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JJ:eKatta.rmpoBaHHe peJUITHBHCTCKHX npOTOHOB H j!Jlep 
B np51MOM H H3OrHYfOM KpHCTaJIJiaX. Ponb peKaHanttpoBaHH51 

MoAenttpoBaHtteM HCCJleAOBaHO nllOCKOCTHOe AeKaHanttpOBaHHe pel151THBHCT­
CKHX npOTOHOB H j!Jlep CBHHl..la C OAHHaKOBblM HMnynhCOM Ha eAHHHI..IY 3apj!Jla Pz 

B np51MOM H H3OrHYfOM KpHCTannax. TioKaJaHO, qTo pa3nHqHM BepO51THOCTb nepe-
3axBaTa B pe:lKHM KaHanttpoBaHH51 npOTOHOB H j!Jlep Hapy:rnaeT HHBapttaHTHOCTb MHH 
AeKaHanttpoBaHH51 OTHOCHTeJlbHO Pz B np51MOM KpHCTaJllle, Toma KaK B H3OrHYfOM 

KpHCTaJllle nptt6m1:lKeHHM HHBapttaHTHOCTb HMeeT MeCTO. 

Pa6oTa Bbmonttetta B Ila6opaToptttt BbICOKHx stteprnii: OH.SIM. 
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Planar dechanneling of relativistic protons and Pb nuclei with the same 
momentum per unit charge p in straight and bent crystals was investigated 

z 
by simulation. It was shown that the different probability of the recapture 
into the channeling regime for protons and Pb nuclei infringes the dechanneling 
length invariance with respect to Pz in the straight crystals, whereas in the bent 

crystals the approximate invariance occurs. 

The investigation has been performed at the Laboratory of High Energies, JINR. 
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Mot.ion of planar channeled. particles in the oriented crystals is gov~ 
erned by the electric field.of the crystal atoms averaged along the crystal 
planes. The channeling parameters determined by the averaged paten~ 
tial such as the spatial period >. of the particle oscillations in the planar 
channel and the critical channeling angle {Jc are invariant relative to the 
value ·of Pz = p / Z, where. p,Z are the partide momentum and charge. 
The critical radius of the crystal bending is als6 invariant with respect 
to Pz 

· PzC 
Rc(Pz) = ---'--E,. (1) 

C 1nax · 

where Emax is a maximum electric field intensity in the planar channels. 
In the bent crystals the channeling parameter invariance is observed 

at the same relative crystal curvature r = R/ Re [1] ·' 
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where U;1 is the effective planar potential for protons in the heut crystal,, 
:1:1, :r.'2 arc the tum points_ of part.ides in the pokntial, E;,c ;, U}1( 1·c) is the 
critical trimsversc energy of particles for.existing the stable trajectories in. 
the channels, re is the corresponding critical ~istauce of particle approach 
to tl1P chaii1wl ,vall. , . .. · _ , _ 

For th<' givc·u r the probability of particle capture into the channeling 
regime \\\u"JH; ideiiti~·al itt the' s;une iciat.ivc beam divergence t = 0/{)c, 
So, wlieu th<' aiigul;u distribution of the beam is Gaussian tlien for tlie 
capture probability we have 

(4) 

,vhere clp is the channel width, x~ is the coordinate of particle entrance 
into the channel, Xch is the coordinate ~ich _determines· the transverse' 
region for channeling, UeJ(Xch) = Exe-

The particle dechanneling in the defect-free crystal occurs mainly due 
to multiple scattering by the crystalelectrons. For silicon crystals a main 
contribution is provided by the valence electrons whose density is approx­
imately constant' over the channel. The experimental investigations and 



simulation show that the depth dependence of the channeled particle 
number is close to the exponential one. The dechanneling length can be 
estimated as 

{)2 
C 

' S1/e ~ 1:1{);/ /:iz (5) 

where 1:1{);/ !:iz is the mean square of the particle deflection angle projec­
tion per unit path length due to multiple scattering by the electrons · 

1:1{); = NZ 21re4 L 
A V 2 2 e ' uz V Pz 

(6) 

Le= ln(bmax/bmin) =.ln(ZraJ2pzV E;Jliv). (7) 

Here bmax, bmin are the maximum and minimum impact p·arameters of 
collisions [2], ra is the atomic radius. The dechanneling length depends 
on the particle parameters through the momentum per unit of charge Pz in 
the first approximation only. Besides, there is a logarithmic dependence 
upon the nuclei charge Z. 

The dechanneled particles can be again captured into the channeling 
states due to the strong nuclear scattering in the capture region, where 
the. particle momentum direction is nearly parallel to .the atomic. planes 
[3]. However, in the bent crystals the dechanneled particlesfast leave the 
capture region due to the bending of the planar channels. ·Therefore, the 
particle recapture is practically absent. This-fully justifies the application 
of the boundary conditions ~hich f~rbids the exchangebetween the beam 
fractions for the Fokker - Planck equation describing. the e,volution of 
the particle distribt1tion ;over thE:; t'ransverse •'energY, [2], as , well as the 
application of the equation (5) for the dechanneling leng~h estimation in 
the bent crystals. 

The experimental study of the deflection of an ulti;_;elativistic Pb82+ 
ion beam at a momentum of 33 Te V / c by a bent silicon crystal has 
been recently performed at the CERN-SPS [4). The observed deflection 
efficiency was close to the one obtained for protons with the same Pz· 
Our simulation results in the frame of the atomic -plane model [3] give 
the efficiency values close to the experimental ones. So, because of a low 
particle recapture role the approximate dechanneling length invariance 
really occurs in the bent crystals. 

.. On the other hand, in the straight crystals the recapture of protons 
into the channeling regime is considerable because the particles gradu­
ally leave the near-barrier region only as a result of multiple scattering. 

. ;·,,,2 ,, ... -

(\ 
I/ 

The dechanneling lengths observed in the experiments with the straight 
crystals considerably depend on the recapture process, which makes the 
lengths much bigger than it follows from the estimation (5). 

Fig. la shows our simulation results for the channeled particle number 
as a function of the beam penetration depth into the silicon straight crys­
tal oriented along the (110) planes. The proton beam with the momen­
tum of 100 Ge V / c and the uniform angular distribu~ion in the interval of 
( -{)c_, {Jc) enters the crystal parallel to t_he (110) channel walls. The beam 
fraction being in channeling states all the way from the entrance into 
the crystal, it can be called a planar gyperchanneled fraction N;h(z), and 
the full number of channeled particles Nch(z) accounti11g the recapture 
are shown. The recapturi contribution does not chan·ge tlie dependence 
character for the full 'nu~ber of channeled particles which is also close 
to the exp~I].\:mtfal one. '):'he dechanneling lengths are Sf;e = ,35 mm, 
S1;e =..,, 62 mm. The second value accounting the recapture is in good 
agreement with the experiment [5]. 

On the contrary, for heavy nuclei the above-barrier beam fraction fast 
decreases crossing the crystal because of a high cross-section for nuclear 
and electromagnetic inelastic interactions. So, the nuclear inelastic length 
is about 1 cm for tlie Pb nuclei in the silicon. This stipulates a considerably 
smaller recapture probability for the dechannele<l Pb nuclei than for pro­
tons. In the bent crystals this recapture reduction does not considerably 
change the observed dechanneling length for heavy nuclei in comparison 
with protons because the recapture is already "forbidden" due to the_ chan­
nel.,bending. H?w~ver,, in the ~~raighf cry'stals, the si~uation with nui;:lei 
chaimelingj~ quite different tlian for protons due:tc?,a di~erent int.ensitx_ 
ofi~elistic iiitenictio~sfor the,above-b~rri~r particl~~- . • . - , 
: ,':Fi~.lb ;hows tl~'e sa!fie,·a:s fig-.i~ f o; th~ Pb nudei\~itli Pz .:=. 100 Ge Y/c. 

The .srr'i:i1f differeiice observed between a full nu~b~r o'Cch~nnekcf parti~ 
des and th·e gypercha~neled f;a~tionoccu~s.·d1~e t~ ~·l~w recapt~re prob~ 
ability because of the fast reduce of the above-barrier beam fraction. The 
dependences of the full number of channeled particles for the protons and 
Pb nuclei are compared in fig.2. The corresponding dependences for the 
particle number recaptured into the channeling regime are shown in fig.3. 
So, a considerable growth of the inelastic interaction cross-section for Pb 
nuclei in comparison with the protons reduces the recapture probability 
and, therefore, infringes the dechanneling length invariance with respect 

to Pz in the straight crystals. 
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Fig~l. The dependence of the channeled particle number on the beam 
penetration depth i~to the Si straight crystal oriented along' the {110) 
planes: (a) for the proton beam with the moment.nm of 100 GeV /t; 
(b) for the Pb nuclei :with the same momentum per unit of charge. The 
black circles show the full number of channeled particles accounting their 
recapture, the empty ones the gyperchanneled fractio1i. 
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Fig.2. The full number of channeled particles as a function of the crys­
tal length for the protons (black) and Pb nuclei (empty) with the same 
momentum of 100 GeV /c per unit of charge. 
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.fig.~ .. The particle number recaptured.into the ~hanneling ;egiriie as 
a function of the crystaHength for' the ·pr~tcnis lblacl~) a~1d: Pb' ;n~dei 
(empty). · · · 
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