INTERFERENCE AND CORRELATION EFFECTS IN
HIGH-ENERGY PARTICLE IONIZATION LOSS IN
AMORPHOUS AND CRYSTALLINE TARGETS

S S.V. Trofymenko
\ NSC “Kharkiv Institute of Physics and Technology”,
&> Karazin Kharkiv National University
Kharkiv, Ukraine

LIA IDEATE seminar in memory of N.F. Shul’ga,
IJCLab, Paris-Saclay University, Orsay, France, 10-12 June, 2025



OUTLINE OF THE TALK

» lonization energy loss of
‘half-bare’ electrons

> lonization loss of ete™
pairs

» Coherent effects in the
ionization loss of ultrashort
electron bunches

> lonization loss in oriented
crystals




vacuum field

HIGH-ENERGY ELECTRON IONIZATION LOSS

screened
field

Bethe-Bloch

Fermi
(density effect)

y>1law,

We consider restricted ion. loss — due
to energy transfers less than g,

Bethe-Bloch formula (y < I/w,):
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EVOLUTION OF THE FIELD AROUND THE ELECTRON

IN VACUUM
N.F. Shul’ga, S.V. Trofymenko // Phys. Lett. A (2012)

S.V. Trofymenko, N.F. Shul’ga // Phys. Rev. Accel. Beams (2016)
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Previous studies on the formation trar-15|'F|on

radiation

length and ‘half-bare’ electron effects
in bremsstrahlung:

- Landau-Pomeranchuk-Migdal effect
- Ternovsky-Shul’ga-Fomin effect

observed at
SLAC and CERN 4
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EVOLUTION OF THE FIELD AROUND THE ELECTRON

IN VACUUM

N.F. Shul’ga, S.V. Trofymenko // Phys. Lett. A (2012)
S.V. Trofymenko, N.F. Shul’ga // Phys. Rev. Accel. Beams (2016)
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IONIZATION ENERGY LOSS OF ‘HALF-BARE’ ELECTRON

(from Fermi to Bethe-Bloch formula)
N.F. Shul’ga, S.V. Trofymenko // Phys. Lett. A (2012)

Dependence of ‘half-bare’ 100 GeV electron ionization loss in thin
downstream target on distance between the targets:
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LANDAU DISTRIBUTION (SPECTRUM) OF PARTICLE IONIZATION LOSS
IN THIN TARGET

L.D. Landau // J. Phys. USSR (1944)
P.V. Vavilov // Sov. Phys. JETP (1957)
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> lonization loss of et e~ pairs



CHUDAKOV EFFECT (King-Perkins-Chudakov effect)
Chudakov A.E. // Izv. Acad. Sci. USSR, 1955
Perkins D. // Phil.Mag., 1955

ete pair
|on|zat|or? loss as a dE
function of d_
distance from the %%
creation point
p

For E=100 GeV - y/w, ~1 mm w,, — plasma frequency
y = E/m - Lorentz-factor 9
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CERN (SPS) NA63 EXPERIMENT

T. Virkus, H.D. Thomsen, E. Uggerhgj et al. // Phys. Rev. Lett. (2008)
H.D. Thomsen, U.l. Uggerhgj // NIMB (2011)
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The ratio of ionization losses of pairs from two foils § = E; /E, as a function of the pair
energy E has been measured in therange 1 GeV < E < 100 GeV:
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CERN (SPS) NA63 EXPERIMENT

T. Virkus, H.D. Thomsen, E. Uggerhgj et al. // Phys. Rev. Lett. (2008)
H.D. Thomsen, U.l. Uggerhgj // NIMB (2011)

AE, I AE, as a function of the pair energy:
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Theories of Chudakov effect:

Ref.[14]: V.B. Berestetskii, B.\V. Geshkenbain // JETP, 1956
Ref.[15]: P. Sigmund // Particle Penetration and Radiation Effects, 2006
Ref.[24]: G.H. Burkhardt // Nuovo Cim., 1958

also: Mito 1., Ezawa H. // Progr. Theor. Phys., 1957 »



IONIZATION LOSS SPECTRUM OF e*e~ PAIRS
Pair straggling function: S.V. Trofymenko // Eur. Phys. J. C (2023)
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APPLICATION FOR THE CERN SPS EXPERIMENT
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Taken into account: uncertainty of the pair creation point position

Taking into account pair angular distribution, performed in
O.B. Kolcu // Ordu Univ. J. Sci. Tech. (2023) on the basis of the

present

theory, preserves the discrepancy for E<10 GeV
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> Coherent effects in the ionization loss of ultrashort electron
bunches



COHERENT EFFECT IN THE IONIZATION LOSS OF ULTRASHORT
ELECTRON BUNCHES

Coherent effects in generation of plasma oscillations

ultrashort /] (other authors):

electron Ogata A. etal. // NIMA, 637 (2011) S95

bunch Ellis I.N. et al. // Phys. Rev. E. 104 (2021) 035203
_______ __)____ o

Coherent effects in the ionization loss:

S.V. Trofymenko, N.F. Shul’ga // Phys. Lett. A, 383 (2019) 2561
S.V. Trofymenko, N.F. Shul’ga // Phys. Rev. Accel. Beams, 23 (2020) 084501

Dependence of the ionization loss on the bunch length
per a single electron (for SINBAD facility at DESY):
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RESONANCE EFFECT IN THE IONIZATION LOSS OF A

MICROBUNCHED BEAM

S.V. Trofymenko, N.F. Shul’ga // Phys. Lett. A, 383 (2019) 2561
S.V. Trofymenko, N.F. Shul’ga // Phys. Rev. Accel. Beams, 23 (2020) 084501

L — beam length : : : c o

| — microbunch length | |
«— | =

L

Dependence of the ionization loss on the
microbunch length in hydrogen:

Estimation for European XFEL
] (L=24 um, Q ~ 1 nCl,
| | E=17.5 GeV)

possibility of studying the
microbunching process and
controlling the microbunching
quality
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» lonization loss in oriented crystals



IONIZATION LOSS SPECTRUM
IN AN ORIENTED CRYSTAL

from H. Esbensen et al., Phys. Rev. B 18, 1039 (1978)
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METHOD OF SIMULATION OF THE IONIZATION LOSS IN ORIENTED

CRYSTALS
Soft collisions

Probability of an atomic electron excitation: *

4e* W , ) s
wji(p) = gt |x]1| 2 Ko( 1P)+Qj1K1 (Qj1,0)

y*
where:
2 2 .
[OF 0 .

04 =142 xj1 = (jlx|1)

v2y4 " 2

: . incident particle (average velocity is
effective cross-section of energy transfer: P ( 9 Y

almost along z axis)
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Hard collisions
probability of a hard collision per unit path: ni (x,y) —local atomic electron density
for k-th shell

2 (x,y)e* 1
k k
PC( )(X, y) = o2 g

any energy transfer € in the region (&x, €max)

with probability distribution P = &, /€% 19



COMPARISON OF SIMULATION WITH EXPERIMENT
S.V. Trofymenko, I.V. Kyryllin, Eur. Phys. J. C 84, 1207 (2024)

lonization loss spectra of 15 GeV/c protons at ‘amorphous’ and
planar (110) orientation in 900 um Si crystal:
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IONIZATION LOSS SPECTRA OF 3 GeV POSITRONS AT DIFFERENT
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(100) TRANSITION: AXIS (100) — PLANE (100)
by LT h
' lonization loss spectra of 3 GeV positrons at different
angles 1 between the particle momentum and the axis:
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TRANSITION: AXIS (100) —> PLANE (100)
—> PLANE (110)

Most probable (E\;p) and average restricted (E4y,) values of positron ionization loss
as a function of the angle 1 between the particle momentum and crystal axis (100):
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These dependences correlate with the peculiarities of the particle motion studied in
Kyryllin I.V., Shul’ga N.F. J. Instrum. 13 (2018) C02020 23



DEPENDENCE OF THE SPECTRUM ON THE DECHANNELING LENGTH
S.V. Trofymenko , L.V. Kyryllin, Eur. Phys. J. C, 80 (2020) 689

lonization loss spectra of 15 GeV antiprotons in 220 mm silicon target for
different ratio of [; /L. The particles incident along (110) plane
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CONCLUSIONS

» lonization energy loss of a high-energy ‘half-bare’ electron in a thin
target can be dramatically modified within a large distance along the
particle trajectory

» In very thin targets, the most probable pair ionization loss Eyp is
stronger suppressed due to the Chudakov effect than the average loss
E,y and the average restricted loss E 4y (g)

» Comparison with the theory for Ej;p provides a better coincidence
with the CERN SPS experiment for pair energies, at which the
Chudakov effect is the most significant

» Possibility of strong coherent and resonance effects in the ionization
loss of ultrashort and microbunched beams in thin solid or gaseous
targets

» Evolution of the ionization loss spectra and their main parameters
(Eyp, Eqy) in the transitions planar — ‘amorphous’ and axial = planar
crystal orientation, is investigated

» A method of the dechanneling length measurement on the basis of
registration of the ionization loss spectra is proposed



TRANSITION: PLANE (110) — «AMORPHOUS» ORIENTATION

lonization loss spectra of 15 GeV/c protons at different
angles 6 between the particle momentum and atomic plane:
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Enp [keV]

TRANSITION: PLANE (110) — «AMORPHOUS» ORIENTATION
S.V. Trofymenko, I.V. Kyryllin, Eur. Phys. J. C 84, 1207 (2024)

Most probable (Ey;p) and average restricted (E4y,) values of proton ionization loss
as a function of the angle 6 between the particle momentum and the atomic plane:
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