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The hydrogen-loss channel, induced by sequential multiphoton absorption, of the vapor-phase fluorene cation
was investigated using a pulsed supersonic molecular beam, a time-of-flight mass spectrometer, and pulsed
nanosecond lasers. Our new method leads to the determination of the absolute absorption cross section. Its
attenuation with the number of absorbed photons has been approximated by means of statistical models. A
model-free determination of the evolution of the dissociation rate constant in a relatively large energy range
was obtained by solving the set of coupled differential kinetic equations numerically. Particular attention was
focused on the data analysis techniques. The free fit of these rate constants is close to the photothermodis-
sociation statistical model, but shows a discrepancy with the Rice and Ramsperger and Kassel model mainly
at high energy. The resulting activation energy is in agreement with both that deduced from the ab initio
calculations and that from the tight-binding energy potential surface model.

Introduction it is important to be able to perform the data analysis without
) . ) . . necessarily introducing any statistical model, particularly, in
In unimolecular reactions, the d_lssomatlon rate constant is a o ger for the theoretical models to be validated. It has to be
fundamental parameter of the activated system. We will focus yqteq that some rigorous and sophisticated calculations, regard-
more specifically on the dissociation mechanism, within a wide ing the dissociation rate determination of the related aromatic
energy range, of the polycyclic aromatic hydrocarbons (PAHSs) molecules, are also found in the literatifel®

energetically excited by photoabsorption. Indeed, PAHs could o previous work? we have focused on our new experi-
be responsible for the emission of characteristic infrared bandsmental procedure, which is sensitive to the evolution of the

_observed in the interstellar medldn’f._ To validate this con- . _dissociation rate over a wide energy range. The method is
Jecture, one hgs to stud_y the competition be“”‘?e” fragmenta_t'onconceived for fixed time-of-flight mass spectroscopy experi-
a?(:] IR emission. Infthrlls aalper, Vﬁe che}racter]ize the e\;olutlon ments but is also adaptable for reflection spectrometers. The
ofthe Ta“? con.stan't ofthe H- 0SS channeél, as a unction o er.1ergyexperimental setup and the features of the detected fragmentation
deposit, in this kind of species. Astrophysical observations mass spectra whose data are under study here are described in

suggest that parts of th? inter_stellar PAHS cou_ld be made of the previous papéf A beam of fluorene cations was obtained
cations and of molecules including a pentagonal fingor these using a seeded supersonic molecular beam and one-color two-

reasons, and because of its availability in a suitable form for photon ionization. Thesparent molecules were excited via
laboratory experiments, we havE chosen to study the fragmenta'sequential photon absorptions from a nanosecond laser (
tion of the fluorene cation (H,)- 1.97 and 3.4 eV). The fragmentation products were identified
The full experimental determination of the energy dependence ysing a time-of-flight mass spectrometer. The mean number of
of the rate constant for large molecules in a wide energy range absorbed photons was tuned by varying the laser flux. It has
is difficult. These experiments are limited to rather narrow heen showt that the absorption phase is not Poissonian, at
energy range$.** Moreover, most experimental methods of |east at medium and high photon fluxes. This has been
determination of the energy-dependent dissociation rates depengnterpreted® as an indication that fragmentation takes place
strongly on statistical models whose parameters are adjusted tqjuring the laser pulse and, as will be seen in the following,
the measurements. The classical Rice, Ramsperger, and Kassghat the absorption cross section may vary with the number of
(RRK) modet?*3is usually employed to give a rough picture  absorbed photons.
the zero point energy is accounted for, has been proposedyhich allows one to handle complex experimental dissociation
recently by Lger and co-worker§! This model is often termed  schemes including, for example, absorption/fragmentation com-
the “photothermodissociation” (PTD) model. In addition, it is  petition. This analysis will result in the determination of the
well known that the way the dissociation rate evolves with gissociation paths. Using the RRK and PTD hypotheses, we
internal energy varies from one model to another. Consequently,then determine the evolution of the absorption cross section of
the fluorene cation with the number of absorbed photons.
* Corresponding author. E-mail: vanoanh@lcp.u-psud.fr. Present ad- Finally, we perform a model-free determination of the H-loss

dress: Laboratoire de Chimie Physique, UMR 8000, CNRS, B8, ; it ; ;

UniversifeParis-Sud X1, F91405 Orsay @ex, France. dlssoua_tlon constant as a fu_nct|on of the energy dep(?S|ted. iny
t Laboratoire de Photophysique Molgaire. the outline of the analysis is developed in the text; technical
*Institut de Physique Nuchre. details can be found in the appendices.
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Transition Matrix Method

In this section, we introduce a very general method for
determining the dissociation constants as well as the absorption
constants. This method is still valid in the cases when absorption
and fragmentation are in competitiéhlt takes advantage of
the fact that the molecular population evolutions are Markovian
processes in the sense that the populations atttiiét depend
only on the populations at timeand on constant parameters
(absorption/dissociation constants).

We consider a very general decay scheme in which the parent
fluorene cations can absorb an unlimited number of photons
and break up by hydrogen-loss or by other fragmentation yields
referred to adeak The evolution of the molecular population
after a small time interval is given byN(t + At) = N(t) +
AN whereN is the column vector of the molecular population:
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N'; being the proportion of parent molecules having absorbed
j photons N_y being the H-loss yield, anNeak being the leak
yield. Using the kinetic equations, one obtains

N_,(t + At) = N_,(t) + Zld’iH AtNY
J

Nlealit + At) = Nleal(t) + zk{;ak At Njy;
J

ND'(t+ At) = (1 — Kl At) NO'(1)

NI (t+ At = Kt AtNE Y (1) +

[1— (Kbs + Koy + Kead A NG (1) (2)
where K, . is the photon absorption rate constant of ftte
photon andk”,, and K, are the rate constants for the H-loss
and leak channels. The previous system can be written as

®)

where 7" is the transition matrix of the molecular populations.
It can be written as: ¥ = 1 + (% — Yy )AL, wherel is the

unit matrix, % is the rate constant matrix, and is the
diagonal matrix whose elements are equal to the sum of the
corresponding column of the latter matrix. The elements of the
rate constant matrix are equal to the rate constant of the
transformation of thgth column molecule into théth line
molecule. For example, in the case of the left scheme of Figure
1, the rate constant matrix reads

N(t + At) = 7 N(t)
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Figure 1. Dissociation schemes of the fluorene cation by hydrogen
loss. The left scheme corresponds to 1.97 eV photons and the right

one to 3.4 eV photons.

A modification in the absorption and fragmentation scheme
is taken into account merely by a modification of this ma#ffix.

With n as the number of time steps, we have

N(tina) = 7" N(to) (5)
This equation allows one to calcul&éhe molecular populations
at a final time knowing the population at an initial tim({o):
©,0,1,0,..0)).

We have to consider two transition matrices. The first one
corresponds to the irradiation phase. The second matrix,
associated with the flight from the end of the laser pulse to the
end of the acceleration zone of the spectrometer, is equal to the
former one except that all absorption constants are set equal to
zero.

This method was used to calculate the optimum values of
the dissociation constants using a minimization algorithrhe
minimization criterion is the weighted chi-square between the
experimental molecular proportions and the proportions given
by eq 5.

Dissociation Scheme

The experimental evolutions of tie-y andNieak proportions,
as a function of the laser intensity (Figure 3), show some
concavity changes. It is not possible to reproduce these shapes
if the maximum number of absorbed photons is strictly lower
than 5 for the 1.97 eV experiment and 3 for the 3.4 eV
experiment. Thus, these numbers will be fixed to these two
values. The coherence of the results will be checked at the end
of the analysis (Appendix C). In both cases, the leak threshold
is such that leak appears only for the maximum number of
absorbed photons.

For the first experiment, as was shown in the previous p&per,
we have to consider, in the kinetic model, the evolution of the
cross section with internal energy and the fragmentation/
absorption competition during the irradiation time. If no
absorption cross-section attenuation was considered, then it
would not be possible to reproduce simultaneously the rapid
increase of the hydrogen-loss yield at low intensity and its
saturation at medium energy. Thus, the absorption constant
depends on the number of absorbed photons. At this point, the
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Figure 2. Evolution of the absorption cross section of 1.97 eV (dots) E oot (€V)

and 3.4 eV (open dots) photons by the fluorene cation as a function of Figure 4. Evolution of the dissociation constant as a function of the

the energy deposit. The black symbols correspond to the adjustments . . :
performed using the PTD law, and gray symbols correspond to the energy deposit (bottom). The bold line corresponds to the assumption

diust " ¢ d using the RRK | th int hifted thatk— follows the PTD law, the bold dashed line corresponds to the
adjustments performed using the RRK law (these points were shifted ;o\, tion thak_, follows the RRK law, and the circles correspond
slightly to the left for better readability).

to the free adjustment. The thin lines in the RRK and PTD cases indicate
the uncertainties connected to the bivariate error contours oEghe

and ko parameters. The black dots correspond to a photon energy of
1.97 eV, and the open dots correspond to a photon energy of 3.4 eV.
The unshaded zone corresponds to the best sensitivity domain of the
spectrometer. The curve at the top shows the proportion of parent
molecule fragmentation as a function of the energy deposit (see text).
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Moreover, for the 1.97 eV experiment, the attenuations of the
cross section after the absorption of one or two photons are
. negligible; thus, they have been removed from the analysis.
Finally, the number of adjustable parameters is reduced to two

& excited-molecule cross sections for each experiment plus the
§/§ > T 7 ) commonEy andky parameters. The absorption and dissociation
/ A schemes are shown in Figure 1.

0.2

0 05 1 15 2 0 05 1 15 Results
Pulse energy (mJ) Pulse energy (ml])

Figure 3. Comparison of the experimental proportions (circles: parent Wher? tak“f‘g into account the .saturatlon of the photon
molecules, diamonds: hydrogen loss, triangles: leak) with the theoreti- 20S0rption with the energy deposited, the agreement of the
cal results (lines) obtained by the free adjustment (see text) consideringadjustments with the experimental data becomes very good. The
the decreasing absorption cross section for the hot fluorene shown inagreement is slightly better when the hydrogen-loss rate constant
the previous figure. is constrained to follow the PTD law instead of the RRK law.

. The evolution of the cross section with the energy deposited
number of adjustable parameters would be 10 for the former js shown in Figure 2. This figure shows that the resulting

experiment and 6 for th_e latter, which is too large with respect \,griations of (Edepos) are continuous and monotonic, the
to the number of experimental measurements. In order to both gy |ytion is the same for both photon energies, and the variations
lower the number of parameters and confront these statistical 5t the cross section are almost the same for two different

laws with the experimental data, the dissociation constant waspypotheses on the statistical law followed by the dissociation
first constrained to follow successively the RRK and the PTD qefficient2s

evolutions, which are characterized by two parameters noted ence, a new minimization (referred to in the following as

Eo andko freeadjustment) was performed fixing the cross sections to the
E \o-1 average _values found in the preceding analyses. All of the
k’jH — ko(l _ _0) RRK (6) dissociation constants are now treated as free parameters. The
jhv resulting reduced chi-square of the minimizations are 0.89 and
E, o1 1.02. Thus, the agreement between the experiment and the
kj*H — ko(l — . ) PTD ) results from this analysis is very good as shown in Figure 3.
- jhw + E, The evolution of the dissociation constant with the energy
deposited for the three minimizations is presented in Figure 4.
whereg = 63 is the number of degrees of freedom of the Inthe RRK and PTD cases, the evolution behavior is different
fluorene cation andt,, = 7.4 eV is its zero point energy (this  for small and large amounts of energy deposited. This is possible
value was obtained from a tight-binding motgl The param- because the sensitivity of the experiment is low in these domains.
etersEp andky can be understood as the activation energy and This sensitivity is imposed by the experimental setup (see the
the characteristic carberhydrogen vibrational frequency, re-  best sensitivity zone of the spectrometer as calculated by our
spectively. It will be seen below that only the minimum values simulation codé in Figure 4) and by the dissociation scheme.
of the leak constants are constrained by the experimental resultsThis latter effect refers to the fact that the more parent molecules
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that break up after absorption of a given number of photons TABLE 1: Numerical Values of the H-Loss Rate Constants
the more precise the measurement of the corresponding rateds & Function of the Deposit Energy for the Free Adjustment
constant. Using the time evolution calculation (see Appendix (Same as Figure 4)

C) one can determine the distribution of energy deposited prior  Egeposit K-n K [
to fragmentation (see top of Figure 4). It is remarkable that the 3.40 6.5% 102 0 52 10°
two criteria, which are only partly correlated, lead to the same 3.94 3.7x 10 5.8x 108 1.1x 10°
optimum sensitivity energy domains. Thus, at low and high 5.91 2.8x 10° 1.8x 10° 3.3x 1¢°
intensities, both effects play a role. At low energy deposit, the 6.80 8.2x 10° 5.7x10° 13x 10
curves reach the lower limit of the spectrometer. These values /.88 31 10° 1.7 10° 5.3x 1C°
. - - 9.85 3.0x 107 8.8x 10° 9.1x 10/
of the rate constant could be accessible using the ion trap 145 6.0x 107 21x 107 1.3 % 108

technique-1-27.28

Thus, the central part (from 3.5 up to 9 eV) of the figure is
significant. In this zone, the value of the dissociation constants
obtained by the different methods are very similar. In the cases. > i X -
of the RRK and PTD procedures, the uncertainty regions are in monotonic evolutions of the cross section, which are very

indicated by thin lines (these uncertainties are obtained Similar for both statistical laws.
considering the extreme values of the error contour in the Finally, the constant rates were treated as free parameters.

Eo, In(ko) plane, see Appendix B). The uncertainties are The resulting variations of the molecule populations reproduce
minimum at the center of the spectrometer sensitivity zone. Ne experimental data very closely. The variations of the
The value of the dissociation constant obtained using the free k*“é(EdeFF;’Si) apper?r to r?e very 5|m|lgr tohthe eyoluulon foundh
adjustment and the PTD adjustment are close. The only larget"der the PTD hypothesis, except in the region close to the
discrepancy corresponds to the point associated with the threshold. We c_onS|der the results given by the free adjustment
absorption of two 1.97 eV photons. Close to the threshold the 2 the most reliable. _ L
PTD law seems to overestimate the value of the dissociation Dissociation SchemeThe main features of the dissociation
rate constant. scheme have been presented already in the above discussion.

The PTD procedure leads to an estimate of the dissociation During the irradiation phase, absorption competes with frag-
threshold,Eq, of 2.62 eV and & constant of 2x 101 s-1 mentation mostly at high laser intensity. The time evolution plots

The uncertainties play a particular role in these measurements.(Append'X B) show that the only fragmentation channel open

Indeed, the monovariate error bars (obtained considering thatdurmg the acceleration phase is the hydrogen loss. The other

the other minimization parameters take the value correspondingflfﬁgme?tat't(_m ch?rt]r?elsr(])ctcur ogly dutr_lng _the |rrz;1d_|at|gnbp?r?sbe.
to the optimum) are very small: about 3% fBg and In ko. € saluration of the photon absorption IS €xplaned both by

Nevertheless, the smallness of these error bars is deceptivéh's competition and by the attenuation of the absorption cross

because of the very strong coupling betw@&randko. Thus section with the energy deposited. Using the transition matrix
it is necessary to consider the bivariate error contour of the pairWe haz(e shown t_tt1at, hto repro_(iluce the dlfferentt mtolfcu_la;r
of parameters. The uncertainties presented in Figure 4 have beef'OPOItION con(f:_aw ybC al;'ggs’h' was fneccre]ss?ry 0 take Into
calculated in this way. Now the relative uncertainties are large, account up to five absorbed photons for the first experiment

29% and 17%, respectively. These uncertainties are due partlyf‘hnd three ;or the s_ecor:dd The fatct that this numbe_r IS Ibower for i
to our experimental setup but are due mainly to the very forms |1€ SECONd eXperiment does not come as a surprise because a

of the statistical equations (see Appendix B). Hence, any given Easerandtpuise the absorption probability is proportional

experimental determination of the parameters of these statisticalt® olS ?ndtrt]o %/ tw). We havetsgf[ahn tha;:]thﬂst'ratlﬁhwere the
laws must be followed by a careful analysis of the bivariate same forine two experiments, thus, the ratio of the maximum
uncertainties. numbers of absorbed photons for the two experiments must be

We notice that the ab initio theoretical value predicted by tcriosri toir;hemln\;]errse ;atlo OII t(;'? E)hhotorrlner;e:gble; ”;( prr?r%t'ﬁ’
DFT/B3LYP using cc-pvdz i€, = 2.6 eV. A little difference € maximum energy depositec IS In€ same or both experiments.

o . ) . The time evolution plots confirm that, when the maximum
?32)25) Siigdygjztgitg?sf dss;egﬁfﬁjhz_;\; (;ilggn? O:IS: c(i lar number of photons is reached, the fragmentation is too sudden

dynamicg* is Ep = 2.1 eV. Both are in agreement, within to S!IOW fprt_extrRa i)hcc):ton (t;\bsto_rrpglonsi  the di iat
uncertainties, with the experimental determination. Issociation Rate L.onstants1he values of the dissociation

constants, as obtained by the free adjustment taking into account
the decrease of the absorption cross section, are given in Table
1.

Absorption Cross Section.The absorption cross section for The value of the dissociation constant obtained using the free
the cold fluorene cation has been determined in refo3® 0.6 adjustment and the PTD adjustment are close. The only large
x 10716 cm2 at A = 630 nm). This value is confirmed using  discrepancy corresponds to the point associated with the
our experimental dat¥.In this paper, we have determined that absorption of two 1.97 eV photons. Close to the threshold the
the absorption cross section decreases as a function of the energ TD law seems to overestimate the value of the dissociation
deposited. rate constant.

A new method for processing the data, based on the transition These values are compatible with the fragment appearance
matrix, was introduced. This method allows one to test different potential threshold measured in ref 3#,{, = 5.06 eV) for
hypotheses on the absortion/fragmentation process easily andvhich the authors give an estimate of the dissociation constant
determine the evolution of the rate constants as a function of of 10* s%. Interpolating our results for this energy, it gives an
the deposit energy. approximate value of % 10* s™%

The evolution of the absorption cross section with the number ~ We have verified one of the rate constants using our signal
of photons was first determined imposing the RRK and PTD shape simulation code (Appendix C). This analysis gives a very
laws. Both adjustments reproduce the experimental data satis-good reproduction of the experimental signal shape, and the

aThe energy is given in eV and the rate constants are giventin s

factorily. It is remarkable that the minimization procedures result

Discussion and Conclusions
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Figure 5. Simulated time-dependence of the parent and its products’ Figure 6. Time evolution of the population of the different kinds of
populations at low intensity (1.97 eV, 0.27 mJ). The symbols stand molecules for a high laser intensity (1.97 eV, 2.2 mJ). Same conventions
for the molecules whose proportions are measured experimentally as for the previous figure.
(circles: excited or stable fluorehe diamonds: H-loss channel,
triangles: other fragmentation channels). The lines correspond to the
different excitation levels of the fluorehe(dotted: not excited, of this experimental setup for the heating of the molecules. In
dashed: absorption of one photon, long dashed: two photons, dotted thjs figure, the different line types correspond to the different
dashed: three photons, full: four photons). excitation levels. The curves related to the weakly excited
) . . molecules (two photons or less) show no variation after the laser

resulting valge of the rate constant is in good agreement with pulse. In the two-photon case, this is because the inverse of the
the one obtained by the transition matrix technique. dissociation constant is very large with respect to the accelera-

The values of the dissociation constant corresponding to the o, time. n the other cases, the internal energy is not sufficient
other fragmentation channelk(,) have no real signification {5 ajlow fragmentation. Only the molecules absorbing three
because, on one hand, they correspond to the overimpositionynatons have a rate constant large enough to lose an hydrogen
of different channels and, on the other hand, only their minimum 5¢om. This explains the mirror evolutions of the dottethshed

value is constrained. o curve and of the diamond curve. At such a low intensity, the
According to the estimated IR emission rate, the rate constantsparem molecules do not break up during the pulse time and

obtained above and the estimated photon energy in space, theymost no molecule is excited over three photons; thus, the
fluorene cation is likely not present the interstellar medium. If absorption process is Poissonian.
it was present, then it would be qr}der thesldy fluorene-like High Laser Intensity. Contrary to what happens at low
radical because of its better stability. . intensity, the parent molecule proportion at high intensity
PerspectivesWe will apply this method that allows a direct  gecreases rapidly: as seen in Figure 6, a large part of the parent
determination of the evolution of rate constants as a function yglecules is fragmented before the end of the laser pulse. The
of depositgd energy to several PAHs apd also to the different absorption process is no longer Poissonian.
fragmentation channels for further studies. ) This result illustrates the saturation of the absorption process.
Furthermore, a rigorous theoretical treatment is currently at high laser intensity, all of the parent molecules are excited,
carried out using a phase space theory, considering the anhargome molecules absorb up to five photons. The latter molecules
monic quantum density of states, developed in previous p qqy up immediately (because the values®of andk,, are
works?2**This method is currently applied to the H-loss channel ey high with respect to the inverse of the time-of-flia?lt); thus,
of the fluorene cation, and, more generally, seems Very yheir proportion stays very small. Our hypothesis, namely, that
promising for the calculation of rate constants. the de-excitation scheme could be stopped at five photons, is
thus strengthened. At the end of the laser pulse, all of the
remaining parent molecules have absorbed three or four photons.
The fragmentation will continue during the acceleration phase
When the values of the absorption and fragmentation veloci- but is slowed because all of the five-times excited molecules
ties are known, it is possible to visualize the evolution of the have already undergone fragmentation. The four-times excited
molecular populations as a function of time. To speak in a vivid molecules will break up prior to detection. Thus, all of the
way, the film of the dynamical mechanism can be unfolded from detected parent molecules are excited by three photons. The
the pictures of the final states, that is, from the detector signals. leak curve keeps constant after the laser pulse because all of
This is done by calculating iteratively, using the transition matrix the five-times excited molecules have already fed this channel
(eq 3), the vector containing the molecular populations (eq 1). and the less excited molecules cannot break up in a way other
The evolutions for two experimental points are presented in than hydrogen loss.
Figures 5 and 6. The left part of the figures, up to 6 ns, Final Comments. At medium and high laser intensities, an
corresponds to the laser pulse, and the right part correspondsmportant part of the fragmentation process takes place during
to the acceleration zone of the spectrometer. This section isthe irradiation. Within this period of time, a complex competition
meant to describe the absorption/fragmentation dynamics andprocess occurs between absorption and fragmentation. One
validate some of the hypotheses made in the analysis. cannot expect, for example, to be able to adjust the experimen-
Low Laser Intensity. Even at low laser intensity (Figure 5), tally measured proportions with a simplified version of the
only a small proportion of the parent molecules is submitted to kinetic law. This observation confirms the conclusion of the
the laser pulse without being excited. This shows the efficiency Poissor-Gauss analysis of ref 19.

0
10

Appendix A: Time Evolution of the Molecular
Populations
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Although the laser pulse is long enough to allow the fluorene
cation to absorb in theory up to 20 photons, the fragmentation |
of molecules excited by absorbing more than four sequential
photons is so rapid that the absorption of a sixth photon is very
unlikely. We can conclude, on one hand, that the hypothesis
that the dissociation scheme is stopped at five photons is
validated, and, on the other hand, that the absorption process is
limited more by fragmentation than by the irradiation time.

Depending on the length of the acceleration zone, the
experiment is sensitive, or not, to different ranges of rate Ej
constants. However, important evolutions of the molecule
populations can be seen inside the acceleration zone, as well
for low intensities as for high intensities. This shows that this
spectrometer was well adapted to the measurement of the
fragmentation rate of the fluorene cation in the energy range of
interest.

%]n(ko) Ajln(ky)

Appendix B: Errors on Eg and ko —_— —

The aim of this appendix is to show how the uncertainties In(k,
on the statistical law parameters can be evaluated. The valueg-igure 7. Ellipsoidal error contour in the two-dimensional case: all
of these uncertainties are connected to a given experimentalof the values of (Irko, E) such that the chi square is not greater than
setup, but they are also induced by the very form of the statistical :2 mm'g'r’]Tt‘s“"é‘o‘r’r""e'geoﬂgStc??ﬁeagiéncéi‘ée&gﬂﬂge?;:A"ngrlgersb‘#]e
laws. Hence, the fo"C_)WIng results and lines of tho_ught can be incgipit shows the ghapes of the ellipses corresponding to 1, 2, 3, 4, and
useful in many experimental analyses. Our goal will also be 10 14 apsorbed photons in the case where all of the error bars ddi‘the
show how the values found for the one-dimension uncertainties agre equal.
may be deceptive because of the lengthening of the two-
dimension error contour. The uncertainty on one parameter is defined considering that
Uncertainties and the Statistical Laws.Most experiments the evaluation of the other parameter is exact. Thus, for example,
aiming at evaluating the evolution of the dissociation rate yx2(In ko = Az In ko, Ep) = szin + 1 (see Figure 7). A more
constant consist, directly or, as in our case, indirectly, in rigorous definition of the error bars consists of taking into
measuring the values & for several values of the numbgr account both uncertainties simultaneously. The two-dimension
of absorbed photons. The resulting unnormalizgédeads (for error bars are defined as the extend of the error contour given
the sake of simplicity thg? is applied to the logarithm of the by 42 = %ﬁ]m + 1. In our case the extreme points of the ellipse
RRK law, eq 74 give

e _ =D
Nk, — — — In k" Aolnlo=vD (13)
2 J
X = ~ (8) D
JZ AlnkK AEy= o (14)
1

where the ternEyj = (g — 1)Ed/(jhv) results from the first-
order development of the logarithm and the denominator terms
are the uncertainties on the measures. JAibas a parabolic

Information on the distribution of the number of absorbed
photons can be deduced from the slope and the lengthening of

. . the ellipse:
form in the [In ko, Eg] plane; thus, the terms of the Hessian
error matrix are exact and the error contour is an ellipse (see ALE, AE) 1
Figure 7). This shape is actually found in our analysis (see JS= A = A = (15)
Figure 8). The values of the parameters corresponding to the 21Nk 1INk O -0
maximum likelihood are obtained by the first-order derivatives ,
of 2. They take elegant compact forms o AzE, _ Ay Ink, _ 1 (16)
TTANE Alnk 03
_ Onk'fj15 — Oinkj-2 1———
Ink, = . 9) 00
oy
We stress the fact that the only ingredients of eg4.® are
E = Ok (10) the measures df* and their error bars. They are independent
Uifj of the way the measures were actually performed. Hence, these

equations are valid in a large range of experimental studies.
Application to our Data. Our method of determination of
the statistical law parameters did not consist of adjusting the
laws to experimental measures of thé. However, as can be
seen in Figure 8, the resulting actually shows an elliptic shape.
Similar shapes are found for both statistical laws and both
! = experiments. In this case very small one-dimension errors
AEy=v0j "D (12) (A1In kg = 0.05 andA;Ey = 4 x 1072 eV) correspond to very

whereo is the covarianc® weighted by the 14 In ki")2 The
second derivatives give the usual, one-dimension, error bars

A, Inky,=D 11)
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Figure 9. Comparison of the experimental (grey line) with the
simulated (thin black line) detector signal profiles obtained for a laser

. . energy of 0.27 mJhy = 1.97 eV). In this case all of the detected
large two-dimension errors\ In ko = 0.85 andAzEy = 8 x H-loss yield (dashed line) results from the absorption of three photons.
1072 eV). Alternatively, if the value ofg, can be faithfully The value of the dissociation constakit,, and the proportion of
determined by the theory, an experiment corresponding to aexcited parent molecules were set to the values found by the free
narrow error ellipse gives the value lefwith a low uncertainty. adjustment analysis.

The lengthening and the slope of this ellipse correspond to
an intermediate case betwelin= 1 andN = 2 (see Figure 7). corresponds to molecules that have broken up late in the
The application of egs 15 and 16 giviss 10! = [j 202 = acceleration zone of the spectrometer. Thus, they are screened
1.9 = 2. This result confirms that, in the case of the second in the parent peak.
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