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RELAXATION OF NEODYMIUM IN A WEAKLY IONIZED EXPANDINdfPLASMA* .
Hao-Lin Chen, Ray Bedford, C. Borzileri, W. Brunner and M. Hayes

University of California
. Lawrence Livermore Laboratory
: P.0. Box 808
Livermore, California 94550 -

ABSTRACT
The laser resonance absorption technique has been used to determ 7e the
relaxat1on rate of electronically excited neodymium vapor during its e pansion
into vacuum. Sign1f1can\ increases of popu]at1on into ground and 1128 o -1 levels
vere found. Analysis shows that 1nteraction between excited metastable atoms
and e]eétrons are much more important for reiaxation than atom-atom collisions.

The final population of neodymium appears to be frozen at a temperature lower

than the surface temperature of melt.
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t " of the expand1ng gas.

I. INTRODUCTION'. ~ o

lt 18 'known: that rapid expanswon of gas may result in nonequil1br1um
between the trans?at10na1. rotat1ona1,~and v1brat1ona1 degreds of freedom
1 During the expans1on, a port1on of energy might be

removed’from the trans1ationa1 rodes by conversion to directed kinetic

' ehergy; For molecules with low lyfhg vibrational and/or rotational energy

levels, hhere'rates for V>Tand R~ T energy transfer are in genera] fast

equ111brat10n aniong v1brat10na1. rotational and translat10na1 degrees of

»

= freedom might be ach1eved in only a few or few tens of collisions. Con-

*

s1derable coollng of both the v1brat1ona1 and the rotational temeprature of
the molecule durmng expans1on can be found »

' Lwttle is known about the relaxation of the electronic temperature dur1ng
gas expanswon . For atoms with high lying e]ectron1c energy levels, couplvng
of e1ectronic and'translationa1 energtes is rather slow, The electronic
temperature of atoms normally freezes early in the expansion. Hewever; relax-
at1on in a weak1y 1on1zed exp\ndwng plasma is a more comp1ex problem. Since
the exchange of e1ectron1c energy of atoms with kinetic energy of electrons
can prccced rather rapidly, cool1ng of the electronic temperature mIght still
be posswble.

We report here some relaxation experiments on neodymium atomic vapor
usingla laser resonance. aBsorption technique It was found that the electronic

temperature decrease rapidly ‘during expanswon Simple analyses indicate

I
¢ that re]axatIOn of 1ow 1y1ng metastable states of neodymium, probab1y results

| maln]y from atom-e1eetron coilerons wh1le atom-atom co111swons are much
. 1ess‘imﬁortant,f This infermation should be important to the dete]opment of

“efficfent“v%sihje or UV laser systems with.high‘pressure metal vapors.3



I1. EXPERIMENTAL

The experimental system use& in this work consi§ts@offthree major
components: atomic sourcé generator, surface temperature and vaporization rate
monitofs, and CW laser-absorption apparatus. An overall schematic diagram
of the system is given in Figure 1.

The atomic vapof is produced by surface evaporation of metallic neodymium
by impact with high enérgy electrons. The electron beam is generated from a
thefmionic spot gun. E1ec£ron energy, current, and spot size of heating are
continuously adjustable. A typica] spot size is about 8 mm diameter. The
electron beam strikes the sample surface at an anyle of 2f°from vertical.
The debris produced by the primary beam consists of a swarm of electrons
and fons together with excited and ground state atoms. -The typical degree

“of ionization is about 10°°

Transicent evéporation rates were wonitored using a pair of quartz
_crysta] deposition rate thin film monitors (VFM) located ~ 27 cm from the
source af 0° and: 14.5° from vertical. A metal collector was used to collect
vapor emitted from the source. Averaged total evaporation rates wéfe deterF
mined by measuring the target weight loss and weight géin of the collector,
before and after the evaporation experiment. MWe found transient andiéveraﬁe
deposition rates measured by the two monitors were in good agreeé;nt with

total -vaporization rates assuming a cosine distribution.



Temperature measurements were made by swght1ng w1th an automatwc

_ opt1ca1 pyrometer 1ocated direct]y above the source. The pyrometer was ca11-
» brated to the IPT‘s 1968 temperature sca1e by compar1son with NBS reference 5
.‘. lamp N1ndow absorption and, em1sszv1ty correct1on factors were determined

before the experiments
The popu1at1ons of neodymrum atoms at the ground (4f 652, J=4) and the

" 128 on” (955), 2367 o) (3=6) and 3682 cn”! (9=7) metastable Tevels ¢ were

- deterhfned byAa laser resonance absprption technique. Figure 1 includes a
- schematic diagram of the optical setup. A-Spectre Physics tunable dye laser
is used for both line-width and percentage absorptiom measurements. The laser
. has & frequency bandwidth of about 30 MHz and an output power of 40 mW. The
';.faser-radiation;is sp1it intq~two beams. One is fed to a spectrum ana)yzer to
'nonitor the laser handwidth. The other beam is split egain, 50% to a reference
phdtediode and 50% thrOUgh the vapor chamber onto another photodiodei Neutral
density ff]tersvwere used'for attenuation of the 1aser beam to avojq saturation
) or‘opticaj pumpinp effects. ‘Signals from both diodes are then fed to a ratio-
~meter and monitored on an oscilloscope and recorded on a chart recorder. During
the evaporation experiment; the Cwﬂdye laser was tuned to sweep across the
5620 ; region for monitoring the ground state; 5676 R for 1128 cm" and 5785 R
for 2367’_cm'-'J and 5827 A for 3682 cu”! levels. Line-widths and' percentage
. Ebsorptions for each transition'were measured at various distances from the
evaporation source. The absolute density of neodym1um at each state was then
ca1cu1ated us1ng pub11shed gA va1ues.5 Total particle dens1ty of nendym1um at

;the absorption position was calculated from the flux and the average velocity.

. . The f]ux_nas‘derived from quartz crystal deposition rate measurement and the

‘calcialted velocity.
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1. ' ) " ANALYSIS

To evaluate the absolute density of neodyqum at ground, 1128 cm 367 cm 1. anc
3682 cm” -1 levels, the relationship between absorptance and medium density
was derived for a model where vapor expands from a sbot source as shown

‘in Figure 2. The general absorption equation can be written as:

*o
J/- Oy (x) N {x) dx ()
-y Lt ‘ .
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‘where the particle densities N(x), N(o) and the position of absorbing par-
ticles (x,yo) are related by

’

2 y 2 '
y
N = Nlo) ¢ e-N(0)° 0
S
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Due to the horizontal velocity component and Doppler shift, the absorption

" Cross sgctions UQL {x) and coordinates of absorbing particles are related by °
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where o is the peak absorption cross section at line center,n is the natural
linewidth and wo = 2uv°. For particles {raveling at'a speed of
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UV we'have
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Thus, the absorption cross section and medium density at position

(x,yo)'can be written as '
! : R 2, 2
ot . y (x"4y_“) .
o - oy (X) = o ~——2—p . (8)
Yot “L ~ 2w, 2 9.
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Combining the above equations with (1), we get the following relations
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The quantity = is about 104. and therefore for any reasonable Xy and Yo

values, we have the final expression for absorption from an expanding spot source:

I(W) z-hlo)u, ¥ '6,Cn )
0 0 [k 0
i - - v Moy, | i (8)
T (W) szQ) w Moy, | "2,
ary

Adopting the relationship o, Ay = o,n and dy =2 % Wy we find:

I(W) '
} » n 'rq('wﬁ) ' e
: No) = ——y—— RO

T Yo 9L
where N(o) is the absorbent density at 6 = 0 ahd“yo. Thus in pr1n¢ip1é’
by mcasuring AvL gnd & _%—T%;T at known distance Yo from ;our;e, the_abf
solute density of neodymium at ground, 1128 cm'l. 2367 em™! and 3682 on™} can
be determined. '
‘The linowidth of atomic absorption due to Doppler broadening in a

beam from an expanding spoi source can also bv derived as follows:

&, €+ V Sin /2
Yol = = )
= V.Si0 0 v Xo
L ) p) = (10)
24y !
[+] /] !
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where Xg is the opt1ca1 pathlength of abcorpt1on and yo 1s the vert1ca]
distance between the source and laser beam.

R One can c1ear1y see that at fixed evapnrat1on conditions and dwstance

o* the. w1dth of measured absogpt1on should vary’l1near1y with x i\/ + yoz.

;fﬁ~ wh11e.the peak “absorption 2n _T_ at 1ine center Yo should remain constant

“for any reasonable xo value. Since the spot size dimension (v,) is not veny

small compared to the 0b°ervat1on dIStance (yo). small) deviations

v

from the theory are expected. ‘ .
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V. RESULTS

Equations (9) ‘and (10) predict that tpe peak absérption depends only on
vapor density at the intersection of the laser probe beam and vapor beam in the
plane nofma] to the laser, and that the 6n1y effect of path length is on the
linewidth. In order to test these predictions, absorption measurements
‘were made for different path lengths at otherwise identicallconditions.

Thé vapor beam from our source is collimated by the hearth so the
path length at a position 3 cm. above the source is 8cm A tungsten
mask was installed aboved the vapor source just under the laser beam to
collimate the vapor stream intersected by the laser to 2 c¢m. During absorp-
tion measurements, the tungten mask was pushed in or out of the vapor stream
and absorption spectra were recorded for both positions. Figure 3 shows a typical
set ~f absorption daca. The top trace shows the signal observed in the absence
of the tungsten mask. The bottom trace shows signal obser d when the mask‘is‘in
place. The top trace s clearly much broader. Due to the presence of the various

isotopes naturally occuring in the neodymium sample: 27% ]42Nd, 12% ]43Nd,

144 19544, 175 "%8nd, 6% 1%8Nd, and 6% '°ONd, the detailed structures of

24% Nd, 8%

isotopes are not resolvable without the mask in place. However, when the tungsten

mask is inserted, the absorption linewidth of each isotope was considerable reduced.

The absorption profile of the even isotopus can be clearly identified. Because

of their complex hyperfine structures, the spectra of odd isotopes are hardly

recognizable. The ratio of total areas under the absorption profiles of

the two.experimental conditions was found to be about 3, in agreement with theory.
For the determination of the absolute population of neodymium in its

various electronic levels, one requires the absolute absorption cross

TG el



section of the probed travs:tion accurately, and the total particle density.

-'Uncerta1nt1es in branch1ng rpt1os and radiative lifetimes of ‘reported

trans1t1ons introduce a large uncerta1nty in the des1red absolute populations.

" 'The total particle denswty/of neodym1um at the absorption position was determined

from both evaporat1on rate and surface temperature data. As shown in Figure 2, "the
thin film monitor (TFM) 1ocated at yT,Mmand"O 14.5° records the total

particle flux (ground statea gxc1ted states and ions) from a source for the

solid angle subtened by the‘detector. The relationship between TEM data

and particle density at Yoo 0= 0° ¢an be written as

_ oy TFM Rate 1 YTEM ‘
Nt (.Yo, .0 "»0) -v’,:-t-é—s——-é._- X -V-X (-— ..... __) (]])

where V is the stream "velocity of cvaporant at YTEM and Yor The stream

velocity can be calculated from
o

2KT 2
Ystrean = W (Wt W5 (12)

where v/is the heat cépacity ratio of neodymium gas.

‘Thé‘re]ationShipybetween the Mach numbers at two distances from the source
6

' \ 2/3
M (—9 (%)
Mrew o \ Yt/ ‘

[

is téken to be
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and M = 2(y°/ro)2/3, where Yq is the distance from the source and r, is

the source radius. Thus by measuring the surface tenperature To’ the stream
velocity at y, can be determined. The total particle density Nt(y°.0°) is
then calculated from Eq. {11). Figure 4 shows the ratio of Ng/Nt employing
Corliss's gA value55 for 5620.54 E. Using the published gA values for
5675.97 A , 5784.96 A and 5826.74 A transitions, Njqp/Ny» Noago/Ny and
N3ggo/ Ny ratios were also determined.

The experimental data indicate significant increases in relative
population during expansion for ground and 1128 cm'.I levels. There is very
little change in population after (y/ro) > 6. The final population of
neodymium appears to be frozen at about 1600°K which is lower than the
surface temperature of the melt. Due to uncertainties of absorption cross
sections, the absolute populations shown in Figufe 4 are only accurate to
about + 35%. Since the changes of relative populations is npt affected by
the absolute magnitude of absorption cross sections, our data clearly demcn-
strate that relaxation of electronically excited Nd atoms in a weakly

ionized plasma broceeds very rapidly.

- 11 -



V.. DISCUSSION AND CONCLUSION

As atoms evaporase from the lzquwd surface. they can be electronically
excrted by 1ne1ast1c CO]]ISIORS by the hrgh energy impinging electrons.
expanding secondany electrons, and ions. Radiative 11fet1mes of most '

excited electronic states are very short’ 5. but 51nce the branching ratios for

‘"cascadrng to the ground state are smail, high populations in metastable

excited states can build wp "after excitation. The relaxation of these metasiable
axcited states during expansion can proceed by two diffevent processes:

a) relaxation by collisions with other neodymium atoms. or b) relaxation

" by collwsions with the co-expanding electrons.

The relaxation of the excited state neodymium atoms by atom-atom collisions

from an expanding spot source can be described by

Nd" . "o Vo, ¥
—d,—n(%L) exp. { ~ogp Nalrg) 221 1% 13 (14)

where_r is. the heat capacity ratio of neodymium gas and‘oE_T is the energy
transfer cross section which is a function of kinetic temperature of the gas.

For simplicity we have assumed 1t is roughly a constant. Figure 5 shows a plot
of Ndm(y)/Ndm(r ) vs vy ) fbr an initial vapor dens1ty at surface of 10'° atom/cm3
and two distinct energy transfer cross sections, Cross sections for relaxation

processes with AE 1128 on™! and 3682;:1:)"l were estimated from collective data’

A on atkali atoms. The spot radius, o and v values were assumed to be 0.4 cm

and 1.67 respectwvely. During the gas expansion, very littlé-depopulation of

B 3682 cm - level due to E-T energy transfer is expected. However, collisional

. .12 -



relaxation of 1128 cm'] toﬂgrounq state or ehergy transfer between adjacent
highly lying metastable states might stiil be possible.

As shown in_Figure 5, heavy particle collisional relaxation ceases
quite éar1yvat about y = (2 or 3) r, for an §nitia1 vapor density
" of 1015 atom/cms. Thus further relaration cén on'ty be achieved by other
mechanisms, such as collision with-expandingbelectrons if their kinétfc _
temperature is lower than théielecironic temperature of the metastables. The two
temperatures will essentially be de-coupled as the electrvn and neutral densities
drop during expansidn;

Since there are about 103 times more metastables than electrons in the

vapor, cooling of the mgfaséable-e]gcton bath due to electron-electron
collisions is probably slow. Furthermore the cross sections for supere1astié

collisions

N + e J8TX Ng 4 ex . (15)

is too small for efficient relaxation of metastables at low electron densities.

One possible relaxation process of Nd metastables can be described as

follows:

n Oe-E i

NO™ + e% =25 Nd*x+ e (16)
'—-.——>Nd+h\) .

where collisions be}ween metastable Nd atom and electron excite the Nd

atom into some nearby excited states of different parity. Since radiation fron

these states are optically allowed, relaxation of metastables by

radiation can be accomplished.

- 13-



e

Assuming'thétVelectrons retéin éoﬁstant kinetfcfenergyfas they expand into

“vﬁ{vacuum, the relaxat1on rate for Nd" induéédfby eTectron metastable colliisions can be
_4calcu1ated by ‘ v
m,:- ) N . ) . .
N‘L\-‘LL = exp (oo, @ Ndlry) 2% vy 11 - () (17)

where a is the ratiq of Nd*/Nd which we' have estimated to be about 1073,
Veo_is the thermal velocity of electrons which is a function of average
electronntempérature. Vd is the directional velocity during expansion and

. -E is the exﬁitation cross section of Nd due to electron impacts. For
szmplwcwty we have assumed it is roughly 107 -18 ma. Similar values were found
“for ~other atomic trans1t1ons‘8 Figure 5 shows also a plot of Ndm(y)/Ndm( ) vs
(y/Tb) for initial vapor denSjty yf 1015 atom/cm at an electron temperature
of 1 eV, Note the col]isidﬁ{ with low energy electrons in the expanding
p1a§ma night provide an effective channel for re]axation of.neodymium
metastables that result from electron impact excitat%on near the!source.

The fact that.increases of population in both ground and 1128‘¢m']

-1 and 3682 cm']

levels were observed while 1ittle changes in either 2367 cm
wekenfohnd (see Fig. 4) clearly indicates that relaxation of higher
metastables (0.5 eV), such as 4f45d65 levels are involved. Since very little

1 and. 3682 cn”! were found, the feeding

change in §he populations of 2367 cm
of these levels from higher levels must be as fast as its removing rates.
Ifxig'clearly éﬁident from our analysis that relaxation of high lying metastables
(>0.5 eV) by coliisions with other neddymium atons ihrough the E-T process
f(eeze; out quite early in’eXpaqsion. E-T processes are partially responsibie

. n:for the fee&ing of adjacent leyglg from‘nearby metéétab1e étates.. Feeding of

" 128 en

and"ground levels is host 1ikely contributed from re]axationé of high
inng levels by ¢o1li§jon§ with low energy electrons followed by (adiations.

1
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In conclusion, a laser atomic absorption technique has been used to

'detérmine the transient population of neodymium 2toms in vapor during an

evaporation process. Here we have divect evidence that the electronic

temperature of neodymium decreases during expansion,

Theoretical analysis

shows that intevaction between excited metastable atoms and electrons are

much more important for relaxation than heavy atom collisions. The final

population temperature of Nd appears to be frozen at about 1600° K which

is lower than the surface temperature of the melt.
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FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5

FIGURE CAPTIOQNS

Apparatus tor Atomic Absorption Experiment Using CW Dye Laser.

Geonetry Used for Evaluation Of Atomic Absorption In An

+ + Expanding Spot Source.

Traces Of Atomic Absorption Signals Observed During the
Evaporation Expepiment. The CW Dye Laser Was Tuned To Sweep
Across The 5620 A Region For Monitoring Ground State Particle
Gensity. Top Trace Shows The Signal Observed While The Tungsten
Mask Is Qut. Bottom Trace Shows Signal Qbsevved While The
Tungsten Mask Is In Place.

The Plot N o/Ng» Ny1op/Nes Na3gp/Ne and Naggo/N, Observed at
Various y/ro Eur1 Expans1on. The Source ;emperauure Was
1830°K. Dve To The Uncertainties OF gA Values, The Data Do Not
Give Accurate Information On The Absolute Population OF These

States. The Absolute Values Are Accurate Only to About + 35%.

Estimated Extent of Metastable Relaxations Induced a) By
Coll1suons Bﬁtween Metastables and Other Nd Atoms During
qgns1on Nd + Nd >~ Nd + Nd. The Initial Source Density is
aton/cm3 and b) By Collisions Between Metastables And
Low Energy Electrons During Expansion; Nd™ + e*+ Nd* + e
Followad by Nd* = Nd + hu, The Initial Source Density is
1015 atom/cm3 and Degree of Ionjzation is 103,
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