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The work is dedicated to a theoretical investigation of the ionization of atomic K shells by ultrashort relativistic
electron bunches. It is shown that in thin light-element targets the ionization cross section can be dramatically affected
by the interference of the proper electromagnetic fields of the electrons in the bunch. This can lead to a strong coherent
enhancement of the cross section for bunch parameters achievable at modern facilities. It is demonstrated that, for
microbunched beams, the ionization cross section can be resonantly amplified over a wide range of microbunching

periods.

INTRODUCTION

A fast charged particle moving in a medium excites
and ionizes the atoms. The ionization of inner atomic
shells, in particular K shells, is of special interest. This is
because the subsequent filling of these shells by electrons
from outer atomic shells can lead to the emission of char-
acteristic photons in the X-ray range, which are relatively
weakly absorbed by the medium. Together with the broad
angular distribution and monochromaticity of this emis-
sion, this makes it relatively easy to detect these photons
and thereby study the K-shell ionization process.

If a group of particles interacts with a medium simul-
taneously, various interference effects may occur. In this
case, the result of the interaction of the group can differ
from the simple sum of the results of independent inter-
actions of its individual particles. One of the most funda-
mental examples of this kind is the King-Perkins-Chuda-
kov effect [1, 2], which is the suppression of the ioniza-
tion energy loss of a high-energy electron-positron pair
due to destructive interference of the electron’s and the
positron’s proper electromagnetic fields.

In the present work, we investigate the process of K-
shell ionization by ultrashort relativistic electron
bunches. It is demonstrated that in targets made of suffi-
ciently light elements (for practical reasons, carbon and
beryllium targets are considered), the cross section of this
process (per single electron of the bunch) can be coher-
ently amplified by several orders of magnitude compared
to the conventional K-shell ionization cross section for
relativistic electrons. It is shown that such amplification
can occur for bunch parameters achievable at modern X-
ray free-electron lasers (XFEL), as well as at sources of
sub-femtosecond bunches, such as ARES [3], which has
recently begun commissioning at DESY. It is also shown
that for a beam with periodic modulation of the longitu-
dinal particle density (representing a model of a mi-
crobunched beam formed in the undulator section of an
XFEL), a strong resonant amplification of the K-shell
ionization cross section can occur within a rather wide
range of density modulation periods, whereas in another
range the resonant effects can suppress the coherent part
of the ionization cross section. The magnitude of the dis-
cussed coherent effects depends significantly on the
bunch parameters (its length, transverse size and the
bunch shape), which could be of interest for the
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development of new diagnostic techniques for sub-
femtosecond bunches, which is a problem of current rel-
evance. Furthermore, detecting characteristic X-rays
emitted as a result of K-shell ionization may reveal a
purer manifestation of the discussed effects than meas-
urements of the total bunch energy loss, since the contri-
bution in this case comes from a single inner atomic shell.
These aspects make the study of these effects in K-shell
ionization particularly relevant.

1. RESULTS OF THEORETICAL
INVESTIGATION

Let us consider the conditions under which coherent
effects are significant. These effects are expected to be
significant when the transverse size of the bunch is com-
parable to or smaller than the typical transverse size of a
particle’s field y/w, while the longitudinal size of the
bunch is comparable to or smaller than the wavelength
A = 2w /w of equivalent photons contributing to K-shell
ionization. This motivates the consideration of rather
low-Z elements, in particular beryllium and carbon.

Further we briefly discuss the results of an analytical
consideration of this process. The K-shell ionization
cross section was calculated using the method developed
in [4, 5] for individual incident particles, adapted to the
case of an electron bunch. The K-shell ionization cross
section ¢, associated with distant collisions was calcu-
lated using the Weizsécker-Williams method of equiva-
lent photons. For numerical estimations the values of the
K-shell photoionization cross section a,fh(w) were ob-
tained from the attenuation lengths u~!(w) extracted
from [6], using the relation o—,’(’h(w) = pru(w)/ng,
where p, is the fraction of the total photoionization cross
section associated with K-shell electrons, n, is the
atomic density of the target material. Also, due to rapid
decrease of the a,fh(w) with increasing w at w > wy the
dominant contribution to the cross section o, comes from
the frequencies of the order of wg. Accordingly, the up-
per limit of the integration can be set as iw = 1500 eV
for beryllium and hw = 3000 eV for carbon. The re-
maining parameters were taken as achievable at the Eu-
ropean XFEL: the bunch electron energy of 17.5 GeV;
the bunch transverse FWHM (full width at half maxima)
of 30 um; the bunch length of 24 um; the bunch charge



of 1 nC. In addition, the transverse distribution was as-
sumed to be Gaussian with the corresponding distribution
function given by f,(p) = (2md?)~1e P*/24* Three
longitudinal distributions were considered: a Gaussian
distribution — f,(z) = (V2xl) " e~#*/2* homogeneous
distribution — f;(z) = 1/L and periodically modulated
distribution - f(z) = [1 — cos(2mz/l)]/sl, which
serves as a simplified model of a microbunched beam re-
alized at free-electron laser.

Applying the mentioned method, the following ex-
pression for the spectral density of the number of equiv-
alent photons in the field of the bunch was obtained:
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where N is the bunch particle number, g, is the maximal
transferred momentum for collision to be considered dis-
tant, y is an electron’s Lorentz factor, Fj(w) =

|fi(@e=@2/*|%is a bunch longitudinal form factor,
Y(w,d) = —[1+e*(1 +a)Ei(-a)]/2, a=d*w?/y?
and Ei(x) is the integral exponent function. The quantity
04 can be calculated using the previous expression:
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Fig. 1 demonstrates the dependence of cross section
aq on the bunch longitudinal FWHM size I, with number
of particles estimated as N = (q/e)/(2l¢/L).
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Fig. 1. Dependence of the K-shell ionization cross
section due to distant collisions in carbon (orange)
and beryllium (blue) targets on the bunch length.
Electron energy is E = 17.5 GeV, the bunch
transverse size is d, = 30 #m. Dashed lines show the
corresponding single-electron cross sections

The figure demonstrates that the coherent effects can
manifest themselves in K-shell ionization for [ < 50 A
for carbon and for I, < 150 A for beryllium. They can
lead to a substantial increase in the value a4, up to several
orders of magnitude, compared to the single-electron
cross section. It is also worth noting the behavior of the
aq With increasing .. At small [¢ increase of [; leads to
an increase of g, due to the increase of the bunch particle
number. After reaching its maximum o, rapidly de-
creases as the coherence condition [ < Ais violated. The
cross section for beryllium is more strongly enhanced by
the coherent effects due to lower K-shell ionization fre-
quency.

Fig. 2 demonstrates the difference of the dependence
of g, for a Gaussian and homogeneous distributions. The
estimations are made for parameters achievable at ARES:
the bunch electron energy of 100 MeV, the bunch trans-
verse FWHM of 0.75 um; the bunch length of 60 A; the
bunch charge of 0.75 pC.
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Fig. 2. Dependence of the K-shell ionization cross
section due to distant collisions in beryllium on [ for a
Gaussian longitudinal particle distribution (green) and

on [ for a homogeneous distribution (red). Electron
energy is E = 100 MeV, the bunch transverse size
is df = 0.75 zm. Dashed line shows the corresponding

single-electron cross section

The figure demonstrates that coherent effects for a
Gaussian bunch profile vanish at much smaller bunch
sizes than for a homogeneous profile. In addition, coher-
ent effects cannot be achieved for the ARES bunch with
alength of [ ~ 60 nm in the case of a Gaussian longitu-
dinal profile, whereas they remain noticeable for a homo-
geneous bunch profile.
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Fig. 3. Dependence of the K-shell ionization cross
section due to distant collisions in carbon (orange)
and beryllium (blue) targets on the number
of microbunches. Electron energy is E = 17.5 GeV,
the bunch transverse size is dy = 30 #m. Solid lines —
calculation on the basis of (2), dots and triangles —
calculation with the use of analytic formula (3).
Dashed lines — single-electron cross sections

Let’s now consider a beam with a periodically modu-
lated longitudinal distribution. Fig. 3 demonstrates the
dependence of the cross section a; on the number of mi-
crobunches s for such a beam. In the case of microbunch-
ing, owing to the resonant form of the longitudinal form
factor, the integral in (2) can be approximately evaluated
analytically. As the result, the following expression for
coherent part of the cross section o, is obtained:
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where w; = 2ms/L, L — the beam length, ©(x) is the
Heaviside step function.

The figure demonstrates that for the number of mi-
crobunches for which ws = wg, which is about s =
5500 for carbon (the corresponding microbunching pe-
riodisl =~ 2m / wg = 4.36 nm)ands = 2200 for be-
ryllium (I = 11 nm) a pronounced resonant enhance-
ment of g, occurs. Itis also worth noting that interference
between the contribution of individual bunches can lead
not only to an enhancement, but also suppression of the
coherent part of ;. This occurs for values of s such that
ws < wg, Where the cross section g, is reduced
compared to the corresponding homogeneous beam with
the same length L = sl.

A detailed presentation of the results reported here
can be found in Ref. [7].
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KOI'EPEHTHA IOHI3AIIA ATOMHUX K-OBOJIOHOK,
IHAYKOBAHA YJbBTPAKOPOTKUMMHU EJIEKTPOHHUMU BAHYAMHU
B YJIIbTPAKOPOTKHUX KAPBOHOBHUX TA BEPUJIIEBUX MIIIEHAX

C.B. Tpogpumenko, B.C. Cxopobozamog

TeopeTH4HO PO3IIISTHYTO 10HI3aLit0 aTOMHUX K-000JIOHOK yJIbTPaKOPOTKUMH PEISTUBICTCHKUMH €NIEKTPOHHUMHU
6anuamu. [TokazaHo, 10 B TOHKHX MIllIEHSX, BUTOTOBJICHHX 13 JIETKUX €JIEMEHTIB, Ha MONepevHHi nepepi3 ioHizarii
MOJKE CYTTEBO BILUTUBATH iHTEP(EPEHIis BIACHUX CICKTPOMArHITHUX TOJIB eJICKTPOHIB 0anya. L{e Moxe mpu3BOIUTH
JI0 3HAYHOTO KOTE€PEHTHOTO 30UIBIICHHS MONEPEeYHOTo Mepepisy AUl mapamMeTpiB 0aHYiB, JOCSIKHMX HA CY4acHHX
mpuckoproBadax. [IpogeMoHCTpOBaHO, IO s MiKpoOAaHUYOBAHMX ITyUKiB ITOTIEPEYHUH ITepepi3 i0Hi3alii Moxe OyTH
PE30HAHCHO ITiICHJICHHH B IMHPOKOMY Jialla30Hi MepioliB MIKpOOaHTyBaHHS.
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