NEUTRAL COMPOSITE PARTICLE TRANSPORT IN CRYSTAL X-RAY ACCELERATORS
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The channeling of a particle-antiparticle pair
n a crystal lattice is studied, showing reductions
of energy losses only in the low v regime, which
is still attractive for particle sources. Neutron ac-
celeration is also considered as a case of a strongly
bound composite.

Introduction

The crystal X-ray accelerator! uses the crys-
tal periodicity, or superperiodicity, as a linac struc-
ture for particle acceleration and the channeling
effect?” as a focusing field for guiding the beam.
Let z be parallel to the channel axis and a,b be
the lattice spacings, as shown in Fig. 1 ; moreover
z,y,z is a cartesian frame and r = [¢2 4 y*]'/? as
usual. a and b are about 54 .

Other acceleration 111(‘('11'(1111‘4111 in solid state
matter has been proposed®® . For all these accel-
eration schemes, limitations arose from the dechan-
neling for progressive excitation of betatron oscil-
lations from electron scattering (lonization) and
— at large v — from bremsstrahlung and chan-

neling radiation emission®
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Fig 1) A pair in a crystal lattice

For muon or heavier particles of mass mj the
dechanneling momentum p; scales as:

2 2
2Vyaia
P =Po (“Z_D_~_g_> (1)

where py is the injection moment, a, is the chan-
nel width, V5 is the restoring force constant of the
channel potential V(2) defined as Vo = V"' /me? |
a, measures the net accelerating gradient G as
ay = G/myc® and D is the diffusion coefficient
given by D = 47rnval'r%LR; here 7,4 1s the crys-
tal valence electron density, r; the ion classical
radius and all the logarithmic dependencies from
the energy are put in the factor Lz & 10 .

It is natural to consider whether a neutral
particle Z = 0 will show reduced energy losses
and longer channeling times. This particle must
be a composite of negative and positive particles,
for example a particle-antiparticle pair. separated
by a distance d such that each member of the pair
can be resonantly accelerated by the accelerating
field by the same amount:

where v, 1s the phase velocity (along z) of the
accelerating wave with frequiency w @ in Ref. 1 it
40 Kel™ .

From a subnuclear point of view, a neutron is
a composite too and we will consider it later; the
coupling to the accelerating field is only trough
its magnetic moment in this case.

was considered that ke =

The pair separation d

The transverse motion of each pair member
1s given by the hamiltonian:
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where ¢ is the charge, V},, is the usual internal
electrostatic attraction, 4 is the relativistic fac-
tor and V is the z-average of V | the crystal in-
teratomic potential: V = (1/(1‘)foa Vie,y,z)dz .
While positive particle are channeled near the
minimum of ¥ at r = b/2 | negative particle are
attracted near rows of atoms, and they must have
an angular momentum L. | satisfying

2H,, < L?/b*m; < bV,.(b)
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in order to avoid collisions with the atoms. There-
fore the transverse pair separation d = [di+d§]1/2
is given by d = b/2 . The neglected Coulomb in-
teraction may affect this conclusion only at low ~
and for heavier particle than the electron (indeed
the positronium radius is about b/5 .)

The longitudinal separation is quickly esti-
mate from (2) and the kinematics' for v > 1 :
we get d, = b/20 = 254

Screening of the charge

It is evident that if d = 0 , then the neu-
tral composite will suffer no scattering from the
crystal. We discuss the effects of the actual dis-
tance separately for d. # 0 and d,,d, # 0 .
A single fast charge would push an electron at
distance b with a force F| = qy/b? for a time
Aty = b/~v . When a pair is considered, after a
time f, = d./v the second member pull compen-
sates the first member push; therefore the ion-
ization efficiency of the pair nearly vanish when
t, < Aty , that is & < yd. . By considering
that the usual and well-known ionization losses
AFE are due to the integration over the values of
impact parameter b < by, = hye/T | we argue
that they will reduce to

AE":AEme(Zh/d:I’) E’%AE (4)
where [ is the ionization energy and L the usual
Coulomb logarithm.

Considering now a transverse pair separation
d = [d2 + d2]'/? we see that the pair give a kick
Ap' to an vlm,tlon at distance b (from its center)
which is a considerable fraction of the kick Ap
given by a single charge

d N
Ap' = Ap' (3 + ()(dz/b“)> (5)

These reduction, even tough considerable, do not
open new perspectives in the dechanneling limit
{(1). Moreover, in both cases, the kick difference
must be absorbed by the pair binding, which de-
crease with 4 . In the high 4 regimes eventually
the pair becomes unstable and dissociates. There-
fore, we turn to consider acceleration at low 7 ,
which was neglected in Ref. 1.

An alternative application of the present com-
posite acceleration is to a porous crystal® or to
a mesoscale accelerator’ | in which the ratio d/b
is much smaller than unity.

Wave velocity

While for obtaining a wave velocity v,, = ¢
and group velocity vy, = O(c) the consideration
of crystal superperiodicity was necessary, we show
that the natural lattice periodicity is appropri-
ate for slower waves: here the lattice longitudinal
wavenumber is &, = 2x/a , nearly equal to the
transverse one: ky = 21 /b 2 k, . Indeed from eq.
(12) of Ref. 1, with k = k; , the phase velocity of
the accelerating wave is

k2 + N2EZ /4 + w22
Uph _ C[ z _ b/ pl] (6)
k. +ky

where N is the transverse mode number, wy; is
the average crystal plasma frequency of order kpov
with o the fine structure constant and k, is the
wavenumber of the carrier wave (the accelerating
wave is a sideband of the « ‘Ell‘li(’[‘) We also require
that the group velocity v, = ¢k, /vpn(k. + kp) is

positive, and as large as posmble. Solvmg for k

we get
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we note that terms in wy; can be neglected. Two
solutions exist if y,13,, > N/2 |, so two interest-
ing slow waves exist for N = 1 or 2 : for N = 2
both waves have positive v, ; for N =1 the solu-
tion with the negative sign in (7) has v4 > 0 only
b < i: , while the positive sign solution

has always v, > 0 . Anyway we will choose the
positive sign in (7), which correspond to higher
v, and frequencies. Note that N = 1 has a node
at = b/2 , so is not effective on positive par-
ticles. For that reason, N = 2 seems a better

when J3

choice for pair acceleration, but detailed study of
pair position are needed (for example, Eq. (2)
become d, = 0 }. On the other side, N = 1 seems
better for neutrons (see later).

Particle sources in crystals

Concepts of positron sources have been pro-
posed, where the directionality® of crystal chan-
nels plays a role in enhancing the brightness of
the emitted beam.

We speculate that a crystal (maybe with an
auxiliary external B, field) may directly convert a
primary electron or proton beam into a secondary



e* or a more interesting u* beam, cooling the

transverse moment of the created particles by a
certain amount.

These sources would be a natural candidate
for searching channeled particle pairs, or other
neutral composites. The accelerating wave, in the
low ~ regime, would bunch the emitted heam.

Analogy in neutron acceleration

We consider a z polarized carrier wave; then
{(from Eq. (10) of Ref. 1) the sideband wave
ks = (k. + k) has a magnetic field component

where F, = ta,w ’:_1/2 sin(zky N/2) is the carrier
amplitude.

Since the neutron has magnetic moment /i,
which align with B parallel to § , it feels a force:

/ /
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(C.G.S) (9)

where w’ is the scale of the B variation, and the
primes indicates quantities in the rest frame of
the neutrou.

By a Lorentz transformation of (8), we get
B'y = B,/vpr and w’ = 7,5 /&, (and the sideband
wave is purely magunetic in the neutron frame).
The force is small,

k. B 5000eV/m
F« =u ‘;3 y — ? ’ 2/
Toh %3;;}17'1)}1

(10)

even for intense carrier E, = 10V/em | for
small coupling of the Bessel function factor
Ji(.) = 107 we take ky = 2k, = 2.5 108¢em ™!
in this estimate, since we note that the simple re-
lation k, > iNE ky is satisfied for all the possible
values of 3,5 by Eq. (7). with the positive sign
and N =1.2.

The channeling of the neutron comes always
from the force {(ji- V)]? and the electrostatic crys-
tal field, which is seen as a transverse magnetic
field B = yﬁﬁl from a neutron speeding along
7 ; also this magnetic field orient the neutron spin
perpendicularly to z , consistently with neutron
acceleration. The potential terms in the Hamil-
tonian (3) must be replaced by the effective po-
tential N . which is

N = —psy[V, e* + T, 3/2]1/3 + ... (11)
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when r is larger than the neutron wavelength, so
to neglect nuclear interaction and higher orders
in V. The potential (11) is attractive, so the
neutron must have an angular momentum L, not
to fall onto the row of nuclei (see Fig. 1).

We note that (10) represents only a simple and
clearly identified acceleration mechanism, while
detailed dynamics has to be worked out. In this
connection Loeb and Stodolsky considered the
dynamics of neutrino spin in magnetic fields in
a primordial plasma® .

Conclusion

The neutral composite is interesting in the
low v regime. In the case of a pair, its con-
stituents scatter freely when yd, > a (still being
effectively accelerated). In the case of neutron its
coupling to the wave decreases with v ., with no
scattering. The interest of neutron acceleration
is obvious. Also applications to muon sources are
possible.
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