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Measurements were made of the width and shift of the absorption lines of potassium in potassium vapor
and of cesium in cesium vapor near the limit of the series (up to n ~ 40-50). Unlike the case of inter-
action with inert-gas atoms, the line width turned out to be much larger than the shift. The large width
can be attributed to the influence of the short-range potential of the alkali-metal atoms, which have a
strong electron affinity. A comparison of the experimental values of the shift with the theoretical cal-
culations makes it possible to assess the methods of calculating the phases of elastic scattering of ex-
tremely slow electrons (with energy ~ 1072 eV) by atoms of potassium and cesium.

A spectroscopic investigation of the interaction of high
highly excited atoms with perturbing particles makes it
possible to obtain information on the scattering of elec-
trons of extremely low energy by these particles (see
the papers of Fermif'l and of Alekseev and Sobel’-
mant21),

In the greater part of the experiments performed to
date, the absorption spectra of the atoms of alkali met-
als have been investigated in an atmosphere of inert
gases. In particular, in '%*J the line widths and shifts
of cesium were measured in an atmosphere of argon,
and it was shown that the theory of [*s21 describes cor-
rectly both the width and the shift of the lines.

According to Fermi, the qualitative picture of the
phenomenon is as follows. The absorption lines near
the limit of the series (large values of the principal
quantum number n > 20-30) correspond to such large
electron orbits that at a perturbing-particle density on
the order of 107-10' ¢m™ there are tens and hundreds
of these particles inside the orbit. In the field of the
atomic residue, the particles become polarized, leading
to a shift of the highly excited levels (energy is con-
sumed in the polarization of the particles, and therefore
the shift is always red). In addition, a scattering of the
{(quasifree) optical electron by the perturbing particles
takes place, and this also leads to a shift of the levels.
In this case the sign of the shift depends on the nature
of the scattering center.

Under ordinary experimental conditions, both effects
are statistically independent and make additive contribu
tions to the line width and shift. The main contribution
to the line width is made by the polarization effect, and
that to the shift by the scattering effect.

In [2] measurements were made of the line shift of
cesium in cesium. The theoretically calculated!s? shift
turned out to be very sensitive to the method of calcu-
lating the phases of the electron-atom scattering. A
comparison of the experimental and the calculated quan-
tities has made it possible to assess the different meth-
ods of scattering-phase calculations in the electron-
energy region which is the most complicated both for
the theory and for the direct experiment, namely
0-0.2 eV.
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In the present paper we report measurements of the
widths and shifts of the absorption lines of cesium in
cesium vapor and of potassium in potassium vapor.

DESCRIPTION OF EXPERIMENT AND RESULTS

The measurements were performed on the absorption
lines of the principal series, corresponding to transi-
tions to levels with principal quantum numbers n; stud-
ies were made of the line widths ¥y at n = 20-40 and of
the line shifts A at n =15-50,

The procedure for measuring the width and the shift
did not differ, in essence, from that described ear-
lier.t3,#!

1. The spectra were registered photographically with
the aid of a DFS-3 spectrograph. Photographs for the
measurement of the Cs line widths were obtained in sec-
ond order of diffraction with a 1200-line/mm grating,
and all the remaining spectra were obtained in first or-
der of diffraction (the reciprocal dispersions were 1 and
2 A/ mm, respectively). The apparatus function made a
contribution of < 3% to the Cs line widths and was dis-
regarded. For the K lines, the correction for the ap-
paratus width was introduced and did not exceed
%.

The lines of the principal series of the alkali-metal
atoms have a hyperfine structure which, in the main, is
determined by the splitting of the level n38,,, into two
components. The magnitude of the splitting of the potas-
sium lines is AvK ~ 0.01 cm™,%) making practically
no contribution to the width (the same pertains to the
isotopic shift of the lines of the isotopes K® and K*).
For the cesium lines, AvCS =0.31 em™,!8) and its lines
must be regarded as consisting of two components. In
measuring the shift it was sufficient to determine the
displacement of the center of gravity of the summary
contour, and in measuring the width the separation of
the contours was carried out graphically.t*! The ratio
of the intensities of the hfs components, in accordance
with the statistical weights, is 7:9, which agrees within
a few percent with the experimental value obtained on
photographs with separated components.

The line asymmetry, a measure of which was taken
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to be the ratio of the red to blue half-widths, did not
exceed 1.1. The contribution of the statistical wing to
the line width thus did not exceed 5% and was disre-
garded.

At large n, the contours of neighboring absorption

lines overlap and distort each other. Graphical construc-

tion of the overlapping contours makes it possible to
estimate the error and to introduce the corresponding
correction to the line width. The measurements were
carried out up to values of n where the correction did
not exceed 10% (dan, n.y = 27).

2. The wavelengths of the principal series of K and
Cs at a vapor density N ~ 10*~10'® cm™® were meas-
ured by Kratz.t”] Our measurements were carried out
at densities larger by 1.5-2 orders of magnitude, and
therefore the wavelengths measured by Kratz could be
regarded as the initial zeroth wavelengths in the meas-
urement of the line shifts.

In the present study we determined the absolute val-
ues of the wavelengths. The references were the Ar and
Fe lines of the spectrum of a discharge in a hollow cath-
ode (the values of the wavelengths were taken from the
tables81), Monitoring of the monotonicity of the disper-
sion with respect to the wavelength, and also the deter-
mination of the wavelengths of certain reference lines
relative to the others, has shown that the accuracy of
these wavelengths was not worse than ~1073 A.

3. In measurement of the width and shift of the lines,
no account was taken of the presence of a fine structure.
For the Cs spectrum this is perfectly justified, since
the intensity of the weak component is at least one or-
der of magnitude lower than that of the strong one,
starting with n ~ 10.1> 101 For the K spectrum there
are only theoretical data,f'®! according to which the
ratio of the intensities of the fine-structure components
of K at n =15-30 is 3-3.5. The error in the determi-
nation of the width and shift of the lines of K at n =15
does not exceed 0.1 cm™ and decreases rapidly with
increasing n, becoming negligible at n 2 25.

The error in the determination of the line width and
shift is determined mainly by the scatter of the individ-
ual measurements and amounts to ~ 10%.

4, Absorption tubes were made of stainless steel,
and sapphire windows were fused to their ends. In or-
der for the density of the atoms to correspond to the
saturated vapor pressure, liquid metal was used to coat
the greater part of the tube length. To prevent the metal
from settling on the windows, their temperature was
maintained several degrees higher. The distribution of
the temperature along the tube was monitored by five
thermocouples, and the temperature was measured ac-
curate to +1°. The density of the atoms was calculated
from the following formulas (p—vapor pressures in mil-
limeters of mercury, T —in degrees K):

for K [11?

lgp="7.1830— 4430/ T;
for Cs [
lgp= —3529 /T + 3.6572.

The accuracy of these formulas is apparently not higher
than 5% for potassium or 10% for cesium, and this gov-
erns the accuracy with which the density of the atoms is
measured.
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FIG. 1. Width  and shift A of the potassium lines (N = 2.6 X 10!7
cm™, T = 481°C) as functions of principal quantum number. O—experi-
mental results; 1 —polarization part of the width Tp and shift ps 2,3,
4—sum 1y, + 7p and A+ Ap, where v, and A, are calculated; 2, 3—with
allowance for exchange and the contribution made to the polarization
potential by the first one and two excited states, respectively, 4—with
allowance for one p level, without allowance for exchange in the polari-
zation potential, 5—width calculated with allowance for the short-range
potential of the atom.

5. The measurements were made at an atom density
NK =2-4.8) x 10" ¢cm™ (T =466-520°C) for potassium
and NCS = (1,2-2.5) X 10*” ¢cm™ (T = 360-400°C) for
cesium. Figures 1 and 2 show the characteristic plots
of the widths and shifts of the lines against the principal
quantum number, obtained at NK = 2,6 x 10! ¢m™3
(T =481°C) and NCs =1,3 x 10" (T = 360°C).

In the region n > 20 in the spectrum of K and
n > 30 in the spectrum of Cs, the line width and shift
are proportional to the density of the perturbing parti-
cles. Table 1 gives, by way of example, data on the line
shift of K at different densities. At n 2 30 the width
and shift change very little with changing n and are
given respectively by:

for K

y/N=(1,02+0.15)-10-" cm™/cm™3

A/N = (0.40 + 0.06) - 10~ cm~!/cm -3 ,

for Cs

v/N=(11+02)-10-" cm™/cm"3,
A/N=(0.61=012)10-"cm™/cm™~3 .

The results obtained on the line shift of Cs agree
qualitatively with the results of [3], except that the shift
is approximately 25% larger. The difference is appar-
ently due to the fact that the saturated-vapor density
was not reached in [3! (cesium reacts strongly with
glass, and in %7 we used a glass tube with a long stub).
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FIG. 2. Width v and shift A of the cesium lines (N = 1.3 X 107
cm3, T = 366°C) as functions of the principal quantum number. O—
experimental results; the designations of the curves 1—5 are the same as
in Fig. 1.

Table I. Line shift of K at different
atom densities (in arbitrary units).

A/N
roc | 10N,
em™ n=20 | n=2 | n=30 |n=35
'
466 2.0 0.49 0475 0,44 041
473 23 0,48 0.48 0,44 0.405.
481 2,6 0,48 0.46 0.41 0,40
520 48 0.505 0.47 0.44 0,42

DISCUSSION OF RESULTS

The condition for statistical independence of the ef-
fects of polarization and scattering is given by [21

2\ s
pi=(%2_i;) <ant (1)
Here o is the polarizability and V is the relative ve-
locity of the perturbing particles.

Assuming the polarizabilities of the potassium and
cesium atoms to be respectively oK =41 43 and oCs
=53 A3,112] we find that condition (1) is satisfied for
both atoms, starting with n X 30. At a particle density
N ~ 10'7 ¢m™®, the impact approximation is valid, and
the polarization width and shift are equal to [?!?

_ ae® \*%_ Y3
Yp =114 (7) VN, Ap= 5 Y (2)

For the K lines we obtain at T =481°C

Yp/ N = 0.078-10-"cm ™' /em=3, Ap/N = 0.067-10-"cm™/cm™3,
For the Cs lines at T =360°C

Yp/N = 0,074-10-7cm ™ /em ™3, Ap/N = 0,063-10-"cm™/cm 3,

In Figs. 1 and 2, the quantities yp and Ap calculated
from formulas (2) are represented by the lings~( Yp and
and Ap)are independent of n).
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It follows from the figures that in the case of line
broadening by alkali atoms the polarization contribution
to both the shift and to the width is quite negligible,
whereas in the interaction with an inert gas the polari-
zation contribution to the width was the main one.*?

The contribution made to the width and to the shift
by the effect of scattering of an optical electron is ex-
pressed in terms of the scattering phase shifts 6; or
the cross section ¢:[2]

Yo = N—ﬁ;n- Yo | [4—:2(21+_ 1)sin? 6.] W(q)dq

=N { go(a) W (@)de; 3)
A= N%Z C(Ss) J’[%Z (2 + 1)sin 26, ] W(g)dg. (4)

Here C(ST) = (28T +1)/2(2s + 1), where s is the spin
of the perturbing atom, and the values of the total spin
of the system ST = |s +Y,| correspond to the antisym-
metrical and symmetrical scatterings; W(q) is the dis-
tribution function with respect to the momenta hq of an
electron in the state n.

The quantities ¥, and A, for cesium lines per-
turbed by cesium atoms were calculated by Alekseev
and Vainshtein!®? under certain approximations. Analo-
gous calculations were carried out for potassium. In
Figs. 1 and 2, curves 2-4 correspond to the results of
the calculations of y¢ and A¢ in different approxima-
tions (the figures show the quantities y =y¢ +vp and
A =A¢ +Ap). These results will be discussed in
greater detail below. At present we wish to call atten-
tion to the fact that the theoretical values of the shift
are close to the experimental ones, but the calculated
widths are much smaller than the measured ones.

From the general expression'(3) it follows that y.
— 0 as q =1/na;, — 0. As is seen from the figure, the
width, if it does decrease with increasing n, does so
very slowly. In addition, the line width in the case of
perturbation by alkali atoms is several times larger
than the shift, whereas in the case of broadening by ar-
gon and other inert gases[% 3] there was always ob-
served vy < A. As follows from (3) and (4), at large
scattering phase shifts the ratio y¢/A can, generally
speaking, be larger than unity. However, the scattering
phase shifts that follow from the experimental data
(from the simplified expressions for vy, A, and v¢/A¢
as q — 0) differ from one another quite appreciably.

Thus, the theory of broadening of lines with large n
upon perturbation by alkali atoms does not describe the
line width, although no serious contradictions arise in
the description of the shift. It is apparently necessary
to take into consideration some new phenomena which
are not taken into account by the Fermi mechanism. To
this end it is necessary to consider a number of inter-
action processes capable of making an additional con-
tribution to the line width and shift.

1. At temperatures 300-500°C, at which the meas-
urements were performed, there are several percent of
molecules in the alkali-metal vapors.t!? It is difficult
to estimate the contribution of the molecules to the line

DThe authors are most grateful to V. A. Alekseev for performing
these calculations.
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broadening. At the same temperatures, however, when
the atom density changes by a factor of 2, the density of
the molecules changes by an approximate factor of 3.
The proportionality of the observed width and shift to
the density of the atoms demonstrates that the contribu-
tion of the molecules to the line broadening is quite
small.

2. When an excited atom interacts with a like unex-
cited atom, resonant broadening takes place. Its magni-
tude is proportional to the oscillator strength of the
transition.f's? With increasing n, the oscillator
strengths of the transitions in the principal series of
alkali-metal atoms decrease very rapidly, and the reso-
nant broadening turns out to be significant only for the
resonant transition.

3. When the core of a strongly excited atom collides
with perturbing atoms, symmetrical charge exchange
can occur: A* + A = A + A%, Such a process shortens the
lifetime of the excited atom and increases the line
width. The cross section of such a process is about
4 x107* ¢cm?,[181 and the width due to it turns out to be
smaller than the observed one by approximately two
orders of magnitude.

4. It is known that in the presence of excited cesium
atoms there is observed associative ionization: Cs*
+Cs — Cs¥ — Csj +e.['7] The process is due to inter-
atomic forces, and it can be assumed that it is signifi-
cant only on a relatively slight excitation of the cesium
atoms, namely at such values of n where the interaction
of the atoms can be described at least approximately by
Van der Waals forces.

Indeed, the process of associative ionization is not
observed in potassium,f?? and the behavior of the lines
at n > 30 in potassium and cesium is approximately the
same. Associated with the indicated process may be the
nonresonant behavior of the line width and shift of ce-
sium at values near n ~ 20-30, which is not observed
in potassium.

5. Associative ionization is an example of a process
that is capable, under the conditions of our experiment,
of producing charged particles. Owing to the relatively
low temperature (T < 800°K), the generation of charged
particles can proceed only via excited states or via di-
rect photoionization. The density of such particles
should depend on the power of the radiation entering the
tube. Special control measurements were made by plac-
ing filters that attenuate the light intensity by a factor of
5 in front and behind the absorption tube. In both cases
identical line widths were observed, and consequently
the contribution of the charged particles to the line
broadening is negligible.

6. Presnyakov!®J proposed the following explanation
of the phenomenon. The interaction of a strongly ex-
cited atom A* with an unexcited atom B can lead to a
strong line broadening, if the atom B is capable of pro-
ducing a negative ion. (As is well known, the alkali
metal atoms, unlike inert-gas atoms, have a large elec-
tron affinity.) The presence of a short-range potential
for such atoms leads to a splitting of the initially degen-
erate levels of the atom A* and to transitions between
these sublevels.

Komarov[?7 investigated the splitting of the Coulomb
terms of an atom A* under the influence of the short-
range potential of an atom B. From the magnitude of
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the splitting of the energy levels AE, as is well

known(?! 131 jt is possible to calculate the phase shift
RdR

-VRZ . pz

where p is the impact parameter, and the cross sec-
tions for the width ¢’ and for the shift ¢”:

n(o)=—;_[AEn(p)

o =2n Iodp sin®n (p), (5)

o”=nj.pdp sin 21 (p). (6)

It turns out that n(p) >>1 up to p ~ 2n2, Then in the
effective integration region of (5) and (6) we have
sin® n(p) =Y and the line-broadening cross section due
to this interaction is of the order of the dimensions of the
the excited atom, while the shift cross section is ¢”
~ sin® (p) = 0 (there is no line shift).

The numerical values of the width, calculated in {29!
for K and Cs (without allowance for the deviation from
the hydrogen-like behavior) are shown in Figs. 1 and 2
(curve 5). (We present the calculated curves of [®7 at
electron affinities 0.35 eV for K and 0.19 eV for Cs.) A
comparison with the experimental data shows that the
considered effect of inelastic scattering by the short-
range potential makes the main contribution to the line
width.

Thus, if the perturbing particles are atoms of alkali
metals, then the main part of the line width is not deter-
mined by the particle polarization in the field of the
atomic core, as is the case with interactions with inert-
gas atoms. Scattering by the short-range potential of
atoms capable of forming negative ions makes the main
contribution to the line width, leaving the shift un-
changed.

The line shift is completely described by the Fermi
mechanism. The main contribution to the shift is made
by elastic scattering of the electrons by the perturbing
particles. Consequently, the experimental data on the
line shifts can give information on the elastic scatter-
ing of electrons by the perturbing atoms also when the
latter are those of alkali metals.

The experimentally measured line shift is not direct-
ly connected with the cross section for the elastic scat-
tering of the electrons by the atoms. A determination of
even the limiting cross section ¢(0) from the value of
the shift A¢(0) by the Fermi formulal!? is possible only
if the scattering at zero is described by one wave. In
the case of alkali-metal atoms at q =0 (see formula
(4)) there always remain two waves corresponding to
symmetrical and antisymmetrical scatterings. The
scattering amplitudes can make contributions of oppo-
site signs to the line shift, and the squares of the am-
plitudes are summed in the scattering cross section.
The error resulting from the use of the Fermi formula
for atoms with nonzero spin will depend on the relative
contribution of the scattering amplitudes at a total spin
s + Y, and s —¥,. According to the available calcula-
tions, this ratio can vary in a very wide range, thereby
causing a large uncertainty in the value of ¢ (0).

We shall compare the results of the theory with ex-
periment by using the magnitude of the line shift (see
formula (4).
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FIG. 3. Shift of potassium lines as a function of the energy E of the
upper level with principal quantum number n. O—experimental results,
X—calculation [??] by the strong-coupling method (states ngs—ngp);
the designations of curves 2—4 are the same as in Fig. 1.
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FIG. 4. Shift of cesium lines as a function of the energy E of the
upper level with principal quantum number n. O—experimental results,
X—calculation [??] by the strong-coupling method (states ngs—ngp);
the designations of curves 2—4 are the same as in Fig. 1,

To this end, it is more convenient to represent the
experimental line shift as a function of the energy of the
level with the corresponding quantum number n (Figs. 3
and 4).

The accuracy of the experimental results becomes
worse with decreasing energy (at large n the absorption
decreases, and the neighboring lines begin to overlap)
and it is generally impossible to measure the line shifts
when n > 60, Extrapolation of the experimental data to
zero energy yields the quantity A(0), which is directly
connected with the scattering length. Extrapolation can-
not claim high accuracy, but it is useful for a compari-
son with the theory.

The theoretical curves (see footnote ’) of A(E) were
obtained using the scattering phase shifts calculated in
the non-adiabatic approximation with allowance for ex-
change and for the contribution made to the polarization
potential by the first (curve 2) and by the first two
(curve 3) p states. Curve 4 corresponds to allowance
for one p level, but without allowance for exchange in
the polarization potential. In the latter case, the shift
increases very rapidly with decreasing energy. On the
boundary of the series it is considerably overestimated
(the values Ac(0) are listed in Table IO). When a more
complete account is taken of the exchange (curves 2
and 3), the correct plot of the shift against the energy is
obtained, but the absolute values are too low. Values of
Ac(0) that are somewhat too low are also obtained from
the scattering data calculated by Karule!??] (calculation

and P. D. SERAPINAS

Table II. Theoretical and experimental
values of the line shift on the boundary
of the series (n =),

Ap(0)/N, 107 em™ fem™
Source
K Cs
Our results* 0,33 0.55
Calculation by the strong-coupling 0.23 037
method (states n,s—n,p) [**]
Calculation [*]
a) with allowance for exchange and the 0,15 0.26
contribution of the state n,p to the
polarization
b) without allowance for exchange in the .92 0.92
polarization potential
¢) with allowance for exchange and the 0.16 0.34
contribution of the states n,p and

(n, + 1)p to the polarization

*A¢ = Ameas—Ap-

by the strong-coupling method for the states nys and
D).
" Thus, the existing approximations for the theoretical
calculation of the scattering phase shifts lead to results
that differ from the experimental data by not more than
a factor of 2. It is important to note that the results of
rougher approximations, for example the adiabatic ap-
proximation,f®? are in qualitative contradiction to the
presented experimental data.

The experimental method employed in the present
work makes it possible to assess the quality of the ap-
proximate methods of calculating the phase shifts of
elastic scattering of electrons at extremely low ener -
gies, where the sensitivity to the approximations em-
ployed in the calculation, at least for alkali-metal at-
oms, is exceedingly high.

At high energies (E 2 0.1 eV), where there are ex-
perimental methods for measuring directly the cross
sections for elastic scattering of electrons by atoms,
the differences in the values of the cross sections ob-
tained by different calculation methods are much smal-
ler and actually lie within the limits of experimental
error (see [51),

In conclusion, the authors are deeply grateful to
V. A, Alekseev, L. A, Vainshtein, S. L. Mandel’shtam,
L. P. Presnyakov, and I. I. Sobel’man for interest in
the work and for a discussion of the results.
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