/_\ P I The Journal of /
Chemical Physics | -
Collisional mixing among the z 3 D J and z 3 F J states of Fe atoms in He and Ar
J. S. Goo, K. Lee, S. C. Bae, and J. K. Ku

Citation: The Journal of Chemical Physics 105, 7485 (1996); doi: 10.1063/1.472575
View online: http://dx.doi.org/10.1063/1.472575

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/105/17?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Collisionenergy/electronenergy resolved twodimensional study of Penning ionization of Ar by He metastable
atoms 23 Sand 21 S

J. Chem. Phys. 105, 7536 (1996); 10.1063/1.472579

Destruction cross sections for low energy collisions of H+ 3 and D+ 3 with rare gas atoms
J. Chem. Phys. 104, 6149 (1996); 10.1063/1.471280

Collisional energy spread in hotatom reactions caused by thermal motions of the reagents
AIP Conf. Proc. 216, 301 (1990); 10.1063/1.39925

Satellite of forbidden line Ar (4s3P2-1S0) induced by collisions with helium atoms
AIP Conf. Proc. 216, 287 (1990); 10.1063/1.39919

Noble gas induced collisional line broadening of atomic Li Rydberg states nS and nD (n=4 to 30) measured by
trilevel echoes
AIP Conf. Proc. 146, 439 (1986); 10.1063/1.35714

SUBSCRIBE TO



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=J.+S.+Goo&option1=author
http://scitation.aip.org/search?value1=K.+Lee&option1=author
http://scitation.aip.org/search?value1=S.+C.+Bae&option1=author
http://scitation.aip.org/search?value1=J.+K.+Ku&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.472575
http://scitation.aip.org/content/aip/journal/jcp/105/17?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/105/17/10.1063/1.472579?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/105/17/10.1063/1.472579?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/104/16/10.1063/1.471280?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.39925?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.39919?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.35714?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.35714?ver=pdfcov

Collisional mixing among the  z3D; and z3F, states of Fe atoms in He
and Ar

J. S. Goo, K. Lee, S. C. Bae, and J. K. Ku
Department of Chemistry, Pohang University of Science and Technology, San 31 Hyoja-Dong, Pohang,
Kyungbuk 790-784, Korea

(Received 6 May 1996; accepted 24 July 1996

Collisional mixing among the®D ; andz®F states of Fe[@8%4s(a*D)4p] atoms was investigated

in He and Ar by laser-induced fluorescence method. 4, and zZ°F states of Fe atoms were
generated directly by photodissociation of(E®); followed by single photon absorption within a
laser pulse using an unfocussed laser beam with atomic transition frequencies of Fe. Wiien the
level was excited, the emissions from this level showed a double exponential decay. The fast and
slow components of the decay constants from zfi8; level were 10.%10 1° and 0.3x10™%°

cm® molecule st in He, and 8.&10 1% and 1.6<10 1° cm® molecule * st in Ar, respectively.

When thez*F , level was pumped, the emissions from this level showed a single exponential decay
and the decay constants were the same as those of the slow compongtids oThe emissions

from higher-lying levels were single exponential at low pressures and the decay constants were in
the range of 0.7—-3%10 1° cm® molecule * s7%. It is found that the collisional mixing between the
z°D; andZ®F, levels is very fast in both buffer gases while the mixing among the higher-lying four
levels is relatively slow. The radiative lifetimes of tzéD; and Z°F; levels were 280—370 and
770-1100 ns, respectively, depending &nKinetic simulations of time profiles from the laser
excited and collisional product levels revealed that intermultiplet mixing appeared to be more
efficient than intramultiplet mixing. ©1996 American Institute of Physics.

[S0021-960606)01241-X]

I. INTRODUCTION cies of Fe in the 315-325 nm region at low laser pulse en-
ergies and the emissions fronz’D;—a’F; and

It is well known that the refractive metal atoms in the z3F;—a%F, transitions are easy to observ@) the radia-
gas phase can be generated by multiphoton dissociatiofive lifetimes of these states are expected to be relatively
(MPD) of metal carbonyls or organometallic compounds. long due to the small Einstein A coefficiefiso that they are
However, most of the MPD studies were done using a fogood candidates for studying kinetic behaviors; &iid both
cused laser beam, and various excited states of metal atortise 22D and z°F terms arise from the same electronic con-
were found to be generated simultaneously under these efiguration [3d°4s(a*D)4p] with similar energies but differ-
perimental condition$-® Since the product states are not ent orbital angular momentum. It is found that the collisional
unique when a focused beam is used for MPD of metal carmixing between the®D, and Z°F, levels is very efficient,
bonyls or organometallic compounds, it is difficult to study and kinetic simulations are needed to determine the colli-
kinetic behavior of a state-selected excited state of metadional mixing rate constants and the radiative lifetimes of
atoms with a one-color laser system. these levels. However, the collisional mixing among the

Recently, we have reported that a state-selected excitegther higher-lying four levels are not so fast as the lower two
state of Fe atoms can easily be generated by MPD olevels and the radiative lifetimes of these levels are deter-
Fe&(CO)s using an unfocused weak UV laser pulse whosemined directly from the Stern—Volmer plots obtained from
frequency matches exactly to the corresponding Fe atomignalyzing low pressure time profiles.
transition line’ The efficiency of F& formation depends on
the frequency of the atomic transition and pulse energy OII. EXPERIMENTAL METHODS
the laser. In general, the fluorescence from a state-selected
excited state of Fe atoms is easily observed when the corre- A detailed experimental set up has been reported in
sponding two-photon energies of a specified atomic transielsewheré. Briefly, the MPD/LIF cell was made of al2
tion line are about 3000 cnt in excess compared to the sum Pyrex bulb and two pairs of 1 in. Pyrex O-ring joints were
of the five Fe—CO bond energies. The power dependence afttached to allow laser beam path and to connect to the gas
the fluorescence intensities revealed that the overall proce$sndling vacuum rack. The ports for the fluorescence detec-
for the formation of the Peatoms is a three-photon process. tion were made by attaching 1.5 in. Pyrex tubings to the bulb

In this work, we report the results of kinetic studies onand cutting the arms with a glass saw as close as possible to
the behaviors of the3DJ andz3FJ states of Fe atoms in He the bulb. The sample gd8.5% F&CO); in He or Ar] was
and Ar. These states are chosen for the following reagons; premixed and stored in a storage bulb in the vacuum rack.
they are easily formed by the MPD of @&0)s; using The gas mixture was slowly flowed through the cell and the
a®D;—2z°D, andagD;—Zz°F, atomic transition frequen- flow rate (~0.5 mmol/min was controlled by adjusting the
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openings of the inlet needle valve and exit Teflon valve. 30 e
Then, the unfocused UV laser puls@s5-2.5 mJ/cf) ob- o L8pe g ZF 309 cm™
tained from the frequency doubling of the dye laser output I 7— TN

were passed through the cell. The linewidth of our l&Qar s1em’ K “_x.

antel YG681-TDL 60 with NBP and DGQOwas narrow 364fcm.1
(<0.1 cm'}) enough to excite the single spin—orbit state . foafeadaachooct 150m”
selectively. The fluorescence from the excited Fe atoms was 527.04nm - J 4B % et
detected at 90° from the laser beam direction through a 0.5 m 622.72nm -~ |-~ ===~ @
monochromatofSpex 1870¢ equipped with a holographic 516.75nm “=A 1T 2
grating2400 grooves/mpand a Hammamatsu R928 photo- 3
multiplier(PM) tube. It was possible to monitor the near-
lying fluorescences from treD ; andz®F , levels separately
by employing 200um of the slitwidth. Atomic emission

319.17nm -~
wavelengths from other levels were not so close that,@®0 319.70nm - -
of the slitwidth was good enough to monitor the emissions 320.08nm - -
from the different spin—orbit levels. The signal from the PM
tube was fed into a transient digitiz€Fektronix 7912HB
and transferred to a laboratory computer for signal averaging
and storage. Small portions of the dye laser beam was di-
rected to a fast response photodiode and the signal from the -y
photodiode was used to trigger the digitizer. TheG@); 7]
was purchased from Aldrich, and transferred to a loading {
vessel in a glovebox filled with dry N Then the sample was
further purified by freeze and thaw method on the vacuum

rack before making a mixture. FIG. 1. Schematic energy level diagram for(&%D;, a’F,, z°F;, and
2°D,).

WUey'61S
wugi'/is

~-318.08nm
—--318.49nm
-=- 319.32nm

Ill. RESULTS

A. Kinetics between the z°D, and z°F, levels The decay curves for theD ;— a®F , emission from the
Schematic energy levels of the relevant states in thiz3D3<—a5D4 excitation in He and Ar were analyzed by a
e Youble exponential fitting. The pressure dependence of the
work are Sh‘g‘”” n 5F|g. L V\_/hen _the laser frequency Wasdecay rates of the fast component is plotted in Fig) &nd
tuned to thez°D ;+—a’D, transition line of the Fe atom and that of the slow component is shown in Fig(oB Also

. - . 0 .

ﬂr(/a;te?htof}he cell contalpmg ?hgxturedogé).?/o(ﬁé))g, In shown in Fig. 8b) is the pressure dependence of the decay
lc? h de _IEJor_eS(I:etnces rorpl f3 at?]gD 4 e\/B(Ie:s Werde rates for thez’F,—a’F, emission from thez’F ,—a°D,

ovserved. Typical ime profiies. tor 3@ g an excitation analyzed by a single exponential fitting. It is inter-

3 3 i 5
;E“Hag,g“ er)?'is't?n;’ cttbzseor\_/redrrfrofm f:zg[r)rﬁ;ar D4ranc|i ; esting that the pressure dependence of the decay rates of the
4—a Ly excration at 2.0 1 orr of a He ure are plo Z°F, level is virtually the same as that of the slow compo-

ted in Fig. 2. Although the difference in the fluorescencenent of the laser excited®D, level in both buffer gases.

3 3 3 3 .
v_vavel_engths for ther Ds—a’Fy and z F4—a’F, transi Furthermore, the zero pressure intercepts for the fast and
tions is small, the emissions can be effectively separated b

¥low components are the same within the experimental er-
using 200um slitwidth of the monochromator. The separa- P P

. . rors. All the rate constants and the zero pressure intercepts
tion of the fluorescences from these levels was conﬂrme&;!1re shown in Table |

from the different shapes in the rise times of the time profiles We have attempted to find out the physical meaning of

for the laser excited and product levels. Whenzf; level the experimental rate constants as well as the zero pressure

was populated, the fluorescence from the laser exglted Iev?tjltercepts by fitting this system to the well-known three-level
was strong and clearly showed a double exponential deca inetic schemd? which is described by the following Eq
The emission from the®F , level was weak and appeared to (1): ' ’

be a single exponential decay as shown in Fig).2When

thez°F, level was populated, the fluorescence from the laser Ky

excited level was weak compared to that from zAB 5 level A=7D;= z%F,=B

as shown in Fig. @). The same trend was observed in an Ar K-z

mixture. Since the energy difference between #f; and

2°F, levels is about 15 ciit, collisional mixing between the Kyl 1K3

two levels appears to be very efficient. Also, the strong emis-

sions from thez’D; level when thez’F, level was excited a’F, (1)
suggest that the radiative lifetime of tlzéD3 level is much

shorter than that of the®F, level. Ki=1/mpa+ kA M],

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996
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: 3 4 and in A{O-O) for (a) the fast andb) the slow components when téD 5

7°D, level was excited, antb) those from the*D ;(@-@) andz*F ,(A—A)

level was excited. Also shown iftb) are the pressure dependence of the

4 . - .
levels when the°F , level was laser excited. Only one from five data points single exponential decay constants of #i&, emissions in Al®@—-®) and

are plotted for the decay part of the time profile.

Ko=KA®[M],

K_,=kPM],

Ky=1/rg+ kB[ M],

Ta=radiative lifetime for the z°Dj,

rg=radiative lifetime for the Z°F,,

kQA=quenching rate constant for the'D; by M,
kQB=quenching rate constant for the’F, by M,

kAB=mixing rate constant from the®D,
to the 2°F,,

kBA=mixing rate constant from the’F,
to the z°Dj,

M =Dbuffer gas.

in He(A—A) when thez®F, level was excited.

The standard solution to the coupled equations is
[AMI=[A) I\ =M ) LA+ K +Kg)e !
+(N—Ky—Kpe 1],

[B(DI=[A0)IKa(A . —X_) '[N 1—e ™1, (3

where the two decay constants are given by @3.

1
7\:25 {(Ky+ Kyt Ko+ Ka) £[(Ki+ K=K~ Kj3)?

+4K,K_,1Y2. (4)
The square root term in E@¢4) can be rewritten as E@5),
[(Kq+Kp—K_p—Kg)?+4K,K_,]"?

=[(Ky+K_2)?+(K;—K3)?

The coupled differential equations for the above scheme can +2(K1—Kg)(Ky,—K_,)]Y2 (5)

be written as Eq(2),
d[A]
T=—(K1+K2)[A]+K,Z[B],
d[B]
T:Kz[A]—(Kﬂ*‘ K3)[B].

If (Ky+K_p)%>(K—Kg)2+2(K —Kg)(K,—K_y), the
second term of Eq4) can be approximated as E@®),

[(Ki+Kp—K_5K3)2+4K,K_,]"~K,+K ;. (6)

2

Then, the decay constants can be reduced taBg.

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996
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TABLE I. Measured rate constants from the Stern—Volmer analysig®@y andz°F levels of Fe.

Buffer Laser excited Quenching rate Intercepts Radiative
gas level constantd (X10° s7Y lifetimes (ns)
He 7°D, 10.7+0.3 2.0:0.5 (370+20)° fast comp.
0.30+0.05 2.0:0.2 slow comp.
2F, 0.30+0.05 2.0-0.2 (770+100" coupled
decay
2D, 2.3+0.2 2.700.3 370:40
23D1 3.0+£0.3 3.6£0.3 280+30
Z°F, 3.6x0.3 1.4-0.4 700-200
23F2 2.0+0.3 0.9:0.2 1100:200
Ar 2D, 8.8+0.3 2.2:0.6 (370£20)° fast comp.
1.6x0.4 1.9+0.3 slow comp.
Z°F, 1.6+0.4 2.0:0.3 (770=100° coupled
decay
Z3D2 1.2+0.2 3.1£0.3 320+40
2D, 1.8+0.2 3.6:0.2 280-30
23F3 2.3:0.5 1.1+0.3 900+200
Z°F, 0.7+0.2 0.9-0.2 1106200

3Units, 10 1% cm® molecule *s™%.
PAssigned from kinetic simulations of time profiles.

1 kAB=6.1x10"°(He); 4.0<10"°Ar) cnr molecule's™?,
A =(Kyt+Kop)+ > (K1 +Kj)

kBA=4.5x10"%(He); 2.8x10 %Ar) cm® molecule ts™?,
kQA=KkPB=0.3x10"(He);

1.6x10 % Ar)em® molecule ts%,

1
_+_ ,
A 7B

1 1
= (KAB+ KB4 + > (KQA+ kQB)}[M]+ 5

1 1
\o=3 (Ki+Kg)= > (kRA+ KRB [M] TA=370+20 ns,
_ 9
1/1 1 78=770=100 ns.
+ 2 T_A+ T_B : (7) Figure 4 shows the comparison of the experimental and cal-

Now the physical meanings of the slopes and intercepts ob-
tained from Fig. 3 can be interpreted from E@). It is clear

that the zero pressure intercepts for the fast and slow com- ) i (B)
ponents should be the same and they are the average value of
the lifetimes of the coupled levels. Also, the slope for the fast
component of the®D; level corresponds to the sum of the
forward and backward mixing rate constants plus the average
value of the purely quenching rate constants of the two lev-
els. The latter is also obtained from the slope of the slow
component. It is evident that kinetic simulations of the time
profiles are needed to determine the radiative lifetimes of the
7°D; and z°F, levels and collisional mixing rate constants,
because they cannot be determined directly from the Stern—
Volmer analysis. Since the experimental rate constants from
the Stern—Volmer analysis and the equilibrium constant ex-
pression given by EqB8), provide good boundary conditions,

it was possible to extract the radiative lifetimes of these lev-
els and mixing rate constants by kinetic simulations of the
time profiles,

Keq=kBA/KA®

J () J 0

Normalized Intensity
[
[
e

0 400 800 0 400 800
Time(ns)

— (qA/nB _
=(97/g”)exp(—AE/KT)=0.724 at 300 K. (8) FIG. 4. Comparison of the experimental-) and simulated—) time pro-
. oo " : : iles for (a) 22D;—a’F, and (b) z°F,—a°F, emissions at three different
To fit tshe shapeg and relative |nten5|t|§s of time profiles frorﬁ;ressures when theD, level was excited(a), (d) 1.0 Torr: (b), (&) 2.0

both z°D5 and z°F, levels, the following sets of rate con- Tor. and(c), (f) 4.0 Torr of 0.5% FECO)s in He. Only one from five data

stants were assigned in He and Ar, respectively points were plotted for the decay part of the experimental time profiles.

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996
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culated time profiles at three different pressures using the 2.0 2.0
above rate constants. Because of the small energy difference (a) (b)
between thez®D; and z°F, levels, the quenching rate con- s
stants for both levels were assumed to be the same. Note that 1 | 18T
the radiative lifetime of thez’D4 level has to be assigned
much shorter than that of the’F, level to fit the relative 1.0 1 1.0 1
emission intensities of the time profiles shown in Fig. 2. Itis
interesting that the collisional mixing between these two lev- __ 0.5 | 05 |
els is more efficient in He than in Ar. While less than 10% of 'Tm
the experimentally measured apparent quenching rate con-‘o ] . 0.0 .
stants are assigned to other states in He, about 30%—40% of X 0.0 1.0 20 00 1.0 2.0
the apparent quenching rate constants are assigned to otherf
states in Ar to fit the shapes of experimental time profiles. d?, 2.0 2.0
By (c) (@)
B. Kinetics of the higher-lying  z°D,, and z°F; , levels 845t 15 b
1. Radiative lifetimes and apparent quenching 3
rate constants 1.0 } 10|
The higher-lying four levels were excited at
319.70¢°D,—a’D;), 320.08¢°D,—a°D,), 318.49¢°F, 05 | 05 |
—a°Dj), and 318.08 nmF,—a’°D,), and the emis-
sions were monitored at 522.7D,—a’F;), 0.0 , 0.0 .
527.04¢°D,—a’F,), 519.49¢°F,—a’F;), and 521.63 0.0 1.0 20 00 1.0 2.0
Pressure(Torr)

nm(z°F,—a’F,), respectively, as shown in Fig. 1. The ex-
citation wavelengths in the 318—320 nm region were chosen
for convenience since the fluorescence from ZFB and FIG. 5. The pressure dependence of the the decay constantyAne

3 - - A1 _and in A(O-0) for (a) °D,, (b) z°F3, (c) 2°D,, and(d) Z°F, levels.
z°D3, were strong enough to investigate kinetic behavior

when these levels were generated fromahB 5 , levels. The

time profiles from these higher-lying levels showed apparent, s molecule * s~%, and collisional mixing among these lev-
single exponential decay at low pressures but they revealeg ;g expected. Indeed, collisional mixing among these lev-

double or even triple e>_<ponent|al d_ecay beh_awor at_h|ghe[a|s is identified by taking time-resolved fluorescence spectra.
pre ssures._Smce the reliable ana_ly_5|s of the time profiles Oq_%ecause of the relatively long radiative lifetimes of these
tz?fned at h|%he.r pressdurgs was c]i||ff|cult, \INe concentr:;;d OYEvels, the time-resolved fluorescence spectra were taken at
efforts to obtain good time profiles at low pressuf low pressures to get informations on the primary collisional

Torm) and analyzed them by a single exponential fitting. The, ¢t evels. A typical time-resolved fluorescence spectra
pressure dependence of the decay constants below 2 Torr 8Btained from thez°F, excitation at 1.0 Torr of 0.5%

total pressures is plotted in Fig. 5. The fluorescence from th%e(CO)s in Ar are shown in Fig. 6. During the 0—16 ns time

3 3
IZ F3 and sz2 Iefve;ls Wlas Very .weak at low sredssurebs, gnd eriod, only thez®F ;—aF ; emission peak appears at 519.5
arge number of signal averaging were needed to obtain an \m, but emissions from other levels appear at later time pe-

lyzable time profiles. riods. Since the radiative lifetimes of theD; levels are

d_The T?pgrentfquer:}chmlg ra}te con?]tants_as V\lla?” as l;d}%uch shorter than that of the initially excitf;:EiF3 level, the
radiative lifetimes for these |evels are shown in Table I. The missions from the\z3DJ levels are ascribed to the conse-

magnitudes of the apparent quenching rate constants are sUffience of the collisional mixing among these levels. Also,

- , —10 11
stantially larger in H&.0-3.6<10 *° c’ molecule s ) e z°D, levels appear to be primary collisional products

; —10 3 ;11
than n Ar0.7-1.8<10 cm moleculge 7). The \iith different branching fractions when tre8F ; level was
quenching rate constants for tadF, and z°D, levels are excited

substantially larger than those for taéF, andz°D, levels
in both buffer gases probably due to the near-lying energy

levels. The radiative lifetimes obtained from the two buffer 3. Time profiles from the laser excited and product
gases agree well within the experimental errors, however, thievels

radiative lifetimes from the Ar buffer gas appear to be more
reliable than those from the He medium due to the smal
guenching rate constants.

Since the emissions from the collisional product levels
!/vere observed, we attempted to find out the magnitude of
intra- and intermultiplet mixing rate constants as well as the
collisional branching fractions. For this purpose, we have
collected fluorescence time profiles from the laser excited

The apparent guenching rate constants for these levelnd collisional product levels by pumping each of the spin—
are not as large as those for the lower-lyirtiD; andz*F,  orbit levels at low pressures. Typical time profiles from the
levels. However, they are still quite large, 0.7-88 1° laser excited and product levels in He and Ar are plotted in

2. Identification of collisional primary product levels

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996
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(a)’D, Excitation (b)2°F, Excitation

D,x0.4

x3.0 (1)

x1.8 (e)
IL “ , “ “n.s ()
“, ‘\ /l “ x1.0 (¢)
A “ A A x1.6 (b)
Dx04

’l x3.4 (a)

5125 51I75 52I25 52:75 5325
Wavelength(A)

400 800

(0)2’D, Excitation

Intensity (Arb. Units)

Intensity(Arb. Units)

FIG. 6. Time resolved fluorescence spectra foif, excitations;(a) 0—-16
(b) 16-32,(c) 32—-62,(d) 62—-92,(e) 92—122, andf) 122—-152 ns periods.

. . . 3 0 400 800 0 400 800
Figs. 7 and 8, respectively, which were obtained at 2.0 Torr Time(ns)

of total pressure. The kinetic behaviors observed from each
level excitation are described below. FIG. 7. Comparison of experimentaz®D,(H—M), Z°D;(0—5),

a. Kinetics of 2D,: Thez®D, levels locates 118 ciit  22D,(0-0), °F ;(A—A), Z°F,(A—A), and calculate@—) time profiles in
below the 23F3 level and fast mixing between these two He_. The expgrimental ti_me profiles are plqtted one from every five d_ata
evels i expected. When D, level was excited in He 79715, 201 congeston, T s, ienes of e lser cre
and Ar, emissions from the’D3, z°D4, and z°F; levels  mental intensities.
were observed as shown in Figgaj7and 8a), respectively.

Note that the emission from theD; located 364 crm' be-

low the laser excited level was much stronger than that fron¥(b). The rise time of these product emissions is more or less
z°F; andZ®D, levels. The shape and relative intensity of thethe same, but the peak intensities are in the order of
time profile from thez®D; level in He are much different z°D,=2z°D;>Zz%D,. Also, the emission form the®D; de-
form those in Ar although the rise times are similar. Aboutcays slowly compared to those from other levels. The slower
four times stronger peak intensity and much slower decay oflecay of thez’D; emission might be ascribed to the tight
the z°D; emission in He is consistent with the strong cou-coupling with thez*F# level in He. When the®F; level was
pling between the®D; andZz*F , levels as described in Sec. excited in Ar using the same laser power, the relative emis-
Il A. Much faster decay and weaker intensity of théD;  sion intensities are in the order afD,>2z°D,>2°D; as
emission in Ar is ascribed to the weaker coupling betweershown in Fig. &b).

thez’D, andZ®F, levels and larger quenching rate constants  c. Kinetics of Z2D;: The z°D;, level locates 133 and
by Ar. The weak emission intensities from tZéF; level 251 cm ! above thez®F; and z°D,, respectively, and 196
might be due to the much smaller Einstein A coefficient forcm™! below thez*F,. When this level was populated in He
the z°F,—a’F; transition (A =2.9x10° s %) than for and Ar, collisional product emissions from tED, and
2D ,—a’F 5, transition(A; =2.0-2.5¢<10° s 1) at the ob-  Z%F; levels were easily observed, but the emission from the
served wavelength. Z°F, level was very weak and not plotted. The emission

b. Kinetics of 2F;: The z°F; level locates 118 cmt  from the z°D, level was much stronger than that from the
above thez’D, and 133 cm® below thez®D; level. Since  z°F; as shown in Figs. () and §c). The rise and decay of
the energy differences from these near-lying levels are smalthe z°D, emission appeared to be somewhat than those of
fast collisional mixing among them is expected. When thethe z°F 5 in both buffer gases. The delayed appearance of the
Z°F; level was excited at 2.0 Torr of total pressure in He,z°D, emission suggests that this level might be affected by
collisional product emissions fronzf’Dl,zvgleveIs were even secondary collisional processes.
stronger than the directly pumped level as plotted in Fig.  d. Kinetics of ZF,: TheZz°F, level locates 196 and 329
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(2)z°D, Excitation (b)°F, Excitation

Intensity(Arb. Units)

FIG. 9. Kinetic scheme for the calculations of time profilés,, arbitrary
absorption rate constark;—k-, radiative rate constantkz—k,g, inter- and
intramultiplet mixing rate constants; atgy,—Kkss, quenching rate constants
to other statey.

Thus, we set up more complicated kinetic scheme shown in
Fig. 9, which includes 6 species and 35 rate constants. When
the initially excited level, primary and secondary collisional
product levels are denoted &sn, andm, respectively, the
time dependence of the initially excited and primary level
populations can be written as E@),

§n) Kin + k9

Time(ns) d[N;J/dt=F (t)—[N;]{ 1/ +

['Vl]]

F3|G. 8. CoBmparison %f experimentalz®D,(H-H), z°D;(0-90),
z°D4(0-0), Z°F3(A—A), Z°F,(A-A), and calculate@—) time profiles in

Ar. The experimental time profiles are plotted one from every five data + En: k”i[M][N”]—F% Km{MI[Nm], (98
points to avoid conjestions. The emission intensities of the laser excited

7°D, and z°D; levels in(a) and (c) were reduced to 10% of their experi-

mental intensities. The intensity of ttED; emission was magnified by a d[N,]/dt= kin[Ni][M]—[Nn]‘ Ur,+
factor of 2 to avoid congestion.

I(ni+2 knm+ kﬁ
m

cm ! above thez’D, and Z°F; levels, respectively. When
this level was excited in He and Ar, emissions from the
2°D,, 2°F5, andZ°D, levels were observed. The emission +3 k. [MIINy] (9b)
from z°D, level lying 463 cm® below was stronger than " e

other emissions but appeared with tlmegdelay as shown ifhe F (1) is the formation rate of the species by the laser
Figs. 4d) and 8d). The emission from the’D, level might  pise, 7 is the radiative lifetimek;, represents collisional
also be affected by secondary collisional processes as for tnﬁixing rate constant fronj to p level belonging to the®D

x[M]]+§ Knrl MI[N ]

2°D; excitation. and Z°F term, k% is the quenching rate constant to other
states and subscript denotes other near-lying primary lev-

4. Kinetic simulations and assignment of collisional els. Since the intensities of the experimentally observed time

branching fractions profiles depend on the magnitude of Einstein A coefficient at

Although the collisional energy transfer processesthe observed wavelength, and since the Einstein A coeffi-
among thez®D, , andz°F 3, levels in He and Ar seemed to cient for each level at the observed wavelength shows large
be very complicated, those kinetic behaviors of each levetlifferences, conversion df(t) to N(t) was needed to com-
described above provided some clue for assigning collisiongbare not only the shapes but also the relative intensities of
branching fractions among these levels by kinetic simulathe experimental and calculated time profiles. Thus, those
tions of the time profiles. When one of these levels wasxperimentally obtained time profiles(f)] were divided by
populated by a laser pulse, emissions from all the near-lyinghe Einstein coefficienté\;, to convert populations, where
levels appeared. Also, preliminary calculations showed tha\ is the Einstein A coefficient for the observed If&he
those time profiles from the collisional product levels couldassignment of state-to-state collisional mixing/quenching
not fit satisfactorily using two-level coupling scheffe. rate constants was based on the apparent total quenching rate
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TABLE Il. Rate constants used for kinetic simulation and branching fractiBngor z°D; and Z°F, levels of Fe in He and in Ar.

Rate AEP a°
Process constant¥ r (cm™ |AL| [AJ| (AR?
2°D;+He—Z%F, 61 0.93 15 1 1 46.9
—7°D, 0.8 0.01 —364 0 1 0.6
—Z°F, 0.6 <0.01 —482 1 0 0.5
—others 3.3 0.05 2.5
2°D?+ He—Z7°F, 9.0 0.36 —-118 1 1 6.9
—7°D,,2°F, 13.0 0.52 364,379 0,1 1,2 10.0
—7°D, 0.8 0.03 —251 0 1 0.6
—2°F, 0.6 0.02 —447 1 0 0.5
—others 15 0.06 1.2
2°D;+He—72°F, 24 0.70 133 1 2 185
—7°F, 4.0 0.12 —196 1 1 3.1
—2°D, 4.0 0.12 251 0 1 3.1
—others 2.0 0.06 1.5
2°F,+He—2Z°Dy 45 0.91 —-15 1 1 34.6
—2°D, 0.6 0.01 —379 1 2 0.5
—7%F, 0.4 <0.01 —497 0 1 0.3
—others 3.3 0.07 2.5
2°F;+He—2°D, 12 0.39 118 1 1 9.2
—7°D, 6.0 0.19 —-133 1 2 4.6
—7°D,,2°F, 11 0.36 482,497 1,0 0,1 8.5
—others 1.0 0.03 0.8
2°F,+He—27°D, 8.0 0.42 196 1 1 6.2
—7%F, 7.0 0.37 329 0 1 5.4
—2z°D, 5.5 0.29 447 1 0 4.2
—others 0.5 0.02 0.4
2°D3+Ar—Z°F, 40 0.68 15 1 1 76.9
—7°D, 0.3 <0.01 —364 0 1 0.6
Z°F, 0.2 <0.01 —482 1 0 0.4
—others 18 0.31 34.6
2°D,+Ar—Z7°F, 3.3 0.26 —-118 1 1 6.3
—27°D,,2°F, 4.0 0.32 364,379 0,1 1,2 7.7
—°D, 0.4 0.03 —251 0 1 0.8
—7°F, 0.2 0.02 —447 1 0 0.4
—others 4.7 0.37 9.0
2°D;+Ar—Z°F, 8.5 0.54 133 1 2 16.3
—7%F, 1.5 0.10 —-196 1 1 2.9
—2°D, 1.8 0.11 251 0 1 35
—others 3.9 0.25 7.5
2°F,+Ar—2z°Dy 28 0.60 —-15 1 1 53.8
—z°D, 0.2 <0.01 —379 1 2 0.4
—Z°F, 0.2 <0.01 —497 0 1 0.4
—others 18 0.39 34.6
2’F3+Ar—z°D, 4.0 0.16 118 1 1 7.7
—2°D, 2.3 0.09 —-133 1 2 4.4
—27°D,,2°F, 6.0 0.24 482,497 1,0 0,1 11.5
—others 12 0.50 23.0
2’F,+Ar—z°D; 1.8 0.28 196 1 1 35
—7%F, 1.2 0.18 329 0 1 2.3
—2°D, 1.8 0.28 447 1 0 35
—others 1.7 0.26 3.3

3Units, 107 cm® molecule* s,
PAE=E(initial level)—E(product level.
Co=Kk/{v); (v)=(8KT/mu)*?=1300 m/s(in He) and 520 m/gin Ar) at 298 K.

constant shown in Table I, and adjusted to match the shapesmulated time profiles at various pressures. The branching
and relative intensities of the time profiles from the laserfractionI” and cross sectionr are calculated from the simple
excited and collisional product levels. The solid lines in Figs.relation,

7 and 8 are the calculated time profiles at 2.0 Torr of total

pressure, and state-to-state rate constants are given in Table I'; ;=k;; /=kij=k;; /k?, (10)
. In fact, the state-to-state rate constants shown in Table I
were obtained from such a comparison of experimental and ~ oy;=ki; /{(v)=ki; /(8K T/ mu) Y2, (11)

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996



Goo et al.: Mixing among the states of Fe 7493

wherek® is the apparent total quenching rate constant for theslectron configuration, @4s(a*D)4p, so that the different
laser excited level, ang is the reduced mass. radiative lifetimes of the spin—orbit levels belonging to the
In general, experimentally observed emission intensitiesame term could be attributed to the same reason.
from thez®F 5 , levels were much weaker than those from the It was found that the experimentally measured radiative
2°D; , 3 due to the small Einstein A coefficients at the ob- lifetimes of thez®D, and z°F, levels were shorter than the
served wavelengths. Since the Fuhr and co-workers’ Einsteimadiative lifetimes calculated from the sum of Einstein A
A coefficient§ were used to correct emission intensities of coefficients tabulated in Ref. 8. To investigate these discrep-
the time profiles, and since the branching fractions in Tabl%ncies, we scanned the monochromator to look for any miss-
Il were obtained from the shapes and the time integrateghg radiative transitions from the laser excited level. It was
emission intensities of the time profiles, some difference ir\,ery difficult to find out missing transitions for the’F
the Einstein A coefficients of the’F 5 , levels may propagate |evels due to the small Einstein A coefficients as well as the
substantial difference in the branching fractions. However¢sst collisional transfer to the near-lyirgD , levels, how-
the branching fractions in Table Il clearly show the follow- gyer, we were able to identify some of the missing transitions
ing features for the collisional mixing among téD ; and from the z°D, levels. For instance, the®D,—a’F transi-

3 e i i 3 3
z’F, levels: (i) Collisional mixing among the’D, andz°F;  tjon at 522.7 nm gave the strongest fluorescence from the
levels is much more extensive in He than in Ar, although th 3D2 excitation but was missing in Ref. 8. When the emis-

absolute quenching cross sections for the laser excited leV§|on intensity at 522.7 nm was converted to the Einstein A

appear 1o be opposite. Collisional branching fractions tocoefficient comparing with those of other tabulated transi-
other states are less than 10% in He, but they become 25%{— paring

; - - ions, the sum of A coefficients for trED, level gave good
0,
50./0. in Ar. (ii) Energy .IOSS(AE>O) .C.OH'S'(.)nS are more agreement with the experimental value. Thus, the individual
efficient than energy gaifAE<O0) collisions in both buffer . . .
3 . . A coefficient tabulated in Ref. 8 seemed to be reliable even
gases. When the'D, level was excited, formation of the though the table does not include every plausible transitions
7°D; andZ®F, levels lying 364 and 379 ciit below, respec- 9 yp '

tively, appeared to be more favorable than thatét, level tSm ced ;he btrr? nckhln?_ frgctm;nts_ shov;/?_ N Tal?CI_:a I wedre.ob-
lying 118 ¢! above. When the®F, level was excited, ained from the kinetic simulations of time profiles, and since

formation of 2D, and Z°F, levels (AE~490 cnmi') also the Einstein A coefficients in Ref. 8 were used to correct

seemed to be more efficient than that 9D, lying 139 emission intensities _of _t_he time profiles gt the o_bserv_ed
cm L above(iii ) Intermultiplet mixing(AL = +1) appears to wavelengths, the reliability of the branching fractions in
be more efficient in both buffer gases due to the smalled @PI€ Il should not be so bad.

energy differences, although the observed product emissions The apparent quenching rate constants forzti; and

from thez®D , were much stronger than those from #i€,. 2 F; levels of the Fe atom b)_/ He and Ar in this work are
much larger than those previously reported values for the

low-lying excited states of group 1, 2, and 12 metal atoms
IV. DISCUSSION tabulated by Breckenridge and Umemd&tdne of the rea-
sons for those small quenching cross sections tabulated in

interesting. The energy difference between the two levels i&ef- 15 iS that they do not include intramultiplet mixing pro-
only 15 cm ' and fast collisional mixing between them is CESS€S. In fact, large intramultiplet mixing cross sections in

expected. Because of the large collisional mixing rate con¢ollision with rare gases have been reported for the low-lying
- excited state of LR%P,), Na3?P;), K(4’P, and 3P,

stants between the two levels and the relatively long radia="™"~ Ry I J )

tive lifetimes as well as the small average quenching rat&X9D,), and Ca(45p°P,), where the ene[glyl%zj\%between

constants of the two levels, the experimental rate constant fdhe intramultiplet levels is sma(\E<60 cm 7). ™It has

the fast component of the’D5 level is dominated by the also been reported that the intramultiplet mixing cross sec-

sum of the mixing rate constants between the two levelstions are small for low-lying excited states of Sr, Zn, Cd, and

Similar kinetics were observed for the collisional coupling H9 where the energy gap between the intramultiplet levels is

and relaxation study of )B) and Ny(W) vibrational large(AE>180 cm~).~*"*"Parson and Ish|5kav§%$1lso stud-

levels'* and the vibrational relaxation study of théB, state  ied intramultiplet mixing collisions of Cr(8°4p z'P;) with

of SO,.12 various gases. The intramultiplet splitting of(@t®4p z'P;)

It is also interesting that the radiative lifetimes of the are 81.3 and 112.5 ¢, respectively. They obtained 11-18
intramultiplet levels of thez’D term have a tendency of A”for the intramultiplet mixing cross sections by He and Ar
getting shorter as the energy is higher, and those oftRe at the effective temperature of 405 and 951 K, respectively.
term show an opposite trend. A significantly different radia-The results of these collisional intramultiplet mixing studies
tive lifetimes of intramultiplet levels have also been reportedreveal that the apparent collisional quenching rate constants
for the Z2P term of an Fe atom by Figget al’* Marek and  depend upon the existence of near-lying energy states and
co-workerd* reinvestigated the radiative lifetimes of the the shapes of interaction potentials. Although the intramul-
z°P; and obtained 108, 94, and 37 ns fb=0, 1, and 2, tiplet splitting energies for the®D; and z°F levels of Fe
respectively. They attributed their observations on zfie, atoms are not small as shown in Fig. 1, the relatively small
levels to the inappropriate LS-coupling scheme for zAe energy differences between the nearest intermultiplet levels
state. Thez’F, z°D, and Z°P states arise from the same seemed to provide complicated *FeHe/Ar interaction po-

The kinetics between the’D, andz°F, levels are very
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