General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



X-521-10-434
S A3 & A8

SPIN EXCHANGE IN COLLISIONS
BETWEEN He™ IONS

G. M. RESSLER
F. G. MAJOR

JANUARY 1971

GODDARD SPACE FLIGHT CENTER -
'~ ~GREENBELT, MARYLAND

- Py ~
(1-173009
2 {ACCESSION N(JpMBER) (THRU)
<
N AGE , (CODE),
S INCESYY) 5
& (NASA CROR TMX OR AD NUMBER) (catGory) N TN .



SPIN EXCHANGE IN COLLISIONS

BETWEEN He' IONS

Gw . R" "S.].er
F. G. Mmajor

January 1971

Godiard Space r'light Center
Greenbelt, Maryland

X-521-70-434



PRECEDING PAGE BLANK NOT FILMED

CONTENTS

Page

ABSTI{AC’l‘.OOO...0000000'.00l........’b..v’....f... v

IN’I‘I{ODUC’I‘ION...0.00‘...l..........0.....00....0‘. 1

COLI—‘ISION'I‘I‘IEOI{Y.....!COI.l...l...l..I....‘..l..l. 4

EX\'.JHANGEINTERACTION.....Q.l...-.....l...‘...l.O.. 12

I{ESULTS llllllllllllllllll ® 6 ¢ 8 0 0 5 0 0 6 0 46 0 0 2 0 0 0 0 P e 0 0 0 20

CONCLUSIONS.0......!.....0..0................00.0 22

AC[{NOWLFJDGI‘)MEN’I‘S @ ¢ 8 5 0 0 0 2 0 6 @ 0 0 8 6 0 2 0 s 0 0 B B O 0 e s e ® o o @ 22

REFEI{ENCES..'........ """" ® & & 0 & 0 0 0 0 & 0 8 0 0 ¢ 0 0 0 2 8 0 00 23

iii



T, TDING PAGE BLANK NOT FILMED

SPIN EXCHANGE IN COLLISIONS
BETWEEN He  IONS

G. M, Ressler and F., G. Major

ABSTRACT

The spin exchange cross section for the collision between two He+
ions is calculated in the impact parameter approximation with the
use of a variational technique to determine the He - He interac-
tion potential due to exchange. It is found that the spin exchange
cross section reaches a maximum of 3.66 w a? at a relative
impact energy of 85 e.v. and falls rapidly to zero below 10 e.v.
As applied to a proposed ionic frequency standard, the results in-
dicate that relaxation effects due to spin exchange are negligibly
small,



SPIN EXCHANGE IN COLLISIONS BETWEEN He' IONS

INTRODUCTION

The use of (Hz*??)" ions confined in an RT quadrupole field as the atomic ref-
erence system in a highly stable atomic frequency standard has recently been
proposed by I, G. Major.! With this system, an accuracy of one part in 1013
and a fractional line width of 10~'! at the microwave resonance frequency of
40,74 GHz are predicted.

The basic feature which limits the reproducibility and stability of an atomic
frequency standard is the degree to which the 1c<ference atoms cin be localized
in a perturbation free environment. The standards which exist today, e.g.,
Cesium, Rubidium and Hydrogen Maser, basically differ only in the amount and
manner of isolation of these atoms.

In the hydrogen maser, which is presently the most stable atomic frequency
standard, all external perturbations have been reduced to a point where spin
exchange between the reference hydrogen atoms themselves is essentially the
only perturbation which limits its short term stability. For a hydrogen maser
operating at a typical temperature of 300°K, which corresponds to a relative
impact energy of ~.04 e.v., the spin exchange cross section between hydrogen
atoms is about 30 7a? .%3

It has been shown! that the external perturbations associated with the proposed
(Hg 199)4 ionic frequency standard should, as in the case of the hydrogen maser,
be negligible. However, there are two important perturbations which arise from
the mutual interaction of the confined particles, whose effects have yet to be
discussed in any detail. These are the Stark effect due to the interaction of the
electric field of one icn with another, and spin exchange between the unpaired
clectrons of the ions. It is with respect to the latter that this paper will be
devoted. A treatment of the Stark effect will be attempted at a later date.

Spin exchange as a relaxation process ieading to frequency shifts was first
considered by Purcell and Field* and Wittke and Dicke®. Basically, the spin
exchange process is as follows:

In a collision between two, spin 1/2, particles there will be a finite probability
that the spin of one particle is exchanged with that of the other. If o denotes the
"spin up' state and 5 the '"'spin down' state, then there are three possible sym-
metric combinations with respect to the exchange
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and one possible antisymmetric combination
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The former are called the triplet and correspond to total spin S = 1; the latter
is called the singlet and corresponds to S = 0, Now, assuming the particies
initially have opposite spins, then the state

y: (initial) = a (1) 8(2)

may he represented by an equal mixture of symmetric and antisymmetric parts,
thus

4 (initial) = —.1:{—‘_- [ (1) B(2) +a(2) ﬁ(l)]}
V2 v2

1 1

During the collision this state may be changed such that the final state is no
longer an equal mixture of symmetries, i.e.,

¢ (final) = A {7% [a (1) B(2) +a(2) ﬁ(l)]}

+B {_15. [a (1) B(2) - a(2) ﬁ(lﬂ}

or

J (final) :A%B a (1) B(2) +

v

,73 a(2) B(1).

A -
v



Therefore, after the collision, there is a finite probability

that the particles will be in the '"'spin exchanged'' state « (2) /5 (1).

The problem of the interaction of two complex ions such as (Hg 199)+ would be
extremely difficult to solve. Therefore, in order to make the problem tractable
while maintaining the basic properties of the actual system of interest, the
theoretical treatment will be directed to the interaction between two He ions.
If only the shielding effects of the electrons in the closed shells of (Hg'?°)" are
considered, then both (Hg!%?)" and He" can be considered as hydrogenic ions
differing only in their size and mass.

The theoretical treatment of the collision will be ''semi-classical,' that is, the
IIe ions are considered to move adiabatically along classical trajectories and
time-dependecnt perturbation theory is used to determine the resulting effects on
the electron wave functions (Impact Parameter Treatment).



COLLISION THEORY ¢’

If it is assumed that the interaction potential which determines the trajectory of
the He ions is purely Coulomb (e?/R), the ions may be thought of as moving along
classical orbits (diffraction effects will be small) when®

(%>1/2 1 1)

C

where * is the free particle wavelength divided by 27 and R, is the distance of
closest approach of the ions. In tegms of the relative impact energy E (e.v.) in
the center of mass of the He - He systern, condition (1) can be written as

6.69 x 1072 E1/4 << |

which will be satisfied for impact energies up to about 1000 e.v.

The collision may also be treated as adiabatic (slow) if

—_— >
f T ’ 1;

where AE is the exitation energy for a transition from the ground state to the
first excited state and 7 is the total time of the collision. (It is assumed that
the Ile' ions are initially in the ground state.) For the He' - He' system con-
dition (2) becomes

4.03x 10" E3/2 «< |

which is also satisfied for energies up to about 1000 e.v.

In summary, for E <1000 e.v. the ions can be thought of as moving adiabatically
along classical trajectories and time-dependent perturbation theory can be used
to determine the probability of a spin exchange occurring.

Since the collision is adiabatic, the internuclear distance can be treated as a slowly
varying function of time, and the He* - He' system may be thought of, at each in-
stant of time, as an He, ' molecule with fixed nuclei. The total molecular wave
function ¥ (r s ,r R(t)) is a solution of the time dependent Schrddinger
equation

2 S0
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where the Hamiltonian ¥ is given by

2
2 Y 2 2 .2 V2
o= D2 2 vz oD gz e of
2m 2™ R(t) ry,

1=l

- Z0? 1 1
Z, [.Ii"BA(t); ' ;Li“ga(t);]’

and where (see Iigure 1), in the center of mass of the nuclei; r , is the inter-
electronic distance; R is the internuclear distance; r,, r, and R,, Ry are
respectively the coordinates of the electrons and nuclei of the molecule; m is
the elcctronic mass; M is the reduced mass of the nuclei; s,, s, are the z
components of the electron spins.

(4)

A solution of (3) is

-;—ftv+(R(t))dt
W(r, s, ry s, R(E)) =CL (R(E)) XL (s, s,) @, (ry, r,, R(t))e

i t (5)
+ CL R X, (54, 8)) d_(ry, 1y, R(t))e_ h ] V-

where the spatial wave functions ®, and ¢. are, at each instant of time, solutions
of the stationary state Schrodinger equation

HO, =V, &, (6)
with H defined by
hi’
H=¥ 4 — V2,
Yom R

The eigenvalues V_(R(t)) and V_(R(t))of equation (6) are the interaction
potentials of the molecule in the triplet and singlet states respectively, and are
determined by a variational method which is described later.



Figure 1. Coordinate System for Impact Parameter Treaiment

IFor large R the states ®, and ¢. behave as

®, ~ [4(A1) p(B2) t #(A2) $(BI)),

where £ (Al), ¢(B2) are the wave functions of the ions at R = » and ¢ (A2), ¢ (B1)
are the wave functions representing the exchange of the spatial coordinates of
the electrons. In the limit as R - ® the exchange terms vanish and

o, = ¢ = ¢ (Al) ¢ (B2).

The functions X, and X_ are respectively the triplet and singlet spin wave
functions given by



1L (l) tr (2)

X, < ‘IT (1 (1) @ (2) +a(2) B(1)]

IO

X. - —‘2= [a (1) /5(2) - a(2) B)],
1

where as before 2 (1) denotes clectronl in the "spin up' state, 5(2) denotes
electron?2 in the "spin down' state, etc,

It should be noted that the products X, ®. and X. ¢, which correspond to the
33 and ‘};; states of the molecule respectively are, as required by the
Pauli Principle, antisymmetric with respect to an exchange of both the space
and spin coordinates, making the total molecular wave function antisymmetric

in the same exchange.

If at time t - - o the system is chosen to be in the initial state
J (- = a (1) B(2) ¢ (A1) ¢ (B2) =735_-<X. + %) ¢ (A1) ¢ (B2), (7)

where specifically

X, :%[a(l) B(2) +a(2) B(1))

(an initial state represented bty X, =a(1) «(2) or X, = 5(1) 8(2) will not lead to a
spin exchange), then the coefficients C, and C. of equation (5) are given by

L =%y, (R(t))dt
1 +
C, (R(t)) :ﬁeh (8)

and

i I'mv_ (R (t))dt
C. (R(t)) = %e" . (9)



where ¢, (1) =1/+2 and i(l,l,zi oo,

Substituting (8) and (9) into (5) gives the adiabatic time-dependent molecular
wave function for arbitrary t

1 -i-ffwv,,(n(r))dt
W(r, s, rys, R(L)) ¢ 5 X (sys)) 0 (ry, ry, R(t)) e

~ 1

(10)
it
- = [ V. (R(t))dt
+ X, (ss)) D (r), ry, R(t)) e P =F ]

Now, the spin exchange operatr.r P, is such that

a(2) B(1) =P, a(1) B(2).

Therefore, if the system was in an initial state given by (7) the final spin ex-
changed state would be

Y (tw) =P, Y (~w)
or

P (rw) = w(2) B(1) £ (A1) $(B2) = :i? (X, ~X.) @ (A1) ¢ (B2). (11)

The probability p that the system would be found in the particular state  (+ ),
1.e., the probability that a spin exchange has occurred after the collision, is given
by the squared modulus of the projection of Y (+) on ¥ (+w); thus

p=|{drw) | WEm) D |2 (12)

Using the fact that at t = +0, ¢, = &_ =¢ (A1) ¢(B2) equation (10) becomes



) i pem
- = [ g V4 dt
\mq:%[xmmwwme“ *
.
(13)
L 27 V. at
b X, £(Al) L(B2)e P 77T
ITencee, from equations (11), {12), and (13)
i 4 i 4o 2
- [ v dt = [l Ve d
p.—l.;.<<~h ° —e N7 ’t> , (14)

where the conditions

I

<Xt IX;> 0, <xi ;xt>=1

and

CGEAD [HADD = (b B2) | 6(B2)D =1

were used,

Thus, the probability that the system will go from the initial state given by
equation (7), to the final state given by equation (11), i.e., the probability that a
spin exchange has occurred, is from equation (14)

p:sm2%, (15)
where
1 [t
Y=g f (v, - V) dt. (16)



Now, the classical trajectory along which the ions move is assumed to be de-
terminated only by the Coulomb interactfion, therefore, from classical orbit
theory?

dt = (M) b dR , (17)
[E < b2 > 82} 1/2
-2)-%

where b is the classical impact parameter., Using (17) in (16) gives

172 J’ ROW (v, = V) dR
R

ol fp B2\ et |
R2 R

However, the orbit is symmetrical about the distance of closest approach of the
fons R, (classical turning point), which allows (18) to be written as

(18)

S

y -l
o]

| 4o V, - V_) dR
/om\t72 [’ Vy -V,
’)’ :\__ 5 (19)
'h2 R b2 e2 1/2
. c E R
with R2 R
e2 1 e4 1/2
Rc = :2—— + 5 [E-z- + 4b2:\ (20)

The differential cross section for scattering with spin exchange is

do,, = pdo, (21)
where p, the probability that a spin exchange has occurred during the collision,
is defined by equation (15) and where (see Figure 2) do_ is the (elastic) differen-
tial cross section for classical scattering

do_ = 27b db. (22)

Substitution (22) and (15) in (21) and then integrating over the impact parameter
b, leads to the total cross section for spin exchange

10



r

Ty = 2 b Sin? (§> db, (23)
0

with , defined by equations (19) and (20).

INCIDENT BEAM
OF PARTICLES

SCATTERED
PARTICLE

, db
\
y — —_ %

P .

e s i

. .
el SCATTERING

CENTER

Figure 2. Classical scattering of a particle in a central field; b is the impact
parameter, R_is the distance of closest approach, R and #) are the instantane-
ous coordinates of the particle, ® is the scattering angle and £is the azimuthal

angle.

11



EAXCHANGE INTERACTION

The He - He' exchange interaction potentials V, and V_ were evaluated by adapt-
ing a method used by Rosen'?'!! for determining the normal state ('Z? ) of the
hydrogen molecule.

If it is assumed that the Hej ions form an He:+ molecule with fixed nuclei then
the Hamiltonian of the molecule is

2

2
2 2,2 2
H::--T-]—— E Vf-Ze2 E ..1._+_1._.>+Ze+2_ ’
2m Tai I'p, R ry,

i=l isl

where (see Figure 3) r,, and r,, are the distances between nucleus A and
electrons 1 and 2 respectively, rg, and rp, are the distances between nucleuf
B and electrons 1 and 2 respectively, and Z = 2 is the atomic nuniber for He .
All other quantities are defined as before.

The properly symmetrized wave function which will be used to represent the
molecule !see equation (6)] is

0, = # (A1) ¢ (B2) ¢ ¢ (A2) ¢ (B1)

Figure 3. Coordinate system for calculation of He* ~He* exchange potentials.

12



where again (scc page 7), ¢, corresponds to the singlet spin case and ¢._ to the
triplet,

Now, a hasic assumption associated with this calculation is that the electronic
charge distribution of one ion is distorted (polarized) by the field due to the
charge distribution of the other ion; the distortion increasing as the ions ap-

proach cach other., To account for this effect, the individual ionic wave func-
tions arc written in the form

=440

where /9 is the ground state wave function of the HeJr ion, ¢' is a function with
an angular dependence such that it is symmetrical about the inter-nuclear axis
but not in the plane which contains the axis, and o is a variable parameter which
can be thought of as a measure of the distortion.

Specifically, the functions ¢° and ¢' which are finite at the origin, go to zero at
infinity and satisfy the orthonormality conditions

Q@080 = (g ¢ =1
and
(P01 = ¢ 9% =0,

are given by

z z
0 A far T o Taz
¢° (A1) =N, e ° ; $0(A2) =N, e ° ;
z z
el 3! T o B2
¢°(Bl) =Nje ° ; ¢°(B2)=N,e ° ;
z z (24)
' -;;'rAl T e Taz
¢' (A1) =N, e ry, Cos 6,,; ¢' (A2) =N, e ° r,, Cos 6,
z zZ
, el iyl 1
¢' (Bl) = -N, e rg, Cos 6p,3 ¢'(B2) = -N,e °  Cos 6p,,

13



where ¢, , Vay, Y1y Up, are defined as in Figure 3, Z is a variable parameter
referred to as the "effective'" nuclear charge, a, is the first Bohr radius, and

by normalization
73 \1-2 75 \1/2
N,=| , N, = z .
0 3 1 S
7780 7780

The minus sign in ¢' (B1) and ¢/ (B2) assures that all the functions of (24) are
symmetrical with respect to a plane midway between and perpendicular to the
line joining the nuclei.

The functions ¢° all satisfy a wave equation of the form
HO ¢0 - 22 EO ¢0’
where
h2

2m r

and E® = 13,605 e.v. is the ground state energy of Hydrogen. The functions ¢',
which represent the 2p state of a hydrogenic atom of charge 27, are solutions
of

H ¢ =Z?E° ¢,
where

2 7 a2
H':-.h__vz-zze

2m r

Now, in order to evaluate the potentials V, and V_, a variational method is used
in which the parameters Z, and o are varied so that

®_ (H| ¢_
V:<+l"l +> (25)
CRDR
is a minimum,. The method is as follows. For a particular value of R, a value of

Z is chosen and o is then varied until 2 minimum of (25) is found. Taking this
value of o as fixed, Z is then varied until another minimum is reached. This

14



procedure is continued until a minimum is reached with respect to both o

and Z. (The integrals which are needed in the evaluation of (25) are given in
reference 7.)

The results of the minimization for He+ - He+ are given in Tables 1 and 2.
Plots of V,, V_ and (V, - V_) are given in Figures 4 and 5 respectively.

15



Table 1, '7:4 y7,, V, and 7_,o_, V. for various values of R

(V, and V. are in ¢,v. and R is in units a;, = 5.29 X 107!! meter)
R Z, , v, Z_ . V.
Del 2¢65H =076 099153820 03 3,57 0601 0.84005%21D0 03
Qe? 20650 =060 0,8577075D 03 3,75 CeN?7 031927470 03
Oed 2¢39 =098 042896403530 03 3,113 OQell Ool161745%59D 03
008 247372 —0e3R (1 9R7972N 03 2,94 Oeld 0,9275601D0 C2
De® 2627 —0630 0,14R2373ID 03 2,7R Oel6 D,5743765D 02
0e6 2¢623 ~0e24 0.114R298D 03 2.64 Oel7 0.,37807185D 02
0e7 26?20 —0e19 0691222490 02 2.5°? Lal7 0425397420 02
O0e® 2417 =0el14 0.73IR1676D 02 2441 telB 0,19622050 02
0eQ 215 =010 0606274 1ND 02 2,33 0s18 0.1559789ND 02
1e0 2612 =007 065045272D 02 225 Oel?7 0.132%553RD 02
lel 2¢1C =004 042503920 07 2.19 Cel7 0,1195254D 02
1e? 2¢09 =0,02 036236370 02 2.13 OelH 0,11300490 02
1e¢3 07 =0eC1 0431256020 02 2.09 Oel6 0,11036620 02
1ed8 2406 0.0 027273340 02 2,05 0elS5 0.1099796D 02
1¢%5 24095 0e01 04240646500 02 2,03 Oel14 0,11071390 02
leh 2404 0602 042146301N 02 2.00 0¢13 0,1118231D 02
l1e7 2013 0403 019343630 02 1.99 Oel2 0.,1128061D0 02
leR 2,03 0e03 0417596620 02 1,98 Oe¢l1l 0,11337910 02
1e9 2.02 0603 041615172D 02 197 Oe¢10 0.1133845D 02
2¢0 202 003 0,14944548D 02 1.97 0609 011275690 02
Pel 2,02 0e03 0,1392R000 02 1.7 0608 011154100 02
22 2.0 003 0173062580 02 1,98 007 010981710 02
2¢3 2401 0e¢03 0612319120 02 {498 0,06 0,1076846D0 02
Peld 2.0 0603 011674600 02 1,798 006 0.,1052G6430 02
PeS 2,01 0603 011110420 02 1,98 Ce0D 0410262090 02
2¢6 200 0603 010611350 02 1,99 N¢604 099901960 01
27 2400 0403 NW1016613D0 02 1,99 06048 06970Q5%56A8ND 01
28 200 0603 0497658710 01 1,99 0604 0,94336720 01
2¢9 2000 0603 009403213D 01 1,99 0603 0691609310 01
3.0 2600 003 090722840 0! 1,93 003 088945380 01
Jel 2.00 0.02 0,R766718D 01 2,00 003 0,96384200 01
3e2 200 0602 048483459ND 01 2.00C 0603 083926910 01
363 2400 0.02 0,A220440D0 01 2,00 002 0.8155587D0 01
34 2.00 0602 0679751 &2D) 01 2,00 0e02 079280610 01
3.5 ?2.00 0602 0.7745555D 0t 2,00 0,02 0477114220 01
3e6 2.00 0e602 0475299130 01 2,00 0602 075052250 01
3e7 2. 00 Qe02 Qe73267970 01 2,00 002 073099740 01
3.8 2,00 Qe02 06471349920 0! 2,00 0,02 071221480 01
JeS 2400 002 046953461N 01! 2.,0C 0602 069442210 01
4,0 2.00 002 067813090 01 2,00 0602 0467746720 01}
4,1 2.00 0e¢01 066172300 0! 2,00 0.01 0.6612864D 01}
442 2400 Oe01l 0.6460136N0 01 2,00 0601 0,6457016D 01t
4,3 2.00 0e01 0463104570 0} 2,00 0e01 0463082290 01}
4.4 2,00 0eCl 061676520 01 2,00 0401 0.6166065D 01}
4,5 2.00 0.0t 060312410 01 2,00 0,01 0.60301110 O1%
4.6 200 0¢01 05900788D 01 2,00 0.01 0.5899985D O01i
4.7 200 001 065775902ND 01 2,00 001 04857753310 01
4R 2,00 0601 0656562240 01 2.00 0601 0456558200 01
4,9 2.00 0e01 055414320 01 2,00 0es01 0,55411450 01
5S¢0 2000 0.01 054312270 01 2.00 001 0054310240 01
Sel 2000 0e0l 0653253370 01 2.00 0.21 0,5325193D 01
52 2400 De01 052235110 01 2,00 0e¢01! 0452234090 01
5e¢3 200 0«01l 0451255180 01 2,00 0¢01 0.5125446D 01
54 2.00 0.01 0.5031144ND 0t 2,00 001 0.5031094D0 01
SeS5 2600 Oe01 0049401930 0t 2,00 0eCl 0689401570 01}
Se6 2400 0s01 0448524800 01 2,00 001 0.48524550 01
Se7 200 0«01l 0.4767R35D0 01 2.00 O0e¢01 047678170 01t
Se8 2400 0e0t 0446861 00N 01 2,00 N«01 0.46860870 01
Se9 200 0e01 0446071260 01 2,00 0«01 N.4607118D 01
heD 2400 0e01 04530777D 01 2,00 001 0,45307710 O1
6el 200 De01l 0044569230 01 2,00 0601 0+4845K919D0 01
He2 2000 0601 043854440 01 2,00 0.01 0.43R54410 01
663 2,00 0eO1l 0443162270 01 200 0s01 0043162250 01
6544 200 0e01 0.4249167N 01 2,00 0e01 04,4249165D 0
6e5 2000 0«01l 0441841630 01 2,00 0«01 0o481834162D 01}
Heb6 2400 De01 0441211230 01 2,00 0s01 Co61211230 01
Be7 2000 CeC: 064059960N 01 2.00 N«01 0,40599600 01
HeR 2,00 Ds01l 0,4000590D 01 2,00 001 0,40005920D0 01
6e7 2,00 0«01l 043942936N 0l 2,00 0e01 0,394293KD0 01
7e0 200 0.01 0.388692SD 01 2,00 0.01 0e3R869285D 01
Tel 2400 0.0 038323240 01 2400 0.0 0438323940 01

16
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Table 2

(V,, Vo and ¢* /R are in e

l'. K

0.?2721000N
013605000
0.4907000CD
Q6RO 2H00ND
0eH442000D
0e453%000ND
De3887147N
0:3401250D
0307233330
Qe2721C000D
DecH73AAD
Q022675000
320930770
0419435710
0Oe1RBR14000D
Qe1700625D
0.160058RN
QalSH1LLIAARTD
NDes1432108D
0613605000
Qel?n5714D0
0.12368180
0«11830417
0.1133750D
0.1088400N
Qel1NA6K53RD
Dol
Qe 7TV 7TRSTD
Ve I3AR2759D
Q0e9070uUCOD
OeRRTT7419D
Ce850 31250
NR28545850
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Figure 4. Plot of V4, V=, and e2/R vs. internuclear distance. V,, V_ and e2/R
are in e.v. and R is in units of a, =5.29 x 10-!1 meter.
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Figure 5. Plot of (V+—= V=) vs. R. [(V4 =V.)isin e.v. and k is in units of
ag = 5.29 x 10~ ' meter. ]

19

35



RESULTS

The spin exchange cross section o, for He' - He' was calculated for relative
impact energies up to 1000 e.v. and is presented in Figure 6. It reaches a
maximum value of 3.66 7 ag at 85 e.v., and as can be seen {rom Table 3, falls
rapidly to zero below 10 e.v,

Table 3. He' - He' spin exchange cross section for
various values of impact energy.

E (e.v.) T (723)

5 9,95 x 10-8

6 3.24 x 10-5

7 1.81 x 10-3

8 3.34 x 1072

9 2.65 x 10-1

10 9,39 x 10!
20 2.77 x 10°
40 . 3.48 x 100
60 3.63 x 109
80 3.65 x 10°
85 3.66 x 10°
100 3.65 x 10°
200 3.53 x 10°
400 3.31 x 10°
600 3.16 x 10°
800 3.06 x 10°
1000 2.97 x 10°
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Figure 6. Plot of spin exchange cioss section o,, VS: relative impact energy E.
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At energics less than 5 e,v, the spin-spin interaction between the ions is the
dominant force which leads to spin exchange., However, this interaction goes as
s12/R3 (5, is the Bohr magneton) and the cross section will therefore continue
to become smaller for decreasing values of energy.

CONCLUSIONS

The magnitude of the spin exchange between ions is essentially determined by
the degree to which their outer electron wavefunctions overlap and hence, is
dependent on their distance of closest approach, which for zero impact parameter
b (see equation 20) is at its smallest value given by R.(a.u.) = 27.21/E(e.v.).
Now, the radius of the outer orbital of (Hg!°?)* is roughly four times greater
then than that of He™ and therefore, the spin exchange cross section between
two Het ions with a glven relative impact energy would essentially be equivalent
to that of two (Hg!?? )" ions ut one fourth this energy!? Using this criterion and
the results given in Table 3, it can be seen that if the relative impact energy
between the (Hg!®? ) ions confined in the quadrupole field of the proposed ionic
frequency standard is choosen to be about 1.5 e.v., which should be easily
ach1evable experimentally, then the spin exchange cross section for (Hg199%)* -
(Hg‘99) will be negligible (about six orders of magnitude smaller than that due
to H - H collisions in the hydrogen maser at typical operating temperatures)
and hence, spin exchange between (Hg'°?)" ions can be ignored as a relaxation
phenomenon,
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