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Zero-Energy Photoelectric Effect
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We predict a near-threshold (“zero energy”) peak in multiphoton ionization for a dynamical regime
where the photon frequency is large compared to the binding energy of the electron. The peak position does
not depend on the laser frequency but on the binding energy and the pulse duration. The effect originates
from the fact that bound-continuum dipole transitions are stronger than continuum-continuum ones. To
clearly observe this zero-energy photoelectric effect, the spectral width of the laser pulse should be
comparable to the binding energy of the ionized orbital, and the second ionization potential should be larger
than the photon energy. This suggests negative ions as ideal candidates for corresponding experiments.
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A threshold for an observable A indicates the transition
of the system from one regime to another upon change of
the relevant parameter ¢ and therefore provides important
information about the system. Often, the observable
changes near threshold at &, with a certain power of the
parameter, i.e., A(e — +¢&y) x (e/ey — 1)*. Probably best
known are thermodynamical variables near phase transi-
tions [1], but quantum critical points in condensed
matter [2] or fragmentation and ionization thresholds in
atomic and molecular physics [3] are also examples. In the
latter case the so-called Wigner threshold law [4] for
fragmentation cross sections of particles under short-range
forces is a universal property, similar to its counterpart for
long-range (Coulomb) forces, the Wannier law [5,6].

The Wigner law has been verified in fragmentation
scenarios including multiphoton detachment of a negative
ions [7], which were a popular target for theoretical
considerations [8] regarding above-threshold ionization
(ATI). However, so far it has gone unnoticed that the
combination of the Wigner threshold behavior with short
intense pulses can give rise to a peculiar zero-energy
photoelectric effect (ZEPE) with a characteristic maximum,
whose position at very low photo-electron energy does not
depend on the photon energy but on the duration of the
(short) laser pulse. That short intense pulses can lead to
unusual electron dynamics has been pointed out in the
context of nonadiabatic photoionization [9,10] where short
pulses can even be used for coherent control [11].
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The ZEPE effect requires pulses short enough such that
their spectral bandwidth AE is larger than the binding
energy Ega of the detached electron, typically of the order
of a few femtoseconds. This was clearly not the case in the
ATI detachment experiments with 800 nm light. ZEPE is
enabled by a two-photon process, where a bound electron
absorbs a photon and emits a photon, ending at the same
(bound) energy as it started from. Therefore, this mecha-
nism does not typically contribute to the photo-electron
spectrum. However, if the laser pulse is short enough that
the spectral peak at the binding energy “leaks” into the
continuum (see Fig. 1), this process becomes visible in
form of photo electrons and can lead, together with the
Wigner power law, to a pronounced ZEPE maximum.
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FIG. 1. Multiphoton detachment of a an electron, weakly bound
by electron affinity Eg, to an ion, will give rise to peaks in the
photo-electron spectrum at energies E = —Egs + nw, shown
here for n = 1, 2. However, following absorption of the first
photon it is more likely that a second photon is not absorbed but
emitted (—Aw) since the bound-continuum |Ey) — |E,) transition
dipole is much stronger than the continuum-continuum |E;) —
|E,) transition dipole. This process with net-zero energy absorp-
tion only becomes visible in the spectrum for very short pulses
(blue) leading to a broad peak at —Eg,, whose tail reaches into
the continuum (light blue shaded) but not for longer pulses (red).
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Negative ions are an ideal target to clearly identify
the ZEPE, since they combine a low electron affinity (EA),
i.e., the ionization potential of the negative ion,
with a typically large gap to the next ionization potential
(IP), i.e., the ionization potential of the (neutral) atom.
Therefore, a relatively large photon frequency, still ful-
filling Egp < @ < Epp, can be chosen, which on the one
hand energetically prevents ionization of more deeply
bound electrons and on the other hand lets the first ATI
peak appear at relatively high energy, keeping an energy
interval just above threshold pristine for a clean signature
of ZEPE.

We will demonstrate the effect in the following with
negative ions of hydrogen and oxygen in a simple and
transparent fashion. To this end, we use an effective
potential for the bound electron of the negative ion which
is designed to reproduce the EA well [12,13],

Z b

vir) = 1+ clexp(r/ry) = 1]’

(1)

where Z is the nuclear charge. It is Z =1 and Z = 8 for
hydrogen and oxygen, respectively. We use atomic units
unless stated otherwise. With parameter values b = 1.1,
c=1,and ry = 0.5292 A the computed E;, = —0.75 eV
for H™ closely matches the experimental value [14].
Similarly, with b =1, ¢ =1.9607, and ry = 0.4689 A,
the computed E,, = —1.464 eV for O~ is in good agree-
ment with the experimental value of —1.461 eV [15].
With the potential (1) the Hamilton operator reads

H(1) =p*/2+ V(r) +p - e,Agg(r) cos(wt),  (2)

where g(t) = exp(—>/T?) is the laser-pulse envelope with

the pulse duration T = Tyypm/ V2102, linearly polarized
along the z axis and dipole coupled in velocity gauge. In
single-active-electron approximation (2), the propagation
of the 3D time-dependent Schrodinger equation (TDSE),
for processes discussed here, is straightforward, since the
number of photons involved is moderate. What is chal-
lenging, however, is the numerically accurate description of
the very small detachment probabilities close to threshold.
To this end we calculate eigenstates and dipole matrix
elements for the potentials givenin (1) for£ = 0...7 . ina
box r =0...R up to a cutoff energy E,. The parameters
used are £y, =4, R=3x 10> A and E_,, = 3 keV. The
TDSE is propagated numerically with this field-free basis.
From the final amplitudes obtained we calculate the photo-
electron spectrum. Attaching to every eigenstate a normal-
ized Gaussian, whose height is the absolute square of the
amplitude and whose width is given by the level spacing at
the corresponding eigenenergy, produces a continuous
spectrum. Thereby, the density of states and the detachment
process are correctly included.
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FIG. 2. Spectra from H™ for Ty, = 1 fs, I = 10'* W/cm?
and 4 different photon frequencies (w = 3, 6,9, 12 eV). We show
electrons in the s-continuum (a) and the d-continuum (b),
respectively. Note, while higher-order peaks (at energies
E 2 6 eV) shift with increasing o to higher energies, the zero-
peak position (E, = 0.3 eV and E; = 1.4 eV) is independent of
. Spectra are scaled such that they agree for £ = 0.1 eV.

Figure 2 shows the resulting photo-electron spectra for
H™ exposed to a laser pulse of 1 fs duration and a peak
intensity of 7 = 10'* W/cm? for different photon frequen-
cies. The unique feature of the zero-energy photoeffect is
evident: There is a pronounced maximum close to threshold
(E,~0.3 eV and E4 ~ 1.4 eV) which is independent of the
photon frequency, clearly different in shape from the two-
photon ATT peaks which can be identified at the respective
energies £ = 2w — Eg,. If the ZEPE maximum is much
smaller than and too close to the ATI peaks, typically for
higher final partial waves £ > 0, then it may get buried
under the rise to the two-photon ATT peak, which is the case
for H- — d detachment with 3 eV photons, as visible in
Fig. 2(b).

To understand how ZEPE comes about qualitatively and
quantitatively, we take a closer look at the near-threshold
energy range with the spectra of Fig. 3 on a linear scale for
different pulse durations 7. One immediately sees that the
spectra depend on T, as already anticipated. The Wigner
threshold law [4] states that for breakup of two fragments
under short-range forces (which is the case for electron
detachment), the ionization probability near threshold does
not depend on the respective process but has a universal
shape given by the available continuum states in momen-
tum space, i.e.,

P(E-»O)oc/dpp2<f+‘>5(p2/2—E)chf*'/z, (3)

where £ is the angular momentum of the fragment pair.
Following the intuition that ZEPE originates in the combi-
nation of the Wigner law and a Gaussian energy distribu-
tion induced by the short laser pulse, located at the binding
energy —FEg, due to the two-photon zero-energy process,
the detachment probability should be given by (see also
Appendix A)
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FIG. 3. Photo-electron spectrum (colored solid lines) of H™ for

a Gaussian pulse with different pulse duration Ty, = 1, 2, 3 fS,
carrier frequency @ = 9 eV, and intensity / = 10'* W/cm? for
the s (a) and the d-channel (b), respectively, and fits (black dashed
lines) according to Eq. (4).

Pylos(E) = P.(E)s; y(E/Ega), (4)
P.(E)=[1+E/E]" (4a)
Sf,/i(x) = ﬂ4xf+% exp(—ﬂ2 [x + 1]2)- (4b)

The universal shape s, 4(x) of the zero-energy photo-
electron spectrum is fully determined by the angular
momentum ¢ of the photo electron and f = Eg,/AE the
ratio of electron affinity Eg, to spectral pulse width AE.
From the spectral representation of the pulse and the fact
that ZEPE is a two-photon process AE = 2/T follows,
which is confirmed by second-order perturbation theory
discussed below. Furthermore, P,(E) takes care of the
slowly varying background, being different for each ion.

The dashed lines in Fig. 3 show Pl (E) according to
Eq. (4). The only fit parameter E, assumes the values E, =
0.896 eV and E, = 0.684 eV for the “s” and “p” photo
electrons of hydrogen and oxygen, respectively, while
E,=134¢eV and E, > 1000 eV for the electrons
detached with angular momentum “d” and “f” reveal that
the background is nearly constant in these cases over the
energy interval considered. Obviously, Eq. (4) represents
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the numerical results very well, giving confidence in the
interpretation and description of ZEPE provided.
Deviations for O™ at “longer” pulses can be attributed to
higher-order effects occurring for intense pulses, since the
agreement with the analytic description for a weaker
pulse with 7 = 10'> W/cm?, as shown by the gray line
in Fig. 4(c), is excellent.

Peculiar at second glance is the variation of the maximal
detachment with the pulse length 7" or AE, respectively.
Note that the highest maximum is achieved in Fig. 3 with
Ttonm = 2 fs for the £ = 0 case, while for all other £ the
maxima seem to increase monotonically. To elucidate their
behavior systematically (see also Appendix B), we deter-
mine the maximum of P;fPE with respect to the two-
dimensional parameter space {f3, x}, i. e., the (scaled) pulse
width p = Egs/AE and the (scaled) excess energy
x = E/Egs. The corresponding optimal parameters,
obtained from vanishing derivatives with respect to f
and x, are given by analytical but lengthy expressions.
Inserting f(x) = v/2/(1 + x), the solution of the first
condition GP%PE /op =0, into the second condition

8P§£PE /0x = 0 gives an analytical but lengthy expression
for Py (X*, €), 1. e. the pulse width that gives the highest
peak of the detachment probability.

Ignoring the background modification (4a) by taking
the limit x* — oo one obtains with the simpler expressions
ﬁMax = (7 - Zl/ﬂ)/4\/§ and XMax = (1 + 2Z/ﬂ)/(7 - 2f)
directly the optimal pulse duration Ty =
V8102 2f\1ax/ Ega- The values are 2.55 fs and 1.09 fs
for H™ (s and d channel) and 0.92 fs and 0.18 fs for O~ (p
and f channel), consistent with the data shown in Fig. 4.
Within the same approximation one can determine the
location of the maxima of P;gPE for a given pulse durations
p. They read

EmaX:@< 1+(2f+1)/ﬁ2—1) (5)
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FIG. 4. Photo-electron spectra for H™ (a),(b) as in Fig. 3 but also for the two final channels of O~ (c),(d) in double-logarithmic scale.
Note the different vertical scale for each panel. The gray line in panel (c) is for a lower intensity of 7 = 10'> W /cm? and therefore scaled
by a factor of 10*. The dotted lines in panel (d) are computed with a basis of states up to E., = 30 eV which would allow to describe
three-photon processes; the solid curves are for E ., = 3 keV. Arrows mark the maxima according to Eq. (5).

103201-3



PHYSICAL REVIEW LETTERS 134, 103201 (2025)

TABLE I. Total ionization probability P for H™ and O~ for
accessible channels and three pulse durations 7 ppmy-

H - s H —>d O - s O —>d
Trahm =115 89x107* 15%x10 1.8x10* 7.1x 1078
2 fs 4.4 %107 9.1x107% 3.1x107° 9.7 x 107!
3 fs 1.1 x107* 64x107° 39x10% 68x 10713

and are shown in Fig. 4 for the respective pulses with
vertical arrows. Although for # =0 H")and 7 =1 (O7)
the background is relevant, since E, is in the energy range
of interest, the values (5) explain the maxima there
quite well.

Hence, the overview of ZEPE for H™ and O~ in Fig. 4,
highlighting the influence of different partial waves ¢ =
0, ..., 3 of the fragments, reveal that essentially all features
discussed so far can be identified and are confirmed. For
completeness we estimate the number of ZEPE electrons
per shot one could detect in an experiment,

Nexp = Nionllexp/10'* W/em?|* Py, (6)

where N, is the number of ions in the target volume, /.y,
the experimental laser intensity, and Py is given in Table 1.

The double-logarithmic scale in Fig. 4 was chosen to
emphasize the threshold behavior, and one can see that the
quasianalytical formula (4) performs in all cases extremely
well compared to the numerical TDSE calculations,
particularly with regard to the large dynamic ranges
|
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FIG. 5. Photo-electron spectra in linear (a) and double-loga-
rithmic (b) scale for the f channel of O~ from TDSE calculations
(w and [ as in Fig. 3, Tppm = 1 fs) with different cutoff energies
E . (see text).

considered. In fact, the TDSE results in Fig. 4(d) contain a
surprise: they appear not to be converged for the £ =3
spectrum of oxygen. Indeed, despite very small photo
electron energies of the order of 1 meV, numerically one
has to include continuum electrons up to 3 keV to achieve
convergence (see also Fig. 5).

Since ZEPE is dominantly a two-photon process as
corroborated by its dependence on laser intensity (see
Appendix C), it should also be understandable with
second-order perturbation theory comprising the two
different events of absorption of a photon followed by
emission (7 = “+ 7) of a photon, typically much stronger
than emission followed by absorption (3 = “—"). The
ionization amplitude to energy E for these processes
reads [16]

+oo . ! .
a(E) = ZdEkdkEA/ th(t)el[E_Ek]t/ dt’A(t/)el[Ek+EEA]tl
k - -

o0

T4 2
:gT A E dprdyga
k n==+

with the dipole matrix elements d;;, = e_ - (¢;|d|¢;) and the
detunings Ay = E;, F w. We have not explicitly specified
that |¢g), |px), |¢r) have different angular momenta Z,
dictated by selection rules in the dipole matrix elements,
and for simplicity we have assumed that all virtual states
|¢y) are discrete in accordance with our numerical treat-
ment of the continuum. Finally, due to the necessary cutoff
at E,, the sum over virtual states k is finite. From the real
part of (7) one sees that continuum states, which are
resonant with initial one-photon absorption A, = 0, are
dominant as well as the final energy equal to the initial
energy, E = —Eg,, as expected for the zero-energy photo-
electric effect.

Coming back to the requirement of including very high
energies E; in the calculation to reach convergence for
small finite energy E, we note that the Dawson function

[e—nAZwEAME—Az]Z]T2/4 _

o
7%e‘[E+EEA]ZT2/8F([2AZ + Ega — E]T/V3) (7)

|
F [17] in the imaginary part of Eq. (7) falls off very slowly
F(x) ~1/(2x) for large x. That implies that nonresonant
states E; > E can contribute significantly. Since the
detachment probability o (E/Egy)?*/? is very small near
threshold, it must be determined with high absolute
accuracy, which explains why unexpectedly high virtual
energies need to be taken into account. Note, that for the
very same reason the two-photon process of first emitting
and then absorbing a photon, in standard situations never
considered, has a non-negligible contribution.

In summary, we have discussed a universal two-photon
process optimally observable in negative ions, where the
weakly bound electron after absorption and emission of one
photon returns to approximately its initial energy. If a short
(broadband) pulse is employed, part of the spectrum will
leak into the continuum. Together with the typical Wigner

103201-4



PHYSICAL REVIEW LETTERS 134, 103201 (2025)

power law of the electron-detachment cross near threshold, a
characteristic maximum forms at very low electron energies,
which does not dependent on the photon frequency, as
accurate numerical calculations confirm. They require the
inclusion of surprisingly energetic electronic continuum
states to converge, highlighting subtle features of this
unconventional process which also surface in second-order
time-dependent perturbation theory. Following physical
intuition, we have derived an analytical form of the spec-
trum. It describes the relative peak height and location as
well as the dependence on pulse length and electron affinity
of this peculiar zero-energy photoelectric effect very well,
which will facilitate its experimental realization.
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End Matter

APPENDIX A

The considerations leading to Egs. (4) are the following.
We know the behavior of the ZEPE spectrum for small and
large excess energies E analytically. (i) According to the
Wigner threshold law, see Eq. (3), the detachment prob-
ability must vanish for E — 0 as P(E) ~ E“*1/2_ (ii) In the
opposite limit of large energies E > 1/T the detachment
probability is suppressed by the finite spectral width of the
laser pulse P(E) ~ T*e"[E+Eeal’T*/4 a5 has been quantified
in Eq. (7). Therefore, the product of these two functions
describes the dominant dependence on excess energy E.
(ii1) However, such kind of dynamics typically sits on a
background which slowly decreases with increasing E. We
parameterize this cross section with P,(E), where E,
controls the decrease of P, (E). We have formulated similar
shape functions successfully in the past for electron impact
ionization and photo double ionization near threshold with

three charged fragments in the final channel [19-21], where
the threshold behavior is governed by the Wannier thresh-
old law [5,6]. By combining (i-iii) and introducing
dimensionless quantities f = Egp/AE with AE=2/T
we arrive at Egs. (4).

APPENDIX B

Since P.(E) is slowly varying, we can determine the
position of the maxima and their dependence on the pulse
duration analytically to a good approximation by neglect-
ing the dependence on P, (E), using the expression

2. 1
PngE<E) = ﬂ4x£+; exp(—ﬂz[x + 1]2)‘XZE/EEA'

(B1)
The maxima are obtained from the vanishing derivative
with respect to x (= E/Eg, ). The highest maximum occurs
when the derivative with respect to (= Ega/AE) vanishes

103201-5
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as well. By looking first at the latter one obtains

5] ~g/}
0/)) ZEPE

ie., f=+2/[1 +x] as stated in the text. Note that this

relation even holds for the more general P;gPE.
Similarly, it is

= [4/p = 2p[x + } ] ZEPE =0, (B2a)

O et = (16 4+ 1/2]/x = 282+ 1)|P4eg = 0. (B2b)

ox

By combing the two conditions from Eqs. (B2) we arrive at
the By = (7 —2£)/4v2 and xy, = (1 +2¢)/(7 - 2¢),

as stated in the text.

APPENDIX C

In order to show that the process considered is indeed of
2nd order, we show in Fig. 6 for H™ the dependence of the
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FIG. 6. Maxima P, of the photo-electron spectra P(E) for H~
into the s (blue circles) and the d (red diamonds) channel as a
function of the laser intensity 7 along with fits P, (7) ~ I* (gray-
dashed lines). The pulse duration is T'gy, = 3 fs, the carrier
frequency w = 9 eV.

maxima P, in the spectra on the laser intensity /, which
evidently scales with /.
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