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We report the first direct comparison between energy transfer parameters measured using infrared
multiphoton absorptio(IRMPA) versus ultraviolet(UV) excitation followed by rapid internal
conversion(IC). Highly excited hexafluorobenzerelFB) molecules in the electronic ground state
were prepared by(i) IRMPA by CO, laser pumping to an average initial energy of

14 500—17 500 cm* and (ii) UV excitation to ~40 300 cm* followed by IC. The vibrational
deactivation of the highly excited HFB by the monatomic collider gas argon was monitored by
time-resolved infrared fluorescence. The results for the two methods are identical within
experimental error, demonstrating the viability of IRMPA as a method of state preparation for
vibrational deactivation experiments involving large molecules. 1998 American Institute of
Physics[S0021-960808)01934-3

I. INTRODUCTION IRMPA is potentially a very useful technique for study-
ing different types of molecular systems from those studied
Direct measurements of collisional energy transfer fromusing IC as the state preparation technique. IC following
highly excited gas phase molecules usually rely on ultraviovisible/UV excitation has generally been used with cyclic
let (UV) pumping of a molecule to an excited electronic ring systems, usually aromatics, because these molecules
state, followed by non-radiative intramolecular transfer topossess the required photophysical properties. In contrast,
high-lying vibrational levels in the ground electronic state asmolecules studied using IRMPA are halogenated hydrocar-
the means of state preparatibtﬁ’.roducing an ensemble of bons, for example 1,1,2-trifluoroethaheis- CIFC=CFCI
excited molecules through rapid internal converdi@®) has  (Ref. 9 and CDC}.*? It is clear that the types of molecules
the advantage that the initial energy distribution is extremelyfor which direct energy transfer data are available need to
narrow and defined, centered about the excitation waveencompass a broader range of systems, and this is not pos-
length of the light source used. This technique, however, isible using the IC technique for state preparation. IRMPA
limited to molecules possessing an electronic transitioroffers a versatile alternative.
which will undergo rapid internal conversion at wavelengths  In order to remove the stigma associated with using
accessible by conventional lasers. Consequently the range [RMPA for excitation so that it can reach its full potential, it
initial internal energies that can be studied is severely reis necessary to demonstrate that the drawbacks identified
stricted by the energy of the electronic transitions. above are no impediment to obtaining high quality data. For
Infrared multiphoton absorptiolRMPA), generally us-  this reason we have undertaken a study of energy transfer in
ing a high power CQlaser, provides an alternative method hexafluorobenzen¢HFB), for which it is possible to use
for initial preparation of large populations of highly excited both IRMPA and IC as methods of excitation. Argon was
molecules in the ground electronic state with various initialused as the collision partner. By comparing the results of
internal energie$:® In contrast with studies utilizing UV these studies we aim to demonstrate the reliability of results
pumping followed by IC, IRMPA remains a poor cousin. obtained with IRMPA. Our experimental results are com-
This arises because there is uncertainty in the initial energpared with previous experimental wdrkand with recent
distribution associated with the IRMPA procés§.Never-  quasiclassical trajectory calculations on the deactivation of
theless, it has been shown theoretically that under approprhighly excited HFB by some mono and polyatomic collision
ate conditions the results extracted from the data depengartners:**®
solely on theaverageexcitation energy, i.e., they are inde-
pendent of the initial distributiot®!! The average internal
energy the excited molecule initially reaches after IRMPA is!l- EXPERIMENT

controlled by varying the fluence of the excitation laser. HFB has two very strong infraredR) absorption bands

centered around 1007 and 1530 ¢mthe former being co-
dElectronic mail: kking@chemeng.adelaide.edu.au incident with CQ laser output. We use time-resolved infra-
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recorded simultaneously using two pyroelectric joulemeters
Spectrum (Molectron J25. The signal from these joulemeters was cap-
Amlyzer— tured using a data acquisition systéMacLab/4 allowing
every shot to be recorded. This allows the energy absorbed,
and hence the average number of photons absorbed per mol-
ecule, to be determined for every pulse. This is then repeated
over a number of pulses to obtain the average number of
photons absorbed per molecule and also an indication of the
spread in initial excitation energies. Furthermore, the, CO
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laser was optimized for pulse-to-pulse stability and the trig-

TEA . . .
1 co: gering system of the IR detection system was set up so that it
! e accepted signal only when the laser fluence was above a

MacLab Oscilloscope

preset threshold. This results in optimum pulse to pulse sta-
bility and narrow distribution of the energy input. The laser
beam was checked regularly for uniformity to ensure no hot
FIG. 1. Schematic diagram of the experimental system. spots were present. Consequently the initial excitation en-
ergy does not vary significantly from shot to shot.

In the experiments using UV excitation coupled with
time-resolved IRF monitoring, the HFB was irradiated by an
excimer laser(Questek Model 2220at A =248 nm (KrF)
operating at 10 Hz. The cell was fitted with quartz end win-
dows to allow the transmission of the UV laser. The excimer
pulses had an average fluence e mJ cm? and a full
width half maximum(FWHM) of 10 ns. Low laser power
was necessary to prevent the deposition of polymer products
on the cell windows which contributed to large amounts of
IRMPA coupled with time-resolved IRF monitoring is a scattered light. IRF ”O“_“ HFB near 1000 q”nwas monk- -
more elaborate version of the experimental design used fc}Pred through a NaCI window and appropriate bandpass_ n-
recent studies of the collisional deactivation of vibrationallyterference filter W't.h the HgCdTe detector coupled to a digi-
excited CQ and NO.16-18 A schematic diagram of the ex- tal stc_)rage oscilloscope (Hewlett—Packard 54510A
perimental arrangement is shown in Fig. 1. Infrared |asef6\pprox.|mately 1000 !aser shots_ were averaged for each run
radiation from a tunable CQaser(Lumonics TEA 103-2is to obtain adequate solgnal-to-n0|se: .
directed through a Galilean telescope and then into a cylin- Ar (BOC 99.997% was used QIrectIy as suppliedgfg
drical fluorescence cell constructed from stainless steel an ldrich, 99% was degassed using several freeze—pump—

fitted with NaCl end windows. A mercury-free gas handlingt aw cycles prior to use.
line can evacuate the cell to 10 Torr. The pressure in
the cell was monitored with a 0—1 Torr capacitance manomij|. DATA ANALYSIS
eter (MKS Baratron. The IRF from the excited HFB mol- A Variati ‘i | ith 1
ecules was observed perpendicular to the laser beam axis ariation of internal energy with time
through a Mgk side window and a bandpass interference  The experiments measure infrared intensity as a function
filter centered at 1486 cnt with a band width of 167 cnt. of time. From these data one wishes to extract the variation
The IRF is detected with a liquid nitrogen cooled HgCdTeof the internal energy with time. The usual methods for do-
detector(Infrared Associatesequipped with a matched pre- ing this have been described by Bark®f! They involve
amplifier (combined rise time~400 ng. The detector/ extrapolating the experimental intensity versus time traces to
preamplifier output was captured by a digital storage osciltime zero where the initial energy is known. The changes in
loscope (LeCroy 9310 and transferred to a laboratory IR fluorescence intensity with time can then be associated
computer for analysis. The detector/preamplifier waswith changes in internal energy with time using calculated
shielded by a copper cage to prevent electrical interferencealibration curvegsee below. The accuracy of this method
from the firing of the laser. relies on the accuracy of the back-extrapolation, and ignores
A photon drag detectoiRofin 7415 was used to moni- problems such as the finite detector response.
tor the CQ laser pulse temporal profile and to trigger the Our experience with the back extrapolation approach has
oscilloscope. The oscilloscope was used to average decdyeen that it can lead to larger uncertainties than the data
curves for~200 pulses at a laser pulse repetition frequencywarrant. For this reason we have chosen a different approach
of ~1 Hz, in order to achieve adequate signal-to-noise ratioghat overcomes the limitations of back-extrapolation and al-
Extreme care was taken in the measurements of the avews effects such as the finite detector response to be incor-
erage number of IR photons absorbed per HFB moleculgorated in the analysis. The method involves fitting the in-
The conventional method involves averaging the energy ofernal energy versus time behavior directly to the data.
the CQ laser before and after the samplen our experi- The internal energy is assumed to follow the general
ments, the energy of each pulse before and after the cell wdanctional form:

red fluorescencé€IRF) near 1500 cm® to monitor energy
loss from highly vibrationally excited HFB prepared by
IRMPA with CO, laser pumping using th&(38) line at
1029.43 cm'. The IC-IRF experiments utilized 248 nm
(~40 300 cm}) excitation. Due to it providing superior sig-
nals, the band near the 1000 chband was monitored in
these UV excitation experiments.

The experimental system for the excitation of HFB via
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E(t)= Eo exd — kt (t—to) _ kt (t—to)z] (1) TABLE |. Lennard-Jones parameters used in this study.
1 2 !

. - I o elk, 108Y
whereE, is the initial excitation energy anki , k;,, andt, Collider &) K) (e sy
are variable parameters in the fitting procedyiteshould be
noted that this functional form is only a mathematical repre- Ar :;'g 212:’;5 g';gé

sentation of the energy decay profile used for fitting purposes.
and there is no physical meaning associated with the param-

etersktl and ktz). This functional form was chosen since an

exponential is the most widely used form for modeling en-out these experiments precluded the need to consider the
ergy decay and, through the presence of a setotetm, the  slow decay of heat to the cell walls. The infrared emission
expression additionally allows for the roll-off in the averageintensity is thus:

energy transferred per collision as reported by previous IR(t) = IRF(t) + BBR(t) (6)
workers?®2%2! The procedure involves the following five '
steps: In principle, Aggr and AT are both adjustable parameters

(1) An initial set ofk, , k.., andk, parameters is used to introduced by the addition of blackbody radiation. However,
1 2

generate aiE(t) function, as per Eq(l). in practiceAggr is the only adjustable parameter required as
(2) This E(t) functior'1 is converted to an infrared fluo- the calculations were found to be insensitiveAd over a

rescence intensity versus time function, IRF(using the Wide range of valuege.g.,~20-200 K rise in our results

relationship between relative IRF intensity of théh mode, (4) The calculated infrared emission signal, 1R(is
I.(E), and internal energy, first derived by Durana andconvoluted with the detector response function, SIRFde-

McDonald?? termined experimentally:
o I(t)=SRR)* IR(t). @)
ps—l(E_UhVn) . . .
Ih(E)= 2 v E (20 1(t) is thus a calculated function that can be compared di-
o=t Ps rectly with the observed IR emission traces.
and (5) I(t) is compared with the experimental trace, the

parametersktl, ktz, to, Aggr, andA g are adjusted, and the
IRF(t) = Airel [ E(D]- 3 process repeated until the calculated and experimental traces

Herehw, is the energy of theith mode,p<(E) is the vibra- ~ COnverge. In practice the entire process is auto_mated. We
tional density of states at enerdy ps_,(E) is the vibra- used the_Lgvenberg—Marquardt mgthod of nonlinear least-
tional density of states calculated by excluding the mode thatquares fitting Bt(Zngatch a(t) function to an observed IR
is being monitored and\re is a fitted scaling factor. The €MISSION tracé®
applicability of the above relationship has been extensively
tested and no occurrences have been found where the relB: Extraction of energy transferred per collision as a
tionship has failed to hol@ The density of states were cal- function of internal energy
culated using an exact counting algorittfnand the vibra-
tional frequencies listed by Steed¢ al?*2°

(3) An infrared emission versus time curve is generate
from the IR fluorescence intensity versus time function cal-
culated at stefg2), IRF(t), and a function used to describe . o
blackbody radiation. This is necessary as in general the inc_:o_nverteq toE(2), wherez is th?.CO"'S'On humber deter-
frared emission signal contains components from both IRENINed using Lennard-Jones collision frequencfdsennard-
and blackbody radiatioripresent due to the generation of Jones parameters used in our quk, shown in Table I, are the
heat during the collisional relaxation procesthus the ex- >3Me a3314those used mu previous HFB energy transfer
perimental decays consist of a superposition of an IRF decagfqd'e§ ~The va!ues fok™ were calcggated using thg em-
curve and a blackbody radiation rise. The blackbody radial irical formulae given by Neufelet al.™ for the collision

tion, BBR(t), was represented by an expression which ismtegral. The _form ofE(2) thus obtained is ar_laly'Fiﬁsince_
derived from the standard BBR formul3e: E(t) is analytic from Eq.(1)], and an expression is readily
derived fordE(z)/dz, the average energy transferred per

hv collision, ({AE)). Using Eq.(1), the functional form for the
BBR(t)=Aggr €xp — kT(D) |’ (4) average energy transferred per collision is given by:

The decay curves are measured at a range of HFB dilu-
(ﬂons in the collider gas. For each curve, i.e., each dilution,
alues ofktl and kt2 are determined as discussed in Sec.

Il A, giving an E(t) function. This expression foE(t) is

and ((AE))=—((E))[K, — 4k, In(((E))/Eg)]", (8)
E(t) wherek,, andk,, are related td, andk;, via the transfor-
T(t)=To+ AT( 1- E_o) (5)  mation from time to collision number. The¢éAE)) func-

tions refer to particular mixtures of HFB and collision part-
whereAggg is an intensity constanty, is the initial tempera- ner and thus include both HFB-HFB collisions and HFB-
ture,AT is the temperature rise after relaxation, &ds the  collision partner collisions. To extract the HFB-collision
initial vibrational energy. The short timescales used throughpartner value alone, the$@AE)) functions must be extrapo-
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lated to the case of infinite dilution of HFB in the collision 25
partner. This is achieved by plottif§AE)) as a function of
the collision fractionf ., for a series of energy valuétypi- 20

cally every 250 cm?). The collision fraction is given by

F k'C‘JNC © 15
¢ kNt kN’

Counts

wherekg’ andk;’ are the Lennard-Jones collision frequen-
cies of the HFB—Ar and HFB-HFB, pair respectively, and
N andN, are the number of collider and parent molecules, 5 |-
respectively. By extrapolating ead§AE)) vs F plot to
F.=1, a ((AE)) value corresponding solely to HFB-
collision partner energy transfer is obtained at each energy,
((E)). These points obtained using this method were fitted
using the following functional form to obtain the final

2000 7000 12000 17000 20000
Average Initial Energy (cm™)

<<AE>> VS <<E>> curve: FIG. 2. Histogram of average energy absorbed per molecule recorded for
100 pulses of the CQlaser.
((AE))=—((E))[Ki— 4k, In({(E))/Eq) 1" (10
IV. RESULTS

ments have been made at lower total pressdsTorr) and
A. IRMPA-IRF experiments a higher fluence of~0.8 J cm 2. We expect that under our

While IRMPA is an extremely useful method for prepar- experimental conditions all HFB molecules will absorb.
ing an initial ensemble of highly excited molecules at vari- We have proceeded by analyzing our IRMPA-IRF data

able initial internal energies, it leads to a range of initial®" the basis of this assumption. This leads to a particular

energies since molecules within the sample can absorb th\ﬁallue ofn, and hence average initial energy, that determines

integer number of photons, ranging from zero up. Variou Z slope of the((AE». vsdli curvre]. By comparing thg
workers have either calculated this distribufichor it has ((AE)) vs E curve obtained from the IRMPA-IRF experi-

been inferred using experimental techniques such as Ram&ReNts for Ar with that obtam_eo_l from the IC-IRF e_xpenments
spectroscop§-32 Problems arise as the distribution can be'Ve have a check on the validity of this assumption.
bimodal, resulting from a near thermal population of those From measurements of the Iz_aser fluence be"bfﬁ- and
molecules that did not absorb, and a higher energy distribue-lfter’ (_I)OU“ the cell (with corrections for attenuation from
tion of molecules that absorbed many phot&tishe average cell Wlndows_), the average absorbed energ{Q)), can be
number of photons absorbed per moleculgjs determined ~calculated via the relationstifp

from the total energy absorbed by the molecules, and the D, in
number of absorbing molecules. In the case of the bimodal Q)= NL |”(q)_),
distribution just discussed, a calculationrafand hence the out
average initial vibrational energy, requires a knowledge of
the fraction of molecules that underwent the IRMPA process.

In general the fraction of molecules excited increases
with increasing laser fluend& To produce significant levels
of internal excitation, high fluences are required so that many
photons are absorbed. Thus energy transfer experiments typi-
cally operate under conditions in which the molecules re-
maining in the unexcited thermal fraction constitute a small
component. Indeed, for large molecules where the quasi-
continuum is reached easily, the fraction of molecules left in
the thermal component can be negligible.

In the case of HFB there are two previous experimental
measurements suggesting that essentially all of the molecules
are excited by the CQlaser’®3* The evidence consists of
UV absorption spectra measured before and aftes @8er
pumping. In the region 230—300 nm, the peak of the UV
absorption spectrum for a 300 K thermal sample of HFB is at
230 nm. Following IRMPA the UV absorption is shifted to 0 20 40 60 80 100
longer wavelength and is zero at 230 fiti* These mea- Time (us)
sureTents have been made at pressures of 36°Tamd 2 FIG. 3. Infrared fluorescence decay curves for excited HFB prepared by
TorP* of HFB. In the latter case the laser fluence WaScQ, laser radiation in the presence of the indicated pressures of argon col-
0.18 Jcm?; in the other it was not reported. Our measure-lider gas.Pyz=2.5 mTorr.

IRF Intensity (Arbitrary Units)
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140 TABLE Il. Energy dependence of the average energy transferred per colli-
[ sion for highly excited HFB deactivated by argon.
.____.'____._—.__._‘.——
120 | i
[ 16000 cm” —((AE)) at
[ Excitation 15000 cm®
1o mm method ky K, (cm™Y
g 80 [ 12000 cm™ uv-ic 8.11(8.16x 1072 1.13x10°8 126x9
N : IRMPA 8.13 (8.20§x 1072 4291077 122+5
A L
17] r o Py l oY
g 60 v M & ®alues in parentheses are from fits to the linear form((AE))
v 8000 cm™ =ki((E))-
40
: A A KK Aok
20F 4000 e lyzed to obtain{(AE)) as discussed above. The parameters
[ em k; and k, for the ((AE)) function obtained are shown in
0 P B SE S B Table II.
0.98 0.985 0.99 0.995 1

Collision Fraction, FC V. DISCUSSION

The energy transfer parameters, determined from our
FIG. 4. Average energy transferred per collision as a function of coIIisionUV_lc preparation of highly excited HFB. can be directly
fraction for indi [ | ies. . . . . ' i
faction for indicated internal energies compared with previous studies using the same preparation
techniqué®®” and also theoretical calculatiofSA summary
of ((AE)) values obtained from the studies above, along
) ) ) ~ with the our values, is shown in Table Ill. Figure 5 shows the
whereN is the concentration of the molecule of interest iN((AE)) vs ((E)) curves for the present work along with
the cell, and_ is the cell length. This equat|on0|sl\éal|d fora other experimental and theoretical studies based on the de-
collimated laser beam and an absorption<af0%.~ When  civation of highly excited HFB by argon. The error bars on
all molecules are excited, as assumed in this st&8e oyr yv-IC data indicate two standard errors which have
above, then((Q)) is equal to((E)) at time zero. For the  peen determined from the error in the extrapolation of the
laser fluence and pressures used in these experiments %E)) vs F, curves(see aboveand the error determined
distribution of average initial excitation energies for HFB is potween different runs. Thé(AE)) vs ((E)) curve for
shown in Fig. 2. This figure_f;hows the average excitationhammet al 23 was estimated from their Fig. 9, while the data
energy to be 16 0081500 cm ~. points for the theoretical curve were estimated from Fig. 4 of
Decay traces at various bath gas pressures were recordgdnseret al4 The theoretical points of Lenzet al* have
with a constant HFB pressure of 2.5 mTorr. This very lowpeen joined by a line for illustrative purposes. Although the
pressure was necessary to minimize blackbody radiation angork of Ichimuraet al3” was assessed by Damen al® to

to avoid any errors associated with large temperature ris€e ghsolete due to an incorrect calibration curve, it has been
within the cell. Higher pressures also led to shock waves ifycjuded for completeness.

the cell. The low HFB pressures used increase the accuracy g evidenced by Fig. 5, ou{AE)) vs ((E)) curve is

of the data analysis, which involves an extrapolation to zerqywer than that of Damnet al.*3 but larger than that of
collision fraction of HFB. IRF traces typical of those ob- chimyra et al®” The theoretical calculations by Lenzer
served in the IRMPA experiments are shown in Fig@3 ot 5124 gre in close agreement with our data.

fitted curve is shown on one of the decay trac&simple Considerable debate exists over the functional form of

r_andom walk simulation_s show that at th_e_total pressures _5}”@1e ((AE)) vs ((E)) curves. The results of Damet all3

timescale of the experiments, wall collisions are insignifi-

cant. Plots of({AE)) versus collision fractionF., at se-

|ected energles are shown |n F|g 4. The parameters foTABLEl” Average energytransferred per CO||ISIOH,<<AE>> (Cmil) for
. deactivation of HFB by argon.

((AE)) extracted from the extrapolation of these plots are

presented in Table II. —((AE)) (cm™

B. UV excitation (IC-IRF) experiments Average internal

. . A
The UV photophysics of HFB has been investigated byEXCltatlon energy{(E)) (cm )

5 et ; . method Ref. 51806 4030¢ 24000 15000
many authors® After excitation with an excimer laser at
both 193 nm(ArF) and 248 nm(KrF) hexafluorobenzene U&igg nm i; éig 4%;3 33;1 19(;31
undergc_>es rapid mte_rnal conversion to the electronic groungv_248 am this work 327 198 126
state with aImpst unit quantum efﬁugncy to produce an eNfrRMPA this work 194 122
semble of highly vibrationally excited molecules. This theory-Qct 14 149

method of initial state preparation has been used previousi%'3
to excite HFB for collisional energy transfer studfés®-38 bpﬂgig?] 222:33; "; éig n
Decay traces at various Ar pressures were recorded Witkstimated from Fig. 9 of Damrat al23

a constant HFB pressure of 50 mTorr. These traces are an#uasiclassical trajectory calculations.
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represent standard deviations determined from the extrapola-

700 F tion of ((AE)) vs F. curves and errors observed between
600 runs. Figure 6 clearly shows that the two experimental re-
Damm et al. sults agree well with each other.

=500 | UV excitation followed by rapid internal conversion re-
e sults in an initial energy distribution similar to that of a ther-
%'400 B this work mal vibrational Boltzmann distribution shifted by the excita-
A UV-IC_~Ichimura et al. tion wavelength ¢40300cm?'). On the other hand,
L
v%or Lenzer et al. IRMPA produces a broader distribution since a HFB mol-
V_200 i ecule can absorb an integer number of photons centered
around the average number of photons absorbed per mol-
-100 | ecule. Although the two methods of initial state preparation
. ' . . ' . produce substantially different initial distributions, the en-

ergy transfer parameters obtained by our study are identical
within experimental error. This result has previously been
Energy (cm™) postulated from theoretical calculatiotfs:* but until now,

no experimental work has substantiated this claim. This is
the first direct experimental comparison between the two
methods of initial excitation, and demonstrates that IRMPA
is a viable method for energy transfer studies.

indicate that there is a definite roll-off with increasing en-

ergy. Other authors have even seen théseE)) curves ACKNOWLEDGMENTS

completely roll over(((AE)) values decrease with increas-
ing energy.?! Our assumed functional form f¢¢ AE)) con-

0 10000 20000 30000 40000 50000

FIG. 5. Summary of(AE)) vs({E)) curves for the deactivation of highly
excited HFB by Ar collider gas.
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describing any curvature. The UV-IC data obtained in thisprOVIded by the staff of the Flinders University Department

study showk, to be insignificant in comparison witky (see of Physical Sciences Electronic Workshop and the Adelaide
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- . University Department of Chemical Engineering Mechanical
Table 1). Although fitting parameters have been used whic .
will model any roll-off that possibly exists, the experimentalr\Norr]l.(ShOp' J.R.G. is grateful for the award of a Ferry Schol-
data suggesi AE)) to be essentially linear with energy. The arship.
magnitude of the nonlinear term compared with the linear

1
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