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Th e pr oÙles of argon per tur bed comp onents of the 5 1S 0 À 5 3P 1 line of
the even {o dd 113 Cd isotop e w ere measured using a laser-induce d Ûuorescence

metho d . I t w as show n that the asymmetries of the proÙles are due to both
the collis ion -durati on and line- mi x in g e˜ects.
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1. I n t rod uct io n

The inÛuence of the Ùnite dura ti on of col l isions on the intensi ty distri buti on
in pressure-broadened spectra l l ines has been the subject of numerous inv estiga-
ti ons [1{ 10]. These investigati ons have conÙrmed theo reti cal predi cti ons tha t the
Ùrst- order correcti on to the Lorentzi an intensi ty di stri buti on coming from the Ùnite
dura ti on of col l isions has a di spersion shape proporti onal to the col l ision dura ti on
ti m e [11{ 14]. The resulti ng intensi ty di stri buti on being the sum of Lo rentzi an and
di spersion pro Ùles appears to be asym metri c, and thi s l ine shape asymm etry is
usual ly ref erred to as the col l ision-durati on (C D) asymm etry .

On the other hand, there has been less work done on the spectra l ẽ ects
induced by l ine m ixi ng due to quantum -mechanical interf erence between over-
lappi ng l ines. The Ùrst theo reti cal trea tm ents of the shape of pressure-bro adened
overl appi ng l ines were given by Baranger [15], Ko lb and Griem [16] and later
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were developed by Ben-Reuven [17] and others [18{ 21]. It was shown tha t at low
densiti es of perturbi ng gas when the im pact appro xi matio n is val id, i .e. when the
col lision ti m e is assumed to be negl igibly smal l , l ine m ixi ng leads to asym m et-
ri c l ine shapes. Thi s typ e of asym metry is usually cal led the l ine-mixi ng (L M)
asym m etry .

W hi le the CD asymm etry has been observed both for ato m ic [1{ 10] and
m olecular [14] spectra l l ines, the LM asymm etry was found only for microwave
and inf rared as wel l as Ram an spectra of m olecules such as H2 , N 2 , CO, CO2 , and
others (cf . [20{ 22]).

T o our kno wl edge, for ato mic spectra l l ines in the opti cal region for the pres-
ence of l ine m ixing no convi ncing exp erimenta l evi dence has been demonstra ted so
far. However, we are aware of two exi sting theo reti cal attem pts to infer the m ixi ng
of ato mic spectra l l ines perturb ed by neutra ls. The Ùrst attem pt was underta ken
by Barkl em et al . [23] who analyzed the selfbro adening of the hydro gen Balm er
l ines. Al tho ugh they used the Baranger im pact theo ry of pressure broadening
of overl appi ng l ines, they employed an appro xi matio n whi ch in fact neglects the
l ine-m ixing asymm etry predi cted by thi s theo ry. The second attem pt was recentl y
presented by Sanchez-Fort Çun Stoker and Dicki nson [24] who appl ied the Baranger
trea tm ent of overl apping l ines in thei r calcula ti ons of the intensi ty di stri buti on of
the sodium 3 P À 3 D l ines perturb ed by atom ic hydro gen. They focused thei r atten-
ti on on the ro leof the l ine m ixi ng in a˜ecti ng the pro Ùle of the 2P 3

2

À 3 2D j doubl et.
Physi cal ly, in thi s case l ine mixi ng occurs due to col lisionally- induced tra nsi ti ons
between Ùne-structure 3 2D 5

2

À 3 2D levels and the presence of thi s e˜ect is re-
Ûected in the l ine shape calcul ati ons in the exi stence of Ùnite o˜- diagonal elements
of the relaxati on matri x. The calcul ated l ine shape was found to be asym metri c,
but thi s asym metry was shown to be a very smal l e˜ect, to o smal l to be observed
in experim ent or in solar absorpti on spectra. The m ain conclusion of calcul ati ons
reported in R ef. [24] is tha t for sodi um doubl et 3 2 3 2 the m ixi ng of the
Ùne-structure levels has a negl igibl e e˜ect on the resulti ng pro Ùle of the doubl et.

In the present work we ha ve underta ken an experim ental attem pt to ob-
serve the l ine-m ixing asym metry in proÙles associated wi th hyp erÙne-structure
components of the ato mic spectra l l ine.

T o thi s end we have chosen the interco mbi nati on l ine 5 1
0 5 3

1 of the
even{ odd 1 1 3 Cd isoto pe. The = nucl ear spin causes hyp erÙne spli tti ng of the
upp er state 5 3

1 into tw o = and = states separated by 0.2158 cm 1 [25].
As a result the interco mbi nati on l ine of thi s isoto pe consists of two hyp erÙne-struc-
ture com ponents due to the = = and = =

tra nsiti ons wi th the intensi ty rati o equal to . Here superscripts ( ) and ( ) refer
to the upp er and lower state, respectively.

In a series of previ ous papers f rom thi s laborato ry [4{ 10] we reported resul ts
of preci se measurements of the pro Ùles of the 5 1

0 5 3
1 intercom binati on l ine

of the even{ even 1 1 4 Cd isotope perturb ed by various foreign gases. Measurements
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were made by m eans of the laser induced (LIF) metho d. The choice of the 1 1 4 Cd
even{ even isoto pe enabl ed us to avoid the hyp erÙne and isoto pic structure of the
326.1 nm line. Obvi ously, no l ine mixing occurs in thi s case so our ful l attenti on in
R ef. [4{ 10] was focused on the col l ision- ti me asymm etry as well as the asymm etry
due to correl ati on between the D oppl er and pressure bro adening.

In the present work we report results of measurements of the shape of
5 1S 0 À 5 3P 1 interco mbina ti on l ine of the even{ odd 1 1 3 Cd isoto pe perturb ed by
argon. For the Cd{ Ar system the rati o of the emi tter and perturb er m asses is
equal to 0.35 so tha t correl ati on between the D oppl er and pressure broadening
pl ays a negl ig ibl e ro le in the form ati on of the resulti ng l ine shape and the onl y
cause of the asym m etry of the proÙles of the 326.1 nm l ine of the even{ even 1 1 4 Cd
isoto pe perturb ed by Ar was identi Ùed in Ref. [6 ] wi th the Ùnite dura ti on of col l i -
sions.

Co ntra ry to tha t, f or the even{ odd 1 1 3 Cd isoto pe perturb ed by argon apart
from the CD asym metry , addi ti onal asym metry should occur due to the m ixi ng
of the F 0 = 1

2
À ! F 0 0 = 1

2
and F 0 = 3

2
À ! = 1

2
hyp erÙne-structure com po-

nents. The m ain goal of the present work was to veri fy the correctne ss of such an
exp ectati on.

Mea surements of the shape of the Cd 326.1 nm line were perform ed using
side-arm quartz cells conta ini ng even{ odd 1 1 3 Cd cadm ium isoto pe and Ùlled wi th
argon situa ted in the special m ulti section oven enabl ing the independent tem per-
ature stabi l izati on of the cell and i ts side-arm up to 1 K. D uri ng the m easurem ent
the tem perature of the cell was kept constant at 724 K, whi le the side-arm was
kept at a tem perature of 440 K.

The experim enta l set-up is shown in Fi g. 1. The l ine shape of the cadm ium
326.1 nm l ine was registered using a substanti al ly modiÙed version of a digi ta l laser
spectrom eter described elsewhere [26]. An acti vely stabi l ized sing le-frequency Co-
herent CR 899-21 ri ng dye laser equipp ed wi th an intra cavi t y frequency doubl er,
operati ng on DCM dye wa s pum ped by an INNOV A{ 400 argon- ion laser. The ring
laser pro vi ded single m ode UV output conti nuously tuna ble for up to 60 GHz
wi th a l ine wi dth of about 1 MHz. The intensi ty of the Ûuorescence signal was
m easured by a therm oelectri cal ly cooled photo multi pl ier worki ng in the photo n
counti ng m ode. Frequency cal ibra ti on of the ring laser wa s perform ed using i ts
funda m ental (red) l ine di rected to a confocal Fabry{ Perot interf erom eter (FPI)
wi th a free spectra l range of 1.5 GHz and the 100 cm long tri pl e-pass iodine cell
operated at tem perature 3 5 C. Phase sensiti ve detecti on was employed to m on-
i to r the FPI peaks intensi ty and iodi ne spectrum . Two EG &G m odel 7260 D SP
di gi ta l lock- in ampl iÙerswere used in conjuncti on wi th Frequency Pro gram m able
EG &G 197 Li ght Chopp ers and sil icon photo di odes. The FPI tra nsmission peaks
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Fig. 1. T he expetrimental set up: A L | ion argon laser, RL | ring dye laser w ith

frequency doubler, F | Ùber, L | collimati ng lens, W | beam splitting w edge, PM

| laser pow er meter, O | oven, C | cell, SP | mono chromator, PMT | photomul-

tipli er, C A MA C | electronic system, BS | beam splitter, I 2 | triple- pass iodine cell,

M | mirror, CH | light chopp er, FPI | conf ocal Fabry{Perot interf erometer, PD |

photo dio de, LO C K -I N | lock in ampliÙer, PC | computer, solid line | light beams,

dash- and-dot line | electrical connections.

and I 2 absorpti on spectrum were recorded simul ta neously wi th the Ûuorescence
signal for frequency cal ibra ti on. Photo n counti ng was perform ed by an electro nic
system bui l t in the CAMAC standard described elsewhere [27]. Al l the data : Ûuo-
rescence signal , laser UV output power, FPI tra nsmission peaks, and I 2 absorpti on
spectrum were acqui red wi th a PC computer for further evaluati on.

3. L ine shape an alys is

In our earl ier paper concerni ng the asym m etry of the 326.1 nm 1 1 4 Cd line per-
turb ed by argon [6] we have shown tha t for the 1 1 4 Cd{ Ar system the Doppl er-col l i -
sion correl ati on was negl igible but the e˜ects due to Ùnite dura ti on of col l isions
were stro ng enough to be detected by means of the LIF m etho d.

As shown Ùrst by Anderso n and Talman [11] and later discussed by several
researchers [12{ 14] in the low pressure region the correcti on to the Lo rentzi an
di stri buti on com ing from the Ùnite dura ti on of col l isions has a di spersion form and
the resul ti ng l ine proÙle to be denoted by I CD ( e¡ ) of a group of nonoverl apping
l ines can be wri tten as

I CD ( ) =
( 2 ) + ( )

( ) 2 + ( 2 )2
(1)
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where the summ atio n is over ini ti al (i ) and Ùnal ( f ) levels corresp ondi ng to the
l ine wi th unp erturb ed frequency e¡ i f and tra nsiti on probabi l i ty P i f . Here Ûi f and
Â i f denote the Lo rentzi an hal f-wi dth and pressure shift for the i À ! tra n-
siti on, respecti vely. The assumpti on tha t the l ines do not overl ap is equivalent
to tha t no l ine mixi ng occurs and can be real ly regarded as the m easure of
col lision- ti measym m etry . As was shown [1{ 14] is proporti onal to the density
of perturbi ng gas and = is referred to as the col lision- ti me asymm etry
coe£ cient. Al l three parameters , and can be expressed in term s of
the elements of scatteri ng m atri x or ti m e-evoluti on operato rs, respecti vely, sui t-
abl y avera ged over im pact parameters and veloci ty. In the impact appro xi matio n,
the col lision-dura ti on ti me is assumed to be negl igibl y smal l in compari son to the
ti m e between col lisions and then = 0 so tha t the resulta nt shape of the group
of nonoverl appi ng l ines is simpl y the sum of Lo rentzi an proÙles.

On the other hand, when impact appro xi mati on is used in the case of over-
lappi ng l ines for whi ch l ine m ixing occurs, then the l ine shape ( ) can be
wri tten in the form [15{ 20]

( ) =
( 2 ) + ( )

( ) + ( 2 )
(2)

where , and denote the unp erturb ed wa venumber, Lo rentzi an wi dth,
shi ft whi ch conta ins the change of frequency due to the perturba ti on by neigh-
bouri ng l ines and the relati ve intensi ty of a parti cular l ine , in the group of l ines,
respect ively. In Eq. (2) denotes the l ine mixi ng param eter whi ch vani shes for
nonoverl appi ng l ines.

Pi ne [20] has shown tha t the l ine m ixi ng parameters summed over a ll coupl ed
l ines is zero, independentl y of the overl ap or the m agni tude of the l ine coupl ing
elements. The Pi ne l ine-m ixing sum rul e has the form

= 0 (3)

Co mparing Eqs. (1) and (2) we can see tha t they are f orm al ly identi cal.
In both cases the resul ti ng pro Ùle of a group of l ines is made up of a sum over
sym m etri c Lorentzi an shapes describi ng ordi nary pressure broadening and shift
and asym metri c di spersion pro Ùles. Ho wever, the physi cal m eaning of asym me-
try param eters and in Eqs. (1) and (2) is com pletel y di ˜erent ; de-
pends on the coll ision-dura ti on ti me and has nothi ng comm on wi th line m ixi ng
e˜ects. Mo reover, up to now exp erim ental determ inati ons of col l ision- ti me asym -
m etry have been made for isolated l ines. In contra st wi th tha t depends on the
col lision- induced tra nsiti on between vari ous energy levels in the emi tti ng ato m and
can di ˜er f rom zero also in the impact l im it, i .e. when col l ision-dura ti on ti me is
assumed to be equal to zero.

In tw o recent papers [28, 29] theo reti cal appro aches have been developed
whi ch incorporate the probl em of col lision-dura ti on into Baranger{ Ko lb{ Gri em
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trea tm ent of l ine m ixi ng. It was shown tha t in the Ùrst appro xi matio n the general
form ula for the l ine shape I L M À C D ( e¡ ) whi ch ta kes into account both the LM and
CD e˜ects can be wri tten as

I L M À C D ( e¡ ) =
X ( 2 ) + ( )

( ) + ( 2 )
(4)

where is the to ta l asym metry parameter. In general case can be expressed
in term s of the di agonal and o˜- di agonal elements of the ti m e-evoluti on operato rs
for the ini ti al and Ùnal states is a rather com pl icated way (cf . Eqs. (28) and (29)
in R ef. [28]).

It should be noted tha t Eq. (4) has the sam e form as the asym metri c pro-
Ùles given by Eqs. (1) and (2) of the \ col l ision-dura ti on only" and \ l ine-m ixi ng
onl y" theo ri es. In the general case, the to ta l asymm etry param eter cannot be
represented by the sum of the param eters and since and are coupl ed
thro ugh the o˜- diagonal elements of the ti m e-evoluti on operato rs. Onl y in the
case of weak- coupl ing of adj acent l ines the to ta l asym metry param eter can be
expressed by a sum

+ (5)

Since our previ ous experim ents on the Cd{ Ar system indi cated tha t in thi s
case the correl ati on between the Doppl er and pressure broadening can be neglected
because of the smal l value (0.35) of the perturb er-emi tter mass rati o the resul tant
l ine shape form ul a ( ) tha t ta kes into account simul ta neous occurrenc e of l ine
m ixi ng, col lision dura ti on, and D oppl er bro adening can be presented as a simpl e
convo luti on of ( ), Eq. (4) and the ordi nary Gaussian pro Ùle ( ) :

( ) = ( ) ( ) (6)

The wi dth of the Gaussian distri buti on of the -th l ine is identi Ùed here wi th the
pure D oppl er wi dth

= 2
2 ln 2

(7)

where , and denote Bol tzm ann' s constant, tem perature, mass of the
emi tti ng ato m , and speed of light, respecti vely.

Ma them ati cal ly, the convo lutio n in Eq. (6) is identi cal to the \ asymm etri c
Voigt" (AV) pro Ùle Ùrst intro duced in the context of the \ col l ision-dura ti on onl y"
theo ry by Ha rri s et al . [2] (cf . also [4{ 10]).

As an exampl eof the m easured proÙles, Fi g. 2 shows the hyp erÙne-structure
doubl et = = of the 5 5 tra nsiti on in the even{ odd

Cd isoto pe perturb ed by Ar at the pressure of 81 T orr at room tem perature. As
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Fig. 2. T he shape of the 113 C d 326. 1 nm line perturb ed by argon at pressure

81 T orr: (a) exp erimental points together w ith the best-Ùt I
( L M À C D )

A V ( e¡ ) proÙle taking

into account b oth the collisi on -time and line- mix in g asymmetries (f ull curve), (b){(d)

w eighted di˜erences D u ( e¡ ) b etw een experimental and Ùtted: sum of tw o I V P ( ¡ ) proÙles,

sum of two I
( )

( ¡ ) proÙles (w ith the Ùxed value of collis ion -time asymmetry), and

I
( )

( ¡ ) proÙle, resp ectively .

in our previ ous study for Cd- noble gas ato ms [4{ 10] we have used a least-squares
algori thm for nonl inear param eters due to Ma rquardt [30] to perform the best-Ùt
pro cedures. W e have Ùtted our experim enta l pro Ùles Ùrst to the pure Voigt proÙle
(VP) in whi ch nei ther CD nor LM e˜ects are ta ken into account and then to the
asym m etri c Voigt proÙle (AVP) given by Eq. (6) in whi ch CD is incorporated into
LM e˜ect. Since there are two hyp erÙne-structure com ponents = 1

2
= 1

2

and = 3

2
= 1

2
(Fi g. 2a) our exp erimenta l pro Ùles were Ùtted to the sum

of either two sym metri c VP or two asym metri c Voigt proÙles.
In order to exam ine the qual i ty of the Ùts we used the weighted di ˜erences

of the intensi ti es
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D u ( e¡ ) =
I ex p ( e¡ ) À I t he or ( e¡ )

( )
(8)

between experim enta l (m easured) ( ) and theo reti cal (Ùtted) ( ) proÙles,
where ( ) i s the uncerta inty of the measured signal . In Fi g. 2b we can see sys-
tem ati c departures from zero in the l ine core as well as on l ine wi ngs whi ch can
be regarded as a manif estati on of the l ine asym m etry . W e can also see the higher
intensi ty in the red wi ng of thi s l ine, whi ch is sim i lar to the situa ti on observed for
Cd{ Ar system [6] wi th Cd isoto pe.

As the next step we have Ùtted the sum of two ( ) proÙles being
calculated wi th the Ùxed value of col l ision-durati on asym metry parameter =

0 0 0 1 0 6 0 0 0 0 1 8 resul ti ng from our earl ier measurements for Cd [6]. As can
be seen from Fi g. 2c the system ati c departures are sti l l present in the l ine core,
whi le on the l ine wi ngs the qual i ty of the Ùt is better. The departure due to the
l ine asym metry is lower because the ( ) pro Ùle incl udes the coll ision- ti me
asym m etry but not LM. W e can thus concl ude tha t in the case of the Cd{ Ar sys-
tem the col l ision- ti m e asym m etry has a noti ceable inÛuence on the pro Ùle of the
326.1 nm Cd l ine, but there is sti l l another source of l ine asym metry .

Fi nal ly, we have Ùtted the ( ) proÙle (Eq. (6)) ta ki ng into account
both the col l ision-dura ti on and l ine-m ixing asym metry . As can be seenfrom Fi g. 2d
in thi s case the values of the di ˜erences are spread uni form ly about zero whi ch con-
Ùrms the goodness of the Ùt. It is thus evi dent tha t in the caseof the Cd{ Ar system
both the col l ision- ti me and l ine-m ixing asym metri es have a noti ceable inÛuence
on the pro Ùle of the 326.1 nm Cd l ine.

From the best-Ùt procedure for the argon pressure 81 Torr we have de-
term ined the values of to tal asymm etry parameters of both com ponents to
be = 0 0 0 3 3 2 2 0 0 0 0 3 3 f or the = = hyp erÙne com -
ponent and = 0 0 0 2 7 0 0 0 0 0 3 1 for the = = com po-
nent. In order to deduce the values of the l ine-mixing param eters for these
two components for col lision- ti me asym m etry param eter we have ta ken the value

= 0 0 0 1 0 6 0 00 0 1 8 as determ ined in Ref. [6] for the Cd isotope. Assum ing
the val idit y of the weak-coupl ing appro xi m ati on from Eq. (5) we obta in the fol -
lowi ng values for the l ine-mixi ng asym metry param eters: = 0 0 0 2 1 6 0 0 00 5 1

for the = = hyp erÙne com ponent, and = 0 0 0 3 7 6 0 0 0 0 4 9 for
the = = com ponent. We shoul d note tha t the rati o of intensi ti es

of the two components is equal to 2, and the values of and listed
above whi ch have opp osite signs ful Ùl the sum rul e, Eq. (3), due to Pi ne. Thi s f act
corroborates our assumpti on tha t the same value of the col l ision ti m e asymm etry
parameter = m ay be used for both hyp erÙne structure com ponents. Mo re-
over, the good qual ity of the Ùts shown in Fi g. 2 may be regarded as an evidence
tha t l ike the col l ision- ti m e asym metry also the pressure-broadening and shi fti ng
of parti cul ar hyp erÙne structure com ponent of a spectra l l ine are the same.
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5. Co n cl u si on

Using a LIF techni que we have perform ed measurements of the proÙles of
two hyp erÙne-structure com ponents F 0 = 1

2
À ! F 0 0 = 1

2
and F 0 = 3

2
À ! F 00 = 1

2

of the interco m binati on l ine 5 1
0 5 3

1 of the even{ odd 1 1 3 Cd isotope perturb ed
by argon at the pressure of 81 T orr. The proÙles were found to be adequatel y
described by the asym metri c Voigt pro Ùle. However, contra ry to what wa s ob-
served for the argon perturb ed 5 1

0 5 3
1 tra nsiti on in the even{ even 1 1 4 Cd

isoto pe for the even{ odd 1 1 3 Cd isoto pe the col l ision-dura ti on e˜ect i tsel f cannot
expl ain the observed asym metry of the pro Ùles. W e have shown tha t for the 1 1 3 Cd
isoto pe the observed asym metry is due to sim ulta neous occurrence of both the
col lision-dura ti on and l ine-mixing e˜ects. The to ta l asym metry param eters 1

and 2 for both hyp erÙne-structure com ponents have been determ ined and the
l ine-m ixing asym metry param eters 1 and 2 have also been deduced assuming
the val idit y of the weak-coupl ing appro xi mati on. These param eters were shown to
ful Ùl the Pine sum rul e. T o our kno wl edge, m easurements perf orm ed duri ng the
course of the present investi gatio n pro vi de the Ùrst evidence of the exi stence of
l ine-m ixing asym metry in the atom ic spectra l l ine shape.
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