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Nuclear reactions induced by proton recollision with a nearby nucleus are studied in a setup where a
neutral molecule is exposed to an extremely intense, few-cycle laser pulse. At the rising edge of the laser
pulse, all electrons in the molecule are first ejected by field ionization, resulting in a molecule consisting of
the bare nuclei only. A proton in the bare molecule is subsequently accelerated by the laser field in such a
way that it recollides with a nearby, heavier nucleus, with a kinetic energy high enough to induce a nuclear
reaction. As a specific example, the probability of triggering the '>N(p, @)'?C reaction by exposing either a
SNH molecule or a '’NH; molecule to an intense laser pulse is calculated using the classical trajectory
Monte Carlo method. We show that the proton recollision process can be controlled both by varying the
carrier-envelope phase of the laser field and by the degree of molecular orientation. We also find that the

magnetic field of the laser pulse plays a crucial role in the recollision dynamics.
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Introduction.—Electron recollision, where an electron is
first liberated from an atom or molecule by an intense laser
field, and then accelerated by the same field so that it
returns close to the core with a high kinetic energy, is a
central concept in strong-field physics [1,2]. If the kinetic
energy of the recolliding electron is radiated away as a
photon, the process is called high-harmonic generation, and
can be employed to create attosecond pulses of light [3—6],
or to gain information on the valence electrons [7,8]. The
recolliding electron can also scatter, in which case the high-
energy part of the photoelectron spectrum can be used to
retrieve the molecular structure [9], or it can knock out a
second electron, yielding highly correlated double-electron
spectra [10].

Given that a lot of interesting atomic and molecular
physics has been investigated with recolliding electrons, it
is natural to try to extend the recollision scheme to heavier
particles such as protons. If we could make a proton
recollide with another nucleus at a kinetic energy of around
1 MeV or above (in the rest frame of the target nucleus),
various nuclear reactions could be triggered, with atto-
second temporal control of the collision event. The laser
intensity required to accelerate a proton directly to MeV
energies can be estimated from the ponderomotive potential
(the average kinetic energy of a charged particle in an
oscillating electric field) U, = ¢*E}/(4Mw}), where g is
the particle charge, M is the particle mass, E; is the peak
electric field, and wj is the angular frequency. For a proton,
U, =1MeV requires Ey=5x 10" V/m, or a laser
intensity of I, = 3 x 10?2 W/cm?, at a laser wavelength
of Ay = 800 nm. Laser pulses with this intensity have
already been demonstrated [11], and are expected to be
routinely available at planned facilities such as the Petawatt
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Field Synthesizer in Garching, Germany [12], the European
Extreme Light Infrastructure [13], the Russian Exawatt
Center for Extreme Light Studies [14], or the Japanese
GEKKO EXA laser [15,16].

We should note here that fusion of deuterons has already
been experimentally realized in laser-heated plasmas
[17,18] and laser-driven clusters of deuterated molecules
[19-21]. However, in this case the timing of the dd
collisions is essentially random, and the field accelerating
the deuterons to high energy is the Coulomb field of the
surrounding ions in the plasma. The major advantage of
driving the proton directly with the laser field is that the
instant when the nuclear collision takes place can be
precisely controlled. This might allow for time-dependent
probing of short-lived excited nuclear states which is
difficult to study with conventional accelerators [22].

Except for the requirement of high laser intensity, a
major problem that has to be overcome is how to set up
the initial conditions for the proton to be accelerated by the
laser field. The proton first has to be separated from the
nucleus with which it later recollides. Direct ejection of a
proton bound to a stable nucleus by the absorption of laser
photons can be ruled out, since a typical proton separation
energy for stable nuclei is several MeV [23]. One solution
previously proposed is to use a muonic molecule consisting
of two deuterons and one muon [24-27], where after
dissociation, the free deuteron is accelerated to recollide
with the neutral muonic atom. Recently, another approach
was put forward, involving the recollision of an alpha
particle, resulting from alpha decay, with the daughter
nucleus [28]. This scheme requires nuclear isotopes with
short half-lives, such that an appreciable fraction decays
during the duration of the laser pulse.
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In this Letter, we investigate an alternative way of
implementing proton recollision, which does not require
exotic targets. Instead, we start with a molecule containing
protons and one stable nuclear isotope. The scheme is
general, and can be applied to any nuclear isotope that can
form a molecule with hydrogen. If a small molecule is
placed in an intense laser pulse with an intensity of the
order of 10*> W/cm?, all electrons, including the core
electrons, are ejected immediately already at the leading
edge of the pulse. Using the critical, over-the-barrier field
strength E,. = 3 x 10'°Z3 V/m [29], where Z is the charge
number (the number of electrons), to estimate the number
of electrons that are promptly ejected, we find that at [, =
1.4 x 10 W/cm? (Ey = 3 x 10" V/m), 10 electrons can
be removed. To a good approximation, we may therefore
assume that we start with a molecule stripped of all
electrons, consisting solely of bare nuclei. In addition,
since the initial ejection of the electrons occurs at a time
scale much faster than the motion of the nuclei, we assume
that the nuclei start out at the positions given by the
molecular equilibrium structure. We note that in principle,
the proposed scheme could also be applied to other
molecules containing heavier nuclei, provided that the
difference in charge-to-mass ratio of two ions created after
(partial) ionization is large enough.

The idea of nuclear recollision within a molecule was
first mentioned in [30,31], and later theoretically imple-
mented for HT molecules in [32,33]. Here, we point out
two ways of controlling the recollision process, not
exploited in [32,33], which lead to a dramatically enhanced
recollision probability: One way is to align, or orient, the
target molecule with a weaker prepulse [34,35] before the
interaction with the main laser pulse; the second way is to
change the carrier-envelope phase (CEP) of the driving
laser pulse. CEP control of laser-driven plasma processes at
intensities of 10'® W/cm? has already been demonstrated
[36], and CEP-stabilized, 5-fs pulses at focused intensities
of 10> W/cm? are proposed in [12]. We also mention that
the CEP of laser pulses with intensity > 10 W/cm? can
be measured via the multiphoton Compton scattering
spectrum [37,38], which might allow for an approach
where the CEP is measured at each laser shot instead of
controlled.

Theoretical model and simulation.—In order to theo-
retically simulate the above-mentioned scenario, we first fix
the target molecule. In order to keep things simple, we
select the diatomic molecule '’NH (imidogen with '“N
substituted for N). This molecule can be obtained from
plasma sources [39,40]. Nitrogen-15 is a stable isotope
which is frequently used as a label in biological research
[41]. We additionally give a few results for the commer-
cially available molecule >NH; (ammonia-">N).

We also fix the nuclear reaction induced by the proton
recollision. In the following, we focus on the '*N(p, a)'>C
reaction, alpha particle emission by proton impact, which is

a reaction of importance for nuclear astrophysics [42]. The
total cross section is of the order 0.1 b for a proton impact
energy € in the interval 0.4 < ¢ < 0.8 MeV [43] (in the rest
frame of the >N nucleus).

The total probability for alpha particle emission by
proton recollision is calculated with the classical trajectory
Monte Carlo method. This method is well established for
treating laser-induced recollision processes [44—46]. First,
n different initial conditions for the velocities Vs VN and
positions r,, ry of the proton and nitrogen nucleus are
sampled from a distribution given by the molecular
structure of '>NH and the degree of alignment (details
are discussed below). For each initial value, the classical
equations of motion (X = p, N),

d’ry

M_
X ar

= 7,7, % +eZy[E(1) + %X xB(D)] (1)
are solved numerically. In Eq. (1), e = |e]| is the elementary
charge,Z, =1,Zy=7,a,=1l,ax=—-l,r=r, —ryis
the relative coordinate, E(7) and B(t) are the electric and
magnetic field, respectively, of the laser pulse, and c is
the speed of light. The spatial dependence of E, B in
Eq. (1) is ignored due to the long wavelength employed.
The explicit form adopted for the laser field is
E (1) =(Zcosy +Xsiny)f (1), B(r) = —yf(t), where the
angle w defines the polarization direction, f(t) =
Eysin®(wyt/2N,) sin(wgt + ¢y) if 0 <t <22N./w,, and
0 otherwise, N is the total number of cycles and ¢, is the
CEP. The propagation direction of the laser pulse is denoted
by k and is given by k = % cosy — Zsiny. We note that
since, at the laser intensities used here (~10?> W/cm?),
[v,n| < ¢, so that a nonrelativistic treatment is permis-
sible. However, as we shall see, the inclusion of the
magnetic field of the laser pulse is important to obtain
correct results. In fact, the drift 6 of a charged particle
during one cycle in the laser propagation direction due to
the magnetic field can be estimated as § = 22U ,/(cMw)
[47]. For a proton in a Ay = 800 nm, I, = 10> W/cm?
laser field, 6 ~3 fA, which is comparable to the N-H
internuclear distance. For comparison, the maximal dis-
placement 7 of the proton in the electric field direction is
approximately n = eE,/(M ,0}) ~ 47 A.

Another thing worth mentioning, which is different
compared to electron recollision, is that the quantum
mechanical spread of a proton wave packet during one
laser cycle is negligible due to the large mass. The width A
of a Gaussian wave packet of a free particle (in a laser
pulse) increases with time as A(f) = /A2 + 421>/ (AyM)?,
where A, is the initial width [48]. After a laser cycle
T = 2x/wy, we have A(7) ~ A for a proton, assuming an
initial width of Ay = 0.5 A. Classically, the above argu-
ment implies that the initial velocity of the proton can be
ignored. The negligible wave packet spreading is the
reason why proton recollision is possible despite the long
excursion of the proton before the recollision event.
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After running n classical trajectories r;,'N(t), v, n(1),

j =1, ..., n, we estimate the probability P of alpha particle

emission as

v;(t;) X x;(1))]
v; (1))l

P=L3 %o, ). b= e

where o(¢) is the total cross section for the "N(p,a)!*C
reaction taken from [43], ©(:) is the step function, v; =
v}, — v, is the relative velocity, €j = M,|v;(t;)]*/2 is the
kinetic energy, and 7; is the instant during the trajectory

where the N-H distance |r;| = Ir), — 1| takes its smallest

value. b is a parameter which we set to by = 0.05 A. In
other words, we sum over all trajectories where the proton
comes close enough to the N nucleus, and, in addition,
has sufficiently high relative velocity for the cross section
to be non-negligible; each such trajectory j contributes
o(e;)/(nmby) to the total probability P. Multiple rescatter-
ing, i.e., a proton returning close to the >N nucleus more
than once during the laser pulse, can be neglected. We have
checked that the results presented are not affected by
variations of b in the interval 0.01 A < by < 0.05 A.
The initial conditions are sampled as follows. The N
nucleus is always placed at rest at the origin. The initial
position r,(0) = R(sinfcos ¢, sin@singp,cosd) of the
proton is sampled according to a probability distribution

df(R.0.¢)

J0dpdR Csinfcos*(0/2)R2e~R=Ro)* /0" (3)

where C is a normalization constant. The employed values
of the parameters p = 0.1 A and Ry = 1 A for the radial
distribution were derived from a fit to the square of the
ground state wave function for the internuclear distance in
the NH molecule (potential energy curve calculated with
GAMESS [49]). The degree of orientation of the molecule,
supposed to be realized by the interaction with a weaker,
orienting prepulse, depends on the parameter k. For the
distribution (3), we have (cos@) =k/(k+2) for the
average of cos @, a commonly used measure of orientation
[35]. Experimentally, (cos@) = 0.74 (corresponding to
k ~ 6) has been achieved [34], and values up to (cos ) =
0.96 (k = 48) are speculated to be possible [34]. This last
case would imply that more than 99% of the molecules are
oriented in the same direction [34]. The initial velocity of
the proton is set to zero, which is a good approximation in
view of the small wave packet spreading mentioned above.
We have checked that our results are not changed if we
allow for an initial momentum of the proton distributed
according to the square of the Fourier transform of the
corresponding spatial wave function.

Results and discussion.—Representative results of our
simulations are shown in Fig. 1, obtained running n = 10°
trajectories for each data point. The laser intensity

P x10°

FIG. 1 (color online). Total probability P for alpha particle
emission as a function of the CEP ¢, for different alignment
parameters y, k, and number of optical cycles N.. Blue solid
circles: SNH, w = 7/2, k = 100, N, = 3; cyan open triangles:
BNH, w = 7/2, k =100, N, = 5; black open circles: "NH,
w = /4, k =100, N. = 3; red solid triangles: "'NH, v = /2,
k=5, N.=3; magenta diamonds: '>NH, unaligned (k = 0),
N, =3; green squares: '>’NH; (ammonia molecule), y = 0,
k=100, N, =3. The inset displays the coordinate system
and the relevant vectors and angles: 6 is the angle between the
molecular axis and the z axis, E is the direction of the electric
field of the laser pulse, and Kk is the propagation direction of the
laser pulse.

employed is I, =2.5x 10> W/cm?, at wavelength
4o =800 nm, N, = 3 or 5 optical cycles (corresponding
to pulse widths of 3 and 5 fs FWHM, respectively),
different polarization directions y and varying value of
the CEP ¢ One curve calculated with '’NHj as the target
is also shown. In this case, we allow for all three protons to
recollide, and sum up the contributions to obtain the total
probability. In practice, however, the trajectories where two
(or three) protons recollide make a negligible contribution.
Before the interaction with the laser field, the C53 symmetry
axis of '>NHj is assumed to be aligned with the z axis with
the same @ distribution as in Eq. (3), and >N is placed at the
origin. The proton initial position vectors r,, ;, j = 1, 2, 3,
have positive z coordinates Z-r,; > 0, and fixed angle
Z(r,;.r, ;) = 107.8° [50] between two proton position
vectors, but are randomly rotated around the C; symmetry
axis. The N-H bond length is sampled from the same kind
of distribution as in Eq. (3), with Ry = 1 Aand p = 0.1 A.

Figure 1 clearly reveals that the proton recollision
process can be controlled in several ways. As in electron
recollision processes [10,51,52], the recollision probability
depends crucially on the CEP, and is most efficient for short
pulses. The curve for the five-cycle pulse has a lower
maximum probability, and is less dependent on the CEP
compared to the three-cycle results. In the case of N, = 3,
the most efficient value of the CEP (around ¢y/7z = 0.25
and 1.25) is when many initial positions lead to small
proton impact parameters, while values of ¢, in the range
0.7 < ¢pg/7 < 1 hardly lead to any recollision events at all.
Another control parameter is the alignment of the molecule.
1 order of magnitude higher probability is obtained by
strongly aligning the ">’NH molecule in the right direction
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FIG. 2 (color online). Trajectories calculated at [, = 2.5x
102 W/cm?, with CEP ¢y/z =0.26, N. =3, and y = 7/2.
(a) Distribution of the initial relative positions r;(0) = r},(0) —
r{(0) for 10° proton trajectories, projected onto the xz plane.
Initial positions of the proton are shown with black dots, the N
nucleus is shown with a larger, blue circle. The directions of the
laser electric field E(r) = Ef(r), the laser magnetic field
B(7) = Bf(t), and the propagation direction k of the laser pulse
are indicated in the inset. (b) Distribution of the relative proton
positions r;(7) at the instant # = 3.8 fs (1.4 laser cycles). The
directions of the relative velocity v;(#) are shown with red arrows
for a few trajectories. All trajectories shown have relative kinetic
energy €;(t) = 0.4 +0.002 MeV. Note that the scales of the x
and z axes are the same in (a) and (b). (c) Example of a trajectory
r(¢) (small solid circle is the starting position, and the small solid
square is the position at the end of the laser pulse) which results in
a recollision with small impact parameter.

(compare the unaligned [magenta diamonds] and aligned
[blue circles; alignment parameter kX = 100, corresponding
to (cos@) = 0.98] in Fig. 1). The reason why w = z/2
results in slightly higher values of P than yw = 7/4 is due to
the magnetic part of the Lorentz force, which accelerates
the proton in the laser propagation direction. It is therefore
advantageous to orient the molecule in such a way that k
points from the initial proton position toward the position
of the PN nucleus. We have also verified that the alpha
particle production does not occur at lower laser intensity.
A calculation performed at I, = 1.3 x 10>> W/cm? (and
otherwise the same parameters as for the solid circle curve
in Fig. 1) resulted in negligible recollision probabilities.
This means that the alpha particles are produced only in the
laser focus.

In order to obtain a more direct picture of the recollision
process, we show in Fig. 2 the relative positions r;(t) of the
proton at t = 0 and ¢ = 3.8 fs, just before recollision. The
laser field parameters are the same as for Fig. 1, with
w = /2, orientation parameter k = 100, and CEP ¢y /7 =
0.26 (the position of one of the peaks of the curve shown

with solid circles in Fig. 1). It can be seen in Fig. 2(b) that
the spatial distribution of the trajectory ensemble has
broadened both in the z and x directions. This broadening
is due to the strong Coulomb repulsion between the proton
and the "N nucleus. We can also better understand from
Fig. 2(b) why the y = x/2 orientation of the electric field
together with ¢o/7n = 0.26 yield the highest recollision
probability (see Fig. 1). In this configuration, the impact
parameter distribution at recollision is essentially given by
the initial R distribution (with additional Coulomb-field
broadening), which is rather narrow [see Eq. (3) and
Fig. 2(a)].

Conclusions.—We have shown that proton recollisions at
MeV energies can be induced in the interaction of a small
molecule and an extremely intense laser pulse, and that the
recollision process can be controlled by varying the CEP of
the laser pulse. In contrast to previous proposals [24,28,33],
exotic or unstable targets are not required. An additional
advantage of using a molecular target is that the recollision
probability can be enhanced by orienting the molecules
with a weak prepulse. The molecular structure naturally
provides a starting configuration such that the proton and
the heavy nucleus are spatially separated by one chemical
bond length. By selecting the polarization direction of the
laser field in a suitable way, this initial separation can be
exploited to overcome the inevitable drift in the polariza-
tion direction caused by the magnetic field.

Finally, we comment on the experimental feasibility of
our proposal. A laser intensity of 2.5 x 10*> W/cm? can be
obtained by focusing a PW laser pulse [12] to an area of
4 um?, which implies an effective focal volume of 40 ym?.
A gas pressure of 1073 atm (to avoid plasma effects [53]), a
repetition rate of 10 Hz [12], and the reaction probability
P = 1.5 x 107 per molecule and shot (see Fig. 1) then
result in a total of about 50 alpha particle ejection events/h.
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