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Joseph Yellin
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January 1972

ABSTRACT
_Ah alkali optical pumping cycle in which_the "pump" is
. accomﬁliéﬁed by electric éuadrupole transitions to the lowest 2Q‘statés
is considered.' It is shown that a large electronic spin polarization.can
be achieved in the s ~ d - p - s cycle. The magnitude of the cross-
section.fdr fhe absorption of a polarized photon in an s - d transition
and the pqﬁef required to achieve reasonable pumping times is estimated.
The effect of collisional disorientation of the 2D states is explored

and it is shown that disorientation of the 2D state causes the ground

, 5/2
state electronic spin polarization to reverse in sign. Hyperfine .
structure is taken into account and the rate equations are solved for ,

an alkali with nuclear spin I = 1/2.
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INTRODUCTION
1. Atomic states which are not connected to the ground state by
electrie dipele transitions may be prepared either directly by electronic
or ionie impect excitation or indirectly by opticel.excitation‘of en
intermediate state. The intermediate state may itself be metastable and
require preperetion by impact»exditetion. When eleet;onic or ionic impact
excitation is employed.it may net be possible te'make precision measuremeht_
on the atomic properties of thévstate because of the perturbing effects. of
the charged parficles and their motions in external fields. Only when
the state to be studied is sufficiently long lived so that the discharge
or source of bombarding particle can be turned off or the atoms extracfed
from the éxcitation region before_measurements cemmence is it possible to
make precision measurements. 'However, this is notvthe usual case since
highly excited states that decay to the ground state by,fofbidden transi-
tions canidecay by cascade involving electric dipole transitions. Further-
more, when direct impact excitation is used it is not possible to excite
selectifely some particular magnetic substate. Likewise, when fhe excita-
tion is purely optical involving on electric dipole transition to some
intermediate state which then decays to the metastable sfate, selectively
isvsacrificed and in addition serious noise problems may result from
the cascade. The development of tunable lasers (e.g. dye lasers) should'.
make it possible‘to excite directly metestable states by eleetric qua—:
drupole transitions.  In this way the states will be accessible to
investigations by optical pumping and atomic beam techniques. We
explore here the possibility and feaeibility of optically pumping the

ground state of an alkali atom in a beam or bulb experiment by direct
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optiéal exc}tation of the lowest-zD states. The 2D states decay to thé-

ground state through the,lowést lying 2P states by electric dipole transié
tions. Spontaneous emission of quadrupole radiatién.is neglectéd. The
pﬁmpiné qycle is shown in figuré 1 where rubidium ié,uSed as an example.'
Asid¢ from general intéresi in excitation by forbidden optiéal transitions

there is intefest in the alkali 2D states. The inVersién of these doublets

b'ié‘hot understood and measurement of the hyperfine structure of these states

may throw light on the probleﬁ. bﬁecently Chang; Gupta and Happer (1971)
propo$ed a method invélving cascade transitions for measuring the 2D state
hyperfine structure. f

Forbidden'lines arisingAfrom quadrupdle transitions are obsérved
in the laboréforyrand, onfa larger scale, in‘emission nebulae. In the
laboratofy Segre (1930) has observea'the Ls'n 3d franSition in potassium
in an abéofption expériment. Prokofjew (1929) also observed thev32D +\&2S
ﬁrénsitibn,aﬁd determined the strength to be A(32D 4;M2S) = 220/sec. More
recently'Garstang (1966) céléulated the rate as 130/sec and Hartel and
Rdsé (1968) measured the transition rate from electron impact studies
getting 500/sec + 20%. As there is wide disagreemenﬁ between these
numbers we will estimate the traﬂsition rate for rubidium uéing hydrogenic
wavefuncticnsn An order of magnitude calcﬁlation is adequate for our

purposés. Similar transitions have been observed in other alkalies.

The intehsity of these transitions is very weak being characterized by a

quadrupole oscillator strength that is several orders of magnitude smaller

than that of the s évp dipole décillator strength of the resonance lines.
We calculate below the s - d transition rate induced by the absorption of

circularly polarized light and then solve for the ground state electronic
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spin polarization. In the simplified model used here hyperfine struec-
ture is negleéted but this does not change the essential features of

the problem. The inclusion of the nuclear spin is straight forward and

will be discussed at the end.

CROSS-SECTION FOR QUADRUPOLE TRANSITIONS
2. " The probability per unit time of a transition for a one electron

atom is giVen by (see e.g. Schiff 1968)

T—hﬂzeg { iker) 2
Vomt' T th‘J(w)|<nYZ'sj'm|| (e*p) e fj—Jnlsjm>! (1)

where hw is the energy associated with the transition, J(w) is the
intensity of incident radiation in photons/cmgsec per unit frequency
interval, e is the polarization vector of the incident radiation,_g the
momentum of the valence electron and gﬁis the profagation vector. e and
m are the charge and mass of thé electron respectiveiy; When the electric
dipole téfm vanishes-the next term of importance in'the matrix element is
i(e'p) (k-r). We assume that we have a circularly polarized wave with.

positive helicity moving along the axis of quantization (z axis). Then

. . ' 1 .
= = = - : +
using spherical vectors we have e e k keo w.here‘e1 /5 (ex 1ey)
and ke = w'." Thus we have to evaluate the matrix element
A =<n''si'm'| - ikplrol nisjm>
1 Y _ o
h = - + i = s )
where pl 7 (px 1py) a@d ro z From the commutator of the

]

atomic Hamiltonian, H, with r and of g_with.p_weuhave P, T, =,%§'[H,rorl

- l/2(por - plro). The first term on the right gives rise to the electric

1

quadrupole transition E2 and the second term to the magnetic divpole

transition Ml. Since Ml vanishes exactly in LS coupling we have to evaluate
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niy A = DK ' ' 22
only A= §E'<n'2'53'm'lﬁror -r.r Hlnlsjm> = f7— <n'2'sjm'|(x) r

1
'v(e,ll;') | nlsjm’
.wheré we have expfessed rorl-in terms of a'sphericai harmonic of rank 2,
Ci (6,9) = (E%)l/ngi(G,w)“. ‘Applying~standérd teéhﬁiqués ovaaéah
algebra we getn(Edmonds 1957) |
’ 222

. o / 150\2 [+1 2 ty! 2
A2 = E'L—li‘-g‘*i_ (22'+1).(22+1)(2J'+l)(23+1)(%0202) (imﬁ) % % Zf =

00

( J. Rn.z,(r)ré an(r)redr)2

(o]

’

where an(r) is the radial wave function. For an s - d transition &' =2,

£ =0, 3 =1/2 and - |

i 2 2 ' URCE . ,
2 - MKW . jr21/2 2 232, .
A= o (ZJ'H')(m Ml om ) (fo Ryrp(r) rRo(r) r d_r) ‘(2)

with 3' = 3/2 or 5/2. Combining (1) and (2) we have

o 2143 A C | -
- &agkT o0 it 21/2 2 2. 32"
Vomt = Lon (2 +l)(_m 1 m) (L‘ Rprp(r) TR o(x) rfar)” J(w)

3

where r is now expressed in atomic units (a.u.). We define the pumping

time T by

Zw' = olw) I(w) (3)

v : 1 ) -

where

231 o » | -

Co(w) = —5——“—3332— (25'+1) (I R ,2'(1»)' reRno(I'") rPar)?
' 200 ¢ hAw : o ! .

in the cross-section for the absorption of light. I(w) w)Aw and Aw

is the'snectral width of the exciting light which is assumed to have a'flat
distribution. In conventional optical pumping experiments, T may vary

from 1 msec to 1 sec or more. We can nov estimate the photon flux that would

Y
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be required to achieve a pumping time of 100 msec; _The fa;dial integral

is first evaluated using hydrogenic wavefunctions. This should be

somewhat more'accurate than for electric dipole transitions as the integral:
of r is dominated 5y contribution at large r where’the alkali wavefunction

is more hydrogenic. Thus for the 5s - Ld transition we have,

- b, 2 4 3,2 A -r/5
Rog (1) =g (1 -gr+gr —ger+gmsr)e
' 1 2 -r/l
Rh2 (r) = S A (1 - r/12) e

«©

( J:) RSO(r) rZRhg(r) rgdr)2 = 3.2X10h | (a.u.) and

0

A
2 2 7.7%10 > o 2
0(5878, jp = Ud'Dg,,) & —pEE— em”, 0(5878) ), - 4a"Dg )
o ll.6><10"locm2
Aw

where we have used k(5s -~ 4d) = 19355 em™t.  From (3) we get I ~ 10t7

2 . »
photons/qm -sec corresponding to an energy flux of S = hkel A 33 mW/cm2 if
we take for Aw the natural width of the transition n 10 mH,. A pumping

time of 1 msec will require a flux of A 3.3 W/cm?.

OPTICAL, PUMPING TRANSITION PROBABILITIES & GROUND STATE ORIENTATION

. 2 2
) 1atd N ‘s Csm s s 5
3 The relative transition probabilities '81/2 m 81/2 M are
given by ‘ _
2 1 2 12,2 1,2 2, 2
B_ = ji: <"8 C P, > 7 |<TP, D, > D,
— j"m"qk l 1/2171'! kl J"m" l I J"m'.'l q’ 3'm' l l< J'm'
2,2 2
C >
-I ll Sl/2m |

and if Bmﬁ is normalized so that Z B =1 then
: mm
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| - 2 - ‘ ; n \2 s \2 s 1t 2‘
B = 25(25'+1) (3, 12 2) 2 (23"+1)(l i3 (l 1/2 J) 32. J 1”} (5)

mi m' -m- .1 T k @ -n"J\k m-m") }Jj"1 1
J aq : : _ '
: o Lo 2.,
The relative transition probabilities for pumping through the D3/2 or

2

D "state are gi?en in Table 1 for the case of no reorientation in the

5/2

2D states. The transition. rates are given by R og(w)I(w) ete.

-1/2 1/2.= B/ 12

It is implicit in the above that the spectral width of . the exciting light
is broad compared to any splitting which may occur in the 251/2 and 2D-

states. Since we’ are here considering the ideal case of an alkali with

zero nuclear spin the condition is easily satisfied in low magnetic field.

' . . 2.
. The rate quatlon for thevdenS}ﬁy nil/2 ( Sl/2il/2) of gjound
state atoms is ’
—-—-----——--—dnnl/2 = =R : n + R | ./~ = <
at -1/2 1/2 “-1/2 = “1/2-1/2"1/2 °
. . 'apé ,
i i ] . i i = (3 - » T = - P -
or in terms of the polarization Pe (nl/2 n—l/2)/n"dt'_ 3+ e R_
= + ) = \' + . . .
where Ri 31/2~1/2 R-l/2 1/2 and n nl/2 n__l/2 Thus
'  -- B:_ R+t
P (t) = R, (e -1)

The maximum polarization that can be .achieved Pe(w) is given in
; - . N ) i}

Table 2(a). In an atomic beanm experiment the atoms are illuminated only -
for a short time t = £/V wvhere £ is the length of the illumination region
and ¥V the average velocity of the atoms. Consequently, the polarization’

is PR - Récézﬁ (B ) 2/tV. For fypical geometries

v “1/2 1/2 “P1/2-170

and beam velocity we can get P " l%'with'a T = 1 msec. Such-a,pOlafizaQ

-,
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tion is eaéily detectable by atomic beam techniques. When the alkéli is

optically pumped in a bulb the ground state spin relaxation time Tl must

be taken into account as well as collisional reorientation of the excited

state (Kastler, Cohen-Tannoudji, 1966). The latter effects the relative
‘ R

transition rates. The polarization is then given by'Pe = — 7

-(R+7" 1)t . e
(e + ~“~ 1). When a buffer gas is employed to increase the ground

state relaxation time it is to be expected that alkali-buffer gas colli-
sion will aisorient the 2D states.more rapidly than the 2P states because
of the highér angular momentum of the 2D states. Table 3 gives the rela-
tive transition pfobabilities in the case that the 2D states are completely
disoriented. It is to be noted in Table 2(b) that when the pumping pro-

ceeds through the 2D state the ground state electronic spin polarization

5/2

o e s 2.
reverses in sign as the D

‘ 5/2

value of buffer gas pressure the polarization vanishes. A determination

state is disoriented. Thus for a certain

of the null-signal buffer gas preésure can then yield information about

the 2D5>2 state disorientation cross-section. A similar situation occurs

in the normal alkali optical pﬁmping cycle when the pumping proceeds through

2

the P state. Here too the 28 state pclarization reverses in sign

3/2 1/2

as a reéult of collisional mixing of the 2P .sﬁb—levels (Fricke and

3/2
Haas, 1966; J. Yellin, 1966).

HYPERFINE STRUCTURE
L. | The above results are for an alkali with nucléar spin I = 0 and
are intended to show that the'281/2 ground state can be oriented by |
quadrupéle transition in an s ~ d - p ~ s cycle. Any real alkali possesses

an hyperfine aplitting which in the ground 2S state may.bé much larger

1/2
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than the spectral width of lasers. The 2D hyperfine splittiﬁg is negligible

by compariéon. Inclusion of the nuclear spin in{the rate equation is.

' : _ Y- —
straightforward. Instead of the transition coefficient B( Sl/2mj -+ mj)
we now have

2
I

- 2. =yl 142 - -
BT = 3 |<n 8, IF m@|C, (8,¢)n’ PyuI F'm"> )

2
|

x |<n'2Pj"I F"m"lcéln'sz,I F'm'>

x |<n'2Dj,I'F'm'|cilggsl IF w2

/2

and there.resultAhI + 1 coupled rate equations. The solution of these-

equations has been discussed by.Franzen and Emsilie (1957) for the normal

optical pumping cycle. If only one hyperfine level is pumped we can
S . SN L ' n An(F)

obtain an approximate value for P_ by noting that P~ =——" where An(F)

is the difference in population of the F = I*1/2 states. This can be

seén by'referehce to the Breit Rabi diagram for thé 2S sfate. All

1/2
maghetic substates‘beIOnging to the F = I—1/2 hyperfine state connect to
mj'= -:i/2 whereas ail but one magnetic_SUbstatevbéionging to

vF;=‘I+;/2 connect to mj = 1/2 in the Paschen—Back_limit. The
approximation becomes better as I increases. To obtain M(F),; (6)

is summgd over all m, m to gét the total transition probability

F = Iil/2 »?f= I71/2. The two level systém is then solved as for the.
case of no hyperfiné structure with the restriction that now only.one
hypérfine level is excited. It is clear that in the absence of relaxation
all of thé atoms will be pumped info one hyperfine level leading to a ..
large electrénic spin pdlarization. We calculate béiow the populatidn"

and polarization of the ground state of an alkali with nuclear spin I = 1/2,

129

e.g. Cs. Although this case is not pracfical-for conventional optical:
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pumping techniques as all alkali with I = 1/2 are radioactive, it is
nevertheless of interest in connection with atomic beam* experiments
(Marrus, Wang, Yellin, 1969).

We consider the caée that the 281/2 hYpeffine splitting is small
compared with the bandwidth of the exciting radiation. The transition rates
in units of f—l afe giVen in Table 4 for the case Qf‘no reorientation in

the excited state 2D and in Table 5 for the case that the magnetic

5/2

are completely mixed before emission. The relative

2
g
1/2

substates:of 2D5/2

absorption probabilities r of the four magnetic sublevels of the

Fog

state are given in Tablev6. The rate equation for the occupation

probabilities, P, , of the ground state subleyels

Fop
dp..,._
Fim'_
at L - Z B <Pt Y
Fu »Fim'p g
where B' \. Yoy B, w1y . for Fm_, #F'm'_, and B! =
Fmp;F'm' o Fmp;F'm' Mg F Fr;Fmp,

fl
!

: - . F# F'm!
F'g;, BFmF;F m'n FmF F

are readily solved for the equilibrium population which are given in Table 7

i i <>=E .
along with the expectation value of Fz" FZ FmF mF meF, and. the
absorption probability for the incident radiation, a = r P .

FmF FmF FmF
The calculations assume an infinitely long spin relaxation time for the

2 2«
5/2 state the Sl/2

polarization is negative and the absorption of incident radiation increases

Sl/2 state} When no reorientation occurs in the 2D

by about 9%L Complete mixing of 2D sublevels causes the e polari-

5/2 S1/2

*
In atomic beam experiments it is not necessary to use polarized light

but an improved signal/noise is obtained with polarized light.



-10- o 'LBL-293

"vzation to reverse and the absorption to decrease by about 6% so that the

net chaﬁge in absorption resulting from mixing of the'2D

is 15%. The time evolution of the four magnetic substates of 281/2 is
shown in figures 2 and 3 along with the absbrptioﬁ and polarization.
CONCLUSION
5. v An orientation of the ground 2Sl/ebsta.te' of an'alkali can be

' ekpected.in an s -4d-p-~--s optical‘pumping cyéle.v The power levels
‘required to achieve>reasonableﬁpﬁmping fimeé (10 - 100 msec) are well
QithinAthe capabilitieé of conventional dye.lasers; Mixing of the
maénétic sublévels of the 2D states either by collisions or radié—
freqﬁency £esonanqe can be observed by éonitorihg the ground,state
‘velectronic spin polarization by the conventional metﬂods of optical
'bumping ér afomic beams. It is implicit in the above that coherenée

effects may be neglected. The excitation is assumed.continuoué or to

“have a pulse width long compared with the lifetime of the 2D states.

fON

state sublevels

.
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Table 5:

"pumping through the "D

vﬁhe lowest 2D

in the'2D

the lowest 2D

'orientation of the 2D
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TABLE CAPTIONS

Transition probabilifies for the optical pumping cycle e

°s > %p > %p ;'28 assuming no hyperfine sfructure

~1/2m . 1/om, ' o
J J v \ R

and no rebrientation in the excited states. ‘

. - )

Equilibrium electronic polarization of the 231/2 state for

' 2 2
3/2 °F P52

in the 2D states. '(b) Complete disorierntation of the 2D states.

state. . (a) No reorientation

Transition probabilities for the optical pumping cycle

24 . 2 2 2 _ L .
'Sl/2mj > D> "P> é;/2ﬁbAassum1ng no hyperfine structure and

complete disorientation of the 2D states.

Transition probabilitiesz for optical pumping Qf_ah

P ; P

&lkali with nuclear spin I = 1/2 by left circularly polarized

' light propagating along the z-axis. The alkali is excited to

5/2

decays to the ground state by two successive electric dipole v

<stafe.by'eleétric quadrﬁpole transitions ‘and

emissions involving the lowest 2P

3/2

states is assumed.

state. No reorientation

-
5/2 @04 P35

Transition probabilities B

-

Fm;fﬁ' for optical pumplng of an

alkali with nuclear spin I = 1/2 by left circularly polarized
light propagating along the z-axis. The alkali is excited to

state by electric quadrupole transitions and" .-

5/2

decays to the ground state by two successive electric dipole - )

emissions involving the lowest 2P state. Complete dis-

3/2

state is assumed.

5/2
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Table 6:

.2

Table T:

along the z-axis. The excited state is the lowest 2D
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.Relative absorption probabilities of the.magnetic Sublevels_of

an alkali with nuclear spin I = 1/2 when the excited state is

D.,, and the light is left circularly polarized with the

5/2
direction of propagation along the z-axis.
Equilibrium popuiations, polarization and absorption probability

of the ground state of an alkali with nuclear spin I = 1/2.

optically pumped with left circularly polarized light propagating

5/2 and
decays to the ground state through the~2P3/2 state. No
relaxation in the 251/2 state is assumed. (a) No reorientation
of the 2D state. (b) Complete disorientation of the °p

5/2 5/2

state.



-1/2
1/2 -
m,
m, J
J
S -1/2
1/2

=14~

Table 1

1/2 S -1/2

1/2

LBL-293

'32/90. | 8/15

71/180 | 2/15

3/15

2/15

Table 2

p (=)

3/2

5/2

(a)
(b)

- - 19/45

- 1/2

- 1/5

- 1/3

-1/2

Table 3

1/2 -1/2

5/3

1/2

178

1/8

38 | 1/3

"3/8 |-11/3

1/6

1/6

[N

©

k3,
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\
Table U |
F 0 : 1
F m) r 0 -1 0 1
o ol 0.15000 0.03333 0.01667 0.05000
-1]| 0.05000 0.198148 0.09kLY 0.02917
1 o] o0.02917 0.101852 0.12176 0.05833
1| 0.02083 0.00000 0.01713 0.02917
Table 5
F 1
f’agn%' 0 -1 1
0 0 0.0625 0.0833 0.0625 0.0k17
-1 0.0625 0.0833 0.0625 0.0L417
1 0| 0.0625 0.0833 10.0625 0.0417
1] 0.0625 10.0833 0.0625 0.0k17
Table 6
. .
F 0 1
m. 0 -1 0 1
. _
F 1 4/3 1 2/3

. o
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Table 7
FmF ‘ g .
‘ (a) (b)
00 0.214648 - 0.235294
1-1 0.3477LL o.i76h7o
10 0.360211 0.235294
11 0.077397 o.3529h1
F_ -0.270347 0.176470
a 11.090116 Vo.941176

LBL-293
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Fig. 1.
Fig. 2.
Fig. 3.
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FIGURE CAPTIONS
The s-d-p-s optical pumping cycle.

Time dependence of the four magnetic sublevels of the °s

l/2.state

i with . - _ _ _
of an alkali with nuclear spin I = 1/2 for an S1/p d5/2 P3/57S1 /5
optical pumping cycle. Also shown are the polarization of the ground
state and the transmission of the pumping light by the alkali vapor.

No reorientation is assumed for the excited state.

Time dependence of the four magnetic sublevels of the 281/2 state of

an alkali with nuclear spin I =.l/2 for an S1/2 " d5/2 = P3/p S0
optical pumping cycle. Also shown are.the polarization of the
ground state and the transmission of the pumping light by the alkali

vapor. Complete disorientation of the excited state is assured.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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