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This paper reports measurements to determine the spin-exchange cross section for colli-
sions between like alkali atoms. The spin-exchange cross section is determined for Csm,
RbY, Rb®, K*) and Na®. The lifetime of the alkali atoms in the Zeeman sublevels of the
ground-state hyperfine levels is dominated by spin-exchange collisions. The spin-exchange
collision rate is therefore reflected by the linewidth of the microwave absorption spectrum
observed in the magnetic dipole transitions between various of the Zeeman sublevels. The
measurements employed an X-band electron paramagnetic resonance spectrometer. The
alkali metal was distilled into a sample bulb which was placed inside a Dewar in a resonant
cavity. The bulb was then heated to a temperature corresponding to an equilibrium vapor
density of approximately 10% alkali atoms/c.c. and the microwave absorption spectrum was
recorded. In order to relate the spin-exchange rate to a cross section, it is necessary to
determine the alkali density. This was done by comparing the intensity of the alkali EPR
absorption to that of a weighed and oriented copper sulfate crystal. For cs'™® and Rbm, in-
terpretation of the linewidth data is complicated hy the fact that the transitions occur in a
region where there is appreciable mixing of the high-field spin states by the hyperfine inter-
action. A density-matrixdescription of spin exchange which corrects for this intermediate
field mixing is discussed, and the corrections are applied to the measured cross sections
for two transitions in Cs'® and Rb¥. Relative cross sections, referred to that of Na23, are
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also given.

I. INTRODUCTION

This paper reports a measurement of the self-
spin-exchange cross section for Cs!3?, Rb®’, Rb®®
K*, and Na?? at vapor densities between 10'% and
10' atoms/c. c.

Interest in spin exchange began with Purcell and
Field' who were interested in determining the ef-
fect of spin exchange upon the relative hyperfine
populations of interstellar atomic hydrogen. At
about the same time Wittke and Dicke® found that
spin exchange was the dominant line-broadening
mechanism in a precision measurement of the

ground-state hyperfine splitting of atomic hydrogen.

Since that time spin exchange has been used to
transfer spin polarization from one atomic species
to another® and has been shown to be responsible
for a small shift in the resonance frequency of the
hydrogen, rubidium, and cesium maser, *~¢
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There have been numerous measurements’ of the
spin-exchange cross sections for cesium and ru-
bidium. Most of these have utilized the techniques
of optical pumping, for which determination of the
alkali density (which is necessary in order to re-
late the relaxation rate to a cross section) is dif-
ficult.

The measurements reported here were made
with an X-band electron paramagnetic resonance
spectrometer.® The atomic transitions studied
were between magnetic substates of the ground-
state hyperfine states of the alkalis. Figure 1
shows the level structure of such states for an
atom having nuclear spin I=3. This particular
diagram describes Rb®’, and the two AMp=+1
transitions which were studied in Rb®” are indi-
cated.

The width of the magnetic dipole absorption
spectrum allows determination of the mean time
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between spin-exchange collisions. The spin-ex-

change rate (7)™' is related to the spin-exchange
cross section by the standard result from Kkinetic
theory.

F=I+S=2

T
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where N is the number density, o, is the spin-
exchange cross section, and (Vye]) is the mean
relative velocity.

The alkali vapor density was determined by

F=I-S=|

—
\\ comparing the intensity of the alkali absorption
| — T~ spectrum to that of a weighed and oriented copper
L L I I L~ \+ N sulfate crystal.
© 1000 2000 3000 4000 3000 A theoretical description of the effect of spin
FIG. 1. Ground-state hyperfine magnetic sublevels exchange upon the observables in the alkalis is
for an alkali having nuclear spin §, as a function of the given in Sec. II.

field in Gauss.

II. THEORETICAL DESCRIPTION OF SPIN EXCHANGE

In this section we examine the dynamical basis for spin exchange, and explore in some detail the role of
exchange collisions in determining the lifetime of an electron in a given spin state.® Because the details
of the motion of the atomic spins are of primary interest, attention may be confined to the spin system,
taking into account its statistical character by means of the density-matrix formalism. It will be sufficient
to regard the atoms themselves as being in definite but unspecified states of relative momentum before and
after the collision. Furthermore, insofar as it is improbable that successive collisions would involve the
same pair of atoms, the atoms may be regarded as statistically independent and hence uncorrelated.

Consider, then, two alkali atoms chosen at random from an assembly of N such atoms, and presumed
about to collide. These atoms will interact through a spin-dependent central potential Vg(r), where 7 is
the distance between atoms, and S is the quantum number for the total electronic spin. Let ¥(1, 2) be the
total wave function describing the pair of atoms preceding the collision and let ¥,(1, 2) describe the atoms
following the collision. It can be shown'® that these wave functions are related by

¥,(1,2)=[F () + F_(6)5 -5,]u(1,2). (1)

The amplitudes Fq(f) and Fy(6) are called the direct and exchange amplitudes, respectively. The total
cross section for spin exchange is given by

Q= 2n [ JFx(e)IZd(cose). (2)

For the purposes of this paper it will be convenient to work with the partial amplitudes for direct and
exchange scattering. These are defined by

15 ® 18 o
Fd(")‘EEO(Z“”fd P,(cosn), Fx(e)‘le:)O(zzu)fx P,(cosf) . (3)
ig, (k) ig, (k)
Then!! _fd(”:é(se ! +1), f)f”:%(e ! -1), (4)

and the total spin-exchange cross section is given by

Q = s (pl(k)
=7z

X

s

(21 +1) sin?
l

0

The phase shift ¢;(#) arises from the very different boundary conditions imposed on the scattering process
by the singlet potential V(») and the triplet potential V,(r). Depending on the values of the angular mo-
mentum ! and relative kinetic energy E = #%k2/2., the phase shift is given by
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1
o)k) = [0 [V @)=V )] at. (5)

The operator Mj(k) = fd(l) + fx(l)EI . 32 determines the effect of a single collision on the two-particle
density matrix. With the assumption that the atoms are not correlated by previous encounters, the two-
particle density matrix may be written as the direct product of single-particle density matrices

p(1,2) = p(1)®p(2). (6)

Following a collision the two-particle density matrix is given by

p,(1,2) = M (R)o(1, 20 () #p_(1)®@p_(2) . (1)

The density matrix for one of the atoms is recovered by taking the trace over pc(l, 2) with respect to all
quantities bearing the indices of the other atom. Using the definition of Mj(k), it follows that

[p(1)]..=%(4—3sinzqo/z)[pu)]ij+%sin2<<p/2> = [Oap(l)ca]ij
a=x,y,2

15 1-e"64e"0) D o pW] Tyl p(2)]

a=x,y,2
#0647 D (oo 1 Ty )0 (@]
a=x,y,2
i,
- z5in*(¢/2) 2 {[cap(l)oﬁ]ij— [on(l)oa]ij}TR(z)[o)p(z)] , (8)

a=x,y,2

where the normalization TR(l)p(1)= TR(2)p(2) =1 has been assumed and where, in the last term, aBy form
a cyclic permutation of x,y,z. For simplicity the labels on ¢;(k) have been dropped.

In the absence of collisions, the single-particle density matrix is free to evolve in time according to the
usual equation of motion

where X is the (spin) Hamiltonian to be described below. A single collision has the effect of providing an
initial condition to the solution of Eq. (9). If ¢, is the time of the last collision, the density matrix will at
all later times depend at least parametrically on #,. Following Karplus and Schwinger'? an average den-
sity matrix can be defined as

t -
5(t)=;1— Jowpt,te (t’to)/"cdto, (10)
(4

where (7'(:)'1 is the mean collision rate. The form of the density matrix p(tg, to) =p, defines the type of
collision that has occurred. Karplus and Schwinger show that the average density matrix evolves accord-
ing to the equation of motion

N
3§=-;’i[sc,5]—%c<a—pc). 1y

In the present problem, that of describing the evolution of the density matrix in the presence of exchange
collisions, the mean collision rate is given by

y 5 - . 2<Pl(k)
1 +1) sin’ 7 (12)
=0

-1 _
Tc M Vrel
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where N is the number of atoms per unit volume and (V ¢]) is mean relative velocity of the atoms. The
density matrix p, is given by Eq. (8).

Spin exchange does not provide a mechanism for restoring thermal equilibrium to a spin system. Ener-
gy added to the spin system by external fields cannot reappear at the walls of the container, but rather is
distributed by exchange collisions in such a way as to equalize the populations of all the levels. Relaxa-
tion may be provided for by including in the equation of motion the additional term - (1/7,)(5 - pg), where
p, is the density matrix describing thermal equilibrium among the spin states at a temperature T. The
mean relaxation rate is 7,”'. Thus the equation of motion to be solved is

2= 06 Bl 66 011 6 =p ) -, By o

For a static magnetic field z H, and a microwave frequency magnetic field ;52111 coswt, the spin Hamilto-
nian for an alkali atom is

3= gsu.OHOSz +AI. S +2u0gsHISx coswt = JCO +3(t) ,

(14)
where p, is the Bohr magneton and A measures the Fermi contact interaction. Terms proportional to the
nuclear g value have been deleted, since &I~8s /2000, Also 2H, <H, so that 3C(H) may be treated as a
perturbation. The eigenvalues of 3,, for S = 3 and arbitrary field strengths, are given by the well-known
Breit-Rabi formula. '* The corresponding eigenfunctions (normalized) are most conveniently written in
the high-field or uncoupled representation and are given by

|F,M) = |MI=I,MS=%), for M=I+3% |F,M) = |MI=I,MS=—%), for M=-(I+3);

and |F,M)=A, [M=M-3M =+3) +By M =M i M =-3)
(15a)
|F=1,M) = -B M =M -5 M _=+3)+A, M =M + $,M_==-%), M=(-}),... -U-D;

where I I T as xM=[2/(21+1)][(I+M+%)(1-M+%)]"2,

(15b)

—_ 2
AM_AM/()\M X

Ay ==X~ 2M /(20 +1) +[1 +4MX/ (21 +1) + X 2]M/2, X=[2gs/(21+ D]uH, /A, F=I+%.

These energy eigenfunctions are used to construct the density matrix p, the matrix being of dimension
2(2I+1). In this representation P, is a diagonal matrix, the diagonal elements being equal to the fraction-
al population of the corresponding energy states.

The oscillating magnetic field will cause the appearance of certain off-diagonal matrix elements in p.
It can be shown that so long as the various possible transitions with 3¢, are well resolved, the only non-
negligible off-diagonal matrix elements will correspond to those eigenstates of 3¢, that are (nearly) reso-
nantly coupled by the microwave field.

III. HIGH-FIELD CASE

The general solution of the equation of motion for p is out of the question. However, an approximate
solution for the case of any nuclear spin I and large static magnetic fields (X22) is relatively straight-
forward. The case of I=3 (hydrogen) will serve to illustrate the nature of the approximations used
throughout this section. For this so-called high-field case the basis states are, from Egs. (15),

1) = M=t Mg=2), [2)=|Mp=-3Mg=8), [8)=|M =} M ==, [9)=|M==}M ==} . (16)

S

For the transition !3) - }1) the only off-diagonal matrix elements are p,, and py, =p1’; . The following
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equations of motion for the average density matrix are obtained from the general Eqs. (8) and (13) in the
limit where the system is described by the high-field basis states (for simplicity p is written as p).

[)11 = -iwl(psl-pls)coswt— T ~5( p11 31 +Z)p33]—T1'1(Pu-pll°) (17a)
Pgg== T, [H1=2)pgy - 31+2)p4,)-T 7 (pyy-Pyy° ) (17b)
[)33 = +iw1(p31-p13) coswt-—Tx'l[%(l +Z)p33—§(l+Z pll] T1 p33 P3s °) (17c)
;)44 == Tx"[é(l +Z)p44 3(1- Z)p22] -T," p44 Py ) (17d)
P13 =Py == 1w gPyg+iw gy —Pgg) coswt =T 1= (o), +pga)lo s =T 70y - (17€)

In these equations 7, "' = 7,”* sin® (¢/2) is the mean rate at which exchange collisions occur, w,,=(1/%)
(E,-E,), w, = 2yH,, where y, the gyromagnetic ratio =(2/%)(11,13), and Z=TgR(0,p) = (p11 + P39)
~ (pa3 +Pas) is the polarization of the sample. In the equation for p,, a small term leading to an exchange-
induced frequency shift has been dropped. Bender* has calculated this shift as it applied to the hydrogen
maser.

Letting z =py1 - p33, x=TR(0,p)=p13+pP31, ¥ = T (o yp) =ilpyg - p31) and n=pyq +pgg3, one finds from
Egs. (17b) and (17d)

z-2)= -2 -20-n)]-F- (2 -2)- @z -2)],

d . .
a Poa=P4s™"T
X 1

L (1=n) = +pas=- % [(1=n) = (1=n),] .

In the high-temperature approximation (¢7 > uH,), the equilibrium distribution of population is nearly
uniform over the spin states; then p,,°~p,’~ 1, (1-n)~ 3%, and Z,~2z,, so that

. /1 1 \'/1 1
(1-n) = (1=n)g~ 4, (Z—z)~<—+2T> <—7Tzo+ﬁz). (19)

Using these results the remaining equations can be combined to give

z = 2w,y coswt - 7," (z - Z,), X=wys¥ =T, X, Y=+w,s¥ - 2w,2 COSwE — 7l , (20)

-1 _ -1, 1 -1 -1 _ -1 -1
where Ty —Tl +2Tx , and T =T, +(T1+2Tx)

Equations (20) may be compared with the well-known Bloch equations: 7, is the effective spin-spin relax-
ation time responsible for the observed spectral linewidth, and 7, is the spin-lattice relaxation time gov-
erning the return of a disturbed spin system to thermal equilibrium. The solutions to the Bloch equations
are part of the standard literature on magnetic resonance.'®* The components of the complex susceptibility
are found to be

XI(UJ) = %XgTzwngz(O-ha— U))/[l + T22(w13" (J))z +')’2H1271T2]9

(21)
X"(w) = %Xo7zw13/[1 + 722(w13_ w)? ‘*"VzleTsz] ’
where ¥, is the static susceptibility and y = (2/7)(11p,13) .
The power absorbed by the sample is
w/21r i
P(w) = ——/ ZwX (w)le . (22)

The precedmg formalism generalizes d1rectly to the (high-field) case I >3. The reason is that for all
the alkalis S=3, so one can couple Sto any Tin only two ways. This means that the off-diagonal elements
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of the Hamiltonian are grouped as 2 X2 submatrices along the diagonal, each submatrix corresponding to

a given value of M =My +Mg.

With hydrogen the problem has been solved with one of these 2X2 subma-

trices. For the general case of arbitrary nuclear spin I, one finds (1-n),~1/2I+1 and Z,=~ (21 + 1)z,
The solutions carry through unchanged, except that the spin-spin and spin-lattice relaxation times have

the general form given in Eq. (23), that is,

1 1 (1 2I+1 1
EX +(21 Ty+—37 Tx> y (23)

The general relaxation rates for the high-field case given by Egs. (23) can be derived by considering an
equivalent circuit of the relaxation mechanisms which are available to the spin system. Figure 2 gives
such an equivalent circuit where it is assumed that microwave power is being supplied to one pair of mag-

netic sublevels.

This pair of sublevels is coupled to the remaining 27 pairs of levels through spin ex-

change, and all pairs of levels are coupled to the “lattice” through an assumed spin-lattice relaxation

mechanism characterized by a rate (7,)"'.

The theory developed so far is directly applicable to X-band microwave transitions in Rb®®, K* and
Na??. For sufficiently weak rf fields (y?B?27,7,< 1), the theory predicts a Lorentzian line shape witha full

width at half-maximum given by 7,7,

REMAINING 2I PAIRS
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FIG. 2. Equivalent circuit of the relaxation mech~
anisms available to a spin system in steady state.

IV. INTERMEDIATE-FIELD CASE

The microwave transitions in Rb®" and Cs'* fall
in the intermediate-field region (X <2). In this
region there is the possibility that because the
electron and nucleus are not decoupled, the “ef-
fective” collision rate for spin exchange between
specified energy states is thereby affected. That
is indeed the case.

A complete solution to the intermediate-field
problem has not been obtained. However, it is
possible to examine the density-matrix equations
when there is no saturation (y?B,>1,7,<1,Z~Z,)
and to compute this correction.

The solution will again be illustrated with hydro-
gen. Information concerning the effect of the hy-
perfine coupling between the electron and nuclear
spin upon the effective spin-spin relaxation rate
is contained in the off-diagonal matrix elements of
the density matrix.

The intermediate-field eigenstates for hydrogen
in terms of the high-field basis states are given
by Egs. (15) for the case Mg=My=x3. These are
written

1) = M =43, M=+ 3),

2) = Ay M=~ 3 Mg=+3) +B |M =+ 5,Mc=-3),

|8) == B |M == 3, M=+D+A [Mpm+5,M =~ ),
|4) = M=~ 3 M==3). (24)

It is straightforward but laborious computation
to write out the relevant density-matrix elements
from Eqgs. (8) and (13) using the intermediate-field
wave functions given by Eq. (16). Referring to
Eq. (17e) it is seen that the term describing the
spin-spin relaxation rate has the form?!®

[sin*(p/2)/7 J[1-(p,, +Py0)l01 4
= [sinz(qD/Z)/Tx]{%}pw. (25)

In the intermediate-field case this term has the
form

[sin*(¢/2)/7 ][%- %(BO2 -Ag)

oofw

(26)

_ 2_lpa2p2_ 142 2 _ 2
Af-3ASB - 3A B -A )] ,,
where the term in brackets has a value less than
the high-field result of  when both A, and B, are
nonzero,

Writing the correction as a(X)2I/(2I+1), where

the 2I/(2I+1) is present even in high field, the



108 RESSLER, SANDS,

effective spin-spin relaxation rate is given by

(7'2')"=T -1+a[21/(21+1)]Tx". (27)

1

Because in intermediate field @ <1 (@ =1 in the
limit of high field), it is seen from Eq. (27) that
the spin-exchange rate T, "' is less effective in
broadening the resonance linewidth than in high
field. Therefore, the spin-exchange cross section
which is computed from (7, )~* must be increased
by a factor (1/a).

In order to determine the intermediate-field cor-
rection factor o for the transitions which were
studied in the alkalis, it is necessary to compute
the term analogous to Eq. (26).

The general form of o for the two transitions
studied in Rb®*” and Cs'® is given in Table I. In
Table II the numerical value of o at the resonant
magnetic field is given for these transitions, and
in Fig. 3 is a plot of a(X) versus X for Rb%” and
CS]'33.

TABLE I. General form of the intermediate-field correction factor & for Rb®" and Cs

AND STARK 184

There are two assumptions implicit in this cal-
culation. First, that only the off-diagonal matrix
elements corresponding to resonantly coupled
states need be considered, and second, that the
spin system remain close to thermal equilibrium
[p;;~1/2(21+1)]. Both of these approximations
are valid to a very high degree for the measure-
ments reported here; that is, the lines were well
resolved and studied at power levels well below
saturation.

V. DENSITY MEASUREMENT

The linewidth and density measurements were
made with a conventional X-band EPR spectrom-
eter. A block diagram of the spectrometer is
given in Fig. 4.

The double microwave cavity was rectangular
and operated in the TE,,, mode. Two sets of mod-
ulation coils provided field modulation separately
to each half of the cavity. A field modulation fre-
quency of 100 kHz was used along with a 10-kHz

133

Observed transition and basis states o (x)
Rb% |F=2,M==2)= IM==3,M_=-}) a) = 3-3B_1*-A_)=-3A_{B_}
(I=%) to IF=2,M=-1)=A_IM=-§M_=}) A LB_2-A_D-%A_A
+B_11MI=—%,MS ==3)
IF=2,M=0)=4 M=~ 3, M=} k) = B-34.B_2-A_AH+3iBiB_ -A_D
+BIM =M =~} -3AASB) - 3A_[ASB ~ 5 A A AL - B
to IF=1,M=-1)=A M=~ i M=~ b +hA_PASB_P-A_H -3A%AN
—B_IIMI=-%,MS =3)
cs'® |F=4,M=—4)= 1MI=—%,MS == a) = 3-3B_ -A ) +H ALB P -AD
U=§) to IF=4,M==3)=A4_IM =~} ,M =} -k AB -F A
+B_3!MI=—%,MS=—%)
|F=3,M=—3)=A_3IMI=—%,MS ==3 | a) = B-3A4 B -A_H+31B B -4
-B_ M=~ £, M= ) ~FASAL AL B~k ALLA B~k AA B S
to IF=4,M==2)=4 IM==§M =} - AA A" - B_h) —F5 4574,
+B_2|MI=-%,MS=-%>

TABLE II. Numerical values of o for the two transitions which were studied in Rb®' and Cs!%,

Transition Magnetic field B, (G) X o
R |F=2,M==2)to |[F=2 M==1) 4795 1.964 0.977
|[F=2,M=0) to|F=1M==1) 2917 1.195 0.920
cs®™ |F=4,M=-4)to |F=4,M==3) 5804 1.767 0.965
|IF=3,M==3Yto |F=4,M==2) 4125 1.256 0.875
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FIG. 3. Intermediate-field correction factor «

versus X= [ngpOBO/ (2I+1) Al.

automatic frequency control. There was no mea-
surable cross talk between the coils. The 100-
kHz field modulation amplitude was always a small
enough fraction of the resonance linewidth that the
phase detected signal was an accurate representa-
tion of the first derivative of the Lorentzian ab-
sorption line shape.

The alkali sample bulb was held in a Dewar in
the back half of the cavity. The bulb was inserted
from the top, and the annular space between the
bulb and the open top of the Dewar was plugged
with asbestos tape. The heated air was then
blown in through the side of the Dewar, down past
the bulb, and out the bottom.

The front half of the cavity held the copper sul-
fate standard. Cooling air was blown into the bot-
tom of the front Dewar, past the copper sulfate
crystal, and out the top.

With the quartz Dewar in place and a sleeve of
precision bore quartz tubing inside each Dewar to
simulate operating conditions, the cavity oscillated
at 9200 MHz, with a loaded @ of about 3000.

The average rate of energy absorption by a para-
magnetic sample is given by Eq. (22)

P(w)=2wx"(w)H,?,

where H, is the amplitude of the microwave field,
w is the resonance frequency, and y "(w) is the
imaginary part of the complex rf magnetic sus-

Rb, K, Na 109

ceptibility.

The question of how to relate the energy ab-
sorbed by the paramagnetic sample to the signal
observed with an EPR spectrometer is a bit com-
plicated. It has been discussed in general in the
literature, '° and a detailed application to an ex-
periment like the present one has been discussed
by Moos® It is found that using small amplitude
field modulation and phase detection, the signal
is proportional to the following quantities:

”n

C
©yn, o, A

and (H )

m'eff’

where (a) (P)*/2 is the square root of the power
incident upon the cavity, (b) 7 is the filling factor,

V...
cavity ’

(c) (Hyy)egs is the “effective” modulation field,
given by

(Hm )eff

- 2 2
=[H H av /[ H, av,
and (d) 3y //8H is the rate of change of the imag-
inary part of the rf susceptibility with external
field.

Using the Lorentzian form of x"’(w) given in Sec.
II, we have that the maxima of the first derivative
signals are given by

(S)___=const
max
2 s ;52
(Hm)effNuO | <z|0x 1j > W
227+1)T(AHP(@w/3H)

(28)

where N is the number density, w;; is the res-
onance frequency, I is the nuclear’spin, T is the
temperature, AH is the separation in Gauss be-
tween peaks of the first derivative signal, and
dw/8H is the rate of change of the resonance fre-

Klystron
Supply

0-20dd
Attenuator

Precision
Attenuator

6" Varian
Magnet

\ Field Modulation

FIG. 4. Block diagram of EPR spcctrometer.
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quency with field at the resonant field. The line-

width for the first derivative of the Lorentzian is

given by
aw -
3H

and the constant includes factors like spectrom-
eter gain settings.

The principle of making an absolute determina-
tion of density using an EPR spectrometer is to
take a ratio of the area under the absorption spec-
trum for the alkali, where N is unknown, to this
area for a standard, for which N is known.

The standard in the present experiment is copper
sulfate, where N is determined by weighing the
individual crystal with a microbalance.

The X-band EPR spectrum of copper sulfate has
been studied, !”> '® and the anisotropic g values
have been determined. By proper orientation one
can arrange to have the “g value” along the dc
field equal to 2.09, and the “g value” normal to
the dc field (parallel to the oscillating magnetic
field) equalto2.25. The g=2.25 measures the
component of the Cut+ ions magnetic moment
which couples to the oscillating magnetic field
producing the transition. With this orientation,
the linewidth was about 30 G, and the line shape
was Lorentzian out to about 10 linewidths, as
shown in Fig. 5.

A comparison of the alkali line shape to a Lo-
rentzian is shown in Fig. 6.

In order to obtain a specific expression for the
alkali density, it is necessary to calculate
(Hpp)eft for both the alkali and the copper sulfate
crystal.

Since the copper sulfate crystal is small com-
pared to the dimensions of the cavity, the varia-
tion of HpsH1% and H1? over the crystal was neg-
ligible. However, the alkali was a distributed
sample so it was necessary to probe the distribu-
tion of HysH? and H{? over the length of the active
volume of the alkali. This was done with a small
piece of diphenylpicrylhydrazl (DPPH). As shown
in Fig. 7 the 1’1VMH12 points were a very good fit to
cos®(2mx/1), with \/2=2.4 cm, and as shown in
Fig. 8 the H,? fit cos? (27x/1), with A/2=2.4 cm.

2
V3

AH=

FIG. 5. Comparison of a CuSO, line shape to a

Lorentzian.
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FIG. 6. Comparison of an alkali line shape to a

Lorentzian.
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FIG. 7. Variation of the EPR signal, which is pro-

portional to HMHIZ, over the length of the alkali sample
bulb.

Using these distributions one finds for the filling
factor

Nalkali

Ncuso,

_ 3 volume of alkali
~ volume of CuSO,

2

and for the effective modulation fields

[(HM )eff ]

alk
(=

] =0.849
M)eff CuSO,

These can be combined, using Eq. (28), to give
an expression for the alkali density
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where S is the peak amplitude of the first deriva-
tive signal, and the constant takes account of all
the numerical factors which enter Eq. (28).

Table III lists the values of 3w/8H as calculated
from the Breit-Rabi'® formula, and the electron-
spin transition matrix elements as calculated from
the eigenfunctions of the Breit-Rabi eigenvalues.

V1. EXPERIMENTAL PROCEDURE

This section will describe the preparation of the

alkali sample bulbs and the copper sulfate stan-
dard, calibration of the magnetic field sweep, and
the data taking procedure.

A. Sample Preparation

This section is divided into two parts because
two different kinds of sample bulbs were used.
Precision bore quartz tubing was used for Cs'3?,
Rb®’, Rb®5, and K*, At the requisite temperature
of about 700°K for Na?3, the vapor reacts so
quickly with the quartz that it is impossible to ob-
tain any data for sodium with quartz bulbs. A
special container constructed from a sodium va-
por resistant aluminum oxide was used for Na?3,

1. Quartz Sample Bulbs

The quartz sample bulbs were made from
Amersil precision bore quartz tubing, as shown
in Fig. 9. The inside diameter was 4 mm and
the outside diameter ranged from 6. 10 to 6. 25
mm. A four-inch length of this tubing was at-
tached to an L-shaped section of quartz capillary
tubing. A one-half inch diameter reservoir on the
end of this capillary contained some cool alkali
which served to getter impurity gases which might
be released during a run.

To fill the quartz bulbs with Cs'3, Rb®’, and
Rb®%, the appropriate alkali chloride was crushed
with calcium hydride and the mixture was placed
in a pyrex distilling manifold. After evacuation,
gentle heating with a torch drove off hydrogen gas.
Further heating caused the alkali to condense in
the manifold, from which it was driven into the
quartz bulb.

The CsCl was reagent grade with a stated purity
of 99.95%. An optical spectroscope was set up in
our laboratory to check the identity and purity of
the materials used in this experiment. The spec-
troscope was found to be able to detect about 2%
alkali impurity, and to this accuracy the CsCl was
found to contain only cesium.

Isotopically pure RbCl was purchased from Oak

TABLE III. Rate of change of resonance frequencies with respect to external magnetic field and transition matrix
elements at the resonant magnetic fields.

Field Bw/0H

Alkali Transition () (10% sec™'/G) (Flog Iy
Csi® Mp=-4 - Mp=-3 5804 16.2 0.949

Mp==-3—~Mp-2 4125 11.3 0.816
Rb" Mp=—-2-=Mp=-1 4795 16.4 0.964

Mp==1-Mp=0 2917 12.3 0.845
Rb® Mp==-3— Mp -2 4110 17.2 0.993
K Mp=-2-Mp=~1 3375 17.6 1.00
Na® Mp=-1-Mp=0 3370 17.6 1.00
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Ridge National Laboratory. The stated purity for
Rb®® was 99.54%, and for Rb® it was 99. 10%.

The K* was purchased as the pure metal in 2-¢g
glass ampules. The top of one of these ampules
was broken off and it was dropped into the distill-
ing manifold, the manifold then being quickly
sealed and evacuated. Heating the glass ampule
caused K* to condense in the manifold from which
it was driven into the quartz sample bulb. The
stated purity of the K* was 99.9%, and our spec-
trographic analysis revealed no detectable alkali
impurities.

When the desired amount of alkali had been
driven into the bulb, it was sealed and removed
from the vacuum system. The pressure at seal-
off was always 1075 mm Hg or lower.

2. Coram Sample Bulb

Coram'®is a sodium vapor resistant fused alumi-
num oxide which was developed by the Corning
Glass Works. The outside diameter of the Coram
tube was 0. 200 in. and the inside diameter was
0.136 in. A 3-in.-diam niobium tube was sealed
to the Coram by Corning with a special frit, as
shown in Fig. 10.

The niobium tube is quite ductile initially, but
becomes brittle upon heating in air. This pre-
vented distilling the sodium into the Coram bulb.
It was decided to fill the bulb with small chips of
pure sodium metal under a nitrogen atmosphere.
The niobium tube was then attached to a stopcock
copper-to-glass seal assembly by means of a
Swage- Lok vacuum connector.

Without admitting any air this assembly was
attached to the vacuum system, after which the
stopcock was opened in order to evacuate the
Coram bulb. When the system had reached a
pressure of 5X107° mm Hg or lower, the assem-
bly was removed from the vacuum system by
melting the Pyrex between the stopcock and the
copper-to-glass seal.

To prevent the alkali from migrating from the
Coram bulb to the Swage-Lok during a run, the
still ductile niobium was pinched in two or three

RESERVOIR

CAPILLARY

FIG. 9. Quartz sample bulb
used to study Csm, Rb”, Rbss,
and K°°.
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places by a home-made vacuum pinch-off tool.
The pinch was enough to cause some plastic flow
of the niobium but not enough to sever it complete-
ly.

A spectroscopic analysis revealed no alkali im-
purities in the NaZ3,

B. Standard Preparation

The standard preparation amounts to weighing
out a few CuSO,-5H,0 crystals, gluing them onto
athin pyrex filament with Duco cement, and then
comparing the signals of the crystals against
their weights to insure internal consistency.

The crystals were weighed on a Cahn Electro-
balance to an accuracy of a few micrograms out
of about 1.5 mg, with an internal consistency be-
tween weights and EPR signal strength of about
1.5%. This scatter reflects the combined error
of weighing and misorientation of the crystal.

The center of the pyrex filament was hollow with
the end sealed. A small crystal of BDPA?® was
dropped into the top and rested just above the cop-
per sulfate crystal, but was out of contact with the
Duco cement because it was found that Duco dis-
solved the BDPA,

The BDPA was used to measure the microwave
field intensity in connection with the T, measure-
ments, which are discussed in detail in the Ap-
pendix.

1. Data Taking Procedure

This section will describe the step-by-step pro-
cedure used to acquire the data.

Before making a runthe Varian 6-in. magnet was
allowed to warm up for at least 3 h. With the al-
kali bulb in place in the back cavity, the copper
sulfate standard was oriented in the front cavity.
A length of the same precision bore quartz used
in the alkali bulb was placed in the front cavity to
ensure that the standard had the same microwave
field intensity as the alkali. While still at room
temperature two or three traces of the copper

|

PYREX STOPCOCK

]
&.— COPPER-TO-GLASS SEAL
K

i "“SWAGELOK " VACUUM
T CONNECTOR

~—— NIOBIUM TUBE

FIG. 10. Coram sample
bulb used to study Na®,
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sulfate and the BDPA were taken. The linewidths
used in density and saturation calculations were
taken from these traces.

After this the air was turned on and the heater
current adjusted to give the desired alkali tem-
perature. When the temperature had stabilized,
at least four traces of the alkali resonance were
obtained. Care was taken to avoid either power
or modulation broadening. For points where T,
was to be determined, the alkali signal was then
saturated and another trace was run.

The 100-kec/sec field modulation was then
switched to the front cavity in order to obtain a
trace of the copper sulfate standard. The field
modulation and microwave attenuator settings
were the same for the alkali and the copper sul-
fate. This required a change in the phase detec-
tor gain setting, but the linearity of this had been
checked. For points where T, was to be deter-
mined, an unsaturated and saturated trace for
BDPA was also taken.

At this point the spectrometer was adjusted to
the initial settings and two more alkali traces
were taken. Any change in conditions during the
10 or 15 min required to take the above data would
be reflected by a difference in the alkali signal
from beginning to end. If the alkali signals were
the same from start to finish, the power to the
heater was increased and the above procedure was
repeated for another data point. A typical run
consisted of six or seven such data points.

All spectrometer settings relevant to data in-
terpretation were written on the chart paper, and
the settings were checked repeatedly during a run
to avoid errors.

VII. ANALYSIS OF EXPERIMENTAL RESULTS

This experiment measures a resonance linewidth
and the corresponding density for a number of
different densities. A plot of (AH) versus density
(N) gives a straight line whose slope is proportion-
al to the cross section for spin exchange, as
shown in Figs. 11-15,

In order to obtain a cross section it is necessary
to rewrite the general relation from kinetic theory
in terms of experimentally determined quantities.

From the Introduction

YT, =NV)_ o, (29)

where (V)rel=2”2(8keT/1rm)”2 .

For a Lorentzian line the separation, in Gauss,
between the peaks of the first derivative signal is

LINEWIDTH (GAUSS)
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FIG. 11. Linewidth versus density for the two tran-

sitions studied in Cs™*.
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studied in K%,
given by for all the alkali transitions which were studied
-1 and, in addition, the theoretical cross sections of
AH‘LGE) a2l 1 Dal d Rudge®! reco ted by us at the ex
= 73 \oH 27+ 1 Tx . algarno and Rudge®' recompu y u

This gives from Eq. (29)

In order to eliminate any contributions from
density-independent broadening mechanisms, we
can substitute for AH/N the slope of the line,
which is written here as 6(AH)/6N.

This gives

_V3 (21+1) (w/3H) 6(AH)
x 2 2la <V>re1 ON

The intermediate-field correction a for Cs!®
and Rb®" was discussed in Sec. II.

Table IV lists the spin-exchange cross sections

perimental temperatures. A comparison of the
experimental and theoretical numbers is consis-
tent with the estimate of Dalgarno and Rudge that
the theoretical cross sections are less than 30%
below the true values.

VIII. ERROR ANALYSIS

This section will discuss the sources of error
which affect the accuracy of the spin-exchange
cross sections. From an operational point of view
the errors to be considered are those which affect
the slope of the linewidth versus density line. The
error in measuring the linewidth is easily esti-
mated and does not contribute greatly to the over-

TABLE IV. Spin-exchange cross sections.

Temperature Experimental Theoretical?
Element Transition (°K) 10" cm? (10~ cm?)
0.17
cs!® Mp=—4—~Mgp==3 500 2.06 "
F F —0.27 1.90
Mp=-3~Mp=-2 500 2.05 +8';,7]
0.15
Rb% M_==2~Mp=—1 550 1847
F F -0.24 Les
Mp==1=Mg=0 550 1.86+g';—;
Rb® Mp==3—=Mp=-2 550 192’0 0°
0.12
K3 Mp=—2—=Mp=-1 600 1.45 "
F F —~0.19 1.45
Na® Mp==1-~Mp=0 700 1.03 +g'(1)2 1.05

4Reference 21.
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all error in the experiment. The density mea-
surement is by far the largest source of error.
As shown in Sec. III, there are 15 calculated or
measured quantities which enter the expression
for density. In addition, the expression itself
rests upon the assumption that the alkali and cop-
per sulfate lines are Lorentzian,

The various sources of error are considered be-
low. In each case the maximum error in percent
is estimated. A summary of the errors is given
at the end.

A. T, Correction

It is important to convince oneself that the only
density-dependent contribution to AH is spin ex-
change. This is not strictly true because any
collision which relaxes the spin will give a density-
dependent contribution to AH. In fact, the entire
experiment rests upon the assumption that spin
exchange constitutes so large a contribution to
AH that the combined effect of all other density-
dependent broadening mechanisms is either neg-
ligible or can be determined to the necessary pre-
cision.

The Appendix considers the questionof howtode-
termine experimentally the presence of density-
dependent broadening mechanisms in addition to
spin exchange. A measurement of the thermal re-
laxation rate (T,)~! reflects the collective effect
of mechanisms which contribute not only to the
linewidth (a 7, process) but also to the energy re-
laxation of the spin system (a 7, process).

It is still possible for density-dependent pro-
cesses to contribute to 7, but not 7,. Such pro-
cesses would not be included in the 7, measure-
ment reported in the Appendix.

The conclusionreached inthe Appendix is that the
T, correction to the measured linewidth is negli-
gible for Rb®, Rb®5, K and Na?3

As is discussed inthe Appendix, there persists a
small, but not negligible, contribution to the line-
width from T, processes for both of the transitions
studied in Cs!®3, There is some evidence to in-
dicate that this correction is too large, but in the
absence of a conclusive argument to ignore it, a
- 3% error was allowed for the Cs'33 data.

B. Field Sweep Calibration
The internal consistency of the sweep calibration
was +1%. A check of the sweep rate after three

months gave the same sweep rate to within +1%.
An estimate of the extreme error is +2%.

C. g Values for CuSO,-5H,0

When the freshly weighed CuSO,-5H,0 crystals
were glued to the Pyrex filament, they were at-

tached in such a way that the g value along the dc
magnetic field could be adjusted to 2.09 by ro-
tating the filament. This 2.09 is felt to be known
to +3%. The crystals were attached such that the
g value along the microwave field varied from
2.24 to 2. 26, so we can say the matrix element
Mj; is known to + £%. The combined error of
weighing and misorientation is reflected by the
consistency of +1.5% between AS(AH)? and weights
for the four crystals which were compared prior
to taking the data reported in Sec. V.

The combined error in the density caused by
uncertainties in the g values of copper sulfate is
estimated to be +4%.

D. Ratio of Signals from Front and Back Cavity

If it were to occur that the signal from one part
of the cavity were different from the signal from
the other part, due presumably to some asymmetry
in the cavity, then one would have to take this
difference into account when comparing signals.

Care was taken to ensure that the environments
were similar in both halves of the double cavity.
However, a comparison of signals from front to
back showed a larger signal in front by a factor of
about 1,33,

A measurement of the modulation field ampli-
tudes in front and back for a wide range of gain
settings gave ratios between 1,30 and 1,35. This
seems to verify that the difference is due to dif-
ferent modulation field amplitudes. An estimate
of the extreme error of this correction is +4%.

E. Variation of Quartz Tubing

The maximum variation of the outside diameters
of the precision bore quartz tubing was 0. 006,
The K3° data were taken with two different bulbs.
There was no systematic difference which could
be attributed to differences in the quartz tubing.
An estimate of the error due to differences in the
o.d. of the quartz tubing is +1%.

E. Films

After an hour or two at operating temperature
the quartz bulb is observed to develop a brown
color on the inside. Moos® concluded that the
effect of this film was only to reduce the @ of the
cavity. This is consistent with the observation of
the Rb% data. Runs were made with a new bulb
and with the same bulb after the dark film had
developed. There was a reduction of the @ of the
cavity, but the data showed no systematic shift.
It is concluded that these films cause no error in
the measurement of the spin-exchange cross
section,
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G. Determination of (Hm)eff

The definition of (Hm)e 5 1

- 2 2
(Hm)eff = [H H v /[H aV_.

The variation of Hy,,H¢* and H,* over the volume
of the sample must be determined in order to
evaluate these integrals.

Plots of the variation of H,,H*> and H?, Figs.

7 and 8, in the vertical plane agreed quite well
with cos® (27x/A) and cos? (27x/)), respectively,
with /2=2.4 cm. In the absence of any fringing
fields in the chimneys where the Dewars fit into
the cavities, the half-wavelength would be 2.29 cm.
The experimentally determined 2/2 =2.4 cm
indicates a small amount of fringing.

The variation of Hy,H,? across a diameter of
the bulb was probed with a piece of BDPA attached
to the end of a thin pyrex filament. As the BDPA
was moved from one side of the inside of the bulb
to the other, the EPR signal, as viewed on an
oscilloscope, did not change amplitude. Therefore
this variation is ignored. The error in determin-
ing (Hm )eff is estimated to be +2%.

H. Determination of Sample Volume

The active volume of the alkali sample is de-
termined by the inside diameter of the precision
bore quartz tubing (or the Coram), and the dis-
tance over which H,,H;? is nonzero. Because of
the good fit of HyyH1? to cos® (2mx/)), where
A\/2=2.4 cm, and the fact that no reversal of the
signal appeared beyond x =+ 1,2 cm, it is assumed
that the active volume of the sample is known to
within + 2%,

I. Line Shapes

The line shape of the alkali and the copper sul-
fate must be considered.

1. Alkali

The alkali resonance line is expected theoreti-
cally to be Lorentzian. The comparison of theo-
retical and experimental data given in Fig. 6
justifies this assumption.

2. Copper Sulfate

The assumption of a Lorentzian for copper sul-
fate is not as clearly justified as for the alkali.
However, the theoretical and experimental com-
parison given in Fig. 6 indicates that this is a
very good assumption. The maximum possible
error in the cross section from assuming this
line is Lorentzian is estimated to be ~ 5%,

SANDS,
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J. Temperature Measurements

The temperatures of the alkali and the copper
sulfate were measured with copper-constantan
thermocouples. The calibration of the thermo-
couples was checked in boiling water,

1. Copper Sulfate

In order to prevent the CuSO,-5H,0 crystals
from reaching 40°C and thereby losing water of
hydration, cooling air was blown through the front
Dewar. The temperature was measured and was
assumed known to + 3 %.

2, Alkali

In the initial stages of the experiment, the
Dewar which held the alkali was identical to the
one in the front half of the cavity. This required
the alkali bulb to be inserted from the top and
the hot air to be blown in from the bottom. This
design favored a temperature gradient along the
bulb from the bottom to the top of the bulb. With
this arrangement the alkali melt tended to migrate
from the bottom to the top of the bulb., While this
migration was going on there were two melts at
different temperatures supplying the vapor.

In an effort to reduce these gradients, a quartz
Dewar was constructed which permitted the hot
air to be blown in from the top and the sample
bulb to be inserted from the top. With this ar-
rangement, any temperature gradient which might
exist would favor the alkali melt remaining at the
bottom of the bulb,

A sample bulb was constructed which could be
evacuated and which contained three copper-con-
stantan thermocouples. The temperatures of
these thermocouples were compared with that of
another thermocouple which was placed in the
airstream at the position it occupied during the
experiment. At 600°K the external thermocouple
agreed with the average of the three internal
thermocouples to within 13%. The gradient at
600°K was approximately 1%. The error in de-
termining the alkali temperature is estimated to
be +2%.

K. Linewidth Determination

The linewidth as used here refers to the width
in Gauss between peaks of the first derivative
signal. For a signal having observable noise,
the position of the peak can be difficult to locate
and would contribute a sizable error to the cross
sections.

However, because of the finite slope, it was
much easier to locate the point in the wings where
the signal had fallen to half its peak value, So-
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lution of the equation for a Lorentzian line shows
that the separation of these points is 2. 56 times
the linewidth as defined above. The error in
determining the linewidth using this method is
estimated to be +3%.

L. Electronic Errors
To account for possible errors in amplifier
and recorder gain settings and linearity an error
of +3% is included.

M. Summary

The estimated maximum errors are summarized
in Table V. It is not possible tosay with certainty

how these will collectively affect the cross section.

If one %ust adds the errors, the maximum error

ig +22
is T35 7

If it is assumed that the errors which have a *
sign are random, then one can take the square
root of the sum of the squares of these terms.
Including the -5% line-shape error thisgives f134.

In order to make an estimate of the accuracy
of the relative cross sections, we can take the
square root of the sum of the squares of those
terms which could change from one run to the
next. This gives 63 % for the relative cross
sections,

IX. SUMMARY

This paper has reported an electron-spin-reso-
nance study of the magnetic hyperfine transitions
in the ground state of the alkalis Cs'** Rb®" Rb®,
K®, and Na?*. The spin-exchange cross sections
were determined through the broadening of the
absorption spectrum by spin-exchange collisions.

This work has contributed to the expanding spin-
exchange data in the following three general
areas:

(1) The spin-exchange cross section for Na® of

TABLE V. Estimated errors.

Field sweep calibration 2%
£ values for CuSO,~5H,0 + 4%
Ratio of signals in front and back +4%
Variation of quartz tubing +1%
Hyp) ot * 2%
Alkali volume + 2%
CuSO,-5H,0 line shape -5%
Temperature measurement + 2%
Linewidth determination +3%
Electronic £ 3%
T, correction for Cs'® -3%

+0.09

-14 2
-0, 14><10 cm

o =1.03
x

is the first determination of this number to an
accuracy better than a factor of 3.

(2) Measurements on two different transitions
of Cs™% and Rb®” have demonstrated the importance
of the intermediate-field correction.

(3) The measurement of the self spin-exchange
cross sections for all the alkalis by the same
apparatus affords a more accurate determination
of the relative cross sections than has been known,
These are given in Table VI,

APPENDIX

In order to account explicitly for an energy
relaxation mechanism, we must add an additional
term to the equation of motion for the “average”
density matrix which takes the “average” matrix
toward thermal equilibrium. This gives

&S

i 1 1
=_;_i[3c,p]-7c- (p—pc)—~fl(p—po)-

As shown in Sec. II the steady-state solutions of
this equation lead to the following effective spin-
spin and spin-lattice relaxation rates:

~1_=i+ 2 \ 1
T T 2I+1 Tx’

2 "1

(30)
I 1
n 1, L RIDAIT,

The method used to study the 7, rate was to satu-
rate the EPR signal. Providing that the functional
dependence of x’/(w) upon H,? and 7, is known, it
is possible to determine 7, from the saturation
data.

It was assumed that the saturation term enters
the rf susceptibility for the multilevel system in
the same way as for a two-level system. Thus
one has for x’/(w)

TABLE VI. Relative spin-exchange cross sections.

o 2.00+0.18
Csm/oNa”
a 1.80+0.16
Rb87/UN8.23
.86 0,
URbBS/UNaza 1.86 = 17
1.41+0.13

o3 [o4
K 39/ Na23
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The saturation factor A =y2H,?>7, 7,2 can be mea-
sured by comparing signal amplitudes with and
without saturation. Independent determination of
H? and 7, then permits one to solve for 7,.

7, was determined from the unsaturated line-
width, H? was measured by saturating the or-
ganic free radical ay-bisdiphenylene-S-phenyl
allyl (BDPA). This material was chosen because
it has 7,= 7, and was saturable under our experi-
mental conditions.

This seemingly simple procedure is complicated
by the fact that the microwave field intensity H,?
varies over the length of the sample. The greater
saturation at the center of the alkali tends to
make the top and bottom of the sample contribute
proportionally more to the signal than they would
normally. One must average over this variation
in order to predict the effect of saturation upon
the signal.

When this is done one can plot a curve of the
ratio of unsaturated to saturated signal amplitude
as a function of the saturation factor A,

Knowing 7, from saturation and calculating 7,

from the unsaturated linewidth, one can use Eq.
(30) relating 7,, 7,, 7}, and T, to solve for T,
and 7,.

Saturation measurements were carried out for
all of the alkalis which were studied. For Na*
and K3°the maximum contribution of T, to the
measured linewidth was completely negligible.
For Rb® and Rb®’ the contribution of T, was cer-
tainly less than 3%, and because of the inaccuracy
of the saturation measurements this contribution
was ignored.

The saturation data for Cs'*® were internally con-
tradictory. The T, correction to AH resulted in
a shift in the A H-versus-N line without changing
its slope, which would not affect the measured
spin-exchange cross section. However, the shift
produced a small negative AH intercept at zero
density, which is clearly impossible.

The assumption that one can characterize a
multilevel system by a single saturation factor,
particularly a system like Cs'®® having 16 sub-
levels which are unequally spaced in intermediate
field, is highly suspect and may well be the source
of the problem.

In order to encompass the largest contribution
of T,, an allowance of -3% was included. This
reflects the largest change in slope of AH versus
N which could result from the 7, correction.

TMost of this work is taken from the theses of two of
the authors (N. W. Ressler and T. E. Stark) submitted
in partial fulfillment of the requirements for the Ph. D.
at the University of Michigan.
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