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ABSTRAC!

& self-contained description of the crystal Xeray accelerator concept is
given here, This concepl Features the asucceleralion of channelled muons
in a crystal, which is an ultimate focusing system, High enerqy ¥ rays
{~ 40 XeV) are injected into the ¢rysial at the Brage anale to cause the
Bormann anomalous lransmission, yielding the proper acce!érat%ﬁa field:
the crystal superlattice auts as a *soft? irised waveguide for X-vavs.
in contrast to ordinary linay strutctures, the acceleraling field is much
smaller than the transverse X-ray field (by a factor 10"} and the group
velocity of the fields is only a few percent less than ithe speed of
light, The muons lose energy hy bremsstrahlung, channelling radiation
emission, ionization and phonon lattice interaction.

1. SCALING LINACS AND BEAM PIPES AT THE ATOMIC SIZE

In the well-known linac principle an irised wavequide supborts eleciromaguet i¢ waves
which have longitudinal components suitable For particle accelerating.  The wavelenoth A af
the fields, which determinegs the scale of the Tinac cells, is of the onvder of decimefers in
the present machines. Considerable speculation [1] is now devoted to the most economically
vonvenient wavelength, by assuming estimaies abowl the feasibility of new microwave
sources, There are iwo considerations which suguoest smaller wavelengihs:

i) the available Field evergy density £%/8x scales as A~?,
ii) we requireg that the luminnsity

N2
[ = ra? {1
[

where N is the number of particles in the bhuach, f is the repetition rate and ay is
the beam radius, should scale as the particle eneray ¢ to the inverse square power.
Evidently fNe is bounded by available power, so that we need smaller beans and
stronger focusing flelds for higher energy colliders, which resull in smaller pines.

The optimum wavelenath depends slrongly on lechnolagical congiderations of all the
components of the collider:  with convent fonal equipment A should be of the nrder of
centimelers accarding to Palmer [1].
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New linac concepts may change this optimum and here we are concerned with the most
fundamental limitations, The smallest scale we can think of is the atomic one, which can
aow be manipulated by man in a terisin deqgree. Indead alternate sirata of similar orystals
may be stacked to obtain a superlattice [2]. In tomparison it is mme difficull to machine
gratings o droplets at the micron stale.

There is a fundamenial change when we scale the linac structurs at the atomic size.
In an prdinary linao the microwaves cannol penetrate the wall: we call it a hard wall
vegime {see Fig. 1}, When the pholon energy becomes of the vrder hw ' L T eV, ror-
responding 1o a scale lenath A ¢ 800 A, the wetalliy wall begins to stronaly absorb the
photon;  nate that mc®e? is also of the order of the plasma frequency e torresponding
to the orystal electron density,
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Fig, 1 Accelerator types against Frequenuy

When he © mc e the photon wavelenath is of the order of the lattice parindicity, so
that the pholon amd the crystal have the same relative wropnrbions of a microwave and a
Yinao structure. Moreover, as the photon eneray greal ly exteeds mela? anid be mes » m 2a
the crystal structure ceases to he oapanue Indeed the mean free path of the vhoton is
given by Bethe Bloch as &; = (3/2%:) ag'2 a-in-t {?ﬂmfﬁespmzztzzi}i’é where ag is

the Bohr radius, n is the electron density and Zope the effective charge of the lattice
fon

Hote thal the photons go straight into the electron ¢loud of the lattice ions, thus
developing a small Inngitudinal component: we say thal the crystal is a soft linac
structive

the idea of using a crystal as a linac strutture may alse be considered to be an
evolution of the plasma fiber accelerator [3] (see Fig. 1): indeed, ingreasinn the plasma
density to increase the longitudinal Field, we veath the solid state electron density.
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2. CRYSTAL X-RAY ACCELERAIOR CONCEP!

in Fig., 2 we draw a schematic diagram of the X-ray crystal accelerator concept |4]
The muons travel almost paralle! to the axis z of the yows of atoms, so that only the scat-
tering from a vow as a whole is important, but the (ollisions with each single atom of the
row are not: this is the channelling effect (8], The X-ravs are infectied at the Bragg
angle 6g with the axis z given by:

A .
3, = sin 93 {23

where 2 is the distance between two rows, but they travel along z inside the trystal:
indeed the coherent reflections between the trystal planes generate a standing wave patiern
along x, with modes at the crystal planes resulting in reduced ahsorbliion {Rormann effect
[61). Note that the Xerays split into two beams al the exit from the erystal,  The qroup
velotity of the X«rays is closer lo the speed of the light, and sateliite lenaitilinal
waves with phase velogity equal to ¢ are generaled by healing with the periodicities of the
grystal electron density as distussed in the anpendix,  From Edq. (A.3) the amplitude of
this wave is 10=% that of the X-rays. FEquation (A.?) shows thal it is convenien! to use
the perindicity of a superlattive instead of the shorter vrvstal periedicity., Fach stratum
of the superiaitice may contain even anly one layer,
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Fig 2 [Ihe Bormann anomalous transmission of X-ravs and the channelled vositive muon

beam Only five (rystal planes instead of some hundreds are shown, aml only one
supariatt ice period,

He prove elsewhere [ 7] with the adiabatic invarianis [8] that the effective natential
¢ determines the average trajectory of the particle:

1 8
olx,y) = [ dz 4(x,y,2) (3
H
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In Fig. % we show the profile of 4§, stressing the fact that corrections must he added
to Eg. {3) to be valid near the rows of atoms; eventually the adiabatic approximation
breaks down. The positive muons are confined away From the rows of atoms. The neqative
mion is attracted to a row of atoms, and must have an anoular momentum L, if it is not to
Fail on this row | 7].

> g

¥

Fig. 3 Chanelling potential versus distance from & row of atams for neaqative {left) and
positive {right} particles. Note the contribution of the anqular momenium in fhe
right hand gravh. The curves are rough where the adiabatic approximation breaks
down.

There are studies, both theoretical and experimental, of the channelling phenomena
. In high energy regimes they were finalized for bending proton beams with crystals
-11] or to obtain hard photons from electron beams [12,131],

We recall now the main Features of the sinugle-particle muon motion in the erystal,
The ionization losses are about 5 MeV/em For a muon, and we take this datum in our
a5t imate,

The oscillation of the partivle in the average channelling notential ¢ acts as an
antenna, emitting the so-called channelling radiation [14,15]. (The channelling radiation
is also called synchrotron radiation due to the faut that a sinusoidal path is approximated
with arcs of circles, and vice versa.) Buf the particle also makes fast smal) ascillatjons
with frequency Znc/a and harmonics, in respanse to the remaining part of the electrostatic
potent ial ¢=0 - §. This is the vlassical oriain of the bremssirahlung whose features are
easily computed with the virtual photon appeoach, which is directly applicable to a classi-
cal particle moving with r = X% vyt being constant or slowly changing.

The energy lnsses due to the hremsstrahlung are rounhly proportional to the eneray as
usual,

de .

dz © ~x§§(¢3g

but the radiation length Ap increases [7] with the distance r hetween the particle and
the nearest row of atoms in a dramalic way:
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. s o i . n E'gme
Aé (r} = gazefﬁrc {5&523 Ké a rjIn m (4)

¥

where 2b is the distance hetween rows, a is the distance between bwo adiacent atoms of the

. ¥
same row {a = 2h), vy = ezfm{;tz with m. the mass of the chamelled particle and ¥y
is the derivative of the modified Bessel function.

For & negative muon, the typical distance from the nearest row of atoms may be
ros b o= Efga; therefare taking Zpgs ~ 20 we ublain 3 radiation lenath of 10 km,
Therefore hremssirahlung Insses #e dominant above 5 TeV for a negative muony for a
positive muon r = 1!3& so that bremsstranlung losses are irrelevant,

Channelling radiation depends on the amplitude of channelling oscillations and it has
a complicated behaviour for a sirong oscillation, f.e. when yv] is not neglible with
respect to the speed of light [8]; however this radiation seems ta he reduced by an effect
of relativistic detuning,

Therefore the first test for our concept is to compare the enerqgy losses, 5 MeV/iem, to
the acceleration at the maximum transverse field sustainable by the wurystal honds; this
field is very high, 1gtd ¥/um, for the very reason that X-rays interact weakly with the
crystal. In order to obtain a net muon acceleration "only" a transverse field of ahout
1071 ¥/em is required, which may be feasible by focusing the X-rays to a tiny spot and/or
by quiding them with an optical fiber, There are other proposed schemes of acceleration in
solid matter |16,17], which differ from our rippled-wavequide concept in the acceerator
mechanism,

3. REMARKS ABOUT BEAM EMITTANCE: CRYSTAL AS THERMOSTAT

A second feasibility test must consider the dechannelling length of high-eneray
muons. The dechannelling happens when a parlicle rereives a hard fransverse kick, whers
hard means the kick is greater than the maximum acceptance of the channelling potential and
soft means the opposite. The origins of the kiuks are the emission of a bremsstrahlung
photon, the emission of a chamnelling radiation photon, the ionization of a crystal
electron and the scattering with a lattice phonon,

Soft kicks are also important: they excite the channelling oscillation, However the
average effect of the energy losses is the damping of channelling oscillations, Foe
example the bremsstrahlusg radiation is emitted in the direction of the channelling oseil-
Tation motion and thus exerts & friction on this motion., Therefore the crystal acts alse
as a thermostat, because it excites betatron osciliations in the channelled beam at a given
rate while it damps the existing hetatron oscillations.
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Nnie that ithe mobability of hard kicks increases ranidly as the particle distance
from the nearest row of atoms decreases, For exawple in the wase of bremssirahlung
emissinn the mean free path between hard kicks is similar to the radiation lenath (4},
which depends on r in a dr amat ic way.

therefore progressive heat inu/uonling of the heam and fatal secalbtering mrobability are
strongly related, This point is important for all solid state accelerators [18,171.

We are working on the Iransverse master equation which qoverns the evalution of ithe
mion beam considering kicks, and the details of healing/cooling due to soft kivks from the
four processes stated above.
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APPENDIX
CRYSTAL SUPERLAITICES AS RIPPLED WAVEGUIDES

s # s msss

in this Appendix we compube analytically the longitudinal field qeneration in a
rystal, oblaining the results [A 13 and {(A.11), whith show the importance of the
superlatiice.

As the photon fregquenuy ® is much greater than the atomiy frequencies, the curvent is
given hy 3 = {wzgefimjﬁi where the "local plasma frequenuy” ngefi} = 4ﬂazne{§}im

depends on the electron density ng(x).

Considering fields of the form A = R(e“iwzﬁ{§§} and choosing the lorentz qauge ¢ =
div ﬁ!fw, we start from the lagrangian

b= ) od¥xfw? . mgg}§A¥2 - ﬁ2¥?§§2 - <2(&§g3w2§féiv 3%2 . (A, 1%

whose last term will be subsequently nealigible. We look for a solution of the vector A;

P

= ai{x,v)fi{z), where the repeated index i = 1,2,3 does not wean summation. Variations
with respect to a; and f; aive rise 1o two counled equations

(02 + A2 ] F(2) = 0 (a.2)

[ ¢ eBflun ] ag(x,y) = 0 (A.3)
where the effective wave numbers are
) = o - ad oy - )Ty
and

2 e @l . ol . 2 2y, .

kflz) = w “One”y = RS, s
the averages <>| and <»; are, respectively, the averages on the [x,y) nlane with the
weighi ‘a;[2 and on the z axis with the weiaht }fgjé. Since ¢°k? ~ w® » mzne, Eg.
{A.2) may be salved by the WBK method: ; = k~ J2(2) exp [iviz)] with 8,y = ky.

The general solution of Eq. {A.3) has the Bloch form:

iksxxiikgvy

ai{x,v) = @ u{X, ¥) {4.4)

where u is periodic on the lattice. For the sake of simplivity we drop  y-depsndence
henceforth,



We nole kggx} is a periodic function with period 2b;  lel ky = w=/h.  Fourier
vompanenis of a;, i.e.

; Py ~Mky I
ap = uikBXY and ay = u® Bx~kp)

are then coupled,

when kgy ° 1/2 Nkp, these two components have approximately the same frequency,
ther efore they resupate. From {A.3) and (A.4) we sblain

[Vo = K b uo ¢ V¥ quy =0

{h.5)
?Ntlg t ¥y - {kﬁx " Plkb}g y * it

where the uoupling coefficienis are:
MY .
?a « {20} i dx kf(x} exp E»»Kkbxé

Averaging (A.2) over x and y, we obtain the dispersion relation

2

L&, i v 2y
¥ % 4
w® = vy b §z Y

i1

where <3|, is the average over both z and (x,y) and

Ry = iy, e(z)/z = /<o f {%,

Solving the determinant equation for Vo in Egs. (A.5) we ubtain

-

. 1 » | 1
é < 2.2 . L owE.R2 2 - 2 4 24 > 2
W - ey m Ky = g NSy kg - g Nk )T - s ’4;“ N Nk lkg, 3 MKy

o

{A.8)

where § = -1 corvesponds to a standing wave with nodes near the alomic planes: aj{x} =
aisin{1/2Nkyx). We choose kgx = 1/2 Nky for our  acceleralor hecause then the
transver se group velocity dw/dkgy = 0, that is the Bormamn effect,

The slow wave is generated by sidebands: £, {or Ay} has the main wave number
kys but ¢{z) has a slight modulation. When there is a componen! with wave number k in
the plasma frequency, the phase is given hy:

2
o(z) =k, 1 mﬁé(k} o5 (kz} | (A.7)
= N D 4 o
22K ke?
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where

a
2 o Baml 2 :
wpe{k} 2a é dz “pe®] Sin {kz) .
The amplitude of the 2-th satellite E (&) with ky = ky # #k is

Nk, kL /2 02 (k) .
T i1 : b
éz{i} 3 Ay dy i?izkcz) 0% {2 Qkhx} {A.8)

Note that even N modes are requived to accelerate positive muons whidh are channelled
around x = b,

The amplitude for the varrier wave i$

- H
- § . 3 & 2 =
Ex = :maxkz /% sin {z Nkbx) .

Thus the coupling ratio R for £ = 1 which is the largest satellite, is:

k0 (k)
1 b pe
R=jGN oz {A 9)

We require that the phase velocity of this sideband:

5 1 )
2, kw2 2
W Jﬁz by WKy F ()
Vph = §< = ¢ ; - {A, 10}
2! k : tk
he equal to ¢ for the high energy asuceleration.
Introduc ing the parameter £ # kp/2k, in the high energy regime we have:
K =L - %) k A1
z 47 b (A.11)
P e [ e b (A.12)
R o= gie’ (N%e" + an%e? v 1) w2 (k)e-Tig? (R 13)

It is quite straightforward to check that the sidebands of the lallice periodivity
with k = 2n/a » kg vrequire N > 2 in order to propagale forward into the crystal.
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In the tase of & superlattice with periodicily k = kg the parameter £ is bhig, so
that vy, is near Lhe speed of light also for N = 1,2, For example kg = Q.05 kp;
then for N = 1 we get k; = 2.5 ky, vg; = 0.98c and R = 038 wngiks)tz”akgj"z.
Similarly for N = 2 we get Kz = 10 ky, vgy = 0.996 ¢ and R = 0.4 o”pa(kg)e=%ks?,



