N(~, E,5)]/X(0, 0,5), (32)

F. Theoretical signal

The signal is defined as the fractional decrease in the
observed light when the microwave field is switched on
through the equation

S(co,E0,5)= Q AI ~~ ~(m, E0,5)a„L ~~ ~,
I., ML

(33)

(34)

where y;; is the decay rate from the cascade state i' to the
n =3 state i, y; and y; are the total decay rates, p;(0) and

p; (0) are the initial populations, and t is the time since the
collision. The MROD signal will be sensitive only to the
populations at the interaction region so that only cascade
repopulation between the target and interaction region will
be important. In the limit t—~0,

where the functIons AL
~

~
~

relate the signals to the par-

tial capture cross sections. The partial cross sections are
the only free parameters to be determined from the sig-
nals. Even though the cross sections uniquely determine
the signals it will not in general be possible to invert the
matrix and unambiguously determine the cross sections
from the signals. Since each group of resonances (e.g. ,

P3~2 Dq~2-) consists of several unresolved hyperfine com-
ponents, the measurement of each resonance group will
provide a good determination of one linear combination of
cross sections and a poor determination of other combina-
tions. Thus one experimental configuration (e.g. , mi-
crowave electric field and optical polarizer perpendicular
to the beam axis) will determine four linear combinations
of cross sections using the S]/2-I'&/2, S&/2-I'3/2, I'»z-D3/2,
and P3/2 D5/2 transitions. Since there are six partial cross
sections o.

3L
~

~
~

describing the n = 3 manifold, it will not

be possible to determine the individual cross sections from
a single experimental configuration. By using different
configurations such as with both the radio-frequency field
and the optical polarizer perpendicular to the beam, one
can obtain signals which depend on a different linear com-
bination of the populations. By utilizing the four com-
binations of radio-frequency field polarization and polar-
izer transmission axis either parallel or perpendicular to
the beam axis, it is possible to determine unambiguously
the six independent partial cross sections.

So far the analysis that led to Eq. (33) has only con-
sidered states within the manifold of interest (n =3) and
has neglected upper manifolds which can cascade down to
the states of interest. The cascades can affect the MROD
signal via two paths. First, the populations in the upper
manifolds can decay into the n =3 manifold and add to a
states's population so that it will no longer be simply due
to electron capture. The ratio R (t) of this cascade-
induced population and the initial electron-capture popu-
lation of a particular state (neglecting repopulation of the
cascading state) can be expressed as

where %(0,0,5) is the count rate in the absence of the mi-

crowave field, X(co,E,5) is the count rate with a mi-
crowave field with an angular frequency co and a field

strength E, and 5 is the angle between the transmission
axis of the polarizer and the beam axis. This signal can be
calculated using the previous results and expressed in the
form

This shows that cascade repopulation can be minimized
by keeping the target to interaction distance d short as
compared to U/y;; . Cascades can also affect the observed
signals if the microwave field is resonant with a transition
in a higher manifold which is detected in the subsequent
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IV. APPARATUS

A schematic diagram of the fast-beam apparatus is
shown in Fig. 6. The proton beam is produced in a com-
merical radio-frequency ion source (Accelerators Inc. Q 1).
The protons are extracted, focused, and then accelerated
down a high-voltage column. After leaving the accelera-
tor, the beam passes through an electrostatic quadrupole,
30' horizontal bending magnet, another quadrupole, and a
pair of balanced vertical deflection plates. This arrange-
ment focuses the beam, separates protons from the molec-
ular ions H2+, H3+, and steers the beam. Immediately pri-
or to the measurement region, the. beam passes through
two 1.6-mm aperatures spaced 50 cm apart which colli-
mate the beam to 3.2 mrad. This collimation was found
necessary so that the protons would traverse the beam line
without str1klng any surface; this cllm1nated thc potcnt1al-
ly large alteration of the signals due to complex beam-
surface interactions. The signals were quite unreproduci-
ble if the beam was allowed to strike surfaces in the mea-
surement region. All the components of the experiment
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FIG. 6. Block diagram of the fast-beam apparatus showing
the method used to record the data.

decay through the n =3 manifold. The two groups of
J=—,'-J= —', transitions will be free from these cascades
and the J=—,-J = —,

' resonances mill ha, ve only a small
1 3

overlapping signal from the n =4, J = —,-J = —, reso-
nances. Since the experiment can resolve the resonances,
the residual overlap can be subtracted. The n =3, S&&z-

I'1~2 Lamb-shift resonance will be strongly affected by
cascading signals and therefore ca~not be used in the
analysis without knowledge of populations in the higher
manifolds. It is still possible to determine uniquely the in-
dividual cross sections utilizing only the upper three reso-
nances. Thus cascades will not be important in a short
geometry after corrections are made for small residual
overlapping signals.

were optically aligned to about 0.3 mm with a surveyors
level. The proton current entering the measurement re-
gion was typically 3—4 pA. The beam energy was deter-
mined independently from the accelerating potentials and
from the bending magnetic field. All the data described
in this paper was measured with an incident proton energy
of 49.0(5) keV.

The target where the fast protons undergo electron-
capture collisions with gas molecules used a cross beam
configuration. Either molecular nitrogen or hydrogen was
leaked through a glass capillary array disk which pro-
duced a collimated gas flow directed into a vacuum pump.
The glass disk was mounted in a grounded holder 0.23 cm
from the beam so that possible stray electric fields at the
beam axis would be minimized. No distortions of the sig-
nals which could be attributed to charge buildup in the
charge exchange cell were observed. The beam traversed
the target which was carefully baffled so that there would
be negligible gas leakage into the surrounding regions.
This design produced a localized target of constant densi-
ty with a length of 1.27 cm. The operational modes of the
target were either at zero gas pressure (to measure back-
grounds) or at a nominal pressure as measured by an al-
phatron gauge located on the input gas flow line. The
density at the beam axis was determined by two indepen-
dent methods. From the measured pressure at the gas in-
let and calculations of the vacuum conductance of the in-
tervening tubing, the nominal gas pressure corresponded
to an effective beam axis pressure of 1.6(6)X10 Torr.
The knowledge of these pressures is not important for rel-
ative cross sections but is required. to determine the mag-
nitude of the cross sections. For this calculation we used
the average value of 1.7(5))&10 Torr for nitrogen and
1.4(5) X 10 Torr for hydrogen. These target densities
neutralized approximatdy 0.3% of the incident proton
beam. Since the purpose of the experiment was to mea-
sure the electron-capture cross sections, the gas density
had to be sufficiently small so that the signals depended
linearly on the pressure. The measurement of the number
of excited-state atoms participating in any particular reso-
nance as a function of target pressure was found to be
linear to within a few percent at the above gas density.
Thus we assumed that the signals were purely due to sin-
gle electron-capture collisions.

The microwave interaction region utilized was a pre-
cision TEM transmission line constructed as shown in
Fig. 7. The relative dimensions of the rectangular coaxial
line were chosen so that the impedance is close to 50 Q
and the absolute dimensions were chosen so that only the
TEM mode would propagate without excessive broadening
of the resonance line shapes due to a small transit time.
The atomic beam could enter thc interaction region either
parallel or perpendicular to the center conductor by rota-
tion of the two connecting round coaxial transmission
lines. This design produced an electric field polarization
which could be chosen to be either primarily perpendicu-
lar or parallel to the beam axis. The beam entered the in-
teraction region through longitudinal slots which removed
the microwave discontinuities from the beam axis and al-
lowed sufficient pumping of the interior.

The microwave source was an Ailtech 3600 frequency
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LJ = 7.57cm

LC = 16,94cm

FIG. 7. Drawing showing the construction of the microwave
interaction region. All the dimensions are in centimeters. (a)
shows a cross section through the center of the microwave in-
teraction region. (b) gives a perspective view showing the con-
struction of the central conductor. To simplify the drawing the
parts in the side are not shown. The 0.620-cm dimension is the
outer diameter of the center conductor for the coaxial line en-
trance to the microwave interaction region.

synthesizer capable of producing 10 mW from 1—2000
MHz with several Hz linewidth and resolution. The out-
put power was regulated with a variable attenuator and
fed to a switch. The solid-state switch was controlled by
the data acquisition system and could be switched in a mi-
crosecond with 55 dB isolation into either a dummy load
or a suitable amplifier. The microwaves were amplified
with either a solid-state amplifier covering 0—1 GHz or
one of the two traveling wave tube amplifiers covering
1—2 and 2—4 GHz with a frequency doubler preceding
the latter. For every frequency, at least one high-pass and
one low-pass filter was used to ensure spectral purity to 50
dB or better. This power was fed through the interaction
region to a 6-dB GR-900 attenuator and 10-dB Narda
707C attenuator with the transmitted power measured
with a Hewlett-Packard 432A power meter using a
thermistor sensing head. All the data reported in this pa-
per was obtained with a power meter reading of 6 or 10
mW (nominally 240 or 400 inW at the beam axis). This
power was sufficient to obtain strong signals without ex-
cessive power broadening or multiphoton effects. The
power broadening is included in the theoretical calcula-
tion; its major effect is to increase the width of the indivi-
dual hyperfine components and thus the degree to which
they overlap.

In order to perform the calculations necessary to derive
the cross sections, the field shape and amplitude must be
known on the beam axis. The field shape of the TEM

mode was determined by solving I.aplace's equation with
a relaxation method on a grid size of 300)&300 and the
resultant on axis fields are shown in Figs. 8 and 9 for the
two configurations used in the experiment. The experi-
ment was performed with a constant power as indicated
on the microwave power meter. The actual microwave
power at the beam will be a function of this transmitted
power, the reflections of the transmission line junctions
and external components, and the frequency variations of
the attenuators and power meter response. By carefully
determining each of these corrections, the power at the
beam as a function of frequency for a constant meter indi-
cation was determined. It is shown in Fig. 10. This
power curve was used to correct the raw data so that all
the data could be compared at the same effective beam
axis power.

The optical detector was a RCA 8852 photomultiplier
which was cooled to —20'C by a thermoelectric refrigera-
tor to reduce the dark noise. Between the photomultiplier
and atomic beam& an interference filter with a FWHM
pass band of 100 A and a linear polarizer were mounted in
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FIG. 9. Plot of the magnitude of the two components of the
microwave electric field along the beam axis for the configura-
tion in which the field is along the beam axis.
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FIG. 10. Plot of the relative microwave power at the beam as
a function of frequency for constant microwave power as mea-
sured by the power meter.

remainder of the apparatus. All materials used in the ap-
paratus were selected to be nonmagnetic and three large
mutually orthogonal pairs of Helmholtz coils were used to
reduce the earth's magnetic field at the measurement re-
gion to less than 2)& 10 G. Several procedures were uti-
lized to reduce stray electric fields. As mentioned earlier,
the beam was carefully collimated and aligned to avoid
beam-surface interactions which can neutralize the beam
and release copious quantities of electrons. All internal
vacuum vessel walls were made of conductive materials or
shielded with screens to avoid the buildup of charge. The
diffusion pumps were trapped with liquid Ni and used
DC 705 pump oil to reduce backstreaming to a minimum.
Finally, the beam current was restricted to 4 pA to reduce
space charge fields to less than 0.016 V/cm. This small
electric field and the 20-mg residual magnetic field were
believed to be the only stray fields in the apparatus.

V. RESULTS

a rototable disk which allowed the selection of the desired
polarization of the Balmer-a light. The output of the
photomultiplier was amplified and discriminated to allow
pulse counting with a typical rate of 5 kHz at the typical
beam currents and target pressures previously mentioned.
The overall detection efficiency was determined from the
calculated solid angle of the detection window and the
manufacturer's specifications of the optical components to
be ed« ——(2.5+1.1)X10 . The polarization dependence
of this detection efficiency was found by measuring the
S»2 Pi&2 resona-nce in a geometry where over 99% of the
observed light arises from the S state decay which is unpo-
larized. This measurement gave the result E~ ~/Ei
=0.9695(37) for the ratio of detection efficiencies when
the polarizer transmission axis is parallel or perpendicular
to the beam axis.

At the end of the beam line, a Faraday cup with elec-
tron suppressor was used to monitor the proton current.
The apparatus was pumped by several large diffusion
pumps with a total rated pumping speed of 5000 1/sec
which achieved a pressure of 3X10 Torr throughout
the measurement region and 8 &( 10 Torr in the

I

A. Data-taking procedure

The outputs of the alphatron gauge (p), microwave
power meter (P), and Faraday cup (I) were digitized using
voltage to frequency converters and recorded along with
the photomultiplier pulses (N) by a bank of computer-
controlled counters. One 64-sec data point consisted of
recording these four count rates for each state of the mi-
crowave field as it was switched on and off at a 62.5-Hz
rate. The photon count rate N was corrected for short-
term variations in the incident proton beam intensity by
dividing by I and small deviations in the microwave
power P from the nominal value Po were reduced by mul-
tiplying by the normalization factor Po/P. To improve
the signal-to-noise ratio and eliminate counts arising from
the residual gas (5—10% of total counts), the signal at
each frequency was calculated from three data points ob-
tained at the nominal gas density po and three points ob-
tained at zero density. With the use of the notation
(N/I)(p p( to represent the average of the three values of
N/I obtained at a gas density p and microwave power P,
the experimental signal S was defined as

[(N/I)(p o)
—(N/I)(p, p )]—[(N/I)(o, o) —(N/I)(o p (]

(N/I)(p, o) (NII)(o, o(

The numerator is the change in the photon count rate per
unit beam due to the microwave field and dependent on
the gas density in the target. The denominator is the mi-
crowave off photon count rate per unit beam due to only
the gas in the target. This form reduces variations in the
signal due to small drifts in the detection efficiency, target
density, and background gas pressure. The signal defined
in this manner was found to be reproducible over several
months.

The signal was measured in the experimental configura-
tions where the microwave field polarization was primari-
ly parallel or perpendicular and the optical polarizer
transmission axis was parallel or perpendicular to the

beam axis. Since the rectangular coax hne was located off
center between the rotating cylinders, the configuration
with the parallel electric field could be obtained with the
interaction region being either closer to or further from
the target so that data were measured in six different con-
figurations. With nitrogen as the target gas, the signal
was measured every 20 MHz from 20 to 4000 MHz to
produce panoramic linescans for the six configurations.
These panoramic linescans were labeled %1. Figures 11
and 12 show the linescans obtained in the configurations
where the electric field was, respectively, perpendicular
and parallel to the beam and the optical polarizer was per-
pendicular to the beam. The line shapes obtained in the
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solid curves show the fit to the data used to determine the par-
tial cross sections.
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FIG. 12. Plot of the signals as a function of frequency for the
configuration in which the microwave electric field is parallel to
the direction of the beam and the transmission axis of the polar-
izer is perpendicular to the beam. The solid curves show the fit
to the data used to determine the partial cross sections.

perpendicular electric field scans have the usual Lorentzi-
an line shape while the parallel electric field scans have
unusual line shapes which appear as two Lorentzian-type
curves even1y spaced around the resonance center. The
later curves arise from the oscillatory electric field en-
velope shown in Fig. 8. The Fourier components of this
envelope lead to two resonance curves centered at
fo+u/L, where 2L is the distance between the two points
where the field has its maximum value and u is the veloci-

ty of the beam. These data show the importance of the
electric field envelope in determining the experimental line
shape. Both configurations show the expected n =3 elec-
tric dipole transitions at 320, 1080, 2940, and 3240 MHz
with the additional small cascade resonances at 1240,
1360, and below 600 MHz.

The data contained in these six full scans required the
equivalent of 78 h of continuous data accumulation.
Since the line-shape function can be accurately calculated,
the information about the electron-capture cross sections
can be obtained from a few points at each resonance. The
remaining data sets were measured only at the resonance
peaks (two frequencies per resonance) of the n =3 transi-
tions and the n =4, J=—,-J= —, cascades. This provided
sufficient data to determine the cross sections in less than

eight continuous hours. Two sets of data labeled X2 and
N3 were measured with nitrogen as the target at a nomi-
nal microwave power of 240 and 400 mW, respectively,
and one set of data H 1 was measured with molecular hy-
drogen as the target at a power of 400 mW. All measure-
ments were performed with a 49-keV incident proton
beam. These sets of data provide three independent deter-
minations of the n =3 electron-capture cross sections for
a nitrogen target and one determination of the hydrogen
target cross sections.

B. Systematic corrections

Several small systematic corrections were applied to the
signals so that all the data could be analyzed under
equivalent experimental conditions. The signal defined by
Eq. (36) requires a normalization to the total emitted pho-
ton count rate N which can be different for the two opti-
cal polarizations. The photon count rate Ne was mea-
sured several times with the resulting ratio NIIeIIINiei
equal to 0.9428(8) for the nitrogen target and to 0.9791(65)
for the hydrogen target. When combined with the detec-
tion efficiency ratio @II/ei described earlier these data
yield a ratio XII/Ni equal to 0.9728(38) for nitrogen and
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1.0010(38) for hydrogen. This result shows that the emit-
ted light is slightly polarized perpendicular to the beam
axis for nitrogen and unpolarized for hydrogen. The data
obtained with the parallel optical polarization were multi-
plied by these ratios.

The signals were measured at the same nominal power
as measured by the power meter. In order to compare all
the data obtained at different frequencies at the same mi-
crowave electric field, a linear power correction was ap-
plied using the data shown in Fig. 10. Cascades systemat-
ically altered the signals by the repopulation of the levels
and creation of overlapping signals. In the configuration
with the longest target to interaction region distance, the
transit time was 12 nsec. For this situation Eq. (34)
predicts that 2%, 4%, 8%, and 15%, respectively, of the
original 4S, 4P, 4D, and 4I' populations have decayed into
the n =3 manifold. Since electron-capture cross sections
decrease with X and I., the cascade repopulation correc-
tion will be small and was neglected. The two higher fre-

quency n =3 microwave transitions have no overlapping
transitions in higher n states. The 1080-MHz 3 D&~2-
3 P3/2 transitions are affected by small overlapping reso-
nances of 1240 and 1360 MHz (4 S&/2 4P3/2 an-d 4P~/2-
4D&/2) which were subtracted. The Lamb-shift resonance
3 S&/z-3 P&/2 was affected by unresolvable cascades and
was not used in the data analysis. The possible stray elec-

tric (0.16 V/cm) and magnetic [20 mo(v && B=0.06
V/cm)] fields can cause mixing of the states and alter the
field-free analysis used to derive Eq. (33). These fields
will affect the most sensitive states (nearly degenerate
3 P3/2 and 3 D3/2 states) by less than 1% and thus were
neglected. Since the target was operated in a regime
where the signal depends linearly on the pressure, the af-
fects of non-electron-capture collisions were negligible.
Several other affects such as the first- and second-order
Doppler shift were negligible.

C. Results

The data were fitted to Eq. (33) using an unconstrained
least-squares-fitting program in which the cross sections

are the only free parameters. The results from the fitting
program for two configurations of the N 1 data set are
shown in Figs. 11 and 12 (all six configurations were fit-
ted simultaneously). The agreement between the fitting
function and the data was fairly good with X /DF in the
range from 2.8 to 4.8. From an analysis of each configu-
ration separately, the major source of the discrepancy be-
tween the data and the fitting function was the inability to
calculate correctly the line shapes in the perpendicular
electric field configurations. Simulations of these line
shapes showed that the linewidth was slightly dependent
on the vertical beam location in the interaction region.
The experimental uncertainty in the beam position was
sufficient to explain the small differences between the data
and the calculated fits. The simulations showed that
when the whole line shape is analyzed, the extracted cross
sections are not sensitive to small errors in the calculated
line shapes. The data obtained from the short scans of the
resonance peaks only were corrected by a small factor ob-
tained from the full linescans so that the resultant analysis
would not be affected by these small line-shape differ-
ences. The short scan data were taken with the same mi-
crowave power level as the full linescan data so there is no
uncertainty in this correction due to power broadening.
This uncertainty in the line-shape calculations could be re-
duced by utilizing a more collimated beam with improved
alignment so that there is less uncertainty in the field sam-
pled by the atoms traversing the interation region. The
six extracted electron-capture cross sections o „~

~

~
~

from

the four data sets are tabulated in Table III. The three
sets of cross sections obtained with the nitrogen target
agreed with one another and were averaged. The cross
sections for each gas were summed over ML

~

and L to
determine the cross sections for capture into a given L lev-
el, o3L g~ ——o3L ~~ ~, and into the whole n =3 mani-

fold, o3——QLo3r . The relative ratios were obtained from
the fitting program and the absolute cross sections were
calculated from the fit results, ed„, pL, and N/I. The er-
rors in the relative cross sections were limited by X /DF
which was caused by the uncertainty in knowing the beam
position in the interaction region. If the beam position is

TABLE III. A summary of the relative partial cross sections for the several sets of measurements
with 49-keV protons incident on a nitrogen target and for the single set of measureIDents with a molecu-
lar hydrogen target. o.(3,0) is the absolute cross section for capture into the S state in units of 10
cm .

0 0
1 0

1

all
2 0
2 1

2 2
all
g /DF
u(3, 0)

get Np-1

1

0.48(9)
0.05(8)
0.58(14)
0.03(4}
0.03(3)

—0.02( 1)
0.07(6}
2.8

N2-2

1

0.40(14)
0.08(9)
0.56(19)
0.01(6)
0.05(4)

—0.01(2)
0.09(9)
3.9

6.5(3.4)

1

0.46(9)
0.07(7)
0.60(13)
0.07(4)
0.01{3)
0.01(2)
0.11(6)
3.0

N2
Average

1

0.45(6)
0.07(7)
0.59(8)
0.04(2)
0.03(2)

—0.01(1)
0.08(4)
3.8

H2-1

1

0.20(12)
0.03(10)
0.26(18)
0.03(5)
0.02{4)
0.00(2)
0.07(8)
4.8
3.8(2.0)
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TABLE IV. A comparison of the relative partial cross sections for charge capture into the n =3,L
states for 49-keV protons incident on molecular hydrogen and molecular nitrogen obtained in this ex-
periment with those obtained in other experiments. o.(3,0) is the absolute cross section for capture into
the S state in units of 10 ' cm .

Target

H2

State
L ML,

0 0
1 0
1 1

all
2 0
2 1

2 2
all
o.(3,0)

This
experiment

1

0.20(12)
0.03(12)
0.26(18)
0.03(5)
0.02(4)
0.00(2)
0.07(8)
3.8(2.0)

Hughes et al.
(Ref. 19)

0.13

0.06
4.5(0.5)

Ford et al.
(Ref. 20)

1.13

O.OOS

5.5(1.4)

N2 0 0
1 0
1 1

all
2 0
2 1

2 2
all

o(3,0)

1

0.45(6)
0.07(4)
0.59(8)
0.04(2)
0.03(2)

—0.01(1)
0.08(4)
6.5(3.4)

0.48(12)

O.09(2)
6.6(0.7)

0.57(18)

0.09(3)
7.0(1.8)

known better, the errors could be reduced by a factor of 2
and would be limited by statistics. An overall improve-
ment of 5—10 in the quoted errors is probably achievable
before other systematic errors become important. The un-
certainties in the absolute cross sections could be im-

proved with better determination of ed„and p.

VI. CONCLUSIONS

The cross sections for electron capture into the n =3
manifold appear to be monotonically decreasing with in-
creasing L and ~Mz

~

for both nitrogen and hydrogen.
The total manifold cross section o3 is larger for nitrogen

and this target produces relatively more L&0 states than
the hydrogen target. For both gases, the cross sections o3
are about 3% of the total electron-capture cross sections
(for nitrogen or ——3.5 X 10 ' cm and for hydrogen
oz ——1.8X10 ' cm ). This ratio is in agreement with
the 3.1% ratio predicted from the simple n scaling law
for a capture into a manifold with principal quantum
number equal to n.

Table IV shows a comparison of the o„L cross sections
measured in this experiment with previously measured re-
sults obtained with the decay curve method. ' ' The ex-
periment of Ford et al. was for (75—400)-keV incident
protons and was extrapolated to the 49-keV energy used in

TABLE V. A summary of the theoretical calculations of the partial cross sections for capture into

the S, P, and D angular momentum states for the n =3 manifold of hydrogen for 50-keV protons in-

cident upon an atomic hydrogen target. This table also gives the experimental values for capture from a

molecular target divided by two on the assumption a hydrogen molecule is equivalent to two atoms of

atomic hydrogen. CDW stands for continuum distorted wave, CIS for continuum intermediate state,

and CAS for coupled atomic state.

Cross section

Method

Born A

Modified Born
Born B
CD%'
CIS
CAS
Eikonal

Reference

31
32
33
34
35
36

37,38

0.(3,0)

(10 ' cm)

2.4
2.2
2.6
4.6
5.6
4.5
2.5

0.(3, 1)
o(3,0)

1.50
1.27
1.00
0.43
1.30
0.30
1.52

o(3,2)
o.(3,0)

0.21
0.38
0.12
0.10
0.18
0.05
0.24

Experiment/2 1.9(1.0) 0.26(18) 0.07(8)
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TABLE VI. A comparison of the partial cross sections for charge capture into the n =3 state for
49-keV protons incident on a molecular hydrogen target with the CAS eikonal and OBK theoretical
predictions (Refs. 36 and 38) for charge capture into the n =3 state for 49-keV protons incident on an
atomic hydrogen target.

0
0
1

all
0
1

2
all

Experiment

1

0.20(12)
0.03(12)
0.26(18)
0.03(S)
0.02(4)
0.00(2)
0.07(8)

CAS

1

0.17
0.064
0.30
0.038
0.0063
0.0009
0.052

Theory
eikonal

1

1.33
0.113
1.556
0.153
0.033
0.002
0.223

OBK

1

1.22
0.120
1.46
0.139
0.033
0.003
0.211

this experiment. A11 three experiments agree on the mea-
sured charge transfer cross sections for a nitrogen target;
the experiment of Ford et al. disagrees with the present
experiment and that of Hughes et al. on the 3I' cross sec-
tions for a hydrogen target. Though the result of Hughes
et a/. is in agreement with the present experiment, caution
must be exercised since our experiment was performed for
only one energy. For the energy utilized in this experi-
ment, there is some speculation that the results obtained
with the molecular hydrogen target might be equivalent to
a target of two separate atoms. Table V shows a com-
parison of the present results (divided by two) with some
of the calculations for electron capture by protons incident
on an atomic hydrogen target. ' This table shows that
if the assumption of the equivalency between a hydrogen
molecule and two hydrogen atoms is valid, then only the
continuum distorted wave (CDW) and coupled atomic
state (CAS) calculations agree satisfactorily with the ex-
perimental results for the relative cross sections for cap-
ture into the different angular momentum states.

Table VI shows a comparison between the partial cross
section for capture into each of the angular momentum
substates with the coupled atomic state calculations of
Shakeshaft, the eikonal calculation of Ho et al. , and
the Oppenheimer, Brinkman, Kramer's (OBK) calculation
of Ho et al. The agreement between the CAS calcula-
tion and the experimental results is quite satisfying in
view of the large errors. The eikonal and OBK calcula-
tions disagree markedly with the experimental results. It

is interesting that the partial cross sections for the eikonal
and OBK calculations are almost the same and that the
two calculations differ principally in the magnitude of the
cross section for capture into the n =3 manifold. A
rigorous comparison between experiment and various
theories requires the measurement of the cmss sections for
an atomic hydrogen target. It would also be helpful to
have measurements with greater precision.

This experiment has presented for the first time a com-
plete determination of the n =3 electron-capture cross
sections for 49-keV protons incident on molecular nitro-
gen and hydrogen. These cross sections give a complete
description of the populations of the level in the n =3
manifold for excited atoms produced through charge cap-
ture. In future experiments, we plan to improve the accu-
racy with minor improvements in the apparatus. We then
plan to study excited-state electron capture as a function
of energy for capture into other manifolds and for dif-
ferent target gases including atomic hydrogen. This
should provide a rigorous test of our understanding of
electron capture involving protons incident on hydrogen
atoms.
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