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We consider proton scattering from hydrogen atoms in the presence of a laser beam that resonantly (or
nearly resonantly) excites the hydrogen atoms from the lsto the 2p state. The laser beam propagates in a
direction perpendicular to the proton beam, and it is linearly polarized, with polarization either parallel
(longitudinal) or perpendicular (transverse) to the direction of incidence of the proton. We allow the col-
lision to couple the 1s, 2s, and 2p states and we treat the interaction of the laser with the atom in the two-
state rotating-wave approximation. We have calculated the integrated cross section, o (2s), for exci tion
of the 2s state. We find that the laser enhancement of o (2s) is small for longitudinal polarization, but for
transverse polarization o(2s) varies rapidly with laser intensity, and in the intensity range 10°-10'© W/cm?
o (2s) is of the order of 100 times larger than its value in the field-free case.

Suppose that hydrogen atoms are initially prepared in the
2p state and are then bombarded with ions. The integrated
cross section for the atoms to undergo a transition to the 2s
state would be infinite in the limit where spontaneous emis-
sion and the splitting of the 2s-2p degeneracy are neglected.
This divergence of the cross section is a consequence of the
fact that the collision-induced coupling between the 2s and
2p states is, at large distances, of the form of a nonoscillato-
ry dipole.

We envisage a slightly different experiment in which hy-
drogen atoms are initially in their ground state, but are
resonantly (or nearly resonantly) excited to the 2p state by a
picosecond laser pulse. The laser is turned on adiabatically
on the time scale of atomic motion and it induces the hy-
drogen atoms into a dressed state, a time-dependent linear
superposition of 1s and 2p states. While the laser is on, the
atoms are bombarded by protons, and after the collision is
over the laser is turned off. (For a proton impact energy of
100 keV, the collision duration is of order 1015 s, which is
much less than the pulse time.) We have calculated the
cross section o (2s) for the atoms to undergo a transition to
the 2s state, and we have studied the behavior of o(2s)
with varying field strength and polarization of the laser.
The purpose of this paper is to report our results. We note
that o(2s) is not infinite, because the long-range dipole
coupling between the 2s and 2p states oscillates at a small
frequency close to the Rabi frequency.

The laser pulse is of sufficiently short duration for spon-
taneous emission from the 2p state to be neglected. Howev-
er, ionization of the excited atoms by the laser, which we
neglect, becomes significant as the field strength increases.
We calculated the ionization rate from the 2p state using
Fermi’s golden rule and found the lifetime of the 2p state to
be (in seconds)

12p=10‘3/l (W/cm?) , (1
where /= cEy?/ 8w is the intensity of the field and £ is the
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amplitude; the field E(r) is treated classically and is of the
form

E(n=¢eEycos(wi+7) , 2)

where €, w, and m are, respectively, the polarization, fre-
quency, and phase of the field. The lifetime 7,, becomes
equal to the pulse time, 10712 s, at an intensity of about 10°
W/cm?;, to avoid depleting the excited atoms at higher in-
tensities one would have to use a shorter pulse.

We work in the laboratory frame and neglect recoil of the
target atom so that the atom remains at rest. The incident
proton is treated as a classical particle which moves with
constant velocity V=vv and impact parameter b = bb rela-
tive to the target proton. The relative coordinate of the in-
cident and target protons is R(1)=b+7: Since the in-
cident proton is so massive, its trajectory will not be appreci-
ably affected by the laser, and we can neglect the coupling
between the laser and incident proton. In any case, the
dimensionless parameter, ev Ey/fw?, governing the strength
of the coupling between the laser and incident proton is
small over most of the region of interest; for a proton im-
pact energy of 100 keV, this parameter does not reach unity
until laser intensities of about 10" W/cm2. We take the
laser beam to be perpendicular to V, and we take the polari-
zation to be linear; € is either parallel to V (longitudinal po-
larization) or perpendicular to V (transverse polarization).
With W, and W, the energies of the ground and first excit-
ed states of the atom, the detuning of the laser from reso-
nance is Aw=w— W/, where W= W,— W, We as-
sume that |Aw| << Wy/k. In treating the interaction of
the laser with the atom, we work in the two-state rotating-
wave approximation,! with the 1s state coupled only to the
2p state. the polarization of the 2p state is the same as that
of the laser. Under the influence of the laser, the atom adi-
abatically evolves into one of two dressed states represented
by the vectors!

W, w
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The atom evolves into |¢4 (1)) or |¢_(7)) according to
whether Aw > 0 or Aw < 0. In Eq. (3), |1s) is the normal-
ized vector representing the bare atomic ground state. With
|2pm) the normalized vector representing the bare 2p atom-
ic state with angular momentum projection # m along V, the
vector |2p) is |2py) for longitudinal polarization, and
|2p_) for transverse polarization, where

[2p+) =2"Y2(|2p)) £12p_1)) .
|
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where |2p) is |2py) for transverse polarization and [2p_)
for longitudinal polarization, and where |2s) represents the
atomic 2s state. Note that reflection symmetry in the V-b
plane implies a2,+(t)=0 in the case of longitudinal polari-

zation. With the electron-laser interaction incorporated in
the dressed states, we determined the coefficients a4 (1),
etc., by solving the standard coupled-state equations
2D _ pna(n | (8)
dr
where @ (#) is the column vector with elements a4 (1), etc.,

and where M (1) is composed of matrix elements of the in-
teraction

V(D=e¥R(N—e¥|T—-R(1|

between the atom and the projectile. Equation (8) was
solved for Aw >0 subject to the boundary condition
a;+(—o)=1 and with the other coefficients set equal to
Zero at t= — oo.

The probability for a transition to the 2s state at a given
impact parameter is P(2s)=|ay(o0)|2. For large b, we
make a multipole expansion of ¥V (1), with the leading term
the dipole term, namely, — (T -R)/R3. If we retain only
the dipole term, and include this term only to leading order
in perturbation theory, we obtain the following useful ap-
proximation to P(2s), applicable? for b >> ay:

P(25) = (9¢~ /2 coshu ) (F Y/ mv)2KE(Qb/2v)f . (9)

Here O=0+ |Aw|, f=(&-9)2+(&-5)?, K,(x) is the
modified Bessel function, and »=0 or 1, according to
whether the polarization is longitudinal (Il) or transverse
(L). The physical mechanism underlying Eq. (9) is a two-
step process in which first the laser excites the atom from
the 1s to the 2p state, and then the collision induces a tran-
sition from the 2p to the 2s state. Note that for |x| <<1
we have Kp(x) = —Inx and K,(x) = 1/x, so that over the
range of impact parameters ago << b << 2v/Q we have that
Py (25s) is smaller than P (2s) by a factor of order (xInx)?
(for f=1), where x=Qb/2v and where the subscript on
P(2s) indicates the polarization. This difference can be un-
derstood as follows. The collision-induced dipole coupling
between the 2s and 2p states is proportional to (for Aw > 0)

—(e¥Y R (2s|(T -1_2')|2p)e"-‘_’-'/2
= +3(e¥R3) (& -R)e~ 102
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In defining the laser-atom coupling A we have made the di-
pole approximation, and we can set Wy, /fiw equal to unity
since Aw is very small; we thereby obtain |A]
=0.7449¢Epa,. Note that Q is the (generalized) Rabi fre-
quency. Note also that we have neglected the ac Stark shift
of the energy levels.

We approximate the exact state vector, |¢(1)), of the
electron by the following truncated expansion in orthonor-
mal basis vectors:

[azs(t)|2s)+aZ‘-,(r)|2fJ)+azp+(r)|2p+)] , (7)

|

Now the curation of the collision is of order /v and so if
x << 1, the oscillatory term exp(—iQ¢/2) can be set equal
to unity during the collision. For transverse polarization
¢-R=¢ T and the coupling is even in r, but for longitudi-
nal polarization ¢ R=vr and the coupling is odd in &
Hence, thz time average of the coupling over the collision
duration vanishes for longitudinal polarization (but not for
transverse polarization). 1t follows that the average cou-
pling is stronger in the transverse case and hence P (2s) is
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FIG. 1. The integrated cross section, o (2s), vs the amplitude E
(or intensity /) of the field. The proton impact energy is 100 keV,
the detuning Aw is 5.44x 10~% eV, and the phase 6 is #. The solid
and dashed curves refer to transverse and longitudinal polarization,
respectively.
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TABLE 1. The integrated cross section o | (2s) in atomic units vs the phase @ of the laser-atom coupling, for a proton impact energy of
100 keV. a laser intensity of 3.5x10® W/cm?, and a laser detuning of 5.44x10~% eV.

9 0 w/4 w/2 In/4

T Sm/4 37/2 Tm/4

a(2s) 9.60 9.64 9.65

9.64

9.61 9.57 9.56 9.57

larger than P (2s). The integrated cross section for 2s exci-
tation is

<r(25)=fd2bP(25) . (10)

Note that within the approximation of Eq. (9), P(2s) is in-
dependent of both the sign of the detuning Aw and the
phase # of the laser-atom coupling; this is not true for the
exact P(2s).

In Fig. 1, we show o (2s) versus the field strength for the
proton impact energy equal to 100 keV and for the detuning
and phase of the coupling equal to 5.44x10~* eV and .
respectively. The results were obtained by solving Eq. (8)
numerically. Except for very low or very high intensities,
Eq. (9) is accurate for b > by, where by is about 20ay in the
transverse case and somewhat larger in the longitudinal case
since in the latter case the 2s-2p coupling is relatively strong
at smaller impact parameters. We see that o (2s) can be
greatly enhanced by the laser. In the intensity range
10°~10'° W/cm?, o (2s) is roughly a factor of 100 times
larger than its value in the absence of a laser.® The rise and
fall of o (2s) as the laser intensity increases can be under-
stood as follows. We see from Eq. (3) that the 2p popula-
tion induced by the laser is e~ !®!/(2coshu). At very low
intensities |u| is large (|u|— oo as /— 0), and thus the
laser induced 2p population is small, and the cross section is
the same as in the field-free case. [Equation (8) reduces to
the field-free equations for /=0.] As the laser intensity
rises, the 2p population also rises and becomes roughly con-
stant, equal to % at and above the intensity /,, at which

o (2s) peaks. One would expect o (2s) 1o be constant for
I > I, were it not for the fact that the main contribution to
o,(2s) comes from the range of impact parameters
b < v/Q; for greater impact parameters the 2s-2p coupling,
which oscillates at frequency Q. averages 1o zero over the
collision duration, b/v. Since Q increases with increasing
intensity (roughly as the square root of /), the significant
range of impact parameters decreases, and this tends to
reduce the cross section. Consequently, o (2s) rises (be-
cause the 2p population rises) and then falls (because the
significant range of b diminishes) as / increases. In con-
trast, o (2s) rises and then levels off at the intensity /, and
stays roughly constant over a wide range of /. The reason
that o (2s) exhibits a plateau for / > /, is as follows. Re-
call that if the factor exp(—iQ1) is set equal to unity, the
longitudinal 2s-2p coupling is odd in 7 and it therefore aver-
ages to zero over the collision duration. However, the
sin(Q ) component of exp(—iQ7) combines to make the
longitudinal 2s-2p coupling even in ¢ so that it no longer

averages to zero for b <v/Q. Furthermore, with
|| < b/v, the magnitude of sin(Q 1) grows as Q increases.
Hence, while the range of significant b decreases with in-
creasing /, the magnitude of the (time-averaged) longitudi-
nal 2s-2p coupling increases; that the two effects combine to
make o (2s) roughly constant for /> /, can be seen by
substituting P (2s) from Eq. (9) into Eq. (10) for o (2s),
setting the factor e~ /(2 coshu) equal to -;— and changing

the integration variable from b to Qb; the resulting expres-
sion is independent of the field. Note that Eq. (9) is strictly
valid only for b >> ag, but we have just used it over the
entire range of b; the relative error is, however, fairly small.
We could not make the same argument for o (2s) using
Eq. (9) for P, (2s) since the integral over b would diverge
at the lower limit 6=0.

In Fig. 1 we have shown o (2s) for a specific phase 8 of
the coupling A, and hence a specific phase n of the field.
However, over the intensity range considered o (2s) is not
very sensitive to 0, and if we were to average o (2s) over 6,
the results would not be much different from those shown.
This is because the approximate expressions for P(2s)
given by Eq. (9) are independent of 6 and work well in the
region b >> aq, which is the region providing the dominant
contribution to o(2s). In Table I, we give the values of
o (2s) for several different values of the phase, at a field
intensity of 3.5x10°® W/cm? Note that the measurable
cross section involves an average over 6.

Lasers with the pulse duration and frequency considered
here do currently exist with powers of up to about 108
W/cm?, and higher powers might be realized in the future.
It might be possible to observe the strong enhancement of
o, (2s) by the laser. However, the present calculation may
be only qualitatively accurate owing to the simple treatment
of the laser field, and the neglect of ionization and the ac
Stark shift.

Finally, we take note of related work* on electron impact
excitation of H(2s) and He(2s) in a nonresonant laser field.
Electron impact excitation of H(2s) in a resonant field has
also been investigated,’ but the intensity dependence of the
cross section was not studied and no numerical results were
given.
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