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The nuclear widths IV’ and shifts AE” of the levels (Ju) of the mesic molecule dfu, which are due to the
resonant interaction of d and ¢ in the s-band, are expressed in terms of the cross section for the reaction
d + t—n + ‘He. It is established that the influence of the nuclear resonance *He* (3/2*) on the spectrum of
the mesic-molecule states is weak because of the low probability of finding d and ¢ in the range of the nuclear
forces in the mesic molecule dfu and to the large inelastic width of the resonance. The obtained nuclear
widths and shifts agree with the results of a calculation that makes use of the generalized optical potential

corresponding to the problem of the coupled dr-n*He channels.

PACS numbers: 36.10.Dr, 33.70.Jg, 33.25. — j

§1. INTRODUCTION

In the preceding paper1 we calculated the rates A, of
the nuclear fusion reaction .

S
dtp = n+*He+ n- (1)

from various states (Jv) of the rotational and vibration-
al motions of the mesic molecule dtu. The nuclear in-
teraction of d and ¢t was described by a generalized op-
tical potential whose structure was established from an
analysis of the problem of the coupled dt and n*He chan-
nels: the anti-Hermitian part had a separable form,
while the Hermitian part was approximated by a local
potential independent of the energy. An interaction of
this type provided a good description of the experiment-
al data on the fusion reaction?

d+t—+n+‘He (2a)
and on elastic scattering®

d+t—+d+t (2b)
near the dt threshold (E,(dt) < 200 keV).

The nuclear level widths I'’"” of the mesic molecule
dtp, obtained by solving the eigenvalue problem for the
total Hamiltonian of the dfp system, agreed within~10%
with the values obtained from the known equation*

TV°=A,| ¥7°(0) |2 (3)
Here
o =lim v0:,Co? (4)

v-+0
is the constant of the nuclear reaction (2a), v is the rel-
ative velocity of d and ¢, 0;,is the cross section of the
reaction (2a), C? is the Gamow factor:

(h=c=1), (5)

and ¥'*(R) is the wave function of the relative motion of
d and t in the dip mesic molecule without allowance for
the nuclear dt interaction.!’

Ci=2nn/(e**"—1), n=qafv

That the traditional equation (3) was valid in the case
of the dip system was not obvious beforehand, since
the cross section of the reaction (2a) at an energy E
<200 keV was determined by the resonance *He*($*),
the position and width of which are substantially influ-
enced by the Coulomb interaction of d and ¢,’ whereas
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relation (3) is based on the possibility of separating the
iong-range (Coulomb) and short-range (nuclear) inter-
actions.*

We determine in this paper the conditions under which
Eq. (3) is satisfied in the case of near-threshold reso-
nance. On the basis of the known fact that the reaction
(2a) proceeds via formation of an intermediate nucleus
SHe*, we propose a method for calculating the nuclear
widths and shifts of the levels of the mesic molecule
dtp., without using the concrete form of the nuclear po-
tential. To describe the resonance mechanism of reac-
tions (2), we introduce the bare state “He,” which ac-
quires physical mass and width as a result of the cou-
pling with the dt and n*He channels. The distinguishing
feature of the Hamiltonian of the corresponding problem
of the coupled channels, namely dt (channel 1), n'He (2),
and “*He” (3) is that the nuclear interaction enters only
in the form of a dt-=““He” and n‘He-“’He” channel cou-
plings. This Hamiltonian (which contains also the Cou-
lomb repulsion of d and t) will be shown to yield for the
energy dependence of the cross section of reaction (2a)
an isolated-level formula® that accounts well for the ex-
perimental data.»3 This Hamiltonian which need not be
further detailed, makes it possible to obtain an equation
that describes the influence of the nuclear resonance
SHe*(3*) on the dtu mesic-molecule levels, and by the
same token solve the problem of the nuclear widths and
shifts of the levels of the mesic molecule.

On the basis of the available experimental data and
the reactions (2), we conclude that the presence of a
nuclear level near the dtp mesic molecule, and the rate
of the nuclear reaction (1) can be calculated with a cer-
tain accuracy by using Eq. (3). We have investigated
the possible variation of the spectrum of the mesic-
molecule states when the nuclear-resonance param-
eters are varied, and considered, in particular, the
previously investigated! restructuring of a nuclear level
of zero width.

The plan of the article is the following. In Sec. 1 we
consider the resonance mechanism of the reaction (2).
The determination of the connection between the nuclear
widths and shifts of the mesic molecule levels of the
dty system, on the one hand, and the parameters of the
resonance °He*(*), on the other, is the subject of Sec.
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3. Section 4 contains the results of the numerical cal-
culation of the nuclear widths and shifts of the mesic-
molecule levels. In Sec. 5 we consider the restructur-
ing of the mesic-molecule spectrum for various param-
eters of the nuclear states. The results and concluding
remarks are given in Sec. 6.

§2. RESONANCE MECHANISM OF THE REACTION
d+t—->n+%He

The reaction (2a) has been well investigated experi-
mentally in the collision-energy range 8 keV<E <12
MeV (in the c.m. system of d +1).2 Its characteristic
feature is the near-threshold resonance *He* (*) in the
cross section 0y,(E) at an energy Eg =64 keV, with a
half-width 1"/2’~* 70 keV and with a cross section at the
maximum 0y ,(Eg)=5 b, which is close to the unitary
limit. The entire aggregate of the experimental data
agrees with the assumption that at energies E <200 keV
the reaction goes from the s wave (L =0) in the dt input
channel through intermediate excitation of the state of
the He* nucleus (J"=2*). The contributions of the re-
maining states (L =0, J"=3*, and L >1) add up to <1%
in this energy region.? It is known that the cross sec-
tion o, (E) for the reaction (2a) is well approximated by

the Breit-Wigner-Eisenbud isolated-level formula.® %1

We consider the problem of three coupled channels
with Hamiltonian

H 0 vV,
%’=(O o ) (6)

Vit Vot E0X<0l

Here H, is the Coulomb Hamiltonian of the dt channel
(1), H, is the free Hamiltonian of the n*He channel (2),
E, and |0) are the energy and wave function of the state
“SHe” (3) without allowance for the coupling with chan-
nels 1 and 2. The nuclear interaction in channels 1 and
2 is the result of the coupling of these channels with the
resonance “’He.”

To find the df-scattering amplitude, it suffices to
solve the effective single-channel problem with the
Hamiltonian

Vi0X<olv,* =H A4V, (7)
E—E,—<0lV.*G.(E)V,I0>

in which the nuclear dt interaction is described by a
nonlocal and energy-dependent generalized optical po-
tential V. [G,(E)=(E - H,)"! is the free Green’s function
of channel 2.] The amplitude f!! of the s-wave dt scat-
tering is expressed with the aid of the two-potential
formula!! in terms of a generalized optical potential and
of the solution of the scattering problem with the Ham-
iltonian H;:

H=H,+

11 (E) =1 (E) —2m,f~*(E) <¢=| V(1—G,V) | @>. (8)

Here f=(e%® - 1)/2ik is the scattering amplitude, & is
the scattering phase shift, f(E) is the Jost function, ¢g
is the regular solution for the Hamiltonian H, in the s
wave, m, =mgm,/(mq +m,) and k = (2m,E)!/%. The reg-
ular solution |<pE) satisfies the boundary condition

<r| @ed | r=o=1.

The matrix element in the right-hand side of (8) can
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be easily calculated because of the separable form of
the operator V. For the S-matrix element correspond-
ing to dt scattering we obtain
4im, k1 f(E) 1-%<qel V,10>]? ) ©)
E—E;—<0|V,*G,V,10)—<0|V,*G,V,10> [~
We consider now S!! in the physical region of the dt
channel:

St= ikttt (1 -

SU=8"(E+i0), E>0

(the threshold of the df channel corresponds to E =0).
Using the spectral representation of the Green’s func-
tion Gy, we write

(2m1)"’f el f(e) |-21<q:l V,I0> |2 de
n

Ol V,*G,(E+i0)V,10>=
E-¢

—2im k| f(E) |- |<qel V1032 (10)

In the resonance region of interest to us (E <200 keV),
the quantity |{@g|V,|0)|? depends little on the energy
E, since the radius R y of the nuclear interaction is
small compared with the characteristic dimension of
the Coulomb problem with the value of the reciprocal
momentum of the relative motion of d and ¢:

Ry<1/m,a, Ry<1/k,
and can therefore be replaced by a constant:
[<@e| Vi 0> |*2 [<@rams | V.| 0> |2=g/2m,. (11)

We can also neglect the energy dependence of the ma-
trix element (0| V3G,(E +40)V,|0), since the distance E;,
=17.6 MeV between the dt and n*He thresholds is large
compared with the considered energy region:

0| V,*G,V.|0>=A,—iT:./2=const. (12)

Denoting

Es=E,+A,, (13a)

2m,)" g} 1f(e)1-*F (e)e" de
n

E— 1
; ° (13b)

F(e)=|<q.] V1|05 || {@emo| V1|02, (13c)

A,(E)=Re<0I|V,*G,(E+i0) V,10> =

we rewrite the matrix element S'! in the following form:

. E—Es—A(E)+il\./2—ikg|f(E)|-*
St—git - - . (14)
E—Es—A(E)+il\../2+ikg|f(E)|-*

The phase shift 6 and the Jost function f(E) correspond
here to Coulomb s-wave scattering:

d=arg P(1+in), |f(E)|2=Cs(E). (15)

The cross section of the reaction (2a) with unpolariz-
ed particles is given by
2J+1 n
@S @S B
_ 4ngl|f(E) |- (16)
3k[(E—Es—A,(E))*+ (Tin/2+kg|f(E)1-3)?]

Gin (1—18"1%)

Here J =% is the angular momentum of the ’He* reso-
nance, S;=1 and S; =3 are the spins of d and t. We
have thus obtained an isolated-level equation similar to
the Breit-Wigner-Eisenbud formula known from R-ma-
trix theory (see, e.g., Ref. 7). The position of the reso-
nance is determined by the energy of the bare state E,
and by the shift A; and A, due to the channel couplings
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FIG. 1. Energy dependence of the shift A;(E) due to the coup-
ling of the bare state “°He” with the df™ channel (solid curve).
The dashed curve shows the shift Ay (E).

1-3 and 2-3. In the energy dependence of the elastic
width

T.=2kg|f(E) |-

we took into account the proximity of the threshold and
the presence of Coulomb repulsion of d and ¢.

In calculation of the function A (E) (Fig. 1) we use the
circumstance that the energy region € that makes the
main contribution to the integral (13b) is determined by
the action radius of the nuclear forces: 0<ée<g,~ 1/
m,R%. In other words, the form factor F(g) is of the
order of unity at € <€, and decreases rapidly with in-
creasing energy at £€<g,. Inthe region E <€, the re-
sults are independent of the details of the nuclear inter-
action that couples channel 1 with 3 and 2 with 3, and of
the structure of the bare state “°He,” i.e., of the actual
form factor. We have used the following form factor
1, e<eg,

0, &>¢,

F(a)={

The parameters Eg, I';,, and g were determined at a
fixed value of €, by obtaining a best fit of the theoretic-
ally calculated reaction and scattering cross sections to
experiment. We have analyzed the data on reaction (2a)
in the energy interval E =12-200 keV (Ref. 2) jointly
with the data on the dt elastic scattering through an an-
gle 6=1/2 in the c.m.s. in the energy interval E =30
—200 keV, ® assuming that the nuclear interaction of d and
t is significant only in the state with L =0 and J =3. At
€,=0.5 MeV, the best agreement with experiment is
reached at the following values of the parameters:

Es=1060 keV, I';,=336 keV.
£=0.16 1m

(x2 =10 for 24 experimental points and three param-
eters).

The theoretical dependence of the cross section oy,
and the energy E is shown in Fig. 2, which gives also
the experimental data.? Figure 3 shows the results of
the calculation of the energy dependence of the ratio ¢ of
the differential cross section for dt scattering through
an angle 6 =1/2 to the differential cross section for
Coulomb scattering through the same angle (experi-
mental data from the paper by Balashko?):

do/dQ 1 ie~2®

2 0 ie :
- 242 —2inlnsin— )= (1—s") | .
do7d2 3 ' 3 I"XP( 2inlnsin ) oy (175 (18)
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FIG. 2. Cross section o,, (E) for the reactiond +¢ —n+ ‘He.
The theoretical curve was calculated from Eq. (16) with the
parameters (17). The experimental points are from Ref. 2
(dark from Ref. 2a and light from Ref. 2b).

Figure 4a shows the Argand diagram for the dt scat-
tering amplitude. We have also calculated the n‘He
scattering amplitude (the corresponding Argand diagram
is shown in Fig. 4b) and verified that our calculation a-
grees well with the result of a phase-shift analysis of
the n*He scattering in the region of the *He* (3*) reso-
nance given in the paper of Hoop and Barschall.’? As
expected, the reduction of the experimental data in the
resonance region turned out to be insensitive to the val-
ue of €, and to the form factor F(€). We have therefore
confined ourselves to the use of one set of parameters
anm.

§3. EIGENVALUES OF THE HAMILTONIAN OF THE
dtu SYSTEM WITH ALLOWANCE FOR THE NUCLEAR
INTERACTION

We calculate now the eigenvalues of the total Hamil-
tonian of the dtp system

H=H"+V.

Here HMis the Coulomb Hamiltonian of the dtp system
(its spectrum was obtained in Ref. 13), and V is the nu-

1 L 1 J

a a0 140 150 200
£, kev

FIG. 3. Energy dependence of at 6 = 7/2 for dt scattering.
The experimental points are from Ref. 3. The theoretical
curve was calculated from Eq. (18) with the parameters (17).
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FIG. 4. Argand diagrams [a) for df scattering kfll= (S1—-1)/
2i; b) for n'He scattering, k%= (S%—1)/2i] in the region of
the resonance *He*(3/2%). The numbers on the curves denote
the c.m.s. energy (keV) of collisions, reckoned from the dt
threshold.

clear dt interaction whose form we have established in
§2:
V=h(E) |EX}E|,

AM(E)=(E—E,—<0|V.*G.(E) V.|0>) .

|=V,|0,
| (19)

Using the separable form of the interaction V, we e-
liminate from the eigenvalue problem of the Hamilton-
ian H

(E—H") | 0)ace| Tro=| ¥ (20)

the unknown eigenfunction | ¥7*). To this end, we pro-
ject Eq. (20) on the vector (£]:

CE| (BE—H") " | XACE | W) =CE| P77, (21)

For the Green’s function
(E—H")~'=G"(E)}

we use the spectral representation

N 278 24|
&8 = Y+ O (22)

v

Here I\If"") are the eigenfunctions of the discrete spec-
trum of the Hamiltonian #", corresponding to the eigen-
values E’Y, and GM is the contribution of the continuous
spectrum.

To find the matrix elements £|¥*) and (¢£|G¥|£) we
must know the wave functions (r,RI ¥7%) and the Green’s
function GM(E, r, R, r’, R’) for internuclear distances R
and R’ of the order of the effective radius R y of the nu-
clear forces, which are small compared with the char-
acteristic dimension of the mesic molecule (here r is
the coordinate of the u meson relative to the center of
the charges of the nuclei). The asymptotic form of the
wave function of the three-particle system with Coulomb
interaction as R — 0 was obtained by Vinitskii et al.!* in
the adiabatic representation of the three-body problem.!®
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As R— 0, the coordinates of the muon and of the rela-
tive motion of the nuclei separate:
J+1 .
YR = Y 0 Yl R, (23)
H L=|y-ll

Here &,(r) is the wave function of the mesic atom in a
state with quantum numbers j = (Nlm) for a nucleus with
mass m, +m; and charge Z =2. The functions x;*(R)
describe the relative motion of d and t¢.

We represent the matrix element ¢r, £| ¥’*) in the
form

T4l

aelwm=3 Y omb, b=l (24)
i L=|y=l]

A nonzero contribution to the sum (24) is made only by
the terms with j = (W/0) and L =0, since the operator
|§)(§{ is a projector on a state with zero orbital angular
momentum of the relative motion of d and f. We write
down the coefficients b{,ﬁo,o, using the results of Vinit-
skii et al.!%:

bN.{I‘:!‘():Bva(EI‘pNJ")-

Here |¢3") are the s-wave regular solutions of the sys-
tem of Eqgs.!® that describes the relative motion of the
nuclei in their adiabatic representation of the three-
body problem: (R|¢¥"|g.0=1, and B}’ is a normaliza-
tio;m) coefficient calculated in a preceding paper (Ref.

1).

We write the matrix element (r, gl ¥’Y) in the form

@ 81E0= ¥ B ) Elow, (25)

where B}’ are unknown coefficients.

It is known from the numerical solution!3 of the eigen-
value problem of the Coulomb Hamiltonian of the dtu
system that |B3’|? exceeds at N =J +1 the sum of the
spurs of the moduli of all the remaining coefficients
B3 by approximately an order of magnitude. In other
words, as R— 0 the muon in the dfp mesic molecules"
has an overwhelming probability of being in one of the
following states: jo=1s0 at J =0, jo=2po at J=1, and
jo=23do at J=2. This property is preserved also when
allowance is made for the df nuclear interaction,! and
we confine ourselves therefore to one term with N =J
+1 in the sum (25). It suffices then to take into account
in GMthe contribution of the indicated preferred config-
uration jj:

<, RIGXIY, R

=0, (1) O () (2m,‘)"'} I (e) 1-2p (R) g (R) e"de ) (26)
4n? : E—g

Here f™e) and pM(R) are the Jost function and the regu-

lar solution for the s-wave scattering tp +d, m¥f is the

reduced mass of the ¢ +d system, and the energy E is

reckoned from the tu +d threshold.

Substituting (24)-(26) in (21) and recognizing that at
< 80

[<Elon"> "= |<E| @ =] | go) | *=g/2m,,

we arrive at the eigenvalue equation”
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(E—E’) [E—Es—A*(E)+iT:/2]=g| B"|*/2m,, (27)
.l g(2m1‘)"’E [/*(e) |1-*F*(e) e"de |B"|

AX(B)==—"——] - Ay (28)

Fr(e) =1<Eloo 17 I<El mad P~ F (g), (29)

B’*=B}},. (30)

As shown in Fig. 1, the function AY(E) differs insignifi-
cantly from the function A,(E) in the case J =0 (the dif-
ference is even smaller at J=>1).

Equation (27) describes the influence of the nuclear
resonance in the dt system on the levels of the dtp mes-
ic molecule. In the case of weak coupling of the nuclear
and mesic-molecule levels, when the condition

2g|B’*1*/m, <
[Es—E’*+AM(E”) |24+ T:,.2/4

1 (31)

is satisfied, the solution of (27) corresponding to the
mesic-molecule state is close to the pure Coulomb sol-
ution:

ng’°|‘/2m1

E=Et Faar @ At (32)

§4. RESULTS OF NUMERICAL CALCULATIONS OF
THE WIDTHS AND SHIFTS OF THE MESIC-MOLECULE
LEVELS

Using the values of the resonant parameters Eg, Ty,
and g determined in §2, and the coefficients |B7*|? ob-
tained by numerical solution of the eigenvalue problem
for the Coulomb Hamiltonian of the dtu system, we have
verified that the condition (31) for weak coupling of the
levels is satisfied. In this case the nuclear widths I'’®
and shifts AE’Y of the mesic-molecule levels (Jv) are
given by

glwlB"|*/2m,

A O T (33)
AE " —— [Es+A»(0)] I, (34)

'

The calculated widths and shifts of the levels of the
dtp mesic molecule are listed in Table I. The accuracy
of the results, which is governed by the uncertainty with
which the resonance parameters were determined from
experiment, is 5%. According to our estimates, the
contribution of the non-adiabatic corrections, which we
have neglected in the derivation of (27), does not exceed
10% for states with J=1 and 1% for states with J=0.

TABLE 1. Nuclear widths I'’* and shifts AE'Y of the levels
(Jv) of the dtp mesic molecule. Rate of nuclear fusion reac-
tionAJY = T ¥ /&,

o) —EJ% eV | |BIvs cm | MY, eV | ARJY, eV A sec™!
(00) 319.2 7.47-10% 8.2-40- —9.6-10-+ 1.2.102
(1.0-10:2
(01) 349 6.18-10% 6.8-10¢ ~8.0-10-4 10401
(0.80-1012)
(10) 2324 7.07-102 6.6-10-8 ~7.8:10-¢ 1.0-108
(11-10%)
(1 0.64 2.71-10 2510-% -3.0-10-8 39-107
(4.2-107)
(20) 1025 7.20-10' 6.7-10~1 [  —80-10-1 1.0-10°
(11-10°)

Note. The quantities in the parentheses are the results of Ref.
1.
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The calculated nuclear level widths of the dtu mesic
molecule refer to the case when the total spin of the nu-
clei d and ¢t is I =% to the cross section of the reaction
(2a) does not exceed 1% in the region next to the thresh-
old,’ the rate of the nuclear fusion reaction (1) from
molecular states with total nuclear spin I =3 exceeds by
two orders the rate of the reaction (1) from states with

=%. This circumstance must be kept in mind in calcu-
lations of the kinetics of mesic-molecule processes
with allowance for the hyperfine structure of the dtu
mesic-molecule levels.

One can expect for the mesic-molecule states with J
=1, where an important role is played by the wave-
function component corresponding to the p~wave of the
relative motion of d and ¢ (Ref. 1), that a noticeable
contribution to the level widths will be made by the p-
wave nuclear interaction of d and ¢. To take this effect
into account we must determine the p-wave amplitude of
the dt scattering from experimental data.

The values of T'’Y obtained in the present paper agree
within 10-20% with the results of the preceding paper,!
and within ~10% with the result of the classical formula
(3). An equation similar to (3) and relating the width of
the dtp mesic-molecule levels with the nuclear-reaction
constant A, (4) is obtained from (33) by using expression
(16) for the cross section of the reaction (2a):

3 lBJvII

| A ?TAH. (35)
Here
_[Es+A0)1*+Tw4 _ (116 (J=0) (36)
[Ec+AM(0) 1 +T /4 { 1 (J#0)

is a coefficient that characterizes the deviation from
the classical factorization relation (3). We recall that

|W72(0) |*=| B**|*/4n.

The additional factor 3 was due to that fact that we are
considering mesic-molecule states with a definite nu-
clear spin I:%. The resonance parameters obtained in
§2 correspond to a reaction constant

n glin
A= =1.2-10"" 3 -1 7
= am TEFAQ)) ITa] 2107 em? sec™t. (37)

The proximity of the coefficient ¥ to unity can be ex-
plained in the following fashion. According to our cal-
culations the energy dependence of the cross section of
the reaction

tutd—+n+‘He+p~

at 5 keV < E <200 keV has a resonant character.*’ The
resonance in the tu +d system is shifted from the reso-
nance in the dt system by an amount 8Ex =-4 keV for
the states with J =0 (6Eg <4 keV for J+0) (see also
Fig. 1). Since the shift 6Eg is small compared with the
resonance energy Er =64 keV and with the half-width
T'/2=170 keV, the factorization relation (3) is satisfied
with good accuracy.
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§5. MUTUAL INFLUENCE OF THE NUCLEAR AND
MESIC-MOLECULE LEVELS

In §3 we derived Eq. (27), which describes the mutual
influence of the molecular and nuclear levels in the dtu
system. It is of interest to investigate this equation for
arbitrary Eg in the range from — to +«. The solu-
tions obtained will describe the spectrum of the dtu
system at different values of the energy of the nuclear
resonance °He* and at a given intensity of the coupling
with the channels dt and n'He (g and T, are fixed). As
will be made clear presently, the nontrivial phenomena
take place only in the case when Eq. (27) has closely ly-
ing roots. We can then use for the function AY(E) the
approximation

dAf(E)

M(E)=AM y =
AME)=AM(0)+Ed, d ol (38)
and Eq. (27) takes the form
(E—E") (E—En+il'n/2) =§| B"|*/2m,, (39)
Es+A:M(0) = Tin . g
Bp=—t L o=, =t
1—d -2 ¢ "1 (40)

If the coupling between the levels is weak (25|B”*|%/
m(E% +T%,/4) << 1) one of the roots of Eq. (39) corre-
sponds to nuclear resonance with energy Eg:

(41)

if‘.-,.) giB”"|*/2m,

En= (E,. - a7 liem,
2 ) BeE—itui2

The other solution corresponds to the mesic-molecule
level:
gIB’*|*/2m,
E’ v —Ep+il. /2"
In the general case the roots of Eq. (39)
1 ilin L iMw\?, 28IB
JU+ — I
{E En :t[(b Bt S ) + ] } (43)

) 9 m,

E™=E"+ (42)

E*=

can behave in three different ways with changing Eg,
depending on the value of 8=8F|B”*|*/m T},

1. If B> 1, then in the limit as Eg — +% the solutions

E* take the form
(m) — 400 (r) RN
Bl me B e

The solution E”, which corresponds as Eg — +w_to the
nuclear level E®) approaches with decreasing Ep that
region of the complex energy E plane in which the mes-
ic-molecule level E™ is located, and occupies this
place as Egr = -« (see Fig. 5a). In turn, the solution E*
corresponding as Eg— +% to the mesic-molecule level,
is transformed into a nuclear level as Eg—~ —«. This
case, in which the character of the levels changes when
the level energies corresponding to interactions with
different effective radius of the forces come together
(the mesic moleculer level turns into a nuclear level
and vice versa) is known in the literature as the spec-
trum restructuring phenomenon.! 16

The restructuring of the spectrum of the dtp mesic
molecule in the absence of absorption (I'y, =0, B =)
was considered earlier.! It was shown that the prob-
ability of landing in the restructuring region, where the
solutions E* differs substantially from E“ and E?, is
extremely small because d and ¢ in the dfy mesic mole-
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FIG. 5.

a

cule have a low probability of being in the effective r
range of the nuclear forces. The mesic-molecule state
wave function localized at large distances goes over
continuously, in the course of the restructuring, into a
nuclear-state wave function localized at short distances.
In the restructuring region, the system stays at short
and at long distances with equal probabilities.

2. If <1, then the limiting values of the solutions
take the form

E+*—~E™ Egz—>+oo, E-—E" Ep—>ztoo,

With changing Eg, the solution E* carries out finite mo-
tion in the complex plane near E™’ (Fig. 5b), and the
solution E~ passes outside the region E= E™, Thus, at
arbitrary ER the corresponding wave function of the rel-
ative motion of d and ¢ is localized at the characteristic
mesic-molecule distances. The absence of spectrum
restructuring in this case is due to the presence of in-
tense absorption (strong coupling with the open channel:
I},>8g|B7"|?/m,). Using the calculated values of Iy,
and g [Eq. (17)], and of B’ (Table I), we obtain for all
the dtu mesic-molecule levels a value B< 2.6x1077« 1,
and consequently, no matter what the value of Eg, re-
structuring of the mesic-molecule spectrum is exclud-
ed. The reasons for this were already noted above: the
low probability of finding d and ¢ in the effective range
of action of the nuclear forces for the mesic-molecule
states of the dfu system, and the large inelastic width
Ty, of the nuclear resonance.

The result means that the theoretical predictions of
the nuclear widths and level shifts of the dtp: mesic
molecule are “stable,” despite the possibility of varying
the parameters Eg, g, and I'y, within the limits admit-
ted by the errors in the experimental data on reaction
(2a) and on the scattering (2b).

3. The case 8=1 is intermediate. At Er =E’° we
have degeneracy: E*'=E" (Fig. 5c).

§6. CONCLUSION

We have calculated the nuclear widths I'’* and shifts
AE'Y of the levels (Jv) of the mesic molecule dtu, due
to resonant interaction of d and ¢ in the s-wave with spin

=3. It was established that the influence of the nuclear
resonance on the mesic-molecule states is weak be-
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cause of the low probability of finding d and ¢ in the ef-
fective range of the nuclear forces in the dtp mesic
molecule and to the large inelastic width of the reso-
nance, and that the spectrum of the dtp molecule is
stable to variations of the nuclear-interaction param-
eters within the limits allowed by the available experi-
mental data.

It was shown that the position of the nuclear resonance
in the dtu system coincides with the position of the dt
resonance, with accuracy of the order of the average
energy of the interaction of the muon in the dtp system.
Since the muon, which is bound to d and ¢ by electro-
magnetic forces, has a low probability of being located
in the region of the d and ¢ nuclear interaction, the shift
of the nuclear resonance is also small, and a restruc-
turing of the spectrum of the mesic-molecule levels is
excluded. Under these conditions, the coupling of the
nuclear widths with the reaction constant (4) is describ-
ed with good accuracy by the classical factorization for-
mula (3).

The results agree well with the widths I'’* calculated
by using a generalized optical potential! corresponding
to the model of the coupled channels dt and n‘He.
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1) Equation (3) was used earlier®®only to calculate the nuclear
widths of the ground state (J = 0, v = 0) of the dty mesic
molecules.

%) The coefficient By, J+1 was designated in Ref. 1 by B;,’" .

9 An eigenvalue equation can be written also for the case of an
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arbitrary number of terms in the sums (24) and (25): it is
the condition that the resultant system of linear homogene-
ous equations have a solution with respect to the coefficients
v

N -
4) The caluation was carried out using Eq. (16) in which f(€)
was replaced by f™(€) and 4 (E) by 4, (E).
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