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A novel met hod based on t wo-pulse excitation of a hollow catho de dis-
cha r ge to determine metal atoms di˜usio n coe£cients in noble gases w as
tested in C u{ H e and Cu{ N e systems . T he excitation conditio ns such as time

duration of the discharge current pulses and conÙguration s of the hollow
catho de discharge w ere checked. Measurements carried out over the w ide
range gas pressures allow ed obtaini ng the Cu atoms time- decay curves from

w hich the di˜usi on coe£cients w ere calcula ted. T he values for C u atom dif -
fusion coe£cients of 570 and 310 cm 2 sÀ 1 mbar in H e and N e, respectively
w ere in a good agreement with earlier rep orted data achieved by using the

absorption spectroscopy metho d. T he di˜usio n coe£cient of Cu in 3 H e, the
lighter isotop e of helium, w as also found to be 670 cm 2 sÀ 1 mbar that agreed
w ell w ith the kinetic theory of gases. To authors believe this value was not
rep orted previousl y .

PAC S numb ers: 42.55.Lt, 42.60.Lh, 52.80.{s

1. I n t rod uct io n

D i˜usi on of m etal ato m s in di ˜erent gases is essential not only in noble
gases | m etal vapour lasers (MV L) operati ng on either ioni c or ato m ic tra n-
siti ons but also in al l techni ques inv olvi ng pl asma sputteri ng, e.g. a thi n- layer
depositi on. Ho wever, determ inati on of the di ˜usi on coe£ cients, parti cularl y for
ato m s of high-m elti ng-point metals in nobl e gases, is rather com pl icated and onl y
l im ited inf orm ati on is avai labl e in the l i tera ture. Exp erim ental di ˜usi on coe£ -
ci ents have been reported for copper ato ms in He [1, 2], Ne [2, 3], Ar [2, 4] and
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Kr [5]. Semiempiri cal calcul ati ons of Cu ato m s di ˜usi on coe£ cients in rare gases
can also be f ound in [6]. In al l the casesbut one [4], a sputteri ng of copper catho de
wa lls in a pul sed hollow catho de discharge (HCD ) was used to produce copper
ato m s. Af ter term inati on of the current pul se thei r ti me-dependent density was
m easured by the absorpti on spectroscopy m etho d. From the slopes of m etal a tom
decay curves and for given geom etry of the discharge chamb er, gas pressures and
tem perature the meta l ato m di ˜usi on coe£ ci ents were calcul ated. The absorpti on
m easurements requi re addi ti onal source of radiati on tha t emits the wavel engths
correspondi ng wi th the resonant l ines of the metal ato ms in the absorpti on cell .
Ho wever, to ensure the correct relati ons between m easured absorpti on of the reso-
nant radi ati on and density of ground state m etal ato m s, the spectra l distri buti on
of the emitter l ine shoul d be identi cal or at least very simi lar to the distri buti on
of the resonant tra nsiti on in the investigated m edium . The calculati ons of the
m etal ato m densiti es requi re a special computer program in whi ch the osci llato r
streng th of the resonant tra nsiti on, i ts hyp erÙne structure and isoto pe shift have
to be ta ken into account. For exampl e, in [1] 12 hyp erÙne tra nsiti ons f orm ing two
resolvabl e com ponents of the 324.8 nm Cu I resonant l ine had to be used in the
calculati ons.

A novel metho d of determ ining m etal atom di ˜usi on coe£ cients in noble
gases was pro posed in [7]. The m ethod wa s based on two -pulse exci ta ti on of a
HCD m etal ion laser in whi ch therm al energy charge{ tra nsfer (C{ T) col l isions
between noble gas ions and meta l ato ms sputtered from the catho de wal ls led to
the selecti ve popul ati on of the upp er laser levels. The metho d was exp erim ental ly
veri Ùed in [8] for a He{ Cu ion laser operati ng on the 780.8 nm Cu I I tra nsi ti on
givi ng the correct value of Cu di ˜usi on coe£ cient in He. In the next work [9], thi s
m etho d wa s further extended by includi ng measurements of sponta neous emission
from the levels pum ped by the C{ T reacti on. The intensi ty of laser acti on as wel l as
sponta neous emission from tho se levels is proporti onal to density of m etal ato ms in
the dischargevolum e. Hence, measuri ng of the laser acti on or sponta neous emission
intensi ti es caused by the second pul se versus ti m edelay between the pul sesal lows
to establ ish the decay curves of the ground state m etal ato m s in the afterg low.
From the negati ve slope of the curves the di ˜usi on coe£ cients are calcul ated in
sim i lar way as in the absorpti on m etho d. Thi s metho d is rather sim ple and does
not have inconveni ences of the latter.

In thi s paper we present the opti m al isati on of the developed m etho d for
Cu{ He and Cu{ Ne m ixtures. Mo reover, the di ˜usi on coe£ ci ent of Cu ato m s in
the l ighter hel ium isoto pe 3 He was also m easured. Its value wa s about 15% higher
tha n tha t for 4 He, whi ch agreed wel l wi th the ki neti c theory of gases.

Section 2 of thi s paper describes the idea of the metho d. The exp erimenta l
arra ngement is shown in Sec. 3. The results of the m easurem ents are presented
and discussed in Sec. 4. Section 5 summ arizes the resul ts of thi s work.
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2. D escr i p t io n of t he m et h od

In sputtered HCD lasers metal ato m s are produced by ion bombardm ent
of the catho de wa lls. They therm al ise after short distance from the catho de sur-
face, then di ˜use to ward the centre of the discharge. For m any m etal ion laser
system s they are ioni sed and exci ted to the upp er laser levels by the asym metri cal
therm al-energy C{ T col l isions wi th nobl e gas ions

B + + Me ! Me + Ê + B Ï Â E ; (1)

where B, B + represent noble gas ato m s and ions, Me and Me + Ê are ground state
m etal ato m s and ions excited to the upp er laser level, and Â E i s the energy defect.

The rate constant R C À T of the selective popul ati on of the upp er laser levels
is pro porti onal to the densiti es of col l iding parti cles, thei r m utua l vel ocit y v , and
the C{ T cross-secti on ¥ C À T :

R C À T = v ¥ C À T N M eN B + : (2)

The intensi ty of laser and/ or sponta neous emission from the meta l ion levels
exci ted by the C{ T reacti ons is di rectl y pro porti onal to the R C À T constant, hence,
to the density of meta l ato m s in the discharge vo lume pro vi ding the bu˜er gas ion
density is kept constant.

W hen pai rs of current pul sesexci te a HCD laser, the Ùrst pulse serves as a
source of metal atom s. The ti m edura ti on of each pul se is to o short for meta l ato ms
to reach the centre of the hol low catho de and supp ort laser acti on f or the bu˜er
gas ions, whi ch are responsi ble f or thei r exci tati on to the upp er laser levels and
di sappear quicker. The second pul se appl ied some ti m e later encounters su£ cient
am ount of metal ato m s and the laser generati on occurs. The intensi ty of the laser
oscil lati ons is pro porti onal to the meta l ato m density in the region of the laser
beam and vari es wi th the ti m e interv al between two pul ses. From the declining
slope of the laser power versus ti m e delay between the pul ses, the characteri stic
di ˜usi on ti mes can be found, and for kno wn di mensions of the hol low catho de
and noble gas pressure, the di ˜usi on coe£ cient of the investigated meta l can be
calculated. Sim ilar pri ncipl e appl ies for intensi ty of the sponta neous emission f rom
the levels popul ated by the C{ T reacti ons.

If the di scharge region has cyl indri cal geom etry and i ts length is much larger
tha n diam eter of the catho de, the m etal ato m density has only a radial spati al
dependence and is determ ined by the di ˜usi on equati on
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The soluti on of the above equati on, wi th the sam e assumpti ons as made in [1],
duri ng the acti ve di scharge gives the ini ti al density distri buti on of m etal ato ms
sputtered from the catho de wal ls by the Ùrst current pul se. The therm al izati on
of the m etal ato ms leavi ng the catho de surface wi th energies even on the order
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Fig. 1. Spatial density distributi on of copp er atoms in H e calcula ted after termination

of the Ùrst discharge current pulse.

of 1 eV [10], change a l ittl e thi s distri buti on but can be neglected pro vi di ng gas
pressure is high enough as was estimated in [1]. Again, the soluti on of the di ˜usi on
equati on in the afterg low pha se yi elds a very importa nt inf orm atio n about the
changes of the m etal ato m density distri buti on wi thi n the ti me interv a l between
the pul ses. Ca lculated radial densi ty proÙles of Cu ato m s in He at vari ous ti m es
after term inati on of the Ùrst pul se are shown in Fi g. 1.

It can be seen tha t after several tens of m icro seconds the copper ato ms
in the tub e volume dim inish accordi ng to the funda m enta l di ˜usi on mode. By
integ rati ng the density proÙles the changes in relati ve numb er of Cu ato m s in the
tub e cross-section can be found. In Fi g. 2 they are presented in semi logari thm ic
scale for three di ˜erent He pressures. Again, after 50À 7 0 ñ s the num ber of Cu
ato m s decreases exponenti al ly, i .e. in the fundam enta l di ˜usi on m ode, and decay
ti m e consta nts § can be determ ined from declini ng slope of the curves.

Fig. 2. Calculated relative changes of the numb er of C u atoms in the afterglow .

For cyl indri cal geom etry the ti m econstants representi ng the avera gel i feti m e
of Cu ato m s in the tub e volum e are connected wi th thei r di ˜usi on coe£ cient by
the fol lowing expression:
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where D 0 is the di ˜usi on coe£ ci ent of Cu ato m s in He at standard condi ti ons
(T 0 = 2 7 3 K, p 0 = 1 m bar), T and p are He tem perature and pressure. Ê i s the
characteri sti c di ˜usi on length, and for a cyl indri cal hol low catho de wi th the length
L and inner di ameter R , can be calculated f rom the expression
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Thi s is only true i f i t is assumed tha t al l Cu ato m s stri ki ng the catho de surface
rem ain there, i .e. tha t the reÛection of m etal ato m s from the catho de wa lls is 0.
W hen the reÛection coe£ cient is higher, § represents onl y real decay ti m esof m etal
ato m s in a gas chamb er com bini ng both processes| di ˜usi on to the wa lls and
reÛection from them . In al l previ ous works the di ˜usi on coe£ cients of Cu ato ms in
noble gaseswere determ ined under the assumpti on tha t thei r reÛection coe£ cient
at the wal ls is equal to zero. Onl y in [11] Rusinov et al . proposed a metho d for
sim ulta neous evaluatio n of m etal ato ms di ˜usi on coe£ cient and thei r reÛection
from the wal ls.

Ho wever, the aim of thi s wo rk was to com pare the results obta ined using the
new m etho d wi th tho se reported in [1{ 6] under the same boundary condi ti ons.

The funda m enta l di ˜erence between the absorpti on spectro scopy metho d
and thi s one l ies in the way in whi ch the changes of the densi ty or num ber of
m etal ato ms created by the Ùrst current pul se are moni to red. In the absorpti on
spectroscopy the relati ve changesof metal ato m density in the investigated medium
are determ ined by m easuri ng the absorpti on of resonant radiati on from the exter-
na l source. In the metho d described here the intensi ty of laser acti on or sponta -
neous emission from the levels popul ated by the reacti on (1) is pro porti onal to the
pum ping rate (2), and hence, to the density or num ber of meta l ato ms (old and
new) in the di scharge vo lum e. Ho wever, there is a signi Ùcant di ˜erence between
the moni to ring the laser intensi ty and the sponta neous emission. In the Ùrst case
the laser intensi ty is pro porti onal to numb er of exci ted m etal ions wi thi n the region
of the laser beam, i .e. in the centre of the hol low catho de. The discharge pul se is
to o short for the nobl e gas and metal ions to reach the catho de wal ls and sputter
m ore meta l ato m s whi ch in turn coul d di ˜use into the generati on region. In the
second case the situa ti on is di ˜erent because the sponta neous emission signal is
radi ated from the whole cross-secti on of the di scharge. Hence, the sponta neous
emission is observed even for short ti me di scharge pul ses because the C{ T col l i -
sions occur also close to the catho de wal ls. To establ ish the decay curves of the
m etal ato ms the emission caused by the Ùrst current pul se is used as the reference
intensi ty , whi ch requi res the second current pulse to be of the same am pl i tude
and wi dth as the Ùrst one. The num ber of photo ns pro duced by the C{ T reacti on
duri ng the second di scharge pulse consists of the new ones and of tho se com ing
from the residual m etal atom s left in the tub e by the Ùrst pul se. Mo reover, the
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\ old" m etal atom s tra nsferred into ions can reach the catho de surface and sput-
ter addi ti onal m etal ato ms, whi ch m ay undergo the C{ T col l isions close to the
catho de wal ls and also contri bute to the to tal signal. However, i t m ust be stressed
tha t thi s addi ti onal mul tipl icati on of the photo n pro ducti on due to a ri se of the
catho de-sputteri ng rate by the \ old" ions is sti ll pro porti onal to the num ber of
m etal ato ms rem aining in the gas volum e after term inati on of the Ùrst pul se. The
sponta neous emission intensi ti es are usual ly detected using a m onochromato r and
a pho tom ulti pl ier. An integra l over the shape of the photo m ulti pli er signal is a
m easure of a numb er of photo ns reaching its photo catho de. Theref ore, each pai r
of the spectra l emission pul seshas to be integ rated and the di ˜erence between in-
teg rals of the second and Ùrst l ight emission pul ses is pro porti onal to the num ber
of addi ti onal photo ns created from meta l ato m s rem aining in the tub e after the
Ùrst discharge pul se.

3. Exp er im ent a l set u p

The m easurem ents of copp er ato m s decay curves were carri ed out using a
segmented hol low catho de di scharge (SHCD ) tub e. The catho de and anode seg-
m ents of the tub e were m ade of an oxi de free high conducti vi ty (OFHC) copper
rod. The four electro des isola ted from each other by ceram ic spacers were stacked
to gether creati ng 5 cm long discharge volum ewi th 8 mm interna l diam eter, tho ugh
the to ta l volum e of the test tub e exceeded 10 cm 3 . Auxi l iary cyl indri cal anodes
were put on both ends of the segment m odul e. The more deta i led descripti on of
the tub e design can be found in [12].

By swi tchi ng electri cal connecti ons of the segm ents and the addi ti onal an-
odes three di ˜erent discharge conÙgura ti ons could be obta ined: the cyl indri cal ,
perpendicul ar and segm ented HCD wi tho ut changing the gas chamber geom etry
| see Fi g. 3.

Fig. 3. ConÙgurations of the hollow catho de discharges: (a) segmented H C , (b) HC

w ith p erp endicul ar geometry , (c) cylindri cal H C .

The scheme of the experim ental arra ngement is shown in Fi g. 4. A pul se
power generato r bui l t wi th fast insulated gate bipolar tra nsistors (I GBT) exci ted
the di scharge tub e wi th pai rs of high vol ta gerecta ngul ar pul seswho se am pl i tudes
could beindependentl y regul ated as well as thei r length and interv al between them .
The repeti ti on rate of the pul ses was low (5 Hz) in order to avo id gas heati ng.
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Fig. 4. The blo ck scheme of the experimental arrangement.

A very low (m uch under 1 m A) DC di scharge current wa s sustained to im pro ve
di scharge stabi l i ty . Accordi ng to a rough estimati on, the power dissipated in the
di scharge tub e wa s less tha n 0.2 W for the D C exci ta ti on and up to 0.3 W for
doubl e-pul se operati on at the longest pul se dura ti on and the hi ghest vol tage of
the segmented HC discharge. T aking into account a relati vely large volume of the
tub e and a bul ky electrode constructi on the assumpti on tha t the gas tem perature
wa s close to 300 K was justi Ùed.

Li ght from the discharge tub e wa s focused on the entra nce slot of an UV
Czerny{ T urner monochro mato r wi th dispersion 2 nm / mm in the spectra l range
200{ 800 nm . Intensi ti es of the Cu I I tra nsiti ons popul ated by the C{ T col l isions
wi th He and Ne ions were measured usi ng the R 325 Ha mam atsu photo mul tipl ier.
The signals from the photo mul tipl ier were di splayed on the screen of an Ag ilent
T echn. 54622A oscil loscope to gether wi th pai rs of the di scharge current pul ses.
The oscil loscope input R C ti m e constant wa s chosen large to smooth the shapes of
the sponta neous emission pul ses. The m easurements were perform ed for the ti m e
delay between the pul sesv aryi ng from 60 to 3 2 0 ñ s wi th 2 0 ñ s step. For each step
di scharge current and l ight pul ses were avera ged over 2 1 4 runs and fed to a PC
computer.

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

The testi ng and opti m al isati on of the m etho d was carri ed out for Cu{ He and
Cu{ Ne m ixtures for di ˜usi on coe£ cients of copper ato m s in both gases are well
kno wn. The intensi ti es of the sponta neous emission was m easured for Cu I I, 780.8
and 270.3 nm tra nsi ti ons popul ated by the C{ T col lisions wi th He and Ne ions,
respect ively. Typi cal tra ins of the 780.8 nm , Cu I I line intensi ti es and di scharge
current pul sesare presented in Fi g. 5. For cl ari ty reason onl y every second step is
di splayed. It is wo rth m enti oning tha t no other tra nsmissions com ing from Cu I and
Cu I I levels di rectl y exci ted by electrons show the same behavi our. The longer ti m e



754 W. Kw aƒniewski , K. Dzi eci o¤owski , T .M. Adamow icz

Fig. 5. T rains of the spontaneous emission and discharge current pulses.

Fig. 6. The Cu atom decay curves vs. time delay betw een discharge pulses.

dura ti on of the l ight pulses is caused by the large ti m e consta nt R C. In Fi g. 6 the
Cu ato m decay curves obta ined from di˜erences between integra ls of the second
and Ùrst l ight emission pul ses are presented in the semi logari thm ic scale versus
ti m e interv al between the current pul ses for one of the measured series.

The m ost importa nt parameter, whi ch requi red opti m al isati on in the de-
scribed m etho d, wa s the ti me dura ti on of the current pulses. It could be observed
tha t when a recta ngul ar hi gh vol ta ge pul seswere appl ied to the electro des of the
di scharge tub e the current started Ûowi ng after a few to several m icro seconds de-
lay whi ch coul d not be contro l led. Hence, the length of the current pulses could
not be chosen to o short, i .e. 2 0 ñ s as i t was in [10]. On the other hand, to o long
pul sesdi minish the resoluti on of the m etho d. Theref ore, the di scharge wa s exci ted
by pai rs of current pulses wi th 1 A ampl itude each, and the dura ti on ti m e of 30,
40, and 5 0 ñ s, respect ively. The ampl itude of the discharge pul seswas not cri ti cal .
It was chosen low enough to avoid gas heati ng and, simul taneousl y, to obta in a
fai r signal from the photo multi pl ier. The emission l ight caused by the Ùrst current
pul se wa s used as the ref erence intensi ty in calcul ati ng the decay curves; hence,
i t was necessary to hold the same am pl i tude of the second pul se whi le scanni ng
the afterg low. D ue to residual charges left in the gas volum e by the Ùrst pul se,
parti cul arl y in the ti me range up to about several tens of ñ s, the vol ta ge of the
second pul se had to be slightl y adjusted to keep the same current am pl i tude for
both pul ses. The requi red vol ta ge changes were much less tha n 1% of the to ta l
di scharge vol ta ge, m ainly at earl ier stages of the afterg low, and theref ore, should
not a˜ect the sputteri ng rate of the m etal ato m s for the measurements started
6 0 ñ s after term inati on of the Ùrst pul se. The di ˜usi on coe£ cients of Cu ato m s in
He and Ne determ ined for several gas pressures and the three di ˜erent lengths of
the discharge pul ses are shown in Fi gs. 7 and 8. As i t can be seen, in the inv es-
ti gated range of the pul se dura ti on, the obta ined resul ts are in a good agreement
wi th previ ously reported data.

The inÛuence of the HCD conÙgurati ons on possibi l i ty of determ ini ng di f-
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fusi on coe£ cients was also tested. Fi gure 9 shows tha t geometry of the di scharge

Fig. 7. Di˜usi on coe£cients D 0 of C u atoms in 4 H e for three time- durations of the

discharge pulses.

Fig. 8. Di˜usion coe£cients D 0 of C u atoms in N e for three time- durations of the

discharge pulses.

Fig. 9. Di˜usi on coe£cients D 0 of Cu atoms in 4 H e for di˜erent conÙguration s of the

H C discharge.

Fig. 10. Di˜usi on coe£cient D 0 of Cu atoms in 3 H e.

di d not a˜ect the resul ts of measurements because the di scharge volum e wa s the
sam e for al l conÙgurati ons.

Fi nal ly, the di ˜usi on coe£ cient of copp er atom s in the l ighter isoto pe of
hel ium | 3 He was determ ined. Two series of m easurements were carri ed out for
four di ˜erent pressures of almost pure (97%) 3 He | 7.3, 11.3, 16.9, and 18.6 mbar,
respect ively. The di ˜usi on coe£ cients D 0 of Cu ato ms in 3 He were calcul ated for
each of the inv estigated pressures and m easurem ent series | see Fi g. 10. The
averaged value of D 0 was equal to 6 7 0 Ï 6 5 cm2 sÀ 1 m bar.

In the case of self-di ˜usi on and the m utua l di ˜usi on of two di ssim i lar gases
when the relati ve concentra ti on of one of the gasesis vani shing ly smal l, the ki neti c
theo ry of gases predi cts the di ˜usi on coe£ cient to be proporti onal to the mutua l
vel ocity of both ki nds of parti cl es. In the case of Cu ato ms di ˜usi ng in He the
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repl acement of the norm al 4 He by 3 He decreases the reduced mass of the Cu{ He
system to 3/ 4, so then the m utua l vel ocity increases by about 15%. Theref ore, the
di ˜usi on coe£ cient of Cu in 3 He isoto pe should be about 680 cm 2 sÀ 1 m bar. The
obta ined resul t is in good agreement wi th thi s predi cti on.

The values of Cu di ˜usi on coe£ cients D 0 in 4 He, 3 He and Ne are listed in
T able to gether wi th the resul ts obta ined by other autho rs. They were calcul ated
assuming the gas tem perature equal to 300 K.

TABLE
Di˜usio n coe£cients D 0 of Cu in H e and N e (given in cm2 sÀ 1 mbar).

C u{ 4 H e Cu{N e C u{ 3 H e

This work 57 0 Ï 75 3 10 Ï 60 670 Ï 65

Other results 572 [4], 560 [5], 576 [7] , 572 [9] 293 [6], 253 [5] , 205 [7] {

Sum mari sing, the accuracy of thi s m etho d in determ ining the di ˜usi on coef-
Ùcients varies between 10 and 20% dependi ng m ainly on stabi l i ty of the di scharge
and repro duci bi l i ty of the discharge pul ses, e.g. the stabi l ity of the HCD in Ne is
m uch wo rse tha n in He. The repro duci bi l i ty of the pul ses might be im pro ved by
increasing the D C bias current, tho ugh i t would increase the gas temperature and,
theref ore, com pl icate the calcul ati ons. It is worth m enti oning tha t the accuracy of
the absorpti on spectro scopy m etho d is of the sam e order.

The m ethod of determ ini ng di ˜usi on coe£ cients of m etals in nobl e gases
by two-pul se exci ta ti on of a HC discharge has been proven to be useful . Thi s
m etho d can be appl ied to every sputtered m etal ato m{ noble gas system in whi ch
the charge{ tra nsfer col l isions of the ground state nobl e gas ions wi th m etal ato ms
occur. Parti cul arly, i t can be appl ied to the sputtered metal ion HCD lasers where
the kno wl edgeof di ˜usi on coe£ cients of the parti cl es (m etal ato m s, ions and noble
gas ions) is importa nt. T o the autho rs best knowl edge the di ˜usi on coe£ cient of
Cu in 3 He has not yet been reported.
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