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7.4 Line Profiles of Spectral Lines
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Fig. 7.24a—c. Elastic collisions as phase perturbers. (a)
Classical path of the collision partner B. (b) Frequency shift
of A during the collision. (¢) Resulting phase shift

-
(7“4—2m.\m + NFO},)

Hw) = 5
(0 — wy — Niﬂs}Q + (% + Niab)
(7.83a)
The cross sections
0
o, =21 f(l —cos @(R)RAR (7.83b)
0
20
os =21 / sing(R) RAR (7.83¢)
0

are a measure for the line broadening (3vy) and the line

shift { Avg) by elastic collisions (Table 7.3).
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1. Phys. B: At. Mal. Opt. Phys. 25 {1992) 3601-3612. Printed in the UK

Broadening, shifting and asymmetry of the strontium resonance

line induced by rare gas perturbers

Y C Chan and J A Gelbwachs

1 ics Technology Center, The Aerosp:
Los Angeles, CA 90009, USA
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Figure 2. (a) Collision-induced shifting of the Sr(5'P,-5'S,) transition with the rare gases.

(b) Collision-induced broadening of the Sr resonance line with the rare gases.
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Figure 1. Schematic representation of the experimental set-up.

Table 1. Collisional broadening and shift cross sections for the Sr resonance line. Units
are X107 cm?. Estimated errors are given in the parenthesis. To facilitate comparison,

reported coefficients have been converted into cross sections.

Investigators He Ne Ar Kr

Shift cross sections, o,

This study* -3(03)  -36(1) ~96 (3) -117(2)
Farr etal (1971)° o1 - ~99 (4) -
Wang and Chen (1979)° 5 - -124 -
Broadening cross sections, @, (FwHM)

This study® 110(2) 123 (4) 297 (6) 356 (6)
Farr et al (1971)° 126 (3) - 338(8) =
Wang and Chen (1979)° 126 - 295 —
Penkin et af (1968)* 150 170 442 538
Harima ef al (1983)° 7 135 - o
Ratios of (0,/,)

This study* -367 -3.42 -3.09 -3.04

Xe

-145(5)

—63

438(6)

© Temperature (T) =720 K; pressure =0-600 Torr.
T(He)= (

© T(He) =750.9 K; T(As 9K;

4 T=750K; pressure =0-15Torr.

¢ T=1000K; pressure=0-700 Torr.

26 K, pressure > 160 atm.




Pressure broadening and line shifting of atomic strontium 5s? IS“—r 5s5p e
and 5s5p 3P|,,1’2—»5sﬁ.\? 351 absorption transitions induced by noble-gas collisions

PHYSICAL REVIEW A 72, 012711 (2005)

1

Jeremy C. Holtgrave and Paul J. Wolf

Department of Engineering Physics, Graduate School of Engineering and Management, Air Force Institute of Technology,

Wright-Patterson AFB, Ohio 45433-7763, USA
(Received 24 February 2003; published 135 July 2005)
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FIG. 2. Schematic diagram of experimental apparatus. FIG. 4. A plot of (a) the Lorentzian linewidths (FWHM) and (b)

the line-center shifts for the Ss3p *Py— Ss6s *S, transition of Sr as

a function of Ar pressure. Lincar it e superimposed upon the
ata

TABLE L Py broadening and line-shifting rate coefficients and cross sections for the 552 'S,

p*P, transition at 689.5 nm in **Sr. The average St temperature extracted from the Doppler-broadened
Iin:md\lw was 660=47 K. The errors quoted for the rate coefficients and cross sections are
mean,

Lo from the

Broadening ky @, kg oy
gas (MHz/Torr) (1071% em?) (MHz/Torr) (1074 em?)
He 7.58 (0.34) 0.89 (0.04) +1.23 (0.08) +0.290 (0.015)
Ne 5.20 (0.26) 1.27 (0.06) —0.64 (0.04) -0.31(0.02)
Ar 4.90 (0.07) 1.57 (0.02) —1.45 (0.04) -0.929 (0.026)
Kr 6.17 (0.31) 2) —1.53 (0.05) —1.21 (0.04)
Xe 6.88 (0.45) ) —1.51 (0.03) —-1.32 (0.03)

PHYSICAL REVIEW A 80, 030501(R) (2009)

Buffer-gas-induced collision shift for the **Sr 'S"-“Pl clock transition

Nobuyasu Shigzl‘I Ying Li,' Hiroyuki Ito,' Shigeo Nag'mo Tetsuya ldc Kmarzyna Bielska,’ Ryszard S. Trawinski,®

TABLE L The comparison of our experimental pressure broadening and
d in the impact imati

and Roman Clurvlo
‘Narmnrr.’ Institute of Information and Communications Technology, Koganei, Tokyo 184-8795, Japan
'CREST. Japan Science and Technology Agency, Chivoda-ku, Tokyo 102-0075, Japan
jIns:,\‘!m Fizyki, Uniwersytet Mikotaja Kopernika, ul. Grudziadzka 5/7, 87-100 Torui, Poland
(Received 3 July 2009; published 4 September 2009)
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FIG. 1. (Color online) Experimental configuration of the preci- Buffer gas pressure (Torr)

sion saturated absorption spectroscopy. ECDL: extended cavity di-
ode laser; FR: Faraday rotator; EOM: Electro-optic modulator;

FIG. 3. (Color online) Shifts of the resonance frequency induced
AOM: acousto-optic modulator.

by various kinds of buffer gas. The comer of the slope around 3
mTorr is attributed o the inhomogencous pressure distribution in
the cell, which occurs due to insufficient buffer gas pressure relative
to strontium vapor. Inset is the broadening of the Doppler-free

shifting coefficients with those

[4] in the Doppler limited regime and obtained by Tino et al. [3] in the Doppler free regime. All data are
given in MHz/Torr and the one standard deviation uncertainties are given in parentheses.

as well as with results obtained by Holtgrave and Wolf atomic resonance

The comparison of calculated results seems to give a bit

better with results obtained in the Doppler-limited
Doppler limited Doppler free

case. Clearly Doppler-free results are characterized by bigger

Experiment Impact calculation Experiment Impact calculation on broadening coefficients and smaller magnitude of

Holigrave and Wolf (T=660 K) This work (T=728 K) n-shifting coefficients than those obtained from the

Doppler-limited case. This can be attributed to yelogity-

Perturber i Alp Tip a2 L S8 L L/ changing collisions [28], which change the absorber velocity

He 379(17)  +123(6) 389 +0.68  B.67(10) +0.68(8)  3.68 +0.66 significantly enough to push away the absorber from the con-

Ne 260(13)  -0.64(4) 117 -031 3.76(5)  —0.06(3) 1.10 —0.28 dition of Doppler-free resonance. Therefore, such events of

Ar 245(04) -145(4) 3.30 —1.54  4.76(8) 2(2)  3.05 147 collisions which can cause large frequency shifts in the

5.5(5) Doppler-limited regime would not contribute to the signal in

Xe 344(23)  -151(3) 335 -1.36  471(6) -0.12(1) 317 -133 the Doppler-free case. Being a loss mechanism, it will lead to
TResult obwined by Timo et al. (3], broadening but not to shifting of the line.

further_theoretical and experimental investigations. More-




BRILAYNDHDEED
IRAR BT EFE DK O 75

ERL—rDEH  J)LZDOFEEAL

HHETICRONSRE (ERABMITKELLES)
27[ A 2
R f:?‘<f|H\z>‘ 5o, - )

i—

E(t)=E,coswt
BHREEFOHAEERDSGS (ARAKRw TR I HEBDIES)

= 3 (efrw + efiwf)

A 2

27 —dE, i

_ 0 vz
i—)f_?<f‘ |i>|| 0(w—aw,) (—52+ >
B85 35 8 g ibShzLorentzian 4

I TUT CEERAD g omgmew

=—5(9) (6 =0-a,) (HE%15 - HWHM)
T RIBA TS558 spse @i
2 2 2 .
_ /4 _Q _ < f|-dE|i>
o +y A h




L—F—aHIB{HE TS 7T —X:
BREIVRITREENERTELEE

2 R GUSROFEH1R) FEAREDOHTRESD
r QI
y = n 5022_2:— I:ﬂ'hcr
2 r. 1, 7 337
L s L s r £ig5t ’ )
- - n L—rAEX
2 2 . F
N,=-I"_N, —ysN, + ysN,
; N, =+ N, —ysN, +ysN, =—N,
N, +N, =N,

ERAETE $F0I= LY IR A5 1-0
(power-broadened width

N, NSt—l Y 1 sy

Nt - N3 = =——"_N,= N,
l+s 2 21+s ° 28%+y? 0 r=ril+s,

FRTAREE, 7oLSOESBTCETOvHAARAER/HT L) BEBHRREDLL

[L——¥EAM - E£8F] DHS
Bz AL . Mt B LR

2 —7(N, =N\

L—rAERK
N—— sN+ sN — (N, =N

N1 Z_ESNH'ESNz ~7(N, = N)

1 _7/(N1_N1(0))

NS — NS = N(O) N(O) _(N(O) N(O)) 5 +7
b 1+s S+ + Q)

= (8.13)&—3 !




IR (RLEL) BT EFE 0D TE 2=

BT (9F) 1EA B AL EFREICIRIT ST R ILF—FP[W].
RF(DF)DEEENET B

dzZOEEEERT BIISRIEND
B ERS-YDIHILFE—

LB S1(z)-1(z+dz) = Pndz

dl
—>—=-n—I[=-no, 1
dz I
\ _ P rgzami@0
BF(HF) FREMICHERN oD o)

RURIREE Z D705, B BFRE] [ ZHRUR

abs I D&H)lﬂﬁﬁ%
FRIRILX—FP =10 E7EB,

[(z)=1,e""" =1

al x= — —
RN EE: —D2DEAZA
2 EEREQEFA BB TO—T %
PSIRINS BT L F— 5
r r 1 1 ~*=°o7
r r B=hox—s=ho—— 5 . _ 7he
—5 —5 F 2 2 .[S 1+x ]S= ﬂ3rn
2 2 " £oT, EEKEDFEF QRIS ERIE
I M BAKH P 4
| l l Oy =— =5 HmEKELLL
1 I 1+x
o, = 61> RO EIZEY | BIRIRKEDRTF OEIEMEHE IS
O,
O, =—"5 —HEKELEL
1+x
£o T, b —RUL0 (EBISBAE D) IR (LB IFEmiE (7' =7y1+5,)
o, N'-N o, 1 _ ?
abs

= = =00y 2 “REIEKETS
1+x* N, 1+x* 1+s 8% +9? (msa)




AR EFR: A DKOH T

2
Fs r
- —s
2 2
®UR BB

|

BAREICESRF—EOREMRMHYDRETRILF—IL,

N?r e 1

P=hox

N, 21+s

Li=htoT, IRIRETEEIE

Ly

S p _he

IRLF—

T2 6+

D (FE(FFHEEIREE D D BRI H

—
dz

I

L (reni)

O, =67k’ —HTHRENOROIMBRLAL

2EMRAFDEREIRR

B2 AR F
o 6xk’ X'
1+s, 1+x"”
,,_67[%3 1
1+s, 1+x"

xX'=58y
r'=yl+s,

<

2=
& BIARIRE T

! 1+x

10

08

06

041
0.2

K

0.0

L BRIE

| (natural linewidth)

x=0ly

-02F

-04}

> 8F0 (/8T —) LAY

(power broadening)

-06
-5 —4 —3 —2 —1 0

5/y

5 l+s,y=y1+1/1y




JRF DRI BT E R

HEn DT S ORI RY
o= rtlkZ” =no(0)

RFHEE
7/2
o(0)=0,—= — IRIRBTER
o +(+s,)y

G, = 671" : $£IBIR R b

_ —az ~no(8)z+—O0D: FEZHRE
1 (Z ) =1 0€ =1 0€ (optical density)

CCETODFEREDH(ER)

1. 28 RFOEREXQEZRL, /542
se= I, << I CIXTEHEMFMIRE FERLCTH D,

22EMRFDIHE . HIBEDIE I'FRODDDIE,
BARAME (FiEEADFa) THA=1/7).

3. 50<< I TG & IR IF(1+ 5) ABIZIEAY |
E—511/(1+ s fEIZTH% (BaFIEAY) .

4. 1[FFHT=Y DHISRIET EFE L. FaF0RE K
Y+oBIFIIE. EBE—AVMIEDT 0, =671




EEXZIEEHE(VCC)LHLEHE

fgi [ =0, +T

VCC

z

~Lyee(N, — NO) iR A Y= Fn /2+ FVCC
~—TyeeN,
T T L—rAERX
—s| —s| I, . C C
2] 2 N, =, +Tye)N, =N, + W,
1 - LonoL
[T e, N, =+T, +T'yo)N, 5 SN, + 5 sN,
z_Fvcc(]\a_]vo) N1+N2:N0
=T ,.N
e gaFN/ S5 A% e .
i o o Eﬁ%ﬁ%’i@ﬁiﬂﬁ%%&
0 = — = St _ -2
Ty (T, +Tyee (T, /2+T ) N, —21+SN0

ERILNYDHDHGE DRIETEIE

RIDRASAR LY, MEIREDFAEREEL

N 1 s
N, 21+s
TO—JXQBEEABEESH-YDIRILF—OXIE
st 1
P=hwx ]\]\[[2 = /‘1(051L
o'r +s T

BAFN/ NS A—2sHVNSUMERR TIE )(1
s ho (r,/2) I 1
P=hox=K =-= T
wx2>§ 2 (OB )(T, /24 ) I, 147 "
P X (T, /2) o, o, =67k’
I

B Y, /24T yo)|1+ %7 x=5/ly
chSEAYf-h>T-ER

O, =

abs




FRARIGIERFIBIEDOHLHIHFED
7 Oy AEXDEE
2013558298 S>FI—T429
By EHF

Zo70vRARER (BHMHY)

dp Q |~ (4
7;1 =I'p,, ‘HE(pzl —Pn) dWW I~ EAD (HEARA)
—=-ITW+H)+QV
dp,, _ . Q dt
7—_szz _13(,021 —P) dU
d 0 R
o . .
712:(_15_7),012""1_(,022_,011) dv
t 2 & whsUu-ow
dpy, ; 0 di
e (+id=y)py _lz(pzz - Pu) W B~ (B IEN)
=0 +T,  +T +T e RIS I8 (NVMR) T, fitHRHRRZT,
TR R T, 5,
L +T BHABAKEICEBZEDETAES,

el T+ T yee +
4 oy vee T 7 ph T,=1/y=2/T=2T,




L—bAEz0a i

aE—L R GEXAE) DEBELESmEE (AEOE) DERZEE
[CHAR+SELALBMICEREREIZHIERET HE

i ' 0 Qp P
o =P+ (P =p) =0 pp =2 g—zyll
. .Q Q

= (0= =i (o = p) =02 o = p§+51

e
COEE AE—LURIEDTREICHBITE: Py — P = pﬁ xp” (ngj
ST OB 4. ROL— SRR IBETS 4

%_ o’ Pn—Pu _ _ £ B __ 5%
57 =Lpy+— 2 1422 =Ipy,—s ) (P11 = P2) s 1+ 2
ﬂ__ Q 52 Py~ P pn _ 59_2
g L'py - 27/ 1+ x -Lp,, — 2 (pzz P | So T
ZzLENESAEANTEHLI-L— AR E—!
E = IKRE DFE (revised)
B _éz s - £ s _ 1
Qyl+s Ql+s I+s
[ So o’ 5j
s = =, S=—, =_
1+x 'y ¥
1 s 1 1 s
St:_—, St:_ U+lV - .= 5_1
P 21+ P 5 ( ) 5 ( 7)
2d d’* I (-o+iy)
A= Pu= 2 )
&E, Ehy” 1+x7 1435,

y'=y 1+S0




BAMHEL—rERNBFE—ARED
B§1% (revised)

V47 F—TA Xy T D BRI DE

(1930)&kY
2_3 3
r =2y = d o - d’k —>d2:3%;°hl“n
3nehe” 3meyh k
Li=h'>T.

S 1
4= 67X’ Fnz 1 2( o +iy) XE——ij
27 1+x° 1+s, k

_27z

sc — 1 ] = Chj/n F7/
T BT %S Y6k’ Ty,
(E

TO) iR

(e.g., I=1.6mW/cm? for Rb D2line)

SEk— = Z S |1 1
BXRERBRZREO—MRE(FLED)
EhbE~LRRIZEELTLK (7, =T, /2)

chy, Ty o I \_O
S S ==y =y lts, > x =—
6zk" Iy, A y
R 8H1/ 544 ERIEANY I8 AL A
2EMERF(1E) DEREIRZE BARBMEDHDBE(THA
I (-o0+i
— 67k’ Lo (0 +iy) SR i
7/ 1+ x" 1+, I' 7,
; v X
2 =Re[y]=—-67K’ sommmis —— 145, i
1+s, 1+x"” A
Vo lv 1 y o1
=Im[ y] = 67> 2~ s L0 a
x 145, 1+ DOEES{E y 1+s,




RERMEDSLT1ITDIE

P
FhiRIRBE D IFTERESR
2y =2y\f1+s, p,, = 1 s 1 s 1 a_0-
2l+s 21+S0 1+x" y'
O=kV  seantToT STOREEWH
i 2y =2y Jl+s, ERDEF/NTAS
) _ I 7O = chy,
+F s() — (0) 9% g _—3
=2 T‘“‘“Fvcc I 67k
N4
w 1+50 r”} =
o=kv +T,.
(()0 (F +F1nel +FVCC)( ) ! +FVCC)

2 2
Mo ERT5E 27 =(T, +T,,) [1450— o 1 S‘(’O){”rﬂ
(T, +rmel) r

n

SrrkA—AY—KSU T TERIESN S
SLTvTDIE
BT o BRI THINS, [, EEWIATS

RO THIZEH>TELN D EE S T LD IRDIE(FWHM)

r I' ¥
[ =2y =2 24T 1+ 2o
pump e ( ) + vccj\/ +5, (FH+FVCC)(}/H+FVCC)

BRISNDEII{ROTRIZLDRDIR) +(TO—THD#HIE) | +2THAIMDS
TO—J %A aMEE LY+ 55T,

r +I
r,, =—m—r robCls L, vee 91+ [ 1+ s(o) a7,
2 2 (rn+rvcc)(7n+rvcc)

[ocb MR TESEDIE

r m| +rroe r <
L b =%‘”=7ﬂ{1+,/ 1+s<°>}—'>r B SR8 (FWHM) (215




R F DU ET S (revised)

HEnD BT S ORI RY
a= rtlk;(" =no(9)

Bat1Eisd

REHEE S
" / 1 '/
R EE: 0(5) =0, 2L — =g, | T
1+s, I+x J1+5,[0°+y

G, = 671" : $£IBIR R b

_ —oz {no(8)z+—O0D: KFZE
1 (Z ) =1 0€ =1 o€ (optical density)

Ny TS—IENYNHLIHEED
\ UR S BT T A
Ry F5— Tk

o= +k-V=aw +kv vFL—H—XDHEST
D 0 0 FRDRERSES D

Maxwell-Boltzmann% %1

1 2
o,(0)=[" fW)o(F-kv)dv (&HIE)

2
r 1
&)60 - il exp| — > (GD EkvRMS)
2 1+s, op 20,
_ 1476 T,

~ fl+s, Ay, (FWHM)




BRSNS S LTIV TDFERS

RUTRIZEDDTHHDEL

1 s v | v
P Pp=7—=I1- =1-5, 2. n
I+s I+s JI+| 0, +7
Py S Zw-w B AL BESTIRIE
5 = w_wo Sht-0—L VB
P P +HBNTO—TRICE TR ILILEDEEE L
27’/527\11"'% GD(5):J_wf(v)(p1] —pzz)G(é—kU)dU
oskv ol ) e
=0y (0)| 1-5, 5 =
B DOBTERE By (Fo—N&ry RoNHD
WMEieSh=-0—LYEHOSBE
7 TavTDHRILTIE
S
o,(0,=0)=00]1 0
\ w=kv " ° JI+s,(+4/1+5,)

Demtroeder vol Il, p.90 (2.32a)¢é—3

LT 4T DFRSVsEAFN/ A5 A

2 » 3
" S
RK Unphysical region
& Ji+s ™ 1 s
+& - ==
fa) 1 1+s 1+s
°:Q rd
s
ik
n Y s
\/1+s(1+\/1+s)
O il il il il
0 2 4 6 8 10
AR/ NTAR




balanced polarimeter signal (V)

SrDRI;ATIAE T EDLLE

0.015 —
—2.0mW

0.010} T omw |

0.5 mW

—02mW

0.005} | 02mW |

0000;ﬁ¢mMm,_ww/’/1

-0.005|

-0.010}

0015

width(FWHM)|Psat=0.04 mW | Pprobe=0.15mW

| T =27x32MHz
Tyee = 27x17MHz
F Py

—— R52

0 05 1 15 2

pump power (mW)

probe detuning (GHz)

EREBHT 585/ 37—
BEIRIEC—ELAL (615:E)

—Kramas-KronigD B& MR IZL THLY ?

amplitude (arb. unit)

amplitude| Psat=0.25 mW,lerobe=0.15 mW

— &2

0 0.5 1 15 2

pump power (mW)




