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LASER-BASED DIAGNOSTICS FOR CONDENSATION
IN LASER-ABLATED COPPER PLASMAS

A. D. Sappcy and T. K. Gamble
Chemical and Laser Sciences Division

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

We are investigating the thermodynamic
conditions under which condensation occurs in
I:lser-ublated copper plasma plumes. The plasma
is created by XeCl excimer laser ablation
( 3(NI nm, 350 mJ/pulse) at power densities from
5(X)- 1000 MW/ cm2. The atomic vapor expands
r:lpidly in[o backing pressures of helium ranging
(rem 0-50 tom, The backing gas serves to slow
[he vapor before it rarefies and provides it third
body [o stabilize collision complexes between
vupor atoms to produce small cluster species, The
‘omxttion of these small clusters is indicative of
the onset of condensation, a process which, under
[he proper conditicms, eventually forms macro-
scopic particulate in the plume, We use laser-
induced fluorescence (LIF) [O probe both atomic
~wppe!and the copper dimer molecule, CU2,
\’elocities of atomic Cu have been obtained by it
[ime-of-flight method under varying conditions of
Ixlcking gas pressure, At low pressure (10 mtorr),
[he ulo?nic Cu velocity peaks atapproximately 2 x
10’crnls, Excitation scans of the CU2 A - X (0,0)
;Ind (1,1) bands yield both a rotational tempera-
[urc wtd a vibmticmal temperature. Direct laser
bc~m itbsorption is used to determine the number
density of atomic copper. Rayleigh stuttering
from pm.iculute is easily observable under condi-
tions f~vorable to pmticulate production. The Cul
1.11;und Rtijleigh-scattered signals disappear
tm[untnneously in the absence of the ablution
!;lwr pulse indicating that the pmiculute is
t“{mncd during a single laser shot.

L:lser nblwion is o remarkably general rne[hod
for producing refmctory rnuterials in the gas
ph;ise, Laser ablation sources are used In spectro-
s(wpic stu{:ics of gas-phase metal clusters,’ Com-
mcrcull applicittions of laser ablation include [he
production of Ihin films of ma[erials such as

superconductors arid fine metallic powd:rs.~’ In
the case of thin film production, it is desirable ro
avoid gas-phase condensation of the plume
species which would produce inhomogeneities ill
the film, while condensation is necessary for thu
production of fine metallic powders, In both
cases, knowledge of the conditions under whit h
condensation takes place in the plume is of par;l-
mount importance for understanding the Condc[l.
smion phenomenon and optimization of the
process.

To date much of the present knowledge re-
garding condensation in laser-ablated plasmas is
the result of work performed by Smalley and co-
workers who developed a laser ablation source for
the production and spectroscopic chu.mcteri zatiml
of small metal cluster:, Mn (Mn, n typicitlly less
than 200),’ In this source, a laser beam is fouus~’d
on to a metal rod that is rotating inside iI hokkr.
The holder is attached to the end of a pulsed
molecular beam valve. As the ablalion ktser is
fired, the valve is opened allowing a high-density
buffer gas puke to emrain atomic material from
the rod, The buffer gas and atomic species trtivcl
down a namow channel (typically I-3 mm in
diameter), The buffer gas cools the ablmxi nxlle-
rial and providesa third body to stabilize collisitm
complexes between atomic and small moleculw
species to foster growth of the cluster species.
The clusters expand into a vacuum at the end UI
the channel, which brings growth to nn ubmpt
halt, and the resulting distribution of clusters II~;I}
be umdyzed by mass or optical spectrometric
techniques, The distribution of clusters is ~olIIld

to be remarkably sensitive to both the pressure ~Jt’
Ihe buffer gas pulseand the lengthc)fthe ch;mncl
Higher backing pressures and longer~hilttll~ls
fosrer the growth of larger clusters.’

Unfortunately, condensation in the Sm:Illcy
source occurs inside the channel in u region [hill 1.

not cnsily accessed for diagnostic purposes
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making the study of such processes all but
impossible. Variations of this source have been
developed, but all share the same drawback.’
Froben et al. claim to have developed a cluster
source that has no channel.b That is, the pulse
(rorn the supersonic valve expand% freely to
entrain the metal vapor. They offer an emission
spectrum in the region of the CU2 A-X transition
M proof that the source produces clusters.
However, we can assign every feature in their
spectrum to Cu*. This cetiainly casts doubt on
[heir conclusion.

Lyman has used laser ablation of various
wget materials directly into a static background
g~s 10 produce macroscopic pmticulme.3 Partic u-
l~[e is generally formed only with backing gas
pressures above 1-5 tom. This is because at lower
pressures, the atomic velocity is so high [hat the
plume rarefies before a substantial number of
collisions between plume species can occur. The
background gas seines to slow and contain the
~roms in a small enough volume that collisions
between target material atoms can occur. In
;Iddi[ion, the background gas provides a third
body to stubilize collision complexesbetween
;ltoms of the target material, This is necessary for
small collision complexes, which do not have
enough internal degrees of freedom to dissipate
[he binding energy of the new atom. The geome-
[ry of this source is such that diagnostics are
r;lsily implemented. However, no in siru diagnos-
[ius here performed in the previous studies to
dc[ermine if ~he particulate is formed during a
single shot or grows over a period of many “-un-
drcds of shots. We have adopted this cxpenmen-
[Jl geomet~ and instituted in siru laser-based di-
;Ignostics to answer this question and to determine
IIW [hetmwdyrmmicconditionsunderwhich single
shotparticle production may occur.

The experimental configuration is displayed in
I;ig. 1. Briefly, iI 308-nm excimcr Ias:r beam
[ 300” tNJ, 1S ns) is focused by a 25-cm-focal

Icng[h lens onto tI rotating copper target at nonmd
incidence, The basepressure of the test chamber
IS 10 mt~n and the pressurecan be increasedfrom
this wtlue m upproximamly 800 Iorr with He
l’llffcr gus, During each experiment, u slow flow
l’: helium is mtiinttiined to minimize the build-up

of background atomic Cu and particulate. The
spot size at the target is approximately 0.1 cm x
0.2 cm. Copper is chosen as the target materi;ll
for these studies because the spectroscopy of
atomic Cu. Cul, and Cul is relatively well under-
stood. At a variable time delay after the abla[ion
laser pulse, an excimer pumped dye laser is tired.
For Cu atom detection, the fundamenm.1beam at
-650 nm is frquency doubled iri a KDP crystal m
produce radiation in the vicinity of 325 nm. This
beam passes through the apparatus parallel to the
copper target and perpendicular to the ablation
laser beam. Fluorescence is collected along the
third axis, which Mperpendicular to both the
ablation laser and the probe laser by a single ti,5-
cm focal length, 5-cm-diameter lens and focused
on to Ihe entrance slit of a 0.22-m monochroma-
tor. The slits of the monoehromator are typictilly
0.1 mm wide and the height is approximately
2 mm giving a spectral resolution of0,37 nm.
The distance horn the target to ;he probe laser
beam and dctectioi~ system is variable so that the
plume species can be probed m a function of
distance from the target as well as delay time.
This allows us to determine time-of-flight protilci
and velocities for all species that can be detected
by LIF,

For absolute calibration of the LIF signuls,
direct absorption experiments arc pcrlormed, III

these experiments, the probe laser beam exi[ing
the chamber impinges on a fluorescent card. Tlw
intensity of this fluorescence is monitored by a
photomultiplier cquipptd with it ncumd densi:y
filter. An absorptionexperiment then consisls UI”
scanning the dye laser frequency over a Cu
atomic transition and obsctving the decrease in
transmittedlaserintensity. With knowledgeO(
the dominantbroadeningmechanismand the
degree of laser satumtion, one can calculate :m
effective cross section and therefore u Cu numlwr
density,

The CU2 mckule has also been detected hy
LIFviu the A - X (0,0) mtmith. TO our kn~)~l-
edge, this is the first observation of CU2 produL.cd
in our expcrimentnl configuration. It h;is been
produced previously in the Smtdley source’ ml III

sputtering sources.’ The bandhettd of [his mmsi -
fion oc(.~~ at -490,27 nm, WC typicully dctc~’t

fluorescence on the ((1,I ) band at 49fL7 INN K)
uvoid contamination of the fluoresccnuc signiil II}



Rayleigh scattering from the particulate. This
electronic system has been studied by a number of
groups, but most recently by Page et al.’ The
spwx.roscopic constants have been determined
:Iccurately so that spectral simulations of the (0,0)
band can be computed at various temperatures
and compared to experimental spectra to deter-
mine rotational and vibrational temperatures.
Time-of-flight profiles can be obtained for Cuz in
the same manner as describedabovefor Cu.

In addition, we obsmwe a strong Rayleigh
sc~[tered signal from the particulate at 90” to the
probe betim using the monochromator/phototube
M [he de[ector. This signal comprises an un-
wanted interference when attempting to detect
resonance fluorescence, but it is extremely useful
(or determining where particulate is formed in the
plum. Typically, we use LIF detection schemes,
N hich observe fluorescence transitions to levels
mher than the ground sue to avoid this problem.
Con[uminution of the Rayleigh scattered signal by
LIF is avoided by performing the scattering
experimems off of atomic or molecular reso-
nances.

Cu Atom LIF and Absorption Diagnostics

1.Cu Atom Lttser=Induced Fluorescence

Figure 2 displaystinexcitation scanof the
‘P, c ‘S Irunsi[ions in copper atom as well as an
ubridged Cu en~rgy level diagram as an inset, We
cxci[e from the ground state to the two spin-orbit
lm’els of the ‘P state tit the energies (wavelengths),

30535,302 cm 1(324.754 nm) and 30783.686 cm’
~327.396 rim), respectively. For this scan, fluo-
rescence is de!ected at 578,4 nm to the 2D level,
“1’hc l’:wt [hat we observe both 2P,components in
[he cxci[u[ion scan, even though fluorescence is
dctcu[cd from only the lower energy ‘Pl compo-
ncll[, is indicative [hat energy mmsfer occurs in
[hc ‘P, nwnifold cm a time scale competitive with
[he Fluorescence lifetime (- I f) ns) under these
experimental conditions (5-ten He background
g:ls), This is not pmticuliwly surprising since the
wp:rl[ion between the 2P, components is only
-2(M) UII1‘.

Figure 3 shows a dispersed fluorescence scan
obtained by exciting the 2P, spin-orbit level of Cu
atom at 324.754 nm. Fluorescence bands aie ob-
semed at 324.8, 327.4, 510.7, 570.2, and
578.4 nm. If energy transfer between the spin-
orbit levels of the ‘P, did not occur, one would
expect fluorescence at 324.8, 510.?, and 570.2 nm
only. Strong resonance fluorescence is observed:
however, to avoid possible contamination of [he
LIF signal by Rayleigh scattering from particu-
late, we typically observe fluorescence [o [he ‘D
spin ‘~rbit levels. It should be noted thar the ‘P
and *Dlevels are the Iasing levels of the copper
vapor laser. In fact, under some circumsmrwes,
we observe stimulated emission (bi-directiontil
]asing action) on the 510.7-nm transition, which ix
easily visible by eye.

11. Cu Number Density from Absorption
Measurements

In order to quantify the number density of Cu
under various backing pressure conditions, we
have performed direct laser beam absorption
experiments, Equation ( I ) gives a general expres-
sion for the transmitted intensity in an absorption
experiment where i denotes the lower energy Ie\u I
and k the excited level; a (v) is the frequency

tdependent absorption coe ficient.s

dl=- ~J %(V) I(v) dv dz
(1)

ati(v) = a.@ - VJ

For situations in which the linewidth of the Itiscr
is less than that of the absorbing transition, l(v)
may not be taken out of the integral, In our ex-
periment, the width of the absorption lines are

‘1 while the bandwidth of the fre -typically 1 cm ,
quency-doubled probe laser is 0.1-0.2 cm 1.
Therefore, I(v) may not be taken out of the in[e-
gral without approximation.

The major difficulty in evaluating Eq. (I)
from experimental dmta is in the determination t)l’
the appropriate Iineshape function, g(v - VO). F~w
situations in which only saturation broadening
cccurs, the expected Iineshnpe is Lorentzitin,



while for Doppler broadening the expected line-
shape is Gaussian .: However, both broadening
mechanisms are operational in our experimental
data as shown below.

The saturation parameter is defined as the ratio
of [he induced transition rate to the spontaneous
transition rate:

S = B2iI/(A21+ Qzl) . (2)

[n Eq. (2), B is the Einstein coefficient for stimu-
lfitedemission, I is the laser intensity, A is the
Einstein coefficient for spontaneous emission, and
Q is the quenching rate for the excited state. Un-
fortunately, Q is not known for Cu atom in the 2P
wt[e, but it should be small, at least at pressures
below 5 torr. We assume here that it is zero. For
our typical laser conditions (10 p.1in a 0.01 -cm2
spot, 15-ns pulse; O. l-cm”’bandwidth), one calcu-
l~tes a saturation parameter of 11,500, That is, the
kiser strongly saturates the transition. For a line-
shape dominated by saturation broadening, the
Iinewidth is given by Eq, (3) where AVn k the
notural Iinewidth for the transition, 7,3 x 104
cm ‘,’

Av, =Avn[d(l+ S)] . (3)

\4ith S equal to 11,500, the saturation broadened
Lorentzian iinewidth in our experiment is calcu-
Iiited to be 0,08 cm’, This is narrower than the
l~iserbandwidth, and indicates that saturtition
broadening is not the dominant line broademng
mechanism.

Saturation is not the dominant line-broadening
mechanism, which is confirmed hy fitting line-
shupc functimrs to the experimental data, as
d~o’l~nfor a typical case in Fig. 4. The spectrum
wtis obttiined with 5 torr of hc!ium backing gas at
:1distance of 2,5 cm fkom the target, In the upper
p:lnei of Fig, L+,a Gaussian Iineshape is fitted to
[he experimental data, while the bottom panel
shows a Lorentzittn fit to the same data. The
Ilncshupc is clearly G:iussian and has a half-width
o{ 1,43 cm ‘. T?Mfil~t that the lineshitpe is Gauss-
i~n indicates that saturation broadening, while
present. is much less important than Doppler
bmtdening. In addition to produce a Iinewidth of
1,43 cm ‘ from pure stiturtition broadening would

require a laser energy of approximately 1.5 mJ/
pulse, which is more than our laser system can
prcduce at this wavelength. Therefore, it is cleu
that Doppler broadening dominates the measured
Iinewidth.

The absorption coefficient for a saturated,
Doppler broadened mmsition is given in terms ot’
a constant times a lineshape function called a
Voigt profile.$ In general, the Voigt profile can
not be integrated to give a closed form expression.
However, for the limit in which Doppler broaden-
ing dominates, the integral can be evaluated
exactly and the saturated, inhomogeneously
broadened absorption coefficient becomes:

@v) =(u@o)/[ml) ex~.[(v - VO)/AVD]2) . (-1)

where Av#O.6 is the Doppler width of the tmnsi -
tion. Two realities are evident, First, according [u
Eq. (4), in the limit of strong Doppler broadening
and weak saturation broadening, the Iineshape
should be Gaussian,s This is the case in all of our
data, Second, the absorption coefficient at line
center is decreased in the saturation regime by J
value of 1/4(1+ S), In terms of cross section,
Eq. (4) becomes:

If the excited state population is small tit rime
zero, then Eq. (5) becomes:

Inserting Eq, (6) into Eq. (1) for ak(v) atld inte-
grating over z, one obtains:

Sirice the laser Iinewidth, Av,, is about a factor of
ten less than the Gaussian Iinewidth, a reasonublc
approximation is to assume that the laser is a dcltit
function in frquency space, l(v) = I 5(V - v(,),:ind
evaluate the integral at Vo. One is left with the
following:

dILI= -N,uo(vo)ti[~(l+ S)] . (Y1

We itrtiilyzc the data by fitting each spectrum u) J
Guussiun Iineshape function M shown irl Fig. 4
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The parameters fitted are peak position and half-
wid[h in wavcnumbers, the 100% transmittance
baseline, and the per cent absorption. At line
center, the number density is given by Eq. (8).
Integrating Eq. (8), one obtains the operative
number density equation.

N,= - (In (l/’Io)[d( 1+ S)] }/erO(vJz . (9)

The cross section is given in terms of the Einstein
A coefficient by the following:

a = 1.5 x 100(2 p2 e2/mc) (g~/g,) L2 A . (10)

The cross section for the 2P3n< 2S ~ transition at
3?5.754 nm is 5,93 x 1016 cm2. ;rom this value,
u calculated saturation pamneter, the experimen-
KIl per cent transmission, and a path length esti-
mated from the size of the visible plume, a num-
ber density can be calculated. \Ve must assume
for the present that the Cu atoms are uniformly
distributed over the path length. This can be con-
firmed by planar her-induced fluorescence
measurements that will commence in the near
future. Typical values for Cu number densities at
5 tom are 2-4 x 1016cm”, For comparison, we
remove approximately 3 x 101’ Cu atoms per
luser shot. This indicates that the atoms removed
must be present in a volume considerably smaller
than the visible extent of the plume at 5 ton,
which is approximately 8 cm’. This is certainly
possible as shown below by the Cu atom time-of-
tlight data,

[Il. (JJ Atocnic Velocity by Timed Flight

Figure 5 shows a series of cumes whose
;Implitude is proportional to the number density
of (3,I utom at different distances from the target,
M J func[ion of delay time between the ablation
l~scr pulse and the LIF probe laser pulse, The
cumes pictured in Fig. 5 were obtained under
v~cuum conditions (-IO mtorr), Dividing the

distance travelled between two curves by the
delay time difference gives a veloeity, i%e
veloci~ies measured from Fig, 5 are approxi-
mtitely 2 x IW cm/s.

In Fig. 5, the Cu atom density peaks at short
delay times O! 2-5 l.As,but the signal persists at a
Itvel perh~ps 20% of [he peak value for limes in
CW.CSSof 50 ps, The data indicate that thr

majority of the Cu atoms are present in a sphenc;ll
shell that is expanding quickly outward. This is
the prediction of blast wave theory M developed
by Zel’ dovich and Rayzer.”

The siruation with 5 torr of He backing gas is
noticeably different. Time-of-flight curves for
this condition arc shown in Fig. 6. It is apparent
that the backing gas ~lows and broadens the time -
of-flight disrnbution considerably when compared
to the low-pressure data. The average velocity of
the Cu atoms 0.5 cm from the target surface is
4.4 x l@ctis and decreases to 1.8 x 103cm/s
3.2 cm from the target. This trend continues
when the pressure is increased to 50 torr. The
velocity decreases to approximately 2 x 10Jan/s
only 0.7 cm from the target.

Cul LIF Detection and Temperature
Measurement

Figure 7 is a fluorescence excitation scan of
the CU2A-X (b,~) band taken with 50 torr of
background He gas. The probe laser-target dis-
tance was 0.6 cm in this case. The signid instan-
taneously disappears in the absence of the abla-
tion laser pulse indicating that the CUJ is formed
on a single shot within the plume. The A-X
system of Cuzhas been thoroughly studied previ-
ously by a number of groups, but most recently by
Page, Gudcman, and Mitchell.’ Rotational con-
stants have been determined for both states tind.
therefore, rotational tempe,aturcs can be obtuined
by simulating the rovibronic band comuurs, Such
a simulation of the Cul A-X band (0,0) bund w
3(K) K is given in Fig. 8. The simulation does noi
include featurcr due to the (1, I ) band, which we
seen in the experimental spectrum of Fig, 7. l-he
simulation doesnot adequately reflect the experi-
mental spectrum, primarily because the bwuihcw!
is not intense enouEh relative to the roti~tbntil
structure in the 491,0- to 492.O-nm region, BJscd
on simulations at higher temperatures, we believe
thtit this is M experimental anifact due to some
combination of de[ection electronics saturation
and con-uniform monochromator spectral re-
sponse. Both problems arc being remedied.
However,it is apparentthat the ~emperaturc in the
experimental scan is relatively low, being in the
neighborhood of 300 K.
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In principle, the ratio of the (0,0) and (1,1)
bandhead intensities can be used to calculate a
vibrational temperature assuming a 1301tzmann
distribution in the ground-state Cu vibrational
dismbution. This tempemture is ako approxi-
mately 300 K based on the spectrum of Fig. 7;
however, it is subject to the same experimental
biases as discussed for the rotational temperature
above. The fact that these temperatures are quite
low seems somewhat surprising; however, at
room temperature the collision frequency for
50 torr of He is 3 x Id S1, and it is most likely
somewhat higher in our experiment. After a C%
molecule is formed, it undergoes a collision
approximately cvety 33 ns; after several such
collisions it will be therms.lized. Therefore, it is
not surprising that we obserwe room temperature
Cu: with 50 torT of background gas. In order to
observe the nascent temperature, one must use
lower pressures of backing gm.

Figure 9 shows time-of-flight curves for Cuz
with 50 torr of He backing gas obtained in the
same manner as those for Cu in Figs. 5 and 6.
The relative signal intensities for each posirion me
tipproximiitely comect. Two realities are note-
worthy. First, the Cuz is moving extremely
slowly under these conditions. This is not par-
ticularly surprising considering the collision fre-
quency, Second, although there appears [o he a
higher number density of Cuz at z = 2.5 cm from
the relative signal strengths, one must also con-
sider the effect of temperature on the signal. The
Imer excited the bandhead in each of the three
curves of Fig. 9. The bitndhead in the CU2 A-X
systcm occurs in the R-branch at relatively low J
(J = 16). At low tempemturc, most of the inten-
sity accumulates in the bandhead, while at high
temperature the bandhead is diminished in inten-
sity, Therefore, in order COmake a direct com-
puison of relativeCul numb density, one must
know the temperature as well as the signal
s[rength on the bitndhcad,

Rayleigh Scattering from the Particulate

[n addition, wc have observed Rayleigh scat-
ienng from the condensatefomled in the plasma
plume with 50 tom of helium background gas.

The signal instmmncously disappears in the
;Ibscnl.pof ~hc abkmon laser pulse indicating that

the particulate is formed on a single shot within
the plasma plume. The Rayleigh-scattered signal
was obsemed to be a factor of 2-3 stronger than
the Cuz LIF signal when resonance fluorescence lx
detected. The strength of the Rayleigh signal is
somewhat surprising considering the small size
(S150 rim)’” of the particles relative to the 490,3 -
nm pump wavelength. This signal can be used to
measure the location and velocity of the particles.

We have developed diagnostics for Cu nu,n-
ber density and velocity as well as for Cuz detec-
tion, velocity, and temperature in laser-ablated
copper plasmas. These diagnostics allow us to
measure very high Cu velocities (2 x 1(P cm/s) in
the absence of any added backing gas as well M
the effect on velocity of a backing gas. Copper
atom densities are m high as 2-4 x 10’6 cm-’ witil
5 torr of He background gas assuming a uniform
disrnbution of Cu atoms across the plume. Vibr~-
tional and rotational temperatures for Cuz with
50 tom of He backing gas are approximately
300 K, 0.6 cm from the target surface, but further
development of the temperature diagnostic is nec-
essary to refine the measurement. The tempera-
ture is necessary to place the CU2 LfF signal
(number density) on a relative scale because of

the effect of temperature on the intensity of the
bandhead. Rayleigh scattering from the particu-
late is quite strong at 50 torr, and this signal can
be used to measure the location and velocity of
~hc particles. The LIT- signal from CU2 and the
Rayleigh-scattered signal from the particles in-
stantaneously disappears in the absence of the ub-
Iation laser pulse indicating that the panicles are
fomwd on a single laser shot. Future expenmen~s
will obtain twodimensionaJ imagesof Cu atoms,
Cul, and particulatein an attempt to corrclwe the
disappearance of Cu atom with the appearam.e ot
(3J2and ultimately particulate. in addition. we
intend to seamh for CU3 via LIF diagnostics.
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FIN. 1. Schematic diagram of Larer-induced Fluorescence Apparatus, Inset shows detuils of the ltblLUII~n.
plume and the-probe-laser beam,
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327.396 nm
2s J = 0.s

.
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324.5 325.0 325.5 326.0 326.5 327,0 327.5

Wavelength (rim)

L.user-inducedfluorescence scan of the Cu atom 2P+ 2S transitwns. Fluorescence is detected at
578,4 rtrn, The probe laer u located 2S cm ftorn the suflace and the backing gas pressure is 5 torr
He. The delay between the lasers is 500 W.
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Dispersed fluorescence scan of Cu atom excitin~ at 324.75 nm. The fact that we obseme fluore.ycencc
(u 327.4 run and 578,4 nm indic6tes that energy wansfer occurs quickly in the ‘Pj manifold. The .spm -
trum ww obtained under the same conditions as the excitutiort spectrum of Fig. 2.
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F:: 4 Top ptvtel: Gatusian fit 10 experimental absorption spectrum. The spectrum was obtained uniicr dw
s~me conditions as the LIF spectrum of Fig. 2. The half-width of the fit is 1,43 cm”’.
Bottom panel: Lventzian fitto the same experimental absorption spectrum. Clearly the Gau.ssiun ji[
I.Vbetter indicating that Doppler broadening is the dominant broader,ing mechanism.
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F,: 5 (“,I LIF time.i~:jlight curves obtained with 10 mtorr of He backing gas. The ctrves can he used 10
m~’usure Cu vdoci~ thut is -2 x I(P C.BMISunder lhese conditwns.
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Fig 6. Cu atom time-o fjlight curves with S torr He backing gas. The He slows and broadens the time-of
flight curves when compared with those tden at low pressure (Fig. 5).
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UF excitation sc~n of the Cu A-X (0,0) band. Fluorescence is detected on the (0,1) band at 4967 nm
A“The rmatlonal structure can e slmuiuted to obtain a te~erature ~suming a thermal dis[rlbu[ion Ir)

the ground state. A ubrutiortal temperature is obtuined from the rutio of the (0,0 j :~wl (1, 1j b{JnJhcl/,l\
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Computer stmdon”ol; of the CU2 A-X (0,0) band at 300 K. The (1,1) band is not included in the simul(l -
[[on
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