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3axBaT B KaHaATHPOBaHHE M3 Cy4yaHHOro MOTOKa NPOTOHOB,
npoxoasiwux yepes Si donsry

Jns NpoTOHOB, MPOXOMALIMX YEPE3 MOHOKPHCTALIHYECKYI0 MeMOpaHy u3 Si,
Habniofieno nepepacnpeneneHye NOToKa H (OPMHPOBaHHE MHKOB KaHATHPOBAHHA
B TCOMETPHH, KOIA YaCTHLBI HMETH HCXOOHO LIHPOKOE YITIOBOC pacrpeaciicHHUe.
[luku KaHamIHpOBaHHS TPONYLHPYIOTCS KPHCTAUIHYECKOH cpelod B pe3ynbTare
MHOTOKPaTHOH Nepe3apskH HOHa BCIEACTBUE 3aBUCHMOCTH CEYEHMi Moaxsara
U TIOTEPH 3MEKTPOHA OT NPHLENBHOTO napaMerpa. JTo o0bicHsAeT HabmoaeHue
IIMKOB KaHATMPOBAaHHS TOJIBKO MPH LOCTATOYHO HU3KOI OCTATOUHOMN 3HEPrUH Mpo-
TOHOB Noc/e npoxoxaeuus: E/ <0,6 MaB.

Pabora Bhimonnena B JlaGoparopum spmepHbix peakuud um. [.H.Dneposa
OHWSIH. :
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Capture from a Random Flux to the Channeling
for Protons Transmitted through a Si Foil

Flux redistribution and formation of channeling peaks have been observed ‘
in the geometry of initially wide-angle incidence for protons transmitted through
monocrystalline Si membranes. The channeling peaks are generated by the crys-
talline medium as a result of multiple charge-exchange events due to the im- |
pact-parameter dependence of the electron capture and loss cross sections. This ‘
explains successfully the detection of channeling peaks only at a low enough
residual proton energy: E,-,’ <0.6 MeV, after the transmission.

The investigation has been performed at the Flerov Laboratory of Nuclear Re-
actions, JINR.
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1. Introduction.

A flux of particles umformly d1stnbuted both by the angle and space coordinates should
remain being uniform after its transmission through a crystal Some group of particles can be
channeled due to the low. transverse energy in incidence, but.that doesn’t create any crystallographlc
modulation of the flux becauselof the uniform spectrum of the.transverse energy. This.is related
both.to the potential Liouville motion when the inelastic processes are neglected. and to the case
when electronic_energy losses, are. taken into account Transverse energy. fluctuations have to be
revers1ble as predlcted by, the basic theory [1]. .

Expenmentally the ¢ channelography pattemns were detected as.early as indicated in refs.
[2,3] using a uniform flux,of o.—pa.rncles from. radioactive sources. The.result was explained by the.
expenmental cond1t1ons prov1d1ng the,, energy—loss discrimination, and, . thus, the. selection: of the
group of channeled pamcles This is similar. to the * 1n-beam experiments.[4,5] where the lowest:
energy losses could be, selected for protons scattered.at a large angle in a semi-thick crystal target.
With. such.a d1scr1m1natlon the, channeling maxima were. detected, clearly, despite. the channeled
group bemg low in intensity, and a blocking pattern of a remarkable contrast was observed without
any special selection. The channeling maxima were also.detected [6-8].in the small-angle scattering
-experiments within the. multiple-scattering spot.of the beam, whereas. normal blocking corresponds
to the range of large angles. The results. [6-8]. are, -again, explained by. the  selection. of the: higher
energy particles due to the use of photoplate detectors, and also :by. the reduction of the flux den51ty‘
at_all .random. dlrectxons due to. the, multlple-scattenng spread The. latter. reason_ is . lower in-.
efficiency, for the channeled fract1on : .
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For heavy ions, the reflection patterns were systematically recorded in experiments [9,10]
using solid-state track detectors in a standard blocking geometry. The reverse of the pattern contrast
from blocking to channeling was unexpectedly revealed when particles were emitted from the depth
of 5-10 pm of a crystal. This observation was confirmed in ref. [11], when the scattered ions
(recoils) were detected with a good depth-resolution using a position-sensitive ionization chamber.
However, the explanation of such a transformation of the pattern was not found.

The complete de-channeling is normally deduced from the RBSC spectra at considerable
depths. However, they may mean only that the deep layer yield becomes insensitive to the initial
beam de-orientation, while the real flux distribution at considerable depths remains hidden. Thus,
the equilibrium flux distribution after a long enough path in the crystal should be studied in special
experiments.

For the detection of the uniform flux redistribution the standard geometry of a collimated
beam does not provide the right initial condition. The beam uniformly fills the interatomic spaces at
the entrance into the crystal, but there is a narrow peak in the momentum coordinates, So, the
capture into channeling is absolutely natural for the particles directly from the beam or after the
small-angle scattering. In contrast, the wide-angle random flux is created by the Rutherford
scattering in the crystal, but it is not uniform in the space distribution. All scattered at a large angle
particles are emitted from the cites, and, thus, the blocking distribution ought to be created.

In order to reach the really uniform flux distribution both in the space and momentum
coordinates a new geometry has been proposed and applied in ref. [12] for heavy ions. The
functions of the scatterer and the transmitted crystal layer are separated. The beam hits some
polycrystalline target, and the scattered particles on the way to the detector have to cross a
monocrystalline layer. In the present work such geometry is applied to the detection of the crystal-
induced flux modulation for protons in Si.

2. Experimental

The experiment was performed at the 2.5 MV accelerator of the Institute of Plasma Physics
at Garching; the geometry is schematically shown in Fig.1. The proton beam after passing through a
0.8 mm aperture was directed to a thin (100 pg/cm?) Au target. The scattered protons crossed the Si
layer and stopped in a CR-39 plastic track detector located at 120° in the scattering angle. The
monocrystalline Si membranes, 8.7 or 2.3 um in thickness and of the (100) orientation were placed
between the detector and the scatterer, quite close to the latter, but out of the reach of the beam.
That prevented any damage and distortion of the foil under irradiation.

The thin Si membranes were prepared using the technology described in ref. [13]. After
preparation, the membranes were thermally annealed, and their perfect monocrystalline structure
was confirmed in many control tests detecting the blocking and channeling pattems using the
ERDA set-up [14] on the heavy ion beams of the Muenchen Tandem. The “dimpling” distortion of
the foils by the beam was also clearly established.

In the present experiment the virgin non-irradiated membranes were used. Such foils are
quite flexible (being fragile) and can be distorted by any insignificant strain applied to the frame
under assembling, or even due to oxidization of the surface. So, all the operations were fulfilled
with caution, as well as the etching of the foil could be repeated in the case the oxidization strain
appeared. : o

In the described geometry the crystal was exposed to a low intensity random (both by angles
and coordinates) flux of scattered protons. The scattering angular distribution was flat within the
solid angle covered by the detector, % 4° in both directions. The trajectories of scattered protons
were not restricted by any collimators in the direction onto the detector. The multiple scattering in
the Si degrader mixed the angles without reducing the flux density since the departing protons wcre
replaced by the coming-in ones. The distance between the crystal and the detector was 275 mm
providing the angular resolution of about 0.08°. A good resolution was necessary for the detcction
of the crystallographic pattemn, if created.

‘After the exposure the detector plate was etched in a 20% NaOH solution at 70°C in order to
develop the proton tracks. As known, CR-39 detectors are sensitive to protons in the range from the
tens of keV up to a few MeV. The detection efficiency (at nommal incidence).is nearly 100%, since
each proton produces one track, and the diameter of the track is more or less stable at energies near
the maximum of the energy loss. At high enough density of tracks on the detector surface, the
recorded pattem can be visualized after etching. In our experiments a crystallographic image was
clearly observed when the residual proton energy was béloyv 0.6 MeV. An example of thig is shown
at the photo in Fig.2. This crystallographic pattemn is formed by the lines and spots of enhanced
intensity in the direction of the planes and axes due to channeling. - L
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The described conditions met the requirement .of the really wide-angle random distribution
of particles uniformly filling the interatomic space in the crystal lattice. Also._there was no energy-
loss selection for the particles detected at the exit from the crystal. In all irradiations the thickness of
the Si degrader was significantly lower than the proton range in a random direction. Thus, after
transmission the protons had the energy enough to produce tracks on the detector surface. The
detector response was proportional to the number of particles, and not to their energy as is the case

‘with photoplates. Definitely, it is the real flux enhancement and not the energy- contrast that was

detected in the present work for p transmitted through Si, see Fig.2.- - = A

The number of tracks on the detector surface was counted using an optical microscope, and
the coordinate- dependence of the track density was scanned to characterize quantitatively the
observed structures. The results taken for the <100> Si axis are given in Fig.3. The position
coordinate has been re-calculated into the angle of de-orientation from the axis, and the relative
yield, %, has been normalized to the track density at random directions. One can see in Fig.3 the
channeling peaks in the axial direction accompanied by the negative (x < 1.0) shoulders. The
angular width of peaks appeares to be below the Lindhard angle value, typically it was about 0.5 y,,

provided y, is cai(;ulated for the residual energy EL of protons.

" The beam energy was varied from 0.45 to 1.0 MeV, and with the crystals 2.3 and 8.7 pm in
thickness the range of EI., = (0.12-0.60) MeV was covered. The latter values were calcplated using
the random energy losses of p in Si. The peak and shoulder amplitudes in Fig.3 are deﬁnitely
deperident on Eg. 1 ' L ) )

In Fig.2 the (110) and (100) planar reflections are also prominent. For quantitative
presentation the scanning results are given in Fig.4 for the (110) plane at two values of E{,. In

general, the planar peaks are lower in intensity than the axial ones, and the (100) image is not so
contrast as the (110) one. For the latter direction intense shoulders are also typical, see Fig.4.

" Below one can find a general scheme within which we try to explain the appearance of the
channeling peaks and their energy dependences. However, the quantitative description of the peak
amplitude, its shape and dependence on the Miller indexes has not yet obtained.

" 4. Discussion

Channeling peaks detected here and in [12] are in agreement with the earlier observations
[9-11]. At the same time, the conditions of the present experiment and observed properties prove
that the origin of the effect is quite different from that discussed in refs. [15] and [16]. Indeefi, the
volume capture of protons to channeling in bent crystals was discussed in [15] for energies in the
range of GeVs. However, in our case the channeling peaks are deteriorating at E; 20.6 MeV. Inref.
[16] some energy contrast was created by the stacking fault defects inserted artificially into the Si
crystal before the proton microprobe experiment. In our case, the real flux modulation is detected
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when the virgin crystal is placed out of the beam reach. Thus, the modulation can be attributed
neither to the energy-loss selection, nor to the crystal damage. As described in the Introduction,
other expenments [2-8} were explained successfully within a standard theoretical approach. Unlike
[2-8,15,16], the results of refs. [9-12] and those of the present work require some new mechanism
for their understanding, since they seem to contradict the reversibility principle which is basic in
theory.

From Figs.3 and 4 one can conclude that the amplitude of a channeling peak is defined

mostly by the residual energy E:, of protons. Qur crystals were, obviously, thick enough (even 2.3
pm ones) to create the equilibrium distribution of particles, and similar patterns were observed for
different thicknesses, if the E:, value was the same. On the contrary, the variation of Ej, changes

significantly the observed pattern. At E:, = (0.4-0.5) MeV the central peak is not high in amplitude,

and the negative (< 1.0) shoulders are pronounced. At low energy EL =(0.1-0.2) MeV the flux in
the central peak exceeds the random value by as many as 25%, whereas the shoulders are not
pronounced. The E:, dependence of the pattern is in agreement with the results obtained for ‘He and

"2C ions in ref. [12], in which the peak amplitude decreasing with the growth of the ion residual
energy was also observed.

Such regularity can serve as a probe for any explanation of the observed flux modulations. A
new mechanism has been proposed in ref. [17] and developed in [12] for the understanding of the
cooling (heating) of the transverse momentum distribution due to the electron capture and loss
processes. The impact-parameter dependence of the charge-exchange cross-sections provides the
ion trajectory cooling (heating) if the electron capture (loss) is predominant within short distances.

In Fig.5 the stopping power curves for charged particles in Si are shown (ref. [18]), the
horizontal arrows point at the energy ranges, where the channeling peaks are observed for protons,
alphas and "*C - ions. One can see the same position of the upper limit for all the ion species with
respect to the correspondmg stopping curve, namely, near the energy where the stopping begins to
be E' dependent. This energy corresponds to the effective stripping of the last electron from a
projectile, and, thus, to the deterioration of the charge-exchange processes. The channeling peaks
disappear at these energies, so their correlation with the charge-exchange processes is confirmed in
accordance with the mechanism proposed in ref. [17].

After an elementary event of the electron capture, the potential part of the particle transverse
energy E, is decreased proportionally to (Z; - 1)/Z,, and then E, is partially recovered when the
electron is lost again. Finally, the mean AE, value is negative if the capture process predominates at
short distances and the loss - at long distances. Such scenario is realized for light and medium mass
ions. Decreased E, leads to the compression of the particle-emission angles and to the formation of
peaks of intensity at axial ‘and planar directions. Thus, the impact-parameter dependence of the
capture-to-loss ratio of the cross-sections is responsible for the effect.

The absolute values of the cross-sections are also important. This mechanism is inefficient
when quite a few capture events occur during the transmission through the crystal layer. In addition,
a very high electron-loss cross-section also excludes the effective cooling. Indeed, when the capture
and the loss occur practically in the same point, no change of the potential energy takes place.
Therefore, one has to estimate the free pathlengths 1, and I, for the capture and the loss,
respectively, and to compare the former with the crystal thickness t and the latter with the
channeling trajectory wave-length A.

The sinusoidal trajectory of planar channeling is characterized in the harmonical
approximation by:

= B ¢

where A is the maximum amplitude of oscillations, and vy, is the critical angle of planar channeling.
On the pathlength A/4 the potential energy varies from maximum to zero. Thus, I, should bc
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compared with A/4. For axial channeling the trajectory is not sinusoidal, however, the longitudinal

parameter of the trajectory can be estimated by analogy using equ. (1). We assume that A=a / 2\5
for the <100> Si channel and y, = y,.

. In order to find the realistic values of the capture and loss cross-sections and estimate 1,
and 1, empirical information has been used which is available in refs. [19-22]. The empirical
formula proposed in ref. [19] yields more or less reliable cross-sections, however, we also apply
additional calibration of the cross-section, separately for protons, alphas and C-ions using the
measured values [20-22]. The results are summarized in Table 1. At all energles, where the
channeling peaks are detected, the inequality: :

I capt

— <« S )
is fulfilled, whereas the ratio of 1, and A/4 is varied: [ ‘ '
Gl © -
006< —*= <4 3)

The absolute . values of these ratios do not exclude "that’the charge-exchange mechanism is
responsible for the obscrved channeling peaks., Moreover, the correlation of the l and I
parameters with the variation of the cha.nnelmg peak amplitide taken for different ion species at
different energies can be seen in Table 1. This confirms the validify of the ‘discussed mechanism for
the explanation of the flux re-distribution in a crystalline medium.

Unfortunately, the empmcal data do not prov1de sufficient information for describing the
impact-parameter, dependence of the cross-section in crystals and for predicting quantitatively the
intensity of channeling peaks. An advanced theoretical model is required to describe the charge-
exchange processes for ions in crystals, as well as to simulate the trajectories of the charge-
fluctuating ions.

5. Summary

According to theoretical predictions, the wide-angle random distribution of particics remains
random after transmissing through a monocrystalline layer diie to the reversibility of the transverse-
energy fluctuations. In the present experiment the requirements of the wide-angle incidence flux and
of the absence of any selection of transmitted particles by energy-loss are fulfilled. The channeling
enhancement of the flux has been revealéd for protons transmitted through Si layers when the
residual energy has been kept in a range of (0.1-0.6) MeV. A conclusion is drawn that the
oricntation modulation of the flux is generated by ithe inelastic charge-exchange proccsses in
crystals, and it is explained by the impact-parameter dependence of the elcctron capture and foss
cross-sections.

6. Acknowledgments

The authors gratefully acknowledge numerous valuable discussions with J.U.Andcrsen
(Aarhus University) and R.Behrisch (MPI/IPP Garching) as well as the support from H.J.Maicr,
M.Schmidl and F.Schmidt in supplymg scattering targets, beam operations and photography of
detccted images. One of us (S.A.K) is grateful to the DLR 1B/OVB office (Germany) for the
support of the JINR-LMU collaboration.



Faraday cup

<100>

|—7 Plostic.
| trock
detector

f
Fig.2. A photo of the “channelography” image recorded by a CR-39 track detectqr at Ep =(0.28
MeV. The contrast is reversed to show higher density of tracks by more dense areas.

Fig.1. Schematic diagram of the experimental setup.
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scan ones (o) near the maximum; the solid line is the guideline.
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Fig.5. Energy-loss curves for heavy ions in Si as given in ref. [18]. For 'H, *He and 2C the energy
range within which the capture: into channeling could be detected is shown by the
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Table 1. Measured and calculated parameters de
particles into channeling in a Si crystal.

Scribing the capture of

(1 and 2) show a parallel shift of the arrows from the

Particle | Exit energy Crystal Yrmax Free path length (um) A4 (nm)
(MeVv) thickness {(pm) I-capture I-loss

0.28 23 1.24+£0.05 0.12 0.8-10° 1.8-10°

'H 0.42 2.3 1.13+0.05 0.32 1.1-10° 22-107

0.51 2.3 “1.10+0.05 0.74 1.2-10° 2.5-107

‘He 1.7 8.7 1.32£0.05 | 2.1.107 2.8-10° 32-10°

3.1 8.7 1.18£0.05 | 8.7-107 43-10° 4.3-10?

15 8.7 1.50 £ 0.07 0.14 0.20 53-107

I 25 8.7 1.22+£0.05 0.56 0.22 7.1-107

35 8.7 <1.05 1.3 0.25 8.5-107
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