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We present a theoretical analysis of multiphoton ionization of xenon pertaining to experimental data ob-
tained by free electron laser �FEL� radiation of photon energy 12.7 eV by Wabnitz et al. �Phys. Rev. Lett. 94,
023001 �2005��. Taking also into consideration previous related theoretical information by Santra and Greene
�Phys. Rev. A 70, 053401 �2004��, we present a detailed study of the dependence of ionic yields on radiation
intensity as well as the expected saturation intensities. Our emphasis is on the basic features characterizing
such processes and in spite of analysis in terms of various scenarios, we find that some incompatibility between
theory and experiment persists.
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I. INTRODUCTION

This paper began as an attempt to reconcile presented
experimental data �1� on multiphoton ionization of xenon by
free electron laser �FEL� radiation of photon energy 12.7 eV
on the one hand with a theoretical paper by Santra and
Greene �2� and on the other hand with a new calculation
using rate equations with scaled cross sections. It has been
agreed that given the photon energy, and the range of inten-
sities reached in the experiment, the processes involved fall
within the validity of perturbation theory, and that is the
basis of interpretation in Refs. �1,2�. Santra and Greene,
however, did not produce laser power dependences for the
various ionic species detected in the measurements. These
power dependences and the resulting saturation intensities
are very valuable in making contact with the data.

Our initial expectation was that no significant discrepan-
cies would emerge, in which case, we would keep the results
for our internal use in calibrating our approach, as we have
embarked on similar calculations �3� for much shorter wave-
lengths and higher intensities, for which experimental data
have began appearing some time ago �4�. To our surprise,
that was not the case. A number of discrepancies between
theory and experiment seem to emerge. Thus, our purpose
here is to present and discuss those discrepancies, in the hope
that they can eventually be resolved, or at least kept in mind,
since the experiment was completed and closed some time
ago and was in fact the first of its kind using FEL radiation.

Although, given the pulse duration � and the cross section
� leading to a particular species through an N-photon pro-
cess, the order of magnitude of the saturation intensity F�s�
can be obtained through the relation FN���1, for a quanti-
tative answer, one needs to solve the kinetic differential
equations governing the evolution of the species during the
pulse. In addition, the slope of the radiation power depen-
dence of a species, produced through N-photon ionization
even within perturbation theory, is expected to be N only as
long as the initial species population is essentially constant
and the final species not depleted substantially, which is not
necessarily the case in the presence of a sequence of ioniza-
tion events. Otherwise, the slopes expected to be found in an

experiment can only be predicted and/or interpreted through
the solution of the kinetic equations. Finally, the intensity
fluctuations, inevitably present, at least in this stage of de-
velopment of the free electron laser in Hamburg �FLASH�,
need to be folded in, an issue that has been addressed by
Santra and Greene. Such intensity fluctuations and their ef-
fect on multiphoton processes have been studied in great
detail over the last 25 years. In the present context, we have
a rather simple case since no strongly driven bound-bound
transitions are involved. What is known from past experience
is that, for a truly chaotic radiation field, an N-photon tran-
sition into a continuum, such as ionization, is enhanced by a
factor of N! �5,6�, as if the effective multiphoton cross sec-
tion were larger. Again, exactly how this effect is manifested
in a particular experiment, will come out of the kinetic equa-
tions.

II. CROSS SECTIONS AND CALCULATIONS

We consider the sequential ionization of the different Xe
species, up to Xe5+, in the lowest order of perturbation theory
available for each step. This leads us to the following set of
equations for the populations of each species:

Ṅ0 = − �01
�1�F�t�N0,

Ṅ1 = �01
�1�F�t�N0 − �12

�2�F2�t�N1,

Ṅ2 = �12
�2�F2�t�N1 − �23

�3�F3�t�N2,

Ṅ3 = �23
�3�F3�t�N2 − �34

�4�F4�t�N3,

Ṅ4 = �34
�4�F4�t�N3 − �45

�5�F5�t�N4,

Ṅ5 = �45
�5�F5�t�N3 − �56

�6�F6�t�N5,

Ṅ6 = �56
�6�F6�t�N5,

where N0 and Ni=1−5 stand for the population of neutral Xe
and the first five ionized species, F�t� for the photon flux of
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the FEL pulse and � the cross sections for the respective
processes. The superscript in the cross sections denotes the
order of the process and the subscript stands for the initial
and final species. We neglect any potential contribution from
the harmonics of the FEL.

The cross sections for these processes were calculated in
Ref. �2�. Due to the lack of any other calculations for these
cross sections, we also estimated their value based on the
scaling of the single photon ionization cross section of Xe,
an approach explained in more detail in �3,7�. The value of
�01

�1� as reported in Ref. �1� is around 40 Mb, while its value
at photon energy 13.4 eV is 65 Mb �8,9�. In any case, for
pulse duration around 50 fs, �01

�1� is large enough to lead to
saturation of Xe+ production at intensities around
1011 W /cm2, i.e., at intensity much lower than the intensity
range of interest here. Since we want to have a direct com-
parison of our scaling approach with the cross section calcu-
lation of Ref. �2�, we will employ the calculated value �2� of
�01

�1�=119 Mb, keeping in mind that we will arrive at rather
generous values for the cross sections. For the low order
cross sections, we followed our approach described in detail
in Ref. �3�, employing the available two-, three-, and four-
photon single ionization calculated cross sections of the He
atom, as a scaling prototype �10,11�. For the higher order
cross sections, i.e., �45

�5� and �56
�6�, we proceeded as in �7�. The

cross sections we arrive at are shown in Table I and are in
good agreement with those calculated in Ref. �2�, in the
sense that the values of ���n��1/n are comparable. This com-
parison represents a redundancy test in that two significantly
different methods produce practically similar results for the
cross sections.

For the FEL laser temporal shape, we consider either a
simple Gaussian with full width at half-maximum �FWHM�
�=100 fs as reported in the experiment, or a pulse with am-
plitude fluctuations, resembling the pulses obtained by simu-
lations of the FEL laser �2,12,13�, in which case it is the
average of the FEL pulses that tends to a Gaussian with
FWHM �. The amplitude-fluctuating FEL pulse is con-
structed as follows: Each pulse consists of a superposition of

a few Gaussian �5 in the present paper� with the FWHM of
each Gaussian randomly distributed from � /10 to � /4. The
center of each Gaussian is normally distributed with a width
equal to �. The intensity of each Gaussian is randomly cho-
sen in between 0.1 and 3 times the maximum intensity of the
pulse. The total energy of the pulse is kept constant by a final
normalization of the intensities of each Gaussian. The aver-
age of the FEL pulses constructed this way is very close to a
Gaussian with FWHM �.

The spatial profile of the FEL beam perpendicular to the
axis is a Gaussian with an intensity profile near the focus
�z=0� as in Ref. �2�, i.e.,

I��,z� =
1

1 + �z/z0�2exp�−
4 ln 2

��2�z�
�2�I0, �1�

��z� = ��1 + �z/z0�2, �2�

where � is the FWHM �z-dependent� of the beam profile and
I0 is the maximum intensity at the focus of the FEL. Since
we are interested in obtaining results that can be directly
compared to the experiment, we must include in our calcu-
lations the focusing conditions and the detector specifica-
tions. Thus, in accordance with Refs. �1,2� we set �
=20 �m, z0=1.2 mm and center the detector at the focus of
the FEL with an acceptance window of 2 mm along the beam
direction.

The differential equations for the populations are solved
for a dense enough set of intensity values, ranging from zero
to the maximum value we consider and the final population
of each species �Ni�I�, where i stands for the xenon species�
is interpolated after the laser pulse is over. It is now straight-
forward to perform the space integral in the laser focus to
obtain the space averaged ion production Pi for each species,

Pi = 	
0

�max 	
zmin

zmax

2��Ni„I��,z�…dzd� . �3�

TABLE I. Cross sections and saturation intensities for the first six Xe ions. In the first column, n stands
for the ionization stage of Xe and the following two columns give the cross section for the sequential
ionization process Xe�n−1�+→Xen+ with a photon energy 
12.7, as reported in Ref. �2� and as obtained by
scaling. In the columns that follow, we give the estimated saturation intensity from the cross sections of Ref.
�2� �see text for details�, the saturation intensity from the experiment of Wabnitz et al., and the estimated
values for the cross sections that follow from the experimental data. In the final column we show the
cross-section values employed in Fig. 3. Cross sections are given in cm2n sn−1 and saturation intensities in
W /cm2. In the third column, the single photon cross section inside parentheses is scaled to obtain the rest of
the cross sections.

n CS �Ref. �2�� CS �scaling� Ps �estimated� Ps �Ref. �1�� CS �estimated� CS �Fig. 3�

1 119�10−18 �119�10−18� 1.6�1011 40�10−18

2 4.6�10−49 3.4�10−49 7.7�1012 2.5�10−46

3 2�10−82 4�10−81 4.8�1013 �5	3��1012 3�10−78−4�10−80 1.8�10−79

4 3.3�10−115 1�10−113 7.8�1013 �9	6��1012 2�10−109−3�10−112 2.1�10−111

5 3.7�10−147 2.2�10−147 7.0�1013 
1013 �6�10−143 8.3�10−147

6 6.4�10−179 1�10−180 5.7�1013 6.4�10−179
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III. RESULTS

To begin, we would like to compare our results with those
of Ref. �2�. We employ the same focusing conditions, pulse
duration, and a Gaussian for the FEL envelope. Since a
Gaussian cannot account for the fluctuations of the FEL in-
tensity, the upper limit of the ionization enhancement ex-
pected can be taken into account by incorporating into the
respective cross sections an order-dependent factor, which
we take to be the one for a completely chaotic field, i.e., N!.
The maximum pulse intensity at the FEL focus with the con-
ditions of Ref. �2�, for a total pulse energy of the order of
10 �J, is of the order of 5�1013 W /cm2.

In Table II we present the ionization yield from a Gauss-
ian with FWHM 50 fs, with the cross sections of Ref. �2� and
with the N! enhancement for comparison. With a Gaussian
pulse envelope, the ion signal we obtain is much lower for
the ions higher than Xe2+ for this intensity, and even an
increase of the intensity up to 1014 W /cm2 does not lead to
high enough ion yield for Xe5+ and Xe6+ compared with the
calculations of Ref. �2�. Incorporating a N! factor in the cross
sections, leads to the ionization yield expected from a cha-
otic laser field. We give the ionization yield for two values of
the maximum intensity of the FEL pulse, to stress the inten-
sity sensitivity of the ionization in this intensity range. These
intensities, i.e., 5�1013 and 7�1013 W /cm2 correspond to
pulses of total energy 10 and 14 �J, respectively. With FEL
intensity 5�1013 W /cm2, ion yields up to Xe4+ are compat-
ible with those reported in Ref. �2�, but the yields of Xe5+

and Xe6+ are substantially lower. With FEL intensity 7
�1013 W /cm2, the yields of all species are compatible with
those of Ref. �2�. Note that a factor of 2 difference in the ion
yield, between a Gaussian pulse with FWHM 50 fs, with
cross sections to account for a completely chaotic field, and
on the other hand pulses that come out from a simulation
�13� and average to a pulse of FWHM 50 fs, is well justified.

We are mainly interested in the power dependence of the
ionization of the different xenon species, and since the actual
temporal structure of the FEL pulse remains unknown, an
estimate of its potential influence on the power dependence
is valuable. To this end we calculate the intensity dependent
production of the different xenon species employing both a
smooth Gaussian pulse envelope, and a fluctuating envelope
as described in the preceding section. For the latter, since it is
constructed randomly, we take the average of 20 different
pulses.

Employing the cross sections suggested in Ref. �2� again,
we calculate the power dependence of the xenon species
population, with the results shown in Fig. 1. As expected
�Refs. �5,6��, the difference in the ionization between a
Gaussian pulse and one with a fluctuating envelope increases
with the order of the process. For Xe+, which is produced via
a first-order process, the ionization power dependence is es-
sentially the same, affected only by the two photon ioniza-
tion of Xe+, once it sets in. In higher species, that are pro-
duced by multiphoton absorption, a displacement toward
lower intensities, in the power dependencies of the popula-
tion in the log10−log10 scale of Fig. 1, for the fluctuating
versus the Gaussian FEL pulse, is evident. This displacement
gradually reaches up to a factor of �slightly less than� 2 for
Xe5+, essentially leaving unaffected the slope of the popula-
tion power dependence. We note here that for a truly chaotic
laser field, the displacement of Xe5+ would be a factor of
�5!�1/5
2.6 pointing to the fact that the random pulse, as we
constructed it, does not quite represent a chaotic field. Other
minor modifications, at intensities around or above saturation
can be attributed to the nonuniform shift of the saturation
intensities of the other species. We can thus conclude that the
pulse envelope structure does not influence the slopes of the

TABLE II. In the first line of the table we give the expected ion signal for an FEL laser pulse of 50 fs and
energy of the order of 10 �J from the simulations of Ref. �2�. In the two following lines we give our results,
by employing the same focusing conditions and cross sections, with a Gaussian pulse envelope. In the last
two lines, the cross sections are multiplied by N! to represent effectively a completely chaotic FEL pulse. The
maximum intensity of the pulse in Ref. �2� is about 5�1013 W /cm2, and �01

�1�=50 Mb �14�.

Intensity �W /cm2� Xe+ Xe2+ Xe3+ Xe4+ Xe5+ Xe6+

5�1013 1�108 4.6�107 3.2�106 1.2�105 1.2�104 3.5�103

5�1013 1.�108 3.8�107 0.4�106 2�102 0 0

1�1014 1.�108 5.6�107 3.6�106 2.7�104 102 0.4

5�1013 9.4�107 4.6�107 2.6�106 3�104 4.3�102 1.6�101

7�1013 9.4�107 5.22�107 6.5�106 2.5�105 1.6�104 4.4�103

1011 1012 1013 1014

Intensity �W�cm2 �

100
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FIG. 1. �Color online� Ionization of Xe atoms with cross sec-
tions taken from �2� and the FEL laser pulse envelope being a
Gaussian �dashed line� or a fluctuating pulse �dotted-dashed line�.
For the latter we show the average of 20 different pulses. Together
we show the space averaged ion production in the laser focus
�heavy line� assuming a Gaussian envelope, calibrated with Xe+

production at low intensities. The correspondence between colors
and species is the same for all figures.
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different species and thus in the following we will assume a
Gaussian envelope for the FEL pulse. The ionization en-
hancement due to the pulse fluctuations will be taken into
account by multiplying the cross sections with the respective
N!.

In the experiment of Ref. �1�, the slopes of the Xe3+, Xe4+,
and Xe5+ production are reported to be equal to the order of
the sequential process that leads to each species. Before pro-
ceeding, let us discuss the expected slope. In general, in a
sequential process, one would expect the population of Xei+

to exhibit a slope equal to the order of the process that ion-
izes Xe�i−1�+, only in the intensity range that meets the fol-
lowing conditions: First, the population of Xe�i−1�+ should be
effectively constant, and second, the ionization of Xei+ to
Xe�i+1�+ is not substantial. If either of these conditions is not
fulfilled, the slope cannot be assumed to be predicted simply
by the order of the process.

The power dependencies and the slopes of the �space av-
eraged� Xe3+ and Xe4+ population, employing again the cal-
culated cross sections and the experimental conditions of
�1,2�, are shown in Fig. 2. The experimental data do not
match the space averaged ion population expected from our
simulations. In more detail, with laser intensity around 3
�1012 W /cm2, i.e., close to the center of the intensity range
employed in the experiment, to extract the slope, Xe3+ pro-

duction exhibits a slope of a bit more than 5 versus the re-
ported 2.9	0.2. This difference, of the calculated slope from
the order of the sequential process that produces Xe3+ from
Xe2+, is due to the increase in the same intensity range of the
Xe2+ population with slope of 2, since the Xe+ is practically
saturated at this intensity. A similar situation is encountered
for Xe4+ at laser intensity 6�1012 W /cm2, where the slope
that comes out of the calculations is 9, i.e., the sum of the
expected slopes of the sequential production of Xe2+, Xe3+,
and Xe4+.

In order to trace in more detail the reason for the discrep-
ancy between our calculations and the experiment, we esti-
mate the saturation intensity for each species. Assuming that
Xe�i−1�+ is already saturated and that depletion of Xei+ is not
significant, the saturation intensity for Xei+ is given by the
equation

1 = 	
t

�kFk�t�dt , �4�

where k is the order of the process leading from Xe�i−1�+ to
Xei+ and F�t�= I�t� /�
 is the photon flux. These conditions
can be checked a posteriori, by comparing the saturation
intensities of the different species, but in any case, this
simple equation gives a good estimate of the expected satu-
ration intensity. The saturation intensity of a chaotic laser
field is evidently smaller by a factor of N!1/N. To be on the
safe side, the saturation intensities of Table I are calculated
with the assumption of a completely chaotic FEL pulse, and
can thus be considered as the low limit of the actual satura-
tion intensity.

The saturation intensity of Xe2+ is around 8
�1012 W /cm2, which means that it is not saturated in the
intensity region where the slopes were extracted in the ex-
perimental paper �1�. For Xe3+ and Xe4+, the saturation in-
tensities are estimated to be a bit less than one order of
magnitude above the ones reported in the experiment. Al-
though the two theories obtain similar values for the cross
sections, as described in Sec. II, the experimental results
seem incompatible with those values.

As a way of examining the degree of discrepancy between
theory and experiment, we consider now a reverse approach,
in which we seek cross sections compatible with the data. We
will focus on Xe3+ and Xe4+, the only species for which
intensity dependencies have been given in Ref. �1�. To be
precise, the very limited data on the intensity dependence of
Xe5+ of Ref. �1� are not a useful basis for comparison with
theory. To this end, the cross section for Xe ionization is now
taken from experimental data �Refs. �8,9�� to be around 40
Mb and the cross section for Xe+ is assigned intentionally a
large value, so that the Xe2+ population is saturated at inten-
sities lower than 1012 W /cm2, i.e., optimum conditions for
the observation of a slope of 3 for Xe3+ production. The
cross sections for Xe3+ and Xe4+ are estimated from the re-
ported saturation intensities to be �23

�3�=1.8�10−79 cm6 s2,
�34

�4�=2.1�10−111 cm8 s3, respectively. The saturation inten-
sity for Xe5+ appears to be outside the intensity range of the
experiment, leaving us the option to choose a value that
would not interfere with the slope of Xe4+, i.e., a cross sec-
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FIG. 2. �Color online� �a� Single atom �dashed line� and space
averaged �continuous line� ionization yields of Xe3+ and Xe4+ with
focusing conditions and detector characteristics as reported in Refs.
�1,2� and the FEL pulse envelope Gaussian. The cross sections are
those of Ref. �2� multiplied by N!. Space averaged ion production is
calibrated with Xe+ production at low intensities and the experi-
mental data of Ref. �1� are displaced vertically to match the calcu-
lations. �b� Slope of �space averaged� ion production for the first
five xenon species with parameters as in �a�.
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tion that would lead to a saturation intensity significantly
higher than the saturation intensity of Xe4+. To be on the safe
side again, we choose the value 8.3�10−147cm10 s4 for �45

�5�,
leading to a saturation intensity of 6�1013 W /cm2, that
would not modify the slope of Xe4+ in the intensity range of
the experiment. Cross sections for the production of ions
higher than Xe5+ do not interfere with the power dependence
of the populations of Xe3+ and Xe4+, since the atom ioniza-
tion is sequential. We thus adopt the value for �56

�6� suggested
in Ref. �2�, for completeness. We note here again that any
increase of ionization due to the pulse structure is effectively
considered as an N! multiplying the respective cross section.

In Fig. 3, we show the signal for the Xe species along
with the experimental data for Xe3+ and Xe4+ with the new
set of cross sections. For Xe3+, our calculations and the ex-
perimental data exhibit approximately the same slope for low
intensities, i.e., before saturation, but for higher intensities
there is a clear difference of up to a factor of 2 at
1013 W /cm2. On the other hand, the slope of Xe4+ in the
simulations is around 6, which does not match the experi-
ment. We employed a range of values, for �34

�4�, but we were
still unable to obtain results compatible with the power de-
pendence of the experiment. This happens despite the fact
that we carefully selected the relevant cross sections, so that
the conditions, as far as cross sections are concerned, are
�artificially� optimum for deriving slopes similar with the
experiment.

We attribute this discrepancy to the proximity of the satu-
ration intensities of Xe3+ and Xe4+ reported in Ref. �1�. This
implies, that the population of Xe3+ cannot be considered as
constant and thus the slope of Xe4+ cannot be expected to be
equal to the order of the process Xe3+→Xe4+.

We note again that the pulse envelope structure does not
influence the slopes, and its detailed form would be impor-
tant, only if high accuracy values for the cross sections �es-
pecially the high order ones� were to be obtained from the
experimental data. Otherwise, any increase of the ionization
signal due to envelope fluctuations can be considered as in-
corporated in the cross-section value.

In closing this section, one further process not included in
our analysis should perhaps be given some consideration;

namely, the possibility of two-electron excitations in xenon.
In fact, such excitations, which can be of importance in two-
electron atoms such as the alkaline earths, have on occasion
been found to play some role even in rare gases �15�; albeit
at a significantly different wavelength range. The most likely
mechanism in such cases has been the excitation of an outer
�5p� electron, accompanied by the excitation of a �5s�, from
the subshell immediately below. This has to do with the
structural fact that the first excited state of Xe+ involves the
excitation of a �5s� rather than a �5p� electron. Having pon-
dered such a possibility in the present case, we found no
plausible scenario for the involvement of such channels,
within the wavelength range under consideration. The signa-
ture of a process of this type would appear as an inflection in
the radiation power dependence of the yield for Xe2+, for
which there are no data.

IV. CONCLUDING REMARKS

Our attempt to reconcile presented experimental data on
multiphoton multiple ionization of xenon by xuv radiation
with a theoretical analysis, including all necessary ingredi-
ents has uncovered certain discrepancies. On the other hand,
our findings are basically compatible with previous theoreti-
cal considerations

Several facets of the ingredients that went into our analy-
sis have been presented and discussed exhaustively in the
preceding sections. Two aspects, necessary for a quantitative
contact with the data, have been included in our analysis;
namely, the dependence of ionic yields on laser intensity and
the respective saturation intensities. The two are related, be-
cause the saturation intensity for a particular ionic species
can be read off the plot of the intensity dependence of the
species; except for extremely unusual circumstances of no
relevance to this case. Within the relevant experimental error
bars, it is the value of the intensity at which the curve of the
intensity dependence begins “bending over,” by which we
mean changing to lower slope. Theoretically, this value can
be inferred and/or predicted, in terms of the relevant cross
section and the pulse duration, as already discussed in this
paper. A disagreement with experimental data, could be at-
tributed to a wrong value of the cross section. Field intensity
fluctuations can also affect the result, since their presence
appears as an enhanced cross section. That is why in our
analysis here we have considered a number of scenarios.

The slopes of the intensity dependence curves, however,
provide a more stringent test. They are not affected directly
by field fluctuations, while their dependence on the cross
sections is less direct. Again, by examining various scenarios
in terms of cross sections and field fluctuations, we have
endeavored to avoid the influence of one particular
parameter.

As is evident from the results of our analysis and in par-
ticular Figs. 2 and 3, it does not seem possible to obtain the
experimental slopes for Xe3+ and Xe4+ theoretically, with the
exception of Xe3+ in Fig. 3 which however is based on a
calculation with cross sections hand picked to match the data
as much as possible. In case it needs repeating, the same
disagreement emerges if one uses the theoretical cross sec-
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FIG. 3. �Color online� Ionization of xenon atoms �dashed line�
and the expected detector signal for the first five xenon ion species,
with cross sections of the last column of Table I. Experimental data
are displaced vertically to match the calculations.
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tions of Ref. �2�, as demonstrated in Fig. 2. On the other
hand, the systematic behavior of the theoretical intensity de-
pendences shown in Figs. 1–3, is consistent with expecta-
tions based on the long history of multiphoton ionization
over the last 40 years. At this point, 2 years after the experi-
ment was completed, it would not be meaningful or useful to
speculate on the reasons for these discrepancies. After all,
this having been one of the experiments with a source of a
new type, uncontrollable uncertainties on the intensity and
the interaction region would not be too surprising. We be-

lieve, however, that it is useful to keep them in mind, in view
of the new generation of data that are expected to follow.
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