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Introduct1on to the method 

Optical pump1ng w1 th D2-ligh·t can mj)st easl1y be explained 
by using a pumping scheme ot a hypothet1cal alkali atom w1thout 
nuclear spin. F1g. 1 shows how opt1cal pumping works in this case. 
Two transit10ns can be 1nduced w1th D2-6 *' -l1ght, but. only one 18 

-1 t 

'ig. 1. Pumping scheme of a hypothetical alkali atom without nuclear sp1n. 
Tbe fine structure components of tbe excited atate are'placed one below 

other respeotively 
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efficient in optical p'umping becauseany atom excited by the 
other one goes back the way i t is exct ted. This kind of pumpinl, 
causes a drop of optical transparency because the stronger ab
sorbing sublevel is populated and the weaker absorbing one i8 
emptied. The situation changes if collision processes occur dur
ing the life of the excited state which tend to redistribate the 
population of the inittally excited sublevel among all the six 
sublevels. of the excited state. Then the both exciting transi
tions beeome efficient in optical pumping and the stronger ab
sorbing ground state sublevel will be emptied and the weaker one 
will be filled.Thus pumping hasreyersed signa Pumping with high 
buffer gas pressure which Is of' course the ease of strong ex
ci ted state mixing will, therefore, cause an lncrease of optical • 
·transparency whereas pumping wlthout buffer gas will cause a de
crease. Besides there will be a marked case where .,optical pump
ing with D2-light causes no change of optical transparencyat 
all. It can be realizedby certain buffer gas pressures. An easy 
consideration [1, 2J predicts that this case happens if the con
dition 2 T == 3't ho lds, T being the mean co l11s ion time f 1: being 
themean life of the excited states. This oondition may be util
ized in order to deduce exoi ted state· mixing cross sections from 
these pressures. This method has to be refined for two reasons. 
First all the alkaline elements have nuclear spins. Therefore, 
we have to extend our oonsideration to a great manifold of hyper
fine Zeeman levels. We have to care for all their individual 

Fig: 2. Hodel tor depolarizing seattering. It is made evident how relat

ive·seattering phases eonaerning the ~ - and the ~ -state arise 
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transition probabilities, especially the collision induced ones. 
Secondly we have to consider that the pumping light has a hyper
fine spectrum which generally differs from a continuum. 

Calculation of relative transition probabilities by means of an 

almost realistic mJ-mixing model 

Fig. 2 shows an atom in the state P approaching a noble gas 
atom. It is initially oriented referring to a certain quantiza
tion axis, for instance the magnetic fie~d of our experiment. 
The direction of the atoms approach 1s given by the wave vector 
k. This direction is in general different from that one of the 
quantization axis. Therefore, the wave function of the electron 
P is a superposition of all the three Zeeman substates when it 
is referred to the k-axis whereas it would be a unique Zeeman 
substate with respect to the quantization axis. The m1=±1-state 

-0> . 

referring to the k-axis may be called the moleoular:rr-state, the 
m = O-state may be called the molecular ~-state. ~ Let us assume1 
that the molecular CI -states and 1t-states experience different 
potentials during the collision. Therefore, they evolve with 
different scattering phases from the collision. If we are now 
re-expanding the outgoing wave to the original.quantizat.ion axis 
we shall realize that there are more states present than the 
initial one. That means transitions occured to other Zeeman 
substates during the collision. 

The scattering amplitude from any initial state j, F; M to 
any final state j', F', M' is given by the formula (1). 

It depends on the angles ß, r which describe the orientation of 
the k-vector with respect to the initial quantizatiGn axis 

*Note tbat this is true only in the seope of an one-dimensional seat

tering model where the seattering potential is assumed to be a diteh 
-0>

rather than a hole extending vertieally to the k-veetor. In the three-di

mensional ease the moleeular CI- and 1[ -state are to be referred to the ra

dius veetor rather than to the ·k-veetor. It has been pointed out elsewhere, 

however, that both these models provide the $8me transition probabilities 

if one eonfines oneself to th& ease of Born's approximation [4]. 
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J'm'IF'M' ) 6 • 
J ml'mi: 

( 1) 
i (r(_ .,,1r) 

(e - 1). 

m ml=mJ-mss 
mi-mi mms ' 1- J- s' 

TABLE 1 

Relative collision-induced transition probabiliÜes among the 
2P - sublevels of an alkali atom without nuclear spin. Both 

the J =1/2 and the J =3/2 level are assumed to be very close 

to each other 

.3 1 1 _2 1 _1m 2 2 -2 2J "2 2 

J-l.mJ • J = ~ - 2 

27 4 4 2 8.3 
1j:5 2+5 0"2 45 45~ 

4 4 4 61 
2" 45 4545 ~ 0 2+5 

2J =3 
4 4 6 41 EL-2" 45 0 45 45 45 45 

4 4 27 8 2.3
-2" 0 45 45 45 1i5 ~ 

2 4 6 81 25 02" 45 45 45 45 45 
1J=2" 

1 8 6 4 2
-"2 0 ~45 45 45 45 
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through a spherieal harmonie C2 of rank (mI-mI). This funetion 
provldes the eonservatlon of angular momentum as it earries away 
the quanta of angular momentum delivered by the transition. In 
order to obtain relative transition probabilitles tor the ease 
ot eollisions under random direetions of k one has to average 
the absolute square ot t over the whole range ot {3, r. This pro
vides the list ot transition probabilities shown at table 1.eon
eerning the ease ot zero nuelear spin. Note that transitions 
would not oeeur it the initial m and the tinal mj ditter onlyJ 
with respeet to their sign. This is predieted by a seleetion 
rule tirst given by Franz [3J. It holds severely only if j re
mains a good quantum number during the eollision. This is not 
the ease under eonslderation aswe are dealing with Bund's ease 
b where spin and orbit are deeoupled by the strength ot the mo
leeular field. Theretore, we eannot expeet that this seleetion 
rule holds in our ease generally but only to the seope ot Born's 
approximation.Any better approximation whieh aeeounts tor strong
er dephasing of the ($ - and the'1t -states would prediet that these 
trans i tions should really oeeur. Formulae ot their ampli tudes 
bave been derived by the author [4J. But they are not very help
tul in ealeulating relative transition probabilities as they 
depend strongly on the scattering potential which iS, of course, 
not aeeurately known. It is the advantage ot the transition pro
babilities shown here that they are independent ot the potential 
speeifieations other than its splitting into ti- and~-branehes. 

Table 2. has been caleulated tor the aetual ease ot sodium, 
_ 	 1=3/2, using also formula (1). Theretore, they hold withinthe 

same restriet10ns as have been quoted tor the ease I = O. 

Solution of the rate-equation system 

By means ot these transition probabilities the rate equa
tion system-formulae (2) and (3) - describing optical pumping 
with ~+ -D2-light has been set up. 

dh - 9i 	  91 N vr 4: (j'i-j
dt 't" 	 J 

_ u	 _ PI'+ N vr L: G"j .... i 9j + L: B
I i I i 

( 2) 

j I 
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- PI L BI....i uI....i - (PI - i)/T 
(3)i 

+ L A _ 9
i I 1

1 

It 1s divided into two parts, one part consisting of 24 rate 
equations deals with the population of the excited states. Mind 
that ~ means the mean lifetime of these states, N the buffer 
gas density, v the mean relative velocity of the col11dingr 
atoms, ~1..j the cross~ section for any transition among excited 
substates the relative lRagnitudes of which are shown in table 2, 

means E1nste1n's B-value for an excitation from groundBI+ 1 
state I to excited state i, uI_ the related energetical densityi 
of the exciting radiation field. Another part consisting of 
eight equations deals with the ground state population.The first 
term accounts for absorption, the second one for relaxation, T 
being the relaxation time, the third one for spontaneous decay 
into state I, Ai • I being E1nstein's A-value for the denoted tran
sition. The rate equations system has been solved for the sta
tionary case by means of a computer. From the ground state popuw 

lations thus obtained the relative change of the optical absorp
tion has been calculated according to the eguation (4). 

u _L PI BI....i I 1 
IlA I ,i . u _ 1 ( 4)
-= L: B

I
_

A i I i 8 
I,i 

Fig. 3 shows a plot of the negative of this quantity vereus the 
buffer gas pressure. 

The change of the optical absorption is zero if no buffer 
gas iS present because then optical pumping is prev,ented by the 
very strong ground state relaxation resulting from the uncoated 
walls of our pumping ~ell. ,With increasing buffer gas pressure 
the absorption rises and the transparency drops until excited 
state mixing becomes efficient. Then the change of the absorp
tion is lowered again, passes through zerO and approaches strong 
negative values. At very high pressures not shown by this plot 
i t approaches zero agaln because of the then dominating volume 
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relative increment 
-4 of tr~parency1,5-10 Neon (calculated) 

I'
b)

1cf 

• e 
o +--.---,---..,f-r--of--.--,--,--.... P 

6 mmHg 
the spectrum of the O;z-line 
emitted from the lamp shows 
a) resolved hfs 
of the Na - ground state Fig. 5. The optical pWBp 

-5 b) continuum-5·10 ·if Helium is.used aa a 

Fig. 3. Calculated change of the optical absorption of a sodiua vapor pu.

ped with D2-light as a function of tbe buffer gas pressure. The depolariz

ing cross section for Ne of table 3 has been used in the calculation. The 

negative of the relative absorption change was plotted versus the buffer, 

gas pressure 

Signal 
-210 

Fig. 7. The optical put' 
6 

Neon (measured) 

2 

04r-~--2~~---r~,---T6---r--~8-.--r--,,0~~--mm~~Hg- P 

-2 

Fig. 4. The measured optical pumping signal as a function of .the buffer 

gas pressure. Neon was used in this case. The optical transparenc1 in
Fig. 8. Tbe optical I 

creases from the bottoa to the top 

-1 
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'0 

, 

~ 

Fig. 5. The optical pumping signal Fi~. 6. The optical pumping signal it 

·lf Helium is~sed as a butfer gas Argon is used as a butfer gas 

-2 

Fig. 7. The optical pumping signal if Krypton is used as a bufter gas 

+---~----,----.~~~--,---~--~-p
7 mm Hg 

-1 

-2 

Fig. 8. The optical pumping signal if Xenon is used as a butter gas 
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relaxation. It was amazing to learn by this plot that the pres
sures of zero absorption change depend on the lamp's spectral 
profile.ease a) holds for a lamp emitting a weIl resolved ground 
state hyperfine structure. ease b) holds for a lamp emitting 
a' continuum. 

Experimental investigation of the optical pumping signal as 
a function of buffer gas pressure 

Now in order to measure the relative change of absorption 
caused by optical pumping with D2-light we employed an ordinary 
apparatus for optical pumping. The lamp was a radio-frequency 

lamp with the bulb thermostabi1ized i.n ·an oil-bath. In o.rder to 
seleot the D2-line from the emitted light a Lyot-filter has been 
used. The cell was conneoted to a vacuum apparatus which served 
for the ,adjustment of the buffer gas pressure. The polarization 
of the vapor was periodically disturbed by superposing a strong 
vertical magnetic field to the horizontal one. The repetition 
frequency of these disturbances was 8 cIs in order to have the 
intervals long enough so that repumping to the equilibrium might 
be possible. The transm1tted light was measured by means of 
a photo-cell. The component of the photo-current which was syn~ 
chronous to the repeti tion frequency was deteoted by a lock-in 

set. The signals such obtained are plotted versus the buffer gas 
pressure. In this way the ourve for Ne shown by Fig. 4 was ob
tained exhibiting the zero passing at 4,3 Torr. 

Fig. 5-8 show the ourves for He with the zero passage at 
2.1 Torr, for Ar with the zero at 2.7 Torr, for Kr with with the 
zero at 2.8 Torr,and for Xe with the zero at 3.3 Torr. Mind that 
in the oase of Kr and even more in the oase of Xe the volume re
laxation 1s So strong that just behind the zero passage the our
ve drops to zero. Thus in the oase 0 f Xe the zero oan be evaluated 
only with great inacouraoY,perhaps 20 per oent.In any other ease 
the accuracy should be better than 5 per oent.Next we had to in
vestigate the lamp speetral profile. This was performed by means 
of ph9toeleetrio Fabry-Perot-interferometer Fig.9 shows the D2
line hyperfine speotrum at three different temperatures. The 10w 
temperature recording shows the hyperfine structure with weak 
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I 

r 
self reversal, the high temperature recording shows strong self third one the mixing 
reversal as a replica of the positive hyperfine ,structure is mis by means of the formu 
sing in the line centre. The case of a continuum has been found 

to be realized approximately at 194 degrees Celsius. Gare has been 
 N V 

taken that the lamp temperature 
was not too far from this value 
during the pumping experiment. It which was obtained fr 

was found out, of course, that the numerical methods. 
pressure of the ~ero absorption being a continuum er.F 
change is dependent on the lamp 
temperature. 

Fig.l0 shows how the zeros are t: 
shift~d as the lamp temperature • = 

(
changes. A theoretical prediction 
was also made by inserting the 
measured ratio of intensities of 
the hyperfine components into our 

that means by summing rate equation system solving it 
afterwards by the computer. The aging it afterwards 0 

predicted and the measured curves the mixing cross-seat 

are weIl resembling each other. profile deviations f~ 

Table 3 gives in the first co- column the cross seet 

the D2-l1ne emitted from a radio lumn the collision partners, in are giyen as eODIJIUn1elil 

frequency lamp at different tem- the second one the pressures of inate from sensitiz 

peratures zero absorption change, in the sizes of our cross~8 

_ty /3 

F1g. 9. The hyperf1ne spectrum of 

and Jordan [4] thai 
absolute stze of our

posing through uro (p.tz) os 0 t :e
function of Ihe 10"""$ temperatur. T in so far as no direc 
cl catcutawd b) m_urlld 

Otherwise our cross ! 
.4.5 

we have made certain 
For instanQe the h: 
order of magnitude 

4.0 
taneous decay. There 
so far used maybe 
not live during ev 

T around their resulta 
190 200 220 oe 

set of decoupled h 

Fig.10. The shitt of the pressure of zero absorption change as a functioD our consideration, t 

of the laap temperature 

3.5.1-----1-----1-----4-----1--=-.".-_ 
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third one the mixing cross sections .derived from the latter ones 
by means of the formula 

N G'FiL..-F'M ' = 1,446/1'. ( 5)vr . .,., F 

which was obtained from the rate equation system (2) and (3) by 
numerical methods. It holds only for the pumping light spectrum 

being a continuum G"~_F'''''' is defined in the following way 

~. 

(6) 

that means by summing G"FM-'F'M ' over the final states and aver-
F F 

aging it afterwards over the initial states.ln the fourth column 
the mixing cross-sections are given,' corrected for the spectral 
profile deviations from the continuum.ln the fifth and the sixth 
column the cross sections Q1 for transitions from 2P1/ 2 to 2P3/ 2 
are given as commun1cated by the quoted authors [5,6J. They orig
inate from sensitized fluorescence measurements. The relative 
sizes of our cross-sections agree better with those of Franken 
and Jordan [4J than with those of Pitre and Krause [6J. The 
absolute size of our cross-sections may be also comparable to Q1 

in so far as no direct mixing occurs among the 2P1/2-sublevels. 
Otherwise our cross sect10ns should be even higher.But note that 
we have made certa1n assumptions which would not holdm practice. 
For instanQe the hyperfine splitting of 32P3/ 2 is of the same 
order of magnitude as the width of these levels due to spon
taneous decay. Therefore,the basis set of hyperfine states IFMp> 
so far used may be not the proper one because these states do 
not live during even one period of the precession of land J 
around their resultant F. Therefore, concern1ng 3 2P3/2 a basis 
set of decoupled hyperf1ne states IM1MJ > would be su1table to 
our considerat1on, too. This has not yet been undertaken. 

http:continuum.ln
http:states.ln


206 
by the steady state so 

Larmor resonanee AWF=1,AF = 0 under the eonditions of D2-1ight
Fig.12 shows the eight

pumping 
their ealeulated popu~ 
zero absorption ehangl

Finally let us eonsider the results of measurements where 
two neighbouring level 

the polarization of the vapour was disturbed by. a radio-frequen
will get deereasing ab 

ey magnetie field instead of a vertieal eonstant magnetie field. 
tion in the ease of th 

Fig.11 shows tne measured Larmor resonanees at 1,2 Me/s with levels and inereasin,
the buffer gas pressure being in two eases smaller and in one 

sorption in the ease 0 

f = 1 levels. The thus 
eulated speetrum of Li 

f! • resonanees is shown in
Signal Signal 

13. This is the ease 0 
H= 3.3-10-3 Oe 

rf-intens ity.Unfortuna' 
as we have' seen, . the : 
of the positive and. th, 
gative signal is depe: 
on the rf-intensity. T 
fore, no unique meth, 
aseertaining exeited 
mixing cross seetion. 
provided by the measur 
of Larmor resonanees. 

F:2
2.4Kds-

1. 2Mc/$ 1.2Mc/s 1.2Mc/s 

Neon 1.9mmHg 3,OmmHg 6,3mmHg 

\200
'ig. 11. Larmor resonances observed in the transmitted pumping light at 

different Neon pressures and at different radio frequencl field strengths 
-1-0 

ease higher than the value of zero passage and the amplitude of 
the radio frequeney field inereasing from up tq down. There are 
apparently two elosely spaeed resonanees the left of whieh ean 
be aseribed to the Larmor resonanees of the ground state f = 1 
level whereas the right one ean be aseribed to the ground state 
f = 2 level. The first one remains always positive whereas the 

'lg. 13. Spectrum of the l 

= O.AM, =.{1 aB has been 

the distribution of 

seeond one inverses its s:gn. This behaviour is weIl explained 

I 
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by the steady state solution of our pumping rate equation system. 
Fig.12 shows the eight Zeeman sublevels of the ground state with 
their ealeulated populations drawn in. This is just the ease of 
zero absorption change. If you equalize the populations of any 

two neighbouring levels you 
will get deereasing absorp
tion in the ease of the f=2 cf-light ~ ~ 

levels and inereasing ab
sorption in the ease of the 

f = 1 levels. The thus eal
eulated speetrum of Larmor 
resonances is shown in Fig. 
13. This is the ease of low 
rf-intensity.Unfortunately, 

as we have seen, ·the ratio 
of the positive and the ne

gative signal is depend~nt 

F.2 

F.l 

"'F, 

/~1
1'0 
\..-1 
\~ 

- -------"1< 

_.. ------"" 

(1.12519 

(1.12455 

(1.12293 

0.12482 

on the rf-intensity. There-
Fig. 12. Population of the eight ground

fore, no unique method of 
state sublevels.ln this case the optical

aseertaining excited state 
mixing cross sections is 

absorption is the same as it would be in 

•provided by the measurement 
of Larmor resonances. 

F=2 

I,204Mc:Is \202 \200 1.198 .1 lJ96 
0-1 

the case of random distribution 
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Discussion 

Franz 

It is often assumed that by adding sufficient noble gas to the 

lamp, say 8 or 10 Torr, that a broad and flat profile with

out resolved hyperfine structure will be obtained. Can you,.or 
anyone alse in the audience give definite information·on this 
point. 

M. Elbel 

No systematic investigation of this point has been done. Our ~ 
bulbs contained only 1 Torr Argon in any wh1ch 1s perhaps not 
sufficient to provide flat lamp profiles. But we should make use 
of your suggestion in the future. 

J Fr1cke 

Did you check the influence of the changed pumping light i n

t e n s i t Y on the pass through zero of <Sz> when you altered 
the lamp profile? 

M. 


As 


the 

o f 

. 

Elbel 

the uncoated 
be nearly 

pres8urea 
the lamps 

the hypert1Ae' 

~ 
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M. Elbel 

As the relaxation in the ground state is very strong because of 
the uneoated glass-walls all the ground state sublevels should 
be nearly equally populated. Calculations show in this ease that 
the pressures of the passinß through zero would not depend on 
the lamps absolute intensity but only on the relative intensity 
of the hypertine components. 

]4 - Optical Pumpillg 


