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ABSTRACT

　　　　　This　thesis　is　concerned　with　high　frequency‘stabilization

of　ａGaAlAs　laser　using　ａ　Doppler-free　saturated　absorption

spectrum of　the　CS-D2 line　at　852.1　nm.
㎜

　　　　　The　semiconductor　lasers　have　been　developed　extensively　in

recent　years.　and　double-heterostructure　type　GaAlAs　lasers

operating　at　room　temperature　on　ａ　single mode　in　ａ　spectral

range　from　infrared　to　visible　are　now commercially available.

Because　of　small　size, low electric power　for　operationf and　easy

operation　on　ａ　single mode, the　semiconductor　lasers　are　now　used

in wide　variety　of　practical　applications。

　　　　　As　ａ　reflectionof　high　frequency-tunability.　the　frequency

stability　of　ａ　semiconductor　laser　is　rather　poor　in　free-

running　condition.　It　is　strongly　desired　to　stabilize　the　laser

frequency　for　its　applications　to　optical　teleconununications,

precision measurements　and　high　resolution　laser　spectroscopy。

　　　　　For　He-Ne　lasers　or　dye　lasers,ultrahigh　frequency-

stability has　been　achieved　by utilizing　the　saturated absorption

technique, which　enable　us　to　observe Doppler-free　spectra　of

atoms　or　molecules.　For　example, the　frequency-stability better

than　10
－13
has　been　obtained　in　He-Ne　lasers whose　frequencies

are　locked　at　the　saturated absorption　spectra　of　CH4　and　工２’　　It

is　obvious　that　the　Doppler-free　spectrum should　be　used　in　the

frequency　stabilization　of　the　semiconductor　laser.　Howevｅｒ，
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this　had　not　been　performed　until　this　work.　In most　of　works

reported　so　far. a　Fabry-Perot　cavity　or　ａ Doppler-broadened

absorption　line　of　atoms　or　molecules　has　been　used as　ａ

frequency　reference。

　　　　　The　first　half　of　this　thesis　is　devoted　to　the　first

observation　of　the　saturated absorption　spectra　of　the　CS-D2

line.　This　is　the　first　experiment　to　use　ａ　semiconductor　laser

in　the　saturated　absorption　spectroscopy.　　In　the　case　of　alkali-

metal　vapor, it　is　possible　to　observe　the　saturated　absorption

spectra　by　using　ａ　GaAlAs　laser　with　output　power　less　than ・

１　mW.　This　is　because　the　laser　excitation　causes　the　hyperfine

pumping　in　the　ground　state　of　atom, which　enhances　considerably

the　saturation　of　absorption。

　　　　　In　this　experiment, a　temperature-controlled　laser　system　is

constructed, which　is　suitable　for　the　high　resolution

spectroscopy.　　By stabilizing the　diode　temperature within １０‾３

degree, the　fluctuation　of　the　laser　frequency can be　reduced　to

be　less　than　５　MHz.　Furthermore, the　center　frequency can　be

tuned　precisely　ａ wide　frequency　range　by　changing　the　stabilized

temperature。

　　　　　TheDoppler-free　spectra, i. e. Lamb dips　and crossover

resonances.　are　clearly　obtained　on　the　Doppler-broadened

absorption　lines　from both　of　the　hyperfine　levels with　Ｆ　＝３　and

４　in　the　ground　state　of　Cs.　The　spectral　widths　of　the　observed

Doppler-free　spectra　are　about　２０へｊ　３０　MHz (HWHM), Which　are　much

smaller　than　the　Doppler-broadened width　１８５　MHz (HWHM) .　The

Ｖ



widths, however, are much　broader　than　the　natural　linewidth

２．６　MHz(HWHM〉of　the D2　line　due　to　the　power　broadening″

misalignment　of　the　laser　beams　and　the　spectral width　of　the

laser.　The　relative positions　of　the　observed　Doppler-free

spectra　are　in good agreement with　these　expected　from

theoretical　values　of　the　hyperfine　separation　in the　６２Ｐ３／２

state　of　Ｃｓ。

　　　　　An　experimental　evidence　of　the　hyperfine　pumping　is　shown

by monitoring　the　velocity distribution　of　atoms　in both

hyperfine　leve!．ｓ　in　the　ground　state, by　using　two GaAlAs　lasers

simultaneously･，　Furthermore, the　spectra　completely　free　from

Doppler-broadened background　are　observed.　These　results　show

that　the temperature　stabilized　GaAlAs　laser　can be　ａ　powerful

tool　in　the　high　resolution　laser　spectroscopy｡

　　　　　The　later　part　of　this　thesis　is　devoted　to　the　frequency

stabilization　of　the GaAlAs　laser　by using　one　of　the　Doppler-

free　spectra　of　the　CS-D2　line.　Under　stabilization　of　the diode

temperature, the　laser　frequency　is　locked　to　the　crossover

resonance　by　feeding back　the　error　signal (　the　first　derivative

of　the　Doppler-free　spectra　）ｔｏ　the　injection　current.　The

short-term　frequency-fluctuation　is　suppressed　to　be　less　than

１０　kHz, and　the　long-term　frequency-fluctuation　observed　is

３７　kHz　or　less　for　the　time　interval　0f　3000　ｓ．　The　frequency

stability　of　the　stabilized　GaAlAs　laser　is　analyzed　in　terms　of

the Allan variance, and　the Allan　variance　is　found　to be　less

than　１．０×１０
－11
for　the　averaging　time between　０．１　ｓ　and　1000　ｓ，
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and　the minimum value　is ３．０）（１０’１２　at　the　averaging　time　１．3　ｓ，

which　is　the highest　frequency-stability of　semiconductor　lasers

reported　so　ｆａｒ。

　　　　　For　further　improvement　of　the　long-term　stability.　an

improved　temperature-control　system　is　constructed, in which　the

double-loop　temperature-control　and　the　proportional-integral-

differential　servocontrol　are　carried　out.　The　results　of　the

preliminary　experiment　show　that　the　fluctuation　of　the　laser

frequency can be　reduced within　１　ＭＨｚ。

　　　　　Using　the　scheme described above, it　is　possible　to make　＆

compact　and portable　laser　system whose　frequency　is　highly

stabilized.　Actually, a compact　optical　system　is　constructed

using　small　optical　components　which　are mounted　on　ａ platform

with　size of　２０×　１０×　５ｃｍ３。

　　　　　Such　ａ　compact　frequency-stabilized　GaAlAs　laser　system　is

expected　to　be　very useful　in practical　applications.　since　the

wavelength　of　semiconductor　laser　has been　extended　down　to　about

７００　nm,it　is　now possible　to　stabilize　the　laser　frequency　to

another　atomic　or　molecular　absorption　lines, such　as　Rb-D　line,

by　using　techniques　developed　in　this　thesis.
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エー1　Introduction

CHAPTER　Ｉ

GENERAL　INTRODUCTION

　　　　　？his　thesis　is　concernedwith　the　frequency stabilization　of

semiconductor　laser　using　ａ Doppler-free　atomic　spectrum obtained

by　the　saturated absorption　spectroscopy。

　　　　　Semiconductor　lasers　have　been　developed　extensively　in

recent　years.　and now double-heterostructure　type　single-mode　cw

lasers　operating　at　room temperature　are　commercially available.

Their　spectral　range　covers　from　infrared　to　visible, and　further

wide-range　oscillation　is now　under　research by using　various

semiconductor　materials.　The　semiconductor　lasers　have many

advantages ，such　as　small　size, low electric power　for　operation

and　easy　operation　on ａ　single　longitudinal　mode。　Because　of

such　advantagesf　the　semiconductor　lasers　are　used　in wide

variety　of　practical　applications.　They also　have very high

frequency-tunability.　and continuous　frequency-scanning　is

possible with　resolution　of　better　than　100　MHz　over　10　GHz

easily by controlling　diode　temperature　and　injection　current.

More　than　10　mW　is now available　as　their　output　poｗｅｒ・

Therefore　the　semiconductor　lasers　are　also very　attractive　tools
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for　the　high　resolution　laser　spectroscopy.

　　　　　As　ａ　reflection　of　high　frequency-tunability.　the　frequency-

stability　of　the　semiconductor　laser　is　rather　poor　in　free-

running　condition.　The　oscillation　frequency　is　influenced by

small　fluctuations　of　the　injection　current　and　the　diode

temperature.　The　frequency stabilization　is　strongly needed　for

practical　applications　such　as　the precision measurements, laser

spectroscopYf　FM type　optical　telecommunications.

　　　　　In　the　frequency　stabilization　of　lasers, a Doppler-free

atomic　or　molecular　spectrum　is　one　of　the　best　frequency-

reference　to which　the　laser　frequency　is　locked.　The most

useful　way　ｔ０　get　the　Doppler-free　spectrum　is　the　saturated

absorption　spectroscopy.　　This　thesis　deals with　the　frequency-

stabilization　of　ａ GaAlAs　laser　using one　of　the　Doppler-free

saturated absorption　spectra　of　the　CS-D2 line　at　852.1　nm.　工ｎ

this work/ the　saturated absorption　spectra　of　Cs　have been

observed　for　the　first　time by using　ａ　semiconductor laser･．１）

The　laser　power　｀１　mW is　enough because　the　optical　pumping

between　the　ground hyperfine　levels　of　Cs　reduces　significantly

the　light power　required　for　the　saturation　spectroscopy.　　The

observed width　of　the　Doppler-free　spectra was　about　２０　’ｘ・３０　MHz

(HWHM), and by　locking　the　laser　frequency to　one　of　the　Doppler-

free　spectra, the　frequency　stability　of　the　GaAlAs　laser　better

than　１０‾１１　was　ｏｂｔａｉｎｅｄ．２〉Ｉ　工tmust　be　emphasized　that a small

laser　system whose　frequency　is highly　stabilized　can be

constructed, and　so　it　has　high potentiality　for　the　practical

２



applications.　Applications　of　the GaAlAs　laser　for　the　high

resolution　laser　spectroscopy　is　also　investigated　in　this work.

in which　ａ continuous　scanning　of　the　laser　frequency　is　carried

out　bｙ‘controlling　the　diode　temperature with　high　resolution.ヽ

　　　　　As　an　introduction　of　this　thesis,a brief　review　is

presented　in　Sec.エー２　０ｎ　the　frequency-stability　and　the

frequency-stabilization　of　the　semiconductor　lasers.　Where　ａ

brief　survey　on　the　potentiality of　the　semiconductor　laser　in

the　laser　spectroscopy　is　also　presented.　工ｎ　Sec. 1-3, a brief

review　is given　on　the　saturated absorption　spectroscopy which　is

used　to　obtain　ａ　sharp Doppler-free　spectrum and　on　the　optical

pumping of　atoms which plays　an　important　role　in　the　saturated

absorption　spectroscopy　of　alkali-metal･ atoms.　A brief　review‘on

the　frequency　stabilization　of　gaseous　laser　and dye　laser　is

also　given　for　ａ　comparison with　that　of　the　semiconductor

laser.　Finally, in　Sec. 1-4, the　outline　of　this　thesis　is

described.

エー２　Frequencystabilization　of　Semiconductor　Laser

1-2-1　Properties　and Frequency　stability of

　　　　　　Semiconductor　Laser

　　　　　since　the　first　operation　of GaAs laser　ｉｎ１９６２，３）ｔｈｅ･

semiconductor　lasers　have been　extensively　improved according to

development　of　semiconductor　materials　and　diode　structures.　工ｎ

３



1970, continuous wave　operation became possible　at　room

temperature by　employing　ｄｏｕｂｌｅｈｅｔｅｒｏｓｔｒｕｃｔＵｒｅ．４〉　　since　then

the　semiconductor　lasers　have been　used　in wide ･variety　of

practical　applications.　Nowadays, as　for　cw　injection　lasersr

GaAlAs　lasers　cover　the　spectral　range　between　７００　nm　and

９５０　ｎｍ，５）　InGdAsP　lasers　cover　between　１．１　μｍ　and 1.7ふm, and

PbSnSe　and PbSnTe　lasers　operating　at　the　liquid-nitrogen

temperature　cover　between　５μｍ and　３０ｐｍ．７）″８）　with　regard　to

the　double-heterostructure　type　lasers, there　are many　types　of

practical　diode　structure, which　are　slightly　different　to　each

other　in　electrical　and　spectral　characteristics.　Output　power

of　semiconductor　laser　has been　increasedf and ａ GaAlAs　laser

with　the　maximum output　power　more　than　１０　mW is now commercially

ａｖａｉｌａｂｌｅ．９）　　Lifetime　of　GaAlAs　laser　has　also been

significantly　prolonged, and　１０５

１ｎ　low　output　ｃｏｎｄｉｔｉｏｎ．１０）

へ，１０７ hour　operation　is　expected・

　　　　　Because　of　highgain　in　active　layer ｆ　semiconductor　laser

can　easily　operate　on　ａ　single　longitudinal mode, however, its

spectral　width　is　rather　broad　in　comparison with　other　types　of

single-mode　lasers　such　as　gaseous　lasers　and　dye　lasers.　Such

rather　broad　spectral　width　is mainly　due　to　large　loss　of　laser

cavity　and　to　high　temperature　of　active　layer where　thermal

noise　is　difficult　to avoid.
11〉-14)

Typical　spectral　width　of　ａ

GaAlAs　laser　was　carefully measured　by Fleming　et al・15)　They

reported that　the　spectral width　is about　１１４MHz (FWHM) at　ｌ mW

output　per　facet　and　the　spectral　broadening　is　inversely

４



Ｉ
Ｉ

proportional　to　the　output　power.　　Their　results were　supported

theoretically by　Ｈｅｎｒｙ１６）from　consideration　of carrier-density

modulation　due　to　spontaneous　emission。

　　　　　Semiconductor　lasers have　high　frequency-tunability・

Generally,　the　oscillation frequency　shifts　toward　１０ｗ　frequency

side　according　to　increase　of　the　diode　temperature　and　to

Increase　of　the　injection currentf repeating　continuous　change

and mode hopping along ａ　change　of　the　gain maximum.　In　the

continuously　changing　region, the　laser　frequency varies　due　to

changes　of　refractive　index　and　length　of　the　laser　cavity　caused

by heat.
17〉
The　refractive　index of　the　laser　cavity　varies

owing　to　ａ　change　of　carrier　density which depends　on both

changes　of　the　injection　current　and the　diode　temperature.　In

the　case　of　GaAlAs　laser, the　rates　of　change　in　the　continuously

changing　region　are　typically　several　１　GHz/mA and　several

１０　GHz/゜Ｃ　at wavelength　８００　nm　for　ａ　static　changes　of　the

injection current　and　the　diode temperature　ｒｅｓｐｅｃｔｉｖｅｌｙ．１８）‾２０〉

Continuously　tunable　region　spreads　over　more　than　１０　GHz　in　the

case　when　either　of　the　injection current　or　the　diode

temperature　are　changed, and　the　frequency gap of　mode　hopping　is

more　than　１０　GHz.　It　is possible　to get wider　tunable　region by

choosing　an　adequate　combination　of　the　injection　current　and　the

diode　temperature。

　　　　　In　the　case　of　GaAlAs　laser, a　frequency modulation with

extremely　high　frequency　is possible by modulating　directly　the

injection　current.　The　direct　frequency-modulation

５
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Fig.　Ｉ－１　　Typical　oscillation　characteristic　of　ａ

semiconductor　laser：．　In ｊthe case　of　GaAlAs　laser　the

rates　of　frequency change　in the　continuously　changing

region　are　several　１　GHz/ltiA and　several　１０．GHz/゜Ｃ‘at

wavelength　８００　nm.
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characteristic was z:ecently measui:ed by Kobayashi　et al・，19）ａｎｄ

the　result　shows　that　0 。1　へ･３　GHz/mA frequency deviation can be

achieved with　the modulation　frequency up to　５　ＧＨｚ。

　　　　　As　ａ　reflection of　high　frequency-tunabilitVf the　frequency

stability　of　semicondりctor　laser　is　rather poor　in　free-running

condition.　The　oscillation frequency　fluctuates　due　to　small

changes　of　the　injection　current　and the　diode　temperature.　For

example, consider　the　case　of　GaAlAs　laser　operating　ａｔ･ room

temperature with　injection current　about　１０ ｍＡ。　It may be

expected for　an　ordinary　regulated　current-source　to have

stability　of　１０｀４．　　In such　ａ case, the　fluctuation　of　the　laser

frequency　is　estimated to be　about　１ MHz　due　to　the　fluctuation

of　the　injection　current.　０ｎ　the　other　handf it　is difficult　to

suppress　the　fluctuation　of　the　diode　temperature within　０．１　°Ｃ

only　by an　air　conditioner, which causes　at　least　１　GHz　change　of

the　laser　frequency.　　since　the　variation of　room temperature　Is

relatively　slow, it determines　mainly the　long‘term frequency-

stability.　While, the　short-term　frequency-stability　Is　about

１０‾８　in free-running　ｃｏｎｄｉｔ１０ｎｆ２１）ｗｈｉｃｈ　ismainly determined by

the　fluctuation　of　the　injection　current.

1-2-2　Frequency　stabilization　of　Semiconductor　Lasers

　　　　　In　recentyears.　the　frequency stabilization　of　ａcw

semiconductor　laser　has been　attempted by using　several methods

with　aim of　their　applications　to precision measurements, high

７



resolution　spectroscopy,　optical　ｔｅｌｅｃｏｍｍｕｎｉｃａｔｉｏｎ２２） and　so　on.

General　way of　the　frequency　stabilization　is　that,the

oscillation frequency　is　locked　to　an　external　frequency-

reference　by controlling　the　operation　conditions　such　as　the

diode　temperature　and　the　injection　current。

　　　　　As　an　external　frequency-reference　ａ　Fabry-Perot

interferometer　has　been mainly　used　so　far.　In　1970,Bykovskii

et ａ１．
23）
locked ａ　liquid-N^-cooled GaAs　laser　to　ａ　center　of

transmission　fringe　of　ａ　Fabry-Perot　cavity by　controlling　the

injection　current, and　they　obtained ａ　few MHz　relative　stability

for ５ Ｑ・１０min.　:[ｎ 1975, Picque et ａ１．
24）
locked ａ　GaAs　laser

operating　at　８０　°Ｋ　to　ａ　Fabry-Prot　cavityby　controlling　the

injection current　under　control　of　the　diode　temperature　by　using

cooled He-gas　stream.　Only by　temperature　control, they　obtained

３０　MHz　frequency-stability.　　By　frequency　locking.　they　obtained

the　relative　frequency-stability　of　２７０　kHz　with　absolute

frequency‘drift　of　３。６　MHz/min, which was measured　by　utilizing

Ｄ２　absorption　line　of　Cs　vapor　at 852.1　nm.　In　1980, Favre　et

ａ１．
25）
locked　ａ　GaAlAs　laser　operating　at　room　temperature　to　ａ

resonance　frequency of　ａ　Fabry-Perot　cavity by　controlling　the

injection　current　under　the　control　０ｆ　the　diode　temperature　by

using　ａ　thermoelectric　cooler.　They　obtained mean　frequency

drift less　than　１　MHz　for　２０　min　and　short-term　frequency-jitter

of　１．５　MHz.　In　1981, Kikuchi　et　ａ１．
26）
locked　ａ　GaAlAs　laser

operating　at　room　temperature　to　ａ　side　of　transmission　fringe　of

ａ　Fabry-Perot　cavity by　controlling　the　diode　temperature　using　ａ

８



thermoelectric　cooler.　They　obtained　ｌ　MHz　relative　frequency‘

stability　which was maintained　for　２　hours。

　　　　　Themethod　of　the　frequency　stabilization by　using　Fabry-

Perot　cavity has　an　advantage　that　the　laser　frequency　can be

locked　at　any value　desired within　the　tunable　range　of　the

laser, and hence　ａ　stabilized　frequency-scanning may be

possible.　Frequency-modulation　in　the　servocontrol　is　avoidable

by modulating　the　Fabry-Perot　cavity　instead.　However > the

resonance　frequency of　Fabry-Perot　cavity　is　not　absolute　and may

fluctuate　due　to　thermal　expansion　of　cavity　length, external

mechanical　vibrations and acoustic　noise.　To　improve　this.

Tsuchida　et　ａ１ 。
21）
stabilized　the　length　of　the　Fabry-Perot

cavity by　using　an　iodine-stabilized He-Ne　laser　at　６３３　nm, and

then　they　locked　ａ　GaAlAs　laser　at　ａ　resonance　frequency of　the

stabilized　cavity by controlling　the　diode　temperature　by　using　ａ

thermoelectric　cooler.　They　obtained　the　frequency　stability　in

terms　of　Allan　variance　between ２．１×１０“９　and　９．６×１０‾９　at　the

averaging　time　T between　１０　ms　and　５００　ｓ．　Because　of　slow

response　of　the　diode　temperature, only　the　long-term　stability

was　improved.　To　improve　short-term　stability, in　1981, they

locked ａ　GaAlAs　laser　to　the　stabilized　Fabry-Perot cavity by

controlling　the　injection　current, in an　underground　tunnel　where

the　room temperature　is　regulated within　０．１　°Ｃ／ｄａｙ．２７）　　They

obtained　the　Allan variance　between ２．０×１０‾１１　and　２．１×１０‾９　ａｔて

between　１０　ms　and　５００　ｓ， which was　almost determined by　the

av

stability　of　the　He-Ne　laser　controlling　the　Pabry-Perot　cavity・
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工ｎ　1982, Tsuchida　et ａ１．
28）
improved　futher　short-term　stability

of　ａGaAlAs　laser　by　locking　the　laser　frequencyto　an

uncontrolled heavy Fabry-Perot　cavity,which does not　fluctuate

in　ａ　short　time-interval.　They　obtainedthe　minimumAllan

variance　of ２．１×１０’１２

Dandrldge　et a1．29）

at　てav ＝　90 ins.　工ｔ　should be noted that.

and Cobb et a1．

30）

have been　studied　on　the

techniques　to　reduce　optical　phase-noise　by　using　ａ　Fabry-Perot

cavity。

　　　　　when　anatomic　or　molecular　absorption　line　exists　within

tunable　range　of　ａ　Bemiconductor　laser, it must　be　better　to　use

it　as　an　absolute　frequency-reference.　Although　the　frequency　is

fixed and not　tunable, such　absolute　frequency‘reference　is

stable against　external perturbations.　By　locking　the　laser　to

the　center　of　the　absorption　liner extremely　high　frequency-

stability can be　obtained with　high　reproducibility.　　since　the

tunable　range　of　the　semiconductor　laser　is　very vide, there　are

much　chance　of　coincidence　of　the　laser　frequency with　an　atomic

or　molecular　absorption　line.　In　1980, using　the methane

absorption　line　in　the　り. band at　the wavelength　about　７ 。７　μｍ，

Ohi
31）
stabilized ａ　PbSnTe laser　operating　at　the　liquid Ｎ２

temperature by controlling　the　Injection　current/ and　obtained

the minimum Allan variance　of ４．3×10‘11at　てav °１５　ｓ゛　:[n　1982″

using one　of　the　absorption　lines　of water　vapor　in　the (2,1,1〉

vibration-rotation band at　820 nm, Tsuchida　et al .32) stabilized

ａ GaAlAs　lasei：　by controlling　the　injection　current　under

condition　of　stable　room-temperature　of　０．１　°C/day.　　They
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obtained　the Allan variance between 1,1×１０｀１１　and　１．９×１０‘９　at　て

between　１０ ms and　５００　ｓ．　Tsuchida et ａ１。，
33〉

av

in　1982, stabilized

ａ GaAlAs　laser　using　an　absorption　spectrum of　８５Ｒｂ爽Ｄ２　line　at

780．０　nmwith　spectral width　５００　MHz.　They have　locked　the　laser

frequency by controlling　the　injection　current　under　condition　of

stable　room-temperature, and　they　obtained　the　Allan variance

between　１．４×１０’１２　and　３．０×１０爽１０　ａｔて

Also　in　1982, Yamaguchi　et al 。
34〉

av
between　１０　ms　and　５００　ｓ．

reported　on　the　frequency

stabilization　of　ａ GaAlAs　laser　by　using one　of　the　optogalvanic

spectra　of　Ar　at　８４０。８　nm.　They　locked　the　laser　frequency by

controlling　the　injection　current　under　the　diode　temperature

controlled by　ａ　thermoelectric　cooler.　They　have　obtained　the

short-term　frequency-stability　of　２００　kHz　and estimated　the

minimum Allan variance　of　４)(１０爽１１　at　てav　°２０　ｓ゛　In　1982″

Yamaguchi　et　a1．35) observed also　the　first　overtone vibration-

１：otation　lines　of　HP at　１．３　ym by using　an　InGaAsP　laser

operating　at　room temperature.　They　controlled　the　diode

temperature　by using　ａ　cryostat　controlled with　the　stability　of

'＼'0.001　°Ｃ within　the　range　between　－４０　and　３０　°Ｃ．　After　locking

the　laser　frequency　to　one　of　the　R-band　lines, they have

obtained　the Allan variance　between ２．０×１０爽１０　and　７．９×１０“１１　at

"^av between　ｌ　ｓ　and　２４０　ｓ．

　工ｎall　the works mentioned above, the　frequency-locking　was

made　by　using　absorption　linesf which were　rather　broad　due　to

thermal motion　of　atoms　or　molecules, i. e. Doppler-broadening・

It must　be　better　to　use　ａDoppler-free　spectrum of　atoms　or

11



molecules.　In　1981, Yabuzaki　ｅｔａ１．１）　observed　the　saturated

absorption　spectra of the Cs-D,　line at　852.1　nm,　for　the　first

time, by using ａ GaAlAs laser ．　The observed width of the

Doppler-free　spectra was　about　２０ ・1,　３０　MHz (HWHM).　They　tried　to

lock　the　laser　frequency　to　one　of　the　Doppler-free　spectra　and

obtained　the minimuni Allan variance　about　１°６）（１０‾１０　at　てav

between　１５　ｓ　and　２４０　ｓ．　In　1982, Hori　ｅｔａ１．２）ｉｍｐｒｏｖｅｄａｂｏｖｅ

system　of　the　frequency-locking, and　they obtained　the　short-　‥

term　stability about　１０　kHz, and　the Allan variance ，（Ｊ　between

３°Ｏ,）（１０‾１２　and　１°ＯＸ１０゛１１　at　T_between　０．１　ｓ　and　1000　ｓ．　This

thesis　deals with　above　experiments　of　the　frequency　　　　，－

stabilization　of　ａ GaAlAs　laser.

1-2-3 Frequency　stabilization Using Doppler-Free　Spectrum

　　　　　As　ismentioned　in　Sec. 1-2-2, the　absorption line　of

gaseous　atoms　or　molecules　is　used as　an　absolute　frequency-

reference　in　the　frequency-locking　０ｆ　ａ　semiconductor　laser.　The

spectral　sharpness　in these　cases　is　usually　limitted by Doppler-

broadening due　to　thermal motion of　atoms　or　molecules.　!Ｉヽypical

width　of　Doppler-broadened absorption　spectrum　is　several　hundred

megahertz　or　more, and　it　affects　on the　final　frequency-

stability　of　the　laser　locked　to　the　spectrum.　It　should be

better　ｔ０　get　higher　stability　to　use　ａ　narrowDoppler-free

spectrum of　atoms　or　molecules.　？ｈｅ most　convenient way to

obtain　the　Doppler-free　spectrum　is　the　saturated absorption

１２



spectroscoＰＹ．
36),37)

by which　ａ Doppler-free　spectrum of　width

below １００　MHz　is　observed with　relatively　high　signal-to-noise

ratio.　If　one　locks　the　laser　frequency　to　the　saturated

absorption　spectrunif an　extremely　high　frequency-stability can be

obtained.　】：n fact.　the　frequency-stability better　than　１０“１３　has

been　obtained　in He-Ne　lasers　locked　to　the　saturated absorption

spectra　of　CH.　and　工2f and　they　are　now　used as　the　secondary

frequency-standard.　It　is　obvious　that　the　Doppler-free　atomic

or　molecular spectrum　is much　better　to be　used　in frequency

stabilization　of　the　semiconductor　lasers.　However, this had not

been　performed　until　our　recent works　described　in this　thesis。

　　　　　Recently, we　could observe　for　the　first　time　the　saturated

absorption　spectra　of　the　Ｃｓ’Ｄ２ line　at　852.1　nm using ａ　GaAlAs

laser　operating　at　ａ　room temperature　and　tried to　stabilize　the

laser　frequency by　using　one　of　the Doppler-free spectra.〉　　The

sharpness　of　the　observed Doppler-free　spectra was　about

２０　’｀’３０　MHz(HWHM), and an　extremely high　frequency-stability　of

the　GaAlAs　laser　is　expected　to　achieve　by　locking the　laser

frequency to　one　of　the　sprctra.　To　lock　the　laser　frequency　to

such　narrow　spectrum, it　is very　important　to　reduce ａ

fluctuation　of　the　diode　temperaturef before　locking the　laser

frequency.　at least within lxio~^　°Ｃ which　gives the　fluctuation

of　laser　frequency of　about　１０　MHz.　Namely, it　is　desired　that

the　laser　frequency　１Ｓ beforehand within　the　Doppler-free

spectcum, at　the　center　of which　the　laser　frequency １Ｓ

stabilized.　We　tried to　control　the　dlQde　temperature by using a

13



thermoelectric　cooler　and ａ　temperature-measuring　system with

high sensitivity.　　Only by　the　temperature　control, we　could

reduce　the frequency　fluctuation　of　the　GaAlAs　laser　within

５　MHz, which　corresponded　to　the　temperature　stability　　　　　　　’

３×１０“４　°Ｃ．　Under　the　control　of　the　diode temperature, the　laser

frequency was　locked　to　one　of　the　Doppler-free　spectra　of　the

CS-D2 line by ｃ°゛ｔ“)llinq the　injection current.　The

experimental　results　showed　that　the　short-term　frequency-

stability was　less　than　１０　kHz　and　the Allan　variance was　between

３°ｏ）（１０’１２　and　l.OxlO"-'--'-　゛や　"avbetv゛een 0°１　ｓand 1000　ｓ゛２）

　　　　　Since　the　Doppler-free　spectra　of　the　CS-D2　line　could be

obtained with　sufficient　signal-to-noise　ratio by using　ａ　simple

optical　system　and ａ　small　Cs　cell　at　room temperature, we　can

construct　ａ　compact　system of　the　highly-stabilized GaAlAs

laser.　Such　system　has　high potentiality　to　be　used as　ａ

convenient　standard　of wavelength　or　optical　frequency　and　in

optical　telecommunications/ meteroloｑＹ≫　ｐｒｅcision measurements

and　:Laser　spectroscopy･

1-2-4　Potentiality of　Semiconductor　Laser　in　Laser　Spectroscopy

　　　　Asmentioned already, a　semiconductor　laser　can　easily

operate　on　ａ　single mode with　very　high　frequency-tunabilityr　and

is　one　of　the most　useful　monochromatic　light　source　in　the

infrared　region.　The　spectral　width　of　the　semiconductor　lasers

is　rather　broad, so　far, typically　of　the　order　of　１０　MHz　or
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more/　however：, this may be　improved by utilizing　spectral

narrowing　effects　due　to　optical　ｆｅｅｄｂａｃｋ．３８〉″３９）

　　　　　The　oscillation　frequency　can　easily be　swept by varying　the

diode　temperature　and　injection　current, and　the　continuous

scanning　is　possible　over　１０　GHz　or　more.　工ｎmost　high-

resolution　spectroscopYf　ａ　frequency　stability　about　１　MHz　is

enough because　the　natural　linewidth　of　atomic　or　molecular　　レ

absorption　spectrum　is　of　the　order　of　１　MHz.　To　obtain　such

stability, about　１０‾４　degree　and０．１VA controls　are　needed　for

the　diode　temperature　and　injection　current　respectively.　　工ｔ　is

not　so　difficult　to　achieve　this because　of　the　small　size　and

１０Ｗelectric power　operation　of　the　semiconductor　laser.　工ｎ　the

case　of　ａGaAlAs　laser　operating　at　room　temperature, the･

frequency　stability about　１　MHz　can be　achieved without

sacrificing　high　frequency-tunability by　utilizing　the　system of

temperature　control　developed　in　this work.　Ａ high　resolution

frequency-scanning　is possible　by　varying　the　stabilized diode-

temperature　and　using ａ　Fabry-Perot　resonator　as　ａ　frequency

marker。

　　　　　There　are　not　somany　reports　on　the　high　resolution

spectroscopy by　utilizing　the　semiconductor　lasersf so　far, and

several　atomic　and molecular　absorption　lines　of　Cs, Rb, Ar, CH^″

ＨＦ″and Ｈ２０have　been　reported in　connection with　the frequency

stabilization (　Sec.エー２-２　〉．　In　the　case　of　theCS-D2　line ″the

first　observation　of　its　saturated absorption　spectra　has　been

performed　in　this work.　By　using　atomic　beamsr the　optical
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pumping　of　Cs　and Rb　has　been　investigated　for　improvement　of　the

atomic　clock。

　　　　　since　the wavelength　of　the　semiconductor　laser　is　extending

down ｔ０　７００　nm, it　is　expected　to　apply　the　semiconductor　lasers

to wide　variety　of　the　laser　spectroscopy.　　Furthermore, an

application of　the GaAlAs　laser　to ＦＭｌａｓｅｒ－ｓｐｅｃｔｒｏＳＣｏｐｙ４０），ｍａｙ

be　possible because　ａ　frequency-modulation with　high-frequency

can be　achived by modulating　directly　the　injection　current.　It

is　also　interesting　to　use　ａ　combination　of　two　or　more

semiconductor　lasers　in　the　laser　spectroscopy.　　One　of　such

experiment　is　carried　out　in　this work, in which　ａ Doppler-free

spectrum completely　free　from Doppler-broadened background　can be

obtained.　Such　experiment　using many　single-mode　and　frequency-

tunable　lasers　is　not　so　difficult　for　easy　operation　of　the

semiconductor　lasers.

Ｉ’３　Saturated Absorption　Spectroscopy　and Optical　Pumping

1-3-1 Atomic Absorption　Spectrum as　Frequency Reference

　　　　　Anadvance　in physics　and　technology　is　often　closely

connected with　the precision measurements　of　some physical

quantities with　extremely　high　resolution above　ordinary

experiences.　工ｎ　the　field where　the measurement　of　time.

frequency, length　and velocity　are　concerned, the　laser with

known wavelength　is　ａ　very　useful　tool.　Ａ continuous wave　laser
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conventionally　consists　of　ａ　laser　material　and an　optical

ｌ：esonator　and operates　on　the　cavity modes.　The　oscillation

frequency, in　free-running　condition, may　fluctuate　and drift

across　gain profile according　to　ａ　change　of　cavity　spacing　and

to　other　perturbations.　工ｎ　ordinary　sense, the　laser　frequency.

especially of　gaseous　laserr is　rather　stable but　it　cannot meet

ａ　requisition　of　modern physics　and　technology.　　For　further　high

resolution measurements ， many　attempts　have been　performed　to

stabilize　the　laser　frequency。

　　　　　Usual　method used　in　the　frequency　stabilization　of　lasers

is　to prepare　an　absolute　frequency-reference　and　ｔ０　lock　the

laser　frequency　ｔ０　１ｔ by　controlling　the　oscillation parameters

such　as　cavity　length.　since　the　frequency　stability　expected　to

achieve depends　on　the　spectral　stability and　sharpness　of　the

frequency　reference, it　Is　required　for　the　frequency　reference

to be　ａ very narrow　spectrum, to　be　free　from　external

perturbations　and to be　observed with high　signal-to-noise

ratio。

　　　　　One　of　the　best　frequency　reference　is　the　transition

frequency between　energy　levels　of　unperturbed atoms or

molecules.「rhe　transition frequency v.」　and　the　energy

difference between　levels with energy Ｅｉand E. (　Ｅ１〉Ｅｊ　）゛ｌｌ：ｅ

ｌ：elated by Planck　constant　ｈ as

Vij
こ

Ｅｔ‾Ｅｊ

　　ｈ　　　゛
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and　it　can be　regarded as constant.　when　one　of　the　transition

frequency　of　atoms　or　molecules　is　in　the　tuning　range　of ･ｔｈｅ。

laset：, one　can　refer　it by　observing　the　resonant　light

absorption　of　atomic　or　molecular　vapor ．　When　an　atom or　　　　　‥

molecule　is　at　rest, the　absorption　spectum has　ａnarrow natural

width which is　inversely　proportional　to　the　lifetime　of　ｔｈｅ上

upper　energy　level.　Typically　the　lifetime　is　of　the　order　of

10
－8
s,　and　the　natural　spectral　width　is　about　１０　MHz.・　However

in vapor　each　atom or　molecule moves with　thermal　velocity　and

comes　into　resonance with　the　light　frequency-shifted　due　to

Doppler　effect・　ヽAccording　to ･the　velocity　distribution. the

absorption　spectrum of　atomic　or　molecular　vapor　is

inhomogeneously broadened, which　refers　to　Doppler-broadening.

「rypically　the　Doppler-broadening　is more　than　１００　MHz　at　ordinary

temperature/ and　such　broadened absorption　spectrum cannot be　ａ

９００ｄ　frequency-reference.　　　　　　　　　　　　　　　　　　　　　　　　エ

　　　　　Many　techniques　have been　studied　to　eliminate Doppler-ニ　上

broadening　of　the　absorption　lines.
41）
and we can now utilize　the

techniques　of　the　saturated absorption　spectroscopy.″37?　the

two-photon　ａｂｓｏｒｐtｉｏｎｓｐｅｃtｒｏｓｃｏｐｙf42〉犬the atomic-beam　　　　　　つつ

ｓｐｅｃｔｒｏｓｃｏｐｙ，４３）　theoptical　double-resonance　ｔｅｃｈｎｉｑｕｅ，４４）　and

so　on. Especially, the　saturated absorption　spectroscopy　is　the

most　powerful　technique　for　the　frequency　stabilization　of　　　。

lasers.　It provides　Doppler-free　spectrum with　high　signal-to-

noise　ratio by　using　ａ　simple　setup.　　The　saturated absorption

technique　has　already been　used　in　the　frequency　stabilization　of

１８



gaseous　lasers, and　an　extraordinary high　frequency-stability

better　than　１０
－13
has been　obtained.　The　saturated absorption

spectroscopy　is　also　ａ　very　useful　technique　to measure

microscopic　structures　of　atomic　or　molecular　energy　levels.　It

is　the　typical　method　in　the　laser　spectroscopy　utilizing　all　of

the　spectral　sharpness.　the　spacial　coherence　and　the　high

intensity　of　laser.　Further　significant　feature　arises, when　the

optical　pumping　is ‘combined with　the　saturated absorption

technique.　　Ｗｅ‘present　in　following　sections. ａ　brief　review　on

the　saturated absorption　spectroscopy　and　the　optical　pumpingf

which　is　helpful　for　understanding　of　this　thesis.

エー3－２Doppler-Free　Saturated Absorption　Spectroscopy

(a) Lamb　dip

　　　　　Ａconceptual　setup　for　the　saturated absorption　spectroscopy

consists　of　an　absorption　cell　and　two　counter-propagating　laser

beams, see　Fig.　Ｉ－２．　Both　beams　travelling　in　the　十ｚ　and　－ｚ

direction　are　quasi-monochromatic with　frequency　ωand wavenumber

ｋ　and　overlap　to　each　other　completely　in　the　cell.　Atomic　vapor

is　enclosed　into　the　cell　with　very　１０ｗpressure.　　For

simplicity, we　consider　at　first　that　only　two　energy　levels　of

atom　are　concerned with　resonant　transition。

　　　　　An　atom　shows　naturally　ａ　narrowabsorption　spectrum and

comes　into　resonance with　the　laser　frequency within narrow

１９
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巨づ図仙

LASER

　　BEAM

仁コ

Fig.　エー２　　Conceptual　optical　alignment　of　the　saturated

absorption　spectroscopy.　　Two　counter-propagating　laser

beams　are　tuned to　the　same　frequency・

ω　V　ωab

kvz
　　　０

ω＝ωab

kvz

Fig.　Ｉ－３　　Velocity　distribution　of　two-level　atoms.

Two　counter-propagating　laser　beams　burn　two　holes　in

the　velocity distribution　of　atoms　in　the　lower　level

ｌｂ〉．　　when　the　laser　frequency　is　tuned　at　the　center　of

the　atomic　transitior!　frequency.　the　two　holes　are

overlapped　to　each　other 。
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vicinity　of the　transition frequency　ωab’　In　vapor″an　atom

thermally moves with velocity　ｖｚ　along　ｚ　axis″and　the　laser

frequency　iｓ Doppler-shifted of　the　amount　of kｖｚ　in　the　rest

frame　of　atom.　So　in　this　case, the　resonant　light　absorption

occurs　under　one　of　the　following　conditions.

ωab

ωab

＝　ω　十　kv
　　　　　　ｚ｝

゜ω- kv　．
　　　　　　Ｚ

(工.2a)

[]:.2b)

Let　us　consider　how　the　laser　beams　are　absorbed when　the　laser

frequencyω　is　swept.　In the　case　ω　六ωａｂ″　atoms　on　resonance

belong　to　two　different　velocity　groups.　　Namely, two　laser　beams

interact　to　the　atoms　independently.　　So, except　the　position

ω゛ωａｂ″the　absorption　spectrum is　coincident with　the　ordinary

Doppler-broadened　spectrum obtained　for　ａ　single　laser　beam。

　　　　　Theatoms　on　resonance　are pumped　by　an　intense　light　field

to　upper　level　against　the　relaxation, and　some　amount　of　atoms

are　in　the　upper　level　steadily.　　As　ａ　result　ａ　hole　is　burned　in

the　velocity　distribution　of　atoms　in　the　ground　level, which

decreases　the　population　difference　between　two　energy　levels.

The　hole burning　saturates　the　light　absorption/ because　the

light　absorption　is proportional　to　the　population　difference.

In　the　case　that　ω　＝ωａｂ″　the　two　resonance　conditions　in

Eq. (I°2) are　simultaneously　satisfied by atoms with　ｖｚ　’Ｏ
″ and

the　two　laser　beams　pump atoms　in　narrow portion　at　the　center　of

the　velocity　distribution.　Namely,　the　overlapping　of　the　hole

burning occurs, which　results　in　the　enhancement　of　saturation

21
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ABSORPTION

Laser

　　MEDIUM

　　　　ωab

ou

ω＝ωab
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Fig.　Ｉ゛４　　Three　typical　setups　for　the　saturated

absorption　spectroscopy.　　The　absorption　cell　is　placed

into　the　laser　cavity (A〉，（Ｂ〉,and　out　of　the　laser

cavity (C) .　The Doppler-free　spectra　so-called　inverted

Lamb-dip (A〉and Lamb dip (B〉″（Ｃ〉appear　ａｔω　゜ωａｂ°

２２



（　Fig. 1-3　）．　Consequently, a　narrow dip can be　observed　at　the

center　of　the　Doppler-broadened absorption　spectrum.　As

described　later, the width　of　the　dip is　determined by　atomic

homogeneous　linewidth.　The　Doppler-free　narrow dip　is　called

”Lamb　ｄｉｐ”45),46〉

　　　　　There　are　two　typical　ways　of　the　saturated absorption

experiment　in practice, depending　on wheather　an　absorption　cell

１ｓ placed　into or　out　of　the　laser　cavity.　　In　the　former, a

narrow peak　appears　in　the　laser‘gain ｐｒｏｆｉｌｅ３６）（　Fig.　工“4A　〉・

when　the　absorption medium　is　the　laser　medium　itself, a　dip of

laser gain　appears at　the　center　of　the gain ’ｐｒofile45）（　Fig.　工“

４Ｂ　〉．　Lamb dip originally　refers　to　such dip　in　the　laser　gain.

and　sometimes the　narrow peak　of　the　gain profile　is　called　as

”inverted”Lamb-dip.　　The　inverted Lamb-dip has　been　succesfully

used　in　the　frequency　stabilization　of　gaseous　lasers.　When　the

absorption　cell　is placed　out　of　laser　cavity,　the　laser　beam　is

split ･into　two beams　and applied　into　the　absorption　cell　from

the　opposite　direction　to　each　other (　Fig.　Ｉ‘４Ｃ　〉．　Usuallyone

laser　beam　is　relatively　intense　and used as　ａ pump beam which

produces hole burning, and　the　other　laser　beam　is weak･and　used

as　ａ　probe beam. An　intensity change　of　the weak　probe　beam　is

detected after　transmitted　through　the　cell　as　sweeping　the　laser

frequency.　　The　absorption　signal　of　the　probe beam　is　strongly

saturated at　the　center　of　the Doppler-broadened　absorption　line

owing　to　the　hole　burning　of　the　pump beam, and ａ　narrow Doppler-

free　spectrum, i. e. a dip　in　the　absorption　signal　０ｆ　the　probe
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Fig.　１－５　　Velocity distribution　of　three-level　atoms.

Two　counter-propagating　laser　beams burn　four　holes　in

the　velocity　distribution　of　atoms　in　the　lower　level

１１〉ｆ　and　two　of　theholes　are　overlapped　to　each　other
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beam, is　appeared on the Doppler-broadened background.　This

narrow　spectrum　Is　also　called　Lamb dip.　　In　this　thesis, we　are

concerned with　this　type　of　the　saturated absorption　spectra　of

the　Ｃｓ’Ｄ２　line.

(b) Crossover　resonance

　　　　　when　there　are　two　closely　spaced　energy　levelsf such　as

hyperfine　levels　in　the　excited　state　or　ground　state, another

type　of　the Doppler-free　spectrum so-called　”crossover

resonance"
47）
can be　observed　at　the　arithmetic mean　frequency of

two　transitions　in addition　to　two Lamb dips.　　Consider　the　case

of　atom with　three　energy　levels. two　levels　being　in　the　excited

state.　In　this　casef two　optical　transitions　are possible　from

the　ground state, and let us writeω 21，ａｎｄω31as the　transition

frequencies.　Similarly　to　Eq. (1.2) , the　resonant　light

absorption　occurs when　one　of　the　following　conditions　is

satisfied.

ω１２

ω１２

ω１３

ω１３

゜ω　＋　kv .

゜ω　‾　kv^.

°ω　十　ｋｖｚｊ

°ω　‾　ｋｖｚ°

(工.3a)

(工.3b)

(工.3c)

(工.3d)

When　the　laser　frequencyω　is　in　the Doppler-broadened absorption

lines, hole burnings　are produced by　ｔｖｉｏ　counter-prbpagatihg　‥‥‥‥

beams　at　four　different velocities　ｖｚ　according ‘to the　resonance
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conditions　in　Eqs. (1.3) .　As　in　the　case　of　two-level　atom, two

Lamb dips　can ｂ９　observed at　ω゜ω１２　ａｎｄω゛．ω１３゛　when　the　laser

frequency　is　tuned at (ω２１十ω３１）／２″two　pairs　of　the resonance　‥．

conditions, Egs. (I.3a) and (工.3d), and Egs. (I.3b〉・and (1.3c),

are　simultaneously　satisfied by　atoms with　ｖｚ　°（ω２１＋ω３１）／２ｋ゛　In

this　case* one　laser　beam pumps　atoms　to one　upper　level and the

other　beam pumps　simultaneously　to　the　other　upper　level

（　Fig.　Ｉ－５　〉．　The　overlapping　of　the　hole　burnings produced by

two　laser　beams　enhances　the　saturation　of　absorption, and　the

third narrow dip of　absorption　appears　on the　Doppler-broadened

background.　This　Doppler-free　spectrum　is　the　crossover

resonance where　two　atomic　transitions　are　simultaneously

concerned with　the　spectrum.　when many energy　levels　are　closely

spacedf and Doppler-broadened absorption　lines　are　overlapping,

Lamb dips　appear　at　the　centers　of　the　transitions, and　crossover

resonances　are　observed at　the　arithmetic mean　of　possible　pairs

of　the　transitions.

　　　　　The　linewidth　of　the　saturated absorption　spectrum　is　larger

than　the homogeneous　linewidth　owing　to power　ｂｒｏａｄｅｎｉｎｇｆ４５）ｂｕｔ

is　typically　about　１０　MHz　under　low vapor　pressure　and without

collisions.　Such　ａ narrow　spectrum　is　ａ　９００ｄ　absolute　frequency-

reference　in　the　frequency　stabilization　of　lasers.　We　can　also

determine　the　microscopic　structure　of　atomic　or　molecular　energy

levels which　overlap due　to Doppler-broadening.　　By using　the

saturated absorption　technique, the　first-order　Doppler-effect

can　completely be　eliminated.　The　second-order　Doppler-effeet
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appears　to be　ａ　narrow asyitmietric　broadening　and ａ　shift of　the

saturated absorption　spectra。

　　　　　TheDoppler-free　spectra　considered above　are　essentially

due　to　the　two-level　saturation　effect where　relatively　intense

laser　power　is　required　to pump atoms　stationary　into　upper　level

against　to　the　fast　relaxation.　In　order　to　observe　the　Doppler-

free　spectra　of　atoms　succesfullyfへ･１０　mW is　at　least　required

for　the　laser　power.　　when　an　saturated absorption　cell　is　used

out　of　laser　cavity.　such　output　power　is　not　always　available.

especially by　semiconductor　lasers.　However, it　is　noted　that.

when　the　optical　pumping　in　the　atomic　ground　state　takes

place.〉　the　saturated absorption　spectroscopy　is　possible　by

using much weaker　laser　beams.　We　discuss　on　the　optical　pumping

in　the　following　section。

　　　　　工ｔ　shouldbe　noted　that, the　hole　burning　in　the　ground

state　saturates　not　only　the　light　absorption but　also　the

anomalous　dispersion which　is　also　proportional　to　the　population

difference between　upper　and ground　levels.
49）
Especially when

the　circularly polarized　laser　beam　is　used as　ａ　pump beam, the

hole　burning produces　an　asymmetrical　saturation　of　anomalous

dispersion　for　right-　and　left-circular　polarization.　This

results　in　the　circular　birefringence　and dichroism.　Ａ linear

polarized probe　beam, which　is　superposition　of　two　circular

polarizations, is　sensitive　to detect　the　hole burning　if　one　use

the　phenomenon called　”optical　rotatory power ” or　”optically

induced Faraday　rotation".
50）

Namely,　the　plane　of　probe
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Fig.　Ｉ－６　　Velocity　distribution of　three-level　atoms

when　the　velocity-selective　optical　pumping　takes

place.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●
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polarization　rotates　due　to　the　anisotropy　in　refractive　indices

for the　circular　polarization.　By using　this　phenomenon, we　can

observe　ａ　Doppler-free　spectrum as　the　polarization　change　in the

probe beanif and　the method　is　called polarization

spectroscopy・
51）

since　the　anomalous　dispersion　has

antisynunetrical　frequency-dependence　around　the　resonance

frequencＹｉ　ｆΣom　the　polarization　spectrum we　can　identify　whether

the　laser　frequency　is　detuned at　higher　or　lower　frequency　side

of　the　resonance.　The　polarization　spectrum has　been　utilized　in

the　frequency　stabilization　of　ａ　gaseous　laser.　No　frequency

modulation　is　required　for　ｔｈｅ・servocontrol　０ｆ　the　laser

frequency・

エー３－３　Velocity-SelectiveOptical　Pumping　in　Saturation

　　　　　　Spectroscopy

　　　　工ｔ　iswell　known that ａ weak　light　intensity　is　enough　to

observe　saturation　of　atomic　absorption　if　the　optical

pumping
52)-54)

takes　place　between　sublevels　in　the　atomic　ground

state･．　In　the　saturated absorption　spectroscopy,　the　velocity-

selective　optical　pumping
55）
makes　it　possible　to　observe

　　Doppler-free　spectrum by using　ａ　laser　with　weak　output　power

へ　less　than　ｌ mW.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　尚

＞　…………工,’ｎ　order　tounderstand　the priり（?iple of　the　optical pumping,
　●　　●１．．・．Ｉ■　　　　　　　　　　　　　　　　　　　Ｉ　Ｉ　　●●●
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●　●　　let　us　consider　ａ　three-level　atomic model　shown　in　Pig.　工“６，

　　where　two　energy　levels　ｌａ〉　and　ｌｂ〉.which　are　coupled　through
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resonant　light　absorptiorir are　accompanied with　ａ　nonabsorbong

level　ｌｃ〉near　the　ground　level　ｌｂ〉．　Atoms　on　resonance　to　the

light　frequency are　excited　from　ｌ ｂ〉　to　upper　level　ｌａ〉　and

quickly　decay back　to　ｌｂ〉and also　to　the　nonabsorbing　level

ｌｃ〉．　工ｎ　an　abovepumping　cycle, the　light　field　transfers　some

amount　of　resonant　atoms　effectively　from　ｌ ｂ〉　to　ｌｃ〉．　since　the

relaxation　from　ｌｃ〉　to　ｌｂ〉　is　generally　very　SlOWr a　large　amount

of　atoms　are　pumped　from　ｌｂ〉to　ｌｃ〉　after many　cycles　of　the

pumping.　　Namely,　relatively　weak　light　intensity　is　enough　for

above　optical　pumping because　the　relaxation　time Tjjp　between　ｌｂ〉

and　ｌｃ〉　ismuch　larger than　those　from　the upper　level　l a〉″^ab

and Ｔａｃ’ Ａ simple　calculation　for　the　three-level　system shows

that　the　saturation　threshold of　the　light　intensity　is　reduced

by　ａ　factor　･^ac/^bc in comparison with　the　two-level　system.
56）

工ｎ　the　case　of　the　D-line　of　alkali-metal　atoms, the　relaxation

time of　the　excited　state　is　about　１０
－８

s.　and　that among　Zeeman

sublevels　or　hyperfine　levels　in　the　ground　state　is　typically　of

the
･order　of　１０‾４　ｓ’　So　the　factor

^ac/^bc　becomes ｀１０４゛　This

enables　us　to　observe many nonlinear phenomena　even　at　extremely

weak　light　intensities.　In　fact, self　focusing　of　the　laser　beam

has　been　observed　at　the　light power　of　several　１０　μＷ，
57）
when

the　light beam　is　circularly polarized.　Note　that, the　optical

pumping　takes　place　even when　ｌｃ〉is　not　nonabsorbing　level　if

the　absorption　rate　is　less　than　that　for　the　level　ｌｂ〉．

　　　　　The　hyperfine　levels　in　the　ground　state　of　alkali-raetal

atoms　are　separated　of　the　order　of　１　GHz　due　to　coupling ０ｆ
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electron　angular momentum with　nuclear　spin.　工ｆ　the　hyperfine

separation　is　larger　than　line　broadening　such　as　Doppler-

broadening, the　absorption　lines　from hyperfine　levels　in　the

ground　state　are　also　separated (　Pig.　Ｉ－７　〉．　Ａ pumping　light

with　narrow　spectrum　excites　atoms　selectively　from one　of　the

hyperfine　level　in　the　ground　state　and　causes　the　optical

pumping.　so-called　"hyperfine　pumping”53)　As　an　example・

consider　the　case　of　the　Ｄ２　absorption　line　of　Ｃｓ°５８）　The　ground

state　of　Cs　consists　of　two　hyperfine　levels with　the　frequency

separation　ｇ　GHz ， and absorption　lines　from these　levels　are well

separated　in　ａ　vacuum Cs　cell　at　room temperature.　Therefore, by

applying quasi-monochromatic　laser　beam, the　hyperfine　pumping　is

caused velocity‘selectivelyf　which makes　it possible　to　observe

the　saturated absorption　spectra by　using　ａ　semiconductor　laser

with　output power　less　than　ｌ　mW.

　　　　　〕：ｔ　shouldbe　noted　that, the　velocity-selective　hyperfine

pumping　can be　applied　to　the　laser　spectroscopy with　high

resolution, when　the　frequencies　of　the　pump and probe　beams　can

be　tuned　independently.　　Such　an　application　is　presented　in　this

thesis, where　ａ　Doppler-free　absorption　signal　０ｆ　the　CS-D2　line

is　observed with　no Doppler-broadened background.　工ｔ　is　also

noted　that, the　hyperfine pumping　０ｆ　alkali-metal　atoms　is

applicable　to　the microwave　frequency　standards.　In　fact, the

hyperfine pumping in　the　ground state　of ^^Rb has　been　used for

this　ｐｕｒかｏｓｅ．５９）　　For　theCs beam ａｔｏｍｉｃｃｌｏｃｋ，６０）″６１）１ｔ　has

been　reported　that　the　frequency　stability　is　improved by
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Fig.　Ｉ－７　　Energydiagram of　atom showing　the　hyperfine

pumping.　　The　atoms　in　the　level　ｌｂ〉　are　selectively

excited by　the　light with narrow　spectral width due　to

the　conservation　rule　of　energy・
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Fig.　Ｉ－８　　Energydiagram of　atom showing　the　Zeeman

optical　pumping.　　The　atoms　in　the　level　ｂ〉　are

selectively excited　to　the　level ｌａ〉by　ｔｈｅ（Ｊ＋

circularly　polarized　light　due　to　the　conservation　rule

of　angular　momentum.
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applying　the　hyperfine　pumping　１ｎ place　of　ａ hexapole　state-

selector magnet.″６３）

　　　　’ＡＳ　to　Zeeman　sublevels　in　the　atomic　ground　state, an

adequately polarized pumping　light　is　capable　of　selective

excitation　from one　of　the　ground　sublevelSf even　though　the

sublevels　are　degenerate　in　the　absence　of　ａ magnetic　field.　For

ａ　simplicity.　let　us　assume　that both　of　ground and　upper　states

have　total angular　momentum of　Ｊ　＝　１／２　and　so　consist　of　two

Zeeman　sublevels with　the magnetic　quantum number　"･j °±１／２

（　Ｆｉ９°工’８　〉゜　They　correspond　to　the　ground　state　Ｓ１／２　and　the

first　excited　state P2/2　０ｆ alkali-metal atoms, if　the　hyperfine

coupling　is　ignored.　　when pumping　light　is　び十circularly

polarized, the　selection　rule　of　the　angular momentum allows　only

the　transition　from　the　level　with m^ °-1/2　in the Ｓ１／２　state　to

the　level with "･j °１／２　inthe Ｐ１／２state.「rhe　excited　atoms

quickly decay　to both　ground　sublevels, and　the　Zeeman　optical

pumping　is performed　in the　ground　state.

　　　　　For　the　states　with　larger　value　of　J, the　optical　pumping

scheme　is　ａ　little more　complicated.　In　such　ａ　case, the　optical

pumping produces　unequal　population　distribution　among　the　Zeeman

sublevels　in　the　ground　state/ so　that multipole moment　such　as

electric　quadrupole moment (　alignment　）ｉｓ　produced　in addition

to the magnetic dipole moment {　orientation　〉53)　By combining

with　the　radiowave　resonance, the　Zeeman　optical　pumping　has　been

widely used both　in　the　fundamental　studies　of　atoms　or　molecules

and　in practical　applications　such　as　optical　pumping
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magnetometer.″65）　　　　　　　　　　　　　　　　　　　　　　　　　’　　　　　　　　八

　　　　　when　ａquasi-monochromatic　laser　beam　is　used as　the　pumping

light, the　Zeeman　optical　pumping　is　caused by both　of　spectral-

selective　and velocity-selective excitation.　As　the　result.・many

import･ant　features　arises.　Although we　are not　concerned　in　this

thesis, it　should be　noted　that　the　Zeeman　optical　pumping　can be

applied　to　the　polarization　spectroscopy　in　the　frequency

stabilization of　semiconductor　laserSf where　no　frequency ・

moduration　is　essentially　required　in　the　servocontrol　loop　of ，

the　laser　frequency・

】：-3-4　Frequency　stabilization　of　Lasers

　　　　　Here,we present　ａ brief　review on　the　frequency

stabilization　of　gaseous　lasers　and dye　lasers　for　comparison

with　that　of　semiconductor　lasers。

　　　　　１：ｎ　the　case　of　the　gaseous　laser:Ｉwhich　generally　consists

of　ａ　discharge　tube　and an　optical　cavity.　the　laser　gain profile

is　given by ａ Doppler-broadened　spectrum.　The　laser　frequency

drifts　across　the　gain profile　according　to　ａ　change　of　cavity

spacing　due　to mechanical　vibration　and　thermal　expansion・

Typical　width　of　the　gain profile　and　the　cavity mode　spacing　are

about　１００　MHz　in visible, so　that　the　frequency　stability　is　of

the　order　of　１０’６　in　free-running　condition.　　The　short-term

stability　is　also　under　influence　of　discharge　noise。

　　　　　工ｎ　the　frequency　stabilization　of　gaseous　lasers, the
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saturated absorption　technique　has mainly been　used.　In　the

first　stage/ a　Lamb　dip appearing　at　the　center　of　the　gain

profile was　used　in　the　frequency　locking　０ｆ　He-Ne　laser, and　the

frequency stability　obtained was '＼･１０’９．　　Remarkable　improveraent

has　been made　by　locking　the　laser　frequency　to　an　inverted　Lamb-

dip, which　appears　on　the　gain profile when　ａ　saturated

absorption　cell　is　inserted　into　the　laser　cavity.　　As　ａ

frequency　reference　for　the　frequency　locking, molecular

absorption　line　is mainly　used because　its　resonance　frequency　is

less　affected by an　external　perturbation　such　as magnetic　field

and pressure　shift。

　　　　　Although many molecular　absorptipon　lines　exist　from visible

to　infrared, a　few of　them　coincide with　the　gaseous　laser　line.

Typical　examples are　He-Ne　lasers　locked　to CH4　vibration-

rotation　spectrum at　3.39 Ｕｍ３６〉″６６）ａｎｄ　to　工２　hyperfine

transitions　at　６１２ｎｍ６７〉“６９）ａｎｄ　６３３　ｎｍ．７０〉″７１）　In　the　former.

one　of　the　pressure　shifted　laser　line　of　Ne　happens　to be

centered by　the　CH,　absorption　spectrum.　By　locking　the　laser

frequency to　the　inverted Lamb-dip with '^100　kHz　width, the

frequency　stability　of　１０｀１４｀　１０’１５　has　been　obtained, which

competes with　the　stability　of　the　Cs　beam　frequency-standard.

１：ｎ　the　later, the width　of　the　inverted Lamb-dip is　ａ　few MHz

which　includes　pressure broadening　and power　broadening.　and　the

frequency stability　of　the　order　of １０゛１３　has　been　obtained.　The

absolute wavelength　of　these　stabilized　lasers was　determined　by

using　Kr86 standard at　605.７ｎｍ，６６）　and　its　international
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intercomparison was　performed in　the　case　of　the Ij-stabilized

ｌａｓｅｒｓ．７２〉　　These　laserswith extremely　high　frequency-stability

have been　used　in measurement　６ｆ　physical　quantities, such　as　the

light velocity,
73）

isotropy　of　space.

　and　in ａ　test　of　physical　concept ， such　as　the

７４）

　　　　Beside　these″ the　C02　laser　at　１０　umhas　been　also

stabilized at　inverted Lamb-dip by　using　C02　and　ＳＦ６　absorption

line.
75）
and Ａｒ十laser　at　５１５　nm has been　stabilized at ａ　Lamb

dip of　external　１２　absorption　cell°７６）　In　the case　of　these

lasersr the　frequency-stability　of １０’１２　a.ｌＯ｀１４　have　been

reported。

　　　　　］：ｎａ　high　resolution　spectroscopy.　the　frequency　scanning　of

the　stabilized　laser　is　sometimes　required.　For　this　purpose.　ａ

method　called　offset-locking　has　been　developed, in which　one

laser　is　stabilized　to　another　stabilized　one　by　using　the　beat

frequency between　these　lasers。

　　　　　工ｎ　above　technique　of　the　frequency　stabilization, the　first

or　third　derivative　of　the　spectrum obtained by means　of　lock-in

detection　is　usually　used　in　the　servocontrol　of　the　laser

cavity.　　By using　the　third derivative, the　Doppler-broadened

background　can　be　eliminated　from the　saturated　absorption

spectrum.　However　the　laser　frequency must　be　slightly

modulated, which　is　sometimes　undesirable　in　its　applications　to

the　spectroscopy.　　To　avoid　this, the　frequency　stabilization　of

He-Ne　laser　at　３ 。３９　μｍhas　been　performed　by　using　the

polarization　spectroscopy of　CH,　intracavity　absorption　cell°７８）
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since　the　spectrum obtained　by　the　polarization　spectroscopy has

ａ　dispersion　shape,　the　frequency　stabilization　can be made

without　laser　frequency modulation.　By this method, the

frequency　stability　’｀ｊ１０“１２　has　been　obtained.　Instead of

modulating　the　laser　frequency.　it　is possible　to modulate　the

molecular　absorption　frequency by　using　the　stark ｓｈｉｆｔ．７９）

　　　　　The　frequency　stabilization　described above　aims　at　the

wavelength-　or　frequency-standard　for　the precision

measurements.　Although　the　fundamental　scheme　of　the　frequency

stabilization　is　simple, the practical　system　requires　special

materials.　In　ordinary use　for　the　laser　spectroscopy.　the

frequency-stability　of　１０゛９　is　likely　enough because　the　natural

linewidth　of　the　absorption　spectrum　is　typically　of　the　order　of

１　MHz.　For　such purposesr　ａ　frequency-stabilization　of　ａ

commercially available　He-Ne　laser　by　using　ａ　Zeeman　split

spectrum has　been ｓｔｕｄｉｅｄ．８０）

　　　　　In　thecase　of　cw dye　laser, which consists　of　ａ　thin stream

of　dye　solution　and an　optical　cavity with　some　frequency-

selective　optical　elements ， the　dye　stream　is　excited by　ａ pump

laser　such　as Ａｒ＋　laser.　and　the　gain profile　is　given by ａ broad

and　continuous　band-spectrum.　The dye　laser　oscillates　on　ａ

single　or　multi　cavity-mode　at　the　frequency giving　ａ peak　of

total　transmission　of　the　intracavity　frequency-selective

elements, such　as　tunable　etalons　and birefringent　filter.　The

dye　laser　has very high　frequency-tunability　and　is　one　of　the

most　important　light　source　in　the　laser　spectroscopy.　　similarly
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to　the　semiconductor　laser, the　frequency　stability　of　dye　laser

is　poor　in　free-running　conditionf which　is　ａ　reflection　of　high

frequency-tunability.　　The　frequency　stability　of　dye　laser

depends　on fluctuations　of　dye　stream, cavity　spacingf　pump　laser

power, frequency-selective　elements, and ａ１１　０ｆ　their　aligninent.

For　example, a　fast　fluctuation　of　optical　thickness　of　the　dye

stream may　result　in　about　５００　kHz ｆｒｅｑｕｅｎｃｙ-ｆｌｕｃｔｕａｔｉｏｎ．８１）

　　　　　The　frequency　stabilization　of　dye　laser　has been　studied　in

aim at　an　ultrahigh-resolution　spectroscopy.　　To　scan precisely

the　frequency.　the　technique　of　frequency-offset-locking

mentioned already　has　been　Ｕｓｅｄ．８１〉,82)　］[n this method, the

laser　frequency　is　locked　to　the　resonance　of　an　external　optical

resonator, which　is　stabilized by　using　ａ He-Ne　laser.「rhe

frequency　of the　He-Ne　laser　is　offset-locked　to　ａ ｌ２’Ｏｒ　ＣＨ４‾

stabilized He-Ne　laser.　工ｎ　this　case, the　frequency-stability　of

the　dye　laser　was　found　to be　approximately　given･ by　that　of　the

He-Ne　reference　laser.　This was　applied　to　ａ　high　resolution

spectroscopy　of　Ca　atomic beam　and　to　ａ　determination　of　the

Rydberg　constant　with　high　accuracy・
83〉

　　　　　Recently　ａdye　laser　spectrometer　for　ultrahigh　spectral

resolution was proposed.・in which an　工--stabilized He-Ne　laser

was　used　to　provide　ａ　reference　frequency.　　The　dye　laser

frequency was　controlled by　using　an　intracavity ADP phase

modulator　with　fast　servo　electronics　and piezo-electric　cavity-

transducer.　The　result was　that　the　linewidth　of　the　stabilized

dye　laser, i. e. the　short-term　frequency-fluctuation, was
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Ｉ：educed　to　１．８　kHZrand continuous　tuning　over　９００　MHz　could be

obtained with　ｌ　kHz　step　resolution.　This　system was　utilized　to

investigate　two-photon　optical　Ramsey　fringes　in　Rb　atomic　beam

and　the　fringe of　１７　kHz width was firstly　observed.

　　　　　The　technique　described above　is　important　in　the　studies　to

test　the　foundation　in　physics　with　ultrahigh　resolution.

However, the　system　is　extremely　complicated and　requires　very

special　materials　and　circumstances。

　　　　　In　addition　to　above　special　technique, the　dye　laser

frequency has been　stabilized　by much　simple methods　utilizing　ａ

lens　effect　in ａ　discharge　tube.

Faraday　filter.
87〉

85）
a　vapor　ｐｒiｓm86） and ａ

To　obtain　ａ　single-mode　oscillation　of　dye

laser.　many　frequency-selective　elements　in　the　laser　cavity are

required.　By using　ａ　Faraday　filter, a　single-mode　oscillation

and　the　frequency　stabilization　are　simultaneously　achived

without　any　other　frequency-selective　elements, and　the

frequency-locking　to　Na Ｄ－１ｉｎｅｓ５６）″８８）　and　to　several　lines　of

Ne
89〉
　has　been　reported.

In　the　frequency　stabilization　of　semiconductor　laseTf a

high　frequency-stability　can be　achieved by　using　ａ　relatively

simple　system.　In　comparison with　gaseous　laser, the

semiconductor　laser　covers　very wide　frequency　regionf so　there

are　much　chance　of　coincidence with　atomic　or　molecular

absorption　lines.　The　frequency　locking　to　ａ　Doppler-free　atomic

or　molecular　spectrum　can　easily　be　performed by controlling

diode　temperature　and　injection　current.　In　the　case　of
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semiconductor　laser, an　ultrahigh　frequency-stabilityf such

obtained　for　ｔｈｅＨｅ‾Ｎｅ／ＣＨ４　laser　system″is difficult　to　obtain

for　the　present, because　of　relatively wide　spectral　width

（　へｊ１０　MHz　〉．　However,it may be possible　to　achieve　frequency

stability　of the　semiconductor　ｌａｓｅｒｙＬＯ’１３，　which　is　comparable

with　that　of ordinary　Ij-stabilized He-Ne　laser.　It　should be

noted that　ａ　spectral-narrowing　effect　of　semiconductor　laser　has

been　reported　in which　optical-feedback　effect　is　utilized.　The

semiconductor　laser　is　very　smallf and ａ　small　optical　system can

be　used　for　the　frequency　locking.　　As　is　shown　in　this workf a

compact　and portable　laser　system with　very high　frequency-

stability (＼へ･10
－１２

）

can be　constructed, which　is　also　very

stable　against mechanical　vibrations　and acoustic　noise　and

ｚ：equires　no　special　circumstance　for　stable　operation.　Such　ａ

system　has　high potentiality　for　practical　applications　and can

also be　used as　ａ　rocket-borne　laser　system。

　　　　　In　comparisonwith　dye　laser, the　semiconductor　laser

operates　on　ａ　single mode much　easily, i. e. without　any

additional　spectral-selective　element, and　is　highly　frequency-

tunable　only by controlling　diode　temperature　and　injection

current.　So, it may not　be　so　difficult　to　obtain　stabilized

frequency-scanning　０ｆ　the　semiconductor　laser　by　using　ａ　similar

method　of　frequency-offset　locking　used　in　the　stabilized dye

laser.　In　this methodf a　semiconductor　laser　locked　to　ａ

Doppler-free　atomic　or　molecular　spaectrum can be　used as　ａ

reference　laser　to　stabilize　an　external　Fabry-Perot　resonator.
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Furthermore ，such　stabilized　optical　resonator　may　also be　useful

for　frequency stabilization　of　dye　laser　and other　lasers.

エー４　Outline　of　This　Thesis

　　　　　工ｎ　the　present　thesisf we　firstly　study on　the　theory of　the

saturated absorption　spectroscopy　for　some　simplified cases　which

arise　in　the　Cs-D,　line (　Chapter　工工　〉’　Secondly, we　study　on

the　saturated absorption　spectra　of　CS-D2　line　by using　ａ　GaAlAs

semiconductor　laser ， and　discuss　about　the　observed Doppler-free

spectra.　We　also　present　ａ method of　the　temperature

stabilization　of　GaAlAs　laser　which　is　the　first　stage　of　the

frequency　stabilization.　We　also　present　an　application　of　the

temperature　stabilized GaAlAs　laser　to　ａ　high　resolution　laser

spectroscopy (　Chapter　工工工　）．　We　study　on　the　frequency

stabilization　of　the　GaAlAs　laser　using one　of　the Doppler-free

spectra　of　the　CS-D2　line　and　report　the　experimental results　of

frequency　locking.　We　also　study on　the　construction　of　an

improved and　compact　system　of　the　frequency　ｓｔａbilized GaAlAs

laser (　chapter　IV ) .　We will　describe　in more　detail　０ｎ　the

study discussed　in each　chapter。

　　　　　In　chapter　工I,we　present　ａ　theoretical　treatment　of　the

saturated absorption　spectroscopy where　an　interaction between

atom　and　laser　beam　is　discussed by using　ａ　semiclassical

theory.　　We　firstly　show that　an　atom can be　treated by using　ａ

simplified two-　or　three-level　system whose　behavior　can be
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discussed by　using　ａ　rate　equation.　We　next　discuss　on　the

absorption　spectrum of　atoms　in vapor　and　on　the　saturation　of

the　absorption.　We　also　show　that　the　process　of　the　optical

pumping　can　strongly　enhance　the　saturation　effect.　Under　those

foundations, the　shape　of　the　saturated absorption　spectrum　is

theoretically　calculated.　We　give　representations　of　the width

and　depth　of　the　Doppler-free　spectra　in　terms　of　the　saturation

parameter.　These　results　can be　used　to　analyze　the　observed

saturated absorption　spectra　of　the　CS-D2　line.

　　　　　In　chapter　工工工rwe　experimentally　study　on　the　saturated

absorption　spectra　of　the　CS-D2　line　by using　ａ GaAlAs　laser.　We

firstly　give　ａ　theoretical　consideration　to　the　practical　case　of

the　cesium atom　and　discuss　on　the　atomic　parameters　concerning

with the　Ｄ２　absorption line　and　its Doppler-free　spectra.　Using

the　results　of　chap.　工I, it　is　shown　that　the　saturation

threshold can be　reduced by　the　hyperfine　pumping.　i. e. a weak

output　power　of　ａ　semiconductor　laser　is　enough　for　an

observation　of　the　saturated absorption　spectra　of　the　CS-D2

line.「rhe　temperature　control　of　the　GaAlAs　laser　is　studied　as

the　first　stage　of　the　frequency　stabilization.　工ｔ　is　shown　that

the　frequency　fluctuation　of　such　ａ　semiconductor　laser　can be

reduced　down　to　ａ　few MHz　only　by　the　temperature　control ．　since

the　frequency　stabilization　is　done without　any　loss　of　high

frequency-tunability　in　this　case, the　system can be　used　for　an

usual　high　resolution　spectroscopy.　　We next　report　the

experimental　result　of　observed Doppler-free　spectra　of　the　Cs-
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D2 line.　We　carried out　also ａｎ‘experiment in which we observe

directly　the　process　of　the　hyperfine　pumping　by　using　two GaAlAs

lasers.　In　the　last　section　of　chapter　工工工, we　show　that

Doppler‘free　spectra　of　CS-D2　line with　no　Doppler-broadened

background　can be　observed　using　two GaAlAs　lasers.　Using　these

results, we　emphasize　the　high potentiality　of　the　semiconductor

laser　in　the　applications　to　the　laser　spectroscopy。

　　　　　］：ｎ　chapter　IV,we　study on　the　frequency　locking of　the

GaAlAs　laser　to　one　of　the Doppler-free　spectra　of　the　Cs-D, line°

We　have　stabilized the　laser　frequency.　after　stabilizing　the

diode　temperature, by controlling　the　injection　current, and

obtained　extremely high　frequency-stability.　　We discuss　on　the

system of　the　frequency　stabilization　and　its　experimental

results.　We　discuss　also　on　the　limitation　of　the　frequency

stability, recalling　the　theory of　the　frequency　stability　and

noise.　We　next　estimate　the　frequency　stability of　the GaAlAs

laser　locked at　the CS-D2　line　and　discuss　on　these　results ．　For

further　improvement　of　the　frequency　stability, we　have

constructed ａ　system with　double-loop　temperature-control.　The

preliminary　result　shows　fairly　high　stability of　the　diode

temperature.　For　various　practical　applications, a　compact

system of　the　stabilized GaAlAs　laser　must　be　useful.　To　this

end, we　constructed ａ　compact　optical　system with　some

improvements.　We mention　about　this　system　in　the　last　section

of　this　chapter。

　　　　　In　chapterV, we　summarize　the　results　of　the　present work
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and discuss　on　the　possible　applications　of　the　frequency-

stabilized GaAlAs　laser.
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CHAPTER　Ｉ工

THEORY OF　SATURATED ABSORPT工ON　SPECTROSCOPY

】:I－1　工ntroduction

工エー１－１　Outline　of　Theory

　　　　　In　this　chapter, we present　ａ　theoretical　consideration　of

the　saturated absorption　spectroscopy　for　some　simplified　cases

of　atomic　system.　We consider　an　absorption　cell　０ｆ　atomic　vapor

and　to which quasi-monochromatic　laser　beams　are　applied.　The

vapor　pressure　of　atom　is　assumed　to be　very　loWf so　that　atomic

collisions　are　almost　negligible.　In　this　case, absorption

spectrum of　each　atom　is very　narrow.　however ， absorption

spectrum of　vapor　is broadened due　to　thermal motion　of　atoms。

　　　　　In　this　chapter, we　firstly　consider　ａ　simplified　two-level

atomic　system　and　discuss　on　the　rate　equation　treatment　of　atoms

using a　semiclassical theory　of　atom-field　ｉｎｔｅｒａｃｔｉｏｎ．９０）″９１）

We　derive an　absorption　characteristic　in　the　case　of　Doppler-

broadened atomic　absorption　line.　We　next　discuss　on　the

saturation of　atomic　absorption by using　ａ　steady　state　solution

of　rate　equation　of　atoms.　We　also　consider　about　the　optical

pumping　using　ａ　three-level　atomic　system with　two　lower　energy

45



levels.　We　show　that　the　optical　pumping　can　significantly

decrease　the　light　intensity　to　cause　the　saturation.　Finally,

we　present　ａ　theoretical　treatment　of　the　saturated absorption

spectroscopy and　show appearance　of narrow Doppler-free　spectra

”Lamb dip" and　”crossover　resonance”and　also　present　formulas

describing depth　and width　of　these　Doppler-free　spectra。

　　　　　As　ａpreparation　of　the　analysis　of　this　chapter:Ｉ　we　present

ａ　conception　of　ａ　simplified model　０ｆ　atom and　the　density matrix

ｐ　by which we　treat　atoms　in　the　following　sections.

II-1-2　Simplified Model　of Atom　in Vapor

　　　　Consider　the　case　that　ａ　single　atom　is　irradiated by ａ

monochromatic　light　beam.　An　interaction　between　atom and　light

can be　described　by　using　an　atomic　Hamiltonian H, which　can be

written　as ａ　sum of　free-atom Hamiltonian -≪0

ｖ as

Ｈ°ＨＯ十Ｖ

and　interaction　term

(工工.1)

According　ｔｏＤｉｒａｃｌｓｆｏｒｍｕｌａ，９２）ａｎａｔｏｍｉｃ　state　is represented

by ａ　state　vector　ｌψ〉, and　its　time　evolution　is　determined by

the　SchrOdinger　equation　as
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1ｈヱ|ψ＞＝HIい
　3ｔ

(工工.2)

Let　ｌφｉ〉be　the　eigenvector with　the　eigenvalue Ｅｉ″which

presents the energy of the　state/ namely,

HOIφi）゜Eilφi） (工工.3)

An　atomic　state　is　therefore written　by ａ　superposition　of　the

eigenstates　as

|い゜　l c11φ？･ (工工.4)

where　Ci　is　complex number.　The atom-light　interaction　is

treated as　ａ　transition problem between　eigenstates　due　to　the

perturbation ｖ．　工ｎmany problems of　atom-light　interaction ， the

light　frequencyω　is　almost　resonant　to　only　one　transition

frequency“^ab　between　eigenstates　lφａ〉　and　lφb〉″

゜ω
ab (工工.5)

and　no　other　transition　frequencies　come　into　resonance.　In　this

case ｆ　we　can　consider　on　the behavior　of　atom using　ａ　state

vector　ｌψｌ〉in　the　sub-space　spanned by　ｌφａ〉　and　ｌφｂ〉　instead　of

ａ　proper　state　vector　ｌψ〉, where　the　vector　ｌψｌ〉is produced　from

ｌψ〉by ａ projection operator Ｐ as
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where Ｐ is

|ゾ＞゜PIψ＞，

P　°　|φａ）（φa'　＋　|φｂ）（φｂに

(工工.6)

(工工.7)

Such　simplified model　of　atom　in　the　subspace is　called as"two-

level　system” ，and　similarly we　can have　ａ　”three-level　system”

where　three　atomic　eigenstates　come　into　transition　problem。

　　　　　In　this　chapterfwe　are　interested　in　the　atom-light

interaction　in an　atomic　vapor ， where we　cannot　observe　the　state

of　each　atom, and ａ　possible　observation　of　some　atomic

observable Ａ gives　always　its mean value　<Ａ〉　averaged　over　ａ１１１

atoms　in the　vapor 。　　工ｎthis case, an　atom should be　treated not

individually but　as　an　ensemble.　Let　us　represent　the　atomic

state　to be　considered　in　the　ensemble as ｌφｉ〉andthe　rest　of

the　atomic　state　not　to be　observed as ｌｅｋ〉．　An　ensemble　of　atom

can be　expressed as　ａproduct　of　these　state　vectors　as

|ゆ〉＝χ
　　　ik

ciklφ？IV ・ (工工.8)

In　this　case, the mean value　of　atomic　observable A, which　is

independent of　the　state ｌｅｋ〉″is　calculated as
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〈Ａ＞＝〈祠AIψ＞＝χy

　　　　　　　　　　ijkl

一

一

<ej<φjlc;1Aciklφi刈ok）

LJ c;ｋｃｉｋりj' AIφ？・ (工工.9)

The　ensemble　atom　is　represented　usually by using　ａ　Hermitian

operator　ｐ called as　density operator　with matrix　elements

　
　
ｋ

女
。
『
。
。
‘

　
Ｃ

　
ｙ
し
ｋ

　
一
一

　
ｊ
　
ｉ

　
ｐ

^ik'

and　〈Ａ〉　iscalculated by the　formula as

＜　Ａ　＞　＝　y（φilpAlφi〉゛TI°{pA} ,
　　　　　　　　・

(工工.10)

(工工.11)

where　the　trace　”Tr" means　ａ　sum　over　all　diagonal matrix

elements　of　pA.　when　atoms　are　in　therma･１　equilibrium　and　free

from external　purturbation, p　can be　diagonalized by using　the

energy　eigenstate　ｌφｉ〉　andeigenvalue "i　as

ｐ　°
y
゛゛i　lφ？（φil・ (工工.12)

The　eigenvalue "i　can be　interpreted as　ａprobability of　finding

an　atom　in　the　state ｌφ１〉because　ａ　simple calculation　shows

ｗｌ≧Ｏ and ！ "i ゛１’
　　　　　　　　　　・
　　　　The　time　variation of　the　atomic　eigenstates　are　expressed

from　Eqs. {工工.2) and (工工.3) as
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|φ.(t)>゜ｅ

--Ht二

|φi(O)）゛ (工工.13)

and　therefore　the　time　variation　of　ｐ　can be written　by unitary

transform　as

P(t) = e

ﾕHt　　　　十i
Ht

‘ｈ　　ｐ(Ｏ)ｅｔ (工工．:L4)

By　taking　the　derivative　of　Eq. (11.14〉, the　SchrOdinger　equation

for　the　density operator　is　derived as

ｌｎｊ!£＝［Ｈ，ｐ］，

　　at

(工工.15)

where【Ｈ，ｐ】is　ａ　comutator　of　Ｈand　ｐ．

　　　　We　can　add　relaxation　term　to　Eq.(I工.15), and　such　equation

is　usually called　as　the　Liouville equation.　　When　atomic

Hamlltonian　is given, we　can　calculate　the　motion of　atoms　using

the　Liouville　equation.

　　　　In　atomic　vapor， atom moves　thermally.　so　one　atom　is　also

considered to　be　ａｎ・ensemble　of　atomsmoving with　all possible

thermal　ｖｅｌｏｃｉｔｙ．９４）　Inusual problem of　light　absorption, the

energy　separations　between　levels　are much　larger　than　thermal

energy　of　atoms.　工ｎ　this　case, we　can　specify　atomic　state

independently　of　thermal　velocity.　　So we　can　consider　the　atomic

ensemble　for　ａ　group of　atoms　with　velocity between　ｖ　and　ｖ十dv.

Whole　atoms　in vapor　are　represented by using　the　Maxwellian

５０



velocity distribution and　the　atomic　ensemble　for　each velocity

group　as　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一

where

ｐリ
　00　1

－cχ，‾ｅ
　　　ふﾕ

）２

　Pv dv.

Pv °y w. |iv〉くiｖに

　　　　１

工ｎ　Eq. (11.16) , u　is　the most-probable velocity given by

Ｕ＝（

2kT

-

　１

）Σ，

(工工.16)

(工工.17)

(工工.18)

where　･^B　is the　Boltzmann constant. T　is　the　temperature　and Ｍ　is

the mass　of　atom.

　　　　　工ｎ　the　following　sections,we discuss　on　the　saturated

absorption　spectra using ａ　simplified atomic　system described by

density matrix　Pv defined　in　Ｅｑ°（工工.17) for　each velocity group

of　atoms.　　Such　assumption has validity　in　the　case　that velocity

changing　collision　can be negligible.　In　this　case, mean　value

of　atomic　observable Ａ can be　calculated at　first by taking　the

trace　of　Pv^ similarly　to　Ｅｑ’（工工.11) for　each velocity group of

atoms　and next by　integrating　over　all　possible velocity with

Maxwellian velocity distribution as
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＜　Ａ　＞　＝
工几:ｅ'(l;)≒2°{p A}civ･

/iTu

(工工.19)

In　this　representation, we may normalize　the　density operator　for

each　velocity group of　atoms　as

T八　Pv ｝＝１

工Ｉ－２Absorption　Spectrum of Atomic Vapor

工1-2-1　Semiclassical　Theory of　Atom-Light　工nteraction

(工工.20)

　　　　　For　simplicity, we　at　first　consider　the　case　of　two-level

atonif　with　an　upper　level　ｌａ〉　and　ａ　ground　level　ｌｂ〉, irradiated

by ａ monochromatic　laser　beam with　frequencyω　on　the　frame where

the　atom　is　at　rest.　The　atom　and　the　laser　beam　interact

through　the　electric　dipole moment　ｄ　of　atom　and　the　electric

field ｉ　of　light, and　the　interaction　term　of　the　Hamiltonian　can

be written　as

Ｖ＝－さ．芭． (工工.21)

since
ａ　is　ａ　vector　operator　having　odd

parity,　ａ and ｖ　have　no

diagonal matrix　elements.　If we　use　the　representation　of　the

state vector　as

５２



la> =に|　, |b> =に卜

Ｖ can be written　down as

Ｖ
　
Ｏ

　
　
ｂ

　
　
ａ

Ｏ
　
Ｖ

―　
一
一

　
Ｖ 叫

(工工.22)

(工工.23)

The　Liouville　equation　is written　down by　its　components　as

二ぶ尹゜‾青(ｖabpba‾ｐａｂｖba)‾Ta(ｐａａ“p12))ｌ

谷

゛‾寺(ｖbapab‾pbaｖab)‾Ｙｂ(pbb‾pS2))j

訃

゜‾jl‾(Ｅａ‾Eb)pab‾寺(ｖabpbb‾pａａＶａｂ)‾Ｙａｂｐａｂ

(工工.21)

where Ｙａ and Ｙｂ are decay　rates　of Paa and ｐｂｂ″Ｙａｂ　isdecay　rate

of ｐａｂ″and p means　the matrix　element　in　the　thermal

equilibrium.　In　these　equations″ the　diagonal　elements ｐaa　and

Pbb　are　usually　called as　”population” because　they give　the

probability　of　finding　atoms　at　the　states　ｌａ〉　and　ｌｂ〉, and　the

off-diagonal　element　Pab　is　called as　”coherencｅ”． which　is

concerned with　the　induced　electric dipole moment　of atom.

when　atoms　are　in thermal　equilibrium, the　populations　in　ｌａ〉　and

ｌｂ〉　are　distributed according ･to　the　Boltzmann　distribution with

random phase
‘　　since　Ｅａ‾Ｅｂ　〉〉kgT　for　light　absorbing

states″

心～ 0 and ^ffi ｀1，ａｎｄ also ｐＡ?;)=p留＝ｏ。

　　　　Let us write　the　electric　field of　the monochromatic　laser
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beam as

ilF＝与描･ｅ-1(゛t-itぶ
＋ｊｅ１((此-k≪r). (工工.25)

where e　is　the　polarizationvector　of　light.　Here we　represent
ｉ

using　its　ｏｆｆ‘diagonal　element'^ab　as

応
ﾄう

(工工.26)

Let　us　consider　that　the　atom　is　rest at　ｒ　＝　０．　Bysubstituting

Eqs. (11.25) and (11.26) into Eq. (工1.24〉, the　equation　for

coherence　is written　expricitly　as

二;U?2
｀゜‾(如ab十Ｙａｂ)pａb

‾

古字{さ

ab°さｅ‾1“叫さ:b°がe1“3t}(ｐａａ-pbb)・

where　the　transition frequencyωab　in Ｅｑ°〔〕:Ｉ°５〉is　used°

　　　　　Nexｔ，　Ｖｅ　consider　Pab　on　ａ　rotating　frame　as

Pab　°ｅ

and obtain　the　equation

－1ωt
ｐｒ゛

(工工.27)

(工工.28)

(工工.29)

ゴ
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We　can　consider　that p 1ｓ　slowly　varying with　respect　to　time.

and we　can　neglect　the　rapidly　oscillating　term　and　the

derivative　of ｐｒ　in　Ｅｑ°(11.29)。　We obtain　the ｓｏ工ution　of

Eq. (工工。２７〉　as

'^ab '一
会ま

ab．さ103七7j‰!べ孚≒Ｆ･
　　　　　　(O) . -0))十Yab

By using　this, the interaction　term　in　Eq. (11.24) iB

calculated as

右(Ｘｂ％ａ-pa
j

l,ａ?＝

ぢ;|さa.-l^　’　｛ｂ

ab

(工工.30)

石こﾆｺﾞyRl(ｐａａ-pbb),(リ.31)

where　rapidly　oscillating terms　are　again neglected.　Here we

define　the　transition　ｒａｔｅＲａｂ and Ｌｏｌ：entzi゛ｌ・ん(“jab)ｂｙ

＼b

ﾌﾞ‰

--

2t12Ｙａb

£(ｉａb

where Pab　isdefined as

£(％ｂ)･

迄

－　　　　　　---

(“)ab‾(゛)
2十^ab

Pab °｜
さab°言｜

(工工.32)

(工工.33)

(工工.34)

Substituting　Eq. (工工.32) into　Eq. (11.24), we　can　obtain　the

following　equations　of　slowly　varying　terms.
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導

゜'Ｒａｂ(ｐａａ'pbb)‾Ｔａ(ｐａａ‾p12))j

谷

゛十Ｒａｂ(ｐａａ‾pbb)‾Yb(pbb‾pl2))゜

(工工.35)

(工工.36)

These　equations consist　of only　the　populations　Paa　and　ｐｂｂ″

which give　the　rate　equation　of　atoms.　The　first　term　in　each

equation presents　the　Induced　transitionr the　stimulated

absorption　and　emission.　The　second　term presents　the　relaxation

process　including　the　spontaneous　decay and　other　nonradiative

decay.　　In　Eqs. (工工.35) and (11.36〉, total　population　of　atoms　is

conserved, and we consider　hereafter　the　total　population　is

normalized　to be　unity;

Ｔｒ｛　ｐ　｝゛ｐａａ十　%h　°１ (工工.37)

Consequently, we　can　discuss　on　the　behavior　of　atom by　using　the

transition　rate R . and　the　set　of　rate equations.　The　solution

of　the　coherence　Pab presents ａ　dielectric　interaction between

light and atomic　vapor　and determines　the　light　propagation

characteristics ，０ｎwhich we will　discuss　in the　following

sections.
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工工-2-2　Resonant　Light Absorption　in Atomic Vapor

　　　　The　light　propagation　in　ａ　dielectric medium　is　described by

the wave　equation　as　follows.

（∇2-ﾐﾄ古川li＝今尚声． (工工.38)

The macroscopic polarization ｌｉof　the　atomic　vapor　is　related　to

the　light　field　E by dielectric　susceptibility　〈Ｘ〉　as

や゜g <、X〉 (工工.39)

The　imaginary　part　of　the　susceptibility gives　the　light

absorption　coefficient, and　its　real　part　gives　the　refractive

index.
96）
Namely,　for　the　plane wave propagating　along　ｚ　axis.

the　wave number　ｋ　is　given　from wave　equation　as

ｋ　＝
ω
-
Ｃ
(1 + 2tt〈χ〉），

[]:ｴ.40)

The　imaginary part　represents　attenuation　of　the　light　field, and

the　real　part　presents　the　dispersion　relation.　Therefore, the

absorption　coefficient a　of　light　intensity per　unit　length　and

the　refractive　index ｎ　are　related　to　the　susceptibility　as

a　° 工ｍ｛〈χ＞｝，
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(工工.41.)

(工工.42)

47Tω

-

　　　　　　　　　　n = 1 + 217 Re｛〈X > >,

where　工ｍand Re means　the　imaginary and　real part　of　〈Ｘ〉



１：espectively.　　　　　　　　　　　　　　　　　　．．

　　　　　Thepolarization　of　atomic　vapor　can be　easily　calculated

from Eq. (I工.11).　Let us　consider　that Ｎ atoms　are　in the　unit

volumer and the　macroscopic polarization　is Ｎ　times　of　the　atomic

polarization　〈き〉as

? = N　＜さ　〉． (工工.43)

!rhe mean value　of　the　electric dipole moment ’き　is　calculated　from

Eq. (工1.11)　as

(お゜Tr{p3}゜ｐａｂさ:b4'‘}:ｂさａｂ・ (工工.岫)

By using the　solution of ｐab　in Eq. (11.30),　we can obtain the

representation　of　〈Ｘ〉，（ｘand ｎ　as

<χ〉゜－

(Z　＝　－

岐
司叶

((゛ａｂ
){(％ｂ‾‘゛)＋1Yab}(ｐａａ‾pbb)ｊ　(工工゛45)

TＮ£(゛ab)(ｐａａ-ｐｂｂ)・

５８

(工工.46)

(工工.47)

*Yab　　ｃ

ｎ　＝　１　一

迫

Ｎ(％ｂ‾り£(゛ab)(ｐａａ‾pbb)

!Ｉ!his　results　show　that　an　atomic　absorption　spectrum　shows　ａ

frequency dependence　of　Loretzian　shape,　and　its　natural

linewidth　is　Y-h (HWHM)゜　The　absorption coefficient　is

proportional　to　the　population　difference　between　levels where



the　absorption　transition　is　concerned.　Therefore, by

calculating　the　population　difference　from the　rate　equation　in

Eqs. (工工。35) and (工Ｉ。36), we can　obtain　the　absorption　spectrum

of　the　atomic　vapor ・

II-2-3　Doppler-Broadened Absorption　Spectrum

　　　　　In　above　section, we　have discussed the　atom-light

interaction　on　the　atomic　frame.　In　the　vapor,　atoms move with

thermal　velocity with　Maxwellian　velocity distribution, and　the

light　frequency on　each　atomic　frame　is　shifted　due　to　the

Doppler　effect.　As　shown　in Fig.　Il-l(a), consider　an　atom　on

the　laboratory　frame, in which　atom moves along　ｘｌ　axis with

velocity V, and　the　light ･with　frequency ω　is propagated　along　ｚ

axis ″ and the　angle between　X, and　ｚ　axes　is　ｅ．　This can be
ｄ

translated　to　the　atomic　frame as　shown　in Fig.　Il-l(b), in　which

the　light source moves along ^l'　axis with　velocity ‘Ｖ″and　the

light with　frequency ωｌ　propagates　along　z'　axis, and　the　angle

between　these　axes　is　Ｏ Ｉ．　The　light　frequencies　ωａｎｄω･
f
and

the　angles ｏ　and　ｏｌ　are　related　to　each　other　by　the　Lorentz　・

transformation　ｏｆｖｅｃｔｏｒ９７）ａｓ

k = (k'一子ｋイ）｛1‾（子）２｝
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Fig.II‘Ｉ　　Relationship between　the　laboratory　frame (a)

and　the　atomic　frame (b).　The　light　frequency　is

shifted　in　the　atomic　frame due　to Doppler　effect.
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　１　+ -^ose'

where ｃ　is　the　light velocity・and k　is　the wavenumber

ｋ＝
ω
-
Ｃ

｝
ｋｉ＝ｋ’ｃｏｓ（７Ｔ－ｅつ　＝ 吊 ose.

(工工.49)

(工工.50)

By using　these　transformations, the　relation between　the　light

frequencies　in both　frame　Is　derived　as

(♂＝ω(1-
ぺ
)111＋l:(ｃｏｓOO(1{ｃｏｓe}'1}'1.　　(工工.51)

　　　Ｃ

By　reserving　the　second-order　terms　of V/c, this　can be　rewritten

as

ω″＝ω｛１－ Ｖ-
Ｃ

- (子)
２
一手(晋一)２}， (工工.52)

wher：ｅ　ｖ＝Ｖ cose.「rhe　thermal　velocity of　ａｔｏ頂　at　ordinary

temperature　is　of　the　order　of １０４　cm/a which gives V/c Oi　１０’６・

For　visible　or　infrared　light ， the　frequency　is　of　the　order　of

10
１４

Hz, and　the　second order　Doppler-shift　Is　of　the　order　of

１００　Hz, which presents　small　ambiguity of　the　center　of　the

absorption　spectrum。

　　　　　In　the　following　calculations, we　take　account　of　the　first

order Doppler-shift, and the　atomic　transition frequencyωab　in

Eq. (工工.46) is　replaced ｂｙωab　＋　kｖ゛　By　integrating　Eq. (II°46）
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over　all possible value　of　V, the　absorption　coefficient　in　the

atomic　vapor　is　obtained as

(X　°
一匹∫゛ｅ‾

/iru　‾゜゜

(ｙ 如心 　ω

-

ｔＹａｂ　　ｃ

NO£（゛ab゛ｋ７）（ｐａａ‾ｐｂｂ）ｖｄ７’（ｴｴ゜53）

where No　is　the　density of　atom ａｎｄ（ｐａａ’ｐｂｂ）ｖmeans　the

population difference　calculated　from the　rate　equations　for　each

velocity group of　atoms.　This　shows　that　the　absorption　spectrum

of　atomic　vapor　is　the　superposition of　narrow Lorentzian

absorption　lines　which　are　shifted due　to Doppler　effect.

II-2-4 Absorption　Spectrum of Atomic Vapor

For　ａ very weak　light　intensity.　the　population　difference

(ｐａａ‘ｐｂｂ)ｖ　is　almost　equal　ｔｏ(ｐａａ(Ｏ)'ｐｂｂ

（O）

）

v'
and　some

calculation gives　the　absorption　coefficient a　as

Cχ　゜－

"o

‾而‾
工ｍ｛z（ご旦ﾔ:ku!2･）｝，

where　Ｚ(Ｏ　is　the　plasma　ｄｉｓＰｅｒＳｉｏｎｆｕｎｃｔｉｏｎ，９８〉

(工工.54)

and　Im　indicates

its　imaginary part, u　is　the most　probable　velocityf　ｋ　is　the

wavenumber　of　light″ａｎｄ（ｘｏ　isthe　linear absorption coefficient

ａｔω＝ω
ab
defined as
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(゛O　゛

ごこ1jyｓ!Ｌ

ＮＯ(　p12)‾　pj12))ｖ＝O°

The Plasma dispersion　function　is　defined　as

Z（ζ）＝｛

１一

斤

2_

/石

几:
e‾t
2

ｔ－ζ

じよ
－t2

―00
　　　　t－こ

dt

(工工.55)

；］：m{c}>0, (工1.56)

d七＋2斤１ｅ‾ｒ；工ｍ｛C｝＜O.（工工.57)

This　function　is　connected to　the　complex　error　function　erf(ic)

ｂｙ９９）

Ｚ(こ)＝1石'ｅ‾ζ211＋ｅｒｆ(1ζ)}，

erf(lc) =ﾌﾟﾐﾌ膚;ｅ‾゛2 dt .

(工工.58)

(工工.59)

The　typical　value　of　ku　is more　than　１００　MHz　at　ordinary

temperature″and　the　homogeneous　width Yab　is　of　the　order　of

１　MHz　and is much smaller　than　ku.　工ｎ this case, so　called

Doppler-limit, the　function　Z(c) can　be　approximated by

　　　　　　　　　　　　　　　　　　　　ω　-ω

z（
ご辿二こ竺盆

）．√

（二昔汗

and　we　have　obtained
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｛1斤一251？ dｘ｝，（工工.60)
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This　result　shows　that　the　absorption　spectrum of　atomic　vapor　is

observed to be　ａGaussian shape with width ωＤ

ωＤ ＝　２ω　　　　ab
２１ｎ ２ ）

1/2
(PWHM), (工工.62)

which　is　usually　referred as　Inhomogeneous　or　Doppler-broadened

linewidth and　is much larger　than　the　homogeneous　ｌｉｎｅｗｉｄｔｈＴａｂ‘

工Ｉ－３　Saturation　Effect

工エー３－１　!rwo-Level　system

　　　　　It　hasbeen　shown　that　the　absorption　coefficient　for　light

propagating　in atomic　vapor　is proportional　to　the population

difference between　atomic　energy　levels where　light　absorption

transition takes place.　工ｎ　this　sectionr we　show absorption

coefficient　in　atomic　vapor and　consider　saturation　effect by

using　ａ　steady爽state　solution of　the　rate　equation　for　two

typical　cases　of　atomic　systems.　One　is　ａ　two-level　system, and

another　is ａ　three-level　system with　two　lower　levels. one　of

which　is　absorbing　level　and　the　other　is　nonabsorbing　level.　In

the　case　of　the　three-level　system, the　optical　pumping　is　caused

between　two　lower　levels, so　that　the　saturation　effect　is

６４



strongly　enhanced。

　　　　　We　at　first　consider　the　two-level　system with　ａ　relaxation

scheme　as　shown　in　Fig.工1-2, in which　lower　level　is　in atomic

ground　state.　The population　in　ｌａ〉　decays　to　ｌｂ〉　with ａ　rate　Ｙ，

and populations　in both　levels　also　decay　to　its　thermal

equilibrium with　rate ＹＴ°　In　the　present work″Yt　is　considered

to be　reciprocal　to　the　time duration　of　atom-field　interaction.

In　this　case, the　rate　equation　is given　for　each velocity group

of　atoms　as

゜‾Ｒａｂ(ｐａａ‾pbb)‾(ＹＴ十Y)(ｐａａ‾p2))3

谷

゜Ｒａｂ(ｐａａ｀pbb)‾ＹＴ(％ｂ‾pl2))十Ｙ(pａａ

(工工.63)

-p12）），（工工.64）

１ｎwhich we will normalize the　population　so　that

Tバｐ｝゛ｐａａ＋ｐｂｂ °１． (工工.65)

The　transition　rate R .　also depends on　the　atomic velocity ｖ．

The　steady state　solution of　the　rate　equationgives　the

population　difference between　two　levels　for　eachvelocity group

of　atoms　as

(ｐａａ‾ｐｂｂ)Ｖ と2))

Ｖ(1十

貪
)‾1 (工工.66)

Using ^ab　in Ｅｑ°（Ｉ工.32) and taking account　of　the　Doppler　shift.

the　population　difference　is　calculated as

６５
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Fig.　II-2　　Energy diagram　and　relaxation　scheme　of　the

two-level　atomic　system.　The　decay　rate　of　the

coherence　between　two　levels　is Ｙａｂ’
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(ｐａａ‾pbb)ｖ゛(p12)‾pl2))ｖ{1‾7J17 L(゛ab十kv)}. (工工.67)

１ｓ　the　saturation parameter　defined by

工　＝
　Ｓ

　2 2　　　2

でこでこ

and　Ｌ（ωab＋kｖ）iｓ　power-broadenedLoretzian defined as

L(゛ab十ｋ７) Z

(1十工

((A'ａｂ十ｋ７一司

Ｓ”at>

　＋（１十工ｓ）
ab

(工工.68)

(工工.69)

where Yab　is the　natural width (HWHM) of　the absorption　line.　工ｎ

Eq. (工工゜68）″usually p2乱’｀’Osince ｈωab〉〉ｋＢＴ″hence ｐぼ'＼, 1.

Consider　the　Maxwelllan velocity-distribution of　atomsf the

steady　state　distribution of　the　population　in both　levels　are

calculated as

"^aav
斤Ｕ 2(1十工

s

）

Ｌ（゛ａｂ＋ｋ７）タ

Pbbv　°素。‾

(l)≒

1一石
七

万Ｌ(“'ab十kv)}゜

(工工.70)

(工工.71)

This　shows　that, an　intense　light　field of　工ｓ〉　１burns　ａ　hole

with　ａ Lorentzlan　shape　in the velocity distribution　in the

ground　level　ｌｂ〉　at V　°（ω’ωａｂ〉／ｋ°　The　holeburning　stationary

decreases　the　population difference between　two　levels　and

saturates　the　light　absorption.　Substituting the　result of
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Egs. (工工.70) and (工1.71) into Eq. (工工.53) and evaluating　the

integralr we　can　obtain the　absorption coefficient　as

(X　Ｚ -ヱたﾆ
斤ｕ

Z　ミ
1
-

ITkU

_(1)2 工

e ゛£(“ａｂ＋ｋ７){1‾⑤Ｌ(“ab＋ｋ７)}ｄ７(工工.72)

）｝． (工工.73)

(工工.74)

(工工.75)
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-
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１

工＝

/工７「

　　Ｓ

Comparing this with　Eq. (11.54), we　can　see　that　the　homogeneous

linewidth　is broadened by　／ｒｉ：ｉｉtimes　of　the　natural　linewidth.

and　the　light　absorption　is　reduced due　to　saturation by　１／TTi：でら

times.　Usually　the　decay　rate　in　the　ground　state Ym　is much

smaller　than　that　of　the upper　level Ｙ　°１／て″so　that　Ｉｓ　canbe

approximated by

　　　　２　２

エ　．町石ｂ　２Ｔ

　ｓ　　　2112Ｙａｂ

　　　　　The　square　of　the　electric　field　is　related to　the　energy

flux of　light ･or　light power　工　by the　Poynting　theorem as

ペ

ー

8 7T

It　should be noted　that, the　saturation parameter　for　the　two

level　system depends　on　the　lifetime　て　of　the　upper　level.

Namely,　in order　to　achieve　the　saturation　threshold 工ｓへｊ１″the

light must　pump the　population　to　the　upper　level　against　the

fast　relaxation. Typically t　’｀ｊ１０゛８　ｓ
″
ｐ２ａｂ’｀’１０‾３６　esus ≫ and



Ｙａｂ’｀’１０

７

Hz,　so　that　the　light power　of about　100 mW/cm2　1ｓ

required to　obtain the　saturation threshold工ｓへ’１°

Ｉエー３－２　Three-Level　System with　Optical　Pumping

　　　　　We　consider　ａ　three-level　atomic　system with　relaxation

scheme　as　shown　in Fig.　Ｉエー３．　The　lower　levels　ｌｂ〉　and　ｌＣ〉are

ｘ：espectively　the　light-absorbing　level　and　the　nonabsoEblng　level

in　the　atomic　ground　state.　The　atom　１Ｓ　selectively　excited　from

ｌｂ〉　to　ｌａ〉　andquickly decay back　to　ｌｂ〉　and also　to　ｌｃ〉．　工ｎ

this　pumping　cycle, some amount　of　atoms　in　the　lower　levels　are

effectively　transferred　to　ｌＣ〉．　Since　the　relaxation　time　from

ｌＣ〉　to　ｌｂ〉　isgenerally　very　sloWf and ａ　large　amount　of　atoms

are　pumped　from　ｌｂ〉　to　ｌｃ〉　after　many cycles　of　optical　pumping・

The　rate　equation describing　this　three-level　system　１Ｓ written

for　each　velocity group of　atoms　as

谷

゛‾Ｒａｂ(ｐａａ‾pbb)‾(ＹＴ十Yb＋Tc)(ｐａａ‾p12))j (工工.76)

謳

゛Ｒａｂ(ｐａａ‾pbb)十Yb(ｐａａ‾p12))゛ＹＴ(pbb｀pSE))‾Ｙｂｃ(pbb“ｐｃｃ)j(工工77)

(O)

aa
)十Ｙｂｃ(ｐｂｂ‾ｐｃｃ)ｊ (工工.78)

where Ｙbe　is　the　decay　rate of　the population difference between

lower　levels, and　the　population　is normalized as

６９
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Fig.　Ｉエー３　　Energy diagram　and　relaxation　scheme　of　the

three-level　atomic　system.　The　decay　rate　of　the

coherence　between　levels ｌａ〉　and　ｌｂ〉　is　Ｙａｂ°The　level

ｌｃ〉is　nonabsorbing　level　close　to　the　level　ｌｂ〉．

７０



Ｔ゛｛ｐ｝゜ｐａａ十ｐｂｂ十 Pec
＝１

The　steady-state　solution gives　the　population　difference

similarly　to　Eq. (I工.67)　as

(ｐ
ａａ‾ pbb）

(工工.79)

ダ(心)‾心))否刎‰;享有≒≒‰}"･■･. (II.80)

By using ＼h　in Ｅｑ°（Ｈ°32), the　population difference　is written

similarly　to　the　case　of　the　two-level　system　as

(ｐａａ‾pbb)ｖ°(pj)‾pl2))Ｖ{1‾矢Ｌ(％b十ｋ７)八 (工工.81)

where　Ｌ（ωａｂ＋ｋｖ）ｉｓ　thepower-broadened Lorentzian defined　in

Eq. (11.69) .　The　saturation parameter　is　defined　for　the　three-

level　system　as

工
Ｓ　゛

　　Yc＋２ＹＴ＋３Ｙｂｃ　　　Ｅ
§p2

b
叶瓦呵‾≒兄‾

べ己
-

'ab

□，

７１

(工工.82)

(工工.83)

＿　　１

２Ｙｂｃ十Yt

Usually　the　decay　rate Ｙｂ　and　Ｙｃ　aremuch　larger　than Yt and Ｙｂｃ″

and　the　saturation parameter　is　approximated as

工
Ｓ　゛

where we　introduced the　relaxation-branching　ratio　E and　the

relaxation　time Ｔ between　lower　levels　defined as
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工
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(工工.84)

(工工.85)

(工工.86)

(工工.87)

(工工.88)

(工工.89)

　Ｔｂ十Yc　゛

..＿‥ユ

　２ＴｂＣ十　Yt　°

lｓ　in the　three-level system　is proportional to　the　relaxation

time T between　lower　levels　in　contrast with　two-level　system　in

which　Iｓ　is proportional to　lifetime　て　of　theupper　level ．

Comparing these　results　of 工s'　ｔ：he　ratioof　the　saturation

parameters　becomes

　　　　　　　　　　　　　　工　　ぐ　three　level　ｌ　　　£Ｔ　　　　YT

two　level　　）　　　２Ｔ

Usually　て　１ｓmuch　smaller　than　the　ground　state　relaxation

time T.　We can conclude that the　saturation parameter　Is　sizably

increased due　to　the　optical　pumping.　　工ｎ　the　three-level　system.

the　population distributions　of　atoms　are　calculated　for　the

light　intensity giving　工ｓ’｀’１　as

つ
』
　
３
Ｖ
一
Ｕ
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斤Ｕ
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This　shows　that, the　hole burning with Lorentzian　shape　is



produced　in the　level　ｌｂ〉fand　the population burned　is

ｚ：epopulated to　ｌｃ〉　conserving　thermal　velocity　ｖand　the

Lorentzian　shape.　Ａ relatively　Intense　light　can　almost

completely deplete the level ｌｂ〉ａｔｖ°（ωab-w)/k.　It　should be

noted that　the　absorption　coefficients　for　both　cases　of　two-

　and　three-level　systems　are　formally　equal, except　ａ　difference

in　the magnitudes　of　the　saturation parameters.「rhis makes　it

possible　to　treat　both　atomic　systems　formally as　ａ　two-level

system.

工エー４　Doppler-Free　Saturated Absorption Spectroscopy

　　　　　In　this　section,we　consider　an　ｅχperimental　scheme　of　the

saturated absorption　spectroscopy　as　shown　in Fig.　II-4r in which

an　absorption　cell　０ｆ　atomic　vapor　is　subjected　to　two counter-

propagating　laser　beams.　One　of　the　laser　beams　is　relatively

intense　and used as　ａpump beam which burns　ａ　hole　in　the

velocity distribution　of　atoms　in　the　ground　level.　The　other

laser　beam　is weak　and　used as　ａ　probebeam which detects　the

hole　burning.　　Both　laser　beams　are　assumed　to be quasi-

monochromatic　and　tuned to　the　same　frequency.　　An　absorption

signal　０ｆ　the　probebeam　is　observed　as　laser　frequency　is　swept

through　the　atomic　absorption　line.　工ｎ　this　experiment, we　can

observe　ａ　narrow Doppler-free　spectrum on　the Doppler-broadened

absorption　signal。

　　　　　Wepresent　in　this　section　the　theoretical　treatment　of　the
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Fig.　II-4　　Experimental　scheme　of　the　saturated

absorption　spectroscopy.　　The　relatively　intense　pump

beam and　the weak　probe　beam　are　applied　into　the　cell

from the　opposite　direction　to　each　other.
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Fig.　II-5　　Velocity　distribution　of　two-level　atomic

system.　The　relatively　intense　pump beam burns　ａ　hole

in　the　velocity distribution of　atoms　in　the　lower　level

１１〉．

７４



saturated absorption　spectroscopy　for　two　typical　cases　of

simplified atomic　systems.　One　to be　considered　is　ａ　two-level

system　in which　ａ　narrow Doppler-free　spectrum　”Ｌａｍｂｄｉｐ”４６）

appears.　　The　other　is　ａ　three-level　system with　two　closely

spaced excited ･levels ， in which　ａ narrow Doppler-free　spectrum

"crossover　resonance"
47）

appears　in　addition　to　two　Lamb dips.

As　is mentioned　in　Sec. Iエー3-4, the･ population　difference　between

the　ground and　excited levels　can be　calculated by using　ＥｑＳ・（工工.67)

and (11.81).　The difference between　these　two　cases　１Ｓ only　in

the magnitude of　the　saturation parameter　工ｓ゛　Therefore, we

consider　the　atomic　systems with　one　ground　level　in　this

section, which may　Include　the　case　that　another　nonabsorbing

level　exists　in the　ground　state.

　　　　　In　following　calculations, we　assume　that　the　probe　beam　１Ｓ’

weak　and　does　not　affect　largely　to　the　population　distribution

between　levels ．　!rherefore, the　population distribution　in　each

level　１Ｓ　determined due　ｔ０　interaction of　atoms with　the　pump

beam.　The　absorption　of　the　probe beam　is　calculated by using

the　population　distribution produced by　the pump beam.

II-4-1　Lamb ･Dip

　　　　　Consider　the　case　of　two-level　system with　resonance

frequency　ω２１　as　shown　in Fig.工Ｉ’５°　According　to　the　result　of

Eq. (11.67), the population　difference　produced by　the　pump beam

is　calculated　for　each velocity group of　atoms　as

７５



(P22-Pii)v°(pS§)-p1?))Ｖ{1‾耽Ｌ(り1＋ｋ７)}゛(工工90)

The pump beam produces the　hole burning ａｔω２１＋ｋｖ°ω’　!Ｘ!he

absorption　of　the　probe beam　is proportional　to　the　population

difference　in　Eg. （工工．９０〉．　Theabsorption　coefficient a for　the

probe　beam　is　calculated by　using　Eq. (I工.53)　as　　　　　　　　■

　　　"p °‾素几:謡√（ピ（咄－ｋ以１一犬Ｌ［り］.十kv)}dv, (工工.91)

where

47T2p§1ω21

(゛Ｏ°¬‾ﾐ症Ｌ三土‾ＮＯ(ｐＨ

£（り1-ｋ７）゛

　庖

-
(り^-kv-o))

)Ｖ＝Ｏｊ

　　　　　１２１

／　　　¶___　、２　。‥２
゛巧1

　　　　　　　　　(1十工)2'Y2

L(り1十ｋ７)゜　、‥　　．...‥､B　、
ｦ手

．、..2　　1
((゛21十ｋ７‾“)) 十（1十工ｓ )吃

(工工.92)

(工工.93)

(工工.94)

Because　of　the　counter　propagation of　the　laser　beams,the

Doppler-shifts　kv　have positive　sign　for　the　pumpbeam　and

negative　sign　for　the　probebeam.　Equation (:11.91】consists　of

two　terms, the　first　term a ^^presents　an　ordinary Doppler-

broadened absorption as　Eq. (11.54) ,　and　the　second　terma 2

presents　ａ　saturatedabsorption　spectrum　as

(ｘ
ｐ２

TrY2i

√(ｙ犬£(り
1-ｋ７)Ｌ[り].゛ｋ７)ｄｖ．(ｴｴ゜95)
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It　is　easy　to　see　that this　Integral　has　nonzero value　only　in　the

case　that　the　arguments　in both Lorentzian　are　simultaneously　in

the　narrow vicinity of　resonance　as

ω　２　ω
21‾ kv　°ω２１十　kv (工工.96)

This　gives ｖ　°Ｏ　and　ω゜ω２１゛　simple calculation gives　≪p2　１ｎ

the　form of　the　plasma dispersion　function as

(Ｚｐ２　゛

(χ　＝　－

(XO　　IS
一一

7TkU　y/i7「

工ｍ｛Z（

十Z（

(XO

｡半乙)２

工

Ｓ

△＋１Ｙ２１

-

ku

）

(Y2i-2i△）2’Y2

　　庄

て石回司ブ，

十{(1十/lTi;)Y2i/2}

(工工.97)

(工工.98)

A+lY

　ku

where　the detuning
。
△゜ω２１‾ωand　the power-broadened　linewidth

Ｙ　°　ＸｒＦｒｉＹ２１　are　used.　In　the　Doppler‘limit Ｙ　＜く　kｕ″the whole

absorption coefficient a　＝（xp1＋（xp2 1ｓ approximately given as

{(1十/t+t;)y2i/2}2
　　　　　　　　　　　　　Ｑ　　･-ふ

．　　　　、2　⌒ｓ２　
｝’

/r可て（1十゛/1+Ig) ((02-^-0))
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!rhe　second　term　in　thebracket　shows　ａ　narrowdecrease　of　the

absorption　at　the　center　of　the　Doppler-broadened　spectrum.　This

spectrum　is　the　Doppler-free　spectrum, so-called　Lamb　dip.　　The
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Fig. II-7　　Velocity distribution　of　three-level　atomic

system.・　The pump beam burns　two　holes　in　the velocity

distribution of　atoms　in　the　lower　level １１〉．
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and　the　depth

６Ｄof　the　saturated absorption　spectrum as　ａ　function of

the　saturation　parameter　Ｉｓ゛
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Lamb dip is the　Lorentzian spectrum with　the　spectral width ＹＤ

(HWHM) given　as

TＤ°（1十／ｒ司７）Ｔ２１ ／２．

The depth ６Ｄ of Lamb dip Is given as

　　　　　　　　　　　　　％゜／ｒ町（1≒ｒiて）’

(工工.99)

(工工.100)

which　is　the　relative value　to　the Doppler-broadened background.

The　theoretical　values　of Yrj and ６Ｄ are　shown in Ｆ１９°工工“６

according　to　ａ change　of　the　saturation parameter.

　　　　　In　the　case　thatr the　absorption　cell　１ｓ　optically　thin.

Eqs. (I工.97) and (工工.98) give　directly　the　shape　of　observed

signal　０ｆ　the　Lamb dip.　　工ｎ　the　case　that, the　cell　1ｓ　optically

thick, the　observed　shape　of　the　Lamb dip １Ｓ　calculated　from ａ

nonlinear　absorption　equation　as

JjWjLL＝－（x（ｚ）工（ｚ）， (工工.101)

whece　工(z) is　the　light　intensity at　the point　ｚ　along　the　laser

beam.
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II-4-2　Crossover　Resonance

　　　　　Consider　ａ　three-level　system as　shown　in Fig.　II-7, in

which　the　excited　state　consists　of　two　closely　spaced　sublevels

ｌ２〉　and　ｌ３〉　such　as　hyperfine　levels。　Let　us write　the

transition　frequencies　ａｓω２１　and　ω３１°　He assume that　two

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ごabsorption　lines　overlap to　each　other　due　to Doppler-

broadening.　　工ｎ　the　case　of　the　hyperfine　levels/ the　frequency

separation (ω31-0)21) is　usually much　larger　than　the　natural

linewidth.　Therefore, we　can neglect　the　case　that atoms　in　the

same velocity group are　excited　simultaneously　to　the　upper

levels　ｌ２〉　and　ｌ３〉．　In　this　case， we　can neglect　the　coherence

between　two　upper　levels　as ｐ３２’｀’Ｏ″whichｘ：educes　ａ　complication

of　the　ｐｒｏｂｌｅｍ．１００）　!The　resultsof　Sec. II-2 can be　utilized for

this　case.

　　　　　工ｎ　the　case　of　the　three-level　systemf hole burnings　are

produced by the　pump beam at　two　different velocities ｖ　in　the

velocity distribution　of　atoms　in　the　ground　level.　？ｈｅ

population difference between　the　upper　and the　lower　levels　are

calculated by using　Eq. (I工。６７）　as

(p22‾pn)ｖ°(pふy‾p
1?))
Ｖ{1‾

賄
L2(り1十ｋ７)

‾63

壮L3（町1十kv)},
(工工.102)
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（p33‾p11）ｖ°（p石 一心） )ｖ{1‾

●

L3(“)31＋ｋ７)

β2
賄L
2（り1十kv)},

(工工103)

where　工２　and　工３　are　respectively　the　saturationparameters　for

11〉　to　l2〉and　l1〉to　l3〉　excitations″and Ｌ２　andＬ３　are　the

power-broadened Lorentzians which　include !Ｅ２　and　２１
″
and　工３　and

Ｔ３１″ respectively.　工ｎ　the　case　that (P22‘ｐ１１）｀（ｐ３３’ｐ１１）″ｔｈｅ

coefficient　６１　１ｓ given by　６１’｀ｊｌ　when　the　optical　pumping　occurs

in　the　ground state　and by　１３１’｀’１／２when　no　optical　pumping

occurs.　For　Instancef let　us　consider　Eq. (工工.102) .　The　second

term　in　the　large bracket　represents　the　hole　burning　due　to　ｌ１〉

to　ｌ２〉excitation by　the　pump　beam　similarly　to　the　case　of　the

two-level　system.　The　third　term　represents　ａ contribution　of

the　ｌ１〉to　ｌ３〉excitation by　the　pump beam　to　the population

ｄｉｆｆｅｒｅｎｃｅ（ｐ２２爽ｐ１１）’　Inthe　case　that no optical　pumping

occurs″the　change　of　Pll　due　to　ｌ１〉　to　ｌ３〉excitation　is　the

half　of　the change　ｏｆ（ｐ３３’ｐ１１）″so　that　the　coefficient り．１ｓ

about　1/2.　工ｎ　the　case　that　optical　pumping occurSf　the　change

of　ｐ１１　１ｓ　approximately equal　to　the　change　of (p23~Pii) because

the　population　change　in　the　upper　level　is negligibly　small, so

that　the　coefficient　６１　１ｓ　unity°

　　　　　The　absorption coefficient　of　the probe　beam　is　calculated

from Eq. (11.53〉　as
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(x。、＝一士/_:ｅ
－(l)2(゛21

　“'£(り1‾ｋ７)(p22‾p11)Ｖ/(p21‾p11)ｖ＝Od7

7TY2:L

where a

as

21

{interchange　２　and　３　１ｎ above　expression},　　（工工.104)

and a
31
are　the　linear　absorption　coefficients　defined

(゛1j　°‾

tこﾆxf1LL

‾NO(pl?)‾pjy))ｖ’0 (工工.105)

Substituting　the　Eqs. (11.102) and (11.103) into　Eq. (11.104) and

integrating over　all　possible velocity, the　absorption

coefficient　of　the　probe beam　is　obtained as　ａ　sum of　following

two　terms.

　　　　　　　-1　　CO ≪21　　‾

％1≒扁∫－7こド

(|)ご

(り１‾ｋ７){1‾

工

2
-

1十工２

L2(り1十kv)}dv

-{Interchange　２　and　３　１ｎ above　expression}, (工工.106)

(xp2　°素たン3辻ｅ‾
(|)こ

(゛21-゛)
犬≒(゜31゛゛)゛

-{interchange　２　and　３　１ｎ　above　expression}･　（工工.107)

!rhe　former　ｔｅｒｍ（ｘｐｌ　represents　the　ordinaryDoppler-broadened

absorption　and　two Lamb dips　appeared at both centers　of　the

teansitions.　The　later　term （ｘｐ２represents another type of the
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saturated absorption　spectrum, so　called crossover　resonancer In

which　the　integral　has　nonzero value　only　in　the　case　that　the

arguments　of　two　Lorentzians　satisfy　the　resonance　conditions　as

ω

ω

２

２

ω21

ω31

一

一

kv

kv

~
-

内ｇ
-

ω31

ω21

十

十

kv.

kv .

(11.108)

(工工.109)

These　results　show　that　the crossover　resonance appears　at　the

arithmetic mean　frequency of　two　transitions　as

ω　Ｚ　ωＣ　゛
立二立

(工工.110)

simple　calculation gives a .　in　the　form　of　the　plasma　dispersion

function　as

(xｐ2

゛‥゜阿 ku

十ｚ（
七l+iY3

　　　　ku

）

　　巡京大

　　　　　　　　　　　-{interchange　２　and ３　１ｎabove　expression} , (I工.111)

where we　used the detunings△２１　゛ω２１爽ω″△３１　゛ω３１“ωand　△ｃ　°ωｃ｀ω

　　= (0)21十ω3i)/2-゜j″and　the　power-broadened　llnewidths

Y2　゛／ｒiTiY21　and　Y3　°√ｒｉｒEi’Y31゛　In　the　Doppler-limit, 02　can

be　approximated as
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な右ｊ(岫2　13‥ダ
ａ．、２　‾'‾゛
ｐ２　　冴kｕ

/l+T-d+ZI+i 4'{(Y21十/I+T Y3i)/2}

十{Interchange　２　and　３　in　above　expression} , (工工.112)

wheｒｅ we　used　△
21へj△31へ'ら２°ω３１‾ω２１１　The　crossover　resonance　is

the　superposition　of　two　Lorentzian　spectr：ａ with　different　width

and　depth, which　correspond　to　the　hole burning　due　to　ｌ１〉to　ｌ２〉

pumping　and　its　detection by ・１１〉to　ｌ３〉　absorption, and　vice

versa。

　　　　　whenmany　energy　levels　are　closely　spaced　in　the　excited

state　of　atom, and Doppler-broadened absorption　lines　are

overlapping.　Lamb dips　appear　at　the　centers　of　the　transitions.

and crossover resonances　appear　at　arithmetic　means　of　possible

pairs　of　transitions.　工ｆ　the　energy　separation between　levels

are　larger　than　the　homogeneous width　of　absorption　lines, the

discussion　of　this　section　can　be　applied　to　discussion　on　these

Doppler-free　spectra.

II-5　Conclusion　and Discussions

　　　　　In　this　chapter,we　have　discussed on　the　theoretical

treatment　of　the　saturated　absorption･spectroscopy by　using　ａ

semiclassical　theory of　atom-light　interaction.　We　have　shown

that　the Doppler-free　spectra. Lamb dip and crossover　resonance.

are　appeared　in　the　case　of　two-　and　three-level　atomic　systems.

We have　derived　the　representations　of　the width　and depth　of

８４



these　Doppler-free　spectra　as　the　function　of　the　saturation

parameter.　The　expression　of　the　saturation parameter was

derived　for　both　cases　of　two-level　system　and　three-level　system

with　the　optical　pumping.　　Comparing　these　two　casesr we　show

that　the　optical　pumping　can　strongly　increase　the　saturation

parameter.　In　the　case　of　alkali-metal　atom, the　optical　pumping

occurs　between　hyperfine　levels　in　the　ground　state, and ｗｅ　can

use　ａweak　laser　beam　for　the　saturated　absorption　spectroscopy･

By using　these　results, one　can　calculate　an　expected　depth　and

linewidth　of　ａ　saturated absorption　spectrum.　Such　estimations

are　useful　to　optimize　the　laser　powers　and beam diameters　in　the

saturated absorption　setup of　the　frequency-stabilization　system

which　is　discussed　in　the　followings　of　this　thesis。

　　　　　In　the　present　theory.　wehave　considered　the　steady　state

of　atoms.　The　transit-time　effect　across　the　laser　beam　has been

treated　as　if　it　is　relaxation between　hyperfine　levels　in　the

ground　state.　However, this　assumption may be　sometimes　invalid.

and　the　transient　effect may manifest　itself　as　ａ　deformation　of

the　absorption　spectrum.
110〉rill〉

Ａ consideration　on　such

transient　effects　will　show　interesting phenomena, although　it　is

very　complicated.
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CHAPTER　工工Ｉ

SATURATED ABSORPTION　SPECTRA OF ＴＨＥＣｓ‾Ｄ２

工工エー１　Introduction

LINE

　　　　　!rhe　CS-D2line　at　852.1　nm　lies　within　the　tunable range　of

８２０　nm　band GaAlAs　laser　operating　on　ａ　single mode　at　room

temperature.　In　this　chapter, we　report　the　details　of　the

experiments　on　the Doppler-free　saturated absorption　spectroscopy

of　the　CS-D2　line　using　ａ　GaAlAs　laser.

　　　　　Some　experiments to　observe　the CS-D2　line　have　been

performed by using GaAs　laser　operating　at　the　liquid Ｎ２

temperature.　工ｎ　1969, Hochuri　et　ａ１．
58）
observed　the　hyperfine

components　of　the　CS-D2　line　in　Cs　atomic　beam. sigh　et　al.,

in　1971, Bykowskii　et　al. f
102〉

in　1973, and Picque,
103〉

101〉

in　1974,

observed　the　Doppler-broadened　absorption　or　emission　spectra　of

the　ＣＳ‘Ｄ２　line　using　Cscell　with　buffer gas.　　They　reported　on

an appearance　of　the　effects　of　optical　pumping　in　the　ground

state　of　Cs.　　Picque　et　a1.60）″６１）ｕｔｉｌｉｚｅｄ　the　optical　pumping

of　the　Cs　atomic　beam　to　improve　the　precision　of　the　atomic-

beam　clock.　For　the　case　of　ｔｈｅＣｓ‾Ｄ２　line″the　optical　pumping

between　two　hyperfine　levels with　Ｆ　＝　４　and　３　in　the　ground　state

is　easily　achieved.　The　optical　pumping　between　hyperfine　levels
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is　called　the　hyperfine　pumping.　　As mentioned　in　Sec. 1-3-3, the

hyperfine　pumping　enhances　considerably　the　saturation　of

absorption, and we　can　observe　the　saturated absorption　spectra

of　the　Ｃｓ‾Ｄ２　line　byusing　ａ　semiconductor laser　with output

power　less　than　ｌ ｍＷ。

　　　　　Because　of　high　frequency-tunability　of　ａ　semiconductor

laser, it　is　possible　to　observe　the　Doppler-free　spectrum　in

details.　However. as　ａ　reflection　of　high　frequency-tunability,

the　frequency　stability　is　rather　poor　in　free-running

condition.　The　frequency　is greatly　influenced by　small　changes

of　the　injection　current　and the　diode　temperature.　Because

typical　linewidth　of　ａ　saturated absorption　spectrum　is　of　the

order　of　１０　MHz　in　the　case　of　ｔｈｅＣＳ‾Ｄ２　line″it　is　very

important　to　suppress　the　fluctuation　of　the　laser　frequency at

least within　１０　MHz.　In　the　case　of　GaAlAs　laser　which　operates

at　several　１０　itlAand　at　room temperature, the　１０　MHz　change　of

the　laser　frequency　is　caused　by　about　ｌ　yA fluctuation　of　the

injection current　or by about　１０‾３　°Cfluctuation　of　the　diode

temperature.　Although　it　is　easy　to　prepare　ａ　regulated　current

source with stability　of　１０‾４，ｓｐｅｃｉａｌｄｅｖｉｃｅｓ　arerequired　to

stabilize　the　diode temperature within　１０’３ °Ｃ．　We　have　achieved

such　stability　of　the　diode　temperature　only　by using　ａ　carefully

constructed　electronic　system。

　　　　　In　this　chapter, we　study　firstly　on　the　saturated

absorption　spectra　of　the　CS-D2　line　theoretically　utilizing　the

results　of　the　Chap.　II.　Secondly, we　report　on　the　temperature
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electron　angular　momentum Ｊ　＝　１／２　and　３／２　respectively.　　The

1/2

absorption　lines　corresponding　to　the　６２Ｓ ゛６２Ｐ１／２and

1/2″
and

６２Ｐ and　６２Ｐ３／２　arethe　first　excited　stateｓ． which　have

1/2

line (　852.112　nm　) respectively・ The　CS-D2

８８

the　tunable　range　of　GaAlAs　laser.　The　Cs　atom has　nuclear　spin

工　゜7/2, so　the　energy　levels　split　into　hyperfine　levels ， which

are　identified by　the　quantum number　Ｆ　of　the　total　angular

momentum, i.　ｅ．　Ｆ＝Ｉ十Ｊ．

　　　　　The　energy　diagram　of　the　CS-D2　line　is　shown　in Fig.　１工Ｉ－

Ｓ１／２゛ ６２Ｐ３／２　transitions　are　the Ｄ１　line (　894.35　niii　)
and Ｄ２

６２

line　lies　within
104)

stabiliza!二ion　of　GaAlAs　laser　as　the　first　stage　of　the　frequency

stabilization.　Thirdly,　we　present　the　experimental　results　on

the　observation　of　the　Doppler-free　saturated absorption　spectra

of　the　CS-D2　line.　We　also　show an experimental　evidence　of　the

hyperfine　pumping　in which we monitor　the　velocity　distribution

of　atoms　in　both　of　two　hyperfine　levels　in　the　ground　state.

using　two　GaAlAs　lasers.　Furthermore, we　can　observe　the

Doppler-free　resonances　completely　free　from Doppler-broadened

background.　These　experiments　show　high　potentiality　of　the

semiconductor　lasers　in　applications　to　the　laser　spectroscopy･

III-2　Saturated Absorption　Spectra　of　the　CS-D2　Line

ＩＩ工-2-1　Ｄ2 Absorption　Line　of　Cs

The　electronic　ground　state　of　the
133
Cs　atom　is　６２Ｓ



１．　The　ground　state　consists　of　two　hyperfine　levels with　Ｆ　＝３

and　４．　The　hyperfine　separation　in　the　ground　state　is

9192631770　Hz, which　is used　in　the　definition of ｔｉｍｅ．１０５）　　The

６２Ｐ３／２　state　consists　of　four hyperfine　levels with　Ｆ　＝　2,3, 4

and　５．　The　theoretical values　of　the　hyperfine　separations　in

the　６２Ｐ３／２　ｓｔａｔｅ５８）ａｒｅ　△５４　=212°８　ＭＨｚ″△４３　= 169°３　MHz　and

△３２　°１２８°３　MHｚ＞ which are　indicated　also　in Fig.　工工エー１．　These

values　are　calculated　from　the hyperfine　energy ＷＦ　due　to　the

magnetic　dipole　and　electric quadrupole　interactions.〉　ＷＦ　is

　　●given　as

where

町＝手ｈＡＫ十手ｓｇ（白石ｴE121往宗|（J゛1），（ｴｴｴ.1）

Ｋ＝Ｆ[Ｆ十].)一エ(工＋1)－J(Ｊ＋1). (工工工.2)

The　experimental　determination　of　Ａ and　Ｂ was　performed　by

Ｖｉｏｌｉｎｏｆ１０７）ｗｈｏ　used　the　level-crossing　technique.　　The

experimental　results　show　that, A =　50.45　MHz　and　Ｂ　＝　－0．66　MHz,

and　these　values　give△５４　= 251°８　MHz,△４３　= 202°Ｏ　MHz　and

△３２　°151.8　ＭＨｚ″which are　about　１．２　times larger　than　those　in

shown　in　Fig.　工工エー１。

　　　　　The　selection　rules　of　the　electric　dipole　transitions　are

△Ｆ　ｚ　０，±1,which　allow　three　transitions　from each　hyperfine

level　in　the　ground　state　as　shown　in　Fig.　III-l.　The　lifetime
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212-8 MHz

169.3MHz

128-2MHZ

9192.6MHz

Fig.　工工I－１　　Energydiagram of　Cs　corresponding　to　the

Ｄ２ line　and　allowed　transitions　from the ６２Ｓ1/2
state.

The　theoretical　values　of　the　frequency　separation

between　the　hyperfine　levels　in　the　６２Ｐ３／２　state　are

indicated.　（　The　spacing　between　energy　levels ’ｉｓ　not

to　scale. )
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of　the　６２Ｐ３／２　statewas measured by Link
108)
to be　30.5　ns, which

gives　the　natural　homogeneous　linewidth　２ 。６　MHz(HWHM) and　the

oscillator　strength　'b2 = 0.732.　The　oscillator strength　is

related to the dipole matt°ｉ°ｃelement Pij ゛ｓ９１〉″９２）

2
°‾≒ｽﾞJきでけ‾゛8°95゛10‾35 ^IJ　（（ｍ２ｅｓｕ2）j　（工工工.3）

where　ｅ　is　the　electron charge ″'"e　is the　electron mass.ωij　and

S. at：ｅthe frequency and the　relative weight　of　the

transition
91）
from the hyperfine level with Ｆ ＝ｊ in the ground

state　to　the　hyperfine　level　with　F゛i　in　the　62P3/2　state.　We

normalize　the　values　of ^ij　so that　the　sum　of S. .　over　ａ１１

tansitions　from　the　ground　state becomes　unity.　　The　theoretical

゛゜lues　of　^ij are　listed　in Table 工工エーIfand　the　relative

magnitudes　of　the　absorption　lines　from　the　hyperfine　levels with

Ｆ　＝　３　and　４　in　the　groundstate　are　７　and　９．　The　lifetime t.　of

each　hyperfine　level　in　the　６２Ｐ３／２　state　is　related　to　the

lifetime　て　of　the　６２Ｐ３／２　stateby

ヱ

て１

一
一 且

て

Ｘ

ｊ ^ij'
(工工工.4)

where　ｇ　°４　is　the　number　of　the　hyperfine　levels　in　the　excited

state.　We　show　in　Tables　工工工－2　and　工工エー３　the　values　of　the

dipole matrix　element p^., and　the　lifetime てｉ　and　the　natural

linev゛idth　^ij　of　each　abso°ption line　calculated　from　the　values

of　fD2　and　^ij″ respectively.
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Table　工工I－1　　The　relative゛eight ^ij of the　transition

from　the　hyperfine　level　62S1/2　F ＝j to the hyperfine

level　６２Ｐ
3/2

２

Ｆ＝ｉ of Cs.

×　10‾35 (Ｃｍ
２
ｅＳＵ

２

!rable　工II-2　　The dipole °゜trix ele°ent　Pij　of　Cs

corresponding to the ｔｌ：ansition ｆｌ：om６２Ｓ１／２Ｆ °ｊ　to

62P3/2 Ｆ　＝　ｉ．

９２



Table　ｌ工I－3　　The　lifetime てｉ　of　the　hyperfine　level

with Ｆ °ｉ　in the　６２Ｐ３／２　stateof　Cs. and　the　natural

１籾ｅ゛idth ^ij (HWHM) Of　the absorption　line

corresponding　to　the　transition　fｒom62S1/2 F ゛j to

62P3/2　F ＝i．

Table　ＩＩエー4　　The　relaxation b°「lching 1:゜tio C.」 of Cs

excited from '＼/2 Ｆ °ｊ to ６２Ｐ３／２Ｐ ゛ｉ・
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　　　　　Let　us　consider　the absorption　spectroscopy　of　the　CS-D2

line　by　using　ａ　Cs　cell with　low vapor　pressure.　and by　using　ａ

single-mode　laser　with　ａ　narrow　spectrum.　工ｎ　such　ａ　case ， atomic

collisions　are　almost　negligible, and the　atomic　absorption　line

is　broadened　by　the　thermal　motion　of　atoms, whereas　each　Cs　atom

has　ａ　narrow　natural　linewidth.　The　Doppler-broadened　linewidth

is　about　１８５　MHz (HWHM) at　room temperature, which　is much

smaller　than　the　hyperfine　separation　ｇ　GHz　in　the　ground　state/

so　that　the　absorption　lines　from　Ｆ　＝ ３　and　４　levels　in　the

grour!ｄ　state　can　be　observed　separately.　　The　hyperfine

separations　in the　６２Ｐ３／２　stateare　smaller　than　the　Doppler-

broadened　linewidth, so　the　three　absorption　lines　from　each　of

the　hyperfine　levels with　Ｆ　＝　３　and　４　in　the　ground　state　are

almost　completely　overlapping。

　　　　　As　ismentioned　in　Sec.工工I-l, the　hyperfine　pumping　is

caused between　the　levels　with　Ｆ　＝　３　and　４　in　the　ground　state　by

ａ　laser　beam　tuned　to　either　of　the　absorption　lines.　Namely,

atoms　in　one　of　the　hyperfine　levels　in　the　ground　state　are

selectively　excited　to　the　６２ P3/2
state, and　ａ　part　of　the

excited　atoms　quickly decay　to　the　other　hyperfine　level　in　the

ground　state, if　such　decay branch　agrees　with　the　selection

rule.　Repeating　above pumping　cycles ， the　atoms　are　depopulated

from one　of　the　hyperfine　levels　in　the　ground　state　and

repopulated　to　the　other ．　The　hyperfine　pumping　can　strongly

enhance　the　saturation　of　absorption and　significantly　increase

the　saturation　parameter ．　According　to　the　theoretical
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calculations　in　Chap･

by

工

slj

Z

II, the　saturation parameter：　】：sij　is　given

2て１ （１十

7154 ゛1051 p7jパ

ゴ

2て1

（１十

皿

2て1

）Ｗ， (工工工.5)

where　Ｔ　is　the　relaxation　time between　the　hyperfine　levels　in

the　ground　state″てｉ　is the　lifetime　of　the hyperfine　level　in

the ６２Ｐ３／２state ″ Ｗ is the lasei： ｐｏ゛゛ｅｌ：density in W/cm"^
″ ゛「ｌｄＣｉ」

is　the　ratio　of　relaxation branching　from　one　to　the　other

hyperfine levels in the ground state for　the Ｆ ＝ｊ　to i

excitation.　In　the　case ｔｈ°ｔ″とｉｊ々０，ｔｈｅ second term in the

bracket　of　Eq. {工工工.5) is　dominant.　We　show, in Table　工工エー4, the

values　of　the　relaxation-branching　ratio　こｉｊ
″
where we　have

assumed　that　no　collisional　transfer　takes　place　between　the

hyperfine　levels　in　the ６２Ｐ３／２　state°

　　　　Here we　give　data　on　Cs for　later　use.　The melting point　of

Cs metal　is　28.8　°Ｃ．　The　vapor　pressu‘re　ｐ and　the　vapor　density

ｎ of　Cs　atoms were measured by Rozwadowski　et al・，１０９）　and　the

results　give　the　experimental　formula　as

ｐ，ｎ°１０
A‾B log10T‾C/Ｔ）

(torr, cm" ) (工工工．６）

where, at ａ　temperature Ｔ °Ｋ below　the melting point, (A,B,C) =

９５



L3　　　C3　　L2 C2　　Cl

L6　C6　L5 C5

８３

C4 L4

LI

Fig.　III-2　　The　positions　of　the　Doppler-free　saturated

absorption　spectra　of　the　CS-D2 line　calculated　from　the

theoretical　values　of　the　hyperfine　separations　in　the

６２Ｐ３／２　state.The　symbols　Ｌ　andＣ　represent　the　Lamb

dip and crossover　resonance　respectively.　　The　relative

magnitudes　of　the　spectra　are　theoretically　calculated

under　the　condition　shown　in Table　III-5.
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(10.5460, 1.00, 4150) in the case of Pf and <A,B,･C)= (2･9.531,

2.00,　4150) in　the　case　of　n.　and at　the　temperature･.above　the -

　　　　　　　　　　　　　　　　　　　　　　　　●　　／　　；　　　　．゛melting point, (A,B,C〉゜(11.0531, 1.35, 4041) in the; case　of Pf

and (A,B,C)= (30.0379, 2.35, 4041) in　the　case　of　ｎ．　Typical

values　of　p and ｎ　are　about ３×１０“７　torr　and 1x10-'-^　cm" at ．１０　°Ｃ，

which　is　enough　to　observe　the　saturated　absorption　spectra　by

using ａ Cs cell with　length　of　ｌ　cm.

ＩＩエー２－２　SaturatedAbsorption　Spectra　of　the　Ｃｓ‘Ｄ２　Line

　　　・　The　three　transitions　are　allowed　from hyperfine　level　in

the　ground　state　of　Ｃｓ，　and　the　corresponding　spectral　components

are　overlapped　to　each　other　by　the　Doppler-broadening・

Therefore, we　can　expect　to　observe　six Doppler-free　spectra　on

the　Doppler-broadened　absorption　signal;　three Lamb　dips　at　the

centers　of　the　transition　frequencies, and　three　crossover

resonances　at　the　arithmetic mean　frequencies　of　pairs　of　the

transitions。

　　　　　The　positions　of　the　Doppler-free　spectra are　shown in

Fig.　III-2, which　are　calculated　from　the　theoretical　values　of

the　hyperfine　separations.　The　symbols　Ｌ１ ，Ｌ２　and　Ｌ３　represent

the　Lamb　dips　due　to　the　transitions　from　the　hyperfine　level

with　Ｆ　＝　４　in　the　ground　state　to　the　hyperfine　levels with

Ｆ　°５″４　and　３　inthe　６２Ｐ３／２state, and Cl, C2　and Ｃ３　represent

the　crossover　resonances due　to　the　pairs　of　the　transitions　to

the　hyperfine levels　with Ｆ　＝　５　and　４，Ｆ　＝５　and3, and
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!rable　III-5　　　The width Yp and　the　relative magnitude

of　each　saturated absorption　spectrum of　the　Ｃｓ‾Ｄ２　line

calculated　in　the　case　that　the　power　density　and

diameter　of　the　pump beam are　２ ｍＷ／ｃｍ２　and　５mnir and the

Cs　cell　temperature　is　１０　°Ｃ．　The　symbols　such　as　LI

and Cl　represent　the　Lamb dip and　the　crossover ，

resonance.　respectively.　which　are　shown　in　Fig.　Ill-

２．
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Ｆ＝４ and ３　in the　６２Ｐ３／２　state″respectively.　The　symbols　Ｌ４″

Ｌ５　and Ｌ６　represent　the　Lamb dips　from the　hyperfine　level with

Ｆ　＝３　in　the　ground　state　to　the　hyperfine　levels with

F = 4, 3 and ２ in the　６２Ｐ３／２　state″and C4, C5　and Ｃ６　represent

the crossover　resonances due　to　the　pairs　of　transitions　to　the

hyperfine　levels with　Ｆ　＝　４　and　３，Ｆ　＝　４　and　2, and　Ｆ　＝３　and　２

果ｎ　the　６２Ｐ３／２　state″respectively°

　　　　　工ｎ　Fig.　ＩＩエー2,we　also　show　the　relative magnitudes　of　the

Doppler-free　spectra　expected　from　the　theoretical　calculation.

in the　case　that　the power　density and diameter　of　the　pump beam

are　２ ｍＷ／ｃｍ２and　５ nun, and　the　Cs　cell　temperature　is　１０　°Ｃ．

Because　no　hyperfine　pumping　takes　place　in　the　case　of　LI　and

L6,　these　Doppler-free　spectra　are　small.　Ａ１１　０ｆ　other　Doppler-

free　spectra　are　associated with　the　transitions which　cause　the

hyperfine　pumping。

　　　　　By using　the　saturation parameter　工sij　defined　in

Eq. (III.5), the width　of　the　saturated absorption　spectrum

ＴＤｉｊｋ１（ＨＷＨＭ〉゛ｅgiven from the　results　of Chap.　Ｉ工　as

"^Dljkl ゛（Ｔｋ１十゛/Ｔ可こj ^IJ )/2, (工工工.7)

where　the　pump beam　excites　atoms　from Ｆ　＝　ｊ　to　ifand　the　probe

beam　is　absorbed by Ｆ　＝　１　to　ｋ　transition.　The　normalized depth

of　the　Doppler-free　spectrum ･^Dij　is given　as
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^DIJ
z　　　　　　　‘ｓ1 ×　100　　　（Z）.（111.8）
　　　Ｊ罵Tj（1゛Ｊ回乱）

　　　　　when　the　hyperfine　relaxationby atomic　collisions　in　the

ground　state　is　negligible, the　relaxation　time Ｔ between

hyperfine　levels　in　the　ground　state　is mainly determined by

transit　time　of　atoms　across　the　laser　beam.　工ｎ　rough

estimation, the　transit　time　is　given by

Ｔ　＝
　ｄ

でｊ
(工工工.9)

where ｄ　is　the beam diameterf and ｕ　is　the most probable velocity

of　atoms　across　the　laser　beam.　At　room　temperature, u　is　about

２００ m/s, and Ｔ　is　へ,１０’５　ｓ　for　the　beam　diameter　of　several　ｌ　mm.

The ｖ゛:Lues　of ７ｉ and とij　in Eg.　（工工工.5) are　of　the　order　of

10
－８

ｓ　and　0.1, so　that　the　saturation parameter　is　increased　due

to　the　hyperfine　pumping　ｂＹ　ａ　ｆａctor

ﾍﾞト－o. （工工工．１０）

For　instance, as　shown　in Fig.　工工エー2,consider　the　case　of　laser

beam with　５　mm diameter　and　2 mW/cm^ power　density and　of　ａ Cs

cell　at　１０　°c.　In this　case　ｕ　is about　２００　m/s and Ｔ　is　roughly

２．５)(１０‾５　ｓ
ｆ　and　the　saturation

parameter becomes　about　３１　for　the

Ｆ　＝　４　to　４　transitionwhich give　the　normalized depth　of　Lamb　dip

about　８３　亀．　We　show　in Table　ｌ工エー５　the　calculated values　of 工ｓ
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and　６Ｄ’　In　this　way, the　Doppler-free　spectra　of　Ｃｓ｀Ｄ２　line　can

be　observed with　good　signal-to-noise　ratio by using　ａ weak　laser

beam with power　less　than　ｌ mW, and we can use　ａ　semiconductor

laser　in　the　saturated absorption　spectroscopy of　the　Cs-D,

line.　工ｔ　should be　noted　that　the　transit　of　atoms　across　the

laser　beam may　not　give　the　exponential　decay as　seen　in　ordinary

relaxation.　To　calculate　the　line　shape more　precisely.　one must

consider　carefully the　transient phenomenon. '

工II-3　Temperature　stabilization　of　GaAlAs　Laser

工Ｉエー３－１　Proper:ｔｖ　of　GaAlAs　Laser

　　　　　TheGaAlAs　laser　used was　ａ　double-heterostructure　type

operating ０ｎ　ａ　single　longitudinal　mode　at　ａ　roomtemperature

with　the maximum output power　of　５ mW.　Generally　the　oscillation

frequency of　ａ　semiconductor　laser　shifts　toward　the　high-

frequency　side　repeating　ａ　continuous　change　and ａ　mode　hopping

according　to　decrease　of　the　injection　current　or　to decrease　of

the　diode　temperature.　Typical　oscillation　characteristic　of　ａ

GaAlAs　laser　is　shown　in Fig.　工工エー３．　The　oscillationwavelength

was　measured　by　using ａ monochromatorf as　changing　the　diode

temperature.　similar　characteristic　can be　observed by changing

the　injection　current.　　The　intervals between　the mode　hopping

are　not　regular　and　vary　for　each　laser　diode　individually.　　Ａ

more　careful　measurement　shows　that　the　oscillation wavelength
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Fig.　III-3　　Typical　oscillation　characteristic　of　ａ

GaAlAs　laser　measured by changing　the　diode

temperature.　similar　characteristic　can be　obtained by

changing　the　injection　current.
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depends　on　the　diode　temperature　and　on　the　injection　current

with　ａ　９００ｄ　linearity　in　the　continuously　changing　region.　In

the　case　of　the　GaAlAs　laser　used　in　this work, the　rates　of

change　in wavelength were measured　to be　０。０４　ｎｍ／゜Ｃand

0.02　nm/mA　respectively　in　the　continuously　changing　region.

These　values　in　frequency are　about　２０　GHz/゜Ｃ　and　８　GHz/mA at

852.1　nm　respectively.　　The　laser　diode with　the　oscillation

frequency close　to　Ｃｓ'Ｄ２line　was　selected among　commercially

available　semiconductor　lasers.　The　laser　frequency could be

tuned to the CS-D2 line ゛゛henthe injection current was　around

４３　itlAat　the　diode　temperature　３０　°c.　since　the　continuously

tunable　region　of　the GaAlAs　laser was more　than　１０　GHz, we　can

observe　continuously, i.　ｅ．　without mode　hopping, the　two

absorption　components　of　the　Ｃｓ‘Ｄ２　line　from　the　hyperfine　levels

with　Ｆ　＝３　and　４　in　the　ground　state。

　　　　　In　order　to　observe an　absorption　spectrum　in details, it　is

required　to　control　the　laser　frequency with　ａ　stability better

than　the　spectral　separation　or　width　of　the　absorption　line.

For　the　CS-D2　line″typical width　of　the Doppler-free　spectrum　is

about　１０　MHz.　Especially　in　the　frequency　locking　of　GaAlAs

laser　to　one　of　the　Doppler-free　spectra, it　is　very　important　to

stabilize　the　diode temperature at　least　within 1×１０“３　°Ｃwhich

gives　about　２０　MHz　change　of　the　laser　frequency.　　We　have　tried

to　control　and　stabilize　the　diode　temperature with　stability

better　than　１)(１０“３　°Ｃ　for　ａ　high　resolution　spectroscopy of　the

CS-D2　line　and also　as　the　first stage　of　the　frequency

103



LASER
DIODE

THERMIhtｔｐ://wwｗ．４．ｒヴ

　ALJUrり¶INUM

　　　BLOCK-

THERMO-

　ELECTRIC･

COOLER r-

…………’゜’゛1

　　゛V　　　　　ルTHERMAL BATH

　　　　　　　　1　（ｔ o●loC）
　じ

、

Fig.　工II-4　　Schematic　diagram of　the　system　for　the

temperature　stabilization　of　the　semiconductor　laser.
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stabilization　of　the　GaAlAs　laser.

工工エー3－2　System　of　Temperature　stabilization

　　　　The　temperature　of　the　GaAlAs　laser　is　stabilized by using

the　system　shown　in　Fig.　工工エー４．　The　laser　diode　ismounted

tightly on　ａ　small　aluminum block, whose　temperature　is

controlled by ａ　thermoelectric　cooler (　Peltier　element　）ｂｙ

which both　heating　and cooling　are possible.　The　thermoelectric

cooler　used was　ａ　３　cmsquare　with　the maximum thermal　absorption

of　２０　W,which makes　it possible　to　control　the　temprtature　of

laser　diode within　士　２０　°Ｃ　from　roomtemperature. The　diode

temperature　is measured as　ａ　resistance　change　of　ａ　thermistor

which　is mounted　on　the　aluminum block　at　the　position　close　to

the　laser　diode.　The　thermistor　used was　０。８　mm　in　diameter　and

５　mm　in　length　with　resistance　４　ＫΩ　at　３０　°C,and　the

Ｂ coefficient was　about　3500　°Ｋwhich　relates　the　change　of

ｌ：eslstance Ｒ to　that of　temperature Ｔ as　　　　　　　　　　　／

　△Ｒ
－9～-＝こ　＝

　△Ｔ

RB
-
　Ｔ２

(工工工.11)

In　the　case　of　the　thermistor　used, the　resistance　change was　４　ｉ

for　１ °Ｃ change　at　３０　°Ｃ，which　is　about　１０　times　larger　than

other　metal　sensor　such　as　Pt　and Ｎｉ。　Because　of　its　small　size

and　high Ｂ　coefficient, the　thermistor　is　very　sensitive　of

minute　temperature　fluctuation.　To measure　ａ　small　change　of　the
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diode　temperature/ the　thermistor　is　inserted　into　ａ bridge

circuit where　the　resistance　of　the　thermistor　is　compared with　ａ

reference　resistance　as　shown　in Fig.　１１１－４．　The　bias　voltage　of

the　bridge　circuit　is　supplied by ａ　thermally　compensated　zener

diode with　zener　voltage　of　７　Ｖ．　Ａ　relatively　large　series

resistance　of　３０　ＫΩ　is　connected　to　the　thermistor　in　order　to

limit　self　heating　of　the　thermistor.「rhe　other　side　of　the

bridge　circuit　consists　of　ａ　voltage　divider　with　impedance

１０　ＫΩ,which　can be　adjusted by　0.01　1　step.　　Thus, the　change　of

the　diode　temperature　is　converted　to　the　output voltage　of　the

bridge　circuit.　In　order　to　stabilize　the　diode　temperature, the

output　of　the　bridge　circuit　is　amplified and　fed backf through　ａ

lowpass　filter　with　３　Hz　cutoff, to　the　current　source　of　the

thermoelectric　cooler.　To　improve　the　long-term　stability　of　the

diode　temperature, integrated　output　of　the　bridge circuit　is　fed

back　simultaneously with　the　proportional　feedback.　Small

misadjustment　of　the　bridge　circuit　can be　compensated by an

offset　circuit, and we　can　easily　stabilize　the　diode　temperature

at　ａ　desired value with stability better　than　１０’３　°Ｃ．　　since　the

bridge　circuit　and　the　first　stage　amplifier　of　its　output　may

easily be　affected by ａ drift　of　room temperature, the　components

with　low　temperature-dependence　are　used　in　these　circuits.　The

temperature　coefficients　of　the　series　resistor　and　the　voltage

divider　used　are　２５　ppm/゜Ｃ and　１０　ppm/゜C, and　the　nominal　value

of　the　input-offset　drift　of　the　first-stage　amplifier　is

０．２　ｐｖ／゜Ｃ。　However,these　values　are　not　sufficiently　small
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because　the　bridge　circuit must measure　about　０．１　Ω　change　of　the

thermistor　to measure　the　temperature　fluctuation　less　than

１０‾３　5C,which　corresponds　ｔ０　２０　uVoutput　of　the　bridge

circuit.　In　this　system, 1　°c　fluctuation　of　room temperature

causes　１５０　and　７０　μｖuncertainity　of　the　bridge　output　due　to

fluctuations　of　the　series　resistor　and　the　voltage　divider.　To

improve　the　problem, the　bridge circuit　and　its　first-stage

amplifier　are　put　into　ａ　０．１　°Ｃ　temperature-controlled　thermal

bath。

　　　　　It　shouldbe　noted　that　the　change　of　the　bridge　output　is

regarded　to be　approximately proportional　to　that　of　the　laser

frequency.　if　the　change　of　the　diode　temperature　is　small　and

slow　enough.　This makes　it　possible　to　observe　the　absorption

spectra　of　the　CS-D2　line　by　utilizing　the　output　of　the　bridge

circuit　as　ａ measure　of　frequency　or　wavelength.　The　frequency

scale　can be　calibrated by utilizing　the　hyperfine　separation　in

the　ground　state　of　Cs　as　the　standard.　０ｆ　course, it　is　better

to　use　an　external　Fabry-Perot　cavity　as　frequency marker.　As　to

be　shown　in　later, a　frequency　scanning　of　the　GaAlAs　laser　with

resolution better　than　１０　MHz　is　achieved by　sweeping　the　diode

temperature　using　above　temperature-control　system。

　　　　　The　semiconductor　laser　and　the　thermoelectric　cooler　are

packed　into　an　aluminum case　in　order　to　avoid　external

electrostatic　noisef and an　aluminum heat　radiator　is　attached　to

its　outside　surface　as　ａ　heat　sink　of　the　thermoelectric　cooler.

The　current　line　of　the　laser　diode　comes　into　the　aluminum　case
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Fig.　111－５　　Experimental　alignment　of　the　optical

system　for　the　saturated absorption　spectroscopy of　Cs.

The　laser　beam　emitted　is　focused by ａ　lens　with　focal

length　１８ mill/and　split　into　the　pump　and probe　beams　by

ａ　half　mirror.　The　Cs　cell　is　used at　ａ　room

temperature.
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through　ａ　passive　noise-filter　at　the　entrance.　The　injection

current　is　supplied by ａ　voltage-regulated power　source with

residual　noise　of　the　order　of　ｌ　mA　in　the　injection　current.　To

avoid　the　destruction　of　the　laser　diode by　ａ　spike　noise　arised

when　the　current　source　is　turned　on　or　off, a protection　circuit

is　equipped, in which　the　injection　current　of　under　threshold　is

turned　on　and　off　when　the　power　source　operates　stationary.　　Ａ

small　alternative　current　can　also　be　applied　to　the　laser　diode

together　with　the　direct　current, by which　the　laser　frequency　is

modulated　directly.　　It　is　possible　to　observe　the　atomic

absorption　line　on ａ CRT by. scanning the　injection current.

工工エー４　Observation　of Doppler-Free　Spectra　of　the　CS-D2　Line

]:工エー４－１　Experimental　Setup　for　Saturated Absorption

　　　　　Anexperimental　setup　for　the　saturated absorption

spectroscopy　is　shown　in Fig.　工工1-5.　The　laser　beam　is　focused

by ａ　lens with　focal　length　１８ mm and　split　into　two beams　by ａ

half　mirror, one　of which　is　used as　ａ　relatively　intense　pump

beam　and　the　other　is　used　as　ａweak　probe　beam.　The　pump beam

is　collimated　and　applied　into　ａ　Cs　cell　with　ａ　relatively　large

beam　diameter　in　order　to　saturate　the　atomic　absorption　in　ａ

large　region　of　the　cell.　The　probe　beam with　ａ　relatively　small

diameter　is　applied　into　the　cell　from　the　opposite direction　to

the　pump beam.　The　pump beam　and　the　probe　beam　form　ａ　small
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misalignment　angle　in　order　to　avoid　the　laser　beam　returning

back　to　the　laser　diode.　The　two　laser　beams　overlap　to　each

other　within　the　cellf i. e. the　probe beam　is　completely

contained by　the　pump beam within　the　cell.　since　laser　beam　is

invisible, the　beam path　is　found　out by　using　an　:|:R-phospher

which　emits　visib]．ｅ　light　as　infrared　light　is　irradiated.　After

transmitted　through　the　cell, both　beams　are　reflected by mirrors

and　detected by　silicon photodiodes。

　　　　　when　the　laserfrequency　is　swept through　the　CS-D2　line　by

sweeping　the　injection　current　or　the　diode　temperaturef narrow

Doppler-free　spectra　are　expected　to be　observed　on　the　Doppler-

broadened background　in　the　absorption　signal　０ｆ　the　probe　beam.

０ｎ　the　other　hand. an　intensity change　of　the　relatively　strong

pump beam　shows mainly　the　Doppler-broadened backgroundf which

can be　used　to　reduce　the　Doppler-broadened background　in　the

signal　０ｆ　the　probe　beam.　工ｔ　shouldbe　noted　that　one　must　be

careful　to　avoid　the　laser　beam　returning back　to　the　laser

diode, which　causes　an　instability of　the　laser　oscillation　and

sometimes　spoils the　laser ｄｉｏｄｅ．１１２)，１１３〉

　　　　　The　Cs　cell　used　in　this　experiment　is　cylindrical, which　is

made　of　Pyrex　glass with　３　cm　inner　diameter　and　length　５　cm.

The　cell　was　evacuated and　enclosed　distilled Cs metal　after

sufficient　cleaning　of　the　cell　by baking.　　The　cell　contains　no

buffer　gas.　　The　vapor　pressure　and density　of　the　Cs　atoms　are

３．０×１０
－7
torr　and　１．０×１０“３ cm" at　11　°C,at which　the　following

experiments were　carried ｏｕｔ。　The　length　of　the　Cscell　is　５　cm.
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which　is more　than　enough when　the　cell　is　used at　room

temperature.　This　cell　is　optically　so　thick　at　temperature

above　２５　°c　that　the　absorption　line　is　distorted　as　the　light　is

propagated　through　the　cell.　The　length　of　ｌ　cm　is　thought　to be

sufficient　to　observe　the　saturated absorption　spectra。

　　　　　In　order　to　avoidａ mechanical　vibration　and　acoustic　noisef

all　optical　components　are　fastened by using magnetic　basements

on　an iron　surface plate　of　30 X 40　cm　in　size, which　is　isolated

from　the　laboratory　floor　by using　air　cushons.

III-4‘２ Doppler-Broadened Absorption　Spectrum of　the　Cs-D-　Line

　　　　　In　order　to　tune　the　laser frequency　to　the　CS-D2　line,　ｗｅ

have　to　at　first　measure　the　oscillation　characteristic of　the

GaAlAs　laser, which　is　largely　dependent　on　the　changes　of　the

injection　current　and the　diode　temperaturer as mentioned

already.　　Rather　wide　frequency　range　can be　put　into ａ

continuously　changing　region by choosing　an adequate　combination

of　the　injection　current　and　the　diode　temperature.!lowever　some

frequency　range　still　remain within　ａ　gap of　mode　hopping.　　Rough

tuning ０ｆ　the　laser　frequency　to　the　CS-D2 line　is　obtained by

monitoring　it with　ａ monochromator, to which　the　light　from　ａ Cs

lamp　is　also　applied as　ａ　frequency　reference.　since　the

spectral width　of　ｔｈｅＣｓ‾Ｄ２　line　isof the order　of　0.001 nnif　ａ

precise　tuning　is　carried　out　by　observing　directly　the　light

absorption　of　the　Cs　cell.　The　laser　frequency　is modulated with

１１１
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Fig.　III-6　　Typical　Doppler-broadened　absorption

spectra　of　the　Ｃｓ’Ｄ２line　at　852.1　nm obtained when　the

laser　frequency was　swept　by　varying　the　diode

temperature.　The　three　absorption　lines　from　each one

of　hyperfine　levels with　Ｆ　＝　４　and　３　in　the　ground　state

are　overlapping　to　each　other　due　to Doppler-

broadening・
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a　few GHz　by modulating　the　injection current, and an　absorption

signal　０ｆ　the　laser　beam　is　observed on　ａ　CRT.　Ａ Doppler-

broadened　absorption　spectrum　of　the　Cs-Dg line　can be　observed

on the CRT by sweeping either　the injection current or　the diode

temperature。

　　　　　One　of　the　observed Doppler-broadened absorption　spectrum of

the　Ｃｓ’D2line　is　shown　in Fig.　工工エー6,as　an　intensity　change　of

the　transmitted　laser　beam　as　ａ　function　of　the　change　of　the

diode　temperature measured by　the　system described　in　Sec.工工エー

３．　　Wecan　see　in　Fig.　工工工－６　twoDoppler-broadened　absorption

lines　from the　hyperfine　levels with　Ｆ　＝３　and　４　in　the　ground

state, whose　frequency separation　is　known　to be　9192.6　MHz.　The

power　of　the　laser　beam was　about　４００　yWf and　the　CS　cell　was

cooled by　ice　at　Ｏ　°Ｃ（　Corresponding　vapor　pressure　is

　８）（１０’８　torr.　〉．　Ａslight increase　of　the　laser output　can　be

seen　when　the　diode　temperature　is　decreased。

　　　　　In　Fig.　:Ill-６，　ｓmall　absorption　signals　can be　seen beside

the　main absorption　signals, which　are considered　to be　due　to

the　spectral　characteristics　of　the　GaAlAs　laser.　similar

absorption　signal　could also be　observed when　the　laser　frequency

was　swept　by varying　the　injection　current.　In　this　case　the

laser　output was　increased　slightly with　the　increase　of　the

injection　current.
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C3 L3

L2

Fig.　Ｉ工Ｉ－７　　!rypical　absorption　signal　０ｆ　the　probe　beam

obtained when　the　laser　frequency ｖ　was　swept　through

the　absorption　line　from　the　hyperfine　level　with　Ｆ　＝　４

in　the　ground　state　of　Cs ，in　two　cases　that (A) the

pump beam was　not　applied and (B〉the　pump beam was

applied.　The　positions　of　the　Doppler-free　spectra

indicated are　estimated　from　the　theoretical　calculation

（　see　Fig.　Ｉ工エー２　）．
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工工エー4－3　Observed Doppler-Free　Spectra　of　the　CS-D2　Line

　　　　　TheDoppler-free　spectra of　the　Ｃｓ‾Ｄ２　linewere　observed.

Figure ’工工エー７　shows　ａ　typical　absorption　signal　０ｆ　the　probe　beam

which was　obtained when　the　laser　frequency ｖ　was　swept, by

varying　the　diode　temperature, through　the　absorption　line　from

the　hyperfine　level　with　Ｆ　＝　４　in　the　ground　state.　In　Fig.　Ill-

7, the　horizontal　axis　actually　shows　the　output　voltage　of　the

bridge　circuit, which　is　approximately proportional　to　the　change

of　the　diode　temperature.　The　change　of　the　diode　temperature

can be　regarded　to be proportional　to　that　of　the　laser　frequency

because　the　change was　slow and　small, less　than　０．１　°Ｃ。

　　　　　In　Fig.　工Ｉエー1,the　curve Ａ shows　the　absorption　signal　０ｆ

the　probe　beam　observed when　the　pump beam was　not　applied, the

curve　Ｂ　shows　the　signal　observed when　the　pump beam was

applied.　工ｎ　the　curve A, we　see　ａ　Doppler-broadened absorption

spectrum, which　is　asymmetrical　because　of　the　overlap of　three

hyperfine　components with different　intensities.　Small　but　sharp

Doppler-free　spectra　can be　seen　on　the　Doppler-broadened

background　in　the　curve　Ｂ．　工ｎ　Fig.　:rlｴｰIt five Doppler-free　dips

are　clearly　observed。　The　spectral widths　of　the　observed

Doppler-free　spectra　are　about　２０へ，３０　MHz (HWHM).　These　are

much　larger than　the　natural　linewidth　２．６　MHz (HWHM〉of　the D2

line, because　of　the　spectral　broadenings　due　to　the power

broadening, misalignment　of　laser　beams　and　spectral width　of　the

laser　light.　These　absorption　signals were　obtained by　recording

on　ａ　chart　the　amplified　and　inverted output　of　the　photodiode
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detecting　the　probe beam　after　transmitted　through　the　Cs　cell.

The Doppler-free　spectra with　very high　signal-to-noise　ratio

could be　obtained　in　only　one　scan.　without　any data processing・

The　spectra　indicated by　symbols　LI, L2　and　Ｌ３　are　Lamb　dips　due

to　the　transitions　to the　hyperfine　levels with Ｆ　= 5, 4　and　３　in

the　６２Ｐ３／２　staterand　those　indicated by　symbols　Cl, C2　and Ｃ３

are　the crossover　resonances between　these　Lamb dips.　which have

been　discussed　in details　in　Sec. I工エー２．　１ｎ　Fig.　１１ｴｰ7,the

frequency　scale was　determined　by　fitting　the　separation between

dips　of　Cl　and Ｌ３　to　the　theoretical　value {　275.8 MHz　）.　The

indicated positions　of　the　Doppler-free　spectra　LI, L2, C2　and C3

indie･ated　in　Pig.　工11-7　were　determined　by　the　theoretical　values

of　the　hyperfine　separations　i" 6%/2　state. One　can　see　in

Pig.　III-7, the　relative positions　of　the　Doppler-free　spectra

are　in ９００ｄ　agreement with　these　expected　theoretically。

　　　　　The　transitions　corresponding　to　each Doppler-free　spectrum

are　shown　in Fig.　１工工-8, in which　the　excitation by　the　pump beam

is　indicated by　ｚﾌﾟｊ］　ｆ　that　of　the　probe　beam　is　indicated by

　　／　ｆ　and　the　relaxation which causes　hyperfine　pumping　is

indicated by　‰　．　　As mentioned　in　Sec.工工エー2, the　hyperfine

pumping enhances　strongly　the　saturation　of　absorption.

Comparing　Figs.　III-7　and　工II-8, one may　see　that　the Doppler-

free　spectra　associated with　the　hyperfine　pumping　are　strong。

　　　　　In　this　experiment, the　powers　of　the　pump and probe　beams

were　９１０　uW and　２０　yW, and　the　beam diameters at　the　cell were

about　７　nun　and　ｌmm, respectively,　and hence　the　power　densities
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Table　III-6　　The　values　of　the　saturation parameter　ｌｓ

for　the　pump and probe beams, and　the width　and　relative

magnitude　of　each　saturated absorption　spectrum of　the

CS-D2　line　theoretically　calculated in　the　case　that　the

signal　shown　in　Fig.　１１エー７　was　obtained.
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of　both　beams　were　about　２ｍＷ／ｃｍ２．　　The misalignment　angle

between　the　pump and probe beams was　at　least ２×１０‘２　rad.　The　CS

cell　was　used at　room　temperature　１１　°C, at which　the　vapor

pressure　and density　of Cs　atom　are 3.0×１０’７　torr　and

１．０）（1010　cm", respectively.　　The Doppler-broadened width　of　the

Ｄ２absorption　line　is　about　１８５　MHz (HWHM) at　１１°Ｃ．　工ｎ

Pig.　工工Ｉ－1ｔ　ｗｅ　can　see　in　the　curve Ｂ　that　the　Doppler-broadened

background was　also　reduced by　the　pump beam.　This was　due　to

the　fact　that　the　fluorescence　induced by　the　pump beam was　also

detected by the　photodiode　to　detect　the　intensity of　the

transmitted probe beam。

　　　　　工ｎ　the　present　experiment, the most　probable velocity　of

atom　is　about　２００　m/s, and　the　transit　time　across　the　pump beam

is　roughly　estimated to be　about 4x10"^　ｓ， so　that　the　saturation

parameters　can be calculated　from Eq. (III.6) to be　ｌｓ’｀Ｊ５０　for

the　Ｆ °４　to ４　transition″and 〕:ｓ’｀ｊ４０　for　theＦ °４ to　３

transition, which　give　the　power-broadened　linewidths　about　２０

and　１５　MHz (HWHM) respectively.　　０ｎ　the　other　hand, the　transit

time　across　the　probe　beam is　about　５）（１０‾６　s,and　工ｓ｀７　for　the

Ｆ　＝　４　to　４　transition and″工ｓへｊ４ for the Ｆ = 4 to 3　transitionf

which　are　ｒ‘elatively　small　in　comparison with　ｌｓ　in　the　case　of

the　pump beam°　Using　these　values　of　工ｓ″ｏｎｅ　may　find　that　the

power-broadened　linewidths　of　the　Doppler-free　spectra L2, L3,

Cl,　C2,　and Ｃ３　are within　the　range　between　１０　and　３０　MHz

(HWHM〉．　These　values　are　larger　than　the　natural　linewidth

２．６　MHz (HWHH〉of　the D2　line　by ａ factor　about　１０ ．　The

１１９



Fig.　ＩＩエー９　　Typical　absorption　signal　０ｆ　the　probe beam

obtained　when the laser　frequ･encyり　was　swept　through

the　absorption　line　from the　hyperfine　level with　Ｆ　＝　３

in　the　ground　state　of　Cs ， in　two　cases　that (八〉the

pump beam was　not　applied　and (B) the　pump beam was

applied. The･ positions　of　the' Doppler-free　spectra

indicated ａｒ６‘estimated　from the　theoretical　calculation

〔　see　Fig.　工〕:Ｉ－２　）．
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normalized　depths　of　these　Doppler-free　signals　are　in　the　range

between　８０　and　９０　１．　We　have　assumed　in　above　calculations　that

the saturation broadening　due　to　the　probe　beam　is　negligibly

small.　　１ｎ　the　case　of　Llf no　hyperfine　pumping occurs　because

Ｆ　°５　to　３　relaxation branch　is　forbidden, and　the　saturation

parameter　工ｓ　is about　０．２　for　the pump beam, which　gives　the

linewidth　and depth　of　LI　about　８　MHz (HWHH) and　１０　１

respectively.　　These　results　of　the　theoretical　calculation　are

listed　in Table　工工Ｉ－６．　Additional　line　broadenings　to be

considered are　those　due　to　the misalignment between　the　pump and

probe beams ， which　give　ａ　line broadening with Gaussian　shapef

and　due　to　the　spectral width　of　the GaAlAs　laser:ｉ　which　are

estimated　to be　about　５　MHz　and　１０　MHz (HWHM) respectively・

Owing　to　these　line　broadenings, the　Doppler-free　spectra Ｌ２　and

C2, whose　frequency　separation　is　２１　MHz ， could not be well

resolved as　seen　in　Fig.　工工ｴｰ7。

　　　　　Similar　Doppler-free　spectra could　be　observed　for　the

absorption　line　from the　hyperfine　level　with　F　＝3　in　the　ground

state.　Ａ typical　absorption　signal　0f　the　probe　beam　is　shown　in

Fig.　工工1-9, in　the　case　that　the　power　of　the　pump beam was　about

220　uW.　In　Pig.　工11-9, LA, L5　and Ｌ６　represent　Lamb dips　due　to

the　transitions　to　the　hyperfine　levels with　Ｆ　＝　４，３　and　２　in

the　６２Ｐ３／２　state°The　spectra　indicated　by　symbols Ｃ４，Ｃ５　and　Ｃ６

are　the crossover　resonances. The　frequency　scale　shown　in

Fig.　工II-9　was　determined by　fitting　the　separation between　dips

of　Ｃ４　andＬ６　to　the　theoretical　value (　212.9　MHz　）．　The
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Table　工II-7　　The values　of　the　saturation parameter　ｌｓ

for　the　pump and probe　beams, and　the width　and　relative

magnitude　of　each　saturated absorption　spectrum of　the

Ｃｓ'Ｄ２　line　theoretically calculated in　the case　that　the

signal　shown　in　Fig.　工工エー９　was　obtained.
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Experimental　scheme　of　the　velocity-

selective hyperfine　pumping (A).　？ｈｅ　pumpand probe

frequencies　are　tuned　ｔｏω１　ａｎｄω２　respectively°The

pump beam burns　ａ　hole　and produces　ａ　swell　in　the

velocity　distribution　of　atoms　in　the　ground　state, and

the　probe　beam monitors　the　velocity distribution (B〉．

Combinations　of　the　pump　excitation　and　the　probe

detection (C).
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positions　of　the　Doppler-free　spectra　ｌ』4, L5, C5　and Ｃ６　indicated

in　Fig.工II-9 were　determined by the　theoretical　values　of　the

hyperfine　separations.　One　can　see　in　Fig.　工II-9, the　relative

positions　of　the　Doppler-free　spectra　are　in good agreement with

these　expected　theoretically.　　The　transitions　corresponding　to

the　Doppler-free　spectra　are　shown　in Fig.　工工エー１０．　The　estimated

values　of　the　saturation parameters　and　the　line　broadenings　are

listed　in　Table　工工ｴ-１.　Owing　to　the　line　broadenings mentioned

already.　the　Doppler-free　spectra　Ｌ５　and C5, whose　frequency

separation　is　２０ 。６　MHz, could not　be well　resolved.

工II-5　Experimental　Evidence　of　Hyperfine　Pumping

工工エー５－１　Experimental　Setupof Velocity-Selective

　　　　　　　　Hyperfine　Pumping

　　　　　An　experimental　test　hasbeen　performed　to　show the

velocity-selective hyperfine　pumping １ｎ　theground　state　of

Cs, in which we have monitored　the　velocity distribution　of　atoms

in both　of　the　hyperfine　levels　in　the　ground　state/ using　two

GaAlAs　lasers.　Ａ scheme　of　the　experiment　is　shown　in　Fig.　工工エー

11, where　ａ　relatively　intense　laser　beam　tuned　to　the　frequency

ω１　is　appliedinto　the　Cs　cell　as　a pump beam, and ａ weak　laser

beam　tuned　to　ω２　is　appliedas　ａprobe　beam　from opposite

direction　to　the　pump beam。

　　　　　For　ａ　simplediscussion, consider　ａ　three-level　system with
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an　excited　level　ｌａ〉and　two　ground　level　ｌｂ〉　and　ｌｃ〉/and

suppose　the　pump frequencyω１　is　tuned to　ｌｂ〉-+ I a〉　absorption

line.　The　pump beam　causes　the　velocity-selective　hyperfine

pumping　and burns　ａ　hole　in　the　velocity distribution　of　atoms　in

the　ground　level　ｉｂ〉　as　shown　in　Fig.　工エ：r-11.　when　the　vapor

pressure　of　atoms　is　１０Ｗenough.　the　velocity-changing　collision

of　atoms　is　negligible.　As　the　result, the　atoms　are　pumped

conserving　their　velocity,　so　that　ａ　narrow　swell　is　produced　in

the　velocity　distribution　of　atoms　in ground　level　１Ｃ〉．　When　the

probe　frequency　ω２　is　swept　through　the　ｌｂ〉　゛　ｌａ〉　absorption

line, a　narrow decrease　of　absorption　due　to　the　hole　burning

appears　on　the　Doppler-broadened　signal　０ｆ　the　probe beam.　０ｎ

the　other　hand, when　the　probe　frequency　is　swept　through　the

　ｌｃ〉　-yIa〉　absorption　liner where　the　swell　in　the　velocity

distribution　is produced, a narrow peak　appears　in　the　Doppler-

broadened　signal　０ｆ　the　probe　beam。

　　　　　Let　us　assume　thatno　population　difference　exists　between

ground　levels　ｌｂ〉　and　ｌｃ〉　in　the　thermal　equilibrium.　Let　us

write　the　transition frequencies　as　ωab　ａｎｄωａｃ゛　when　the　probe

frequency　is　swept　through　the　ｌｃ〉４　ｌａ〉　absorption　line,where

the　swell　is　produced　in　the　velocity　distribution/ the

absorption　signal　of　the　probe　beam　is　described　in　terms　of　the

absorption coefficient a　as
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ω１２　°ω１　‾　ω２３

ωbe　°ωab　‾　ωac
(工工工.16)

On　the　other　hand″when　the　probe　frequencyω２　１ｓ　swept　through

the　absorption　line where　the　hole burning　is producedf the

absorption coefficient "^hp　is presented as　ａ　similar　form　as

Eg. (工工1.15〉by　replacing　subscripts　ｃ with b, and by changing

the　sign　of　the　right-hand　side.　From above　analysis.　we　see

that　the　narrow dips　and peaks　can be　observed　in　the　absorption

signal　of　the　probe　beam　respectively when　one　of　the　following

conditions　is　satisfied.

ωab

ωｃ

Z

こ

ωｍ

ωｍ

●ｊ

●
１

ωab

ωab

‾ω１ ゜ω２‾ωab'

ω:Ｌ　°ω２　‾　ωbe

(工工工.17)

(工工工.18)

!rhese　show　that the　probe　and pump beams　simultaneously　interact

with　atoms　in　the　same velocity　group。

　　　　　工ｎ　thecase　of　ｔｈｅＣｓ’Ｄ２　line,three　transitions　are　allowed

from each　of　the　hyperfine　levels with Ｆ　＝３　and　４　in the　ground

state.　Two of　the　transitions　to Ｆ　＝３　and　４　levels　in　the

6%/2 state　cause　the　hyperfine　pumping.　　So, two　holes　are
■Ｉｌ

burned by　the　hyperfine　pumping　in　the　velocity　distribution　of

atoms　in　either　ground　level, from which　the　pump beam　excites

atoms.　The　atoms　are pumped　to　nonabsorbing　ground　level

conserving　their　velocity.　and　two　swells　are　produced　in　the

velocity distribution　of　atoms　in　the　nonabsorbing　level.　The
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pump beam detects　one　of　the holes　and swells by three

transitions.　When　the probe　frequencyω２　is　swept　through　either

absorption　line　from Ｆ　＝３　or　４　level　in　the　ground　state, two

holes　or　swells manifest　themselves　as　six narrow dips　or　peaks

of　absorption　in　the　signal　of　the　probe beam.　Two　of　dips　or

peaks　overlap to　each　other 。

　　　　¶ｒｏ　show　the　resonance　conditions, let　us　indicate　the　signal

of　the　hyperfine　pumping　as (FgFgPgFg), which　represents　the

signal　appeared when　the　pump beam burns　ａ hole by F°Ｆ９゛Ｆｅ

transition, and　the　probe　beam detects　the　hole　or　swel］L by

Ｆ　゛Ｆ４４　Ｆ;　transition.　Ａ narrow dip or　peak　of　absorption　in

the　signal　of　the　probe beam appears　respectively when　Ｆｇ　°Ｆ;　ｏ「

Ｆ９≒Ｆ４‘　when the pump frequencyω１　is tuned　to　the absorption

line　from Ｆ　＝　４　level　in　theground　state, a narrow dips　are

observed at

　　０
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- （ω2’ω34）　　　（工工工.20）

+9192.6

　　　in MHz ・

when　the　pump frequency　ω１　is　tuned　to　theabsorption　line　from

Ｆ　°３　level　in　the　ground　state, narrow dips　are　observed at
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Fig.　III-12　　Typical　absorption　signal　０ｆ　the　probe

beam　obtained when　the　pump　frequency was　tuned　to　three

typical　frequencies　within　the　absorption　line　from　the

hyperfine　level　with　Ｆ　＝　４　in　the　ground　state, and　the

probe　frequency was　swept　through　both　absorption　lines

from　the　ground　state, in　two　cases　that Ａ the pump beam

was　not　applied and　Ｂ　the　pump beam was　applied.
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These　conditions　are　also　satisfied when　the pump　frequencyω1　1ｓ

swept　and　the　probe　frequency　ω2　is fixed.　These　narrow peaks

and dips　in　the　probe　absorption　are　free　from Doppler-

broadening・

工工エー５－２　Experiment　ofVelocity-Selective　Hyperfine　Pumping

　　　　　Wehave　observed　absorption　signals　of　the　probe　beam

showing　the　velocity-selective　hyperfine　pumping.　Three　typical

absorption　signals　of　the　probe beam　are　shown　in Pig.　III-12,

which were　obtained when　the　pump frequency was　fixed　by using

the　temperature　control　at　three　typical　frequencies within　the

absorption　line　from　the　hyperfine　level　with　Ｆ　＝　４　in　the　ground

state, and　the　probe　frequency was　swept, by varying　the

injection　current, through both　absorption　lines　from Ｆ　＝’３　and　４

in　the　ground　state.　The　curve Ａ shows　the　signal　０ｆ　the　probe

beam　obtained when　the　pump beam was　not　applied, in which we　see
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Fig.　III-13　　Typical　absorption　signal　of　the　probe

beam obtained when　the　pump　frequency was　swept　through

the　absorption　line　from the　hyperfine　level　with　Ｆ　＝　４

in　the　ground　state, and　the　probe　frequency was　tuned

to　typical　frequencies within both　absorption　lines　from

the　ground　state.
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Doppler-broadened absorption　spectrum, and　the　curve　Ｂ　shows　the

signal　obtained when　the　pump beam was　applieぐ１．　We can　seer in

the　curve　B, some narrow dips　and peaks　on　the　Doppler-broadened

absorption　signals　from Ｐ　＝　４　and　Ｆ　＝３　levels　in　the　ground

state　respectively.　　These　results　show　the　evidence　that　the

pump beam burns　holes　in　the　velocity distribution　of　Ｆ　＝　４

hyperfine　level　in　the　ground　state/ and produces　swells　in　the

velocity distribution　of　the　Ｆ　＝３　levelf conserving　the　total

population.

　　　　　工ｎ　this　experiment, the powers　and　the　diameters　of　the　pump

and probe　beams　were　about　４００　μＷ and　１０　mm and　２０　μＷand　ｌ　mm

respectively.　　The　Cs　cell　was　cooled down　ｔ０　０　°C,at which　the

Cs　vapor pressure　is　'＼.8×１０‾８　torr.　　The　saturation parameters　in

this　case are 工　へｊ２０ and １０ for　the Ｆ = 4 to　4 and 4 to 3
　　　　　　　　　　　　　　Ｓ　　　　　　　　　　　　　●

transitions　respectively.　　Because　the misalignment　angle　of　the

pump　and probe　beams was　relatively　large ， the　observed　spectra

were　broadened and not　resolved well.

工工1-5-3　Doppler-Free　Spectra　on　the　Flat　Background

　　　　　In　contrastwith　the　previous　experiment, it　is　very

interesting　to　observe　the　absorption　signal　of　the　probe　beam

when　the　probe　frequency　is　fixed and　the　pump　frquency　is

swept.　工ｎ　this　case, narrow Doppler-free　spectra　due　to　the

velocity-selective　optical　pumping　can　be　observed with　no

Doppler-broadened background.
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　　　　　Figure　工11-13　shows　the　observedabsorption　signal　０ｆ　the

probe　beam versus　the　frequency of　the　pump beam, which was　swept

through　the　absorption　line　from Ｆ　＝　４　in　the　ground　stateby

varying　the　injection　current.　The　probe　frequency/　which was

stabilizedりｙ　the　temperature　control, was　changed　discretely

through　both　absorption　lines　from　Ｆ　＝３　and　４　levels　in　the

ground　state.　In　this　experiment, the　absorption　signal　０ｆ　the

pump beam was　simultaneously　observed, by which　the　positions　of

the　probe　signals were　determined.　工ｎ　Fig.　III-13, some　narrow

dips　and peaks　can be　seen　on　the　flat background　in　the　signal

０ｆ　the　probe　beam.　These　dips　are　due　to　the　hole　burning　of　the

pump beam, each　of　which　the　probe　beam　detects　by　ｔｈｘ：ee

transitions.　The　peaks　are　due　to　the　swells produced by　the

hyperfine　pumping　in　the　velocity distribution of　atoms　in Ｆ　＝３

level　in　the　ground　state.　Because　these　peaks　are　as　sharp as

the　dips.　we　can say with　no　doubt　that　the　atoms　are　pumped　from

Ｆ　＝　４　to　Ｆ　＝　３　levels　in　theground　state, conserving　their

velocity.　　These　peaks　and　dips　shift　toward　the　lower　frequency

side when　the　probe　frequency　is　increased.　This　agrees　with　the

resonance　conditions　for ω１ａｎｄω ２ in　Egs. (工Ｉ工．１９〉and

(III.20).　The　conditions of　the　Cs　cell　and　laser　beams were　the

same　as　those　in　Sec.工工エー５－２。

　　　　　It　shouldbe　noted　that we　could　obtain　completely Doppler-

free　resonances　in　this　experiment, although　these　signals were

broadened　due　to power　broadening　and ａ　relatively　large

misalignment between pump and probe　beams.　Ａ more　careful
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experiment　may　show more　clear　spectra　of　the　velocity-selective

hyperfine　pumping, which　can be　applied, for　instance, to

determine　the　hyperfine　separation.　By other　method, it　is　not

easy　to　reduce　the　Doppler-broadened background　of　the　CS-D2　line

completely.　because　the　Doppler　width　is　not much　larger　than　the

homogeneous width　owing　to　relatively heavy mass　of　Cs.　Such

completely Doppler-free　signals can be　obtained　by　using　two

single-mode　and　frequency-tunable　lasersf however, an　experiment

becomes　rather　complicated　if　two　dye　lasers　or　other　tunable

lasers　are　used.　　This　experiment　shows　ａ　high potentiality　of

the　semiconductor　lasers　in　the　applications　to　the　laser

spectroscopy.　　These　narrow　signals　of　the　velocity-selective

hyperfine　pumping　can　also be　used as　ａ　frequency　reference　in ａ

frequency-offset　locking　０ｆ　ａ　GaAlAs　laser　to　another　stabilized

GaAlAs　laser.

工工I－６　Conclusion　and Discussions

　　　　　Wecould observe narrow Doppler-free　spectra　of　the　CS-D2

line　by means　of　the　saturated　absorption　spectroscopy.　　For　each

absorption　line　from one　of　the　hyperfine　levels with　Ｆ　＝３　and　４

in　the　ground　state, two　Lamb　dips　and　two crossover　resonances

were　observed　clearly　separated and　the　other　Lamb　dip and

crossover　resonance　overlap　to　above　signals.「rhe　spectral

widths　of　the　observed Doppler-free　spectra were　about

２０　り・３０　MHz(HWHM) which were　much　broader　than　the　natural

135



linewidth　２ 。６　MHz (HWHM) of　the D,　line.　!rhis was　due　to　the

power　broadening.　misalignment　of　laser　beams　and　the　spectral

width　of　the　laser.　The　power　of　the　pump beam was　９１０　yW.　Even

for　such　relatively　weak　laser　power.　strong　saturation　of

absorption was　observed because　of　the　presence　of　the　hyperfine

pumping。

　　　　　We　have　constructed　the　system　of　the　temperature

stabilization　of　the　laser　diode, and　shown　that　the　laser

frequency　is precisely　tunable　to　one　of　the　narrow Doppler-free

spectra　by varying　the　injection　current　or　the　diode

temperature.　We　could　observe　the　saturated absorption　spectra

of　the　CS-D2　line　by　sweeping　the　diode　temperature°「rhe　output

valtage　of　the　temperature-measurement　circuit　could be　used as

the　frequency　scale.　The　relative　positions　of　the　observed

Doppler-free　spectra were　in ９００ｄ　agreementwith　the　theoretical

spacing　between　Doppler-free　spectra.　This may　indicate　that　the

temperature-st'abilized　semiconductor　laser　can be　ａ　powerful　tool

for　the　high　resolution　laser　spectroscopy,　because　the　diode

temperature　can be　locked　to　desired valuer and　the　temperature

stabilization never　sacrifice　the　high　frequency-tunability　of

the　semiconductor　laser 。

　　　　　We　have　also　shown　an　experimental　evidence　of　the　velocity-

selective　hyperfine　pumping　in　the　ground　state　of　Cs, in which

we　have　monitored　the　velocity　distribution　of　atoms　in both

hyperfine　levels　in　the　ground　state, by　using　two　GaAlAs

lasers.　In　this　experiment, we could　observe　the　Doppler-free
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spectra　completely　free　from Doppler-broadened background.　For

its　ｅａｓｖ　operation　on　ａ　single-mode　andhigh　frequency-

tunability,　new types　of　the　high-resolution　laser　spectroscopy

may be possible　if　one　use　ａ　combination　of　twoor　more

semiconductor　lasers.
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CHAPTER　IV

FREQUENCY　STABILIZAT工ON　OF　GaAlAs　LASER

工Ｖ-１　Introduction

　　　　　!rhe　Doppler-free　atomic　or　molecular　absorption　spectrum　is

the　most　convenient　frequency　reference　in　the　frequency

stabilization　of　lasers.　In Chapter　〕:ｴｴ, we　have　obtained　the

Doppler-free　saturated absorption　spectra　of　the　CS-D2　line　by

using　the　GaAlAs　laser.　The　observed　spectral　width　of　the

Doppler-free　spectra was　about　２０　へ･　３０　MHz.　Ｔ０　lock　the　laser

frequency　to　such　ａ　narrow　spectrum, the　temperature　of　the

GaAlAs　laser　was　stabilized　beforehand by using　the　temperature

control　system　studied　in　Sec.工II-2.　By the　temperature

stabilization, the　frequency　fluctuation　of　the　GaAlAs　laser was

suppressed to be　less　than　５　MHz.　After　the　diode　temperature

was　stabilized, the　laser　frequency was　］Locked　to　one　of　the

Doppler-free　spectra, and　the　short-term　frequency-stability was

improved　to be　about　１０　kHz.　In　this　chapter, we　report　on　the

details　of　the　system of　the　frequency　stabilization　and　the

experimental　results。

　　　　　The　frequency　stability　of　laser　is　usually　estimated　in

terms　of　the Allan　variance.　We　present　ａ　short　review　on　the
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theory of　the　frequency-stability　analysis, and we　discuss　on　the

limitation　of　the　frequency stability of　the GaAlAs　laser　locked

to　the　Ｃｓ‾Ｄ２　line.　The　experimental　results　show　that　the

frequency stability　of　the GaAlAs　laser was　better　ｔｈａｎ１０｀１１，

which　is　comparable　to　that　of　ordinary　iodine-locked　He-Ne

laser。

　　　　　Byusing　the　present method, it　is　possible　to make

frequency-stabilized　laser　system which　is　compact　and portable.

１：ｎ　this　chapterfwe　study also　on　the　improved　and compact　system

of　the　stabilized GaAlAs　laser, suitable　for　its　practical　use.

Such　compact　system can be　used　such　as　ａ　convenient　standard　of

wavelength　or　optical　frequency.　and might be　applicated　to　the

optical　telecommunications　and　the　precision measurements　of

position　and　velocity・

工Ｖ-２　Frequency　stabilization of　GaAlAs　Laser

】：V-2-1　Experimental　System of　Frequency Locking

　　　　　The　oscillationfrequency of　the　GaAlAs　laser　is　locked　to

one　of　the　Doppler-free　spectra　of　the　CS-D2　line°　Ａ system used

for　the　frequency　locking　is　shown　in Fig.　工V-1, in which　the

diode　temperature　is　stabilized　in　the way described　in

chap.　ＩＩ工．　In　Pig.　IV-1,the　dotted area　shows　the　same　optical

system　as　that　used　in the　saturated absorption　spectroscopy.

which　is　shown　in Fig.　工工1-5.　The　photodiodes　detecting　the
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Fig.　IV-1　　Block　diagram　of　the　experimental　setup　for

the　frequency　stabilization　of　the　GaAlAs　laser.　Dotted

area　shows　the　same　optical　system of　the　saturated

absorption　spectroscopy　of　Cs　as　shown　in　Fig.　１１エー５．

The　first　derivative　of　Doppler-free　spectrum　is　used　as

an　error　signal　ｔ０　lock　the　laser　frequency･
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probe　beam　and　the　pump beam are　indicated as　PDl　and　PD2,

respectively.　　In　order　to　reduce　the Doppler-broadened

background　appearing　in　the　absorption　signal　０ｆ　the　probe　beam.

the　output　of　PDl　is　divided by　that　of　PD2.　The　output　of　PD2

shows　only Doppler-broadened　background　because　the　pump beam　is

much　stronger　than　the　probe　beam.　　Ａ　flat　background　in　the

output　of　the　photodiodes　are　reduced, and　the　output　of　PDl　and

PD2　are　applied　to　the　divider　circuit.

　　　　　In　this　experiment, the　first　derivative　of　the　signal　０ｆ

the　Doppler-free　spectrum　is　used　as　an　error　signal　ｔ０　lock　the

laser　frequency.　　The　center　frequency of　the　Doppler-free

spectrum　is　just　the　zero-crossing　frequency of　the　first

derivative.　In　the　central　region　of　the　Doppler-free　spectrum.

the　frequency deviation　from　the　resonance　is　approximately

proportional　to　the　first　derivative.　The　difference　of

frequencies　giving　two　extrema　of　the　first　derivative　is　smaller

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－than　FWHM of　the Doppler-free　spectrum by　ａ　factor　1//3 ．

　　　　　To　get　the　first　derivative　of　Doppler-free　spectra　the

laser　frequency　is modulated　by adding　ａ　small　alternative

current　to　the　injection　current.　The　output　of　the　divider

circuit　is　applied　to　ａ　lock-in　amplifier　tuned　at　the　modulation

frequency of　the　injection　current.　Let　us　write　ｆ（ω）ａＳ　the

output　of　the　divider　circuit, and　suppose　that　the　laser

frequencyω　is modulated　at　the frequencyωｍ with　frequency

deviationω１　as
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ω゜ω０ 十ω１　COS　ωｍｔ゛ (工V.I)

whereωＯ　is　the　center　frequency°　Sinceω１　is　small　in

comparison with　the width　of　the　Doppler-free　spectrum, f(ω〉　can

be　expanded　as

ｆ(“')゜ｆ叫O)十ﾍﾞﾐ?吐に
｀'O町.ｃｏｓ゛“lt十〇((ｊl

(工Ｖ.2)

Thus, one　can　obtain　the　first　derivative　of　ｆ（ω）ｂｙ　taking　out

the　component　synchronizing with　ｃｏｓωｍｔ″bymeans　of　the　lock-in

detection.　when　the　Doppler-free　signal　is written　as　Ｓ（ω) , and

the Doppler"broadened　background　as　Ｄ１（ω〉for　PDl　and Ｄ２（“j)for

PD2, f(ω〉can be written　as

ｆ（ω）＝

D (to)-S(a))

　　　D2(“j)

and　its　first　derivative　is

ｆ‘″(ω)ｓ　ミ

Ｓ‘'(ω)

S(ω)

(工Ｖ.3)

D’（ω）

¬ｊ (工Ｖ.4)

Dp(a))

where　the　prime　indicates　the　derivative with　respect　to　ω．

since　Ｓ（ω）＜＜　Ｄ２（ω)and　the Doppler-broadened background　is

slowly varying with　respect　to ωｆ　the　secondterm　in Eq. (工V.4)

can be　negligible, so　that　the　frequency　at　zero-crossing　of　the

first　derivative　of　the　divided　signal　gives　approximately　the
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center　frequency of　the Doppler-free　spectrum。

　　　　　Themodulation of　the　injection　current　causes　also　an

intensity modulation of　the　laser　output, which　results　in　ａ

small　offset　of　the　first　derivative.　The　laser　frequency can be

locked to　one　of　the Doppler-free　spectra　of　the　ＣＳ‾Ｄ２　line　by

feeding　back　the　output　of　the　lock-in　amplifier　as　an　error

signal　to　the　current-driver　of　the　GaAlAs　laser.　In　this

experiment, only　the proportional　servocontrol　is　employed　in　the

feedback　loop of　the　injection　current。

　　　　　In　order　to　avoid an　influence　of　external mechanical

vibration　and acoustic noise ，ａ１１　optical　components　are　fastened

by using magnetic　basements　on　an　iron　surface plate with　size　of

３０　×　４０　ｃｍ２ｗｈｉｃｈ　is　isolated　from　thelaboratory　floor　by　using

air　cushions.

IV-2-2　Experiment　of　Frequency　stabilization

　　　　　Figure　IV-2　shows　the　first　derivative　of　theDoppler-free

spectra　of　the　CS-D2　line″which was　obtained when　the　laser

frequencyり　was　swept　through　the　absorption　line　from the

hyperfine　level with　Ｆ　＝　４　in　the　ground　state.　The　laser

frequency was　swept　by varying　the　diode　temperatur：ｅ．　whose

change　is　approximately proportional　to　that　of　the　laser

frequency.　　The　injection　current　was modulated　at　ｌ　kHz　with　the

amplitude　about　ｌ　yA, and　corresponding　frequencｖ-ｄｅviation of

laser　was　about　８　MHz.　　Throughout　the　present　experiment, the
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　84-7 (MHz)

C3 L3

C2L2

Fig.　IV-2　　First　derivative　of　the　Doppler-free　spectra

and　their　positions　expected　from　the　theoretical

calculation.　The　laser　frequency v　was　swept　through

the　absorption　line　from　the　hyperfine　levl　with　Ｆ　＝　４

in　the　ground　state　of　Cs.
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time　constant　of　the　lock-in　detection was　fixed　at　１００　ms.　The

signal-to-noise　ratio　of　the　first　derivative　became worse　for

smaller　frequency deviation, because　the　spectral　width　of　the

GaAlAs　laser　was　about　１０　MHz (HWHM), and　the　residual　noise　of

the　current　source was　of　the　order　of　０．１　ｐＡ。

　　　　　工ｎ　Fig.　IV-2,we　show　also　the　positions　of　the　Doppler-

free　spectra　expected　from　the　theoretical　calculation　of　the

hyperfine　separation.　The　frequency　scale　of　the　horizontal　axis

was　estimated by　fitting　the　separation between　the Doppler-free

spectra　Cl　and　Ｌ３　to　the　theoretical　value (　275.8　MHz　）．　The

positions　of　the　other　Doppler-free　spectra were　determined　by

the　theoretical　values　of　the　hyperfine　separations　in ６２Ｐ３／２

state.　The　symbols　Ｌ１ ， L2, L3　and　Cl, C2, C3　are　the　same　as

those　in　Fig.　III-7.　工ｎ　this　experiment, the　powers　of　the　pump

and　probe　beams　v/ere　９１０　μＷand　２０　yWf and　the　beam diameters　in

the　cell　were　about　７　mm and　ｌ　mm, respectively.　　The　Cs　cell

temperature was　１１　°C,at which　the　vapor　pressure　of　Cs　atom　is

３×１０｀７　torr,i. e. the　Cs　density　is １．０×1010　cm" . These

conditions　are　the　same　as　those　in　the　experiment　to　observe　the

Doppler-free　spectra　shown　in　Fig.　工工I－7。

　　　　　工ｎ　Fig.　工V-2,the　differences　of　frequencies　at　extrema　of

the　first　derivative were　about　２５　MHz　for　LI, 43　MHz　for　Ｃ１，

４９　MHz　for　the　overlapped　signal　０ｆ　Ｌ２　and　C2, 36　MHz　for　C3, and

３９　MHz　for　Ｌ３．　The　output　voltage　of　the　lock-in　amplifier　is

approximately proportional　to　the　deviation　of　the　laser

frequency　from　the　resonance　in　the　central　region　of　the
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Fｓ 4●5　4●4 4●3

Fig.　IV-3　　The　normalized Doppler-broadened absorption

line　from the　hyperfine　level with　Ｆ　＝　４　in　the　ground

state　of　Cs, observed by　the　pump beam (A) and the　probe

beam (B)
/
and　theoretically　caluculated (C) .

ABSORPTION

DIVIDER

OUTPUT

嘸V LASER FREQUENCY

Fig.　IV-4　　Typical　absorption　signal　０ｆ　the　probe　beam

and　the　output　of　the　divider　circuit　obtained when　the

laser　frequencyり　was　swept　through　the　absorption　line

from the　hyperfine　level　with　Ｆ　＝　４　in　the　ground　state

of　Cs.
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Doppler-free　spectrum.　The　voltage-frequency　ratios were

estimated　to　be　２７　yV/kHz　at　LI, 71　yV/kHz　at　Ｃ１，２４　yV/kHz　at

the　overlapped　slope　of　Ｌ２　and Ｃ２，１２　yV/kHz　at　Ｃ３， and　６　yV/kHz

at　Ｌ３．　The crossover　resonance Cl　is　the　strongest　and　sharpest

one.　〕：ｆ　we　use　the　values　of　the　hyperfine　separation measured

by Violino　Instead　of　the　theoretical　ones, the　frequency

separations　between Doppler-free　spectra　are　estimated　to be

１．２　times　larger　than　the　present values.　Then　the　slopes　of　the

first　derivative　in　uV/kHz　become　less　than　these　estimated　above

by ａ　factor　of　Ｏ。８３．　The　ratios between　the　hyperfine　separation

are　exactly　the　same　for　both　cases, so　that　the　relative

positions　of　the　Doppler-free　spectra　shown　in　Fig.　工Ｖ-２　should

not　be　changed。

　　　　　工ｎ　Fig.　:［V-2,there　still　exists　ａ broad component ， which

comes　from　the　incomplete　elimination　of　Doppler-broadened

background.　This　is mainly　due　to　the　difference　of　the

magnitudes　of　saturation　for　the　pump and probe　beams, which

results　in　ａ　small　difference　of　shapes　of　Doppler-broadened

background　for　these　beams.　工ｎ　Fig. IV-3, we　show　the　normalized

Doppler-broadened　absorption　signals　from　Ｆ　＝　４　level　in　the

ground　state, observed by　the　pump beam (　curve Ａ ) and　the　probe

beam (　curve　Ｂ　）．　As　seen　in　Fig.　IV-3 ， the　absorption　of　the

pump　beam was　strongly　saturated at　about　the　frequencies　of

transitions　from　the　Ｆ　＝　４　level　in　the　ground　state　to　the

hyperfine　levels with　Ｆ　＝３　and 4　in the　６２Ｐ３／２　state　owing　to

the　hyperfine　pumping　and beam propagation　in　the　optically　thin
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Fig.　IV-5　　Recorder　traces　showing　the　error　signal

from　the　lock-in amplifier　in　the　two　cases　that (A)

only　the　diode　temperature was　stabilized and (B) both

of　the　diode　temperature　and　the　injection　current were

stabilized.　The　laser　frequency was　initially　tuned at

･the　crossover　resonance　Cl　shown　in　Fig.　工Ｖ-２．　The

frequency　scale　is　estimated　from　the　slope　of　the　first

derivative　of the　crossover　resonance　Ｃ１．　In　the　case

　（Ａ〉,the　feedback　loop of　the　injection　current　was

　turned　on　at　the　timeTq°
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medium.　In　Pig.　IV-3 ， the　curve　Ｃ　shows　the　theoretical･1ｙ

calculated　shape　of　the Doppler-broadened absorption　line in　the

case　that　the　cell　is　optically　thin.　Comparing　the　curves　Ｂ

with　Cf we　see　that　the　absorption　spectrum of　the　probe beam　is

also　deformed because　of　the　saturation　and beam propagation.　We

show　in　Pig.　IV-4, a　typical　output　signal　0f　the　divider

circuit, where　ａ　frequency-dependent　offset　appears。

　　　　　Before　locking　the　laser　frequency　to　one　of　the　Doppler-

free　spectra, the　diode　temperature was　stabilized by using　the

temperature-control　system described　in　Sec.工工エー３．　In　this

experiment, the　output　of　the　bridge　circuit　integrated　over　the

time　interval　of　１２　ｓ was　fed　back　to　the　driver　of　the

thermoelectric　cooler, together　with　the　proportional　output/

through　ａ　lowpass　filter　with　'＼.8　Hz　cutoff.　Figure　IV-5 A shows

the　recorder　trace　showing　the　error　signal　from　the　lock-in

amplifier　in　the　case　that　only　the　laser　temperature was

stabilized.　工ｎ　this　case, the　laser　frequency was　initially

tuned at　about　the　center　of　the　crossover　resonance　Ｃ１． （　The

crossover　resonance　Cl　is　due　to　the　simultaneous　transitions　of

atoms with　the　same　axial　velocity　from　the　hyperfine　level　with

Ｆ　＝　４　in　the　ground　state　to　the　hyperfine　levels with　Ｆ　＝　５　and

４　in　the ６２Ｐ３／２　state°〉The　fluctuation　of　the　error　signal　can

be　regarded　as　that　of　the　laser　frequency.　　The　frequency-scale

shown　in　Fig.　IV-5　was　estimated　from　the　slope　of　the　first

derivative　of　the crossover　resonance Cl, i. e. about　７１　yv/kHz.

We　found　that　the　fluctuation　of　the　laser　frequency was
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suppressed　to　be　less　than　５　MHz　only by　the　temperature

stabilization, which was　kept　so　long　as　the　fluctuation of　the

room　temperature was within　few degrees.　　The　frequency

fluctuation　５　MHz　corresponds　to　the　fluctuation　of　the　diode

temperature　ｏｆ３×１０’４　°Ｃ。

　　　　　Under　the　control　０ｆ　the　diode　temperature. the　laser

frequency was　locked to　the crossover　resonance Cl by　feeding

back　the　error　signal　to　the　current driver　of　the　GaAlAs　laser.

In　Fig.工V-5A″ＴＯ shows　the　time when　the　feedback loop of　the

injection　current was　turned　on.　Figure　工V-5B shows　ａ　part　of

the　recorder　trace　showing　the　fluctuation of　the　error　signal

after　the　time　ＴＯ° These　traces were　taken by the　recorder　with

freuency　response　slower　than　１　Hz.　As　seen　in Fig.　工V-5B, the

short-term　fluctuation　of　the　laser　frequency　is　less　than

１０　kHz, which　corresponds　ｔ０ 5x10"'* parts of　the width (FWHM) of

the crossover　resonance Cl.　The　long-term　fluctuation　observed

was　less　than　３７　kHz　for　the　time　interval　0f　3000　ｓ．　The　short-

term　frequency-stability　１０　kHz　is　the　best　value　reported　so　far

on　the　frequency-stabilization　of　the　semiconductor　lasers.　We

will　discuss　on　the　limitation　of　the　frequency　stability　in　the

following　sections.
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IV-3　Frequency　stability　of　GaAlAs　Laser　】:jocked at　the　Cs-D　Line
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　２

IV-3-1 Analysis　of　Frequency stability

　　　　　工ｎ　this　section^ we present　ａ brief　review on　the

theoretical　analysis　of　frequency　stability of　the

ｌａｓｅｒ，１０５）″１１４〉-118)　which　is　used　to　estimate　the　limitation　of

the　frequency　stability of the　GaAlAs　laser　locked at　the Cs-D,

line。

　　　　　Suppose　that　the　electromagnetic　field u(t) of　ａ　stabilized

laser　oscillating　at　center　frequency　ωＯ　with　fluctuating phase

φ（ｔ）　as

u(t)゜％ sin {2Trv O七十φ(t)}.゜

The　instantaneous　frequency　り(t) is　defined as

り(七)゜｀'０
十
ﾕ_亜（t）

27T　dt　　゛

and　the　normalized　frequency爽fluctuation y(t)　as

where

y（七）＝大旦を乎!　＝旦を汗七
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x（t）＝㈹ (工Ｖ.8)

We　can　analyze　the　stability　or　instability　of　the　laser

frequency　in　two ways.　　One　is　the　analysis based　on　the

frequency　domain　and　the　other　is　that　based　on　the　time　domain.

In　the frequency-domain analysis, the　spectral　density S (f) is

generally　used, which　is　defined　usually　as　ａ　Fourier　transform

of　the　autocovariance　function R (て）ｏｆ　y(t)by using wiener-

Khintchine　tｈｅｏｒem119） as

り出゛ﾎ公十/J y(t+T) y(t) dも’

Sｙば）゛４パ町出　cos(2tば1･）ｄ･r ・

(工V.9)

(:[V.IO]

　　　　　In　the　time　domain.　the　frequency　fluctuation　is　analyzed

statistically　in　terms　of　the　probability density.　　since　the

frequency　cannot　be measured　instantaneously,　ａ possible

measurement　is　done　by　averaging　the　instantaneous　frequency y(t)

over　finite　time-durationて　as

y(t,T) =÷fドフy(t) dt. (工V.ll)

This　is　equal　to　time variation　of　x(t) averaged　over　duration

て．
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y（七，1:）＝
１
-
て
{ｘ(七十T) - X(t)} (:[V.12]

The　statistical　behavior　of y{t) can be　analyzed　in　terms　of　the

variance, i.　e. the　second moment calculated　as

(く(７)＝〈ｙ２(ｔ，Ｔ)＞－〈y(t,T)>2

where　the　broken bracket　represents　the　time　average:

<g(t)> = 11m十八S(t) dt
　　　Ｔ４･0

(工V.13)

(工Ｖ.14)

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－without　any　loss　of　generality.　we can　assume　that　〈y(t.て〉〉　＝　0.

with　the　relations　in　Eqs. (IV.12〉and (工V.14) , the　variance　of

Eq. (IV.13〉is　calculated as

ご

一
一

ヱ

て2
{〈ｘ2(七+t)>-2〈ｘ(七＋1‘)ｘ(七)＞十〈ｘ２(ｔ)＞}　　(工V.15)

言｛ＲＸ（O）‾ＲＸ（７）｝ (工V.16)

The　second　term of　Eq. (工V.15) corresponds　to　the　autocovariance

function　ＲＸ（て）″which　is　related to　the spectral　density　of　ｘ（ｔ〉

with　the　inverse　Fourier　transform of　Eq. (IV.10)　as

ＲＸ（１ｒ）゛∫0S^(f) cos(27rfT) df.

Because　ＳＸ（ｆ）　is　related　to Sy(f〉as
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Sy（f）゜Sdｘ（ｆ）　゜（2�）2　SX（f）’

　　　　　　　　　‾Ｅ‾

(工Ｖ.18)

RＸ（て）　canbe written　in ･ terms　of　the spectral　density　S (f) as

R (t)゜∫;⊇２ COs(2TTfT) df (工V.19)

Substituting　Eq. (IV.19) into　Eq. (工V.16〉, we　can　obtain　the

relation　between　the　variance　and　the　spectral　density　as

･坦）＝害鳥Sｙ（絹子ｄ・， (工Ｖ.20)

where　the　frequency　ｆ　has　been　replaced by　ｕ　as７ｒｆて＝　ｕ．

　　　In　the　practical　measurements, it　is　impossib:Le　to　obtain

　　　　－sample y(t) over infinite time-duration of observation as in

above　calculations.　More　realistic　case　is　that Ｎ　samples　of

－y{t) are measured with sampling durationて, sampling interval Ｔ

and　dead　time　Ｔ－てｓ

y

ｋ（ｋＴ’1:）゜

１

-
て

　　　　　　　　　　－An average　of　ｙｋ　is written　as

　－＜ｙｋ　＞Ｎ　°

１

-Ｎ

∫ﾛヴy(t) dt

　Ｎ

　ｘ ｙｋ・

Ｋ＝１

and　the　variance　is　calculated　as

１５４

（工V.21)

（工V.22)



く（Ｎ,Ｔ,Ｔ）＝占

Ｎ
一
ｙ’
ｔ

！

ｋ＝１
ｋ
痍こＮ}２． (工V.23)

This　is not　convenient because a (N″Ｔ″て）　depends　onall　of　the

variables　N, T, and　て．　工twas　proposed bｙA11an114）tｏ　analyze

the　frequency　fluctuation ｙ（t〉by　using　an　expectation value　of

the　variance　given　as

く (工Ｖ.24)

The　expectation value　of　Eq. (IV.24) is　usually called　as　”Allan

variance", and　often　its　square　root　is　called　in　the　same　term.

Similarly　to　Eq. （工V.20), the Allan variance　is　related　to　the

spectral　density　ａｓｆ０１１０ｗｓ．１１７）

,Ｔ,て）＞　＝占ぺ;Sy（゛）㈲゛）12（lら

where　H(f) is　defined as

ＩＨ（ｆ）|＝匹こりぞ乎｛１一匹ど血竺趾｝

　　　　(TTfx)　　　　　　N2ｓin2（7TfT）

(工Ｖ.25)

(工V.26)

Especially　in　the　case　of Ｎ＝　２　andＴ ＝　て,the Allan variance　is

given by ａ very　simple formula as

〈く(2,t,t)> =
士べyｋ＋1“yｋ）2）.

１５５
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when we　can measure ａ set of　finite but large　number　of　data　ｙｋ″

the　Allan　variance　can be　calculated approximately by

((づ(2,t,t)>゜(J2(2･７)゛�才
2と士(y

ｋ＋1-yｋ)2°

An　investigationwas made by Tausworthe

(工Ｖ.28)

on　the　convergence　of

a(2.て〉to　the　Allan variance　for　infinite　value　of　the　sample

number　Ｍ．　The　formula　of　Allan variance　given by Eq. (工V.28) is

very　convenient　for　practical　use.　　Ｎａｍｅｌｙｌ（Ｊ２（２ｆて)can　be

calculated　easily　and　directly　from　ａ　set　of　data, i. e. from ａ

trace　of　error　signal　０ｆ　the　laser　frequency　in　our　case.　From

Eq. (IV.25), we　can　obtain　the　relation between a 12,て) and　the

spectral　density as

(J2(2'７)゜喬jr; sｙ(芝)竺今べ響ざむ- du･ (工V.29)

　　　　　It　is　knownby　experience　that, in　an　analysis　of　the

frequency　stability　or　instability　of　an　oscillator　in　the

frequency　domain, the　important part　of　the　spectral　density can

be　expressed by ａｐｏｗｅｒ’１ａｗ１２１〉″１２２）ａｓ

S (f)゜ｈ-２ r2十ｈ
‾:L
ｒ1十hofo十hlf1十h f °j-2hlr1°（工V.30)

The　noise　components with　ｉ　＝　－２　is　usually　called as　”random

walk　noise ” frequency-modulation. ｉ　＝　－１　as　”flicker　noise”

frequency-modulation, i　＝　Ｏ　as　”white　noise” frequency-
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modulation, i　＝　１　as　”flicker　noise”phase-modulationf and　ｉ　＝　２

as　"white　noise ” phase-modulation.　　For　the　noise　components

with　１　＝　-2, -1　and　0, the Allan variance a(2,T〉is　calculated

from　Eq. (IV.29) as　follows.
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(工V.32)

(工V.33)

By using　above　results ，it　is　possible　to　know　the　type　of　the

noise　component　limitting　the　frequency　stability.　from　the

dependence　of　the Allan variance　on　the　averaging　time　て．　工ｎ　the

case　that　the　laser　frequency　fluctuates　or　it　is modulated

sinusoidally　like ｙ　゛ａ　ｓｉｎωt,the　Allan variance　１Ｓ　calculated

from　Eq. {IV.29)　as

似２）
七

　ωて/2　　　j
(工Ｖ.34)

which is　shown in Fig.工Ｖ-６　in　the case　that ａ　＝１　and　ｆ＝

ω/2Tr　＝１　Hz.　The Allan variance　in　Eq. (工V.34〉increases　as

a(2,T) ≪:　て　　and　takes　its maximum at　て　＝0．37f’１　and decreases　as

a(2,T〉・・て‾ﾕこ
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Fig.　IV-6　　Allan variance a 12″てａｖ〉for　sinusoidal

frequency-modulation ｙ　= sin　2TTt.
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IV-3-2　Frequency stability of　GaAlAs Laser　Locked at

　　　　　　the　Ｃｓ’Ｄ２　Line

　　　　　The　frequency　stability　of　the　stabilized　laser　can be

estimated　from　the　recorder　trace　of　the　error　signal　in　terms　of

the Allan varince　as mentioned　in　Sec.工V-3-1.　At　first　the

error　signal　recorded on　ａ chart　is　normalized by　the mean

frequency　３ .518X10-'-'*　Hz　of　the　Ｃｓ‾Ｄ２　line.The horizontal　axis

（　time　axis　〉of　the　trace　of　the　error　signal　is　divided　into

many　sections with　adequately　short time-durationてQ, and　the

error　signal　is　averaged　over　てＯ　as　shown　in　Ｆｉｇ° IV-7
°　The

averaged　values　of　the　error　signal　are　considered　to be　ａ　basic

set　of　normalized frequency-fluctuation ｙｋ（てＯ）゜　The　normalized

frequency-fluctuations　for　larger　averaging　time″ｉ°ｅ°てａｖ゛iて０

（　１ｓ　positive　integer 〉are　calculated　from the basic　set　of y,,

as

瓦（“11roμ70）゜
　　(ｎ＋1)1
十工

1

yｋ(7o)
(IV.35)

Using the values of ^n' the　Allan variance （Ｊ４（２″て)can be

calculated as

(yl(2,Ｔ
av ＝古工手(‰几)2， (工V.36)

where　てａｖ°iてＯ’

　　　　　In　an　actual　experiment, the　sample number　Ｍ　is　liiiiitted.

Lesage　et a1．123） discussed　on　the uncertainity　of the Allan
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Fig.　IV-8　　Allan variance 0(2″てａｖ）　calculated　fromthe

recorder　trace　of　the output　of　the　lock-in amplifier, a

part　of　which　is　shown　in Fig.　工V-5.　The　recorder　trace

was　taken　for　3000　ｓ．
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variance　for　such　ａ　finite　set　of　data　using　ａ　”true”variance

（Ｊ２（２″てａｖ）　and　ａ　relative　uncertainity　６　defined　as

６＝
(ＪＭ(２μａｖ)‾(７(２・７

　　　　　(７(２ｊｌ｀ａｖ)
(1:V.37)

They　showed　that　ａ　standard　deviation　of　６　can be written　as

　　　　　　　　　　　　　　　　　　　　　　　　　　　１　　　　　　　　　　　　　　　　　　　　　　　　　一一
(７(６)゛ＫＩＭ　２・ (工Ｖ.38)

with　accuracy better　than　１０　percent　for　the　sample number　Ｍ

larger　than　１０°　In　Ｅｑ°（ＩＶ°３８）″Ｋｉ　is　ａ　constant　close　to unity

but　it　is　dependent on　the　type of　the noise　component.　For　the

noise　component h-f"""
″
the values　of　Ｋｉ　are　given　as

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●Ｋ２ ゛Ｋ１ °Ｏ°９９″ＫＯ °Ｏ°８９″Ｋ-１ °1.19 and Ｋ－２ °ｏ°７５°

　　　　　We　have　considered　on　the　limit　of　the　frequency　stability

of　the GaAlAs　laser　locked at　the CS-D2　line　by using　above

results.　Figure　〕:Ｖ-8　shows　the Allan variance a(2,T,. )

calculated　from　the　recorder　trace　of　error　signal　taken　for

3000　s, a part　of which　is　shown　in　Fig.　IV-5B.　The Allan

variance　for　averaging　time between　０ 。１　ｓ　and　５　ｓwere　calculated

from　the　trace　of　error　signal　taken　by ａ photo-recorder　with

fast　responser　and　the basic　set　of　data were　taken　for　averaging

duration　of　てQ= 0.025　ｓ．　since　the　time constant　of　the　lock-in

detection was　０．１　s, the　Allan variance was　calculated　for　the

averaging　time　longer　than　０ 。１　ｓ．　While, for　the　averaging　time

between　５　ｓ　and　1000　s, the　Allan variance was　calculated　from

１６１
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Fig.　〕:Ｖ－９　　The　sameAllan variance　as　shown　in　Fig.　工Ｖ-

８　together　with　the　slopes　of　the Allan variance

corresponding　to white　noise, flicker　noise　and　random

walk　noise.　The　error　bars　show　the　standard　deviation

of　the　uncertainity　of　the Allan variance　defined　in

Eq. (IV.37) .
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the　trace　of　error　signal　taken by ａ pen　recorder　with　frequency

response　below　１　HZf and the　time　durationてＯ　for　the basic　set

of　data was　２。５　ｓ．　Themaximum sampling number　Is　１００　for　each

averaging　time　in　the　present　case.　In　this　casef the　standard

deviation　of the　nornalized　uncertain!ty a ( 6) was　about

１０　percent. The Allan variance between ３．０×１０‾１２　and　１．０×１０“１１

was　obtained at the　averaging　time between　０ 。１　ｓ　and　1000　ｓ　as

seen　in　Pig.　IV-8, and　the minimum value was　obtained at

てａｖ゛１°３　ｓ°　In　our　analysis, we　used the　theoretical　values　of

the　hyperfine　separations　in the　６２Ｐ３／２　state°But when we　use

the　hyperfine　separations measured by Violino, the Allan variance

becomes　１．２　times　larger　than　that　shown　in　Fig.　工V-8, so　that

the mlnlmuin value　becomes ３．６）（１０“１２．　The　frequency　stabilityof

ａ GaAlAs　laser　is usually of　the　order　of　１０“８　under　free-

running　conditionf so we　see　that　it　is　significantly　improved by

the　frequency-locking.　　It must be　pointed　out　that　the　obtained

frequency　stability　for　the　averaging　time　between　０．１　and　１０　ｓ

is　the best　one　reported　so　far　in　the　case　of　semiconductor

laser.　　This　is　as　９００ｄ　as　the　stability　of　the　ordinary　iodine-

stabilized He-Ne　laser。

　　　　　It　should be　noted　that　the　frequency　fluctuation　used　to

estimate　the　stability was　indirectly measured by using　the　first

derivative　of　the　Doppler-free　spectrum.　工ｆ　there are

fluctuation　and drift　in　the　first　derivative　of　the　spectrum

itself.　they must　give　error　in estimation　of　the　frequency

stability.　　However, we　believe　that　the　obtained value　of　the
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frequency　stability　is very　close　to　the　real　one.　In　order　to

estimate　the　absolute　frequency-stability.　the　oscillation

frequencies　of　two　stabilized GaAlAs　laser　must be　compared by

observing　the　beat　frequency.　　In　the　present work ｆ　such　absolute

appreciation of　the　frequency　stability has　not been　carried　out

ｙｅｔ。

　　　　　since　the　time　constant　of　the　lock-in　detection was　０。１　ｓ，

the　frequency　stability　at　てａｖ｀Ｏ゛１　ｓ was　improved　considerably.

The Allan variance was　almost　constant　between t° Ｏ゛１５　ｓ　and

４　ｓ．　This　result　indicates　that　the　stability　of　the　laser

frequency　in　this　region was mainly determined by　the　flicker

noise　frequency-modulation with　the　spectral　density　ｃ゛ｆ“１． In

these　region　of　ｔｈｅ‘averaging　time, the　frequency　stability was

also　affected by　the　frequency modulation　of　the　laser ．

According　to　the　result　in　Eq. {工V.34〉, the　frequency-modulation

of　at　the　frequency　ｌ　kHz　with　the　frequency deviation　８　MHz

gives　the　Allan　variance o "^4×１０

condition.

－12
under　the　free-running

　　　　　when　only　the　proportional　feedback was　utilized　in　the

servocontrol　０ｆ　the　injection　current　of　the　GaAlAs　laser, the

Allan variance　increased　slightly with　longer　averaging　time.

This was mainly　due　to　ａ　drift　of　the　room temperature which

caused ａ　small　drift of　the　diode　temperature.　The Allan

variance　Increased between　てａｖ°　４　ｓand １２　ｓwith a slope　of　1/2,

which　indicates　that　the　frequency　instability was mainly due　to

ａ　random wolk　noise　frequency-modulation with　constant　spectral
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density.　　When　the　integral　servocontrol　with　integration　time　of

12　ｓ was　done　together　with proportional　control, the Allan

variance was limproved　further　and became　constant　in　the　region

てａｖ｀　１２　ｓ°　FigureIV-9　shows　the　same Allan variance　as　that

shown　in　Fig.　IV-8, together　with　the　slopes　of　the Allan

variance　discussed above.　The　error　bars　in　Fig.　工Ｖ-９　show　the

standard　deviation　of　the　unce･rtainity　of　the Allan variance

defined　in　Eq. (工Ｖ°３７〉″inwhich we　use　Ｋｉ°１゛ The　error　bars　in

the　regionてａｖ〉　３０　ｓare out of　１０　亀accuracy　in　this

estimation.　Two broad peakes　and　dips　of　the Allan variance　can

be　seen　in　Pig. IV-8　in　the　region between てａｖ°２０　ｓ　and　４００　ｓ″

which　are　considered　to　be　due　to　the　characteristic　oscillation

in　the　servocontrol　system of　the diode　temperature.　The　time

duration　of　the　oscillation　in　the diode　temperature was

estimated　to be　about　５０　ｓ　and　３００　ｓ　from　the　positions　of　dips

in　the Allan variance.　Actually,　the　oscillations　at　such

frequencies　could be　seen　in　the　trace　of　error　signal.　The

Allan variance　increased again　in　the　region Ｔａｖ゛３００　ｓwith　the

slope　１／２　of　random walk　noise　frequency-modulation.　This was

due　to　ａ　slow drift of　room　temperature, which　caused an　drift　of

output voltage　of　the bridge　circuit and　the　drift of　the　diode

temperature.　The　frequency　stability　of　the　GaAlAs　laser inust　be

improvrd, if we　optimize　the　time constants　and　gains　of　the

servocontrol　loop　taking　account　of　these　results.
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Fig.　IV-10　　Schematic　diagram　of　the　double-loop

temperature-control　０ｆ　the　semiconductor　laser.
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IV-4　Compact　and　工mproved　System of　Frequency　stabilization

IV-4-1 Double-Loop Temperature　stabilization

　　　　　工ｎ　this　section,we　study　on　ａ　small　and portable　system ４)ｆ

the　frequency-stabilization　suitable　for　its　practical　ｕｓｅ。

　　　　　The　long-term　frequency-stability　of　the　GaAlAs　laser　mainly

depends　on　the　stability　of　the　diode　temperature.　In　the

previous　system of　the　temperature　control, the　thermoelectric

cooler was　connected directly　to　the　heat　radiator　exposed　in

open　air.　In　this　case^ a drift　of　room　temperature　directly

affects　to　the　diode　temperature.　For　instance, a　few degree

change　of　room　temperature　causes　about　１０　MHz　change　of　the

laser　frequency　even　under　the　temperature　stabilization.　工ｎ

above　system, the　aluminum block mounting　the　laser　diode was　not

small　enough, which　resulted　in　the　time　lag　about　１２　ｓ　and

caused　instability when　the　loop-gain　of　feedback　was　raised.　In

practical　use, a　fluctuation　of　room temperature more　than

several　degree　should be　taken　into account。

　　　　　Figure　IV-10　shows　an　improved　system of　the　temperature

control.　Ａ copper　block　is　temperature　stabilized　roughly by

using　ａ　thermoelectric cooler with　capacity　of　２０ Wf which　is

used　as　ａ　thermal　buffer.　The　laser　diode　is mounted on　ａ　small

copper　block　whose　temperature　is　controlled　by ａ　small

thermoelectric　cooler, which　is mounted　on　the　larger

temperature-stabilized copper　block.　The　capacity and　size　of

the　small　thermoelectric　cooler　are　２．４　Ｗ and　ｌ　cm　square.　　The
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Fig.　ＩＶ“１１　　Recorder　trace　of　the　output　of　the　bridge

circuit measuring　the　diode　temperature　obtained when

the　double-loop　temperature-stabilization was　carried

out (A).　And　recorder　traces　showing　the　variation　of

the　laser　frequency (B) and　corresponding　output　of　the

bridge　circuit (C) obtained　in the　experiment　of　the

temperature　stabilization (　Sec.工V-2-2　）．
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temperature　change　of　each　copper　block　is measured by　using

thermistor　and bridge　circuit　similar　to　that　shown　in Fig.　工工Ｉ－

４．　By using　this　system, we　can　reduce　the　influence　of　room-

temperature　fluctuation。　We　can　also　reduce　the　time　lag　of　the

feedback　loop.　which　enables　us　to　improve　the　stability by

increasing　the　gain.　The　series　resistors　in both　of　the　bridge

circuits　are　also mounted　on　the　larger　copper　block　in　order　to

avoid　thermal　fluctuations　of　their　resistance.　As　for　the

bridge　circuit measuring　the　diode　temperature, the　voltage

divider　and　the　first-stage　amplifier　are placed　in ａ　small

aluminum box whose　temperature　is　controlled within　±0.1　°Ｃ．　The

stabilization　of　the　diode　temperature　is　done　by　using　Ｐ一エーＤ

servocontrol.　The　laser　diode　and　two　thermoelectric　coolers　are

packed　into　ａ　copper　case which　serves　as　ａ　heat　radiator　of

larger　thermoelectric　cooler。

　　　　　Ａpreliminary　examination　of　this　system was　carried　out, in

which　ａ　fluctuation　of　the　diode　temperature was measured　by

recording　the　output　of　the bridge　circuit.　Ａ part　of　the

recorder　trace　in　the　case　that　the double-loop　temperature

control　was　carried　out　is　shown　in Fig.　IV-llA.　The　fluctuation

of　the　output voltage　of　the bridge　circuit measuring　the　diode

temperature　could be　reduced within　１　uV, which maintained　at

least　for　an　hour.　Prom　the　Ｂ coefficient　3500　°Ｋ　of　the

thermistor　and　the　temperature dependence　of　the　laser　frequency

２０　GHz/゜C, the　changes　of　the　diode　temperature　and　the　laser

frequency as　functions　of　the　bridge　output　voltage were
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Pig.　IV-12　　Improved and compact　optical　system　for　the

saturated absorption　spectroscopy　of　Cs.　The　laser　beam

focused by ａ　lens with　focal　length　１　cm　is　split　into

the　pump and probe beams by ａ polarizing　beam　splitter.

The　polarization axes　of　the　pump and probe　beams　are

perpendicular　to　each　other ．　Ａpart　of　the　probe beam

is　reflected by ａ half　mirror　and applied　into　the　cell

as　ａ　reference　beam　from　the　direction perpendicular　to

the　probe　beam.
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estimated　roughly　to be　3xlO~^　°C/yV and　０．６　MHz/uV

respectively.　　Considering　these　values.　we　expect　that　the　laser

frequency　can be　stabilized within　１　MHz　if　the　double-loop

temperature-stabilization　is　adopted.　For　comparisonr we　show　in

Fig.　IV-11　the　recorder　traces　showing　the　variations　of　the

laser　frequency (B) and　corresponding bridge　output voltage (C)

which were　obtained　in　the　experiment　of　the　temperature

stabilization (　Sec. IV-2-2　）．　In　above　experiments, the　same

types　of　the　thermistor　and　the bridge　circuit as　in　the　present

system were　used.　Looking　at　Fig.　IV-11, one　can　see　that　the

estimated value　０．６MHz/yV agrees well with　the　experimental

results.

工V-4-2　Compact　and　Improved　Optical　System

　　　　　We　have　constructed ａ　compact　optical　system as　shown　in

Fig.　工V-12.　The　laser　beam　is　collimated　by　using ａ　lens with

focal　length　１０　mm and diameter　１０　nun.　Ａ pinhole　at　the　face　of

the　lens　provides　ａ　laser　beam with　ａ circular　cross　section with

diameter　of　several　ｌ　mm.　The　laser　beam　attenuated　is　split

into　two beams　by using　ａ　polarizing beam　splitter　of　ｌ　cm cube

with　the　extinction　rate　９９　１ ．　The polarizing beam　splitter

reflects　almost　completely　the　laser　beam with　the polarization

perpendicular　to　the　splitter　axis　and　transmits　almost

completely　the　laser　beam with polarization parallel　to　the

splitter　axis.　The　laser　beam　is　linear　polarized　light.゜and we
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can　change　the　ratio of　reflected　and　transmitted　laser

intensities　by changing　the　polarization　axis　of　the　incident

laser　beam.　　The　transmitted　laser　beam　is　applied　to　ａ　small　Cs

cell　as　ａ　relatively　intense　pump beam.　The　pump beam, after

transmitted　through　the　cell, goes　out　of　the　optical　system

through　the　second beam　splitter whose　polarization axis　is

oriented to　the　same direction　as　the　first　one.　The　laser　beam

reflected by　the　first　beam　splitter　is　used as　weak　probe　beam.

which　is　applied to　the　Cs　cell　from　the　opposite　direction　to

the　pump beam by using　two mirrors　and　the　second beam　splitter.

after　attenuated by ａ neutral　density　filter.　After　transmitted

through　the　cell, the probe　beam　is　reflected by　the　first　beam

splitter　and　detected by　ａ　silicon photodiode.　By　focusing　the

probe　beam　slightly,　the　probe　beam can be　put　completely　into

the　pump beam, which has　relatively　large　diameter ，within　the

cell.　Ａ１１　of　the　optical　components　have　anti-reflection　coat　in

order　to　avoid　the　reflection　of　the　laser　beam back　to　the　laser

diode.　We　could　construct this　optical　system　in　the　size

２０　×１０　×５　cmwith　sufficient spacing　among　the　optical

components 。

　　　　　Many　improvements　have been made　in　this　compact　optical

system compared with　that　used　in　the　previous　experiment.

Firstly,　the　misalignment　between　the　pump　and probe　beams　can be

zero　in　principle, by using　the　polarizing beam　splitter, which

can　identify　the　pump and probe beams　by　their　polarizations.　In

the　optical　system used　in　the　previous　experiment, to　avoid　the
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light　returning back　to　the　laser　diodef small misalignment was

necessaryr which　resulted　in　at　least　５　MHz (HWHM) broadening　of

the　Doppler-free　spectra.　Secondly,　because　of　the　short　optical

path　and　its　low　height　from　the　basement, this　optical　system

becomes　stable　against mechanical　vibration　and acoustic　noise.

So, no　special　apparatus　such as　air-floating　table might be

necessary。

　　　　　As　seen　in　Fig. IV-12, a part　of　the　probe　beam　is　reflected

by　ａ　half mirror　and　is　applied　to　the　Cs　cell　from　the　direction

perpendicular　to　the　probe　beam.　Hereafter, let　us　call　this

beam　”reference beam".　After　transmitted　through　the　cell, the

reference beam　is　detected by ａ　silicon photodiode whose　output

is　used　to　reduce　the　Doppler-broadened background　in　the　signal

０ｆ　the　probe　beam.　The　outputs　of　both photodiodes　are　amplified

so　that　the magnitude　of　the　Doppler-broadened background　in　the

signal　０ｆ　the　probe　beam　is　equal　to　that　of　the　reference　beam.

Then, these　amplified　outputs　are　subtracted　to　reduce　almost

completely　the　Doppler-broadened　background　from the　signal　０ｆ

the　probe beam.　In　the　previous　system, we　used ａ　Cs　cell　with

５　cm　length.　For　this　length　the　cesium vapor　becomes　optically

thick　even　at　room　temperature.　This　requires　relatively　strong

laser　intensity (　｀２ｍＷ／ｃｍ２〉to　observe　the　saturated absorption

spectra.　Such　strong　laser　beam　caused　the　large　power-

broadening (　20'^'30　MHz　）ｏｆ　theDoppler-free　spectra.　　In

addition, the　shapes　of　both Doppler-broadened and Doppler-free

spectra　are　deformed during　beam propagation　in　the cell, which
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Fig.　IV-13　　Absorption　signal

of　the probe beam Ａ and　the

ｘ：eference　beam Ｂ obtained when

the　laser　frequency　V was

swept　through　the　absorption

line　from the　hyperfine　１‘evel

with　Ｆ　＝　４　１ｎ　the　ground　state

of　Cs.

Fig.　IV-14　　Absorption　signal

of　the probe beam Ａ and the

ｘ：eference beam　Ｂ obtained when

the　laser　frequency　りwas

swept　through　the　absorption

line　from　the　hyperfine　level

with　Ｆ　＝　３　in　the　ground　state

of Cs.



makes　it difficult　to compensate　the　Doppler-broadened background

in　the　signal　０ｆ　the probe　beam.　since　the　signal-to-noise　ratio

of　the　observed Doppler-free　spectra was　sufficiently high, it　is

better　to　use　ａ Cs　cell　with　length　へｊ１　cm, for　which we can

reduce　considerably　the　laser　power　and hence　power　broadening　０ｆ

the　Doppler-free　spectra。

　　　　　The　saturated absorption　spectra　of　the　Ｃｓ‾Ｄ２　line were

observed by　using　the　improved　optical　system described above.

The　GaAlAs　laser　and　the　Cs　cell　used　in　this　experiment were　the

same　as　those　in　the previous　experiment (　see　chap.　Ill　）．　　The

small　cell　did not　obtained at　that　time.　Figures　IV-13　and　IV-

１４　show　typical　absorption　signals　of　the　probe　beam, which were

obtained when　the　laser　frequency was　swept　through　the

absorption　lines　from the　hyperfine　levels with Ｆ＝　４　and　３　in　the

ground　state, respectively.　　The　frequency　scanning was made　by

sweeping　the　injection　current.　In　this　experiment, the　cell

temperature was　２５　°C, corresponding　vapor　pressure　and　density

of　CS　were　１．４）（１０゛６　torr　and　４．５）（1010　cm"　respectively.　and　the

power　and　diameters　of　the pump and probe　beams were　about　ｌ　mW

and　２０　yWr and　４ mm and　２ mm, respectively.　　In　Figs.　工V-13　and

IV-14, we　show also　the　Doppler-broadened absorption　signal　０ｆ

the　reference beam.　The　frequency　scales　of　these　figures were

estimated by　fitting　the　separations between　the dips　of　Cl　and

L3, and　Ｌ４　and　Ｃ６　to　the　theoretical　values (　275.4　MHz　and

233.4　MHz　) , respectively.　　The　positions　of　the　Doppler-free

spectra　shown were　determined　from　the　theoretical　calculation.
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Fig.　IV-15　　Doppler-free

spectra　obtained by

subtracting　the　signal　of　the

reference beam　from that　of

the probe　beam, which are

shown　in　Fig.　IV-13.

Pig.　IV-16･　　Doppler-free

spectra　obtained by

subtracting　the　signal　of　the

reference　beam　from that　of

the　probe　beam/ which　are

shown　in　Fig.　IV-14.



｢rhe　indications　such　as　LI　and　Cl　are　the　same　as　those　in

Figs.工工エ－７　and　工工エー9．　Comparing　Pigs.　IV-13　and　工V-14　with

Figs.　工工1-7　and　工工工-9, one　can　see　that　the　spectral　sharpness　of

the　Doppler-free　spectra were　improved　in　the　present　case, so

that　the　centers　of　the　Doppler-free　spectra became pointed, and

their　depths were　several　times　increased.　This was mainly due

to　the　fact　that　the misalignment　between　the　pump and probe

beams　could be　reduced　to　about　zero.　We　can　see　slight

deformation　of　the　Doppler-broadened background　in both　signals

at　around　their　peaks.　This was mainly　due　to　the　effect　of　beam

propagation　in　optical　thin medium。

　　　　　Figures　工V-15　and　IV-16　show　the　Doppler-free　spectra

obtained by　subtracting　the　Doppler-broadened absorption　signal

of　the　reference　beam　from that　of　the　probe　beam.　In　these

figures^ we　see　the Doppler-broadened background　is　almost

disappeared.　The　expected positions　of　the　Doppler-free

resonancｅｓ．　which　are　calculated　in　the　same way as　Figs.　工V-13

and　IV-14, are　also　shown　in　Figs. IV-15　and　IV-16, which　fit

well　to　the　peaks　of　the　observed Doppler-free　spectra.　The

Doppler-free　resonances　Ｌ２ and　Ｃ２，and　Ｌ５　and Ｃ５　could not　be

well　resolved owing　to　the　power　broadening　and　the　spectral

width　of　the　GaAlAs　laser.　The　resonance　Ｌ６　could not　be

observed.　The　reason may be　due　to　the　fact　that　the　atomic

transitions　associated with　this　resonance　do　not　cause　the

hyperfine　pumping.　　工ｔ must　be　emphasized　that, in　the　improved

optical　system, these　signals　were　scarcely　affected by　external
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viblation　even when　no particular　Isolations　of　vibration was

performed.

IV-5　Conclusion　and Discussions

　　　　　The　oscillation　frequency of　the GaAlAs　laser was　stabilized

by　locking　the　laser　frequency　to　one　of　the Doppler-free　spectra　・

of　the　CS-D2　line.　The　frequency　locking was　carried　out　after

stabilizing　the　diode　temperature.　When　the　frequency

stabilization was made　by　the　the　temperature　stabilizationr the ．

fluctuation　of　the　laser　frequency could be　reduced to　less　than

５　MHz, which was　sustained against　few degree　drift　of　the　room

temperature.　Under　the　control　of　the　diode　temperature. the

laser　frequency was　locked　to　the crossover　resonance by　feeding

back　its　first　derivative　to　the　injection　current　of　the GaAlAs

laser.　We　could　obtain　the　short-term　frequency-stability　about

１０　kHz　and　the minimum Allan variance　３ 。０×１０
－12
at　the　averaging

timeてａｖ゛１’３　ｓ’　The　long-term fluctuation　observed was　less

than　３７　kHz　over　the　time　interval　0f　3000　s, and　the　Allan

variance was　below 1°ｏ）（１０‾１１　betweenてａｖ゛　０．１　ｓ　and　1000　ｓ。

　　　　　since　the　proportional　servocontrol was　adopted　in　the

feedback　loop of　the　injection　current, the　frequency　stability

became　slightly worse with　longer　averaging　time, which was

mainly due　to　the　drift　of　room temperature.　To　improve　this.　we

constructed　ａ　system with　double　control-loops　of　the　diode

temperature, where　the　P-I-D　servocontrol　was　used　to　control　the
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temperature。　Ａ preliminary　result　showed　that　the　fluctuation　of

the　diode　temperature was　reduced ｔ０ less　than 1×１０爽４　°Ｃwhich

was maintained at　least　for　an　hour ．　This　temperature

fluctuation　corresponds　to　the　fluctuation　of　the　laser　frequency

within　１　MHz.　It　should be　noted　that, the　temperature

stabilized GaAlAs　laser　can　be　used　in　the　high　resolution　laser

spectroscopy　as　ａ　light whose　free：luency　is　stable　and　tunable

over　ａ wide　frequency　range。

　　　　　In　the　case　of　alkali-metal　atoms, the　saturation　effect　is

strongly　enhanced　owing　to　the　hyperfine　pumping　１ｎ　the　atomic

ground state.　Even　for　ａ relatively weak　laser　power　へｊ２ｍＷ／ｃｍ２ｆ

the　saturation broadening　becomes　about　１０　へ，３０　MHz (HWHM).　From

the　point　of　view of　achieving　higher　frequency-stabilitVf it　is

apparently necessary　to　optimize　the　intensities　and　diameters　of

the　pump and probe　beams.　These　parameters　have　not, however,

been　changed　largely　in　the　present　experiment　in　order　to　get

the　Doppler-free　spectrum with　sufficiently high　signal-to-noise

ratio.　　The　strong　saturation　deformed　the　shape　of　the Doppler-

broadened absorption　line.　For　this　reason　the　Doppler-

broadened background was　not completely　eliminated　from　the

saturated absorption　spectra by dividing　the　signals　of　the　probe

and pump beams.　This　resulted　in　the　nonzero　offset　in　the　first

derivative　of　the　Doppler-free　spectrum, which　slightly deviated

the　locked　laser　frequency　from　the　center　of　the　Dopplerr-free

spectrum。

　　　　　In　the　present work ， we constructed ａ　compact　optical　system
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with　size　２０　×　１０　×　5cm .　We carried　out　some improvements　of

this　compact　system.　The most　important　improvement was　that, by

using polarizing　beam　splitters, the misalignment　of　the　pump and

probe beams　could be　nearly　zero.　and　the　line　broadening　of　the

Doppler-free　spectrum due　to　the misalignment was　almost

completely　reduced.　This　also　enable　us　to　use　weak　laser　beamsf

for　which　the　power　broadening　of　spectra becomes very　small.　工ｎ

fact we　could　observe　sharp Doppler-free　spectra.　In　addition.

because　of　less　distortion　of　the　shape　of　absorption　line, we

could　subtract　almost　completely　the　Doppler-broadened background

from the　signal　０ｆ　the　probe　beam.　The　compact　optical　system

was　also　stable　against mechanical　vibration and acoustic　noise.

Although we　have　not　carried　out　the　frequency　stabilization, it

is　expected　from above preliminary　results　that　considerablly

high　frequency-stability　is　obtained　using　this　optical　system.

Such　ａ compact　and highly　frequency-stabilized　GaAlAs　laser　must

be　very　useful　as ａ convenient　standard　of　wavelength　or　optical

frequency　for　many　fields　such　as　optical　telecommunications　and

precision measurements　of　length　and velocity.　　This　can　also be

applied　to　the　Cs　beam　atomic　clock　as　ａ　stable　light　source　for

the　hyperfine　pumping。

　　　　　Finally,　it must be　pointed　out　that, since　the　commercially

available　semiconductor　lasers　cover　the wavelength　range　down　to

７５０　nnifit　is　now possible　to　stabilize　ｔｈｅ・laser　frequency at

Ｄ　lines　of　Potassium (　766.5　nm　1　769.9　nm　) and Rubidium

（　780.0　nm　7　794.8　nm ) and　to　absorption　lines　of　molecules　such
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as water　vapor ，by　using　the　similar　techniques　as mentioned　in

this　thesis.
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CHAPTER Ｖ

SUMMARY AND CONCLUDING REMARKS

　　　　　In　this　thesis,we　have　studied　theoretically　and

experimentally　on　the Doppler-free　saturated　absorption

spectroscopy　of　the　Cs-D,　line　using　a GaAlAs　semiconductor　laser

〔　in　Chapter　ｌエ　ー　Ill　), and　the　frequency　stabilization of　the

GaAlAs　laser　using　one　of　the　Doppler-free　spectra

（　in　Chapter　ＩＶ）。

　　　　　In　chapter　工工,we　have　studied　theoretically　on　the

saturated absorption　spectroscopYf　using　the　semlclasslcal　theory

of　atom-light　interaction.　We have　firstly　analyzed　the　behavior

of　atoms　subjected　to　the　action　of　monochromatic　light, using

simplified　atomic　systems (　two-level　and　three-level　systems　）．

We　have　shown here　that　the　behavior　can be　discussed by

classical　rate　equations.　We　have　secondly　discussed　on　the

absorption　spectrum of　atomic　vapor　and　on　the　saturation　of

absorption　for　two-　and　three-level　systems ．　In　these

discussions, we　have　shown　that　the　optical　pumping　in　the　atomic

ground　state　enhances　the　saturation　effect　stronglyf　which makes

it possible　to　use　ａ　semiconductor　laser　with　small　output　power

（へ･^1mW　) for　the　saturated　absorption　spectroscopy.　　Under　these

foundations.　the　intensities　and　shapes　of　the　saturated
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absorption　spectra were　theoretically　calculated　for　both　cases

of　the Lamb dip and crossover　resonance. The　results　have　been

used　in　the　analysis　of　the　saturated　absorption　spectra　of　the

CS-D,　line°

　　　　　In　Chapter　Ill,we　have　experimentally　observed　the　narrow

Doppler-free　spectra　of　the　CS-D2　line　at　852.1　nm by using　ａ

GaAlAs　laser ．　In　order　to　control　the　oscillation　frequency of

the　GaAlAs　laser　preciseｌＹ，　we　have　constructed　ａ　system　to

stabilize　the　temperature　of　the　laser　diode.　We　have　shown　that

the　laser　frequency　is　precisely　tunable　to　one　of　the Doppler-

free　spectra with　spectral　width　of　about　２０　'3̂0　MHz (HWHM〉by

varying　the　injection　current　or　the diode　temperature.　The

widths　of　observed Doppler-free　spectra were much　larger　than　the

natural　linewidth　of　the D2　line　２．６　MHz(HWHM), because　it　is

subjected　to　broadenings　due　to　nonlinearity　in　atom-light

interaction (　power　broadening　) f misalignment　of　pump and probe

beams.　and　the　spectral width　of　laser　light.　The　Lamb dips　and

crossover　resonances have　been　observed　clearly　in　absorption

lines　from the　hyperfine　levels　with　Ｆ　＝３　and　４　in　the　ground

state　of　Cs.　The　relative positions　of　observed Doppler-free

spectra　are　in good　agreement　with　these　expected　from　the

theoretical values of hyperfine separations in the ６２Ｐ３／２　state‘

The　power　of　the pump beam was　９１０　uWin　this　experiment.　Even

for　such weak　laser　beam (　ｔ２ｍＷ／ｃｍ２　)
f
strong　saturation　of

absorption　has　been　observed because　of　the　presence　of　the

hyperfine　pumping.
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　　　　　We　have　also　shown　an　experimental　evidence　of　the　velocity-

selective　hyperfine　pumping　in　the　ground　state　of　Cs.　In　this

experiment, we　have monitored　the　velocity distribution　of　atoms

in both　of　two　hyperfine　levels　in　the　ground　state, using　two

GaAlAs　lasers ， and we　have　been　able　to　confirm　that　atoms　are

pumped　from one　hyperfine　level　to　the　other ， conserving　their

velocity.　　Furthermore, we　have　been　able　to　observe　the　Doppler-

free　spectra　completely　free　from　the　Doppler-broadened

background, using　two　GaAlAs　lasers　simultaneously.　　Prom　these

results, we　can　say with　no　doubt　that　the　semiconductor　laser ，

and　especially　the　temperature-controlled　system developed　in　the

present　work, can be　ａ powerful　tool　in　the　high　resolution　laser

spectroscopy。

　　　　　In　chapter　IV, we　have　stabilized　the　oscillation　frequency

of　the　GaAlAs　laser　at　the　center　of　one　of　the　Doppler-free

spectra　of　the　CS-D2 line.　Before　locking　the　laser　frequency　to

the Doppler-free　spectrum, we　have　stabilized　the　laser　frequency

only by　stabilizing　the　temperature　of　laser　diode, and　obtained

the　frequency　fluctuation　less　than　５　MHz.　Under　stabilizing　the

diode　temperature/ the　laser　frequency was　locked　to　the

crossover　resonance by　feeding back　the　error　signal (　the　first

derivative　of　the　Doppler-free　spectrum　）ｔｏ　the　injection

current.　The　obtained　short-term　frequency-stability was　less

than　１０　kHz　and the　minimum Allan　variance was ３．０×１０‾１２　at　the

averaging　timeてａｖ°１°３　ｓ． which　is　the　highest　frequency-

stability　of　semiconductor　lasers　reported　so　far.　The　long　term
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fluctuation　observed was　３７　kHz　or　less　for　the　time　interval　of

3000　ｓ， and　the　Allan variance was　less　than １．０×１０゛１１　for　the

averaging　time betweenてａｖ゛Ｏ’１　ｓ　and　1000　ｓ’

　　　　　Since　the　injection　current was　controlled　only by　the

proportional　servocontrol　in above　experiment, the　frequency

stability became　slightly worse　with　longer　averaging　timer which

was mainly　due　to drift　of　room　temperature.　To　improve　the

problem, we　have　constructed　the　system of　the　temperature

stabilizationf in which　the　double-loop　temperature　control　and

the　Ｐ‾工｀Ｄ　servocontrol　were　carried　out.　Ａ preliminary　result

showed　that　the　fluctuation　of　the　diode　temperature was　reduced

to be　less　than １×１０‾４　°C,which was maintained　at　least　for　an

hour　at　room　temperature.　Comparing　this　result with　the

experiment　of　the　frequency-locking, we　expect　that　the　laser

frequency　is　stabilized within　１　MHz　if　the　improved　temperature-

control　system　is　used。

　　　　　Using　the　scheme　similar　to　that　described　above, it　is

possible　to make　ａ　compact　and portable　laser　system whose

frequency　is　highly　stabilized.　Actually, we　have　constructed　ａ

compact　optical　system using　small　optical　components which　are

mounted　on　ａ　platform with　size　of　２０　×　１０　×　5cm .　工n this

system, some　improvements　have　been　done ， and　the misalignment　of

pump and probe　beams　could be　reduced　to　be　almost　zero.　By

making　the　beams　overlapped　in whole　length　of　the　cell, we　can

use　weak　laser　beams without　sacrificing　the　intensities　of

observed Doppler-free　spectra.　We　have　obtained　the　saturated
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absorpt:ion　spectra　of　the　CS-D2　liner which are　much sharper　than

those　obtained　in Chap.　工工工．　It　has been　found　that　this　optical

system　is　quite　stable　against mechanical　vibrations　and acoustic

noise。　We　have　not　performed　the　frequency　stabilization　using

this　system, but　it can be　said with　no　doubt　from our

preliminary　experiments, that　the　frequency　stability becomes

much　higher　than　that　obtained by　the　previous　system.　Further

improvement of　the　frequency　stability may be　achieved by

optimizing　the　powers　and　diameters　of　the　laser　beams　and　the

time　constants　and　gains　of　the　servocontrol ， and by using　the　Ｐ－

I-D　servocontrol　０ｆ　the　injection　current.　The　experiments　to

this　direction　is　now　under　way　in　our　laboratory.　　Such　ａ

compact　frequency-stabilized GaAlAs　laser　is　expected　to　be　very

useful　as　ａ　convenient wavelength　or　optical　frequency　standard

and　for　many　applications　such　as　optical　telecommunications　and

precision measurements　of　length　and　velocity.　　It　is　also

interesting　to　use　this　system as　４　stable　light　source　for　the

hyperfine　pumping　in　the　Cs　beam　atomic　clock。

　　　　　It　must　be　pointed　out　that, since　the　semiconductor　lasers

cover　the wavelength　range　down　to　about　７００　nm, it　is　now

possible　to　stabilize　the　laser　frequency at　Ｄ　lines　of　Potassium

（　766.5　nm　；　769.9　nm　) and Rubidium (　780.０　nm　；　794.8　nm　) and

to　absorption　lines　of　molecules　such　as　water　vapor.　by using

the　techniques　developed　in　this　thesis ．　Furthermore, the　highly

stabilized GaAlAs　laser　can be　applicated　to　stabilization　of

resonance　frequencies　of　ａ　Fabry-Perot　resonator ．　It　is　not　so
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difficult　to　stabilize　another　laser/ such　as　dye　laser ， at　any

frequency by　locking　its　oscillation　frequency　to　ａ　transmission

fringe　of　the　stabilized　Fabry-Perot　resonator 。
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