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California. The views and opinions of authors expressed herein do not necessarily state or
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ABSTKACT

In 2 hyperfine optical pumping experiment we employed the Franzen:
transient method to determine the total spin-exchange cross slections for

L B7 &7 . 87 433 s o . . . ;
Rb™ ~Rb™ and Rb™ -Cs collisions at 78°C. Values determined in this way were: .

o =387 -RbET) = (1,920 2)x107 %% e and & (RBE7-Cs 13 = (2.320.2)x10" M em®,
A large difference between the ground-state hyperfine populations was esta.blishedv
by pumping with light absorbable by atoms in only one hyperfine level. In the
presence of a second unpumped species, the resulting polarization xelaxed with a
characteristic rate of 1/ = 1/T + 1/T81 + i/TEi” where T is the non-spin-ex-
E1

Then T was obtained by fitting the signal to a single exponential and applying a

change relaxation time and ’1"51 and T are the self- and cross-exchange times.

| small correction { ~ :-',G%) to account for the fact that the signal is only approxi-
mately proportional to the polarization (and hence to a single exponential). The
relaxation measurement utilized rapid data accumulation with a Kerr cell shutter
and pulse-height analyzer., The cross sectign-can be easily deduced from the re-..
E laxation times if the corresponding densities are known, Each density was measured
by determining the integral over all frequencies of the absorption coefficient by
means of a scanning Fabry-Perot interferometer, We describe how to remove -

the effect of the Fabry-Perot on the true emission and absorption profiles.

b
HED
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. spin-exchange cross sections. 8 We describe such a determination of the total

electronic polarization in a Zeeman opt1ca1-pumpmg transient experxment. ~ For "
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' 1. INTRODUCTION
The spin-exchange process has been of particular interest during the last
decade because of its importance in a.stronomy1 and atomic spectioscopy. 2=6 But - -
it is the study of interatomic potentials that motivates précise determinations of

87-Rb87 and Rb87-Cs133 by a transient experi- . .'

spin-exchange cross sections of Rb
ment involving hyperfine optical pumping. During our research, several other
measurements were reported for the rubidium cross sections. 942 Reference 13.
points out that Jarrett!s neglect of nuclear spin in his analysisio is justified only
if the relaxation is dominated by electron randomization. That such was the case
was not demonstrated by' Jarrett, but it was made pla.usibl; in Ref. 13 and now
appears likely by the agreement between his value and ours. Also until recently
the result of Davidovits and Knable 11 appeared to be less than half of the values reported
by Ja.rrettio and by Moos and Sands. ¢ However, Davidovits has informed us that his
definition of the cross section is half ours. Our measurement of the Rb spin-exchange .
cross section is then in good agreement with these previous méasurements and adds
weight to them by serving as a cross check achieved by a different method. |

Our experiment very nearly minimizes the number of subsidiary parameters
that must be measured to deduce the cross section. Only three are requir.ed;. the
total relaxation time, the non-spin-exéhange relaxation time, and the d'enéity. These
quantities were measured as follows: For hyperfine pumping, the differen_cc ’i_n

populations of the hyperfine levels decays as a single exponential. This is to be

compared with the sum of two exponentials for the relaxation of the longitudinal

low absorption or polarization, the Franzeni4 transient signal for hyperfine

pumping is directly proportional to the hyperfine polarization. For most practical =
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végi‘\;es". ef‘the a;lesez;ption aﬁdnliaola'rilzatien,» ce:rectibné}(_aeiie'rée as .1'2%7‘ mthls SRR
vexperiment) must be made to account for the difference between ehe rela.xa.tioni -
time deduced from the signal and that characterizing the decay of the polanza.tmn.
B Correspondmg to each total relaxation time P, a density measurement is made wﬁh )
a scanning Fabry- Perot interferometer., The analysis involves a recovery of the true b
‘emission and absorption profiles by rerxioving the effects of the Fabry-Perot from the )
experimental profiles. The integral over all frequencies of the vabsorption' coefficient,
which is proportional to the density n, is then found easily. The cross section is then
- proportional to the slope of a plot of 1/r versus n; the intercept forn=0 is 1/T
where T is the non-spin-exchange relexation time, Obser\re:’d values of T are ivn
~ good agreement with values calculated with the assumption tha.t effusion to and from
the sidearms dominates the relaxation.

Our experiment differs from fhe similar one'of Bouchiat and Brosisel12 in
two fundamental ways. First, in our experiment circuiariy polarized pumping light;r
was used instead of unpolarized light, and a resonant rf field was applied to the
pumped species to destroy the resulting longitudiﬁal pola.rizatien; This Itechnique
was necessary because it is difficult tec destroy the polarization produeed
by the Kerr cell shutter. Second, .our density measurements wére made directl}‘r‘
rather than estimated f;'rom vapor-pressure curves,

The experiment is described briefly in Sec. 1I, the experimental ‘p‘rocedure.'
in III, and the apparatus in IV. Data a.;lalysis is discussed in Sec. V, and Sec. Vlisa
summary of the results. For a more detailed discussion of parts of this reseafch
see Ref., 15, However, the-density-mea,sureme_nt a.na.lyAsis presented here superse'des s

the simpler approach of that reference. Also co‘rrectioﬁs for optical thickness dis= -

cussed in Section V were not applied to the relaxation-time data in Ref. 15,




where p_'*_(t_) is the density of atoms in the F

‘nonidentical atoms (cross exchange), and T
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'1I. DESCRIPTION OF THE EXPERIMENT

Alkali spin-exchange cross sections can be measured by a transient

\h}%pérfine optical pumping experiment as follows. A large difference between

.- the ground-state hyperfine populations is achieved by irradiating the resonance

cell with light that can be absorbed by only one of the hyperfine‘ levels, The ‘
e 14

' ‘relaxation of this population difference can be observed by Franzen's method
. of monitoring the transmitted light. If A(t) is the absorption by the resonance

cell at time: “t, a signal can be defined as

S = [Alw) - Alt)]/[A(=) - A(0)]. . o (1)
If the absorption is not too high (see Section V), the af:éroximate signal is

Sp = [py(t) - p(=)]/[p,(0) - p ()] = expl-t/m), (2)

with

'1/1" = 1/1’."1.+ 1/T"1 + 1/'1"Ei + 1/T$1,

1 =I1 + -%‘hyperfine lvevel at tifne t,

T'1 and T!'1 are the electron randomization and uniform ground-state relaxa-

tion times, T is the characteristic time for spin-exchange collisions between

E1

S1 is the' char"acteri'stic time for

spin-exchange between identical atoms (self exchange). In most practical

cases, (2) is not strictly valid and one must correct for optical thickness of

“the cell (see the Appendix and Sec. V. A).

The spin-exchange cross sections are related to the values of 7 as

follows. The self-exchange time is defined as:

1/Tgy = Bsﬂ’"’fﬂft‘fs 51 99 vgy flvgy) dvg /4 3
whervé p is the density of the pumped alkali species, ft'and fs are fhe triplet - -

and singlet scatté;f‘fing amplitudes, respectively, for self spin exchange, Vsy is .

the relative velocity between atoms of the pumped species, and f(_vs'i) is the

distribution of relative velocities, In a completely analogous manner, 1/'I'E.H1 equals

_J\‘
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&

E1d where d is the den31ty of the second (dxsonented) alka.h species, If the' o

rela.twe veloc1t1es obey a Maxwell Boltzmann dlstnbutlon, and 1ff| f -f I dﬂ is
as sumed to be approxlma.tely mdependent of energy over - the range of normal velocxtxes, )

B, equals and B equals OEi gy Where v= [8kT(i/M +1/MZ)/1T] 2}

S1 Si Si E1

and ¢ is a spin-exchange cross section. Then for a single species

&
"

Cogy = LAU/n/ap)figy - W
assuming that 1./TJ + 1/T'£ ‘is independent of the density p. For two species,

A(1/71)/Ad equals if 1/T3, + 1/T" + 1/T is independent of d and if p is

g4V E
held fixed. The cross sect1ons can then be obtained if several values of 1/ and
the co'rrespondmg densities are determined. | -

The integral over all frequencies of the true absorption coefficient kT(V)
| is proportional to the density';i.6 in fact, for absorption of light emitted in the trans-'v'
ition J? f" M to JFM, |

2
fkT(V)d\/}’z 3 M? = (xo/S"TJ? ,J) nJFM (ZJ’+1)
- |=JFM

o1 E\% n P o112 |
X Z( (2F+1) (2F +1){ , (5)
F .

q\-M!} g M J 1

where XO is the approximate wavelength of the emitted rédiatioh, Ty g is the partial
. . . . ’ . .
lifetime of the J? excited state against spontaneous radiation to the J state and.

n is the density of the JFM ground state; 3-j and 6-j symbols appear in the

JFM
‘summation. 15 It is assumed that the excited-state density is always small compared
with the ground-state density and that reradiated light can be neglected. When more.

than one transition is included in the integral on the left side of (5), simply sum over

those transitions on the right side of (5).

N

=/}
2]
w
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Suppose that the beam of light incident upon the cell is represented by =

f(v); then the transmitted light is given by

£(v) exp[ -k (v)e) o (6)

where kT(V) is the true absorption coefficient and £ is the absorption path length.

If an instrument with slit function g(v - v?) is used to observe the spectral profile,

the incident profile appears as

I,(v) = 5f_(va) g(v-vi)dut , | | - (7)
Similarly, the transmitted profile becomes

'I*O(v) = [£(v) exp(-kp(v1) &) glv-viyavt . | @
The 6bserved absorption coefficient is defined as | |

koM =27 W1/ M) )

Clearly, if g is proportional to a delta function, k (v) equals k (v); for an

‘actua.l instrument, there seems to be no simple rela.tmnshlp between the observed . .

and true absorption coefficients., This fact is the basis for the d:,fﬁcultxes encountered

in estimating the densities by means of the Fabry-Perot profiles (see Sec. V.B).
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I EXPERIMENTAL PROCEDURE'
In Sec. II ‘we showed that under proper cond1t1ons a spm-excha.nge cross | L

sect1on can be deduced from a series of measurements of the relaxation time and )

the density. A block diagram of the experimental apparatus is shown in Fig. 1.

A. Relaxation-Time Technique

| Thewdetermina.tion of thé relaxation curve (2) by Franzen!s method is .de'-' |
' .vmonstrated in Fig. 2. The upper left-hand trace is the transmitted ligﬁt inte..ns‘ity‘ = '
after a long exposure of the cell to the pumping radiation.” The light is cﬁt off '

‘ rapidly at t = 0; the polarization relaxes in thé dark according to (2). . After an

'off interval of length t, the light is suddenly turned on again;! the new level of
polarization is represented by the bright spot in Fig. 2, in which the tracevs for
many off intervals are superi.mposed. In most cases, data were té.ken for off
intervals'of 0,5,140, ..., 70 msec and 100 125. .o .325 msec, The relaxation of:h
the polarization is seen more easily in Fig. 3, where the bright spots define the ”
relaxatmn curve (2) As time 1ncreases a.fter ea.ch bright spot, an optical pumpmg _
tra.ns:.ent occurs as the initial pola.nzatmn is restored.

The data were taken at the beginning of the br1ght- spots. To increase the

précision of the measurements, several (10 to 50) reiaxat’ibn curves were accumulatéd-
by a pulse-height analyzer (PHA)., The .PHA output was thén léast;squares fitted

to Eq. (2) plus a constant background.

B. Density Measurement

In order to obtain the spectral profiles IO(V) and I’O(V), we used a scanning |

Fabry-Perot. 17 The resonance radiation of the alkali species whose density was to

be determined was divided into two beams, one of which traversed the cell and the '
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other by-passed it, With suitably placed mirrors and beam splitters, the beams.

were carefully brought back together and made to pass through the Fabry-Perot o

pafailel to each other. The center spot of the ring system of each was focused on i_ :
a 0.4-mm pinhole placed in ffont of a cooled 7402 photomultiplier. The light was

eiee-trenically chopped at 43 or 86 cps in order that phase-sensitive detection could.
be used. The spectral profile of the radiation was traced out by scanning through - :
several orders of the ring system. This scanning was accomplished by evacuating.

the chamber containing the Fabry-Perot etalon and then increasing the pressure in o

‘the chamber linearly with time by allowing dry nitrogen to pass through a supersonie' :
" vleak" (2 fine capillary about 1 cm long). 18 From the equation for constructive

’ 1
“interference in a Fabry-Perot, 2ut cosf@ = m), a change Ap in index of refraction

causes a chahge Am = 2t Ap/k» in the order number for 6 = 0°; t is the plate.

separation and N\ the wavelength, From a good vacuum (p = 1.0000) to dry nitrogen,;'

at one atmosphere (& = 1.0003), Am = 7.5 orders for t = 10 mm and A= 80004.

With a backing pressure of 18 to 20 1b/in., 2 the scanning rate was linear to better
than 1%.
A two-position flag shutter operating at = 0.45 cps switched back and forth - |

between the two beams. In the absence of absorbing atoms, the two beams were

' equalized so that no appreciable dxfference between them could be detected over a

. complete order; see Fig. 4. This required that the two beams pass through the

same part of the Fabry-Perot because the finesse may change from one region
of the plates to another, 15 In the presence of absorbing atoms, the intensity of

the beam passing through the cell was, of course, diminished; see Fig. 5. The

observed absorption coefficient ko(v) was then determined by (9).
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o
IV. APPARATUS

A_; _ Relaxation-Time Equipment

| T*he' source 6f resonance radiation was a Brewer lamp19 w1th a natural Rb
-lamp bulb. Under stable ambient conditions and with an aged bulb, the la.mp noise
was about 0.1% of the total light signal and the drift was usually no more than a few

tenths of a percent in ten minutes.

L 2. Hyperfme Filter

~ For hype rfine pumping, radiation absorbable by a.i:omsl in the F=2 hyperfme

level of Rb87 was removed by a Rbg!5 filter cell containing 6 cm of argon. 12, ZO 1.

2

Figure 6 displays the energy levels for the 5217’3/2"» 5 Si/2 (7800‘2») transition in. .

Rb. The efficacy of the filter cell is demonstrated in Fig. 7 for the ?SOOA'line;
similar results were obtained for the 79474 line.

3. Shutte r . ) ‘ .

To avoid distortion of the signal, the light had to be cut on and off rapidly.

" Since the optical pumping signal was often only 1% of the totallight signal and since the fé- -
laxation time was sometimes as shortas 10to 20 msec, the hght should reach 99.9% of 1ts

final valuein 1 msecor leqs ‘The off interval ofthe shutter should be easily variable from

‘1 msec to seconds, and the on interval should be 100 r_nsec or lenger to ensure that
the equilibrium polarization was attained each cycle, The shutter should be capable
of rapid cycling for thousands of cycles, Finally, an aperture with a diameter of

at least 1.5 cm was needed to achieve reasonable pumping times.

A Kerr cell (Electro-Optical Instruments Model K93/150P) was chosen as

&

»

Rt

the shutter, The h.gh voltage switching circuit diagram is shown in Fig. 8. Care ha.d P

1

to be taken to prd%éct against the high voltage and x rays. When the switch tubes

AeGipne
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were 'co'nductir'lg,‘ the Kerr cell was discharged through the Zener diode that cut |

off the cha.rge t'ubes.' . The ‘Kerr cell can be char‘ged more quickly if the charge

| . tubes are used Since the cathode voltages of these tubes swung from a few to

many kV, the filaments were supphed by 5 4FH 1.5-V batteries, In prehmmary _' : )

~ runs for which a fast off time was ummportant, the filaments were cut off and o

" the Zener d1ode shorted. The dummy-load tubes conducted when the switch tubes
were off, and vice versa, to mamtam a constant output voltage from the supply.

The linear polarizers of the Kerr-cell shutter were arranged to be norma.lly..
transmitting, because a fast rise time was more important than a fast fall time in
. this experiment., The time for the light éigna.l .to fall to 10% of the initial value was
about 0.5 msec. The rise time to the 90% level was less than! 0.1 msec;_‘to the
99.9% level, about 0.3 msec.

| ~The Kerr- cell shutter then fulfilled excellently the outlined charactenstms. )
J r“’But in the off mode the Kerr cell did not extmgulsh the hght completely. notice in

' F1g 2 that the "zero" line undernea.th the closely spaced points (taken with the

Kerr__cell only) lies above the zero for the long off intervals (Kerr cell and mechani- |
| cal shutter). An off transmission of as much as 10% occurred, but refilling the
cell with hyperpure nitrobenzene r.educed this to 3% or better. The lack of complete -
extinctiorx may have resulted from a reduction.of the.eleotric field by ionic impuritiee
attrected to the electrodes;therewas aleo a 1% contribution from the failure o;‘.’ the
crossed HN32 polarizers to eliminate all of the 7800 and 7947 Alight.

If the pumping time when the light is "off'' is comparable to or shorter than
the relaxation time, the relaxation curve is considerably altered by the "off" trans- '
mission. Consequently, for long off intervals an electrically operated mechanical ..
shutter was synchronized with the Kerr cell, The shutter (constructed by Photo-
graphlc Instrumentatmn Development Co., now out of business) consisted of a |

lightweight metalhc blade, driven by a Ledex rotary solenoid and confined between

two narrowly spaced surfaces with 4,5-cm-diameter apertures,
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- 4. Resonance Cell . R o # B

| The resonance ‘éel'ls wvé-r'e éieé.ned Qiﬁh chrormc acid, evacuatecll' to ap?eés‘ur_e
.of 10-6 torr or less, and baked at 350 to 400°_C ,szf 24 or more hours, Parafl.i'ntv, 23
which is situated out_éide of the oven during the baking 'of the cell, is melted and .

"allowed to run into the cool cell. After the cell is removed from the vacuum system,

" " a thick even coating of Paraflint is achieved by heating the cell over a Bunsen burner.

" The éell, still under vacuum, is again baked overnight at 150-160°C; the excess
! Paraflint accumulates in a sidearm. The coating is tested by opening the cell and -

_ iﬁserting a drop of water; if the coating is successful, the drop runs about freely

without adhering to any point of the surfa.ce.» In runs 4 to 8 a cubical cell approxi~ 'l,-x ‘
- mately 5 cm on an edge was used. A 2.5X5%5 cm cell was uséd in'runs 9 and 14,

. Sidearms coﬁtaining the desired.a'.lka.;li isotopes were prepared separately

from the cell. Each sidearm consisted of a bi‘eak-offsky and vial containing the
- desired metai and a sub-sidearm for the glass-enclosed ferromagnetic hammer
(see Fig. 9).
| After the first break-offsky was broken, an aging period of ;évergl days
was necessary for good signals to appear, It was usually helpful to flame the vial" ... :
gently and drive sﬁme of the me.tal into the sidearm'a.nd cell, "Then a signal could ” o
usually be seen ohly with a buffer ga,s,; i.e., .the walls were probably contaminated; ‘
If the cell was then baked for several hours at 110 to 120°C, a long relaxatior; time-
was obtained. When the relaxation of the electronic longitudinal polarization
achieved by pumping with circularly polarized D1 light with equal hyperfine
components (Zeeman pumping) was approximated by a single expoﬁential, the
' characteristic time .of various cells ranged from 140 to 500 msec. The cejll;s were ,
usually sealed fron’l the vacuum system to ensure good equilibrium conditions, -. . ; v
although good siénia.ls were observed in cells connected to the vacuum system

through® s 4i-mm seal offs.
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The 1e1axa.t1on tlme was shortened by an extended exposure of the cell to a.

. _hlgh den51ty of alkalis. Although reducing the density did not restore the longer

time,. it could be recovered by he_atmg the cell to between 110 and 120°C for severa.lf:
: DEEEER

hours. Apparently an interaction between the alkali and impurities in the coatihg

. causes disorientation centers to form slowly. Since Paraflint mélts at about 100°C,
. at higher temperatures the surface disorientation sites are probably lost in the huge '
' number of coating atoms. Upon cooling there is little probability that such a site is

‘ v still on-the surface,

R 5. Detector a.nd A.mphflers |

A detector thh the following properties was needed: high eff1c1encY at
!

, 80003, flat frequenCy response from 0 to 100 kxlocycles, and linearity. Because '
" . of the slow transient response observed by Brewer, 2_4 S1 phototubes were a.voxded

A silicon photovoltaic cell, with peak sensitivity at 80004, was used mstead. ‘A

common-base~-transistor amplifier minimized the input impedance, thereby in-

creasing the frequency response; see Fig. 10. With a 10-kQ terminal resistance

used in all the runs, the characteristic time of the detector system was 5 psec.
The linearity of the detector and amplifier were verified with the inverse-square law,
Dc coupling was used throughout to avoid distortion of the signal. The

output of the common-base amplifier was fed into a Tektronix 502 oscilloscope,

 Since the desired signal rode on a modulated background 20 to 100 times the

signal height, the bias box portion of Fig. 10 was necessary. The signals,
usually observed on the 0.5 or 1 mV/cm scale, produced deflections of about 2 cm. "

For further amplification, the voltage of the oscilloscope plates (6 V/cm of de- - "

flection) was shifted down by 225 V and applied to a cathode follower. The output-':? L

of the latter drove the analog-to-digital converter. SR
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The detector and trans1stor were housed m a brass chmder through wh1ch
1ce water was c1rcula.ted This a.rra.ngement prevented signal drifts arising from ‘
changes in transistor characteristics with ﬂuctuat;ons in room temperature. In
addition, cooling helped elimina.te the 'sag effect. ' Apparently the transistor
was so temperature sensitive that the change in dissipated power when the light
- was cut off allowed the transistor to cool suff1c1ent1y to reduce its reverse-bias
saturation current, Consequently, when the light was turned on the apparent
signal was smaller than initially and then gradually returned to the initial value,
This gave rise to a spurious signal or sag effect as large as 0.4% of the total light—
an appreciable fraction of the true signal. The characteristic time ef about 5 msec - e
is typxcal for thermal time constants for SW1tch.1ng tra.ns1stors. When the transrster'
was cooled to 0°C, the sag effect became a rise effect because the reverse-bms S
current was negligible and the em1tter-ba.se junction has a negative temperature
_ coefficient of resistance. Thus when the illumination was suddently increased the
| transistor was heated; the temperature increase caused a decrease in the emitter.-
base voltage, which in turn reduced the collector current and output.’ But if an .
emitter-base forward bias was applied, the temperature~induced chenges in the
saturation current became significant at lower temperatures. The sag effect was
reduced to less than 0.02% of the total light by cooling the detector system and
adjueting the forward bias to eliminate the rise effect. 15 ' o

6. Logic Circuit and Pulse-Height Analyzer

In order to improve the precision of the measurements, the relaxation curve -
was traced out many times and the data stored in a pulse-height analyzer (PHA).

An elaborate logic circuit furnished the command pulses for the Kerr cell switch,

mechanical shutter, analog-to-digital converter (ADC), and PHA, 15 A stretchet

in the ADC maintained a voltage at the level of the signal from the oscilloscopé at

‘e
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the time of the take-data pulse (beginning of %right_ spot) until a train of 500 kc/sec
‘ _pulses, vwhoée length was proportional to the voltage height, was transmitted to the
data register of the PHA. A channel of the PHA was assigned to each off interval;
the address, read, and write scalers were pulsed by the logic circuit. -.

7. Miscellaneous

The ovens for the resonance cell and sidearms were constructed of 3/4-in.

Maronite and brass screws. Heating of the cell oven by air blown through several - .

"turns of copper tubing in another oven resulted in extreme temperature gradients . of

10°C, as measured by four mercury thermometers situated around the cell.

To minimize lamp and electronic drifts, the room temperature was maintained

}
constant.

. A magnetic field of 5 to 10 gauss was supplied by 50-cm diameter Helmholtz
coils.
The rf fields were produced by coils about 7 cm in diameter, situated in=

side the oven. A Tektronix 190B signal generator and a Lab-made rf oscillator

- ~drove the coils,

B. Density-Measurement Apparatus

1.  Electronics
The lamp was a 25 Mc/sec multivibrator, 25 screen~-grid modulated at.

: 43 or 86 cps; 2.5to 3 cm Pyrex bulbs containing 1 mm of argon and the alkali .

metal were used. The bulb and coil were housed in an aluminum box equipped with o

a small heater for regulating the self reversal and relative intensities of the hyper- -

fine components.

The detector was a cooled photomultiplier (RCA 7102) operated at 1200 vovlts. T

A lock-in amplifier designed and constructed by Al George and the Department?’s

*
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' Electronics 'Shop"w'a_s used. * The time véonsvta.;;t of the lock-in amplifier was usua.liy'.'_",!'?;,

- set at 0.3 sec — one-tenth of the time the flag shutter was in each of its positions.

. The flag shutter was driven by a Lglarid _two-pbsition stepper or solendid;
.powe'red By about 10 volts dc at 1 A and switched by a = 0.45 cps multivibrator .
and Hg switch, . |
2, Optics

The‘mirrors were front-surface silve;' coated; the Beam splitters were
approximately 50% transmitting. Because the camera lens (36;cm focal length) o L
is an achromat, the ring system can be focused for the infrared with visii:le lightr:.L .‘

Filters eliminated undesired lines. A trimmer filter eliminated light above
12000A and below 7000 A . Narrow-band (= 80 A) int:erferencel -£ilte.rws (from Spectrol“b)

passed the D line of interest. A Kodak Wratten filter 87C eliminated stray lines

that passed through the Spectiola.b 8944 A_filter for Cs.,

The Fabry-Perot plates, obtained from Aurora Precision Optics, were quoted -

to be flat to A/200 in the green. They were silver coated by Dan O? Connell,

»- Lawrence Radiation Laboratory, so that they tfansmitted 5% of the light at 800'0. A,

The spacers (built by the U, C. Physics Department Shop) consisted of Invar pins
‘housed in aluminum rings and were accurate to A4. A 12-mm spacer was used

for the Rb scans and 10 mm for the Cs scans.

The etalon was enclosed by a brass cylindrical vacuum chamber about 15 cm_:v:'u ‘

in diameter and 25 cm in length, To minimize distortion of the ring system, the

exit window of the chamber was flat to \/4. The screws for adjusting the parallelism

of the plates were controlled by extensions which reached the outside of the chamber

through O-ring seals. The chamber rested on a mount that could be rotatéd abou;

both vertical and horizontal axes. A Duo-Seal forepump evacuated the chamber, - "i* .

I s .
L .o
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V. DATA ANALYSIS -

A ‘Relaxation-Time Data

1l Extractlon of Rela.xatmn Time by Least- Squares Fit

The data from the pulse-height analyzer were punched onto cards a.nd least-
stiﬁares fitted (after being normalized to unity for time t= 0) by an IBM 7090
computer to the theoretical curve -

F(t) = A exp(-t/T) + C ; | - - (£0)
see Eq." (2). Figure 11 contains data at three different temperatures _chosefx at

random from run 7. The points shown there are propoftional to fhe normalized

- data points S(t) less the best-fit background C, i.e., [S(t) C]/(i -C), where the - .

dwxswn by (1 C) renormalizes the new signal to unity at t = 0 The straight hnes

are the best-fit curves [ F(t)-C]/(1-C).
In order to be completely explicit in the area of data handling, a brief

summary of the formulae will now be given. The quantity
Q= E w. [s(t) - Fe;, by )] y R £ D

was mxmmmed The W , the weights of the n data pomts. were ta.ken to be equal. R

-

The bk are the parameters A, C, and T in (10), k== 1 Z ¢¢e , p. Minimi- ‘.-".‘:\:‘ o

zation leads to ‘the set of equations

p .
a(k) Pk, j) = Qf) ., o (12)
k=1
where n
P(k, j) = Z w, [aF()/0b,]) [oF()/ob], [ ¢ = N
Q(J) Z w, [ 8F(t. )/8b] [S(t) - F(t, )] . | (i4)

C, i=q

Ay %
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conditions in the middle of a run.. . From it one can deduce 'rpz 24 msec., Since : -

, the lamp output and the signel did not vary appreciably from one run to the next,

‘it is reasonable to assume that this value was approximately correct for all the runs.

(The maximum increase of 'rp arising from a reduction of light by absorption is

calculated to'be '25% over the range of deneities used.) The polarizatien can then be.

-estimated using the 1/1‘ from the least-squares fit in (21)

As a cross check of the above estimate of the polarlzatzon. the following com-'

_ parison, was made, Three levels of transm1tted light intensity were easﬂy observed -

with the silicon detector: the zero level, the levels corresponding to no polarization

T(«), and that corresponding to the initial polarization T(0). The T?s were measured

. : I
relative to the zero level. One can define a signal as

S = [T(O) - T(oo)]/'r(O)‘ . ' L | - | (23)

- In the notation of the Appendix
' Z , J’i . J’i ’ o - Jii 3
st = L2 (v,0) exp[ -k (v) z] 1= exp| - Po (O)k (v) £]|av

) ) -
. /L(V,O) exp {-[u PF1(0)] ko) | F, 2} dv | ;

(24)

In the denominator of (24), the nomenclature E : j F, {v, 0) is repla.ced by
F,J;

/L(v, 0) since the integral is no longer broken up nicely into parts by the vanishing "

of the integrand for kT(V)L = 0, Notice that if there is a large contribution to

L(v,0) from background light [i.e., at frequenc1es for which kT(V)l.- 0], then S‘ L

J’ :
. may be quite small even though PF (t) k (v) ‘ F £ may be appreciable. In other
words, even though the apparent 51gnal S? may be small, S may still differ A

&
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appreciably from SA:' The cross check consisted of the following.‘ The vvalue.of -
- S' for the conditiéns of Fig. 12 was about 0,039, .To calculate S' one needs
' P+(t) and defails about the light intensity, We calculated P+( 0) to be -0.,77
using (21). The F1 = I1 - 1/2 components of I, were set equal to zero, and
' the efg component of the true emission profile of Fig, 418 taken for Li/z( v, 0). ) - |
The same profile scaled down by 0.667 was ta.k.envfor Li/z( v, 0). (The theo- |
retical scale factor is 0.5 without self reversal which ﬁdces the experimental |
value higher, The corrections calculated here are affected only slightly by

| changing the ratio to 0.5 or 1.0.) The theoretical S' was found to agree with

the experimental value, provided that

0 J! ‘
f L(v,0) dv = 2.4 ZIL+1(v, 0) dv,
o0 I

1 .
i,e., that the total light intensity reaching the detector was 2.4 ﬁmés the light
absorbable by the F, =1, + 1/2 hyperfine level. This value is in good agree-.
ment with experi.mental; estimates., The comparison was carried further,
Keeping L(v, 0) and LJI’%( v, 0) fixed, the theoretical values of S' were forced
to agree with the corresponding experimental values at several dénsities by

varying P (0). These values of P (0) agree to within 10% with those cal-

culated from (24) (Fig. 13). .

With good estimates of P+(0) at various densities, one can now compare, .

SA(t) of Eq. (18) with S(t) given by (A12). The light profile uged in
(24) was again employed. The P+(0) required to make the theoretical and

experimental values of S! agree were also utilized. The values of S(t) were

- then generated for t =0, 5, **+, 70 and 100, 125, +++, 325 msec for which =

the experimental data were taken, The resulting points were least~squares
fitted just as weréithe actual data (Fig, 44), The value of 1/r deduced from . ' -
S(t‘)--i/-rexp—-was compared to the true value—-'i/'rtrue-—whlch characterlged

the decay of SA(t):
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y= (1/Tex - 1/'rtrue)/1/ exp® o (29 3 RS
Figure. 15 is a plot ofrly .ve.rsus‘ the product of the density.é;nd the polariza'tion.'. R
'l\iotic':e that in thié experiment, v'errors as large as 12% Wottld result if the cell~ '
length corrections were not made. Note that, in general; the corrections depeﬁd
upon the length of the cell (® 5 cm in all the runs here) as well as the density, They B

87.

depend also upon the details of kT( v)--always kT( v) of Rb™ ' in this experiment--

.and L(v, 0) '( although insensitively if L(v, 0) changes little over the absorption fre-
quencies),

B. Density~Measurement Data

- The lock-in amplifier output was continuously recorde‘d‘on a.,linear chart
recorder, Smooth cizrves defined by the: shutter positions ‘wet'e penciled in; the |
" zero was drawn by using the zeros obtained with a flag shutter'duiringithe scan, S
Points 0.1-in, apart were marked along the zero line, The.values of the zero, |
Ib(v), and Io(v) were measured at each of the ntarks. An ingenious machine con-’
structed by Professor John Reynolds' group was used; with this machine, one set
a crosshair on the point, preésed a button, and waiteti a second for the coordinatesv K
to be punched onto an IBM card. A computer prograrﬁ computed ko( v}{ and

fko(b)l dv,
In Sec._ Il we noted th_a.t the integral over all frequencies of the true ?.b-
sorption coefficient is prbportional to the density, The problem is then to obtain
that integral from the experimental data, Kostkowski and Bass26 showed that the
integral of the observed coefficient is approximately equal to the integral of the
true coefficient even when the observed and true peé.k-coeffi'cients are greatly dif-

ferent. But their calculatjons were made for a Gaussian instrument function.

Prompted by early results of ! our experiment, Hull and Bradley stud1ed the effects

P
of the Airy functibh, 27 They reported that the true and observed mtegrals can aiffer .

appreciably, pririiarily because the Airy function has nonnegligible values compared

to a Gaussian throughout the between peak region. Consequently, absorption

occurring at one frequency is observed to some extent at all frequencies, causing




. coefficient if there is a nearby unabsorbable component in the incident light..

- For example in Fig. 5, the Airy function effectively caused some of the Rb

 coefficient and its integral over all frequencies depend strongly on the spectral

' ‘distribution of the incident radiation and upon neighboring absorption lines. Clea.r'l__'y,-'-r .

" reference 13, .

w2 h UCRL-16785

i the observed integral to be too high. The Airy function can also reduce the

o5

h;j light to be observed at the frequencies of the Rb87 hij ’ abéorption. This effédt
increased the observed values of Io(v) and I’O(v), Eqs. (7) and (8), and thereby re- .."-',:\

- duced ko(v). These two distortions introduced by the Airy function were ignored = . *\ "-

in reference 15. By accident, the two effects were both about 10% and in opposite *

- directions; thus our deduced values of the cross section were affected very little. . A

Then if the instrument function is an Airy function, the cbserved absorption L

s

: one would like to remove entirely the effect of the instrument and regain the true
- absorption coefficient, This we did do; our method is described after a more

- explicit relation between the density and integral of kT(v) is presented. o

From Eq. (5) for the ZPB/Z to 251/2‘. F = 1 transition in Rb87 (see Fig, 6),

A

28 -
0= 7800 &, I=3/2, and 7= (2,78£0.09)X10™% sec one finds

b

12, 1 (- -3 R

n = (1.8X10°7) 7 [k {v)idv cm . (26)

rb8? 'If T 7800 . o
efg

with the integral in cm” >, For the 291 /20 B to Zsi /20 F transition in Gs1>>

30 8

(see Fig, 16),\) = 8944 &, 1=7/2, and™" == (3.12£0.03)X10"" sec

B 13T -6 1023 /a(r, F1) )—iifk,r(v)ldv soss em™,  @n

s o . o
FleF '

/2 1, 2

are given in Table II of. . “
1/2 14 e

where A(F,FI) = 6(ZF1+1) (2F? 1+1) '

For a éiggle Gaussian with peak kT(vo). one has:” .

4,
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14

){_’k.('i")ﬁ d¥f = {7) /2 kT(v0)£Ava_/z(1nz)1/ 2 ey A28)
 where o : - | ' S ¥
A, = 2(2KT ln2/M) i/ ¥ /c o | e e

1) for the 7800 A line 6f Rb®' and 13 mK for the Cs

is 18.4 mK (10"3 o
8944 A line at T = 78°C, the tempera;uré of the oven in all the runs. If

several Gaussian absorption lines of known relative intensities are present,

m;e can find k{¥} by summing the component coefficients at each frequency.

{In this experiment, performed with no buffer gas and with. low vapor densitivves,_: )
‘rthe abs;)rp‘:.io::-, profiles were dominated by Doppler broadening.) 'I‘heréforev .

- the integral of kT(v}, consiating of several Gaussians, is a constant times :

_ any one of the component peaks. Hence the true coefficient for only one of fhe '
components (with thermal equilibrinm assumed) need be found to determine T
- the density,

The tecbnigue can be summarized briefly. (1)} ‘Fi.nd'ax{ instrument

. function agreeing with various experimental data. (2) Obtain a 'true" emissiovn‘
function whese convolution with the instxument function reproduces the obsezved
emission profile, (3} Generate kT(v) bv su:nming- Gaussians of the proper

- width, separations, and relative intensities, and adjust the overall scale

factor so that the difference between the predicted absorption profile and the - 5
observed absoxption profile is minimized. (4} From kT(V) and Eqs. (26) and
(27), find the density for the model case (corresponding to a particular observed
peak~absorption coefficient times the cell length, such as the efg peak in

’ Rb87 - - see Fig. 5). Obtain corrections for other observed peak coefficients’ #
by repeating the caiculations of {k.,l.(v) dv and ko(vo) for other overall scaie

J

factors.
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1. Fabry- Perot Instrument Functxon

In order to remove the effect of the Fabry Perot. the mstrument functxon must
= be lenown. The experimental mstrument function was found usmg a 1A.5-mm s_pa.'cer e,‘nd'

‘a narrow line (z? 35 mK) of argon. . The effect (= 10%) of the width of the argon line

| Was remo?ed with the formulae of Minkowski and Bruck. 32 The finesse (defi‘ned as.

N= F /Ag, where F ‘/Zt.~iq the free spectral range, t is the spacer thicknese

) and Ao is the w1d‘h of the instrument function at half maximum) was then determined,

:F.(?r, the egperimental instrument function pres_ented in Fig. 17, the obse;‘ve‘gl finesse
.' \}yes_'_ about ‘28 and the corrected "true' finesse about 31, S o
One nmight be tempted to assume that the Fabry-Perot function is an Airy
' fanction with an effective xjeﬂection coefficient rednced below the measured v,a,lne to-
account fer nén‘-flatness, etc, 15 However, the latter effect is better represente;i
by 2 Gatlssian distribntion as evidenced by Flgt 17, 33 The figure denanstretes that
the obseryed instrument function was reproduced excellently by the convoiutiqn'of
Gauss and Airy functions of the proper widths. An Airy funct.‘.o'n alene, with a width
equal to the r.\bser.ved wxdth, was a poor fit, The need for the Gauss portion was also
demonstré.ted by the fact that the Airy function zione preditted too much absorptjon
fer frequencies somewhat removed from absorption peaks'..» Calculations using the
Aify function alone alse preciicted an absorétion ceoefficient width laréer than the |
observed value, ’When the pr'oper instrument function is chosen, t!;;e predictions
agree Welll with the obsertrations.

Limits of about 2% were placed on the poseible values of the reflection co-

efficient by measuring the tt'atnsmission of the Fabry-Perot plates with a Beckman
: _epectrophotometer and estimating the absorption of Ag ﬁlrns according to the measure-
"ments of Kuhn et al, 34 The limits ranged from 0.92 to 0. 955. Goed a‘greement“-‘bjee

tween the observed instrument function and absorpt).on data were -ebtaiued with valnes
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within these limits, . Furthermore the density was changed only a few percent by = . -

changes within each set of limits.

2. True Emission Profile

A straightforward but involved procedure of trial, error, and simple feedback

was used to find a function which, when convolved with the instrament function, re=

produced the observed emission profile. The feedback consisted of simply incre=
menting the trial function at each irequency in the direction needed to make the con~-
volved profile agree with the observed profile at the same freguency., With even a
very rough first-guess function, less than ten iterations wé:’ce ‘usqall}f.'jn'eedéd to
producé a trial function whose convolution agreed with the observed emission proﬁle ’

: ! '
to within 1% of the peak value at every frequency. The "true’ emissiqn function cor~
responding to Fig, 5 is shown in Fig. 18. An instrument function of finesse 25 and . .

reflection coefficient 0.935 was used in the unconvolving calculations,

We tried a more elegant approach to remove the effects of the instrument

function on the a2bsorption ccefficient. It is well known that the Fourier transform of

the convolution integral of two functionsis merely the product of the Fouriexr trans forfnsl
of the functions. 35 Hence the ratio of (2) the Fourier transform of the recorded output -
of the Fabry-Perot interferometer to {b) the transform of the (mevasured) instrument

- function gives the transform of the input spectrum, This method was mod.ified; to
account for the veriodicity of the instrument function of the Fabry-Perot; this
periodicity makes the function expressible more easily as a Fourier series, This

procedure was highly satisfactory for computer-generated (essentially noise-iree}

data, but failed to give consistent results with real (noisy) data. As pointed out by

37 . . . . o
other authors, ' what is needed is either some method for smoothing the data before '

transforming or some method of apodization to reduce the contribution of the high-

frequency Fourier components {which come mainly from the noise in the data),

P
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3. Predzctcd Abso_latmn Proﬁle

-~ We found k,r (v) by summmg Gausa1ans of the proper width [ (Eq. (291,
sa}para_tmn. »and relatxve 1nten31t1es. Then by (6)-we obtamed the true absorptxon
proﬁié; see, for example, Fig. 18. The prgdmted emission and absorption proﬁlés'
were found by convolvmg the true proﬁles w1th the ‘instrument function (Figs. 19 and
20).. The pred1cted emission prof1le was, of courge, forced to agree well with the

‘.obse;ved profxle. H?wever,. the 'thf~‘—.°1'Y then f;xeé the predicted absorption profile

. except for thé ov'erall'séale factor which multiplies k‘ (v). That this s'ingle parameter

could be chosen to give gbod, agreement between the predmted and observed absorptmn o

| profxles at all frequencxgs is taken as conv1ncmg e\ndence that this approach is indeed
valid, A smular ana.lysxs was carried out for one of the highest densities occurring

in the' expe ;‘iment.

4, Corrections Yielding kT(vo) f.‘rom} kp(vo)

| The model case described in the preceding paragraph gives the relation
between a single dehsity or kT(VO) and the predicted peak coefficients. Corrections
for other densities are found by: 1) | changing kT(v) by an overall scale factor,
2) . computing the new true absorption ?roﬁle from k (v) am;. the true emission profile
(unchanged). and 3) computmg the predicted emission and absorpuon profiles and’
the predicted peak absorptxon coefficient, P(VO)" Curves of the true versus the
predicted absorption coefficients can then be plotted as in Fig. 21, which demonstrates
the dependence of the correctlons upon finesse (or the mstrumental wxdth when a

fixed spacer is used) and reflection coefficient,

5. Sumrpary of Density-Meaéurement Analysis

 From.a Fabry-Perot scan, the observed composite peak-absorption co-

87

efficient (for exampfb, the éfg component of Rb ) was determined, From it the

true composite peak coefficient was found by means of a correction curve such as

T
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F:g. 21 by; setting the observed coefficient eqx;al to the prechc‘ced coefﬁcmnt. I.f,
as in Fxg. 19, ‘equating the peak predicted and observed a.oeffzcxents did not nge the ‘
best overall fit to the absorption prot’nle, an additwnal correction of a few percent
was necessary to y}.eld the best estimate of the true peak coefficient. From the true
composite peak coefficient and the frequency dependence of k {v), the density could

be found with {5). In the Rb ruas, only the efg composite peaks were used; in Cs

the average of all four single peaks was used. Implicit in the use of these corrections -

was that the lamp profile be little changed from its condition in the model case. “This" .

. -:-‘"\ N

requirement was satisfied by the lamp used in this experiment.

6., Comparison with Results ofJ/;,o(v) dv Method \

Figures 19 and 20 contain plots of the predicted and observed absorptioﬁ :

coefficients. The predicted values lie above the observed valves away from‘the._ pebal-ctis‘,.
because the -differences between small numbers were lost in the»éxperime__x.xt‘a.l néise.
The integral of the predicted coefficient is often much larger than the integrai of |
the true coefficient, 21 Under the conditions of this experiment, the integrals of
the observed and true coefficients  agreed fairly well for low densities, but
disagreed appreciably at higher densities; see Table 1. It is ironical that, as the
experimental technique is improved so that the differences'between the small numbefé
between peaks become measurable, the estimate of the density found by taking the

integral of the observed coefficient actually becomes worse.

7. Cross Check by the Equivalent~Width Method

In order to test the reliability of the density measurement, we ma.de an
independent determination by the equivalent-width method. 38 "White" hght from a

Sawyer 500 projector passed through the cell and was detected by a scanning mono;-_w

chromator (Jarrell~-Ash 1/2-meter). Whenever the scan traversed an absorption "V' S
ot : .
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lme, the transrmtted mtensny was decreased as in F1g. 22 The very nea.rly tr1angular
shape of the absorpnon corresponded to the rectangula.r instrument functmn of the

m_onochromator determined by the 25-micron slits.

If the intensity of the incident radiation is constant over several instrument

" widths, f(v?)in-Eq, (7) is independent of frequency and

e ) ".fjg(v-"‘) dv'= Io - | . - (30).
A'.'qua.'ntity A can then be defined as |
A j [Io(v) Io(v)jj dv/Io.. N R (31)% |
o T

‘where the a.bsorpt:.on of the line of mterest is neghg1ble outs1de the mterval vi L
to VZ' Under these conditions A is mdependent of the hm1ts of mtegra.tmn, and

is also independent of the instrumental profile and width.

‘ ; A=vya- Yy '] £ glv-v?) exp[ -k (v!)L] dvidv/I, ¢ B3
! vy , o .
=vp vyt [ explokpviddvt . -; N 2
V4 ' . , S

. If the shape_ of kT(v’) 15 known, a 'correction curve of A versus kT(VO)' or the
der;sity can be found; see Fig. 23, For high absorption, the natural broadening ,
contributions to kT(V) become important in determining A, but this effect was
negligible in this experiment,

The Fabry-Perot method becomes less reliable at high densities because of 5 '_ .
the increase in the ffactional corrections., On the other hand, with the equipmeht |

| described above, the equivalent-width measurement was inaccurate at low dens1t1es

~ because the S1gna.1 Was small, However, the equivalent-width method is mdependent

iL
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of détéil;zd infor}na;tion about the invst;rumeni;, ;;Iun.c.tio.n.._ Also since a white ;-lig.ht. : o
‘ source must be used, onev has no problem in-regaiﬁing the true emission ‘profiflve a_ls B
._in'_tléxe Fabry-Perot case. Both methods require a knowledge of the lifetime of tbLe_
relevant states and of the details of the absorption lines,

Table II compares the density; measurements made by both methods. We o
“believe the equivalent-width values to be accurate to 15 or 20 perc.ent, because of =
p iamp fluctuations, noise, and lack of reproducibility, The lack of serious dis- S

‘agreement between the two methods, which differ considerably in technigue and

. analysis, is reassuring,

VI. SUMMARY OF RESULTS i
For the self-exchange experiments, the values of 1/7 were leaatwsquafes

fitted to

/7 = [1/1"‘] + Bg,p v - S (34)

where 7' is the non-spin-exchange relaxation time, BSi is deﬁned'by {(3), and p

is the density. For cross exchange, a term B. ,d was added to (34). The data

87

E4
‘points and best-fit curves are given in Fig, 24 for run 7 in Rb

87_.cs133. The results of the Rb®’

, and in Fig. 25
for run 8 in Rb and Cs runs are summarized
in TablesIIl and IV, Runs 5 through 8 were performed with a cubical cell about

5 cm on each internal edge;. runs 9 and 11 used a 2.5 by 5 by 5 cm cell, with the

density measured along the short path length, In the Rb87mCsi33 run, p was held
fixed and the.term BSip was included in 1/7'. Run 14 between Rb87 and Rb®3
supports the results of othersiz’ 39 that the }'i.!::8"',-R’t:"35 cross section is approx-

87-Rb87 cross section; the difference, if any, is within

irnately equal to the Rb
the uncertainty of these measurements,
The errors on the parameters in the figures and tables are standard deviations

of external consiftency deduced from statistical considerations alone. The random

<
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| e'r‘ro'r.s v)e’re only.a fev& percent. In order to account for the possibility,of Systeméticg !
"ervr.oi-s,' thé standa.rd dévia.tioné for the cross sectif)ns'were ihcreased to 10% bf’the___iy
value, 'Thig .choice was, of course, arbitrarir, but is believed to be a conserva_tive 5
-~ estimate, | | |
We estimate that the systematic errors a.ssociated with the 1/1' measﬁre,-»

ments were less than 5%. The time base determmed by the signal generators,
’measured by an electronic counter (Hewlett Packard 5245L), was found to be stable, o
after warmup, to betterthan 1%. The linearity offthe system was checked re- o
peatedly, The rela.xatiori time was insensitive to the particular oscilloscope scglé o
and to the setting of the take-data point (bright spots in Fig. 3) over a reasonabie-
‘range Aof'a. few tenths of a millisecond, The more troublesomé problems of the
Kerr cell and ‘det;ector have presumably been adequai:ely solved, Scattered light
effects were negligible in both the relaxation-time and density measurements, The
principal source of possible systematic error in the relaxation-time analysis was 1n -\
the estimation of the polarization used in correcting for the cell-length effect. But
the polanzatmn was probably known to 25% of 1ts value or better, Thxs corresponds
to 2 maximum error of 3% in 1/,

The density-measurement systematic error is expected to be about 5 or at
most 10%. The density-measurement analysis was internally consistent; it gave
good predictions of relative absorption probabilities, absorption widths, and 6vera11 -
profiles. It is also in reasonable agreement with the equivalent-width method.

In order that the cross section be proportional to the slope of the 1/T versus
density curve, 1/'1‘;. + i/T‘j'_ -in Eq. (2) must be independent of the densities, The |
slow dec;‘ease in relaxation time with exposure to high densities would violate this _’f; '-'.;" .
'-vrestriction. Consequently, the data at high densities were taken rapidly and fhenf g ‘*
data at low den31t1es were taken and compared with prevmus 1ow-densxty | R

data, If the low-densxty sets agreed, little cha.nge in the relaxation time could have
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occurred at the high density since reducing the dénsity was not sufficient to restore ;
. ' h . . i $

the original relaxation time, If the low-density sets disagreed, the run was rejec_ted'.g_v”': 1

One might also imagine a more-~subtle density dependence in which the re~

laxation rate varied directly as the alkali density. Such a mechanism was proposed o .
by Berg to account for observations with the atqmic-hydrogen l'na-ser:M We b;elieve S
that such a dependence was not present because: {(a). the observed relaxation rate
appeared to be dominated by effusi.on from the cell into.the sidearr;zls, (b) the‘ re-
sults- for the two cells of different size were consistent, and (c} the results were - '-',;i;
- consistent from day to day and from coating to coating. A crude estimate of the a
relaxation rate from effusion into the sidearms agrees well with the measured rate, 14-5‘,

. : ! .
As calculated, the relaxation time was longer in the smaller cell because the open‘;ngs
to the sidearms were smaller., Furthermore, melting the coating always réstored,,
the same relaxation time; if the relaxation were dominated by wall imperfections,

a different rate would be expected after each melting.

The analysis of the data then indicate that at 78°C

14

87) = (1.9%0,2)X10" cmz,

7

0(Rb8 - Rb

o (Rb27 - cs?33 = (2.3&0.2)){10"14 em?,

From the theoretical results of Dalgarno and Rudge. 42 yho state that their - EO

values may be underestimations of as much as 3(f6, one can easily calculate theoretical

14 14

~ values of the above cross sections to be 1,68X10™ "~ and 1,84%10° crnz. respectively.
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APPENDIX: THEORY OF THE HYPERFINE EXPERIMENT
"I"hei e’xpre'ssion for the signal for the hyperfine experiment is derived as an .

13 L e
extension of the prevmus calculations for Zeeman expenments. The significant .

dlf"erences between the present assu:nptxons and. those of Part II of the Zeeman paper -

are: (a): he hyperfine . components in the incident light are assumed to be unequal here,
a.lthough transitions from d1fferent hyperfme levels of the same excited fine-structure
state to a given ground~-state hyperfine level are assumed to be unresolved in ab=-
sorption; (b): circularly-pola,rized DZ light is included as well as D1 light in the
pumping radiation; (¢) an rf field is continuously applied

to the first species as we{lla.s to the second in oxjder to nulliny any Zeeman pumping;

(d) the low-absorption requirement is made less stringent, As before, we assume
that no buifer gas is present, so that the populations are essentially independent of

positicn in the cell

‘ Ae in Eq. (7) of reference 13, the change between x and x + dx in the
intensity of light (arising from the transition from One‘of the hyperfine levels of

the excited J)'l state to the ground-state hyperfine level Fi) of frequency v is.

given by
‘Ji J’ .

dL * (v, x,t) = - I, (v x,t) E : Py M (x, t)P? (F Mi' J' F’ Mi+1) hvdx, (Ai)
F Fy M1 X 177 4

!
assuming that the incident light is circularly polarized in such a way that M’1 must

equal M, + 1 for absorption to occur. The density in the Fi'Mi ground-state sub-

1

’1eve1 is pPp Mi . Here P:' is proportional to the absorption probability for the -
transition FiMi to J1. F’i, M + 1 at frequency v. In a cell with no buffer gas

-

'
and low densxty of atoms, the atoms traverse the cell in a time that is short compared y

with the other times in the experiment, Hence p (X,t) = P 3y (t) is 'mdep'endent
FiMi F,l}vi1 .
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of x, Furthermore, if an xf field is applied at the proper fraquency, the rnagnetic -

sublevels in each hvpexrfine level are equally populated:

Also

fp g, 8 T dp B/@F, £ 1)

2772

present.”

Intégra.ting (A1) over .x vyields

5 |
Li(vxt)xb
Fy

’-j)-“\a

' But for thermal equilibrium =

PFf’ (ZFi +i)P/2(211 + 1)5 FFQ_(”)

and - ’ : :
| g 3 - J2
1 1 - 1
LF1 (v, %, t) = LF1 {v,0) exp [-kT(u) !

The absorption coefficient is independent of the direction and pelarization of the light, |

provided the magnetic sublevels of each hyperfine level are equally populated.

Then (A4) can be rewritten as

3 Ji Jz
I3 1

Ll vox,ty = L 2(v,0 k w} .
F, F, ) E‘XD{Ps‘im v F, X/PFi( )}

The absorption ig then

Ji : 7 : Jii '
A}"i("’l.t) = LF (V: 0) - T ("51 t)
i 33 - ,
= », 0 1 - -
Fl (v, ) L exp i kT(V) ®, 2} exp { PFi(t.)kT(V)

(Az)*' _

(A3

~ where dF' A, 18 the density in the F,M, subievel of a second species that may be

(V 0) exp[ Z WZTJ ' P1 (Fi 19»‘.“ F‘ I\/I,l'?' i)th}o(A‘}).y',

(as)

B (A6)

(A7)

‘(AS); i

jt.?

i

(a9)
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~where

Pp O=lop @ pp (/pp (.
: Equatiéﬁ"(Aio), the fractionai clte;vié.tibh. of the density of the F 1 hyperfii;e level from

its the rmal equxhbrmm value, is ca.lled the polanzatmn of the F‘i level. In the limit i
| _ that all atoms are pumped aut of the }5‘_1 =, I + 1/2 state, P 4(0)is -1, The signal |

" may be defined as

s(t) = SRSHEEEL . f.,: ——
i J’][ F, (V,do)-g F (9,0)] dv = - ]

The numerator of (A11) i-s: t;_ll_xe,'__di,ife_rqtiig:e between the absorpﬁiou at time t and at a time

- (A11)

much longer than the rela.ka;;ion.t_ime¢},~,'.The integral over frequency extends over the

frequencies of the J,i. to. }5‘1 transition., The summation accounts for the fact that

both ground-state hyperfine ébfnponen;s'of both D lines can reach the detector,

Then in general _ B g1 ' , 71
o f LFi (v, 0) exp »—kT_gv) | F1.Z 1 - exp [— PF1(t) k,r(v) F, £} ydv
S(t) = - - — e
AN AR I T]1a
Ly L " (v,0) exp —kT(y)' TR <1 - exp [- PF (0) kT(v) Li ) dv
FiJ’1 F, : L Ey 1 F,

(A12)
If the product of the polariza,l:ion;wPF - and'the optical thickness k£ is
' S S
small compared to 1, the. _e;épox;entig.l can be expanded and (A12) replaced by the

approximate signal .
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\ J" J Js

- ¥ J“ 1
ENXCE A1
| [, EE 1 )
o fom {v, 0} exp [-—k (v} I“% Pa Ok (v} ~ & @
- FL 4 ¥. 1 4 .
SRR S | 1 i
- | ‘ . » . : 13 i
. 5,0/7,00. - )
.'suu:t P gy = - p+(eo¥PJ_\t)/P () , where + and =~ refer to 1‘i Ii-i ; o

: Notlce tha,t for £ =0, (A12) and (Ai3) are equal; the correction to account for then‘ _
difference can then be logically termed the cell-length correction.

At any rate the signal is a function of p +(t), 1 (A13) i= a.pﬁlicable, .thven‘only
p+(t) is needed; hut if (A12) must be used, further information about the light profilel
and the initial polarization is required, |

The time dependence of p, can be found as follows: For the hyperfine=PﬂmPing

experiment using the Franzen method of detection, Eq. {1) of reference 13 becomes

[by suraming over M, and using (28), (31}, (32), (43), (45), (59), (61), (AZ). and (A3) of
that paper]:

[

2
\ .
P, =" /. A(F“FJ) [ 1 +0%s J“/T -9-1/'}_‘ ) )
FyMy M,y - } ~My MMy My
% fppi/PF +1} - Pry /(2}:”4+1)]/4 Pp /T" ‘.+ zar +1)p/z(ax +4)TY
) | /P 4 F, \ 1 F, 2
- S"’ A(F,, F1 YA(F,, F3 )z .
C gp \emy g M/ M, -a M
Py My FRMY | '

(c ontinued)
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X [JpF1 dp /@FHEFH) = Prydpy /@Fy+1)(2F3 1] /4T g,
| N | - v F_tiﬂ', 1 ]_:‘1  | F!1'
| -.‘  : ' A(FiaFZ)A(F,’F“;) >—-‘ . | .
M MY o My q M, -My
o F"M"F'?M"’ . y :

1771 1

Yo

X1 pfdpp,i/ (27 H)(ZFY#1) = Ppy Ppy/ RFHEF] +1]/4Tgp

ﬁy E&n}onds‘%‘%,Eqs,' (3.79‘8) and (6..2._9)._‘ '

Pp = pf‘i/T'i' + (2F1+1)p/;‘(211+1)'r'1"

1

1 F
~a =M
. (A14)

i 1_/'”1;"_ "/Tm + 1/,'1'_51_’['"3915‘; + EZ,: pF,1 A(Fi, Fi)/(ZFa-ﬂ)]/?!.. ~ (A15)

. _ i
- 'With p_=p~ P, and with Table II of reference 13, we see that

p, = = (1/Tt, + 1/TYy + 1/'1*E.1 +1/Tg,)p,

+(21,42) (4/TY + 4/TY + 4/Tg, + 1/'rs1)p/2(2.11'+1) .
Equation (2) follows easily from (A46) and (A13).

(At

»
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Table I. Comparisons of densities estimated by the k(v ) and [k (v)dv

" methods, Densities are in units of 1010 atormns per cm”,

- Date 1/24/65 . 4/23/65 | S
Time | 12:50 . " 15:45 o
¢ Sidearm - 24°C 41°C |
‘ temperature B .
: . Isotope | rb%7 rb7 | ' 5
' Component ' '_'7800,3.: e f, g 7800 A: ;e,f, g
n by k(vg) 0.79 s

 n by fko(v)dv 0.86 6.9
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:-_Companson of dens1ty measurementS‘-by the Fabry-Perot;

a.nd equ1va1ent-w1dth methods. " The numbers a.re Rb87 den31t1es in

P g umts of 1010 cm. 3 . D : L S

e+ e g s e it

- Sidearm
_tempe rature Fabry-Perot method Equivalent-width method

( C)-. efg component of 7800 A 7947 A 7800 & Average

33 34-- S 2.8+0.3 2.96 3,76 . 3.4%0.,7
46-47 - - . . © 5.6%0.6 C o 6,00 5.28 5.6.x1.1~

54-55 ..o - 7.4x0,7 ' ... 868 7.40 8,0x1.6




-39~ UCRL-16785

.Sﬁm.mary of Rb87~Rb87

cross~section measurements.

Table 11, total spin~éxchange

. 2 3 -
Experiment and Bg, =jj l ft-f 1 dﬂvsif(vsi)d vSi/4 O—B/Vsi
reference -10 3 -1 14 :
(10 cm” sec ) at 78%5°C (10 cm )
Carver (Ref, 39) , 4-7
Mocs and Sands (Ref. 9} B 2,6 %0.4.
Jarrett (Rb® =RbSD) - | I .
(Refo 10) 1.85*0023 "( ’
Davidovits and Knable : ‘ ‘ b
(Ref, 11) : 1,70%0,20
R
Bouchiat and Brossel ~ _ o
(Ref, 12) - . 6
This exper:rlmem:c (Gibbs. '
and Hull): _
. - . . . g
(with TRb (D,) = 0,278 nsec) A _ N |
Rui's 7.440.2 | 1,7940.05
Run 6 8.240.5 1,99+0.12 z
Run 7 . 7.9+0,2 1,90+0,05
Run 9 . . 8.1*0.2,. 1,95+0.06 l
v Average (we1ghted) 7.9+0,2 1-91-*0-0_4 ' {
Average.w1th increased. 7.9+0.8 4.9 0,2 |

error as an estimate
of possible systematic
errors

a. In the value quoted by Jarrett, ¢ = B/VRMS was assumed whereas here

"B/v, therefore Jarrett‘ s quoted value has been increased by VRMS/V for
easy comparison,
b. The authors have been informed by Davidovits that the cross section reported in’
Ref. 11 and quoted in Ref. 15 should be multiplied by 2, using the definition Of
the spin-exchange cross section given in Refs. 13 and 15.
c. The errors for each run are standard deviations of external consistency obtamed
from statistical considerations alone. The standard deviation for the average is

lej (0‘ -0) /n(nwi)} /2

averaged.

, where n is the number of cross sections o, to be

|
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87_ce133 total spin-exchange

 Table IV, Summary of Rb
" cross-section measurements.

iment a = 2 . yade . e=Bfe_.
'Experiment and By -ij !'ft—fs g E1 dﬂinf(in)d VE1/4 U"B/VEL :
reference SRR 2 -1 -14 2.
' (10 cm’” sec ) at 78+5°C {10 cm )
Grossetéte (Ref;. 40) ' 2.1 0.4
This experimenta' |
(Gibbs and Hull): o
(with ?.CS(Di) = 0.312 nsec) -
Run 8 T 86202 o 2.2820.05
Value including ' 8.6+0,9 - o 2.3 %0.2 h
possible systernatic ' L | - '

exrrors

a. The value of the cross section differs from that given in Ref, 15 because of our -
improved density-measurement analysis of Part V.B and the use of a better. ..~

value for the Cs lifetime,
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 FIGURE CAPTIONS .

."Fig. 1. Block diagram of the experimental apparatus for spin-exchange - '_ L

cross-section experiment by hyperfine optical pumping.

Fig. 2. Total light signal obtained with hyperfine pumping; 5 mV/cm,

25 msec between long off intervals, 5 msec between short off intervals, E

Fig. 3. The top of Fig. 2 with the vertical axis amplified 25 times;

0.2 mV/cm,

Fig. 4. Density -measurement normalization of 7800 A line made with

a natural-Rb lamp heated to help equalize the hyperfine c!omponents-

and broaden the lines. There was no Rb in the absorption cell. The

flag shutter changes position every 3 sec (chart speed 2 in, /min), |
although it is difficult to detect it from the scan; 0.3-sec integration
time in the phase-sensitive detector; 12-mm spacer, The disconti-
nuities at the far left and right are zeros of light intensity taken by
inserting a flag in front of the Fabry Perot,

Fig. 5. Density scan showing absorption of natural Rb 7800 A:.radiation
by rRbE7, Absorption cell at 24°C, run 5, 1/24/65. See Fig. 4 for |
other experimental conditions,

Fig. 6. (above) Relative intensities and separations of the hyperfine -~

87 85 .2 2

structure components of the Rb™ ' and Rb™~ 5 P1/2->5 Si/Z transitions

at 7947 A. W is the energy relative to the energy of the fine-

structure level, 22

i
|
I
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' : : Transitio.n S Rb87 Lo o RbS> ( s
e _ o ';-'sd(mK). 1 f value’ ;-go(m}{) I . fvalue L
’ a - 125.5 7.4 1/48 - 524 28.6 10/3z4f &
| b . 4527 37.2 5/48 64.2  100.0 35/324 o
R ¢ - ~102.5 37.2 5/48 -49..,3 100.0 35/324 . _‘
L a4 s 37.2 5/48 -37.2 80,0 28/324 L
-' The 'n\ela';ive. intens_ities, 1 are x;ormalized 80 that the largest ié 100
- }A(a né.tural abundance ratio of 25’9 is aesumed for the ratic of Rba5
to Rb87 densities}). The £ va.lueg are normalized so that their sum ° . -
“is 1/3 lfor each isotope. The theoretical f values {and I} can be cal- R
F culated as in Appendix IV of reference 45. 2
(below) Relative intensities and separations of the hyperfine - ‘ |
_ structure components of the Rb87 and Rb85 52P3/2-> 5251/2 txjvanr;s:'t‘tiox;s'.\<3("‘“’k"b:'-:j:;.
‘ at 7800 A. W is the energy relative to the energy of the fline-s'tructure'“‘ . o
. level:'z'Z | E \‘
"Transition rp37 | Rb55
’J»%‘o(m&) 1 f value ‘{?-'{»'0(mz<) 1 £ value
e 132.3 6.4  2/48 55.3 33.4 27/324
£ 1347 6.4  5/48 56.3 432 35/324
g © 440.4° 16.4  5/48 58.5 34,6 28/324 .
- R | : - -93.3 3.2 1/48  -45.4 12.3  10/324
EU S S 879 M6.4 5/48 . -43.0 432 3s/324 L
S§ . =T9.0 45,0 14/48 - -38.9 ,-i‘o_o,o  81/324 -"-i.':‘;:‘

s
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" The relative intensities I are normalized so that the largest is 100 =

(a natural abundance ratio of 2.59 is assumed for the ratio of Rb&5

to RbS7 densities). The f. values are normalized so that their sum .
is 2/3 for each isotope.b The f values (and I) can be calculated as '
. in Appendix IV of reference 45.

85

F:.g 7. Effect of Rb ~ filter cell on the 7800 A line from a natural-Rb

~lamp. The traces are in approximately the correct frequency relation-

ship to one another, The intensities are unnormalized.. (a) Without -~ - -

filter. (b) With filter,

' Fig. 8. The Kerr-cell-switch circuit diagram.
Fig. 9. Sketch of the absorption cell éhowing the Rb and Cs sidearms; |
Fig. 10, Circuit diagram of .the common-base amplifier and bias box, -
Fig. ii. Relaxation time data chosen at random from run 7; each is

comprised of 20 accumulation cycles. The straight lines are the

least squares best fits, Curve A! T g9 = 24°C, 1/7 = 114.89+0.18 vsec-'i
Rb : S

B: 30°, 18.12+0.,28; C: 38°, 38.12+0.37.

Fig. 12. Typical hyperfine pumping and relaxation transients in Rb87. :

Absorption cell at 24°C, run 5, 1/24/65.

=1,+ 1/2 level in Rb" ' as a function of

Fig. 13. Polarization of the F,

density, O, values of the polarization required to make the experimental

and theoretical values of S' {Eq. (24)] agree; A, values calculated
from Eq. (21) with Tp %z 24 msec, This curve depends strongly upon
the particular conditions of this experiment and therefore has no

general validity--see the text,

BT e

87 :
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| Fig. E 14, ComparisoAn'of the approximate hyperfi'he -1-e15xation signals

‘ ~[giveh by (A13) and shown as the solid lines]‘ which are single o ‘ ‘ '~ 

exponentials and the predicted signals [given by (A412) and represented

L3

by the points above] which are more complicated functions of the
’ . time, 'I‘he.se curves depend strongly upon'the particular conditioné )
_‘ - of the experiment.
R F1g 4:5. Corrections necessary to deduce Terue’ the cha,racteristilc '
o time of the polarization which decays as a single exponential, from :
o T exp’ the decay time obtained by fitting Eq. (A12) to a single expo-"
‘nential plus a constant, The corrections are plotted as a' function ofl Ny -

the product of the density and the polarization in the 1“1 =Ii +1/2
hyperfine level. This curve depends strongly upon the particular
conﬂifions of the experiment,

Fig., 16. Relative intepsities and separations of hyperfine -'structure

133

" components of the Cs > (1=7/2) 6°P, /2»625 /2 transition at

8944 A. W is the energy relative to the energy of the fine-structure
29 '

level,

‘Transition :';0 {mK) " I f value

a | 150.7 33.4 7/192
. \

b 189.6 100.0 24/192

c © -1564 0 100.0 . 21/192

o d -2 B PR 15/192 .

" .The relative intensities I are normalized so that the largest is 100. ",

The f values are normalized so that their sum is 1/3 for the -

2 2

Py, - 5172 transition,
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fFig. 17. The solid curves are experimental instrument profiles - -
‘taken with a monochromator to isolate the 8115 Aline of argon.
The points represent a convolution of Airy function (R = 0.935) .

~with gauss function (width 9.5 mK for free spectral range

F, = 420 mK, i.e., finesse N = 44,0). Above: The open circles - ,

* 4. correspond to an Airy function with reflection coefficient R = 0.893. ..~ . . o

S Y

. . I . X e K
Sy PP U5V IURUG DUV NP VU U U DO e b et e b e Ae by am mmesa s e e s wan e A oo o g e S L i et e

: LF1g 18. "True'' emission (ET) and absorption'(AT)' profiles for R‘b87, ‘

e d e

found by guessing a true emission profile, convolving it with:an

o instru'ment function of finesse 25 and R =0.935, and comp’aring the = . .°
convolution with the experimental data (Fig. 5) to obtain corrections e

to improve the trial profile. After good agreement is obtained betwee_n"'. ’

' ,th.e con§olyed profi;e and the data, the true absorption profile is
obtained by multiplying the true emission profile by exp [-k,r( vi]. |

\ | The shape of kT( v) is known theoretically, and the scale factor ;.s
chosen to give good agreement betweer; the predicted and experimehtal
absorption profiles {(see Fig. 19).

87 absorption of light'

" Fig. 19. Predicted and observed profiles for Rb
from a natural Rb lamp corresponding to Figs., 5 and 18, Since the
‘predicted values of the emission profile, EP’ are forced to agree
(to within 1% of the peak) with the observed profile, E,, only the
former is plotted, Because an unnormalized instrument function was

>'used in the convolution, no comparison of absolute intensity should
" be made between this figure and Fig. 18. The upper open circles

are the experimentally observed values of the absorption profile, A_ ;

the lower oper‘i circles are the observed values of the absorption

P
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; :;;""g’:befﬁcient tim_e‘s the cell length. Parameters defining the instrument | -
'functidn' convolution of Airy function (R=0. 935) and gauss function

- (width 141.1 mK, P =420 mK).

»

-' Fig. 20. Predlcted and observed profxles for Csi33. Instrument

function? convolutlon of Airy (R =0.95) and Gauss (width 41.7 mK
Fcr =500 mK). 3
Fig. 24. True and predicted absorption coefficients for the composite
efg peak of Rb87. The predicted coefficients are obtained from
predicted emission and absorption profiles resulting from the con-
volution of an instrument function (defined by the finesseland reﬂéctidn |
coefficient given above) with the true profiles of Fig., 18, Correction
curves such as these areusedtofind the true peak coefficient--and
hence the density--from the observed composite peak,
- Fig. 22. Typical data from the comparison of the equivalent-width
+ and Fabry-Perot density measurements taken at the same densrity.
{aj Equivalent-width scan of 7947 A line. (b) Fabry-Perot scan of
7800 A line.
| Fig. 23. Curves of growth showing A, defined by Egs. (314) to (33), |
| ’aﬁ a function of the Rb87 efg composite peak of the true absorptiqn
coefficient, which is proportional to the density.

87

Fig. 24, Summary of run 7 (2/4/65) Rb87-Rb spin-2xchange cross

section measurement by hyperfine pumping. 4/7 = A+Bn,

1 -410

e  A=6.2£0.2 sec” ), B=(7.920.2) X 10 cm3/sec.

- Fig. 25. <:um'na,ry of run 8 {2/43-14/65} '~Cs spin-exchange R

cross-section measurement obtained by hyperfine pumping.

-1 10

1/T=A+Bn, A=13.1£0.1 sec” ), B=(8.720.2) x 107 1% em?/sec.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor--
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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