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in its intensity due to mixing not only with the
weaker 'S, levels, but also with the 6sng'G4 se-
ries, which is not optically connected to the low-
er 6s6P 'P, ' level. At the higher n values ob-
served, further mixing with additional even-pari-
ty series is evidenced by the appearance of satel-
lite lines and a rapid drop in oscillator strength
as n increases.

In addition to the case of the 6s18s 'S, level dis-
cussed earlier, the utility of the diamagnetic
shift in differentiating between Rydberg states
and doubly excited states is demonstrated by not-
ing that the 6s6p 'P, '-5s7d'D, line in Fig. 3 ex-
hibits a shift that is appreciably less than that of
nearby 'D, Rydberg levels.
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Lithium atoms in high Rydberg states, excited in an atomic beam by pulsed electron

impact, are passed through a target gas and detected following electric-field state selec-
tion. Cross sections obtained from time-of-flight spectra are virtually independent of

the principal quantum number and in numerical agreement with calculations for deflec-

tion of the core ion alone. This deflection has also been observed directly. These re-
sults suggest a new method for very-low-energy ion-atom scattering experiments.

Recent interest in the collisional interactions
of high Rydberg states has been directed toward
l-changing processes' ' and detachment of the out-
er electron by ions4 and by polar and electroneg-
ative molecules. ~' When ionization takes place
in collisions with molecules, the outer electron
appears to behave as a free particle, independent
of the core ion to which it is weakly bound. When
Rydberg atoms are deflected by neutral atoms or
molecules, it is conversely possible that the core
ion is scattered as an electron-independent sys-
tem.

Ion-atom and ion-molecule interactions have

traditionally been studied by ion-beam scattering
above about 1 eV and by drift-tube techniques at
lower energies. The important thermal energy
region has not been fully explored, ' as slow ion
beams have proved difficult to produce- and main-

tain, while drift experiments measure ion trans-
port properties rather than differential cross sec-
tions. This work considers the possibility that

free-ion scattering can be observed at thermal
energies in the deflection of high-Rydberg atoms
by neutral gaseous targets. In the experiments
to be described, a lithium atomic beam contain-
ing high Rydberg states (Li*) is scattered by a
gas at low density.

The experimental geometry has been discussed
previously. ' Lithium atoms from a 500'C oven
are excited by a transverse beam of electrons
from a heated cathode. The electron accelerat-
ing potential is pulsed with a repetition rate of
850 Hz, a pulse width of 10 JUsec, and an ampli-
tude of 10 V. A 1.5-ko magnetic field, parallel
to the electron beam, is applied to the excitation
region to remove ions and electrons from the
atomic beam and to focus the bombarding elec-
trons.

Near the end of its 35-cm flight path, the Li
beam passes through a pair of parallel electric
field plates and a grounded aperture of 0. 5-cm
radius before entering an excited-atom detector.
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The beam is collimated so that its edges approxi-
mately coincide with the detector aperture. With-
in the detector the Rydberg states are field ion-
ized, and the stripped electrons are counted by
a Channeltron electron multiplier. The result-
ing pulses are amplified, shaped, and then cata-
logued according to excited-atom flight time by
a multichannel sealer. Dwell time per channel
is 5. 5 psec; scan reset timing is synchronized
with the excitation pulses. Even with an elec-
tron-source duty cycle of less than 1', Li*
counting rates in excess of 10'/sec have been ob-
tained. Target gas pressures up to 4&10 ' Torr
are measured by a Bayard-Alpert ionization
gauge calibrated by a Baratron capacitance ma-
nometer.

Time-of-Qight spectra are obtained at various
values of the electric field and target gas pres-
sure. The detected states lie in a roughly de-
fined interval of principal quantum numbers rs.
The maximum value n~„= (E,/E)' ' is due to
electric-field ionization' at the applied field E,
where the constant Eo is approximately 6&& 10'
V/cm. A lower limit for the range of n va.lues
is determined by the initial population distribu-
tion and by radiative decay along the flight path.
At a typical beam velocity of 2&& 10' cm/sec, the
minimum lifetime of a Rydberg state which carl
survive without decay in flight is of order 10 '
sec. From measurements of Li* transit-time
distributions' it is apparent that states of high
orbital angular momentum are present in the
beam transit region and that for E & 100 V/cm the
distribution of detected states receives a domi-
nant contribution from principal quantum num-
bers just below n~„.

The 10-V cathode pulse amplitude provides al-
most twice the excitation energy required for Li*
production, but is well below the ionization poten-
tial of the target gases used. Contributions to
the signal from excitation of the target gas were
not observed, and, in fact, no Bydberg atoms
were detected with the oven unheated but with tar-
get gas present. Throughout the experiment, the

'

Channeltron pulse-height distribution and the
electron souce current (of order 0. 3 mA during
the pulse) were continuously monitored and found
to be negligibly affected by the target gases, even
at the highest experimental pressures.

The time-of-flight spectrum recorded at a base
pressure of 2&& 10 6 Torr is given in the upper
curve of Fig. 1, together with results obtained
for a neon target at several partial pressures P.
An applied electric field E = 200 V/cm was main-
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FIQ. 1. Time-of-flight spectra for Ll+ atoIl1s ln a
thermal beam, with neon as the target gas and an ap-
plied electric field E = 200 V/cm. For display purposes
each datum point repr esents a sum over three adjacent
sealer channels.

tained during these measurements. Introduction
of the target gas causes the slower atoms to be
preferentially scattered from the beam. Similar
time-of-Qight spectra were recorded for each of
five target gases (He, Ne, Ar, H» and N, ) at
electric fields Z= 0, 200, and 1000 V/cm. The
corresponding average values of the principal
quantum number in the detected beam are approx-
imately~=60, 35, and 25.

For each target gas species and each electric
field, a channel-by-channel ratio 8 (&) was com-
puted, in which the counting rate with the gas
present was divided by the rate recorded in the
same sealer channel without the target gas. The
neon ratios are displayed in Fig. 2, which re-
veals nearly straight lines at large flight times
t, on a semilog plot. The magnitudes of the
slopes of these lines, denoted by@, are plotted
in Fig. 3 as a function of the target gas density
'Bp The plotted points are consistent with a con-
stant slope y/n, which does not depend on E.
Comparable results were obtained for the remain-
ing target gases, for which the variation of slope
with E appears to be random, without confirming
the slight monotonic trend seen for neon in Fig.
3. The values of y/n, are given in Table L

If 0 denotes a cross section for the removal of
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TABLE I. Experimental and calculated values of ov
for the five target gases.

Target
gas e/a()

Experimental
0-V = y/n()

{10 cm /sec)

Calculated
gv (Eq. 4)

(10 cm /sec)

Neo

7
o 17-4 —0 pg

He
Ne
Ar
Hg

N2

1.88
2.67

11.07
5.45

11.88

1.97+ 0.40
1.88*0.45
2.87 + 0.65
4.00 + 0.65
2.12 ~ 0.60

1.75
2.42
4.94
8.47
5.12

I

I 00 500300
t (psec)

FIG. 2. The variation of lnR&(t) with transit time t,
for the data shown in Fig. 1.

200

o ~1/v

Rydberg a.toms (having velocity v) from the beam,
then an exponential loss R~(&) = exp(-n, o vt) is ex-
pected in the absence of radiative decay and col-
lision-induced changes of state. The latter two
processes can account for the overall displace-
ment of the experimental plots ot A~(&) (Fig. 2) as
well as the deviation from straight-line behavior
at low channel numbers. These effects are due
to the relatively rapid radiative decay of the ini-
tially excited low-~ states and the much slower
radiative decay of the higher-1 states which are
populated as a result of 1-changing collisions. It
is then possible to make the identification y/n,
=0v. A velocity dependence

is implied by the observation of an essentially
time-independent y in Fig. 2 and in the analysis
for the other target gases.

The lack of E dependence suggests that o may
describe a localized scattering process for the
core ion alone. Since alkali absorption transi-
tions to high-~ states have been observed even
with large numbers of rare-gas atoms present
within the Rydberg orbit radius, ' it is reason-
able to suppose that a target atom can penetrate
the outer electron cloud and transfer momentum
to the core ion. For a direct test of this deflec-
tion hypothesis, a movable collimating slit, 3
mm in diameter, was inserted into the atomic
beam path, 7 cm from the source. The Li* beam
profile was scanned and, as shown in Fig. 4, a
pronounced spreading was observed as the tar-
get gas pressure was increased. Within experi-
mental error, the beam area in the detector plane
is inversely proportional to the on-axis counting
rate. The spreading is thus sufficient to account
for the central beam attenuation, without deple-
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FIG. 3. Experimental values of y, plotted vs neon
density np The slope y/np is entered as Ov in Table I.
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FIG. 4. Direct observation of Li* deflection by means
of a movable collimating slit.
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a= v '(m'cate'L/3m'�)"', (4)

which is consistent with Eq. (l). Table I includes
numerical values of Ov calculated from this rela-
tion for the experimental dimensions I = 35 cm
and R =0. 5 cm. Typical cross sections are of
order l0 "cm'.

The experimental and calculated values of ov
are in excellent agreement for He, Ne, and H„
and are within a factor of 2. 5 for the most mas-
sive targets, Ar and N, . This agreement gives
further support to the free-ion view of the scat-
tering process. Equation (4) does not take into
account quantum scattering effects, which be-
come important at the smallest of the observed

tion of the Li* population by electron-dominated
processes such as collisional deexcitation or ion-
ization.

The elastic scattering of a slow ion by an atom
having polarizability a is described by an attrac-
tive polarization potential having the asymptotic
form V(r) = —cte'/2r' F. or this potential a clas-
sical calculation of the differential cross section
for small scattering angles e (in the laboratory
frame) yields

ao'/dQ —= v '(Smne /64rng')' '

after integration over the Maxwell-Boltzmann
velocity distribution for the target. The trans-
formation of the scattering angle from the center-
of-mh. ss reference frame accounts for the pres-
ence of the lithium mass m, rather than the re-
duced mass, in Eq. (2). Integration over scat-
tering angles and interaction locations along the
beam leads to an estimate of the observed scat-
tering cross section:

A0' =
&

—,— 2m sino dI9.
Z/1. P q

Here I and R represent the beam length and the
radius of the detector aperture, respectively,
and y denotes the half-angle intercepted by the
detector at an arbitrary point along the beam tra-
jectory. Angles q' and ~' are large and do not
appear in the result,

deflections. Short-range corrections to V(r),
which affect large-angle scattering, are likewise
not included in this calculation.

There are interesting prospects for further ex-
perimental work, including the measurement of
differential scattering cross sections and the
study of ion participation in chemical reactions.
High-Rydberg atoms may thus play a useful role
in velocity-resolved ion-atom and ion-molecule
scattering experiments at thermal energy. The
presence of a Rydberg-state valence electron pro-
vides a charge-neutralizing sheath around the
ion, rendering its trajectory virtually unaffected
by nonionizing externa1 fields.

Research Corporation support is gratefully ac-
knowledged.

(') Present address: Department of Physics, Njala
University College, Njala, Sierra Leone.

T. F. Gallagher, S. A. Edelstein, and R. M. Hill,
Phys. Rev. Lett. 85, 644 (1975), and Phys. Rev. A 15,
1945 (1977).

R. E. Olson, Phys. Rev. A 15, 681 (1977).
J. A. Schiavone, D. E. Donohue, D. R. Herrick, and

R. S. Freund, Phys. Rev. A 16, 48 (1977).
P. M. Koch and J. E. Hayfield, Phys. Rev. Lett. 84,

448 (1975).
W. P. West, G. W. Foltz, F. B. Dunning, C. J. Lati-

mer, and R. F. Stebbings, Phys. Rev. Lett. 36, 854
(1976), and in Abstracts of the Fifth International Con-
ference on Atomic Physics, Berkeley, California,
1976, edited by H, . Marrus, M. H. Prior, and H. A.
Shugart (Plenum, New York, 1976), p. 256.

M. Matsuzawa, J. Chem. Phys. 55, 2685 {1971),and
ibid. 58, 2674 (1978), and J. Phys. 8 8, 2114 (1975).

E. W. McDaniel and E. A. Mason, The Mobility and
diffusion of Ions in Gases (Wiley, New York, 1973),
Sect. 6-8.

C. A. Kocher and A. J. Smith, Phys. Lett. 61A, 805
(1977).

R. N. Il'in, in Atomic Physics 3, edited by S. J.
Smith and G. K. Walters {Plenum, New York, 197&), p.
309.

R. G. Breene, Jr. , in IIandbuch der I'hysik, edited
by S. FlQgge (Springer-Verlag, Berlin, 1964), Vol. 27,
p. 72 ~


