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A set of exper iments in vesti gating di ˜ usio n of al kali atoms in the noble
gases is rep orted . A cesium gradient in the cell was induced by electro del ess
pulse discharge. I n the transient signal of absorption , corresp onding to the
2

S 1 = 2 À n
2

P J transitions, Ùve di˜usi on mo des w ere observed. The di˜usio n
coe£cient D of cesium in helium and argon has been measured in a spherical

cell Ùlled w ith a bu˜er gas of 2. 5 to 30 hPa and for temp eratures in the range
from 275 K to 400 K .

PAC S numb ers: 82.56.L z, 34.90.+ q

1. I n t rod uct io n

Mo dell ing the low- pressure alkali-noble gas ato m di scharge in vari ous pl asma
devi ces needs to include the param eters cruci al for descripti on of the tra nsport
pro cesses such as ambip olar di ˜usi on as wel l as ground and exci ted state di ˜usi on.

Several experim ents can pro vi de inf orm ati on about the di ˜usi on coe£ cient.
An opti cal observati on of the evoluti on of the spati al di stri buti on of atom s cre-
ated in a pul se electri cal discharge has been studi ed wi th an increasing interest
duri ng the last few decades. Since the studi es done by Phelps and Mo lnar [1]
exp erimenta l investigati ons have deal t m ainly wi th quenchi ng and tra nsport pro-
cessesof m etastable species. The pri ncipl e of the exp erimenta l metho d for ato ms
in thei r ground state wa s described by Cornel l issen[2], who developed a pul se glow
di scharge to create the gradi ent of ground state ato m s in a long cyl indri cal cell .
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An opti cal observati on of opti cal ly po lari zed ground state ato m is also a to ol
for investigati ng the di ˜usi on [3{ 5]. Unf ortuna tel y, in opti cal pum pi ng exp eriments
the di ˜usi on can be observed in the presence of dom inant spin relaxa ti on pro cesses.

New laser techni ques, such as l ight- induced di ˜usi ve pul l ing (LD P) [6] and
l ight induced dri ft (LID ) [7] are restri cted due to experim enta l condi ti on. The LD P
and LID experim ents are carri ed out for the pressure greater tha n 100 hPa and
lesstha n 15 hPa , respectivel y. An inv estigati on of tem perature dependences is also
l im ited.

The opti cal metho ds base on descripti on of an evoluti on of the system by
the di ˜usi on equati on wi th a l inear relaxati on term . The soluti on of the di ˜usi on
equati on is given as an inÙnite sum of exp onenti al term s (comm only cal led di ˜u-
sion m odes) and i t is di£ cul t to Ùt the signal to the theoreti cal descripti on. An
appro xi m atio n of the signal consisti ng in only one di ˜usi on mode app ears to be
unrea listi c in m any exp erimenta l situa ti ons, especial ly in the m easurement of the
di ˜usi on coe£ cient.

In the present set of experim ents, the di ˜usi on coe£ cient is measured using
electrodelesspul se di scharge to create a gradient of cesium ato m s. A chosen geom -
etry of di scharge al lows us to l imi t the numb er of di ˜usi on modes in the observed
signal of absorpti on. On the other hand, a possibi li ty of observati on of a few or
even one m ode signal in opti cal pum ping exp eriments was analysed for a spheri cal
cell by Legowski and the autho r [8] and independentl y by Bernabeu and T ornos [9]
for pure spheri cal sym m etri c distri buti on of ato m s in the cell . Thi s pro cedure is
used in the present wo rk to analyse the absorpti on signals.

2 . E x per i m ent a l d et ai ls

The experim ents were perform ed for a spheri cal cell , whi ch is placed in the
hi gh frequency di scharge coi ls. Two geom etri es of the coi ls, whi ch were used in
the exp eriments, are shown in Fi g. 1, where they are denoted by \ A " and \ B" .
The pul se of electro deless r. f. di scharge (about 90 M Hz) produces a stro ng cesium
gradi ent. Af ter swi tchi ng o˜ the pul se di scharge, the spati al density of cesium
ato m s evolves to a homogeneous distri buti on.

Fig. 1. Geometry of the discharge and the detection.
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The sym m etry of the spati al distri buti on of the cesium ato m s N ( r ; t ) i s
assumed to be axi al ly sym metri c since i t is guaranteed by the geom etry of the
di scharge coi ls. The evoluti on of ato m s f or axi al ly symm etri c ini ti al spati al distri -
buti on is characteri sed by the inv ersion symm etry wi th respect to the centre of
spheri cal cell for the \ A" typ e di scharge. For the \ B" typ e of discharge spheri cal
sym m etri c distri buti on of ato m s is exp ected. The tra nsi ent signal of absorpti on
due to 6 2 S 1 = 2 À n 2 P J tra nsiti ons (wi th n = 6 ; 7 or 8 to reduce the opti cal thi ck-
ness) was observed af ter the pul se discharge. Then, the absorpti on signal of the
detecti on beam is com pared to the soluti on of the di ˜usi on equati on corresp ond-
ing to the exp erimenta l condi ti on. For the above assumpti ons the evoluti on of the
cesium ground state density N ( r ; # ; '; t ) can be described in spheri cal coordi nate
system wi th the bounda ry condi ti on N ( r = R 0 ) = N W (the density at the wa ll
is assumed to be constant) and @N =@' = 0 by the f ollowing sum of the di ˜usi on
m odes:

N ( r ; # ; t ) = N W À

1X

k ;m =0

A 2 k ;m J 2 k +1 = 2 ( ¨ 2 k ; m r )
1

p

r
P 2 k cos# exp

À
À D ¨ 2

2 k ;m
t
Â

; (1)

where D i s the di ˜usi on constant and ¨ i ;m i s a geometri cal f actor whi ch depends
on the geometry of the cell and a bounda ry condi ti on on the cell wal ls. Here
J i +1 = 2 ( ¨ i ;m r ) are the Bessel functi ons and ¨ i ;m are given as positi ve ro ots of the
fol lowi ng equati on:

J i +1 = 2 ( ¨ i ;m R 0 ) = 0 : (2)

Here P i ( cos # ) are the Legendre polyno m ials; R 0 i s the inner radius of the cell .
The coe£ cient A i ;m depends on the fo llowing ini ti al condi ti on:

A 2 k ; m =
4 k + 1

R 2
0

[J 0

2 k +1 = 2
( ¨ 2 k ;m R 0 ) ] 2

¤

0

R

0

[ N W N ( r ; #; t = 0 )] r 3 = 2 J 2 k +1 = 2 ( ¨ 2 k ;m r ) P 2 k cos # sin # d# dr : (3)

The exp erimenta l arra ngement is shown in Fi g. 2.
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The source S i s a high frequency discharge resonance lamp for an opti cal
exci ta ti on. The signal wa s converted by an AD -converter. The digi ta l signal was
averaged and stored in the com puter. The numb er of runs to be avera ged was
from 20 to 200. The diam eter of the detecti on beam wa s 0.6 cm, and the pul se
ti m e of the di scharge was from 0.1 to 10 m s. The intensi ty and repeti ti on period
of the r. f. pul se di scharge were vari ed. The cells were caref ul ly selected pyrex
bul bs. The inner radius R 0 of the cells was about 4 cm. The cells were heated to
el im inate the im puri ti es tha t could have been present on/ in pyrex wal ls. Meta l l ic
cesium was di sti l led under high vacuum into the cell at room tem perature and
then an ul tra pure bu˜er gas was adm i tted. The cell was disconnected f rom the
vacuum system. The above procedure wa s used to ensure an appro pri ate condi ti on
of electrodeless discharge at all bu˜er gas pressures and al l tem peratures of the
exp eriment. The cell was heated or cooled by tem perature- regulated ai r Ûow.

The to tal signal for a smal l opti cal thi ckness can be represented by

S ( t ) = S ( 1 ) À

X
S i ; m exp( À Z i ; m t ) /

Z

V

N ( r ; t ) d§; (4)

where Z i ;m = D ¨ 2
i ;m denotes a di ˜usi on m ode decay constant, V i s a volum e of

the cell to uched by the detecti on beam. It should be noted tha t for thi n detecti on
beam and an exp eriment of the \ A" typ e we have [8]

S i ; m / A i ;m P i ( cos# ) ˜ i ; m ;

where

P 0 = 1 ; P 2 = ( 3 cos2 # À 1 )=2 ; . . . ;

and

˜ i ;m =

Z

V

J i +1 = 2 ( ¨ i ; m r ) r 1 = 2 d§ : (5)

For the \ B" typ e exp erim ents, i .e. in the case of the spheri cal sym metri cal
di stri buti on of ato m s, the S 0 ; m term s app ear only in the signal .

The tra nsient signals for the \ A" and the \ B" typ es of the exp eriments
perform ed in the course of the present study are shown in Fi gs. 3 and 4.

Onl y the Ùrst few S i ;m term s contri bute to the signal and only Ùve of these
(wi th i = 0 ; m = 0 ; 1 ; 2 and i = 2 ; m = 0 ; 1 ) are consi dered. The quanti ti es ¨ i ;m

have increasing relati ve values (see Fi g. 5) and a higher modes decay to o f ast to
be observed. Onl y three exp onenti al curves coul d be wel l Ùtted to the tra nsient
signal wi th a good accuracy and thus the non-radi al term s ( i = 2 ; m = 0 ; 1 ) were
extra cted from norm al ised to the S 0 ;0 di ˜erence S (# = 9 0 ) S (# = 0 ) of the
signals. Thi s way of the signal analysis leads to smal ler errors for D and S i ;m

because the values of Z 0 ;1 and Z 0 ; 2 are cl ose to the Z 2 ;0 and Z 2 ; 1 respecti vely
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Fig. 3. The signals for the \A " typ e of the experiment.

Fig. 4 T he signals for the \ B" typ e of the exp eriment. (a) T he solid line Ùts one

exponential curve. T he normalise d ˜ 0 ; m integrals are given in (b).

Fig. 5. Z im against discrete values of ¨ im w hich fulÙl the assumed boundary condition.

Z im have b een Ùtted here as indep endent parameters.

Fig. 6 1 =Z 00 against the pressure of the bu˜er gases. The results have b een obtained

from the \B" typ e experiments at R=R 0 = 0: 36 .

and then the pai rs of the Ùtti ng parameters S 0 ;1 ; S 2 ;0 and S 0 ; 2 ; S 2 ;1 are strongly
correl ated. The analysis of the Z i m values and qual i tati ve relati ons between S i ;m

am pl i tudes are consistent wi th the above theo reti cal descripti on. One can show
tha t the sign of the S 2 ;m am pl i tudes changes as P 2 ( # ) in the \ A" typ e experi -
m ent as well the S 0 ;m as ˜ 0 ;m (see Fi g. 4b) for the \ B" one. In good agreement
wi th theo reti cal predi cti on [8] the signal Ùts by just one exp onenti al curve for
R =R 0 = 0 : 3 6 : A least-squares Ùtti ng appro xi mates then the Z 0 ;0 values wi th an
accuracy better tha n 2%. Quasi-isotro pi c discharge gives pra cti cal ly a spheri cal
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sym m etri cal distri buti on of cesium ato m s. In Fi g. 5 Z i ;m are shown. In the Ùgure
the ¨ i m values fulÙl exactl y Eq. (2). The slope of the Ùtted stra ight l ine gives
the D value. For an exact estimati on of the di ˜usi on constant the D and S i ;m

quanti ti es were used as the Ùtti ng param eters.
One can use thi s m etho d to m easure the di ˜usi on coe£ cient in a wi de range

of the bu˜er gas pressure as is i llustra ted in Fi g. 6. The resul ts of the system ati c
m easurements of the tem perature dependence of the di ˜usi on coe£ cient have been
carri ed out at spheri cal sym metry of the density gradient of the cesium ato m s. The
pressure of the bu˜er gases(at Ùll ing tem perature of about 296 K) was 2.6, 18.0,
31.2 hPa for Cs{ He system and 3.6, 18.5, 33.1 hPa for Cs{ Ar system .

The experim enta l values of the di ˜usi on coe£ ci ent were com pared wi th tho se
calculated using theo reti cal potenti als. The theo reti cal calcul ati ons are based on
the classical Hi rschf elder and Cha pm an{ Enskog appro xi mati on [10, 11] (see Ap-
pendix). Such calcul ati ons are rel iable at a hi gh tem perature range. Here we have
used for calcul ati ons the num erical potenti als of Czucha j and Sienki ewicz [12],
Pascale and Vandepl anque [13] and Buck and Paul y [14]. The Ùnal exp erimenta l
and theoreti cal results are given in Fi g. 7.

Fig. 7. T he Ùnal experimental and theoretical results. The calculati ons at Czucha j and

Sienki ewicz, Pascale and V andeplanque and Buck and Pauly are denoted as Cz{S, P{V

and B{P .

A bri ef com pari son of exp erim ental values f or D 0 , i .e. the value of D at
the norm al pressure, wi th the values obta ined in opti cal pum pi ng exp eriments
as well as wi th the theo reti cal ones is shown in the T abl e assuming a power-law
tem perature dependence f or D 0 (T )

D 0 ( T ) = D 0 ( T =T 0 ) ˜ : (6)

It should be noted tha t Eq. (6) describes analyti cal ly the character of tem -
perature dependence of di ˜usi on coe£ cient for pure repul sive potenti al of the
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T ABLE

Exp erimental and theoretical di˜usi on coe£cient. O ther ex-
periments have been extrap olated as D 0 ( T ) = D o ( T =T 0 )

˜ at
˜ = 1 :5 . D 0 is in cm 2 sÀ 1 .

Gas Present measurement O ther results T heory

D 0 ˜ D 0 D 0 ˜

H e 0. 295(21) 1.28(26) 0: 34( 3) 0.408 0: 72

0: 291 30 0.414 0: 73

A r 0.086(5) 1.12(16) 0: 15 5 0.094 0: 79

0: 111 11 0.096 0: 82

0: 101 10 0.080 0: 73

Bylicki [3], Franz and Sooriamo orthi [4] , Tornos and
A mare [5] , Czuchaj and Sienkiew icz [12] , Pascale and

Vandeplanque [13] , Buck and Pauly [14] . potential w as
calculated from scattering measurements.

inv erse-power typ e. One can see tha t these calcul ati ons pro vi de an inter-
esting com pari son wi th exp erimenta l m easurement. The agreement is qui te good
for the Cs{ Ar system and rather poor for the Cs{ He one. Onl y the absolute value
of the wa s charged by a system ati c correcti on (f or exam pl e, measurements of
the bu˜er gas pressure or devi ati on from pure spheri cal symm etry of the bul b).
In the present exp eriment thi s correcti on is consi dered to be lesstha n 5%. Hence,
we l imit ourselves to the com parison between experim enta l and theo reti cal val -
ues of coe£ cient, whi ch is not disturb ed by the system ati cal uncerta inti es. The
signiÙcant di ˜erences are observed here.

The exact form ul a for Lenna rd{ Jones' ( ) typ e of a potenti al [11] is as
fol lows:

( ) =
+

(7)

wi th consta nts and . Thi s form ula conta ins to o m any f ree param eters to
be representati ve for descripti on of the experim enta l resul ts. It means tha t the
exp erimenta l results are sensiti ve to rather a small region of a repul sive branch
of the potenti al and a wi de cl ass of the Lenna rd{ Jones typ e of potenti als could
be Ùtted to experi menta l data . A rel iable appro xi m atio n of the m easurem ents by
Eq. (6) impli es only tha t the theo reti cal potenti als are to o m uch repul sive.

A new set of experim ents for accurate determ inati on of the di ˜usi on co-
e£ cient was perform ed. W hi le the experim enta l studi es have been restri cted to
the alkal i-meta l in noble gas, the techni que can be appl icabl e to other ato m s in
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the ground state. Simil ar exp eriments can be appl ied to inv estigate di ˜usi on of
exci ted- m etastable ato ms. These pro mising exp erimenta l ideas can be also very
useful in exam ining the spati al distri buti on of ato m s in a spheri cal cell .

In vi ew of the l ight- induced di ˜usi ve pul l ing and l ight- induced dri f t experi -
m ents, whi ch concern di ˜usi on m easurements [6, 7], the m etho d described in the
present wo rk seems to be parti cularl y suited to measure independentl y the di ˜u-
sion coe£ cient of the alkali ato m s in the ground state.

The calcul ati on of the di ˜usi on coe£ ci ent was carri ed for the avai lable po-
tenti als. Al tho ugh som e of the avai lable potenti als may not be very accurate, the
calculati ons allow us to have a wi de vi ew of repro duced experim enta lly and theo -
reti cally di ˜usi on data at various temperatures. The autho r is convi nced tha t the
di ˜usi on coe£ cients presented here are m ore rel iable tha n the other exp erimenta l
data , however a deta i led com pari son of the exp erimenta l and theo reti cal resul ts
requi res m easurements perf orm ed in a wi de range of tem peratures. Theo reti cal
calculati ons shoul d be then perf orm ed usi ng quantum m echanica l m etho ds and
m ore real isti c potenti als.
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The autho r wi shesto tha nk Prof. J. Szudy f or cri ti cal readi ng the m anuscri pt
of thi s paper.

Ap p en dix

In the Cha pm an{ Enskog [10] appro xi mati on for binary m ixture the di ˜usi on
constant is g iven by

D =
3

1 6

s
2 ¤ k T

ñ

k T

p

1

Q d

(A1 )

wi th p | to ta l peturb er pressure, ñ | the reduced m assand Q d | energy avera ged
cro ss-secti on as

Q d =

Z
1

0

g 5 exp (À g 2 ) Q 0( v ) dg ; (A2 )

where

g 2 = ñv 2 =2 k T

and

Q 0 ( v ) = 2 ¤

Z
1

0

[ 1 À cos â ( v ; b)] bdb: (A3 )

Here v i s the ini ti al relati ve speed of col l idi ng ato m s, b i s the im pact parameter
and â i s the deÛection functi on

â (v ; b) = ¤ 2 b
r

dr

r 2 [ 1 b2 =r 2 2 ' (r ) =ñv 2 ] 1 = 2
: (A4 )

In Eq. (A4 ) r m denotes the distance of the closest appro ach and ' ( r ) i s the
interm olecul ar potenti al energy.
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