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Abstract

This paper deals with the contribution of secondary electron emission, produced during the slowing down of fast electrons,
on the intensity and temporal shape of the generated Kα pulse. The problem is treated in a general manner emphasizing
laser–plasma interactions, where it was suggested in the literature that these electrons could play an important role on
the temporal duration. Here, we make use of a hybrid model which includes secondary emission in conjunction with
the continuous slowing down approximation (CSDA). The results are compared with those obtained from a simple
CSDA calculation, with no detailed accounting of secondary emission and without straggling. Secondary electrons
were calculated to contribute up to an additional 20% to the total Kα yield and in the case of monoenergetic electron
beams in thick targets also to influence the temporal shape. The pulse duration is not affected in a significant manner
by the secondary electrons.
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1. INTRODUCTION

Suprathermal electrons, produced in the high intensity femto-
second laser interactions with solids, are known to produce
intense and very short pulses of characteristic Kα X-ray radi-
ation. The study and the development of these and similar
radiation sources is a present topic of much interest (Reich
et al., 2003; Park et al., 2006; Riley et al., 2005; Riley
et al., 2006), this stems from the wide range and important ap-
plications of these radiation sources. For example, plasma di-
agnostics by X-ray scattering (Gregori et al., 2006), ultra-fast
time resolved diffraction measurements, (Sokolowski-Tinten
et al., 2003), flash backlighting of dynamical systems connect-
ed to inertial confinement fusion (Bennett et al., 2006), as well
as different applications in chemistry and biology (Rischel
et al., 1997; Neutze et al., 2000). It is therefore of great impor-
tance to know and to be able to predict as best as possible the
temporal profile of this radiation source which is most difficult
to measure. As stressed in the medical physics literature, where
the utmost accuracy is required, the more accurate and com-
plete method of calculating electron slowing down is to in-
clude a detailed treatment of the secondary electrons
(Kawrakov, 2000). In this paper we will show that in order

to obtain the time dependent Kα radiation pulse more accurate-
ly, secondary electron emission should be included in the elec-
tron slowing down calculation. To the best of our knowledge
this topic in general has not been treated in the literature.

Two recent publications dealing with the temporal profile
of theKα pulse in high intensity, sub-picosecond laser–plasma
interaction are by Chen et al. (2007) and by Nilson et al.
(2012). The authors in the former paper measured pulse du-
rations of the order of 15 ps from a thin foil. In their analysis
these authors bring up the possibility that secondary electron
emission can have a significant effect on the time duration of
the Kα pulse. Based on this, Neumayer et al. (2009) also sug-
gested that secondary electrons might introduce additional
effects in Kα emission modeling. In the following we exam-
ine the importance of secondary electron emission on the
temporal shape of the pulse as well as on its magnitude.

In the more recent paper, Nilson et al. (2012), measured
pulse widths of the order of 6 ps, using a streak camera of
1.9 ps resolution, and in this experiment the trapped electrons
were assumed to deposit all of their energy within the foil. By
calculating the Kα emission, as the electrons slow down, they
were able to infer mean initial electron energies, by compar-
ing the measured temporal pulse with the calculated one. In
doing so, these authors did not account for the effect of sec-
ondary electrons emission in their calculation. We will exam-
ine here the effect of including secondary emission on the

685

Address correspondence and reprint requests to: E. Nardi, Faculty of Phys-
ics, Weizmann Institute of Science, Rehovot, Israel. E-mail: eran.nardi@
weizmann.ac.il

Laser and Particle Beams (2015), 33, 685–693.
©Cambridge University Press, 2015 0263-0346/15
doi:10.1017/S0263034615000798

https:/www.cambridge.org/core/terms. https://doi.org/10.1017/S0263034615000798
Downloaded from https:/www.cambridge.org/core. Weizmann Institute of Science Library, on 25 Apr 2017 at 14:42:22, subject to the Cambridge Core terms of use, available at

mailto:eran.nardi@weizmann.ac.il
mailto:eran.nardi@weizmann.ac.il
https:/www.cambridge.org/core/terms
https://doi.org/10.1017/S0263034615000798
https:/www.cambridge.org/core


temporal pulse for monoenergetic electron as well for sources
with large energy spreads such as in the latter experiment. We
will also attempt to estimate the time spent by the electron
outside the foil.
The basic theory is given in Section 2, emphasizing the

two different approaches for calculating electron slowing
down, that which explicitly deals with secondary electron
emission and that which does not. In Section 3 we provide
results for the temporal profiles with and without secondary
emission for thin foil configurations but mainly for foils of
thickness larger than the electron range, the latter topic is
stressed here. We conclude in Section 4.

2. THEORY

2.1. Electron slowing down

Energetic electrons slowing down within a given target pre-
dominately lose their energy by an extremely large number of
collisions with target electrons. In order to reduce the re-
quired amount of computation, one abandons the complete
and detailed description of particle histories and deals instead
with condensed case histories, where for a given path length
the energy loss is integrated over the given segment (Berger,
1963). This is the simplest method for treating electron slow-
ing down, and it is called the continuous slowing down ap-
proximation (CSDA).
As the electron moves through the medium colliding with

target electrons the latter are set into motion with a wide
range of recoil energies. It is now generally recognized that
energetic secondary electrons thus produced cannot be over-
looked. Indeed, the Monte Carlo software packages, which
stress the accuracy of their energy deposition results, for ex-
ample EGSnrc (Kawrakov, 2000), GEANT (Agostinelli,
2003), and Penelope (Baro, 1995) all account for the second-
ary electrons in the slowing down process.
A basic procedure, for including secondary electrons, is to

employ the so called Class II hybrid scheme, see Schneider
and Cormack (1959), and in particular Berger (1963). In
this scheme, secondaries are incorporated within the contin-
uous slowing down approximation. We will use this method
here, in our calculations as outlined below. For the conditions
encountered in these types of experiments plasma effects on
the stopping of electrons are neglected (Nardi & Zinamon,
1978).

2.2. Calculating secondary electron emission

We have investigated the secondary electron emission using
the procedures described in detail in the Appendix of the
review paper by Berger (1963). Secondary emission in the
slowing down process is due to the so called “catastrophic
collisions”, in which a non-negligible fraction, denoted by
ε, of the fast electron energy, is imparted to a target electron.
Calculation of the probability for secondary electron produc-
tion with energy transfer greater than ε, based on the Moller

cross-section as formulated by Rohrlich and Carlson (1954),
is given by Berger (1963). This formula was derived for free
electrons. Due to the relatively low values of the electron
binding energies (less than 5 keV for the Ti target) compared
with the bombarding energies, the free electron approxima-
tion here is of sufficient accuracy.
The probability per unit path length, μc for electron-electron

scattering with fractional energy transfer ε> εth where εth is
the threshold for energy transfer, is given by (Berger, 1963),

μc = NZC/E H(εth) (1)

where N is the number of atoms per cm3, Z is the atomic
number, E is the electron energy, τ is the kinetic energy in
units of mc2, C= 2πe/mv2 and for the given threshold ε,

H(ε) = 1/ε− 1/(1− ε) + [τ/(τ + 1)]2(0.5− ε)
− (2τ + 1)/(τ + 1)2 log[(1− ε)/ε]

(2)

Secondary emission is calculated as the electron slows down.
At each energy E, we set εth such that it is equal to Eth/E,
where the threshold energy Eth, is the electron energy
above which secondary electron emission is followed in
detail.
Within the interval dx, the probability for secondary emis-

sion with ε> εth is μc(εth) dx. By random number sampling,
we determine whether secondary emission occurs in dx. The
value of ε cannot exceed 0.5, since both scattered and target
particles are identical.
Should secondary emission occur, we determine ε, whose

range is εth< ε< 0.5, by direct Monte Carlo sampling of the
Moller cross-section given by (Berger, 1963),
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where, τ is the kinetic energy in units of the rest mass and B a
constant, proportional to one over the velocity squared.
The time, energy, and as well as the position along the pri-

mary electron path of the point of emission of these recoils
are stored for processing. After completing the calculation
for the primary beam, the stored secondary emitted electrons
are processed. Finally it should be noted that in the literature
connected to biological applications, secondary electron
emission is treated in a more elaborate manner (Bousis
et al., 2008).

2.3. Present calculations

The electron track is divided into small predetermined path
lengths dx, where energy loss is calculated by the CSDA.
In this interval the probability of Kα emission is also
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calculated as discussed below. We find it unnecessary in the
present work to follow in detail electron motion, specifically
not accounting for multiple scattering.
We distinguish here between the two different schemes re-

garding the treatment of secondary electrons. In the first sec-
ondary electrons with energies greater than εth are emitted
and their trajectory followed, generating Kα radiation as
they slow down. This is the so called Class II scenario
(Berger, 1963). In the second scheme, secondary emission
is not dealt with specifically and the energy loss of the
beam due to them is incorporated within the CSDA, with
their energy locally deposited. This is the simplified Class
I method, the CSDA energy loss dE/dx, must clearly be dif-
ferent between both cases.
The Class I versus Class II procedures are well illustrated in

Figure 1 by the graph adopted from Schneider and Cormack
(1959), where the dashed line shows the energy as a function
of distance within the regular Class I CSDA. The full curve
gives the primary electron energy within the Class II scheme.
The energy decreases here continuously, between the knock
on or so called “catastrophic collisions” in which a secondary
electron is produced. We note here that the two trajectories
terminate at the same point.
For the Class II case, with secondary emission followed

along the electron track in between catastrophic collisions,
energy loss within the CSDA is calculated by means of the
“restricted” stopping power. Berger (1963) gives the “re-
stricted” continuous slowing down part of the stopping,
dE/dx, based on the Bethe stopping theory for soft colli-
sions, and with the assumption that εth is sufficiently small
he obtains,

dE / dx = −NZC/E [log(2E2εth(τ+ 2)/I2) − β2] (4)

where, I is the so called mean excitation energy, which is ob-
tained from atomic theory and is tabulated. For each path
length interval, the procedure for secondary electron emis-
sion as outlined above is employed, where one stores and
later processes the generated secondary electrons. This proce-
dure is widely used in the literature for example Murata et al.
(1981), Andreo and Brahme (1984).

Berger (1963) also gives dE/dx for the Class I continuous
slowing down calculation, where by essentially combining
Eq. (3) with Eq. (4), he takes into account the effect of the
secondary emission incorporating it into the stopping formu-
la, thus,

dE / dx = −NZC /E [logE2(τ + 2)/I2 + f−(τ, εu) + δ] (5)

with,

f−(τ, εu) = −1− β2 + [τ / (τ + 1)]2εu2/2+ (2τ + 1)/
(τ + 1)2 log(1− εu) + log[4εu(1− εu)] + 1/(1− εu)

Here εu is the maximum possible recoil energy, in this case 1
2.

Equation (5) is the equation used to generate electron range
and energy loss tables (Berger & Selzer, 1964). The density
correction δ is neglected here.

In the following, electron slowing down with Kα emission
will be carried out using the Class II method, that is, bringing
into account detailed secondary emission. For comparison
and this being the main theme of the paper, slowing down
with Kα emission will also be followed using the Class I
scheme, where secondary emission is not specifically treated
but is accounted for within the CSDA. In this second scenar-
io we make use of Eq. (5), which is formulated as a contin-
uous slowing down calculation, incorporating within it
secondary emission. It should be borne in mind that Eq. (5)
approximates secondary emission as a continuous process
and therefore is valid for evaluating energy loss and range.
It is less satisfactory as we show here below for the calculation
of the temporal dependence of Kα radiation which requires
specific treatment. It is important to note in connection with
the results presented below that straggling within the CSDA,
is not included neither in the Class I nor Class II schemes.

At each interval dx, the probability for Kα emission is also
calculated using the cross-sections derived from Patoary
et al. (2008) and which are based on the Binary Encounter
Approximation (BEA). The secondary electrons are set into
motion at their point of emission. As noted above we do
not follow in detail the motion of secondary electrons. The
secondary electrons at emission are assumed here to move
in the direction of the primary electron. The electron path
is followed within the thin target up to its edge. We note
that the range of a 30 keV secondary is only about 6 μm,
but higher energy recoils could escape a thin target.

Setting the threshold energy for secondary emission, Eth is
not a trivial problem. On the one hand Eth should be as small
as possible in order to generate more secondary electrons,

Fig. 1. Schematic illustration of the electron energy versus path length in the
Class II hybrid model compared with the Class I scheme adapted from
Schneider and Cormack (1959).
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thus improving the accuracy of the calculation. These elec-
trons are generated by using the Moller cross-section which
assumes that the target electrons are free. However, the Kα
production cross-section is calculated here on the basis of
BEA theory which assumes collisions with bound electrons.
The BEA cross-section is obtained by integrating over the
transferred electron energies from the minimum energy for
Kα production, Emin, up till the maximum energy transfer
Emax. In our modeling in this presentation, for energies
above Eth, the projectile electron collisions (the catastrophic
collisions) are treated using the Moller free electron cross-
sections, as done by Berger (1963). We thus require that
the Moller cross-section for producing holes in the K shell
from Eth up till Emax is well approximated by the BEA cross-
section used for computing Kα production, in this energy
range. But in fact for high enough energies, the BEA and
Moller cross-sections agree with each other in a sufficiently
accurate manner (Murata, 1981). Thus with a high enough
value of Eth our modeling is of sufficient accuracy.
In the following we look into the dependence of the Kα

yield on the value of Eth in the region between 20 and
35 keV taking note that the K edge for Ti is at 4.966 keV,
which is essentially Emin. We define Kα primary as the
number of generated Kα-s by the primary beam, whose
energy is depleted during the slowing down process due to
secondary electron emission. Increasing Eth brings about a
moderate rise in “Kα primary”, while on the other hand, it
causes a decrease in the number of produced secondaries
thus lowering the Kα yield due to secondary electrons.
The calculations give a relatively weak dependence of “Kα
primary” and of the secondary generated Kα-s on the value
of Eth between 20 and 35 keV. The total Kα yield for Eth at
35 and 20 keV are equal within 2%.
In the results to be presented here we take Eth= 25 keV, 5

times the threshold for Kα emission. This value is a compro-
mise between the accuracy of our model and the more accu-
rate Kα yield, noting however the rather weak dependence of
the Kα yield on the value of Eth.

3. RESULTS

3.1. Targets studied

The temporal profile and yield of Kα emission is calculated
for two different Titanium target configurations. For each
of these targets the radiation will be calculated as discussed
above with and without the detailed following of secondary
electron emission.
The first and the mainly emphasized target is a “thick”

target, in the present work it refers to electrons slowing
down and depositing all of their energy within the target
(in radiation physics thick targets pertain to targets of thick-
ness of several radiation lengths). Furthermore, with the ex-
periment of Nilson et al. (2012) in mind, the Kα radiation
is viewed from the entire target with self-absorption within
the target not accounted for. In this experiment the thin foil

target is also of small lateral dimensions and the electrons
are trapped and continuously reflux as a result of the gener-
ated electrostatic fields. This continues until the electrons
lose all of their energy within the target (Nilson et al.,
2012). Such targets are preferable as radiation sources
where high flux and small dimensions are required.
The second type target is a thin target of the order of

30 μm, much less than the range of a 1 MeV electron, see
below. Such a target roughly describes experiments such as
that of Zastrau et al. (2010) and of Chen et al. (2007)
where we add thickness to the foil to account for refluxing.
In the case of this target we are assuming an experiment
where the Kα radiation is observed not from the whole
target but from a limited area around the central axis.

3.2. “Thick” target – effect of secondary electrons

In this type of target we will stress the change in the temporal
Kα pulse due to the detailed inclusion of secondary electron
emission. Thus, slowing down is calculated using the two
procedures described above. The first allows for following
secondary emission, using Eqs. (1) and (2), while for the
CSDA part of the stopping we use Eq. (4) for the restricted
stopping of dE/dx. This is compared with slowing down
with no detailed accounting of secondary emission, using
Eq. (5) for the specific energy loss, with no energy loss strag-
gling. Results are given for 1 and 4 MeV monoenergetic
electron sources, incident normally on the Ti target surface.
Following this we provide results for a Maxwellian electron
spectrum as encountered in laser–plasma interactions.
Figure 2 gives the first and second generation secondary

electron spectra for 10,000 source electrons at the energy
of 1.0 MeV. As to be expected both the spectra rapidly de-
crease with increasing energy. The threshold for the first gen-
eration secondary emission is 25 keV, as can be observed
in Figure 2. In this calculation 1.9 secondary electrons per
incident beam electron are emitted constituting 13% of the

Fig. 2. First and second generation secondary electron spectra, in black and
blue, respectively, for 1.0 MeV electrons from the thick Ti target. Threshold
energy for secondary emission is 25 keV.
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incoming energy. The second generation electrons are emit-
ted with no constraint on the threshold energy. These elec-
trons contribute less than 1% to the Kα signal, hence we
will present below the temporal Kα pulse where the first gen-
eration secondaries deposit all of their energy in the target
with no further emission of secondaries.
Time dependent Kα emission in the two scenarios, for the

1 MeV electron source is given in Figure 3 for 20,000 source
electrons. The curve with the “Bragg peak” structure in black
is for the case where secondary electron emission is not treat-
ed in detail (Class I). This peak reflects the Kα production
cross-section as a function of energy recalling that straggling
is not included in the calculation. The other two curves per-
tain to the scenario where the details of secondary emission
are dealt with (Class II). Of these, the top one in blue, is
the Kα emission from the primary, energy depleted incoming
beam, which in addition to losing energy by means of the re-
stricted CSDA also has its kinetic energy degraded due to
secondary electron emission. Kα emission from the first gen-
eration secondary electrons is plotted in green well below the
primary blue curve.
The total temporal Kα pulse of primary plus secondary Kα

pulse of the Class II method is plotted in blue and is com-
pared with the no secondary scenario Class I calculation in
Figure 4 for the 1 MeV electron source. Two points should
be stressed; the total Kα yield in the Class II scenario is
15% larger than when secondary electrons are not followed,
due to the additional contribution of the generated secondary
electrons. Secondly, there is a basic difference between the
“Bragg peak” like Class I pulse shape as compared with
the somewhat but not significantly longer and smooth
Class II shape. The random nature of the secondary emission
in the Class II scheme introduces electron range straggling.
Thus the electron track length has a finite range distribution

with an appreciable amount of ranges larger than that of
the Class I scheme which here has no straggling. The range
for the 1 MeV electrons in the Class I scheme is
0.1265 cm, while in the Class II scheme the average is
0.124 cm, in satisfactory agreement. In this context we pre-
sent in Figure 5 the range distribution in the Class II calcula-
tion, the statistical nature of the ranges is manifested in the
temporal distribution.

The likes of Figures 3 and 4 for the temporal Kα pulse for
1 MeV electrons are plotted in Figures 6 and 7 for the higher
energy 4 MeV electron source. The basic patterns in the latter
graphs are similar to those of Figures 3 and 4 but with a larger
contribution by the secondary electrons. At this energy, with
Eth= 25 keV, 7.9 secondary electrons per beam electron are
created during the slowing down consisting of 19% of the in-
cident energy. The total Kα yield in the Class II scenario is
calculated to be 19% larger than when secondary electrons
are not followed, due to the additional contribution of the

Fig. 3. Kα pulse as a function of time, 1 MeV electrons, slowing down in a
thick Ti target, with Ethr= 25 keV. The radiation calculated from the second-
ary electron emission Class II scheme is plotted here, where the blue curve
gives the Kα pulse from the primary beam and below that in green from the
first generation secondary electrons. The black curve with the “Bragg Peak”
structure is the Kα emission when secondary emission is not treated in detail.

Fig. 4. Kα pulses as a function of time for a thick Ti target source of 1 MeV
electrons with Ethr= 25 keV. Total radiation in the secondary emission sce-
nario from the primary beam plus first generation electrons is plotted in blue.
In black, the curve with the Bragg peak structure is the radiation from the
beam slowing down with secondary emission not treated in detail.

Fig. 5. Range distribution of 1 MeV electrons slowing down in a Ti target in
the Class II hybrid scheme, with Ethr= 25 keV.
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generated secondary electrons. The range for the 4 MeV elec-
trons in the Class I scheme is 0.564 cm, while in the Class II
scheme it is 0.562 cm, in excellent agreement although 19%
of the incoming beam energy is lost to recoil in the Class II
calculation. This indeed furnishes proof of the validity of the
restricted stopping energy loss formula.
We now address the structure obtained in the Class I cal-

culation for the monoenergetic electrons which is character-
ized by the “Bragg peak” structure. In reality electron beams
whether generated by accelerators or lasers are of finite
energy width. In Figure 8 we provide results for the Gaussian
energy smearing of the incident electron source for 1 MeV
electrons, with σ= 0, 50, 100, and 200 keV. For σ=
50 keV we still have a “Bragg peak” structure while for

100 keV the curve flattens and for 200 keV the temporal
pulse much resembles that with secondary electron emission
as depicted in the previous graphs and which we assume to
be that representing the temporal pulse with straggling.
Thus for beams with an energy spread of less than 5% calcu-
lating the temporal pule using the simplified Class I scheme
with no straggling will not be accurate.
Finally, we compare the temporal pulses with and without

accounting in detail for secondary emission for a Maxwellian
electron spectra of the form ∼exp(−E/T ). The results are
given in Figure 9 for T= 1 MeV, relevant to the experiment
of Nilson et al. (2012). The “Bragg peak” effect observed
above in the Class I scheme was washed out and the Class
I and Class II schemes gave very similar shaped graphs.

Fig. 6. Kα pulse as a function of time, 4 MeV electrons, slowing down in a
thick Ti target, with Ethr= 25 keV. The radiation calculated from the second-
ary electron emission Class II scheme is plotted here, where the blue curve
gives the Kα-s from the primary beam and below that in red from the first
generation secondary electrons. The black curve with the “Bragg Peak”
structure is the Kα emission when secondary emission is not treated in detail.

Fig. 7. Kα pulses as a function of time for a thick Ti target source of 4 MeV
electrons with Ethr= 25 keV. Total radiation in the secondary emission sce-
nario from the primary beam plus first generation electrons is plotted in blue.
In black, the curve with the Bragg peak structure is the radiation from the
beam slowing down with secondary emission not treated in detail.

Fig. 8. Dependence of Kα temporal pulse shape for 1 MeV source electrons,
on the width of the Gaussian energy distribution, in the Class I schemewhere
secondary electrons are not followed in detail. The highest and narrowest
peak is for σ= 0, while the next 2 curves in decreasing order of magnitude
in red and brown are for σ= 50 and 100 keV, respectively. The lowest mag-
nitude curve where the peak is smeared is for σ= 200 keV.

Fig. 9. Kα pulses as a function of time for a thick Ti target source for a Max-
wellian spectrum with T= 1 MeV. Total radiation in the Class II scheme
from the primary beam plus first generation electrons is plotted in blue. In
red, the lower curve, the radiation from the beam slowing down with second-
ary emission not treated in detail (Class I).
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The total numbers of Kα photons in the Class II scheme is
higher by 15% compared with the Class I calculation.
The Maxwellian temperature in the Nilson et al. (2012) ex-

periment was obtained by comparing the measured Kα tem-
poral shape to that calculated by the Class I scheme,
assuming that the time spent by the electrons outside the
target during recirculation is negligible. Based on our
reflux modeling in a very recent paper (Nardi et al., 2015),
we examined the time spent outside the target by a 1 MeV
electron, penetrating a 25 μm micron foil, as it refluxes
back into the target. We denote by z the distance from the
edge of the foil into the vacuum in the direction of the axis
of symmetry of the foil, which is also the direction of the
beam propagation. The electric field strength E(z) in this
modeling is given by,

E(z) = E0/(1+ z/ls),withV
the restoring potential given by, V = �

E dz
(6)

In the present calculations as also presented in Nardi et al.
(2015), ls= 2 μm, based on measurements of Romagnani
et al. (2005) and is of the order of the “local” electron
Debye length (Passoni & Lontano, 2004). E0 can be varied
and determines the value of the restoring potential. In the pre-
sent calculations E0 was set so as to give a restoring potential
of 2.5 MeV. This potential is not self-consistent with the
energy of the electron beam, but could be viewed as represen-
tative of the potentials in these types of problems. In this con-
text we note that Passoni and Lontano (2004), as well as
Hatchett et al. (2000) obtain that the electric field is propor-
tional to the fast electron temperature. The transit time of the
incoming beam through the foil is 88 fs while the time the
electron spends refluxing back into the target is calculated
for the above conditions to be 30 fs. The latter result can

be viewed as representative of the time the electron refluxes
and cannot be neglected and must be accounted for when
connecting between the measured temporal pulse and the cal-
culated slowing down time. Future work should attempt to
calculate self-consistent potentials as well as the dependence
of these potentials on the transverse dimension.

3.3. Thin target – effect of secondary electrons

We provide here the results for the effect of secondary emis-
sion on the Kα intensity for a thin Ti target of thickness
32 μm. This thickness is chosen with the experiment of
Chen et al. (2007) in mind where the target is a 12.5 μm
Ti foil. The additional foil thickness, of a factor of 1.6
times the foil thickness in the experiment was added in
order to account for multi-refluxing. This number is based
on our simplified but quantitative modeling of multi-
refluxing (Nardi et al., 2015), where the energy deposition
of the first six refluxing steps, within the central 160 μm
area of the foil gave an increase in energy deposition of 1.6
times that of the primary beam. Thus the path length of
32 μm for the beam transit is assumed. In the experiment
that we are calculating here, we observe the Kα radiation
from the central foil area of radius of the order of 150 μm.

Figure 10 plots the temporal pulses in the Class II approach-
es for 200,000 source electrons at the energy of 1.0 MeV.
The threshold for secondary emission is again 25 keV. The
rectangular upper curve describes the Kα-s from the primary
1 MeV beam, traversing the foil and which is essentially the
same as in the Class I approach where secondary emission is
not followed (The average energy of the high energy elec-
trons traversing the foil is slightly lower in the Class II
scheme as compared with the Class I scheme). The low
energy secondary electrons diffuse in the target under two dif-
ferent extreme assumptions: In the first they are emitted in par-
allel to the primary beam and undergo no scattering, exiting
the target at its edge. In this case the secondaries contribute
an additional 5% to the Kα pulse, see the lower shorter dura-
tion pulse in red. In the second assumption, which is an
upper limit, each secondary electron deposits all of its
energy within the foil. In this manner we account in an exag-
gerated way for multi-scattering which is very appreciable for
these low energy electrons (Murata et al., 1981). Here the sec-
ondaries contribute an additional 20% to the Kα pulse with a
very long low tail due to the long slowing down time of the
secondaries as they deposit all of their energy within the
foil. A fuller calculation and not necessarily within the context
of this work, would include multiple scattering as well as fol-
lowing the refluxing motion of the low energy secondaries.

4. CONCLUSIONS

Accounting for secondary electron emission is a more com-
plete method of simulating electron slowing down, and
should be the one adopted in laser–plasma interactions,
when calculating the temporal pulse. As noted above

Fig. 10. Temporal Kα pulse for the 32 μm thick Ti target in the Class II
scheme. Top curve, black, temporal pulse of primary beam traversing the
foil. Bottom, shorter curve in red secondary contribution to Kα pulse for sec-
ondaries moving in tandem with the primary beam and exiting the foil at its
edge. Bottom longer curve in blue, secondary contribution to Kα pulse as-
suming that these deposits are all of their energy in the foil.
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secondary emission, is included in the advanced Monte Carlo
software simulation packages, Penelope, EGS4, and GEANT
which are constructed with the maximum possible accuracy
for determining energy deposition. (In these codes ε is as-
sumed constant during slowing down and does not vary
with the projectile energy as in the present paper). As pointed
out by Kawrakov (2000), the ITS code used by the laser
plasma community is not a Class II code. Thus it is of impor-
tance to examine in general the importance of using the Class
II scheme on the Kα temporal pulse, a topic which to our
knowledge has not been generally addressed in the context
of laser–plasma interactions. We note here that the possible
significant impact of secondary electrons on the Kα temporal
pulse was brought up by Chen et al. (2007), this point was
investigated here.
We have developed here a procedure for calculating Kα

emission in the Class II scheme, where we generate and
follow the secondary electrons calculating their contribution
to the temporal Kα pulse along with that of the primary elec-
trons. Guided by experiments two types of targets were stud-
ied, the first a “thick” target, where all the primary beam
energy is deposited and the second a “thin” foil target,
where the electrons traverse the target and where we approx-
imate the effect of refluxing. In the former case for 1 MeV
electrons a flux increase of 15% is calculated, while for
4 MeV electrons the increase is 19% when employing the
Class II scheme compared with the simpler Class I scheme.
For monoenergetic beams with a small energy spread the
temporal Kα pulse calculated by the Class II scheme gives re-
sults different from that of the Class I scheme where a “Bragg
peak” is observed. This is due to the inclusion of straggling in
the former case which is not included in the Class I scheme as
is presented here in its simplified form. It will be of interest to
calculate the temporal profile within the Class I scheme with
a proper inclusion of straggling, a procedure which compli-
cates the simplified Class I scheme as used for example by
Nilson et al. (2012). For electron sources with appreciable
energy spread the “Bragg peak” effect is washed out, using
the simplified Class I scheme, for example a Maxwellian
energy spectrum.
The effects outlined in this paper in connection with sec-

ondary electrons should certainly increase as higher energy
electron sources come into play, Mangles et al. (2004). We
also note that a more accurate result for the Class II
scheme could perhaps be obtained by including straggling
within the Class II CSDA calculation (Andreo & Brahme,
1984). However, these authors point out that this procedure
gives a negligible contribution provided that the threshold
for secondary emission is relatively small as is the case here.
In the case of the thin foil target and looking at the area

around the central axis of the target, secondary emission
does not have a significant impact on the temporal Kα
pulse. In the upper exaggerated limit case for secondary elec-
tron deposition, a 20% increase in total intensity is calculated
which is however smeared in the form of a long and very low
amplitude pulse.

ACKNOWLEDGEMENT

This work was partially supported by the Minerva Foundation (Ger-
many), grant #711741.

REFERENCES

AGOSTINELLI, S., ALLISON, J., AMAKO, K.A., APOSTOLAKIS, J., ARAUJO,
H., ARCE, P. & HOWARD, A. (2003). GEANT4—a simulation
toolkit. Nucl. Instrum. Meth. Phys. Res. Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 506,
250–303.

ANDREO, P. & BRAHME, A. (1984). Restricted energy-loss straggling
and multiple scattering of electrons in mixed Monte Carlo pro-
cedures. Radiat. Res. 100, 16–29.

BARO, J., SEMPAU, J., FERNÁNDEZ-VAREA, J.M. & SALVAT, F. (1995).
PENELOPE: An algorithm for Monte Carlo simulation of the
penetration and energy loss of electrons and positrons in
matter. Nucl. Instrum. Meth. Phys. Res. Section B: Beam Inter-
actions with Materials and Atoms 100, 31–46.

BENNETT, G.R., SINARS, D.B., WENGER, D.F., CUNEO, M.E., ADAMS,
R.G., BARNARD, W.J. & SPEAS, C.S. (2006). High-brightness,
high-spatial-resolution, 6.151 keV x-ray imaging of inertial con-
finement fusion capsule implosion and complex hydrodynamics
experiments on Sandia’s Z accelerator. Rev. Sci. Instrum. 77,
10E322.

BERGER, M.J. (1963). Monte Carlo calculation of the penetration and
diffusionof fast chargedparticles.Meth.Comput.Phys.1, 135–215.

BERGER, M.J. & SELZER, S.M. (1964). Tables of energy losses and
ranges of electrons and positrons. Studies in the penetration of
charged particles in matter, nuclear science series report number
39, publication 1133, NAS -NRC Washington D.C., 205.

BOUSIS, C., EMFIETZOGLOU, D., HADJIDOUKAS, P. & NIKJOO, H. (2008).
A Monte Carlo study of absorbed dose distributions in both the
vapor and liquid phases of water by intermediate energy elec-
trons based on different condensed-history transport schemes.
Phys. Med. Biol. 53, 3739–3761.

CHEN, H., SHEPHERD, R., CHUNG, H.K., KEMP, A., HANSEN, S.B.,
WILKS, S.C. & BEIERSDORFER, P. (2007). Fast-electron-relaxation
measurement for laser-solid interaction at relativistic laser inten-
sities. Phys. Rev. E 76, 056402.

GREGORI, G., GLENZER, S.H., CHUNG, H.K., FROULA, D.H., LEE,
R.W., MEEZAN, N.B. & SAWADA, H. (2006). Measurement of
carbon ionization balance in high-temperature plasma mixtures
by temporally resolved X-ray scattering. J. Quant. Spectrosc.
Radiat. Transfer 99, 225–237.

HATCHETT, S.P., BROWN, C.G., COWAN, T., HENRY, E.A., JOHNSON,
J.S., KEY, M.H., KOCH, J.A., LANGDON, A.B., LASINSKI, B.F.,
LEE, W., MACKINNON, A.J., PENNINGTON, D.M., PERRY, M.D.,
PHILLIPS, T.W., ROTH, M., SANGSTER, T.C., SINGH, M.S., SNAVELY,
R.A., STOYER, M.A., WILKS, S.C. & YASUIKA, K. (2000). Elec-
tron, photon, and ion beams from the relativistic interaction of
Petawatt laser pulses with solid targets. Phys. Plasmas 7,
2076–2082.

KAWRAKOV, I. (2000). Accurate condensed history Monte Carlo sim-
ulation of electron transport. I. EGSnrc, the new EGS4 version.
Med. Phys. 27, 485–498.

MANGLES, S.P.D., MURPHY, C.D., NAJMUDIN, Z., THOMAS, A.G.R.,
COLLIER, J.L., DANGOR, A.E. & KRUSHELNICK, K. (2004). Mono-
energetic beams of relativistic electrons from intense laser–plas-
ma interactions. Nature 431, 535–538.

E. Nardi et al.692

https:/www.cambridge.org/core/terms. https://doi.org/10.1017/S0263034615000798
Downloaded from https:/www.cambridge.org/core. Weizmann Institute of Science Library, on 25 Apr 2017 at 14:42:22, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
https://doi.org/10.1017/S0263034615000798
https:/www.cambridge.org/core


MURATA, K., KYSER, D.F. & TING, C.H. (1981). Monte Carlo simu-
lation of fast secondary electron production in electron beam re-
sists. J. Appl. Phys. 52, 4396–4405.

NARDI, E. & ZINAMON, Z. (1978). Energy deposition by relativistic
electrons in high-temperature targets. Phys. Rev. A 18, 1246.

NARDI, E., ZINAMON, Z. & MARON, I. (2015) Energy content of target
and electron flow in femtosecond laser target interactions. Laser
Part. Beams 33, 245–256.

NEUMAYER, P., LEE, H.J., OFFERMAN, D., SHIPTON, E., KEMP, A.,
KRITCHER, A.L. & GLENZER, S.H. (2009). Isochoric heating of re-
duced mass targets by ultra-intense laser produced relativistic
electrons. High Energ. Dens. Phys. 5, 244–248.

NEUTZE, R., WOUTS, R., VAN DER SPOEL, D., WECKERT, E. & HAJDU, J.
(2000). Potential for biomolecular imaging with femtosecond
X-ray pulses. Nature 406, 752–757.

NILSON, P.M., DAVIES, J.R., THEOBALD, W., JAANIMAGI, P.A., MILE-

HAM, C., JUNGQUIST, R.K. & MEYERHOFER, D.D. (2012). Time-
resolved measurements of hot-electron equilibration dynamics
in high-intensity laser interactions with thin-foil solid targets.
Phys. Rev. Lett. 108, 085002.

PARK, H.S., CHAMBERS, D.M., CHUNG, H.K., CLARKE, R.J., EAGLE-

TON, R., GIRALDEZ, E. & ZHANG, B.B. (2006). High-energy Kα
radiography using high-intensity, short-pulse lasers. Phys. Plas-
mas 13, 056309.

PASSONI, M. & LONTANO, M. (2004). One-dimensional model of the
electrostatic ion acceleration in the ultraintense laser-solid inter-
action. Laser Part. Beams 22, 163–169.

PATOARY, M.A.R., ALFAZ UDDIN, M., HAQUE, A.K.F., BASAK, A.K.,
TALUKDER, M.R., KARIM, K.R. & SAHA, B.C. (2008). Electron
impact K‐shell ionization cross sections of atoms at relativistic
energies. Int. J. Quant. Chem. 108, 1023–1035.

REICH, C., USCHMANN, I., EWALD, F., DÜSTERER, S., LÜBCKE, A.,
SCHWOERER, H. & GIBBON, P. (2003). Spatial characteristics of
Kα x-ray emission from relativistic femtosecond laser plasmas.
Phys. Rev. E 68, 056408.

RILEY, D., ANGULO-GARETA, J.J., KHATTAK, F.Y., LAMB, M.J., FOSTER,
P.S., DIVALL, E.J., HOOKER, C.J., LANGLEY, A.J., CLARKE, R.J. &
NEELY, D. (2005). Kα yields from Ti foils irradiated with ultra-
short laser pulses. Phys. Rev. E 71, 016406.

RILEY, D., KHATTAK, F.Y., DU SERT, O.P., CLARKE, R.J., DIVALL, E.J.,
EDWARDS, M., FOSTER, P.S., HOOKER, C.J., LANGLEY, A.J.,
MISTRY, P., NELY, D., SMITH, J., SPINDLOE, C., TALLANTS, G.J. &
TOLLEY, M. (2006). Efficient K-α and He-α emission from Ti
foils irradiated with 400 nm, 45 fs laser pulses. J. Quant. Spec-
trosc. Radiat. Transfer 99, 537–547.

RISCHEL, C., ROUSSE, A., USCHMANN, I., ALBOUY, P.A., GEINDRE, J.P.,
AUDEBERT, P. & ANTONETTI, A. (1997). Femtosecond time-
resolved X-ray diffraction from laser-heated organic films.
Nature 390, 490–492.

ROHRLICH, F. & CARLSON, B.C. (1954). Positron-electron differences
in energy loss and multiple scattering. Phys. Rev. 93, 38–44.

ROMAGNANI, L., FUCHS, J., BORGHESI, M., ANTICI, P., AUDEBERT, P.,
CECCHERINI, F., COWAN, T., GRISMAYER, T., KAR, S., MACCHI,
A., MORA, P., PRETZLER, G., SCHIAVI, A., TONCIAN, T. &
WILLI, O. (2005). Dynamics of electric fields driving the
laser acceleration of multi-MeV protons. Phys. Rev. Lett. 95,
195001.

SCHNEIDER, D.O. & CORMACK, D.V. (1959). Monte Carlo calcula-
tions of electron energy loss. Radiat. Res. 11, 418.

SOKOLOWSKI-TINTEN, K., BLOME, C., BLUMS, J., CAVALLERI, A.,
DIETRICH, C., TARASEVITCH, A. & VON DER LINDE, D. (2003).
Femtosecond X-ray measurement of coherent lattice
vibrations near the Lindemann stability limit. Nature. 422,
287–289.

ZASTRAU, U., AUDEBERT, P., BERNSHTAM, V., BRAMBRINK, E., KAMPFER,
T., KROUPP, E., LOETZSCH, R., MARON, Y., RALCHENKO, YU.,
REINHOLZ, H., ROPKE, G. & SENGEBUSCH, A. (2010). Temperature
and Kα-yield radial distributions in laser-produced solid-density
plasmas imaged with ultrahigh-resolution x-ray spectroscopy.
Phys, Rev. E81, 02406.

Kα emission and secondary electrons in femtosecond laser target interactions 693

https:/www.cambridge.org/core/terms. https://doi.org/10.1017/S0263034615000798
Downloaded from https:/www.cambridge.org/core. Weizmann Institute of Science Library, on 25 Apr 2017 at 14:42:22, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
https://doi.org/10.1017/S0263034615000798
https:/www.cambridge.org/core

	K[alpha] emission and secondary electrons in femtosecond laser target interactions
	Abstract
	INTRODUCTION
	THEORY
	Electron slowing down
	Calculating secondary electron emission
	Present calculations

	RESULTS
	Targets studied
	&ldquo;Thick&rdquo; target &ndash; effect of secondary electrons
	Thin target -- effect of secondary electrons

	CONCLUSIONS
	ACKNOWLEDGEMENT
	REFERENCES


