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The UV photodtssocratton of H,O, was studted at high laser fluences Hydrogen peroxrde was photolyzed ulth an exetmer 
laser at 193 (ArF) and 248 nm (KrF) The state distrtbution of nascent fragments, 0H(A2P. ~1’. N’), has been obtained 
through spectrally resolved resonance transittons of the OH(‘Z* + 2fI) fluorescence AI 193 nm a strong fluorescence from 
OH(A ‘IS+ ) was observed, wmle at 248 nm no electrontcally excited OH(A 2E+ ) was found Measurement of the fluorescence 
mtenslty as a functron of laser fluence. as well as the state-resolved mtrmal distnbutton of the OH(A’X+). mdicate a 
two-photon process In thts drssoctatton process rotatronally hot OH photofragments m the A ‘Z+ state are generated Only 
the vrbratronal states v’ = 0 and u’= 1 of OH(A ‘P+ ) are populated. At laser fluences of 16 J/cm2 68% of OH(A) are formed 
m u’ = 0 and 32% III v’ = 1. The rotattonal drstnbuuons can be described by Boltzmann dtstnbutrons wtth T,:,, = 44X)+ 180 K 
and T,.,, = 3560+ 150 K.. The two sprn components m the OH photofragment are populated stahstically. The fragments must 
be formed with mgh translational energy. 

1. Introduction 

The single-photon excitatron of hydrogen peroxrde 
has been studied in detail recently [ 1,2]. These experi- 
ments probed the fate of the ejected nascent photo- 
fragments following optical preparation of the H202 
excited electronic state. The results obtained from 
high-resolution studies of the energy partitioning in 
the OH photofragment give a deeper insight into the 
dynamics of this dissociation process. It could be shown 
[3] that at wavelengths below 172.2 run OH(A 2P) 
in the first electronic excited state is formed. By dis- 
persing the OH(A 2Z++ X 2lT) resonance fluorescence 
the internal state distribution of the photofragments 
could be obtained. At H202 excitation wavelength of 
157.8 run the vibrational excitation of OH(zC+) is 
very low (<3%) whereas the rotational excitation is 
extremely high [2,4]. The single-photon photolysis of 

Hz02 at 193 and 248 nm, the strongest emissions from 
the excimer laser, shows no production of electronically 
excited OH [ 11. Instead It was found that the excess 
energy must mainly be converted into kinetic energy 
of the dissociation products leaving the OH without 

any detectable vibrational, and even with very low 
rotaticnal, energy. 

The investigation of high electronic exerted and 
dissociative states of H202 would need laser radiation 
in the far VUV, even below the lithium cut-off wave- 
length. However, very powerful laser radiation induces 
two-photon transitions in the hydrogen peroxide and 
the photofragmentation of H20z in high electronic 
excited states can be studied by the use of light sources 
emitting light of lower quantum energy. 

For this reason, an experiment was set up in which 
the radration of an excimer laser at 193 run and also at 
248 run was focused to increase the probability of a 

multiphoton process. As the molecules absorb at the 
single-photon energy this dissociation would result 
from a resonant sequential two-photon absorption for 
whch a reasonable cross section is expected. Low re- 
soIved fluorescence light of the OH A *z +X 217 tran- 

srtton could be observed by 193 nm excitation of 

H,O, 1% 

The results of the experiment reported here is de- 
scribed in the following where the influence of laser 
fluence on the multiphoton process IS studied. As the 
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rotational excitation of the OH radical can be fully 
resolved, a precise and careful discusslon of the rota- 
tional state distrlbutlon is possible for the 0H(2Z+) 
in u” = 0, as well as III its fist excited vibrational state 
whch is produced in the same dissociation process. 

2. Experimental 

The apparatus used for the present experrment has 
been described in detail [2]. Briefly, the beam from a 
pulsed excuner laser at 193, and also 248 nm, was fo- 
cused mto an aluminum cell by using a quartz lense of 
150 mm focal length. A mvcture of H202 and H,O 
(86% H,O,) was pumped through the cell with a 
pumping speed sufficient to completely exchange the 
detection volume between two photolysis pulses. The 
average laser intensity was constant durmg each ex- 

penmental run. The maximum laser output energy 

was held at 400 mJ per pulse. 
Fluorescence from the A 2Y?Z+ 4 X ‘II transition of 

the OH product was observed in a due&ion perpendicu- 
lar to the laser beam Dispersion of the emission spec- 
trum was provided by the use of a 0.5 m monochro- 
mator (Minuteman). In contrast to the earlier appara- 
tus [2], an optical multlchannel analyser (OSMA, 
Spectroscopy Instruments) was used. With this fast 

detection system a complete spectrum that is either 

the O-O or the 1-O band of the A-X transltlon could 
be registered within less than one minute with a good 
slgnal-to-norse ratio. This allowed a fast test of the re- 
produclblllty of the experimental conditions and an 
excellent check of the high-resolution data obtainable 
with the scannin g device. The resolution obtained with 
the scanning mono&romator was Avh = 1 X 10m4 
whereas the maximum resolution with the OSMA was 
about three times less. 

The dependence of the total fluorescence upon the 
energy density of the laser light III the cell was mea- 
sured by setting the monochromator at the center of 
the O-O band with both slits fully opened, wIuch per- 
mlts more than 95% of the band emission to fall on 
the photomultiplier cathode. When using the OSMA 
the integration was carried otit ~th the computer. 
Both systemsgave the same results. The laser intensity 
wasvaried with the help of a 5 mm diameter baffle and 
a set of quartz filtersplaced m front Urlthout changing 
the power supply. This arrangement guaranteed repro- 
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duclbility of beam conditions, which is unportant when 
multiphoton processes are studied. 

H202 (86% purity) was kindly supphed by 
DEGUSSA. It was kept in a Pyrex glass reservoir 
mounted under the reaction ceU and was cooled to 

0°C by Ice. Two different probes were used during 
the measurements, and no influence on the spectra 
was observed; indicating the independence of the sig- 
nal from possible impurities. AlI spectra at high reso- 
lution were recorded at a total pressure of 7 X 1O-3 
mbar. The pressure m the cell was controlled with a 
MKS Baratron capacitance manometer. Measurements 
with the OSMA at pressures up to 8 X 10d2 mbar did 
not show a pressure effect on the rotational dlstribu- 

tion. 

3. Resrlits and discussion 

The absorption of light at 193 and 248 nm does 
not result in the production of excited OH(A 2Z+) III 
a single-photon process [3] _ However, ifthe light beam 
at 193 run, emergmg from the excu-ner laser, IS focused 
with a lense of 15 cm focal length, then W radiation 
around 300 nm can be observed. All observed lines of 
the spectrum can be assigned to the A 22+ + X *lI 
transition of the OH photodissociation product-Thus, 
in order to obtain this ra&ation, more than one pho- 
ton is absorbed in the elementary process, The fluo- 
rescence 1s observed when using the 193 run radiation 
but not for laser radiation at 248 nm. 

For single-photon absorption in a non-saturated 
transition the emission mtensity of the OH fragment 
has to be linear with the laser energy. Ln the case of 
two-photon absorption a qiiadratic dependence is ex- 
pected. In order to prove the mechanism of the photo- 
dissociation process the OH emission has been mea- 
sured for different laser fluences. As the multiphoton 
absorption isvery sensitive on the beam charactenstics, 
a set of ftiters was used to change the laser fluence in- 

stead of changing the laser power output by varying 
the discharge voltage of the excuser laser. Fig. 1 shows 
the results of the experiment demonstrating clearly a 
quadratic dependence. 

In a simple rate model, where /cl and k2 are the 
rates of dissociation from the first and second excited 
H202 state, kl and k2 are greater than the pump 
rates Pal and Pu2, where P represents the number of 
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F1.g 1 Total OH(A2ZC+ X 2~) nascent photofragment erms- . . 
sion at different laser fluences. The laser was vaned by using 
a set of nonsaturable fdters. The slope is 2 0 f 0.1 as It 1s ex- 
pected for a two-photon process At h@er fluences H202 IS 
completely photolysed and the total fluorescence signal In- 
creases hnear with laser fluence. 

photons/cm2 and ulr CT? the absorption cross section. 
The population of the tko excited states (N1,N2) of 

Hz02 are determined by the differential equations: 

i$ = PulNo - k,N, - PcyV1, 

A, = Pc7#, - kgv2. (1) 

The last term of kl 1s very small and WLLI be ne- 

glected in the following. During the duration of the 
pump pulse the change in population of NI andN, is 
determined by the dissociation rate. Therefore follows: . 
N, =OandI’+O, 

N, = (0, o,lJ+,)~2N,(r). (2) 

No(f) 1s the time dependent concentration of H202 
in the ground state. The observed signal S 1s propor- 
tional to the product kfl2 integrated over the pulse 
duration T. if we introduce the fluence I of the laser 
radiation by I = PT, then we obtain for the observed 
signal S. 

T 

S=j- k,N,dt 
0 

T 
= (u1u#lTP2 s W2021t=0 exp(-ulZW df, 

0 (3) 

SC= tH2021t=~(~2/~~T)~[1 -=P(--olfl)l- (4) 

At low laser fluences (I < I/al) the exponential term 
in eq. (4) can be replaced by (1 -ulI)_ Thus we ob- 
tain a quadratic dependence for the signal. 

S a [H2021t=0(~1~2/kl 01’. (5) 

Thus quadratic dependence is only obtained at low 

fluences. At higher fluences(I> l/ul) the exponential 
term 1~1 eq. (4) vanishes and the amount of electroru- 
tally excited OH(A 2E+) mcreases linearly with laser 
fluence: 

S= W2021t=o(~2/k,W. (6) 

The physical reason for this behavior IS that the laser 

light pulse photodissoclates all H202 molecules. Be- 
tween the two extreme cases represented by eqs. (5) 
and (6), that laser fluence (Is) for which only I/e of 
the H202 molecules 1s Ieft non-photolysed, is given 
by u1 IS = 1. With the absorption cross section [6] of 
6.5 X IO-19 cm2 and a spot area of 2.4 mm2 in the 

focus of the laser beam, a value I, = I.5 J/cm2 or E, 
= 37 mJ is obtained, which agrees with the experimen- 

tal data. 
The results from the fluence dependence of the 

emission intensity strongly suggest that a two-photon 
absorption IS the promoting step of the molecular dis- 
sociation. The emission cannot be due to secondary 
excitation of free OH radicals which are formed in the 
single-photon dissociation, because the excitation of 
OH by 193 run radiation would result in high excrta- 
tion of the molecule which could only populate the 
A2F u’ = 0,1 states through subsequent relaxation. 
But these very h@ly excited levels of the OH(A ?ZZ+) 
state show an extremely strong predissoclation [7]. 
In principle, the emission could also result from im- 

purities;however, It should be mentioned that a linear 
response is observed between emission and sample 
pressure. In addition the distribution of product states 
is independent of the use of samples from different 
purUication preparation cycles. The main impurity in 
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the present experiment is water and, even at the highest 
laser fhrence of 16 J/cm2, no detectable amounts of 
OH(A 2 E+) are produced by irradiating H,O at 193 
nm. 

We therefore conclude that the emission is in fact 
from the subsequent two-photon absorption of the 
193 run radratron by the parent H,O, molecule_ This 
latter conclusion is supported by the very recently 
pubtshed result of McKendrick et al. [S] whch ap- 
peared in the literature after compIetion of the present 
experiment. McKendrrck et al. could observe low re- 
solved OH(A 2 E --f X 2 ff) emissions. The OH(A 2 Z) 
produced by two-photon dissociation of H,O, was 
used to determme the rate of quenching of OH(A 2E) 

by H202. 
The drspersed racbatron of 0H(A2 ZZ + X “ll) from 

the two-photon absorption of H202 is represented by 
the spectra which are shown in figs. 2 and 3. Whereas 

0HtA21’ -X 2TM0,0 

3io 3il : 

Wavelength (nm) 

Frg. 2.0H(A2Z+- X2n) nascent photofragment enussion 
spectrum from the two-photon drssouation of HaO* at 193 
nm Shown is a small section of the P and Q branches of the 
“’ = 0 + “” = 0 band. The rotatronal transItIons can be clearly 
resolved and the complete OH(A) product state drstrrbution 
can be obtained. Expenmental condlhons: 7 X 10S3 mbar 
H202 and a laser fluenee of 8 J/cm2. 

I 

OHIA2Z’ -X ‘n)tl,o) 

-283 28L 285 286 
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287 

Frg. 3. 0H(A2ZE++ X2~) nascent ermsnon spectrum Shown 
is a small section of the P and Q branches of the weaker u’ = 
1 --c “1’ = 0 band. Expenmental condrhons: 7 X 10s3 mbar 
H202 and a laser fluence of 8 J/cm2 

fig. 2 is part of the emission of the O-O band the emis- 
sion spectrum in fig. 3 represents part of the 1-O band 
demonstratrng that also u’= 1 of the A21Z+ state of 
the OH is populated. The two figures show only a 
small section of the completely observed band spec- 
tra and demonstrate that a fully resolved rotational 
spectrum was obtained for both bands and even for 
transitions from low rotational levels. The rotational 

structure of the two bandscould also be observed with 
the use of an optical spectrum muitichannel analyzer 
(OSMA). In this case the information could be ob- 
tamed with only a few laser shots thus reducing errors 
introduced by a possible change of gas flow or laser in- 
tensity. But because of the relatively large size of the 
drodes the resolution wasonly; of that obtained with 
the scanning monocbromator. Therefore, the results 
from the OSMA were used to prove the reproducibility 
of the spectral observations. In addition, the OSMA 
results were used to prove the pressure dependence of 
the emission and the sensitivity of tire rotational dis- 
tribution on collisions. 

Earlier measurements [2] mdicate that, at a total 
pressure of 100 mTorr, the nascent state distributron 
of the radiating 0H(21Z+) does not show a pressure 
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effect with the present experimental apparatus demon- 
strating that collision free conditions obtained. In 
adltion to the total intensity, the OSMA provides us 
with the rotational band contour. Therefore, pressure 
effects on tlus contour can easily and sensitively be 
measured_ As a result of this observation, we found 
that for all pressures used in the course of the experi- 
ment the same rotational and vlbratlonal dstribution 
was obtained. The relative rotational populations P(N) 
were determined from the P and Q branches [8]. From 
plotting In[fiN’)/2J + l] versus the energy of the mo- 
lecular state [9] a straight line was obtamed; thus, the 
energy of the molecular state can be described by a 
temperature. The temperatures which were obtamed 
for u’ = 0 and for u’ = 1 of the excited OH(2ZZ+) are 

T”l=O = 4450 f 180 K and Tuecl = 3560 f 150 K, re- 
spectlvely. The straight-line behaviour has been checked 
for rotational states N’ from 2 to 23. The results fur- 
ther show that there IS no indication of bimodal dis- 
trlbution which strongly supports the suggestion that 
the enussion 1s from only one of the two dissoclatlon 
products although the total energy (104070 cm-l ) 
avadable to the fragments IS iugh enough to excite 
electronically the second OH radical as well. The ab- 
sence of any deviation from a temperature behavior of 
the rotational distribution is, therefore, a strong hint 
for a dlssoclation process that leaves one of the two 
products in its electronic ground state. 

The transitions from borh spin systemsmOH(2Z+) 
could be analyzed_ Both spin systems show a similar 
distribution inong the different rotational states. Thus 
the available energy is partitioned statistically between 
the two spin components. From the intensity of the 
1-O band and the transition probabilities of the ob- 
served two vibrational bands [lo] the relative yield 
for the u’ = 1 formation is calculated to be 0.32 for 
U’ = 1 and 0.68 for v’ = 0 formation *_ Because of the 
relatively low internal excitation of the products 
OH(X) + OH(A), the main part of the available energy 

* Very recently a value of 0.25 has been obtained for U’ = 1 
t51. 

must be transferred into OH translation. 
The results obtained in the present experiment are 

also af great interest with regard to the dynamics of 
the dissociation process. The intermediate state in the 
subsequent two-photon absorption is repulsive; thus 
on a time scale comparable to the dissociation time, 
the second photon inducing the molecular transition 
will probe different Franck-Condon regimes depend- 
ing on the time lag between the absorption of the two 
photons. A change in the energy partitioning of the 
dissociation products should be the result of a dlsso- 
ciatlve intermedlate state. An effect is therefore ex- 
pected which shows a change in the energy partition- 
ing for the two fragments as a function of laser fluence. 
This result has been actually observed and will be do+ 
cussed m a later paper. 
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