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 Critical angle 

The Lindhard critical angle for planar channeling for a charged particle in a straight single crystal is: 
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 is the crystal atomic number, 
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 the T-F screening parameter, and 
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 the Bohr radius. Below the TeV range, 
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 is small compared to the typical beam divergence. At 1 TeV/c, 
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 for the 110 plane in Si. Crystals must be aligned along planes or axes to see channeling. The critical angle is roughly equal to 
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, the HWHM of a transmission or alignment distribution of 
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, the particle angle relative to a crystal plane. 
For a bent crystal (see below) 
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where 
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 is the minimum radius of curvature 
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 is the Tsyganov radius (see below). 
Channeling dips and peaks in 
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 are not Gaussian. Temperature variations may occur because of lattice vibrations. Higher 
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crystals, e.g. W, have larger 
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but large dislocation-free crystals are not available whereas they are for Si. 

Bent crystal channeling 

As in a synchrotron, positive particles will stay in the channel of a gently bent crystal. At a small enough bending radius, the Tsyganov or critical radius 
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particles no longer channel. Here 
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is the interatomic field at a distance where the particle trajectory no longer remains stable (6 GeV/e [cm] in Si – Table 1.3 in BCK). The equivalent magnetic field for relativistic channeling and a uniform bend with radius of curvature 
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Equivalent fields up to O(1000 T) are feasible. 

Dechanneling
Particles dechannel because of multiple scattering in the channel and defects such as dislocations (Sec.2.5 of BCK). For planar dechanneling the dechanneling length for positive particles is
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where 
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is the ionization potential (172 eV for Si). The subscript e refers to the electron. 
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is an approximate exponential decay length. At 1 TeV, this gives 
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 for Si(110). The dechanneling lengths for negative particles are expected to be ten to fifty times shorter. In a bent crystal
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At high energy, defect dechanneling should be dominated by dislocations. Nevertheless even at 7 TeV, the good Si that is available should still channel. 

Bending transmission
In an external beam where emittance 
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 crystal acceptance, the transmission efficiency is:



[image: image29.wmf]db

s

m

T

b

s

e

R

R

E

E

l

f

/

50

1

-

÷

÷

ø

ö

ç

ç

è

æ

-

÷

÷

ø

ö

ç

ç

è

æ

F

»



[image: image30.wmf]=

50

b

f

 bent crystal phase space acceptance (proportional to 
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 50\% beam emittance, 
[image: image33.wmf]=

s

E

 crystal surface acceptance and 
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crystal length. Note that 
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is for a bent crystal. For a harmonic potential in a straight crystal, we have:
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is the effective channel half width which depends on the bend, screening and lattice vibrations. Applications have included a beam throttle at Fermilab in NE at 800 GeV, a beam splitter to produce the 
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 beam for CERN NA48 and a deflection of 150 mr at Serpukhov. 
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 was as high as 50% for a 450 GeV test at CERN. The longest bent crystal has been a 15 cm exemplar at Serpukhov. 

Extraction
For an accelerator multi-pass extraction can occur where particles pass through a crystal several times before they channel \cite{72141}. The overall extraction and bending efficiency is \begin{equation} E_{a} =E_{e} \left( 1-\frac{R_{T} }{R_{m} } \right) e^{-\left( s/\lambda _{dB} \right) } \end{equation} where $E_e$ is the extraction efficiency. Biryukov \cite{72141} simulations at 900 GeV give values of $E_a=$ 0.7 with s optimized at 1 cm. Fermilab measurements with $s=4$ cm were about 30\%. CERN measured 15\% at 120 GeV/c. IHEP has reported 85% efficiency with 70 GeV protons. An approximate ansatz is \begin{equation} E_{e} =1/\left[ 1+\left( \Theta _{m} /\psi _{c} \right) \left( s/L_{n} \right) \right] \end{equation} where $\Theta_m$ is the fitted multi-pass scattering angle and $L_n$ is the nuclear interaction length. (Biryukov's Monte Carlo for $E_e(s)$, Si, was fitted with $\Theta_m$ of 38 $\mu$rad whereas he had calculated 30 $\mu$rad). At high energy this formula favors very short crystals. A major step toward short crystal lengths has been the development of anticlastic bending geometries at Serpukhov. IHEP has tested bends as short as 0.3 mm. Typically the crystal is placed at the beam edge and halo is pumped out to the crystal via a kicker, beam-gas scattering, noise or beam-beam collisions. Recent results from RHIC and Fermilab show alignment effects over the entire bend of the crystal, possibly due to so-called volume capture. This development is important for alignment, particularly for collimation. 

 \paragraph{Collimation} 

One suggestion for two stage collimation at the SSC was to replace the primary scraper with a bent crystal that would produce a substantial deflection on to the secondary absorber \cite{72148}. This technique could be five to ten times as effective as conventional two stage collimation and be significant for high luminosity colliders. As noted, crystal extraction has been successfully demonstrated in several places. The promise of short bending length crystals should further increase the chance of success. Something like volume capture may offer a tool for rapid crystal alignment. IHEP experience has shown the beneficial effect of crystals when used as primary collimators. A test of crystal collimation at RHIC gave ambiguous results, while first measurements at the Tevatron have been quite promising. 

\paragraph{Focusing} 

Crystals can be used as focusing elements. At Serpukhov, a 70 GeV p beam was focused to a 40 $\mu$m line using a crystal with a 0.5 m focal length \cite{72141}. 

\paragraph{Spin precession} 

The spin of a channeled particle moving in a bent crystal should precess about the effective magnetic field through an angle \begin{equation} \phi =\frac{1}{2} \gamma \theta \left( g-2\right) \end{equation} where $\theta$ is the deflection angle (Sec.2.7.1). The high effective magnetic field in a bent crystal offers an interesting possibility for charm particle magnetic moment measurements. The small angular acceptance is a significant limitation. 

\paragraph{Cooling} 

Particles in a continuously focusing planar channel damp down to a small emittance \cite{72149} \begin{equation} \gamma \epsilon _{\min } =\hbar /(2m_ec) \end{equation} In the ground state they can be accelerated without radiative energy loss. The damping constant for the process is \begin{equation} \Gamma _{c} =2r_{e} K/(3m_ec) \end{equation} where $K =$ focusing strength, i.e. $V\left( x\right) =Kx^{2} /2 $. For a typical case $K=10^{11}$ GeV/m$^2$ so that $1/\Gamma _{c} = 10$ ns but since the initial quantum number in the well is several hundred this would require an extraordinary 20 m crystal to cool the beam. In conjunction with some very advanced acceleration scheme it might be possible to accelerate fast enough to boost into a long dechanneling length regime. 

\paragraph{Acceleration} 

Because of the focusing medium and the possibility of 10$^{22}$/cm$^3$ plasma densities, a number of suggestions \cite{721410} have been made for crystal accelerators. Dechanneling and crystal destruction are severe limitations. Drive densities would be $10^{15}$ to 10$^{19}$ W/cm$^2$. Crystal destruction takes place at $\sim 10^{12}$ W/cm$^2$ for ns pulses. 

 \paragraph{Radiation damage} 

Little degradation of MeV channeling in Si was observed after an exposure or $4\times 10^{20}$/cm$^2$ in a 28 GeV p beam. Si in a Serpukhov 70 GeV beam continued to channel after an exposure of 10$^{19}$/cm$^2$. At CERN the crystal deflection efficiency was reduced by 30% for an exposure of $5\times 10^{20}$/cm$^2$ in a 450 GeV proton beam. 

\paragraph{Channeling radiation} 

See Sec.3.1.6.7 and \cite{721411}. 

 \begin{thebibliography}{9} 

\bibitem{72148} M. Maslov, N. Mokhov, I. Yazynin, SSCL-484 (1991). 

 \bibitem{72149} Z. Huang, P. Chen, R. Ruth, PRL 74 (1995) 1759 

 \bibitem{721410} R.A. Carrigan, Jr., 7th Workshop on Advanced Accelerator Concepts, AIP Proc. 398 (1996) 

 \bibitem{721411}M.A. Kumakhov, R. Wedell, Radiation of Relativistic Light Particles During Interaction with Single Crystals, Spektrum Physics (1991) 

\end{thebibliography} 

_1207055417.unknown

_1207131752.unknown

_1207383635.unknown

_1207383884.unknown

_1207392070.unknown

_1207394911.unknown

_1207383970.unknown

_1207384128.unknown

_1207384164.unknown

_1207384065.unknown

_1207383914.unknown

_1207383765.unknown

_1207383813.unknown

_1207383701.unknown

_1207383242.unknown

_1207383540.unknown

_1207131810.unknown

_1207130860.unknown

_1207131540.unknown

_1207131695.unknown

_1207131450.unknown

_1207130455.unknown

_1207130617.unknown

_1207055440.unknown

_1207054630.unknown

_1207055070.unknown

_1207055341.unknown

_1207055384.unknown

_1207055304.unknown

_1207054878.unknown

_1207055004.unknown

_1207054679.unknown

_1207054311.unknown

_1207054388.unknown

_1207054458.unknown

_1207054347.unknown

_1207054234.unknown

_1207054267.unknown

_1207051517.unknown

