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A nonperturbative method is used to find the solution of neutron-antineutron transitions in an
external magnetic field. The convergency of the method is very high, and allows one to obtain a
practically exact solution of the problem for all physical values of the parameters of applied magnet-
ic field. In the resonant region of frequencies the eigenstate and initial-value problems are solved
exactly, with the shift and the width of the resonance calculated to second order in the ratio of cou-
pling and applied frequencies. The obtained results go over smoothly into the first-order perturba-

tion results for frequencies far out of resonance.

I. INTRODUCTION

The possibility of the conversion of free neutrons into
antineutrons, guessed in the early 1980s from a purely
phenomenological point of view, has gotten a great deal
of attention recently in the modern context of gauge
theories.! As an alternative to theories predicting the
proton decay, a class of left-right-symmetry models® pre-
dicts the n <7 transitions.

Several experiments were undertaken and some are un-
derway to search for those very slow baryon-
nonconserving transitions.’ Since neutrons do have inter-
nal structure and therefore an anomalous magnetic mo-
ment, the experiments face a technical difficulty of de-
gaussing the Earth’s magnetic field. If not properly de-
gaussed, that field pushes the neutron and the antineu-
tron states away from each other and reduces the transi-
tions by a few orders of magnitude.

It is then a natural idea to try to restore these oscilla-
tions by driving them with additional oscillatory magnet-
ic field. The free parameters of the field, of course, have
to be tuned so as to optimize the growth of the anti-
neutron probability.

Several authors attacked that problem by trying to
solve either numerically or analytically the underlying
system of linear differential equations with periodic
coefficients:*

dn(t)

LD — gt (1) —ionAl0), (1.1a)
d'z(t’) = —iw,n(t)+iog(DA(t) (1.1b)
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where units fi=c =1 are used, w,, is the frequency
characterizing the fundamental baryon mixing force,
wpg(t) is the time-dependent external-magnetic-field cou-
pling frequency, while n and 7 are the neutron and the
antineutron wave functions, respectively.

This system of equations is equivalent to a Hill equa-
tion and an exact solution, of course, cannot be expected.
The existing solutions*~® might to a certain extent meet
the purpose from a practical point of view; however, they
are not fully satisfactory from a mathematical point of
view. Being approximate, it is hard to understand some
of their properties; for instance, why the constant-field
limit is not properly reproduced, how large the uncertain-
ties are, etc.

We believe that the solution we present here is an
essential improvement as it throws light on previous solu-
tions as special cases.

The applied-field frequency is assumed to have the gen-
eral form

0g(t)=wy— A sinwt + B coswt

=wy+ W cos(wt +¢) . (1.2)

Obviously W =(A2+B?)'?2 and ¢=arctan( 4 /B).
Since, according to estimates by other authors,?
®,, ~10* s~ and @y~ 10* s~!, we note that w,, <<y
The plan of the article is the following. In Sec. II the
eigenvalue problem is solved for the total Hamiltonian,
with the magnetic field (1.2) present. This is used in Sec.
IIT to define and solve the initial-value problem for
neutron-antineutron oscillations. The transition proba-

2590 © 1988 The American Physical Society



37 HIGHLY ACCURATE SOLUTION OF THE NEUTRON-. ..

bilities are found in closed form. Our conclusions are
given in Sec. IV.

II. EIGENVALUE PROBLEM

It is well known>!° (although in different context) that
the interaction of a quantum system with a time-
dependent oscillating field can be defined with a time-
independent Hamiltonian, represented by an infinite ma-
trix. Therefore, the problem can be studied in extended
Hilbert space!® of “steady states” with quasienergies
which are defined up to mod(nw). The problem of transi-
tions between bound states of a system in oscillating field
can be then treated by time-independent perturbation
theory,'o or, in case of resonances, by degenerate time-
independent perturbation theory.’

To obtain the “steady states’” and quasienergies for the
system described by Egs. (1.1) and (1.2) it is convenient to
define the Schrodinger equation which corresponds to the
coupled equations (1.1):

9
[ta—Ho(tF—V V=0 .1

with

V=n(t)|1)+A()|2), 2.2)

where | 1) and |2) are (orthonormalized) neutron and
antineutron states, respectively, and n, 7 are interpreted
as the time-dependent amplitudes of population of the
respective states. According to Eq. (1.1), Hy and Vin Eq.
(2.1) are defined by relations

Hy|)=wp|1), Hy|2)=—wp|2),
Vil=0,]|2), V|2)=0,]|1).

(2.3a)
(2.3b)

Because of the smallness of w,,, the reasonable choice
of the unperturbed basis states are the eigenstates of
(Hy—id/3t), that is

[Ho“‘lga; u](t)|1>=€lul(t)|1) N (2.4a)
. 0
[Ho—t—& uy(t)|2) =€u,(1)|2) . (2.4b)

According to the Floquet theorem,!! u;(¢), i =1,2 are
periodic functions of time of the period T=27/w, where
 is the frequency of oscillation of the applied magnetic
field. From Eqgs. (2.4) it is clear that

i

w .
u;,=exp |i|€ t Foyt——sin(wt+4¢)
’ ()

‘ 2.5)

and the condition of periodicity yields the sets of eigen-
values of the problems (2.4):

(N

el =+wo+w , (2.6)

where I is an integer. An unperturbed eigenstate u '},
given by Eq. (2.5), corresponds to each 6(1”2

The eigenstates defined by Egs. (2.5) and (2.6) have the
following properties:
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P uy =8, i=1,2, (2.72)

(u(ll) | u(ZI') )z(ulzl') | u(ll) )t
=J,_p(x)e’t=1¢ (2.7b)
X =ELV— , (2.7¢)

®
where the brackets in Egs. (2.7) mean
1 pT

(a|b)=— [ abat, (2.7d)

and J;_;(x) is the Bessel function. From the frequency
spectrum of the basis states (2.6) (Fig. 1), it is clear that
the perturbation w,, strongly couples u!” and u 4" in the
region of frequencies w where 6‘1” and 6(2” are nearly or

completely degenerate (resonant region). Obviously,
el — el for
1 2
co—-ao“”=ﬂ (2.8a)
N = N ’ .
where
N=I-I', LI integers . (2.8b)

It should be noted that for each resonant frequency o\0’

there are infinitely many resonant regions (crossings of
the 6‘1” and €Y’ in Fig. 1) defined by Eq. (2.8).

Far enough from the crossings, the coupling between
the states u (,”2 can be treated perturbatively. In order to
develop a theory that will simultaneously account for the
strong coupling of the states u ", in vicinity of resonance
and the nonresonant weak coupling, it is convenient to
use the Feshbach!? projection operator formalism in the

k=2
t=1

W,

I=0

N
€
o

-w,

AN
k.,
L

k=2 1=-2

FIG. 1. Frequency spectrum of eigenvalues of unperturbed
Hamiltonian H(?).
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form appropriate for the time-dependent problems. '3

Define a projection operator

PI,N= | 1>|u(l”)<“(1”|<1|

+ 12 | ud M) UV (2 2.9)
with the properties
Ply=P,y, Qin=0Qin, P yQn=0, (2.10

where Q, y is the complement of P, y in the whole Hil-
bert space of the problem

O n=1-P/y.

From the Schrodinger equation (2.1), the eigenvalue
problem for the total Hamiltonian is

(2.11)

H0+V——i—a— u=eu . (2.12)

at

With the use of Egs. (2.10) and (2.11), Eq. (2.12) is decom-
posed into a set of two coupled equations:

PI,N l‘%—f-f—Ho—V PI,Nu =PI,NVQI,Nu ’ (2.13a)
. 3
QI,N l‘a_t‘+€—Ho—V Ql,Nu =Q,‘NVP,,Nu . (2.13b)
Defining the Green’s function
. d
Qi |ig; te—Ho—V O NG=0Qin > (2.14)

the formal solution for Q; yu is obtained in the form

O Nu=0; NGO, NP yu .

This is substituted back into Eq. (2.13a), to produce the
equation for P, yu:

(2.15)

ii+€—H0— V— VQI,NGQI,NV

Py at

P,’Nu =0.

(2.16)

Although this equation is exact, it presumes the
knowledge of the exact Green’s function of the problem.
Fortunately, Q, y excludes the resonant states / and / + N
form G which enables one to use the perturbation expan-
sion for Q; yGQ, y. Therefore, one has

wm
QNGO Nn=Q;nGoQ; N +O 7] , (2.17a)
where
[ 1) Ju? ) Cul | (1]
OinGoQin= .
LNGoli N jél e
12) Juy P )WV (2]
+ e—eftV
(2.17b)
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The higher-order corrections in ,, /o can be easily in-
cluded in (2.17a), but for our purposes this is not neces-
sary due to the smallness of ®,, /w and due to the fact
that the Hamiltonian of Eq. (2.16) already contains a
term of order ¥2. To solve Eq. (2.16), P, yu is expanded
as

Piyu=a; |u’) | 1) +B n udtM)|2),

where a,,B, , y are constants. Then, Eq. (2.16) yields two
coupled equations for a;, B, y:

(2.18)

[Ey—wo—0% Ay(Ey)]oy=0,J _y(x)e =N, y ,

(2.19a)
[EN+a)0—Na)—a)f,,BN(EN)]B,+N=comJ_N(x)e"N¢a1 ,
(2.19b)
where
J3_(x)
AN(Ey)= e, (2.20a)
NN j;ézo EN_G(zN—j)
Ji_i(x)
By(Ey)= 3 —1—, (2.20b)
N jaézo EN_E(I")
while the quasienergies € are defined by
e=¢€,y=Ey+Ilw, [ an integer . (2.21)

Since Ey, found by successive approximations from the
two-state problem (2.19), does not depend upon /, the
choice of a particular / in construction of the projection
operator (2.9) is not important and Ey, together with re-

lation (2.21), produces the full set of quasienergies e(ﬁv),

valid in vicinity of the Nth-order resonance, 0~ .

The result for Ey is

ENj:=%(Nw:Fa)3naN:tQN) ’ (2.22)
where
Qy=[A} + 402, T5(x)]1'?, (2.23a)
AP =€/ *NM=20y—No , (2.23¢)
and
J3_(x)QP
ay= -—N—J(a)—N— N (2.24a)
j20 Jo(AN' +jo)
T3 _i(x)2jo+ARY)
by= 3NN (2.24b)
j=0 JjolAy'+jo)
with
QO=0y(Ay=A) . (2.24¢)

Solving now for the coefficients a{*’, Bi%)y with each of

the eigenvalues
€N =Eyi+lo (2.25)

one obtains for the projected part of the wave function
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0 Wy Wy Wy W, Wy Wy

2593

Wy W

FIG. 2. The frequency domain of validity of the steady states (2.30). The shaded regions apply for N =2.

20,,J _y(x)e™N?

(Pyyu)e=| |ui") [ 1)+ Ayt luy*M)|2)
(2.26a)
and, for the residual part of the wave function,
(Qvu)+ =0 NGoleR)Q NV (P yu)y . (2.26b)

Combining Egs. (2.26), and normalizing the resulting
eigenstates, the steady states of the total Hamiltonian of
the problem are obtained in the form

(N)=C81_\+’_) a(]\?‘)| 1>+B(A:,t)|2>)ellwt

Since the whole / dependence of the eigenstates (2.27) is
in the exponential factor e/“, using the relation (2.25) it
follows that the eigenstates with different / are physically
equivalent and, therefore, there are only two physically
resolvable steady states in the considered problem. These
are given by
tl’(:':N):ul(jlg)e—"‘(l,jlil)’zugN)e”iEN:t' , (2.30)
¢'™ form an orthonormal set of states. It is important to
determine the range of validity of the ‘“steady states”
(2.30). These states are derived for the vicinity of the res-
onance oY’=2w,/N, where the coupling of the eigen-

states u'’, uy?, I'=1=N, is treated exactly, while the

=uNeilot (2.27) . . .
0+ ’ coupling of these states to all other eigenstates, is treated
where perturbatively. Therefore, the conditions of validity of
the steady states ¢'") (Fig. 2) is that the frequency w of
= u®)to,s5 S r}i’( N)|u{), (2.28a) the applied magnetic field is far enough from all other
j#0 resonances, except oy, that is, for k=40,
B =5y |u" )ty 3 ¢/ PN [uy’),  (2.28b)
j#N Dy .
§=———"—— <1, k an integer . (2.31)
- s 20— (Ntx)w <h K nicg
oW _ 4meN(x) Ji(x)
0= = (AyEQy )2 ©m JEN (Eyy—ed)? At the exact resonance, Ay =0, from Eq. (2.27) it follows
o 12 that
+0 | — , (2.28¢) |
@ uff == () [ DEe™ufV)[2)) @32
and
and, therefore, the neutron and antineutron states form
5 20, J_y(x)eNd two mixed states which are split in energy by
SN - ’
AyEQy
(2293) EN+—EN—=2‘0m |JN(x)I . (2.33)
Ji_n(x)eiV—N9
r}i’( N)=—= 5 , This splitting introduces “avoided crossings” in Fig. 1 at
Ey:—€/ the resonant frequencies.
On the other hand, if the relation (2.31) is satisfied for
_( x)e'i® each «, then the steady states become those that would
q}i)(N )= —(*)— . (2.29b)  follow directly from the first-order perturbation theory in
Ey,—¢f the small parameter &:
|
(x)e” i (wg+8, )t
1/}(_'1—\!)_» | u (0)>|1>+(0m2 | u 2])>|2>l —H @+ 0 , (2.34a)
J_j(x)e"¢ +ilwg+8,)+iN$
#0— fon 3 TIE ) [ — ) 2 [ @340
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where
b=, 3 L) 2.39
s=Om ?’ 20— jo '

is the second-order perturbation theory shift of the “bare
state” energies. In derivation of Egs. (2.34) small terms
of order of (w,, /®)* have been neglected. The constant
phase iN¢ in (2.34b) does not influence the transition
probability (Sec. III) and can be omitted. Since the first-
order perturbation theory in & (when 6<<1) and the
two-state strong-coupling theory (when &6=~1) are ade-
quate descriptions of the respective physical situations we
conclude that for arbitrary values of the parameters of
the applied oscillatory magnetic field, the “steady states”
(2.30) are adequate description of the eigenfunctions for
the total Hamiltonian of the problem.

When the amplitude W of the applied magnetic field
tends to zero, the resulting out-of-resonance situation
would be described well by the corresponding limit
W —0in Egs. (2.34). Really, from (2.34),

2
(N e —"12 - 7
eard | >+ l ) | exp Floot 5o 1]
(2.36a)
(N) Em_ _
w?,
X exp |i a)0+—2—— t+iN¢ (2.36b)

which is the well-known first-order perturbation-theory
result (in small w,, /@) when wp =w,,.

The exact steady states in the static-field limit can be
obtained if one starts from Egs. (2.30), instead of from the
perturbation expansion (2.34) of the steady states, since
the former states account for the coupling of the project-
ed states P, yu exactly. But, when the applied field is
zero, the only two unperturbed eigenstates (Fig. 1) that
interact are the states with energies +w, (which corre-
spond to indices / =0, I’=0 in Fig. 1). Therefore P, y
projects to the states with N =/—/'=0, and together
with the limit W —0 one must set N =0 in Eq. (2.30).
Then it follows

(60+CI)O 1/2 @,y tieyt
(N__
Vi w0 (2¢,)!? |1>+ |2> ’
(2.37a)
where
€o=(wi+02)'"?, (2.37b)

which can be easily shown to be the exact eigenstates for
the neutron-antineutron oscillation problem in the static
magnetic field w,,.

According to Eq. (2.17a), our steady states are not val-
id for those frequencies @ for which w,, /o~1. There-
fore N <<2wy/w,~108 Still, even at w~1 Hz,
@0, /©~10"%<<1. Since no conditions are set to the
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magnetic-field amplitude W and initial phase ¢ one can
say that the steady states are the quasiexact eigenfunc-
tions of the total Hamiltonian for any realistic range of
the applied-field parameters.

III. THE INITIAL-VALUE PROBLEM
AND TRANSITION PROBABILITIES

With the states (2.30), used as a basis, the initial-value
problem can be formulated, expanding the total wave

function
$(t)=D'V ¢V DMy (3.1)

The amplitudes n(¢) and 7(z) of the neutron and an-
tineutron states, respectively, are

n()={1|Pe) =DV (1| ¢y'M)+ DM (1| ypV)

=D(J£V)C§fi’a(,v+’(t)e_EN+'
+DWCWMal e V=" (3.2a)
7()=D'MCM B (1)e "N+ L DWCM B ()e TN
(3.2b)
The initial conditions
n(0)=1, n(0)=0 (3.3)
yield
—) +)
DM — By (0) (M By (0) (3.4)
+ C(IX_)DBN)’ - C(I!)DE)N) ’ .
where
DM =al (0)85(0)—aly (0)8y(0)
ﬂNeiN¢ 2
=——|140 | |— . (3.5
@, J_ n(x) + )
From Eq. (3.2) it follows that
A(t)=e" "V (N, cosEyt —iN, sinéyt) , (3.6a)
n()=e V(N coséyt —iN, sinéyt) , (3.6b)
where
=o,fi, (3.72)
N2—~—m[2J_N(x)+AN 1, (3.7b)
N
2
N,=1+0|—= |, (3.7¢)
Ay
Ny=——, (3.7d)
2 QN
&y =2x[sing +sin(wt +¢)]+N d)] (3.7e)
¢N=2x[sin¢—sin(wt+¢)]—in—t , (3.70

2
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En=1Qy—wlay), (3.7g)
and
Ji_n(x)e~Ue
=3 %(e‘”“"il) . (3.8)
Jj#0 N

The probability of the transition from neutron to an-
tineutron states is then

Py ()= |m(1)|?
= ]Nl l 20052§Nt+ INZ I Zsinngt
o2
—2—"[J_NX)Im(f§ )+ Ay Im(FFT)]
Qy
X sin(2§yt) , (3.9)
where
[Ny P=on LAV (3.10a)
o2
lNzlz"—[4JN(x FAL | £ )2
+4AyJ _y(x)Re(f§" )] . (3.10b)

In the vicinity of resonance (8=1), P,; reduces to

ry

Py=———p—
21 (0—oy ) +T%

sinz{g—[(a)—w,\,)z—{—r‘fv]'/z

S

(3.11)

Xt|14+0

where I' y is the width of the Lorentzian resonant peak

140 |— (3.12a)

20,
FN=T | Iw(x) |

and wy is the shifted position of the resonance peak

2&)0
a)N=T+—bN 1+0 |— (3.12b)
Ato=wy,
PR =sin[w,Jy(x)t] [1+0 | —= (3.13)

It is interesting to note that at particular values of the
amplitude W of the applied magnetic field at which, for
the fixed o, Jy(2W /w)=0, the transition probability
drops to the off-resonance value, even at o =wy.

Since the width of the resonant peak I . is of the order
of magnitude of w,,, in a possible experiment the frequen-
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cy ® must be controlled within the interval
®,, |Iy(x)| /N; or within Aw/oy=0,, |Jy(x)/20,

~(107%)%. The applied field intensity should be chosen
so that | Jy(x)| has maximum, in order to increase both
the resonance width and the probability [see Eq. (3.13)].
For o ~w;~ W ~10*s71, and J,(x)~0.6 (the value of its
first maximum), and ¢ ~ 10° s (order of magnitude of the
mean neutron lifetime), P{X’ is on the order of 1073, This
value is to be compared with the value of 107'6 for P,
when o is sufficiently far from the resonance. The above
estimate holds for a broad range of variation of the field
amplitude corresponding to two neighboring zeros of the
J, Bessel function.

If 6 << 1 [Eq. (2.31)], from Eq. (3.9) it follows that the
transition probability in first-order perturbation theory

2

<1 Ji(x)e~Y? 0

Jo+2w,

—i(jo+2wy)t

(3.14)

which is in agreement with the discussion in the preced-
ing section. Finally, in the static-field limit (W —0,
=0), Eq. (3.9) yields

2
wm .
Py =—sin’¢yt,
€0

wW—o0, (3.15)

which is the well-known neutron-antineutron transition
probability for wp =w,,.

IV. CONCLUSIONS

The quasiexact solution of the problem of neutron-
antineutron oscillations in an applied oscillating magnetic
field is expressed by the eigenfunctions of the problem
[Eq. (2.30)] and transition probability [Eq. (3.9)] for the
neutron state initially populated. The solution is valid for
nearly all values of the applied field parameters (the ex-
clusion is the frequency w~w,, ~10~* s~!, which is un-
realistic situation) and in the same time simple enough to
be both physically transparent and easily programmable
on a personal computer. The amplitudes (3.6) are exact
in the vicinity of a resonance, and the width and the shift
of the resonance peak are calculated up to second power
in )=w,, /w. The former smoothly go over into the am-
plitudes in the off-resonance region where it is given by
the first-order perturbation theory in 7, and being in-
dependent on the index N of its parent resonance region
this matches to the amplitudes centered in the neighbor-
ing resonant regions. The method enables one to easily
improve the results and to get the shift and the width of
the resonance peak up to a higher power in 7, as well as
the perturbative limits of the amplitudes expressed in
higher-order perturbation theory expansion. This could
be achieved by expanding the exact Green’s function of
the problem to the higher power in 7 and approximating
0, ~vGQ, y in Eq. (2.17a), for example, by
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J;_(x)

QNGO N=Q NG QN+ O, o

n#l+N

where Q; yG(Q, v is given by Eq. (2.17b).

The neutron-antineutron transition probability can
reach values on the order of 10~3 provided the applied
magnetic field oscillation frequency is in the region of a
resonance. Note that the width of the resonance region is
10~* s~! and the frequency has to be kept constant

o1 (e—e)e—€)

. (i a)2
+ud” ) [2)€2] (u} e+ 0 [—%' ,
(0]
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(Juf) ||l [eiti=m

4.1)

[

within (107%)%, while the variation of the magnetic-field
amplitude is not critical.
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