Optical Pumping Theory and Experiments®
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The ihinry of several espirinents fvndving optical poovping s peesciie] Gioa Raglideesl
trnd, Vepter vkebhods are emplavel to discies the hypertioe coergy levels of va atang in 4 wesk
AL E v e I'u;lql.1 anil, Tor the purposes of commidering relaaaion thue, the 2yslem 15 asspmved 0
have anly tes efective levels, The Briiz-Rabi eqiatin lae che grommlstae hyperfine Zeeman
enerpy levels of an alkali atom is derived foom the Schridinger eguation 1o lacilitate the inters
pretavion wil the quadratic feeman ¢ffect. A number of sugpestions lor practical optical pamp-

i e perinieiits are made,

L INTRODUCTION

HE atoms of a matenal at a specifhed tem-
perature are normally distributed among a
numlier of different enerpgy levels. Linder ordinary
comlitions, the higher the energy lewel, the
sollor is the number of avoms in that particular
state, Thus, the lowest energy level is popubired
riv ihe reatest extent. Such a distribution is
vathial thermal, It is possihle, of conrse, to vonse
vee oboiikas to be distributed differencly, YWhen a
annnfierital diseribution s achieved by using @
muve  hight, the process s callal oprical
-_..,._-,,|;i|1;5
Fopurimenis i opdeal pumping are highily
instriceive. 1 Tsually, when working with photon
rAterncke, anly enedey relations are involyvil,
In the tase of optical pumpine, however, Loth
the enerey and the angular miomentoum ol the
photons are of impdrtance. The expermients
afford nie an opportunity o integrate knowledge
ol nijirics, simple electronics, and atomic physics,
I'here are several objectives of this paper. The
* 5 to desribe quantitatively the mamn
walgres of oprical pumping without making: (ull
wse ol gquantum mechanics. Vector methods are
emplayel i dliscuss the hyperfine energy levels
of an aum e 8 wcil magnetic’ Geld, and o
simpiifiel treatnient of relaxation time s given,
s ways, studeats who have not yet gained
aoe et i the hawlling of the Schetddinzrer
patiom arg pevertheless able toodo much of the
ork w.i't unterstanding, A sccond objective of
Ulis jampier i to thscuss borh single and multiple
guaniuki induced transitions. This is of interest
in eoninection with comprehending absorption or

* Work suppocted by the Nationul Scence Foundation,
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cinission ol mcdiation fram o svsem with a won-
thermal population. A third objective is to pre-
senit A quanium mechanical treatment of the
prownid state of a one electron atom in a lorm suit-
abile for senine scudents. This lwvomes impoactdnt
when effects cassed by mngnetic ficlds that are
nor extremely weak are studicd, Firse approxima-
tios, such as the veetor mndlel, are then oo
longer adequate. A lourth and final objective is
to give detailed soppestions (e expeeriments in-
wvolving the techoigues ol optiral guimping.

IL YECTOR MODEL OF THE HYPERFINE
ERERGY LEVELS OF AN ATOM

The resultant angular ousieiann: ool an
atom mav be viewsd as leing the s ecioe sam
of the tofal angular momentum J of the electrons
and the angolar momentum Lol the noelews. The
total angular momentum J of the elecirons is the
wiertor sum of the spin angular momentum 5 of
the electrons and the orbital angular momentum
L of the electrons. These vectors are shown in
Fig. 1. The vector B denotes the magnetic Aux
density of an impressed magnetic field.

Since the electrons and the nucleus are
electrically charged, a magnetic moment i
associated with each angular momentum. We
haye

us= —gsle/2m)5, (1)
pe=—ge{e/2m)L, (2}
wa = —ga(e/Im}], (3)
l-:'f = grle/2m)I, (4)
vr=—gr(e/Im)F, (3)
where the y's are the magnetic moments, the g's
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: Fis. b “The angelar o
nnsaRiAE vecraes of an aona.
L

are the Lawde facocrs, and edmr s the rano of
charge to miass for an clectron. The reuler may
observe that, since the charge of an electron s
negative, all of the p's dre negative except wr
which pertains to the nucleus. The magnetic
monent w; may be cither positive or negative.
The value of gr 15 of the order of 1/1836, the
ratio of the mass of an electron to that of a
proton. By experiment, it has been found that

gs=2.00232, ()
and that
Er=10. (1)

Clearly, the values of g, and gr need to be

derived,

By use of the vector model diagrammed in
Fig. 1, it may be easily shown! that

FH1)+S(S+1) = L(L+1)
27(J+1) '

_E,!-'lﬂ

If the wectors, J, I, and F, are treated in a
manner similar to the vectors, S, L, and J, the
resolt 15% .
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whese the term involving gr has been neglected.
ln a weak magnetic field B, the potential
vnieroy E of an atom having a magnetic moment

wr b

E=—pp-B. (10)

In ripderately strong fields, the Jast equation
muar be modified. The magnetic field, under
such circumstanges, interacts individually with
T ronienes [Ty sl up and not with the resultant
L2t pe. Lhis is discussed in Sece VIL
Kesurnin, to the consideration of the enerpy
i o wenls el if the value of yr given in Exq. 5

o P ol andd W B Stephens, Afamic Pﬁ;d’-rﬂ'
t“.&“ﬂ“ A0 Dk Comipuny, Toc, New York, 1955),
P b4

LH E White, fntrodustion b Atosic guu
Hill book Cunsgrany, Inc, New York, 19

is substitutod, we have
E=pr(efTiiF-B.

The = fxis js taken paralicl to B, and, Do,
the = component of F s bag, whore mee ol
fuantum number eorresponiling to tle peojection
of ¥ on the z axis. Thus,

Ewmpplehfim)Bmey. (1)

The quantity el /2m is known as the Uohe miagne-
ton, and s value is 0.9273(10-=)] - m¥/ Wh.
Equation 11 specifies the Zeeman sphitting of the
hyperfine levels.

The energy levels of a one electron atom with
I'=}, for example, YRb, may be depicted as
shown in Fig. 2. The notation 1.5 for the ground
state implies that the electron spin guantim
number 5 is §, the orbetal angular momentum
quantum mumber s zero, and the total electron

angular momentum guantum number J is 1}-] o

The values of F in this state therefore,
I4+i=2and —4=1. For F=2{gr=Dyand, lor
F=1, gg==}. From Eq. 11, we €3f see thar,
for gp=1, increasing values of mps vields higher
enerry fevels whereas for ge=—1%, decreasing
values of me yvields higher energy levels,

A similar situation holds for the *Pj state, the
hrst-cxcited satate, In this case, S=i, L=1,
Jel=3md, and F=3+L Here, pr=1 and
gr=-=%. As can be seen from Eqo 11, the enenmy
differences between adjacent hyperfine feeman
levels are smaller [or the *P; state than for the
15, state.
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Foe =K. F=3i. Theriore, for ahe 25 awl
P oetates, the values of F oaee 5 aml 2. o ahe
el stage Iy celerrimg to g, 10,
wu vand see Lhae il Eoery differences arising
from a transition dae =1 woulldl e only 7 as

jrreat for =1k as for P 1,

L OPTICAL PUMPING

Wihen light of wavelength 7947.6 A obtained
irome a Varian rubidium vapor lamp s incident
on a rubidium 87 vapor cell, some atoms are
raised to the *Py state (see Fig. 2). 1T the light is
circularly polarized, the photans have an angular
monrentim of one unit (expressed in terms of ).
The circularly polarized light is denoted as «*
if the photons CONVEY  [isilive angular mao-
mentum relative to the direction of the magnetic
field B, and the light is denoted as o= il the
photons convey negative angular momertum.
Thus, right circularly polarized light parallel to
B is ot and right circularly polarized light
antiparallel ta B is o, Lincarly polarized light
conveys no angular momentum and is ealled
light, The paint of this discussion is that, if a
e* photon is abserhed, the quantum number
Ay mist increase by 1. Evidently, atoms in all
v grownd-state sublevels can absorb o* photans
except the atoms in the -2 state since there is
no 43 state in the 2P energy level. Na change
in the quantum number m, occurs when a «
phaton is absorbed, and the quantum number
my decreases by | when a o~ photon is absorbeed.

An atom in an excited state emits radiation
saontancoushe. The emitted photon may be ot,
o7, or =, Thus, atoms tend to return to all the
ground state sublevels from the various excited
sublevels, This is particularly true in view of the
fact that the *Pj sublevels tend to be mare or
less enqually populated as a result of collisions.

If o* pumping light is used, then, eventually,
becanse of continual absorption and subsequent
reethission of photons, atoms will colléct in the
wip = 42 graund state, where they are “trappod."’
In rivie, the population of the 42 ground state
subilvvel becones greater than that of the others;

“Thu- a wenghermal distribution may be a-

rhivied, The catire process is called optical
PN,

vhen the pumping with ¢* light begins, the
intensity of the light transmicted through the
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Fig, 3 A ddiagram ol an optical PUMRHE ArTANEpEmenE,
A—J00 V de soiree, B—Varian Associvtos rubsdinm vapor
Lunp, C—interference Giber, [—circubar polariser, F—

eouves lens, F—rubirinm 'm|;r coll, G—conven lens,
1

H—917 phatecell connecied to battery and 1-MI resistor
I—Tekeranin 531 cscilloscope with type lE;dplug-in pre-
amphiier, [—3000-01 resistor, K—regula dc  power
supply, L—two 20tum coils, M—aignal penemlor,
N—gas fame.

rubndium vapor cell is low. Even though photons
are cmittid alter being absorbed, the emission
is not pecessarily in the forward direction.
Lincarly polarized (#) light is certainly emitted
at right-angles to the initial direction of -
gation. Also, atoms may relurn to the grmundd
state by making nonradiative transitions as a
result of collisions with buffer gas atoms, other
rubidium atoms, and cell-wall atoms. To sum
up, the absorption is not compensated by equal
forwart] emssion.

When the population of the mp= 42 ground
state is & maximum, the transparency of the
rubidium vapor cell is much higher than inigially..
Nevertheless, some absorption of the 7947.6 A
meident light still occurs. As a result of collisions
with ather atoms, some atoms in the mp= 42
ground state are continually dropping into lower
coergy states. Clearly, some energy must be
abstracted [rom the incident light to maintain
the pumped state. A similar explanation may be
piven il o~ light is used,

IV, THE EXPERIMENTAL ARRANGEMENT

The experimental arrangement of apparitus
4 diagrammed in Fig. 3. A highly uniform
magnetic field can be provided by means of
solencidal windings on an aluminum cvlinder
having an inner diameter of 9 in. and a lengih
of 30 in. As shown in Fig. 3, all transverse
magnetic fields may be excluded by surrounding

o
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o 4. The mcillescope trape (i 1w
easipes Lhroiugh sers ekl

the ovliler with two mumetal shelds. Another
o baen b canceling transverse fields s to use twao
i o Helmbolez coils.

Tioe fnnermost oml (10 turms) on  the
alnninum cylinder is a hve-laver wanding, the
'.__;:-: Fien oml 15 oa ihreedayer winding, and the

triiier onil s oa single-laver winding. In use, a
sowianin voltage from o model 531 Tekwronix
il deinpe is impressed on the 1940-turn coil
tharough o J000-0 resistor, and o steady current
A roegelated 30-Y power supply is passed
taroiigin the 1164-turn tosl. The larger coil is
vsed for the sawtooth because the curment
irom the oscilloscope is comparatively
ihe single laver coil 15 not used in the
jrresent experiment,

A convenient source lamp {fabeled Bin Fig. 3)
ovoe Varan Associates rubidivm vapor lamp,
This lamp s easiiy energized by a 300-V de
vower supply (A). The emitted light which
wiigiens af essentindly parallel rays passes through
i uerierence Oler {labeled f,"jl capable of
teansmiaitiay hight of wavelength 7930 A. The
bzt s thes circularly polarized by means of o
padanai] siper anid 3 quarter wawve plate (03),
Tie vunvex lens (E) focuses the light on the
rubidium vapor cell (F}. The convex lens (G},
in: turn, locuses the light on a shielded 917
photocell (H) which is connected to a battery
and o 1- M1 resistor. A Tektronix type E plug-in
;lﬂ:.:m;rl iher {1} 15 connected across the 1-MO
Tesiston.

e e

=Inail.

The rubidivm vapor cell contains a little bit
of rubidium metal and an inert gas (neon or
I-I"trJt"rl-jl having a pressure of approximately 3
m of mercury. The purpose of the inert gas is
ta jwevent diffusion of the pumped rubidium
Iﬂfl-"i's- out of the path af the light heam. Since

{2 melting point of rubidium is 38.5°C, the cell

Tiuat be heated (preferably by a gas or candle
bame to avoid distorting the magnetic field).

R

L

The optimum working temperatare for rulidinm
87 is approvimatels 53 whereas the oplimum
temperature for rubidium 83 s approximately
437,

A transverse radio-frequency mapnetic held
miay be provided by surcounding the eell with o
pair af }20-turn Helmholtz woils (L) having a
vertical axis. These coils are connected to a
signal generator (M) capable of operating in the
range 1300 K/sec to (30 Mefsec. Il desired. an
axial radio-frequency held may be provided in o
simifar manner.

V. RELAZATION TIME

The oriented atoms in a pumped rubidiom
vapor cell tend to become disoriented mainly
because of collisions with the glasa wall, A
measure of the importance of disorienting
collisions is the time required for a fully pumped
olated cell o become completely disorientel,
This interval is called the relaxation time. It
may be approximated very well by ohserving
the oscilloscope trace formed as the cell proceeds
from the completely disoriented state to the
fully. pumped state wsing a mimmmum light
intensity. In the followidg explanation, for
simplicity the cell will be assumed to contain
only rubidium 87[vapor.

Experimentally, a sawtooth woltage (sweep
rate 50 msec/em) from the oscillosoope s im-
pressed on the P.I‘E{'Fﬂjl-r.urn coil and an gpfriing
ateady field 15 provided by a small current in the
proper direction in the 1164turn cnil. The saw-
tooth fAeld and the steady held exactly cancel
each other twice during each gycle, once during
the steady rise of the sawtooth and once during
the fAvback of the sawtooth. An oscilloscope
trace of the form shown in Fig, 4 is obtained.

It is very interesting to analyze the form of this
trace. The section AB represents the sharp drop
in the incensity of the transmicted light resul tingy
from the disorientation of the atoms in the fully
pumped cell during the Ayback of the oscilloscope
swoeep  (which i3 in phise with. the sawtooth
voltage connected to the 1M0-turn winding).
If the magnetic field were perfectly uniform, the

curve AB would be a vertical line. At some time

during the interval AB, the fitl-lll ciaused by the
siwtooth exactly :a.nn:n'ls the field due il:r the
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4 1 HEd-tuen winding, aud, then, as shigvwein in Frz. 2,

- the wvarious mp soblovels posrbosee ot

hyperfine levels. I the held is not perlectly
pnilorm, different parts of the cett Treoomme
disoriented at different times. As soan as a fietled
iz catablished, the pumping process hegins. The
curve BC represents the rise in light intemsity
as the cell approaches the fully pumped state.
The curve CD is similar to A} except that it
sccurs during the steady rise of the sawtooth.
The position of CD) may be controlied by adjust-
ing the current in the 1164—tum coil. It is best
to have CD) near the center of the screen, which
means that zero field occurs at the center of the .

sawtooth. Since the sawtooth may mnot E-E]
perfectly sharp, distortions may arise il the
disorientation period is too near the htt'mningh
or the end of the sawtooth. The curve DE i

similar to BC. It represents the rise in intensity

as the cell approaches the lully pumped state.

The problem that remains is to explain the

form of the curve BC or DE. We consider the

change in the population of the me= +12 ground

state of *"Rb relative to the other sublevels, In

effect, we assume that the pumping process con=

I cists essentially of raising atoms indiscriminately

from all the other ground states {0 the mp=+12

ground state. The following equations may there-

fore be written

dﬂ]‘rd'=—ﬂw.+l~.lw.| dﬁfﬂz"‘NH’u+"w&|

i where m is the population of the +2 ground

state, IV the tatal population of the other ground
states, Wall the probability of a downward
transition from the mpe= 12 stale due to dis
orienting collisions, and IV, dt the probability of
an upward transition to the mp=+42 ground
. state (of YRb). At 1=0, n=r and N= N
Therefore,

=g Gl = (T Wi,
N = Nt Co[[1 — tFetTadi],
Since
dn/dt=—nWit+NW,,
we must have

My w- 13 .H-Iw-l-

':j. -

Wt W,
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Fic. 5. A u:piml resqnance resilivg fram the application of
an o hell having a Treguency given by En. (130

Therelare
Nq w. — My “‘r.‘
n=ngd——| 1 s L LY
W.tW,
N=N Hols = w‘ti ~(W it Irl
- S WaWe T

The jntensity I of the transmitted light is a
function of the number of excess atoms in the
42 ground state. As a first approximation, we
may write

I=Tlytain— lh':.

where a is a constant and Iy s the intensity at
§ = 0. Therelore,

N.Wn— s tVa x
I=l+oe—— [1 L O TR
W+ W
N...“"r“ —Hg Wﬂ,
I=I.— A, (1)
¥FI|+ I"":i

where I_ is the intensity when the cell is Tully
pumped.

Equation 12 is in gualitative agreement with
the observed results. At £=0, when the atoms
are completely disoriented, I is a minimum
Therealter, as the pumping proceeds, [ increases
exponentially. 1[ the intensity of the light is
reduced, [y becomes more and more nearly
equat-to-Fa. This means that NV, approaches
neWa. For "Rb, me/ N is of the order of 1/7. By
measuring siccessive oscilloscope traces, it s
passible to find an upper limit for (naf/ Vet 1) Wa.
The time r=1/Wa is a measure of the rate at
which the [ully pumped ceil would become
disoriented when completely isolated.
| It is interesting to note that, if the passage
through zero magnetic feld is too rapid, the
‘atoms will not have time to become dimrimt:ﬂ.\
As a result of the rapid reversal of the field, an

e e -
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grony orignally m x —32-state is lound n a 432
sidte.  Tlie compoanent of angular momentum
juirallel to the magaetic held simply changes
sign. Also, in a sense, the pumping light s
soversed, Righe circularly polarized light which
was originally o= light becomes o* light after
the feld is reversed. Thus, il the cell was fully
numped with the atoms in the —2 state, the cell
remains fully pumped with the atoms in the +2
state since the pumping light “reverses” and
maintains the orientation of the atoms. This con-
clusion is easily verified by observing the oscillo-
scope trace when the sweep rate 15 increased.

VL INDUCED TRANSITIONS, .
”

If the eurrent in the 1164-turn winding is
ingraased, the portion COE of the oscilloscope
trace shown in Fig. 4 may be moved further
and further to the right. Eventually, the magni-
tude of the sawwoorh Geld is too small in com-
parisan to the steady feld to produce zero total
fickd. 1t is stifl possible, howewver, to disorient
the aroms. 1 an alternating magnetic field of ﬂ'l.ﬂ
proper {resanant) frequency noemal to Lhe axial”
ficld is applied by means of a :.rfn.iil ‘generator T
connected to L in Fig. 3, an oscilloscope trace of
the form shown in Fig. 3 is observed. To obtain
Liis trace, if is essential o have the sawdooth field
suporposed on the constant axial feld. As: the
total axial fisld passes through the proper vl
to produce resonance, the trace shown in Fig. 3
5 sEaTL.

It is verv interesting to study the curve CDE.

* The section CD clearly represents the dis-

orientation resulting from the alternating feld.
Ii the axlal ficld were perfectly uniform through-
out the cell and if the lrequency of the alternating
ficld were absolutely constant, the line cD
w ::u.JTd be vern:nl A__m:a.su re of the nanuniformi-
h'.. srobing the :h-mg'c in I'n:q,uenc!.r Tl:qmmd to
;]ul’{ the oacilloscope trace a distance equal b 5
in Fig. 5. The shape of the remainder of the
curve, the portion DE, is explained an the same
basis as the portion DE in Fig. 4. It represents
the rise in intensity as the cell returns to the
fully pumped state.

An important question is why an alternating
field can disorient the atoms. The answer

involves the (acr that the alwrnating mognetic
Al constitutes a time dependent perturbation.
The difference in enerpy between two adjacent
hyperfine Zeeman levels is

AE=ppleh/2m)B.
I terms of frequency,
AE =],
and |
w=grie/4wm)B. {13) | g

I the frequency of the oseillating magnetic field ||
it equal to that given in Eq. 13, there will mt_fl-u:r r

be abserption or stimulated emission of photons. |
If the my=+1 unt state is o

for example,
dominate and the levels will become egually

stimulated emission will pre-

populated. . lated. A good discussion of the pfﬂbh:m a5t
arises N magnefic resonance experiments is
given by G, E. Pake? The oscillating Reld should
be at right ﬂﬂglﬁ to the axial held so that a
maximiim torque is exerted on the atoms.

In the situation just - described, the conditions
for conservation of energy and momentum are
« met by the emission or absorption of a single
photon. Through the use of higher (than first)
order time-dependent perturbation theary,' it is
passible to show that when the perturbation is
of the lorm

—p-B; coslerrl = B coslwid,
the resononce condition is
Purtges =g;{'ﬂ,|"-1rm}ﬂ =, {143

where # and g are integers,

Equation 14 indicates that it is possible to
have two or more photons pdrticipate in a
transition from one sublevel to another. Physi-
cally, this means that the encrgy of all the
photons must be taken mto account when
conservation of energy is considered but only an
odd number of photons can possibly be effective
in transferring the resultant single unit of
momentum to an electron. To realize these
conditions experimentally, an axial oscillating
field is used as well as a transverse oscillating

1 G, E. Pake, Feramopnetic Retrmance (W, Ao Benjamin,

Inc. Mew York, 1962}, pp. 3013,
VL. 1. Schif, :?m- Mechanio { McGraw-Hill Book
Company, Inc., New York, 1955), 2nd ed., pp. 201-203.
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field. Much work has been done on this aspect
of optical pumping by A. Kastler,*

VII QUANTOM MECHANICAL SOLUTION FOR
THE GROUND STATE OF ALEALT ATOMS

In Sec, 11, where the vector model of an atom
was discussed, menbion was made of the fact
that, in moderately strong fields, the moments
ws and wp interact ndividoeally with the mag-
netic field B. In other words, the moments wy
and wr become uncoupled, and the vectors J and
I process around B rather than around F. Under
such circumstances, the magnetic energy of an
atom s given by

E=—usB—pr-Bnl-], (15}

whiere 4 15 a constant. The last term represents
the magnetic interaction between the nucleus
and the eléctrons, Since the # axis 5 paralle] to
E, we have, on the basis of the vector model

) el
E "E.:(-)ﬂﬂ,r—!r(—)ﬂmr
2 T

+almmplt4-- ), (16

where monh® corresponds ta 0 and the terms
corresponding to SfJy and S I, have been
neplected on the presumption that, when the
magnetic held 15 strong enough, only the term
J.1L. is important. Unfortunately, magnetic field
streneths are useally not sufficiently high to
permit neglecting f,1, and F.7,, and a quantum
mechanical solution must be sought.

The Hamiftonizn operator Hy for o single
electron hoving a charge —e is

== (i 2m) W —Feddwey,

where Ze is the charge fixed at the origin of the
coordinates, r, #, ¢ The eneegy eigenfunctions
are defined by the equation

Hgb = E. {17}
When Enq. 17 is solved, the result is
i’nlnl—' -I-rﬁll{r}P]-;{m]ﬁhJ'l EIEJ

where N, 15 a normalizing factor. | the

& A, Hasiler, “Different Types of Multiple Quantum
Transitions,” The Ann Arsbor Conference on Optical
Pumping { Juns, 1953},

!
.F_'I'::j

electron has spin and it is desired to include this
fact in the description af the enercy eigenstates,
then Eq. (18) muost be modified as follows:

‘bl Py = H-l-r-..ﬂnj:{fj PJ- ! {m)
erimeh D o), (150

where 55 are the two spin eigenlunctions of the
spin variable »,. Equation 19 is valid only if
there is no interaction invelving the coordinate
o, and the other coordinntes, r, 8, #. Since
Siplm) 18 independent of r, & &, the function
Vuimm, Eatishes Eq. 17 and the inclusion of the
function Sy {e,) does not affect the eigenvalues.

The energy eigenstates of an alkali atom may
be described by functions similar to those given
by Eq. (19) except that, here, the function
Rar(r) may be more complicated than in the case
ol a simple central force feld. If nuclear spin is,
for the moment, disregarded, the atom may be
in either ane of the two gronnd states specified by

HI'IN:bl:NI:H-_HRIHfP.}S;t | [#’a]‘

Ta include the nuclear spin I in the description
of the ground staces, we may write

Vitapfiay = W aSy ¥y, (20)

where  ¥r™ 5 an ancolar-momentem  eiger-
function ol-the nuclear spin coordinates only.
The function ¥y ja unspecified except that it
obeyvs the commutation rules [or anrular md-
mentum.* Salely as an outcome of these rules,
the [ollowing relations must hold

FoYomr = miph ¥, {21}
(Faceid ) Yot s (T e+ 1) V(T Fmy) ¥, (22)

where [, I, and [, are the operators correspaned-
ing to the three components of neclear angular
momentum, The electron spin funciwons also
cbhey  the angular-momentum  commuotation
rules and, conseguently, relations that are
special cases of Egs. 21 and 22 are valid, namely,

JiSgy=1hSyy, {214}
where J,, J,,and J, are the operators correspond-

P E. Fl:}nhf‘l’ F-‘:d- E-jfE- Pake, Nﬁ;{ﬂ e Cluantnm
Theary npular ommrndam | ord  Uini i
Frem, Stasford, Cabfornin, 953, po. 1028, Y
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o . 5 =
Fio, 6 Ar suficiently high-magoetic feld sirengths,
[T Are sk separate resonances resulting from sin different
‘-_"mi"‘“.ft,"

izg to the three components of electron angular
romenium {spin).
The eigenfunctions specified by Eq. 20 satisfy

Hg=Ewnd, (23}

where Eyp is the ground-state energy of an atom
Raving nuclear spin I. The Hamiltonian H, does
not take into account the interaction between the
eectron spin and the nuclear angular momientum
aned does not include the interaction between an
external magnetic field B and the moments
and pr. To do so, we must add the operator f”
w0 Hy and write the elgenvalue equation as
iodows;

(Hot+H ) =Ep. (24)

where

H mqle J—ps-B—pr-B
=a LS i) (T —it)
S =L W T T Y ] g ele/2m) LB
— (e Im) L B,

The guantity 7 Is a proportionality constant.

To satisfy Eq. 24, o linear combination of the
functions given by Eq. 20 is used. Thus,

ﬁ'= E Rl.fl Vf-r{unrsri'l&qgs.-l_}. {?5}
s
Eruation 23 is an approximation in that only

sround-state electronic functions have been
uiilized, The summation may conceivably con-

tain oiher electronic state furcrions.

_ The basic problem is to determine the various
¢igenvalues denoted by E in Eq. 24. The frst
step is to combine Eqs. 23 and 24. We obtain

H'¢=(E—Eul. (26)

Next. ¥ as given in Eq. 25 is substituted in Eq.
26. The coefficients of like functions on both

sides of Eq. 26 are now equated, The result
is a number ol pairs of equations such as the
ol lowing :

(orsr - 1) A%
[-Eu = -L—I——% —pre(mr+ l}jl-fl-uﬂ

i
+u—1-{f+hl:+1l'{f—lﬂr‘.ld-;=ﬂ.

I
q;[f—mf_ﬂl:f-i-m:-i-'l]ll'b..,u

M Eie

+ [ Ey=— E+ﬂ?ﬂ¢r+"i-"'trﬂu Gy =0,

where J=(eh/2m)B=0.9273(10-2)B. In order
for these équations to be compatible, the value
of E must be

A
220 +1)

— e

A dmi g ¥
:l:‘(I-.I-—-l-m’) . BN
7 241

E=Ey

where

A qI:'{.F-i--.]}.F.:— lps -I—g_:},u"_.n!;i:_and mip=mpti.

The physical meaning aof & can be ascertained
by setting B equal to zero. In this case

E=Eu—afl{2f+1}x=44. (28}

The difference between the two energy levels
given in Eq. (28] is A Evidently, & i the
hyperfine spacing between the levels F=1 and
E=1 (reler 1o Fig. 2) at zero magnetic feld.
In terms af frequency, the value of A for ¥Rb is
3036 Mefaee for ¥Rb, A=6834.7 Me/sec and,
for ®Cs, 6=9192.6 Mc/sec.

The [requency » of the transition between the
levels mp and mpy-t may be found by expanding
the last term on the right of Eq. (27) and finding
the energy diffcrence AE=hr. The result is

Ar 2 2w(1—2ms) W
h#ﬂ—-lgl’*;‘[ { =

af+1 . (2I4+1F 2+
4{ImFA—Imet1)
+ {3m w‘] (29)
(2r+1yp _
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OPTICAL PUMPING

{{ 10 is very small, and gy is neglected,
y=gseB (214 1) (4xm]}, (30)

Equation 30 is the same as Eq. (13} since Fe=I+1
in Eqg. 9,

At field strengths of the ornder of 30 G (1.5 A
in the 1164-turn coil), an oscillating ficld of
(requency 21 Me will produce resonance for the
isotope *Rb, The oscilloscope trace appears as
shown in Fig, 6. Evidently, there is not one but
six closely grouped resonances resulting from
the six transitions indicated in the diagram. This
splitting of the resonance is known as the
giadratic-Zeeman effect. The maximum differ-

Jence in frequency is the frequency difference
the transitions 2—1, F=2, and

betwesn
—t—+ —2, F=2 For the first transition, the
value of my in Eq. 29 is 2, and, for the second
transition, mpe= — L. The difference in [requency
between these two transitions can be caleulated
theoretically [rom Eq. 29. 'Fhe result is

| Aw| =82S A", [31)

where # is the average resonant frequency and A°
is the hyperfine energy separation expressed asa
{requency. Clearly, the value of A" may be found
[rom Eq. 31 (which happens to be correct o
fourth arder) if Ae and # have been measured.
With reasonalile care, the error in this procedure
may be limited to approximntely 39, or less.

VIIL. SUGGESTIONS FOR EXPERIMENTS

Six relatively simple experiments are describes]
Tl

1. Relaxation Time

An oscilloscope trace such as that shown in
Fig. 4 should be obrained. The sawtooth voltage
from the oscilloscope should be connected to the
1940-turn coil, and a very small current [rom
the regulated de power supply should be sent
through the 1164-turm coil so that zero magnetic
field will occur at the center of the screen. The
well depth should be approximately 15 mV and
the sweep rate should be 50 msec/cm. It is
advisable to heat the eell to 653°C and, then, to
aflow it to cool to the operating range of 55-60°C.
Under no circumstances, should the current
through the Varian rubidium lamp exceed 26

s

1ab

mA. An estimate of the relaxation time can be |

" obtained from the rising portion ol the oscillo-

oF,

scope trace as the pumping light intensity is
reduced.

2. Half Width

1f the current in the 1164-turn coil is gradually
increased, the relaxation pattern. will occur
nearer and nearer one end of the sawtooth.
Eventually, the pattern moves ofl screen since
the sawtooth is no longer able to produce zero
magnetic field. If a signal of [requency approxi-
mately 1800 k/sec is now applied to the coils
marked L in Fig: 3, an oscilloscope trace ssmalar
to that shown in Fig. § will be obtained for a
current in the 1164-turn coil of 0.1 A. The hall |
width may be measured by noting the change in |
frequency required to shift the pattern the
distance M in Fig. 3.

Qldcutiﬁcntiun of [sotopes

If the current through the 1164-tum coil is
ingrensed, the signal (requency must alzo be
increased to produce resonance. In essence, the
value of B in Eq: 13 s increased, and the value
of v Is subsequently adjusted to sansfy Eq. 13.
The sawtooth current in the 1940-tuem il
cnuses the axial magnetic field to fluctuate
slightly at the cscilloscope sweep rate. Equation
13 is satisfied once during the steady rise in each
sawtooth cycle, The flux density B” at the center
af the solenoid due ta the steady current in the

Litd-turn coil is

BY = o/ [(L74D7)'],

where N =116, L=074 m, and D=0.23 m. It

is advisable to plot » versus B'. The intercept on

the B’ axis is the residual axial ficld (mainly due
tn the sawtooth), and the slope of the curve i3
griefdrm). The value of I con thus be deter
mined, and the particular isotope of rubidium
responsibile lor the resonance may be identified.

4. Hyperfine Energy Level Differences

When the current in the 1164-tum coil is 1.5 A,
the magnetic field is strong enough to permit
ohservation of the guadratic Zeeman effect
shown in Fig. 6. By measuring the difference

\
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in Tregieney between the wo extreme reso-
s, 4 vnlue for thie hvperfine spacing between
e twa Folevels may be calealated from Eq. 35.

5. Multiple Quantum Transitons

T verily Fn. 14, twa signal generators are
nusaivl. One provides a transverse oscillating
fiehl, sl the other provides an axial oscillating
feli, Am adiditional pair of coils, not shown in
Fiz. 3 must hbe installed. A single quantum
smmant frequency # [ar {rom other resonances
sioiihl be selected first, Then, two frequencies,
wi i #n should be used, where r=eder
Resonance should be attained for widely varying
values ol »y and ve

&. Spin Exchange

i1 vhe alkali vapor cell contains cesium 133
{I=1) waddition torubidium, it may be possible
to observe resonances that are characteristic of
cestum. The cesiumt atoms may be oriented
through collisions with oriented rubidium atoms.

Such collisions are called spin exchange collisions.
At the proper feerjuency, the cesium atoms are
iljsorieneed, and resonance may be ohservod.
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