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Quantum yields of I(*P,,,) for CF,l, C,F.l, /-C,F.l, n-C,F,|,
n-C,F,.l, and 1,2-C,F |, at 308 and 248 nm
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A new method is applied to measure the wavelength-resolved quantum yields of I{*P,,,) for six molecules
relevant to the iodine I(*P,,,) atoms and accounts for the strong exciplex emission, also at 1.3 gm, from the
I{P,,,)-iodide molecules. In addition, digital processing is used to correct for noise, quenching, and the
detector rise time. These features avoided the shortcomings of previous measurements. The following

molecules were investigated: CF,lI, C,F;l, i{-C,F,1, n-C,F,1, #-C/F;I, and 1,2-C,F,I,. All six iodides present
high yields of I{*P,,} at the pumping wavelengths of 308 and 248 nm used. The high I{*?,,,) yields for the

molecules n-C.F ;I and 1,2-C,F,I, are reported for the first time.

. INTRODUCTION

The high-power photodissociation atomic iodine laser
at 1.315 um is an important tool for laser-plasma ex-
periments.1 The laser transition occurs between the
metastable level I(2P1 ;2), hereafter I*, and the ground
state level £ (2P3 s2), hereafter I. Both levels are pro-
duced in the photodissociation act

R+ 1*
RI + Au(UV) , (1)
R+1

where RI is an iodine bearing molecule, usually i—C3F,I.
The relative amount of I* atoms produced in Eq. (1),
i.e., the quantum yield, depends on the pumping wave-
length, The quantum yield is an important parameter

in the evaluation of iodine laser media since it deter-
mines the upper bounds for the laser output power and
efficiency. 2

This work reports on accurate and wavelength-re-
solved measurements of the quantum yields of I* for the
molecules CF3l, C,Fsl, i-C3Fq, n-C3F, n-CgF,3l, and
1,2-C,FI,. The last two molecules are new high-yield
parent molecules.? The experimental method used was
based on the measurement of the I* concentrationthrough
the time-resolved infrared emission of the I* atoms at
1.3 pm and involved three special features, First, the
data were corrected for the collisional enhancing of the
1.3 um emission caused by the exciplex emission of the
I*—iodide molecule.? Second, the fluorescence signal
was digitally processed to account for noise, quenching
and the detector rise time. Third, an excimer laser
was used to provide short UV pulses (20 ns) at 308 or
248 nm, in order to photolyze the iodides under well-
defined conditions., These three features avoided the
shortcomings of previous measurements (see, e.g.,
Refs. 4, 5, and 6 and the critical review in Ref. 7).

A complete list of earlier work on the alkyl iodides is
given in Ref, 7.

. EXPERIMENTAL

The experimental arrangement used to measure the
fluorescence intensity as a function of the iodide pres-
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sure is shown in Fig. 1, without the gas handling sys-
tem, Its three main parts are: the UV excimer laser,
the RI cell with the 1.3 um detector, and the digital
electronics,

The homemade excimer laser provided approximately
100 mJ of UV energy in 20 ns.? It was very well shielded
to avoid EMI down to the microvolt level, The shot-
to-shot energy reproducibility was 10%. The laser was
employed to provide pump photons at 248 nm (KrF ex-
cimer) or 308 nm (XeCl excimer). These two wave-
lengths correspond to good measurement points in the
absorption spectra of the six RI, as can be seen in Figs.
2, 3, and in Ref, 7.

The construction of the fluorescence cell needed
special care. First, the UV photons were observed to
produce strong IR fluorescence from the first type of
window material used, of Suprasil quartz, This problem
was avoided with the use of CaF, windows. Second, the
UV radiation from the excimer laser also contained
some superfluorescent atomic IR lines around 1.3 um
that shadowed the weak fluorescence from the I*, With
the use of a scattering-free geometry this IR noise
source was eliminated. Third, to prevent visible radia-

Digital Digitat
energy detector manometer
e —— - a4 5559 9999
1 : } cell
! ol
1 UY Laser 1 > > R1
] 1 Bs u .
| 1 —— Si plate
I

Band Computer Digital
recorder oscilloscope
FIG. 1. Experimental arrangement to measure the [* quantum

yield at various pump wavelengths, without the gas-handling
system.
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FIG. 2. Absorption spectrum of n-C¢F,,1.

tion from reaching the Ge detector and to place it as
close as possible to the observation volume (in order to
avoid the use of a lens system), a Si plate {(transmitting
above 1.2 um) and the detector itself were placed in a
small niche in the wall of the cell, perpendicular to the
laser beam, Last, the cell was electrically insulated
from the bench and fromthe gas-handling system. Be-
fore going to the digital oscilloscope, a ground-shielded
amplifier (Tektronix TA22 in a 7000 main frame) raised
the signal level by a factor of 10 K. The amplifier was
adjusted to cut-off frequencies below 0.1 Hz and above
0.5MHz. The total rise time of the detector-amplifier
system was limited by the amplifier at 2.5 us. This
rise time was much faster than the quenching time of the
I* species, under the experimental conditions used.

The UV pulse energy (in the 100 mJ level) was mea-
sured by a calorimeter (Gentec PRJ-D) with a three~
digit display. The RI pressure (in the 1 to 100 mbar
range) was measured by a capacitive gauge {(MKS Bara-
tron PDR-C-2) with digital output, with an absolute
error smaller than +2%. The amplified signal from the
Ge detector was sampled by a digital oscilloscope
(Tektronix 468) with a useful bandwidth of 10 MHz, The
oscilloscope provided for enough voltage and time reso-
lution. The digitized signal was transferred to a
Commodore 3032 computer and processed. The com-
puter program calculated the best fit of a simulated
signal (see Sec. II) to the noisy signal.

The gas-handling apparatus included a turbo-pump
(oil free) and two glass reservoirs to allow vacuum dis-
tillation of the iodide before each measurement, This
procedure eliminated absorbed gases, such as oxygen,
that could quench the I*., Some small pieces of indium
were placed inside the reservoirs to react with any free
I, since I, is a strong quencher of I*. The whole gas
system was pumped down to 10"5 mbar before each mea-
surement.

tl. QUANTUM YIELD OF I*

When only dissociative states are involved, the quan-
tum yield to produce I* in Eq. (1) is given by

(1%] B [1*]
[absorbed ru] ~ [I*]+[1] ° (2)

where hu means the pump photon and [X] is the concen-
tration of X in particles/cm®. The threshold quantum
yield ¢, to have population inversion depends on the
degeneracies of the I* and I levels and is ¢, = 0. 33,

If the iodide medium is optically thin, the branching
ratio to produce I* in the photodissociation act is

oadtl)
Op (7\) ’

where ¢*(A) is the absorption cross section to produce
I*, and op()) is the total absorption cross section, If
the parent molecule loses only one iodine atom, the
branching ratio of I* is equal to the quantum yield de-
fined in Eq. (2), Equation (3) is the operational defini-
tion of ¢(A) to be used in this work.

(N =

b(2) = (3)

A. The method

1f the medium RI is optically thin and has a low de-
gree of photodissociation, the following system of dif-
ferential equations

). penpor/ne - [0)/@ @
Z—t—V = - V/7T+ DA[I*], (5)

gives the relation between V({#), the fluorescence signal
measured by the detection system but without noise,

and [I*], the I* concentration, The parameters above
are: N, the RI concentration; P(#), the pump power flux
at A; @, the total quenching time constant of the I*
species; 7, the rise time of the detection system; D, the
detection efficiency of the 1.3 um radiation including
electrical and optical factors, and A, the radiative tran-
sition rate at 1.3 pym, Among the eight parameters in
Egs. {4) and (5), the parameters D and 7 are apparatus
constants., D is unknown but 7 can easily be measured.
In this work, 7=2.5 us.

If @»>7, i.e., if the detection system is much faster
than the quenching reactions, the above equations have
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FIG. 3. Absorption spectrum of 1,2-C,F,I,.
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the approximate solution: [since P(§ is a temporal &
function ]

V() = 7 DA[1* ], exp(~ t/Q) [1 - exp(- t/7) 1, (6)

where [I*], is the initial I* concentration produced at the
end of the UV pulse, The expression for [I*], is

[1*]y= o*NEX/hc , (n

where E = [ P(#) dt is the UV pump energy fluence, The
detected signal also includes electrical and digitaliza-~
tion noise, Let W(#) = V(¢ + X{¢) represent the detected
signal, where X(#) is the {small) noise part. In order to
average out noise and to account for T and @, W({) can
be written as

1n[

from Eq. (6) where X() is the noise part transformed.
The left-hand side includes only directly measured
quantities. If X(f) =0, Eq. (8) can be seen as a straight
line with intercept In(rDA[I}]) and slope - @!. In cal-
culating the best fit of a straight line through the experi-
mental time points as given by Eq. (8), the effect of
noise can be reduced and the two quantities DA[I*]O and
¢ can be obtained. The energy-normalized number

S(N) = DA[1*]¢Thc/E ,

w(7)

TWJ =In(rDA[I*]) - t/Q+ X() (8

(9

which is a function of the RI concentration, is the main
experimental result to be used and will hereafter be
designated simply by S. This number represents an
estimate of the fluorescence signal at /= 20 ns (i.e.,
after the UV pulse), for unit UV energy. With Eq. (9),
if the quantum yield ¢4 is known then ¢, can be ex-
pressed by

2=M Aiory
Si/Ny  Ayor,

as a function of well-defined parameters.

¢) d)l ’ (10)

B. Correction for the exciplex emission

It is a common assumption to make A, = 4, [see Eq.
(10)]. This, however, is not correct. As recently
reported, % the radiative transition rate A at 1,3 um de-
pends both on the type of the RI molecule andon its
pressure through the equation

A=(8+kN)s!, (11)

where % is called the exciplex emission rate, Equation
(11) describes the increase of the radiative transition
rate of the I* atom (equal to 8 s™%) by the exciplex emis-
sion of the RI -I* molecule. Since the exciplex emission
lies very close to the atomic emission line (within 2 nm),
both emissions cannot be spectrally separated with the
interference filters available (the minimum half-width is
10 nm). Furthermore, for 2= 6x107!® molecule ! ¢cm®s-!
(the rate for i-C3F;I%), a RI pressure of 10 mbar is al-
ready enough to increase A by 18% over the atomic value
of 8 s7!, This means that the exciplex contribution to the
signal measured at 1,3 um is considerable even at low
pressures. As explained in,® the reason for this strong
contribution is that, although the exciplex concentration
is small, the exciplex transition is allowed whereas the
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FIG. 4. Plot of §/N from Eq. (10), in arbitrary units, for two
iodides RI; and RI, that have the same quantum yield of I* but
have different exciplex emission rates.

atomic iodine transition is not, The Einstein A coef-
ficient of the exciplex transition is approximately 10°
times larger® than the A coefficient of the atomic transi-
tion,

Since different RI have different exciplex emission
rates® the relative exciplex effect must be considered
when comparing S; and S, for two iodides, as in Eq.
(10). To illustrate the point, Fig, 3 shows a plot of
S{N)/N, from Eq. {(9), for two iodides RI; and RI,
that have the same quantum yield of I*, but different
exciplex rates. As is clear from Fig, 3, the fluores-
cence signal (proportional to S) can be stronger for RI;
than for RI, because A;>A, rather than ¢> ¢,.

How can the relative exciplex effect be accounted for
in Eq. (10)? The answer can be motivated by Fig. 4.
From the experimental points S(N) of Eq. (9) one can
calculate the intercept of S(N) with the N =0 axis by
fitting a straight line through the points {S(N)/N,N].
This intercept is free from the exciplex contribution,
Denoting this intercept by F, Eq. (10) changes to the
following expression:

:-1—;‘1—-1'—0'1

12
Fl 0T2 ( )

P by .

The quantum yield can be normalized® relative to ¢p =1,
for any reference high-yield iodide, giving from Eq,
(12)

_9%r F

Fp or (13)

®

.

Equation (13) allows the measurement of low-error quan-
tum yields,

IV. RESULTS

The compound #n-C3FI is known to have approximately
unit quantum yield of I*, anywhere in the first absorp-
tion band.'® It was therefore chosen to be the reference
RI with ¢ = 1. Note that this is only a convenient nor-
malization procedure for the wavelength-dependent data.
Following the procedure of the former section, the
S(N) data for the six iodides were measured, at 308
and 248 nm, Figure 5 shows the S(N) data at 308 nm for
n-C3FqI. The numbers over the points signify the num-
ber of plotted points. The energy density of the UV
laser beam was approximately 30 mJ/em?. This is not
expected to cause any pyrolysis effects since the iodide
was always in the optically thin regime and with a low

.79, No. 1, 1 July 1983
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FIG. 5. Graph of the experimental data S(N)/N for n-C,FI at
308 nm. The number over the points signifies the number of
plotted points. The vertical axis is in arbitrary units.

degree of photodissociation.

The S data were used to calculate the intercept F, as
in Sec. II. The experimental results for the six RI
are summarized in Table I for A= 308 nm and in Table
II for A= 248 nm. The quantum yields are calculated by
means of Eq. (13),

For the sake of comparison, Table III presents the
broadband data of* and the data at 266 nm of® (but un-
corrected for the exciplex emission), for four iodides.
The data of Refs, 4 and 5 were normalized relative to
n-C3FqI, i.e., ¢dg=1,

The quenching rates of I* by n-CgFy5l and 1,2-C,F,I,
were unknown, Although the iodides were not com-
pletely free of all quenching impurities, good estimates
of the rates could be obtained by the present method.,

The quenching rates were derived from the Stern—
Volmer plot of the decay time 1/Q, from Eq. (9) (i.e.,
from the slope of the 1/Q points vs N). The rates are
10°!" molecule™! cm®s™! for n-CgF 5l and 10718

molecule™! cm®s™! for 1, 2-C,FI,, These rates are

low enough to allow the iodides to be used as iodine laser
media, The exciplex emission rates k of Eq. (13) were
also measured. They were obtained from the slope of
the (S/N,N) plot, The rates for CF3l, C,F;I, {-C3F;I and
n-C3F;I have already been reported. 3 The rates for

TABLE I. Experimental results for the six RI
at 308 nm, The number F is the limit of S/N,
from Eq. (19), for zero Rl pressure. The quan-
tum yield ¢ was calculated by means of Eq. (15).

RI op F/op ¢
10'® cm?
(£5%) (+5%)

n-C3F,1 1.20 1.92 =1

1,2-CyF I, 1.01 1.7+0.2 0.9x0.1
CF3l 0.344 1.60 0.83+0.05
©1-CyF,ql1 1.53 1.93 1.01+£0.05
C,Fsl 0.584 1.99 1.04+0.05
n-CgF 5l 1,76 1.85 0.96+0,05
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TABLE II. The same as in Table I, but at 248
nm,
RI o F/op ¢
10'? em?
(+5%) (+5%)
7-C4F 1 3.16 1.34 =1
1,2-C,F,l, 9.66 0.9+0.1 0.6%0.1
CF,l 2,60 1.01 0.75+0.05
i-CyF I 1.93 1.24 0.93+0.05
C,Fl 3.29 1.35 1.0140.05
n-C¢F 3l 3.47 1.38 1.03%0.05

n-CgF 5l and 1, 2-C,F,I, are (8 +2) x107!® and (110, 2)
x10"'" molecule ! cm® s'1, respectively. Since the ex-
ciplex emission represents a quenching channel for the
I* atoms, ? the exciplex emission rate is actually part of
the total quenching rate. For the six iodides studied,
the exciplex emission rate accounts for ~ 10% of the total

quenching rate.

The measurements reported here show that the
C,Fy. 1l iodides have almost identical high quantum
yields at different points within the first absorption band,
contrary to Ref. 11,

The di-iodide 1, 2-C,F,I, does not belong to the same
group as the other iodides studied here. As stated in,?
the di-iodide was expected to present a high yield of I*
because of its structural formula

1
1-(|:-ci—1, (16)
F F

in which the F,C-CF, group acts as a buffer chain and
isolates both I atoms. This means that, regarding pho-
todissociation along a R-I bond, the di-iodide should
behave almost like two independent CF;I molecules.
Indeed, we observe its quantum yields to be similar to
the yields for CF;l.

V. SUMMARY

This paper reports on wavelength-resolved measure-
ments of the quantum yields of I* for six molecules
relevant to the iodine photodissociation laser, using
IR fluorescence. The method employed accounted for
the strong exciplex emission of the I*-iodide molecules.

TABLE IlI. Quantum yields of I* from
Ref. 4 (broadband) and Ref. 5 {at 266 nm
but uncorrected for the exciplex emis-
sion). The numbers are normalized
relative to ¢ =1 for n-C3F;L.

RI ¢ (broadband) ¢ (266 nm)
CF;l 0.92+0.03 0.93 0,005
CyFsl >0.99 ee
i-CyFql  0,9140.02 .
n-CyFyl =1 =1

.79, No. 1, 1 July 1983
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In addition, digital detection and processing was used to
correct for noise, quenching and the rise time of the de-
tection system. The use of a short pulse UV excimer
laser also simplified the data analysis, The data were
measured at 308 and 248 nm, which correspond to good
measurement points in the first absorption band of the
iodides. The compounds CF;l, CyFql, i-C3FqI, n-C3Fql,
and n-CgF sl belong to the same C,F,, I group and show
similar absorption features in the first band. Their

I* quantum yields, within this band, are of the order of
unity. The di-iodide 1,2-C,F,I, also shows high yields
within its first absorption band. The compounds
n-CgF 3l and 1,2-C,F,I; are new high yield molecules
for the iodine laser.

The present results avoided the shortcomings of pre-
vious measurements and provide a general method to
measure the quantum yields of other iodides, regardless
of quenching and exciplex emission of the I* atom with
the parent molecule.
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