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ABSTRACT

In the collision of atoms with one valence S electron outside
closed shells (alkali-like atoms), an important feature of the pro-
cess is the indistinguishability of electrons. This can give rise
to an exchange of electrons between the colliding atoms. This pro-
cess has come to be called spin-exchange scattering. These spin-
exchange effects may be calculated using the usual scattering theo-
ries. This process is the subject of this paper.

To calculate numerically spin-exchange cross sections, the spin-
dependent interaction characterizing the scattering is required.

This interaction for two alkaline atoms is calculated by individually
considering the interactions due to the valence S electrons and to
the closed electronic shells of the two atoms. The two S electron
interaction is generated phenomenonologically from the known hydro-
gen~-hydrogen interatomic potential and the closed shell interaction
from interatomic potentials of two inert ézgms. Two undetermined
parameters characterizing the scale of the interaction are intro-
duced in this generation. These parameters are determined from ex~
perimentally known values of the equilibriumﬂgistance and the dis-
sociation energy appropriate for the molecular state of the atomic
system of interest. These theoretical potentials so obtained are

in agreement with those constructed from band spectra. Unfortunately,

these direct observations yield spin-dependent interaction potentials



only for the singlet state of the alkaline atoms., This technique is
extended to obtain the interaction potentials for cases for which
there is at the present time inadequate experimental information
for their construction, and for those cases in which no stable mole-
cule is formed. It is hoped that the good agreement of our phenom-
enonological calculation of potentials can be extrapolated to those
cases for which no experimental checkis possible, These interac-
tion potentials are also used to calculate the second virial coeffi-
clents.

The present theories of spin-dependent scattering of alkali-like
atoms are introduced, and our potentials are used to calculate vari-
ous cross sections by semi-classical techniques and by partial wave
analysis. The results of the semi-classical method compare fairly
well with experimental ones, Six different scattering cross sections
are calculated by partial wave analysis for each of the six alkaline
atoms, H, Li, Na, K, Rb and Cs, for 124 different relative kinetic
energies, These cross sections are finally averaged with Maxwellian
distribution for temperature of range from 10°k to 95009k, and the

partial results are shown in the following table,
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Spin-Exchange Cross Sections (10 ~ cm )

Systems E-E 12110 mallomalt ¥k mPm® el P-gel’
Temp. 325K 405K 405°K 405°%k  504°K 504°K

Our cel. 0.130 1.018  1.207 2.37%  2.565 2,706

Exp. 0.141 === 1-3 —— 2.4%0.4 2.610.5
Ref. 1-2 3 4 4

1. K. M.Mazo, J. Chem. Phys. 34, 169 (1961).
2. A. F. Hildenbrandt, F. B. Booth, and C. A. Barth, J. Chem. Phys.
31, 273 (1959).

3. L. W. Anderson and A. T. Ramsey, Phys. Rev. 132, 712 (1963).
L. H. W. Moos And R. H. Sands, Physs Re¥v.135, A 591 (1964).

As shownin the table, the results obtained by partial wave analy-
sis agree rather well with the experiments.

Comparing the spin-exchange cross sections calculated by the
two methods shows that the cross sections calcu.lated by semi:-classical

methods are too small by about 10% for the heavier atoms at the higher

energies, and by about 50% for the light atoms at low energies.
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CHAPTER I
INTRODUCTION

An important relaxation mechanism in paramagnetic gases is the
transfer of spin angular momentum during collisions between atoms.
If the colliding atoms have unpaired electrons, the indistinguish~-
ability of the electrons allows the exchange of electrons between
the colliding atoms with significant probability. This is the so-
called spin-exchange scattering, the existence of which has supplied
a tool for the measurement of several atomic parameters. In addition,
many double resonance and radiofrequency spectroscopy experiments
have been carried out in which spin-exchange scattering is important.l-
The same process is also of interest in radio astronomy.5 The prop-
erties of collisions between hydrogen atoms are, of course, of astro-
physical importance. Many experiments based upon optical pumping
involving spin-exchange collisions have been reported. Some of these
have exploited spin-exchange collisions to orient atoms and even free
electrons, the latter being impossible to orient by a direct pumping
process.7’8’ll’12 Additional interest in this problem arises from
the information it can provide on the forces between atomic systems.

The utility of optical pumping as a tool and the importance of
spin-exchange as a relaxation mechanism has prompted the experimen-

tal determination of many scattering cross sections, in particular



15 16

those of the alkaline atomic systems, such as hydrogen~, sodium—,

17.18
rubidium °’

, and cesiuml7.

Origionally, a simple theory for spin-exchange between hydrogen
atoms was developed by Purcell and Field® and by Wittke and Dickel.
The former pair of authors was concerned with the intensity of the
21-cm line in radio astronomy, the latter with line broadening in
a precision measurement of the hyperfine structure of atomic hydro-
gen, The spin-exchange cross section for hydrogen collisions has
been estimated by the former pair of authors using a strong collision

approximation, by Dalgarno19 24

, and by Smirnov and Chibisov®~, using

an impact parameter approximation and by Smith® using a semi-classi-
cal approximation., None of these approximations is valid at low
energies where a quantal description must be employed. The Purcell

and Field model, for example, predicts spin-exchange cross sections

too small by about 35%, and a total cross section which has the wrong
energy dependence and is typically incorrect by a factor of two.
Dalgarno and Henry20 have calculated the spin-exchange cross sections
using a partial wave analysis for the atomic hydrogen without consider-

21,22

ing the identity of hydrogen atoms. Glassgold and Labedeff also

have computed the hydrogen spin-exchange cross sections using partial
wave analysis and discussing exchange effects. But the hydrogen inter-

action potentials used by them are not accurate. Walker and Mays23



have extended the theory and calculated the spin-exchange cross sections
of atomic hydrogen using an accurate interaction potential. Their re-
sults seem to agree well with experiments. The present author's work
extends that of Walker and Mays to the other five alkaline atoms.

In our work we consider relative energies greater than the atomic
hyperfine splittings, but small enough for the Born-Oppenheimer approxi-
mation to the valid and for the atoms to remain in ground states. For
two hydrogen atoms, this restricts the relative energy to the range
(measured in %K) from approximately 10 to 10° %K. The restriction of
the lowest relative energies for the other five alkaline atoms are
roughly the same as that of hydrogen. Due to the larger masses of the
other five alkaline atoms, the highest relative energies for the Born-—
Oppenheimer approximation to be valid are greater than 10° %K. But
the lowest atomic excitation energies of these five alkaline atoms are
much smaller than that of hydrogen. This restricts the relative ener-
gies considered to the range from approximately 10 °E to 10% oK for
the five alkaline atoms., Neglecting all magnetic interactions, the
above restrictions on the relative energy imply that the scattering
can be treated as an elastic scattering problem, In this approxima-—
tion, the atoms interact through a spin-dependent central potential.
Associated with this potential are scattering phase shifts, which are
obtained in the usual way by solving the Schrodinger equation.

The first goal of such an approach is the determination



of singlet and triplet spin-dependent interaction potentials of alka-
line atoms. These potentials are not all available in the current literature,
in fact only a few singlet potentials have been estimated from experi-
ments. It is necessary, then, to first obtain these potentials. To
this end we assume the interaction of the alkaline atoms to be a sum
of two interaction potentials, one due to the two valence electrons,
V,, and another due to the cores of the two atoms, V,. V; here in-
cludes the interactions between the two S electrons themselves and be-
tween the two S electrons and the effective charges of the two

nuclei. The total interaction potential of two alkaline atoms, V, may
is generated from a scaling of

1

the hydrogen-hydrogen interaction and V, from the interaction of the

then be expressed as V = vyt V2. \%
s

inert atoms which correspond to the cores. The interaction of the alka-
line atoms so obtained are then compared to the potentials obtained ex-—
perimentally from molecular spectra.25 The results show surprisingly
good agreement. These potentials are used to calculate the second vir-
ial coefficients which are given in Chapter III., These interaction po-
tentials are also used for the numerical calculation of various cross
sections,

In Chapter IV we use the WKB approximation to obtain semi-classi-
cally the spin-exchange cross sections for H-H, Li-Li, Na-Na, K-K, Rb-Rb
and Cs-Cs systems. Spin-exchange cross sections for twenty-eight dif-
ferent relative kinetic energies are calculated for each of the six

atomic systems. These results compare fairly well with the experimental ones.



Glassgold and Lebedefé%izz and Walker and Mays'23 work on the
theory of spin-dependent scattering, results in formulae for calcu-
lating several kinds of spin~dependent cross sections including
electronic spin-exchange, hyperfine transition and total polarized
and unpolarized scattering cross section for both identical and non-
identical atoms for systems of nuclear spin %. We have extended
these relations for the calculation of cross sections of identical
atoms of arbitrary nuclear spin. These results are used in conjunc-
tion with partial wave analysis to calculate numerically cross sec-
tions for alkali-alkali atomic collisions. We have employed a digital
computer to calculate six types of scattering cross sections for 12k
different relative kinetic energies for the six alkaline systems.
Finally, each of the six types of cross sections is averaged over a
Maxwellian distribution. The results again agree very well with
experiments. Furthermore, comparing the two results by the semi-clas-
sical method and partial wave analysis suggests that the results by
the semi-classical method are all too small by about 10% for high
energy heavier atoms, and about 50% for low energy H-H and Li-Li sys-

tems.



CHAPTER II

GENERATION OF THE INTERACTION POTENTIALS

BETWEEN ALKALI ATOMS

1. Introduction

As we have mentioned in Chapter I, the spin-dependent polariza-
tion phenomena in collision between atoms may be calculated using the
usual scattering theories. Neglecting all magnetic interactions,
previously mentioned restrictions on the relative kinetic energy
imply that to a good approximation we may consider the processes as
elastic. In this approximation, the atoms interact through a spin-
dependent central potential. Associated with this poténtial are scat-
tering phase shifts, which are obtained in the usual way by solving
the Schrodinger equation. Therefore, the first step toward solving
the problem is to obtain an accurate spin-dependent potential.

The simplest diatomic system is the H2+ ion. As shown originally

o7

by Burrau” , the total energy E for the H2+ ion can be calculated
exactly. Bate558 has calculated this energy for nuclear separation
distance up to seven atomic units. Cohen et a159, using a variational
method, calculated the energy up to 20 atomic units. Wind26 has cal-

culated the electronic energy for the ground state for nuclear separa-

tions up to 40 atomic units to seven significant figures. From



Wind's results it is not difficult to calculate the interaction poten-
tial between the neutral and ionic hydrogen atoms as a function of the
nuclear separation including the energy arising from the repulsive
Coulomb force of the two nuclei. These results are shown in Table 2.1,

The next simplest molecule is the neutral hydrogen molecule, Hs.
This system has been investigated in very great detail. As discussed
by Walker and Nhy523, the most accurate potentials may be obtained
from the following authors: (all quantities are in atomic units)

(1) r<£ 0.8 molecular orbit calculations

(2) 0.84&Fr {4 Kolos and Roothan5u

(3) 4 4 {10 Dalgarno and Lynn55

) r =z 10 Pauling and Beach56
for the singlet state and

1 r £ 4 Kolos and Roothansu

(2) L £Fr<¢10 Dalgarno and Lynn55

(3) T2 10 Pauling and Beach56
for the triplet state. Table 2.2 shows the potentials for the singlet
and the triplet states.

Investigations concerning the more complicated atomic systems
have been only partially successful because of the increasing complex-
ity as we increase the number of electrons involved. The earliest at-
tempt at the calculation of the interaction of two alkali-atoms appar-
ently was that of Rosen and Ikehara3l. They assumed that the valence

S electrons of the alkaline atom has a hydrogen-like wave function

scaled by parameters to be determined variationally. They used this



TABLE 2.1

Hydrogen-Hydrogen Ion Interaction Potential

r/a, V (Rydbergs) r/aO V (Rydbergs)
0.05 0.370120 x 10° 7.50 -0.758592 x 10:2
0.30 0.393326 x 10 7.70 -0.649L7h x 10 5
0.50 0.153002 x 10 7.90 -0.555605 x 10~
0.70 0.634750 8.10 -0.k75702 x 10:2
0.90 0.219459 - 8.30 -0.407554 x 10 5
1.10 0.717641 x 10 8.50 -0.340428 x 10~
1.30 -0.105481 8.70 ~0.299935 x 1072
1.50 -0.164646 8.90 -0.257769 x 1072
1.70 -0.193393 9.10 -0.221857 x 10'2
1.90 -0.204212 9.30 -0.191283 x 10~
2.10 -0.20L4270 9.50 -0.165248 x 10-2
2.30 -0.197862 9.70 ~0.1430kk x 1072
2.50 -0.187647 9.90 -0.12L4139 x 1072
2.70 -0.175315 10.10 -0.107999 x 10~2
2.90 -0.161956 10.30 ~0.942037 x 10~3
3.10 -0.148285 10.50 -0.824407 x 10-3
3.30 -0.134768 10.70 -0.723511 x 10°3
3.50 -0.121711 10.90 -0.636965 x 10~3
3.70 -0.109307 1 11.10 -0.562802 x 1073
3.90 -0.976T4T x 107 11.30 -0.498846 x 103
4,10 -0.868789 x 1077 11.50 -0.443757 x 1073
4.30 -0.7694T71 x 107 11.70 -0.396222 x 1073
4.50 -0.678802 x 1077 11.90 -0.355169 x 10:3
L.70 -0.506501 x 1077 12.10 -0.319332 x 1073
4.90 -0.522519 x 1077 12.30 -0.288159 x 10_%
5.10 -0.438431 x 10_l 12.50 -0.261188 x 10°
5.38 -8.355243 x 18—1 12.70 -0.237286 x 10_2
2'?0 -0'2983gh % 1o-1 ig‘ig 8.512332 X 10-3

. . 1 . -0.198051 x lO_3
5.90 -0.257755 x 10_l 13.30 -0.181854 x 10
6.10 -0.222210 x 1077 13.50 -0.16T4kk x 1073
6.30 -0.191225 x 1077 13.70 -0.154585 x 1073
6.50 -0.164309 x 1077 13.90 -0.143096 x 10:3
6.70‘ -0.141001 x :Lo_l 14.10 -0.132829 x 10_3
6.90 -0.120873 x 10_l 1%.30 -0.123650 x 10_3
7.10 -0.103538 x 10 > 14.50 -0.115365 x 10
7.30 -0.886380 x 10~ 14.70 -0.10797k x 1073



TABLE 2-1 (Continued)

r/a, V (Rydbergs)
14.90 -0.101000 x 10°3
15.10 -0.948608 x 10~
15.30 -0.892431 x 107%
15.50 -0.839382 x 107%
15.70 -0.792593 x 10-4
15.90 -0.748336 x 107%
16.10 -0.707954 x 10'ﬁ
16.30 -0.670105 x 10~
16.50 -0.634789 x 107%
16.70 -0.603199 x 10'ﬁ
16.90 -0.571907 x 10~
17.10 -0.545383 x 10~*
17.30 -0.518560 x 10~%
17.50 -0.Lgk719 x 10-k
17.70 -0.470430 x 1074
17.90 -0.449568 x 10~%
18.10 -0.429h51 x 10°%
18.30 -0.409633 x 107k
18.50 -0.392795 x 10'3
18.70 -0.375211 x 10
18.90 -0.358969 x 10k
19.10 -0.343472 x 1o’ﬁ
19.30 -0.330508 x 10~

19.50 -0.316948 x 1074



TABLE 2.2

Hydrogen-Hydrogen Interaction Potential

v, (Rydbergs)

Vi (Rydbergs)

1.96200 x 10° 1.97181 x 10°
Zioer x 16 e Te38 x 1o
. X «39 X

4.62122 x 10 4.72758 x 10
3.62182 x 10 3.72220 x 10
2.95596 x 10 3.06689 x 10
2.48062 x 10 2.59361 x 10
2.%§h23 x 10 5.22232 x io
1.84769 x 10 .96435 x 10
1.62658 x 10 1.74488 x 10
1.44502 x 10 1.56577 x 10
1.29475 x 10 1.41692 x 10
1.16786 x 10 1.29133 x 10
1.05933 x 10 1.18401 x 10
8.83645 1.01045 x 10
7.47823 8.7640L
it oy

5.330 .04499

i 18183 5.81017
3.80228 5.13482
3.24183 4, 57862
2.77525 4,11371
2.38233 3.72021
2.04825 3.38357
1.72é86 3.09287
1.26035 2.57677
9.17543 x 10~ 2.21580

k. 42370 x 101 1.69450
1.43860 x 10~L 1.34153
-4.81973 x 1072 1.09045
-1.72576 x 10'% 9.0L887 x 10’1
-2.522 10™ .6 10"
-3.209%? i 10-1 2.62883 i 1071
-3.47652 x 1071 h.65906 x 1071
-3.48879 x 107+ 4.30918 x 107t
-3.48203 x 107t L.09h6h x 1071



TABLE 2.2 (Continued)

A (Rydbergs)

-3.34326 x
-3.06003 x
-2.71543 x
-2,28116 x
-1.92981 x
-1.48029 x
-1.14523 x
-5.57458 x
-2.39928 x
-1.34454 x
-8.02667 x
-4.03660 x
-1.73240 x
-7.55629 x
-4 . ho60ok x
-1.77003 x
-1.23940 x
-8.17529 x
-2.01533 x
-6.61670 x
-4.90400 x
-3.03611 x
-1.94968 x
-1.24983 x

107+
1071
1071
10
1071
1071
10+
10'2
10~
1072
10-3
10-3
1077
10
10'&
107
10™
1072
1072
10-6
1076
1076
1076
10-6

Vv, (Rydbergs)

3.27560
2.57291
2.02156
1.51181
1.18870
8.57006
6.53815
3.72075
T.34493
3.51838
9.97732
2.98300
-4, 14194
-1.29861
-1.02750
-8.74368
-6.54480
-l . 64852
~1.77925
-6.61670
-k, 90400
-3.03611
-1.94968
-1.24983

oM oMK MM K MK MM KKMMNMMKMKNY

X
X
X
X

1071
1071
107t
103
107L
1072
1072

11
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wave function to obtain the molecular energy neglecting the interac-
tion due to the electrons in the closed shells. This treatment was
not realistic since the closed shells play a very important role as
had been pointed out earlier by James32. The calculations of scat-
tering cross sections of alkaline atoms by Smirnov and Chibisova employed
potentials obtained in a manner similar to those of Rosen and Ikehara.
Obviously, none of these authors has obtained potentials which agree
with experimental results. The experimental determinations of the
potentials yield only the singlet state. Our calculated results of
the interaction potentials for the alkaline atoms agree well with
those obtained from observation. Our work on the potentials is dis-

cussed in the following sections.

2. Theory

A comparison of the electronic configuration of the alkali and
inert atoms indicates that the principal difference between these two
groups is the number of electrons in the outer shell and the number
of protons in the nucleus. That is, the alkali-atoms have one S elec~-
tron in an incompletely filled subshell whereas the inert atoms have
only completely filled subshells. Thus, the alkali~atoms can be con-
sidered to have an additional electron compared to the inert atoms.
Therefore, since an alkali-atom has an added electron, then it must
have an added proton in its nucleus because the atom is electrically
neutral as a whole. But the sizes of the inner closed shells of two

corresponding alkali-atoms and inert atoms are nearly the same,
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especially for the heavier atoms. Furthermore,the experimental re-
sults suggest that the nuclear separations for minimum-interaction po-
tentials of those heavier alkaline and inert diatomic systems are
nearly the same. This fact will be utilized by our theory.

From the above discussion we then assume that the interaction
of two alkaline atoms may be considered as a sum of two independent in-
teractions, one due to the valence S electrons and another due to the
closed shells of the two atoms. The interaction due to the valence S
electrons here includes the interactions between the two S electrons
themselves, and between the two S electrons and the effective
charges of the two nuclei. We also assume that the interaction due to
the closed shells is of the same form as the interaction of two inert
atoms, and that the interaction due to the two S electrons has a hydro-
gen-like behavior, i.e. & modification of the hydrogen interaction.
Then the interaction potential of two salkaline atoms, V, will be the
sum of the interaction potentials due to the two S electrons, Vl’ and
the two inner closed shells V,, i.e.

V=V +V, (2.1)

The general properties of a bonding diatomic interaction potential
curve have been studied very extensively. Any potential is assumed
to have the following properties

(1) It should be smooth and asymptotically approach zero as the
nuclear separation becomes large.

(2) It should be a minimum at a certain nuclear separation, say

Y= b -

(3) It should become very large and positive at a certain nuclear
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Separation, say [t = Y, 5 where I‘c < Tm Accordingly, each

of the potential functions V, V,, and V2 should have the above men-

tioned properties. Let V, V;, and V2 only have minima at T

T, and Y, vrespectively. Then the derivatives of the three func-

tions, AV /A , 9V, /dr and ©V; / 9T should be zero only

at T. , T, and T; respectively, i.e.

(Bvsor)= (3Vi /at) =(3% /or) =0 &%
These conditions can be written

V/or=(r- T ) £(r) (2.3)

dV; /or=(r—t, Yf,(r), (2.1)

V; /or=(r—- = )f.(r), (2.5)

where A(r) y  Fi(r) end F(r) are unspecified functions,

and F(OF O , -f'(r)¢ O and -fz(r) # O for any ) in the

range from =Y. to ['= 00

The partial derivative of eqg. (2.1) with respect to T is

DV /2 =3V /or + 3V /or (2.6)



15
Substituting egs. (2.3), (2.4) and (2.5) into eq. (2.6) we obtain

(P-G)FO=(r-r) f(r)+ (c-K) £(r) | (2.7)

FIO L= f,0oor=4, (0on; = [ fer ~fry - f)r (2.8)

It is clear that this relation holds for any Y in the range of

r; {r<o. There are an infinite number of different values
of T 1in this range, and each of these values of T must satisfy
eq. (2.8). Hence an infinite number of simultaneous linear equations
arise from eq. (2.8). But there are only three unknowns, T
]] and T} , to be determined from this set of equations. There-
fore, in general, there is no unique solution unless some further
conditions are imposed.

In particular if the following conditions are satisfied,

r“*:n:rz

fry= fry+ f.(ry (2.9)

then a unique solution will be obtained. This condition implies
that the three potentials V, V; and V2 all have their minimum values
at the same point. Thus placing T, = r,=1, into eq. (2.8)

we have

(Fr-4(r) - £()(F-Twm ) = ©
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This equation is automatically satisfied by the condition

f(r) = £(r) + £(r) . The potential curve V so obtained
conforms to the previously stated properties of a diatomic inter~
action.

As mentioned before, the size of the inner closed electronic
shells of the heavier alkaline atoms are almost the same as those
of the corresponding inert atoms. Then in the potential for the
alkaline system, Vo should fit the potential for the inert diatomic
system, and V that for the corresponding alkaline system. Accord-
ingly, V, and V should become a minimum at almost the same nuclear
separation. This fact is verified by experimental investigations.
The experimental values of the nuclear separations for minimum in-
teraction potentials of alkaline and inert diatomic systems are shown

in Table 2.3.

35-38
Table 2.3

Comparison of nuclear separations for
minimum interaction potentials of alka-
line and inert diatomic systems

Systems L.(A)  D(ev)  Systems  T,(R)  p(x(0ev)
Li-Li 2.6725 -1.1h4 He-He 3.135 -0.795
Na-Na 3.0786 -0.76 Ne-Ne 3.1hk7 -3.29
K-K 3.923 -0.52 A-A 3.866 -10.7
Rb~Rb 4,127 -0.493 Kr-Kr 4,056 -13.7

Cs-Cs 4 . L6s -0.453 Xe-Xe 4,450 -20.0
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Now let the minimum values of V, Vi and V, be D, D; and D, res-

pectively; then from egs. (2.1) and (2.9) we know that
D =D, +D (2.10)

Here, we remember that V; is expected to be similar to the hydrogen-~
hydrogen interaction potential (Table 2.2). The nuclear separation
for the minimum singlet hydrogen-hydrogen interaction potential can
be obtained from Table 2.2, and is seen to be 0.741lT7T A. This is

quite different from the corresponding values of alkaline-alkaline
interaction as seen from Table 2.3. In order to satisfy the condition
(2.9) we have to enlarge the scale of nuclear separation of Table 2.3.

This may be done in a trival way by a transformation, namely

a

I — — I + b (2.11)
We then require

I, * T b

w= L. + b (2.12)

vwhere Y,, and T, are the equilibrium distances of diatomic alka-
line and hydrogen systems respectively, and @ is the orbital radius
of the S electron of the alkaline atom, and b is an undetermined
constant.

On the other hand, the condition D = Dy + D2 states the minimum
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of V should be equal to the sum of minima of V; and V2. In order to
satisfy these conditions we must reduce the energy scale of hydrogen-
hydrogen interaction potentiai. Let V, Dbe the hydrogen~hydrogen

interaction potential, including singlet and triplet states; then the

energy scale may be reduced in a trivial way, namely

V, — £ v ) (.i < 1) - (2.13)

Combining (2.11) and (2.13) we have

V,(—Z——r—i-b)zﬂéVoCr), (2.14)

Now consider the three potentials V, V; and V, at nuclear separation

{%i‘r~ + L . We have

V(& etb)=V (T b)+ 1 (&reh), ()

Substituting (2.14) into (2.15) yields

V(& r+b) =£Vo(r)+z'(—%k+g,))

or

ey R T (P b
T/(F)—-ﬁl/:(ar &>+V;(r)} (2.16)

which states that the interaction potential of alkaline atoms at
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nuclear separation Y is equal to k times the hydrogen interac-
Qs

tion potential at nuclear separation ( r — a-) plus the in-
teraction potential of the corresponding inert atoms at nuclear sepa-
ration t.

If D, Dy and D, are the minimum values of the potentials for

alkaline-alkaline, hydrogen-hydrogen and inert-inert atomic interac-

tion potentials respectively; then from egs. (2.10) and (2.13) we ob-

=& D,

D=1 +D,=%D,+D,

or (2.17)

t=(0—b5) /D,

tain

and

From eq. (2.12) we find

b=tn— o T (2.18)

Combining these results with (2.16) gives

Vi) =V, (Zer—-Ix

» l;s

- )(0~D,) /D +

SN
;:

+ V (r) (2.19)

In the above equation, the potential V,(¥) and its parameters, I;

and [)o my be obtained from Table 2.2, and the parameters T, ,
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. : 39,60
D and D, from Table 2.3; and ao and (. from the literature
The potential function V, (') still has not been specified. The
interaction potential of inert atoms may be adequately represented

by one of the following three functions® 29,

v
12:6 potential: V/(T) = —4 Dz((—ri-)n—(—?—)é]) (2.20)

9:6 potential:'Vz(r):“szz(_?')q_" ( E)‘] > (2.21)

exp:6 potential:l{(r)= /Dé/o( 3 L _ex f( -_--) (___)J (2.22)

Here o , Dz R rz an.d.'[‘3 are all undetermined parameters, which
my be determined from the experimental values of second virial co-
efficients, viscosity, thermal conductivity, diffusion coefficient,
and crystal structures. With one of these functions for the one in-
teraction, the interaction of alkaline atoms, 77 (¥) , my be calcu-

lated.
3. Results

Using the three different forms of the interaction potentials
of inert atoms, 12 %+ 6, 9 : 6 and exp ¢ 6, we have calculated the
interaction potentials of the five diatomic systems, Li-Li, Na-Na,
K-K, Rb-Rb and Cs-Cs. The results calculated using the 9 & 6 poten-

tial fit best the experimental potentials constructed from band
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>

spectra, In fact, they fj:t almost perfectly everywhere except in

that portions from r = 1.5 ™m to r=2 rm, where rm is the equilibrium
distances of the diatomic molecule. Our results are given in Tables
2.4-2.8 and plotted in Fig. 2-1.



1.0819
1.1669
1.2378
1.3086
1.3937
1.4787
1.5637
1.6488
1.7338
1.8189
1.9039
1.9180
2.0173
2.1023
2.1732
2.2724
2.3432
2.4283
2.5275
2.6976
2.8676
3.0094
3.094h
3.2645
3.4346
3.6046
3.TTAT
3.9731
hE
.653
4,9936
5.3338
6.0141
6.6944
T-37h7
8.0550
9.3022
10.662

TABLE 2.3

Lithium=-Lithium Interaction Potential

LA (Rydbergs )

.12886 x
.61815 x
.36193 x
.21881 x
12401 x
LT27T70 x
L4051 x
2Th26 x
17519 x
11458 x
.T6579 x
LTLTLH8 x
L6156 x
.32249 x
24224 x
16511 x
.12696 x
93588

.66325

.37386

.21000

.12525

38413 x
.35234 x
21843 x
-0.24010 x
-0.40763 x
~0.54205 x
-0.67677 x
-0.73826 x
-0.75686 x
-0.74909 x
-0.68940 x
-0.60239 x
-0.50815 x
-0.41644 x
~0.26987 x
-0.15067 x

eNoNoNoNoNoNoNoNoNoRoNoNoRoeNoNoNoloNoRhoNoNeNoNoNe)

10*
1o§
10

102
102
10°
10°
10°
102
101
10

10+
10t
10t
10t
10t

107+
1071
107k
1071
1071
1071
10-1
10'1
10~

107%
10~
1071
1071
1071
1071
101

V; (Rydbergs)

.12887 x
.61837 x
.36217 x
.21905 x
2427 x
.73039 x
Lh326 x
27706 x
.17803 x
L1ThY x
.T456 x
.Th627 x
.49039 x
.35128 x
27094 x
.19365 x
.15534 x
JA2175 x
.94193
L6L6TL
L7626
. 38560
.34508
28431
24129
.20933
.18460
.16187
13272
.11128
.oh6lh2 x
0.81224 x
0.60631 x
0.45459 x
0.34028 x
0.25508 x
0.15360 x
0.94624 x

oNeNeoNoNoNeoNoNoRoNoNoNoNoNoNoRoNoNeRoNoNoNoNoNoRoNoRNoRoRoNoR oG]

10%
103
103
103
103
102
10°
10°
102
1
10t
L
10
10t
10t
10t
10t

10-1
10‘%
10"

1o’i
10~

101
1071
10-°
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12.023
13.384
1h .74k
16.105
17.465
18.826
20.187
21.54T
22,908
24,269
25.629
26.990
28.350
29.711
31.072
32.432
33.793
35.153
36.514
37.875
39.235
40.596
41.957
43,317

TABLE 2.3 (Continued)

V

-0

s (Rydvergs)

.70983 x 10'2

-0.34562 x 10~

-0.20252 x 1072
-0.12097 x 1072
-0.59180 x 10-3
-0.24525 x 10-3
-0.11686 x 103
-0.64391 x 1074
-0.31373 x 10‘ﬁ
-0.20915 x lo-u
-0.16121 x 10~

-0.11272 x 107%
-0.67612 x 10~2
-0.33872 x 1072
-0.22130 x 1072
-0.11495 x 1072
-0.11007 x 1077
-0.10712 x 1072
-0.83897 x 10'2
-0.66355 x 10~

-0.52962 x 10'2
-0.42628 x 10~

-0
-0

34579 x 10'2
28254 x 10™

Vy (Rydbergs)

o eoNoNoNe)

-0

_0.
"'Ou
-0.

-0

"Oo
-0.

-0
=0

-0.
-0.
-0,
-0.

-0
=0
-0
-0
-0
-0

.33777 x 1072

.99622 x 1073
.36180 x 10~3

.11189 x 1073
.20700 x 10°%
.23375 x 1074
2739h x 107%
21489 x 107%
17309 x 10'3
12197 x 10”

91789 x 1072
70007 x 1072
49872 x 1072
.33918 x 10~?
22130 x 1072
11495 x 1072
11007 x 1072
10712 x 1072
.83897 x 1076
.66355 x 1076
.52062 x 10:2
L2628 x 10 6
.34579 x 10~

.28254 x 1076
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1.7170
1.8195
1.907h
1.9952
2.0831
2.1710
2.2589
2.3467
2.4346
2.5225
2.6103
2.6982
2.7861
2.8740
2.9618
3.0497
3.1376
3.2694
3.4451
3.6209
3.7966
3.972k
4, 1481
4.3239
L 1996
5.0562
5.4076
5.7591
6.1106
6.8136
7.5166
8.2196
8.9226
10.211
11.617

TABLE 2.4

Sodium=-Sodium Interaction Potential

V, (Rydbergs)

0.87900 x
0.23115 x
0.14213 x
0.93785 x
0.64200 x
0.45153 x
0.32469 x
0.23803 x
0.17749 x
0.13436 x
0.10307 x
0.79980
0.62661
0.LohTT
0.39296
0.31330
0.25017
0.17802
0.11055
0.64249 X

0.31549 x 10

0.79399 x
-0.93759 x
-0.22199 x
~0.31730 x
-0.48316 x
-0.52382 x
-0.53642 x
-0.53102 x
-0.48918 x
-0.42775 x
-0.36098 x
-0.29592 x
-0.19181 x
-0.10710 x

102
103
10°

10:

10t
101
10

10t
10t
10t
10t

-1
1077
1072
1072
10‘1
10”7

1074
10-1
10'%
10™

107+
10~
10+
10-1
101
1071

v, (Rydvergs)

0.88048 x 102
0.23278 x 102
0.14386 x 105
0.95597 x 10

0.66091 x 10%
0.47094 x 10

0.34450 x 10+
0.25812 x 10t
0.19778 x 1oi
0.15478 x 107
0.12355 x 10

0.10047 x 10%

0.94167 x 107+
0.79229 x 107+
0.67u62 x 107+
0.57910 x 10-1
0.43208 x 1071
0.32377 x 107t
0.24k225 x 1071
0.18154 x 1071
0.10928 x 107+
0.67304 x 1072
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13.023
1k.429
15.835
17.241
18.647
20.053
21.459
22.865
oLk, 271
25.677
27.083
28.489
29.895
31.300
32,706
34.112
35.518
36.924
38.330
39.736
hi.142
Lo.548
43,954
45,360

TABLE 2.4 (Continued)

Vs (Rydbergs)

-0.50459 x
-0.24569 x
-0.14397 x
-0.86000 x
-0.42071 x
~0.17h34 x
-0.83072 x
-0.45773 x
-0.22301 x
-0.14867 x
-0.11460 x
-0.80142 x
~-0.48069 x
-0.24082 x
-0.15735 x
-0.10307 x
-0.78279 x
-0.76185 x
-0.59667 x
-0.4T719h x
~0.37670 x
-0.30322 x
-0.24598 x
-0.20099 x

102
10'2
10~

10'3
10™

10™3
10~4
10~4
1074
10'3
107

102
1072
1072
10’2
10"

1076
1076
10”

1076
10'2
1072
10"

10-6

Vi (Rydbergs)

0.24026 x
0.70880 x
0.257h47 x
0.79671L x
O0.147T7T x
-0.16588 x
-0.19460 x
-0.15269 x
~0.12301 x
-0.86695 x
-0.65246 x
-0.49767 x
-0.35455 x
-0.24115 x
-0.15735 x
-0.10307 x
-0.78279 x
-0.76185 x
~0.59667 x
-0.4719h x
-0.37670 x
-0.30322 x
-0.24598 x
-0.20099 x

1o’§
10”

10:2
207
10”

1074
10~%
1074
1074
1072
1072
1072
1072
10~
10-2
10-

1076
1076
1076
10

10-6
10°6
1076
1076
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1.5930
1.7385
1.8632
1.9880
2.1127
2.237h
2.3621
2.4869
2.6116
2.7363
2.8610
2.9857
3.1105
3.2352
3.3599
3.48L6
3.609k4
3.7964
4.0459
4,2953
4, 5448
L.7ok2
5.0437
5.2931
5.5426
5.8336
6.3325
6.8314
T.3303
7.8292
8.8269
9.8247
10.822
11.820
13.649
15.645

TABLE 2.5

Potassium~Potassium Interaction Potential

V. (Rydbergs)

0
0
0
0]

[eNoNoNoNoNoRoRoRoNoRoRoNoNoRoNoNoRoNe]

L N L
COO0O O O0OO0OO0OO0OOOO0O

-0

16155 x
.T1819 x
.38324 x
.21305 x
.12272 x
LT2946 x
L4590 x
27952 x
17926 x
L1737 x
.T831h x
.53167 x
.36671 x
.25663 x
.18197 x
13057 x
. 94668

59398

.32567

.17950

.96291 x
46978 x
L6677 x
.25352 x
15030 x
24400 x
.33065 x
.36718 x
3TT6T %
.37357 x
.34268 x
.29863 x
25146 x
.20585 x
.13325 x
.T4363 x

10t
103
103
103
103
10°
10°
102
10°
102
10t
10+
10t
10t
101
10t

1071
1071
107t
1072
10
10'%
10'l
1077
10
1071
1071
10'%
10”7
1o'i
10°

1072

V; (Rydbergs)

0.16156 x
0.71830
0.38336
0.21317
0.12285
0.73081
0.hh728
0.28091
0.18066
0.11878

MoK K MMM KKK KMNNKKYX

0.22192 x
0.16638 x
0.12487 x
0.75309 x
0.46445 x

10k
102
10

103
103
10°
10°
103
10

102
10%
10

101
10+
10t
10t
10+
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TABLE 2.5 (Continued)

r/ag V. (Rydbergs) V. (Rydbergs)
17.640 -0.35037 x 1072 0.16557 x 102
19.636 -0.17063 x 1072 0.48648 x 1073
21.631 -0.99979 x 10~3 0.1758% x 10’2
23.627 -0.59716 x 10~3 0.53718 x 10™
25,623 -0.29231 x 1073 0.93370 x 10‘2
27.618 -0.12133 x 10'3 -0.12061 x 10/
29.614 -0.57916 x 1o’u -0.13853 x 107
31.609 -0.31958 x 10‘h -0.10828 x 10‘”
33.605 -0.15621 x 10~ -0.86950 x 10°?
35.600 ~0.10421 x 107% -0.61277 x 1072
37.59 -0.80265 x 102 -0.46075 x 1072
39.592 -0.56156 x 10™2 -0.35116 x 1072
41.587 ~0.33774 x 1072 -0.25037 x 10=2
43.583 -0.17041 x 1072 -0.17063 x 10~
45.578 -0.11173 x 1072 -0.11173 x 10‘2
47,574 ~0.73515 x 10'2 -0.735L5 x 107
49.569 -0.55873 x 10~ -0.55873 x 10~
51.565 -0.54071 x 10'2 -0.54071 x 10'2
53.561 -0.42363 x 10'6 -0.42363 x 10’6
55.556 -0.33518 x 10'6 -0.33518 x 10'6
57.552 ~-0.26762 x 10'6 -0.26762 x 1o"6
59.547 -0.21547 x 10'6 -0.21547 x 10:6
61.543 -0.17484 x 107 -0.17484 x

10
63.538 -0.14289 x 107 ~0.14289 x 100



TABLE 2.6.

Vs (Rydbergs)

0.48830 x
0.23994 x
0.14247 x
0.87185 x
0.54735 x
«35155 x
23049 x
«15397 x
.1ok6h x
. 72239 x
.50598 x
.35915 x
.25805 x
18748 x
.13758 x
.10186 x
«T5997

49531

.28336

16166

8922 x
44689 x
16507 x
-0.17690 x
-0.13853 x
-0.23021 x
-0.31573 %
-0.35187 x
-0.36224 x
-0.35822 x
-0.32819 x
-0.28565 x
-0.24031 x
-0.19659 x
-0.12717 x
-0.70951 x
-0.33436 x
-0,16288 x
-0.95437 x

loRoNeoNoNoNoNoNoNoNoNoNoNoNoRNoNoRoN o]

10%
10

103
102
10°
10°
102
102
102
10t
10t
10t
10t
10t
10l
10t

Rubidium-Rubidium Interaction Potential

Vi (Rydbergs)

0.48840 x
0.24005 x
0.14258 x

.51950 x
37267 x
27154 x
.20092 x
.15095 x
1151 x
89169

.62516

41034

.28545

.20960

.16151

1P96T7

10767

.91848 x
.78322 x
0.62417 x
0.51631 x
0.43663 x
0.3740T x
0.27953 x
0.21009 x
0.15762 x
0.11837 x
0.71hk49 x
0.44099 x
0.15698 x
0.hk5045 x
0.16522 x

OOOOOOOOOOOOOOOOS}P.C).0.0.C).

103
103
103
10°
10°
10°
10°
102
10°
10t
10t
10+
10t
10t
10t
10t

-1
-1
-1
-1
-1
-1

10
10
10
10
10
10

1o:i
10

107
1071
1072
1072
10
103
1073
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r/a,

24,012
26.008
28.004
29.999
31.995
33.990
35.986
37.981
39.977
41.973
43.968
45,964
47.959
49.955
51.950
53.946
55.942
57.937

29.933
61.928

63.924

TABLE 2.6 (Continued)

Vs (Rydbergs)

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0

.57006 x
27924 x
1611 x
.55528 x
. 30690 x
15056 x
.10052 x
LTT3TL x
54169 x
.32681 x
16622 x
.10943 x
.T2360 x
.55054 x
.52956 x
41513 x
.32863 x
.26252 x
21146 x
L7166 x
14035 x

10‘%
10"
1073
1o“ﬁ
10~
10'2
10”
1072
10'2
10”
10'2
10"
1076
10’2
10”
10'2
10'6
107
1077

V¢ (Rydbergs)

0

0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
=0
-0
-0
-0
-0

49799 x
.80362 x

12043 x
.13566 x
.10568 x
84597 x
.59638 x
L4811 x
.34132 x
24360 x
16643 x
.10943 x
.72360 x
.55054 x
.52956 x
41513 x
.32863 x
26252 x
21146 x
17166 x
14035 x

107%
10'2
207y
1o'h
10'5
10”

1072
10'2
10"

1072
1072
1072
1076
1076
10‘2
1072
1072
10~

10‘2
10“6
107

29



r/ag

2.6173
2.7628
2.8875
3.0122
3.1369
3.2617
3.3864
3.5111
3.6358
3.7605
3.8853
4, 0100
4,1347
L, 2594
4.384k2
4.5089
4.6336
4,8207
5.070L
5.3196
5+5690
5.8185
6.0679
6.317h
6.5668
6.8578
T.3567
7.8556
8.3545
8.8534
9.8512
10.8L49
11.846
12.844
14,673
16.669
18.665
20.660

TABLE 2.7

Cesium-Cesium Interaction Potential

Vs (Rydbergs)

18137 x
.68341
45020
. 30454
.20983
14684
.1o418
. Th857
. 54404
39960
.29636
22175
16726
.12708
.97168
.T4T700
.57681
0.39363
0.23723
0.14136
0.81079
0.42288
0.16831
-0.14801
-0.11607
-0.20432
-0.28750
-0.32275
-0.33284
-0.32901
-0.30062
-0.26094
-0.21906
-0.17894
-0.11556
-0.64440
-0.30389 x
-0.14818 x

[eNoNoNeoNoNoNoNoNoRoloNoNoNoRoNoN®,
R MR KM MK MK MK MNXK

Mo KM KKK KM KKK MHX XN

103
10°
10°
102
10°
10°
102
10t
1oi
10y
10

10t
10+

10%

Vi (Rydbergs)

0.14146 x
0.68438 x
L5124 x
.30562 x
21095 x
<14799 x
.10536 x
. T6054 x
«5561k4 x
41176 x
.30856 x
.23396 x
L17945 x
.13922 x
.10924 x
86696
.69580
.51093
0.35194
0.25320
0.18983
0.14782
0.11906
0.98724 x
0.83882 x
0.71121 x

[eNoNoNoNeoNoRoRoNoNoRoNoNoNoNoNe

0.56160 x

.18691 x
d40ok2 x
10559 x
.63866 x
.39495 x
.13998 x
LUOLTO x

OOOOOOOO"O_O.

103
102
102
10°
10°
102
i
10l
10t
10t
101
10

10+
10t

1071
1071
10°t
10-+
101
10~1
107t
107t
10-1
107
1071
102
10~2
1072
103
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r/a,

22.656
24.651
26.647
28.6L2
30.638
32.634
34.629
36.625
38.620
L0.616
ho.611
L4, 607
46,602
48.598
50. 594
52.589
54.585
56.580
58.576
60.5T71
62.567
64.563

TABLE 2.7 (Continued)

Vg (Rydbergs) Vi (Rydbergs)
-0.86830 x 1073 0.1431k4 x 10~3
40.51875 x 1073 0.41252 x 104
-0.25466 x 10-3 0.48612 x 10'2
-0.106L46 x 10:2 -0.12k55 x 107
-0.51226 x 107! -0.13318 x 107
-0.28459 x 10‘4 -0.10281 x 10~
-0.14119 x 10” -0.81605 x 1072
~0.94538 x 1072 -0,57601 x 1072
-0.72621 x 10_2 -0.43206 x 1072
~0.50958 x 1072 -0.32857 x 10_2
-0.31047 x 10 -0.23530 x 10
-0.16178 x 10:2 -0.16197 x 1072
-0.10782 x 1072 -0.10762 x 10”2
-0.72362 x 10 y -0.72362 x 10:6
-0.55243 x 1077 -0.55243 x 1077
SEaagr o
-0. x -0.41011 x
-0.32522 x 10'2 -0.32522 x 10'2
~-0.26022 x 10~ -0.26022 x 10~
-0.20993 x 10'2 -0.20993 x 10'2
-0.17065 x 10~ -0.17065 x 10~

-0.13972 x 10'6 -0.13972 x 10

31



V(RYpeERGS)

.05 |

.04 |

.03

.02

.0l

loo -

-.01 |

-.02 .

-.03 -

-.04 .

~.05

~. 06 -

- 07 .

Li NQ K‘7b;55
ERALR\
\\\ Na
ANAN K TRIPLET
SINGLET
1 5 5 T 5 T 13 ”/o,
Fig. 2.1 INTERACTION POTENTIALS OF ALKALI- ATOMS

49



CHAPTER TII
CALCULATION OF VIRIAL COEFFICIENT

In the preceding chapter, we have given a method to phenomeno-
logically calculate the interaction of alkali-atoms. These inter-
action forces between atoms are intimately related to the equation
of state and the transport properties of gases and liquids. The
statistical mechanical theories which relate the bulk properties to
the intermolecular forces are highly developed for dilute gases and
developed to a lesser extent for dense gases and liquids. Once the
law of force has been determined, it is possible to calculate the
equation of state or transport properties, In this manner one re-
duces the description of a great number of equilibrium and non-equi=-
librium phenomena to a common basis and understands their interrela-
tion from a molecular viewpoint.

In this chapter we concern ourselves with the virial equation

of state, which is generally written in the form

PV /RT =1 + B(T) /T +CCD) /T =MD /T v (3.1)

S
where |/ 1is the volume of the system per mole. The coefficients
B(T), Cc(T), D(T) . . . are called the second, third, fourth . . .

virial coefficients. By means of statistical mechanics these virial



3k

coefficients may be expressed in terms of the intermolecular poten~
tial functions. TFor example, if the potential V between two atoms
in the gas is a function only of the interatomic separation Yy ,

the second coefficient is shown to be33

B(m=- 34“ ft‘3 dV exp (-V/%,T)dr | (3.2)

where ]7 is the Avogadro's number and k is the Boltzmann constant.
Consider the low density monatomic molecular gases of alkali-
atoms. Our potentials in Chapter II describe the interaction poten-
tials between two single alkaline atoms. These potentials, singlet
and triplet, are only functions of the nuclear separations, therefore
(3.2) may be applied. We have calculated individually the co-
efficients Bs (T) for singlet potentials, and B—t (T) for triplet
potentials, and averaged with the probability ratio for occurrence

of the two states, i.e.
B=(BO+3B M) /4 (3.3)

The temperature ranges for which we have carried out the calculations

are from 100 Ok to lOl‘t °

k. Our results are given in Table 3.1 and
Figure 3-1. The second virial coefficients of these alkaline diatomic
systems are not available in the earlier literatures. In fact, there

is still no experimental determination of these coefficients.
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TABLE 3.1

Second Virial Coefficients of Monatomic Alkali-Gases (In Mol. Volume)

sys

T (°k) Hydrogen Lithium Sodium Potassium Rubidium Cesium
00 -1.522 x 1032 -2, 13 ., 8 5 - o . b
X0 dgErl gaeaidd depni somag asad o
320 -1.318 x 1032  -2.473 x 10 -7.481 x 100 -7.701 x 1oﬁ ~4.022 x 10} -1.130 x 10%
330 -1.259 x 1032  -8.070 x 1oii -3.399 x 100/  -h.hhk9 x 10 -2.378 x 10 -6.979 x 103
340 ~1.117 x 1032  -2.81L4 x 10 -1.619 x 102 -2.656 x 104  -1.h51 x 10%  -L.4k0 x 103
350 -1.079 x 1032  -1,043 x 101t  -8.049 x 10 -1.634 x 10 -9.112 x 103 -2.900 x 103
360 -9.887 x 1o3t -4.083 x 1oi° 4,162 x 108 -1.033 x 10%  -5.876 x 103 -1.9kl x 103
370 -9.152 x 10° -1.683 x 1000 -2,231 x 10®  -6.70k x 103  -3.883 x 103  -1.328 x 103
380 -8.489 x 1033 -T.272 x 102 21,237 x 102 <h.hs2 x 103 -2.623 x 103 -9.278 x 10°
390 ~7.895 x 103h -3.282 x 107 -7.068 x 102  -3.020 x 105 -1.810 x 1035  -6.605 x 102
500 -7.478 x 103} -1.5h2 x 10§ -b.156 x 10°  -2.00L x 103 -1.272 x 103 -4.786 x 10°
410 -6.862 x 1034 -T.516 x 105 -2.509 x 10?2  -1.47h x 103  -9.105 x 10°  -3.524 x 10°
420 -6.291 x 1°§u -3.79 x 105 -1.552 x 102 -1.057 x 103  -6.62h x 102  -2.635 x 10°
430 -5.783 x 105" -1.977 x 109 -9.823 x 10} -7.703 x 102 -L4.893 x 102  -1.997 x 10°
140 -5.39h x 1o§u 1,062 x 10 -6.349 x 10 -5.697 x 105 -3.666 x 105  -1.53h x 10°
450 -5.00L x 103/ -5.865 x 107 4,186 x 10 -h.272 x 102 -2.78k x 102 -1.193 x 10°
460 -h.581 x 103 -3.325 x 107 -2.811 x 10*  -3.246 x 102  -2.140 x 102  -9.380 x 10
470 -4,118 x 1033 -1.932 x 107 21.921 x 10+ -2.496 x 102 -1.66h x 102 -T.k55 x 10
480 -3.785 x 1o§h -1.1L8 x 102 -1.33% x 10%  -1.941 x 102  -1.308 x 102  -5.985 x 10
490 -3.476 x 102" -6.973 x 102 -9.302 x 103 -1.526 x 102 -1.039 x 10°  -5.849 x 10
500 -3.115 x 103h -4.322 x 102 -6.724 x 103 -1.211 x 10° -8.33%k x 10 -3.964 x 10
510 -2.701 x 10 -2.730 x 10 4874 x 103 -0.707 x 10 -6.7h4 x 10 -3.267 x 10
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sys

T (°k)

520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
750
800
850
900
950
1000

Hydrogen

-2.382 x
-2.056 x
-1.756 x
-1.493 x
-1.215 x
-9.369 x
-7.049 x
-5.129 x
-3.534 x
-2.015 x
-1.061 x
-2.840 x
~T7.280 x
-1.946 x
-5.415 x
-1.566 x
-L.695 x
-1.458 x
-4,683 x
=2.522 x
-2.614 x
~L4.645 x
-1.294 x
=5.259 X
-2.949 x

34

10
103%

Lithium

-1.755 x
-1.148 x
-7.629 x
~5.147 x
-3.522 x
-2.443 x
-1.7T17 x
-1.221 x
-8.785 x
-6.390 x
-L,697 x
-3.488 x
-2.61Lh x
-1.977 x
-1.508 x
-1.160 x
~-8.994 x
-7.026 x
-5.528 x
-1.839 x
-7.040 x
-3.027 x
-1.433 x
-7.362 x
4,051 x

102
10

102
10

10°
102
102
102
10
10,
10,
10,
10,
10/
10

104
103
103
103
102
10

102
10

10

10

Sodium

-3.578 x
-2.658 x
-1.997 x
-1,516 x
-1.116 x
-9.007 x
-7.039 x
-5.548 x
-4, 409 x
-3.531 x
-2.848 x
-2.314 x
-1.893 x
-1.558 x
-1.290 x
-1.075 x
-9.005 x
-7.583 x
-6.418 x
-2.988 x
-1.536 x
-8.569

-5.114

-3.231

-2.142

103
103
103
103
103
10°
102
10

102
10
10
10
10°
102
10
10°
10

10

10

10

10

TABLE 3.1 (Continued)

Potassium

-7.848 x
-6.399 x
-5.259 x
-4.354 x
-3.630 x
-3.047 x
-2.57h x
-2.187 x
-1.869 x
-1.606 x
-1.387 x
-1.20% x
-1.050 x
=9.195
-8.087
-T.142
-6.331
-5.633
-5,030
-2.993
-1.906
-1.283
-9.036 x
-6.607 x
-4.986 x

10
10
10
10
10
10
10
10
10
10
10
10
10

10'1
10'l
10~

Rubidium

-5.504 x
~h.527 x
-3.753 x
-3.133 x
-2.633 x
=2.,227 x
-1.895 x
-1.622 x
-1.396 x
-1.207 x
-1.050 x
-9,167
-8.041
-T7.084
-6.256
-5.56k
-L,958
-4 43}
-3.979
-2.422
-1.573
-1.076

-7.691 x 107+
-5.60h x 1o'i
-4,343 x 107

10
10
10
10
10
10
10
10
10
10
10

Cesiun

-2.714 x
~2.271 x
1.9k x
-1.623 x
-1.385 x
-1.189 x
-1.026 x
-8.902
-70762
-6.800
-5.984
-5.288
~4.693
-4,180
=3.737
-3.353
-3.018
-2.726
-2.469
-1.568
-1.056
~-T.456 x
~5.471 x
-4, 1k x
-3.224 x

10
10
10
10
10
10
10

107t

10'%
1077
10
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sys

T (%k)

1000
1500
2000
2500
3000
3500
L4000
4500
5000
5200
5800
6400
7000
7600
8200
8800
9k00
10000
10600

Hydrogen

-2.949 x
-3.658 x
-4,284 x
-1.938 x
-5.429 x
-4,303 x
-6.524

-1.523

-4.808 x
-3.235 x
-1.169 x
-5.164 x
-2.643 x
-1.511 x
-9.407 x
-6.258 x
-4.388 x

=3.209 x

-2.428 x

1018
1010
106
102
10
10

1077
10

10'2
10’2
1073
10

10-3
103
10-3
1073
1073

Lithium
-4.051 x 10_,
-9.907 x 1077
"106)4-1 X lO
-5.552 x 1072
-2.601 x 10'2
-1.443 x 10
-8.795 x 1073
-5.656 x 1073
-3.738 x 10™3
-3.176 x 1073
-1.934% x 1073
-1.122 x 10‘2
-5.668 x 10~
“1.742 x 1o'ﬁ
+1.110 x 107}
+3.222 x 10
+4.812 x 1o’ﬁ
+6.023 x 107,
+6.953 x 10

TABLE 3.1 (Continued)

Sodium

-2.142

-1.650 x 10
-b.456 x 1072
-1.866 x 1072
-9.416 x 10~3
-5.134 x 1073
-2.825 x 1073
-1.451 x 1073
-5.762 x 10
-3.155 x 10
+2,662 x 10
+6.470 x 10
+9,030 x 10
+1.079 x 1073
+1.201 x 10-3
+1.287 x 10
+1.345 x 1073
+1.385 x 1073
+1.511 x 1073

Potassium

-4,986
~T.935
-2.680
-1.133
-)-l'o 861
-1.617
-1.961
+1.282
+1.961
+2,159
+2.583
+2.837
+2.987
+3.070
+3.110
+3,121
+3.112
+3.,091
+3.061

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X

-1
10
1072
1072
1o“§
10”
1073
107k
103
1073
103
103
10°3
1073
10°3
10~3
10'3
10"
10~3
1073

Rubidium

4,343 x
~T.279 x
-2.463 x
-1.,011 x
=3.97T7 x
-8.871 x
+8.399 x
+1.870 x
+2,510 x
+2.695 x
+3.088 x
+3.318 x
+3.447 x
+3.514 x
+3.540 x
+3.538 x
+3.510 x
+3.487 x
+3.448 x

1071
1072
1072
10”

10'2
10~

107%
10-3
10-3

Cesium

~3.224 x
=5.909 x
-1.982 x
-T.435 x
-2.107 x
+5.911 x
+2,095 x
+2,983 x
+3,525 x
+2,695 x
+3.088 x
+3.318 x
+3.447 x
+3.514 x
+3.539 x
+3.538 x
+3.519 x
+3.487 x
+3.448 x

107t
1072
1072
1073
1073
10

1073
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CHAPTER IV

SEMI-CLASSICAL THEORY OF SPIN-DEPENDENT

CROSS SECTIONS

In Chapter II we have investigated the interaction between al-
kali atoms, and have obtained their interaction potentials. We now
use these potentials to calculate the spin-exchange cross sections
by a semi-classical approach. The following section introduces the

basic theory of spin-dependent scattering.

1l. Basic Theory

Let the origin of co-ordinates be located at the center of mass
of the colliding atoms. The Schrodinger equation for the complete

system in atomic units is

(H- v )X (F,E)-EX(XE) | @)
where 5? represents the position vectors of the electroms, ﬁ? is the
vector joining the nuclei, H is the Hamiltonian for the system when
the nuclei are held fixed, M is the reduced mass, and E is the total
energy. If the velocities of the nuclel are negligible in comparison
9

with the velocities of the electrons, then the Born-Oppenheimer

approximation may be applied. This approximation implies



Lo

HY,, (X, 7)) =T (D (X, T) (.2)

vhere }; are the eigenfunctions and Tm CF) the eigenvalues
of H. At the same time, the motion of the nuclei may be described by

the wave equation

2 —>
- 2‘:; +%(r)]MM(?)=EMM(r) ) )

where 'L§1( r is called the interaction potential of the two atoms,
and E is the total energy. In the process under consideration, the
two atoms may approach each other adisbatically along more than one
possible interaction curve.

For slow collisions the refinements discussed by Bates and McCar-
roll61 eventually reduce to the assumption that eq. (4.1) may be

solved by a substitution of the form
-2 = — - T /2 > -
XE®=F@®Y% (X C)TE@YLE £ )

where 1#; corresponds to the singlet state of the molecule and 7#;
to the triplet state, coupling to other states being ignored. Using

eq. (4.2) it follows that



b

(% E -V M) O+37 JY V¥ dx -V, +
FETHATE A 3 (v dF VR VA =0 ¢

A similar equation in which s and t are interchanged holds for F}(]:).

. . ) 62,63
The coupling terms in eq. (4.5) will usually be small , 5o that

to a good approximation Fs satisfies
N +tE-V (D) F (f)=0 (4.6)

and.F; satisfies

(¥)=o0 .

v
2M (5.7)

We are ignoring the small change in relative velocity that occurs in
a spin-exchange process so that we require solutions of (4.6) and

(4.7) which behave asymptotically as

- (R it -
F e+ f o (4.8)

._’

where (T*/ 0, 4>) are the spherical polar co-ordinates of I
6

Equations (4.6) and (4.7) mey be solved in the conventional way

giving the amplitudes fst ; as

%09 =5 L(ZH'){Ur(zc B ICORS
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s,
where é:( are phase shifts and {=/2ME_ . The phase

shifts may be obtained by solving the following radial wave equation

2. St
j—§%—+ ('—2M7,- 4221k =0, o)

The solution of eq. (4.10) behaves asymptotically as

St ~| 57

~ ] — L s !
K’I 4 Sin(&r + A3 +<§’e ) 4.11)
All scattering cross sections may be expressed in terms of phase

$,t
shifts é& . Therefore the first step towards calculating

the spin-exchange cross sections is solving the wave equation (4.10).

2. Semi-classical Approach of Cross Sections

It is well known that we still lack a method to obtain the exact
solution of the wave equation (4.10) with an arbitrary potential V.
Some reasonable approximation methods must be employed. Using the

WKB approximation, one may obtain the solution of eg. (4.10) as

Rjt a4 —;Z-Cos [5:;?41‘- %E—] , (k.12)

where

2 _ [ 2 2
Pk -2MV, -U*z) /v 70
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and [, is the distance of "closest approach" or the classical "turn-

ing point of the particle, i.e. the value of r such that
‘P(ro) = O . ()'}'oll;')

Substituting eq. (4.13) into (4.12) and putting 1/;/f:= O , Ve

obtained the solution for a free particle system as

st

/7

R, =

(free Partica D

! Cos/jr 2 sz Jr-X
v er‘%‘(’*ﬂ/r t‘—z;]. (4.15)

Then the phase shifts may be obtained by matching the difference be-

5.t 3t
tween the two phase angles of fe‘ Ty 00 and R,Q (free par-

ticle); i.e.

r r
5;'; Lo [fr F‘Jr-—frjﬁ‘—(hg)*/rz dr] e

r-»co

Substituting eq. (4.13) into (4.16) yields

S . r 2 2 25/’ 2 2 A&
¢ =/L%w;°{j;(4{-(z+;')/rj (1-2M%, R e 7))ol

ro, > /%
.__jr (A-(+ 5D/t J o(r} (h.17)
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k
=Lim { [ (R:04+1)/%"] SETN I SY
ra

r—>o0

L (MY /(RS (e kD8 )= Y e

r. o, . ’
"fk ($- U+ > /0] }dr}. (h.18)

If we assume that k and 1 are large, so that

& | (5.19)

’

| 2M V5] /W~ (a5

for any T except in the neighborhood of }"o » then we may neglect all

2
the terms which have a large power of IM'[/;/tl/sz_.(x.(. L) ) ’

and get

s, ¢ @
4, ="jr (MY, /A< ety /F Jer

oo
- --'f—jro (Ve /= (et ) bdr

(4.20)

Putting T = r, into eq. (4.13), we obtain, from eq. (4.14),
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2- FR 2
Per) =k —2M7, —(4+5)/1;" =0 (b.21)
Using the condition (4.19) we may neglect 2MVs,e in eq. (4.21)

which then yields

(A+3)= 4T, (22)

Substituting eq. (4.22) into eq. (4.20) gives the phase shift in the

WKB approximation, namely

S

A N U a7 S

Using density metric techniques, the spin-exchange cross section

0:& for nonidentical atoms mey be expressed in terms of phase

shift322’23 as
& m (.- S
q/Nx:;%T%(zﬁﬂ)Sm (dgr— 245 ), (4.24)
where é;'t and g; g are the phase shifts of singlet and trip~
/ /

let states respectively and which may be obtained from eq. (4.23).

Substituting (4.23) into (4.24) yields

= 2. M (® __
G;h(" zlﬁz %(21"',)51,”2(& j;o(z,'[/s' )//(_ k'o/r Jﬂ.(h.QS)
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For the semi-classical approach, 1 and k are assumed to be large and
can be treated as continuous. Then a summation of infinite terms

approaches an integration. From eq. (4.22) we obtain

Y w
Y Gaey— ) hpdtny | )

Substituting eq. (4.26) into eq. (k.25) yields

@ 00
€ =] st (S, (Ve ) ANe 7 g, e

The above equation is & semi~classical approximation of the spin-ex-
change cross section for nonidentical atoms.

The singlet and triplet interaction potentials, -Diit of the
diatomic alkaline systems may be obtained from Tables 2.2, and 2.4-
2.8. The spin-exchange cross sections obtained from eq. (4.27) are
shown in Table 4.1l. The spin-exchange cross sections are calculated
for twenty~eight different relative kinetic energies for each system.

15-18 . _

The results compare fairly well with the experimental ones
cept for the H-H system, which suggests that the semi~-classical

method is not valid for this system.
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TABLE 4.1. Semi-Classical Spin-Exchange Cross Sections of Alkali-Atoms (1[302)

sys
E (°k) Hydrogen Lithium Sodium Potassium Rubidium Cesium
10 14.69 14k, 171.2 391.9 382.7 426.8
20 14.63 140.3 176.0 320.2 381.0 410.1
30 13.62 139.6 144,12 327.8 370.2 394.2
40 14.38 136.6 137.0 329.8 330.9 370.5
50 13.96 128.2 140.7 300.3 347.6 403.8
60 14%.05 135.6 152.5 315.9 327.3 336.8
70 13.49 130.5 149.4 287.7 322.0 345.8
80 12.66 122.2 151.7 270.0 308.8 342.6
90 13.04 134.5 145.8 315.7 325.8 327.4
100 12,32 116.2 138.3 296.5 299.6 291.4
200 12.29 121.9 138.6 272.9 270.8 312.5
300 11.08 114.3 138.8 276.3 282.9 334.3
Loo 11.84 108.2 121.6 279.1 299.3 302.3
500 10.85 101.0 128.8 258.7 278.5 26L.7
600 10.58 9,32 118.8 274 .1 272,.2 271.3
700 10.11 107.8 119.0 245.5 237.7 297.0
800 9.836 97.3k4 116.5 2ho.2 270.3 287.6
900 10.13 96.36 120.0 - 232.3 256.9 271.3
1000 10.83 101.8 118.3 242.8 251.3 293.8
2000 9.452 95.54 108.7 213.3 236.8 239.0
3000 9.173 87.13 105.8 190.8 218.5 230.3
4000 9.682 85.98 106.5 208.8 212.8 240.2
5000 8.560 01.81 106.4 201.h4 224 .8 226.1

6000 8.543 88.82 97.98 203.8 203.4 231.8
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sys

E (%)

TOCO
8000

9000
10000

TABLE 4.1 (Continued)

Hydrogen Lithium Sodium Potassium
8.600 82.72 106.5 194.5
8.735 81.02 90.32 199.3
8.418 87.52 103.1 191.9

8.391 79.12 96.76 192.9

Rubidium

216.2
211.8
213.5
200.0

Cesium

224 .7
206.9
229.1
230.4



CHAPTER V

PARTIAL WAVE ANALYSIS OF SPIN-DEPENDENT

CROSS SECTIONS

In the previous chapter we have calculated the spin~-exchange
cross sections using a semi-classical approximation method. One of
the central approximations of this method is replacing a summation
by integration. This is perhaps valid for the heavier atoms at
higher relative kinetic energies. But the main disadvantage of this
method for heavier atoms is the difficulty of performing the inte-
gration. Further, the relevant interaction potentials in the region
of small nuclear separations, Y < [ , are unknown. As shown
in Tables 2.4-2.8, the smllest values for which the potentials are
known are about one atomic unit. Therefore, to start the integration
of eq. (4.27) from rb- smaller than this value is not feasible.

However, eq. (4.27) may be rewritten as

L0 Mee S0 Jdn e

Hence, due to the lack of knowledge of the potential in the region o<r<r,
the integration of the first term can not be performed. Now let us
change the first term back to its original form, i.e.
/(‘.
g

L, [ ]JJ’;—'_)Z[ J = GL (5.2)
0 =0

7
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where

(
f=Kr.o+x

The value of fé can be calculated and corresponds to a large value
for large k. For example, the K-K system at relative energy corre=~
sponding to the temperature of lOh %k we have.fcﬁ130. Therefore,

the cross section) GL , due to the partial waves of { = 0 to
ﬂ.= fc = 130 cannot be cobtained. This is the disadvantage of the
semi-classical method at high relative energies depicting heavy
atoms. Furthermore, at low relative energies for light atoms, i.e.
small values of k, the disadvantage of the semi~-classical method

is more acute than that of heavy atoms at high relative energies, be-
cause the deviation of ry values from continuity is larger in this case.
Obviously, therefore, the semi-classical method is not entirely

Justified, and consequently a partial wave analysis involving numer-

jcal integration method will be employed.

1. DNumerical Integration

The equation to be solved now is

o( Rj Eg;g-u) ,& + 2mv] R (5.3)

Let

| d R :
%/= r‘ ) (5.4)
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and this leaves
N O L

In this form we have two simultaneous equations of first order. These
equations may be solved by the so called Runge-Kutta technique5l,
provided initial conditions are known., The initial conditions chosen

as =12 ,R,=0 > and é{. =  arbitrary value, where [, 1is
the closest nuclear separation at which the potential is known. This
corresponds to replacing the unknown portion of the potential by a square
cell of infinite height. Then the phase shifts may be obtained by
matching the phase difference at a point for which the potential V
approaches zero. These calculations were carrled out on a digit computer.
Once the phase shifts are obtained, several different kinds of spin;
dependent cross sections may be calculated from the formulase predicted
by the theory of spin-dependent scattering. With the exception of
hyperfine transitions for identical atoms, these fonmulaé are available

in the current literature. In the appendix we discuss these various

cross sections, we merely state the results here.

(A) Non-idential atoms:

(1) Total unpolarized cross section21’23,

___ﬁfﬂfg [ o 2 S 3 t:l
O;u (z %:_,0(2,€+l)(4r_ Sim f{} -+ -ZF S/‘mg ) (5—6)
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21-23
(2) Spin-exchange cross section,

L + s
OJNx::Ez%:(Zf'H)SA‘MI(SI— g; D 5 (5.7)

21-23
(3) Hyperfine spin-transition cross sectlon(f-(,-!- —->f c-z),

_ 2¢ (5.8)
Ny 20+ O/N)‘ ’

(B) Identical atoms:

21-23
(1) Total cross section ,

v

o0 2 2(+1+4 s
0, =2 caeo{(2 - gmr ST s g
£

+[2

2 204144 *
2{+1 g J(_")S”" S }
b

(5.9)

21-23
(2) Spin-exchange cross section ,

(r/ %% (200 [)«{]: 2c+l+¥) SI‘MZ&S N

2 204144
+ [2 NPT S P Yk 25: };

(5.10)
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(3) Hyperfine spin-transition cross section( f=i+&—f=i-3)

(See Appendix)

2 l T
0;/ 20+1 i Q;xﬂ:( 2 )T 2(2i+')]CT+2(2£+‘) '

+ (”“’[“) s, il J} (5.11)

where

|

AN 3 (Al
’.M?.g/; "f‘Sl‘,yL g >. (5.12)

We have calculated these six scattering cross sections for 124 dif-
ferent relative energies for the alkaline systems. The results are
listed in Tables 5.1-5.6 and are plotted in Figures 5.1-5.6. Compar-
ing the cross sections calculated by semi-classical method, Table k4.1,
and by partial wave analysis, Tables 5.1-5.6, shows that all of the
results obtained by semi-classical arguments are too small by about

10% for the heavy atoms and by as much as 50% for the lighter ones.

2. Aversasged Spin-dependent Cross Sections

In the preceding section we have calculated the spin-dependent
cross sections as functions of relative kinetic energy E correspond-
ing to which we define a temperature T by E = 3/2 kT.

Now we consider the energy distribution of the atoms in a system

of temperature T, as Maxwellian distribution, i.e.

AW, = (4 TJ%E Forp ((E/ATAE , (5:13)
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where \] is the total number of atoms in the system. Then the aver-

aged spin-dependent cross section will be

CE=(fodn) / ([Td# )
:(‘[’;}T}, axp (- 2L )?(’I)/(fmT o ,T,)o!)w.u)

The exact value of the last integration on the right side of eq. (5.14)
may be found from mathematical tables. It is

/ % 3T 3 2

y - — 0{ = )
b b K]D( o et (277 /3 , (5.15)
This exact value may be used to check the accuracy of 6:(ﬁ3)computed
by a digit computer. Let

A={277n /3 )k
,/:/. —_ /34a7tf>(L_.37 /)c{}ill//kiz T ?z//<§/)

Ccom wloy
the smallness of which gives an indication of the accuracy of the
numerical integration. Averaged cross sections are shownin Tables
5.5—5.12. For the temperature range from 50°K to 2000°K, the
values are small. We then expect the averaged cross sections to be
most accurate in this region. The resulis are given in Tgbles 5¢T=
5.12 and plotted in Figures 5.7-5.12. A comparison of these results
with experimental results is shown in Table 5.13. We see that quite
good qualitative agreement has been obtained. Here, the experimental
value for the hydrogen system was calculated by Mago}susing the EPR
linewidth data of Hildebrandt, Booth, and BarthA, The experimental

errors are not shown here. The spin-flip cross section defined by

Mazo is a factor of two larger then the spin-exchange cross section



. 55

used in our calculation. The experimental value of the Sodium system -
‘was calculated by Anderson and Ramseyl6 using the measured line shapes

of the various radio-frequency Zeeman transitions. The experimental
values for the Rubilium and Cesium systems were measured by Moos and
Sands17 using paramagﬁétic resonance techniques to examine the Zeeman
transitions. Unfortunately,we still lack knowledge of the experimental
values for Lithium and Potassium systems. Our calculated values in

Table 5.13 were obtained from the second column of Tables 5.7-5.12,
correspondi;g to the spinle%change-cross sections of nonidential alkali
atoms. The values in the fifth column of Tables 5.7-5.12 are the corres-
ponding vaelues for identical atoms, which seem to be too large in com-
parrision with the experimental values. This indicats that our treatment
of the effects due to identical atoms is inadequate. In fact, the
interaction between the two nuclear spins of the two collidingatoms

is not strong enough for the exchange effect to be taken into account.

Ho wever, if the effects due to identical atoms are to be considered,

the exchange effect due to the inner closed electronic shells must also

be considered. It would appear that this leads to a cancellation.

TABLE 5.13

- 2
Spin-Exchange Cross Sections (10 140m )
3 8
1 1 3.3 11 11 19 19 85 85 | 133 133

Systems H -H Li -ILi Na  -Na Rb "-Rb

Temp.  325°K 405K 405K 520°k  540% 54,0°K
Our Cal. 0,130  1.018  1.207 2.37  2.565 2.706
EXp. 04l == 1-3 Rlind 2.4%0.4 2.6%0.5

Ref. 15 16 17 17



E(%k)

10
11
12
13
1k
15
16
17
18
19
20
21
22
23
2k
25
26
27
28
29
30
32
34

*
TABLE 5.1

Spin-Dependent Cross Sections of Hydrogen Atom (45¢ aog)

Total scattering of nonidentical atom
Spin-exchange cross sections of nonidentical atom

Hyperfine transition cross sections of nonidentical atom
from f: | f2o

Total scattering of identical atom
Spin-exchange cross sections of identical atom

Hyperfine transition cross sections of identical atom
from f=a I-bfiso

T Thx @, G Ot sy

54,80 14,24 7.120 134.0 36.48 22.50
55.88 14,54 7.270 138.8 38.28 23.41
56.97 14.87 T.435 2.1 39.78 24,17
57.08 14,52 7.263 44,3 k.10 24,81
59.56 15.70 7.851 145.7 42,28 25.36
61.37 16.31 8.156 146.9 43,52 25.90
63.95 17.22 8.610 148.2 Ll .96 26.50
67.89 18.70 9.352 150.5 46.99 27.34
Th.16 21.24 10.620 155.0 50.09 28.65
83.60 25.38 12.690 162.5 54,71 30.73
95.46 31.06 15.530 172.3 60.50 33.55
105.18 36.32 18.160 180.7 65.17 36.14
108.44 38.84 19.420 181.3 66.59 37.34
106.30 38.64 19.320 177.4 65.31 37.18
102.26 37.20 18.600 170.4 62.25 36.12
98.34 35.56 17.780 166.1 60.87 35.49
95.17 34.10 17.050 161.2 59,08 34.69
92,76 32.90 16.450 157.8 57.68 34,03
90.94 31.92 15.960 154k.9 56.58 33.47
89.59 31.12 15.560 152.5 55.7h 33.02
88.59 30.46 15.230 150.8 55.11 32.65
87.30 29.42 14,710 148.5 5k, 28 32.09
86.62 28.62 14.310 1474 53.90 31.72

56

* This table is calculated using Walker and Mays'23 results of scat-
tering amplitudes.



200
220

280
300
320
340
360
380
400

86.33
86.31
86.4k4
86.71L
87.10
87.53
87.94
88.29
88.54
88.58
88.47
88.16
87.66
86.99
86.20
85.29
84h.27
83.19
80.27

74.18
71.30
68.84
67.34
73.73
63.70
55.08
57.35
49,16
L4847
48.89
50.28
52.41
k.87
60.00
T1.hh
65.78
66.53
67.63
68.73
69.59
70.38
70.59
69.58

TABLE 5.1 (Continued)

27.98
27.46
27.00
26.62
26.32
26.08
25.88
25.72
25.58
25.40
25.22
25.00
24,74
24 . 4k
24,12
23.78
23.40
23.02
22.02
21.02
20.06
19.16
18.43
18.08
22.16
19.66
15.93
15.20
13.08
12.38
12.00
11.92
12.11
lo.4h
13.08
16.96
13.14
11.95
11.02
10.68
10.65
11.02
11.58
11.84

Ty

13.990
13.730
13.500
13.310
13.160
13.040
12,940
12.860
12.790
12.700
12.610
12.500
12.370
12.220
12.060
11.890
11.700
11.510
11.010
10.510
10.030
9.582
9.216
9.040
11.080
9.830
T.965
7.601
6.543
6.192
6.001
5.962
6.055
6.223
6.543
8.481
6.570
5.976
5.512
5.340
5.329
5.514
5.790
5.924

Oz

147.3
148.2
149.7
151.9
154.6
157.7
160.9
164.1
167.0
169.6
171.6
173.1
17h.1
17h.6
174.6
174.2
173.5
172.5
169.0
164.3
159.0
153.2
7.4
12,2
140.7
123.0
107.7
117.1

93.2

gl.2

92.3

102. 9
110.3
125.7
159.3
140.9

141.0

141.5
141.5
140.3
138.3
135.3
131.2

O

53.85
54.13
54.66
55.43
56.41
57.52
58.7T0
59.82
60.82
61.63
62.18
62.51
62.58
62.40
62.02
61.49
60.79
59.97
57.56
54.79
51.85
48,89
46.06
43,65
43,58
35.56
28.72
27.96
22.71
22.03
22.74
24,75
27.75
31.21
38.13
5h.22
k.51
LYy, 26
L, 52
Lk .75
L4 4o
43,94
42,89
41.23

31.50
31.k2
31.46
31.62
31.89
32.25
32.66
33.07
33.46
33.78
34.01
34.16
34.20
34.15
34.01
33.81
33.54
33.22
32.26
31.15
29.97
28.77
27.61
26.61
27.03
2h.27
21.15
21.89
18.20
17.68
17.74
18.35
19.41
20.68
23.17
30.28
2h.02
2k,00
23.38
23.03
22.66
22.35
22.03
21.58

57



- B(%k)

420
440
460
480
500
550
600
650
700
750
800
850
900
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2200
2400
2600
2800
3000
3500
4500
5000
5500
6000
6500
TO00
7500
8000
8500
9000

9500
10000

q9

67.49
65.41
64.59
64.96
60.78
53.69
54.81
53.10
55.28
57.88
62.16
62.87
62.42
61.89
62.21
63.24
54,42
54.25
5442
50.84
54,07
57.32
57.66
56.69
57.40
55.96
52.39
52.65
50.64
52.34
54,80
50.31
50.49
50.68
52.05
51.58
48,54
48.26
46.65
47.82
48.69

48.39
48.85

TABLE 5.1 (Continued)

G

11.71
11.57
12.02
13.31
12,44
10.20
10.98
10.19
10.29
10.36
11.20
11.09
10.25
9.73
10.00
12.12
9.19
10.25
11.12
9.1h
9.98
10.85
10.52
9.33
9.62
9.85
9.31
10.35
9.33
9.7h
9.61
9.50
9.68
8.71
9.24
9.51
8.73
9.29
8.75
8.95
9.37
8.67
9.12

Ty

5.858
5.785
6.010
6.657
6.220
5.101
5.40k4
5.097
5.148
5.180
5.60L
5.547
5.127
4.866
5. 004
6.061
L.597
5.125
5.562
L. 57k
4,992
5.426
5.260
L .668
4,814
4,925
4,657
5.175
L .669
4.871
4.807
4,752
4 .840

L.357
k. 621

L.755
4.369
4645
L.379
475
4,688

4.337
4,560

Tx

39.07
37.01
35.7h
35.26
32.69
28.78
30.21
31.23
34,13
36.68
40.51
ho,28
41.10
39.77
39.93
38.61
30.21
29.78
28.50
25.28
28.51
32.82
33.35
33.06
34,54
35.21
30.89
32.50
29.95
31.74
32.47
28.0k4
29.4h
30.87
32.36
31.21
27.15
27.12
26.57
28.92
30.0k4
29.10
29.12

0%

20.93
20.3k
20.11
20.41
19.72
18.37
19.16
19.66
20.57
21.19
22.41
23.02
22.08
21.25
21.35
21.40
17.87
18.15
17.84
16.08
17.25
18.98
18.94
18.40
19.07
19.80
18.21
19.41
18.08
18.70
18.28
16.89
17.52
17.84
18.14
17.71
15.95
16.18
15.95
16.83
17.30
16.47
16.49
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Ty
Thox
Ty
%y
Trx
%

E(k)

10
11
12
13
14
15
16
17
18
19
21
22
23
2k
25
26
27
28
29
30
31
32
33

TABLE 5.2

Spin-Dependent Cross Sections of Lithium Atom (71:102)

Total scattering of nonidentical atom
Spin-exchange cross sections of nonidentical atom

Hyperfine transitiog cross sections of nonidentical atom
from f=2 - f=|I

Total scattering of identical atom
Spin-exchange cross sections of identical atom

Hyperfine transition cross sections of identical atom
from =2 - =]

G;U G;; Uﬁy qiu Oé; 0;;

1950.4 251.5 188.6 3899.7 873.8 522.
1964.8 227.2 170.4 3922.3 900.3 505.
1965.6 21k, 7 161.0 3941.7 925.0 502.5
1983.9 193.3 145.0 3961.1 ak6.7 yrr.T
2017.5 181.1 135.8 4029.6 997.1 h71.6
1988.2 167.8 125.8 3986.0 996.5 L46h.,0
1987.8 169.2 126.9 3975.1 1011.5 L62.0
1920.6 162.3 121.7 3825.7 953.5 439.4
1877.1 168.5 126.3 3760.4 936.3 434
1808.2 163.2 122.4 3637.5 892.2 433.9
1702.9 157.6 118.2 3384.7 80ok.0 400.2
1682.2 158.2 118.6 3351.3 803.7 400.1
1643.9 160.8 120.6 3302.8 793.6 L05.2
1646.4 145.4 109.1 331k, 7 813.3 393.9
1651.1 150.3 112.7 3311.7 827.1 392.7
1636.1 142,1 106.6 3257.1 815.6 375.3
1640.4 141.1 105.8 3262.9 835.0 374.6
1609.7 148.2 111.2 3220.1 827.7 382.8
1598.9 138.6 103.9 3202.0 832.0 373.7
1569.0 1hs5.7 109.3 3144.0 815.0 37h.1
150k.6 140.3 105.2 3001.7 755.8 354.2
1468.0 142.3 106.7 293k .4 736.6 352.0
1413.7 148.4 111.3 2834.3 699.8 352.5
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T

1367.6
1317.1
1299.5
1277.1
1257.8
1254.2
1266.4
1258.2
1255.7
124),3
1226.4
1177.6
1126.4
1088.1
1070.3
1068.9
1053.2
1067.k4
1067.6
1077.5
1064.1
10kh.7
10424
1015.7
987.4
hT.2
965.
995.3
981.6
918.
883.0
873.
8Th.2
831.9
843.0
811.
831.9
T95.5
T76.7T
T6k.7
Th9.h
T76.3

TABLE 5.2 (Continued)

Thx

146.1
141.5
145.9
148.6
149.9
142.9
145.3
136.5
131.7
130.4
129.2
127.1
126.0
127.2
130.4
132.6
130.4
135.3
135.2
135.6
132.6
131.2
129.9
128.7
129.6
129.3
129.8
130.2
130.0
129.9
129.8
128.4
120.2
123.2
122.1
111.6
120.8
121.7
114.6
118.0
119.4
115.7

Ty

109.6
106.1
109.4
111.4
112.4
107.1
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Uz

274k, 9
2643.7
2594.9
2544.8
24984
2498,2
2535.0
2531.5
2518.7
2493.6
24s5T7.2
2360.0
2255.5
217h.2
2136.7
21344
2105.4
2134 .4
2132.9
2149,2
2122.1
2083.5
2081.8
2031.7
1974.6
1890.5
1926.5
1987.4
1955.6
1842.4
1759.6
1764k.1
1743.6
1676.3
1693.4
1610.3
1641.8
1608.5
1546.2
1533.4
1506.4
1548.9

Tox

668.2
632.2
618.3
605.6
590.7
602.5
629.1
652.8
669.4
666.6
657.3
625.3
589.4
563.

555.7
558.3
555.9
575.6
588.8
599.8
595.7
584.4
581.7
560.7
535.k4
497.9
520.6
559.9
554.6
512.3
h79.1
503.7
500.9
469.5
486.3
460.3
465.5
456.8
450.3
Ll .3
428.2
uu8,.2

%

345.8
334.9
330.2
325.8
320.0
315.2
323.2
320.1
312.7
308.3
303.5
293.4
284 .k
278.9
277.8
279.0
27h.7
279.9
279.1
280.6
276.2
271.8
271.2
266.8
263.1
257.0
258.2
262.7
259.1
252.5
2hL L
247.8
236.2
236.6
234.2
216.0
225.1
226.3
216.7
218.1
21k, 4
214.8
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230
250
270
290
310
325
350
370
390
405
410
430
450
L70
490
510
540
600
650
700
750
800
850
900
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2250
2500
2750
3000
3250

O

T76.3
T46.3
718.8
738.8
TOL.7
685.4
705.8
66h.1
686.8
681.4
675.3
716.6
697.6
687.9
6Lk.8
675.6
620.3
621.6
666.3
679.2
619.3
563.1
629.4
648.0
606.2
577.0
637.7T
569.4
606.8
598.7
546.0
591.3
621.8
550.3
576.2
604, 5
553.9
572.8
558.0
568.5
546.0

TABLE 5.2 (Continued)

T

115.7
119.7
118.7
116.1
11k4,6
10k.6
111.3
11k.7
105.2
117.3
111.4
112.3
114.,1
116.5
112.3
102.6
110.6
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Ozu

1548.9
1402.2
143k L
1471.0
1380.8
1400.6
1422.,9
133k4.5
1380.4
1363.6
1335.4
1413.6
1384.0
1366.1
1295.7
1337.0
1218.9
1252.8
1320.5
1362.7
1248.4
1131.6
1284.8
1300.1
1198.6
1157.9
1267.3
1130.3
1217.7
1190.9
1079.7
1195.1
1239.9
1095.8
1138.6
1212.3
1089.9
1159.6
1113.7
1152.5
1113.5

Uzx

448.2
432,2
410.8
430.7
L405.3
15,2
419.8
395.3
394.0
399.5
387.8
403.5
Lok.9
391.1
381.1
383.7
371.1
361.2
380.1
393.0
359.8
336.4
379.6
373.8
344, L
342.5
370.2
335.5
345.3
346.9
319.4
345.9
357.T
32h.7
327.9
340.9
319.9
330.3

320.7

326.4
318.0

Ty

214,8
21k Ly
203.9
210.4
198.8
198.L4
203.3
194.3
19k.9
201.8
195.3
200.3
198.5
203.7
193.5
185.9
184.7
179.0
192.8
199.3
183.5
171.3
190.7
185.5
176.1
180.0
185.1
168.8
174.9
173.9
164.7
178.2
171.1
160.2
161.9
178.1
161.9
167.4
166.9
165.5
158.9



TABLE 5.2 (Continued)

(o
E(°k) ij OJNX G/uy U/IU Oéx Gi),
3500 552.6 97.7 73.3 1123.9 313.8 168.8
3750 536.5 102.6 76.9 1066.3 311.7 167.6
4000 555.3 ol.5 68.6 1101.5 319.2 162.0
4250 549, 7 86.4 64.8 1080.2 306.4 156.4
4500 538.7 91.0 68.3 1082.0 308.9 159.8
4750 549.5 9. b 70.8 1084.0 317.3 162.0
5000 538.7 95.6 1.7 1074.9 305.4 164.6
5500 543.0 8Lk.9 63.7 1092.9 312.1 154.7
6000 533.0 93.4 T70.0 1046.5 299.6 159.0
6500 525.4 88.5 66.4 1ok2.2 298.5 152.3
7000 520.5 87.3 65.4 1031.0 297.4 152.1
7500 51T.7T 92.7 69.5 1051.5 295.9 158.3
8000 521.5 85.3 63.9 10k6.7 302.7 154.2
8500 502.4 82.0 61.5 1024.8 290.7 148.5
9000 hg1.6 92.h 69.3 989.9 287.1 152.5
9500 513.1 gl.2 68.4 1014.3 290.8 151.4
10000 504.2 83.7 62.8 1004.6 289.8 148.3



TABLE 5.3

Spin-Dependent Cross Sections of Sodium Atom (9T 9.02)

Total scattering of nonidentical atom
Spin-exchange cross sections of nonidentical atom

Hyperfine trans1t10n cross sections of nonidentical atom
from f=2->f" |

Total scattering of identical atom
Spin-exchange cross sections of identical atom

Hyperfine transition cross sections of identical atom
from f=2 — £=

Gﬂu Ofx | OJN/V O{U G);x Oé/v

1800.2 190.1 142.6 3604.6 965.2 4h6.1
1881.8  198.4 148.8 3755.6  1028.9 461.8
1880.8 197.3 147.9 3747.1 971.7 461.9
1825.1 187.3 140.5 3625.6 884.6 hhs5,1
1932.1 177.0 132.8 3857.9 93,4 459.2
2045,2 159.4 119.5 L4070.7 1023.0 458.7
2090. 4 154.8 116.1 4180.0 1058.7 466.3
2043.6 145.2 108.9 L082.7 1020.4 4,7
1997.8 146.7 110.0 3987.9 977.3 Lk, 0
1961.3 149.3 112.0 3923.9 956.7 hh2,2
1964.3 153.9 115.4 3924.2 96h. 4 hhs,1
1978.3 161.6 121.2 3961.8 989.3 56,k
1972.5 163.2 122.4 3958.1 997.6 457.2
1937.7 159.7 1no.7 3865.0 959.5 Lh2,1
1933.8 159.2 119.4 3853.1 943.5 4ho,5
1916.6 163.6 122.7 3835.3 935.8 L46.8
1898.6 170.1 127.5 3805.2 938.5 Lu8,7
1897.3 171.6 128.7 3798.1 956.4 451.5
1866.7 177.0 132.7 3734.7 937.0 445.3
1837.9 169.2 126.9 3667.5 o15.4 435.0
1814.9 159.1 119.3 3621.8 895.0 421.8
1809.8 163.5 122.6 3620.7 89k .4 431.1
1788.1 159.3 119.5 3584.9 88h.7 hop,1
1793.1 161.1 120.8 3583.7 899.3 420.1
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O

1782.3
1763.4
1756.0
1718.0
1671.9
1683.7
1664.2
1637.5
1663.9
1643.5
1602.3

1589.3

1554.8
1579.1
1465.1
1459.2
1508.3
1455.5
1486.7
hTh.7
1453.2
1471.1
1409.9
1362.0
1363.6
1332.8
1361.9
1313.6
1262.7
1256.2
1242.8
1221.3
1185.9
1179.2
1125.4
1102.9
1035.4
1088.2
1058.9
1052.3
96T7.5
1029.0
934.9

TABLE 5.3 (Continued)

T

166.3
171.9
169.1
157.9
163.6
155.1
1hk,1
k.7
158.4
156.9
166.5
156.5
141.h
149.3
156.3
151.6
155.7
161.5
161.0
149.3
163.0
146.9
156.9
150.6
158.7
153.7
154.8
140.0
153.8
150.8
1kk.0
153.5
132.3
151.0
150.2
139.2
148.3
143.8
139.6
bk .k
141.2
153.3
11,2

Gy

124h.7
128.9
126.8
118.4
122.7
116.3
108.1
108.5
118.8
117.6
124.8
117.3
106.0
112.0
117.2
113.7
116.8
121.1
120.7
112.0
122.2
110.2
117.7
112.9
119.0
115.3
116.1
105.0
115.4
113.1
108.0
115.1

99.2
113.2
112.6
10k.4
111.2
107.9
10k.7
108.3
105.9
115.0
105.9

o

3554.3
3528.0
3506.5
3438.3
3354.5
3341.2
3349.6
3269.3
3353.7
3270.7
3188.6
3204.5
3094.0
315k4.7
2932.9
2903.4
2995.0
2934.1
2957.9
2928.5
2934.7
2961.5
2773.1
2712.7
2730.4
2648.5
2757.4
2656.9
2566.8
2505.4
2491.8
2462,.2
2359.5
2363.7
2250.9
2202.6
2091.8
2179.0
2126.4
2077 .4
1936.5
2047.9
1823.8

o

89k .k
881.8
886.3
870.7
832.8
84k.2
839.3
829.5
862.0
825.5
805.5
810.8
784.0
818.6
766.9
757.0
T72.7
752.6
T65.5
752.8
765.5
T73.3
734.0
703.3
709.8
T06.5
T17.0
692.3
696.2
681.6
660.9
663.8
6L40.4
654.9
615.6
614.0
588.8
599.6
592.0
588.9
Shk.3
580.4
512.4

Ozy

Lo, 7
hos5.1
423.5
411.9
hos.2
397.1
388.0
383.3
Lok.9
392.1
391.9
390.5
361.8
375.5
361.7
356.4
368.8
372.7
367.8
357.2
374.3
361.4
k.7
340.0
350.5
336.5
35%.5
330.7
334.0
319.7
316.5
321.7
300.1
314.0
304.2
287.6
284.0
291.1
284.2
277.3
265.8
287.8
254 1y
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E(%k)

250
270
290
310
325
350
370
390
Los5
410
430
450
470
koo
510
540
600
650
T00
750
800
850
900
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2250
2500
2750
3000
3250
3500
3750

u

oLT.7T
937.7
ghl.T
887.8
901.9
866.5
859.2
84k .2
8h6.2
837.2
93k.T
839.7
870.0
880.8
835.0
836.1
809.3
812.7
T60.4
783.6
832.2
808.9
T61.1
770.6
732.9
710.9
735.0
800.4
700.0
648.2

T33.7
733.1
6774
696.2
703.9
672.0
721.8
659.2
690.8
659.8
652.9
692.0

TARLE 5.3 (Continued)

O

140.1
138.9
138.5
143.1
127.3
134.8
151.0
127.1
128.7
127.3
136.6
128.7
128.5
123.1
125.6
138.5
12L.3
130.9
123.7
134.1
121.0
121.9
124.2
116.7
119.4
109.7
116.9
122.6
117.0
115.9
119.3
1144
119.3
109.9
111.9
115.0
105.6
11kh.4
113.1
114.3
109.6
109.2

Ty

105.0
10k.1
103.8
107.3

95.4
101.1
113.2

B [
2288 eRRRERY
GO OOPDWWOIITUTWUNTW

|_l
\O\0 O
\Lgl—-oo
I SRR

87. 5

Qo 0o 00 OO0 GO 00 Q0 CONO 0 OO0 CO
O\ DO \WUI\O 9\ﬁ 1—'4 ND\O
L) L) . . - » L] L3 .
WO FF o F\O~~N\O0-lw\wn

79.2

8. 89

85.7T7
82.21

81.93

(o)
\J‘1
CI)

o%u

1840.0
1877.4
1907.0
1753.3
1802.5
1746.8
1731.1
1682.3
1672.1
1673.8
1861.5
1673.4
1736.4
1793.8
1672.6
1680.3
1565.0
1618.4
1533.7
1565.0
1685.8
1609.0
1551.7
1535.5
14h5.h
21,7
1462.7
1586.6
1386.4
1291.3
1449.8
14714
1326.6
1371.9
1409.5
1358.2
1431.3
1322.6
1400.0
1307.5
1319.4
1382.1

O

538.7
519.3
538.8
511.0
516.5
L99.7
516.1
L476.1
476.8
Log3.2
531.0
478.2
Los, 7
502.7
480.2
484.3
459.0
480.6
439.3
458.9
L76.7
L461.6
4k9,8
437.3
430.2
419.3
418.1
453.0
hok.2
381.8
L422,.3
4oo,1
381.0
400.1
410.5
394.0
h4is5.5
381.5
399.7
381.2
379.0
391.1

260.2
260.8
265.3
254.8
oLh7.2
250.2
260.4
239.6
232.9
237.6
257.2
235.1
241.9
247.1
234.8
2k3.9
218.9
232.4
218.8
230.3
234.5
222.7
226.6
212.9
209.0
201.8
210.0
222.6
205.k4
195.4
208.9
208.4
198.2
194.1
204.2
201.6
199.0
196.1
205.0
193.6
196.2
198.8
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E(°k)

4000
L4250
4500
4750
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500
10000

O

635.2
631.3
672.7
638.4
642.9
635.0
635.8
625.1
635.5
631.2
626.1
606.4
630.0
616.8
602.7

TABLE 5.3 (Continued)

Oix

112.2
103.7
106.1
104.5
111.3
106.5
103.4
109.4

101.2

94.5
106.0
109.1
10k.2
101.7

Oy

84.17
T77.84
79.60
78.44
83.52
79.90
757
82.07
83.97
75.91
70.93
79.50
81.85
78.21

76.33

Sk

1248.7
1250.0
1316.4
1268.5
1282.0
1294 .1
1246.9
1228.7
1259.2
1270.3
1235.2
1210.6
1275.1
1232.2
1216.6

ox

366.7
360.1
367.5
372.0
376.0
357.9
37k.3
344.,0
36k4.5
358.3
348.7
349.6
361.4
344,40

345.9

ahy

186.8
183.9
189.6
187.2
191.1
189.5
181.8
185.8
190.6
181.8
175.1
181.9
188.3
i84.2
178.6



E(°k)

10
11
12
13
1k
15
16
17
18
19
20
21
22
23
24
25
26
a7
28
29
30
31
32
33

TABLE 5.4

Spin-Dependent Cross Sections of Potassium Atom (‘J'(,aoz)

Total scattering of nonidentical atom

Spin-exchange cross sections of nonidentical atom

Hyperfine transition cross sections of nonidentical atom

from f=2-> =

Total scattering of identical atom

Spin-exchange cross sections of identical atom

Hyperfine transition cross sections of identical atom
from f=2 5> f%=1

Oy

3964.9
3869.5
3950.7
387h.L
38%.3
3685.7
4000. 4
3877.2
3970.7
L020.0
4031.8
3938.7
LoOk.6
3835.5
3998.2
3941.6
3988.5
LoT6.0

4058.2
3979.9
3920.9
3857.0
3803.1
3853.7

o

428.8
319.9
307.7T
322.5
334.9
363.7
371.9
395.6
399.1
hot.7
350.0
352.7
340.2
364.0
353.4
346.6
339.6
321.6
283.7
292.6
322.4
299.5
318.2
328.3

oy

321.6
239.9
230.8
241.8
251.2
272.8
278.9
296.7
299.3
320.7
262.5
26kL.5
255.1
273.0
265.0
259.9
254, 7
241.2
212.8
219.5
241.8
224 .6
238.6
2h6.2

O

7962.0
T7723.8
7922.7
T697.T
TTTT 4
7380.3
8026.2

T740.1
8014.6
7998.3
8088.2
7873.9
808k4.6
7628.8
8028.6
7865.1
7952.1
8192.1
8070.6
T975.2
7850.1
T731.9
T577-3
7740.6

T

2016.0
1939.1
1997.1
1981.7
1973.2
1882.2
2031.4
194h.0
1990.1
1965.0
2035.5
1985.4
2001.5
1876.7
2000. 3
1941.8
1950.2
2015.1
1990.4
1984.1
1918.7
1913.2
1882.9
1920.7

0>

992.0
881L.4
901.8
881.6
898.6
899.7
950.7
951.0
983.5
991.7
o9lk.8
930.

937.6
916.8
946.0
923.6
923.9
935.9
8814k
899..8
900.9
875.1
871.3
898.0
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T

3986.5
3850.3
3879.3
3774.0
3787.7
3784.8
3810.4
3672.0
3680.5
3561.6
3568.9
3613.1
3hoh.2
3563.0
3591.4
3463.4
3466.3
3413.1
3286.7
3276.0
3203.4
3288.1
3206.1
335k.4
3262.9
3189.9
3098.5
2912.1
2969.9
2886.6
2982.2
2707.8
2662.0
2521.5
2473.9
2420.0
2391.2
2358.3
2392.5
2311.3
2300.4
2270.7
2010.4

TABLE 5.4 (Continued)

e

310.0
305.1
306.8
317.5
288.7
291.9
324.0
304.0
315.6
316.2
328.1
280.0
305.5
301.0
329.7
319.9
331.4
312.1
324.0
299.4
283.6
288.7
267.2
289.2
282.2
320.2
272.9
290.9
321.8
288.8
306.0
295.1
281.5
292.4
303.9
280.2
274.5
285.3
260.0
254 .6
289.2
278.3
262.2

O/IU

T7968.7
7634.1
7829.2
T472.3
7589.2
7516.3
T679.5
T269.4
T361.9
7086.5
7186.6
7236.3
6959.4
7130.3
7158.3
6946.6
6899.9
67T77.1
6508.3
6627.7
6378.8
6572.7
6420.5
6783.6
6506.2
6472.9
6222.7
5820.9
5885.6
5708.2
5912.0
5480.6
5288.9
4968.5
5024 .8
4824.5
479hk.0
L757.9
4858.3
4598.8
4578.2
4sht.9
Lol15.4

dex

1989.4
1893.8
1943.3
1851.7
1872.8
1829.1
1870.5
1789.1
1850.9
1792.5
1797.0
1819.3
1709.3
1776.8
179L.7
1747.2
1737.9
1720.5
1630.8
1673.8
1624.8
1652.5
1624.3
1720.5
1653.0
1642.8
1580.3
1508.9
1500.5
14554
1504.6
1407.0
1401.8
1292.8
1335.0
1300.0
1281.6
1283.7
1305.4
1225.9
1240.7
1222.8
1086.1

Z

899.4
863.7
896.1
856.9
850.5
84k6.9
896.0
834.5
84T.3
832.5
855.0
820.2
808.6
821.8
84k6.9
825.4
825.5
808.5
TOL.L
785.8
752.6
763.5
739.3
787.9
T48.7
793.9
T22.4
706.3
135.9
691.1
T22.5
689.8
651.4
633.7
656.1
60T7.5
604 ,1
618.2
606.8
570.1
602.7
583.1
534.2

68



E(%k)

250
280
290
310
325
350
380
390
405
410
430
450
480
490
510
540
600
650
700
750
800
850

950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2250
2500
2750
3000
3250
3500

O

2036.7
2057.7
1966.7
1899.1
1987.0
1894.2
1838.9
1829.5
1840.6
1855.9
1907.3
1832.1
17374
1724.3
1770.8
1676.3
1703.3
1655.7
1585.1
1716.8
1572.2
1566.4
1531.5
1455.2
1495.5
1511.8
1499.0
1479.6
1400.9
1409.8
1431.0
1311.4
1k22.6
1446.4
1468.5
1196.2
1435.6
1296.1
1303.9
1373.7
1242.8

T

284.6
277.1
254.6
272.7
278.4
246.2
268.3
275.9
277.1
266.3
236.5
26708
277.9
276.4
252.2
250.5
275.9
226.7
252.5
240.6
2h2.9
2u6.4
241.0
234.9
250.7
234.1
232.2
2h3.7
232.0
226.3
237.3
2241
223.5
233.0
21k.6
218.8
226.4
216.7
199.2
227.5
220.3

T

213.5
207.8
191.0
204.5
208.8
18k.7
201.2
206.9
207.8
199.7
177.4
200.8
208.4
207.3
189.1
187.8
206.9
170.0
189.4
180.4
182.1
184.8
180.7
176.1
188.0
175.6
174.2
182.8
174.0
169.7
177.9
168.0
167.6
17h.7
160.9
164.1
169.8
162.5
149.4
170.6
165.2

TABLE 5.4 (Continued)

Tl

L069.4
hiio.2
3921.6
3786.9
3957.3
3739.3
3713.4
3684.6
3687.5
3704.2
3818.4
3596.4
3498.4
3424 .2
3555.4
3335.4
3351.2
3327.1
3188.4
345k k4
3168.2
3130.0
3001.4
2865.8
2976.5
3022.1
2983.5
2963.2
2763.3
2858.9
2870.4
2622.8
2853.1
2871.8
2940.6
2391.5
2926.4
2560.2
2594 .2
2767.6
2479.8

T

1152.1
1111.4
1111.9
1053.1
1101.4
1075.4
1065.8
10k3.7
1047.5
1070.4
108k4.0
990.3
1023.5
972.9
1008.4
975.1
o7l.4
953.5
922.9
964.9
911.0
92h.1
875.7
866.0
857.7
851.3
85k.9
858.2
810.6
839.6
860.4
784.6
829.7
8ok . iy
853.2
727.6
837.4
T43.6
762.2
799.4
728.3

4
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E(%k)

3750
4000
4250
4500
k750
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500
10000

T

1298.1
1276.9
1210.5
1242.1
1280.9
1215.1
1228.2
1208.5
1181.9
1186.4
1199.2
1237.9
1179.5
1132.5
1224.5
1184.7

TABLE 5.4 (Continued)

e

219.4
213.7
213.1
231.0
209.1
209.8
198.0
211.0
205.4
201.7
207.7T
206.5
208.0
199.3
192.2
200.0

J,

164.5
160.2
159.8
173.2
156.8
157.3
148.5
158.2
154.1
151.3
155.8
15k4.9
156.0
149.4
14k ,2
150.0

Cﬁél

2601.9
2583.7
2400.9
2417.6
2591.6
2Lh6l.7
2476.3
ol 7
2399.2
24114
2408.6
248h .7
2L00.0
2303.1
2394.7
2410.4

o

T3k4.2
T4T.9
722.k4
686.9
732.6
729.6
T15.4
726.3

681 8
693.8
699.8
670.2
659.9
69L.7
676.1

379.7
378.3
364.3
369.9
378.9
365.5
360.2
366.6
357.0
356.5
354.6
365.2
360.8
341k
345.7
353.0
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TABLE 5.5

Spin-Dependent Cross Sections of Rubidium Atom (9( aoe)

Total scattering of nonidentical atom
Spin-exchange cross sections of nonidentical atom

Hyperfine trans:.tlon cross sections of nonidentical atom
from f=3— f= 2

Total scattering of identical atom
Spin-exchange cross sections of identical atom

Hyperfine transition cross sections of identical atom
from f=3 - fi2

O T 07§y T Ty Gzy

Lokg,9 435.8 363.1 9860.4 2411.0 gl5,
L783.4 L7k 397.8 9569.1 2337.4 9
4760.3 377.2 314.3 9511.0 2313.7 8
6ok, 3 383.3 319.4 9398.7 2330.4 882.1
Ls72.9 385.0 320.8 9160.1 2259.6 873.9
Lh82.7 417.0 347.5 8960.6 2243.1 886.3
4234.2 4o6.5 338.8 8hTL.h 2159.4 843.4
4119.6 396.9 330.7 8255.0 2031.3 829.1
hhh,7 Lot.7 339.8 8254.9 2046.7 830.0
3952.4 409.2 341.0 7892.8 2004.8 817.0
hikT.5 413.7 344.8 8352.8 2096.9 850.5
4210.8 398.9 332.4 8409.3 2142.9 833.4
4002.2 390.5 325.4 8006.6 1997.8 811.1
3999.2 409.5 341.2 TT. b 2021.3 811.6
LoT75.7 376.4 313.6 8116.3 2080.3 799.4
3936.7 405.9 338.2 T7916.6 2016.4 818.9
3928.7 402.5 335.4 7629.3 1987.2 800.0
3960.6 LoT.1 339.2 T9.5 2035.5 815.7
3911.1 375.7 313.1 7838.5 1984.6 786.1
3881.6 360.0 300.0 7768.1 1956.9 T71.1
3922.3 381.9 318.2 7859.2 1991.4 T91.6
Look.8 352.9 204 .1 8012.3 2005.0 TTT.1
Lo8k.T 337.0 280.8 8155.9 2076.1 T67.1



Oho

Lo8k.T
3973.8
4055.2
Lo68.4
4026.8
LOT9. L4
398k.2
Lo75.5
Lozs.5
4102.0
4127.6
3920.0
409l.5
4069.8
L075.3
4208.0
4151.1
L096.7
L4012.0
4023.8
3887.6
3930.1
3881.0
3878.1
LoT6.0
3946.6
L4o11.3
L026.8
3820.2
3696.4
3673.5
3673.3
3577.6
3449.5
3382.7
3389.5
3308.5
3136.7
3057.0
3026.2
3040.5
3049.3

TABLE 5.5 (Continued)

T

375.4
377.3
381L.5
356.8
378.4
382.2
324 .4
3414
3344
348.3
330.2
3Lk2.6
368.3
349.6
378.1
352.9
307.8
318.5
33L.7
330.6
337.5
350.8
366.3
356.8
33k.7
336.2
329.6
321.1
330.9
311.6
303.2
307.2
322.1
351.0
301.2
306.6
3k2.9
286.4
307.0
316.2
315.9
277.8

Ty

312.8
3144
317.9
297.3
315.3
318.5
270.4
28L.5
278.7
290.2
275.1
285.5
306.9
291.3
315.0
294.1
256.5
265.4
276.4
275.5
281.3
292.4
305.3
297.3
278.9
280.2
2Th.6
267.5
275.7T
276.4
252.7
256.0
268.4
292.5
251.0
255.5
285.8
238.7
255.8
263.5
263.2
231.5

Ttw

816k4.1
7931.6
8177.8
8101.0
8077.1
8136.7
7974.8
81k42.3
8057.7
8164.7
8268.3
7852.4
82Lh, 7
8137.0
8137.5
8hio.k
8328.8
8192.9
T99%4.6
8032.5
TT9%6.4
7899.0
TTh1.1
TT55.4
8162.8
7831.9
8013.2
8026.8
7666.9
7385.3
7328.9
T374.8
TL76.5
6950.9
6773.2
6793.9
6583.7
6261.3
6101.5
6027.1
6031.8
6089.6

ol

2060.1
2017.9
2054.6
2023.0
2010.6
2000.2
1969.0
2066.5
2049.2
2069.5
2056.8
1954.1
2041.0
1989.2
2025.0
2074.0
2053.6
2003.5
1992.9
1973.5
1933.0
1956.6
1921.7
1887.6
2015.2
1944.0
1971.6
1970.3
1884.6
1881.5
1805.3
1825.1
1785.7
1695.0
1687.1
1737.1
1636.6
1572.5
1570.9
15454
1512.9
1578.8

T

T96.4
787.1
816.6
TT5.T
8ok.5
801.5
T43.9
T70.5
761.6
T76.T
TT1l.3
758.4
81k.2
T780.3
801.7
795.1
757-2
757.1
753.9
760.0
750.7
T75.9
T67.9
763.1
769.5
Thl.2
750.7
T43.9
T41.0
721.5
686.

TO4.3
T01.5
71k . b
659.4
666.1
675.6
607.1
622.3
623.8
619.9
502.1

72



E(°k)

200
210
230
250
270
290
310
325
350
370
390
405
410
430
450
L0
490
510
540
600
650
700
750
800
850
900
950

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2250

2500

2750

3000

Ty

3049.3
2905.0
2876.0
2799.5
2760.3
2632.1
2499.3
2513.9
2417.5
2348.1
2253.7
2392.2
2269.0
2294 .5
2121.5
2219.6
2197.9
2219.8
2180.8
2141.9
1984.7
1969.8
1914.8
1905.4
1902.4
1888.8
1793.5
1719.1
1732.2
1812.9
1666.5
1643.0
1776.0
1625.0
1668.4
1552.3
1511.5
1552.7
1546.2
1587.9
1463.2
1,7

TABLE 5.5 (Continued)

Tt

277.8
301.8
322.1
292,.3
307.5
291.3
279.3
284 .4
324.6
29.9
27h .4
294,0
290.7
29h.7
300.4
272.6
285.7
290.6
282.9
280.0
269.8
246.6
287.4
280.0
279.4
265.9
288.8
260.8
261.6
268.9
255.0
269.7
25T.5
248.0
257.0
267.8
238.1
245.3
241.0
236.4
252.9
225,1

Ty

231.5
251.5
268.4
2h3.5
256.2
2uo.7
232.7
237.0
270.5
2)"'7014'
228.6
245.0
242.3
245.6
250.3
227.2
238.0
2h2.2
235.8
233.3
224.8
205.5
239.5
233.3
232.8
221.6
240.6
217.3
218.0
22,1
212.5
22h .7
214.6
206.6
214.1
223.2
198.4
204.4
200.8
197.0
210.7
187.6

0%

6089.6
5837.8
575714
5526.6
5547.6
5285.7
4990.2
5009.9
4834.8
L737.4
Lhol .6
4769.3
4539.4
4592.0
k32,2
4h61.3
4364.0
L437.3
4361.4
4208.7
3978.0
3922.0
3827.8
3788.4
3808.9
3805.4
3625.4
34ho.h
3432.9
3662.4
3335.7

'3282.4

3559.3
3220.1
3334.0
3138.5
3008.5
3098.3
3093.5
3207.4
2010.1
2850.2

Oz

1578.8
1543.1
1500.9
1451.3
i411.2
1402.6
1315.0
1337.1
1317.0
1248.0
1225.9
1306.5
1238.6
1245.1
1170.4
1193.3
1233.2
1212.8
1190.6
1211.7
1085.1
1117.0
1077.9
1070.7
1079.2
1048.0
1056.8
978.8
990.k4
1049.8
952.9
958.5
1002.8
-932.6
97);. 9
907.1
890.5
895.9
883.7
916.8
847.3
831.3

%

592.1
608.0
612.k
561.4
594 .6
558.9
527.8
530.4
559.1
536.4
501.5
529.0
507.5
517.9
499.5
L4a1.6
Lot.T
502.1
495.9
486.7
458.8
435.3
L463.2
Lst.T
463.9
452.8
466.3
Lo1.4
417.7
hho,1
LoT1.6
hig.7
428.4
392.6
411.5
4164
373.3
388.6

383.5

386. 8
349.9



E(°k)

3250
3500
3750
L4000
4250
4500
4750
5000
5500
6000
6500
7000
7500
8000
8500
Q000

9500
10000

Ty

14h7.0
1451.9
1453.4
1554.7
1418.1
1312.8
1362.9
1467.7
1417.5
1395.1
1460.5
1287.1
1357.9
1393.3
1284.1
1300.1
1382.1
1316.5

TABLE 5.5 (Continued)

O

240.3
218.8
228.4
240.8
259.8
258.8
247.9
253.0
248.9
231.9
254.3
244.8
248.5
240.4
245.7
241.8
238.8
228.2

Ty

200.3
182.3
190.3
200.7
216.5
215.6
206.6
210.8
207.4
193.3
211.9
204.0
207.1
200.3
20k, 7
201.5
199.0
190.1

0o

2902.7
2887.2
2868.9
3100.5
2850.8
2625.4
2761.0
2985.8
2837.7
2775.9
2019.5
2584.9
2721.,2
2773.4
2561.0
2566.8
273k4.9
2607.8

zx

8T7.7T
837.5
816.6
90k .1
850.6
801.3
817.8
893.9
84k.0
818.0
869.6
777-%
800.7
829.2
785.8
T45.5
T9k.2
788.4

%%y

37’4‘06
353.k4
354.6
379.9
384.8
370.5
3777
398.6
373.9
352.4
389.9
363.3
3774
364.9
360.3
349.6
354.6
339.8

4



Spin-Dependent Cross Sections of Cesium Atom (7C aoa)

TABLE 5.6

Total scattering of nonidentical atom

Spin-exchange cross sections of nonidentical atom

Hyperfine trans:.tlon cross sections of nonidentical atom
from f=4-> f£3

Total scattering of identical atom

Spin-exchange cross sections of identical atom

Hyperfine transition cross sections of identical atom
from f=4 — %3

e

4ool.l
5036.6
L875.7
4oo8.2
5146.4
5046.2
L887.7
5042.0
4737.2
4884.5
hoit.T
4732.0
Yy7ok.9
L4666.1
4600.0
hsho b
4351.5
4332.5
4h11.9
4290.5
4298.0

T

L57.9
hir.7
L17.3
L17.5
426,k
L426.0
4i12.0
399.8
403.6
hi7.h4
Lo8.4
h11.1
417.0
421.1
427.8
396.4
438.8
435.4
389.6
390.7
409.0
373.8

y

L0oo.6
365.5
365.2
365.3
373.1
372.7
360.5
349.8
353.1
365.2
374.8
359.7
364.9
368.5
374.3
346.9
384.0
381.0
340.9
341.9
357.9
327.0

O

10009.2
10068.0
9737.6
9841.0
10317.7
10111.7
oT4T7.9
10135.0
ok62.9
9768.8
9862.3
oly7h.8
okko.9
93474
o17hk.1
9103.6
8717.3
8631.4
8824 .4
8594.0
8608.1
8263.5

Tx

2524.1
2514 .6
2hl2.9
24h58.6
2520.8
2492.8
2361.6
2h6h.1
2328.1
2385.9
2428.0
2323.8
2326.0
2306.2
2237.5
2300.7
2177.4
217h.1
2246.8
2133.4
2156.7
2094.3

Oy

869.8
832.2
816.8
822.1
859.6
843.7
810.1
82k.7
787.5
824.3
837.2
T97.2
806.3
799.8
793.3
768.5
788.8
TT5.4
750.2
Tho.2
756.1
702.9

75



4119.9
4133.9
4079.1
4o77.0
Lo43,2
3955.9
4156.0
4157.0
4038.0
4126.4
4193.7
4150.2
4007.5
LoT2.9
koo2.7
397k4.3
4089.0
koTT7.8
4090.5
4155.1
4228.0
Lhakh 4
hoo6.2
4283.0
4021.8
hoik.7
4ko51.5
LoT16.0
4143.6
koh6,5
4090.4
4318.5
4206.3
3926.7
4100.7
3978.0
3813.1
3803.7
3T46.1
3728.3
3592.7
3631.9

TABLE 5.6 (Continued)

O

387.4
413.4
397.5
Lo2.0
372.3
38L.7
356.6
Lo6.6
382.9
329.1
384.6
359.2
379.5
371.5
hit.7
34k4.5
321.3
347.7
378.k4
337.2
353.3
386.6
373.1
381.2
365.8
345.0
360.7
346.5
349.3
367.2
33k.5
322.0
301.3
336.2
354.4
340.4
31h4.7
330.0
309.4
307.0
342.8
333.4

Ty
339.0
361.7
347.8
351.8
325.8
336.6
312.1
355.8
335.0
287.9
336.5
314.3
332.1
325.0
365.5
301.5
281.1
304.3
331.1
295.0
309.1
338.3
326.5
333.5
320.0
301.9
315.6
303.2
305.7
321.3
292.7
281.8
263.7
204,2
310.1
297.9
275.3
288.8
270.7
268.6
299.9
291.7

T

8264.0
8272.5
8193.7
8570.5
8095.0
T911.5
831k.7
8346.1
8092.6
8281.0
8316.6
8318.2
8024.3
8144.9
8021.0
7952.9
8151.8
8147.1
8207.6
8335.3
8489.7
8274.8
8486.7
8567.0
8ok6.2
84h7.7
8463.1
8176.1
8288.1
8467.5
8180.1
8234.1
8399.0
7854.5
8218.0
7953.2
T59%.2
7597.9
T471.1
T465.0
T7205.2
7282.3

0%

2130.0
2095.6
2098.7
2202.7
2084.1
1988.5
2129.5
2115.6
207h.2
2093.6
2130.0
2119.8
2022.2
2077.8
2006.7
2024, 7
2082.6
2025.6
2076.6
2128.7
2126.5
2026.7
2106.8
2123.9
1996.9
2076.7
2078.8
2035.2
2023.1
2087.7
2008.6
2043.6
2066.0
1924.2
2039.8
1967.6
1877.2
1904.9
1831.7
1832.8
1791.6
1821.1

Ozy

725.1
T4k, 0
T27.7
T4o.1
698.5
T704.1
696.4
750.6
T12.5
669.8
TOT.4
TOL.h4
702.6
T700.8
Th5.5
666.5
651.7
681.1
715.7
678.9
T05.7
721.0
730.6
T732.1
693.7
695.8
706.3
683.5
687.3
T11.2
668.2
664 .7
646.8
658.0
696.3
667.6
625.2
640.9
609.8
613.3
635.8
629.1

76



E(%k)

200
210
230
250
270
290
310
325
350
370
390
Los5
410
430
450
k10
490
510
540
600
650
700
750
800
850
900
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2250
2500
2750

e

3430.6
3346.7
3377.9
3187.7
3123.2
3133.4
3034.5
3066.4
2959.2
2842.8
2868.5
2752.1
2680.9
2580.9
2665.9
2699.3
2543.5
252 b4
2540.8
2h22,5
2364.5
2277.9
2184 .6
2115.5
2181.1
2170.9
2053.5
2015.0
2135.4
18k7.4
1953.3
1818.6
188L4.5
1894.2
187h.T
1827.3
1818.0
1709.1
1713.4
1603.5
1690.9

TABLE 5.6 (Continued)

O

324.0
296.4
310.5
326.6
303.1
300.9
320.0
306.1
297.1
328.4
297.9
312.3
292.4
302.6
318.1
304.5
307.0
273.2
307.0
276.8
300.4
306.9
292.1
295.8
283.8
279.9
280.2
303.8
270.4
275.5
287.9
270.7
296.0
311.9
281.7
295.0
289.8
269.4
289.8
272.8
272.7

Ty

283.5
259.3
2T1.7
285.8
265.2
263.2
280.0
267.9
259.9
287.3
260.7
273.3
255.8
264.8
278.3
266.4
268.6
239.0
268.6
242.2
262.8
268.6
255.6
258.8
248.4
2kh.9
245.2
265.8
236.6
241.0
251.9
236.9
259.0
272.9
246.5
258.1
253.6
235.7
253.6
238.7
238.6

Tro

6838.7
6704.5
6752.0
6385.3
62h3.2
6262.6
6127.8
6188.8
5952.3
5681.5
57h6.1
5480.4
5376.1
5130.6
5322.1
5360.9
5096.3
504L . k4
5083.6
4880.0
4731.1
L568.2
L3Th.T
k234 ,0
4363.4
4346.0
4105.8
4030.5
4267.9
3710.4
3918.9
3653.5
3758.8
3781.5
3749.9
3668.1
3623.9
3411.3
3k45.6
3204.6
3k22.0

b

1692.1
1652.9
i711.1
1589.9
1602.3
1583.5
1561.0
1613.6
152h.7
1481.7
1509.0
1463.8
1396.1
1355.3
1408.9
1h412.4
1357.0
1343.8
1366.4
1312.3
1304.2
1225.0
1228.3
1184.6
1186.5
1201.5
1158.4
1132.6
1187.7
1049.6
1116.9
1050.3
1084.1
1121.4
1092.5
1082.6
1034.6
1003.4
1055.7

951.4
1017.2

0%y

602.9
566.7
585.6
587.8
553.2
549.9
572.2
561.0
540.4
553.3
528.6
520.0
509.3
496.7
520.3
511.3
504.2
k1.0
502.1
473.7
Lh76.2
488.0
4s58.7
451.5
yso,7
ks, 7
43,1
hho.7
430.4
415.0
k35,4
411.0
430.5
L4h6.6
420.9
32,7
hakh,1
392.9
hlz.2
382.7
Lo2.k4

77



E(k)

3000
3250
3500
3750
Lo00
4250
k500
4750
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500

10000

C

1676.4
1669.0
1663.3
1512.3
1500.2
1526.7
1517.1
1545.8
1584.5
1468.

1358.9
1517.2
1485.4
1394.3
1425.1
1474.8
1400,7
1341.6
1463.2

TABLE 5.6 (Continued)

T

258.4
279.5
276.7
270.3
269.6
278.4
255.7
268.4
254.7
275.6
261.2
264.5
253.2
264 .6
2344
265.9
25T.5
25k, T
258.6

Ty

226,1
2hk.5
242.1
236.5
235.9
243.6
223.8
234.8
222.9
241.1
228.5
231.5
221.5
231.5
205.1
232.7
225.3
222.8
226.3

o

3339.0
3357.2
3324.2
3038.4
2962.8
3045.8
3033.7
3106.0
3199.7
2954 .4
2718.1
3039.3
2971 .k
2TTh.T
284k.9
2934.0
2786.2
2663.9
2927.T

378.1
Lho2.7
398.6
378.8
362.3
380.7
365.5
383.6
380.

378.9
35""’01
369.5
356.2
356.3
335.2
367.9
350.2
343.5
368.9

78
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TABLE 5.7
Averaged Spin-Dependent Cross Sections

of Hydrogen Atom (7T ao°)

(.J‘—“/u Averaged total scattering of nonidentical atom
6;,( Averaged spin-exchange cross sections of nonidentical atom
('-:N/)/ Averaged hyperfine transition cross sections of nonidentical
atom from §:|-» f'=0
E;;U Averaged total scattering of identical atom
OT;,( Averaged spin-exchange cross sections of identical atom
O—i; Averaged hyperfine transition cross sections of identical
7 atom from {=| » fko
(%) Ty &7 e 0w O Oz
10 72.31 21.67 10.83 151.48 418,03 28.21
11 73.69 22.30 11.15 152.16 48.75 28.58
12 74.89 22,84 11.42 152,74 49,38 28.90
13 75.94 23.31 11.65 153.24 49,95 29.19
14 76.86 23.71 11.85 153.67 50.45 29.4h
15 77.66 24.05 12,02 154.06 50.89 29.66
16 78.37 2h.33 12.16 1s5h. 41 51.29 29.86
17 78.98 24.58 12.29 154,72 51.65 30.03

18 79.52 24,78 12.39 155.01 51.97 30.19
19 79.99 2h.95 12.47 155.27  52.26 30.33
21 80.75 25,21 12.60 155.73 52.76 30.56

22 81.05 25.30 12.65 155.92 52.96 30.66
23 81.31 25.37 12.68 156.10 53.14 30.7h
24 81.53 25.42 12.71 156.25 53.30 30.81
25 81.71 25.46 12.73 156.39 53.44 30.87

26 81.86 25.k49 12.74 156.50 53.56 30.93
27 81.98 25.50 12.75 156.60 53.65 30.97
28 82.08 25.50 12.75 156.67 53.73 31.01
29 82.14 25.50 12.75 156.72 53.80 31.03



TABLE 5.7 (Continued)

Onx

25.48
25.43
25.35
25.26
25.14
25.02
2k, 89
24,75
24,60
2h . U5
24,30
24,14
23.98
23.83
23.67
23.51
23.35
23.20
23.0k4
22.89
22.7h
22.37
22,01
21.67
21.34
21.02
20.72
20.16
19.65
19.18
18.75
18.35
17.99
17.66
17.35
17.07
16.80
16.33
15.91
15.54
15.22

Ty
12.7h
12.71
12.67
12.63
12.57
12.51
12,44
12.37
12.30
12.22
12.15
12.07
11.99
11.901
11.83
11.75
11.67
ll'
11.52
11.h4
11.37
11.18

P S A R
0HQ B ED oo

HJutoO\NOWw—xw

53.8k4
53.89
53.89
53.8k4
53.75
53.62
53.47
53.29
53.09
52.87
52.64
52.39
52.14
51.88
51.62
51.36
51.10
50.84
50.58
50.32
50.06
ko, Lk
48.86
48.31
L7.79
h7.31
46,86
46.06
45.37
Lh,78
kY. 25
43,80
43.39
43,02
42,69
42,39
42,12
41,6k
h1.22
40.86
4o.53

86



T(%k)

300
320
340
360
380
400
420
L4ho
460
480
500
550
600
650
T00
750
800
850
900
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2200
2400
2600
2800
3000
3500
4500
5000
5500
6000
6500

ORu
65.37
65.05
64,76
64.48
64.23
63.99
63.76
63.55
63.34
63.15
62.96
62.53
62.1k4
61.7T
61.43
6l.12
60.82
60.54
60.28
60.03
59.80
59.36
58.97
58.61
58.28
57.98
5770
5T.4L
57.20
56.98
56.76
56.38
56.04
55.73
55.46
55.21
54,68
53.93
53.65
53.42

53.23
53.06

TABLE 5.7 (Continued)

O

14%.93
14,67
14.43
14.21
14.02
13.84
13.68
13.52
13.38
13.25
13.13
12086
12.62
12.42
12.24
12.09
11.95
11.82
11.71
11.60
11.51
11.34
11.20
11.07
10.96
10.87
10.78
10.71
10.64
10.58
10.52
10.k2
10.34
10.27
10.20
10.15
10.03

9.88

9.83

9.78

9.75

9.72

Gy
T.46

o
U O O w
(V)

* .

e« ¢ o s 8 o

RXERRRIEEERRERVUBEETERT TR L RREARIALRRER

L

ook P

.

sV I\ T\ T WA N\ ONONONONONONONONONOY ON T 1 =T
- L ] . * - [ 3 L] - ] . L) L] '] L[] 1] - L ] - * L L) - . . L)

020
130.46
129.88
129.34
128.84
128.37
127.93
127.50
127.10
126.72
126.35
126.00
125,16
124,39
123.68
123.01
122.38
121.79
121.23
120.71
120.21
119.74
118.88
118.10
117.39
116.75
116.16
115.61
115.11
114,64
114.20
113.79
113.04
112.37
1.77
111.23
110.7h
109.71
108.21
107.66
107.20
106.82
106.49

L4o.24
39.98
39.7h
39.52
39.32
39.12

38.77
38.61
38.46
38.31
37.97
37.66
37.37
37.11
36.86
36.63
36.42
36.22
36.03
35.86
35.54
35.26
35,00
3h.T7
34.57
34.38
34.20
34.0k4
33.89
33.75
33.50
33.28
33.09
32.91
32.75
32.42
31.95
31.78
31.64
31.52
31.42

871



TABLE 5.7 (Continued)

T (%) Y, T Gy 0y Tix
T000 52.92 9.69 4.8h 106.20 31.33
7500 52,80 9.67 4,83 105.96 31.26
8000 52.69 9.65 4,82 105.74 31.19
8500 52.59 9.63 4.81 105.55 31.13
9000 52.51 9.62 4,81 105.38 31.08
9500 52.43 9.61 4.80 105.23 31.04
10000 52.36 9.60 4,80 105.09 30.99



TABLE 5.8
Averaged Spin-Dependent Cross Sections

of Lithium Atom ( 7Ea02)

Averaged total scattering of nonidentical atom
Averaged spin-exchange cross sections of nonidentical atom

Averaged hyperfine trans:.tlon cross sections of nonidentical
atom from F:z2-» %5 I

Averaged total scattering of identical atom

Averaged spin-exchange cross sections of identical atom

SR QR

Averaged hyperfine transition cross sections of identical
atom from §=2-» f £|

T ( k ) GT}:U E/NX &w/ a:;:u —O_/T»X a-;)’

10 1845.1 181.2 135.9 3690.0 894.3 LL8 .k
11 1823.7 178.5 133.9 36474 885.9 Lh2,7
12 1802.5 176.1 132.1 3604.9 877.4 437.2

13 1781.5 173.9 130.4 3562.9 868.8 431.9
1k 1760.8 171.9 128.9 3521.6 860.3 426.8
15 1740.5 170.1 127.6 3481.2 851.8 k22,0
16 1720.7 168.4 126.3 34k41.6 843.6 417.3
17 1701.4 166.8 125,1 3403.0 835.5 412.8
18 1682.7 165.4 124.0 3365.5 827.6 408.5
19 1664 .4 164.0 123.0 3329.0 820.0 Lok.3
20 1646.6 162.7 122.0 3293.5 812.5 400.3
21 1629.4 161.5 121.1 3259.1 805.3 396.5
22 1612.7 160.4 120.3 3225,7 798.3 392.8
23 159.5 159.3 119.5 3193.3 791.5 389.2
2L 1580.9 158.3 118.7 3161.9 784.9 385.8
25 1565.6 157.4 118.0 3131.5 T78.5 382.5
26 1550.9 156.5 117.3 3102.0 772.3 379.3
27 1536.6 155.6 116.7 3073.4 T66.4 376.2
28 1522.8 154.8 116.1 3045.7 T760.6 373.2

29 1509.4 154.0 115.5 3018.9 755.0 370.4



TABLE 5.8 (Continued)

Crnu G;JX G;y Oz/u O/I_x O-;)’
1496.4 153.3 115.0 2992.9 T49.5 367.6
1483.8 152.6 1144 2967.7 Thk.3 364.9
1471.5 151.9 113.9 2943.2 739.2 362.3
1459.7 151.3 113.4 2919.5 T3k4.2 359.8
1448.2 150.6 113.0 2896.4 729.4 357.4
1437.0 150.0 112.5 287h.1 724.8 355.0
1h26.1 149.5 112.1 2852.4 720. 352.7
1415.6 148.9 111.7 2831.3 T715. 350.5
1405.3 148.4 111.3 2810.8 T11. 348.4
1395.4 147.9 110.9 2790.9 T707. 346.3
1385.7  14T.k 110.5 2771.5  TO3. 34k.3
1367.1 146.5 109.8 2734.3 695. 340.4

1349.5 145.6
1341.1 145.2
1332.8 144.8
1316.9 14k4,0

2699.1 688.
2682.2 684,
2665.7 681.
2633.9 67h.
1301.8 143.3 107.4 2603.7 668. 326.9
1287.5 142.6 106.9 257h.9 662. 323.9

2
8
6
N
i
T
L 336.7
9
N
9
6
6

1273.7 141.9 106.4 2547.5 656.9 321.1

2
p
3
3
p)
1
T
5
2
2
6
8
T

335.0
333.3
330.0

e
2983
o [8eANe)
O OO N

1267.1 141.6 106.2 2534.,2 654, 319.7
1260.6 141.3 106.0 2521.2 651. 318.4
1248.1 140.7 105.5 2hg6.2 646. 315.8
1236.1 140.1 105.1 2472.1 641, 313.3
1224.6 139.6 104.7 2449.1 636. 311.0
1213.6 139.1 104.3 2h27.1 631. 308.7
1208.2 138.8 104.1 2416.4 629. 307.6
1203.0 138.6 103.9 2405.9 627. 306.5
1192.8 138.1 103.6 2385.5 623. 304 .4
1183.0 137.7 103.2 2365.9 619. 302.4
1160.1 136.6 102.4 2320.1 609.
1139.2 135.6 101.7 2278.1 600.
1119.9 134.7 101.0 2239.6 592.

297.7
293.4
289.4

1102.2 133.9 100.4 2204.1 585.3 285.8
1085.7 133.1 99.8 2171.2 578.4 282.4
1070.5 132.4 99.3 21%40.6 571.9 279.2
1043.0 131.1 98.3 2085.4 560.2 273.5
1018.8 129.9 97.4 2036.9 549.9 268.5
997.3 128.9 96.6 1993.9 540.6 264.0
978.1 127.9 95.9 1955.4 532.3 260.0
960.7 127.0 95.3 1920.6 524.8 256.4
95,0 126.2 9k4.6 1889.1 517.9 253.1
930.7  125.5 9k.1  1860.3 511.5 250.1



T(%k)

180
190
200
210
230
250
270
290
310
325
350
370
390
405
410
430
450
470
490
510
540
600
650
700
750
800
850
900
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
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TABLE 5.8 (Continued)

Uiy
1833.9
1809.6
1787.0
1766.2
1728.5
1695.5
1666.2
1640.1
1616.5
1600.4
1575.8
1558.0
1541.7
1530.2
1526.6
1512.6
1499.5
1487.4
1476.0
1465.4
1450.5
1h2k.s5
1405.7
1389.1
137h.2
1360.9
1348.9
1337.9
1327.8
1318.6
1302.2
1287.9
1275.4
1264.3
1254,3
1245,3
1237.1
1229.6
1222.8
1216.4

Ozx

505.7
500.3
hos,

490.6
482.0
L7h.s
L46T7.7
L461.6
4s56.1
h5o,2
kh6,

Ly2,1
438.1
435.3
L34,k
431.0
L427.8
424 .8
421.9
419.2
4is.5
408.8
403.9
399.6
395.6

392.1
388.8

385.8
383.1
380.5
375.9
371.9
368.3
365.1
362.2
359.5
357.1
354.9
352.8
350.9
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TABLE 5.8 (Continued)

5 G
4.8 1202.5
.2 1190.8
T3.7 1180.9
73.3 1172.k
73.0 1165.1

T2.6 1158.7
T2.4 1153.1
T2.1 1148.2

71.9 1143.8
TL.7 1139.9
T1.6 1136.4
T1l.k 1133.2

71.1 1127.8
70.9 1123.3
70.7 1119.5
T0.6 1116.2
T70.4 1113.5
70.3 1111.0
70.2 1108.9
70.1 1107.1
70.0 1105.4
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TABLE 5.9

Averaged Spin-Dependent Cross Sections

of Sodium Atom (7T &o°)

Averaged total scattering of nonidentical atom

Averaged spin-exchange cross sections of nonidentical atom

Averaged hyperfine transition cross sections of nonidentical

atom from =2 f%&|

Averaged total scattering of identical atom

Averaged spin-exchange cross sections of identical atom

Averaged hyperfine transition cross sections of identical
atom from f=2-— f%I

T
1916.9
1912.4
1906.8
1900.3
1893.1
1885.4
1877.2
1868.7
1859.9
1851.0
1841.9
1832.8
1823.6
1814.5
1805.3
1796.2
1787.2
1778.3
1769.4
1760.6

—

T

171.4
170.4
169.5
168.7
168.0
167T.4
166.8
166.3
165.8
165.3
164.9
164.5
164,1
163.8
163.%
163.1
162.8
162.5
162.2
161.9

Ty
128.6
127.8
127.1
126.5
126.0
125.5
125.1
1247
124.3
124,0
123.7
123.4
123.1
122.8
122.5
122.3
122.1
121.8
121.6
121.4

Tgu

3827.1
3818.6
3807.7
3795.0
3780.9
3765.7
3749.5
3732.8
3715.5
3697.8
3679.9
3661.8
3643.7
3625.5
3607.4
3589.4
3571.5
3553.7

3536.2
3518.8

S

O \0O\0
W oo

956.
952.
oLk8.1

939.5
935.1
930.7
926.3
921.9
917.6
913.3
909.1
90Lk.9
900.8
896.7
892.7
888.8

Ozy

449.8
LL8.4
446.8
Lhs,2
L443.5
L441.8
44o.1
438.3
436.5
43k, 7
432,9
431.1
4k29.3
hot.5
Lyos.7
L2ok,0
22,3
420.6
418.9
hit.2

93



1752.0
1743.5
1735.0
1726.7
1718.5
1710.5
1702.6
1694.7
1687.1
1679.5
1672.1
1657.5
1643.5
1636.6
1629.8
1616.6
1603.9
1591.5
1579.5
1573.6
1567.8
1556.5
1545.5
1534.9
1524,5
1519.5
1514.5
1504.7
1495.1
1hTe.h
1451.1
1431.1
1412.2
1394 .4
1377.6
1346.5
1318.5
1293.0
1269.7
1248.4
1228.7
1210.5

TABLE 5.9 (Continued)

ay
161.6
161.3
161.1
160.8

160.6
160.3
160.1
159.9
159.7
159.5
159.2
158.8
158.5
158.3
158.1
157.7
157.4
157.1
156.8
156.6
156.5
156.2
155.9
155.6
155.4
155.2
155.1
154.8
154.6
154.0
153.5
153.0
152.5
152.0
151.6
150.8
150.0
149.3
148.6
148.0
14Tl
146.8

Oy
121.2
121..0
120.8
120.6
120.4
120.2
120.1
119.9
119.7
119.6
119.4
119.1
118.8
118.7
118.6
118.3
118.0
117.8
117.6
117.4
117.3
117.1
116.9
116.7
116.5
116.4
116.3
116.1
115.9
115.5
115.1
114.7
114.h
114.0
113.7
113.1
112.5
112.0
111.4
111.0
110.5
110.1

3501.6
3484.7
3468.0
3451.5
3435.3
3419.3
3403.6
3388.1
3372.8
3357.8
3343.0
3314.2
3286.2
3272.6
3259.1
3232.9
3207.5
3182.9
3159.0
3147.3
3135.8
3113.3
3091.5
3070.2
3049.6
3039.5
3029.5
3010.0
2991.0
2945.6
2903.0
2863.0
2825.2
2789.6
2755.9
2693.7
2637.5
2586.4
2539.8
2497.0
2h57.5
2h21.1

T

88k4.9
881.1
8TT.4
873.7
870.1
866.6
863.1
859.7
856.3
853.0
849.8
8l43.5
837.5
834.5
831.6
825.9
820.4
815.1
810.0
807.5
805.0
800.2
795.6
T791.0
T786.6
T84.5
782.3
T78.2
TTh.1
T6h .4
T55.4
746.8
738.8
T31.2
724 .0
T10.7

687. 6
677.5
668.2

659.7
651.7

Ozy
415.6
4ik.0
412.h4
410.8
409.3
40T7.8
406.3
L4ok4.8
L4o3.4
402.0
400.6
397.9
395.3
394.0
392.7
390.3
387.9
385.6
383.3
382.2
381.1
379.0
377.0
375.0
373.1
372.1
371.2
369.3
367.6
363.3
359.3
355.5
352.0
348.6

345.4
339.6
334.2
329.4
324.9
320.8
317.0
313.5

oL



T(k)

180
190
200
210
230
250
270
290
310
325
350
370
390
Los5
410
430
450
470
Lgo
510
540
600
650
700
750
800
850
900
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2250

1178 0
1163.3
1149.6
112k4.7
1102.6
1082.8
1064.9
1048.7
1037.5
1020.4
1007.9
996.4
988.3
985.7
975.7
966.3
957.6

oll. 6
930.8
911.5
897.6
885.1
873.9
863.8
854.6
846.1
838.4
831.2
181.4
807.3
797.5
788.7
780.9
773.8
T6T.4
761.6
756.2
751.2
T40. 4

TABLE 5.9 (Continued)

109.6
109.2
108.8
108.5
107.7
107.1
106.4
105.8
105.3
104.8
104.2
103.7
103.2
102.9
102.8
102.3
101.9
101.5
101.1
100.7
100.2

\Q\0\0\Q
== o0
= oW D

.

WHEFOWaN—W Oy owm owm

* »

BESFBBLLRBBLIRRR

0z
2387.3
2355.8
2326.4
2299.0
2249.0
2204, 6
2164.8
2129.0
2096.5
2074.0
2039.7
201k .6
1991.4
1975.1
1969.9
1949.8
1931.0
1013.4
1896.9
1881.3
1859.5
1820.8
1792.7
1767.6
1745.0
1724.7
1706.1
1689.2
1673.6
1659.2
1633.6
1611.2
1591.5
1574.0
1558.3
1544 ,2
1531.3
1519.5
1508.7
1498.8
1477.2

310.2
307.1
304.2
301.5
296.6
292.1
288.1
28k4.5
281.1
278.8
275.2
272.6
270.1
268.4
267.8
265.7
263.6
261.7
259.9
258.2
255.8
251.6
248.4
245.6
243,1
240.8
238.7
236.7
234.9
233.3
230.3
227.8
225.5
223.4
221.6
220.0
218.4
217.1
215.8
214.6
212.1

95



TABLE 5.9 (Continued)

112.0
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1459.2
14k .0
1431.1
1420.1
1410.5
1k02.2
1395.0
1388.6
1382.9
1377.9
1373.4
1365.6
1359.3
1354.0
1349.5
1345.7
1342.4
1339.5
1337.0
1334.8

Uzx

L420.1
415.8
412.1
408.9
L406.2
403.7
401.6
399.7
398.1
396.6
395.2
392.9
391.0
389.4
388.1
386.9
385.9
385.0
384.3
383.

Oz
209.9
208.1
206.6
205.3
204.1
203.1
202.3
201.5
200.8
200.2
199.7
198.7
197.9
197.3
196.7
196.3
195.9
195.5
195.2
194.9



TABLE 5.10

Averaged Spin-Dependent Cross Sections

of Potassium Atom (7T a02)

Averaged total scattering of nonidentical atom

Averaged spin-exchange cross sections of nonidentical atom

Averaged hyperfine trans1tlon cross sections of nonidentical

atom from =2 - f'=)

Averaged total scattering of identical atom

Averaged spin-exchange cross sections of identical atom

97

Averaged hyperfine trans1t10n cross sections of identical atom

from

e

3911.2

3909.0
3905.6
390L.0
3895.5
3889.0
3881.6
3873.6
386L4.8
3855.5
3845,7
3835.5
3824.9
3814.0
3802.8
379L.4
3779.8
3768.1
3756.2
3744.3

f=2- f 2

T

349.1
348.2
3h7.1
345.9
34kh.7
343.5
3h2.3
341.1
339.9
338.7
337.6
336.5
335.5
334.4
333.5
332.5
331.6
330.7
329.8
329.0

Oy
261.8
261.1
260.3
259.4
258.5
257.6
256.7
255.8
254 .9
254.0
253.2
252.4
251.6
250.8
250.1
249.4
248.7
248.0
247.3
246.7

(0))

Oz

7824 .2
7819.7
7812.8
7803.7
7792.5
TTTO. 4
T764.6
TT48.4
7730.8
7712.2
T692.5
T671.9
T650.T
7628.7
T7606.3
7583.4
7560.1
7536.6
7512.8
7488.8

T

1965.4
1962.6
1959.4
1955.7
1951.8
1947.5
1943.0
1938.3
1933.3
1928.2
1923.0
1917.6
1912.1
1906.6
1901.0
1895.3
1889.6

1878.1
1872.4

Ty
919.6
018.6
o17.3
915.7
913.9
911.9
909.8
90T.5
905.1
902.7
900.2
897.6
895.0
892.4
889.7
887.1
884.4
881.7
879.1
876.4



Ty
3732.2
3720.2
3708.0
3695.9
3683.8
36TL.7
3659.6
3647.5
3635.5
3623.5
3611.6
3588.0
356k.T
3553.1
3541.7
3519.0
3496.7
34Th.T
3453.2
34h2.5
3432.0
3411.2
3390.7
3370.7
3351.0
3341.3
333L.6
3312.7
3294.1
3249.1
3206.2
3165.3
3126.2
3088.9
3053.2
2986.4
2925.0
2868.4
2816.0
2767 .4
2722.2
2680.0

TABLE 5.10 (Continued)

—

Tux

328.2
327.4
326.6
325.9
325.2
324.5
323.8
323.2
322.6
322.0
321.4
320.2
319.1
318.6
318.1
317.1
316.2
315.3
31h.h
314.0
313.6
312.8
312.0
311.3
310.6
310.2
309.9
309.2
308.6
307.0
305.6
304.2
302.9
301.7
300.6
298.5
296.6
294.8
293.2
201.7
290.2
288.9

Ty
246.1
2h5.5
245.0
2hh b
243.9
243.4
242.9
242 .k
241.9
241.5
241.0
2h0.2
239.3
239.0
238.6
237.8
237.1
236.5
235.8
235.5
235.2
234.6
234.0
233.5
232.9
232.7
232.4
231.9
231.4
230.2
229.2
228.1
227.2
226.3
225.4
223.8
222.4
221.1
219.9
218.7
217.7
216.7

Oru
Th6kh.6
T4ho. k4
Th16.1
T391.8
T367.5
T343.2
7318.9
7294.8
7270.7
T246.7
7222.9
TLT5.5
7128.8
T105.7
T082.7
TO03T.3
6992.7
6948.8
6905.6
6884.3
6863.2
6821.5
6780.6
6740.5
6701.1
6681.7
6662.5
6624 .6
6587.4
6497.5
6h11.7
6329.9
6251.8
6177.2
6105.8
5972.2
5849.3
5736.0
5631.2
5533.8
5hh3,.2
5358.6

838 5

82& T
820.3
816.0
813.9
811.8
807.7
803.6
T99.7
795.8
793.9
792.0
788.3
T84T
T75.9
T767.6
T59.7
752.1
745.0
738.1
T25.3
713.5
T02.7
692.6
683.3
6T4.7
666.6



190

230
250
270
290
310
325
350
370
390
Los
410
430
450
k70
490
510
540
600
650
T00
750
800
850
900
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2250

1899.3
1866.8
1837.6
1811.2
1787.1
1765.1
1744.8
1726.1
1692.7
1663.5
1637.8
1615.0
1594.5
1576.0
1559.2
1543.8
1529.7
1516.8
1488.5

TABLE 5.10 {Continued)

—

215.7
214.9
214.0
213.2
211.7
210.k4
209.1
207.9
206.8
206.0
204.8
203.8
202.9
202.3
202.1
201.3
200.5
199.8
199.1
198.4
197.4
195.6
194,2
192.9
191.7
190.6
189.5
188.5
187.6
186.7
185.1
183.6
182.3
181.1
180.0
179.0
178.1
177.2
176.4
175.7
174.0

h68 I
L462.1
456.5
451,.5
47,0
L443.0
439.3
435.9
432.8
429.9
423.6

99



T(%k)

2500
2750
3000
3250
3500
3750
Lkooo
k250
4500
4750
5000
5500
6000
6500
T000
7500
8000
8500
9000
9500

Opu
1465.1
1hs5.h
1428.6
1414.3
1401.9
1391.1
1381.7
1373.4
1366.1
1359.6
1353.7
1343.7
1335.5
1328.7
1322.9
1318.0
1313.7
1310.0
1306.7
1303.9

TABLE 5.10 (Continued)

T
230.1
228.5
227.1
225.9
224.,8
223.9
223.1
222.4
221.7
221.1
220.6
219.7
218.9
218.3
217.8
217.3
216.9
216.5
216.2

215.9

w

Oy
172.6
171.4
170.3
169.4
168.6
167.9
167.3
166.8
166.3
165.8
165.4
16h.7
164.
163.7
163.3
163.0
162.7
162.4
162.2
161.9

Try

2931.5
2892.9
2860.2
2832.2
2808.1
2787.2
2768.9
2752.8
2738.6
2725.9
2714 .6
2695.3
2679.4
2666.2
2655.0
2645.5
2637.3
2630.2
2623.9
2618.3

100



TABLE 5.11

Averaged Spin-Dependent Cross Sections

Rubidium Atom (JC ag”)

Averated total scattering of nonidentical atom

Averaged spin-exchange cross sections of nonidentical atom

Averaged hyperfine transition cross sections of nonidentical

atom from =39 f=2

Averaged total scattering of identical atom

Averaged spin-exchange cross sections of identical atom

Averaged hyperfine transition cross sections of identical
atom from =3 -> 7‘-/=l

4384.6
4356.7
4332.0
4310.2
4290.7
L4o73.2
yosTt.h
L42ok3.0
4229.8
4217.6
4206.3
b195.7
4185.7
4176.2
h167.2
4158.5
4150.2
hiko.1
4134 .2
4126.5
4119.0

Jru

8768.3
8712.6
8663.5
8620.0
8581.2
8546.3
8514.8
8486.1
8459.8
8435.5
8412.9
8391.7
8371.7
8352.8
8334.7
8317.4
8300.7
8284.5
8268.8
8253.5
8238.4

[

2181.2
2169.5
2159.0
2149.7
2141.2
2133.4
2126.3
2119.7
2113.6
2107.8
2102.4
2097.2
2092.3
2087.5
2083.0
2078.6
2074.3
2070.1
2066.0
2062.0
2058.1

Tzy

862.9
857.9
853.4
849.3
845.5
842.0
838.7
835.6
832.6
829.9
827.3
824.8
822.4
820.1
817.9
815.8
813.7
809.8
809.8
808.0
806.1
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Oy
4111.6
hiok.k
Lo97.2
4090.1
L4083.1
Lot6.1
4069.2
L4o62.3
4055.4
LoLB.6
4035.0
L4o21.5
Lo1k4.8
4008.0
3994 .6
3981.2
3967.9
3954 .6
3947.9
3941.3
3928.1

3914.9
3901.8

3888.7
3882.2
3875.7
3862.7
3849.9
3818.0
3786.7
3755.9
3725.7
3696.1
3667.1
3610.9
3557.2
3505.7
3456.6
3409.6
336Lk.7
3321.7

TABLE 5.11 (Continued)

Oyy
310.9
310.1
309.2
308.4
307.6
306.8
306.0
305.3
304.6
303.9
302.5
301.3
300.6
300.0
298.9
297.8
296.7
295.7
295.2
204 .7
293.8
292.9
292.0
291.2
290.8
290.4
289.6
288.8
287.1
285.4
283.9
282.5
281.2
279.9
277.6
275.6
273.7
272.0
270.4
269.0
267.6

U

8223.7
8209.1
8194.8
8180.6
8166.6
8152.6
8138.8
8125.0
8111.3
8097.7T
8070.6
80k43.6
8030.1
8o16.7
7989.8
7965.1
T936.4
7909.8
78%.5
7883.3
7856.8
7830.5
T804 .2
T778.1
7765.1
T7752.1
7726.2
7700.4
7636.7
T5T%.0
7512.4
T451.9
7392.6
T334.5
T7222.0
T7114.3
7011.3
6912.8
6818.7
6728.8
6642.9

Oy

2054.2
2050.4
2046.6
2042.9
2039.2
2035.6
2031.9
2028.3
2024.8
2021.2
2014.2
2007.2
2003.8
2000.4
1993.5
1986.8
1980.1
1973.5
1970.2
1966.9
1960.4
1954.0
1947.6
1941.3
1938.1
1935.0
1928.8
1922.7
1907.6
1892.9
1878.6
1864.7
1851.1
1837.9
1812.5
1788.5
1765.6
1743.9
1723.2
1703.5
1684.8

Ozy
8ok.3
802.6
800.9
799.2
797.6
T95.9
T9k.3
792.8
791.2
789.7
786.8
783.9
782.4
781.0
778.2
7755
172.9
770.2
769.0
T6T.T
765.1
762.7
760.2
757.8
756.6
T55.4
753.1
750.8
45,2
739.8
T34.5
729.4
724h.5
T19.7
T710.6
702.0
693.9
686.2
678.9
672.0
665 .4
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T(%k)

180
190
200
210
230
250
270
290
310
325
350
370
390
405
410
430
450
k70
490
510
540
600
650
700
750
800
850
900
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2250

Ty
3280.6
3241.3
3203.7
3167.6
3099.8
3037.3
2979.5
2925.8
2875.9
2840.7
2785.9
27h5.1
2706.8
2679.5
2670.7
2636.7
260k4.5
2574.0
2545.1
2517.6
2478.9
2409.2
2357.8
2311.5
2269.5
2231.3
2196.2
2164.0
2134.3
2106.7
2057.3
201k.1
1976.0
1942.2
1911.9
1884.6
1859.9
1837.4
1816.8
1798.0
1757.3

TABLE 5.11 (Continued)

O’NJ\

319.6
318.2
316.9
315.6
313.2
311.0
309.0
307.2
305.5
304.3
302.4
301.0
299.7
298.7
298.4
297.2
296.1
295.0
293.9
292.9
291.5
288.9
286.9
285.0
283.2
281.6
280.1
278.7
277.3
276.0
273.7
271.6
269.7
268.0
266.5
265.1
263.8
262.7
261.7
260.7
258.7

Ty

266.4
265.2
26L4.0
263.0
261.0
259.2
257.5
256.0
254 .6
253.6
252.0
250.8
249.7
248.9
248.7
2h7.7
246.7
245.8
2kh .9
244 .1
2h2.9
240.7
239.0
237.5
236.0
234.7
233.4
232,2
231.1
230.0
228.1
226.3
224, T
223.3
222.0
220.9
219.8
218.9
218.0
217.3
215.6

O’I_U
6560.T7
6L482.0
6406.6
6334.5
6198.9
60T73.8
5958.2
5851.0
5751.3
5681.0
55714
5489.9
5413.3
5358.9
5341.2
5273.2
5209.0
5148.1
5090.4
5035.5
4958.2
4819.0
47.6.3
L4623.7
4539.8
4463.3
4393.3
4328.8
4269.4
k21k,3
4115.3
4029.0
3952.8
3885.0
3824 .4
3769.8
3720.3
3675.3
3634.3
3596.6
3515.2

1666.9
1649.8
1653.5
1617.9
1588.6
1561.6
1536.7
1513.6
1492.2
1477.0
1453.4
1435.8
1419.3
1407.5
1403.7
1389.0
1375.1
1361.9
1349.4
1337.4
1320.6
1290.2
1267.6
12h7.2
1228.6
1211.6
1196.0
1181.6
1168.3
1155.9
1133.5
1113.9
1096.6
1081.1
1067.2
1054, 7
1043.4
1033.0
1023.6
1014.9

996.1
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(k)

2500
2750
3000
3250
3500
3750
L4000
4250
4500
4750
5000
5500
6000
6500
TO00
7500
8000
8500
9000
9500

T

1723.8
1695.8
1672.3
1652,2
1635.0
1620.1
1607.1
1595.7
1585.7
1576.8
1568.8
1555.2
154k.1
1534.8
1527.0
1520.4
151k4.6
1509.6
1505.3
1501.4

TABLE 5.11 (Continued)

Oy

257.1
255.8
25h.7
253.8
253.1
252.5
251.9
251.5
251.1
250.7
250.4
249.9
249.5
24kg.2
248.9
248.7
248.5
248.3
248.1
248.0

0xo

3438.1
3392.2
3345.1
3305.0
3270.6
3240.8
3214.8
3192.0
3171.8
3153.9
3137.9
3110.7
3088.3
3069.7
3054.0
3040.6
3029.0
3018.9
3010.1
3002.3

419.6
4is5.2
411.6
408.5
405.8
403.6
Lol.6
399.9
398.4
397.0
395.9
393.8
392.2
390.8
389.7
388.7
387.9
387.1
386.5
385.9

10k
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TABLE 5.12

Averaged Spin-Dependent Cross Sections

of Cesium Atom (7T a02)

G]u Averaged total scattering of nonidentical atom
G::x Averaged spin-exchange cross sections of nonidentical atom

Gﬁ/ Averaged hyperfine transition cross sections of nonidentical
atom from f=4 —» =3

el

y Averaged total scattering of identical atom

Al

X Averaged spin-exchange cross sections of identical atom

=, Averaged hyperfine transition cross sections of identical atom
7 from f=4 > =3

e} o — -— —_ — —_—
T("k) Oy Quy Thy Oy Oz« o;y
10 4823.5 416.6 364.6 9652.1 2390.5 813.3
11 hT795.2 41s5.4 363.5 9595.6 2377.6 809.5
12 L767.5 Lhiky,2 362.4 9540. 4 2365.2 805.8
13 LTho.T 413.0 361.3 ol86.9 2353.2 802.1
14 4T715.0 h11.7 360.2 o9h35.7 2341.8 798.5
15 4690.4 410.4 359.1 9386.7 2331.0 795.1

16 L667.1 Log.2 358.0 9340.1 2320.7 791.8
17 Léehk.9 407.9 356.9 9295.9 2310.8 788.5

18 4624.0 406.6 355.8 9254.0 2301.5 785.4
19 L6ok.1 Los.k4 35h.7 9214 .3 2292.6 782.5
20 4585.4 Lok ,2 353.6 9176.8 2284 .2 779.6
21 4567.6 403.0 352.6 olkl.h 2276.2 776.9
22 4550.9 401.8 351.5 9107.8 2268.6 TTh.2
23 4535.0 400.6 350.5 9076.1 2261.3 TTL.7

24 4520.1 399.4 349.5 9046.0 2254 .4 769.2
25 4505.7 398.3 348.5 9017.4 224hT.T 766.9
26 Lhog2,2 397.2 347.5 8990.3 2241 .4 764 .6
o7 kh79.3 396.1 346.5 8964.5 2235.3 762.4
28 hheTr.1 395.0 345.6 8940.0 2229.5 760.3
29 hhys5. Y4 393.9 34h.T 8916.6 2223.9 758.3



Oy

hhlh 3
4433.6
4u23.h
45413.6
hhol,2
4395.1
4386.3
4377.9
4369.7
4361.7
4354,0
4339.1
4325,0
4318.1
4311.4
L2o8.k4
4285.8
4273.6
4261.7
4255.8
4250.0
4238.6
o274
4216.4
4205.5
4200.1
hioh.7
4184,1
4173.6
4aik7.8
hio2.4
Lo97.5
4073.0
4048.8
4025.0
3978.3
3932.8
3888.6
3845.7
3804.0
3763.5
3724.2

TABLE 5.12 (Continued)

Thx

392.9
391.9
390.2
389.9
388.9
388.0
387.1
386.2
385.3
384.4
383.6
381.9
380.4
379.6
378.8
3774
376.0
374.6
373.3

372.7

372.0
370.8
369.6
368.5
367.4
366.9
366.3
365.3

361 9
359.7
357.7
355.7
353.9
352.2
349.1
3u6.4
343.9
341.6
339.5
337.6
335.9

Ony
343.8
34k2.9
342.0
341.2
3%40.3
339.5
338.7
337.9
337.1
336.k4
335.6
334.2
332.8
332.1
331.5
330.2
329.0
327.8
326.6
326.1
325.5
32h.5
323.4
322.4
321.5
321.0
320.5
319.6
318.7
316.7
31k.7
312.9
311.3
309.7
308.2
305.5
303.1
300.9
298.9
297.1
295.4
293.9

[

889k,2
8872.8
8852.3
8832.6
8813.6
8795.4
8777.8
8760.7
8Thk.2
8728.2
8712.7
8682.8
8654.3
8640.5
8627.0
8600.8
8575.4
8550.8
8526.8
8515.0
8503.3
8480.4
8457.8
8435.6
8413.8
8402.9
8392.2
8370.8
8349.7
8297.9
8247.1
8197.1
8148.0
8099.7
8052.0
7958.6
7867.8
TT79.5
T693.7
7610.5
7529.7
Ths1. k4
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T(%k)

180
190
200
210
230
250
270
290
310
325
350
370
390
Lo5
k1o
430
450
k70
490
510
540
600
650
T00
750
800
850
900
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000

- 2250

=
<

3686.2
3649.3
3613.6
3579.0
3513.0
3450.9
3392.6

3337.T
3286.0
3249.1
3191.1
31474
3106.0
3076.3
3066.7
3029.4
2993.8
2959.9
2927.6
2896.7
2852.9
2773.3
2713.9
2660.0
2610.7
2565.5
2523.9
2485.4
2hko, T
2416.5
2356.6
2303.8
2257.0
2215.0
2177.2
2143.0
2111.8
2083.3
2057.1
2033.0
1980.4

TABLE 5.12 (Continued)

Oy

202.4
291.1
289.9
288.7
286.5
28L.6
282.9
281.3
279.9
278.9
2774
276.3
275.2
274.5
o7h.2
273.3
272.4
271.6
270.9
270.1
269.1
267.3
266.0
264.8
263.7
262.7
261.8
260.9
260.1
259.4
258.0
256.8
255.7
254, T
253.8
252.9
252.1
251.3
250.6
249.9
248.4

0z

T3T5.4
T301.9
7230.6
T161.5
7029.7
6905.8
6789.4
6679.8
6576.5
6502.8
6386.7
6299.5
6216.7
6157.5
6138.2
6063.6
5992.5
5924 .8
5860.1
57984
5710.8
5551.5
5432.8
5324.8
5226.3

5135.9

5052.6

L975.7
L90k.3
4837.9
4718.0
4612.4
4518.7
4h34.9
4359.3
4290.8
L2284
41714
4119.0
4070.8
3965.6

Orx

1848.5
1832.0
1816.1
1800.8
1771.8
1744.8
1719.5
1695.8
1673.5
1657.7
1632.9
1614.2
1596.6
1584.0
1579.9
1564.0
1549.0
1534.7
1521.0
1508.0
1489.5
1456.0
1431.1
1408.4
1387.8
1368.8
1351.4
1335.3
1320.3
1306.4
1281.2
1258.9
1239.0
1221.1
1205.0
1190.2
1176.7
1164.3
1152.9
1142.3
1119.1

Tzy

634.3
629.6
625.,0
620.7
612.5
604.8
597.T
591.1

580.4
573.5
568.3
563.5
560.0
558.8
5544
550.3
546.3
s542,.5
538.9
533.9
524 .6
517.8
511.5
505.9
500.7
Los5.9
hol.h
487.3
483.5
476.6
LT70.4
465.0
460.1
455.6
451.6
47,9
Lk L
4h1.3
438.4
432,0
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T(%k)

2500
2750
3000
3250
3500

3750
L4000

L4250
4500
4750
5000
5500
6000
6500
7000
7500

8500
9000
9500

2!
<

1936.7
1900.0
1868.8
1842,1
1819.2
1799.2
1781.7
1766.4
1752.8
17k0.7
1729.9
1711.4
1696.3
1683.7
1673.0
1663.9
1656.1
1649.2
1654.2
1637.9

TABLE 5.12 (Continued)

282.3
281.0
279.8
278.8
277.8
277.0
276.3
275.6
275.0
274.5
274.0
273.2
272.5
271.9
271.4
270.9
270.6
270.2
269.9
269.7

—

Tuy

247.0
245.9
2448
243.9
243.1
2424
24h1.7
241.2
240.7
2h0.2
239.8
239.0
238.4
237.9
237.5
237.1
236.7
236.4
236.2
235.9

(o
3878.

[

1099.6
1083.1
1068.9
1056.8
1046.2
1037.0
1028.8
1021.7
1015.3
1009.6
1004.5
995.8
988.5
982.5
97Tk
973.0
969.2
965.9
962.9
960.4

Tzy

L26.6
L4o2,0
418.1
)41)4‘07
yi.7
409,

406.9
Lok.9
403.1
Lol.5
400.0
397.5
395.5
393.7
392.3
391.0
389.9
389.0
388.1
387.h
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CHAPTER VI

CONCLUSION

From the discussion in the preceding chapters it is seen that
the acquisition of suitable interaction potential between atoms as
a function of the nuclear separation is a difficult problem. Only
a few simple diatomic systems have been solved, namely the hydrogen
ion molecule and the neutrasl hydrogen molecule.

The present treatment concerns the interaction potentiasl be-
tween two atoms with one S valence electron. The theory predicts
that the interaction between these two atomd may be considered to be
composed of the interaction due to the S electron and those electrons
enclosed by it. The interaction potential between the two atoms with
S electrons may then be generated from the interaction potential of
the hydrogen molecule and the corresponding inert diatomic system.
The results obtained are in good agreemeént with experimental results.
It is also seen that the potentials obtained from direct observation
apply only to the singlet state. Yet the present treatment yields
potential curves including both the singlet and the triplet states.
The technique of this theory may be extended to other diatomic or ionic
systems., Also these potentials between alkaline atoms may be used to

calculate their equation of state or their transport properties. Hence,
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a great number of equilibrium and non-equilibrium phenomena of alkaline
atomic systems may be studied.

These potentials are subsequently employed in the calculations
of several kinds of spin-dependent cross sections including electronic
"spin-exchange, hyperfine transition and total unpolarized scattering
cross sections for both identical and nonidenticel six alkaline systems.
In comparing the calculated electronic spin-exchange cross sections of
both identical and nonidentical atoms with experimental results, it is
found that the calculated cross sections of nonidential atoms agree
very well with experiment and those for identical atoms are about a
factor of two larger than the experimental ones, This indicats that
consideration of atomic identity is not necessary in this case. In
fact, the interaction between the two nuclear spins of the two colliding
atoms is not strong enough for exchange effects to occur. However,
atomic identity is to be considered, exchange effects due to the inner
closed electronic shells must also be taken into account. Our results
indicate that these effects tend to cancel.

In connection with spin-dependent cross sections and the inter-
action potentials of alkali atoms, there are three more interesting
problems which can be investigated.

1. The scattering of alkaline atoms and alkaline ions. Here,

we also have six different colliding systems, i.e. H+~H, Iir-Li,

Na'-Na, K -K, RO -Rb, and Cs'—Cs. The alkaline ion has spin O
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and alkaline atom 3, so this problem really is a spin % and spin O
collision. The cause of spin-exchange in this case is also due to the
transition of the valence S electron of the alkali atom from the atom
to the ion. The required interaetion potential between the ion and
the atom also can be generated by the techinique we employed in the
generation of the interaction potential between two alkali atoms. In
thie case we have to use the known interaction potential of hydrogen
molecule ion ( it ) instead of the H-H interaction.

2. The scattering of unlike alkali atoms..In this case we can
have 15 different distomic systems formed from the 6 different alkali
atoms., The same formulars used in the calculations of spin-dependent
cross sections of iike atoms can also be used in the calculation of

spin-dependent cross sections of unlike diatomié alkali systems.

The interaction potentiel for the unlike atomic systems also can be
calculated in a similar way to that used in the like atomic systems
by only rescaling the parameters. Many of the spin-exchange cross
sections of the unlike alkali atoms have been measured. It is hoped
that calculated value would agree with the experiments.

3. The scattering of alkali atoms and inert atoms. Here we
consider a spin % and spin O collision. There are 30 different
kinds of such diatomic systems formed from .6 alkali and 5 inert atoms.
These problems are very important in the study of optical pumping
techniques. The spin-flip cross sections for this type of scatteripg

have been measured, but a quantitative theoretical description is still
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lacking. In fact, the cause of the spin-flip is still debated. The
most likely candidate for this interaétion is the spin-orbit coupling
of the valence S electron of the alkali atom to the electric field

of the polarized inert atom. However, the interaction potential between
the alkali and the inert atoms can be calculated by extending our techi-

niques and calculations carried out to test this hypathesis.



APPENDIX

HYPERFINE SPIN TRANSITION CROSS SECTIONS OF

IDENTICAL ATOMS WITH ARBITRARY SPIN

2
Density matrix techniques have been employed by earlier author321’ 3

to obtain fhe hyperfine transition cross sections for colliding identical
atoms with nuclear spin 3 . This appendix is an extension of this
techniques for identical atoms with arbitrary nuclear spin i .

Using density matrix techniqueszl’23 the cross section for the hyper-
fine transition from fm to f'm' of an incident identical atom with

nuclear spin i may be expressed as
@ (Fm $00= 4 T (T R kO P (T + 81K
3 / A
XD} E BTG+ Q, k) &l i)
¥ / ¥ - !
30+ QL K& PO (a.1)
where these symbols express the following relations:

p(fm)=projection operators for the hyperfine states of the incident

atom,
37’: 2 (?_a\-rl'), (4.2)
/o A 2
Q'\'\:?"H (/CJ * —Cz ): . (A~3)
20+ /
3:((@): E((@)—i- ((—/) /(zc‘-r/)j E{ C7(—5’), (4.4)

Ki@)=-5""E, -0 (A.5)
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T(6) =+ (0 J2e41 ], (m-0),

(A.6)
K"(B) ‘-=("'l)z‘:+| Fx/ (-6), (A.7)
Foy=7 f (o) + —-f (6), (A.8)
F (e =;’;[3‘t(e) -—fS(B)J , (4.9)
’ 3 T
Fd(e)=—-4'7fs(e)+;-f ), (4.10)
Floy=1fo+4 1 o), (a.11)
A |

-(1 ) Ta and Ji = Paull spin operators,

and )(S(o) and f?e) = scattering amplitudes of singlet

and triplet states.
/
The special properties of the operator Q” cited above lead to the
/ /
vanishing of all traces linear in Q.,,, s T,.,[ Q'n J =

and thus to the expression
3 4 A
QO (Fmfm') = T (1741 P(fm)?(f’m’>+|:m";£‘. ECEOEND)
I
+lkal—g‘ZT (T, P w0 Ty POE=)*

LB (T G et T pe)

+] Kyl

(A.12)
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For the average cross sections, we have

0/ G.10= 7 2f+| T (s f (A.13)
=T (I7® ?(ﬂ?(f )+T LS 215, PD) +
+ [k 7223 T (T PO T Pah)+
2 3 2 A A ,'l
+ | le‘i’z'z-'-:}-; ’nL/ (Y SJ' ?6‘) ¢ % ?(’f’)J ‘
(A.1%)
y P
Both 8“ and 'Z:“ are the Pauli operators, so let
3 A y
&+, =5T (TP P(+1)]
S (LD 15)
The following table gives the values of this parameter,
Table A.1. The values of & (JC, ]L’)
g ! i+ 7T i -+
L (26+2)(20+3) Qi(c+1)
¢z 20 + | z¢+ |
- L8 (+) (zc-1)(2¢)
g 20 + | (z¢c+1)
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For the average proJjection operators we have

9
P(f)=21 P(f=) | (A.16)
=
and for the two hyperfine states f: { + j_"' these operators may

be written as

A A
F([-{-—;—-):(z(j-f-l)l( C+ 1+ g + 1) (A.17)

A 4

P(i"é‘)“@iﬂ)-l( (=4 1) , (A.18)

or .
koA

Pt = (e vy (44 by T L), (8.19)

A
where ] is the unit operator.

Putting (A.19) into (A.1l5), we obtain
a(F,§ )= (3 (F+5)F45)

/
f-f ..
- (=) (64")J)

(A.20)
where the & (f, f) are tabulated in Table A.l.
Now define
, 3 03 A A A 2 ;
C(H#) =SS T (T, 6P, EP(50], (a.21)
9
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then from similar procedures we may obtain

2 2 / /
DA =Co) 3 (F+2)(F45)
_{'/
-0 e cen) (a.22)
For convenience the f( f, 7£ ’) are tabulated in Table A.Z.

Table A.2. The values of ["(+f, ')

f ¢ + 3 (-2

i+% (z—i—,)[‘t(c‘+')2+(—92m£(£+|)] (z'i‘,‘)(?i([-l-l)-r(-l) i ([-u)]

zc-l

-1 | (55 a0+ S| G )f?(z)ﬁ(—r) c(e))

Using (A.15) and (A.21), (A.lh)may be reduced to
2 -1 2 { 2
G0, = 6, |G 413 2 (4 £ D01+ okl )

+(2f+|)—'[’(a‘,f')—é:“<xlz, (4.23)
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From Tables A.l and A.2, and eq. (A.23) the cross section 0;(75, f/)

for nuclear spin i have been tabuleted in Table A.3.
/
Table A.3. The cross sections 0; (£F

F1 o
{ C+ 4 ¢~z

i 2 2| (e
l_J ,+2 HBKS)‘HzCch) (l(””/\[ 2c‘f()ﬁdx} T 2. )| [ <l J

v
64“; 2z . 204}
g | G ] | 2(2 e (6’ Sk
Zo-H "J_r'z(z ﬂ)H(dl j lTJ * 2"’” QD—X Al L'f‘)
/
(-3 -
MLy A cJ r Lt (7‘*"‘) (”')J

(24—(—!

z(cl)
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We integrate the six kinds of scattering amplitudes defined in eqs. (A.4-
A.11) over sodid angle, using the relation between the phase shifts
and the scattering amplitudes,

s

4

s, t

2 &,
, (0)=; &Z(Zf’f')(ﬁ —')F“"SG) ’ (A.25)

and obtain the following integrated scattering smplitudes:
N 0 2 2
s (@AMt T X e T 6Ce Xy s Npe ]
_E?( 7_&2%( ) £, 2,1 2 “Ng,8 Lt 3

2 2
£ -_-2"—‘%)’, (zkﬂ)(}\x,s*‘ Moo =2 TNy s *ﬂff};
RPN 2

_Zf_z (zﬂmf(s ~ 4 (- it ))\,,( s +9 (54D ))\,e z
Za( 16K g=0

118 Cp >\,e,s)\,e,f,-j 5

2
2 i (zﬂ-l-')[S“‘-/-r('l)[)\,jiS + (54 +c—:j")\£/t (4.26)
L0

- 6 G X5 )\x,r]/-
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where

)\
/\ = St &,
Cp = Cos (£, - gg) (a.27)

From Table A.3 and egs. (A.26) and (A.27), we obtain the cross
, . s e ro.
section for hyperfine transitions 3(- (+ 5 —> ‘f = (- é,' R

for identical atoms each with nuclear spin i, namely

4 g l 2 Ty
O:y“ 2¢+! F) G;l (( 2¢+! ) ZCZ(I‘H)j A +2(2¢‘+1) *

(‘2,@-(-!)((—4)5‘,4,6\ ), _s,,y, 1}
(A.28)

7’& (20-4-!)

where S

T
07 = &zzczu—usm (§,-4, ) ,

[ 2 - S = z
A =Gt Zp D (smE w5 d, ),

2
and

¢
= f(_;ﬁ-"oi ,.L 2 S ;3__ 2
s %,Cazﬂ)(# S:M({Q + Si'm g J

-
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