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Collisional coherent excitation to the n =2 state of hydrogen
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This paper presents measurements of the Lyman-a photons emitted when target gases He, Ar, O„and N,
are bombarded by a beam of ground-state hydrogen atoms. The collisions take place in the presence of an
axial electric field and the observed Lyman-a brightness depends on field direction. This observation is
interpreted as evidence for excitation of hydrogen atoms to states which are linear superpositions of 2s and
2p. Measurements are presented of a "mixed" cross section o;~ which characterizes the degree of coherent
excitation. The real part of cr, measures the electric dipole moment created by the collision, while the
imaginary part measures the rate at which the moment is changing. It is found that these quantities vary
substantially over the energy range 3—30 keV, with maximal values being about as large as permitted
theoretically. Coherent excitation should be present to some degree in all inelastic collisions and, when

measurable, provides new tests of scattering theory. Some implications are also discussed for precision
frequency measurements and searches for weak-interaction effects in atomic physics.

I. INTRODUCTION

An atomic collision may be regarded as prepar-
ing an atom in a certain state. For example, in
an experiment to measure optical excitation func-
tions, the collision is usually thought of as pro-
viding an (excited) atom in an eigenstate of the
atom's internal Hamiltonian. However, in general
it is to be expected that after undergoing a col-
lision, an atom will be in a linear combination of
energy eigenstates. The purpose of this paper is
to describe an experiment to study such "coherent
excitation. " (In this context, coherent excitation
means excitation to a state which is a linear super-
position of energy eigenstates. )

In the experiment, schematically shown in Fig. 3,
a beam of ground-state hydrogen atoms with kin-
etic energies in the range 3-30 keV was passed
through a target gas cell containing one of the
gases He, Ar, N»O, . Lyman-n photons emitted by
collisionally excited hydrogen atoms in the n= 2
level were observed at right angles to the primary
beam direction. The entire collision region-was
in a constant electric field which could be directed
either along the beam direction or antiparallel to
it. It was observed that the Lyman-n count rate
changed by a few percent when the field direction
was reversed. As will be explained in the follow-
ing paragraphs, and as was first pointed out by
Eck, ' this may be interpreted as evidence for co-
herent excitation of the various near-degenerate
states with principal quantum number n = 2: that
is, just after a collision, each excited hydrogen
atom is in the same linear superposition of the
various fine and hyperfine states. (For incoherent
excitation, the probability of Lyman-+ emission

depends only on the magnitude of the electric field. )
Further experimental details are presented in

Sec. III. Briefly, the apparatus was a very con-
ventional one, with no technological tricks being
required. 'The counting rates, of order 10' sec ',
were large enough that statistical errors were
noticeable but not significant. The principal
sources of uncertainty are in possible systematic
errors. These are discussed in Sec. IIIB.

Coherent excitation should be generally present
in all collisions (atomic, molecular, and nuclear). '

The magnitudes of associated effects depend on
the relative phases of scattering amplitudes
(among other parameters), and hence measure-
ments of coherent excitation effects provide new
tests of theory —based on "mixed" cross sections.
In terms of scattering amplitudes, the measured
asymmetry depends on a mixed cross section 0,~
defined by

where the f's are scattering amplitudes for pro-
duction of the 2s and 2p, states in hydrogen (with
the target atom being left in state n) g,~ is in.

general complex, which reflects the extra phase
information available through coherent excitation.

The experiment is similar to ones in which quan-
tum beats are observed in fluorescence excited
by short light pulses. In such radiative excitation,
only levels of the same parity are coherently ex-
cited; in collisional excitation, coherence can be
established between levels of either the same or
different parities.

Our experiment is also similar to one reported
by Sellin et al. in Ref. 2. In their experiment,
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2s-2p coherence was observed in hydrogen atoms
made by charge exchange in a proton beam tra-
versing helium gas under single-collision condi-
tions. Quantum beats were detected in an electric
field region downstream from a thin gas cell. In
our experiment, the excited hydrogen atoms were
made by collisional excitation of a neutral hydro-
gen beam, instead of by charge transfer, and the
coherence detected in light emitted by a section
of the beam long enough to contain many quantum
beats. The technique of Sellin et al. is perhaps
clearer; ours is applicable to lower energies.

Coherent excitation has long been observed in
beam foil experiments. (See, for example, the
review by Berry in Ref. 3, Sec. 7-3.) Foil ex-
cited coherence in the n= 2 level of hydrogen has
been studied by Gaupp et al. , and Sellin et al. ,

'
using the reversing field technique. In such ex-
periments the excited atoms are produced by in-
teraction with a macroscopic system (the foil),
whereas in our experiment, and in that of Sellin
et al. ,

' the interaction is between two atoms.
Coherent excitation in electron-helium collisions

has been studied by Eminyan et al. ' In this case,
coherence was observed between the three mag-
netic substates of a helium atom excited to the
3'P state by electron bombardment. A coincidence
technique was used to isolate only those excited
atoms recoiling in a selected direction. Since
1975, a number of similar experiments have been
reported. (For a review, see Ref. 6.) Our ex-
periment involves a sum over all scattering ang-
les, and also differs in that coherence is observed
between states of different angular momentum and

energy.
Coherence between magnetic substates of an ex-

cited level is also commonly observed if the ex-
cited atomic state is populated by electron bom-
bardment, with the direction of the electron beam
being perpendicular to that of an ambient, con-
stant, magnetic field. Quantum beats may be de-
tected if the electron beam is pulsed. ' In such
experiments, the coherence between magnetic sub-
states is induced by the transverse magnetic field,
and not by the electron bombardment. Quantum
beats could be observed even if only one magnetic
substate were populated relative to the axis ofquanti-
zationdefined by the electronbeam. (In general,
more than one magnetic substate is populated, but a
symmetry argument can be used to show that after
integration over all scattering angles states of dif-
ferent magnetic quantum number are incoherent
with each other. The symmetry argument assumes
that the initial state is invariant under rotations
about the electron beam direction. )

An experiment in coherent excitation has been
reported by Mahan and Smith' and is discussed

in the references. '" In this experiment electrons
were used to excite the Balmer-n lines of hydro-
gen in the presence of an electric field. A small
change in light intensity was observed when the di-
rection of the electric field was reversed, and this
change was attributed to coherent excitation of the
3s, 3P, and 3d levels. Coherent excitation of the
n= 3 level in H has also been observed by Lom-
bardi and Giroud" in an experiment on emission
of Balmer-n light from an H, target bombarded
by a beam of Na' ions. In this case, coherent
excitation showed up as a dependence of light pol-
arization on an applied electric field.

II. THEORY

A. The initial state

Our experimental data has been analyzed on the
basis of the following model: A hydrogen atom
leaving the collision volume in a particular direc-
tion, and leaving behind a target atom in a par-
ticular internal state, is regarded as being in a
linear superposition of internal hydrogen states,
with the coefficients being scattering amplitudes
evaluated for the internal states and direction in
question. Atoms traveling in different directions
are assumed to be incoherent with one another, as
are those atoms which leave behind target atoms
in different states.

Such a situation is illustrated in Fig. 1, which
shows a collision viewed from the center-of-mass
frame. After the collision, hydrogen atoms are
to be described by a density matrix whose matrix
elements are

p;q=N Q Jl f;; (Q)fq, (Q)dQ.
a 4ff

(2.1)

In (2.1), i and j label internal eigenstates of the
hydrogen atom and n the internal states of the tar-
get atom; f, , (0) is the scattering amplitude to
produce a hydrogen atom in the internal state i
and a target atom in internal state n, the pair
separating in a direction specified by Q. N is a
normalization constant defined by the condition

f, (e, y) [ I &+ f (8, qh) (2&

H(is)

x (gnd)

FIG. 1. Diagram to illustrate the conditions under
which coherent excitation is assumed to occur. Bee text,
Sec. II). Only bvo internal states of H are considered.
fq and f2 are scattering amplitudes to these states.
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Trp= pii = 1. (2.2)

The diagonal elements pii are essentially cross
sections for production of state i. (They are not
exactly proportional to such cross sections be-
cause the latter include kinematical factors kz/k;,
where Sk,-, hk&, are relative linear momenta in
the initial and final channels. )

The experiments described in this paper were
carried out at energies high enough that the rel-
evant scattering amplitudes were sharply peaked
forward. This suggests that the magnitude of
the off-diagonal element p,.&

is approximately equal
to the geometric mean of the diagonal elements
pii and pjj.

~
p; y

~
(p(; pg y) (2.3)

Hence these off-diagonal elements need not be
small.

The reaction H(ls)+X(gnd) —H(n = 2)+X(gnd),
may be described by four scattering amplitudes:
f„,f», , f», and f» . There are 16 hydrogen
states with n = 2 (if electronic and nuclear spin
are included), but the 16 amplitudes can all be
expressed in terms of the above four if it is as-
sumed that the collision is dominated by Coulomb
forces. In this case, there is only one mixed cross
section to be considered, and that is

constructed from (2.5). The theory of light emis-
sion from such a coherently excited state has been
discussed by Macek and coworkers, "Blum and
Kleinpoppen, "and by Band. " In terms of the den-
sity matrix p(t) describing the atom at time t, the
intensity f(Q, e, t) dQ emitted with polarization c
into solid angle dQ is given by

I(Q, e, t) dQ = tr [M(Q, c )p(t)], (2.6)

p(t) = e p(0)s' (2 7)

where H is the internal Hamiltonian given by

H=HO+ eEz. , (2.8)

where M is a 16x 16 matrix which may be con-
structed from products of dipole matrix elements.

It is shown by the authors quoted that Eq. (2.6)
may be further simplified if p and IVI are written
in terms of irreducible tensor operators. How-
ever, we choose instead to parameterize p by the
cross sections in the matrix (2.5). Thus, to cal-
culate the light emitted in the presence of an elec-
tric field, the initial density matrix p(0), con-
structed from (2.5), was first propagated forward
in time according to the equation

(2.4)

[Iff» . in (2.4) is replaced by f» . or f»
the integral is zero by a symmetry argument. ]
Hence the hydrogenic density matrix prepared by,

the collision may be written in terms Of the ma-
trix

02s 0 0

0 o,~

o sp. 0 02t,

0 0 0

(2.5)

B. Time evolution and emission of light

In our experiment, we measure Lyman-n light
emitted by atoms prepared in the density matrix

In (2.5) the basis states have been chosen to be
products of functions of space, electron spin, and
nuclear spin. Except for a constant overall nor-
malization factor, in this basis the density matrix
consists of four blocks down the main diagonal,
each block being identical to (2.5). In some other
basis (for exa.mple, one defined by the hyperfine
states) the density matrix may be obtained by a
unitary transformation.

and the intensity emitted at 90' to the initial rel-
ative velocity then calculated from Eq. (2.6) by
explicitly writing the appropriate matrix M and
carrying out the necessary manipulations on a
computer. In (2.8), H, is the internal field-free
Hamiltonian, including hyperfine splittings, and
with decay processes taken into account by con-
sidering energies to be complex; E is the Z com-
ponent of the applied electric field. H is not Her-
mitian, and H in (2.7.) is the Hermitian adjoint
of H. For given cross sections, the calculations
required a.re lengthy but straightforward. For
further details the reader is referred to Ref. 14.

To gain a qualitative feel for the nature of the
light emission, consider first a special case in
which the density matrix (2.5) is diagonal (o,~= 0).
Then each excited atom may be considered to be
initially in an eigenstate of the field-free Hamil-
tonian. In the absence of a field, an s state will
be metastable while a p state will essentially de-
cay exponentially with the p lifetime (1.6 x 10 }}

sec at zero electric field). (Strictly speaking, the
exponential decay will be modulated at a frequency
corresponding to the fine-structure splitting, or
about 10"Hz, because the 2P, &, and 2P, &, states
are excited coherently, but this effect is not im-
portant in our experiment. ) In the presence of
an electric field, the light emission is substantial-
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ly modified. The intensity is a sum of exponen-
tial terms, each associated with a Stark shifted
state, together with cross terms between them.
The intensity of the emitted light will not depend
on the direction of the applied field.

If coherent excitation is present (o,~W 0), the
emitted light will be affected by the coherence
only if an electric field is also present. The ef-
fect of an electric field can best be understood by
neglecting hyperfine structure and considering
only two levels: 2s, &, and 2p, &„ each with the
same magnetic quantum number M&. If the initial
atomic state was a(0)

~

2s, &,)+ b(0)
~
2p, ~,), with

a(0) and b(0) being definite complex numbers de-
termined by the collision, then with the passage
of time the p amplitude b(t) would become an
easily computable linear combination of a(0) and

b(0). The intensity of I yman-o. emission would
be essentially

~

b(t)
~

', and this would contain a
cross term a(0)b "(0). The intensity of the emitted
light would then contain a term which is essentially
the product of a field-dependent amplitude for an
s-p transition and an amplitude for decay from
2p, &, to the ground state. This cross term de-
pends on odd powers of the electric field E and

leads to a change in Lyman-0. 'intensity when the
field is reversed.

Another way to see the effect of field reversal
is based on the fact that, if the atom is in a linear
superposition of s and p states, it has an electric
dipole moment —just as if there were a permanent,
built in, microscopic, "bias" field. From this
point of view, reversing the applied field does not
"really" reverse the field the atom "sees," so
naturally the Lyman-n intensity depends on field
direction.

Figure 2 shows the result of a calculation in
which the atom is prepared in a state with cr,&
= (o,o~,)'~', and the subsequent decay followed in
an applied field of 175 V/cm. The oscillations
represent interference between the amplitudes of
light emitted by two decaying states. Reversal
of the electric field changes both the relative phase
of the two amplitudes and also their relative mag-
nitudes. In a beam-foil experiment, such as those
described in Ref. 3, the oscillations themselves
are observed, In our experiment, which takes
place in a gas cell, the observed light is an inte-
gral over the oscar. llations, which are consequently
washed out. , but the interference effect can still
be observed through the dependence of the inte-
grated light on field direction.

Detailed calculations show that although our ob-
served light asymmetry depend on both real and
imaginary parts of the mixed cross section o,~,
the dependence on the imaginary part is weak, so
we primarily measure the real part. "

i'
D
L

Lh

Q

T) ME ( ns)

FIG. 2. Calculated light emitted by a coherently ex-
cited atom as a function of time. The degree of coher-
ence was assumed to be maximal to~ ——(o,(rp ) ~2]. The
dashed curve is for an axial electric field of -175 V/cm,
the solid one for +175 V/cm. The point of the figure is to
show that the direction of the field affects the emitted
light. (Fast oscillations due to interference between
2pg gp and 2p3/2 amplitudes are not shown).

III. APPARATUS

A. Description of apparatus

Figure 3 shows a schematic drawing of the in-
teraction region. A beam of hydrogen atoms in
the ground state passes from left to right through
a gas cell containing the target gas. Plates P„
and P„are used to provide an electric field di-
rected parallel or antiparallel to the beam direc-

Beam

Pi Pp

FIG. 3. Schematic drawing of the interaction region.
Plates A and B were used to establish a prequench field
to control the current of metastable atoms from the
charge-exchange cell. The main, quench, field was be-
tween plates P~ and P2., H —shieldixg screen; I-MgF2
window; S-Lyman-a, counter. An oxygen filter |not
shown) cauld be inserted between I and 8.
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tion. Lyman-n photons emitted in a direction per-
pendicular to the beam are counted in a Channel-
tron detector.

The neutral hydrogen beam was prepared in a
conventional way by charge exchange of protons
extracted from an rf ion source. Metastable atoms
emerging from the charge exchange cell were pre-
quenched by an appropriate field before the beam
entered the interaction region. Typical neutral
currents were 10"sec ', the base pressure in the
interaction region was 10 ' torr. Data were taken
under conditions such that the observed Lyman-+
asymmetry was independent of pressure. For fur-
ther experimental details, the reader is referred
to Ref. 14.

The length of the interaction region was 1 cm.
This was a compromise betweeYl a number of coIIl-
peting effects. A curve such as the one shown in
Fig. 2 represents light emitted from one atom as
a function of time (or distance downstream). How-
ever, the observed Lyman-e count rate is a
double integral over such a curve —one integration
being over the time spent by an excited atom in
the interaction region, while the other is over all
the various positions at which the atom could be
excited.

The outcome of the integrations is a fractional
light asymmetry A for given cell length, beam en-
ergy, field strength, and assumed cross sections
cr„g~ ', and 0~. A is defined to be

(I, -I-)
—.'(I, +I )

where I, and I are Lyman-n count rates with the
electric fieM directed parallel and antiparallel
to the beam velocity. The solid curve in Fig. 4 is

H + He ( l6.5 k e V)

3

500

AX( AI F lELD (volts/cm)

000
I

/
-6-

7

the result of such a calculation for a cell length
of 1 cm, beam energy 16.5 keV (in the laboratory
frame), and for cross sections as listed in Table I.
When similar calculations are carried out for
other cell lengths and beam energies, it is found

that the magnitude of the maximum asymmetry
(and the field at which it occurs) depends on the
length of the interaction region and the velocity of
the excited atom. For very long regions, the as-
ymmetry is small because practically all the
atoms decay within the field of view of the counter,
no matter what is the direction of the field. For
very short regions, the target is poorly defined
(end effects become important).

FIG. 4. Measured values of fractional light asym-
metry, as defined by Eq. (3.1), plotted against electric
field magnitude. Not aQ error bars are shown. The sol-
id curve is a theoretical one calculated using cross sec-
tions from Table I.

TABLZ I. Experimental results for H + He Lyman-o'.

Energy
{keV) (]0 ~' cm2)

0'3
(10-" cm') b

op /Cr~

ReOsp
(10" ' cm )

Rex
(Osop ) ~

Maximum
asymmetry

(%)

2.1
4.0
9.3

11.3
16.5
21.7
28.4

0c
0.95 '
0.57
0.54
0.46
0.41
0.26 "

37'
2.0

8c

0.87
0.50

4.6
1.7
1.5
1.5
1.5
1.7
0.8

-0.46 + 0.24
-0.22 + 0.06
-0.25 + 0.04
-0.24 + 0.05
-0.18 + 0.04
-0.093 + 0.03
-0.038 + 0.02

-0.24
-0.15
-0.30
-0.32
-0.31
-0.20
-0.16

-2.3 + 0.3
-2.6 ~ 0.3
-4.9 + 0,.5
-5.9 + 0.4
-6.2 + 0.6
-5.3 + 0.5
-3.2 + 0.8

~ Laboratory frame.
"V.Dose, R. Gunz, amI V. Meyer, Helv. Phys. Acta 41, 264 (1968).
J. H. Birely and B.J. McNeal, Phys. Bev. A 5, 257 {1972).

dA. L. Orbeli, E. P. Andreev, V. A. Ankudinov, and V. M. Dukelski, Zh. Eksp. Teor. Fiz.
57, 108 (1969) t.Sov. Phys. —JETP 30, 63 (1970)t.
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B. Instrumental asymmetries

To test for unwanted, instrumental asymme-
tries, the Lyman-u count rate was measured
with no gas in the cell (apart from the residue
associated with base pressure), and with the up-
stream, prequench, field turned off. Under these
conditions, the count rate was very low (-5 sec ')
with no applied field in the interaction region, but
increased rapidly with increasing field. This
light was attributed to quenching of metastable
hydrogen atoms which were produced in the charge
exchange cell. The observed count rate depended
in the expected way on the magnitudes of the pre-
quench field and of the field applied in the inter-
action region. (For details, see Ref. 14.)

The light due to these metastable atoms should
exhibit no asymmetry since it arises from atoms
prepared in a pure metastable state (as if o~= o,~
= 0). However, an asymmetry of about I/q was
actually observed for a field strength of 175 V/
cm. The exact amount varied from day to day
and also depended on the magnitude of the applied
field. This unwanted asymmetry was ascribed
to a difference in work function between the two
plates P, and P, (Fig. 3) producing the electric
fiel.d. Such a difference in work function would
lead to the presence of an electric field even if
the plates were externally shorted together; with
such a bias field, reversal of an external voltage
source would not lead to a true reversal of the
field felt by an atom and hence lead to a spurious
asymmetry. ,

To check on this interpretation, an external
bucking battery was placed in series with the cell
plates and it was usually found that for suitable
choice of battery voltage, the unwanted asymmetry
disappeared, i.e. , for one fixed value of bucking
voltage, there was negligible asymmetry for any
value of applied field. The magnitude of the re-
quired bucking voltage was about 1 V, but drifted
slowly from day to day, and even over one after-
noon, as might be expected for room temperature
aluminum surfaces in a vacuum of -10 ' torr.
'The required bucking voltage' also depended some-
what on beam energy. This effect is thought to
be due to surface charges resulting from ion and
electron bombardment.

The required bucking voltage was determined
by measurements on a metastable beam incident
on a target cell with no gas input; when data were
being taken with a ground-state beam incident on a
target cell with gas, the correction introduced by
the bucking battery w'as smaller than (but com-
parable to) the errors shown in Fig. 4.

Another possible source of instrumental asym-
metry lies in the light produced by electrons

which arise from ionization of target gas by the
fast neutral beam. Such electrons will be accel.-
erated by the applied field and upon hitting plates
P, or P, could lead to ultraviolet photons whose
intensity would depend on the direction of the ap-
plied field. Small currents could indeed be mea, -
sured to both P, or P„and the magnitudes of the
currents did depend on the direction of the ap-
plied field, but showed no correlation with ob-
served light asymmetries. We concluded that
though such ionization effects must be present they
contributed negligibly to the observed asymmetry.

Reference 14 describes tests carried out to check
that the observed uv signal was really due to Ly-
man-n, and was not significantly contaminated by
uv of other frequencies. This was done by insert-
ing an oxygen filter in front of the channeltron.
No significant effect was observed (apart from
the expected attenuation) and it was concluded that
such unwanted uv light was not a source of error.

IV. RESULTS AND DISCUSSION

For each target gas and at each energy, light
asymmetry was measured as a function of applied
electric field strength. If necessary, the mea-
sured asymmetry was corrected for work function
differences as described in the previous section.
A typical result is plotted in Fig. 4 for helium at
16.5 keV. The experimental curve was fitted by a
theoretical one in which the cross section para-
meters o„o~, and o~ jo~ were taken from the li-

Pp Pg

terature, while the real and imaginary parts of
the mixed cross section o~ were varied to obtain
a best fit. The solid curve in Fig. 4 is such a
best fit. The resulting values of cr,& are collected
in Tables I, II, and III for a number of different
target gases and beam energies. These tables
summarize our experimental results, some of
which are also presented graphically in Figs. 5

and 6. These tables and figures do not include
estimates of the imaginary part of o,~. As men-
tioned above, the measured asymmetry is not
sensitive to this parameter. Estimates of Im o,~
(with large error bars) are presented in Ref. 14.

To extract values of O~. from the measured light
asymmetries, it was necessary to adopt values
for the partial cross sections o&, , 0&, for excita-
tion of the ~m

~

= 0 and 1 magnetic substates of
the 2p level. These were calculated from the pol-
arization data of Dose (Ref. b in Table I) for hel-
ium and argon targets. For the molecular gases
(Table III), no polarization data are available,
and it was assumed that the three magnetic sub-

. states were equally populated. However, the er-
ror bars in Table III reflect the fact that the pol-
arization is unknown.



22 COLLISIONAL COHERENT EXCITATION' TO THE n = 2 STATE. . .

TABLE II. Experimental results for H + Ar Lyman-0'.

Energy ~

0 ev)
~2s o'pp Reo+

(10 cm ) (10 cm ) o& /o&
" (10 cm )

Re~ p

(o o. )'~'s po

Maximum
asymmetry

(%)

1.6
2.1
4.0
9.3

16.5
21.7
28.4

4.0'
3 3
1+7

1.6
1.9
1.9'
2.5

73'
70
6 2c
5.1

3c
4 2c

48

6.9
0.9
0.9
0.9

3.4 + 0.8
2.3 + 0.5
0.74 + 0.5

-0.3 + 0.3
-0.1 +0.4
0.0 +0.5
0.1 + 0.4

0.63
0.49
0.23

-0.12
-0.04

0.00
0.06

9.5 + 0.5
8.1 +0.5
3.4 ~0.7

-0.8 + 0.3
-0.5 +0.5

0.25 + 0.6
+1.0 ~0.8

~ Laboratory frame.
V. Dose, R. Gunz, and V. Meyer, Helv. Phys. Acta 41, 264 (1968).' J. H. Birely and R. J. McNeal, Phys. Rev. A 5, 257 (1972).
A. L. Orbeli, E. P. Andreev, V. A. Ankudinov, and V. M. Dukelski, Zh. Eksp. Teor. Fiz.

57, 108 (1969) [Sov. Phys. —JETP 30, 63 (1970)l.

We also measured nonzero light asymmetries
for H, targets. However, these data are not in-
cluded in this paper because at least two proces-
ses contribute: direct excitation of the H projec-
tile, and dissociative excitation of the H, target.
It is difficult to disentangle these two contribu-
tions; the measured asymmetries are presented
in Ref. 14.

The calculations to compute the best fit curves
included hyperfine splittings, though as a matter
of fact the results were much the same whether
or not hyperfine structure was included. It may be in-
teresting to note that the positive assymetries appar-
ent in Fig. 4 for hsgh field strengths are associated
with the 2p, &, component of the fine-structure doublet.
If this component is neglected in the calculation,
the asymmetry does not change in sign, in dis-
agreement with experiment.

'The uncertainties quoted in Tables I, II and III
are a measure of how well the experimental data
could be fit by a-theoretical curve with two var-
iable parameters. Uncertainties in the experi-
mental curves were partly due to counting statis-

ties and partly due to imperfect reproducibility
from run to run, with the two sources of uncer-
tainty being comparable.

To our knowledge, there are no published calcu-
lations with which our results can be compared.
Probably, this is partly due to the fact that such
measurements have not been reported in the past,
so there was no impetus for theorists to make
predictions. Another reason may be that our
measurements were made over an intermediate
energy range which was experimentally conven-
ient, but theoretically awkward. It should be noted
that our measured mixed cross sections are a
sum over processes where the residual target
atom is in its ground state, first excited state,
etc.

Our results for o,~ may be interpreted in terms
of a dipole moment. A short calculation shows
that the real part, Reo~, is proportional to the
electric dipole moment given to the hydrogen
atom by the collision, the proportionality constant
being positive; the imaginary part, Imo, mea-
sures the rate of change of this dipole moment.

TABLE III. Experimental results for H+ N2, Oz Lyman-&.

Gas
Energy ~

(keV) (10 ~' cm ) (10 ' cm I

Reosp
(10 ~' cm )

Reecho
(~ ~ )1/2

Maximum
asymmetry

(%)

02

2.1
4.0

16.5
2.1
4.0

16.5

3.0"
2.2b

1.7"
3.6b
3 Ob

17b

6.2b
59b
49
5.4b

5.5"
4.6b

-0.39 . + 0.48
-0.15 + 0.25
-0.15 + 0.44
-0.14 + 0.43
-0.069 + 0.42
-0.23 + 0.40

-0.15
-0.09
-0.09
-0.053
-0.030
-0.14

-1.2+ 0.6
-1.0 + 0.3
-0.9 + 0.6
-0.6 + 0.3
-0.3 + 0.3
-1.5+ 0.4

a Laboratory fr

arne.

"J.H. Birely and R. J. McNeal, J. Geophys. Res. 76, 3700 (1971).
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FIG. 5. The energy dependence of the real part of the mixed cross section 0» for coherent excitation of H{n=2) by
He, as a fraction of its maximum possible value {0~v& ) . Data taken from Table I. Energies are in the laboratorys Pp
frame.

In Table I, the sign of Reo» for helium is such
that the hydrogen atom leaves the collision with its
electron in front of the proton. For argon, on
the other hand (Table II), the sign of Reo,~

de-
pends on energy.

We have found that the magnitude of cr» is the
same order of magnitude as the ordinary cross
sections o„o~ (more precisely the geometric

0
mean of the two). The same qualitative result
has been found in beam-foil experiments (Ref.
4), in charge-transfer collisions (Refs. 2 and 16),
and in electron-photon coincidence measurements
(Ref. 5). All these results support the general
conclusion that coherence effects are large.

'The existence of collision-induced dipole mo-
ments could have a bearing on experiments to

measure fundamental frequencies with high pre-
cision, and to look for weak-interaction effects
in atoms. For example, in an experiment to mea-
sure the Lamb shift, it is usually assumed that
the hydrogen atom is prepared in a pure metastable
state. If the atom were initially in a coherent
mixture of s and p, subtle shifts in line shapes
and positions could arise. Actually, in the pre-
cision experiments we are aware of, the atoms
were excited so far from the interaction region
that any p component initially present would have
decayed away, and atoms entered the interaction
region in the s state. (Even in this case, how-
ever, collisions in the interaction region could
regenerate the p state and again lead to trouble. )

Similarly, in an experiment to look for a small

0.8
H+ Ar

II0.6

b
0.4

b

0.2
CL

b
IO 20 I I 30

ENERGY (keV)

—0.2

FIG. 6. Same as Fig. 5, except that the collision partner is Ar. Data from Table II.
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term, perhaps due to the weak interactions, which
admixes states of parity opposite to that of the
primary state, coherent scattering effects could
mix in just guch states —in effect "dressing" the
primary state —and so produce a spurious effect.
One might attempt a crude estimate of the mag-
nitude of such effects by taking them to be of
order nv~o~~, where n is the number density
of the background gas, and v is the speed of
the beam atoms. If n were taken to be 3x 10'
cm ', corresponding to a pressure of 10 ' torr,
v=3x 10' cm/sec, and ~o~~ =10"cm' (-from
Table I), then nv

~

o,~
~

- 10 ' sec '. The s -p matrix
element of the parity nonconserving weak interac-
tion is also about 10 ' sec '.

However, such an estimate is not at all reliable,
even apart from the fact that Table I refers to
helium, which is not the dominant background gas.
Experiments under way measure an interference
effect between the parity-nonconserving part of
the Hamiltonian and a parity-conserving part. A
much more detailed analysis of collisional ef-
fects is required before one can assess their im-
portance. Such an analysis might start by adding
phenomenological terms to the equation of motion
for the atomic density matrix —terms involving
both ordinary cross sections and also mixed ones
such as those measured in this paper —and has
not been carried out to our knowledge. However,
there is also a different kind of scattering effect
which would be interesting to consider. It is an-
alogous to the well-known regeneration of K,
mesons by matter.

If a plane wave of 2s atoms, described by the
amplitude a(x), traverses gas, then forward
scattering in a slab of thickness dx and number
density n would contribute a scattered wave down-
stream which would interfere with the incident
wave. This is just the effect which gives rise to
an index of refraction in optics. By the same

argument as used in optics, "the slab emits a
plane wave

da = iahnf„(0) dx, (4.1)

where A. is the de Broglie wavelength of the inci-
dent wave, and f„(0) is the forward scattering
amplitude.

If the slab were considered to also emit a plane
wave of atoms in the 2p state, one is led to a pic-
ture in which two waves [amplitudes a(x) and b(x)]
travel down the beam, with each slab of gas being
a source emitting amplitudes da and db given by

da = iXndx [f„(0)a+f„(0)b],
db = i%ndx [f„(0)a+f„(0)b].

(4.2)

Replacing dx by vdt, and 1. by hlmv, where m is
an atomic mass, these equations take on the form
of Schr'odinger's equation, with Hamiltonian

f„(0) f„(0)
m f„(0) f„(0) (4.3)
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This Hamiltonian mixes s and p states and could
interfere with the weak-interaction term. How-
ever, more detailed analysis is required, es-
pecially with regard to its symmetry properties.
It should be emphasized that the measurements
reported in this paper are of mixed cross sections
o,&, not of forward scattering amplitudes f„(0).
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