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New enhanced tunneling in nuclear processes
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Vladimir Gudkov*
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(Received 5 June 2003; published 17 March 2004

The small sub-barrier tunneling probability of nuclear processes can be dramatically enhanced by collision
with incident charged particles. Semiclassical methods of theory of complex trajectories have been applied to
nuclear tunneling, and conditions for the effects have been obtained. We demonstrate the enhancament of
particle decay by incident proton with energy of about 0.25 MeV. We show that the general features of this
process are common for other sub-barrier nuclear processes and can be applied to nuclear fission.
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Tunneling in nuclear processes has been a subject of studyase and these processes is mainly in the nature of the exter-
for many years since this is a substantial mechanism ofal electromagnetic fiel¢the beam of protons, in our case
nuclear decay and nuclear reactions, including nuclear fisthe low energy projectile protons can be treated as a source
sion and fusior(see, for example, Reffl,2], and references of a pulsed electromagnetic fields interacting with thele-
therein. The recent interest in understanding the processe@ayed nuclear target.
of underbarrier tunneling3—11] has been stimulated by the ~ According to the results of papef$3,14, two different
calculation of bremsstrahlung radiationdndecay when the ~reégimes of tunneling are possible if the proton energy and its
« particle is moving under the barrigt2]. In this paper we time of the underbarrier motion satisfy the necessary condi-
consider another feature of quantum tunneling: the possiblions: The first regime is the assistance of tunneling, when
enhancement of nuclear decay due to interactions with lovf'€ @ Particle gains a part of proton energy, which can be
energy charged particles. This enhancement has the sarfi lled the positive assistance. The second one, which occurs

origin as the tunneling enhancement in nonstationary fieId%& en thea particle transfers a part of its energy to the pro-

. . n, is called the negative assistance of tunneling. Under con-
recently ghsco_vered_ N c_:ondensed matter_phy[él@slél], and ditions of the negative assistance, theparticle tunnels at
can manifest itself in different underbarrier processes.

L . lower energy where the barrier is less transparent. Neverthe-
For the sake of simplicity, we consider nucleardecay.

X - less, contrary to any expectation, the regime of negative as-
According to the theory of Gamoyv, the probability of the gisiance of tunneling is unusual, since, under certain condi-

is mainly ruled by the exponential factft5,1§ small even for a barrier which is normally not very transpar-
ent. This phenomenon is called Euclidean resonance. Both
W~ exd-A,E)], 1) mechanisms of positive and negative assistance are con-

Where nected with the coherent multiquanta interference in the un-

derbarrier motion. We know that the enhancement of tunnel-

\m R, 27 ing occurs when a singularity of the nonstationary field
A E) = —f dR\/—-E (2)  coincides in position with a singularity of the classical New-
iR R tonian trajectory of the particle on the complex time plane.

To study these processes in nuclei, we apply the semiclassi-

is the classical action measured in unitsfof17]. M is the ., approaclibased on the method of trajectories in complex

mass Ofer particle, Z i; the charge of the_ daughter nuqleus,time) developed for tunneling in nonstationary fields.
Ry is the nuclear radius, and the classical exit pdtis

d ined b fih L dv h hi Consider the assistance afdecay by the Coulomb field
etermined by zero of the square root. Let us study how thig¢ i, igent protons when its energy is less than the height of

probability changes when the decayed nuclei are placed ifhe Coulomb barrier. In the absence of a proton, one can

the beam of protons with the energy less than the barrie&alculate the deca g ;
i AT y probability using formulds and(2). A
height Ze?/R,. This situation resembles the process OfIow energy incoming proton interacts with the nucleus only

quantum tunneling of particles controlled by a weak andyo tromagnetically, since it is stopped by the nuclear Cou-

Vféyﬂglg] Ztime ﬁlectr%magneti.cfi field ccinsiderehd in Refs'lomb field at a distance much larger than the radius of strong
[13,14,18-2Q where the specific tunneling en ancement, \ jear forces. The time of interactions of the proton with

mechanisms have been studied. The difference between OHle decayed particle(underbarrier motion times about of

a characteristic nuclear timat~102's. The proton can
excite the nucleus to increase the energy of emitigoar-
*Email address: gudkov@sc.edu ticle E by the amount ofAE during the interaction timéit.
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This leads to the increase of the action in Ef) by the initial energiesE (« particle and e (protorn), meet on the
amount AtAE/# (the rigorous definition ofAt is given be-  nuclear surface. The energy exchange betwee tharticle
low). At the same time, the energy gain by the excited and the proton occurs fast and weakly contributes to the joint
particle makes its tunneling easier due to the reduction of thaction A, which can be written a,,=A,(E+AE)+A(e
actionA,(E) — A (E+AE). Then, the resulting action for the —AE). Then, the total action takes the form

proton inducedx decay is

A=A, (E+AE) +Afs - AE) - Af(s). (6)
_ 2AtAE

A +A,(E+AE). 3) The classical timer, of the underbarrier motion, which is
proportional to the derivative of the action with respect to

In condensed matter physics, this equation would describenergy, has the same value both for thparticle and for the

the process of the positive photon-assisted tunneling with thgroton since they move together

probablllty gxpﬁ—A) [13]. The .fllrst term in Eq.(3) results. 27 IA(E+AE) dA(e - AE)

in a reduction of the probability due to quanta absorption —=- =2 (7)

and the second one describes tunneling in a more trans- h dAE dAE

parent(higher energypart of the barrier. Since the flux of raafore. Eq(7) determines the certain energy transté®

tunneling particles in a nonstationary field is also a non-

. . .~ which provides an extreme of the acti(). At the limit of a
stationary one, the expression €xp) relates to the maxi- very small energy transfaiAE<s), the proton motion be-
mal value of the tunneling probability. This maximal tran-

comes nonflexible. This corresponds to the action of (Bp.
sition probability is determined by a finite value of the P )

with At=7,, which can be obtained from E5) after expan-
energy transferAE, which provides a minimum of the o ® P

; o : . sion onAE. In this case, the tunneling motion of tlaepar-
action A, and, hence, it is defined by the conditioA(E ticle is affected by the nonstationary field
+AE)/9AE=0.

Equation(3) describes the tunneling assisted by a given > 2¢?
external nonstationary field. In our case, the role of this field Vin(Rii7) = B finl (8)
is played by the proton not with a “given” but a rather with IR=Fin)
a “flexible” motion affected by both the nucleus and e wherer(ir) approximately describes the classical trajectory

particle. The increase of the value @fparticle energy must of the free proton. The total actic) can be written in the
be accompanied by the corresponding decrease of the protesplicit form

energy valugfrom its initial valuee down to (e—AE)]. In
the language of trajectories, both the particles should finish A= 271-Ze2\/ 2M 4 Ry

the underbarrier motion at the same momen0 with the TR E+AE #21(AMZEP)

zero velocity just to proceed in real time outside the barrier. —

This means that the: particle and the proton participate in . 7'on<32\2"1( 1 i) )
the cooperative motion from the nuclear surfdteir,) to i Je—AE e/

outside of the barrieft=0). This cooperative motion can be . )

described by the joint actiof,,, which accounts the inter- Then, the relation between the optimum energy transter
particle Coulomb interaction. In contrast to theparticle, the ~and the energy of the incident proteris given by Eq.(7):
proton does not start its full motion at the nuclear surface but e AE m \13

it starts outside the barrier. Therefore, the true action should = (—) , (10)
be corrected as E+AE \4M

Jio where we disregard the small difference between charges of
A=Aup— —ﬁE (4) the parent and daughter nuclei. It should be noted that gen-
erally the energy transfeAE is determined by Newtonian
where the second terfbbeing real and negatiyaccounts for ~ equations for ther particle and the proton in imaginary time,
the phase shift of the process of the artificial move of thewhich are coupled by the interacti¢8). As a consequence,
proton from outside of the barrier to the nuclear surface. Théhe value ofAE depends on the angl¢ between directions
classical imaginary action of the protan, can be deter- of radial motions of these two particldgie consider both
mined from the corresponding Hamilton-Jacobi equation. Atarticles to have zero angular momenteor exampleAE is
the limit of a weaka-proton Coulomb coupling, one can positive for $=180° andnegative for¢=0° (parallel mo-
estimate 2op/%=Ay(e), whereAy(e) is the proton analog of tion). This means that the conditiail0) of the optimum

the action(2), energy transfer is fulfilled for a certain angle between
- directions of classical motion of two particles.
_\8m (e Ze? One should emphasize that a finite angle between escap-
Aple) = n R dry/ & ®) ing « particle and proton corresponds only to the language of

trajectories in imaginary time. The formalism of imaginary
Here,mis the proton mass and, is the charge of decayed time, which allows us to find a maximal value of effect,
nucleus. The actioA,,, is defined on the joint--proton clas-  provides a trajectory for the action minimization rather than
sical trajectory in imaginary time when both particles, with describes real particle motion. For example, real partigtes
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real time with zero angular momenta are distributed isotro- M (&)3[(1 Rs>2 2 ] (1 RS)Z 1 (Rs>2
R - +—| = - - X
Zo

pically in our case despite the final angle in imaginary time 5 ("~ ] r p
. . S S S S
description.

One can see that the energy transiét during the tun- (16)
nellng_process can be elth_er po&_’u@msmve assistance of Considering the uranium decay as an example
tunneling or negative(negative assistance of tunneljnghe
latter case, as mentioned apove, is ung;ual, since the action ggﬁJ +p— gngh +a+p, (17)
can tend to zero and tunneling probability does not become _ _
exponentially smal(Euclidean resonangeven for a barrier ~ with the energy ofx particleE=4.678 MeV, we can fix the
which is normally hardly transparent. Indeed, by substitutingatio M/m=4, and obtain the parameteRs/rs=0.715.

Zo

expressior(10) into Eq.(9) we obtain These lead to the energy transfeYE|=1.89 MeV and
nonphysical(negative value ofe. This means that in the
_2mZy€ | 2M m \Y3 32 8 V2R, case of the classical trajectory with=0, the energy trans-

A= Exel - \am 5 YMZeRo fer is larger than the optimum valjsee Eq.(10)]. The

h
optimum AE (which leads to an extreme value of the ac-
7Zo€ 2m tion A) corresponds to a finite of the classical trajectory
-— . (11) . )
h £ and can be found numerically using the above scheme.

_ _ The analysis of the expression for the actidd) shows
If AE is negative, the proton energycan be chosen small that ate=¢,, where

[see Eq.(10)] and the last term in Eq11) may reduce the
action A down to a zero value. It should be noted that the
above equation is correct if egpA) <1. WhenA becomes

of the order of unity or less, one should use a generic
formalism with the multiinstanton approach, which leadsthe energy transfeAE=0, when the angles=30°. Under
to the similar estimate of the actioA. As follows, the those conditions, the actiofll) coincides with the action
proton energy in Eq. (11) cannot be sufficiently small to of the conventionak decay(2), resulting in the tunneling
keepA to be finite. probability

Let us give an example of the calculation of the energy 8075 a5
transferAE using the method of complex trajectories. Con- W~ exp[-A,(4.678 MeV] = e™P=10"". (19

sider a classical parallel motipn of the particle and the 1pq probability (19), being normalized by the nuclear at-
proton(the angle between particlgls=0) when onlyx com- o5t frequency 18 s, describes experimental data rea-
ponents are involved and are determined by the NeWtO'%onany well[15,16].

m 1/3
0= E<m> ~1.85 MeV, (18)

equations At & < g, the optimum energy transf&fE becomes finite
and negative, the optimum angfedecreases, and the action
M dzix =- 2252 + 2¢? 5, mﬁZ:; =- Zo—fz - iz (112) reduces in comparison with,(E). Upon reduction ot,
J R (x=RJ J e (R the action(11) turns to zero at a certain proton energy,

(120  which relates to Euclidean resonance. For the rea¢ti@n
o ] . er=0.25 MeV, the accompanied energy transfer A&
In the vicinity of the complex timero, when particles meet -_1 15 MeV, and the angle between the incident proton and
each other, the solutions of these equations have the formine emitteda particle is¢=11° (when, formally,=0 thea
R(i7) rin) o \23 particle always moves between the nucleus and the proton
XRS = Xr :( 0 ) ; (13) In other words, when the energy of the incident proton is
S

aboute=0.25 MeV, the energy of the emittedparticle be-
whereR; andrg are some constants to be defined. The energ omesE -|AE|=3.53 MeV (instead ofE=4.678 MeVj and
AE, gained by thex particle,

70

he energy of outgoing proton becomes|AE|=1.40 MeV.
The cross section of the reactigh?7) is not exponentially
o dr IR, small ate=er and has avery sharp. peak in the vicin_ity of the

m 97’ (14) proton energy. The typical behavior of the tunneling prob-
0 X ability as a function of the proton energy is shown in
Fig. 1.

Positive assistance of tunnelifdE>0) corresponds to
the domaine>1.85 MeV and Euclidean resonance at
=0.25 MeV occurs at the region of negative assistance
£<1.85 MeV. At e >¢g, the shape of the peak is propor-
tional to exf—(e—er)/Ae], whereAe =3x 1073 MeV.

AE = 2¢?

diverges close ta, and should be regularized by the condi-
tion Ry(1—-7/7,)?°>R,. (It should be noted that in contrast
to the large contribution of the diverged interactigp, to
AE, its contribution to the actioA is not divergent and even
rather smal). Then,

2€%( r -2 The estimation of the resonance proton energysas
|AE|= E ES - 1) ' (15 =0.25 MeV is made for zero angular momentaanoparticle
and proton, because the contribution from proton momenta
where the raticRy/r, satisfies the relation less tharl ,(L3../ 2m5~ €2Z,/ Ry) results simply in smear-
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w energy of
o particle

4.68MeV
3.53MeV

@

0'R, 73R, R
energy of
proton
I
0 0.25 1.85 Promee\r})ergy 1.40MeV
LS 0.25MeV
FIG. 1. The right side of the energy dependelismooth en- 0 )
hancementof the tunneling probability corresponds to the domain 10Ro 54Ro r
£>1.85 MeV and is related to positive assistance of tunneling. The ) ) )
Euclidean resonance occurssat0.25 MeV at the region of nega- FIG. 2. (@) The trajectory of thex particle; (b) The trajectory of

the proton. These classical trajectories in imaginary time are only a
convenient way to describe the effect. In real time the proton does
not approach the nucleus and interacts with it solely via the Cou-
lomb field.

tive assistance tunneling<1.85 MeV.

ing of eg for about a few percents. This also leads to the
estimate of the geometrical cross section of this reaatipn

=mb? where the impact parametbr L,/ \2me. The €ross  incident charged particles can be applied in the similar way

section for the considered process is the product of the geqq nyclear fission processes on the basis of models with

metrical cross sectiomry~100 b and the probability of the pyclear fragments tunneling under the action of the external

enhanced tunneling. o _ varying Coulomb field. However, the validity of this ap-

~ Itshould be noted that at=¢g, the exit point of« particle  proach for fusion reactions is less obvious and requires a

is 7.3, and of the outgoing proton is K. The incident  f, ther study.

proton is stopped by the nucl_ear .Coulomb field at the dis- |, summary, protons, approachiagdecaying nuclei, cre-

tance of about 3&, as shown in Fig. 2. _ ate the nonstationary Coulomb field, acting on the tunneling
Therefore, the trajectories in imaginary time are only a, particle. Due to these interactions the Euclidean resonance

convenient language to describe the effect. In (paysical  can appear at low proton energy and the Coulomb barrier

time, the proton does not apprqach the nucleus and interacfgcomes practically transparent for the passage o thar-

with it solely via the Coulomb field. _ ticle. For example, normally3®J emits a particle with the

~ We use the method of complex trajectories for calculagnergy of 4.678 MeV. When the energy of the incident pro-

tions of underbarrier processes instead of numerical solutiofyn, is close to its resonant value of 0.25 MeV, the energy of

of the Schrédinger equation mostly because of an '”SUff'butgoing protons becomes 1.40 MeV and the energy of emit-

ciency of the existing algorithms to solve this type of joq,, particles becomes 3.53 MeV.
Schrddinger equation in a reasonable amount of tisee,

also Ref.[6]). This work was supported in part by the U.S. Department
The idea of stimulation of nuclear tunneling processes byf Energy, Grant No. DE-FG02-03ER46043.
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