2 MULTIPLE IONIZATION OF IODINE ...

passed through an electrostatic analyzer and into
a silicon surface-barrier detector. The electro-
static analyzer isof a cylindrical design® with a 30-
cm radius. For charge separation the ion beam is
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deflected through 117 deg, and after analysis the
ions are further collimated by a 6-mm slit before
passing into the particle detector. Figure 5 demon-
strates the analyzer’s resolution.
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The shift and broadening of the 8Rb 0-0 line (frequency 6.8 GHz) due to collisions with Kr
atoms have been studied in the pressure range 0.2—10 Torr. The shift versus pressure has
been found to be linear and equal to — 542 +10 Hz/Torr. The linewidth results from the super-
position of several effects which are analyzed, one of the most important being the relaxation
due to the spin-orbit interaction experienced by Rb atoms while temporarily bound in van der

Waals Rb-Kr molecules.

I. INTRODUCTION

The interactions between two colliding atoms are
currently the subject of many investigations. Di-
rect observation of the internal degrees of freedom
of the colliding partners can provide useful informa-
tion complementing the results of scattering experi-
ments. Study of the relaxation of polarized *'Rb
atoms in krypton buffer gas! has thus proved to be
very sensitive to the presence of transient bound
states in the Rb-Kr pair. In this connection one is
led to wonder if the very narrow 0-0 hyperfine line
of ®'Rb (unperturbed frequency? 6 834682614 Hz)
should not be affected by the same phenomena.

Measurements, using standard optical pumping
techniques, of the 0-0 linewidth at 27 °C (Rb vapor

pressure 3x10~ Torr) in the presence of various
buffer gases (He, Ne, Ar, N,, CH,) have already
been made, at pressures ranging from 1 to 400
Torr.® When only binary collisions between Rb and
buffer-gas atoms take place, one expects the line-
width to be the sum of two terms: a collision-nar-
rowed Doppler width, inversely proportional to
buffer-gas pressure, and a contribution proportion-
al to the buffer-gas pressure, due to disorienting
or dephasing collisions. *

Whereas the experimental results agree well with
such a prediction in the case of He and Ne, there
exists in the cases of Ar, N,, and CH, a small ex-
tra linewidth which has been attributed by Bender
and Cohen® to the formation of bound states.

In view of the relaxation experiments! which dem-
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onstrated the importance of such bound states in
the case of Kr buffer gas, we were led to study the
shift and broadening of the 8’Rb 0-0 line in the same
gas. The shift of this transition due to collisions
with Kr had already been determined, ® but no reli-
able linewidth measurements had been performed
so far. We shall see that such measurements give
results in agreement with the conclusions of relax-
ation studies and the presence of bound states in a
Rb-Kr mixture.

II. LONGITUDINAL RELAXATION STUDIES

Let us first recall the results of longitudinal re-
laxation studies® and the numerous conclusions
which can be deduced from them.

The atomic system we are considering is the
25,/ ground state of an alkali atom subjected to a
weak magnetic field ﬁo. The coupling A,T-J be-
tween the electronic moment J =S = 3 and the nu-
clear moment I splits the ground state into two hy-
perfine levels F =1+ % and F'=I- %, separated by
the hyperfine interval AW=A,I+3). Under the
action of ﬁo, these levels are in turn split into Zee-
man sublevels with Landé factors §p=~gm =85/
(2I+1). The 0-0 transition of interest to us con-
nects the sublevels |F, mp =0)and |F’ mp.=0),
whose energy separation is independent of H in first
order and equal to AW. In the case of "Rb, one
has I=%, F=2, F'=1, AWh=6.8 GHz, and
gp="T00 kHz/G.

Previous studies of the rubidium ground state in
the presence of krypton buffer gas' were concerned
with the relaxation of sublevels populations.® It has
been shown that this relaxation was due to the effect
of spin-orbit coupling’ during collisions, and that
two types of processes had to be considered: ordi-
nary Rb+Kr collisions, ® and ternary Rb+Kr +Kr
collisions leading to Rb-Kr molecule formation.

A. Ordinary Binary Collisions

Ordinary binary collisions have a very short dura-
tion, 7,~107? sec. The average time interval be-
tween two successive Rb-Kr collisions is 7,=1, 25
x10”" sec at 1 Torr. The relevant spin-orbit Ham-
iltonian is written in Ref. 1 as

3 =y(r, £)§- (uV xb/n), (1)

where V is the relative velocity of the colliding at-
oms and b the impact parameter.

It is shown in Ref. 1 that the longitudinal relax-
ation constants associated with this mechanism may
be related to the quantity [Eq. (43) of Ref. 1]

1/Tsy=(u?/30%) [ Vo2u(V)d% a*v | [ ylrt))at |2,
(2)

which experimentally is found to be

1/Tg; =32 sec™ xP (P in Torr). (3)
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B. Rb-Kr Molecules

These bound states arise from ternary collisions.
They have a duration T obeying a distribution law
of the form exp(-T/7) with 1/7=8V,, PG <P, and
the average time interval between the formation of
two successive bound states for a particular Rb atom
is Ty, such that 1/7; = p?V,,, KP% « P¥Eqs. (72)
and (73) of Ref. 1]. Experimentally for ®'Rb in Kr
one has

71=1.55X10"P and Tj'=84x P? (P in Torr).
(4)

The spin-orbit coupling in the bound state is
ey =y (r)S.N (5)

where 7N is the relative angular momentum of the
Rb-Kr pair.

Since our own experimental uncertainty does not
allow very high refinements, the theoretical results
of Ref. 1 will here be presented in their simplest
form, i.e., we shall in Eq. (5) replace y(») by some
average value y independent of |NJ. .

The average value of |N| being large (N =38), N
may be treated as a classical vector whose orienta-
tion with respect to the external magnetic field Hy is
arbitrary and whose length has a distribution law
given by Eq. (69) of Ref. 1. The effect of the spin-
orbit coupling in the bound state is tllen eqt_x}valent
to that of an additive magnetic field H, = (y N/7yg).

The spin-orbit coupling constant is very small
compared to the hyperfine interval (y/h=0.63 MHz
for Rb-Kr) and T is very long compared to the hy-
perfine period. For this reason it is possible, in
the relaxation calculations, to replace 3¢’/ by the
truncated Hamiltonian

5ei'=2.p Pr (;Z'VFF' ﬁ1)PF, (6)

where Py is a projection operator. "
Let us ca_,ll 0 and ¢ the polar angles for H; with
respect to Hy and define

wy=yp|Hy | =vg|H|/(21+1). (7)
The distribution law of w; is given by
3/40})w,(2w; - w)dw, 0<w, <20,

0, wi>2w, (8)

Plw)dw, = {(

with
wy=¥pHy = YN/ (2] + 1)% (= 27 X6 MHz for *'Rb-Kr).
(9)

One has{w;) = w; and {w?) =¢ w?.

We shall be interested here in the case when the
external field H, is much smaller than H, (but never-
theless nonzero in order that the secular approxi-
mation be valid). Then, with the help of the iden-
tity
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2imt P, m,m’, tym’
=2 ime | (Fm'|exp(—iyp F.H,1) |Fm) |*m’
=m [cos? 6 + sin®0 cos(w,?)], (10)

it is possible to show that the longitudinal relaxation
constants may be related to the quantity

(1/T,) =(2/T;){(sin®0 sin*3T) ayg, 1, - (11)
After averaging over 6 and T this becomes
1 21 f (wy7)?
— == =+ [ P(w,)d
T, 37T (wy) 0"11+((.a.>17’) ’ (12)

The authors of Ref. 1 introduce reduced units A*
and P* such that

A*=%(w}) 7%/T,; and P*¥*/P?=(wi)r?. (13)

In terms of these units Eq. (12) finally becomes
1/T,=A*(P/P*), (14)

where the function f, represented in Fig. (11) of
Ref. 1, may be calculated to be

flx) =x%{1 +2x% = x%1n[1 +(10/3x%)]

- 15V¢ x*tani(2vE x ™ }. (15)
When P~ 0, 1/T,~%(1/T,) =A*(P?/P**), and, when
P-w, 1/T,~A* Experimentally for ®*'Rb-Kr
one has

A*=391.2 sec”! and P*=2, 65 Torr.

Before describing our own experimental results and
their interpretation, let us now indicate briefly what
are the differences between the above longitudinal
relaxation experiments and our study of the 0-0
transition.

First, we are interested in a nondiagonal matrix
element, i.e., in an atomic frequency and a trans-
verse relaxation time T, which, contrary to the
longitudinal observables, are also sensitive to adia-
batic perturbations. In our case the adiabatic per-
turbation of interest is the variation 64 ,f-§ of the
hyperfine interaction during collisions. It is well
known that this variation (which has a nonzero aver-
age value during the collision) is responsible for the
important pressure shift of the 0-0 line in the pres-
ence of buffer gases. ®

Consequently, when we calculate the relaxation
and line shift for each collision process (binary or
ternary), we shall have to consider two mechanisms:
(a) variation of the hyperfine structure and (b) spin-
orbit coupling, the effects of which may or may not
be separated.

Second, since we measure a linewidth and not a
relaxation time, in order to attain the relaxation
linewidth 1/7T,, the collision-narrowed Doppler
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width* will have to be subtracted.
III. MEASUREMENTS ON 0-0 LINE

The present experiments were made using the
same apparatus as in Refs. 3 and 5. The resonance
cells were sealed-off spherical Pyrex bulbs about
10 cm in diam which were thoroughly outgassed
before filling with a few mg of *’Rb and krypton at
the desired pressure. They were placed in a mag-
netically shielded enclosure inside which a pair of
Helmholtz coils maintained a magnetic field of 30
mG. The temperature of the cell was 27 °C. 1% Op-
tical pumping was performed by a Varian %"Rb lamp
and a %Rb filter. The 6. 8-GHz frequency for the
excitation of the 0-0 transition was produced by mix-
ing the 5. 3-MHz output of a crystal-controlled fre-
quency synthesizer with the 1368th harmonic of a
very high spectral purity quartz oscillator at 5 MHz,
which was periodically checked against the U. S.
Frequency Standard, located in the same laboratory.
The resulting radiation, with a power level of a few
uW, was attenuated and sent through a microwave
horn onto the cell, which was thus subjected to a trav-
eling plane wave. The amplitude of this radiation
was square-wave modulated at 3 Hz, and the reso-
nance was detected by monitoring the resulting inten-
sity modulation of the transmitted pumping light with
a lock-in amplifier.

The shift and linewidth of the 0-0 resonance were
measured for each cell. The frequency shift ov
shows a linear dependence versus pressure (Fig. 1):
We find a value of —542+ 10 Hz/Torr, which agrees
with the previous measurements® but has a some-

P torr
(o] 2 4 6 8 10
H<I|I|I|l|l|1
-+
I \
» +
ol \
T
x B +,
= -3
" 3
T L
” +
—4 —
_5 —
o +
oL AN
FIG. 1. Frequency shift of the 0-0 transition of ¥Rb

as a function of Kr buffer-gas pressure.
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what higher accuracy.

The experimental determination of the linewidth
Av versus pressure is rather difficult because of
the double extrapolation (to zero light intensity and
zero microwave power) needed and the large value
of the linewidth in the presence of several Torr of
Kr, with the corresponding reduction in signal-to-
noise ratio. The values obtained are shown in Fig.
2.

In order to interpret these results, the different
contributions to the shift and linewidth — Doppler
effect, influence of binary collisions and of mole-
cule formation - have to be analyzed in detail.
This is done in Sec. IV.

IV. THEORETICAL ANALYSIS
A. Doppler Effect

In the absence of a buffer gas, the Doppler effect
due to the random motion of the rubidium atoms
subjected to a traveling wave would give to the 0-0
resonance a Gaussian shape with a width Avp (Av),
=9.1 kHz for ®"Rb at 27°C). As is well known, * the
diffusive motion of the rubidium atoms in the buffer

gas leads to drastic changesfrom the above situation:

The line shape becomes Lorentzian, with a residual
width Ay, given by the formula

Avy=2.8(L/NAvp, (16)

where ) is the wavelength of the transition under
study and L is the transport mean free path, in-
versely proportional to buffer-gas pressure. In the

400

300

Av Hz

200

100

Linewidth of the 0-0 transition of 8Rb as a
function of Kr buffer-gas pressure. Curve d: collision-
narrowed Doppler width, Curve b’: binary collisions
plus spin-orbit coupling. Curve b’’: bound states plus
spin-orbit coupling. Solid curve: sum of all contribu-
tions.

FIG. 2.
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case of ®"Rb in krypton at 27°C, L =6.83x10% cm
at 1 Torr and

Av, P=40 Hz x Torr, (17)

The corresponding variation is represented by curve
d in Fig. 2.

We must now consider the effect of collisions with
the buffer gas on the internal degrees of freedom of
the ®"Rb atom.!*

B. Binary Collisions

The collision duration 7,~ 1072 sec being very
short, a perturbation approach may be used. In
these conditions, the contributions of mechanisms
[(a) variation of the hyperfine structure and (b) spin-
orbit coupling] to the linewidth and line shift of the
0-0 transition are additive. The fact that the Zee-
man interval is assumed to be larger than the differ-
ent linewidths ensures the validity of the secular
approximation.

Mechanism (a). This mechanism gives rise to
both a shift and a relaxation. If one defines some-
what crudely an average variation 79’ of the hyper-
fine interval during a collision, then a classical
argument leads to

Q’ T ’ 1 1 ’ 72

’ Cc = 2 [} ’\2
—_—— =t Vv, = —_— < _

6Va —2 9 a Tla-—z -—21 (GVa) ly.

(18)

v, and Av, may also be obtained as a limiting case
of Eq. (36) of Sec. IVC (T~ Ty, T~ 7,), but Ay, is
then twice as large: This arises from the fact that
the first argument assumes that the collision dura-
tion has a fixed value 7, whereas the second one
assumes it obeys a distribution law exp(-¢/7,).

If we suppose that for ®’Rb in Kr, the observed
shift 6v=- 542 Hz/Torr is very close to §v, [see
Sec. V, Eq. (44)], we obtain

Q'/2r~- 68 MHz, whence Av,~0.23 Hz/Torr.
(19)
This last value should not be taken too seriously
since dv, and Av, do not indeed measure the same
average of the hyperfine interval during the colli-
sion. Nevertheless this result as well as the com-
parison with the effect of other buffer gases, 8
seems to indicate that Av,<1Hz/Torr, which is
negligible within our experimental precision.
Mechanism (b). The relevant Hamiltonian ZCl' is
given by Eq. (1). The collision duration being very
small compared to both Zeeman and hyperfine peri-
ods, it is easy to show that the equation of motion
of the density matrix o is

do @ n [
7=—‘ﬁ[3c0,0]"f2‘f dat’

x f at” [se] ), el ),o @)1, (20)
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where 3¢ is the unperturbed Hamiltonian and » the
number of collisions per second.

Here we are interested in the FO = F'0 transi-
tion. By the secular approximation, 0z, g is
decoupled from all other matrix elements. In ad-
dition (F0I13¢/|FO) =(F0l5¢/|F'0) =0. This leads
to

. ?
7 +idw,
Ty

+ 00 t'
ﬁ%/ at’ f at" {{ Fo [seft¢ " ysel(t") | Fo)

+(F0[5e(t")3e{(t") | F'0) }oyy, 5 (21)

. : 4
in which one must average over the parameters V

and b of the collision. Finally

Swy=0, (22)

1 1 31

w7 =SS+ =

Ty Tsyy 4T’ (23)
where 1/ Ty, is given by Eq. (2). One then predicts
that

Avy=1/7T4,="1.6 Hz/Torr (24)

(curve b’ on Fig. 2).

1

C. Rb-Kr Bound States

In this case one goes from a strong collision sit-
uation at low pressure (7 long) to a weak collision
limit at high pressure (7 short). In the strong col-

Ot + Af) = (1= At/ T YU (Ao (1)U} AL)

OF *"Rb 0-0 LINE - .- 1889
lision limit, effects of mechanisms(a) and (b) cannot
be separated and must be treated simultaneously.

(i) General formulas. As in Ref. 1we shall con-
sider a time interval ¢, ¢+ Af such that 7<< At < T,
During Af, a fraction 1- A¢/T; of the atoms re-
mains free, and a fraction At/Tf enters a molecular
Rb-Kr bound state which lasts from £, to {3+ 7. At
the end of the calculation we shall have to average
over fg and T.

The unperturbed Hamiltonian is

JCO=Af.T 'S'Fﬁ'}lss‘Ho (25)
and the perturbed Hamiltonian is

-

5 = (Ag+8AT)I.- 8+ Ty sS,Hy+vS-N . (26)

They may be replaced, respectively, by the trun-
cated Hamiltonians

3C0=2FPF GCOPF,

with
Pp¥oPp=Ep +hypF H,, (27
3 =2 pPpic Py
with
PpXPp=E p+08E p+TiyF (ﬁo+ﬁl). (28)

Calling U,y and U the evolution operators associated
with 3¢, and 3C, the density matrix at ¢ + At is related
to the density matrix at ¢ by

+(A/T U\t + At = ty— TYU(T)U (kg - £)0 (&) [Uglt + At = ty— T)U(T)U,(ty- 1) 7. (29)

With respect to the eigenvectors of 3, this becomes

At {exp[(i/n)(EY- EY) Atlo,,(t + At) - oa,,(t)g

= - T7(1 - exp[(i/m)(E] - EDTNa | exp[-G/m5eT]|a) {(b| exp [~ /m)3C T]|b)}¥)0,4(0)

T3 D

a’,b'#a,b

exp[(i/n)(ES - E)T)exp[(i/B)ES - EO - ES + E)(ty— 1) JU a0 T)UE o (T)0 4y (2), (30)

where one must average over T, ¢, (¢t <fy<f+ Af), and ﬁl. From this equation it follows that if the matrix
element 0,, is decoupled from all others, its relaxation time is

T = ReT7 (1 - exp[(i/n)(ES - ETXa | exp[ i/m3cT]|a) {(b | exp[- @nWeT] [)}¥),, 1,7, - (31)

Let us now examine the decouplings for the actual
system with eigenfunctions of the type | Fmg . It is
easy to show by averaging over the polar angle ¢
of H, that matrix elements with diffevent (m ,—m %)
are decoupled. As for the decoupling of matrix ele-
ments with the same my—m}», one must rely on

time-constants considerations. It then appears that
two matrix elements p,,, P,y Will be decoupled only
ifthedifference between their frequencies % “}(E? - EY
- E). + Ej,) is muchlarger than quantities like 7'} [the
proof relies on the fact these quantities are > T},
and that when they are of order T}, T, is very long
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- see Egs. (14) and (39)].

The practical conclusion is that when the external
field is chosen in such a way that the Zeeman split-
ting is much larger than the hyperfine linewidths,
the hyperfine coherences are decoupled from one
another, and also from the populations and Zeeman
coherences (secular approximation).

(ii) Linewidth and shift of the 0-0 transition. Let
7Q"=6A] (I +3) be the variation of the hyperfine in-
terval in the bound state (we assume for simplicity
that it does not depend on v and N). Formally it
follows from the preceding considerations that the
linewidth and line shift of the 0-0 transition under
the combined effects of mechanisms (z) and (b) are

iven by

(1/T5) +i8w"=(1/Tp {1 - exp(-iQ"T)
X (FO | exp( - iypF.HT)|F0)

X (F'0| exp(=iyp.F“HT)|[FO)uy rz , (32)

where H= ﬁg+ﬁ1 and the average is over 7 and N.
We shall assume once more that Hy<<H, (= 8.5G
for *'Rb-Kr). Quantities like (FO| exp(—iysF 0, T)I
XF0) may be evaluated with the help of rotation co-
efficients:

(FO| exp( - iy F.H,T )|FO)— %6, 0)|2
il |Y” 9,0)|>cos(Mw,t) (33)
2F+1 !

and depend on the isotope considered. For this rea-
son we shall first examine two limiting cases giving
simple formulas which are valid for all isotopes.

First, for high pressures (7 short, weak colli-
sion limit) expression (32) must reduce to the re-
sult of a perturbation calculation which leads to
1 o1 72
—T—”+1,6w =§(w> [F(F+1)+F (F'+1)]
2

2 2

Q" " iQ'r
T, + T, (34)
1 oy T aA,"z(ué)z-rz
7.,—2rr+zbu) —s?’s(H) _ﬁz—YT—_
” 1
¥

Since 1/T ;< P? and 7 1/P, these formulas show
that for high P the linewidth tends towards a con-
stant, while the shift is linear in P. Also, as for
binary collisions, the spin-orbit contribution does
not depend on the isotope (here this is true only at
high pressure).

F. HARTMANN AND F.

HARTMANN-BOUTRON 2

Second, when Q"> w,, expression (32) reduces,
as it should, to

1 - 1 Q"0
7‘2}"'+Z5w —F 1+Q (36)

leading to a shift which is linear at high pressure,
as already noted, and vanishes like P? at low pres-
sures.

Let us now turn to the specmc case of "Rb (F =2,
F’=1). I we set Glx)=(x®+ix )/(1+x%), we deduce
from (32) that

(1/T2)+15w = l/Tf)( G(Q"T)

F5 G((Q"+ w)T)+E G(Q "= w)T)

+mG((Q”+ 20,)7) +135 G((Q "= 2w,)7)
+15GUQ" +83wy)T) + 155G (R "~ 3w)) 7)) 4 Plwy) »

(37)

where the average is now over w;.

The physical discussion of Sec. V will show that

r *"Rb-Kr molecules, 2" is apparently much
smaller than w;. In this case, neglecting Q”, the
integration of the right-hand side of Eq. (37) leads
to a rather simple analytical expression; indeed,
using the same reduced units as in Ref. 1 one finds

bw'’ =5w, =0, (38)

Aol B(B). 82, 8L 2)]

7~ TY, 35" \ ¥/ " 357 \2pP* " 357 \ 3p*
(39)

This is to be compared with Eq.
1/T,=A*f(P/P*),

(14);

When P— «, one obtains 1/ 7% - 44* =2 (w?) r¥7T)
in agreement with Eq. (34), while 1/7,~ A*, When
P~0,1/T4~$4(1/T)while 1/T,~ 2(1/T}). Let us
recall-that for ®"Rb, A*=391. 2 sec™! and P*=2. 65
Torr.

V. COMPARISON WITH EXPERIMENT

The experimental linewidth Av of the 0-0 transi-
tion is represented by the points of Fig. 2. It is
seen that when one subtracts from it the Doppler
width (curve d) and the contribution of binary colli-
sions (curve b’), the contribution of molecular states
A" = Ap g — Avg— Av, varies monotonically from
0 to about 320 Hz between 0 and 10 Torr. In the
same pressure domain the shift 6v is perfectly lin-
ear:

dv=-542+10 Hz/Torr.

We shall now show that these facts can be ex-
plained only if the hyperfine-structure change 15Q"|
in the 8"Rb-Kr molecules is much smaller than the
average change 179 ’| during binary collisions, and
also smaller than the spin-orbit coupling 7w, in the
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same molecule.
Let us recall that for ®'Rb in Kr:

7,~10"% sec (duration of binary collisions),
Ty=1.25%10""/P (time of flight of Rb atoms),

1/7=1.55%X10"P (7 is the lifetime of the mole-
cules),

1/T;=84P2 (T, is the time of formation of the
molecules),

w,/27=6 MHz.

At 10 Torr the frequency §/27 for which Q7=1
is equal to 24. 6 MHz. Let us first assume that Q”
> 51. Then the shift, taking into account both bi-
nary collisions and molecular states, is given by

n
_ _ ’ #_rTc __1__ QT
dw —2776V—6wa+6wa =Q TV+ Tf W’ (40)

and the linewidth associated with molecular states
is given by

2 Q272
Aw''=2mA0" = Aw2'=i I a7 - (41)

The experimental shift is a linear function of P
while the second term dw” in Eq. (40) is nonlinear.
This contradiction can be solved if either 1Q"7| <1
or the second term is negligible with respect to the
first, i.e., 1Q"7I>1.

Let us now try to fit the values of dw and Aw” at
10 Torr using the corresponding value of 7, 7y
=0.645%x10" sec. If we use values of 2" such that
IQ"TIUI <1, then the nonlinearity of the shift should
occur below 10 Torr and be observable if it is not
too small (2" not too small). If we use values of
2" such that [92"7,5] > 1 then the nonlinearity of the
shift occurs above 10 Torr and is unobservable.

We have reason to think that 19”15 1Q’l. As-
sume to begin with that Q’’=Q’. Then from the ex-
perimental value (6V)y 1orr=— 5420 Hz, one deduces
Q'/2r=Q"/21=- 62 MHz, (6v"),=- 458 Hz, and
(Av"),,=2310 Hz. This linewidth is much too large
(AVgr¢~ 300 Hz at 10 Torr). Also |Q"7,| ~ 2.52,
i.e., P=10 Torr would be in the middle of the non-
linearity zone of 6v” and this nonlinearity should be
observable since the predicted value of &v"” at 10
Torr is larger than the experimental error at this
pressure (100 Hz). These conclusions would remain
true if one had Q"/2n~ +60 MHz.

I we now take |7/27] =20 MHz and still neglect
w, as a first approximation, then at 10 Torr, l(w'lw
=656 Hz, (Av"),,=1062 Hz, and | Q’’ 7,4]=0. 813,
This is still incompatible with experiment.

Assume on the contrary that | Q"] <w,. In this
case it is possible to demonstrate using Eqs. (37)
and (39) that to first order in (2"/w,)

»_ 231 Q" /821 1 )Q,,T
“105 T; 1+ (@12 \105 T, Ty, (42)

dw
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[in which, when P-0, (82/105T,) -1/Ty, ~1/7°T,
~P%]. At 10 Torr using 1/T,=8400, 1/T, =320,
this gives (192"l <1)

dw” = 74002 "7y,

For the nonlinearity of the pressure dependence of
dw’’ below 10 Torr to be unobservable, | 6y’ |
=)6w?’’/27| at 10 Torr must be less than 100 Hz.
This leads to

|27 | <8.5%107
or (43)
|Q"/27] <2.1 MHz.

The contribution of 6v” to the experimental shift is
then negligible, and we have

(60) expt > OV (44)
as predicted in Sec. IVB. Then /27~ - 68 MHz
(Eq. (19)].

The small limiting value obtained for 192”/27] is
not incompatible with the results of EPR studies of
Rb atoms trapped in solid krypton matrices.!? In
these matrices the Rb atom occupies a more or less
distorted substitutional site; the Rb-Kr distance
for the undistorted site is 4. 015 f&, to be compared
with 7,=4.53 A in the Rb-Kr molecule. The experi-
mental observations on the matrix correspond to a
value of Q"/2m per neighbor, varying between + 39
and — 3 MHz.

In view of the smallness of 12”/27| compared
with w,/27~6 MHz in the *’Rb-Kr molecule, and
also in view of the experimental uncertainty, we
have decided to neglect 27 in the computation of the
linewidth Av” associated with molecular states.
Then one may use Eq. (39); the result of the calcu-
lation is represented by curve b” of Fig. 2. The
solid curve is the sum of the three calculated con-
tributions: Doppler [Eq. (17), curve d], binary col-
lisions [Eq. (23), curve b'],and molecule formation
[Eq. (39), curve b”]. It is seen that the agreement
with the experiment is satisfactory. The fact that
the data require a relatively large contribution b ”
from bound states gives additional evidence for the
existence of transient Rb-Kr molecules in the gas
mixture.

One should point out as a conclusion that the sit-
uation for Rb-Kr molecules where the spin-orbit
coupling (w,) dominates over the change in the hy-
perfine structure (2" is not necessarily general.
As an example, for Rb in argon, preliminary mea-
surements seem to indicate that the reverse situa-
tion prevails (i.e., Q"> w,).?

ACKNOWLEDGMENTS

It is a pleasure for us to thank Professor P. Ben-



1892

der for suggesting this study and for his encourage-
ment and advice. One of us (F. H.) is also very
grateful to Dr. D. Halford of the National Bureau of

F. HARTMANN AND F. HARTMANN-BOUTRON 2

Standards, who made his facilities available for the
experimental part of this work.

*On leave from Laboratoire de Spectroscopie Her-
tzienne de 1’Ecole Normale Supérieure, Paris, France.
Partially supported by NATO.

TOn leave from Laboratoire de Physique des Solides,
Faculté des Sciences, Orsay, France.

Ic. C. Bouchiat, M. A. Bouchiat, and L. C. L.
Pottier, Phys. Rev. 181, 144 (1969).

%3, Penselin, T. Moran, V. W. Cohen, and G. Wink-
ler, Phys. Rev. 127, 524 (1962).

3P, L. Bender and V. W, Cohen, in Sixth Intevnational
Conference on the Physics of Electronic and Atomic Col-
lisions: Abstracts of Papers (MIT Press, Cambridge,
Mass., 1969), p.720; and Phys. Rev. (to be published).

‘L. Galatry, Phys. Rev. 122, 1218 (1961).

5p, L. Bender, E. C. Beaty, and A. R. Chi, Phys.
Rev. Letters 1, 311 (1958).

SAfter this paper was completed, we received a manu-
seript by C. C. Bouchiat and M. A. Bouchiat [Phys.
Rev. A 2, Oct (1970)] which contains in particular a

PHYSICAL REVIEW A VOLUME 2,

NUMBER 5

theoretical study of the transverse Zeeman relaxation
and considerations on the case of hyperfine coherences.

"R. M. Herman, Phys. Rev. 136, A 1576 (1964).

8As shown in Ref. 1, resonant binary collisions do not
play an important role for relaxation of Rb in Kr.

R. M. Herman and H. Margenau, Phys. Rev. 122,
1204 (1961).

0The linewidth associated with exchange collisions is
1.5 Hz at this temperature, and the corresponding shift
is negligible.

URootnote added in proof. The influence of wall col-
lisions is reduced by the diffusive motion in much the
same way as the Doppler effect, and is negligible in the
pressure range studied.

23, N. Foner, E. L. Cochran, V. A. Bowers, and
C. K. Jen, J. Chem. Phys. 32, 963 (1960); C. K. Jen,
V. A, Bowers, E. L. Cochran, and S. N, Foner, Phys.
Rev. 126, 1749 (1962).

NOVEMBER 1970

Practical Approach to the Coupled Equations for Scattering
and Rearrangement Collisions*

Joseph C. Y. Chen and Kwong T. ChungT
Department of Physics and Institute for Pure and Applied Physical Sciences,
University of California, San Diego, La Jolla, California 92037
(Received 29 December 1969)

The coupled equations of collision theory are examined in the projection-operator formu-

lation of Feshbach.

It is shown that the separate treatments of the open and closed channels

provide distinct numerical advantages over the conventional methods. As an illustrative ex-
ample, the phase shift and resonances for the (e, H) system are calculated.

1. INTRODUCTION

In recent years, it has become increasingly clear,
with the help of computer facilities, that the cou-
pled-equation approach to collisions can provide
reasonably accurate predictions.! Substantial ef-
forts have recently been devoted towards further
improvements of such predictions by introducing
correlation functions in the expansion or by utiliz-
ing pseudo-(distorted or polarized) basis states for
the expansion of the collision wave function for the
formulation of the coupled equations.®® These var-
ious approaches have all met with encouraging re-
sults and make the coupled-equation approach ex-
tremely interesting,

On the other hand, it is well known that the num-
ber of coupled equations needing to be solved in-
creases rapidly with the energy of the system be-

cause more states should be included in the coupled
equations. In the meantime, the number of equa-
tions also increases rapidly with the above-men-
tioned modifications to allow for correlation, po-
larization, and continuum effects, This then gives
rise to serious practical difficulties, even with
modern computer facilities., It is, therefore, de-
sirable to investigate whether the number of coupled
equations for a given energy region may be kept
down; in the meantime, the correlation, polariza-
tion, and continuum effects may be accounted for
in a natural way. The purpose of the present com-
munication is to show that by treating the closed
channels separately from the open channels, as in
the Feshbach formulation,* such a procedure is
provided.

Since the closed-channel wave functions decrease
exponentially, and are quadratically integrable, the



