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One- and two-color laser spectroscopy of indium vapor in an all-sapphire cell
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We present saturation and polarization laser spectroscopy experiments of indium vapor with a single color
on the 410 nm transition and with two colors at 410 and 451 nm. The spectra observed by polarization
spectroscopy are discussed in terms of a quantitative model. The line shapes observed with two-color spec-
troscopy can phenomenologically be described taking into account hyperfine changing collisions, velocity
changing collisions, and dark resonances. As an application, we actively stabilized a 410 nm diode laser on the
resonances of saturation and polarization spectroscopy, and obtained long term frequency stabilities in the
100 kHz—1 MHz range.
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I. INTRODUCTION stark contrast to spectra obtained from a commercial hollow
cathode lamp exhibits excellent Doppler-free resonances.
The observed linewidth of the latted vpywyy=50MHz, is
Iarger than the natural linewidth Ofyyecay™ Yaio+ Vas1
—2725.1 MHz because of power broadening, a spectral laser
newidth of 10 MHz, a nonperfect alignment of the counter-
propagating pump and probe beams, and residual pressure
broadening.

Laser saturation spectroscofsee, e.g.[1,2]) and polar-
ization spectroscopisee, e.g.[2,3]) are methods that allow
the generation of sub-Doppler resonances in an atomic vapor.
Such signals are important for laser frequency stabilization a]t
the MHz level if spectrally narrow and stable laser light is
required.

In this paper we are concerned with high resolution spec-
troscopy of indium vapor stored in an all-sapphire cell
_(ASC). It can Withstand a temperature of_ more than 600 °C lIl. POLARIZATION SPECTROSCOPY
in order to provide a reasonable atomic density of about
10%° cm3 [4]. The goal is to apply this tool for frequency  An alternative technique to obtain narrow sub-Doppler
stabilization of lasers at 410 and 451 nm corresponding t&pectra is polarization spectroscopy that has extensively been
the 3P;,,— 6S,,, and the P3,— 6S;/, transitions, respec- discussed in the literaturgsee, e.g.[3,2]). The setup used
tively, see Fig. 1. Because of the technological importance ofor the measurements discussed in this paper is sketched in
indium, laser cooling of an In atomic beaj] could be of Fig. 3. The 410 nm light is again generated by a diode laser.
interest, for instance, in order to apply the methods of atomic The laser beam is split into a pump and a probe beam. The
nanofabricatior{6]. Since the branching ratio for the decay first one is circularly polarized whereas the latter remains
from the 65, state to the By, 3, ground states is 2:3, the linearly polarized. The rotation of the probe beam polariza-
violet (410 nm and the blug451 nmy light have to be ap- tion is analyzed with a polarizing beam splittd?BS ori-
plied simultaneously for laser cooling because a closed levetnted at an angle of 45° with respect to the initial linear

scheme allowing multiple photon scattering is necesgglry ~ polarization of the probe beam. The difference signal of the
two photodiodes PD1 and PD2 measuring the intensities at

Il. SATURATION SPECTROSCOPY

2 =
For saturation spectroscopy of thB{,— 6S,,, transition 6 S1/2 8436 M}II:z >
we use 410 nm light generated by an extended cavity diode
laser(TOPTICA DL100 with an output power of 15 mW. A
standard setujcf. [2]) is used where an amplitude modu-

lated pump beantS,,m;=0.7) counterpropagates the probe 410 nm 451 nm

F=4

beam(S,0ne=0.3). Here S denotes the saturation parameter

defined as S=I/1%, with I5,=mhcy/(3\%), 1&2 F'=6
=16.9mW/cm, and y,,0=2 8.9 MHz [8]. Figure 2 shows 1753 MHz

the pure and the demodulated transmission signal which |r =
1117 MHz

11413 MHz F'=4

Fa 669 MHz /o

*Electronic address: meschede@iap.uni-bonn.de; URL: http:/

www.iap.uni-bonn.de/agneschede/english/indeeng.html FIG. 1. Energy level scheme &t9n according to[7].
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FIG. 2. The transmission signal at 410 nm for saturation spec-q " b
troscopy with an ASC and a typical pump beam power of about
35 uW (upper graph and the corresponding demodulated signal
(lower graph. A PR ]
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the two ports of the PBS is sensitive to rotations of the probe detuning relative to 5 —> 4 transition (GHz)

beam polarizat_ion. Th_e resulting spectrum is shown in Fig_. 4. fG 4 (a) Difference signal of the two photodiodes PD1 and
For the analysis of this spectrum we write the total rotationppy \yith and without a pump beam shone in; the corresponding
®@yora @s @ sum of the following three main contributions:  ero-levels are indicated by the dashed and dotted line, respectively.

€ I?ght @nduced (?irCU|ar_birefringenc@cs)i Both curves show the background duedpgg. (b) Difference of
(2) light induced linear dichroisni®y,rg); and the two curves irfa) obtained by amplitude modulation of the pump
(3) magnetic field induced circular birefringent® rg). beam with a chopper and demodulation with a lock-in amplifier

The influence of these contributions can be expressed by thelA). The fit takes into accounbcg as well ashy re.
complex index of refractiorqun%ing which is given by
1 Fe My + 0|dg|Fg,my)[?
n-1=—ts , KFemgtddFemgl® ),

—_ p K
K 2heg My ¢ (o= ®) =i 7eq

Lock-in

SA | émgliﬁer

Hered, are the tensorial componerjtg=+1 for right (RCP
and left (LCP) circularly polarized light andy=0 for light
polarized along the axis of quantizatjoof the electric di-
pole operatoraze-F, pm._ 1S the population of the ground
state |[Fg,my), <Fe,mg+q|giq|Fg,mg> is the transition matrix
element,w, is the resonance frequency, is the transverse
relaxation rate, andg is the permittivity of vacuum.

Input 2

A. Light induced circular birefringence

S Z

4 The proper signal of polarization spectroscopy originates
BS /2 Plate NPBS prop g p p py orig

from optical pumping inducing a circular birefringence. The

FIG. 3. Setup for polarization spectroscopy. PD1 and PD2: pholinear polarization of the probe beam can be written as a
todiodes measuring the intensities of the two outputs of the polarSUperposition of RCP and LCP light. The two circularly po-
izing beam splittekPBS being oriented at 45° with respect to the larized components acquire different phagesind ¢ when
linear polarization of the probe beam; BS: beamsplitter; NPBSthe light traverses the atomic sample with lengthThe
nonpolarizing beamsplitter cube; ASC: all-sapphire cell; and SAPhasee.=(n.—1)kL depends on the wave vectkr= 27/
servoamplifier. of the light with wavelengthh and the complex index of
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refraction for RCP and LCP light,. By means of the Jones The difference of the imaginary parts of the index of re-
formalism (see, e.g.[9]) the difference signal of PD1 and fraction for a light field with polarization parallel or perpen-
PD2 measuring the intensities at the two ports of the PBSlicular to the principal axis of the alignment is given by

(see Fig. 3 can, for an optically thin medium, easily be

2
calculated to be V-n' = [(FeldiFy)l KA L (6)
o 2hey 9T L 4G

4570 = | @ (DKL gir (0 = nl)kL - 26] = I[(n” - n,)kL
0 i ) 1= 1l ) with the coefficientsiCio that have been calculated 0]
= 20] < Pcg - 26. (2)  being

The initial intensity of the light isly, and <1 takes into Fo(2Fg - D(2Fg+ 1), if Fe=Fy—1
account nonperfect alignment of the PBS with respecttothe 1 _ | Fo(Fo+ 1)(2F, + 1) fEZF
horizontal axis. The contributions of the birefringence of the ~ jcLD ~ o g g ' e”'9

windows can be neglected becausedtais of the sapphire 9% ((Fg+ D(2Fg+1)(2Fg+3), if Fe=Fg+1

win’dows is normal to their surface. The expressio  According to Eq.(6), the NLFE has an absorptive laser fre-
—n_)kL for the circular birefringence in Ed2) can be fur-  gyency dependence. The contribution of the NLFE to the

ther simplified by using Eqcl) together with the Wigner-  gignal $45°+ of Eq. (2) can hence be written as
Eckart theorem:

L EdIFP
B * 2h80

:|<F€‘||d||Fg>|21CCB7) X5
2hey 9T P14+xE

1
Dpppe = ggAzzBl e (7)

B Xs
’Cge<z ngmg> 1 +X§
"o Although the NLFE can only be observed for a nonzero
magnetic field, the influence @& on the frequency depen-
dence of the NLFE is not taken into account for our simple
o ) ] ] ) i ~model at this point.

This is a dispersive Lorentzian with a line shape determined sjpce the expressions given by E(®.and(4) describing
by the normalized detuning,;=(w=wo)/yeg and an ampli-  grientation and alignment depend on the populatignsof
tude depending on the longitudinal component of the spifhe Zeeman sublevels of the dixstates in the B,,, and the

ot antati B . e o e
polarization’,, also called orientation, and the factde§g 5P, ground states, the relative contributions of orientation

()

which are calculated to be and alignment can be calculated with a rate equation model
— Fy(2Fg+ 1), if Fe=Fy—1 taking into account all 6@n: sublevels. For the comparison
B ) _ of the relative peak heights the reduced matrix element
e~ | FalFgt DR+ 1), if Fe=Fy (Fd|d]Fg) must be written in terms dt_J|d|Lg)=(Sd|[P) and
9% (Fg+ 1)(2Fg+1), if Fe=Fg+1 appropriate and § symbols.
Equationg2) and(3) do not take into account any magnetic o ) o
field effect. C. Magnetic field induced circular birefringence

The Doppler-broadened structures of the spectrum in Fig.
4(a) adjacent to the signal E@2) have contributions from

If the polarization of the pump beam is not perfectly cir- light self-induced circular and linear birefringence because
cular but an ellipse, the chiral symmetry along the propagathe probe beam is slightly elliptically polarized. In this case a
tion axis of the light field is broken. As a consequence, arconvolution of Eqs(3) and(6) and with the atomic velocity

B. Light induced linear dichroism

alignment with the expectation value distribution (Moigt convolution is necessary yielding broad
5 dispersive and absorptive line shapes. Since this effect is
An=2 qug[':g(':ng 1) - 3mg] (4)  self-induced it does not depend on the pump beam.
M The main contribution to the broad structures is the linear

is induced along the principle axis of the polarization ellipseFaraday effectLFE) which is a magnetic field induced cir-
and acts as an optical axis of birefringence. It has beegular birefringence rotating the linear polarization of the
shown in[10] that the nonlinear Faraday effe@NLFE),  probe beam by an amount (fee[11,12)

which describes this light induced linear birefringence, ro- 1

tates the linear polarization of light traversing an atomic & = =R, -TLKL. (8)
sample having an alignment by an amount 2

Ve This expression is similar to the one obtained in &y.with

142 (5) the exception thafi, have Doppler broadened line shapes
e and resonance frequencies that are shifted by the Larmor

Equation(5) describes the dispersi@field dependence of frequency w leading to w.=wo+(Agmy*gew,; here Ag

the NLFE. Hereyg = 2g4w / yr gives the Larmor frequency =0e—q is the difference of the factors of the excitedFe)

w. = uponB/# in terms of a ground state relaxation ratg ~ and ground statéF,). This together with the wave function

gy is theg factor of the ground statéy, andugon, is the Bohr  mixing described if11,12 allowed us to calculate the ex-

magneton. pected spectrum for the frequency dependence of the LFE

1 " "
Dyre= E(nu - nkL
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with the simulation program used ifil2] and showed a R e

qualitatively good agreement with the experimental result. \‘r"z

[ oo}
D. Discussion of the polarization spectrum ﬂ .
o é 1 free-running laser
At zero magnetic field®,=Pcg becausedy g and P
& e vanish; the resonance lines have hence a sub—DoppIe§

width. At nonzero magnetic field, alsby g and®, e con-
tribute to the signal if longitudinaB-field components are
present[see Fig. 4a)]. Since®, - does not originate from
optical pumping, this background can be removed by ampli-
tude modulating the pump beam with a chopper and de-
modulating the difference of the signals from photodiodes 01}
PD1 and PD2 as described above with a lock-in amplifier. e
The remaining signal which is due @cg and Oy ¢ is 0.1 1 10 100
shown in Fig. 4b). 7 (sec)

In order to verify our interpretation of the spectrum in i , ,
Fig. 4(b) we measured the Stokes parameters of the initially FIG. 5. Allan variance of the error signal for afree—runnlr_wg laser
circularly polarized pump beam having traversed the nonpo‘rflr.IOI for th? same laser locked on resonance of th64trans_|t|on .
larizing beam splitter cub&@NPBS): the degree of linear and W'_t?, polarization spectroscopy. The slope for a pure white noise
circular polarization yields 0.56 and 0.76, respectively: the(T 2 is s.ketched to guide the eye. The total data acquisition time

b . A was 70 min.

polarization ellipse is inclined by an angle of about 228°)
with respect to the horizontal plarihe original polarization | . . .
of the pump beain Furthermore, we applied additional mag- integration times o_f 1-10s. The Iasgr remains locked for
netic fields to the existing stray fields in the ASC and ob-More than 1 h. This performance, which has also been ob-
served that, depending on the strength and the orientation &Tful’led fo_r saturatlon spectroscopy, is sufficient for laser cool-
the magnetic fieldPy, rz (Pcs) dominates the signal leading N9 applications.
to an absorptivédispersive line shape.

Figure 4b) confirms the p_rediction of Eq7): _the _peaks IV. TWO COLOR SPECTROSCOPY
for the 5—5 and 4—4 transitions have opposite signs be-
causeg(F,=4)=-1/15 andg(F,=5)=+1/15. The relative The blue light at 451 nm is generated by frequency dou-
intensities fordcg and @y e could be determined with a bling a Ti:Sa lase(MBR E-110. Active frequency stabiliza-
least-squares fit of the experimental spectrum in Fig) to  tion of this light using spectroscopic signals derived from the
be 100:2:5:63 and 100:126:71:43 for the-8, 5—5, 4 indium ASC is not straightforward because the signals ob-
—4, and 4- 5 transitions, respectively. The ratios calculatedtained from the thermal population of theP§, state at
with the rate equation model are 100:5:3:31 and630 °C are relatively small; we have measured 6% maxi-
100:117:64:22 for a pump power of GBN (S mp=0.5 mum absorption with a Doppler width of 1.5 GHz.
which was used for the measurement of the spectra in Fig. 4. Optical pumping with the violet laser beaf;;,=0.7)
The deviations of the theoretical and the experimental resultiicreases the absorption of the copropagating 451 nm light
are probably due to the relatively strong probe be&&p,e (Sus1=0.2) having the same diameter of 1 mm from a few
=0.45 and the nonperfect Gaussian intensity distribution inpercent to more than 10%. While the amplitude modulated
the laser beams. Furthermore, the theoretical dependence \§plet laser is always locked to the-45 transition, we have
®cg and @y e on the number of pump cycles is very sen- recorded background-free transmission spectra of the blue
sitive. laser scanned across tlig,4,3 —4 transitions[see Fig.

The deviation also indicates that relaxation processe§(a@]and(6,5,4 — 5 transitiongFig. 6b)] by demodulating
other than the spontaneous decay and the time of flighthe photocurrent signal with a lock-in amplifier; the photodi-
within the probe laser beam limit the number of possibleode is equipped with an interference filter blocking the
pump cycles for a given intensity. We find indeed evidence410 nm light. The polarizations of these two laser beams
of strong hyperfine changing collisions, e.g., in two colorwere orthogonal.
spectroscopysee Sec. V. The main observations can be summarized as follows.

It is straightforward to derive an error signal from the (1) In all spectra the hyperfine components of tHey5
polarization spectrum shown in Fig(b} for locking the la- —6S,, transition are resolved.
ser frequency with a servoamplifier in a feedback-loop witha (2) The individual lines show unexpectedly broad peaks
bandwidth of a few 100 Hz. We have characterized the stawith a full width at half maximum(FWHM) of order several
bility of the laser system by analyzing this error signal in hundreds of MHz which is in between the natural linewidth
terms of Allan variance$13]. A typical result is shown in (25 MHz) and the Doppler width1.5 GH2. Power broad-
Fig. 5 for the unlocked laser and the laser locked on theening is negligible.
center of the dispersive peak of the-~b transition shown in (3) The line shapes are neither Lorentzian nor Gaussian.
Fig. 4(b). A stability of about 140—200 kHz is achieved for  (4) When the violet and the blue laser excite the same

locked laser

Allan vari
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0 1 1 1
0 1000 2000
detuning relative to 5 —> 4 transition (MHz) FIG. 7. Simulated velocity distribution of 10 000 atoms initially
at rest having undergone one collision with thermal atoms of rms-
velocity v,. The least-squares fit of this velocity distribution to-
(b) ——F=5 gether with the Lorentzian and the Gaussian contribution are also
: ' F'=4 drawn.
6—>5 410nm 451 nm
6F chopped scanned
—F"=6 lated in this process where recoil effects are negligible.
- F=5 —F"=5
- p—
— " A. Stepwise two-photon processes

5—>5 The spectrum of thd5P;,,F"=5,4,3 —|6S,,,F'=4)
transitions in Fig. 6) shows three lines with a width of
order several hundred MHz, where the signal from the 3
— 4 transition is observed even though &3 level can-
not be populated by dipole transitions from the=5 state.
Phenomenologically we find that we can well approxi-
. . L mate the observed profiles of the resonance lines correspond-
0 1000 2000 3000 ing to theF”=4,5 states in Fig. @) with a combination of a
detuning relative to 6 —> 5 transition (MHz) Lorentzian and a Gaussian profile with typical FWHM of
about 170 and 600 MHz, respectively. Both linewidths by far
FIG. 6. Lock-in signal and least-squares fit for the transmissiorexceed the breadth expected for a narrow velocity class
of the 451 nm light scanned across 564,3 —4 (a) and the the  probed in linear absorption spectroscopy at the level of
(6,5,4—5 (b) transitions. The amplitude modulated violet laser 30—50 MHz. We attribute the enhanced linewidth to the in-
drives the 45 transition. fluence of velocity changing collisions which have been in-
tensely studied for atoms aritypically iner) perturbers at
upper level(|6S,,,F’=5)) the peaks show a narrow dip at pressures of several hundred to 1000 mTe&e[14,15).
their centeFig. 6(b)] which is not present if different upper ~ While it is impossible here to extract details of the colli-
levels are excitedFig. 6a)]. sional interaction, In-In ground state collisions, light induced
(5) By varying the violet laser frequency across the Dop-collisions[16], and residual gas collisions should be consid-
pler profile of the 410 nm transition the peaks for the 451 nmered. In order to illustrate this interpretation we have carried
transition are shifted accordingly while the line shape—out a numerical simulation where an initiaF0 velocity
including the dip—is not significantly changed; only the am-group is redistributed by a single collision with thermal at-
plitude of the peak changes, reflecting the thermal velocityoms with the rms-velocity,, of identical mass in a hard
distribution of atoms in thé,,, state. sphere model. The result of this simple model is a velocity
A detailed theory is beyond the scope of the present papedistribution which is also well represented by a combination
Thus we restrict our discussion here to a phenomenologicaif a narrow Lorentzian and a wider Gaussian. The width of
interpretation of our most prominent observations by considthe Gaussian contribution is about 41% of the width of the
ering two different kinds of two-photon processes. For bothinitial thermal distribution(see Fig. 7. In our experiment
cases discussed below, the violet laser excites atoms from théhere multiple collisions as well as transit time effects also
|5P,,,, F=4) level to the|6S,,,,F’' =5) state from where they influence the observed line shape we find similar values.
spontaneously decay with 60% probability to {5&s,, F” In our fits the resonance line fét"=3 which cannot di-
=6,5,4 levels by dipole transitions. A single velocity class rectly be populated by radiative decay shows a line shape
defined by the fixed frequency violet laser should be popudeviating significantly from the other two lines. The fit of the

lock-in signal (V)
S
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3—4 resonance line yields a narrow Gaussian and a widei(a)

Lorentzian with FWHM of about 460 MHz and 95 MHz,
respectively. We attribute this deviation from the lines origi-
nating in theF”=4,5 states to the fact that tie’'=3 state is
itself populated by collisions. The lines of the spectrum in
Fig. 6(b) having the same upper hyperfine level as the violet
pump laser can also be analyzed in terms of the phenomenc
logical line-shape model introduced here to describe step:
wise processes. The agreement is very good for all lines if
one takes also into account the central dip which we attribute
to coherent two-photon processes.

B. Coherent two-photon processes

It is well known thatA-type three level systems can lead
to coherent population trapping or electromagnetically in-

duced transparendyL 7,18. The dip observed for all spectral (b)

lines of Fig. @b) corresponds to enhanced transmission of
the 451nm laser light and hence reflects such coherent two
photon processes as indicated by its exclusive presence if th
two lasers are coupled to the same upper level. The dip cal
be well approximated by an inverted Lorentzian with a typi-

cal width of order 30 MHz.

Coherent two-photon transitions for copropagating laser
beams are subject to Doppler broadening with a width of
|ka10—Kas1Av if one frequency is fixed. In our cas&y is the
width of the velocity distribution of the atoms optically
pumped with 410 nm light in thé3, state which corre-
sponds to atoms initially in the=0 class. We thus expect
9.5% of the FWHM of the peak shown in Fig. 8 which is
30 MHz. This is in good agreement with our observation. In

lock-in signal (V)

lock-in signal (V)
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5->4

-200 0
detuning relative to 5 —> 4 transition (MHz)

6—>5

400 200 0 200
detuning relative to 6 —> 5 transition (MHz)

Fig. 8 the 5-4 transition is directly compared with the 6
— 5 transition of the 451 nm line; the corresponding compo- FIG. 8. Experimental data with least-squares fit and the two/
nents of the fit are explicitly shown. three(a)/(b) components of the fit. The narrow Lorentzian(b) is
manually shifted up for reasons of clarity. Note that the sign&ijn
V. CONCLUSIONS is by a factor of 5 smaller than the one (in).

Standard methods of saturation and polarization spectrogroscopy can be used for frequency stabilization of the
copy can be applied to indium vapor stored in an all-sapphiréd51 nm light source if optical pumping with 410 nm creates
spectroscopy cell at about 600 °C. Our main conclusion ist nonthermal population of thePg), levels. If the violet and
that saturation spectroscopy works conveniently for all hythe blue light excite the same upper hyperfine level, even a
perfine transitions of the 410 nm line. Conventional polariza-harrow dip appears which can be used to lock the 451 nm
tion spectroscopy can be used for stabilization purposes fdight source near the resonance.
the F—Fz1 transitions with favorable results. On tte
—F transitions the signal is strongly suppressed while re- ACKNOWLEDGMENTS
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