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Application of photoelectron spectroscopy to the measurement of the flux of x-ray
free-electron lasers irradiating clusters or biomolecules
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This Brief Report shows the behavior of photoelectrons produced by the irradiation of x-ray free-electron
lasers (XFELSs) onto a cluster or a biomolecule and the measurement of the x-ray fluxes by using the photo-
electrons. It is found that plasmas, which are produced through the interaction of XFELs with the target, give
little contribution to photoelectrons. The minimum energies of the photoelectrons inform us of the x-ray flux
for each target size. Further, these energies approximated by a simple equation agree well with the calculation

results for relatively small x-ray fluxes.
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The analysis of the three-dimensional (3D) structures of
single biomolecules such as proteins has attracted attention
as an application of x-ray free-electron lasers (XFEL)
[1-10]. For this analysis, a large number of diffraction pat-
terns produced by the XFEL irradiation of a single biomol-
ecule are needed. Until now, a fixed x-ray flux has been
assumed in the theoretical studies [1-4,7,8]. However, since
XFELs are focused to a spot size which is comparable with
that of a biomolecule in order to get high x-ray fluxes, it is
not easy to irradiate the biomolecule with the same x-ray flux
for each shot. We need to know the x-ray flux. Therefore, we
have been studying how to measure x-ray fluxes irradiating a
single biomolecule. For these experiments, it is estimated
that a pulse smaller than 5 fs and consisting of about 3
X 10'? photons in a 100-nm-diameter focal spot (an x-ray
flux of about 10?° photons/pulse/mm?) is required [1]. In
this Brief Report, we treat x-ray fluxes of 10'® to
10?? photons/pulse/mm? and a pulse of 5 fs.

We and our co-workers have proposed a method for the
measurement of x-ray fluxes by using the x-ray emission
from hollow atoms produced by high x-ray fluxes [10-12].
On the other hand, in this Brief Report, we propose to mea-
sure x-ray fluxes by using the energy loss of photoelectrons.
It is for this purpose that we study the behavior of photoelec-
trons for various x-ray fluxes, wavelengths, and sizes of the
target. Bostedt et al. measured the energy loss of photoelec-
trons which come from a high-intensity euv laser irradiating
Ar clusters [13]. They employed a laser with a wavelength of
32 nm and an intensity of 5X 10'> W/cm? and the target of
clusters which consisted of 150 atoms. By using a Monte
Carlo simulation, they explained that the space charge in the
target is the source of the energy loss. Their simulation
model is suitable for small clusters of about 100 atoms. Hau-
Riege et al. [2], Jurek et al. [7], and Ziaja et al. [8] also
presented the behavior of electrons produced through an
XFEL irradiated clusters by using rate equations with the
continuum approximation, molecular dynamics based on
nonrelativistic classical equations, and hydrodynamics based
on the Boltzmann equations, respectively. However, the aims
of this Brief Report differ as follows: (i) they focused on the
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electron movement inside the clusters. (ii) They fixed the
x-ray flux. (iii) They calculated the electron energy distribu-
tion numerically. However, for the application in the mea-
surement of x-ray fluxes, simple approximation equations
between the energy distribution and x-ray fluxes are indis-
pensable. In this Brief Report, we derive simple equations
and confirm the agreement of them with the calculation re-
sults.

For the measurement of x-ray fluxes, there are other meth-
ods such as the use of scattered x rays (which mean x rays
scattered by electrons) or the number and degree of ioniza-
tion of the ions. Since we believe that all of the methods
have both advantages and disadvantages for the measure-
ment, we should understand the mechanism of these pro-
cesses. For example, in the case of scattered x rays, photo-
electrons, which can escape from the target, reduce the
intensity of the scattered x rays. Furthermore, the interfer-
ence between x rays scattered through electrons bounded in
and ionized from the atoms changes the intensity randomly.
The interference comes from the fact that XFELs have full
coherence. Therefore, since we forecast that the relationship
between the x-ray fluxes and intensity of the scattered x rays
becomes nonmonotonic, it is not a simple matter to use the
scattered x rays for the measurement. As for photoelectrons,
it was thought that the relationship becomes nonmonotonic
due to the plasma inside the target. However, in this Brief
Report, we will show that the formation of plasma has little
effect on photoelectron spectra. We do not intend to say that
the use of photoelectron spectra is the only method for the
measurement of x-ray fluxes. One should use all the methods
mentioned here after understanding each mechanism. Fortu-
nately, we can measure them at the same time.

We treat carbon atom clusters with a spherical shape and
at solid density (3 X 10*2/cm?). The density and number of
atoms, which determine the size of the target, may be esti-
mated from other experiments [14]. Our method may be ap-
plied to biomolecule targets for the following reasons: (i) as
for the shapes of biomolecules, we choose close to spheri-
cally shaped biomolecules because of the lack of data con-
cerning their three-dimensional structures. (ii) As for only
choosing carbon, the main elements in biomolecules are car-
bon, nitrogen, and oxygen atoms. However, we do not see a
big difference between their atomic data such as cross sec-
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FIG. 1. (Color online) A scenario for the production of photo-
electron spectra produced from the interaction of an XFEL with
atoms in a cluster or a biomolecule: Figures (a)—(d) are as follows:
(a) irradiations of x rays onto the target, (b) production of the
charge due to the escape of photoelectrons from the target, (c) the
interaction of photoelectrons with the charge, and (d) the outline of
the expected photoelectron spectra.

tions and rates in the terms of processes [9,10,15,16]. Figure
1 shows the scenario for the energy loss of a photoelectron.
The photoelectrons are produced through x-ray absorption
processes, and their initial energies are almost the same as
that of various XFELs [see Fig. 1(a)]. The photoelectrons
can escape from the target. When one electron escapes, one
charge is added. Namely, the space charge (Q) increases ac-
cording to the number of electrons, which have escaped [see
Fig. 1(b)]. The Coulomb force due to this charge reduces the
photoelectron energies [see Fig. 1(c)], and the expected spec-
trum is shown in Fig. 1(d). The total-energy loss (E,-E;,) of
the photoelectrons depends on the total charge, which is de-
cided by the x-ray flux, the size and density of the targets,
and the energies of the x rays.

Next, we show the theoretical treatment for the behavior
of photoelectrons inside and outside the target. We consider
not only photoelectrons but also Auger electrons for the cal-
culation of the space-charge Q. Since we assume that the
space distribution of the charge becomes almost uniform in-
side the target as treated in Ref. [2], O may be considered to
be concentrated at the center of the target [9]. The charge
affecting an electron [Q,(r)], which is located at a distance
of r from the center of the target, is given by Q,(r)
:%wr:“Dpee, where D, and e are the density of the photo-
electrons and the charge of one electron, respectively. Then,
the force acting on the electron is

2
F=%=LrD e, (1)
dmegre 3g
where g is the dielectric constant in vacuum. When a pho-
toelectron produced at r escapes from the target, the energy
loss of the electron is given by
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where r, is the radius of the target. Here, we assume that
Q,(r) remains constant from the production to the escape of
an electron because it moves too fast for the change in the
value of D,,. Then, the averaged energy loss is

V VO 1
f AE(r)dV f —ngez(rg — Pamrdr
0 o 689
“ 1% 4

—m’g

3

=—1D ezrg, (3)

where V is the volume of the target. Suppose that r=r, when
AE=AE,. Then, from Egs. (2) and (3), we obtain the follow-
ing relationship:

1 1
F%Dpeezr(z) = 6—80Dpee2(r(2, -, 4)

Namely, r,= \s’%ro. The energy loss is given by

2
(rp)e 1
Q ( 0) = _’%Dpee2 (5)
4megry e
until the electron reaches the detector after the escape. By
adding Eq. (3) to Eq. (5), the total-energy loss (AE,,) be-
comes

AE,, = ir%Dpeez. (6)
580

The electrons are produced through ionization processes
of atoms or ions such as photoabsorption, Compton scatter-
ing, Auger, and electron-impact ionization. In order to count
the number of the electrons, we calculate the population of
several electronic states due to these ionization processes of
C atoms or ions by using rate equations [9-12]. At the same
time, D, can be calculated. We assume that photoionization
processes occur at r=r,=v3/5r, according to Eq. (4). We
employ the rates given in Refs. [9,10,15] where isolated at-
oms are treated. However, atoms in biomolecules form a
condensed-matter system. Therefore, we should compare
atomic data of isolated atoms with those of molecules or
solids. Some reports [16—19] have shown a comparison of
atomic data between condensed matters or molecules and
those in isolated atoms. It has been reported that the data of
condensed matters or molecules are twice as large as those of
isolated atoms at the most.

We have derived a simple approximation equation. In the
case where small x-ray fluxes irradiate a target, we may ap-

. . dN

proximate D,, by using —'=-R,N, and —*=R,N
[12,20], where N, and R, are the population of the neutral
atoms and the photoionization rate for the neutral atom, re-

spectively. Then, Ny and D, become
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NO ~ eXp(— RpOZ)NOO’ Dpe ~ [1 - exp(— Rpot)]Noo, (7)

respectively, where Ny, is the initial density of the neutral
atoms. By inserting Eq. (7) into Eq. (6), the total-energy loss
is rewritten as

2
AE ~ <76 Noal 1 = exp(= Ryo)]
0
2 lo,
__réezN()()|:1 —eXp(— 0t>:|, (8)
€p Ep
with R o ”0 , where 1, 0, and E,, are the intensity of the x

rays, a photoabsorptlon cross section for the neutral atoms,
and the energy of the x rays, respectively. Furthermore, I is

FyE,
estimated as [~ , where 7 is the pulse length.
Then, at t=1, AElot becomes maximum, that is,

2
AElot,max -~ 5¢ Or()e ]\’()Ol:1 - eXp( FX ())] (9)

In order to verify our model given in Fig. 1, we also
execute accurate calculations of photoelectron spectra for a
small size cluster of a few 1000 atoms by using the Monte
Carlo method and Newton’s equations (MCN) and compare
them with the results calculated by the rate equations. The
MCN method employed here is almost the same as that
treated in Ref. [7] except for the movements of ions. We do
not treat the movements of the ions because the pulse of
XFELs treated here is too short for the movement of ions [1].
The following two points should be noted: (i) the production
of the electrons depends on the initial seed of the random
number generated, which are employed in the Monte Carlo
method, that is, we should demonstrate the calculations of
photoelectron spectra for different pulses by using different
initial seeds for the random number generated. We will show
not only the spectra of one pulse but also those averaged by
a few tens of pulses. (ii) We consider the effect of the plasma
in the target on photoelectron spectra in the MCN method.
On the other hand, for the rate equation method, only the
energies of the electrons are treated, that is, this effect is
ignored.

Figure 2 shows the comparison of the photoelectron spec-
tra calculated by the rate equations and the MCN method.
The target radius treated here is 2.5 nm and x-ray flux is 3
X 10%° photons/pulse/mm?. For the MCN method, not only
spectra of one pulse but also those averaged over 30 pulses
are shown. Good agreement between them is shown for the
minimum energies. This means that the plasma in the target
contributes little to the spectra. This may come from the fact
that the energy loss after the escape from the target is much
larger than that before the escape [see Egs. (3) and (5)]. It
should be noted that the shapes of the spectra shown in Fig.
2 agree well with our expected one shown in Fig. 1(d).

Since it takes too much time to calculate photoelectron
spectra for much larger target sizes [7], we employ only the
rate equations to calculate the size dependence on the spec-
troscopy. Figure 3 shows the maximum values of AE,
(AEymax) as a function of Fy for various values of ry, a
pulse of 5 fs, and (a) E,=12 keV and (b) E,=20 keV. Ap-
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FIG. 2. The comparison of the photoelectron spectra calculated
by the rate equation method (solid lines) with those averaged over
30 pulses (solid squares) and those of one pulse (open triangles) by
using the Monte Carlo method and Newton’s equations (MCN).
The target radius treated here is 2 nm. The x-ray flux is
3X 10%° photons/pulse/mm?.

proximate solutions given by Eq. (9) are also shown. As r
increases, the upper limit of the values of Fy, where
AE, mdx<Ep, becomes smaller because AE ., increases
according to 7% [see Eq. (6)]. Much larger values of x-ray
fluxes can be measured at E,=20 keV than those at
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FIG. 3. Maximum values of the energy loss of photoelectrons
(AE o max) Vs x-ray fluxes (Fy) for various radii of the target, the
pulse of 5 fs, and x-ray energies (E,) of (a) 12 keV and (b) 20 keV:
approximate solutions given by Eq. (9) are also shown. Solid lines:
the calculation results, dotted lines: approximate solutions. Radius
values of the target are taken to be 5, 10, 20, 30, and 50 nm which
are shown in the lines.
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E,=12 keV. This comes from the fact that the photoabsorp-
tion cross section at £,=20 keV is much smaller than that at
E,=12 keV [16] and AEy ,,x depends on o, [see Eq. (9)].
The approximation equation is valid at x-ray fluxes smaller
than 10?°/pulse/mm? for E,=12 keV and 10!/ pulse/ mm?
for E,=20 keV, respectively, and independent of r, where
Fyo,,<1. We estimate that the error of the approximation
equation is within 20%. As Fy increases, the approximations
become worse because a larger number of ions are produced.
The discrepancy between the calculation and the approxima-
tion results mainly comes from the fact that ionization pro-
cesses from inner-shell excited states and ions produced
through Auger processes are ignored in this approximation.

In practice, our model treated here is not satisfactory with
regard to the following points: (i) we assume a spherical
shape and uniform distribution of the target. (ii) We do not
treat ion movement. In order to overcome these drawbacks,
we have to make more accurate calculations, for example, by
using a molecular dynamic [7], hydrodynamic [8], or a
particle-in-cell method [21].
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In summary, we have studied the behavior of photoelec-
trons produced by x-ray free-electron lasers irradiating a
cluster or a biomolecule. Considering this property, we have
proposed to measure x-ray fluxes irradiating a single cluster
or a biomolecule by using photoelectron spectroscopy. It has
been found that the formation of plasma gives little contri-
bution to the spectroscopy. Much larger x-ray fluxes can be
measured at an x-ray energy of E,=20 keV than that at
E,=12 keV. We have derived a simple approximation equa-
tion. The equation is valid for x-ray fluxes smaller than
10%° photons/pulse/mm?  for E,=12 keV  and 10!
photons/pulse/ mm? for E,=20 keV, respectively, and inde-
pendent of the size of a cluster or a biomolecule.
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