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Total cross sections for the scattering of low-energy electrons by excited sodium atoms in tbe
3 &3q2, mz ——+3/2 state
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The authors have measured the absolute total cross section for low-energy electrons scattered by sodium
atoms in the 3 P»2, m~ = +3/2 state using a modified atomic-beam-recoil technique. A single-mode tunable
dye laser is used to excite these states selectively, and their populations are determined by using the atomic
recoil in resonant photon interactions to separate excited from nonexcited beams spatially. Total cross
sections have been measured at seven electron energies between 0.84 and 6.0 eV.

I. INTRODUCTION

Current interest in col.lision experiments in-
volving excited-state atoms is very high. Excited-
state processes play a major, sometimes domi-
nant, role in a vast variety of phenomena involving
bulk gaseous and plasma systems. Even-when the
relative concentration of excited-state atoms is
very small, collisions involving them can domi-
nate, since excited-state cross sections are often
orders of magnitude larger than those involving
ground- state atoms. Nevertheless, until very
recently collision experiments were performed
almost exclusively with atomic systems in their
electronic ground state. The main exceptions in-
volved either experiments in which excited-state
atoms were present because the collisions under
study took place under conditions such as those
existing in a gaseous discharge, or atomic beam
experiments performed on metastable excited
atoms. ' Obvious difficulties prevented the per-
formance of experiments involving short-lived
excited states; atoms survive in these states for
times of the order of 10 ' sec and, at thermal
speeds, travel only about 10 ' cm during that time
interval.

The advent of the cw single-mode tunable dye
laser has made possible the creation of a substan-
tial steady-state excited-atom population within
the interaction region of an otherwise conventional
crossed-beam experiment, thus opening the way
for an increasing number of atom-atom'' and
electron- atom ' col.lision experiments involving
excited states of the target beam. In particular,
Hertel and co-workers' have studied in detail the
dependence of inelastic electron scattering by
3 'P, g, sodium atoms on the plane of polarization
of the laser light for 3P- Ss and SP-4s transi-
tions, thus determining the (relative) scattering
multipole moments TD and T', .

The monochromaticity and well-defined polar-
ization of the laser l.ight allow us to specify com-

pletely the hyperfine state into which the atom is
excited, making possible the detailed study of fine-
or hyperfine-structure transitions, or transitions
between substates of different azimuthal quantum
numbers. Some theoretical aspects of these novel
problems have been discussed by Macek and
Hertel. ' Much of the recent work in this rapidly
growing area of atomic collisions physics has
been summarized in a review by Hertel and Stoll. .'

The availability and efficiency of suitable dyes
determines which atoms are accessible to this
type of experiment. Initially, experiments were
restricted to rhodamine 6G, which has maximum
efficiency at frequencies very close to those for
the sodium 38-3I' transitions. Rapid. progress in
dye technology, as well as the availability of new
ring lasers, will change this situation in the near
future. But even in the absence of such technical

. restrictions, sodium would have been a good
choice for a first excited-state atom-electron
collision experim ent.

There is an ever increasing body of both ex-
perimental and theoretical results for low-energy
electron scattering on the alkali atoms in their
ground states. Most of the experimental work has
been performed with sodium and potassium and
includes the measurement of total, ' "differen-
tial, ' '" ' direct differential, ' and exchange dif-
ferential'0' ""elastic cross sections, as well as
some differential n'8-n'P cross sections, "'"both
with and without spin analysis. The characteristic
feature of these experiments is the generally good
agreement existing between measurements and
the results of few-state close-coupling calcula-
tions, ' " although some discrepancies exist."
Moores et al."have extended their four-state
close-coupling calculations to the scattering of
electrons by excited sodium atoms. Performing
an excited-state experiment on sodium would pro-
vide an opportunity to check the validity of such an
extension.

Our initial efforts in connection with excited-
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state atom col.lisions have thus been directed
towards obtaining reliable absolute cross sections
for the scattering of electrons by sodium atoms in
the O'P, g, state. This work is part of a continuing
program that includes measurements of state-
selected and spin-analyzed total and differential
cross sections for elastic, inelastic, and super-
elastic electron-excited sodium collisions. Pre-
liminary results have been reported else-
where. ''4 "

II. GENERAL DESCRIPTION OF METHOD

The natural lifetime of the 3'I', g, state of
sodium is of the order of 10 ' sec. At thermal
speeds such an atom will travel about 2 x 10 ' cm
before decaying to the ground state. Accordingly,
in order to observe electron collisions with the
excited sodium atoms, it is necessary for the
laser, atomic, and electron beams to overlap.
The geometry of the interaction region which we
have chosen for our experiments is shown in Fig.
1; the three beams intersect each other ortho-
gonally.

In the absence of the laser beam this geometry
is identical to that used in the atomic-recoil
technique developed at New York University" for
ground-state experiments. This technique has
been described in detail elsewhere. "'" The main
difference between this and other techniques is
that observation is made on the recoiled atoms,
rather than on the scattered electrons. The atom-
ic-recoil angles are large enough to allow not only
the determination of total scattering cross sections
by measuring the attenuation of the atomic beam
when cross-fired by electrons, but also the study
of differential scattering by collecting atoms scat-

tered away from the beam axis. The recoil tech-
nique is particularl. y amenable to the performance
of scattering experiments with state selection be-
fore the interaction, and with state analysis after
the interaction.

Figure 2 illustrates the relationships between
the atomic-recoil angles P (in the xy plane, de-
fined by the atomic and electron beams) and X (in
the yz plane), and the electron polar and azimu-
thal scattering angles. 8 and Q. These relation-
ships are given by

P= n —P cos8,

g=P sin8sinp

where a=mv/MV, P =mv /MV; mv and mv are
the magnitudes of the electron momentum before
and after the collision, respectively, and MV is
the magnitude of the atomic momentum assumed
unchanged in the collision. If the collision is
elastic, n=P. It is assumed that a and P are
small. , although this restriction is not required
for the present total cross section experiments.

To measure a total cross section o, one per-
forms a "scattering-out" experiment, measuring
the difference between the atom current I, reach-
ing the detector which is set on the atomic beam
axis with the electron beam off, and the one with
the electron beam on, L The total cross section
is rel. ated to the experimental parameters by

where 6I=I,—I, h„ is the height of the atomic
beam, V is the atomic beam speed, and I, is the
electron current (electrons per second). It is
important to stress that when using this method
it is not necessary that one measure absolute
atomic beam densities or currents; only the ab-
solute electron current passing through the inter-
action region must be determined.

MV

hA

FIG. 1. Interaction region: P~, P, , and k„are the
atom, electron, and photon momenta; g gives the laser-
beam polarization. The magnetic field H is 785 6
parallel to the electron beam; h& is the height of the
atomic beam.

FIG. 2. Atomic recoil and electron scattering angles.
The electron and atom beams define the x and y axes;
the z axis completes a right-hand coordinate set. The
usual electron polar and azimuthal, scattering angles
8 and P are defined with respect to the x and z axes,
respectively. The atomic recoil angles are g and X;
g is defined in the xy plane, X in the ys plane.
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When two atomic species of total electron scat-
tering cross sections o, and &, are present, the
-observed "effective" total cross section & will be
given by

23 Paula

0 1 2 3

V= So, + (1 —P)a, , (4)

where 5 is the fraction of species-1 atoms present
in the interaction region.

In our case species 1 would be the 3'P, /, sodium
atoms, species 2 the ground-state sodium atoms,
and 5 the fraction of excited atoms present in the
interaction region. We are assuming here that the
excitation mechanism prepares a statistical. mix-
ture, rather than a coherent superposition, of
atoms in the ground and excited states. This as-
sumption is discussed in Sec. III.

III. ATOMIC EXCITATION

Figure 3 shows the hyperfine energy levels for
the ground and O'P, /, states of sodium in the
presence of a 785-G magnetic field. " At this
field strength the nuclear and magnetic moments
are fully decoupled for the excited state, whereas
for the ground state the atoms are in the inter-
mediate-field regime, with the dimensionless
Habi parameter x=gpsP/AW=1. 24, where g is
the gyromagnetic factor, p, ~ is the Bohr magneton,
H is the magnetic field intensity, and 4$' the zero-
field hyperfine energy splitting. We use the quan-
tum numbers (m„m~) to describe the excited-
state sublevels, while the ground-state ones are
labeled (I, m).

The natural width of the transitions between the
ground- and excited-state sublevel. s is of the or-
der of 10 MHz, while the laser width is about 50
MHz, and for mutually perpendicular atomic and
laser beams the Doppler broadening is, in prin-
ciple, negligible. The average separation between

+3 /p 1eve). s diff ering in one unit of m& is 1460
MHz, while the splitting of levels of the same m&,
differing by one unit of m„ is 30 (for m~ = +)) or
10 MHz (for m~ = ak). The separation between ad-
jacent ground-state levels varies between 260 and
1220 MHz. It follows that it is possible, in prin-
ciple, to resolve each of the different allowed
transitions by proper frequency and polarization
selection of the laser light.

It is well known that, because of the hm = +1, 0
selection rule for the decay of the excited state,
optical pumping mill deplete most of the ground-
state hyperfine sublevels after a few excitation-
deexcitation cycles. The exceptions are the
(2, 2)- (&, &) and (2, -2)- (-~, -~) transitions, de-
noted by arrows in Fig. 3. These are the ones
that were used in our experiment to create an ex-
cited-state population in the interaction region.

S1/2

FIG. 3. -Zeeman structure of the 38f/g and 3P3/g
states of sodium (II= 785 G). Ground-state levels
(J', m ) are (1,1), (1,0), (1,-1), (2, —2), (2, -1), (2, 0),
(2, 1), and (2, 2), beginning with the lowest one and
moving clockwise. Excited-state levels (ml, mz) are
ordered in columns of constant m =ml+mz and rows
of constant m z, beginning with m J.= ~ in the bottom row.

Thus under the conditions of our experiment we
have an effective "two-level" system, with the
excited atoms virtually exclusively in the 3'P3/Q,

3 3
m~ = a (or —~) magnetic sublevel.

The magnetic field present in the interaction
region is parallel to the electron momentum and
defines the quantization axis. To observe the
b,m = +1 transitions discussed in the preceding
paragraph using linearly polarized laser light, we
set the electric vector parallel to the atomic mo-
mentum, as shown in Fig. 1. When the laser is
tuned to either one of the (2, +2)- (+~, +~) transi-
tions, the atoms will exchange photons with the
laser field during their entire passage through the
interaction region.

For laser intensities which are not too high and
l.inewidths which are not too narrow, perturbation
theory is applicable, and one can write rate equa-
tions to describe the population dynamics of
ground and excited states. Under these conditions
the target atoms can be represented as an inco-
herent mixture, rather than as a coherent super-
position, of atoms in the ground and excited
states. Therefore Eq. (4) for the total observed
cross section will be valid. This is not a moot
question, since the description of the electron
scattering process changes, depending on which
target characterization one chooses, as has been
discussed in detail by Gersten and Mittleman, "
Mittleman, "and Hertel and Stoll, ' We took the
somewhat naive approach of assuming that, if the
period of the Rabi oscillation of the atom in the
radiation field is substantially longer than the
lifetime of the excited state against spontaneous
decay, there will not be significant coherence be-
tween ground and excited states. This is indeed
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the case, given the parameters of our laser, and

Eq. (4) can be used safely. '0 Mittleman" obtained
equivalent results using the rotating-wave ap-proximationn.

The rate equations governi. ng the excitation-
deexcitation process in the interaction region are

f.(t) = 1 -f, (f),

f (t)+(I+2p)&f (t) =W

(5)

(~)

f, (t) =(I —exp[- (I+2p}Af]].p/(I+2p), (7)

which for t- ~ gives a steady sta-te population f,
of the excited state

f =p/(I+2p).

The atomic transit time 7 = I/ V through the in-
teraction region of length l is of the order of 10 '
sec, while the characteristic excitation time
1/(1+2p)A is of the order of 10 ' sec. Under nor-
mal operating conditions each atom will undergo
several hundred excitation-decay cycles, and the
steady-state solution will describe the populations
of both ground and excited states. The average
time spent by each atom in the excited state while
crossing the interaction region will be At =f,7.

It should be noted that f, is the excited-state
fraction relative to the population initially in the
particular ground-state hyperfine sublevel being
pumped by the laser. In general, since there are
eight such sublevels in the sodium ground state,
only 12.5% of the full atomic beam is available for
excitation.

In order to determine, using Eq. (4), the total
cross section for electron scattering by the ex-
cited sodium atoms, one must determine F. We
will show that P=f, and will describe a method to
determine 5 taking advantage of the atomic recoil
associated with the resonant photon interactions.
Resonant many-photon recoil is readily observ-
able in an atomic beam experiment. " In our
geometry the downward momentum transfer per
absorbed photon, bP, results in a recoil angle
y, = h/M VA, where A. is the photon wavelength.
Stimulated emission of a photon results in an up-
ward momentum transfer ~ to the atom and an

opposite recoil angle y„so that the net recoil for
each such pai. r of events is zero. However, spon-

where f, and f, are the populations of the ground
and excited states, respectively; A is the Einstein
coefficient associated with spontaneous emission
of radiation, and p= X'I'/8wItcahv is the ratio of
stimulated emission rate to spontaneous emission
rate. I' is the laser power, a is the laser-beam
cross sectional area in the interaction region,
and Av is the laser linewidth. The solution for f,
with the initial condition f, (0) =0 is

y = Ny, =f, (h/M VA) (7'/7', ) . (10)

In the limit of high laser power, the net recoil
saturates at y,&/2~, .

If the atomic detector is at a distance L from
the interaction region, the deflection d of the
atomic beam due to resonant photon interactions
1s

d = Ly = Lf, (A/M VA) (l/ V7 g .

By measuring d and using Eq. (11), we can deter-
mine f,.

As has been discussed earlier in this section,
only 8 of the atomic beam (or —,', if the beam has
been polarized in high fields by a Stern-Gerlach
magnet selecting a single value of m~) partici-
pates in the excitation process. In our experi-
mental arrangement, d is of the order of 0.2 in. ,
whereas the height of the atomic beam, measured
at t~e detector, is also about 0.2 in. (FR%M).
This means that those atoms that were excited by
the laser and have spent a fraction f, of the transit
time through the interaction region in the 3'P, y,
state are spatially separated from the ones that
have not been excited. We can say that the atomic
beam is split into two beams in the interaction
region and that the beam which makes an angle y
with the axis of the apparatus is indeed an "ex-
cited-state beam. "" Under these conditions, f,
and F are identical.

The spontaneous decays introduce two sources
of random fluctuations in d: first, the number of
spontaneous photons itself follows a Poisson dis-
tribution with mean N and variance N, and second,
the variance in the momentum transferred to the
atoms by the N spontaneous photons can be com-

taneous-decayphotons are radiated in essentially
random directions, each such event again trans-
ferring ~ to the atom, .

An atom which spends a total time At in the ex-
cited. state will undergo an average number of
spontaneous decays N= M/ro (M»vo), where &o

is the natural lifetime of the excited state. The
effect of these N spontaneous decays on the atomic
momentum can be described as a three-dimen-
sional random walk in momentum space, with
uniform step size ~. Neglecting the anisotropy
in the angular distribution of spontaneous photons,
in the first approximation the probability distri-
bution function for a net momentum transfer p to
the atom after N steps" is, for large N,

W$) = (-.'wN~2) -"exp(-3P'/2N~') (9)

and the average momentum transfer is zero. The
atom will suffer a net momentum transfer N~
from the absorbed photons, and the net downward
recoil angle will be



812 B. JADUSZLIWER, R. DANG, P. WEISS, AND B. BEDERSON 21

puted from Eq. (9) to be N~'/2w. The relative
error in the determination of & due to these two
sources can be shown to be [(2m+ 1)/2wN]'~'.

The spontaneous decays will also broaden the
atomic beam. An estimate of the broadening can
be obtained from the variance of the probability
distribution [Eq. (9)j:

b= (N/2x)' '(dP/M V)I, (12)

b, v = (~/Mc) vo= 0.05 MHz. (13)

The average accumulated Doppler shift wil. l be
Nhv, and this number must be kept smaller than
half the laser bandwidth; i.e. , transverse recoil
using our present arrangement limits N to less
than 500.

IV. APPARATUS

As the atomic-beam apparatus used for this ex-
periment has been discussed in detail previous-
ly, "'"'""we include here only a very brief de-
scription. Figure 4 shows a schema of our ex-
perimental arrangement.

A. Atomic beam

where b is the beam broadening.
We have thus far assumed that the only limita-

tion on the number of photons absorbed per atom
is the available laser power density. In fact, this
is not the case. As the atom acquires momentum
in the transverse direction, the laser photons be-
come red shifted relative to the atom. Eventually
the atom ceases to absorb photons. It is easy to
calculate the Doppler shift per absorbed photon,

B. Electron beam

The electron gun is similar to that described by
Coll. ins et al." It lies between the pole pieces of
a permanent magnet, producing a field of 785 0
para', lel to the electron momentum. The electron
beam is shaped like a ribbon, about 1 in. wide and
0.032 in. high [the electron beam height must be
kept smaller than the atomic beam height for Eq.
(3) to be valid]. The electron current through the
interaction region is monitored by a digital micro-
ammeter. Currents between 200 and 500 p. A were
used in the present experiment. The energy width
of the electron beam is about 0.40 eV (FWHM);
the mean electron energy is corrected for space-
charge effects and contact potentials.

C. Atomic velocity determination

Equations (3) and (11) require the explicit mea-
surement of the atomic beam velocity. This is
accomplished by a technique described by Collins
et al. ' Electrons which are inelastically scattered
in the forward direction (8=0) result in recoiled
atoms for which P= o.'—P [Eq. (1)] and g = 0 [Eq.
(2)]. Because of the finite height of the detector,
such atoms are detected with greater efficiency,
i.e. , have a very high "azimuthal form factor, "'
compared to those for which 8 &0, for which y is
not necessarily zero. Thus these 0=0 inelastically
scattered electrons give rise to a peak in the
atomic angular distribution as a function of detec-
tor position, as shown in Fig. 5.

The position of the forward inelastic scattered

The sodium-beam source is an effusive oven
constructed of iron, and is heated to a tempera-
ture of about 500'C. The ground-state beam is
polarized in high fields (selecting one of the two
mz values) by an offset Stern-Gerlach magnet, so
that the number of hyperfine ground-state sub.—

levels present in the atomic beam is four rather
than eight. The magnet also acts as a velocity
selector, giving a velocity spread b V/V=0. 08.

After passing through the interaction region,
the atoms are surface ionized on a hot platinum
wire. The ions are mass analyzed by a 60' sector
magnet and detected by a Channeltron electron
multiplier operated in the current mode, its out-
put being monitored by an electrometer.

The distance between the interaction region and
detector is L =32 in. The detector can be moved
vertically (z axis) and horizontally (x axis) to ob-
tain a cross sectional. intensity of the atomic beam,
and can be aligned either on axis to monitor the
full atomic beam or below axis to monitor the
"excited" beam discussed in Sec. III.

X y

Hc-!
C3 R

Q& . rg

Flo. 4. Experimental arrangement: A sodium oven;
B Stern-Gerlach magnet; C electron gun; D Channeltron
electron multiplier; E tunable dye laser; F polarization
rotator; 0 beam splitters; H mirrors; I lenses; J sodi-
um vapor cell; K spectrum analyzer; L spectrum analy-
zer ramp generator; M mode structure monitoring
scope; N tunable dye laser frequency control; P atomic-
beam monitoring electrometer; R DECLAB-03 com-
puter; S electron-beam monitoring microammeter; T
laser-frequency manual feedback loop.
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peak, s, is related to the electron energy E and
atomic velocity V by

s = [(2m)'I'/M]Lf~E (E——E*)' ']/V, (14)

where F.* is the excitation energy. Thus, by mea-
suring the displacement of the forward inelastic
scattering peak, the average atomic beam velocity
can be determined to better than 3'.

D. Laser beam

A single-mode tunable dye laser using rhodamine
6G as the lasing medium is pumped by a 1-W
argon-ion laser. One can tune the laser frequency
manually to the desired transition, using commer-
cial piezoelectric drives for the cavity back mir-
ror and an intracavity etalon. Coarse tuning of
the resonant transition is accomplished by moni-
toring the fluorescence in a sodium vapor cell,
while fine tuning of the particular hyperfine tran-
sition we are seeking is accomplished by monitor-
ing the atomic beam itself, making use of the
atomic recoil associated with resonant photon in-
teractions. A spectrum analyzer is used to moni-
tor the laser mode structure. A polarization rota-
tor allows us to choose the desired polarization
for the photon in the interaction region. A cylin-
drical lens stretches the laser beam along the
atomic beam, so as to illuminate the full length
of the interaction region. An auxiliary spherical
lens helps to confine most of the power in the
laser beam to the region of interest. The laser
power in the interaction region is of the order of
0.1 W/cm'.

ter of a DECLAB-03 computer which is pro-
grammed to sample repetitively the beam signal
with the electron gun off, to turn the electron gun
on and sample the signal again, and then to turn
the electron gun off. Typically, the beam signal
is sampled every 20 msec for a total scan length
of 2 sec; the electron gun is turned on at the cen-
ter of the scan, t =1 sec. A single run at a given
electron energy consists of 960 succesive scans,
accumulating the sampled signal time channel by
time channel. At the end of S60 scans, the data
accumulation is stopped, and the computer per-
forms a least-squares linear fit to both halves of
the data, the first half with the electron gun off
and the second half with the electron gun on. With
the results of these fits, AI/I, at t =1 sec is com-
puted and then a value for the observed cross sec-
tion & is produced by using Eq. (2).

Precise tuning of the laser to the atomic transi-
tion is maintained by constantly monitoring the
atomic beam with the electrometer and correcting
the laser frequency manually when necessary.

V. PHOTON-RECOIL RESULTS

Figure 6 shows the atomic beam detector signal
as a function of laser frequency, with the detector

E. Data acquisition and processing

The output of the atomic beam monitor elec-
trometer is fed into the analog-to-digital conver-

0.300 in.

'I GHz

.4eV

7.1eV
CU

I
CU

I

I
CU

I

N OJ N
PO

I I I
CU N CJ

hatt

I )

bJ N bJ CU

ttt t
OJ OJ

FIG. 5. Atomic beam signal with detector moving
parallel to electron beam, - at three 'different electron
energies. The prominent positive peaks are the for-
ward inelastic scattering peaks. The negative peak in-
dicates scattering off the atomic beam. The vertical
line above it marks the position of the center of the
beam.

FIG. 6. Atomic beam signal as a function of laser
frequency. The detector is on axis, and the beam is
unpolarized. The vertical lines at the bottom mark
calculated positions and intensities of all the transi-
tions allowed in the frequency interval being scanned.
%e have labeled only the eight most intense lines, using
the (E,m) (mz, mz) notation.
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on the beam axis. The negative peaks occur at
the frequencies at which atoms are recoiled off
axis by resonant photon interactions. The atomic
beam in this case is unpolarized; that is to say,
all eight hyperfine sublevels of the ground state
are present.

In the same figure we have plotted the theoreti-
cal absorption l.ines. The positions of the lines
were computed by using the hyperfine and Zeeman
energy shifts for the ground and excited states,
5m~ and 6v&, respectively.

For the 3'S,y, state we are in an intermediate-
field case, so that the Breit-Habi formula was
used. For sodium, for which I= 2, we have

5vs(F, m) = —SAW+-,"b,W(1+mx+x')' ', (15)

where x is the dimensionless Rabi parameter de-
fined in Sec. III and AS'= 1771.63 MHz is the
ground-state hyperfine splitting.

For the 3'P, y, state we are in a high-field case,
so that

i)v~(m„mr) = m, y+Am, mr,

where A = 19.06 MHz is the hyperfine splitting of
the 3 'P, I, state and y =g r p ~/Ir (gr is the gyro-
magnetic factor of this state)

We calculated the strengths of the transitions
using the uncoupled representation Imr, mr) for
both the excited and the ground states. For the
excited state we can simply write

IIr&= Im'„m,'), (17)

ls) = 8 (H) Irrr ——', —,'&+di (H) lm+ —,', --').

On the other hand, if m = +(I+J), we write

ls) =
I ~I, +~&. (19)

The transition strengths will be, for Im I&I+J,

since it is in a high-field regime. For the ground
state, since it is in an intermediate-field regime,
we write, for levels with Im Ill+/,

(&„;,.„;I
+ I'

I & l, 1, k, m,
' - 2 I 2, 1, ', m.'&-I'

+& ~ .,72l&l'l&.—,l, —., m. +2l. 1, 2 m. &l ) l&~, & llxlf&, AI, (20)

and for m = +(I+J) they will be

Ts.a &~, ~r I&a~ 1, ~r, ~mr lz, 1, 2, mr&I

x 1&+
', z'

ll x II
rr. (21)

As we are interested only in the relative strengths
of the transitions, we can leave out the reduced
matrix element &rr. ,

O' Ilx llo. , 4&. The field-depen-
dent coefficients Cr (H) and Sr (H) can be cal-
culated by using Torrey's" results. Torrey cal-
culated the field-dependent state vectors
II+2, m; H& in the coupled representation II, m),
obtaining

II+-.', m; H&=X, .II+-.', m&+a~ .II- —,', m&.

(22)

Using

I»m&= Q lmr, mr&&I, & mr mr II, Z, I', m&, (22)

1.0—
I I

~0.200 in.~ ~'VVV-

y 70mW

0.6

C3

~ 0.2
E

CO

if the transition does not depopulate its ground
state.

A typical vertical beam profile with the laser
tuned to one of the two useful transitions is shown
in Fig. 7 together with the corresponding profile
with the laser off. The intensity of the difference

we can calculate 8» (H) and Sr (H) in terms of
Torrey's coefficients Ar „(H) and IIr (H).

If we compare the signal with the theoretical
absorption l.ines in Fig. 6, we can see that the
beam intensity is decreased much more drastical-
ly by the transitions which do -not depopulate their
ground states, (2, —2)- (-2 ~2) and (2, 2)- (2, 2),
than for the other six transitions of comparable
strength, which do. This is because the number
of photons absorbed per atom will be much larger

-0.2—

7.8

ZpET (inches)

I i

8.0

FIG. 7. Solid line shows the vertical beam profile
with the laser tuned to a nondepopulating transition.
The atomic beam is polarized. The laser power (mea-
sured at the laser output) was 70 mW. The long-dashed
line shows the vertical beam profile with the laser off.
The short-dashed line is the difference signal.
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signal peak ("excited-state beam") is about 25'%%uo

of the intensity of the beam with the laser off.
This is fully consistent with an atomic beam con-
sisting of four equally populated hyperfine states
and shows that virtually every atom available for
excitation by the laser is being excited many
times.

From the deflection of the excited-state beam,
d = 0.200 in. , we calculate P = 0.2, which is a typi-
cal value for our experiments. This value of
corresponds to p= 3. The average number of
spontaneous decays per atom during the transit
time ~ is N= 280. About 370 photons per atom are
absorbed from the laser beam. The average ac-
cumulated first-order Doppler shift will be about
14 MHz, which is not negligible. Actually this
Doppler shift may have been a factor preventing
us from obtaining higher values of &.

Horizontal beam profiles of the excited-state
beam and the atomic beam with the laser off are
shown in Fig. 8. As these profiles are obtained
with the detector being translated perpendicularly
to the laser beam, no relative displacement of both
atomic beams should be observed; this is indeed
the case. What one can observe is a broadening
of the excited-state beam relative to the primary
one. This broadening is about 0.004 in. (14/0),
which is in good agreement with the result pre-
dicted by Eq. (12).

the beam axis, where the excited-state beam
signal peaks. At this position the contribution to
the signal from the 75% of the atoms which are
not excited by the laser is negligibly small.

For a given electron energy the observed cross
section for electron scattering by the mixture of
ground- and excited-state -atoms present in the
interaction region is given by Eq. (3). The atomic-
beam velocity V, the electron current I„and the
scattering-off signal AI/Io are determined as dis-
cussed in Sec. IV. The height of the atomic beam
is defined by a mask that was carefully measured
under a travelling microscope to be h„=0.1632
+0.0003 cm. Figure 9 shows the raw data for a
typical run, as well as the results of the computer
fit for the atomic beam signals at f =1 sec (when
the electron gun is turned on), I,q~ and I,„, from
which the scattering-off signal AI/I, is computed.
Typical errors for the scattering-off signal are
about 5%. The error in determination of the ob-
served cross section &, after propagating the
errors affecting the other quantities in Eq. (3),
will be about 8%%uo.

We derive the excited-state total cross sections
from the values of & using Eq. (4). The excited-
state fraction W is determined by means of Eq.
(11), with the length of the interaction region (de-
fined by suitably placed masks) f =3.17+0.03 cm.

VI. TOTAL SCATTERING CROSS SECTION

ln order to take scattering data for the 3'P3/2
state, the detector is set at about 0.200 in. below
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FIG. 8. Solid line shows
the horizontal beam pro-
file with the laser tuned
to a nondepopulating tran-
sition, while the dashed
line shows the horizontal
beam profile with the laser
off. The width of the beam
with the laser off is 0.029
in. (FVrHM}. The beam
with the laser oh is broad-
ened to 0.033 in (FWHM}.
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FIG. 9. Typical raw-data set, accumulated at the
computer aker 960 2-sec scans. The beam signal
is sampled at 20-msec intervals. The electron gun
is turned on at t = 1 sec and off at t = 2 sec, after
which a new scan is started; I,~ and Ioff are obtained
from linear least-squares fits to both halves of the data.
The scattering-off signal is 4I=Iogq -I~=2.73 +0.14 V,
while the beam signal with the electron gun off is Io
= 794.12 +0.09 V. The corrected electron energy in
this case is 1.1 eV; the atomic beam velocity is 965
+27 m/sec. From these values one obtains 0= (2.17
+0.13) &&10"~ cm for the observed total cross section
for the scattering of electrons by the mixture of ground
and excited sodium atoms. The excited-state fraction
in this case is %=16%.
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The error introduced in F by the photon statistics,
as discussed in Sec. III, is about 5%%uc. After propa-
gating the errors affecting the other quantities in-
tervening in Eq. (11), we find the net error in 5'

is about 15/0. Equation (4) requires the use of the
ground-state cross sections; we have used the
values of Kasdan et al." The main contributions
to the error in the excited-state 'cross sections
are those of and ~. The latter is the largest,
owing to its high propagation factor. The contri-
bution from the error in the ground-state cross
section is very small. The total error in a single
determination of the excited-state cross section
usi. ng Eqs. (3) and (4) is about +35%.

Several (typically eight) measurements of the
excited-state cross sections as outlined above
were performed at each electron energy. The ob-
served statistical spread of the measurements was
consistent with the +35%%uc error estimate for a sin-
gle measurement discussed above. Our results
are presented in Fig. l0 as averages and standard
errors computed from each set of measurements.

The results of the cal.culations of Moores et al."
presented in Table I of their paper cannot be com-
pared directly to our experimental results, since
they are the particular combinations of T-matrix
elements which describe the scattering of elec-
trons by a sodium target in which all the 3I' states
are populated. If the elements of the T matrix
are available, it should be straightforward to
compute the cross sections relevant to our exper-
iment.

The consistency between the standard deviation
estimated for a single measurement and the sta-
tistical spread of a group of measurements for a
single electron energy does not preclude the pos-
sible presence of systematic errors. These can

be divided into two groups: those affecting the
determination of the energy scale and the mea-
surement of &, which can be tested by ground-
state diagnosis, and the others affecting the deter-
mination of , which cannot be tested in this way.

In order to check the. first group, we performed
measurements of the tota1. cross section for elec-
tron scattering by ground-state sodium. These
measurements have been performed under condi-
tions resembling as closely as possible those
used for the excited state. Equation (3) was used
to compute the cross sections, employing the
procedure previously outlined to measure 6 I/Io.
This would have detected any systematic errors
in the velocity determination, the measurement
of the electron current, and the geometry of the
overlap between electron and atomic beams, as
well as any nonlinearity in the energy scale due
to space charge in the interaction region, and

energy shifts due to incorrect determination of
contact potential differences. The results are
presented in Fig. 11, and they are in excellent
agreement with the results of Kasdan et al." as
well as the four-state close-coupling calculations
of Moores and Norcross. "

Separate checks were performed to test the
operation of the electron gun. In order to test the
accuracy of the space-charge correction to the
electron energy, we measured the ground-state
total scattering cross section as a function of
electron-gun current, varying the electron-gun
voltages in the manner required by the space-
charge correction to keep the electron energy

E

C)

C)

C3
CD

CA

HH
HH

2 4
Electron Energy (eVj

2 4
Electron Energy (eV)

PEG. 10. Total cross sections for the scattering of
electrons by 3P3g2 sodium atoms. Black dots repre-
sent the results of the present work. Horizontal error
bars give the electron energy spread; vertical bars
reflect statistical errors.

FIG. 11. Total cross sections for the scattering of
electrons by ground-state sodium atoms. Black dots
represent the results of the present work. Horizontal
error bars give the electron energy spread; vertical
bars reflect statistical errors. Hectangles represent
the measurements by Kasdan et al. ; solid line, the four-
state close-coupling calculation by Moores and Nor-
cross.



TOTAL CROSS SECTIONS FOR THE SCATTERING PF. . .

fixed in the interaction region. Figure 12(a)
shows the results for E=3 eV, and as expected,
the measured cross section is independent of
electron-gun current, or equivalently, the scat-
tering signal is linear with the electron current.
In a second test we measured. the ground-state
scattering cross section as a function of applied
anode voltage, at fixed electron energy and cur-
rent. Figure 12(b) shows the results for E= 1.90
eV, i = 70 p, A. It is apparent that at low anode
voltages the presence of electrons backscattered
from the anode increases the effective electron
current in the interaction region, leading to a
serious overestimation of the cross section, but
at higher voltages the effect is not important; our
operating anode voltage was 50 V.

The possible sources of systematic error af-
fecting the determination of are the measure-
ment of the atomic beam velocity, which was
checked in relation to the first group of systematic
error sources, and a lack of complete overlap be-
tween the atomic, electron, and laser beams. If
a significant volume of the region in which elec-
trons and atoms interact were not illuminated by
the laser, the value of S obtained by using Eq.
-(11) would be larger than the effective fraction of
excited atoms in the entire volume of the interac-
tion region. But we have strong evidence that
this was not the case. We know that there was
full overlap between the laser and atomic beams,
because 25% of the atoms in the beam were in the
ground-state sublevel that could be excited by the
laser and 25% of the atoms in the beam were de-
flected down by photon recoil. As for the overlap
between the electron and laser beams, visual in-
spection showed that the laser beam illuminated
the whole width of the ribbonlike electron beam. "
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FIG. 12. Electron beam diagnostics. (a) Measured
ground-state cross section vs electron-gun current, at
the fixed electron energy E = 3.00 eV (after correc-
tion for space charge). (b) Measured ground-state
cross section as a function of the voltage applied at the
anode of the electron gun. The electron energy is E
= 1.90 eV; the gun current is i = 70 p, A.
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In sum, we believe that the standard errors re-
presented in Fig. 10 are the only significant er-
rors affecting our determination of the total cross
section for electron scattering by sodium atoms

3
in the 3'P, g„m& =+2 state.
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