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Temperature effects in the hyperfine spectrum of theD1 transition of sodium
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The velocity selective optical pumping technique has been used to obtain the Doppler-free spectrum of the
D1 transition of sodium in the temperature range 110-169 °C. The pump-induced changes in probe transmis-
sion across the Lamb dip and crossover resonances first increase and then decrease with temperature. We also
observe a reversal in the relative magnitudes of these changes among some of the narrow resonances. These
and other temperature-dependent features of the Doppler-free spectrum Df tlransition of sodium are
successfully explained within the framework of the composite five-level model. The degeneracies of the
ground-state composite levels and the beam depletion effects at higher temperatures play a crucial role in these
investigations[S1050-2947@8)05011-3

PACS numbes): 33.80.Be, 32.306-r, 32.70.Jz

[. INTRODUCTION relatively high cell temperatures. In Sec. Il, we review the
composite five-level model in the context of the sodilrh
The high-resolution spectroscopy of tBel transition of  transition. Section Il deals with experimental details. Beam
sodium obtained in a low-vapor pressure cell has recentlpropagation in a dense medium is discussed in Sec. IV.
been analyzed in terms of an effective five-level mddél ~ Spectral changes with temperature are presented in Sec. V,
The technique of the velocity selective optical pumpinng”OWGd by a discussion of linewidths and the sum rules.
(VSOP was used in this study to eliminate first-order Dop- The paper ends with a brief summary of our findings.
pler broadening. The success of this technique to reveal natu-
ral or subnatural line profiles of atomic transitions critically Il. SODIUM D1 TRANSITION
depends on the enhanced absorption of the probe beam in the . .
wirF])gs of a Doppler-broadened FE)rofile as c%mpared to the, Th? hyperﬁng(hf) structure of theD1 transition Of. S0
absorption at the center of the profile in the presence of 41UMm is shown in Fig. 1. The ground stat&,, splits into
relatively strong counterpropagating pump beam. As showfV0 hyperfine levels wittF,=1,2 separated by 1772 MHz.
by Svanbergt al.[2], large absorption lengths are needed to! "€ corresponding splitting of the excited stéfey; is 189
record high contrast probe transmission in a VSOP experiMHZ- The magnetic sublevels associated with each hf level
ment. The required absorption lengths can be achieved b€ (% +1)-fold degenerate in the absence of an external
using long vapor cellgcells as long as 30 cm have been
used or by the use of cells of moderate lengths but at some- F my
what higher vapor pressures. The later choice, however, runs
the risk of increased pressure broadening. On the other hand, -2 -1 0 +1 +2
uniform beam profiles may be difficult to maintain across -2 -
. . . 2
long cells. The high-vapor pressufer equivalently high ﬁlzﬁh‘ 189 MHz
temperaturg cells, however, require the use of relatively £, S
stronger pump beams to overcome increased beam depletion.
Although somewhat sharper line profiles at 169 °C cell tem-
perature were reported in the 10-cm-long cell used by the
authors of Ref[1], the detailed analysis of the results was
restricted to their low-temperature measurements in the
neighborhood of 120 °C. There is a growing interest at the 589.6 nm
present moment in recording and understanding subnatural
linewidths[3-5]. In a related context, Lukiet al. [6] have
reported subnatural line features in an electromagnetically !
induced transparenc{EIT) window. To investigate natural ﬁr—z - — :I
or subnatural line profiles of atomic transitions, it is neces- 2
sary to work at higher temperatures for cells of moderate Y E— 1772ZMHz 2
lengths. Here, we report some unusual features in the Y
Doppler-free spectrum of the sodiubnl transition found in -1
the temperature range of 110 to 169 °C. The new approach,
presented here for the interpretation of results, has removed
some of the inadequacies of the previous investigation and FIG. 1. Hyperfine spectrum db1 transition of sodium. The
we find considerably improved agreement between the the@rouping of the magnetic sublevels for the five composite level
retical and experimental results at low, intermediate, andnodel is indicated.
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TABLE I. Transitions {—]) contributing to the narrow resonances. LD1 to LD4 are the Lamb-dip
resonances and CR5 to CR9 are the crossover resonances.

LD1 LD2 LD3 LD4 CR5 CR6 CR7 CR8 CR9

i—j 2-4 2-5 1-4 1-5 2-4 2-4 2-4 2-5 1-4
2-5 1-4 2-5 1-5 1-5
1-5
2-5
magnetic field. A right circularly polarizedo(*) beam will ~ (1-4, 1-5, 2-4, and 2J5and five crossover resonances. The
induce transitions with the selection rulem;=+1. All former group of resonances arises when the pump and the

ground-state magnetic sublevels except the one wit2,  probe beams simultaneously interact with axially stationary
m;= 2 will absorb this radiation. As a consequence, substanatoms. The latter resonances exist for special velocity groups
tial atomic population builds up in this level as a result of for which the upshifted pump and the downshifted probe or
optical pumping. The five composite levdlg] needed for vice versaare simultaneously in resonance with any two dis-
interpreting the experimental results are labeled 1 to 5 in Figtinct transitions from among the four possible transitions
1. Since no transition with this choice of the polarizationwithin theD1 manifold. For example, it may happen that the
state connects any of the ground levels to Fhe2, m;= upshifted pump may connect the 1-5 transition and the
—2 sublevel of the excited state, this level is ignored alto-downshifted probe is in resonance with the 2-4 transition.
gether in the subsequent discussion. For a given velocitfhe Lamb-dip resonances have been designated as LD1 to
group, the steady-state populations of the relevant composildD4 and the crossover resonances as CR5 to CR9 in order of
levels in the presence of a right circularly polarized pumpincreasing frequency. The specific transitions involved in
beam have been obtained by solving a set of rate equations these resonances are shown in Table I.

[1] and are reproduced below,

lll. EXPERIMENTAL DETAILS
_nO 1 1 1 1
Nl_ Nl+ Sl4££4+ Sl5£5.5+ 824‘Cé4+ S25£é5’ (1)

Circularly polarized pump and probe beams having the

Np=NI+S3,L] 4+ S3cLl s+ So,Lha+ SasLhs, ()  same sensex(") of polarization were made to counterpropa-
gate in a 10-cm-long sodium cell and the probe beam trans-
Ny=StLiat Saalha, (3y  Mission was recorded as a function of laser detuning at vari-
ous temperatures. The cell temperature was not controlled
, , recisely but it was monitored to be stable to within 2 °C.
Ns=S7sLis+ S3sLss, @ P y

The sodium cell did not contain any buffer gas. Our mea-
surements were restricted to the temperature interval 110—
169 °C. The counterpropagating pump and the probe beams

(yul2)? were derived from the same single-mode tunable Ring Dye
(5 laser Coherent Model 699-21. The split beams were ex-
panded by a long focal length lens so that the pump and the
robe beam diameters over the length of the cell were nearly
and 2 mm, respectively. The beams were polarized using
N4 plates. The input pump and the probe beam powers

where

L=, =07+ (155 (7f2)?

and N; and NiO appearing in the above equations represen
velocity-dependent population densitiigx) and Nio(x) of

theith I_evel in the pgesence and absence of the pump bearﬂﬂroughout these experiments were kept at 200 andAl
respectively. HerelNy(x) =N; ¢G(x), whereN;qis the total  oqhectively. These values correspond to pump and probe
number of atoms at thermal equilibrium in thi level and  jyiensities at the entrance of the cell to about 10.0 and 0.3
G(x) represents theznormallzed Gaussian distribution func;uW/mmz' respectively. The probe transmission measure-
tion (1A/zku)e” ®k¥° whereu is the most probable veloc- ments were carried out under well established steady-state
ity and k is the Boltzmann constanty,=1/7+2/T repre-  conditions. Lock-in detection was used to improve the sen-
sents the homogeneous linewidth of thg transition, where  sitivity of our measurements. Further, the lock-in detection
7 is the lifetime of the transition in questioi, (not to be  permits us to record only the chang@screase or decrease
confused with temperaturappearing here and in subsequentin the absorption of the selected velocity groups representing
equations refers to the time for the population of the pumpedhe Lamb dips and the crossover resonances arising due to
level 3 to thermalizeA;; represents the laser detuning with the presence of the pump beam. To get a feel for the kind and
respect to the transition frequeney; ; x=2mv/\, wherev extent of spectral changes involved, we have reproduced
is the axial atomic velocity ang; andslkj are defined in the some of the recorded resonances in Fig. 2. From this figure it
Appendix. We have not included level 3 in the above equais seen that at the lower temperat(id0 °O, the first set of
tions because, although this level plays a crucial role in thaéarrow resonances, namely LD1, CR5, and LD2, are some-
redistribution of atomic populations, no absorption of thewhat stronger than the corresponding resonances in the set
right circularly polarized beam is possible from this level. Asconsisting of the LD3, CR9, and LD4 resonances. The
described in Ref[1], the VSOP measurement yields in all lock-in detection sensitivities used for recording different
nine narrow resonances including four Lamb-dip resonancegroups of resonances were different, but Fig. 2 has been
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IV. BEAM PROPAGATION IN DENSE VAPOR

A linear relationship between the changes in the absorp-
tion coefficient of the cell and changes in the transmittance
of a weak probe due to the presence of a relatively strong
-10 CRS Ry pump can be obtained from the linearized Beer-Lambert law,

CRS
| —1.(0
M=a(0)L—a(p)L. (6)

Lor Loz LD3 (pqg LD4

lo

Here,l;(0)/l; and «(0) are, respectively, the probe transmit-
B L tance and the probe absorption coefficient in the absence of

o
T

the pump beaml|(p)/lo and «(p) are the corresponding
quantities in the presence of the pump, dnds the cell
length. In the absence of the pump, the probe beam absor-
L bance was found to be 11% at 110 °C and 96% at 169 °C,
indicating substantial beam depletion at both temperatures.
The a(L values at these temperatures are 0.11 and 3.2, re-
spectively. We shall formulate this problem in two stages.
1ok First, we consider the propagation of the pump beam alone
‘ and then bring in the counterpropagating probe beam to
) L monitor the pump-induced changes in the absorption coeffi-
00 cient. This method takes into account exactly the effects of
i 189MHz the pump depletion as it propagates in the cell. In view of
-1.0r substantial beam absorption in our 10-cm-long cell even at
0 700 : 700 ‘ 500 temperatures as low as 110 °C, linearization of the Beer-
Laser Detuning (arb. units) Lambert law across the entire cell length is not valid. Further
and more importantly, the atoms further down from the beam
FIG. 2. Normalized profiles of the Doppler-free spectrum of theentrance end of the cell see weaker and weaker pump beam.
D1 transition of sodium observed at 110, 147, and 169 °C. Th%s a consequence, the extent of optical pump|ng decreases
Lamb-dip resonances are marked LD1 to LD4 and the crossoveiom the entrance-end to the exit-end of the cell. This will
resonances as CR5 to CR9. lead to nonuniform absorption of the probe beam as it
. . traverses the cell from the opposite direction. In fact, at
qormal|zed so that the peak heights correc_tly reflect the re"'shigher temperatures the probe beam may get heavily attenu-
tive strengths of the resonances. At the higher temperaturgseq in the initial stages for lack of significant optical pump-
say 169 °C, a reversal of this behavior occurs, i.e., the LD3jng i that region. Our calculations must take account of
CR9, and LD4 resonances which were earlier somewhaese effects. It is necessary, therefore, to divide the cell into
weaker than the LD1, CRS, and LD2 resonances at 110 °@ gyficiently large number of subcells so that the beam
have now grown in strength while the resonances in the firsjepletion across each cell is rather small. We then apply the
set are quite weak at this higher temperature. Such behavigfeer-| ambert law across each subcell. The beam transmitted
seems strange at first sight considering the fact that the den@,y one subcell becomes the incident beam for the next sub-
sity effects should play similar roles for the populations of ce|| and so on. In this manner the beam depletion effects are
the two ground hyperfine levels. The thermal enek@yeven  fyly incorporated. Similar considerations were applied by
at room temperature is much larger than the ground—stat@aiyan et al. [8] to the Doppler-free spectrum of tHa1
hyperfine(hf) splitting. One might think that the populations ransition in sodium, though their aim was to study the effect
of the hf levels 1 and 2 should equalize, leading to no relagys heam propagation on the linewidths of the resonances. As
tive changes in the intensities of the transitions starting frompo pump beam enters the cell, it begins to disturb the Boltz-
the two ground levels as the temperature is changed. Thigann distribution of atomic levels. Eventually a new steady-
would actually be the case if levels 1 and 2 had equal degensate population distribution is achieved. For the present
eracies. However, the relative populations of the composngtudy, we ignore the transient stage of population buildup
levels 1 and 2 can differ significantly because they have difyq geal with only the steady-state populations of levels. We
ferent degeneracies. It is not obvious at this stage how anyq calculate how the pump beam gets attenuated as it

difference in the degeneracy of the two ground levels caRayerses the cell after the steady state has been attained.
lead to the reversal of the relative strengths of the two groups

of resonances. Further, there is another peculiar aspect of the
thermal behavior of these resonances which can be noticed
from Fig. 2. We find that the probe transmission is notice- We begin by dividing the cell length intN equal slices.

ably higher at the intermediate temperature of 147 °C a®ur aim is to first calculate the actual pump intensity that
compared to the probe transmissions at the extreme temper@ach group of atoms sees inside each slice and then calculate
tures. This nonmonotonic behavior of the probe transmissiothe extent of optical pumping produced throughout the
as a function of temperatufer the number densiiyappears length of the cell. Subsequently in a similar manner we shall
equally intriguing at first sight. consider the propagation of the probe beam which monitors

o ! 147°C

o
o
T

Probe Transmission (arb. units)
]
o
T

169°C

A. Pump absorption coefficient
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the extent of optical pumping in each slice. Applying the

differential form of the Beer-Lambert law to timth slice, we
have

dl,

E:_anln’ (7)

wheree, is the absorption coefficient of theh slice as seen
by the pump. For sufficiently small thicknegsz of each
slice, Eq.(7) can be integrated to give

In+1(in) =l h(ouh =1 ,(in)e~ a4z, (8)

We can now write for the absorption coefficient of then
slice,

B) = (1) = [ (Ny= Ny 7Ll
+f (N1—Ns)o15L150%
+J (Ny—Ny) 024L 240X

+f (Ny—Ns) o p5Lo5dX, 9

where

 (w?
L= 3, 07+ (rl2)?

(10
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TABLE II. Relevant cross sections and degeneracies fobthe
transition.

Transition aij
i—j gi [units of mX2(yn/vw)]
1-4 4 1/3
1-5 4 5/3
2-4 3 5/3
2-5 3 5/3

expression for the absorption coefficient of the cell we have
acknowledged the fact that because of Doppler broadening,
all transitions among the hyperfine levels contribute to ab-
sorption at frequencyw. We have written the superscript
“pump” in Eq. (9) to remind us that at this stage, we are
dealing with the pump beam alone. We have explicitly intro-
duced the frequency dependence of the absorption coefficient
because this integral is to be solved for a particular value of
the laser frequency. Knowing,(l) after solving the rel-
evant integrals in Eq(9), we can computé, ., using Eq.

(8). For the next slice we use thig, ; to calculatea,,, 1(I)

and use the absorption coefficient so obtained iteratively to
calculate the input intensity for the next slice and so on. In
this manner we generate values for the input intensities for
each slice.

We now proceed to calculate the pump absorption in the
nth slice at a frequency lying anywhere within the overall
limits of the D1 transition. On substituting expressions for
N; to N5 from Egs. (1)—(4) we find that the 20 integrals
appearing in Eq(9) involve either single or double Lorent-
zians. The integrals involving double Lorentzians fall into

and N; are the velocity-dependent steady-state populationwo categories. The first kind have the same central fre-

densities in the presence of the pump beam withinrttie

quency whereas the second kind involve double Lorentzians

slice and integration is over the atomic velocities through thecentered at relatively far-off frequencies. The latter kind of

already defined parameterThe average cross sectiaﬂ of

integrals will not contribute much to pump absorption as the

a givenm; sublevel belonging to a particular composite level products of such Lorentzians are essentially zero because of
is defined asoj; /g;, whereg; is them; degeneracy of the their extremely narrow widths. With these observations, we

lower level of the transition. The cross sectiang for the

need to retain only the following eight integrals in the ex-

composite levels of sodium appear in Table II. In writing this pression for the pump absorption coefficient:

* TTe0'144N1‘0G(X)
aPUMR Vulpump): - J_OOO'ZIA( 12hoT

715 12hoT

—o0

_J“’ — (TTe0154N1,oG(X)

Jw _ TTeO'243N2’()G(X)
724 12hoT

—o0

725 12hoT

—o0

f‘” — (T7e0253N2,oG(X)

—814) L14X) Ly4(x)dx+ J

=S

- S35) £és()()£:25(X)dX-|- j

[’

N1,dG(X) 014L14(X)dX

is) L15(X) L1s5(x)dX+ jZNLoG(X)O'lsEls(X)dX

- 554) LX) Log(X)dX+ jj;Nz,oG(X)0'24£24(X)dX

N B 7L )l

(11)
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It should also be noted that the Gaussi@¢x) are also and 2-5 optical pumping cycles and transferred to other lev-
centered at different frequencies but they have much broadeis, in particular to level 3 in the five-level scheme. Once
spread as compared to the Lorentzians. The four integrals iagain for these terms as well, longitudinally stationary atoms
Eg. (12) involving single Lorentzians represent the thermalcontribute to the 1-4 transition and appropriately Doppler-
equilibrium contribution to the absorption coefficient at ashifted atoms contribute to the remaining three transitions.
particular frequency as a result of 1-4, 1-5, 2-4, and 2-5The integrals were evaluated as follows. The presence of the
excitations, respectively. If the laser was tuned to, say, th@arrow Lorentziang10-15 MH2 in Eq. (11) suggests that
1-4 transition, then clearly the longitudinally stationary at-ihe dominant contributions to the integrals come from nar-
oms contribute to the absorption coefficients through the 1-4,, ranges of velocities over which the Gaussian factors
transition but atoms which are appropriately Doppler shiftedg ) hargly change. This allows us to take constant values
contribute through the remaining three transitions. The '®or the Gaussian factors during the process of integration,

maining four integrals in Eq.(11) represent absorption : . -
; SR The complete expression for the pump absorption coefficient
(rather the lack of it and hence the opposite $igy atoms (for the n?h slice F;t this frequenc;r/) theFr)1 takespthe form

which have been pumped oremoved by the 1-4, 1-5, 2-4,

P (Yul2)m(V1+S,—1) T(Ur+2[T—T 1) 014014(7N)2 (ﬂ)z 1 xexw<w—wl4 2><N2
S1avl+Sy, 3(Ur+1m) hv Yl kumw ku
('}/H/2)7T( \/1+ 815_ 1) T(l/T+2/T_F51) 0'15;15(’77')\)2| ( '}/N)Z 1 >< ((1)_(1)15 ZXNO
— — ex
SieVit S 3(Ur+1m) hv wl kuva OP T Tku 1
(Yul2) m(N1+ Sy~ 1) T(Ur+2/T—T ) 02404 7N)2 ('yN)Z 1 " (w—w24 2><N°
- — ex
S,\1+ Sy, 4(1/7+1/m) hv il kumw P~ "ku 2
(’)/H/Z)’?T( V1+ S25_ 1) T(l/T+2/T_F52) 0'25;25(77)\)2| ( ’}/N)z 1 x ((1)_(1)25 ZXN(O)
- — ex
Sy 1+ Sy 4(Ur+1m) hv il kuva OP T Tku 2
S S RN
+L(§)Nouf 014+ 719) + (§)Nigeef 024+ 729 ] —— (12)

where yy=1/7. The saturation intensitys for a given tran-  fers to the frequencies at which the Lamb-dip resonances
sition can be obtained froms=1/S;; . All quantities appear- occur in a pump-probe experiment.

ing in the above expression are known and so there are no We find near degeneracy between the LD1 and LD2 plots
unknown parameters in this formulation. Absorption coeffi-and also between the LD3 and LD4 plots. This is because the
cients of successive slices were calculated by combiningump absorption coefficients are calculated under Doppler-
Egs.(8) and(12). We have plotted % changes in the calcu- limited conditions. The pump beam is the only beam present
lated values of the pump absorption coefficient at frequenfor these calculations. For any setting of the laser frequency
cies which correspond to the positions of the Lamb-dip tranwithin the overallD1 profile, the pump gets absorbed by all
sitions as a function of the position in the sodium cell at 120transitions. The LD3 and LD4 frequencies being very close
and 169 °C in Fig. 3. The % change at a given frequency ishow nearly the same absorption despite the fact that the
calculated with respect to the unsaturated absorption coeffinherent cross section for the LD3 transition is one-fifth of
cient at that frequency. There is scope of genuine confusiothe cross section of the LD4 transition. What actually hap-
in the interpretation of Figs.(8) and 3b) and in the discus- pens is that when the laser is in resonance say with the zero
sion that follows. The narrow resonances can be seen only ivelocity group of atoms at the frequency of the LD1 transi-
the presence of counterpropagating pump and probe beantfn, it is also in resonance simultaneously at the frequency
Here we are discussing the changes in the absorption coeffivhich corresponds to the transition LD2 for the groups of
cient due to the presence of the pump beam alone. So, amtoms which see the pump appropriately Doppler shifted.
reference to Lamb-dip transitions in this section actually re-Since these two transitions are very close in frequei&p
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sponds to a maximum linear absorbance of about 2% across
each slice under the most unfavorable conditions.

17
x10°

-
[o2]
T

B. Probe absorption coefficient
(a)

Pump Propagation at 120°C In the preceding subsection we have described in detalil

the procedure to calculate the pump absorption coefficient in
each slice of the sodium cell. It is therefore possible to obtain
AAAAAAAAAAAALM the spatial variation of the extent of saturation and hence of
LD1 AA"AAAAMAAA optical pumping inside the cell. The optical pumping gener-
5 6 20 36 70 50 ated in the cell exists as long as the pump beam exists in the
Slice Number cell. We can monitor the spatial profile of the optical pump-
ing by introducing a counterpropagating weak probe beam.
(b) The probe beam experiences absorption at a given position in
Pump Propagation at 169 the cell which is essentially determined by level populations
as modified by the pump beam. Equatidd), however, can-
not describe the probe absorption coefficient. As mentioned
earlier, the simultaneous presence of the pump and the probe
beams allows for the observation of crossover resonances in
addition to the Lamb-dip resonances. We must add to Eq.
(11) the remaining twelve integrals which give rise to the
crossover resonances. There is another aspect which we must
take into account for probe transmission. For the counter-
propagating probe, the variabkeappearing in Eq(10) for
the LorentziansC;; (but notﬁi’j , which are still determined
by the pump must be changed to* x,” yielding

INCITAGAN
g

-
(2]
T

x10°

0 50 1(|)0 1%0 2IOO
Slice Number
FIG. 3. Calculated changes in the absorption coefficient of the
pump. The 10-cm-long cell is divided into 50 and 200 slices for 2
calculations at 120 and 169 °C, respectively. The changes are cal- Lii(X)= (yu/2) (13)
culated with respect to the unsaturated absorption coefficients. The " (Aj; +X)2+ (yul2)?
labels LD1, LD2, LD3, and LD4 refer to the frequencies at which
the Lamb-dip resonances occur in a pump-probe experiment.

for the probe beam propagation in the cell. This change has a

profound effect on the contribution of various integrals in
MHz apar}, the number of atoms contained in these twoEq. (9) towards the probe absorption coefficient. For ex-
groups is nearly equal. The same argument holds for the LDa@mple, the integrals involving double Lorentzians for any of
and LD4 transition. At 120 °C we find rather small overall the Lamb-dip resonances get significant contribution foom
depletion(about 11% for the LD1 and LD2 transitions and in the neighborhood at=0 only. Forx+0, the two Lorent-
6% for the LD3 and LD4 transitionsAll portions of the cell ~ zians get displaced in opposite directions and so will have
are nearly equally absorbing and we expect uniform opticavanishingly small overlap. This amounts to saying that only
pumping in the cell at this temperature. At 169 °C, the situ-the axially stationary atoms in the cell can simultaneously
ation is quite different. The pump beam is rapidly depletedinteract with the pump and the probe beams. Such atoms are
(98.9% absorption at the LD1 and LD2 transition frequenciesselectively picked up in the VSOP experiment and lead to
and 88.7% absorption at the LD3 and LD4 transition fre-enhanced probe transmission when the laser is tuned to any
quencie} at this temperature. The degree of saturation an®f the Lamb-dip resonances. As soon as the laser is moved
optical pumping is expected to be nonuniform. The %out of resonance, the probe beam essentially sees a thermal
changes in the absorption coefficient at the LD1 and LDXistribution of atomic populations.
transition frequencies fall from 14% at the entrance of the When the laser is tuned to any one of the Lamb-dip reso-
cell to nearly 0% at the other end of the déffig. 3(b)]. The  nancegsay, the 2-4 resonangehen out of the four integrals
corresponding numbers for the LD3 and LD4 transition fre-appearing in Eqg.(11) which involve double Lorentzians,
guencies are 17% and 3%, respectively. At this temperaturenly one which involves the produd,,.;, gives nonzero
the last quarter of the cell remains almost completely unsateontribution. This is because the laser at a particular fre-
urated and hardly develops any optical pumping. As a resulijuency can be in resonance with only one transition for the
the counterpropagating probe beam is made substantiallstationary atoms. However, the remaining four integrals in
weak by the time it is able to interact with the pumped at-Eq. (11) which have only one Lorentzian do contribute to
oms. These calculations were carried out for the conditionshis resonance. After solving these integrals, the following
of our experiment and by dividing the sodium cell into 50 expressions for the probe absorption coefficients of the LD1
slices for 120 °C and into 200 slices for 169 °C. This corre-and LD3 resonances were obtained:
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(INg)TeﬂyH)g 72l 24 17T ) 14— e (saalke”
Ao A= 7 T7. . | 5| 09240 —_
U ahy kul 2] TEEERTT . I T 15, | 402+ (yuf2 2 1+ (14 S0 12
"‘Jl NSo 14L14X) dX+ fﬁ NYo15L15(X)dX+ fﬁ N3G 24L o4 X) dX+ Jl N9 25L05(X) dX, (14
(INEth(yH)s T ) L L e (dulkw?
Ay 4= T 5| 5| 0140 —
147" 4hy ku 3| 2] THIMST T4 VI+S1) 402, 4 (y /2 1+ J(1+ S 12
+ f N9o14L14(X)dx+ f N9or15L15(x)dx+ J NS0 4L oa(X) d X+ f NS0 25Lo5(X) dX. (15)

Similar expressions for thél-5) and (2-5) Lamb-dip reso- pump. The presence of narrow Lorentzians in expressions
nances can be obtained. For all Lamb-dip resonances, th&4) and(15) for the absorption coefficient suggests the ex-
probe absorption coefficient is found to decrease with respedstence of sharp line features riding over broad absorption
to the off-resonance probe absorption. The absorption coeprofiles. The FWHM of these sharp features is of the order of
ficients for the special nonzero velocity groups giving rise tothe natural linewidthyy with some power broadening. The
the crossover resonances can also be obtained. But in thibsorption coefficients can be calculated over the entire
case, the probe beam transmission can increase or decreaaage of frequencies of the1 transition. The spectral pro-
with respect to off-resonance transmission depending on thile of a narrow resonance can be generated be subtracting
nature of the crossover resonance. from the calculated probe intensities over the range of a nar-
The probe absorption coefficient for timh slice in the  row resonance the probe intensity in the immediate neigh-
cell can be calculated iteratively by a procedure similar to théborhood of this resonance. Since these resonances are quite

one used for the pump beam, narrow, there is no difficulty in identifying the proper back-
orobe prob e A7) ground transmission. However, in order to compare the cal-
i) = 1571 0ut =14 (inje™ 132 (16)  cylated transmission profiles of the narrow resonances with

The difference in the slice order in this equation and in Eq. 160
(8) for the pump beam reflects the fact that the probe coun-  x1¢o?
terpropagates the pump. The % changes in the absorption (@

coefficient of the probe beam as a function of the position in 121 Probe Propagation at 120°C
the cell are calculated with respect to the absorption coeffi-

VWVVWWWWWWVVWVWVWWVWWWVVVWWWVWV
LD4

cients just outside the narrow resonances. These are shown in § gl ©90099090000000000000000000000000000000000000ms
Fig. 4. The probe propagation effects are similaut not g

exacﬂy |dent|c@| to those found for the pump propagation_ Dum:n:\uDDUDDDDDDDDDunnuc\DDDDDDDDDDDDUDDDDDDDDD\!!.SJ,D
At 120 °C, there is an overall probe depletion of 12% for the

LD1 and LD2 resonances and nearly 6.5% depletion for the LO3
LD3 and LD4 resonances. The corresponding figures for 0 & 6 36 35 75 )
169 °C are approximately 99% and 90%, respectively. These Stice Number

are slightly higher than the corresponding figures for the
pump depletion. As for the pump, the probe absorption is W )

nearly uniform in the cell at 120°. However, the change in 102 Probe Propagation at 169°C
probe absorption coefficient at 169 °C approaches zero value
halfway in the cell for the LD1, LD2, and LD3 resonances. 121
But the striking difference in probe absorption lies in the fact

that the probe absorption coefficient and its % changes are
different for all the Lamb-dip resonances. The kind of degen-

eracy noticed in the pump plotEig. 3) is absent here. This an
is attributed to the fact that unlike for the pump, the probe
absorption is calculated under Doppler-free conditions be-

cause the pump and the probe beams interact with only spe-  °C s o &5 '
cial velocity groups of atoms for these resonances. .
Slice Number
V. PROBE TRANSMISSION PROFILES FIG. 4. Calculated profiles of changes in the probe absorption

coefficient across the cell length of 10 cm. The cell is divided into
We have described in the preceding section how the probso and 200 slices for calculation at 120 and 169 °C, respectively.
absorption coefficient at any setting of the laser frequencyrhe changes are calculated with respect to the unsaturated absorp-
can be calculated in the presence of a counterpropagatinn coefficient.
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CRS (@) TABLE lll. Observed and calculated amplitudes and areas of
3 10 narrow resonances at 120 °C. Calculated amplitudes and areas are
= for Ng=10'° atoms per crf) which corresponds to the cell tempera-
g \-k 05 ture of 120 °C. For normalization, the observed and calculated am-
£ plitudes of the crossover resonance CR5 are taken as unity.
8 101 O doo
2 Observed Calculated Observed Calculated
§ 0S[- +4-05 amplitude  amplitude area area
% 00k an LD1 0.53 0.40 3.7 2.7
Q LD2 0.57 0.67 4.1 5
a-05 (I) 3o 260 $ 0 40'0 500 LD3 0.08 0.05 0.44 0.31
Laser Freguency Detuning (arb. units) LD4 0.55 0.64 5.8 4.9
= ®) LD4 CR5 1.0 1.0 7.8 7.6
g 108 CR6 0.09 0.08 0.64 0.47
g CR7 0.29 0.37 21 2.4
§ 104 CR8 0.56 0.42 35 2.8
S k CR9 0.40 0.36 34 2.7
[7]
Vé (¢8] 100
g5 08 corded profiles. The presence of some pedestal in the
g ; experimentally observed profiles over which the narrow
g 04r A resonances ride can be noticed. This feature is not apparent
° . CR8 L in the calculated profiles because each resonance was calcu-
& oor — an lated independently and displayed next to the adjacent one.
6 200 —756 500 Table Il shows a detailed comparison between the calcu-
Laser Frequency Detuning (arb. units) lated and observed features of the profiles at this tempera-

ture. To facilitate comparison, we have taken the peak height
FIG. 5. Theoretical(l) and experimentalll) profiles of the  of the strongest transition, namely the CR5 resonance, as
D1 transiton of sodium. (8 120°C (corresponding to having value 1 in the experimental and calculated profiles.
N=1x10" atoms/cm), (b) 169°C (N=3.4x10' atoms/cm).  We see generally good agreement between the values of the
The vertical scales on the left are for the experimental proflles  corresponding quantities appearing in these tables. We note
and those on right are for the theoretical profilbs in passing that at this temperature, the narrow resonances in
the first group consisting of the LD1, LD2, and CR5 reso-
those observed experimentally, it is necessary to express timances are somewhat stronger than the corresponding reso-
vapor density Ky) in terms of the cell temperature—the nances in the group consisting of the LD3, LD4, and CR9
quantity actually at our disposal. For this purpose we havéesonances. In particular, the strongest line of the first group

used the following relation: (CRYH) is considerably stronger than LD4, which is the stron-
gest resonance of the second group. We shall return to this
9.42x10° observation later.
In(N°%) =53.58- ——InT, 17

B. High-temperature profiles

whereN® is the number density or the population density as  The recorded profiles of the narrow resonances at 169 °C
defined earlier and”’ is the temperature in K. The consis- and calculated profiles aN,=3.4x 10' atoms/cmi are
tency of Eq.(17) with standard vapor density-temperature shown vertically displaced in Fig.(5). Once again we find

curves was checked. good agreement between the two sets. However, the ob-
served peak depths of the CR7 and CR8 crossover reso-
A. Low-temperature profiles nances are less than half the values predicted by the five-

We have chosen 120 °C to represent the Iow—temperaturlevel model. At this point, we have no explanation for this

- ' . 3iscrepancy. A more detailed comparison of the peak depths
lsiirnlr:éﬁ?fr?crj?seed rz:ioc:”eri ?Jtrjzg l;‘:\é (\e/\r/stet;nnep?;?rro?es dhardotl)%wand areas under the resonances can be seen in Table IV.

gn - 19 op Here, we have normalized the peak heights to the peak
profiles (curve 1l) for all narrow resonances at 120 °C. For

comparison, we have also included the calculated profilehelght of the LD4 resonance, which is the strongest reso-

. . : Rance at this temperature. As pointed out earlier, except for
(curve ). The two profiles are vertically displaced for betteréhe central group of resonancéR6, CR7, and CRS the

visual comparison. It is seen that there is excellent overal greement between the observed and calculated peak heights
agreement between the calculated profiles and those ol)-

o . ; nd areas at 169 °C is nearly as good as for the lower tem-
served at 120 °C. However, some discrepancies can be n@érature(lzo °Q profiles
ticed. For example, the peak depth of the observed CR '
crossover resonance is nearly half as much as the observed
peak depth of the CR8 crossover resonance, whereas the cal-
culated depths for these resonances are nearly equal. A cer- Two intriguing aspects of probe transmission can be no-
tain degree of power broadening can be noticed in the reticed from Fig. 2. The probe transmission for any resonance

C. Spectral changes with temperature
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TABLE IV. Observed and calculated amplitudes and areas of 2r
narrow resonances at 169 °C. Calculated amplitudes and areas are
for Ny=3.4x 10** atoms per cm® which corresponds to the cell Uy ﬂ
temperature of 169 °C. For normalization, the observed and calcu- N:5x10§J\J ﬂ }L
lated amplitudes of the Lamb-dip resonance LD4 are taken as unity. or ['
Observed Calculated Observed Calculated I f
amplitude  amplitude area area
LD1 0.03 0.03 0.34 0.28 @
LD2 0.05 0.06 0.26 0.53 §
LD3 0.04 0.07 0.64 0.56 g
LD4 1.0 1.0 6.5 9.6 N i
CR5 0.08 0.09 0.52 0.82 & booofl 1 \
0 N:8x10
CR6 0.03 0.05 0.26 0.45 g o K—m
CR7 0.12 0.32 1.29 3.0 a L
CR8 0.16 0.5 1.94 4.8 2L i
CR9 0.4 0.28 3.1 25 g |
£ L

first increases and then decreases as the cell temperature is

increased from 110 to 169 °C. Further, the probe transmis- L .
sion for the CR9 and LD4 resonances is somewhat smaller N:3.4x10 i
than the transmission for the CR5 and LD2 resonances, re-  Of bt
spectively, at 120 °C, but at 169 °C the CR9 and LD4 reso- |
nances are considerably stronger than any other resonance in i
the spectrum. Thus there is some sort of reversal of the rela- . . k l .
tive strengths of the resonances at the higher temperature. 200 7 400 800
Figure 6 shows the calculated probe transmission for the nar- Laser Detuning (arb. units)
row resonances for three atomic concentrations which ) . _
roughly correspond to cell temperatures of 110, 147, and FIG. 6. Calculated profiles of tgl transition of sodium f?r
169 °C, respectively. We see that the calculated probe tran%:rigclg agg?:icfh dinN =t8><t1?n1 a:o:nf/crﬁ,n 'r\‘:lf'od'x 115; .
mission profiles do show at least qualitatively all the features_L o ' esp g fo lemperatures nea » 24,
. . 69 °C, respectively. These plots should be compared with the cor-
observed experimentallgFig. 2). To that extent our model . - R
. . L responding temperature plots in Fig. 2. All plots in this figure are
correctly predicts the changes in the probe transmission as
. . awn to the same scale.
function of the temperature and perhaps nothing more needs
to be said about these aspects. However, we would like to _ _ _ _ _
understand exactly what happens to bring out these rathe and 1 in the five-level modésee Fig. 1 It is desirable at
intriguing changes in the spectrum. this stage to state what we expect to learn from these calcu-
In order to appreciate better the nature of spectral changdations. We have already seen that at 120 °C the cell is nearly
with temperature, we consider sodium cells of differentuniformly pumped because the pump beam absorption is
lengths and calculate the probe transmission at various tenfiather low(about 12%. In the absence of significant attenu-
peratures. For a cell of lengthdivided inton slices of equal ation along the length of the cell, the relative transmission of
width, the recorded signal for probe transmission at a giverthe probe beam for different resonances should not change

(-

o

frequency corresponds to with the length of the cell. In particular, we should expect the
_ _ ratio of the LD2 to LD4 transmissions to remain unchanged
lsigna=1 (first slice) —1qe~ o, (18)  when the cell length is increased. However, at higher tem-

peratures the cell length should play a crucial role because of
wherel (first slice) is the probe intensity as it emerges out of severe attenuation of the pump beam as it propagates in the
the cell andl, is the probe intensity entering the cell. The cell. If the pump attenuation is significantly different for dif-
second term in Eq.18) represents the probe transmission inferent transitions, we can expect the reversal effects to begin
the absence of the pump. Since our experiment records onbt different lengths for different transitions for a particular
changes in probe transmission with respect to the unpumpedilue of the cell temperature. From Fig. 7 we see that at
condition, this term has to be subtracted. The calculated peak20 °C, the strength of any transition increases monotoni-
probe transmissions for LD2 and LD4 resonances as a funaally as the cell length is increased. The monotonic nature at
tion of the cell length are shown in Fig. 7 at 120 and 169 °Cthis temperature arises because with increasing length more
To calculate the peak probe transmission at a given temperand more atoms become available for pumping and the pump
ture, the number density was kept constant as the cell lengteam remains strong enough throughout the cell length to
was increased. Table V gives the ratio of the peak heights afreate pumping in the absence of any significant attenuation.
the LD2 and LD4 resonances at 120 and 169 °C for differenfhe ratio of the LD2 to LD4 strengths is close to the ex-
cell lengths. In the absence of beam attenuation, this ratio ipected value of 1.33 and remains essentially unchanged as
expected to be close to the ratio of the degeneracies of levetbe cell length is increased from 0.2 to 10 cm. The slight
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16 significant beam attenuation. The LD1 and LD2 transitions
LD 4 (169°C) originate from level 2 and LD3 and LD4 transitions originate
from level 1 in the five-level scheme. Level 1 has a degen-
eracy of 3 and level 2 has an effective degeneracy of 4 for
excitation with circularly polarized light. Thus a larger num-
ber of atomg(in the ratio of 4:3 are available for interaction
when the laser is tuned to the LD1 and LD2 resonances as
compared to the case when the laser is tuned to the LD3 and
LD4 resonances. At lower temperatures the available number
of atoms decides the relative strengths of the signals and
hence the ratio of the peak heights of the LD2 to LD4 reso-
nances is close to the expected value of 1.33 while at higher
temperatures it is the beam attenuation which decides the
strength of the signal. This is so because the higher number
of atoms available at higher temperatures drastically attenu-
ates the beam. This happens selectively for the LD1,LD2 and
LD3,LD4 resonances. The beam is attenuated much more
when the laser is tuned to the former pair of resonances
because of the more numerous atoms available for the ab-
sorption at these transitions. This leads to a highly nonuni-
form spatial profile of optical pumping in the cell at 169 °C
as revealed by Figs. 3 and 4. Thus although the basic cause
R L of reversal of the relative strengths of these pairs of reso-
01 ! 10 nances is the higher degeneracy of level 2, its effect is mani-
Cell Lengths (cm) fested only in the presence of significant beam depletion in
FIG. 7. Calculated peak heights of the Lamb-dip resonancedne Cell. We have selected LD2 and LD4 resonances for the
LD2 and LD4 at 120 and 169 °C for cells of varying lengths. present discussion because the cross sections for these tran-
sitions are nearly equal and the changes in the probe trans-

change(about 7% in this ratio with length is due to the mission for these resonances can be at least qualitatively un-

presence of a small amount of attenuation even at this terﬁj—erStooCI i_n terms of the degeneracies of the levels. However,
perature. Similar calculations at higher temperatures revefur quantitative results apply to all narrow resonances. Re-

that as the cell length is increased, the strength of any res erring to Fig. 2, we rema_rk that the |n!t|al Increase of the
nals for all resonances is due to the increasing number of

nance first increases and then begins to decrease. But ta oms available for absorption with increasing temperature
changeover takes place at different lengths for different tran- o P >INg P :
sitions. The LD2 resonance shows this effect at a muc t still higher t_er_nperature, beam depletion becomes SO

SC.érong that that it is hardly able to saturate the atoms. This

smaller length as compared to the LD4 resonance. Becaur sults in the decrease of the signal. It is therefore possible to
of severe attenuation at these temperatures, the pump is not gna.. P

able to efficiently pump the atoms, leading to a decrease inderstand in physi(_:al terms the changes in the probe trans-
the strength of the signal. At 169 °C the ratio of the LD2 tomlttance as a function of temperature for all narrow reso-
LD4 strengths decreases from a value of 1.21 to 0.07 as th ances.
cell length is increased from 2 mm to 10 cm. Thus at this
temperature, the reversal takes place just before the cell
length approaches 1 cm. Figure 7 shows that whereas the In Ref.[1], some relationship&3)—(27) between the in-
LD2 resonance begins to decrease in strength as the cdegrated absorption coefficients of the crossover resonances
|ength exceeds 1 cm, the LD4 resonance continues to gaﬁ{]d the Lamb-dlp resonances were derived. Since these re-
strength until the cell length approaches 3 cm and then it&tions provide some internal checks for the predictions of
strength decreases rather abruptly. As a result the LD2 resd?e five-level model, we might treat them as some kind of
nance becomes quite weak by the time the probe beam exig/m rules. These relationships were obtained in the limit of
the cell of 10 cm. This is exactly what we find experimen-weak beam absorptiorngL <1), wherea is the unsatur-
tally. Let us now try to understand why the reversal in theated or low power absorption coefficient ahdis the cell
ratio of LD2 to LD4 strengths takes place in the presence ofength. This condition holds at lower temperatures near
120 °C. Now that we have discussed the beam depletion ef-
TABLE V. Ratio of peak heights of the LD2 and LD4 reso- fects in great detail, perhaps a second Iook. at these relations
nances for different cell lengths at 120 and 169 °C. LD2 to LD4iS Warranted. In the earlier work all Gaussian factGi&) -
peak height ratio. appearing in the expression for the absorption coefficient
were replaced by unity. This is a reasonable approximation

12+

LD2 (169°C)

Peak Heights of the Resonances (arb. units)

LD 2 (120°C)

LD 4 (120°C)

D. Sum rules

for all Lamb dips and for the crossover resonances CR5 and
Cell length Temperature . .
drag (mm) 02 10 50 100 °0) CR9, but this certainly does not hold for t_he central cross-
over resonances CR6, CR7, and CRS. It is only these later
129 127 123 1.19 120 resonances for which the discrepancies were found. The
1.21 0.96 0.31 0.07 169 modified sum rules obtained by using the appropriate values

of the Gaussian factors and their verification are shown in
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TABLE VI. Verification of the predictions of the five-level modét 120 °Q.

Areas of the

Measured areas of crossover resonances
the crossover resonances as obtained from

(in arb. unitg Lamb-dip areagarb. units

As A+ Ay

9.7x107° 9.7x107°

Asg (— & A,—3A5)%x0.38

—5.0x10°° —7.6x10°°

Az (—3A;— $5.4,) X 0.3— (38 A;— 345) X 0.46

—2.2x10°° —3.0x10°°

Ag (— 12 A,— 15.A,) X 0.38

—3.8x10°° —3.4x10°°

Ag 5A3+ £ Ay

3.8x10°° 4.010°°
Table VI. It is seen that the discrepancies for the central APPENDIX
crossover resonances are resolved to a great extent. Some
discrepancy remains for the crossover resonance CR6 but 01 T7e 4 4
this resonance is much weaker than the remaining crossover 147 12hyp —A4la+ T_e+ T (A1)

resonances. We have no explanation for this discrepancy at

the present time. However, we feel that the assumption that oyl TTe 4 3
the probe beam does not affect level population may no 815:T ( —4F51+—+?), (A2)
longer hold. How an inclusion of this effect will affect only v Te
the central crossover resonances is certainly not clear, but T 3 4
. L ool T7
such a study is worth attempting in the future. = i42w e ( — 3Tt _e+ ?)’ (A3)
VI. SUMMARY
.. UZSITTE 3 3

The Doppler-free spectrum of th2l transition was stud- = ( — 3l — + _) , (A4)
ied as a function of temperature covering the range from 110 12hw Te T
to 169 °C. A nonmonotonic behavior of the strengths of the
narrow resonances as a function of temperature was found. 1 T7e|oud 4aNg|  12N9
At 120 °C, the group of transitions comprising the LD1, S= % |y | T T T S (A5)
CR5, and LD2 resonances is somewhat stronger than the ¢
group comprising LD3, CR9, and LD4 resonances. However, 0 0
a complete reversal of their strengths takes place at 169 °C. 1 :E ‘T;Sl (ﬁ) _ % S } (A6)
In view of the high level of beam depletigas much as 99% B2 he | T Tre )
for some of the resonanges the cell, the beam propagation
effects were considered by dividing the sodium cell into 200 L Tre[oad

, ( 4aN? o o 3N?
subcells at 169 °C. This Beer-Lambert law was applied to =12 | vy T+3F41N2—3F42N1+ —
each subcell in succession. This procedure fully accounts for v Te
the beam depletion effects. Numerical solutions were ob- 12N9 }

4|

tained for pump-and-probe transmission. It was possible to -7 (A7)
achieve excellent agreement between the calculated and ex- Te

perimentally recorded line profiles of all narrow resonances

in the complete range of tem t di i tiga- Tre [ oogl [3N? 3N?

r p g perature used in our investiga 1_'Te| 025 L P NO— 3TN0+ St
tions. It was found that because of higher degeneracy of the 512l hy \ T 51772 52010 g

upper ground level in the five-level model, the pump beam 0

experiences considerably higher attenuation for transitions 12N; A8
starting from this level as compared to the transitions starting N Tre %) (A8)

from the lowest ground level. This fact is responsible for the

peculiar changes in the probe transmission as a function of 0 0
. . . 2 TTe 0‘14' 4N2 0 0 4 2

temperature. Further it has been possible for us to provide g2 =_°| == | =441 ,,N%—4I,;N9+

better experimental verification of the modified sum rules 122 hw | T Te

representing relationships among the frequency integrated 1oN0
absorption coefficients of crossover and the Lamb-dip reso- i 514} (A9)
nances. Tre
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