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A new met hod of sim ult aneous determinin g of the di ˜usi on coe£cient
and the reÛection coe£cient of atoms from the reservoir walls is presented .
T he di˜usi on coe£cient of cadmium atoms in the ground state in bu˜er

noble gas atoms such as N e, A r, K r, and X e and reÛection coe£cient of C d
atoms from the quart z cell w all in the temp erature range 350{550 K were

determined. E xp erimental values of di˜usi on coe£cient are compared w ith
theoretical ones calculated from available p otentials.

PAC S numb ers: 82.56.Lz, 34.50.D y, 34.90.+ q

1. I n t rod uct io n

The kno wl edgeof the di ˜usi on coe£ cient of m etal ato ms in gasesis of im por-
ta nce in vari ous plasma devi ces and meta l vapour lasers especial ly hardl y m elti ng
m etal lasers [1{ 4]. D i ˜usi on of m etal ato m s in gasesplays also an im porta nt ro le in
studi es of l ight- induced dri ft of ato m s in a gas as wel l as the inÛuence of vel ocity
changing col l isions on the shapes of pressure-br oadened spectra l l ines. D eterm i-
nati on of the di ˜usi on coe£ cient of m etal ato m s in gases is sti l l connected wi th
severe exp erimenta l di£ cul ti es and thi s expl ains the fact tha t onl y a l imited num -
ber of exp erimenta l data is avai labl e in the l i tera ture. Mo st m easurements have
been done usi ng opti cal m etho ds in whi ch the gradient of densiti es is pro duced in
a pul sed hol low catho de di scharge [1, 3{ 5]. In a m etho d given by Cornel issen [6] a
pul sed glow di scharge is used to create the gradi ent in a cell .
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Thi s paper deals wi th the di ˜usi on of cadm ium ato m s in noble gases and
wa s stim ulated by recent experim ent study on the role of Dicke narrowi ng in the
form ati on of col l isional ly- perturb ed shape of the Cd 326.1 nm interco mbina ti on
l ine [7]. We have used the Cornel issen metho d and m odiÙed it in such a way tha t
the gradient of cadm ium densiti es in a cyl indri cal cell was pro duced due to elec-
tro deless hi gh frequency discharge. Af ter term inati on of the high- frequency Ùeld
the absorpti on of the Cd resonance line ( 1S 0 { 3P 1 ) was registered. The absorpti on
signal was then Ùtted by a few di ˜usi on m odes of the soluti on of the di ˜usi on equa-
ti on. Thi s metho d was recentl y appl ied [8] to determ ine the di ˜usi on coe£ cient of
cesium ato m in hel ium and argon.

2. T heor et ic al f ou nd at io ns

W e assume the cyl indri cal sym metry of the discharge region as presented in
Fi g. 1. Using the cyl indri cal coordi nates r ; z ; ' the density n = n ( r ; z ; t ) of the
cadm ium atom s is determ ined by the di ˜usi on equati on

@n

@t
= D

ç
@2 n

@r 2
+

1

r

@n

@r
+

@2 n

@z 2

Ñ

; (1)

where r i s the radial distance from the axi s, and D i s the di ˜usi on constant.

Fig. 1. Geometry of the discharge coils and the cell.

Equa ti on (1) should be solved wi th the thi rd ki nd bounda ry condi ti ons comm only
used in the ki neti c theo ry of stochastic pro cessesin gaseous systems and thei r
intera cti on wi th surf aces [5, 9{ 11] whi ch are given by
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where l0 i s the length of cyl indri cal cell and r 0 is the radi us of the cell . The
m agni tudes ˜ 1 ; ˜ 2 , and ˜ 3 fulÙll the f ollowi ng condi ti on [12]:
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˜ 1 = ˜ 2 = ˜ 3 ² ˜ =
1 À R

1 + R

1

Ñ cos#
; (5)

where R i s the reÛection coe£ cient of the Cd ato m from the surface, Ñ is the
m ean free path and cos# expresses the m ean pro jecti on of the Ûux of parti cles on
the di recti on perpendicul ar to the surface of the reservoi r. In the ki neti c theory
i t is usually assumed tha t cos # = 2 =3 . Ma snou-Seeuws and Bouchi at [10] and
Cha ntry [11] have shown tha t for cos # = 2 =3 the boundary condi ti ons (2{ 4) lead
to asym pto ti cal ly correct soluti on of the di ˜usi on equati on, i .e. in the case when
the mean free path becom es of the order of the reservo ir dim ension.

In the case of axi al sym metry the soluti on n = n ( r ; z ; t ) of the di ˜usi on
equati on (1) ful Ùll ing the bounda ry condi ti ons (2{ 5) can be wri tten in the f orm
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where n 0 i s the densi ty of cadm ium atom s at equi l ibri um and
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are the geom etri cal factors of the m ode decay rates, J 0 i s the Bessel functi on and
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Fig. 2. Dep endence of magnitudes of ñ j on ˜ r 0 (a) and ¡ m on (b).
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ñ j and ¡ m are the positi ve roots of the fol lowing equati ons:

ñ j J 0

0
( ñ j ) + ˜ r 0 J 0 ( ñ j ) = 0 ; (9)
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In Eq. (6) the coe£ cients A mj depend on the ini ti al condi ti ons and have the f orm
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The coe£ cients ¡ m and ñ j whi ch determ ine the decay rates in exp onenti al factors
in Eq. (6) depend on ˜ and di m ensions of the cell . The plots of ñ j on ˜ r 0 and ¡ m

on ˜ l 0 are shown in Fi g. 2.

3. E x p er im ental set -u p an d dat a an al ys is

3.1. Exper iment

The cyl indri cal quartz cells used in the exp erim ent were 10.5 cm long wi th
15 cm side arm . The smal ler cells of 3.7 cm length wi tho ut a side arm were also
used. The inner diam eter of both typ es of the cells wa s identi cal and equal 2.8 cm.
The side arm m ade possibl e contro l l ing the ato m s density in the cell indep endentl y
from the temperature of the m ain part of the cell whi le in the smal ler cell equi l ib-
ri um pressure of the Cd vapour was equal to tha t of satura ted vapour at the cell
tem perature.

Al l cells were heated up under vacuum . Meta l l ic cadm ium was Ùlled in under
hi gh vacuum and bu˜er gas was added at room temperature before deta ching the
cell from the vacuum system . A special trea tm ent was appl ied to every cell wi th
the side arm before m easurements in order to rem ove Cd- ato m s deposit from the
wa lls. The cell wa s heated and the side arm was cooled at the sam e ti me unti l the
l iqui d ni tro gen tem perature wa s achieved. Af ter the series of m easurem ent another
pro cesswa s appl ied for every cell , namely the side arm was heated whi le the rest of
the cell was kept at room tem perature to insert cadm ium ato m s into the cell and
m easurements were repeated under condi ti ons sim ilar to tha t in the cell wi tho ut
the side arm .

The cell wa s situa ted inside a two -part oven whi ch m akes possibl e indepen-
dent contro l l ing the tem perature of the cell and the side arm . Two discharge coi ls,
whi ch pro duced a pul sing electro magneti c Ùeld at frequency about 90 M Hz, were
insta l led around the cell. The distance between di scharge coi ls was 1/ 4 of the cell
length (see Fi g. 1). The geom etry wa s careful ly chosen to ensure axi al sym m etry
of the discharge and inv ersion sym metry wi th respect to the centre of the cell . The
l ight source was the com mercial dc cadm ium spectra l lam p (Osram typ e CD / 10).
The m onochro m ator wa s used to separate 326.1 nm interco mbi natio n Cd( 1S 0 { 3P 1 )
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l ine. The intensi ty of the l ight passing thro ugh the cell wa s detected by a pho to-
m ulti pl ier. In every measurement the size of the detecti on beam col l inear wi th a
cell symm etry axi s was determ ined by di aphra gms and opti cal elements and it was
0.5 cm in diam eter. The experim enta l set-up is shown in Fi g. 3.

Fig. 3. T he experimental set -up (S | C d spectral lamp, L | lens, D | diaphragm,

C | cell, M | mono chromator, PM | photomultipli er).

Mea surements were perform ed in the fol lowing way. D ischargecoi ls pro duced
pul ses of electrom agneti c Ùeld, at the end of each pul se one started recordi ng the
intensi ty of the l ight passing thro ugh the cell . The change of the light intensi ty
after swi tchi ng o˜ the discharge due to the changes of Cd atom s concentra ti on
caused by the ato m s di ˜usi on was named the absorpti on signal .

The absorpti on signal was processed by a 12-bi t analog-di gi tal converter
AD -212 (vi rtua l oscil loscope) PC com pati ble whi ch m ade possible averaging over
m any runs. A pro per quali t y of the signal wa s atta inable af ter averaging over f rom
20 to 200 runs dependi ng on bu˜er gas pressure and exp erimenta l condi ti ons. The
absorpti on signal after rf pul se was recorded in 950 points. The rf discharge pul se
dura ti on was between 5 and 75 m s, whi le the repeti ti on period wa s from 4 to 40 s
and i t was usual ly two ti mes longer tha n the recorded absorpti on signal .

Assum ing i 0 the intensi ty of the light enteri ng the cell and ¿ the absorp-
ti on cross-secti on, one obta ins the l ight intensi ty leavi ng the cell equal to i ( t ) =

i 0 exp( À ¿
R

V
n ( r ; z ; t )d§ ). In equi l ibri um condi ti ons we have i e = i 0 exp( À ¿

R
V

n 0d§ ) .
Co ncentra ti ons n and n 0 are deÙned in Eq. (6). Assum ing a smal l opti cal thi ckness
of the discharge pl asma the absorpti on signal S ( t ) can be described by
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3.2. T he discharge

The ini ti al spati al di stri buti on of Cd ato m s produced by pul sed rf di scharge
depends on m any facto rs such as high frequency Ùeld geometry , ato ms, ions, and
electron col l isions in the weakl y ionized plasma. In the inv estigatio n of the tra ns-
port pro cesses described by elementa ry di ˜usi on equati on the low Cd ato m s gra-
di ent was essential .

In the cell wi th the m etal located at the end of the side arm only the Cd
gradi ent occurs due to spati al processes. As a result of the discharge the cadm ium
ato m s are ionized. El ectrons and ions di ˜use to the wal ls in a pro cess of am bipo-
lar di ˜usi on and they recom bine at the cell wal ls. Because the coe£ cient of the
am bipolar di ˜usi on is usual ly one order of m agnitude hi gher tha n thi s of neutra l
ato m s, the concentra ti on of ato m s becomes smaller in the region of stro nger di s-
charge in thi s case at the centre of the cell . Thi s pro cesspro duces ini ti al gradient
of cadm ium ato ms. D uri ng the discharge pul se absorpti on decreases because the
average concentra ti on of ato ms in the region penetra ted by detecti on beam be-
comes lower after turni ng the di scharge on. Af ter the end of the discharge pul se
absorpti on returns to the level as it was before the di scharge. T ota l di ˜erence
i ( t ) À i e i s presented in Fi g. 4a. In thi s case the absorpti on signal S ( t ) i s above
zero.

Fig. 4. Total di˜erence i ( t ) À i e for 326.1 nm line (details in the text).

In the instance when the ato m s are deposited onl y on the cell wal ls they are
released duri ng the discharge l ike in the discharge in the hol low catho de lam p and
pro duce the ini ti al ato m s gradi ent. Cadm ium atom s di ˜use to the detecti on beam
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region duri ng the discharge pul se and in the short ti m e after turni ng the di scharge
o˜ (absorpti on increases). Then the concentra ti on returns to the equi l ibri um level
and absorpti on decreases. The absorpti on signal is below zero as shown in Fi g. 4c.

In the cell wi th some deposit on the wal l both pro cessesare responsibl e for
ini ti al Cd ato m s gradient in di ˜erent extent as shown in Fi g. 4b.

3.3. Dat a analysis

D ata analysis consisted in Ùtti ng Eq. (12) to the measured absorpti on signal
usi ng a least-squares m etho d. In order to avoid any e˜ect of the pl asma exci -
ta ti on the signal was analysed beginni ng at the ti me about 10 m s af ter term i-
nati on of the discharge. D uri ng tha t ti m e the quenchi ng of m etastable ato ms as
wel l as a volum e recom binati on thro ugh vari ous reacti on channel s in weakl y ion-
ized pl asma occurs. The Ùtti ng param eters were S mj ; D , and ˜ . As i t is seen
from Eqs. (9, 10) the m agni tudes ñ j and ¡ m are the functi ons of ˜ . There-
fore, in order to shorten the com puta ti on pro cedure, the curves presented in
Fi g. 2a and b were Ùtted as seven param eter functi ons in the fol lowi ng form :
ñ j = a j 0 + a j 1 exp( À b j 1 ˜ r 0 ) + a j 2 exp( À bj 2 ˜ r 0 ) + a j 3 exp( À b j 3 ˜ r 0 ) and ¡ m =

c m 0 + c m 1 exp( À d m 1 ˜ l 0 ) + c m 2 exp( À d m 2 ˜ l 0 ) + c m 3 exp( À d m 3 ˜ l 0 ) .
Because sin[ ( ¡ m = l 0 ) z + ² m ] wi th odd m in Eq. (6) changes the sign on in-

version wi th respect to the plane thro ugh the m iddl e of the cell ( z = l 0 =2 ) corre-
spondi ng com ponents S mj wi ll not be present in the signal . It l im its the num ber of
observed m odes in the absorpti on signal . Assum ing identi cal boundary condi ti ons

Fig. 5. Dep endence of geometrical factors of the mo de decay Ù mj on ˜ for di˜erent

typ es of the cell.
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on the cell wal ls (Eq. (2)) reducti on of the odd modes wi ll be fulÙlled even for
axi al sym metry onl y and nonsym metri c ato mic density gradi ent wi th respect to
the centre of the cell pro duced duri ng a hf discharge.

A numb er of Ùtted di ˜usi on modes was usual ly conÙned to three wi th m = 0 ,
2, 4 and j = 0 . In som e cases, especial ly for hi gher pressures of bu˜er gas we could
observe in the signal the modes of the group (m , 1). Since the Ù m 1 are close to each
other for a longer cell (see Fi g. 5a), these m odes could be trea ted in the Ùtti ng
pro cedure as a single e˜ecti ve addi ti onal m ode. Neverthel ess, the contri buti on of
such a m ode as well as m ode (0, 1) for a shorter cell (see Fi g. 5b) to the signal
wa s found to be negl igible. The relati ve uncerta inti es of the values D and ˜ Ùtted
in such a way were in the region between 5% and 25% for D and between 8% and
40% for ˜ dependi ng on the experim enta l condi ti ons.

4. R esul t s an d d iscu ssio n

Mea surements were perf orm ed f or the cells wi th the side arm conta ini ng
cadm ium and Ùlled wi th fol lowi ng noble gasesunder the pressures (reduced to the
tem perature 273 K): neon (5.5, 8.9, 18.1, 34.5, and 52.7 hPa), argon (6.6, 17.7, and
28.1 hPa), krypto n (2.4, 6.7, and 13.1 hPa) and xeno n (2.0, 6.0, 6.2 hPa). In the
tem perature region between 350 and 550 K two series of measurements were per-
form ed for 5{ 10 values of tem perature. Duri ng the measurement the tem perature
di ˜erence between the cell and side arm was stable and was conta ined wi thi n the
l im its between 30 and 120 K. The m easurements for cadm ium wi th xenon (2.69,
6.7, and 11.2 hPa) as a bu˜er gas was done also for the short cell (wi tho ut the
side arm ).

Typi cal signals recorded for cadm ium wi th 17.7 hPa of argon for cells wi tho ut
deposit of cadm ium ato ms on the cell wal ls are shown in Fi g. 6a, whi le Fi g. 6b
shows the absorpti on signals f or the sam e cell in the presence of the deposit on
the cell wa lls.

In the Ùnal analysis of the results onl y tho se data were chosen for whi ch the
relati ve uncerta inti es of both D and ˜ are not higher tha n 25%.

W e shoul d empha size tha t accordi ng to Eq. (5) the kno wl edge of the magni -
tude ˜ enabl es one to determ ine the coe£ cient of the reÛection R of the cadm ium
ato m s from the wal l. In order to determ ine the value of R we assume in Eq. (5) the
cl assical form of Ñ = 3 D =v , where v i s the m ean vel ocity of the atom s. The values
of R determ ined in such a way for the cells of a length 10.5 cm conta ini ng the
m ixture of cadm ium and neon at pressures 18.1, 34.5, and 52.7 hPa are presented
in Fi g. 7a, where they are plotted versus the cell tem perature T . Fi gure 7b shows
the results of R determ ined in al l m easurements, i .e. for al l bu˜er gases: Ne, Ar,
Kr, Xe for a longer cell and for Xe as a bu˜er for a shorter cell plotted versus
tem perature. It shoul d be noted tha t for the longer cell the values of the reÛection
coe£ cient are close to uni ty and are located in the region between 0.9990 and
1.0000. The value of the reÛection coe£ cient for the shorter cell are smal ler tha n
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Fig. 6. T ypical absorption signal s without dep osit (a) and w ith deposit (b) of the

C d atoms on the wall. T he temp erature di˜erence betw een the cell and the side arm

exceeded 30 K . T he pressure of bu˜er gas (argon) was 17.7 hPa.

Fig. 7. T he value of reÛection coe£cient against temp erature (f or explanati on see

the text).

tho se f or the large ones. W e should note tha t in the l imits of exp erimenta l uncer-
ta inti es we have not observed any di ˜erence between the values of R determ ined
for \ pure" cell , i .e. tho se wi tho ut a deposit in the wal ls, and tho se determ ined
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for the cells wi th deposit. For al l m easurements one can observe the dependence
of R on tem perature. T o our kno wl edge, the only m easurements of the reÛection
coe£ cient for the meta l ato ms are tho se of Rusi nov et al . [5] f or the manganese
ato m s, who reported the values of R conta ined in the region between 0.60 and
0.88. Thi s coe£ ci ent was determ ined in a segm ented hol low catho de di scharge at
a tem perature of 320 K. In thei r experi ment however, the reÛection of ato m s to ok
pl ace on the m etal l ic wa l l. The value of R i s surpri singly high compared to the one
m enti oned above. Thi s is the consequence of the way we calcul ated the v alue of
R usi ng Eq. (5) and the param eter ˜ obta ined from Ùtti ng Eq. (12) to the signal
usi ng a least-squares m etho d. The relati ve uncerta inty of the determ ined values of

Fig. 8. Exp erimental and theoretical values of di˜usion coe£cient together with the

Ùt of Eq. (15): ( Â Â Â Â Â Â) | the Ùt of Eq. (15) to the experimental data ( ¯ ), ({ { { {)

| theoretical values calculated using a Morse p otential with spectroscopi c data given

by K operski and C zaj kow ski [16], (|||) | theoretical values calcula ted using the

numerical potential given by C zuchaj and Stoll [15] .
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the reÛection coe£ cient is then of the order of (1 À R ) mul ti pli ed by the sum of
relati ve uncerta inti es of the Ùtted D and ˜ values.

The values of the di ˜usi on coe£ cient at the tem perature D 0 (T ) of the cad-
m ium ato ms in noble gases(Ne, Ar, Kr, Xe) are shown in Fi g. 8, where they are
pl otted versus the cell temperature T .

T o m ake a compari son of experim enta l ly determ ined tem perature depen-
dence wi th theo reti cal one we assumed the relati on between di ˜usi on constant
and di ˜usi on coe£ cient in the fol lowi ng form :

D ( T ) = D 0 ( T )
N 0

N
= D 0 (T 0 )

˚
T

T0

Ç Û
N 0

N
= D 0 ( T 0 )

˚
T

T0

ÇÛ +1
p 0

p
; (14)

where D 0 ( T 0 ) denotes the di ˜usi on coe£ cient at norm al condi ti ons, N i s the
concentra ti on of bu˜er gas ato ms in the cell and N 0 i s the concentra ti on of ato ms
at the norm al condi ti ons. In Eq. (14) we have assumed tha t

D 0 ( T ) = D 0 ( T 0 )

˚
T

T 0

ÇÛ

: (15)

It shoul d be noted tha t Eq. (15) is stri ctl y val id for the repul sive inv erse-power
potenti al V ¿ r À m only [13]. In thi s case Û = 0 :5 + 2 =m . D 0 ( T0 ) and Û were de-
term ined from the best Ùt of Eq. (15) to our experim enta l and theo reti cal data .
Theo reti cal values of D 0 (T ) were calcul ated using the classical Chapm an{ Enskog
appro xi m atio n whi ch is su£ ci entl y accurate at high temperatures [14]. In our cal-
cul ati on we have used the num erical potenti als due to Czucha j and Stol l [15] and
the empi rical Mo rse potenti al wi th spectroscopic constants determ ined by Koper-

T AB LE

Values of D 0 ( T 0 ) and obtained from the b est Ùt of Eq. (15) to the
experimental and theoretical dependence of . N umb ers in paren-
thesis are standard uncertainties of least- square Ùt.

Bu˜er Exp eriment T heory

gas cm s ] cm s ]

N e 0. 189(30) 0.93(25) 0.189 0 771

0.182 0 705

A r 0.056(6) 1.40(22) 0.105 0 864

0.100 0 833

K r 0.051(4) 0.89(11) 0.069 0 895

0.068 0 908

X e 0.0253(20) 1.0(1) 0.053 0 907

0.048 0 852

numeric potential given by Czuchaj and Stoll [15],
spectroscopi c constants for Morse potential given by K operski

and C zajkowski [16] .
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ski and Czajkowski [16]. The calculati on were done for the tem perature region
between 350 and 550 K. The values of D 0 ( T 0 ) and Û determ ined in thi s work are
l isted in T able. Fi gure 8 indi cates tha t Eq. (15) can repro duce the tem perature
dependence of the experim ental value of D 0 ( T ) for Cd- noble gas-ato m system s.
On the other hand, the agreement between theoreti cal and experim enta l values of
D 0 ( T ) is poor except the case of Cd{ Ne system . For Cd{ Ar, Cd{ Kr, and Cd{ Xe
m ixtures the experim ental values are smal ler tha n the theo reti cal ones by 50%,
35%, and 100%, respectively. Mo reover one can seetha t agreement of exp erimenta l
and theoreti cal v alues of Û i s good except f or the Cd{ Ar systems and Û calcul ated
usi ng the Koperski and Czajkowski [16] spectroscopic data for Cd{ Xe system .
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