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Abstract
Laser-induced nuclear recollisions followiagdecay in the presence of an intense laser field are inves-

tigated theoretically. We show that while an intense opiizser does not influence notably the tunneling
rate ina decay, it can completely change thearticle spectrum. For intensities o> — 1023 W/cn?, the

field is strong enough to induce recollisions between thdtethiv particle and the daughter nucleus. The
energy gained by the particle in the field can reach 20 MeV and suffice to triggeesahtypes of nuclear
reactions on a femtosecond time scale. Similar conclusiansbe drawn about laser-induced recollisions
after proton emission. Prospects for the experimentalza@n of laser-induced nuclear recollisions are

discussed.
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Laser-driven recollisions have come to plaﬁa crucial partiomic strong-field physics, due
, 2] dngh-harmonic generation (HHG)/[3].

In turn, HHG has opened the field of attoscience, and the eanmeegof extremely short pulses

to their role in non-sequential double ionizati

has rendered possible the control of electron dynamicsoims&and ion zu8]. So far, recollision
studies addressed laser-driven electrawgb, 10] or m@jsr{aturning to the emitting ion, i.e.,
rescattering of leptons on an attractive Coulomb potenfiake high recollision energies reached
by rescattering muons could allow to probe the nuclear &ireacdue to the smaller Bohr radius
of the bound muorml]. Closer to nuclear physics applicetjoecollisions and muon-catalyzed
fusion in the short-lived muoni®; molecular ion in the presence of a superintense laser field
were investigate(Jj__[iZ].

In this work we investigate for the first time laser-driverca#lisions of« particles following
« decay. Our study complements to the fields of direct and éatlinteraction of coherent light
with nuclei which comprise for instance coherent drivinghatlear transition JJS:}N], electron
bridge mechanisms in laser-assisted internal converdi6hdr the laser-assiste@ decay ]
and nuclear photoeffeO]. A charged heavy particle looloyr the strong force, the particle
tunnels through the nuclear and Coulomb barrier of the us;las was first described in 1928 by
Gamow [21] and independently by Condon and Gur [22]. Utiie action of a strong laser
field, the emittedy particle may change its trajectory and recollide with theglger nucleus at
energies sufficient to produce nuclear reactions and on sicaées that are so far not available
in experiments. Such fast recollisions can even allow prglshort-lived excited nuclear states
reached viax decay. Thus, laser-driven nuclear recollisions:inlecay are not only a different
physical system for the study of strong-field effects, inuad a repulsive potential, but also open
the possibility to investigate a new energy regime whichtéitise interplay between the electro-
magnetic and the strong force. We show here that such reicoif are rare but detectable already
at presently available laser intensitieslo6f?> — 10?3 W/cn?.

Due to the heavy mass of theparticle compared to that of the electrenglecay is an excellent
example of a non-relativistic process in the semiclasgpeahmeter regime. In order to study
how strong-laser pulses affeectdecay, two of us have developed a formalism that can treat the
laser-assisted tunneling of quasi-stationary st@s [384rting from the so-called Strong-Field
Approximation (SFA) and its formulation in terms of trajedes in imaginary time, our method
describes both qualitatively and quantitatively the tumgeof quasistationary states in laser fields
in the semiclassical parameter regime. While in F\Q [28] thethod was applied for the test case

of a short-range potential, in order to describe laserstésgiv decay we need to generalize this



result for the long-range Coulomb barrig[24]. The apploae have adopted is one dimensional
following successful models that have proven their prégegbower in non-relativistic laser-atom
interactions].

Our theoretical formalism considers the field-assistedhéling of the preformedy particle
through the Coulomb barrier of the nucleus, following thanfiework of the precluster model
]. The preformedv cluster is initially confined in a potential well with depthU,, which is
taken as the mean field nuclear potential that the nucleotiseegfarent nucleus experience. The
nuclear interaction is short-ranged, as shown in Eig. 1 hsopbtential well has a finite length

Xo. For distances larger thap xhe interaction is dictated by the Coulomb force actingveen
the protons of the daughter nucleus and dghearticle. The interaction of the particle with the
atomic electrons is neglected. The parametérsand % are calculated following the method
described in RefB&?]. According to the imaginary timethod (ITM) EJB], a trajectory )
can be found along which the particle starts its motion atcthraplex time instant = ¢, inside
the well, Xt;) = 0, having the energy-, and arrives at the exit of the barrier wher-= ¢,. The
trajectory satisfies the Newton equatienx = —0U /0x + pp(t), wherem,. is the reduced mass
of the nuclear system composed ®@fparticle and daughter nucleusy(¢) is the laser-induced
momentunyr(t) = Z,eA(t)/c, Z, is the charge number of the particle,e is the charge of the
proton, A(t) is the one-dimensional field vector potential dritk) is the total nuclear potential.
The exit point is separated from the well by the classicadipidden region, so that the solution

of the Newton equation satisfying the assigned initial ¢ols only exists in complex time,
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FIG. 1. Qualitative illustration of the 1D nuclear barries described in RefBG]. Nuclear forces are

responsible for the well region < xq, while the barrier is determined solely by the Coulomb iat#ion.



t = to + iT. After exiting the barrier, thev particle moves under the action of both long-range
Coulomb potential and electric field of the laser up to a detgqaaced far away from the emitting
nucleus. The tunneling rate can be written with the help ef ¢lassical actioiil” along the
complex trajectories, starting from the modified SFA trénsi amplltudel]

For an estimate of the laser effect on thelecay rate, we have first considered the idealized
case of a strong monochromatic field. The transition amghditas a function of the: particle

momentuny in this case is given by

!
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where P2 the pre-exponential factor of the field-free decay as giverthe Wentzel-Kramers-
Brillouin (WKB) formula |2 l] andg the regularization constant needed to avoid the divergsnci
at the classical cut-offs where two or more trajectories ,130]. Furthermore&, is the
electric field strength and the laser frequency. The total actid¥ is evaluated at the saddle-
point initial timest,, and the final result is obtained by summing over all saddl@tgaj [28].
This corresponds to summing over the complex trajectohas the particle can follow through
the tunneling barrier. In the case of no recollisions, theeonly two such trajectories for each
final energy of thex particle arriving at the detector. The spectrum of thearticles, i.e., the
differential decay ratéR/dp, is given by the modulus square of the transition amplitifig) in
Eq. () evaluated on the long time of observation
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wherep; = \/2m, (Ey — 22282 /(4m,w?) + jhw) are the momenta corresponding to the above-

threshold ionization (ATI)-like peaks. We find that the tatacay rate given by the integral over all
final momenta coincides with a very good accuracy with the Wi€Bl-free decay rate obtained in
Ref. [26] using the same barrier parameters. Hig. 2 preseeataser-assisted half-lives in the case
of 1%Te, 1°°Dy 92\ and?38U as a function of several laser intensities. Our resultsvsthat the
laser effect is to accelerate the decay. However, the velatiodification of the natural half-lives

1, is extremely small, on the order ab~" — 107, showing a linear dependence on the field
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intensity /. This has been discussed in RQ [23] for the case of turpéhirough a short-range
potential and can be traced back to the field-induced motlditén the actionit” which is in the
first (relevant) order given by,0? /p,, with b the barrier thickness ang), the initial momentum.
For thea decay parameters this factor is small enough to reduce thenextial dependence in
Eqg. (1) into a linear one as seen in Hiy. 2. The slope is apmioen byh?b* exp(—2bpo/h)/(4p?)

and is steepest for the case?fU, due to its largest barrier thicknessamong the studied-

emitters.
3.0x107 t ]
23
-7 "\.
2.5x10" - &)
-7 ‘\'\\'.\\
o§ 2.0x10° 1 -
N .
~ -7 | ’\\'
ZH 1.5x10 \\’\\,-r“
1.0x107 | L
\\‘\“
5.0<10° | r
O oo o---v:----m-v-m---o--l -------- .]:62\N
1X1022 2)(1022 3)(1022 4)(1022
I(W/cm2)

FIG. 2: (Color online) Relative modification of the lasesiated half-lives Atl/g/t(l]/2 =
<t(1)/2 - t1/2(1)) /t?/Q as a function of the laser intensityy The considered laser frequency is 800 nm

(Ti:Sa laser) corresponding to the photon engigy= 1.55 eV.

While the effect of the laser field on the tunneling rate ft$eins out to be negligible, the
spectrum of the emitted particles is strongly modified by the laser field. The probleam
be safely treated non-relativistically since the value ha# telativistic field strength parameter
132]1¢ = Z,e&/(mwwe) ~ 0.05 (c denotes here the speed of light) is much smaller than
one and the magnetically-induced relativistic drift/[38for the considered cases about one order
of magnitude smaller than the spread of thearticle wave packet at the recollision. Instead
of monochromatiey particles with energy,, under the action of the laserparticles reach the
detector with energies approx. betwe@g — pr)?/(2m;) (or zero) andp, + pr)?/(2m;), with
pr the maximum field-induced momentymp = Z,e€,/w. The spectrum is composed of a large
number of ATI-like maxima, separated by the momentum cpweding to the energy of the laser
photonshw. For field strengths larger thafy ~ wv/2m.Ey/(Z,e¢), recollisions of the emitted
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particles with the daughter nucleus may occur. This can be bg plotting the spatial trajectory
of the particle outside the barrier for the first few laserlegafter the particle has emerged in the
classically allowed region. Since the initial energigsof the o particle are on the order of 4-5
MeV, the recollision threshold for the electric field is appr10?? W/cm?. Depending on the field
strength and phase, tlheparticle will hit the Coulomb potential of the daughter rewct at lower
or higher energies thah,,.

The recollision scenario can be summarized as followsatparticle tunnels virtually unper-
turbed through the nuclear barrier. At an arbitrary fieldggwa= ¢, (we consider here the electric
field of the lasel, cos(wt) and¢ = wt) it emerges outside the barrier and first rapidly leaves the
vicinity of the nucleus due to Coulomb repulsion. Only forteé initial phases),, the energy
accumulated in the laser field will suffice to induce a resadin of thea particle with the nuclear
Coulomb barrier. We find for instance that for the laser istgn7.9x 10 Wicn? (£, = 1500
a.u.), recollisions occur only for the particles emitted withp, € [1.47,1.97]. Similarly to the
well-studied case of laser-driven atomic recollisiong, thaximum recollision energy is approx.
3.170,, whereU, is the ponderomotive energy, = Z2e*£5 / (4m,w?).

Since the laser field does not influence the tunneling protesemittedy particle will emerge
outside the barrier isotropically in4r solid angle. While our approach is one-dimensional and
does not take into account this feature, we may geometyiealimate the fraction af particles
that, under the action of the laser field, can recollide with daughter nucleus. We perform our
study on the test case ¢f°Te o decay, chosen for its short half-lifg,, = 7 x 107> s @].
Similarly to the atomic physics case, our estimate neglbetpossible movement of the daughter
nucleus in the field, due to its heavier mass. We find that arpgrticles emitted in the direction
of the field with a narrow angular tolerance can recollidewiite daughter nucleus. The tolerance
solid angle depends on the field strength and is for the ca¥€Taf 10~® sr for a field intensity of
1022 W/cm? and5 - 10~8 sr for a field intensity ofl0>* W/cm?. This corresponds to a fraction of
approx.10~? recollisions out of all emitted particles. A quantum mechanical estimate based on
the recolliding alphrTj[jarticle wave packet size deliversraewvhat smaller value df)—'2 for the
4].

In order to calculate the recollision spectrum we need te tato account that in this case there

rescattering fractio

can be more than two saddle-point solutions (or complexdtajies) for a single value of the
final energy. Thus, in Eq[12) the sum over the complex trajges will run now over all regular
and recollision trajectories that can lead to a certain famdrgy of then particle arriving at the

detector. Different regularization parametersieed to be taken into account for the regular and



the recollision trajectories following the procedure désed in Refs.Eb@O]. Furthermore, in
order to have a more realistic description of the recolligiwocess, we considered a finite laser
pulse shape by introducing a damping factor of the field isitgrfor the equations of motion of
the o particle outside the Coulomb barrier. The parameters felddier field pulse where chosen
such as to agree with the 500 fs pulse duration (correspgridiapprox. 100 laser cycles) of one
of the operation modes of the Vulcan Ia@ [36].

The recollision spectrum for an electric field intensity ¥19?> W/cn? obtained from our
model is presented in Fi] 3. For illustration purposes weehdiscarded the real part of the
action W which would merely introduce very fast oscillations abdug¢ spectrum shape. The
recollision trajectories contribute only to a part of thespum, starting from the minimum energy
up to around 16 MeV, which corresponds to thparticle reaching the daughter nucleus potential
barrier at exactly the height of the initial ener@y. The recollision contribution can be evaluated
by comparing the spectra with and without recollisions. fdes to qualitatively describe the case
of no recollisions for the same laser field strength, we havesidered the case when the Coulomb
barrier is removed once the particle has tunneled throudtusTthe dynamics of the particle
outside the barrier is dictated solely by the laser field andeatollision is possible. Comparing
gualitatively the two spectra, the recollision plateaulesady visible, having an extension which
corresponds to approx.lg. The sharp peaks occur where two trajectories meet at tissicid
cut-offs and produce a divergency. This is a well-known éssustrong-field atomic physics and
has been widely investigat E Q 37]. In our calcutatios divergency is fixed by taking into
account the third derivative of the action in the expresgibthe saddle points and determining
the regularization factof in Eq. (1) as described in Rea30]. The peaks occur at thetapa
boundaries, meeting point for the two regular trajectqragsaround 2 MeV, where a regular and
a recollision trajectory meet and at 6 MeV where the two rgioh trajectories meet. The rising
shoulder up to approx. 13 MeV appears as one of the two remwilitrajectories becomes the
dominant contribution of the imaginary part of the claskaaion. The recollision plateau in the
energy spectrum of the detectedparticles with its characteristic features can serve asarcl
signature for the occurrence of recollisions.

A list of suitablea emitters for laser-driven recollisions can be found in Fﬂg]. The half-
lives of thea emitters span betweei—" and10'” s. Short-lived parent nuclei have the advantage
that a measurable fraction of them will decay during therlggdse duration of 500 fs. With an
appropriately large number of parent nuclei originally g&et, one can reach decay rates per

pulse of 10-100. For this we need to brit@f — 108 parent nuclei with a half-life 00~" s such
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FIG. 3: (Color online) Energy spectrum of laser-assistedecay of'"Te for I = 7.9 x 10?2 W/cm?. The

dashed black line depicts the recollision spectrum whiatoimpared with the case of no recollisions for

the same laser field strength (solid red line).

as?'?Po into the laser focus of0~3 cn?. Such short-lived nuclei are usually produced in nuclear
reactions and then separated in-flight as for instance drdggment Separator at the GSI facility
in Darmstadt, German[dSELm]. An additional possible atgne of laser-driven recollisions can
be seen in the bremsstrahlung spectrum emitted durimigcay. For long-lived parent nuclei,
solid-state samples with high density theoretically eagsularge number af emitters in the laser
focus. The disadvantage of such a setup is that solid-siejets can only be manufactured of
isotopes with a long half-life;; » > 107 s, leading to a rate of only approx. 0.1 decays per pulse
even for as much as0' nuclei located in the laser focus. Furthermore, the impéc aser
beam with intensities of0*> — 10%* W/cnm? on an overdense solid-state target will lead to strong
perturbing effects such as screening, Coulomb interaaiiith neighboring nuclei and sample
destruction on time scales faster than the nuclear hatlivihese effects drastically reduce the
recollision probability.

With increasing field intensity, the ponderomotive energy ceach values which allow the
recolliding o particle to penetrate the nuclear barrier. For this typycahergies of about 20
MeV or more are required. A study of the nuclear reaction Masﬁg] reveals that a number
of daughter nuclei ofx emitters are known to undergo nuclear reactions when bahellaby
energetica particles. Typical possible nuclear reactions are in&lastattering(«, inl) (for 24

MeV « projectiles interacting with®?W or 13—-24 MeVa projectiles interacting with%*Os or



1820, for instance), neutron emissidn, 2n) at 20 MeV for?*Pb or even fission(a, f) for 20
MeV « particles rescattered gi®Ra. All the listed isotopes are reached viadecay of parent
nuclei. While such nuclear reactions are already availalfeerimentally, the novelty in laser-
induced recollisions i decay manifests in the time scale of the process. The rdoullparticles
are emitted during a specific phase interval of each lasde @ydy. Thus, recollisions occur on
a 1 fs interval, allowing the alpha particle to probe the daagnucleus on a much shorter time
scale than available in experiments using ion beams. Oicpéat interest are the cases when the
daughter nucleus is partially produced in an excited stath as they decays of'?Po or 4! Am.
The recollidingx particles then probe on a fs scale the 2.6 MeV excited sta&té®b (¢, = 16.7

ps) or the low-lying 59.5 keVt{ J, = 67 ns) and 102.9 keVi{ 1o = 80 ps) states of*"Np. Laser-
driven recollisions could in these cases coherently triggeariety of nuclear reactions and probe
the relaxation dynamics of the daughter nucleus aftdecay on an unprecedented femtosecond
scale.

Due to the similarities in the theoretical description, sheuld keep in mind that laser-driven
recollisions may occur also in the case of laser-assistetpremission. Proton emitters are usu-
ally nuclei very far from the line of stability on the protoicth side ], thus offering the
possibility to investigate the complementary region of tleetron-richa-emitters on the nuclear
chart. The half-lives of proton emitters can be comparablghorter than the ones far decay.
From the theory side, the calculation of proton-decay retesually performed via the straight-
forward application of thex-decay theory albeit with the simplification that there ismeed to
consider the preformation fact£ 43]. Just like thearticle, the proton tunnels the spher-
ical Coulomb and the centrifugal barrier created by itsnatéon with the core nucleons of the
daughter nucleus. As a new feature, the role of the centilfhgrrier in proton emission is more
important than inx decay due to the smaller proton reduced mass and also benausst cases
the proton is originally unpaired in the parent nucleus aties a non-vanishing angular momen-
tum. Due to a different charge/mass ratio for proton anghrticle, the dynamics of the tunneled
particle outside the barrier and the recollision spectrilve quantitatively different (although,
as an interesting feature, the ponderomotive energy isaheedor both proton and particle),
but the main recollision features should be reproduced. Oube high degree of exoticism of
proton-emitting nuclei, little is known about the nucleanctions cross-sections that can occur
for protons rescattering on the daughter nucleus. A studigsar-driven proton recollisions might

therefore provide important information for this nucleargmeter region so far from stability.
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