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When a fast charged particle passes through matter, it loses some of its energy to the excitation and ionization of atoms. This energy loss
is called ionization energy loss. In rather thin layers of matter, the value of such energy loss is stochastic. It is distributed in accordance
with the law, which was first received by L.D. Landau. In amorphous substances, such a distribution (or spectrum), known as the Landau
distribution, has a single maximum that corresponds to the most probable value of particle energy loss. When a particle moves in crystal
in a planar channeling mode, the probability of close collisions of the particle with atoms decreases (for a positive particle charge) or
increases (for a negative charge), which leads to a change in the most probable energy loss compared to an amorphous target. It has
recently been shown that during planar channeling of negatively charged particles in a crystal, the distribution of ionization energy loss
of the particles is much wider than in the amorphous target. In this case, this distribution can be two-humped, if we neglect the incoherent
scattering of charged particles on the thermal oscillations of the crystal atoms and the electronic subsystem of the crystal. This paper
explains the reason for this distribution of ionization energy loss of particles. The ionization energy loss distribution of high-energy
negatively charged particles which move in the planar channeling mode in a silicon crystal are studied with the use of numerical
simulation. The dependence of this distribution on the impact parameter of the particles with respect to atomic planes is considered. The
dependence of the most probable ionization energy loss of particles on the impact parameter is found. It is shown that, for a large group
of particles, the most probable ionization energy loss during planar channeling in a crystal is lower than in an amorphous target.
Keywords: ionization energy loss, planar channeling, negatively charged particles.

PACS: 61.85.+p; 34.50.Bw; 34.50.Fa

If a high-energy charged particle penetrates through a crystal having a small angle 8 between its momentum and
one of atomic planes, correlations in scattering by neighboring atoms may occur. This happens when 8 is of the order of
the critical angle of planar channeling 6. [1] or smaller. In this case the distance between particle and atomic plane
changes weakly upon scattering by neighboring atoms. This means that a large number of sequentially located atoms
deflect the particle in the same direction, that is, they act coherently. This coherent interaction leads to existence of the
so-called planar channeling, in which the particle moves in a potential well formed by adjacent planes. The particle
motion in this case is periodic [1]. The ionization energy loss of particles in this mode of motion differs significantly
from the ionization energy loss in an amorphous target. For positively charged particles, this loss has been well studied
both theoretically and experimentally [see, e.g., 2-5]. In this case, planar channeling leads to a significant decrease in
the most probable ionization energy loss (MPEL) due to the fact that particles less often approach close enough to the
crystal atoms than in an amorphous target. The case of negatively charged particles has been much less studied. In the
recent work [6] the distribution of ionization energy loss of high-energy negatively charged particles in the planar
channeling mode was obtained via computer simulation. This distribution was broader than in the case of an amorphous
target and had a peculiar shape (particularly, a two-humped structure in the case when dechanneling can be neglected).
In [6] the physical reasons for such peculiarities of the distribution were not deeply investigated since the main attention
there was focused on the possibility of applying the ionization loss for determining the dechanneling length of
negatively charged particles. In the present paper we investigate the reasons for the above peculiarities of the
distribution of ionization energy loss of negatively charged particles at planar channeling in a crystal. We show that the
parameters of such distribution are directly correlated with the probability of close collisions between the incident
particles and crystal atoms. It is demonstrated that a certain part of negatively charged channeled particles can move in
the so-called ‘hanging’ mode (which is usually typical for over-barrier positive particles) having a decreased probability
of close collisions and forming the low-energy peak of the two-humped distribution.

DISTRIBUTION OF IONIZATION ENERGY LOSS OF NEGATIVELY CHARGED PARTICLES
DURING PLANAR CHANNELING IN A CRYSTAL
In [6] the case of 150 GeV/c 7~ mesons impinging on a silicon crystal along the (110) plane was considered. The
secondary beam of 7~ mesons with such a momentum is delivered by SPS accelerator at CERN. The crystal thickness
was chosen to equal 1 mm. Fig. 1 shows the distribution (spectrum) of the ionization energy loss for this case (solid
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line) as well as the corresponding distribution for the case when the crystal is disoriented and behaves like an
amorphous target (dashed line) (hereinafter in the text, by the term ‘amorphous target’ we mean a disoriented silicon
crystal). For clarity, the spectrum for the oriented crystal is presented here without the account of incoherent scattering
of the impinging particle on the crystal atoms, which leads to the particle dechanneling. It shows the distribution of
ionization loss value of 10° particles which impinge on the crystal having arbitrary values of impact parameters with
respect to the crystal plane, which models the incidence of a real beam on the crystal (neglecting the beam divergence).
We see that the spectrum for the disoriented crystal has a conventional shape of Landau-Vavilov distribution [7-9]
with a single maximum corresponding to MPEL. The spectrum for oriented crystal differs significantly from it. It is
much broader and has a two-humped structure. Its high-energy maximum at £ =700keV (which is larger than MPEL

for the disoriented crystal) is intuitively expected as a result of the effect opposite to the one taking place for positive
channeled particles, which have smaller MPEL values than in disoriented crystals. Indeed, positive particles are repelled
from the atomic planes and spend a lot of time on relatively large distance from them in the region of low atomic
electron density, while the negative ones are attracted to the planes and it is natural to expect the increase of their
ionization loss while proceeding from the overbarrier to channeling mode. The existence of low-energy maximum of
the two-humped distribution in Fig. 1, therefore, seems to be counterintuitive. Its explanation requires some deeper
analysis of the impact parameter dependence of the particle ionization energy loss in crystal, which is the object of the
present paper.
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Figure 1. The distribution of ionization energy loss of 150 GeV/c 7~ mesons during planar channeling in the field of (110) planes of
Si crystal (solid line) and during motion in an amorphous target (dashed line).

The particle trajectory inside the crystal we define via numerical solution of the equation of particle motion (see
formula (3) in the next section) in the field of crystalline atomic planes. For the latter field the Doyle-Turner model is
applied. The probability for the particle to interact with an atom within the segment d/ of its trajectory can be defined
as dP =n_odl , where o is the total collision cross section with an arbitrary energy transfer £ . The quantity n_; here

is some effective atomic electron density. It can be presented as a combination of two other quantities n(r) and n as
ng =(1—-a)n+an(r) [1,6]. Here n(r) is the real local electron density at the points of the particle trajectory,

associated with the contribution of close collisions to the probability of particle interaction with the atom. The quantity
n is the electron density averaged over a macroscopic volume inside the crystal, associated with the contribution of
distant collisions to the above probability. The quantity «, belonging to the interval 0 <a <1, defines the relative
contributions of close and distant collisions to the particle ionization energy loss. At high particle energies these
contributions can be considered as approximately equal [1,10,11], which corresponds to the choice ¢ =1/2.

In case the collision takes place within d/, the value £ of the particle energy loss in this collision can be further

simulated using the probability distribution for this value p(£)=0c"(do/d&). For the differential cross section of

energy transfer do/d€ we apply the expression derived in [12], which proved its validity in comparisons with the
experimental results for high-energy particles ionization loss in disoriented silicon targets, reported in the same paper.
For very high particle energies, which we presently consider (namely, y >>100, where y is the particle Lorenz-factor),

it can be presented as follows:
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where the numerical factor in front of the formula ensures that all the quantities with the dimension of energy, i.e. £,
ha)p and mc” can be taken in eV, o in cm?, while e is the CGS value of the electron charge. Here m is the atomic

electron mass, @, is the crystal plasma frequency, &(x) and H(x) are Dirac delta function and Heaviside step
function, E, are the effective ionization potentials of the atomic shells and f, are the corresponding dipole oscillator
strengths. The sum is performed over the occupied atomic K, L and M shells of silicon and the parameters £, and f,
should be assigned the following values [12]: E, =4033eV, E, =241eV, E,, =17¢eV, f,=2/14, f, =8/14,
Sy =4/14.

Having simulated the particle energy loss on each segment of its trajectory we obtain the total particle ionization
energy loss £ inside the crystal. This value is stochastic and varies for different particles even if they travel along the
same trajectory (which can take place for the particles impinging on the crystal with the same impact parameter only in
the idealized case, when incoherent scattering is neglected). Fig. 1 shows the example of distribution of the value of £
in the case when the impinging particles have arbitrary impact parameters.

IMPACT PARAMETER DEPENDENCE OF THE PROBABILITY OF CLOSE COLLISIONS OF
NEGATIVELY CHARGED PARTICLES WITH CRYSTAL ATOMS DURING PLANAR CHANNELING
As we saw in the previous section, ionization energy loss of fast particles in a crystal is proportional to the
probability of close collisions, associated with #n(r). Thus, in order to explain the peculiarities of ionization loss
distribution, it is necessary to find the dependence of this probability on the impact parameter of negatively charged
particles during planar channeling in a crystal. To do it analytically we will use a parabolic approximation of the planar
potential, in which a particle with the charge of electron in the field of atomic planes has the potential energy

2 2
Ux)=—U, || 2-—=1| H(x)+|2-=+1| H(-x)], )
d, d,
where the x-axis is perpendicular to the atomic plane, |x| <d,/2, d, is the distance between neighboring atomic
planes. Atomic planes are located in the points x=nd,, neZ, and presently we consider the particle channeled

motion in the vicinity of the plane located at x =0.
To find the particle trajectory in the field (2) we must solve the motion equation [13]

d’x _voU(x)
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where p and v are respectively the particle momentum and velocity and c is the speed of light in vacuum. To solve the
equation (3) it is necessary to divide the planar channel into two parts, 0<x<d,/2 and —d,/2<x <0, and consider

the particle motion in each of them. For definiteness, we will assume that when the particle impinges on the crystal, its
impact parameter with respect to the atomic plane with coordinate x=0 is x,>0. In this case, in the region

0<x<d,/2 weneed to solve the equation of motion
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The solution to equation (4) can be written in the following form:

d
x(t) = 7p +Ce" +Ce ™,

L . 2 |2vU,
where C, and C, are constants, that can be found from the initial conditions, and 4 =— /—0 .
p
4
If x, and v, are the initial coordinate and velocity of the particle along the x-axis, then the constants C, and C,

in the solution of motion equation in the region 0<x<d,/2 can be found as
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d
Here and below, as in [6], we setv , =0, so that C, =C, = %(xo _TPJ and
d d
x(t)= 7”4—()60 _TPJCh(At) =g(1).

Now let us find the moment of time ¢ in which the particle will reach the pointx =0:

tlzlarch _ . &)
A 1-2x,/d,

In the region —d, /2 <x <0 the solution of equation (3) is

d
x(¢) = —7p+ Cee" +Ce ™,

where C, and C, are constants. Taking into account that, in view of the symmetry of the potential relative to the point
x=0, at t=2¢, the value of x(2¢,)=-x, and v (2t,)=v , =0, we obtain the following solution of motion equation
for ¢, <t <3¢

x(t) = —%’—[xo —d—z"jch(A(t—%l)) =—g(t-21).

In general, the particle x-coordinate can be written as

x(t)= g[t—Ztl R[in sgn [cos(%f}}, (6)

where R(7) is a function that rounds its argument to the nearest integer.
Thus, in the parabolic potential model, we found the trajectories of negatively charged particles with different
impact parameters. These trajectories are periodic non-sinusoidal oscillations with the period T’ =4¢, . It is important

that this period substantially depends on the impact parameter x, of the particles. To illustrate this fact, Fig. 2 shows
several trajectories with different impact parameters.
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Figure 2. Trajectories of 150 GeV/c #~ mesons during planar channeling in the field of (110) planes of Si crystal.
The probability of close collisions of fast charged particle with atoms in a thin amorphous target can be written as
a product of collision cross-section o, , atomic density NV and thickness of the target L: P =0 NL . In a short oriented
crystal this probability of close collisions can be written in a similar way with the help of integration over the particle
trajectory inside the crystal: P=o, I N(x,y,z)dl , where atomic density depends on the particle coordinate. In the case

of motion in the field of atomic planes atomic density depends only on one coordinate: N(x,y,z)= N(x) . If we assume

that atomic density near atomic plane has Gaussian distribution, then the probability of close collisions of fast charged
particle with atoms during planar channeling can be found as
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Ty 2
x (1)
P(xo)sz exp| ——52 |v(n)dt (7
T, 2rT
where 7, is the atomic root mean square thermal vibration amplitude in one direction, B is a constant that includes o,
and takes into account crystal parameters, 7, and T, , are the moments of time at which the particle enters the crystal
and exits from it. If one substitutes expression (6) into equation (7), then one obtains the probability of close collisions
of fast negatively charged particle with atoms as a function of the impact parameter x,. This dependence is shown in

Fig. 3 for 150 GeV/c n~ mesons that pass through the silicon crystal of thickness 1 mm in the regime of planar
channeling in (110) atomic planes. For convenience, P(x,) is normalized to the value of P(0) .
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Figure 3. The dependence of probability of close collisions of 150 GeV/c 7~ mesons with atoms on the impact parameter (solid line).
Dashed line shows the mean probability of close collisions in the amorphous target.

It is also straightforward to estimate the probability of close collisions in a disoriented crystal when channeling is
absent and the atoms can be considered as randomly located. Presently, at each moment of time the particle has equal
chance to have an arbitrary value of impact parameter x, with respect to the atom it moves past. Let us choose the

range of possible values of x; as 0<x,<d, /2. In this case the average probability of close collisions, normalized to
the corresponding probability for x, =0 (as in Fig. 3) is

2

d,lr2
— 2 X 2
Py =— exp(—Ljdx = ——erf($), 3
*d, -([ 212 )70 e

where £=d, /(2«/54) and erf(x) is the error function. For the values d, ~ 1.92x10°* cm and rp = 7.5%x107"° cm,

typical for (110) planes of silicon crystal, £ ~9 and erf(£) =1, which gives 1341-5 ~0.125 . From Fig. 3 we see that this

value is typical for channeled particles impinging on the crystal with the impact parameter of about 0.2d , .

IMPACT PARAMETER DEPENDENCE OF THE IONIZATION ENERGY LOSS DISTRIBUTION FOR
NEGATIVELY CHARGED PARTICLES DURING PLANAR CHANNELING

Let us now study how the impact parameter dependence of close collisions, obtained in the previous section,
manifests itself in the analogous dependence of the ionization energy loss distribution, resulting in a large width of the
distribution for channeled particles in Fig. 1 (which is averaged with respect to impact parameters) and its two-humped
structure. This study was carried out using numerical simulation of charged particles motion in oriented crystal, the
principle of which is described in [14—17]. The simulation was carried out for 150 GeV/c 7~ mesons that pass through
the silicon crystal of 1 mm thickness in the regime of planar channeling in (110) atomic planes. For a clearer study of
the reasons for appearance of the two-humped distribution, the simulation was carried out without taking into account
the incoherent scattering of particles (except for the results shown in the last figure of this section). Some of the
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obtained distributions are shown in Fig. 4 for the values of the impact parameter x,=0.05d, (dash-dotted line),
x, =0.25d, (dashed line) and x, =0.45d, (dashed line with two dots) and for scattering in amorphous target (solid

line). The figure shows that each impact parameter corresponds to the Landau distribution with different values of
MPEL. The lower is the value of the impact parameter, the higher is the value of MPEL of the particles. From Fig. 3 we
see that, this dependence nicely correlates with the impact parameter dependence of probability of close collisions. With
the decrease of impact parameter, the probability of close collisions of particles with the crystal atoms increases. This
growth leads to the increase in parameter n,; , and, consequently, to the increase in value of MPEL of the particles. The

most interesting is the fact that at large values of the impact parameter, the value of MPEL of channeling negatively
charged particles turns out to be lower than in an amorphous target. This is both due to the increase in oscillation period
of the particles in the planar channel, which occurs with the increase in impact parameter x, (see eq. (5)), and to the

fact that particles with large impact parameters ‘hang’ in the regions located close to the center of the gap between the
atomic planes. The latter means that such particles have noticeable segments of their trajectory almost parallel to the
atomic plane (see, e.g., the trajectory shown in Fig. 2 by the dotted line). The shape of trajectories of such particles is
very far from the sinusoid and such particles spend much less time near the plane than far from it. It is such particles
with relatively large impact parameters that form the low-energy peak of the two-humped distribution in Fig. 1, while
the ones with small impact parameters are responsible for the corresponding high-energy peak. Let us note that such a
two-humped structure of the distribution persists after taking into account the particle incoherent scattering on atoms as
well, provided the dechanneling length is larger than the crystal thickness [6].
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Figure 4. The distribution of ionization energy loss of 150 GeV/c 7~ mesons during planar channeling in the field of (110) planes of Si
crystal for different values of the impact parameter (dashed and dash-dotted lines) and during motion in an amorphous target (solid line).

The dependence of MPEL of 150 GeV/c 7~ mesons on the impact parameter is shown in Fig. 5. The solid line
corresponds to the motion of particles in the silicon crystal of 1 mm thickness in the regime of planar channeling in
(110) atomic planes without taking into account incoherent scattering, while the dash-dotted line corresponds to the
motion of particles in the same crystal, but taking such a scattering into account. Incoherent scattering was taken into
account in the same way as in [18]. The behavior of these dependences is very similar to that of the dependence of
probability of close collisions with atoms on the impact parameter, shown in Fig. 3. The dashed line in Fig. 5 shows the
value of MPEL when particles pass through an amorphous target. It can be noted that taking incoherent scattering into
account leads to the fact that the dependence of MPEL on the impact parameter becomes more similar to this
dependence in an amorphous target. This is because incoherent scattering leads to dechanneling of some of the particles.
The motion regime of these particles changes. They become overbarrier with respect to the potential of atomic planes.
In this case, their motion becomes more similar to scattering in an amorphous target. At the same time, from Fig. 5 we
see that even after taking into account the incoherent scattering of particles by thermal vibrations of atoms and
electronic subsystem of the crystal, there remains a large group of particles, which MPEL in an oriented crystal is
smaller than in an amorphous target. This group consists of particles with large impact parameters.

Fig. 5 indicates a rather wide spread of MPEL values in the allowed range of impact parameters, which explains
the large width of the distribution in an oriented crystal in Fig. 1 compared to the one in the disoriented crystal. The
significant dependence of MPEL of negatively charged particles on the impact parameter is quite unusual, since it is
much less pronounced in the case of positively charged channeled particles, which have ionization loss distribution with
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the width close to the one typical for the disoriented crystal [4]. In this regard, it would be highly desirable to carry out
thorough experimental study of the ionization energy loss distribution of negatively charged channeled particles. For
such a study it is best of all to use crystal targets of thickness smaller than the dechanneling length in order to minimize
the effect of incoherent scattering.
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Figure 5. The impact parameter dependence of the most probable ionization energy loss of 150 GeV/c #~ mesons during planar
channeling in the field of (110) planes of Si crystal with (dot-dashed line) and without (solid line) taking into account incoherent
scattering and during motion in an amorphous target (dashed line).

CONCLUSION

The investigation of ionization energy loss distribution of high-energy negatively charged particles which move in the
planar channeling mode in a silicon crystal showed a significant dependence of the value of the most probable energy loss
on the impact parameter. It is quite unusual, since such a dependence is much less pronounced in the case of positively
charged particles. It is shown that, for a large group of particles with large impact parameters, the most probable ionization
energy loss during planar channeling in a crystal is lower than in an amorphous target, while for particles with small
impact parameters the most probable ionization energy loss in a crystal is significantly higher than in an amorphous target.
It is demonstrated that negatively charged channeled particles with large impact parameters can move in the ‘hanging’
mode (which resembles the case of positive over-barrier particles) having considerably suppressed probability of close
collisions with the crystal atoms. The presented investigation explains the two-humped structure and considerable
broadening of the ionization energy loss distribution for negatively charged channeled particles, revealed in our previous
study. More detailed investigation of this problem requires taking into account the non-zero angle between the initial
momentum of the particles and atomic planes, and is planned to be performed in the future.
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PO 3AJIEXKHICTDH IOHIBAIIMHAX BTPAT EHEPTTI INBUJIKUX HETATUBHO 3APSKEHNX YACTHHOK
B OPIEHTOBAHOMY KPUCTAJII BI TPUHIJIBHOT O ITAPAMETPA
C.B. Tpopumenko™®, I.B. Kupuiin®P, O.II. Illycs”
“Incmumym meopemuunoi ¢izuxu imeni Axiczepa Hayionanohozo naykoeoco yenmpy «Xapriecokuii (hi3uKo-mexuivHuil iIHCmumymy
Axaodemiuna eyn., 1, Xapxis, 61108, Ykpaina
bXapxiscoruii nayionaronuil ynisepcumem imeni B.H. Kapasina
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Komm mBuka 3apspkeHa YacTHHKA PyXaeThesl B PEYOBHHI, BOHA BTpadae YaCTHUHY CBO€ET eHeprii Ha 30y/KEHHS Ta 10Hi3aIliI0 aTOMIB.
L{i BTpaTn eHeprii Ha3MBAIOTHCS 10HI3AI[IMHUMH BTpaTaMH eHeprii. Y NOCHTh TOHKHMX IIapax PEYOBHHH 3HAUCHHS TAaKUX BTPAT
eHeprii € croxacTHYHUM. BoHO po3moninseTscs BiANOBIAHO 1O 3aKkoHy, 1o #oro Bmepire orpumas JI.JI. Jlanmay. B amopduux
peyoBHHAX Takuil posnozin (abo crmekTp), Bimomuid sk po3monin Jlanmay, Mae eauHHN MakCHMyM, SIKMH BiamoBizae HalOiLbII
HWMOBIpHOMY 3HAUCHHIO BTPAT €HEPrii 4acTUHOK. [IpH pyci YaCTHHKHU B PEXUMI IUIOIIMHHOTO KaHAJIIOBAHHS Y KPUCTAJI BiIOyBaeThCs
3MEHIICHHA (TIPH MO3UTHBHOMY 3apsi YacTHHKH) a0o 30UIbLICHHS (IIPU HETaTUBHOMY 3apsdi) HMOBIpPHOCTI OMU3BKUX 3iTKHEHb
YACTUHKH 3 aTOMaMH, IO MMPU3BOAUTH 10 3MIHM BEIMYMHU HAWOUIBII HMOBIPHOI BTpaTH €HEPTii MOPIBHAHO 3 aMOP(HHOI0 MIilICHHIO.
HemonaBHo Oyno mokaszaHo, IO NIPH KaHAIIOBAHHI HETaTHBHO 3aps/PKCHUX YaCTHHOK Yy KPHCTANI PO3IMOJLN iOHi3amifHMX BTpaT
€Hepril YaCTHHOK € 3HAYHO OUIBII MHMPOKHM, HiX y amopdHiil Mimeni. [Ipu npomy meit posnoxmin Moxe OyTH ABOTOpOMM, SKIIO
3HEXTYBAaTH HEKOT€PEHTHHM PpO3CISTHHAM 3aps/PKCHHMX YaCTHHOK Ha TEIUIOBHX KOJIMBAHHIX aTOMIB KpHCTajda Ta ENEKTPOHHIM
mijicucTeMi kpucrana. B naniit po6oTi MOSICHIOETHCS IPUYMHA BHHUKHEHHS TAKOT'O PO3NOALTY 10HI3al[IHHUX BTPAT eHepril YaCTHHOK.
3a /I0MOMOror0 YMCENBFHOr0 MOJENIOBAHHS AOCTIKEHO PO3MOJiN 10HI3AlIHHUX BTPAT €HEepril HEeraTUBHO 3aps/DKEHHX YaCTUHOK
BHCOKOI €Heprii, sKi pyXaloTbhCsi B PEKHMi IUION[MHHOTO KaHAIIOBAHHS B KPHUCTATi KPEMHIiIO. PO3IIISTHYTO 3aleXKHICTh LOTO
PO3MOAITY Bif HPHULITFHOrO MapamMeTpa YacTHMHOK BiIHOCHO AaTOMHHX IUIOLIMH. 3HaiIeHO 3aJeXHICTh HaWOLIbII HMOBIpHHX
10HI3aIITHUX BTPAT €HEePrii YaCTHHOK BiJ MPHLIIBHOTO Mapamerpa. [lokazaHo, Mo 1uis BEITUKOI TPYITH YACTHHOK HaHOLIbII HMOBIpHI
10HI3aIii{HI BTpaTH €HEPTil MPH IUIONIMHHOMY KaHaJIIOBaHHI Y KPUCTAJIl € HIKYNMH, HIXK y aMOp(QHii MillleHi.
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