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Exponential enhancement of nuclear reactions in a condensed matter environment
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A mechanism that uses the environment to increase the probability of the nuclear reaction when a beam of
accelerated nuclei collides with a target nucleus implanted in condensed matter is suggested. The effect
considered is exponentially large for low collision energies. tHgr collision the mechanism becomes effec-
tive when the energy of the projectile tritium is below 1 KeV per nucleon. The gain in probability of the
nuclear reaction is due to a redistribution of energy and momentum of the projectile in several “preliminary”
elastic collisions with the target nucleus and the environmental nuclei in such a way that the final inelastic
projectile-target collision takes place with larger relative velocity, which is accompanied by the corresponding
decrease of the center of mass energy. This increase of the relative velocity exponentially increases the
penetration through the Coulomb barrier.
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It is well known that nuclear reactions at low energies arg1), gives an exponential gain of the probability of the
suppressed by the Coulomb repulsion between the nucleiuclear reaction. There is a price for this increase. The prob-
Recent experimental papdik,2] indicate that the solid state ability for the projectile and the target to remain on the col-
environment of the target nucleus can, possibly, significantlyision course after collisions with the environment nuclei is
boost the probability of the DD fusion. The previously sug-small. The more elastic collisions take place, the smaller it is.
gested mechanisms ¢8,5] are efficient only when the en- However, for sufficiently low collision energies the exponen-
ergy is too low to make the fusion observable in modernt'a! gain due to the increase of the velocity inevitably pre-
experiments. Here we examine the nonsymmetrical colliVailS:

sions when the projectile nucleus is heavier than the target. 1N€ intérest in studying the role of the condensed maiter

We show that in this case the environment produces an e i‘gxggn%ﬁﬂéé?ionnugﬁ?ng?sc[tllog]s ;Sn:jnfgég?gntc):)ésat];\eevye)imnen_
ponential enhancement of the cross section of a nuclear r hat cIaFi)m an increase of the D,D, fusion cross section in sol-
We consider a nuclear reaction that is due to a Collisionids. Several possible mechanisms that allow an increase in

e S Zollision velocity in the environment were considered previ-
of a beam of the projectile nuclei with the target nucleus thabusly [3-5]. Two of them[3,4] are related to the motion of

S X "Othe target nuclei due to the vibration of atoms in solids. An-
jectile energy is presumed to be below the Coulomb barrielgher one is related to a sequence of three elastic collisions

where the probability of the nuclear reaction is proportional[5]_ This sophisticated chain of events, called a “carambole”

action that can be experimentally observable.

to the Coulomb suppression factor collision in Ref.[5], produces a gain for the nuclear reaction,
2117, o Zias? 217, Zon? but this happens fqr very low energy o_f the projeqtile D
P(y) = ———proitar exp<__fLJL)_ (1)  (below 0.5 KeVj which were not tested in the mentioned

hv hv experiments. In the present paper we examine collisions of

the projectile nucleus that is heavier than the target nucleus.

HereZy,,; andZy, are the charges of the projectile and target;, yhig case there existsrascatteringmechanism to increase

nuclei antﬂl.’ 'S tf|1e|_rtrelat|vei Vtiloc?'t%. Flor tlhe.tCO":cSt'ﬁn n the the collision velocity that relies on only two preliminary
vacuum this velocily equals the initial velocity of th€ Projec- o atic collisions. This more simple chain of events prove to

tile V, v=V. However, a condensed matter environment al'be more effective than the carambole mechanism of FSgf
ters the situation because the velocity of the collision can be There exists the long standing discrepancy between b'y the
changed d_ue to r_ed|str|_byt|on Of the momentum and ener.(~3’¥xperimental data on astrophysical fusion reactions at low
of the projectile in collisions with the environment nug:lel nergieg6-10 and calculations; the latter include effects of
and the target nygleus. We show 'below that a chaln Othe electron screening, vacuum polarization, bremsstrahlung
(quas) elastic collisions with the environmental nuclei can, and atomic polarization, see Refll], and references
in fact, enlarge the collision velocity. This, according t0 EQ.y,erein The theoretical data slightly, but systematically un-
derestimate the probability of the fusion.
Let the projectile and the target nuclei have maddeand

*Email address: kmy@newt.phys.unsw.edu.au m correspondingly andM >m. The masses of the environ-
"Email address: bla@feynman.princeton.edu ment nuclei will be considered lardé.,, > m. Consider the
*Email address: flambaum@newt.phys.unsw.edu.au following sequence of events shown in Fig. 1. The projectile
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Environmental )
Doubly nucleus — id_o'm,t_arcm'tﬂv' (4)
Projectile scattered b* dQ dQ
Target target
O -------- ey whereb is a path of the target nucleus between the environ-
e —— - D—e e . . .. .
mental nucleus and the point of the final collision with the
Initial Nuclear Second projectile, anddoyy on/d2 is the differential cross section
elastic reaction elastic for the backward scattering of the light target on the heavy
collision collision environment nucleus. From simple kinematics it follows that
FIG. 1. Collision of the projectile nucleus with the target v =V 1+m/M

(5

nucleus in the solid state environment. The rescattering mechanism b=— +V’a_ 3-m/M a,
involves two “preliminary” elastic collisions. First the elastic colli- v

sion between the projectile and the target nuclei takes place. Thefyhere a is the distance between the initial position of the
the recoiled target nucleus collides with the heavy nucleus of thqarget nucleus and the environmental nucleus. For a heavy
environment. After that the final collision of the projectile and the projectile b=a/3. Equation(4) can be explained without
(doubly recoilegltarget results in the nuclear reaction. This chain Ofcalculations. For the considered energy range the nuclear
events increases the collision velocity making the nuclear reaction ; .
more probable. wavelengths are much smaller thgn t_yplcal distances betwe_en
atoms in condensed matter. This implies that the elastic
i o . i ) ) . nuclear collisions happen at separations that are much
with the original velocityV first collides elastically with the  gmajier than typical atomic separations. In other words, the
target nucleus initiating its motion in the direction\éf The  scattering amplitudes for the two preliminary elastic colli-
final velocitiesV" and v’ of the projectile and the target, sions are much smaller than separations between atoms. This
which are parallel to/, are given by allows one to approximate the wave functions that govern
the two elastic collisions by their asymptotes that have the
= 1-mM v’ = 2—V (2)  conventional formigase= (f/r)explikr), wheref is the elas-
1+m/M 1+m/M tic scattering amplitude in the cmf. Within this approxima-

. . tion one can factorize the amplitude of the complicated pro-
Suppose now that there exists an atom of environment lo P P b

ted on th th of th led t i | is sh cess into the product of elastic scattering amplitudes.
cated on the path of the recoiied target nucleus, as is s OV\@orrespondingly, the probability is presented as a product of

in Fig. 1. Then there is an opportunity for the target nucleusthe cross sections in E¢4). Alternatively, one can validate
to be scattered backward due to its collision with this heavyEq (4) on the purely classical grounds ' The first cross sec-
fucleus, The yelocly of the doubly scattered 1al@€t yion g, ,/d0 specifies the iniial elastic collision, while
=—v'=-2V/(1+m/M) becomes opposite to the projectile yq o\ anitieqor,o; o/ A2)/b? AN (07,)/b2, Whereoy is
velocity. After these two preliminary collisions the projectile . |\ ~jear cross sectidthat is not presented explicitly in

and the target nuclei find themselves on the collision cours%q (4), but will be taken into account later on, see Eg)]

for the second time. Let us presume that their second €¥an be considered as two spherical angles, i.e., the two prob-
counter results in the nuclear reaction. Note that the relativ

locit f the t t and th actile in thi llision i Qbilities that define the necessary kinematic conditions that
velocity w ot the target and the projectiie in this ColliSIon 1S 516\ the final inelastic collision to take place.

!

3-m/M It follows from the above discussion that the rafof the
w=V —-p"'=——V, (3)  probability of the nuclear reaction in the environment due to
1+m/M the rescattering mechanism to the probability of the nuclear

which is larger than the initial collision velocity, w>V. reaction in the vacuum equals

For a heavy projectilev=3V. Thus the two preliminary _PW) 1 dopo)ad0iaren

elastic collisions produce a substantial increase of the rela- F= P(V) b dO a0

tive velocity that results in the exponential increase of the

probability of the nl_JcIear reaction E(f). ' ><Y ox quZE,O-Zme2 11 . ©)
However, there is a dumping factor that arises due to a W A vV ow

necessity for the projectile and the target to remain on the

path that leads to their final inelastic collisions. In order toHere Z,; and Z,, are the charges of the projectile and the
calculate this dumping factor let us introduce the cross sedarget nuclei,V is the velocity of the projectilew is the
tions for the elastic collisionsdor; o/ dQ will be the dif-  velocity of the final projectile-target collision E(3) (which
ferential cross section that governs the first elastic collisioris preceded by the two preliminary elastic collisipnghe
between the projectile and targei) is the solid angle of the Coulomb factorsP(V), P(w) arise from the nuclear cross
recoiled target; we need this cross section for the situatiosections for the collisions with velocitie¢ and w, respec-
when the direction of the velocity of the recoiled target co-tively. We presume here that the velocity-dependence of the
incides with the velocity of the incoming projectile. In the nuclear cross section is due entirely to the Coulomb factor,
center of mass fram@mf) this corresponds to the backward which is usually a very good approximation for low-energy
scattering. The fluxJ of the projectile and target during their nuclear reaction. Equatioii6) shows that the discussed
final inelastic collision equals mechanism provides the exponential enhancement of the
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nuclear reaction, which is moderated by the power-type
damping J-factor related to the two elastic collisions. For

sufficiently low projectile energy the increase always pre-
vails.

In order to evaluate the factdt in Eq. (6) one needs to
find the differential cross sections. They can be calculated in
the classical approximatiofbecause the wavelengths of all
colliding nuclei are smajl In examples discussed below we i

. . . 1
consider the proton as a target. The potential that describes ] NN \
the interaction of the proton with some other nucleus should ~ Teas
include the nuclear Coulomb repulsion that is partly compen- 0.12 0.14 0.16 0.18 0.2 0.22 0.24
sated by the electron screening. For light nuclei the screening Velocity W (a.u.)

s Ins'melcam since for the considered energy range the FIG. 2. Collision of the projectile nucleus with the target proton
scattering tak?‘S place due to those. events that.happen "?‘t VGlepIanted in the condensed matter. The enhancement factis-
small separations between nuclei. For heavier nuclei thg,.q4 in Eq.(6) is shown versus the velocity per the projectile

screening is more important. Having this in mind, we CON“chargeW=\V/(Z,€?/#). Thick lines, tritium as a projectile; solid
sider a model in which the internuclear potential is approXi-jine, b=1: dotted line,b=3 in Bohr radii, whereb is the distance

mated by an interaction of the bare proton with the Thomasthat separates the final nuclear event from the environmental
Fermi potential of the heavier nucleus. Calculating thenucleus. Thin lines/Li as a projectile; solid linep=1; dotted line,
relative trajectory of the colliding nuclei in this potential one p=3.

finds the elastic cross sectigh2]

Enchancement factor F

proves be more efficient than for thei+ p case(This hap-
@) pens because for the given ratio\gf;/ Z,.,; the elastic cross
’ sections in thé+p case are larger than f3Li+ p case)
Among several factors that were left outside the scope of
where p is impact parametery is the scattering angley ~ our analyses, probably the most significant one is related to a
=180° for our case, both for the projectile-target collisiondependence of the results on the geometrical structure of the
and collision of the recoiled-target with the environmentalcondensed matter. To make the rescattering mechanism ef-
nucleus. fective the projectile, the target and the environmental
Consider two numerical examples. The first one is thenucleus were assumed to be located on one and the same
collision of the projectile tritium with the proton as a target, line. If this condition is slightly violated, then the rescatter-
with the reactiont+p— 3He+n, or t+p— *He+y. The res- ing remains possible, but the relative velocity of the final
cattering increases the collision velocity by a factor off2, nuclear event becomes smaller. The stronger is the deviation
=2V. Another one is théLi as the projectile and the proton from the rectilinear geometry, the smaller is the collision
as a target that leads to the reactitit p— *He+*He with  velocity and less effective is the rescattering mechanism.
the collision velocity increase due to the rescattering by adaving this fact in mind we specifically presented data for
factor of 2.5,w=2.5V. In both cases we assume that thesufficiently large parametds, b=3 a.u. For the+p reaction
environmental nucleus is P@This assumption is not crucial this corresponds to a sufficiently large separation between
since the elastic cross section very smoothly depends on ththe proton and the environmental atom in the condensed mat-
atomic charge of the heavy nucleugV/e estimate a magni- ter a=6 a.u. One can hope that for this separation possible
tude of the rescattering effect for the two values of the padeviations from the rectilinear configuration can be made
rameterb, taking b=1 andb=3 in Bohr radius. Figure 2 insignificant. This point should be kept in mind and verified
shows the results of calculations of the enhancement f&ctor more accurately in the future when some particular, con-
that describes the effectiveness of the rescattering mechdensed matter environment is chosen for experimental stud-
nism comparing it with the reaction in the vacuysome- ies.
times in literature the enhancement factor is definedf as  We verified above that the nuclear reaction can be boosted
=1+F). Itis shown versus the factdf,;/ Z, that, accord- by two preliminary elastic collisions. Similarly, one can con-
ing to Eq.(1), is a natural measure for the probability of the sider the more sophisticated scenario when the target nucleus
reaction. is elastically scattered severaln,2n=1,2,...times by the
Figure 2 shows that, indeed, the rescattering mechanistarget nucleus and the nucleus of the environment. In this
becomes very efficient for sufficiently low projectile energy. “game” the target nucleus plays a role of a “ball” that
According to Fig. 2 the rescattering is effective for thep  bounces forward and backward in between the projectile and
collision when V/Z,j<0.17-0.2 a.u., which corre- the environmental nuclei times acquiring with each bounce
sponds to the projectile energy<0.7—1 KeV per nucleon. larger and larger velocity. One can find a similarity of this
The energy range down te=1 KeV per nucleon was mechanism with a moving billiard wa]lL2] that is also re-
probed for the DD synthesis in Rdfl]. This result gives a lated to the known Fermi mechanism of acceleratibg].
hope that the rescattering mechanism can be studied expe@arraroet al. [14] proposed a similar ideécalling it the
mentally in thet+p case in the very near future. Figure 2 knock-on mechanisjrdiscussing a possible enhancement of
demonstrates also that the rescattering fortthg collision  cluster-impact fusion yields.

dp
dx

doe _ pX)
dQ  siny
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There are several reasons that restrict the number afnhancement of the probability of the nuclear reaction fol-
bounces. During the bouncing “game” the projectile shouldows from the simplest case of one cycles1, when only
keep its velocity in the initial direction. To satisfy this con- two preliminary elastic collisions take place.

target, for largen the mass ratio must be even greater This?)roves be effective. Our estimations for thep colision
restriction rules out sophisticatet> 1 cases fot+p colli- show that when the energy of the projectile tritium is in the

sion. A ratio of the yield of the nuclear reaction aftecycles region 0f~0'7_1. Key per nucleon then the.probablhty of
of bouncing to its yield aften—1 cycles is proportional to the nuclear reaction induced by this mechanism exceeds the

scexf(1/Wy_1—1/w,)S], whereS= ZWZprontarez/ﬁ andw, is probability of the direct event. For lower energies the dis-
the collision velocity between the projectile and the targetcUssed mechanism provides an exponential boost for the re-
during their nuclear reaction aftercycles of elastic rescat- action.

tering. This estimate shows that the effectiveness of the mul- . o
tiple elastic collisions diminishes with the increase of the |N€authors are grateful to C. A. Bertulani, V. F. Dmitriev,
numbern of cycles. For sufficiently large velocity of the and V. G_. Z_elevmskl for discussions. M.Y.K. is _thankful_ for
target the two more additional elastic collisions make thisthe hospitality of the staff of the School of Physics at Prince-
velocity only slightly larger, while the price for additional ton University where this work was completed. V.V.F. is
collisions represented by the dumping factdr (which grateful to the Institute for Advanced Study and Monell
roughly can be estimated asindependent remains the foundation for hospitality and support. The authors thank S.
same. Thus the multiple collisions are effective onlyFif E. Koonin for bringing Ref[14] to their attention. This work

> 1. Therefore they can give a contribution to the magnitudevas supported by the Australian Research Council and the
of the rescattering effect, but the mere fact of the exponentiahustralian Academy of Sciences.
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