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In a state with orbital angular momentum J =1 and with vibrational quantum number v =1, highly
excited levels with energy €;,(ddpu)=-2.2 eV and ¢€,,(dtp) =-1.1 eV have been found in the mesic
molecules dd . and dtp. The presence of these states leads to resonant formation of mesic molecules. The
rate of resonant formation of the mesic molecules is calculated and found to be Ay, = 0.8 10° sec™! and
Adr,=10°® sec™!. The obtained value of A, agrees well with the measured value. The value obtained for
A4, means that a single .~ meson can catalyze ~ 10? deuterium and tritium fusion reactions.

PACS numbers: 36.10.Dr

1. INTRODUCTION

The usual mechanism of production of u-mesic mole-
cules is the electric dipole E1 transition with conver-
sion of the atomic electron from the state J=0 of the
continuous spectrum of the p-mesic atom + nucleus
system into a bound state of the pu molecule with
orbital angular momentum J =1,%?) for example

dp+H,—[ (pdp) pel*+e. (1)

This results inthe production of aunique molecular ion,
one of the nuclei of which becomes the produced mesic
molecule pdu. The energy released when the pdp mole-
cule is formed is carried away by the Auger electron.
The recently calculated™’ rates of formation of mesic
molecules, A,,,=2.2%10° sec™* and A, =5.9 x10° sec™
corresponding to this mechanism, agree well with the
measured values, [4-7

At the same time, the calculated valuef®®-1 )
=0.4 X 10° sec"! is close to the experimental*" a2’ A
=0.8x 10° sec"! at liquid-hydrogen temperature and
differs by more than one order of magnitude from the
value 1,,,=0.8x 10° sec™! measured at room tempera-
ture.[*3=15] gych large differences are attributed to the
fact that the ddp molecule is produced with the aid of
the special resonance mechanism, which was consid-
ered by Vesman.!'®

The gist of the resonance mechanism is that the

energy released in the formation of the ddu molecule
is transferred to the excited vibrations of the “molecule”
[(ddp)d2e] produced when the mesic atom du collides
with the molecule D,, in accordance with the reaction

dp+D,—[ (ddp)d2e]". (2a)
This mechanism is possible only if at least one of the
levels of the ddu molecule has an energy lower than the
electron ionization energy (~15 eV) and the D,-molecule
dissociation energy (~4.5 eV). For a long time, the
theoretical calculations did not confirm the existence
of such a level, although suspicions that it exists were
expressed long ago.[**!%1 Recently, however, an effec-
tive scheme of calculating the binding energy of the
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three-body system with Coulomb interaction has been
developed in the adiabatic representation of the three-
body problem!*”? and has made it possible to determine
the energy of this level with high accuracy. The calcu-
lated binding energy ¢, of the ddu molecule in a state
with orbital angular momentum J=1 and vibrational
quantum number »=1 is

e5v=—1.96 eV, (3)

So far, there has been no indication whatever of the
existence of an analogous level (J=1,v=1) of the dtu
molecule. The calculation scheme developed by us
makes it possible to establish definitely the existence
of this level and to obtain its binding energy:

€,,=—0.85 eV. (4)

It follows therefore that the dth molecule can be pro-
duced by a resonance mechanism analogous to (2a):

tu+D.—[ (dtp) d2e]* (2b)

2. RESONANCE MECHANISM OF u-MESIC
MOLECULE PRODUCTION

Figure 1 shows the level scheme of the ddu molecule.
There are altogether five levels, two levels each with

FIG. 1. Energy levels €, , of the mesic molecule ddu in states
with different orbital angular momenta J and vibrational num-
bers v.
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TABLE 1. Binding energy
€, of the states (J, v) of
the mesic molecules * ddpu

and dt p.
-tV
J v
ddp dtp

0 0 32497 319.07
0 1 35.62 34.67
1 0 226,25 | 23223
1 1 1.96 0,

2 0 85.62 102.26

*The table is based on
the data of [8), In the
calculations we used the
particle-mass values1?]
m,=206.769, M,=3670.481,
M,=5496.918 and the val-
ue Ry=13.60535 eV. The
mesic-atom energy unit is
€,=5626.33 eV. The par-
ticles are assumed to have
zero spin and no structure.
The binding energy €, is
reckoned respectively
from the energies E,, and
E,, of the isolated atoms
dp and tp.

vibrational quantum numbers »=0 and »=1 in states
with orbital angular momentum J=0 and J=1, and one
level with J=2 and »=0. The binding energies of these
states of the molecules ddu and dfu, calculated in
accordance with the algorithm given in!™, are listed in
Table I.

Particular interest attaches to the weakly bound
states (=1, v=1) with anomalously low binding energy
~10-* mesic-atom energy units. In Fig. 2 this level of
the molecule ddu is shown in magnified scale; ¢, is the
collision energy in the reaction du+d—ddu.

The reaction (2) proceeds from the initial states of
the continuous spectrum of the system du+d (or {u+d)
with J=0 and from the ground state (K=0, v=0) of the
D, molecule into a bound state (J=1, »=1) of the mesic
molecule ddu (or dtu) and an excited vibrational state
v with orbital angular momentum K =1 of the molecule
[(ddp)d2e] or [(dtu)d2e] (see Fig. 2).

The rate of the resonant formation of the ddu mole-
cules, referred to the density N, of liquid hydrogen, is

A=covN,[sec~!], (5)

where v is the relative velocity of the colliding particles
and o is the cross section for resonant production of
mesic molecules in the reactions (2a) and (2b), and is
given by the relation(*®

vdo=2rh~*| T, |*6(E;—E )y (e, er)de. (6)

Here E; and E; are the energies of the final and initial
states of the system, ¥(¢,¢ ) is the Maxwellian distri-
bution of the incident mesic atoms in the energies ¢ at a
given temperature T corresponding to the average
energy of the thermal motion € ,= (3/2)kT, where k&
=8.167x 10-° eV/deg is the Boltzmann constant:
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FIG. 2. Pattern of resonant production of dd 1 molecule with
transfer of the binding energy to excitation of vibrational lev-
els v of the molecule [(ddu)d2e].

o= (2] L (2. 2

2% er/ er er

The total energies of the system in the initial and
final state are

E~e+E, E;=¢e,+E,, (8)

where ¢,, is the binding energy of the molecule ddu (or
dtu), E, is the energy of the vibrational level v of the
molecule [(ddp)d2e] (or [(dtp)d2e]), and E, is the energy
of the ground state of the molecule D,. It follows from
(6) that the reactions (2a) and (2b) are possible only for
the condition E;=E,, i.e., at an incident mesic-atom
energy € =¢, (see Fig. 2) equal to

eo=ey+E,—Eo. (88.)

The matrix element of the transition is

17,0= '3 | [ aRaedo w1, Ry 9" () Huut @) ¥R |,

mx my

9

where ¥'4f)(r, R) and ‘" f(p) are the wave functions of
the initial (i) and (f) states of the mesic molecule and .-
the ordinary molecule, respectively. The summation is
over all the projections of the orbital angular momenta
J and K in the final state of the mesic molecule ddu and
dtu and the molecules [(ddu)d2e] and [(d¢p)d2e]. For
the definition of the vectors r, R, and p see Fig. 3.

FIG. 3. Coordinate system for the calculation of 7f; (9): R is
the radius vector joining the nuclei ¢ and d; r is the radius
vector of the 4~ meson with origin at the geometric center of
the segment R, p is the radius vector joining the mass center
of the dtu system and the other nucleus of the molecule D,, and
R; is the vector joining the nuclei in the molecule D,. The
following relations hold: p>R, r; p=R,.
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The interaction operator is (at » <<p and R < p)
Hill ‘dP/P" (10)

where the dipole moment d=d(r, R) of the system com-
prising the mesic atom and the nucleus of the D, mole-
cule, relative to the mass center of the ddu or dtu
molecule, is

d=—"x (1—my/ M) R— (1+m,/M,)r. (11)

Here m, is the muon mass, M, , is the total mass of the
p-mesic molecule ddu or dtp; ®=0 and x=(M,-M,)/
(M ,+M,) respectively for the mesic molecules ddu and
dtu.

The mesic atoms du and fu, which move at normal
temperature with velocities ~10° cm/sec, negotiate a
region of interaction with the D,-molecule nucleus of
the order of 10a,~2 X 10°!° ¢m within a time ~10-!® sec.
This time is much shorter than the time of the adiabatic
restructuring of the wave function of the D, molecule,
for which the frequency of the zero-point oscillations is
~10' sec-!. It is therefore necessary to choose as the
initial wave function y'*’(p) the function y,(p) of the
ground state of the D, molecule, and for the final state
the wave functions y,(p) of the systems [(ddp)d2e] and
[(dtu)d2e]:

$° (p) =p~'70 (p) /Véir. (12a)
In the final state we have for the molecules [(ddu)d2e]
and [(dtp)d2e] in the vibrational state v with orbital
angular momentum K respectively

¥ () =p~'y(p) Y (0, @). (12b)
For the reaction (2a), the wave functions of the

“mesic” part of the system in the initial and final

states are respectively

1
W, R)==— Y i’ (2J+1) @uu (r; R) xS’ (R) P, (cos 8),
kR 2‘,. (13)

¥R =2 Y quls D ()Y, (0,0).

Here ¢,(r;R) and ¢,(r; R) are the even and odd solu-
tions of the two-center problem and correspond to a
state with a set of quantum numbers j = [n,n,m] in
accordance with the classification of the separated
atoms.'™? The functions x§!XR)are the components of the
vector function x!’={x{/’} corresponding to the level
(J=1,v=1) of the ddu molecule when expanded in the
basis ¢, (r;R). The solution x{}'(R) is the first compo-
nent of the wave function of the continuous spectrum of
the du +d system in a state with orbital angular momen-
tum J, and corresponds to the index j =1=[000] of the
principal term of the two-center problem.

For the reaction (2b), the relations (13) are valid
subject to the substitutions

Puu (1 R (R) ~@ue (5 R) 28" (R) +oua (13 RY 1" (B),
(14)
Yo R (B~ Y lu R (B)+ou (s R (B,
i i
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where the wave functions x,,(R) and x,(R) represent the
relative motion of the nuclei in the mesic molecule dtu.
* The calculation of T, is analogous in many respects
to the calculation in'®!, Ultimately, after separating
the dimensional factors'’, we obtain for the rate of
resonant production of the mesic molecules ddu and dtu

the expression

Alsec—]m= pi’;‘_' (Neao)) (%)'(.',’ni)’ dyl*y (o, 1) "‘h;f‘; (15)

here e, € ;) is the Maxwellian distribution (7); m;*
=m;'+M ', where M, is the deuteron (or triton) mass;
N,=4.25x10% cm™? is the density of the liquid hydrogen;
B is a statistical factor equal to % for ddu and 1 for
dtu; =% the quantities I, and d,, were calculated re-
spectively in atomic and mesic-atom units. The matrix
elements I, of the dipole interaction are defined by the
expression

T dp
lv= 0 v —_—
!y (P y+(p) P
The matrix element d; is defined as
|d,,|==:_nz | j dRdr ¥ (r, R)d (r, R) ¥ (r, R) r . (16)

The value of d; in the case of the mesic molecule dfu
is (in units of a, =#*/m @)

m, 1

b= (1= ) 7 JIRROD 1D+ 00

PR 17
m\ 1 Dty

+(1+50) F J AR e x "

we have introduced here the notation
o __ . o . .
Xs —2 (x,.,' ()c,lr.l1u>+x,,"(]u,lr.+lr.|1u>}. (18)

[¢3)

Y = 2 (Xj(v’.:<i°u|'-|1g>+)02l<in.lr,+ir.lig)}.

<i|r.Ij>=fdrtp.'(r;R)r-tp;(r;R).
(19)
joq, u=["|":0]¢. w o I u=["|nz“1. ue

For the mesic molecule ddu the value of d,; is

m, 1 ) (N
d“=(1 +m) _k—j' dRXu‘ Xe (20)

3. CALCULATION OF WAVE FUNCTIONS

The wave functions %,(p) and y,(p) of the D, molecule
and of the systems [(ddu)d2e] and [(dtu)d2e] were cal-
culated by us as solutions of the Schrédinger equation

K(K+1)
2Mp*

v () +2M [~ - U Js=0
with reduced masses M =M ,/2m, for F,(p) and M =M , ,,/
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TABLE II. Energy levels E, and integrals I, for the molecules
[(ddp) d2e] and [(dtp) d2e] in a state with orbital angular mo-
mentum K=1.*

TABLE IIl. Components* of the binding energy €, [eV] of the
mesic molecules ddu and dtu in the state (J=1, v=1).

[(ddn) d 2e] ((dtw) d 2e] [(ddu) d 2e] [(dtn) d 2¢) Contribution ddp dty Note

v o 17Ee| 10 | -k, eVJ 1,10 v |-Ey| 1,40 | ~E,.eV| 1,10

v Y eV ' ) 38) -0.67 +0.47 Two-level excitation (N=1)

a‘ii;s“ -1.62 ~0.46 With allowance for the discrete spectrum

0 4,577 | 5.00 4.582 5.00 4 3.357 | 0.419 3395 0,133 of the two-center problem (V=11)
1 4.255 | 0.865 4.270 0.845 5 13079 | 0.0663 3.423 00757  efpnt -0.34 -0,39 Contribution of the continuous spectrum
2 3.945 | 0.483 3.968 0.521 6 2.811 | 0.0390 2.862 0.0453 of the two-center problem.
3 3.645 | 0.224 3.676 0.244 g %g’? 0.0239 2,610 0.0282 & -1,96 ~0.85 Calculated binding energy

*The binding energy Ey=- 4.556 eV calculated by us for the
ground state (K=0, v =0) of the D, molecule agrees well with
the experimentally measured value of the dissociation energy.

m, for y,(p), where
My=Ms+ (2M+m,) -, M('.;=M.“+(M.+M.+m,)".

The effective potential U(p) was taken from™!?, and the
SLIP program®?! was used in the calculations. The
results of the calculation of the energies E, and E, and
of the integrals I,, are listed in Table II.?’

The wave functions ¢, (r; R) and ¢,,(r; R) of the two-
center problem were calculated in accordance with the
algorithms of [?»24), They are numbered by a set of
parabolic quantum numbers j = [nn,m], , and by the
parity values P”=(-)', where the orbital angular
momentum is I=2n,+m or [=2n,+m+1, depending on
the symmetry of the function relative to the inversion
7 = =70.120) The matrix elements (19) were calculated
in accordance with algorithms from [?°-28) with accu-
racy ~10-7 or better.

The wave functions x{/’(R) and x{/'(R) are obtained as
the solutions of the system of equations

B ()1 9) = (Vo Vi )} () =,

St iu.Jg fuju

M=MJm, M, =M.+M," (21)

with boundary conditions
16 (0) =14 (0) =ss (Rom) = (R) =0

at R >»>1.

The form of the effective potentials V{,=V](R) is
given in 1%2%), To solve the system (21) we used an
algorithm based on a continuous analog of Newton’s
method. 23

The results of the calculation of the binding energies
€,; of the levels (J=1,v=1) of the mesic molecules ddu
and dtu are given in Table TII. We used in the calcula-
tions the algorithm developed in "), which makes it
possible to calculate the binding energy of molecules
accurate to 10°° (i.e., ~0.1 eV).

The wave functions x{¥(R) and x{}'(R), which repre-
sent the systems du +d and #u +d in the initial scatter-
ing state, are obtained from the system (21) at N=1
with the boundary conditions at R —~«. For the reaction
dui +d have

1 (R) ~ sin (kR—nJ/2+6,), k= (2Me)" (22)

S d

447 Sov. Phys. JETP 47(3), March 1978

0.0152 2.368 00182 ey -2.196 ~1.09

Correct binding energy

*The value of €;;=€{I3T +e%™. The quantity €}i** was calcu-
lated from the system (21) at N=11 in steps £=0.1 on a base
R, =60. The values of ¢®™ were determined by perturbation
theory in accordance with the algorithm from "), The method
of obtaining the correct values of the binding energy &, is de-
scribed in the text.

and for the reaction {u+d

) 0
O (Ry Kt (R)_)S' (R)
Xse (R) B

J
~ sin{k "n_+ 1)
n_msm( R > [ )
(23)
(i) )
(0 py_ X (R)txe (R)
y (R)—*'}?‘z o 0.
In the calculations we used the phase-function method
in an algorithm developed on this basis in [3!,

4. CALCULATION OF THE RATES OF
MESIC-MOLECULE PRODUCTION

The production rates of the u-mesic molecules ddu
and dtp, are made up of resonant and nonresonant parts:

A==ARTE e

The procedure of calculating the nonresonant part is
described in [*), In Table IV are given the results of
calculations of the rate of production of mesic mole-
cules ddu and diu in quantum states with different J
and v. We note the presence of relations that are linear
in the energy in the production of mesic molecules from
the state J=1 of the continuous spectrum of the mesic
atom + nucleus system. As a result, A\*** can be rep-
resented in the form

x‘"'[sec "] =\, +Ae ’ (24)

where ¢ is in electron volts; and the values of A, and A,

TABLE IV. Rates of nonresonant production of the mesic
molecules ddu and dtu in different states (J, v).

Trapetan | ol Final state Agdp» 100 sec’! AIre?, 100 sect
J J v e==0,004 e\J e=004eV | £==0.00leV | e==0.04 eV
E1 0 1 0 0013 | 0013 540~ 5-40-¢
Eq i 0 1 0.009 0.091 0.060 0.503
E{ 1 2 0 0000 | 0.003 0.006 0.047
EO 0 0 1 0017 | 0017 0.0 0.033
Vinitskii et al. 447



TABLE V. Quantities that determine the rate of resonant pro-
duction of mesic molecules ddu and dt p.

Quantity ddp dtp Quantity ddp dtp

B 1/3 1 T,K 400 500
v 8 4 dyi,mesic-atomunits| 400 380
I,, at.un. 15240~ | 1.33-10-* | m, 195,742 199.273
Eo, oV —4.556 4556 | A, 10% sec-1.eV 0.45 294
Ev, eV -2.307 3395 | Ares, 100 sec—! 0.63 %
e, 6V -2.496 -1.09 Anres {08 goc -1 047 1.0
€, &V 0.053 0.07 Amas 40¢ sec -t 0.80 95
are as follows:

Molecule: ddu dtp

A, sec!: 0.40 0.033

X, sec~tevV-i: 2,3 13.8

Table V lists the quantities that determine the rates
AT of resonant production of mesic molecules ddu and
dtu, calculated from formula (15). At ¢,=¢€,, the value
of A™ reaches a maximum

8.61
!r[eV]

W (ermen) = ( 22 ) 11,1 . 10*[sec1]. (25)

We note some features of our calculations. As al-
ready mentioned, the accuracy of the calculations of the
binding energies ¢,, of the mesic molecules is of the
order of 0.1 eV. At the same time, the resonant colli-
sion energy ¢, is equal to several hundredths of an
electron volt, and consequently cannot be calculated
from relation (8) with the required accuracy. There-
fore, in the calculation of A}%%,(¢,=€,) the resonant value
of the energy ¢,=0.053 eV was taken by us from experi-
ment %), The quantity

Ame= (Arrerp o) =0.80- 10° sec ™", (26)
which was calculated by us from formulas (24)-(25) at
this value of ¢,, agrees very well with the experimental
value obtained in %) only in the case when a vibrational
level v=8 is excited in the molecule [(ddu)d2e] in the
rotational state K=1 in the course of the resonant tran-
sition.®’ Using the experimental value of the resonance
energy €,, we can easily calculate from relation (8) at

v =8 the correct energy ¢,, of the level (J=1,»=1) of
the ddu molecule, which turns out to be

g.=—2.196¢eV. (27)

The difference 6¢ =¢€,, — €,, =0.24 eV between the correct
and the calculated values include both the computation
errors and the contribution of the numerous corrections
which have so far not been determined: relativistic
corrections, corrections for polarization of the vacuum
in the mesic molecules, corrections for the finite di-
mensions and the polarization of the nuclei, for the
electron screening, and others. Although their relative
contribution to 6¢ is still unknown, it is obvious that
they are the same with high degree of accuracy for the
two mesic molecules ddu and dtu.

The close analogy between the ddu and dtu systems
manifests itself in all stages of the calculation, for
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FIG. 4. The wave functions X{3=2"1/%(x{f’ - x{$) and x {9
=2"12(x{f+ x{{?) of the state (J=1, v=1) of the mesic mole-
cules ddu and dtp, calculated from the system (21).

example in the calculation of the binding energy ¢,,. As
seen from Table IV, in the two-level approximation
(N=1) of the system (21), we have ¢9'(ddu)=-0.67 eV,
whereas in the dfu system in place of the bound state
there is a quasistationary level with energy ¢!2(dtu)
=0.47 eV and width I =0.15 eV. When account is taken
of the discrete spectrum of the two-center problem,
i.e., when the system (21) is extended to N=11, and
also when account is taken of the continuous spectrum
of the two-center problem, the levels €9’ drop respec-
tively to the values (3) and (4) (see also Table III). It is
easy to verify that the difference ¢,, - €2’ are equal to
each other with good accuracy:

e (ddp) —el) (ddp)=—1.29 eV, e, (dtp)—e) (dtp)=—1.32eV. (28)

Using the above-mentioned analogy of the systems
ddp and dtp, (see, e.g., Fig. 4, which shows the wave
functions of these systems) and the value of 8¢ obtained
for the molecule ddu, we can calculate the correct
value of the binding energy of the molecule dtu:

& (dtp) =—1.09eV. (29)

It is easy to establish from Table II that the closest
difference E, - E,=1.161 eV that exceeds the value of
|€11(dtu)| corresponds to a transition to the level (K=1,
v=4) of the system [(dfu)d2¢]. From relation (8) we
now obtain the energy value ¢,=0.07 eV, at which reso-
nant production of d¢u mesic molecules takes place.

Figure 5 shows, together with the experimental
points of 133, the function A,,,(¢;) calculated from the
formula

Mgy (87) =AMy FAse+Aseo e 3nexp (—3eo/281) (30)

at a value ¢,=0.053 eV.

In Table V are listed quantities that determine the
rate 1™ of the resonant production of the mesic mole-
cules ddu and dtpu. The agreement between the calcu-
lated and measured relations 1,,,(c,) serves as a good
guarantee of the correctness of our calculations, and
in particular, the correctness of the calculated value

Ady =10° sec -,

(31)
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FIG. 5. Dependence of the rate of production of the mesic

molecule ddp on the temperature of the medium. Experimental

points were taken from the following sources: ®— Fetkovich

et al. [111’ O-—Doede [12], A—Dzhelepov et al. “3], A—Bystrit-

skif et al. 119,

It would be extremely desirable to verify this result by
direct experiment.

5. CONCLUSION

The method developed by us makes it possible to cal-
culate the properties of a system of three bodies with
a very small binding energy (~10~* of the ground-state
energy). Comparison with experiment and with varia-
tional calculations!*®! demonstrates the high aceuracy
and effectiveness of the development calculation algor-
ithm.

This calculation is of independent interest as a rare
example of the calculation of the binding energy in a
system of three charged particles, for which a reliable
comparison with experiment is possible.

The calculations uncover a possibility of measuring
the polarization vacuum in p-mesic molecules. The
experimental technique used in the measurement of
the temperature dependence of X, ,(e,) allows us to find
the polarization level shift of the mesic molecule ddu
with accuracy better than 10-3 eV.

A qualitatively new result of the present study is the
observation of a weakly bound state of the d¢p molecule.
The existence of this level leads to a very high rate of
formation of the mesic molecules dtu, exceeding by two
orders of magnitude the rate of decay of the free u-
meson X, =0.455 * 10° sec™!, This means that one 7~
meson in a mixture of deuterium and tritium can cata-
lyze ~10% nuclear fusion reactions in accordance with
the scheme

tp+d—dtpy—‘He+n+p-+17.6 MeV

and release at the same time ~2 GeV of energy, or
twenty times the rest energy of the muon.[3%

In conclusion, it is our pleasure to thank S. S. Gersh-
tein for numerous discussions during all the stages of
the work, D. I. Blokhintsev and V. P. Dzhelepov for
interest in the work and support, and also K. N. Danilov
and V. S. Melezhik for help with the work.
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DThe dimensionalities of the quantities in (9) are

/s

VO (1, R)~ o, g

YO(p)~ar

1 (o, 1) ~ase~?,
ame=h/mqe?, ay==hl/me?

W (1, R) ~ G, V@)~ ar
Hint~etam,a0~%,
ao=h%/m.e?,

The range of the variables is»<50a,, R<50a,, p~R,
~ 300.

? Analogous calculations of the energy levels of the H, mole-
cule, performed by us by the same method, yield values of
E, which differ from the experimentally measured ones by
not more than 10~3 eV, up to states v=10. This accuracy is
perfectly adequate for our purposes.

D For this reasoning to be valid it is important that the dipole
moment dy; be weakly dependent on €, and €,,; this is in fact
the case, as shown by an additional investigation.
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Influence of multiple reflections on the polarization of

nonmonochromatic neutron beams

A. F. Shchebetov, V. A. Kudryashov, V. P. Kharchenkov, and M. M. Agamalyan
B. P. Konstantinov Leningrad Institute of Nuclear Physics, USSR Academy of Sciences, Gatchina

(Submitted 29 September 1977)
Zh. Eksp. Teor. Fiz. 74, 862-867 (March 1978)

The influence of multiple reflections from ferromagnetic mirrors on the polarization of a
nonmonochromatic neutron beam was demonstrated experimentally. The polarization increased with the
number of reflections. The resultant polarization of a beam of neutrons with wavelengths A from 1 to 4 A
was P> 0.99 (polarization ratio R’ = 240). An analysis of the experimental results is given.

PACS numbers: 29.25.Fb, 29.75.+x

The increase in the polarization of a neutron beam on
increase in the number n of successive reflections from
a ferromagnetic mirror can easily be predicted by con-
sidering the expression for the polarization P, in terms
of the reflection coefficients of the components of a
monochromatic neutron beam parallel a, and antiparal-
lel a_ to the magnetic field:

P,

- a,*—a" - 1—(a-/a,)" 1)
* a+ar 1+ (a/a)

The formula (1) does not allow for the beam depolariza-
tion on reflection,™? which is valid in the case of com-
plete magnetic saturation of the reflecting layer.l?? 1t

is clear from the formula (1) that for a_/a, <1 the term
(a_/a.)" tends to zero on increase of » at a rate which
increases on reduction of the ratio a_/a., i.e., the limit-
ing value of the polarization obtained as a result of mul-
tiple reflections is P,=1.

Experimental investigations of the process of increase
in the polarization and of the factors governing its
limiting values after multiple successive reflections are
desirable from the scientific and methodological points
of view. Multiple reflections may explain the high
values of the neutron beam polarization obtained at the
exit from polarizing neutron channels (see, for exam-
ple,®4)) when they contain a large number of neutrons
reflected repeatedly at an angle & much smaller than
the critical value 6, so that the increase in the polariza-
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tion in each reflection is small.!’®? The increase in the
polarization by multiple reflection can be used in the
construction of magnetic monochromators based on the
Drabkin resonator!®7] and in generation of honmono-
chromatic neutron beams with a high degree of polari-
zation in systems utilizing polarized neutrons. For ex-
ample, in a system for testing newly developed polar-
izing mirrors we can determine directly the polariz-
ability of such mirrors if we have a beam whose polar-
ization does not differ by more than 1% from unity.

EXPERIMENTAL RESULTS

The experiments were carried out in a channel of a
water-moderated water-cooled reactor (VVR-M) using
a traditional double reflection system (Fig. 1b), which
included a collimator 1, polarizer 2, spin-flipper 3,[®!
analyzer 4, and detector 5. The polarizer was a
straight reflecting channel 1 mm wide and 1260 mm
long, formed by 40 Fe-60 Co mirrors on 85 Ti-15 Gd
substrates.!®? The deviation of the mirror plane from
ideal did not exceed 20’’ in any part of the polarizer
slit. A magnetic field produced by permanent magnets
was H=500 Oe. The polarizer was mounted on a com-
mon baseplate and it was inclined at an angle 6,=11’to
the entry beam, which ensured four reflections of the
beam inside the polarizer. The height of the neutron
beam was limited to 5 mm to increase the probability
of spin flip of neutrons in the flipper. The spectrum of
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