DIODE LASER ®7Ks G toal JuAy e (n AN EVACUATED WALL-COATED CELL

Wa b e o seowra HOG Robinson
Phyeies oovrament, uke University
s cee . Mortk Tarolina 27706

B, Johpson
t iacviina Biate University
Mg th Larciing 27630

Frhysios Depas Dnaus
galsiun,

The evavdeiet “uos .« wiiw $-0 s 4w ) coupied with dicde laser
vptival pump oy oFo9 0 & rumber Ui attractive potfential
advantages for uss r vE ous Lo eswvnomic frequency standards. An
fuwesteghnnon o0 wocremynas ~fr-ots 13 required to explore
possible Limitaysonn “os o veobhnigas. We report on the use of
diodes faser optive’) swspyng o0 5VEL 1n an evacuated wall-coated
sealed ceil. Bxpeviowi.si veswloisz’/discussion to be presented
incinde T R . cais o n #ud Line broadening of the 0 - 0
hyperfine sesondnoe sy o Jumsricon of light intensity for the D1
opticai tfransivteon. 'V o0 ¥ o JZ2 -3 1') amd (2 ->» 2') : shift
of the O - O wepeedloe Sraguency 23 oa functiom of laser

.

intensivy #ud e, bk svtival resonance : and dicde laser

o

froguensy visosl o ons i o S SRRt
INTRODU CL YO

Previowsily we fave Dhsarvon » o fe ognd LAd0s Am o= 9.+ 1 hyperfine transitions
i oap svevenalod wall reno W cin tEWBAG of 200ce volume musing
conventional Bb or Uy w4 eu..oia piasme samps.ii-3] The use of diode lasers
in optical pumpiig fes oows Lo ed oy other researchers for both Cs and Rb
using gas cell oy ewfiwmic taew appkretce. 14-8] High efficiency optical
pumping wiih SEods fasvio o st stnared theoretically for the EWSC.[10]
In this paper. we cepics on (he aae 0f dicde lasers in hyperfine pumping an
evacuateld wall-cuared weoiss Lei. of - 30ce wolume. The frequency of the
ground stauie kypeiisiae wrewsi.sun 0w o= (2,0) (=>» (1,0) was monitored
permitiing a determiasi o .. s twaber 5f parameters useful in criticizing
such wall-conted ceids wompl.n wari dicde laser signal acquisition as a
srandards.,
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APPARATUS

The basic apparsius i Shoms ow Sip0 L. It econsists of s diode laser,
objective leng, atrgnusror  wveswated weil-voasted cell inside a thermal
enclosure, and & photodesszoror waleh monitors transmitted light intensity. A
Rb side—arm om the el wag wsiooilnéw 41 A temperature below that of the
enclosure Lo sonoiol e viw dw tne cell. The diode laser is tuned to
one of the fouwr vesclved I i ouptical hyperfine transitions at
794.7 nm. Figure 7 shows the optical transitions available. We report here
only on simple poawping wioh either the {2 ¢~» 27) or the (2 <=> 1")
srized light propagated along the

optical transiitiuvn wsing dinsarl nod
.
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Light intersivy was monitored by measuring the photocurrent resulting from
lighki itransmitted through the cell. The conversion factor between cutrent
and power is ~ ¢40puA/mw (or 1.67pw/pA) at 795 nm for unit quantum efficiency
at the detector. Typical photocurrents used are 10 pA which implies < 17 pw.
The estimajsed sniensity incident on the cell for a 10pA detected current is
~ 00w .

Tusicad of an inhomogeneous lineshape characteristic of the gas cell, the
homogeneows lineshape which results from use of an EWSC is one of its chief
rdveantages. Thus even though light intemnsity does not uniformly illominate
the EWHET, 211 atoms interact in the same way with the light due to the
averugang which a given atom performs in bouncing against the cell walls.
¥ndeed, it is this sveraginpg which generates the homogeneous Lorentzian
tineshape.

RESULTS

Yhe YWSC was maintained at 40°C while the Rb side—arm was kept at ~ 22°¢c.
With the Rb density attained under these conditions and using 10 pA on the
{2 <-» 1°'} tramsition,, the fractional absorption of light with no microwave
power was ~ 7.5 x 10 7, This was determined by a rapid sweep of the laser
thyough the optical resonance — optical pumping effects were present to some
degirve. Fhe fractional 0-0 signal under a high saturation condition by
microwave power was 1.5 x 10 7., This is taken as evidence of good optical
pumping/detection efficiency even at the low light levels used. The long Tl
relayxation time svailable in wall-coated cells implies relatively low light
initenasty will produce significant level population differences.

Thw wpvicsl hyperfins pumping light which establishes population differences
Betweesn the F o= 2 and 1 levels in the ground electronic state and which
provides the means for detecting the 0-0 hyperfine transition in the
presence of % rusonant microwave field also causes a broadening of the 0-0
resounsnce., The intrinsie linewidth attained in this cell at ~ 1.5 pA light
intensity was ~ 20 Hz. The following increases in the 0-0 width due to light
intensity were determined:

(2 <=>2') => ~ 4 Hz/pA

(2 <->1') = ~ 2 Hz/pA .

The 0~0 sigral amplitude vs. light intensity is shown in Fig. 3. The Hitachi
laser was used in this case. The microwave power was kept at an arbitrary
but constant level and was weakly saturating. The klystron signal source was
locked tn the (~0 resonance. Note the relatively low light intensities used.
The data for the (2 <-> 2') amd (2 <-> 1') transitions were taken
individuaily. Both sets of data are plotted on Fig., 3 for comvenience.

Two parameters are used for the light—induced frequency shift.[11] The
parameter af{l) gives the shift of the 0-0 frequency per unit optical
intensity when the optical frequency is tuned to resonance.

a(l) = avo_ /8l
Thus the 0-0 freguency shift ﬁvo_o canséd by the resonant light intensity I
is piven by

&v = q(l) x ¥ .
0-0




Another parameter P descrives the shift of the 0-0 frequency when the
optival radiation is de-iuned from resomnance,
Ao} = gw fa~ .
. o ) e BT o . . .
The frequency shift due o tihss effect for apsmall de~tuning is
b = B % Av .
. . , . . OO 08 t L. .
A discriminator-Tike frequency $hift of the U-0 tramsition is produced for
intger de-vrwing of the optical resonance.

bu Fig. 4 are shows the resules of the measurement of the 0-0 frequency vs.
iight intepsity for both Ritechi and Mitsubishi lasers. The slope of this
data gives the 1light shifi pavameter a(I). Here the klystron was locked to
the O-0 resonance and the lsser was locked o the optical absorption
resonanue in Che EWSC fvseif. Yeing on-resonance (I <-» 1') light at ~ 10 pA
intensity, a 0-0 shiftwgf o d 5 Hy was found., Thus & fractional intqﬁiity
stability of 1,5 x 10 7 will wreduce a U~ fractiomal shift of 1 x 10 at
6.8 GHz under conditions wused The Hitachi laser linewidth was ~ 30 MHZ
wherzas the Mivsubishi Juser inewidth was ~ 100 MHz. Both of these widths
were determined for free-running iasers (not lecked to an atomic resonance).
Iu spite of the factor of three difference in linewidths, both lasers have
almost identical « coefficients, as seen from Fig. 4. Because the lasers
were locked to the atomic abksorption, narrowing of the spectral width
occors. We have not yet measured the luser linewidths in the locked
condition.

Measurements on the second Jight—shifi parameter 8 were more difficult. In
this wase nerther the laszer nor the klystron was locked to the 0-0
transitioa. The laser was devined from optical resonance typically by ~ 150
MHz., This is smaell vompared t« the cptical Deppler width and therefore
implies remaining in the Ilineasr regron of the discriminator shaped 0-0 shift
curve. Figuie 5 shows wazsnlis for tpe (4 <=2 2°) and (2
trapsitions whers & is fowpe -y oa given light intensity by dividing the
observed O 4 Frogmency shift vy the laser detuning from optical resonance.
The B-ooetfficient bas also bheen reported {or Rb gas cell devices.[5,7] Table
I compares dats obiained Trom cne indicated sources.

Table Y. Comparison of S-ooeffwolent for gas cells and the EWSC.

. lﬁI/I______________

Referenve Cell Optica. Tneident IBI

Type  irasstsion  Incensity | 2
i ' uw/em” - Hz/MHz = mHz-cm” /MHz-pw

PR R ) ) 280 0.63 2.25

i-327,D1 300 C0.42 1.37

This papes WS C FARDBE | N 10 ; 0.025 0.25

Using this dats & compavison beiween the gas cell and the EWSC is difficult

since different conditions were used in each case. Nevertheless, a B

normalized to unit intensity 1s calculated in,the last column. In this

Table. owr yprensmivted 1otensity of - Biuw/cem™ {as inferred by ~ 10uA

photocorrent’ was taken o imply ~ 100pw/em” intensity incident on the glass
cell.

DIODE LASER STABILIZATION

A description has been given by Lewis and Feldman[5] on the use of diode
lasers in atomic freguency standards., They reported lonmg-term locking of the




leser to an atomic absorption line., Other researchers have also reported
iocking diode lasers.[12,13] For the initial determinations reported in this
paper of various parameters characterizing the 0-0 hyperfine transitiom in
the EWSC, it was convenient to stabilize the diode laser to the Rb optical
absorption of interest., Methods useful for this purpose are presented
briefly.

Two divde laser stabilization schemes have been implemented. For apparatus
simplicity, the first scheme uses the normal Doppler broadened optical
absorption in the EWSC itself. (A separate non-wall-coated cell could have
been used.) The other scheme uses Doppler free saturated absorption in a
separate cell. Both of these methods require that the laser be freguency
modulated in order to interrogate the optical line center.[14] Long—term
drift is tuoned out by a temperature servo and short—term noise is removed by
feedback to the laser current.

The block diagram for the basic scheme to observe saturated absorptionl[15]
is shown in Fig. 6. To suppress the non saturation features, the saturating
beam can be chopped. This selectively modulates the saturation effect.
Subsequent lock-in detection produces the sub—Doppler features shown in Fig.
7¢. Also shown is the normal Doppler broadened absorption signature (Fig.
7a) and the absorption—saturation signature without suppression of
background (Fig. 7b). All of these traces are shown using wide-band (5 kHz)
signal recovery channels. Either the 7b or 7c¢ signature can be used to lock
the laser. With the f-coefficient measured for the 2 -> 1’ optical
transition at 10 pA intensity, a signal-to-noise ratio of ~ 145 would be
required to sggbilize the laser so that the 0-0 frequency would be stable to
1 part in 10 . Adequate S/N appears to be present.

Figuve 8a shows the block diagram of the system used in acquiring most of
the date presented in this report. Both the laser and the klystron were
{ocked to the Rb atoms. Figure 8b shows the saturated absorption laser lock
diagram.,

{ONCLUSLONS

Several parameters have been determined relating to the potential for use of
the evacuated wall-coated sealed cell coupled with diode laser signal
acquisition in an atomic frequency standard. This work may be regarded as
preliminary — measurements need to be repeated, refined, and expanded. The
encouraging results on the 30cc cell provide excellent motivation for
continued research.
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Figure 1. Schematic of basic optical pumping apparatus used with the LEWSC.
The thermal enclosure was operated at 40C while the Rb was maintained at 22C
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Figure 2. Rb Dl optical transitions available. The (F - F') = (2 - 2")
and (2 - 1') transitions were used for this work,
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Figure 3. The 0-0 hyperfine signal vs. light intensity st a weakiy
saturating microwave power.
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Figure 4. The 0-0 frequency vs. light intensity as a function of oprical
transition and type of laser used. The slope of this dats zives the light
shift parameter o (I). This data was taken with the laser locked co the Rb
optical absorption and the klystron locked to the 0-0 nhyperfline transition.
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Figure 5. Light shift parameter f3 =?%/P%J,as a function of light intensity.
Data used optical detuning of ~ 150MHz, small relative to the optical Doppler
width.
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Figure 6. Block diagram for observation of saturated absorption features.
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Figure 7a. Normal Doppler broadened absorption.
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Figure 7b. Absorption-saturation signal.
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Figure 7c¢. Saturation feature observed with 5kHz bandwidth.
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Figure 8a. Block diagram of system used to lock both laser and klystron to
Rb.
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Figure 8b. Block diagram showing saturated absorption laser lock.
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QUESTIONS AND ANSWERS

JACQUES VANIER, NATIONAL RESEARCH COUNCIL: Your alpha
coefficient, could it be due to distortion of the spectrum of the
laser diode?

MR. ROBINSON: I would have to go back to Will Happer who has
worked out the theory for light shifts. He has worked out a
theory using operator formalism which i1s an easier thing to grab
hold of, and they are relatively complicated. The thing that
Happer actually worked out was for light that was very broad
compared to the hyperfine separation, and here we have exactly
the opposite case. We have light that's narrow compared to the
hyperfine separation. The theory is right. There 1s no question
that the theory is going to work 1if you actually try and
calculate it, I think.

There are several different effects that shift the thing.
One is a second order Stark effect. You actually have applied an
AC field to this ground, and you are actually tickling levels up
and down, and you see then the average result of that. That's one
of the ways you can get a light shift. There are virtual
transitions, there are tensor shifts, there are all sorts of
shifts that come in. Usually the tensor shifts have been
neglected, but apparently in this case they may not be able to
be.

The point is that you can get around them 1f you need to by
using pulsed light, but they certainly are in all of these other
systems. The gas cell has these things in there. It's jJust that
you don't see them. They are masked by other things,

It just explores an explicit parameter that needs to be
looked at in an evacuated wall-coated cell.

CARROLL ALLEY, UNIVERSITY OF MARYLAND: Did I hear you say a
twenty Hertz linewidth?

MR. ROBINSON: Yes.
MR. ALLEY: That's for 68357
MR. ROBINSON: That's for the 6835 line. You heard right.
MR. ALLEY: That sounded very good.
MR. ROBINSON: This stuff works.
MR. ALLEY: Oh yes, we know. What wall coating were you using?
MR. ROBINSON: This 1is still the same old wall-ccocating,
Tetracontane, and I don't have any idea that that is the best
wall-coating. It's just that we are moving relatively slowly,
doing onhe thing at a time, and we had gotten that to work before,
30 that's what we tried again.

So this is the first one -- we had a 200 cubic centimeter

cell that's about fifteen years old that 1s sealed off. These
cells are absolutely sealed. There is no vacuum system assoclated
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with them. You can carry them around in your fingers. That's the
cell that we have talked about here,

So they apparently have longevity. There are a lot of
questions -- Harry Peters asked one today about what happens Iin
the time history of these things. We don't know that yet. We
haven't gotten there yet. That's still to come, clearly. But
everything we do seems to be very attractive so far in getting
the system to work.

MR. ALLEY: I will give you a thirty year old cell and see if it
will work,

MR. ROBINSON: I should say that Carrol Alley tried pumping with
lasers, diode lasers, and what we have done here is certainly not
unique. There are several Japanese authors that have locked
lasers to saturated absorption things. I know people at N. B. 5.
have done that. Lyndon Louis has done that, we are just following
in the track,.

I think that we may have some really gorgeous curves. I anm
not sure that anybody else has anything comparable to this sort
of beautiful saturated absorption curve. I haven't seen 1t
anyway. But the stuff Jjust works. It's just gorgeous.

MR AUDOIN: There is a third resonant feature on your curve. Is
that a level crossing?

MR. ROBINSON: The third resonant feature? Oh, in the saturated
absorption curve. That's called a cross-over resonance, and 1it's
nothing particularly unusual. I would like to explain that to
you. The saturated feature, or curves are only for certain atoms.
Since the two beams are shot through in opposite directions, the
only atoms they both talk to are those which are moving
perpendicular to both beams. In other words, the non-doppler
shifted thing. That's the reason you get the main saturated
absorption feature, which doesn't have any Doppler width to speak
of.

The other resonance occurs when two opposite curves cross
over, and those tails can be made to do the same thing. That's an
artifact, it's not really a resonance. You don't want to lock on
that, you want to lock on the two central ones.






