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Abstract. The paper presents a discussion on the prohlem of alignment-oriantalion conversion in ar: excited
state of molecules. [t is shown thai a rather strong alignmem-orientation conversion offeet in the excited
molecular state can be cansed by a joint acticn: of an external magnetic field and hyperling interaction. 7he
orientation thus created i transverse, i perpendicular to the direction of the external magnetic Held.
The magritade of -his eflect is anaiyzed as dependen: on moiecular parameters,

PACS. 32.60.+i Zeemar and Stark effects — 32.10.Fa Fine and hyperfine stracture

1 Introduction

Usnally, if an ensemnbie of atoms or molecules is excited by
linearly polarizec light the spatia. distribition of angu.ar
momentum of excited state particles possesses alignmert.
That means that the eydndrical svinmetry of excitation
light polarization vector E, that can be characterized by a
doubie-head arrow «—=—, s iransierred 1o ke ensembie
of atoms ar malecuies.

An interest about processes, Ciat can break this sym-
metry and cause alignment-orientation conversion has
been aiive areadv for a long time. As a result. one may
expect an appearance of angular momentumn distelbntion
that can be characterized by a single-head arrow —. Ex-
perimentally appearance of an orientation can be detectec
as an emergence of circularly polarized Aaorescence from
sucn an ensemble of partices.

The possibitity of conversion rom alignment o orien-
tation under the effect of anisotropic coilisions was first
considered by Lombardi 1' and Rebance (2. They nave
snown that partial alignment-orientation conversion ‘n an
ensemble of atoms way be induced by anisotropic co.-
lisions when the angie between tue direction of these
anisotrepic collisions and that of alignment differs from
0or /2 The theoretical prediction was soon after con-
firmed in experimental abservation 13,44

The other group ol works deals with electric field ef
‘ects. Lomnbardi [5] described a cireniarity signal from He
n a high-Tequency capacitative eectrodeess nelinm dis-
charge. Necessary initia. alignment in this case was pro-
duced by joint action of colizions with electrons and ac-
tier of an externa field. The electric field of the discharge
was consicered as a perirning Jactar abie 10 produce
an orientation signal. Later the alignment-oriestation

* a-maii: mauzicsllatner. lx

conversion caused by externzl ciectric field leading ro
guadratic Stark «ffect in atoms or nolecuies was consid-
ered in great detail in 6-7|. This effect was suggested 0
he used Lo orient molecnles seectively i hemn experi-
ments 9]. Recently a:ignment-orientation conversion in an
clectric field was utilized for ricasuring permanent dipcle
moments and A-doubling constants in NaK maiecules '10)].

[r general, the mam reason why an electric Jeld 15 abie
to convert allgnment into orientation is because an electric
Held is characierized by a polar vecior. At ihe same time
it 1s known that magnetic field, which is characterized by
an axial vector can not cnange the symmetry of anguiar
momentum distribution.

However, this obstruction can be cirewmnvented i i
addition 1o the linear Zeemar effect there exist any per-
turbing factors causing slight non-linearity v tie primar-
ily linear Zeeman effect. For example, as such a perturbing
lactor can serve hyperfine nteraciion in aloms or
molecu.es. For the Arst nme alignment-orientation con-
version ax a result of hyperfine interaction was predicted
theoretically 11 and demonstrated expernrentacly by
Cetunann {120 He sidied optien. pumping of a dinmag-
netic ground state of atomes possessing magnetic hvper-
fine structure. Atoms were excited by an unpolarized lglt
beam in presence of an external magnetic Held. Joint ac-
tion of hvperfine nteraction and the exiernal magnetic
feld directed along the unpuoiarized exciting light beatn
cansed appeararce of a longitndinal (aleng the magnetic
Geld direction) orientation. This effect can be considered
as a kind of :nagnetic aichroisrm.

Vigué with liis coleagues studied ticoretically as well
as measnred experimentally it an iadine maleeule the
appezraice of & longqutudingl orientacion in an external
magnese fiele as a resall of predissociation |23-1510 Such
arientation can Lake pace s adirees conseguence of in-

terferenice Hetween wagnetis uxd natvra predossociation.
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Mot so long timne ago it was shown Lheoretically as well
a5 demonstrated experimmentally that an external magnetic
field can slightiy mix together molecuiar states with op-
posite parity and, as a result, can cause the appearance
of transverse orientation (perpendicniar to the direction
of the external field} from an initially aligned ensemble
af moleciles. [t needs for this that the initial alignment
is created in a direction differing from 0 or £#/2 with
respect to the external field and that the intramolecular
mieraction-caused Zeeman effect deviates slightly trom a
linear one [16,17].

In this paper we will demonstrate that the external
magnetic field in the presence of hyperfine interaction can
canse the appearance of a transverse orientation as weil.
In other words, we will demonstrate that the hyperfine
structure (HFS) in an external magnetic field can cause
the appearance of a kind of magnetic birefringence.

2 Orientation of the molecules

An easy way to ciaracterize tie angu.ar momentinm dis-
tribution in an ensemble of atoms or molecules consists in
applying an angular momentum quantum density matrix.
Let us consider & molecuie possessing hyperfine structure
which is placed in an external magnetic field. Let us fur-
ther assume that angylar momerntum alignment in the ex-
cited state of tnis molecuie is created by an absorption
of linearly polarized light with an arbitrariiy directed E
vector. In tnis sitnation the density matrix, that character-
izes conerence hetween magnetic sublevels with quantnm
nnmbers M and A’ for an ensermble of molecuies n an
excited state can be caiculated as 18]

I+ % Awpar
x 3 e MIE™D mip) (M| E7Dnyui”

Mfire =

(1}

'n this equation [} is a reduced absorption rate, I is tie
excited state relaxation rate and * Awwy s is the splis-
ting of magnetic snblevels M and M’ belonging wo <he
excited state leveis k and [. Magnetic quantum numbers
of the ground state level 5, are denoted by p and the mag-
aetic quantum nunbers of the excited staie level ~, by M
or M.

In an externai magnetic field the ground and excited
state levels n; and v are not characterized any more by
total angular momentium guantom numbers 7 oand
respectively, buo are mixinre of these states

=3 =1
| MY = Z CEL FLMY
=J -7
Flagi—
lmuy = Y C\_,. |F7 (2)

Fr=Jr i

! (<}
created by an externat tield. C;72. C‘g .. are the wave finc-
tion expansion coefficients that erresem the expansion of

. the molecular state i a magnetic field over the wave line-

tions of hyperfine levels in absence of an external field. The
method for calculating these coelficients will be deseribed
furtier.

There are several methods how to tel whether or not
a particular molecular state described by a density ma-
trix (1} possesses orientation. One possibiity is 10 expand
cthis matrix over the irreducible tensorial operators. These
expansion coefficients can directly be attributed to the
aiiguments and the orientation of the molecular ensemble
:7.19,20]. This method was used previously to analyze ny-
perfine interaction in the He molecule and the influence of
this interaction on the polarization of laser-induced fuoe-
cescence [21]. Another way wiich will be used in this paper
is Lo caleulate directly the fluorescence circularity rate

A Een) = H{ Enged)

(= 33
[ Elen) + 1{ Erigie) L

from the density natrix in spontaneons transition from
a particular excited state of the molecule. [{Es) and
J(Erigne) are the intensities of the Buorescence with op-
posite circularity, if detected at some certain direction

" from the source containing excited molecules. If circular-

ity differs form zero, then it means that tize ensemble of
molecules in excited state possesses an orientation. This
is a functional way of calenlating orientation of molecules,
becanse in experimenial studies this is a most frequently
used approach to registering tne appearance of orientation
in an ensembie of molecules or atoms, see for exampee [§].

Let us assume that we register spontancous fluores-
cence with a spectra: device which does not résolve Liyper-
fine compeonents, say, an ordinary monochromator. The
intensity of the fluorescence with definite poiarization
characterized hy a vector Ef in a spoataneous transition
from tne excited state .J', characterized by a set v of
levels in an external field, to the ground state J§ ., char-
acterized by a set np; of levels, can be caxculated. according
to [18], as

TEY =10 Y Y twMIE; Dinsp)
MM L AL
X M ESD ™ faeu

(<1

. - To caleniate the makrix elements entering equations (1, -4}

some technical problems must be solved. Matrix elements
of wype (M| E.D In;p} can he easily expressec throngh
the matrix clements defined by hyperfine levels of the
mulecolar szates in absence of an external field

(nMIED guuy = 5 GG CUL (F'MIE D |F"u)
£op
5}
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To matrix elements defined by hyperfine states the
Wigner-Eckart theorem [7,19,20] can be applied

{(F' M| E'ﬁ |F u)y = Z (E1) [_;)F’—f"-‘
q

Fo R .
% PV BVET (6
Mgy /

Here, the light vector is represented by its compenencs £9

in a cyciic system of coordinates |7,20]. Finally, the last
reduced matrix element for an axially symmetric system,
such as a diatomic melecule, can be written as (19]

(FND|F = (-1 F L R = DRE 1)

B O I
. M
<{FH JH 1}' IDIJ/' (.‘l

Al this allows to calcuiate an anguiar momensum distri-
bution in an excited state of a molecule witih HES, f it
absorbs light of definite polarizaticn E wlile placed in an
external magnetic field. This angular momentum distribu-
tiont is characterized by the excited state angular momen-
tumn density matrix * fasae (Eq. (1)) In tarn this density
matrix allows to calculate the degree of cireniar polariza-
tion of the fluorescence from the ensemble of molecules
and, as a consequence, to determine whether or not the
ensemble of molecules possesses overalil orientation.
Nevertheless, Lo carry out a sirnulation of the Auores-
cence circuiarity rate for & particular model situation we
still need to find the energy splitting ' Awpspsr of mag-
netic sublevels of excited state molecules in an external

field and the wave function mixing coefficients C}:},! , C}f—;‘.,

entering equations (i, 2) respectively. The next section
wiil describe how these quantities can be determined.

3 A molecule with HFS in an extemal
magnetic field

The additional energy of 2 molecule with an electronic
magnetic moment ¢ and a muclear magnetic moment, Ly
in an external magnetic tield B can be written as

EFg=—u;-B-u, B, (8]

where the magnetic moments are connected with the re-
spective angular moments J and I of a malecule

_ G448 3 _gr

. == L #)

Hi=

We assume here that the Landé factor g ‘or orbital motion
of an electron is positive.

Molecular wave [unctions for a molecular rotational
state with HES ereated by one nucieus with nuclear spin
quantum number [ can be written as

(JI) EMY. (L)

where F' s the total angniar momentum of the molecule
with projection on the quantization axis : characterized
by quantum muinber M.

Thue matrix elemnents of the respective Hamilton oper-
ator Hp can be written as

Hg = {{JI) FM| By |[(J' 1) F' "
= W%B{(J:) FM|T () E MY

I g () EMITIL D Y

:
where the operalor m the first term acts only upon the
elecironic part of tile wave function, bit in Lhe second
term only upon the muciel part of tie molecular wave finwe-
tion.

Let us consider each term on the right-izand-side of
(i1) separately. In she {JIYFM'J (JI} FM} operator
acts only on the electronic part of the wave fhinction. So.
according 1o the Wigner-Fekart tiweorem 19,20], we have

(D FM P F M = =1 F -

SN
JE YT Vo e e o Er
MO Ar

and the reduced natrix elemnent can be expanded further

(JLFNS (T DFS = (=1 0F 4y 1(2F - 1)

JFI|., ..
JUJNE Y (13)
{pi o o
- For the last reduced matrix element we have
PILJOV Y = I (T 2 1) (2 + 16, {14
If we collect ail terms together we arrive at
(JNFM|JT(J MY = ()i i
X I2F = LH2E + L) + D20 - 1
RN ANE RN -
N (b —smoae JO B
[n a similar way {or second term we have
{JDFM|P (JDF M5 = (-1 HisiFoast
x VI2F = D2F ~ (I + L i2f + 1)
(1 F ) (F 180 ,
VP =xo yr |- V)
- - ‘/

Besides. as part of tie diagonal elements we have ordinary
HFS. Magnetic dipoie HES

A2
DT

——

Ho = [FIE+s Y= Ji{J-1 -1 r1].

{i7)
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a being a nagnetic HFS constant. and the electric
quadrpoie HFS
H{® = by

[3— J(J+ 1) 8X(X + 1)/4 — J(J ~ 11 + 1]
(27 — )J(J + 1)(27 + 3)20(2f — 1)

{18}
By being the nsual (longitudinal) electric gnadrupole HFS
eonstant. In addition to this
2 = 1p, V372 [._'iX(X +13/4 A-_J(J—i— LT+ 1))
(2J —1y(2J +3)27(2f - 1)

q -
(19}

must be considered for [7 state [22-24], where the + sign
stands for the e component and tie — siga for f com-
ponents. In these equations X = F (' + 1} - J{J +1] -
I{I + 1;. The HFS constant b2 may be cailed a transversal
HF'S constant, because it is associated with the iransversal
irreducible component, of the electric field gradient.
Energies of molecular states in an external field can be
obtained by a standard procedure by diagonalization of
the Hamilton matrix defined above. Besides, In a process
of matrix diagonalization the coefficients defining the ex-
pansion of the wave function of state in the field over the
hyperfine state wave functions ¢an be obtained as weil.

4 Example for NaK

To make calculations for a real molecule and to find out
kow large the effect of alignment-orientation conversion
can be for a real system, one must know certain molecular
constants. [n particular one must know the orbital Landé
factor g; and the nuclear Landé (actor g7 in equation [L1)
as well as the molecular hyperfine constants a, by, b2 en-
tering equations {17-19). Unfortunately, at least some of
these quantities are not known for most of the moleciies
in excited state.

Nevertheless, in many cases the necessary nolecnlar
constants can be easily estimated with good accuracy from
the known properties of the nuclens and atomic constants.
In this section we are going to demonstrate how it can be
done. As an example, let us consider the very simple and
widely stndied mnoiecule - NaK in its excited D' [T state.
We chose this heteronuciear malecile, because, as it wil
be shown further, for this molecule the assumption that
only one nucieus creates HES can be justified with certain
accuracy. Of course, caleulations can be also performed
accounting for influence of both nuclei, but this would
make calculations nunnecessary complicated and exceeds
tne limits of the present paper.

Let us scart with Landé factors. The most accurate
values of the gyromagnetic ratio for nuclei of interest in
Boir magnetons are gr = —0.0008046108(8) for 23Na
and g; = —0.000 £41 93489(12} for **K |25{. This means
that the magnetic moment of Na is almost six times lacger
than that of K. The electron Landé factor in moiecular ' [T
state can easily be caleulated as gy = 1/[J(J 4- 1)) [26].

Lev us continne with HFS constapts. The magnetic
HFS constant @ can be caleniated as
\
=203 3 (5 (20)
w M
where gy is the Landé factor of a nucleus cansing the HFS.

Let ns estimate the magnitude of magnetic HE spiit-
ting constants a for both nucdie: of NaK. As pointed out as
carly as in [27), the average of {r~3}_ s taken aver only
those etectrons which form the anguiar momentum of a
molecule,

We know that the molecular D' /7 state at large inter-
nuclear distance correiates with atomic states J°P lor Na
and 475 for K [28]. Tt means that in this approximation the
I does not contribute to the nolecular electronic angular

- momentum, For the atomic orbital of Na an estimation

of {r7%}  can be done using alkaii atom wave fmictions.

This leads Lo [19]
1 VAYA ,

— a |:}|-,

ARl U+ gyt e

The parameters are Z,(a) = 1, n3{Na{3p)) = 2.12. and
Zi;(Na} = 7.59 [19]. Obviously, all these numerical vaines
of constants allow us to couctude that at first approxima-
tion we can neglect the magnetic miclear splitting caused
by K and deal only with the effect caused by one nucleus.
namely MNa.

A direct way, how to estimate the HFS constant a
for Na is to caleniate equations {20, 21}, and we arrive
at a = 37.3 MHz. This estimate for the molecular g,
can be rross-checked nusing data that can be ohtained di-
rectly from the atomic hyperfine spectrumn. From |27 we
know the connection between atoinic 2, and molecniar
2mol CONstants

. - . kY
ARy
Dol = Qac !

-1 o

Trom [25] we know the atomic magnetic HFS constants

(22}

_for Na 3P,;s, being 2y, = 94.3 MHz and for 3P;;,

a3z = 18.69 MHz. Making use of (22) we get from two
atomic constants ame = 39.4 MHz and 2., = 35.0 MHz
respectively. For fina! check we can use an experimental
valne of 72 given in [27} explicitly for Na p electrons as
1.65 % 10 am~2. Using this directly i formnia {20), we
again get the very ciose numerical value a = 34.5 MHz,
The tevel of coincidence of a valnes for the Nai{ molecile,
as estimated by different approaches gives us confidence
in the value obtained. This means that we can use further
the a value around 35 MHz relatively salety.

The mmagnetic HFS constants by and b can be cal-
cusated according to the expressions on = e(lq: and
by = eldq_y1. where e ig the electron charge, ) & the
nucieus quadmipole moment, and g4 2nd g4.,4 are the
longitudinal and transversal electric field gradients respec-
tively. The electric field gradient components g4, can be
caiculated according to (22, 24]

G n = 2N (=10 (=4 — ppeCPli0. 2 /7% | =)
23
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where ¥V is the number of electrons. and A is a guantum
number that represents the angiiar momentum projection
on the intermuclear axis.

At first approximation we can assume that the molecu-
lar orbita. consists of two atomic arhitals centered on eacht
nuclens. Besides, a p orbital s centered on the Na atom,
but on the K atom s one.

For Na we can write

[4) = ¥ (r) Yia (0. ¢) {24

and, using an explicit form for the operator C7 (8, 5] =
VA7 /BYa, (0. ), we can immediately obtain

Qaina = 2N (=1 e (e r 73 1) (Vs _am| CEL Y )
= AN (=1 er3CH, e (25)

I-A2a

The explicit form for Clebsch-Gordan coeficients allows
s 1o have

2e—

Taa = —ET’:‘;

ga—s = —VE—r 3 (26)
J

Ar important point here is that the average r—3 for these
caiculations is over ail electrons, not only those cantribst-
ing to an electran angular momentum, as it was in the
case of magnetic HFS.

For an s orbitai it immediately follows from formulae
presented above that g4s = ga_4 = 0. This means that
at first approximation we can assume again that in a HFS
of NaK in D* [T state only the Na nuclens contributes and
that the ratio between electric HFS constants re:ated to
longitudinal g4 4 and transversal g,_, components of the
electric field gradient can be obtained from (26).

Meost precise data on nuclear quadripole rmoments are
available Zrom [29]. Namely. Q (**Na) — +0.1006{20) b
and Q (3K} = +0.049(4) b. As far as for closed shell viee-
trons we have the electric field gradient ¢ = 0, probab.y lor
estimates witlkn the same accuracy range as in a case of
magnetic constants we can put numericai values of #—3 for
p electrons obtained in case of a in formilae b = eQga.4.
This gives us a first approxamation lor by = 2.64 MHz.
This value shonld be close 1o the experimental one for tie
Na atomn in 2P state, as it actually js. Tor the Na atom we
have & = 2.90 MHz 25j.

5 Analysis of the observable signals

The analysis performed above aliows as to assume that,
at first approximation hyperfine splitting of NaK molecule
is caused only bv the Na nucleus, with Jittle influence
from the K nuclens. The following parameters determine
the HFS spiitting: nucleus spin of Na [ = 3/2, Landé
factor for the Na atom g5y = 0.5, gt = —0.0003. Hy-
perfine constants-magnetic dipole a = 33 MHz. electric
quadrupoie bq = 3 MHz. b = /B8p. The excited state re-
laxation rate for NaK in D' {7, state is equai to 3 x 107 5!
i24,30]. Diagonalization of the Hami.ton matrix %or the 1 7

LISE

2t

Energy, rad/s

Magnetic field, T

Fig. 1. HEF'S level splitting in an external magnoetic field for
excited molecular state with quactum nembers J = 1. 7 = /2.
Othker parameters see in the text.

excited state rotationa: leve: J = | yields the magnetic
subievel energies as dependent on the externa. jnagnetic
deld strength, as depicted in Figure 1. All level crossings
are real, because in a model corsidered on’y levels with
coinciding angular projection M values mutnaily interact.
For ievels with the same M bul duferent F it would bhe
anticrossing, in case they came close in the energy secale.

The consiaered magnetic field region corresponds to a
situation when the field is of an intermediate strengeh. For
a very low field strength each hyperfine level experiences
linear Zeeman effect. As ihe field strength increases, we
are coming to the region wien the Zeeman energy is close
to the hyperfine splitting energy and we have an energy
level pattern that is most complicated. If the field is in-
creased furtner, we arrive at a region when we see normal
Zeeman splitting again (linear Zeeman effect) but in this
case not for a nyperfine level. but for a retational levei
J with quantum wumber eqnas to 1. The obtained energy
level paitern allows s to caleniate observabie signals. As
demonstrated in [6]. one may expect an arientation sig-
nal with largest amnpiitade. if molecnies are excited with
linearly polarized light, with the light electric tield vectar
at the angle 7/4 with respect o the external fieid direc-
sion — the z-adds. Let us assume & = /4 and p = 0. To
itave a most pronounced signa: one must abserve cirenlar
polarization of flucrescence in the zy-plane. In our caden-
lation we assumed that fluorescence circularity as defined
by equation (3} is measured in the direction characterized
by the angies # = =/2, 5 = #/2.

Let us cousider two possibie transition types J)”

el <
G- =1-J' =Gand J",.  =0—J =1 J/

“Ana.
2, where the rotational quantwm numbers of the imua,
excited and final stale are shown. For these two Lypes uf

transition simmiated signals are presented in Figare 2.

As it may be seen. the signals reveai a remarkable an-
plitiede. We can obtain angular momentnm orientation
that leads o the [Mugrescence circularity ol several per-
cents. It must be cousidered as a circularivy rate which
zan be measured easily un simple setups T Anotier im-
portant feature 1s that these signals have different signs
‘different directions of angular momentum orientation}
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Fig. 3. Fluorescence circularity dependence on magnetic field
strength for different values of magnetic hyperfine interaction
constant ;1 a=TMHz, 2 a=10MHz 3 a=15MHz,
4 a=25MHz, 5 a=50MHz, 6 a=50MHz

for different molecular transitions in the final stage of an
excitation-fluorescence cycle.

As far as, in order to determine different properties
of atoms and molecuies Nuorescence circufarity rates are
measured that are even smailer than expected due to ny-
perfine structure, one must be very careful in the analysis
of the signals and keep this possible reason for appearance
of fluorescence circularity in mind.

On the other hand, this effect can be exploited in it-
self 1o determine hyoerfine constants af molecules. In arder
to demonstrate shis, let s consider an even more simpie
situation than the one analyzed above. To make the sig-
nal dependent on just one parameter, let as assume that
only one nucleus of a molecule has non-zero nuciear spin

and that this spin is characterized by a quantum numnber -

I =1/2 Then, in tie same geomnelry as considered above
for a molecular transition .J e == =1 JE =
we can calcilate the cirenlarity rate as dependent on t.he
magnetic hvperfine constant « [vaiues of Landé factors
and relaxation rate are assnmed tie same as in tie pre-
vious exampie). In Figure 3 one can see the signal ag de-
pendent on the magnetic kyperfine constant a. This de-
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= .
&8 1- "y .
3 "
3 -
£ X
: .
3 -
m
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T T y -
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Fig. 4. Maximal Auorescence circularity dependence on the

excited state rotational quantum number J',

pendence is well pronounced and obviously can be used
for measurements of a.

An important question is, how tie magnitude of the
circularify signal is dependent on the excited state angn-
lar momentum value. Obviously, the effect must decrease
when the excited state angular momentum increases. This
fnlows from a simple model. The total anguiar momen-
tamn F of a molecules is formed by a coupiing between
tite rotationat angular momentum J and the anc.ens spin
angtlar momentum I. In a magnetic field this coupling
preaks down and tre total anguiar momentiin /' ceases

" to exist as a good quantity. [nstead the rotationa. angn-

lar momentnm J starts playing the dominant role. If J, F
and [ are of the same magnitude, trangicon form F to
J can considerably influence the signal. This is what we
see in the examples above. If, on the contrary. J is con-
siderabiy larger than [, then the total and rotational an-
gular momenta aimost coincide, and transition from F to
J influences observable signals only insignificantly. In Fig-
ure 4 the maxitnal circularity amplitude ‘or a transition

sl =S -l =S =0 = J  =J-1 lsdephwdem
dependent on J. For this calcuiation the value af a mag-
netic hypetfine constant s assumed as @ = 25 MHz. Other
parameters are as ‘or Figure 3. We can see that the am-
pittiude of the signal decreases almost exponentiaLy with
increase in J. This means that the mfluence af hyperfine
structure on the observed signals can be significant only
for very small anguiar wmomentum valies.

We have considered here a simplified situation when
only one nncleus canses HFS of a molecue, In Lhe case
when Lwo or more nuclear spins are influencing the mag-
netic sublevel patiern in a magnetic field and consequent:y
the fluarescence signal, the analysis can be periormed as
well. For this methods nave been developed. see for ex-
ample 27]. Unfortunately, these calculations are rather
laborious.

6 Conclusions

From the discussion above the falowing concasions may
ne drawn. FIrst, wien one measures algiment-orientation
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conversion in presence of an exiernal magnetic feld, one
must be very carefl in the signa analysis. Besides, the
non-linear effects of a type discussed in references |14},
16], for which intramolecular perturbations are responsi-
ble, similar appearances in experimentally measured cir-
cularity rate can be caused by a hyperfine structure which
is present almost in all atoms and molecules. The circu-
larity rate caused by a joint action of an external mag-
netic fleld and hyperfine interaction can have an ampli-
tude comparable with, if not larger than some features in
fluorescence circularity dependetice on the magnetic field

strength, as observed n experiment and attributed to a

specific intramolecular interaction, see [16]. Of course, as
snown above, the last conciusion s relevant only for molec-
ular states with small rotational angular momentam, and
tois was not the case in the experiment cited above.

On the other nand, alignment-orientation transition
can be used for good at certain conditions, in measuring
hyperfine interaction constants in molecules as well as m
atomns. Despite the fact that in the mode! analyzed above
moieciles were used as an exampie, al! description conld
be applied to atoms as well.

Besides, in this paper some relations between atomic
and molecular hyperfine structure constants on the one
nand, and between constants a, by and &, in inclecules on
the other, have been discussed. This approach can allow
to make estimates of necessary molecular nyperfine inier-
action constants in the cases when oniy respective atomic
constants are available.
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Angular-momentum spatial distribution symmetry breaking in Rb by an external magnetic field
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Excited-state angular-momentum alignment—onientation conversion for atoms with hyperfine structure in the
presence of an external magoetic teld is investigated. Transversal orieotation in these conditions is reported.
This phenomenon occurs under Paschen Back condittons at intermediate magoetic-field strength. Weak radia-
ton from a linearly polarizved diode laser is used to excite Rb atoms in a cell. The laser beam is polarized at an
angle of #/4 with respect (o the extemnal magnetic-field directon. Ground-siate hyperfine levels of the 35,
state are resolved using laser-induced fluorescence spectroscopy under conditions for which all excited 5P,
state hyperfine components are excited simultaneously. Circularly polanized fluorescence is observed o be
emitted in the direction perpendicular 10 both to the dwection of the maggetic Yield B and direciion of the light
polarization E. The obiained circularity is shown to be in quantitative agreememt with theoretical predictions.

DOIL: 10.1103/PhysRevA .63.023407

L INTRODUCTION

In the absence of external forces an ensemble of unpolar-
ized awoms can only be aligned [I] by linearly polarized
light. The fact that the atoms are only aligned implies that,
aithough the magnetic sublevels of different jm | are popu-
lated unegually, magnetic sublevels of +m; and —m, are
equally populated. For this reason. atoms excited by linearly
polarized laser radiation are not expected o produce circu-
larly polarized fluorescence. In the presence of external
forces, however, excitaton by linear polarized light can pro-
duce an crientated population of atoms {with different +m,
and —m; populations). This effect, called alignment-
onentation converston, was predicted and experimentally ob-
served in the late 1960°s n the anisotropic collisions of ini-
tially aligned atoms [2-3] Later an electric field was also
shown to induce alignmeni—orientation conversion [6].
Electric-field-induced alignment-orientation conversion has
since been studied in great detal [7].

Contrary to the case of an clectric field, linear permrba-
tion by 2 magnetc field is not able to orent an inigally
aligned angular momentum distribution. This 1nability to in-
duce alignment—orientation conversion is a result of the re-
flection symmetry of axial vector fields. This symmetry can
be broken if, in addition to the linear Zeeman effect, there
exists nonlinear dependencies of the magnetic sublevel ener-
gies on the field intensity and the magnetc quantum numbers
m;. Such nonlinear perturbations can have a varety of
causes including predissociation [8—11] and hyperfine inter-
action. Alignment-orientation conversion as a resulc of hy-
perfine interaction in a magnetic field in context of nuclear
spin / = /2 was studied by Lehmann for the case of eptcally
pumped cadmium in a magnetic field [[2,13). Bayhs de-
scribed the same effect in sodium [14]. The first expenment
to detect directly a net circular polanization of fuorescence
from an initially aligned excited state in an external magnetic
field was reported by Krainska-Miszczak [15]. In this work
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the optical pumping of ®Rb by a 7-polanized D, line was
studied. This effect was also examined by Han and Schinn in
sodium atoms [16]. They describe this alignment-orietation
conversion process as resuling from hyperfine- F-level mix-
ing u an external magnetic field and the imerference of dif-
ferent excitation—decay pathways in such mixed levels.

[n all above cases, a joint action of the magnetic field and
hyperfine interaction creaies different populauon of magnelic
sublevels + my and -~ mg of hyperfine levels F. This means
that longitudinal orientation of atoms along the direction of
an exiemal magnetic field is created. Recently it was pre-
dicted that joint acton of a magnetic field and hyperfine
interaction from an initally aligned ensemble would create
transverse omentation of angular momenmm of atoms or
molecules [17)]. Transverse orientation implies orentation in
a direction perpendicular to the external magnetic field B. In
this particular case magnetic sublevels + m and - m are
equally populated. but orientauon is a result of coherence
between pairs of wave funcuons of magnetic sublevels m
with Am g = 1. Creanon of ransverse onentaton is achieved
if the excitation light polanzation vector is neither parallel
nor perpendicular to the exicrnal magnenc field direction
with the largesi effect occurring for the case of a light
polanization—magnetic field angle of /4. Ip a previous paper
[17], parameters of the NaK molecule were used for numen-
cal simulations of orientaton and Ruorescence circulanty
signals. We found that transverse onentation only occurred
when the rotational angular momentum / is small enough to
be comparable with the nuclear spin {. For levels with larger
angular-momentum quantum number, the magnitude of cre-
ated oneataton was found 10 decrease rapidly.

Previously transverse alignmeni-orientation conversion
was studied in detail for the case of an external electnc field
[7]. [n this case the conversion occurs with or without hy-
perfine interaction. In this article we report the first expen-
mental  observation 1w our knowledge of alignment—
orentation conversion that creates net ransverse orentaion
of atoms with hyperfine structure in an cxternal magnetic
field. As we will show, this effect is interesting not only as a

©200! The Amencan Physical Society
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mew way 1O create onientated atoms, but also can be used io
increase the accuracy with which coostants related 1o the
hyperfine interaction can be determined.

iI. THEOQRETICAL DESCRIPTION

The general scheme how transverse orientauon of angular
momenm is created from an aligned ensemble of atoms is
the following: Initial alignment, for example by absorption
of a linearly polarized light, is created at some nonzero acute
angle with respect to the direction of an exiemal-field (in this
case a B field). The opimum angle ts /4, but the effect will
take place al any angle that differs from 0 and =/2. The
perurbing field together with the hyperfine interaction
causes unequally spaced magnetic sublevel splittings. Under
these conditons, angular-momenta oriemtation at the direc-
tion perpendicular to the direction of the extermnal field 15
created [22]. A semiclassical interpretation of this effect in
terms of angular momentum precession in an external fetd
can be found in a previous publicadon [7]. In this vectoral
mode], alignment—onentauon conversion is the result of a
different precession rate for different onentations of angular
moimenmm with respect 1o the external field. In what follows
we explain this ransverse-orientation i terms of a accurate
quantum mechamical model.

In the present study we exploit laser excilation of pure
isotopes of Rb atoms from their ground state 55, to the first
excited state 5Py, (resonance O- line) (sec mset Fig. 5). The
wo most common naturally occurring isotopes of Rubidivm
are ¥Rb (72.15%, nuclear spin /=5/2) and ¥'Rb (27 85%,
nuclear spin /=3/2). As a result of hyperfine interactions,
the ground-state level of Rb is split into components with
total angular momentum gquantum pumbers ;=2 and F;
=3 and the ground-state level of *Rb is split into compo-
nents with total angular momentum quantum numbers F;
=1 and 2. The ground-state-level splitings for **Rb and
%7Rb are approximartely 3 and 6 GHz, respectively. In con-
trast, the four excited-siate hyperfine components are sepa-
rated by only several hundred MHz (see Figs. 1 and 3).

Excited-state hyperfine structure in absorption is not re-
solved due to Doppler broadening and laser-frequency jittar-
ing. To make an accurate signal modeling assuming broad
line excitation, laser frequency is modulated by a few hun-
dred MHz superimposing a 10 kHz sine wave on laser cur-
rent. This allows accurae modeling o be done assuming that
the gxcitayon radiation is broad encugh w0 excite all hyper-
fine componeats of the excited state without trequency selec-
tion, vet narmow epough to completely resoive the wo
ground-state components.

Magnetic field caused mixing takes place between sublev-
els with different total angular momentum £, , but with iden-
ucal magnetc quantum numbers m g . Only levels of idenu-
cal my mix because, as far as the magnetc field possesses
axial symmerry, the magnetic quantum oumber m e remains a
good quantum nember. However, [evels of different £, mix
becanse an intermediate strength magnetic field parually de-
couples the elecronic angular momenmum J. and nuciear
spin /. As a consequence F, ceases W be a good quanm
number. The fact the m, remains a good quanum number
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FIG. 1. Hyperfioe structure energy-ievel diagram  of
“Rb SplP}Q m an exiernat magnetic field. Symbols Z indicate
Amp =1 level crossings, O indicate Am,; =2 level crossings.

whereas £, does not is important 0 the interpretation of the
data.

A conventent wuy W descnibe excited state atoms is by
means of a quantum density matrix *'f ... [18} Upper indi-
ces characterize atomic staies in a magneuc field. In the
weak field limit these swates correspond o hyperfine levels
F,. Lower indices characlenze magnetic quanturn numbers.
We consider an atom pessessing the hyperfine structure
whichk 15 placed in an extermal magnetic field. We further
assume that this atom absorbs laser light polanized in the
direcuon charactenized by light elecmc field vector E, . In
thus situaton the density matrix that characterizes coherence
oetween magnetic sublevels with quanmim numbers m and
m’ is given as [21]

rO . Py -
s = ——— 2 {ym|EZ, Dl )

U M A, in

X(ym'|EE, D] mup*. (1)

Here T » 15 a reduced absorption rate, T is the excited-siate
relaxation rate and “‘Aw, .= (™E, - “E_.)/A is the en-
ergy splitting of magnetic sublevels m and m” belonging o
the excited-state levels k and £ Magnetic quantum numbess
ol the ground-state level #, are denoted by & and magneuc
quanm numbers of the excited-siate [evel ¥, by mand m’.

[n an external magnetic field. ground- and excited-state
levels 7, and 9, are not characterized by a total angular
momentom quantum numbers £, and £, but are nstead
mixiures of these stales:
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The wave-function-cxpansion coefficients 1}’(Cf,';l repre-
sent the mixing of field free hyperfine state wave functions
by the magnetic field. These expansion coefficients along
with the magnetic sublevel energy splittings *Aw,,,, can be
obtained by a standard procedure of diagopalization of a
Hamjlion matrix that contains both the diagonal hyperfine
elements and the off-diagonal magpetic field interaction ele-
menis (see for example [17]).

There are several methods how 10 1ell whether or not a
particular atomic state described by a density matrix (1) pos-
sesses onientation. One possibility 15 10 expand this matrix
over the imeducible tensorial operators. Then those expan-
sion coefficients can directly be attributed to the alignmemt
and orienaton of the atomic ensemble [18-20]. Aliema-
tvely, one may calculate directly the fluorescence circularity
rate in spontlaneous ransitions from a partcular exciled siate
of an atom:

— [(Erlgl'r.') —](Effﬂ)
‘r(Erighr} + ,(Efrﬂ} )

(3)

Observed circulanty of the fluorescence in a specific direc-
tion can differ from zero only for the case that the ensemble
of aloms possesses overall orientation 1n this direction [18].
{E, ) and HE,,) are intensities of twe fluorescence
components with opposite ctreulanity. We choose 10 calcu-
late this expected circularity rate because it is the experimen-
tal measure used to regisier the appearance of orentation 1n
an ensemble of atoms (see for example [22]).

We consider the case that spontaneous emission is de-
tected without hyperfine state resolution. The intensity of the
fluorescence with defipite polarization characlerized by a
vector E, in a spontancous wransition from an excited state J,
chamcterized by a set ¥, of levels in an external Held o the
ground state J, characterized by a set 5, of levels can be
czlculated according to a previous work [21] as

HE) = 2 2 (ymlEF-Dlnp)
m”“r‘;‘l Xl
*{ym 1B Dl g, uy*if, .. (4)

To find the circulamy rate C, one needs w not only deter-
mine the marrix elements appearing in (1) and {4), but also
the hyperfine level spliting and magnetic sublevel mixing
coefficients. In Fig. |1 the hyperfine energy level splitting of
the first excited state 5P;, for *Rb is presented. In these
calculations the following published [23° hyperfine splitting
constants and magnetic moment for the rubldium atom in s
first excited siaw are used: a=25.009 MHz. &
=12583 MHz, g,=-1.23362, ¢,=0.000293.
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FIG. . Numenically simulated (smooh Line) and experimentally
measured (signal with noise) level crossing signais in fluorescence
circutanty for **Rb in condiuons of alignment-osientation conver-
sion and prodection of transversal onentation.

In Fig. 1 level crossing posiuons {or magnenc sublevels
with Amp =2 are indicated by circles and crossings with
Amg =1 by squares. At values of magnetic field strength for

which coherently excited magnetc sublevels underge a level
crossing, *Aw,,. =0, the prefactor appearing in Eq. (i]
becomes large. This leads to resonance behavior of the ob-
served signal. For case of excitation with linearly polarized
light, the intensity of the resonance depends upon the angle
between polarization direction of the laser light and exiernal
magnetic field direction. Hf the angle between these direc-
tions is (. different magnetic sublevels are differently popu-
lated but no coherence 15 created in the ensemnble. If the
angle is /2, coherence is created between magnetic sublev-
els with Amp =2, if the angle differs form  and /2, then

magnelic sublevels with dme =1 and 2 [22] are excited
coherendy. This i\mFr: i coherence is required for trans-

verse orentalion.

We now consider the fluorescence circulanity enhance-
ment due o .ﬁm;c: 1 level crossing for the case that the
linear polarization and external field mee? at an angle of 7/4
(ioser Fig. 2). The ctreulanty C 1s calculated assuming an
excited-state relaxation rate [24] [ =3.8%10° s™' and ob-
servauon along an axis normal to the plan contauning the
external field B and the polanzation vector E.... The
smooth lines of Fig. 2 give the expected signals for both
resolved absorption lines. Both signals are maximum at an
approximate magnetic field strength of 10 G. For both ab-
sorption lines we calculate a total fluorescence circularity
with unresolved hyperfine components in a transition back to
the ground state 55,,. The resonance peak is more pro-
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EIG. 3. Hyperfine swucture energy-level diagram of “'RE
szFJ,: state in an extersal magnetic field. Symbols Z indicate
Am F= i level crossiogs. and & indicate dmﬂ =2 level crossiogs.

nounced for the F,=2 — F, abserption transition than for the
F;=3—F, transition,

Because a 10 G field 15 weak enough not 1o cause sub-
stantial hyperfine level mixing (i.e., the magnetic sublevel
spliting in the magnetic field sdll is small in comparison
with hyperfine splitting), the increase in orientation for £,
=2 absorption can be understood using the refative transi-
tion probability Wy _ r given by Sobelman {20]:

We _p =(2F = 1)(2F + )(24;+ )24+ 1)
4, F 7L,

X r|
W U

5S¢ .
Lo 1) -

Here /;.J, and L;,L, are quantum numbers of total and
orbital electronic angular momentum of the iniual and finai
atomic state and § is the electronic spin of the atomic state.
Quantites in curled brackets are 6-j symbols. This expres-
sion predicts that the F.=2—F_=2 absorption contribates
39% of the wotal allowed (AF=0,+ 1) ubsorption from F,
=2_ In contrast, the F,=2—f_,=2 absorpuon contnbutes
ooly 8% of the total allowed (AF=0Q,= |) absorption from
F,=3. At the same time the F,=2 stale 15 the state for
which the magnetic sublevels undergo a level crossing in the
vicinity of a 10 G magneuc field. Thus the absorpuoen from
the F,=2 state leads 1o a greater degree of Lransverse onen-
tation.

Sirular level spliting diagrams (Fig. 3) and expected cir-
culanty signals (Fig. 4) are calculated also for rubidium 1su-
tope "'Rb. In this case the following atomic constanis are
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FIG. 4. Numenically simulated (smooth line} and experimenually
measured {signal with noise) level crossing signass in fluorescence
circularity for “'Rb ir conditions of alignment—crentation coover-
3100 and production of traosversal onentauon.

used: =372, a=84.845 MHz,
- 13362, g,~ —0.000:995 [23].

b=1252 MHz. g,=

I0. EXPERIMENT

In our experiment we use isotopically enriched rubidium
(99% of “Rb) contained in a glass cell at room emperature
to keep atomic vapor concentration low and avoid reabsorp-
tion. The 55 %5, 10 5p 2P, transidon at 780.2 nm is ex-
cited using a wemperature- and current-stabilized single-mode
diode laser (Sony SLD1!4VS). Absorption signal is mea-
sured using a photodiode. As the laser frequency is swept
using a ramped current drive, iwo absorpuon peaks with
halt-width of about 600 MHz separated by ~3 GHz appear
due 10 the **Rb ground-state hvperfine structure. Absorption
lines at 60 G broaden by less than 10%. The excited-siate
hyperfine structure 13 not vesolved under the Doppler profile
and introduced laser-frequency jittening. The laser line width
without jittering is about $0 MHz. To avoid optical pumping
and other nonlinear effects. neutral density filters are vsed w
reduce the laser intensity.

During the level crossing and circulanty measurements,
the laser wavelength 1s stabilized on one of the iwo absorp-
tion pcaks. Fluorescence 15 monitored on an axis normal Lo
the eclectric vector E,.. and external magnetc ficld B. A
two-lens system 15 used o image the Auverescence on 4 pho-
todetector containing ¢ 3423 mm photodiode (Hamamatsu
$1223-01) and a wansimpedance amplifier. A rotaisng (f
=240 Hz) sheet polarizer is insenied between the lenses.
The photodetector signal is fed (o a lock-in amplifier {Femio

0234074
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LIA-MV-]150} that measures the iniensity difference of two
orthogonal linearly polarized fluorescence components. A
magnetic field of up 10 65 G is produced by passing current
through 2 pair of Helmholz coils 20 cm in diameter. The
uncertainty of the magneuc field is estimated o 0.3 G.
The sweep ume 15 5 5 and 256 sweeps are averaged on an
IBM compatible computer with a National [nsuuments data
acquisivon card. A lock-in ume constant of 10 ms is used.
Several adjustments are made 10 record symmelrical level
crossing signals while sweeping the magnetic field in oppo-
site directions. First, a linear polanzer is placed in a taser
beam before the rubidium cell w fine adjust the laser polar-
ization. Second, the lock-in phase is adjusted and, third, the
Earth magnetic field components are compensated with ad-
ditional Helmholz coils.

To detect circularty polatized light the gain electronics are
first adjusted so that the linear polarization signals are sym-
metrical in opposite magnetic field directions. A A/4 wave
plate is then placed before the polarizer so that right- and
lefi-handed circularly polanzed light componenis are con-
verted to orthogonal linear polanizations. [t is checked that
circularity signal at 8= 0 is zero. During the circularity mea-
surements the magnetic field is swept alternaavely in one
and another direction and both traces are averaged. The ex-
penimentally recorded signal acally 15 I(E,.yp) —{(E, ;)
and not the ratio [/(E, i p ) — 1K ) HE ;gn) +H(E /)],
Numercal simulations reveal that these two signals have al-
most the same shapes, the relative difference is less than 3%.
Experimentally recorded signals are scaled vertcally o fit
the calculated ones.

Figures 2 and 4 compare experimentally oblained circu-
lanity to the theoretical ones. Afier the scaling factor to the
experimental signal is applied (no other adjustable param-
eters are used) an exccllent agreement between theoreticad
predictions and experimental signals can be observed. For
both isotopes circulanty signals with amplimde of several
percent are measured.

In case of the measurements with *’Rb. another cell was
used that contained isowpically enriched *Rb (99%). For
this isotope the signal staning from F, = | exhibils stronger
resonance circularity than the one swarung from the £,=2
ground state. The reason for this is the same as already dis-
cussed in Sec. 11 for the **Rb isotope. Only in this case the
excited-state hyperfine component ¥,=1 undergoes level
crossings with Amp = = 1. This resonance intensity ratio for
mwo measured signals reflects the general situation that van-
siions with AF =0 are more mtense than transidons with
AF==1.

IV. COMPARISON OF CIRCULARITY MEASUREMENTS
TO OTHER LEVEL-CROSSING MEASUREMENTS

In previous studies, atoms are excited by a hnearly polar-
ized light with E, ., vector perpendicular to an cxlemal mag-
netic field. The Huorescence emitted along the magnetic feld
is then detecied. Fluorescence linear polanzation as a func-
uon of magnetc field is measured. Here we repeat this ex-
penment for the case of ¥Rb (see insct of Fig. 5). Two
signals are numencally simulated and expenmentally re-
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FIG. 5. Mumerically simulated (smooth aae) and cxperimentaliy
measured {signal with noise) !evel crossing signals in linearly po-
larized ftuorescence for ¥*Rb.

corded, the first one when absorption occurs on the transi-
tions {F,=2—F,) and the second one for a {F,=2—F,)
absorption ransiaon. [n both cases the conditions are main-
tamned so that the excued-staie hyperfine levels are not re-
solved. For the first absorplion wransition 0 the absence of
the magnenc field elecmc dipole wransitions are allowed only
1 the levels £, = .2, and 3. For the second absorptioo tran-
sition in absence of the external field hyperfine components
with £, =23, and 4 can be excited.

In the presence of the magnetic feld seleciion rules
change substandally. As it was mentoned before, £/, is no
longer a good quantum number. Each hyperfine level in the
presence of external field is mixed iogether with others. As
far as Mg remains a good quantum number in the presence

of the external field, only components with the same m F, e
mixed. This implies that for the present example of *Rb,
magnetic sublevels with my =4 and —4 at any field value
are unmixed because only &, =4 contains such sublevels and

there 15 no counterpart tor these siates 10 be mixed with, In
the case of mp =3 and -2 only two magnetic sublevels
.

originaung from F,=3 and 4 are mixed wogether, etc. This
means that magnetic sublevels mg =0, 1 in the external

field are composed from F.= 1,2, 3,4 components, my =
+2 from £,=2,3,4 components, mp = +3 from F,=3,4
components, but me = X4 contan only one component £,
=4 '

In Fig. | we can see several ﬁmﬁ: 2 magneuc sublevel
vrossings. The frst crossing lakes place al zero magnelc
field when all magnetic sublevels belonging o the same hy-

023407-5



JANIS ALNIS AND MARCIS AUZINSH

perfine level have the same energy. This crossing is the zero
field level crossing. Because all magnetic sublevels belong-
ing to the same hyperfine state cross at zero field, the zero
field level crossing leads to the largest resonance amplimde.
Then subsequent crossings take place at approximately 2.4,
42, 8.2, 24, 44, 52, and 74 G magnevc field suength. A
resonant peak occours on both linear polarization signals tor
almost every one of these level crossings, although with dif-
fering amplitudes (see the Fig, 5). There is one exception.
The strong resonance peak at 52 G that s present in the £,
=3—F, signal is missing in the F;=2—F, signal. This
seeming inconsislency can be easily explaned. This reso-
nance appears when the magnetic sublevels Mp —4= —4 and
mg -1=—1 are crossing. But as 1t was mentioned due ©
dipole transition selection rules that the mp 4= "4 level

can not be excited from #,=2 and this restriction can not be
removed by external field because mp _,= -4 remains un-

mixed at any field strength.

In Fig. 5 along with the theoretically simulated signal the
experimentally registered signal is depicied as well. The only
adjustable parameter in this comparison 15 a scaling factor
for the overall intensity of the experimentally detected sig-
nal. The observed signals agree very well with the level-
crossing signal registered by several groups before us
[24,25]. However, in these previous studies the first deriva-
tive from the intensity was measured and so we were able to
compare only the exact positions of resonances. These coin-
cide perfeciy. In our case we are able to calculate not only
the positions of rescnances, but also the shape, width and
relative amplitudes of the resonance peaks.

V. CONCLUSIONS

In this smidy we report for the first time the appearance of
ransverse orientaton in atoms with hyperfine suucrure after
excitation by linearly polanzed light in the presence of an
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external maguetic field. We have also presented a theory that
is in quantitative agrecment with our data. The use of trans-
verse alignment-onentation as a probe of level crossings 1s
compared o previous measurements The case of measured
circulanty has an advantage over the more conventional
meuasurement of the degree of linear polanzaton: For the
case of alignment-oricntation conversion, there is no signal
in the absence of the external field. This implics that we do
not have the first trivial resonance posioon at zero ficld valve
which is always present in raditional geomeiry {Hanle effect
i26]). This allows measuremernts of first level crossing posi-
tions that are very close to the zero field resonance. In wadi-
tional methods these resonances are hidden under the zero
field peak. For cxample, from the nset of Fig. | we can see
that there must exist several resonances of Am F, =2 Cross-

tngs around 3 and 6 G. However, these resonances are hid-
den in a wadiuonal level crossing signal and can not be ob-
served (see Fig. 5). Al the same ume &mp =1 crossings

that appear even at smaller field values 2, 4, and 8 G in
alignment—oricntzlion conversion signals, although not fully
resolved, are clearly visible. The possibility o dewect these
resonances can improve the precision of aiomic hyperiine
splitung constants.
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Abstract

The onigin of recendy discovered reverse (opposite-sign) dark resonances has
been explained theoretically and verified experimentaily. It is shown that the
reason for these resonances is a specific optical pumping of the ground state
magnetc sublevel in a transition when the ground stale angular momentum
1s sraller than the excited state momenmum. An expenment was conducted
on ¥Rb atoms in a cell, when a diode laser using the ground staie hyperfine
level F; = 3 simultancously cxcites spectrally unresolved hyperfine levels
with total angular momentum quantum numbers F. = 2.3 and 4. It is shown
that due to differences in the wansition probabilities the dominant role in toual
absorption and fluorescence signals is played by absorption on a transition
Fo=3—>F=4

1. Introduction

Coherent population trapping was discovered in the interaction of sodium atoms with a
laser field in 1976 [{]. Due w0 this effect a substantial part of the population (because
of destructive quantum interference between different excilation pathways) is trapped in a
coherent superposition of the ground state sublevels, ie. dark states. Dark resonances are
associated with coherent population rapping. This means that, due o the populauon rapping
in the ground siate, laser light absorption and, as a result, Auorescence from an ensemble of
atoms decreases, while simultanecusly the imensity of the wransmitted light increases. If in
addition to the optical excitaton an external magnetic field is applied perpendicular to the light
polarization, it can destroy the coherence between the ground state sublevels and return the
rapped population to the absorbing staies and resalt in increasing absorption and flucrescence,
and decreasing the wransmitted light. Some years ago Arimondo published a review (2] of the
applications of dark resonances.

Coherence in an atomic ground state recently attracted substantial attention in connection
with lasing without inversion [3], magnetometry [4], laser cooling [5], elecromagnetically
induced transparency (6] and very recendy in connection with coherent information storage
using halted light pulses [7,8]. As a result dark resonances have been studied in detail,
including open systerns (9] and systems with losses [10]. During these studies the authors
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of [11] observed a new and unexpected phenomenon. In this study the D line of **Rb atoms
was excited by a diode laser. The radiadon was tuned to the absorplion [rom the optically
resolved ground state hypertine level F; = 3 originating from atomic 58, state. The 1inal
state of the uransition was the Rb 5P;,» excited state. Hyperfine components ot this level
were not resolved, and all dipole-allowed transitions Lo the excited state hypertine levels with
quantum numbers F, = 2, 3 and 4 were excited simultaneously. At the same tme one should
note that although the hyperfine components of the excited state were nol resolved within
the Doppler linewidth, the laser linewidth was sufficiently narrow L0 excile different hypertine
ransitions in different velocity classes of atoms. Consequently, cach hypertine transition under
experimental conditions was excited almost independently from the other transitions despite
the fact that all ransitions had the same ground state level with guanturn number £, = 3.

Incontrast to the usual dark resonance signal, the authors of [ 11] have observed the opposite
effect—i.e. a decreased wransmittance of laser radiation and increased fluorescence intensity
was observed when the magnetic field was set to zero. The gas became more transparent and
the Auarescence intensity decreased when the magnetic feld was applied. According to the
authors of [11)] the physical reason for this effect still remains unclear,

In this paper we offer, in our opinion, a very simple and straightforward explanation of the
ongin of these "reverse’ dark resonances and carry out an experimental and numerical study.

2. Reverse resonance

In a simple qualitatuve explanation wadivonal dark resonances can he related 0o a well
known opucal pumping phenomenon. Ler us assume thal we excile an alomic lransition
F, =2 — F. = | with linearlv polanzed hight. The direcuon of the z-uxis 13 chosen to
he along the light electric tield vector E. As a resubt s absorpton wkes pluce and wransivons
occur between the ground and excited state magnetic sublevels with AM = M, — M. = 0.
where M, and M. arc magnctic quantum numbers of the ground and excited state, respectively
{see figure 1). According to this scheme absorption does not take place from the ground
state magnenc sublevels with quantum numbers M, = +2, because for these states there are
no comresponding excited state magnetic sublevels with the same magnetic quantum number
value.

My=1 M,=0 ~My=1
A

>
P

Figure 1. Allowed dipole ransiton scheme for ground stage optical pumging in the case of =
absorpuon tor £, =2 — F. = 1.
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In spontancous decay, dipole ransigons from opticully populated exciled siate magnetic
sublevels M. = =1 to the non-zbsorptive ground state sublevels M, = +2 ure allowed.
Consequently, if relaxation in the ground state is slow, under steady-stale conditions a
substantial part of the population will be optcally pumped o the ground state sublevels with
quantum numbers M, = +2 and will be rapped there. As a result the traditional decrease ol
the absorption and fluorescence, and increase of the transmittance will be observed, because
the population of the absorbing ground state magnetic sublevels will be reduced.

If at that moment an external magretic field is applied in a direction perpendicular to
the z-axis (light polarizauon E), the field will effectively mix the ground stale sublevels and
will recrn the trapped populatton into the states from which the absorpton takes place. It
will increase absorption and Auvorescence. This is a qualitatve explanation of the usual dark
resonance.

Similar reasoning can be used to explain the ‘reverse’ resonance reported in {11) and in this
paper. Eetus assume thar we excite with i radiation the atomic transition £/, =1 — f, = 2.
In this case all magnetc sublevels absorb light, and there are no sublevels that cun trap
the alomic population. Absorption rates between respective magnetic sublevels for linearly
palarized s absorpuon may be calculawed as

2F. + 1 3
Py—m. = F‘DZ_FS?( \E;:l\;;m) (r

where ", denotes the absorption rate, but C;;bﬁ denotes the respective Clebsch—Gordan
coetficients. The rates of the spontaneous transitions between the excited and eround state
magnetc sublevels may be calculated as

2F.+ 1, £, 2
FML'“‘M! = FEFS + 1 ( 'F:MCIME—M.;) (2)

where [ is the spontaneous relaxation rate of the excited state, Relatve transition rates between
magnetc sublevels of the F; = 1 «— F. = 2 ransition, calculated according to formulae
(1) and (2), are shown in figure 2. As one can see from this figure, the ground state magnetic
sublevel M, = 0 is the most absorbing one, with the highest relative absorption rate. At
the same time, all three excited state magnetic sublevels populated by light absorption decay
strongly just 1o this sublevel, with high rates. One can expect that in a simation of steady-
state excitanon, as a result of the interplay between the absorption and the decay rates, the

Figure 1. Transition scheme and rate constants tor 1 absorpnon io the case of 7y =1 — F, = L
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population of the strangly absorbing ground state magnetic sublevel M, = 0 will be increased
and, consequently, one can expect increased absorption and fluorescence from this atom and
decreased transmittance of the resonant laser light.

If an external magnetic field is applied perpendicular to the z-axis it will mix the ground
state magnetic sublevels and redistribute the population between them. Consequently, the
population of the strangly absorbing magnetic sublevel My = 0 will be decreased. Atthe same
time, Lthe population of less strongly absorbing magneric sublevels M, = =1 will be increased.
This means that the otal absorption and fuorescence will be decreased and ransmitlance will
be increased. As a result reverse dark resonance will be observed.

Let us salve the halance equations for the magneuc sublevel stationary population ry,
in the scheme shown in figure 2 to prove this qualitative consgideration. With the steady-stale
conditions for the ground state magnetic sublevels we obtain

6(107 +3T,) _

T T ST e 2r,)
25T +2T,) _
EREUCIR Y 3
0T ST+ 12r,) =
6(10F +31°,) _
N,

TS0 s 121,

where 7, is the ground staie magnetic sublevel population in the absence of radianon. In the
limil when absorption s slow I', & I” (weak absorption), we have

n_y & En, =~ 0706w,

a 2 a 1
nn == 5ng & 1.59n, {4)
n, &= }—3)13 2= 0.706n,.

This type of opical pumping in a transition F — £ + | was briefly discussed for the first time
in [12] and was analysed recendy in [13, 14]. If we now bear in mind the absorpuon rates
from different magnetic sublevels of the ground siate (see figure 2), and calculate the overall
absorption

£y

£
Ia = Z Z nM! : rMs_’M: (5)
My— - Fy M=~ F.

from such a state and compare it with the absorption from the equally populaled magnetc
sublevels then we sce an increase in the total absorpuon by a factor of 18/17 = 1.059 or by
approximately 5.9%.

The same calculation can be applied © the ransitions £, =2 — f. =3, F, =3 —
F,=4F,=4— F,=5ad Fy =5 -— /. = 6. For these schemes we will sinularly
obtain an even larger incCreasing absorpuon caused by this specific optical pumping. The
increase factor will be 540/46) ~ 1.17, 4004/3217 =~ .24, 119340792377 = 1.29 and
1790712/1352077 == 1.32, respectively. Thus means that the described effect increases with
increase of the quantum numbers of the involved levels and can reach remarkabiy large values.

The presented description is of course qualitative in the sense that it does not allow
prediction of the form and width of the reverse dark resonance. In our opinion nevertheless
it gives a good idea about what is happening when reverse dark resonances are observed. In
order 10 have a quanttative description of the phenomenon one must solve the equations for
the density matrix for an open system with losses.
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3. Expected signal

We will use equations of motion for a density matrix to perform a more accurate nbmerical
simuladon of the expected reverse dark resonance signal. They are wrtten under the
assumption of a broad specural line excitation [15]:

Frar =T 3 M| E | M) (M| E‘d‘M;).wMgMé
M, M} '

r . i e i
_(Tp“ws) D M| Ea M (M| B M) fuaem,

MM,
r M M - ’ - =
(52 —ios) X (e Bl el BT
- MM,
—Ffum — 1om.m fum (6)

r H [ " - .
DM, = _(Tp + la)s) Z (M| Ed M) (M| E"dIM.)" oy

Mé’ML.

r
“(T" - iws) D MBI (M| B*d (M) our
= My M.

+T, D (M| Evd (M) (M| E" ML) faru,
M. M.

—Y @um; — MM Y I‘MEL’; fum + Mymy ()
M M:

where fy m: and PMyM, denote density matrices of the exciied and ground state level,
respectively. The first term on the right-hand side of equation {6) describes the effect of light
absorption on fy, 4. at an absorption rate I",. The maerix elements of the form (ME E*d \Mg}
account for the conservation of the angular momentum in photon absorption, from the light
wave with unit polarization vector E. The second and third terms jointly describe the simulated
erussion of Light and the shift in the dynamic Stark effect by frequency ws. The fourth term
characterizes the relaxation of the density matrix fy 4 with a rate constant I". Finally,
the fifth term on the right-hand side of equation (6) describes the effect of (he external
magnetic field, which produces splitting of the magnetic sublevels M. and M. by a value
OfwM__M; = (EM.; - EMLJ)/T].

On the right-hand side of equation (7) the first and second terms jointly describe light
absorption and the effect of the dynamic Stark effect. The third term describes stimulated
light emission; the fourth term describes relaxation processes in the ground state and the fifth
term Jdescribes the external magnetic field etfect. The sixth term characterizes the reverse
sponLaneous Uansilions at a rate I‘:lﬁ! and finally, the seventh term describes the relaxation
of the density matrix of the ground state atoms, interacting with the rest of the gas in a cell,
which is not influenced by the excitation light.

In order o solve numerically the system of equations (6) and {7), the matrix element of
the clectric dipole transition (M. | E*d|M,) may be expanded as

(M| E*d My} = (E9)(M.|d? |M,) (8)
q



3894 I Alais and M Auzinsh

where the superscript g denotes the cyelic components of the respective vectors. The remaining
matrix element can be turther expanded, by applying the Wigner—Eckart theorem,

(Mol | M) = ﬁ]l CE (Pl ) 9
where (F, ||d]| F,) is the reduced matrix element. Under stationary cxcilation the system of
equations (6) and (7) wm into a system of linear equations tor the ground and excited state
density matrix elements. The coefficients for this system of equations may be calculated by
means of the angular momenum algebra and the formulae presented above.

For more detils concerning the system of equations of motion for the densiy matrix in a
broad excitation line limut and methods of solution, see [15].

The analysis of the probabilities [ 16)

c

Jg By I L, 1, S |°
Wrwr, = QFc 4 DRF + DU DU+ D1 F 0 J 0o

of optical ransitions, which onginate from £, = 3 for three excited state hypertine leve!ls
of the *Rb atom, shows that the levels F. = 2. 3,4 are populaied in the ratio (5/18 =
0.278):(35/36 = 1.972):(9/4 = 2.25). This meuns that the absorption rates from the ground
state hyperfine level (o the respective exciled staie hyperfine level have (he same ratio (sce
figure 3). For the D5 line of the rubidiumn atom electrome angular momentum in the ground
state is Jy, = % and for the excited state it1s J. = % In the experiment, analysed herc, the
rubidium isotope #5Rb was used, which has a nuciear spinof [ =

i

F, 1 =050089 |

4

#r =_0;95_2 #
3
A
2-=0.11108
2 7y
1 — —
58 5‘ 1536 | s
Q08 Iy D23Ip| 0.64 p
L ‘ . :
38/ 7:9 \ S8 | 3536 ~m j
poLomr 0221 || 0561 . 1
y —': ¥
B 033348

y_ V¥

Figure3. Relative ransition strength and Landé tactors of the hyperfine levels invotved sn formation
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In spontaneous emission there exists a dispanty between the level F, = 4 and all other
excited state hyperfine levels involved in absorption. According to the seiection rules for
dipole transitions, the hyperfine level F, = 4 can only decay to the initally absorbing level
F, = 3. This means that for this transition we have a closed cycle of optical pumping [17]
with no losses. For all other excited stue levels we have the possibility of spontaneously
decaying to the initial level or o the other ground state hyperfine level F, = 2. This decay
constirutes the losses for an optical pumping. In this case the pumping cycle is open [17].
We can calculate the ratio between decay to the initial level F, = 3 and the level £, = 2
using the expression (10) again. We know that the total decay rate for the 5 *Pyjy state is
I' = 3.8 x 1V 57! [19). The decay rales to both ground state hyperfine levels are shown in
figure 3. We assume that the magnetic field used in the experiment, which is described and
analysed below, is weak encugh not to substantially mix the hyperfine levels. This means
that the energies of magnetic sublevels M, and M, are linearty dependent on the magnetic
field strength, and can be found as Ey, = gr ugM, B, where (15 1s the Bohr magneton and 8
denotes the mapnetic field suength. The validity of these assumptions can be justified by the
results of (18]. Landé factors g7 for each of the hyperfine levels can be caiculated according
1o the well known method [20]. Nurnerical values of electronic and nuclear Landé factors for
the Rb atom can be found in [21]. We have used the following values for gsp,, = 1.3362,
gss,,, = 2.00233 and g; = -0.000293. The rate equations (6) and (7) for a density matrix
for all allowed transitions were solved numerically, Finally, the fluorescence signal for each
transition was calculated according to {15]

T=0, Y (] (B ala ] (B dIM) fum an

M. MM,

where E’ is the polarization of the light, which we intend to observe and /, is the coefficient
of praportionality. Finally, the averaged total signal was calculated by taking into account the
relative transition probabilities between different hyperfine levels, as shown in figure 3. The
absorbed light intensity can be calculated by noting that the energy of the absorbed light is
proporuonal to the total population created by this absorption in the excited state of atoms for
cach transidon involved.

[nitially for signal simulation we will analyse only the F; =3 — F. = 4 wransition. The
following rate constants were used in this simulation: the total absorption rate was assumed to
be [, = 3 x 10 s7'; ground state relaxation rate y = 2 x 10° s~! (mainly due t collisions
with the walls of the cell and flight through [15] the excitatdon laser beam); exciled state
relaxation rate, ' = 3.8 x 107 s™'; Stark shift, wg = 0. We presume that the magnetic field is
applied along the z-axis. The laser light is linearly polarized along the y-axis. The intensity
of the Auorescence with the same polarization as for excitation is calculated and the intensity
of the oansmitted beam is calculated. For this the excited state density matrix elements are
obtained as solution of the system of equations (6) and (7). Then, knowing the excied state
density matrix, the fluorescence intensity can be calculated according to equation {11). For
the calculatdon of the absorbed light intensity we are using the fact that the tolal absorbed
light intensity is proportional to the population of the excited state, which is created by the
light absorption. It may be represented by a sum of diagonal elements of the excited state
density matrix. For both signals the dependence on the applied external magnetic field was
analysed. The results of signal simulations are presented in figure 4. They demonstrate
well the pronounced reverse resonances and are In very good qualitative agreement with the
measurements obtained in [11] (see figure 5 therein). Such a strong reverse resonance is
caused by the fact that in the total signal the main contribution is fromthe F; =3 - F, =4
transition. The reason for this is that according to the data presented above, Fy =3 — F. =4



3896

J Alnts apd M Auzinsh

0.9686

@ | N
3 \
2
9 0.964- \
& |
= !
E |
u
§ 09621
b=
a2 1.0 -2 0 2
=
o |‘
5 |
= a
g 1\
[
a
0.8 : , :
-2 0 2

Magnetic field, G

Figure 4. Caleulated intensity of fluorescence and transmytted Tight for reverse dark resonance for
Fu=3— F. =4,

Transmitted light (arb. units)

-0.4 -0.2 0.0 0.2 04
Magnetic Field (G)

Figure 5. Measured (@) and simulated signal {full curve) for reverse durk resenance in #*Rb.



Reverse dark resomance in Rb excited by a diode laser 3897

is the strongest transition in the D, absorpuon. Besides, from the transitions involved in the
laser light absorption, oaly the F, = 3 — F. = 4 uansition is a closed cycle transition. This
means that oaly in this transition due o the selection rules do all excited atoms decay back
to the initial level and the total number of atoms involved in an absorption—fluorescence cycle
is conserved. In the other two transitions a certain number of the atoms decay to the other
ground state hypertine level £, = 2, which do not absorb laser light with 4 given wavelength.
As a result after several absorpion—fluorescence cycles the number of atoms interacting with
the laser light in these open-cycle ransitions will be substntially reduced, and the absorption
and fluorescence will be mainly determined by the £, = 3 — F. = 4 uansition. This effect
should be well pronounced because, as already stressed, the laser ling is sutficiently narrow
spectrally to ensure that in each involved transition different velocity classes of atorns from the
total ensemble interact with the laser. The width of the calculated resonances may be vaned
by changing the ground state Landé factor value, ground state relaxaton rate and absorption
rate.

[n the weak absorption limig, I', <« I, the reverse dark resonance width is determined by
a condition when the ground state Larmor frequency is equal 1o the ground state retaxation rate.
For the F, = 3 state of the *Rb atom at low concentration it can be as narrow as 20-30 mG.
This is a width, which was actually observed in [11].

The obtained signals in some sense are the same as the ground state Hanle effect measured
in atorns, as well as in molecules o a great extent (see, tor example [15,22]). In the case of
molecules the reverse structure in the ground state Hanle effect was also observed. In the case
of molecules, when optical pumping takes place in an open cycle and the otal ground state
population is substanually reduced due (o inense absorpuon, this structure can be atnbuted
to high-order coherence created by excitation light between distant ground state magnetic
sublevels (AM = 6 and greater) [23,24]

4. Experimental

We have also camied out measurements of these reverse resonances in our laboratory. In our
experiment we used isotopically enriched rubidium (99% **Rb) contained in a glass cell at room
temperature to keep the atomic vapour concentration low and avoid reabsorption. The transition
55 2S,,2-5p *Py,2 at 780.2 nm is excited using both lemperature- and current-stabilized single-
mode diode lasers {Sony SLD114VS) with beam diameter 7 mm. The absorption signal
(transmitted light is monitored using 2 photodiode. As the laser frequency is swept by applying
a ramp on the drive current, two absorption peaks with a half-widih of about 600 MHz separated
by about 3 GHz appear due to the **Rb ground state byperfine structure. The excited state
hyperfine structure is not resolved under the Doppler profile.

During the resonance measurements, the luser wavelength 1s stabilized on the absorption
peak originating from the ground state hyperfine level F, = 3.

Helmholz coils are used to sweep the magnetic ticld over the 0 G region. Addidonal coils
compensate the Earth’s magnetic field components.

The signal which is detected in ransmitted light is averaged over 64 cycles and the resuit
is presented in a fipure 5 {data points and simuiated signal). The amplitude of the experimental
and calculated signals in arbitrary units and the curves in the figure are scaled $o as to coincide
at the minimum with the measured signal. For a simulated curve the parameters are chosen
to have values that best reproduce our experimental conditions. The ground state relaxation
rate y = v,/ry = 0.07 ws~" was chosen as a reciprocal ume of thermal motion of Rb atoms
at room temperature with the most probable velocity v, = 0.24 mm ps~' through the laser
beam of radius ry = 3.5 mm [15]. The absorption rate was chosenas I’ = 1.5 us”t Other
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pararmeters are the same as in figure 4. Agreement between the calculated and the measured
signal is remarkable and it seems to be possible to conclude that the proposed model explains
the observed signal not only qualitatively but alse quandtatively.
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Atomic spectroscopy with violet laser diodes
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Laser spectroscopy with laser diodes can now also be pertormed in the violevblue spectral region.
A 5 mW commercially available CW laser diode operanng 2t 404 nm was used to perform
speciroscopy on potassium atoms with signal delection in absorption as well as Auorescence when
operating on a potassium vapor cell and with optogalvamc detection on a potassium hoflow cathode
lamp. The 455, ,-5p Py, ,p» tansitions were observed at 404.5 and 404.8 nm, respectively. The
laser diode was operated with a standard laser dicde dnver, and with or without an external cavicy.
The 4525 ,,-4p P, transition at 770.1 nm was also observed with a diiferent laser diode. Here,
Doppler-free saturated-absorption signals were also observed, enabling the evaluation of the
ground-state hyperfine splitting of about 460 MHz. The data recorded allows an experimental

verificauon of the theory for Doppler broadening at two widely scparated wavelengths.

American Associalion of Physics Teachers.

L INTRODUCTION

The development of narrow-band wnable lasers, in par-
ticular dye lasers, has allowed the emergence of powerful
spectroscopic  technigques for atomic and molecuelar
sp@::l:ros.c:u::py."2 The Doppler width of the transitions is aor-
mally of the order of 1 GHz and is much larger than the laser
linewidth, allowing an easy study of the Doppler-broadened
transitions. Using Doppler-free techniques, a resolution lim-
ited only by the natural radiative linewidth (typically a few
MHz) can be obtained for narrow-band lasers. Much data on
atomic strecture including hyperfine splittings and isotopic
shifts have been obtained through the years.

The development of single-mode near-IR (infrared) laser
diodes made the techniques of laser spectroscopy accessible
for studemt laboratones also. The most readily available ex-
periment was o induce the 5528, ,~5p ~ P35 WUansitions
in rubidium atoms uvsing casily available AlGaAs semicon-
ductor lasers at 780.2 and 794.7 nm, respectvely. Such ex-
periments using free-rumning diode lasers on an atonuc beam
were described by Camparo and Klimac.® A: our university,
a laboratory session on rubidinm laser diode spectroscopy
has been offered for all physics smdents since 1990.
Doppler-broadened transitions in an atomic vapor cell are
observed, and by back-reflecing the laser diode beam,
Doppler-free saturanon signals are also recorded. We re-
cenily helped tmplement such experiments on isotopically
enriched cells of “*Rb and *’'Rb at four African universities,
in Dakar (Senegal), Khartoum (Sudan), Nairobi (Kenya), and
Cape Coast (Ghana) (see, e.g.. Ref. 4). Laser diode spectros-
copy for teaching purposes has also been demonstrated for
Cs (852.3 om)>" and Li (671.0 nm).”® Here, an improved
laser performance (extended tuming range and narrow line-
width) was achieved by emploving an external cavity includ-
ing a Littrow grating.

The purpose of the present paper is to bnng 10 the aten-
tion of the reader the fact that diode laser spectroscopy can
now be extended to the violetblue spectral region, due o the
recent remarkable progress in GalN semiconductor lasers at
Nichia Corporation by Nakamura and coliaborators.” " Blue
diode laser spectroscopy is illustrated with experiments on
the second resonance hines 45 S, n—3p "Pmm of potassium
at 404.5 and 404.8 nm. For reference and companson, the
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near-1R potassium line 45 28,,-4p 2P, at 770.1 nm was
mduced with a different semiconductor laser. With Lhe
ncar-1R [aser diode used 1t was not possible 1o observe the

_ 45°8,:~4p 2Py line at 766.7 nm.

Natural potassium consists of two isotopes, *’K (93%) and
'K (7%), both with a nuclear spin of 3 Because of the
dominance of “*K we only need 1o consider this isotope. The
structures of the near-IR and blue lines are given 1n Fig. 1,
where the hyperfine stucture splittings are obiained from
Ref. 11. We note that, because of the small magnetic mio-
ment of the K nucleus, the hyperfine structure splittings are
small. The ground-state splitting is 462 MHz; for *'K it is
even smailer, 254 MHz. Thus, the Doppler-broadened line is
not expected to show any stucture, while a saturated absorp-
ton spectrum should be dominated by two peaks separated
by about 460 MHz and broadened by upper-staie unresolved
hyperfine stucture. Because of the fact that the excited state
hyperfine structure 1s small and in the prescot context non-
resolvable, while the ground-state splitting produces sharp
separated peaks, it could be arpued that potassium is peda-
gogically better suited than Li Rb, and Cs for a studem
laboratory session at a particular level of atomic physics
knowledge.

[t 15 not our intenton to record and evaluate high-
rescluton atomic spectra in the present work. Instead we
would like to emphasize the use of free-running laser diodes
and laser diode use n a simple feedback cavity, to demon-
strate, evalvate, and expenmentally verify the theory for
Doppler breadening while also drawing atention to the phe-
nomenon of hyperfine structre,

IL. EXPERIMENTAL SETUP

The experimental arrangements employed in the present
experiments are shown in Fig. 2. Direct absorption monitor-
ing, laser-induced fluorescence, and optogalvanic detechion
are indicated. The violet semiconductor laser enabling the
experiments on the 45—5p transition was acquired from Ni-
chia Corporation {Type NLHV500) and has a nominal wave-
length at 25°C of 404 nm and an output power of 5 mW.
The near-IR 45-4p trznsition was induced by & more con-
veational AlGaAs semiconductor laser {Misubishi ML4102)
with a nominal wavelength of 772 nm and output power of 5

@ 000 American Association of Physics Teachers o
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mW. The laser diodes were placed in a thermo-elecirically
cooled mount (Thorlabs TCLDM9) and operated with a low-
noise laser diode driver (Melles Griot 06DLDI03). Typi-
cally, the operating currenis of the two laser diodes were set
to 40 and 39 mA, respectively. Wavelength tuning of the
laser diodes was accomplished by changing the temperamre
of the laser capsule. Once the temperature was sel, a current
ramp with a frequency of 100 mHz or 100 Hz was added 1
the operating current by means of a function generator {Tek-
tronix FG504), allowing us o record the whole line profile 1n
a single scan. The lower frequency was used for the opiogal-
vanic detection while the higher frequency was used for the
absorption and fluorescence measurements. In some of the
experimenis with the violet diode laser, a simple exiemal
feedback cavity with a Litrow graing was used o ensure
single-mode operation. since the free-running laser typically
lased on a few modes, separated by about 0.05 nm. External
cavity laser arrangements are commercially avalable from
several suppliers, €.g., New Focus, Newport, Thorlabs, and
Tui Opucs, and we used the Thorlabs system based on the
laser diode mount, a piezo-electric mirror moont (KC1-PZ),
a piezo-clectric driver (MDT-690), and a 2400 Vmm grating
{Edmund Scientific 43224). A molded glass aspheric lens
(Geltech C230TM-A} was used to collimate the output beam
from the diode laser. Details for constructing 2 laser diode
system, including external cavity and electronic control,
from parnts in the laboratory, are given in e.g. Ref. 5. The 4
cm long potassium cell, which was prepared on a vacuum
station by distilling a small amount of the metal into the cell
after thorough bake-ouwt at elevated Llemperatures, was placed
in a smal] electrically heated oven. The oven had small win-
dows for ransmitting the laser beam and a larger window for
observing laser-induced fluorescence.

The transmutied laser beamn was focused on a deteclor
{Hamamatsu S1223 pin photo-diode in a home-made trans-
impedance amplifier module) by an (= 50 mm lens (Thorlabs

661 Am. J. Phys.. Vol 68. No. 7, July 2000

£
_
2 5.8 MHz
1 3.\ MHz
g 11MHz
2
16.0 Mhz
1
Fig. |. Hypertine suucture diagrams
of the 4578 ,5-5p Py, 5 and the
dy :5,,-; -dp :P.v:...'z rransiens  in
PK. The energy splitings are not
given (o scale.
2
451.7 MMz
1

BSX060-A). The detector output voltage was fed via a low
noise amplifier (Stanford Research Systiems SRS56U) o a sig-
nal averaging oscilloscope (Tekwonix TDSS520B). Finally.
the recorded waveform could be wransferred to a PC for pro-
cessing and evaluation. A small part of the laser beam was
split off by a beam splitter (neutral density filter) and sent to
a tow-finesse solid glass etalon with a free spectral range of
991 MHz in the near-IR region and 979 MHz in the violel
The generated fringes, which were detected by another de-
tector, allow us to frequency calibrate each individual scan.
As an altermative detection method, the fluorescence in-
duced by the violet wansition could be monitored. The
4p—4y near-IR transitions, iselated by a Schott interference
filter (& ., =768 nm}, were used. By employing ransitions
from the 4p state, populated in cascade decays via the 5s
and 34 states, instead of the direct decays on the violet
Sp—4s transition, problems with background due w. scat-
tered light from cell windows and oven structures could be
completely avoided. A photomuhiplier wbe (EMI 9558} was
employed and the signal was fed via a cwrent-to-voliage
amplifier (Ithaco 212} to the vscilloscope. We also tested a
simple large-area photo-diode (Hamamaisu 5-1226-8BK) for
recording the fluorescence with guite satsfaciory results,
The use of a hollow-cathode discharge lamp and optogal-
vapic detection 15 a further alternative for observing the blue
potassium transitions. We used an Inszrumemtation Labora-
tory hollow-cathode lamp (Model 89227), intended for an
alomic absorption spectrophotometer. A discharge current of
5 mA, also passing through a bailast resistor, was driven hy
an Oltronik photemuluplier supply (Model A2Z.SK-10HR),
set for wypically 300 V when ihe discharge was running. A
rotating chopper (Stanford Research System SRS540} was
used for modulating the aser beam at 340 Hz, and the ac
voltage across the ballast resistor occumng when aoms are
excited was detected with a lock-in amplifier (EG&G 5209).
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Fig. 2. Experimeatal setup for absorpuen. fiuorescencs (2} and oplogalvame
spectroscopy (b} on polassivum atoms.

II. MEASUREMENTS

The expedmental sctup was first tested by inducing the
4y 25[;3*4[7 1P\ transition in the pear-IR spectral region.
Ttus wransiaon has. like the corresponding resonance lines in
Rb and Cs,>~® high oscillator strengths. meaning a swong
absorption already at atomic densities of 10'*m’, come-
sponding to about 50 °C for potassium. Thus, the uansitions
are easily observable in absorption measurements. The
near-IR transition was induced with the Mitsubishi laser op-
erated without an external cavity. Raw dawa for a potassiom
absorption measurement are shown in Fig. 3, where the low-
finesse Fabry—Perot fringes are also displayed. It can be
noted that the laser output power increases dunog the scan,
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hut that the frequency sweep 1s quite linear. Thus, no fre-
quency scale rectification was employed in our experimenis,
but the recorded curves were normalized the case of a con-
stant laser output by dividing the recorded curve by a curve
withont atomic absorpton. This procedure, like all subse-
quent daia processing, was readily performed within the Mi-
crosoft EXCEL data package. The data shown in Lthe rest of
this paper are all preprocessed in this wayv. Typical normal-
1zed recordings for different vapor cell emperatures are
shown in Fig. 4{a). By reflecting the lascr beam back onwo
iself, saturated absorpuon signals with 1ncreased rransrus-
sion are seen separated by about 460 MHz as displayed in
Fig. 4(b). The excited state hyperfine structure is not re-
solved. In hetween the two signals a sirong cross-over
signal' is observed. In these measurements. performed with a
beam size of about | mmX*3 mm, care was exercised (o
avoid a direct feedback of the reflected beam wio the diode
laser which causes unsiable osciflation. In the fgure. an ex-
perimental curve recorded without beam reflection is super-
imposed, making an isolation of the nonlinear speclroscopic
feamsres easy.

Since the Huorescence is strong on the near-IR lines, the
background due 1o scaterning in cell windows, etc., 15 not
severe, allowing the laser-induced fluorescence w be readily
ohserved 2s shown in Fig. 5. Fitted curves, w0 be discussed
lates, are included in the figure. The lower tace shows the
Doppler-free feamures due o the back-reflection of the beam
into 1self from the glass cell with normal-incidence
windows,'” The cross-over signal and cne of the Dappler-
tree signals 1s clearly discemnible. In the upper race, we have
musaligned the gas cell o only record the Doppler-broadened
profile.

The 45-5p violet transitions in potassium have much
smaller osciilator strength than the near-[R wransidons. Thus.
considerably higher temperasures are nesded on the cell w
observe line absorption. [n contrast, fluoorescence delection,
which in this case 1s background [ree, is already possible at
temperatures as low as 30°C. A wansmission trace showing
the violet Jine absarption on the 45 >§,,-5p * P Lransition
is displayed in Fig. 6fa). This recording is performed with
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sigoal whea the laser beam is reflecled back on itsell for a cetl lempesiture
of 70 °C.

the violet laser operating in the ecxtermal cavity. The
45°8,,-5p *P p, tansition was observed in a separate scan.
For 1he weak violet wansitions i 1s more difficult o reach
strong saturation conditions and the Doppler-free signals
were not observed in our experiments. A fluorescence re-
cording of the same wransition is showa in Fig. 6(b}, together
with fitied curves to be discussed later.

Optogatvanic detection' in a discharge relies on the fact
that excited atoms are more casily ionized by electronic im-
pact than ground-state atoms. Thus, when chopping the ex-
citation beam, a corresponding ac component occurs in the
discharge current at resonance. An optogalvanic lock-in re-

Intensity (arb. unit)

0 05 10 1% 20 2t
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30 35 40

Fig. 5. Muorescence recardings ot the v 25 ,,—+p *P 4 Tansition uwng 2
single laser beam. crossing a potassivm vapoer cell. The lower trace umagns-
fied 4x} shows Doppler-iree feawres by 1 back-reflection from the cell
windaws. The cell temperazare was 43 °C for the 'ower trace aad 40 °C tor
he upper [race.
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cording of the 452§,,~5p P, transition is shown in Fig.
7. Here the violet laser was operated in free-run without
using an external cavity. As menlioned above, the laser was
then not running in a single longitudinal mode, as evidenced
in separate tests using a high-resolution spectrometer. Laser
outpul spectra without and with an external cavity are given
in the insert of the figure. Note that for free atoms with
isolated spectral features as in our case, the general specural
appearance is not influenced since only one of the oscillating
modes tnteracts with the aloms. However, some broadening
of the ndividual mode linewidih in multi-mode operation
make spectral recordings less suited for line-shape studies
such as those in the present experiments. For molecules with
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rperating withoul and with a0 sxiergal caviv,
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a muldtude of close-lying lines, multi-mode behavior is. of
course, unaccepiable.

V. DISCUSSION

Diode laser spectroscopy for the violet and near-IR s-p
transitions in potassium was demonstrated using simple
equipment. Potassium has not previowsly been used in stu-
dent labeoratory work. With the very recent availability of
violet semiconductor lasers, it became passible to directly
excite, for the first ume w our knowledge, & more hghly
exciled stale of an alkali atom with a laser dicde. The out-
come could then be compared with the resuits from expen-
ments involving the first excited stae. performed with the
same simple sewp.

The pedagogical value of a laboratory session along the
lines discussed in this paper in part consiss of running and
scanning the diode lasers, and of adjusting the optical com-
ponents and electronic devices for allowing the spectroscopic
recordings, which could be demonstrated with three ditferent
detection methods. The other part is the atomic physics con-
tent. For this pan, a useful approach is to record the near-IR
45%8,,-4p *P wansition in fluorescence and absorption for
single and double laser beam passage through the cell. Since
the upper-state hyperfine structure for the present purpose
could be considered to be absent, the two Doppler-free peaks
directly allow the ground-state splitting to be evaluated. The
fluorescence line-shape 5( v} recorded for single-beam pas-
sage can then be fited 10 a sum of two Gaussians with a
half-width (FWHM) of Av, separated by 460 MHz and hav-
Ing an intensity rato of A: 8B,

S(v)=Aexp{—4 In(2) /A v)*)
+ B expl —4 In(2)(( »+460)/ A v)*). in

The value for Aw obtammed is then compared with the theo-
retical value A vy, .

[(BIn2)RT
Bvp=N—3p % 2

where v, 15 the transition frequency at line center, R 1s the
gas constant [8.3143 J/mol K], ¢ is the speed of lighs, T is the
cell iemperawre (in K}, and M is the atomic mass number
(39). The Doppler width for the neas-IR wransition is about
(.8 GHz for the temperamres discussed here (20°C-120°C).
With the violet laser a substantially broader fluorescence
lineshape is then recorded and ficed o Eq. (1), and the Dop-
pler width is extracted. Mow the wansition frequency 15 a
factor of 1.90 higher and the violet theoretical Doppler width
is correspondingly larger, typically 1.5 GHz using Eq. (2).
For both lines, good fits and expenmenat widths close o
the calculated ones ure obtained, e.g., the fits included in the
Auorescence recordings in Figs. 5 and 6 yield 0.82 GHz
(40 °C) and 1.55 GHz {70 °C), respectvely, for the Doppler
widths, to be compared with the theoreucal values of 0.7
and L.57 GHz, respectively. The good curve fils obtained
using Gaussians and the experimental Doppler width values
obtained in two widely separated wavelength ranges swongly
support the theory for Doppler broadening. A discussion of
the velocity Maxwellian distribution and Doppler broadening
can be found, e.g., on p. 67 of Ref. 1 and p. 86 of Ref. 2.
The rato of the statistical weights of the ™wo hyperfine
ground state levels (F=2 and F=1) s 5:3, which is also the
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expected line intensity rauo (A/B) for wransitdons te an un-
resolved excited siate. The experimentally deduced intensity
rutios, 1.80 and 1.71, respectively, for the curves in Figs. 5
and 6 are closc 1o the theorctical ratio, 1.67.

A turther suitable violet ransition for a student laboratory
session is the aluminum 397 nm line. The 3p 2P in—45%8n
transition at 396.2 om for the single aluminum isotope 7 Al
with a 1.26 GHz S-siate hypertine splitling allows very peda-
gogical optogalvanic recordings from an aluminum hellow-
cathode lamp. A calcium hollow-cathode lamp run at a
somewhat higher discharge current than normal produces
Ca™ ions with its potassium-like resonance wansitions at
393.5 and 397.0 nm, respecuvely, which could be monnored
by optogalvanic spectroscopy. An interesting pedagogical
observation is, then, that the firs: excited siate v potassium-
like Ca’ is located at about the same energy as the second
exciled state in potassivm, due 1o the excess charge of the
calcium nucleus.

V. CONCLUSION

We have performed laser diode spectroscopy in the
near-IR and violet spectral region on potassium. The expen-
ments demonstrate the possibility 1o perform simple and in-
expensive laser spectroscopy on Doppler-broadened profiles
of the same atom in different spectral regions, allowing the
experimental verification of the theory for Doppler broaden-
ing at ™wo widely separaied wavelengths.
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Frequency-modulation spectroscopy with blue

diode lasers

UIf Gustafsson, Gabriel Somesfalean, Janis Alnis, and Sune Svanberg

Frequency-modulation spectroscopy provides ultrasensitive absorpticn measurements. The technique
i3 especially adaptable to dicde lasers, which can be modulated easily, and has beer used extensively in
the near-infrared and infrared spectral regions. The availability of blue diode lasers now means that the
accessible wavelength region can be increased. We successfully demonstrate wavelength-modulation
spectroscopy and two-tone frequency-modwlation spectroscopy for the weak second resonance line of
poiassium at 404.8 nm and for the iransition at 405.8 nm i lead, starting from the thermally populated
6p” 3P, metastable level. I[nformation on the medulation parameters is obtained with a fitting proce-
dure. Experimental signal-to-noise ratios at different absorption levels are compared with theoretical
signal-to-noise ratios and show good agreement. Detection sensitivities of 2 % 10 ® and 5 % 1077 for
wavelength and two-tone frequency-modulation spectroscopy, respectively, for a 120-Hz bandwidth are

demonstrated. © 2000 Optical Society of America

OCIS codes:

1. Introduction

Diode laser absorption spectroscopy based on fre-
quency modulation (FM) is 2 commonly used method
for fast and ultrasensitive detection of minute con-
centrations of gas.!-® The interaction between a
maodulated laser field and an absorbing sample leads
to the generation of an absorption-related signal that
can be detected at the applied medulation, at an over-
tone, or at an intermediate frequency by use of
frequency- and phase-sensitive electronics. Charac-
teristically this process shifts the detection band to a
high-frequency region, where the laser excess {1/f)
noise is avoided. Although a variety of FM methods
have been implemented, they actually represent lim-
iting cases of the same technique, Depending on the
number of modulation tones, on the choice of modu-
lation frequency relative to the spectral width of the
absorbing feature, and on the detection frequency,
the methods are referred to as wavelength-
modulation spectroscopy (WMS),” single-tone FM
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300.6260, 300.5350, 300.1¢30.

spectroscopy (STFMS),? or two-tone FM spectroscopy
(TTFMS).?

In WMS the modulation frequency is much smaller
than the half-width of the absorbing feature, whereas
STFMS and TTFMS are characterized by modulation
frequencies that are comparable to or larger than the
half-width of the abisorbing feature, WMS is usually
performed at kilohertz frequencies (low-frequency
WMS]}, with conventional lock-in amplifiers used for
signal detection, For maximum sensitivity a large
FM index, defined as the ratio between the maximum
frequency deviation and the modulation frequency, is
required. The sensitivity can be significantly im-
proved by use of megahertz modulation frequencies
{high-frequency WMS) and harmonic detection at
moderate FM indices.!®-i? Inasmuch as STFMS
and TTFMS use high modulation frequencies, high
sensitivity can be achieved with a low FM index.1¢-12
STFMS used for broad atmospheric-pressure lines
with linewidths of some gigahertz requires detection
electronics with matching bandwidths. Such instru-
ments are complicated, expensive, and not always
available in the wavelength region of interest.
TTFMS circumvents this problem by using high FM
of the laser at two closely spaced frequencies and
detecting the signal at the difference frequency, often
in the megahertz range. Thus, in TTFMS it is pos-
sible to use detection electronics of moderate -band-
width and stiil preserve high sensitivity at a low FM
index. In the high-FM techniques {high-frequency
WMS, STFMS, and TTFMS), the lock-in amplifier is
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replaced by discrete components. The use of FM at
high frequencies offers the possibility of quantum-
noise-limited detection.'3-17

Diode lasers are especially well suited for high-
sensitivity absorption spectroscopy because one can
both tune their emission wavelengths over the whole
absorption profile by changing the temperature of the
laser capsule and modulate their frequencies directly
by applying an ac current on the drive current. Re-
cently the Nichia Corporation introduced blue cw GalN
diode lasers that emit near 400 nm.'* Gustafsson ef
al.¥® recently demonstrated the usefulness of these la-
sers for spectroscopy by performing experiments with
potassium vapor. No attermnpts at sensitive detection
were made in these experiments, which employed di-
rect absorption, laser-induced fluorescence, and opto-
galvanic spectroscopy. Here we extend this study by
using the blue diede laser and perform WMS and
TTFMS on potassiuam as well as on lead. We study
the second resonance line, 4s “S, ,,-5p P, ,, in potas-
sium (**K) at 404.8 nm. We also record the transition
in lead {**®Pb) at 405.8 nm, starting from the ther-
mally weakly populated 6p* éP2 metastable level situ-
ated 1.3 eV above the ground state. Absorption
signals are measured at different temperatures and
thus at different absorptions. By means of a fitting
procedure, information regarding the modulation pa-
rameters is obtained. We examine the possibilities of
making highly sensitive absorption measurements in
what is for diode lasers a new and interesting wave-
length region and compare experimentally deduced
and theoretically calculated signal-to-noise ratios
(SNR's). To achieve high sensitivity for both WMS
and TTFMS, we perform WMS in the high-frequency
wavelength-modulation regime, applying a modula-
tion frequency of 5 Mz and detecting the second har-
monic at 10 MHz, whereas for TTFMS we use
modulation frequencies near %00 MHz, i.e., larger than
the Doppler widths (HWHM), which are less than 80¢
MHz2 for the transitions studied and detect beat signals
at the same frequency as for WMS.,

2. Expenment

A schematic of the setup for WMS and TTFMS ex-
periments is shown in Fig. 1. The blue diode laser
{Nichia NLHV50() has a nominal wavelength of 404
nm at 25 °C and a typical output power of 5 mW.
The laser diode is placed in a thermoelectrically
cooled mount and is current and temperature con-
trolled by a precision diode laser driver (Melles Griot
06DLD103). The diverging laser beam is collimated
by a molded glass aspheric lens (Geltech C230TM-A)
and is divided by a neutral-density filter. One part
of the beam is transmitted through a small electri-
cally heated oven into whuch either a 4-cm-long po-
tassium cell or a 3.5-cm-long lead cell is placed. The
other part of the beam is directed through a low-
finesse confocal Fabry-Perot etalon (free spectral
range, 1.5 GHz) for frequency cabbration of the ab-
sorption spectrum. Beoth beams are focused on de-
tectors that contain p—i-n photodiodes (Hamamatsu
5-1190) and homemade transimpedance amplifiers.
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Fig. 1. Experimental setup for direct absorption spectroscopy,

WMS, and TTFMS of potassium and lead vapor in sealed-off cells.

Wavelength scanning is achieved by repetitive appli-
cation of a rectangular current pulse {Tektronix
RG5¢1) with a duration of 1-2 ms and a repetition
rate of 100 Hz to the diode laser drive current, which
is biased below the threshold current. A heat-
induced constant-current wavelength shift is pro-
duced during the rectangular current pulse if the rise
time of the pulse is short compared with the growth
rate of the Junction temperature. This wavelength-
scanning technique minimizes variations in laser in-
tensity and spectral characteristics and ensures an
almost constant FM index during the scan.2021 [t
also permits simultaneous recording of the absorp-
tion line and of the zero intensity level in direct ab-
sorption. The free-running laser typically lases ona
few modes separated by —0.05 nm, as evidenced ina
separate test with a high-resolution spectrometer.
However, judicicus choices of temperature and drive
current ensure nearly single-mode operation.

The FM schemes for WMS and TTFMS are almost
identical; the only difference is in the method of gen-
erating the modulation frequencies. In TTFMS we
generate the two modulation frequencies by mixing a
905-MHz signal (Wavetek 25104) and a 5.35-MH:z
signal (Tektronix SG503) in a frequency mixer (Mini-
Circuits ZFM-4H). For WMS, only the 5.35-MHz
modulation frequency is used. The modulation cur-
rent, before it is superimposed upon the laser drive
current, passes a variable attenuator, which allows
the radio-frequency irf] power to the diode laser to be
varied. We detect the TTFMS and WMS signals by
mixing {Mini-Circuits ZFM-3) the amplified (Mini-
Circuits ZFL-1000LN) beat and second-harmonic sig-
nals {at 10.7 MHz) from the detecter with the
frequency-doubled (Mini-Circuits FD-2) and appro-
priately phase shifted (Svnergy PP-921) 5.35-MHz
signal. We adjust the rf power for the highest pos-
sible WMS and TTFMS signal amplitudes that can be
achieved without the introduction of any significant
modulation broadening. We split off {Mini-Circuits
ZFRSC-2050) one part of the detector signal before
the frequency mixer so we can cbserve the direct
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ahsorption signal. Where appropriate, bandpass-,
lwgh-pass, and low-pass filters are inserted to prevent
the modulation frequencies from reaching the demod-
ulation mixer, the detection frequency signal from
reflecting back toward the laser, and the modulated
absorption-related signals from influencing the direct
ahsorption signals. The direct and demodulated sig-
nals are amplified and low-pass filtered at 30 kHz in
low-noise preamplifiers (Stanford SR560) and then
averaged 256 times in a digital oscilloscope (Tektro-
nix TDS520B). Thus the effective bandwidth of the
detection system is approximately 120 Hz. Finally,
the recorded waveforms are transferred to a com-
puter for processing and evaluation,

In WMS it is possible to record both the absorption
and the dispersion related to the probed medinm:
Here we consider only the absorption-related signal
by maldng the appropriate choice of detection phase.
We can do this because the in-phase (0 or m) compo-
nent of the signal corresponds to pure absorption,
whereas the quadrature (=7/2) component corre-
sponds to pure dispersion. In TTFMS a small part
of the dispersion component will fall into the detec-
tion angle, provided that the detection phase (approx-
imately 0 or =) is adjusted for optimum signal
amplitude.?2 However, for the transitions studied,
the chosen modulation frequencies, and the precision
of the detection phase adjustrnent (=3%), the disper-
sion component is less than 0.1% of the absorption
component and is thus negligible.

3. Measurements

Natural potassium consists of two isotopes, YK (93%)
and YK (7%), both with a nuelear spin of 3/2. The
studied sealed-off potassium gas cell contains only
the isotope K. We note that the existence of a
nonzero nuclear spin for potassium gives rise to a
hyperfine splitting of the 4s *S, ;,~5p *P., transition.
However, because of the small magnetic mement of
the potassium nucleus, the hyperfine splittings are
small; for *°K the ground-state splitting is only 462
MHz and the upper-state splitting 15 ~2 orders of
magnitude smaller.?? Thus the Deppler-broadened
potassium line, with a half-width of ~800 MHz for
the temperatures used here, is not expected to show
any structure.

Typical recorded spectra for direct absorption and
TTFMS measurements at 90 °C in potassium are
shown in Fig. 2, where the low-finesse etalon fringes
are also displayed. The WMS line shape is almost
identical to that of TTFMS and is not shown. Be-
cause a rectangular current pulse is used for wave-
length scanming, the laser output power is almost
constant during the scan, the zero intensity level can
be seen in the direct absorpton recording, and the
frequency sweep is quite nonlinear. This means
that neither any laser output power rectification nor
any separate zero intensity recording is necessary
with direct absorption. [t means, though, that the
frequency scale has to be linearized, and subse-
quently this was dene for all the spectra shown in the
remaining part of this paper.
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WMS and TTFMS line shapes for potassium vapor
were recorded from ~90 °C to room temperature. In
Fig. 3, linearized recordings at 60 and 30 °C, corre-
sponding to peak absorptions of 1.6 ¥ 1077 and 6.7 x
10°%, respectively, are displayed. Interference
fringes, caused by reflecdons between the neutral-
density filter and the detector surface, are clearly
visible in the recording of the TTFMS line shape at
30°C. Although FM spectroscopy offers the possi-
bility of quantum-noise-limited detection, the mini-
mumn achievable sensitivity is in practice often set by
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Fig. 3. Linearized (a) WMS and ib) TTFMS recordings for potas-
sium at two cel! temperatures.
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Fig. 4. Lmearized (a) WMS and (b} TTFMS recordings of the lead
405.8-nm line. Insst, diagram of the structure of lead.

interference fringes that are seen as a periodically
oscillating background and originate from spurious
reflections along the laser beam path. The interfer-
ence effect can often be removed or largely reduced by
careful angling of all transmissive optics, and, as can
be seen from the WMS recording in Fig. 3 [upper
curve {a)], a slight adjustment of the neutral-density
filter removes the interference fringes.

It is necessary to perform ezperiments at consid-
erably higher temperatures if one wishes to observe
the absorption 1n lead, because of the low vapor pres-
sure of this metal. We studied the transition at
405.8 nm, starting from the thermally weakly popu-
lated 6p° ®P, metastable level situated 1.3 eV above
the ground state. The lead experiments were per-
formed at temperatures that ranged from 500 to
700 °C, corres;})onding to ground-state atomic densi-
tiesof 2 % 1" m 2 t0 7 X 10'% m ~? and to Boltzmann
factors of 2 x 10 2 to @ x 107, These atomic den-
sities can be compared with those in the potassium
cell, which range from 3 X 10** m 3 (20°C) t0 3 %
104 m2 (90 °C). The lead gas cell contains a nat-
ural mixture of lead isotopes, but the specific mea-
surements were performed on the transition
corresponding to the 2°*Ph isotope with a nuclear spin
of 0. The isotope, which has no hyperfine splitting
because of the zero nuclear spin, has a Doppler width
of ~550 MHz. 7

The linearized WMS and TTFMS recordings at
600 °C (peak absorption, 2.0 X 10 *} are shown in
Fig. 4. These recordings were also influenced by in-
terference fringes that originated from a reftection
from the detector surface back into the diode laser
cavity. Despite cautious angling of all optics as well
as of the diode laser and the detector, we were not
able to suppress completely the interference fringes
in the lead experiments. We explain the difference
in the results of the experiment with potassium from
that with lead as being due to different diode laser
behaviors at the two wavelengths because different
current and temperature settings were used. An-
other unwanted and limiting effect in the lead exper-
iments is a diode laser mode jump close to the
transition on the low-frequency side. The frequency

position of the mode jumyp varies in Lime, and thig
variation adds an irregular background to the re-
corded line shapes.

4. Results and Discussion

Here we first determine the modulation parameters
in WMS and TTFMS by means of a fitting procedure
of the recorded line shapes. Then we use these mod-
ulation parameters to calculate the theoretical SINH’s
and compare them with the expermmentally deduced
SNR’s. Finally, we estimate the maxmum achiev-
able sensitivity of this blue diode laser-based spec-
trometer. The evaluation was performed mainiy
with the experimental data for potassium, because,
as we noted above, the lead experiments were ham-
pered by interference fringes and a diode laser mode
jump, in which case, the SNR was set by these effects
rather than by the fundamental noise sources in a
FM spectrometer. The formalism that deseribes the
FM theory, including calculations of WMS and
TTFMS line shapes and SHR's, can be found, e.g., in
Refs. 22 and 24 -26.

FM of dicde lasers is always accompanied by resid-
ual amplitude modulation (RAM), which is noticeable
in WMS and TTFMS recordings as a line-shape
asymmetry. This RAM, which is accounted for in
the FM theory by the AM index M and the AM-FM
phase difference W, is an effect that is caused by the
laser intensity not being exactly uniform over the FM
range, and it is undesirable because it carries some of
the low-frequency noise into the FM signal. The AM
index and the AM-FM phase difference are closely
connected in theory and are difficult to determine
independently. A value ofd&r = w/2 for the AM-FM
phase difference is generally considered to be a good
approximation for diode lasers 222728 and, in what
follows, we adopt this value. ‘

As we mentioned above, the studied transition in
potassium actually consists of several hyperfine com-
ponents. These can be divided mainly into two
Gaussians that have a half-width given by the Dopp-
ler wadth, are separated by 462 MHz and have an
intensity ratio of 5/3, which is equal to the statistical
welghts of the two hyperfine ground-state levels (F =
Zand F =1). The FM index, designated p in the FM
nomenclature, and the AM index M were determined
by fits to the WMS and TTFMS line shapes recorded
at different temperatures. The parameters ab-
tained were [} = 230 and M = 0.045 for WMS and § =
1.0 and M = 0.035 for TTFMS. With these param-
eter values, two curves were calculated, and they and
their sum are displayed in Fig. 5, together with the
potassium line experimentally recorded at 80 °C.

The AM-FM index ratio M/ is an intrinsic prop-
erty of a diode laser and depends on the modulation
frequency and the bias current.?® Typically, the ra-
tio scales with the modulation frequency, and for our
experiments with equal bhias current for WMS and
TTFMS the ratio of the AM-FM index ratio for
TTFMS and WMS was 179, which is in excellent
agreement with the ratio of the medulation frequen-
cies, 181.
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It can be observed from the experimental data that
the signals (peak-to-peak valuej in WMS are approx-
imately 20% higher than those of TTFMS; see Fig.
3-5. This result agreed well with the theoretically
caleulated signal values that yielded a signal differ-
ence for the temperatures employed of ~21% for po-
tassiom and ~23% for lead. No medulation
broadening is observed in either the WMS or the
TTEFMS line shape. This result is consistent with
the experimentally applied rf powers, which we care-
fully adjusted for the highest signal amplitudes
achievable without introducng medulation broaden-
ing. The presence of modulation broadening would
make the fitting procedure more difficult and less
accurate. WMS and TTFMS line shapes that were
optimized only for maximum signal amplitudes
showed considerable modulation broadening.

In a frequency-modulated system the power SNRy
can be expressed as®s

the numerator is the time-averaged mean-squared
detector current. e is the charge of the electron, n is
the detector quantum efficiency, A is Planck’s con-
stant, v is the transition frequency, P; is the laser
power, Q(x, ¢) is a signal that is due to ahsorption o
and dispersion ¢, M is the AM index, Vis the number
of modulating tones, Af is the detection bandwidth, &
is Boltzmann’s constant, T is the absolute tempera-
ture of the detector, R; is the resistance of the detec-
tion system, R{M) is the RAM function, v, is the
standard deviation of the laser power within the
noise equivalent bandwidth of the detector system, f
is the detection frequency, and ., is a system-
dependent constant that is defined as the laser power
fluctvadons at 1-Hz bandwidth at 1-Hz frequency.
The value of the exponent & is typically 1.0 but can
range from 0.8 to 1.5,

The absorption- and dispersion-related line-shape
function Qio, ¢i, which depends on M, B and ¢, is
calculated as the peak-to-pealk value of the absorp-
uon compeonent of the WMS and TTFMS line shapes
because the dispersion component vanishes as a re-
sult of our choice of detection phase. The RAM func-
tion describes the nonzero signal that is detected
even in the absence of absorption and is due to the
AM. The reason for employing second-harmonic de-
tection instead of first-harmonic detection 1n WMS is
that the influence of RAM will be decreased. For
WMS and second-harmonic detection, R(M) = 1/4 M*
cos(2b + w); for TTFMS, R(M) = M* The total
power impinging upon the detector is Py = 3 mW, and
the parameters for detector and detection electronics
in our setup are 1 = .37 and R, = 30 (. From
direct absorption measurements, a value of 1 x 107?
P, for the parameter o, was deduced. The only ad-
Justable parameter in the SNR calculations is o,
and its value is estimated to be 4.5 X 10 *P,. These
values of o, and o, are approximately 1 order of
magnitude f:jgher than typical values for diode lasers
used for FM in the near infrared and the infrared.19.14
We artribute the difference to the multimode behav-
ior of our blue diede laser.
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where the terms in the two expressions are in the
same order and where the mean-squared noise cur-
rents in the denominator (from left to right) are re-
lated to laser-induced detector shot noise, detector
and amplifier thermal noise, AM-induced (RAM)
noise, and laser source or excess noise and the term in
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The experimental SNR is calculated as the ratio of
the line-shape peak-to-peak value to the noise rms
value. Inasmuch as we measure voltage and not
power, the experimenta! SNR is related to the theo-
retical voltage SNRy, which is given by SNRy =
(SNR"? In Fig. 6 the experimental SNR’s for
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Fig. 6. Experimentally deduced SHR’s for WMS (diamonds? and
TTFMS {triangles) for potasstum together with theoretical curves
caleulated from Eq. (1) and the paramerer values mentioned in the
text.

WMS and TTFMS are presented, together with the
theoretical SNR curves. Clearly, absorption signals
for less than the smallest experimentally recorded
absorption of 2 X 10 ° (at ~20 °C) are detectable, but
with our current setup it 1s not possible to cool the gas
cell and record signals below room temperature.
The sensitivity limits that can be deduced are 2 %
107° for WMS and 5 X 107° for TTFMS. In the lead
experiments we were able to record WMS and
TTFMS signals down to a SNR of 1, which occurs at
temperatures of ~500 °C and corresponds to an ab-
sorption of 5 X 107°. Thus the interference fringes
and the mode jump limit the detection sensitivity by
~1 order of magnitude,

There are two reasans for the approximately two-
times better SNR in WMS than in TTFMS. The first
is the higher signal amplitude in WMS, and the sec-
ond is the higher RAM noise level in TTFMS, as
expected from the different RAM dependencies given
by the RAM function. Al other noise sources have
the same amplitude in WMS and TTFMS. The ratio
of the shot noise, the thermal noise, the laser excess
noise, the TI'FMS RAM noise, and the WMS RAM
noise 1s 1:1.7:0.7:5.4:2.2. These numbers clearly
show that TTFMS is essentially limited by RAM
noise, whereas the sensitivity in WMS is set by both
RAM and thermal noise. We also note that the laser
excess noise 1s helow the shot noise and that the main
purpose for employing FM is achieved. RAM noise
and, as a consequence of the technique, laser excess
noise can be greatly reduced by the use of balanced
homodyne detection.:?1520 However, the power
transmitted through the absorbing medium is halved
and the thermal noise is doubled in this technique.
Theoretical caleulations of the SINR's in balanced ho-
modyne detectton, with the same parameter values
as above, show that the SNR's for TTFMS are almost
the same but that the SNR's for WMS are lower, as
we also verified experimentally. The results ob-

tained in the present study are broadly in line with
those obtained in previous comparisons of the sensi-
tivity of various modulation schemes in which infra-
red lead-salt diode lasers'? and near-infrared GaAlAs
diode lasers!! were used.

A possible extension of the present study would be
to monitor NO,, which has strong absorption bands
in the wavelength region about 400 nm. At atmo-
spheric pressure these transitions are much broader
than for potassium and lead and might also partially
overlap. Such a study would require continuous
scans of the order of 50 GHz, which at present are not
feasible with the dicde laser used. One should alse
note that the multimede behavior of the diede laser
does not influence the spectral appearance for free
atoms with isolated spectral features as in our case,
because only one of the oscillating modes interacts
with the atoms, However, for molecules with a mul-
titude of close-lying lines, multimode behavior is, of
course, unacceptable.  As the blue diode [aser used is
a prototype laser, we helieve that later versions will
be better suited for spactroscopy, i.e., will operate in
a single mode. One can use an external-feedback
cavity to ensure single-mode operation and large
frequency-tuning ranges, but doing so wall Lt the
high-FM capabilities and thus the detection sensitiv-
iy.

5. Conclusions

We performed FM spectroscopy on potassium and
lead, using a blue diode laser. 'We made highly sen-
sitive absorption measurements in this new and in-
teresting diode-laser wavelength region, employing
WMS and TTFMS. In fits to experimental data the
modulation parameters for the blue diode laser used
in our expenimental setup were determined. We
have shown that experimentally deduced SNR’s are
in good agreement with theoretically calculated
SNR's. Additionally, varicus noise sources were ex-
amined, and we have conctuded that TTFMS is dom-
inated by RAM noise, whereas WMS is himited by
both RAM and thermal neise. A minimum detect-
able absorption of 2 % 10" ° for WMS and 5 x 10 ® for
TTFMS in a 120-Hz detection bandwidth was ob-
served. By sum-frequency mixing blue and red di-
ode lasers, even shorter emission wavelengths can be
achieved, further extending the possibilities for sen-
sitive absorption spectroscopy of many atomic and
molecular transitions 3¢

This study was supported by the Swedish Research
Council for Engineering Scences (TFR) and the Knut
and Alice Wallenberg Foundation. J. Alnis thanks
the Swedish Institute for a stipend supporting his
stay in Sweden.
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Blee diode Jasers emirting 5 mW continpous-wave power around 400 mm have recently become
available. We report on the use of a blue diode laser together with a 30 mW red diode laser for
sum-{requency generation around 254 nm. The uloravioler power is estimated 1o be 0.9 nW, and 35
GHz mode-hop-free uning range is achieved. This is enough to perform high-resoluuon ulraviclet
spectroscopy of mercury isotopes. The possibility to use frequency modulation in the ultraviolet is
demonstrated; however, at present the ultraviolet power i1s 0o low to give advamages over direct
absorption monitoring. Mercury detection at atmosphenic pressure is also considered which is of
great interest for environmental monitoring. © 2000 American fnstitute of Physics.

[S0003-6951(00102810-2]

Absorption spectroscopy using diode lasers 18 a fast and
sensitive method for detecuon of many gases in atmospheric
monitoring.’ The 1echnique has been widely employed in the
mid-infrared spectral region (2-15 um}, where numerous
species of interest have fundamemal vibrational absorption
bands, and in the near-infrared region (0.6-2 pmj, where
weaker overtone and combination bands occur. Near-infrared
spectroscopy makes extensive use of low-cost and room-
temperare operated diode lasers which are readily available
in this wavelength region. Alomic race element detection in,
e.g.. a graphite furnace,*” using diode-laser hased absorpuon
is an aractive possibility. Midinfrared absorpuon measure-
ments apply cryogenically cooled lead-salt diode lasers or
ublize difference-frequency generation in a nonlinear crysial
pumped by two near-infrared diode lasers.* Many species
also have strong electronic transitions in the ulraviolet (UV)
spectral regron (200-400 nm). These transidons are typically
onc or !wo orders of magnitwde stronger than the mid-
infrared transitions. Additionally, interference from water va-
por is less significant in the UV spectral region.

Mercury (Hg) is the oaly pollutant present as a free atom
in the lower atmosphere and has a suong transition at 253.7
nm that allows detection at low concentrations. Typical
background concentrations of mercury in air are a few
ng/m*® but much higher MErcury  concentrations exist
around mercury mimng areas and chioralcali plants.® Zee-
man absorption,’ differential optical absorption spectroscopy
(DOAS)® or light detection and ranging (Lidar)® techniques
are used for mercury measurements in air. A diode-laser-
based spectrometer in the UV region could be especially in-
teresting for low absorption measurements, since modulation
techniques,™” which give several orders higher sensitivity
compared to direct absorption. can be easily employed.

The access 1o the UV spectral region employing diode
lasers is usvally provided by quadrupling’' * or sum-
frequency generation.'* The sum-frequency generation is

“Al30 with Lhe Institute of Alomic Physics and Specuoscopy, University off
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generally conducted in two successive stages. The first stage
is frequency doubling of a pear-infrared diode laser output,
and the second stage is nuxing the second harmonic with
another or the same near-infrared diode laser. The nonlinear
conversion efficiency can be increased by mode locking an
external-cavity laser based on a high-power Ltapered semacon-
ductor amplifier.'"'2™ A spectral linewidth of about 100
GHz is usually obtained, und that is wypically 100 tumes
larger than the required resolution for spectroscopic meaz-
surements, Another method to increase the conversion effi-
ciency is (o place the nonlinear crystal in an external buildup
resonator.'” This generates relatively high UV powers (-2
mW), but suffers from limited continuous mnimg range and
increased system complexity.

Very recently Nichia Corporaton inroduced blue diode
lasers's and we have studied the possibility :o use them for
potassivm and lead spectroscopy.'®!? At present we repon
on the generation of UV radiauon around 254 nm for mer-
cury spectroscopy based on frequency mixing of a biue diode
laser and 2 red diode laser.

The setp for sum-frequency generation is shawn in Fig.
l. The blue diode laser (Nichia NLHV500 with 2 nonunal
wavelength of 404 nm a1 25°C and a free-running output
power 3 mW) was operated in z Litrow-type cavity that
ensured single-mode operation zand less sensitivity 1o back
reflections. We used a Thorlabs system based on a diode
laser mount (TCLDM$), a piezoelectric mirror mound (KC1-
PZ) and a 2400 l/mm graong (Edmund Scientific 43224).
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1G. 1. Experimental setup tos sum-frequency geperation 3t 254 nm.
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The ocutput power with the laser operaled in the extemal
cavity was | mW, The single-mode red dicde taser (Toshiba
TOLD 9150, 688 nm, 30 mW) was free-running and could
be scanned confinuously over 35 GHz by a current ramp.
Moulded glass aspheric lenses with f=4.5 mm were used for
collimaton (Geliech C230TM). The diode lasers were em-
peramre and current controlled using low-noise diode laser
drivers (Melles Griot 06DLD 103). Both lasers were polar-
ized vertically. An optical dicde (OFR 10-5-NIR-I) was
placed in the red diode laser beam o reduce backscauering
from the nonlinear cryvstal. The blue and red beams werc
spatially overlapped via a dichroic bearnsplitier and focused
by & Nikon camera objective with a 50 mm focal length onio
a 8-mm-long BBO crystal cut at #=49° and ¢=90". Type [
phase matching was achieved by ulung the crystal horizon-
tally. A quartz lens of 50 mm focal length was used w col-
limate the UV light cxiting the crystal. The deteciion side
consisted of an f=50mm gquarz lens, a 254* 10 am ner-
ference filler, a monochromator (Orel 77250) tuned 0 254
nm, and a photomultuplier (EMI 9558 QA). Without the
monochromator a strong background existed from the not
converted red and blue laser light. The signal from the pho-
tomultiplier was seat to 2 transimpedance amphifier (ltacho
1212) and a preamplifier (Sianford Research 5643) and further
o a signal averaging oscilloscope (Tekronix TDS52OB).

ft was ool possible to measure the UV light power
dmectly and we ecstmated 11 by pholon coundng. Al
optimized setup r =3 X 10° pulses per second were counted.
The quantwm efficiency of the pholomuluplier ar
h=12534nm is p=0.2. That gives the UV power at the detec-
tor P=nhc/(An)=2x10"""W. The two quanz lenses, the
interference fler, and the monochromator had a wransmis-
sion of 0.84, .28, and 0.09, respectively, thus the UV power
alter the crystal was about 0.9 nW.

From the theory of sum-frequency mixing of focused
(Canssian beamas and assuming a lossless crystal, the UV
power can be expressed as!'™1?

G wrandleP | Pilh
J:

(

s
TWEGE Ny

where w,; are the angular frequencies ( @) < an<w:), P, are
the powers, n; are the refractive indices of the crystal. d . is
the effecuve nonlinear coefficient, ! is the crystal length. and
h is 2 dimensionless focusing parameter. The effective non-
linear coefficient was calculated to d;=1.59% 10 "*myV
according to the expressions in Ref. 20, and from the plots
presented 11 Ref. 18 for the focusing parameter, we esu-
mated 2 =0.01. Using the measured input powers {measured
after the camera objective lens (o £, =076 mW and P,
=25mW) and accounting for the approximately 7% reflec-
tion losses at the crystal imput and output faces, we calcu-
lated a theoretically generaled UV power Py=19nW. We
believe that the approximately 2 times smaller UV power
expentmentally observed s due o imperfect overlap of the
WO input beams.

The specuum of a nawral isotopic mixmre of mercury
contains 5 peaks, that are formed by 10 Doppler-broadened
transitions.”'*2 An absorption signal from a low pressure
quartz cell contatning a namwral mixwre of mercury is shown
in Fig. 2(a). The spectrum was recorded by sweeping Lhe red
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FiG. 2. Recorded UV absarption spectra trom low pressure cells at —20°C
contsining (a} calurx iselope mixture of Hg. (5] ensiched wih ™Hag, 1ch
enriched with Hg. and (d) waveiength modutanon signal from 1 narural
isotope mixigre of Hg. (¢) Designaticn amd relative sirength of the Hg 150
wpe lines agcarding o Red. 22

laser 23 GHz. and that resuited tn an equally long scun jo the
UV. The mercury cell had a finger that was cooled by lguid
nitrogen, because at room 1emperamures there was a 100%
absorplon on all the peaks. Absorption signuals from two
isotopically cnriched low pressure cells with **Hg and ***Hg
are shown in Figs. 2(b} and 2{c), respecuvely. As a reference
the designation and relative line strength of the isotope lines
are displayed in Fig. 2(e).

The possibilities to use wavelength modulation in the
UV region were also explored. A modulation frequency of 5
MHz was applied (o the red diede laser through a bias tee. At
the detection side the photomultipher signal was amplifigd
by a high frequency preamplifier and mixed with a
frequency-doubled 5 MHz signal {siandard radio-frequency
components fTom Mint Circuits]. The output from the maxer
wis low-pass fillered at 1 kHz, amplified and fed Lo the os-
ciltoscope. Figure 2(d) shows the recorded second-harmonic
(2 signal We also recorded low-frequency wavelength
modulation signals at a tew kifchertz frequency by modulat-
ing the external cavity grauing angle with 2 piczo. Two-tone
frequency-modulaton signals with a setup used by our group
cutensively'™ ¥ werc also recorded. Usually frequency
modulation techmiques have higher sensitivity compared 10
direct absorption, because ihe detection bandwidth 15 moved
to migher frequencies, where laser excess { 1/f) noise ts very
low, resulting 0 shot-noise hmited measurements. At very
low laser power though, as in our case, it is no advaniage (o
use frequency modulation wnstead of direct detection.

AL amnospheric pressures the isotope lines broaden and
overlap 10 form a single absorpuon feature® A scan of
about 80 GHz 15 required o record the absomuon al atmo-
spheric pressures. Using our mode-hop-free scanning tnter-
vil of 35 GHz we have measured the whole mercury absorp-
ton leawre by recording three separate but overlapping
scans. The recorded specirum is shown in Fg. 3 wgether
with a reference spectrum from o low-pressure celb. [Lcan be
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noted that since the isotope shifts are larger than the
pressure-broadened linewidth (3.5 GHz obtained in a fit) in-
dividual isotope lines are clearly discemable io the recording
at atmospheric pressure.

We have demonstrated the applicability of the receady
available blue diode lasers for useful sum-frequency genera-
tion in the UV spectral region. High resoluton absorption
spectroscopy signals of mercury at 2533.7 nm in a low pres-
sure cell were recorded. Mercury detecuon at atmospheric
pressure was performed, that is of great interest for trace
element and environmental monkoring. The possibility to
use different modulation techniques in the UV is demon-
strated; however, at present the UV power is too low o give
advantages over direct absorption monitoring. When higher
UV powers become available through the fast development
of diode lasers and nonlinear matenals, the full power of our
scheme combined with modulatign techoigues can he ex-
ploited.

This work was supporied by the Swedish Research
Council for Engineenng Sciences (TFR} and the Kout and
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Monitoring cof fres gas emubedded in scat{ering media, such as wood, [ruits, and synthetic materiais, 13 demon-

strated by use of diode laser spectroscopy combined with sensitive modulation techniques.

(Gas detection

is made possible by the contrast of the narrow abscrptive feature ol Lhe free-gas molecules with the slow

wavelength dependence of the absorption and scattering cross sectiona in solids and liquids.

An absorption

sensitivity of 2.5 % 107*, corresponding 10 a 1.25-mm air column, is demonstrated by raeasurements of dia-

persed molecutar oxygen.

inctuding internal gas pressure and gas-exchange assessment, in organic and syathetic materials.

Optical Society of America

These <echniques open up new posaibifities for characterization and diagnostics,

< 200

OCIS codes: 300.6360, 290.7050, 200.5820, 170.3660, 020.3690, 160.4850.

We democstrate, for what we believe to be the first
time, how free gas dispersed in scattering materials
can be detected and characterized by use of diode laser
spectroscopy. The techuique, provisionally denoted
gas in scattering media absorption spectroscopy (GAS-
MAS) opens up new possibilities for characterization
and diagnostics of scattering solids and turbid liquids.

Many substances, frequently of organic origin,
are porous and contain free gas that is distributed
throughout the material. For instance, wood, plants,
fruits, cheese, powders, sintered materiais, and foams
can be congidered, A common way to danalyze gas
in situ 1s to use absorption spectroscopy that employs
a sufficiently narrow-band light source in combina-
tion. with the Beer—Lambertian law. However, the
straightforward application of this method fails for
turbid media, since the radiatior 1s heavily scattered
in the material containing the gas. Thus there
are no well-defined path lengths as required by the
Beer—Lambertian law, but light emerges diffusely.
This situation has been much discussed in connection
with light propagation in living tissue, which has
applications to optical mammography,'™® dosimetry
for photodynamic therapy,® and concentration deter-
minations for tissue and blood constituents.®

In this Letter we consider solid or fluid buik ma-
terials containing pockets or small bubbles of gas.
Light scattering is caused by inhomogenities in the
eptical properties of the medium. Evern in the case of
a clear liquid containing fine bubbles of gas, e.g., beer,
a diffuse refraction occurs.” In the case of strong
scattering, which is the most interesting aspect of
the proposed gas-detection technique, a long effective
path length is achieved, giving rise to a strong gas sig-
pature. Clearly, the gas—containing medium should
not have substantial absorption of radiation in the
wavelength range neesded for monitoring of the par-
ticular gas. A consequence of this restriction is that
materials containing liquid water, e.g., substances de-
rived from living organisms, can be investigated oniy
up to a limiting wavelength of ~1.4 pm. Generally,
absorption and scattering properties of solids and
liguids have a very slow wavelength dependence. In
contrast, free gas exhibits extremely sharp absorptive

0146-9592/01/0:0016-03%15.00/0

features, Thus bulk material will not influence the
detected radiation when the frequency of 2 singlte-mode
probing laser is slightly changed, whereas embedded
gas gives rise to & tiny but narrow signal that can be
picked up by use of modulation techniques even in the
presence of a large background.

Dicde lasers are particularly convenient sources
of tumable radiation. Tunable diode lasers can
easily be wavelength modulated by addition of an
ac component to the driving current and are very
suitable for monitoring of small but sharp absorptive
features® Modulation techniques can be used to
increase detection sensitivity by typically several
orders of magnitude compared with that of direct
absorption.®!?

Two basic geometries can be considered when
one is performing measurements with the proposed
technique. In Fig. 1(a), a transillumiration arrange-
ment is presented, and in Fig. 1(b}, a backscattering
detection scheme is shown. In both cases optical

- fibers can be used for light injection and for collection

of scattered radiation. In a medium with a homoge-
neous distribution of gas, the “history” of the photogs
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Fig. 1. :ia), {b) Basic geometrical arrangements for moni-
toring of free gas in scatzering media. ic) Experimental
setup of the initial experiments. DL, diode laser; 1, cur-
rent; T, termperature control; Ref., reterence.
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can partiaily be followed by measurement of the
relative amplitude of the sharp gas-absorption signal,
which increases with the path length. The absorp-
tion and scattering properties of the bulk material
can he deduced independently by spatially resolved,
time-resolved, or frequency-domain measurements, as
is frequently done in tissue optics studies® Thus a
mean path length of the (mpinging photons through
the scattering material can be estimated, which
together with the magnitude of the gas absorption
determines the concentration of the dispersed gas.

In our exploratory proof-of-principle measurements
we used the setup shown schematically in Fig. lich
A tunable diode laser with a nominal wavelength of
757 nm at 25°C and a free-running output power of
7 mW was used as a spectroscopic source for molecular
oxygen monitoring, The spectroscopic measurements
were performed on a double line near 759.95 nm
(R17Q18 and R19R19) as well as on a strong isolated
line at 761.003 nm (RTR7). These lines belong to
the oxygen A band and were within the wavelength
range of the drode laser that we used. Since oxygen is
abundant in normal air, we placed the laser and a lens
that focused the radiation into a 600-.m quartz fiber
in a nitrogen-flushed chamber to elimiate spurious
oxygen signals. At the other end of the fiber, the
output light was collimated by another lens fixed in
a nitrogen-flushed adapter. Since ihe transmitted
light intensities through the samples were usually
very low, it was important to ensure high detection
sensitivity. Thus a photomultiplier tube with a
50-mm-diameter photocathode was used for detection.
The ambient room light was effectively suppressed
by a Schott RGB95 colored-glass long-pass filter
attached directly to the photocathede, in combination
with the sensitivity falloff of the photomultiplier
tube toward longer wavelengths. The samples were
placed directly between the colored-glass filter and the
collimating lens, which could be freely positioned by a
fine translation stage. The diode laser was operated
in a thermoelectrically cooled mount and was current
and temperature controlled by a precision diode laser
driver. Wavelength scanning was achieved by repeti-
tive application of a current ramp with a repetition
rate of 4 Hz to the drive current, whereas a sinusecidal
current at 55 kHz was superimposed for wavelength
modulation of the diode laser. The photomultiplier
tube signal was picked up phase-sensitively by a
lock-in amplifier, The extracted second-harmonic
component and the direct signal were then accumu-
lated for 256 scans in a digital oscilloscope.

Experiments were performed on a variety of samples
of different thicknesses. Data for a piece of dried
pine wood are shown in Figs. 2(a) and 2(b). Mea-
surements were performed with the collimator lens of
the transmitter initially in contact with the surface
of the sample and then retracted to add several free
air paths of well-defined lengths. The oxygen con-
tained in the scattering medium could be evaluated as
illustrated in Fig. 2(a) by use of the standard addition
method, which is well known from physical chemistry.
Since the absorption is of the order of a few percent,
the signal is expected to depend linearly on the

concentration. An eguivalent mean path length in
the sample, i.e., the mean distance that light travels
through air dispersed in the sample, can be evaluated.
For determination of the sensitivity of the oxygen
concentration measurement, the specific absorption of
oxygen was also measured in air with the taser beam
strongly attenuated by a neutral-density filter. We
also calibrated the wavelength-modulation signal by
use of long-path direct absorption in air {(measurable at
a path length of 4.5 m), given the atmospheric oxygen
concentration of 20.8%. In the present experiments
we were able to detect an absorbance of 2.5 x 1074,
which corresponds to a 1.25-mm column of air.

The signal that was due to oxygen dispersed in a
26-mm-thick slice of apple is displayed in Fig. 2(c),
which shows that liquid water does not pose problems
for measurement in this wavelength region. Figally,
Fig. 2(d) shows signals from a bulk of turbid epoxy glue
containing air bubbles embedded at an ambient pres-
sure of 300 mbars. The pressure dependence of the
line shape can clearly be seen, illustrating the poten-
tial of the technique for internal pressure assessmeant,
e.g., in porous mineral samples or sintered ceramics.
Measurement data for different samples are compiled
in Table I, in which the thicknesses of the samples
are also given. Note that the evaluated air equiva-

" lent mean path lengths through the different samples

are often several times longer than the geometrical di-
mension but can also be shorter, as in epoxy.

Cur experiments show that it is possible to moni-
tor small and sharp absorptive features that are due
to free gas in strongly scattering solids by use of sen-
sitive diode laser spectroscopy. Many applications of
this new type of scattering spectroscopy for solids and

Signals (2. u.}

—_—

4 37&7170 ‘iZMH 16 14

a- -
g 2

. Frequency {GHz)

Fig. 2. Experimental data for lines in the molecular
oxygen A band obtained by wavelength-modulation
diode laser spectroscopy. {a) Standard addition plot
for a lO-mm-thick piece of wood, (b} corresponding
recorded line shape for wood only, (¢) spectral recording
for a 26-mm-thick slice of apple, and (d)} spectra for a
19-mm-thick bulk of turbid epoxy contzining air bubbles
at low pressure and when 50 mm of background air is
added. The isolated molecular axygen line was used in
these last two recordings.
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Table 1. Equivalent Mean Path Lengths
for Oxygen-Containing

Porous Media of Various Thicknesses

Thickness Equivalent Mean Path
Material tmm) Length (mm)
Wood 10 123
Apple 26 33
Lump sugar 12 20
Granulated salt 18 170
Wheat flour 18 380
Polystyrene foam 19 600
Turbid epoxy i9 5
[ ',_,__,._-!: z ‘f':f
3
& 40 ___/_(‘:_ —_—— e
5 o =44 mn
&, |-
w 20 '-}‘
) T A U !
20 40 60 80 100
Time {min)

Fig. 3. Recording of the oxygen-signal increase of a
19-mm-thick piece of polystvrene foam while it is kept in
ambient air but after it has been stored in a pure nitrogen
atmosphere.

liquids can be envisaged. By use of these techniques
it would be possible to monitor in situ physiclogical
and degradation processes in various biological sub-
stances. Such measurements have been limited to ex-
traction of emitted gas from, e.g., plants, fruits, and
insects, measured by normal gas spectroscopic tech-
niques.'™™ The largest challenge would be to develop
methods for monitoring minute amounts of free gas in-
side human tissue, possibly allowing development of
new diagnostic techniques for diseases.

The new possibility of observing free gas in scatter-
ing media allows not only static gas assessment but
also the study of dynamic processes, i.e., how embed-
ded gas is exchanged with the environment. For in-
stance, an object can be surrounded by a gas, and the
successive gas penetration into the object can be stud-
ied. This example is demonstrated in Fig. 3. A piece
of polystyrene foam was first subjected to a pure ni-
trogen atmosphere for 4 h. Invasion of oxygen into
the material was observed to occur with a time con-
stant (1/e) of 44 min. This experiment suggests that
radioactive labeling can sometimes be replaced by the
new technique.

In the limit of very small (nanometer-scale) enclo-
sures of free gas, additional collisional broadening and
shifts of diagnostic value can be expected. Note also
that tomographic reconstruction of the gas distribu-

tiop in the material is possible by use of multiple fibers
placed around the object.

Quantifving ard fully exploiting diagnostic aspects
of gas in scattering media require full modeling of the
multiple-scattering material. The theoretical and
experimental techniques developed for medical appli-
cations are useful in this respect.*"™ Time-resolved
measurements are particularly powerful, provid-

- ing a direct and independent assessment of photon

history."“'m
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Concentration measurement of gas imbedded in scattering media employing absorption
and time-resolved laser spectroscopy
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Abstract

Diode-laser-based absorption spectroscopy for evaluation of imbedded gas concentrations
in porous matenials is demonstrated in measurements of molecular oxygen dispersed
throughout scattering polystyrene foam, here used as a generic test material. The mean
path length of light scattered in the material 1s determined using the temporal
characteristics of the radiation transmitted through the sample. This combined with
sensitive gas absorption measurements employing wavelength modulation spectroscopy
yields an oxygen concentration in polystyrene foam of 20.4% comesponding to a foam
porosity of 98%, which is consistent with manufacturing specifications. This feasibility
study opens up many possibilities for quantitative measurements using the method of gas-
tn-scattering-media absorption spectroscopy.

1. Introduction

Imbedded gas is often found in porous matenals of both organic and synthetic origin.
Monitoring of the distributed free gas can convey the internal gas concentration, pressure
and temperature, and can reveal useful information about the bulk material, e. g., internal
structure and diffusion characteristics. Recently, we have demonstrated a new technique,
denoted gas in scattering media absorption spectroscopy (GASMAS),' used for the
characterization and diagnostics of free gas in scattering solids and turbid liquids. First
demonstrations included proof-of-principle measurements of the imbedded oxygen
concentration relative to an equivalent column of air, of the internal gas pressure, and
assessment of the gas exchange. The dispersed gas is analyzed /n sitw using absorption
spectroscopy employing a single-mode probing diode laser tuned over a sharp absorption
feature of the free gas molecule The absorption and scattering cross sections of the bulk
material display slow wavelength dependence, thus these properties can be assumed to be
constant over the wavelength range tuned. Wavelength modulation techniques® are used
to increase the detection sensitivity and to effectively discriminate against background
signais, allllowing for detection of around 107-107 absorption fractions of the light
received.

Due to inhomogenities on the microscopic scale in the optical properties of the turbid
medium, the radiation is scattered multiple times in the material. This prevents a
straightforward application of the Beer-Lambert law, which requires well-defined path
lengths. However, using a temporally resolved technique, as it is routinely done in tissue



optics studies,”* a mean path length of the diffused light can be estimated, that together
with the strength of the gas absorption determines the concentration of the dispersed gas.
In this paper we demonstrate the possibility for quantitative concentration measurements
using polystyrene foam as a generic test material.

2. Theoretical background

In order to extract the concentration of gas imbedded in a turbid sample, we employ two
independent measurements to obtain the gas absorbance a and the absorption path length
L, respectively. The Beer-Lambert law yields the transmitted intensity over a free path
length L of a species having a concentration ¢ and a wavelength-dependent absorption
cross-section of4 ), according to

I(A) = L(A)e * P = I (Me*, (N

where Iy(A) is the initial injected intensity and /f(4) is the recorded intensity of the
transmitted light. The gas absorbance is obtained using this equation by measuring the
transmitted intensity through the sample at wavelengths on and off the gas absorption
line. The expression ¢L can thus be determined from the transmission measurement,
assuming the absorption cross section to be known, The optical path length in a scattering
medium L, 1s, however, not simply the thickness of the sample, but 1s determined by the
absorption and scattering properties of the material, as well as by the measurement
geometry. [ndependent measurements of both the absorbance and the optical path length
are thus required to obtain the concentration. The absorption of the gas is often very small
as compared to the bulk material absorption, and will thus essentially not influence the
optical path length. The influence of gas absorption on the optical path length is
neglected below.

The absorption path length can be estimated as the mean path length traveled by the
photons </> Two different approaches can be used to determine the path length, by a
direct time-resolved measurement, or indirectly by assessing the optical properties of the
medium, making it possible to calculate L, with the use of a transport model for the
light propagation within the sample. In the limit of small absorptions, the mean traveled
path length can be estimated from the experimentally determined average time-of-flight
of the photons <>, according to

L, =<I>=v<t>, (2)

where v is the velocity of light in the scattering material. The material optical properties
can be assessed experimentally in three different ways: by time-resolved, spatially-
resolved, and frequency-domain measurements.

In this work, the powerful technique of time-resolved measurements utilizing uvltra-short
light pulses and fast optical detection was used for studying photon propagation in
multiple-scattering materials.™* The analysis of the time-resolved data was based on the



diffusion approximation to the radiative transfer theory. When solving the diffusion
equation, boundary conditions must be specified. In the case of simple geometries, such
as a slab with finite thickness and infinite expansion, the most common approach 1s to
mirror an infinite set of imaginary positive and negative isotropic sources in an
extrapolated boundary at some distance beyond the actual surface, to insure that the
fluence rate of photons is fully cancelled out. It yields an analytic expression for the
transmitted puise shape in terms of the absorption coefficient u, and the reduced
scattering coefficient u,'of the sample material. In the case of an infinitely extended slab
of scattering material, the time-dependent transmitted intensity can be expressed as’

[ ,02 = f ( r w r
Ho.d = (4 X1 -5 - ). Itk ek
(p,d, )= (4nDv) expk U, 4Dw] E:o [sz exp\ 2Dvi) z, exp\ aD

(3)

AT
where pis the injection-detection separation, d'is the slab thickness, D= [3(;1; + p,)] is

the diffusion coefficient, z =(p;)71 is the mean free path of isotropic scattering,
z,, =(2k+1)d+ z is the depth of the imaginary sources used to fulfiil the boundary

.. ~ 1z . L.
conditions, and r,, = ( P+ Z k) 1s the distance between the detector position and the

sources used in the calculations. The optical properties of a sampie can be evaluated by
fitting such an analytical expression to the experimentally acquired temporal dispersion
curve by adjusting the free parameters, the absorption and reduced scattenng coefficients.
For a slab of thickness  the expression for the average time-of-flight of the photons,
calculated by integration of Eq. (3), is given by®

i {ii exp(— Mgl o) f‘ expl- #cﬁ«u)}

(t) k=0 Tk -k

= " . @)
2 VDZ{?;* (1 + /Jcﬁ'r+t)exP(‘ #cﬂ'f+t) - %(1 T /—‘eff-k)exp(” Jueﬁ""r—k)}
=0 fek -t

2 . ; . . . .
where u,, = (/u, / D) is the effective attenuation coefficient. If the distribution of gas in

the porous material is assumed to be homogeneous and the absorption is of the order of a
few percent, the detected gas absorption signal can be considered to be the integrated
contribution from all exiting photons. A typical theoretical time-dispersed curve for light
transmitted through a 39 mm thick sample with the optical parameters g, = 0002 cm’
and u,'= 40 cm’! is shown in Fig. 1. The broad time-of-flight distribution of the photons,
corresponding to the absorption path lengths through the imbedded gas, give rise to
varying absorption signal strengths, which are also schematically shown in the figure.
Thus, the gas absorption can be used as a means to track the "history" of the photons in
the matenal.



A simpler alternative to the time-resolved measurement technique, also explored in the
present work, is to use a continuous-wave laser source and to spatially monitor the
diffuse light intensity distribution at the sample surface ™ When the recorded light
intensity is plotted versus, ¢.¢., the injection-detection separation distance, the final slope
of the curve at large distances 1s found to be determuned by the effective attenuation
coefficient u.s The spatially-resolved measurement method requires also that the
absolute intensities of the injected and scattered light are measured, which may be
difficult to perform experimentally because of unknown conditions regarding the
coupling of light at the medium boundary. Solving the diffusion equation in the steady-
state case yields a transmitted intensity for an infinite slab of scattering matenal

1 &z z,
I(p,d)= E%{r_{ (1 + #cﬁrf-x)exP(_J”cftk) - _r:ij_(l + ﬂeﬁﬂk)exP(—#cfﬂt)} . (5)
In our previous work on measurements of molecular oxygen,' we expressed the
concentration of the gas in a scattering medium by introducing an equivalent mean path
length L., It is defined as the distance traversed by light in air, yielding a detected signai
of the same magnitude as that from the absorption of photons by oxygen imbedded in the
porous matenal, according to

cu.,Lq =c L. (6)

where ¢, 15 the oxygen concentration in air, and sy, 15 the oxygen concentration in the
scattering medium. The purpose of the present paper is to demonstrate quantitative gas
concentration measurements. Thus, determination of an effective absorption path length
can be performed by means of time- and spatially-resolved measurements.

3. Experimental

The experimental set-up for GASMAS measurements has been previously described in
detail.' Basic experiments of the GASMAS type are conveniently performed on
molecular oxygen, because this gas is normally diffused from the surrounding
atmosphere into porous materials. A near-IR single-mode diode laser (Sharp
LTO31MDO) was placed in a nitrogen-flushed chamber and the light was brought to the
sample through a 0.6 mm core diameter optical fiber, to ensure that the ambient air did
not influence the measurements. A transilluminating geometry was chosen, in that the
samples were placed on a long-pass colored-glass filter (Schott RG 695) attached directly
to the cathode surface of a 2-inch-diameter photomultiplier tube (EMI 9558 QA). A very
high sensitivity and a large dynamic range were achieved with this detector set-up, which
is necessary when only small and variable amounts of light seep through the scattering
materials under observation. In the measurements performed in this study, relatively high
transmitted light intensities were available, and it was thus possible to spatially fimit the
detection area by using a mask with a circular aperture of 3 mm diameter Spatially
resolved measurements could thus also be performed.



The experiments were performed on the strong, 1solated R7R7 line at 761.003 nm 1n the
oxygen A band. Wavelength-modulation spectroscopy (WMS) employing lock-in
techniques was used to pick up the second-harmonic component, which produces a signal
similar to the second derivative of the original absorption lineshape. An experimental
signal for oxygen in free air is shown in Fig. 2, where also a direct absorption recording
is included. In our case, modulation at 55 kHz (Philips PMS5139) effectively
discriminated the background signals by shifiing the detection band to a high-frequency
region, where the noise level is low.? An absolute absorption calibration was established
by performing a long-path measurement in free atmosphere, where the direct absorption
signal could also be observed. The curves (a) and (b) in Fig. 2 are recordings obtained for
a 10 m long absorption path length n air. In order to compensate for fluctuations in the
detected light intensity, the experimental WMS signal, Swas was normalized against the
interpolated intensity of the diffused light at the line center, Sp;, defining a GASMAS
differential absorption signal

Sme (M

determined for the selected modulation parameters. Fabry-Pérot etalon fringes in Fig.
2(c) allow the oxygen linewidth to be evaluated to about 3.6 GHz.

Figure 3 shows a schematic diagram of the experimental set-up used for the time-
resolved measurements. Two different laser sources were used for generation of
picosecond long light pulses: a diode laser with a repetition rate of 10 MHz (Mitsubishi
ML4405 with a Bios Quant DL4040 dnver) and a mode-locked Ti:sapphire laser with a
repetition frequency of 76 MHz (Coherent MIRA 900). Diode lasers are particularly
convenient to use in such applications because of their simple operation, compact size,
and possibility to produce short light pulses by applying high frequency components to
the driving current. The average output power of the diode laser was 0.3 mW, while only
a small fraction of the available radiation of the Ti:sapphire laser was used. Both lasers
were tuned near to the selected absorption wavelength of oxygen around 761 nm. Due to
the broadened linewidths of the short-pulsed lasers, the gas absorption has no sigmficant
influence on the photon propagation through the scattening medium. A transillumination
arrangement was used, as shown in Fig. 3, although a backscattering detection scheme
can in certain cases be more appropriate. Optical fibers with a core diameter of 0.6 mm
were employed for light injection and for collection of scattered radiation, with the
samples placed between the fiber ends. The injector-detector separation could be varied
by translating the collecting fiber. The transmitted light was detected with a microchannel
plate photomultiplier tube (Hamamatsu R2566U-07), which ensured a high detection
sensitivity. The time-correlated single photon detection technique, including a constant
fraction discnminator (CFD), a time-to-amplitude converter (TAC), and a multichannel
analyser, was employed.*® The photon arrival time distribution was recorded, and the
overall temporal response function of the system was approximately 140 ps for the diode
laser and 60 ps for the Ti:sapphire laser, respectively. The latter number corresponds
essentially to the electronic response time, since the Ti:sapphire laser has sub-ps pulse
length.



Spatially-resolved gas absorption measurements GASMAS combined with transmitted
light intensity measurements were also performed using the transilluminating geometry.
The incident beam diameter was 3 mm, and the recewving photomultiplier tube, with a
detection area masked down to 3 mm diameter, could be translated side-ways.

The measurements were performed on polystyrene foam samples of different thicknesses
but of the same kind. We have chosen polystyrene foam as a model scattering material,
due to its relatively high homogeneity, strong scattering properties and high content of
gas, 1.e., factors that contribute to a strong gas signature. This material also has a preat
industrial and commercial importance since it is extensively used as an insulation and
packaging material. '

4. Resulis

Figure 4 shows the recorded photon amval time distribution curve for a 39 mm thick slab
of polystyrene foam measured using the diode laser. The time-response of the system
itself, the apparatus function, was obtained at time t=0 using a separate fiber, transmitting
part of the laser pulse directly to the detector (see Fig. 3). This signal also provided a time
reference during the measurement. As can be seen from the time distnbution curve, a
certain fraction of the photons have traveled more than 15 ns through the material, 1.¢.,
corresponding to a path length of 4.5 m, although the physical thickness of the slab is
only 0.039 m. The absorption and scattering coefficients of the polystyrene foam were
determined by first convolving the solution of the diffusion equation, Eg. (3), to the
impulse response of the system, and then fiting the resulting curve to the detected time
digpersion curve, as shown i Fig. 4. Note that the scale is logarithmic, causing smalil
discrepancies in the low intensity region at late times to be clearly wvisible. No
extrapolated boundary condition was employed in the model due to resulting negligible
corrections. In principle, laser-induced fluorescence could perturb the measurements.
However, because of the long excitation wavelength, the fluorescence is negligible
compared to the directly scattered light. The evaluated absorption coetlicient is g, =
0.002 cm’!, and the transport scattering coefficient is u,'= 40 cm’', yielding an effective
attenuation coefficient gp= 0.5 em™

Gas absorption spectroscopy data for a 9.4 mm thick slab of polystyrene foam embedded
with atmospheric oxygen are shown in Fig. 5. It illustrates the amplitude variation of the
GASMAS signal for several added free columns of air, and is used to estimate an
extrapolated equivalent mean path length in polystyrene foam according to the standard-
addition method. Since the fraction of light absorbed by the gas within the medium is
small, corresponding to only a few percent of the incident light, the absorption signal gis
approximately linearly proportional to the concentration. We denote the slope of the
curve

_£
ky =7 (8)

gL



where L is the absorption path length in air. The oxygen concentration in the polystyrene
foam can now be estimated as

Cog Lav _ £ Lo (9)
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where Eqs. (2) and (6), and substitution of L= L_in Eq. (8) have been utilized. In order

to minimize the influence of material inhomogeneities, temporal dispersion curves were
also recorded for various lateral positions of the detector. The pulsed Ti:sapphire laser
was employed in such a measurement on a 94 mm thick polystyrene foam slab. An
experimental plot of the directly evaluated mean photon armival time versus various
imjector-detector separations is shown in Fig. 6(a), derived from these measurements. A
theoretical curve corresponding to the evaluated optical parameters is also plotted
according to Eq. (4). [n Fig. 6(b) the experimental value at different injection-detection
separations of the ratio between the GASMAS signal and the mean time-of-flight,
k, = g/ <t>, is shown together with a least square fit. The uncertainty in the ratio was

1.3%, evaluated using a 95% confidence interval of the experimental values. The only
unknown factor left is the index of refraction of the scattering material 7., which
determines the light velocity in the medium according to v= g, / n_,, where ¢y is the light
velocity in vacuum. Due to the homogeneous and isotropic nature of the porous material,
the macroscopic index of refraction was estimated as a weighted mean of the refractive
indices of the individual compounds contained, i.e.,

n, = Pn, +(1- P)n,, (10)

where P is the matenal porosity, . and n, are the indices of refraction of air and of the

bulk material, respectively. In case of gas equilibrium with the surrounding atmosphere,

the foam porosity P can be derived from the imbedded gas concentration using the
relationship

v, c

p=-2_"=

Vo

. (11)
1] Cair

where V), is the volume of gas in the porous material and V. is the total volume of the
porous material. With an index of refraction of the polystyrene bulk material n,= 1 4, and
an atmospheric oxygen content of 20.8%, the oxygen concentration in the polystyrene
foam can accordingly be evaluated using Eqs. (9-11) to yield ¢ip = 20.4%, and the
corresponding foam porosity P= 58%.

The mean time-of-flight of the photons, and consequently the imbedded gas
concentration, can as described above also be cvaluated indirectly using spatialiy-
resolved measurement techniques. Experimental curves recorded with the GASMAS
setup are shown in Fig. 7 for a 9.4 mm (2,b) and 39 mm (c,d) thick slab of polystyrene
foam. Figs. 7(a,c) show the total transmitted light intensity as a function of the lateral



displacement, where the zero separation corresponds to the position where the
transmitting and the receiving fibers are placed oppositely to each other. Figs. 7(b,d)
display the GASMAS signal of the imbedded oxygen. Note that the transmitted light
intensity falls off laterally at the same time as the GASMAS signal increases. The
distributions are, as expected, broader 1n the case of the thicker slab. Theoretical curves
(Eq. (5)) using the previously evaluated effective attenuation coefficient together with the
experimental points are plotted in the figure. In the general case, the mean time-of-flight
can thus be evaluated inserting the obtained optical parameters in the analytical formula
Eq. (4). However, a fit of the theoretical curve to the spatially-resolved steady-state data
measured at long injection-detection separation (p >> zp) can only provide an
unambiguous value for the lumped coefficient u.s and not for 4, and u.'separately. The
imbedded gas concentration can thus not readily be assessed using only these kind of
steady-state measurements.

Measurements on polystyrene foam slabs of different thickness were also performed and
the variation of the equivalent mean path length with the slab thickness 1s plotted in Fig.
8 It can be seen in the figure that in the case of polystyrene foam, which has weak
absorption and strong scattering properties, the mean time-of-flight related to the
equivalent mean path length is proportional to the square of the thickness of the slab, 1.e.,
<t>x d’, as it is predicted by Eq. (4) for the case of low gas absorption. A similar
relationﬁ]hip was also obtained considering the related topic of light propagation through
clouds.

5. Conclusions and discussions

In the present paper we show that the imbedded gas concentration can be estimated using
time-resolved measurements together with the newly developed GASMAS technique.
The proof of principle measurements were performed on atmospheric oxygen at a
wavelength characterized by weak absorption. The gas was imbedded in polystyrene
foam, which i1s a model material with high porosity and strong scattening properties. The
evaluated porosity of polystyrene foam are comparable with manufacturing
specifications. However, in the more general case of moderate porosity or of substantial
gas absorption, it is still a subject for further investigation whether there is any preference
for the photons to travel through the diffused gas or through the bulk materital when being
multiply scattered inside the porous material. This is a research topic that might reveal
novel insights into the field of light propagation through confining media.

It should be noted that many aspects of the GASMAS technique do not require a detailed
knowledge about the light propagation, as in the present case of an absolute concentration
measurement. For instance, gas pressure, temperature, and ratios between gas
concentrations, are quantities that can be readily evaluated, being independent of the light
scattering inside the porous medium.

Gas tomography is another possible application of the techmique. This extension
corresponds to the one done for optical mammography and skull haematoma detection.



An alternative to the time and spatially-resolved techniques presented in the present
paper, is to perform phase sensitive measurements in the frequency domain.'™ '* A major
advantage of such a method is that it only needs one single diode laser both for the
GASMAS measurements and for the determination of the optical properties of the bulk
material using modulation techniques.

This work was supported by the Swedish Research Council for Engineering Sciences
(TFR), the Knut and Alice Wallenberg Foundation, and the Swedish Institute.
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Fig. 1. Analytical time dispersion curve obtained for transillumination of a 39 mm thick
slab with the optical parameters u, = 0.002 cm™ and u," = 40 cm’' using short-pulsed
light. For the sake of clarity, the direct absorption signals corresponding to photons that
have traveled differently long distances in the material are intentionally exaggerated. The
mean traveling time in the limit of small absorptions 1s shown as an insert in the figure.

(a) g — transmittance
Dir

zero level

Signals (a. u.)

0 5 10 15 20
Frequency (GHz2)

Fig. 2. (a) Direct absorption and (b) second-harmonic component of the WMS spectrum
for the R7R7 line in the oxygen A band measured along a 10 m long path in air. {¢) Low-
finesse fringes from a 2.43 GHz free spectral range Fabry-Pérot etalon used for
calibration of the frequency scale,
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Fig. 3. Experimental set-up used for time-resolved measurements. PD, photo diode; PMT,

photomultiplier tube; Amp, amplifier; CFD, constant fraction discriminater; TAC, time to
amplitude converter.
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Fig. 4. Recorded time dispersion curve obtained when transilluminating a 39 mm thick
slab of polystyrene foam using a diode laser source pulsed at 10 MHz. A fit of a
theoretical curve and the instrumental transfer function are also depticted.
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Fig 5. Standard-addition plot for molecular oxygen obtained with the GASMAS setup
showing the extrapolated equivalent mean path length for a 9.4 mm thick sfab of
polystyrene foam. The WMS signal obtained with the light-injecting collimator in direct
contact with the sample is shown as an nsert.
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Fig. 6. (a) Recorded mean time-of-flight through a 9.4 mm thick slab of polystyrene foam
measured using a pulsed Ti:sapphire laser. The solid line represents a theoretical curve
corresponding 1o the evaluated optical parameters (u, = 0.002 cm’. u,'= 40 cm™). (b)
The quotient between the GASMAS signal and the mean travelling time of the photons is
shown together with a least square fit of the factor &, (pointed line).
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Fig. 7. Spatially-resolved transmission recordings measured with the GASMAS setup on
two polystyrene foam slabs, (a-b) 9.4 mm and (¢-d) 39 mm thick. The upper curves show
the transmitted intensity, and the lower curves represent the detected oxygen absorption
signal amplitude for different injector-detector separation distances. Fits according to the
evaluated effective attenuation coefficient (u.r = 0.5 cm’') are also indicated. A
schematic picture of the transillumination set-up is shown as an insert, and dashed lines at
the zero position mark the symmetry axis.
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Fig. 8 Plot of the equivalent mean path length corresponding to oxygen absorption
measured through ditferently thick slabs of polystyrene foam using a diode laser. The
mean time-of-flight is proportional to the square of the slab thickness. The solid line
corresponds to the theoretical curve evaluated using z,= 0.002 cm™' and u,'= 40 cm’’



