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Measurements were made of the shift, due to the presence of cesium and argon atoms, of the 
absorption lines of cesium near the edge of a series. The results were compared with the theo
retically calculated amplitudes of the elastic scattering of electrons by cesium and argon atoms 
in the electron energy range ~0.005-0.05 eV. Extrapolation of the measured shift to the edge of 
the series gave the values of the cross section for the elastic scattering of electrons at zero 
energy. 

THE spectroscopic method of determining the 
effective cross section for the elastic scattering 
of slow electrons by atoms was first proposed by 
Fermi. [1J Fermi showed that an absorption line, 
corresponding to a transition to a level with a high 
value of the principal quantum number n, was 
shifted in the presence of a foreign gas by an 
amount 

fi2 N,,- 1\"'1 E = Es +Ep = ±- rrw0 - t0ae2 1 '· 

m 
(1) 

Here, u0 is the cross section for the elastic scat
tering of electrons by atoms of the foreign gas at 
an electron energy tending to zero; N is the den
sity; a is the polarizability of the foreign gas 
atoms. Following Fermi, we may say that the total 
shift of a line is governed by the sum of the shifts 
due to the scattering (Es) and polarization (Ep). 
As a rule, Es > Ep, which allows us to determine 
the value of u 0 from the measured shift of a line. 

Later, Firsov[ 21 discussed the conditions of ap
plicability of Eq. (1) and investigated in greater 
detail the polarization effect. He showed that the 
Fermi expression for Es was valid only if the 
velocity of an atomic electron in the state with a 
principal quantum number n was so low that the 
main contribution to the cross section was made 
by the s-scattering, and the scattering phase o 0 

was much less than unity. Alekseev and Sobel'
man[31 investigated, in a more general form, the 
relationship between the shift and width of spectral 
lines near the edge of a series and the amplitude 
of the electron scattering by the perturbing atoms; 
they allowed for the scattering contribution of an 
arbitrary number of partial waves without any re
striction on the value of the scattering phase o1• 

The results obtained by Alekseev and Sobel'
man[3l are as follows. If the following conditions 
are satisfied 

(2b) 

(V is the relative velocity of the perturbing parti
cles, and ao is the Bohr radius), then the scatter
ing and polarization effects are statistically inde
pendent and they both can be considered in the im
pact approximation. The distribution of the inten
sity in a line is then described by a dispersion 
distribution of width y and shift 6: 

V = Vs + yp, ~ = ~s + ~p, (3) 

where y s and 6s are associated with the scatter
ing effect, and Yp• 6p are due to the polarization 
effect, 

vs=N!!_\ [ 4n~ (2l+1)sin2 oz]W(q)dq 
m ., q L 

.li \ 
=lV-;nJ qa(q)W(q)dq; (4) 

~s=N_Iz_~ [~2' (2Z+1)sin2o1J W(q)dq. 
m q ~ 

(5) 

Here, u ( q) is the effective cross section, oz are 
the phases for the elastic scattering of an electron 
1iq by a perturbing atom; W(q) is the distribution 
function of the atomic electron velocities in the 
state n. The properties of this function were con
sidered in detail in [ 31 . The main contribution to 
the integrals ( 4) and ( 5) is made by the region 
0 < q < 1/na0• If we restrict ourselves to s-scat
tering only and if we assume that the scattering 
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phase is sufficiently small, Eq. (5) reduces to the 
Fermi expression for Es· 

The following expressions were obtained for 
Yp and ~ P in the impact approximation 

yp= 11.4(ae2/21i)'i•l''f,JV, ~p= -Wf3yp. (6) 

The results obtained in [ 31 allow us to obtain, 
from the measured width and shift of the lines 
near the edge of a series, information on the cross 
section for the elastic scattering of electrons by 
atoms in the energy range from 0 to ..... 0.05 eV. The 
line width gives the value of the cross section, and 
the line shift gives some combination of the scat
tering phases for different values of l, in which 
each phase has its own sign. Unfortunately, both 
these quantities are spread over a fairly wide 
range of values q ...... 1/2nao, and therefore it is 
hardly possible to determine directly the scatter
ing phases from the line shifts. However, a com
parison of the theoretically calculated phases with 
the measured line shifts may be useful in checking 
the accuracy of the calculations. In particular, 
Alekseev and Sobel'man's[ 31 calculations of the 
scattering of electrons by argon atoms showed 
that the value of the shift was very sensitive to the 
method of calculation. 

There are many published experimental data on 
the shift of the absorption lines in the principal 
series of alkaline metals in atmospheres of vari
ous gases: He, Ne, Ar, N2, H2• [ 41 In one investi
gation, [ 51 a study was made of the shift of the Na 
lines by cesium. This study established that, at 
first, the shift of the lines increased along the 
series but then, beginning with n ..... 15-20, "satu
ration'' was observed. [ 41 From this limiting shift, 
the value of the cross section a was found using 
the Fermi formula. 

A more detailed analysis of the published data 
shows that saturation is observed, in fact, only in 
the case of hydrogen, while in all the remaining 
gases (investigations were made at n .$ 30) only 
a slowing down of the shift is observed. The shift 
of the sodium lines in cesium [ 51 was measured 
only up to n = 23. 

We investigated experimentally the behavior of 
cesium lines near the edge of a series in the vapor 
of pure cesium, measuring first only the line shift. 
We assumed that the resonance interaction, which 
did take place in this case, would not produce an 
additional shift because its effect was a symmetri
cal broadening of the lines. Moreover, the inter
action constant, proportional to the oscillator 
strength of the resonance transition, was very 
small for the lines corresponding to the transitions 
from levels with high quantum numbers. 

We investigated the absorption spectrum of 
cesium vapor. The edge of the principal series of 
cesium was at the wavelength A. = 3183 A; hydro
gen and krypton lamps were used as sources of 
the continuous spectrum. The tube containing ce
sium wa~ 10 em long and made of molybdenum 
glass wh .'used-in sapphire windows. Metallic 
cesium was placed in a spur, whose temperature 
governed the vapor density. In the working vol
ume, the temperature was kept about 30 deg higher 
than that in the spur. The absorption spectra were 
obtained with a spectrograph of the DFS-3 type, 
having a dispersion of 2 A;mm. The spectrum of 
an iron arc, whose lines were used as standards 
in the measurements of the absorption line posi
tions, was superimposed on the spectrum under 
investigation. The spectra were recorded at spur 
temperatures of about 270, 310, 350, and 400 o C, 
which corresponded to cesium atom densities 
ranging from about 0.1 to 2.5 x 1011 cm-3• 

The density of cesium atoms N was determined 
from the temperature of the spur using published 
data on the cesium vapor pressure. [ 61 The meas
urements at T = 400 o C were reported only in 
Hackspill 's work[ Tl and it was necessary to use 
extrapolation or calculation formulas. All the pa
pers listed under [ 61 gave the same value 
N = 2.5 x 1017 cm-3 at T = 400°C. The error in 
the measurement of temperature, amounting to 
1 deg, would alter N by 2!fo. 

The measurements were carried out using lines 
with the principal quantum numbers n = 18-47, 
and in some cases, up to n = 54. The wavelengths 
of the lines were the same for the spur tempera
tures of 270 and 310 o C. A marked shift of the 
lines was observed beginning from 350 o C upward. 
The accuracy of the measurement of the shift was 
0.01 A, sometimes 0.02 A. Figure 1 shows there
sults obtained. The abscissa gives the quantum 
number n, and the ordinate the line shift in cm-1 

at the spur temperature of 400 o C. The vertical 
lines indicate the experimental scatter (averaging 
was carried out for three measurements). 

It is evident from Fig. 1 that the shift of the 
lines along the series is not constant even for 
n > 40. The data for n > 47 are unreliable (they 
are represented by circles in Fig. 1) and, there
fore, it is not yet possible to say anything about 
the behavior of the shift at higher quantum num
bers. It is worth pointing out the strongly nonmono
tonic nature of the curve, which exceeded the pos
sible experimental error. 

We investigated also the influence of argon on 
the absorption spectrum of cesium at argon pres
sures at which the conditions of the applicability of 
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FIG. 1. Shift of the cesium lines under the influence 
of cesium, plotted as a function of the principal quantum 
number: •- experimental data; 1 and 2- theoretical 
curves.["] 

the impact approximation (2a) were satisfied; these 
pressures were about 150 mm Hg. The measure
ments were carried out in a sealed tube 200 or 
300 mm long at a sufficiently low cesium vapor 
density. Because of the large number of spectro
grams analyzed and the high stability of the re
sults compared with those for cesium, the error 
in the measurement of the shift was much less. 
The rms deviation from the average was less than 
0.03 cm-1. 

Figure 2 shows the results of the measurements 
of the line shift. The line shift was practically 
constant for n from 18 to 40-50. The value of the 
shift at n ~ 30 was in good agreement with the re
sults given in [ 81 • At n = 10-15, we were able to 
measure both components of a doublet and found 
that they behaved quite differently. 

At n = 10, the shift of the weak component was 
about 1.5 times less than that of the strong one. 
For higher values of n, the difference between the 
shifts of the components decreased, and at n = 15, 
the shifts of both components were equal, within 
the limits of the experimental error. 

We shall now consider our results. 
1. Shift of the cesium lines under the influence 

of argon. As just mentioned, the components of 
the cesium doublet behaved in different ways at 
n < 15. According to Fermi, the shift of a line 
near the limit of a series cannot depend on the 
properties of the absorbing atom. At n < 15, the 
orbit of an atomic electron is insufficiently large 
to describe its behavior in such a very simplified 
way. In fact, the criterion of the statistical inde
pendence of the scattering and polarization ef
fects, [ 31 given by Eq. (2b), is not obeyed: at 
n ~ 15-17, the value of Pi is of the same order of 
magnitude as the quantity a0n2• We go over to the 
region of the Van der Waals interaction of two 
atoms, in which the nature of each of them is im
portant. 
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FIG. 2. Shift of the cesium lines under the influence of 
argon, plotted as a function of the principal quantum number 
n. The circles represent the experimental data of the present 
authors: •- 62 S,12 - n2P 312 components, 0- for 62 S112 - n2 P ,12 
components; the thin curves are theoretical curves from['] 
({3 represents the Slater parameter of the atomic function of 
argon), X- the experimental data from[•]. 

Using our experimental data, we can try to re
fine the criterion (2b). At n = 15, the measured 
shift is the same for both components of the dou
blet. With some safety margin, we may assume 
that the statistical independence of the scattering 
and polarization effects begins at n = 17. For ar
gon (a = 1.65 A3, according to [ 91 ), Pi= 1.8 
X 10-7 em. When n = 17, aon2 = aoR/E = 0.95 
X 10-6 em. Thus, it is sufficient for aon2 to be five 
times larger than Pi. 

A comparison of the experimental data and the 
results of calculations based on the phases of the 
elastic scattering of slow electrons by atoms has 
meaning only at n .G 15-17. Figure 2 shows the 
theoretically calculated curves taken from [ 31• In 
spite of the very strong sensitivity of the calcu
lated shift to the parameters used in the calcula
tions, we find that even at n ,.G 50, which corre
sponds to an electron energy :S 0.005 eV, partial 
waves with l * 0 make a considerable contribution 
to the scattering. 

To estimate the cross section at zero energy 
by means of the Fermi formula, we must know the 
limiting value of the line shift at the edge of a se
ries. We measured the value of the shift up to 
n ~50. With further increase in n, inelastic tran
sitions between neighboring levels become impos
sible in collisions with atoms. Therefore, we were 
forced to extrapolate the value of the shift meas
ured at n ~50 to n- oo. Theoretically, this ex
trapolation is not justified, but the experimental 
curve at 20 < n < 50 is practically horizontal. If 
we assume that the shift at n ~50 is the limiting 
value of the shift at the limit of a series, we can 
estimate the value of a0• 

The shift due to the polarization effect, calcu
lated using Eq. (6), amounts to .6-p = 0.35 cm-1 and, 
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therefore, the shift due to the scattering effect is 
~s = 1.5 cm-1• Hence, we obtain the limiting value 
of the effective cross section for the scattering of 
electrons at an energy approaching zero: 

-16 2 u 0 = (6.8 ± 0.8) x 10 em . 
2. Shift of the cesium lines under the influence 

of cesium. We shall estimate first of all the range 
of applicability of the Fermi treatment, using the 
refined criterion (2b). The polarizability of cesium 
is much greater than that of argon, a = 67.7 k, [10 1 

and, therefore, the limit of the applicability of the 
theory extends to higher values of n. In the Cs-Cs 
interaction, the limiting value is n ~ 29-30. The 
whole region of the nonmonotonic behavior of the 
shift (Fig. 1) falls in the range where the criterion 
(2b) of the statistical independence of the scatter
ing and polarization effects is no longer obeyed. 
Quantitative comparison with the theory can be 
made only at n ~ 29-30. 

The elastic scattering phases for slow electrons 
incident on cesium atoms were calculated in [ 11 - 131. 

To make comparisons with our experiments, we 
need data on the scattering phases or the behavior 
of the scattering amplitude at very low energies 
0 :s q :s 0.1. The region near q = 0 is particularly 
important since it makes a contribution to the 
shift of all the lines. Unfortunately, the behavior 
of the scattering amplitude in the range of ener
gies of interest to us cannot be deduced from the 
data given in the papers of Stone and Reitz [ 111 and 
Karule. [ 121 The necessary data are to be found 
only in the paper of Alekseev and Va1nshtein, [ 131 

who made a detailed comparison of the calculated 
results with our experimental ones. 

The curves 1 and 2 in Fig. 1 are theoretical 
ones calculated using the scattering phases, allow
ing for two and one virtual p-levels in the polari
zation potential. The use of the adiabatic polariza
tion potential in the calculation of the scattering 
phases gives a sign of the line shift which is oppo
site to that observed experimentally. 

Thus, the experimentally measured line shift 
is found, in theoretical calculations, to be a quan
tity very sensitive to the method of calculation of 
the scattering phases in the region of very low en
ergies, where the theoretical and experimental in
vestigations of elastic scattering are very diffi
cult. 

If we again extrapolate the value of the shift 
measured at n ~ 45-50 to n- oo, as we did in the 
case of argon (we shall stress once again that this 
operation cannot be regarded as rigorously justi
fied), we can obtain the value of u0• From ~meas 
= (1.2 ± 0.1) em - 1, we calculate from Eq. (6) [as
suming that the condition (2a) is satisfied] the shift 

due to the polarization effect: ~p = 0.15 cm-1, and 
for the cross section at zero energy, we obtain 

uo = (1.5 + 0.4) ·10-13 cm2. (7) 

It should be mentioned that, in the case of ce
sium atoms at q = 0, there are two waves, corre
sponding to the symmetric and antisymmetric 
scattering with l -= 0, in contrast to the case of 
argon, where there is only one wave. Therefore, 
strictly speaking, the transition from the line shift 
to the cross section at zero energy is impossible. 
In practice, however, the majority of the existing 
calculation methods give r » f+ (antisymmetric 
scattering predominates) so that the result given 
in Eq. (7) is obviously obtained. 

In conclusion, the authors express their grati
tude to V. A. Alekseev, L. A. Va1nshtein, S. L. 
Mandel'shtam, and I. I. Sobel'man for their interest 
in this investigation and for discussing the results. 
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