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The energy balance of the picosecond photoelectric is compared with that of the subpicosecond pho-
toelectric effect. A full accounting of the energy must include the phase modulation (blue shift) induced

on the laser beam by the ionization event itself.

PACS numbers: 32.80.Rm

In a fascinating recent paper, Freeman et al.! pub-
lished the kinetic-energy spectra of photoelectrons emit-
ted from xenon atoms by multiphoton ionization. Con-
servation of energy implies that the electron kinetic ener-
gy is quantized in a multiphoton generalization of
Einstein’s famous photoelectric effect equation:

E=(n+s)ho—1I,, (¢))

where E and hw are the electron kinetic energy and pho-
ton energy, respectively, and I is the ionization potential
of the atom. The integer n is the minimum number of
photons required and integer s is the excess number of
photons actually absorbed. For picosecond laser pulses,
the electron kinetic energy has been observed to be beau-
tifully quantized? in exactly the manner given by Eq.
(1).

With subpicosecond pulses, Eq. (1) is disobeyed! The
quantized electron peaks shift to energies which are
lower than expected, and the distribution smears out and
broadens at the shortest laser pulses. In this Letter I
would like to answer: Where is the missing energy in the
subpicosecond photoelectric effect? On the other hand,
why does the picosecond photoelectric effect conserve en-
ergy in the normally expected way?

I believe that the answer to these questions revolves
around the phase modulation induced on the laser beam
by the ionization event itself. The ionization of a gas
produces a definite change in its index of refraction. The
optical polarizability of free electrons is much larger
than and of opposite sign to the polarizability of neutral
atoms. This sudden change of refractive index phase
shifts a laser beam to higher frequencies. In a dense gas
the ionization process can be accompanied by as much as
a 5% or a 10% blue shift® in the laser frequency. The
phase ¢ induced* by the ionization process is proportion-
al to the free-electron polarizability

o =Qre*/mwc)N/A, )

where e and m are the electron charge and mass, respec-
tively, and N is the number of electrons per area A4 in the
path of the laser beam on differentiation of Eq. (2), the

phase shift can then be expressed as frequency shift Aw:
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where dN/Adt is the rate of growth of ionization num-
ber per unit area. The energy transfer associated with
this blue shift increases the energy of the photon field by
dn hAw, where dn is the differential number of photons
to pass through area A4 in a time dt. Therefore this
differential energy transfer d Q@ can be written as
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The expression hwdn/Adt is nothing more than the
power flux of the electromagnetic field cE %/8x , where E
is the peak electric field and ¢ the speed of light. Rewrit-
ing the differential energy transfer, we obtain
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For an ionization number dN of unity, the energy
transfer back to the laser beam during an ionization
event is simply the famous® “quiver energy,” e2E?/
4mw?, the oscillatory kinetic energy of an electron in an
electromagnetic wave. By integration of Eq. (5) over a
laser pulse, during which a single photoelectron is gen-
erated at to which subsequently leaves the focal volume
at 71, the total energy transfer 0 becomes
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where E(z) is the laser electric field at time ¢ during the
pulse. This is the main result. We can now apply it to
the physically different cases of picosecond and subpi-
cosecond laser pulses.

In the picosecond case, free electrons are generated in
the laser beam but they have time enough to leave the
focal spot during the laser pulse. In the example given in
Ref. 1, an electron with 2-eV kinetic energy can depart
from the 20-um focal spot in <20 psec. The phase
modulation during the ionization process at tg is exactly
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canceled by the reverse phase modulation at t| when the
electrons leave the focal volume. From the beginning to
the end of the laser pulse there is no net phase shift or
net frequency shift. As a result of the rapid departure of
the electron from the focal volume, Eq. (6) cancels. En-
ergy balance does not require consideration of frequency
modulation of the laser beam. The mean excess kinetic
energy above the minimum required, <s > A, is most-
ly due to fact that the photoelectron is born not at rest,
but in a coherent “‘quivering” state. Similarly, there can
be additional excess energy due to a centrifugal barrier®
for circularly polarized light. In all these cases electrons
appear at the discrete kinetic energies given by Einstein’s
photoelectric Eq. (1).

For subpicosecond pulses the electrons will remain in
the focal volume until the time ¢, when the laser electric
field | E(¢)| has become smaller. Then Eq. (6) will be-
come nonzero but still small. The initial effect is a shift
of the discrete electron kinetic energies by a small frac-
tion of the quiver energy. The electrons appear at ener-
gies lower than that given by Einstein’s photoelectric
equation. The likelihood of remaining behind in the fo-
cal volume until the end of the laser pulse increases to-
ward unity for the shortest pulses. Then the full quiver
energy will be transferred, tending to cancel the mean
excess kinetic energy <s > hw, washing out the discrete
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structure, and leaving little electron kinetic energy.

To summarize, when photoelectrons escape from the
focal volume during a laser pulse, there is no net fre-
quency modulation and they appear at discrete kinetic
energies as given originally by Einstein. If they remain
behind in the focal volume they cede their discrete quiver
energies to a blue shift of the laser beam as a whole.
The blue shift has actually been observed in the ioniza-
tion of a dense gas® but is infinitesimally small when
only a single photoelectron is involved.

This Letter benefitted greatly from candid discussions
with R. R. Freeman.
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