in Refs. 12 and 13 to describe the temperature de-
pendence of the tunnel frequencies in the SNS spectrum.

We call attention in conclusion to the fact that the
ITCF correlation times are not expressed in terms of
the lifetimes on the levels. At low temperatures, the
main contribution to 73 and 73'; is due to phase re-
laxation.

The author is deeply grateful to T. N. Khazanovich
contacts with whom contributed much to the perfor-
mance of the work.
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Influence of radiation on the motion of channeled particles
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A detailed investigation is made of the influence of radiation on the motion of channeled particles in a
crystal. It is shown, in particular, that radiation can lead to an increase in the angular divergence of a
particle beam in a channel. The analysis of the relaxation of the transverse energy via radiation takes into
account the multiple scattering of the channeled particle in the crystal.

PACS numbers: 61.80.Mk

INTRODUCTION

It is known (see Refs. 1-4 and the bibliography there-
in) that spontaneous radiative transitions between
transverse-energy levels of a channeled particle lead
to intense x and gamma radiation, accompanied by
relaxation of the transverse energy. For light chan-
neled particles, as noted by us earlier,? the process
of radiatiave damping of the transverse energy can
play a noticeable role alongside the nonradiative de-
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channeling processes that lead to an increase of the
transverse energy. In this case, generally speaking,
self-focusing of a beam of channeled particles is
possible.

The effect of radiative focusing of a beam of chan-
neled particles was considered also by others.5-? How-
ever, the results of Baryshevskii' and Dubovskaya,® as
shown by us earlier,® turned out to be completely in
error. Wedell’s paper’ also contains conclusions that
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are not fully justified. Correct estimates were obtained
only by Bonch-Osmolovskii and Podgoretskil, ¢ but
their classical investigation of radiation deceleration
in the case of channeling in a parabolic potential seems
to us incomplete. We therefore present the results of
a detailed theoretical investigation of the influence of
radiation on the motion of a channeled particle. In
particular, it will be shown that radiation can lead not
only to focusing but also to an increase of the angular
divergence of a beam of particles. We shall also in-
dicate the reasons that have led the other workers to
erroneous estimates of the effect of radiation focusing.

1. RADIATIVE ENERGY LOSSES

In a spontaneous radiative transition of a channeled
particle to a lower energy level of transverse motion,
a photon is radiated. The energy of the photon does
not equal, generally speaking, the difference between
the level energies, since the longitudinal motion of the
particle leads to a Doppler shift of the radiation fre-
quency. This circumstance, on the other hand, makes
it possible to obtain a relation between the loss of the
transverse energy € and the loss of the total energy E
of a channeled particle.

According to the results of Refs. 1-4, the energy
of the radiated photon is connected with the difference
of the energies of the transverse motion by the relation
F=m=c=1)

2[3.(E.) Bl(El_"’)] .
- erES o

Here E,= (p2 +1)!/2 is the energy of the longitudinal
motion of the particle and practically coincides with its
total energy. The photon energy and the emission
angles are assumed to be relatively small (w < E, 8

<« 1), and the particle is assumed to be ultrarelativistic
(E>1).

The transverse-energy levels are determined by an
equation of the Schrodinger type. In the case of planar
channeling, this equation takes the form

1 &
[-Zz=tv@ |¥@=—e® .. @

The position of the levels in the potential well U(x) of
the transverse motion depends parametrically on the
total energy of the particle.

Since the photon energy in (1) is assumed to be suf-
ficiently small, we can use the approximate equality

e,(E—w) ~e,(E) —0de,/dE. 3)
As a result, Eq. (1) takes the form

204 (Ey)
0= OHE,"~20e,/0E @)
Here &,,=¢,(E,) - c,(E ) is the change of the transverse
energy of the particle following the radiation. The
denominator in the right-hand side of (4) can also be
represented in the form

g-HE-—20e, IaE~1—v c0s®,

. where v=(v2 +v%)*/2 is the total velocity, v, = (2c/E)*/2
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is the transverse particle velocity averaged over the
period of the oscillations (v, <v,). It is easily seen
that relation (4) is indeed a consequence of the Dop-
pler effect.

The earlier calculation®* shows that the probability
of energy loss AE by emitting a certain number of soft
(w «< E) photons with total energy AE is larger than
the probability of loss by radiation of one or several
harder photons with the same total energy. In addition,
at relatively high energies of the particles (E~1 GeV)
the number of levels in the transverse-motion well is
quite large (~100). Therefore the losses of both the
total and transverse energy can in this case be re-
garded as quasicontinuous.

We take into account the fact that the effective angles
of the emission by relativistic particles are determined
by the relation 6,,, ~E-!. In addition, for a number of
important models of the continuous potential of the
planes and axes of the crystal, the transverse energy
depends on the total energy in power-law fashion:
€x E*, Thus, for example, for a square well with
infinitely tall wells @ =-1, for a parabolic well o
=-1/2, and for a potential in the form U(p)x<1/p (p is
the distance to the crystal axis) we have « =1. As a
result, the differential equation that connects the losses
of the total and transverse energies takes the form

E?
dE = b—aeEde' (5)

These elementary estimates do not make it possible,
however to determine the constant b in (5). The exact
calculation that follows will show that this constant is
equal to unity. We denote the values of the transverse
and longitudinal energies at the instant of the entry of
the particle into crystal by €, and E,, respectively.
Then the solution of the differential equation (5) takes
the form

= (5) e (@ ®

E, 1 E ’
£=F‘£,+ElnE y . (6)
We assume that the crystal is long enough to permit
the transverse energy to relax to zero (to U, <0 in the
case @ =1). According to (6), the total energy of the
particle then becomes

E.=E[1— (a—1)e.E,]V=", )

For a parabolic well @ =~1/2 and expression (7) coin-
cides with the corresponding resuit (23) obtained by
another method by Bonch-Osmolovskii and Podgoretsku
In the case (6") we obtain for E_ the transcendental
equation

In (Eo/Ey) =—8oEy+U E .. (7)

According to (7) and (7’), at relatively small initial
particle energy [t:(,lE0 « 1, the loss of its total energy
during the time of relaxation of the transverse energy
can be neglected. On the contrary, at relatively high
initial energy (g,E, > 1) the relaxation of the transverse
energy is accompanied by loss of a large part of the
total energy of the particle. We note that the equation
€,E,=1 corresponds to energies Ex1 GeV and E
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=10 GeV for axial and planar channeling of electrons
and positrons.

According to our calculations (7) and (7’), the energy
of the channeled particle E_ increases together with
its initial energy E, in accordance with a law that is
determined by the form of the channeling potential.
The statement made by Baryshevskil et al.? that there
exists a certain limiting energy E_, for the value E_ is
in error. The point is that the result of Pomeranchuk
(see, e.g., Ref. 10, Sec. 76), to which the authors of
Ref. 9 refer, was obtained for cases when the trans-
verse component of the radiation-friction force can be
neglected. This condition, however, is not satisfied
for channeled particles (see also Ref. 6 concerning
this question).

The square of the angle i at which the channeled par-
ticle moves relative to the axes or planes of the cry-
stal is determined by the ratio of the transverse and
longitudinal momenta of the particle

Y=(p./p)

For ultrarelativistic particles p,=E, and the trans-
verse motion is nonrelativistic [see (2)], therefore p?
=2E¢, and

dﬁ'——zEde—le E. (8)

Thus, according to (8), the losses of the transverse
energy upon radiation lead to a decrease of the angle

¥, while the corresponding losses of the total energy
lead to an increase of this angle. We shall use expres-
sion (5) (where b=1) for the increment of the square

of the angle in terms of the increment of the transverse
energy. As a result we get

2 1—(ati)eE

dy'= E 1—acE de. (9)

In planar channeling of positively charged particles,
a parabolic well is a sufficiently good model for the
channeling potential. In this case a@ =~% and, accor-
ding to (9), under the condition €E > 2 the radiation
leads not to a decrease but, conversely, to an increase
of the deflection angle of the particle. This does not
lead, however, to dechanneling, since the Lindhard
critical angle also increases with decreasing total
energy of the particle. Radiation focusing of a beam
is possible only under the condition €E <2. For posi-
trons and characteristic values of the transverse
energy £€=10 eV, the total energy should be less than
E=52 GeV.

Similar calculations for axial channeling of nega-
tively charged particles in a potential U(p) ~1/p, when
a =1, leads to the following result. The radiation
focusing can take place only under the condition [8[ E
<1. The critical energy for characteristic values
le] =100 eV is 2.6 GeV.

In planar channeling of electrons, the potential dif-
fers substantially from parabolic. In this case we
can use for estimates the square-well approximation
(@ =-1). According to (9), in a square well the ra-
diation always leads to a decrease of the deflection
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angle. However, the relaxation rate begins to increase
substantially when the parameters €E becomes larger
than unity.?

2. DEPENDENCE OF THE DEFLECTION ANGLE ON
THE PATH OF THE PARTICLE IN THE CRYSTAL

We proceed now to calculate the dependences of the
transverse and total energy on the path of the particle
in the crystal. We consider first the case of relatively
low energies, when ¢eE < 1. This makes it possible,
on the one hand, to neglect the influence of the loss of
the total energy on the particle deflection angle com-
pared with the influence of the loss of transverse energy
[see (8) and (9)]. On the other hand, the condition
€E «1 (Ref. 2) enables us to use the dipole approxi-
mation for the calculation of the probability dwu/ dw
of the spontaneous transition per unit time from the
state [i) to the state | f) of transverse motion. This
probability takes in the dipole approximation the form!-3

dllh]/d(b‘ l du | ’65‘,'(1—2(0/m..+2m’/m.,') ﬂ(mm—‘ﬂ) . (1 0)
Here d,, is the matrix element of the dipole moment,

By=e(E)—e/(E), 0a=2041" 7-(1_1’!)-%:

v, is the longitudinal velocity of the particle, and n(w)
is the Heaviside unit step function.

The average loss of the transverse energy per unit
time is obtained by integrating (10) with respect to the
radiation frequencies, followed by multiplication by
the difference @,, of the level energies and by summa-
tion over all the final states of the transverse motion.
As a result we get

de 47 517 12
—d;——a—zﬁﬁn ldi; 12 (11)

I<i
We now multiply dw,,/dw by the photon energy w and
integrate with respect to the frequencies in the sum
over the final states. We then obtain the loss of total
energy per unit time

dE_ 4 P
A T a2
Thus, in the dipole approximation according to (11) and
(12), the losses of the total and transverse energy are
connected by the relation

13)

As a result of a comparison of this expression with
Eq. (5) we get the value of the constant b=1.

dE|dt=v'de/dt.

Wedell [see Ref. 7, relation (1) at (6%)=0] used to
calculate the transverse half energy loss in the dipole
approximation a relation different from (13)

de e |dE

rra _E'l dat l )
This relation follows from the general equation for the
distribution function, obtained by Beloshitskil and -
Kumakhov'! for cases when the transverse component
of the friction can be neglected. As shown by the
presented calculation, in the case of radiative dece-
leration the transverse component of the friction force
plays a substantial role. Therefore Wedell’s results’
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should be regarded as generally incorrect. This in-
accuracy was corrected in a subsequent paper by
Wedell and Kumakhov.!?

We shall continue the calculations for two concrete
models of the plane potential. Let the plane potential
be a well of width a with infinitely tall walls. Then
the wave functions of the transverse motion ¥ ,(x) and
the energies corresponding to them take the form
(see, e.g., Ref. 13, p. 88 of original)

24 Tnih?
aom (2) i, eim T a0

where m* =ym is the relativistic mass of the particle
(we use ordinary units here). The matrix element

of the dipole moment then takes the form

2ea if 1—-(-1)"

[l = = )¢ 3 ) (15)

where e is the charge of the particle. We now use (14)
and (15), followed by summation over the final states
in (11). As a result we get for the differential losses
of the transverse energy per unit crystal length dz

the following expression:

de 2" & &%E*

dz 9 Ac a(me®)?’ (16)

A similar calculation for a parabolic plane potential
U(x) = (4U,/d?)® leads to the result

e di (ﬁ”‘l_"_ )"‘ (n+ _2‘_) , ldgl= ZLedﬁi(Zm'U.)"'ﬁy,«-u

where 8,, is the Kronecker symbol. The summation in
(11) in the dipole case reduces to a single term, while
the equation for the losses of the transverse energy
takes the form

de 16 ¢ A U,
% 3R Eme " (16)

where A=7%/mc is the Compton wavelength of the part-
icle.

Besides the radiation that leads to the damping of the
angle ¥, there occur also processes that lead to its in-
crease. In a crystal with relatively small number of
impurities and dislocations, the principal process of
this type is multiple scattering of the particles by the
electrons and the vibrating nuclei of the crystal. For
positrons or other positively charged particles, which
move in the case of channeling far enough from the
lattice sites of the crystal, the multiple scattering is
mainly by the quasifree valence electrons. For these
particles, the parabolic well is a sufficiently approxi-
mation to the potential of the planes. The equation
for the square of the deflection angle of the particles
takes, with allowance for (8) and (16’), the form

dy* _ ,
e = —k{*+q, )
where o
Yy 18 AU, 2ErE G
3 hc & mc’ I=F g™ Omin

q is the mean square of the angle of multiple scattering
by the valence electrons, E;=21 MeV, r,=¢e*/mc? is
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the classical radius of the electron, and n, is the average
density of the valence electrons in the crystal. The
maximum angle 6, taken into account in a single scat-
tering act is determined by the critical channeling angle
Bpag = (Up/E)* /2. The minimal angle is determined by

the polarization of the electron gas'?, Gm“:h'wp/ E,
where w} =4mn,¢*/m.

Inasmuch as in the dipole case (€E <« 1) the radiative
losses of the total energy can be neglected [see (7)
and the text that follows], it follows that the mean
squared angle of multiple scattering can also be re-
garded as constant. As a result, the solution of (17)
takes the form

: 2 ¢ k:
v@=e[ v O+ - I (18)

Were it not for the multiple scattering (¢ =0),
radiative focusing of the beam would take place over a
characteristic length I,,, =1/k [see (17)]. At a poten-
tial-well depth U, =20 eV and at a width d=2X10-% cm,
typical values in planar channeling, the relaxation
length is 2.2 cm for positrons and 7x10° cm for pro-
tons. This result does not depend on the particle
energy so long, of course, as the dipole approxima-
tion is valid €E «1), i.e., up to energies E~10 GeV
for positrons and E ~10 TeV for protons.

Our estimates of the length [, differ by many orders
of magnitude (particulary for protons) from the ana-
logous results of Baryshevski‘i and Dubovskaya®. This
difference is due mainly to their incorrect estimate
of the matrix element of the dipole moment of the
particle in a rectangular potential well [d” ~it, cf.
Eq. (15) of the present paper]. In addition, according
to Eq. (9), the relaxation of the angle ¥ is determined
in the dipole case by the transverse-energy loss, and
not by the lifetime of the initial level, as was pre-

viously assumed.® Finally, it is well known that a

parabolic well is a much better approximation than a
square well for the potential of the planes in the case of
channeling of positively charged particles.

Whether the beam of particles will actually be focused
or whether its angular distribution will broaden be-
cause of the scattering and in final analysis because
of the channeling, depends on the ratio

R=k*(0)/g. (19)

The radiative effects prevail over the effects of mul-
tiple scattering by the valence electrons under the con-
dition R>1. Estimates show that for positrons and
heavier particles this condition cannot be satisfied at
energies ¢E <1 (see Sec. 1), when radiation decreases
rather than increases the deflection angle.

The analysis of the influence of the multiple scat-
tering on the channeling of negatively charged particles
is somewhat more complicated, because both the
quasifree electrons of the crystal and the bound elec-
trons and nuclei of the lattice atoms play a role in this
process. With decreasing transverse energy of the
particles, the effective density of the bound electrons
and nuclei increases, therefore the mean squared angle
of multiple scattering ¢ depends in this case on the time
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of motion of the particle in the crystal. The calcula-
tion of the dependence of g on the transverse energy
can be the subject of a separate investigation. For
simplicity we can confine ourselves to some value

g averaged over all the transverse energies. An equa-
tion similar to (17) can then be written for a square
well in the form

dp*/dz=—x($*)"1+§, (20)
where

In ke (me?)? a

At values a=10"° cm the length of the radiative relaxa-
tion 1/» amounts to 0.88 cm for electrons of energy
E=1 GeV and 3974 cm for T mesons of energy 273
GeV.

When account is taken of multiple scattering, the
focusing of a particle takes place only under the con-
dition

[x¢?(0) 1+/g>1.

estimates show that this condition cannot be satisfied
at energies ¢E <1, for which the corresponding cal-
culation was performed.

In the more general case, when the parameter €E is
arbitrary and the radiation has generally speaking a
non-dipole character, the expression for the trans-
verse-energy loss takes the form

_=e Zm;@”j |A,,((i‘°‘ﬁ) , )| = Ef’ &, (21)

I1<i

where
Ay@)= ¥ @)Y, (2)dz

is the matrix element of the interaction of the particles
with the radiation field. This result is obtained with
the aid of the general expression (15) of our preceding
paper? for the spectral-angular distribution of the
radiation probability, in analogy with the derivation

of (11). The calculation of the losses of the total
energy leads, as expected from simple estimates

[see (5)], to the relation

dE_de B
dt dt 1—-E*de/0E
For a parabolic potential and for transitions to the
nearest levels (i — f<« i) with emission of relatively
soft photons (w < E) we get?
(i—f) o
1+eE ’

where w2 =8U,/d?E, n=(2¢/w2E)'/?, and J, is a Bes-
sel function. The remaining calculations similar to
those given, for example, in the book!® (p. 91) for a
classical oscillator at rest. The summation over the
final states is with the aid of the formula

Au@® =T (Bl), o= Bum= (i) @,

Yoy s o (BB T4+ (D))
gv 4. (vBE) 16— T
where
2e\ ' (1_91‘) ~%
P= (F) 1+eE
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is the velocity of the channeled particle in the coor-
dinate system in which there is no longitudinal motion.

Integrating next in (21) with respect to the variable
we obtain

de 4etUse . 6eE
3)-% e
i R ) [4 (1+eE)’] 2
ﬁ_ 2E* de
dz  2+eE dz

At relatively low energies (EE « 1) expression (22)
coincides with (16’). In the opposite case (EE > 1) we
have

de de 4 dlz: ( _d_e ) 8
dz ("’) ar (eE)" dz \dz/ .,e'E*"’
where (de/ dz)y,, i1, aTe the transverse-energy losses cal-
culated in accordance with the dipole formula (16').

It is seen that upon violation of the dipole approxi-
mation (EE > 1) the law that governs the decrease of
the transverse energy changes. Therefore the state-
ment made by Wedell” that this law does not depend
on the conditions of applicability of the dipole approxi-
mation is incorrect. When the multipole expansion
of the radiation field becomes inapplicable, the trans-
verse-energy losses in a parabolic well begin to de-
crease like E-3. This is the result of the faster de- ..
crease, that in the case €eE « 1, of the frequencies w,,
of the transverse motion and of the corresponding fas-
ter decrease of the emission probability (for more
details see Ref. 4, sec. 3). Therefore the tendency
of the transverse-energy loss rate to decrease at high
energies (EE > 1) should be observed also for other
types of potentials.

CONCLUSION

The presented analysis shows that the electromag-
netic radiation of channeled particles can lead to a
substantial decrease of both the transverse and total
energy of the particle. There is an optimal total par-
ticle energy, determined by the condition |e| E~1,
at which the rate of energy loss is maximal. Under
the optimal conditions the total and transverse energies
of the positrons decrease to half their values over a
path of several centimeters. For heavier particles
the radiation losses of the energy are practically al-
ways negligibly small. However, even for electrons
and positrons with optimal energies, the length over
which the particles become dechanneled as a result
of multiple scattering by electrons and nuclei of the
crystal is shorter by 10-100 times than the effective
length of the energy relaxation.

The relaxation of the transverse energy leads to a
decrease of the mean squared deflection angle of the
particles from the planes or axes of the crystal, and
the relaxation of the total energy, on the contrary,
leads to its increase. The total effect depends on the
particle energy. Radiation leads to a decrease of the
deflection angle only at relatively low energies ME
<C, where the constant C is determined by the con-
crete form of the channeling potential. The radiation
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focusing of the electrons and positrons could become
noticeable in a crystal over a particle path of several
centimeters. However, multiple scattering, as already
noted above, leads in this case to a relatively strong
opposing effect, against the background of which the
observation of focusing of even light particles is prac-
tically impossible.

Note added in proof (18 September 1979). A more
detailed analysis shows that in the general (non-dipole)
case under the condition €E 21 an important role is
assumed by the parametric coupling of the transverse
and longitudinal motions. Therefore the results (21)
and (22) of the present paper, obtained without al-
lowance for this coupling, should be regarded as in-
correct.

DThe choice of a more realistic form of the potential of the
plane leads to the existence of a critical energy for electrons,
too.
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Ultracold-neutron storage experiments

Yu. Yu. Kosvintsev, Yu. A. Kushnir, and V. |. Morozov

(Submitted 20 April 1979)
Zh. Eksp. Teor. Fiz. 77, 12771281 (October 1979)

Results of experiments on storage of ultracold neutrons (UCN) with energies in the range

(10-30)X 10~° eV are presented. The UCN storage time for an aluminum vessel was found to depend on
the temperature of the walls. The energy spectra of UCN stored in a copper vessel for different times
were measured. It is shown that the time averaged increase in the energy of a UCN in a single collision

with the wall does not exceed ~0.7X10~'° V.

PACS numbers: 28.20. — v

That the anomalously short ultracold-neutron (UCN)
storage times observed experimentally are due to heat-
ing of the neutrons to thermal energy in impacts with
the walls of the storage vessel is now regarded as
established.! The interest in this heating is due mainly
to two circumstances. First, it has been found in ex-
periments on the storage of UCN in vessels whose walls
were coated with various materials® that the cross sec-
tion for the anomalous heating is virtually independent
of the material of the wall and amounts to ~10 b on
conversion to thermal energy. Second, none of the
experiments®™ has revealed any temperature depen-
dence of the UCN storage time, although in some ex-
periments® the temperature was varied over a fairly
wide range (80-600°K). In the work reported here we
investigated the temperature dependence of the storage
time in a vessel made of aluminum—a material that
has not previously been used for UCN storage.
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Another problem considered in this work is the pos-
sibility of slightly heating (or cooling) UCN while stor-
ing them in vessels. Quasielastic reflections of UCN
(in which the energy transfer AE per impact is much
smaller than E,,,) might lead to loss from the vessel
of neutrons whose energies rise above the limiting
energy E,,. of the wall material. We also estimated
how much broadening of the spectrum of the stored
UCN could be attributed to quasielastic reflections.

Low-energy [(20-30) X 10™® eV] UCN were used in
both experiments. This was necessary in investigating
the temperature dependence of the storage time since
the limiting energy of aluminum is small (E,,,= 52
X107 eV). To estimate the possible broadening of the
UCN spectrum due to quasielastic reflections we had
to compare the spectra of the UCN in the storage vessel
at different times. The UCN spectrum is most easily
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