
SC I ENCE ADVANCES | R E S EARCH ART I C L E
APPL I ED PHYS I CS
Institute for Research in Electronics and Applied Physics, University of Maryland,
College Park, MD 20742, USA.
*Corresponding author. Email: milch@umd.edu

Schwartz et al., Sci. Adv. 2019;5 : eaav6804 22 March 2019
Copyright © 2019

The Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

originalU.S. Government

Works. Distributed

under a Creative

Commons Attribution

NonCommercial

License 4.0 (CC BY-NC).
Remote detection of radioactive material using
mid-IR laser–driven electron avalanche
Robert M. Schwartz, Daniel Woodbury, Joshua Isaacs, Phillip Sprangle, Howard M. Milchberg*

Remote detection of a distant, shielded sample of radioactive material is an important goal, but it is made difficult by
the finite spatial range of the decay products. Here, we present a proof-of-principle demonstration of a remote detec-
tion scheme usingmid-infrared (mid-IR) (l = 3.9 mm) laser–induced avalanche breakdown of air. In the scheme’s most
basic version, we observe on-off breakdown sensitivity to the presence of an external radioactive source. In another
realization of the technique, we correlate the shift of the temporal onset of avalanche to the degree of seed ionization
from the source. We present scaling of the interaction with laser intensity, verify observed trends with numerical sim-
ulations, anddiscuss theuseofmid-IR laser–drivenelectronavalanchebreakdown todetect radioactivematerial at range.
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INTRODUCTION
Detecting radioactive material at range remains a difficult technical
challenge. Conventional methods such as Geiger counters directly
detect radioactive emission whose flux falls off, at best, as the inverse
square of the distance from the source, with additional reduction by
shielding materials and from absorption in air. In the immediate
vicinity of radioactive material, however, high-energy a-, b-, and
g-particles ionize neutral air constituents, elevating the number
of free electrons and ions present in the ambient air, providing a
source of species for extensive positive and negative ion chemistry.
Electron avalanche breakdown seeded by the negative species, and
driven at range by a laser source, is one possible method for detecting
radioactive material remotely.

In electron avalanche breakdown, intense electromagnetic wave–
driven electron collisional heating and ionization initially increases
the electron density exponentially, followed by a saturation phase where
the growth rate is strongly reduced. Avalanche breakdown was first ob-
served usingmicrowave sources and later with high-power pulsed lasers
(1–4). In the latter case, free electrons in the focal volume (whose origins
in this experiment are discussed later) experience driven oscillations in
the laser electromagnetic field. These coherently driven electrons
undergo weak elastic collisions with atoms and ions, which introduce
small phase shifts and direction changes to their orbits, suppressing
reradiation of the oscillation energy back into the laser beam. Coherent
electronmotion driven by the beam is thus converted to incoherentmo-
tion or heating. This process is commonly called resistive or inverse
Bremsstrahlung heating. A simple estimate of the heating rate is de/
dt ~ 2nUp (5), where n is the electron-atom elastic collision rate, Up ~
0.93 × 10−13Il2 (eV) is the time-averaged electron oscillatory energy or
ponderomotive potential, I (W/cm2) is the laser intensity, and l (mm) is
the laser wavelength, illustrating the favorable scaling of heating with
laser wavelength. Ionization occurs when the highest-energy electrons
have energies exceeding the ionization threshold of neutral air con-
stituents; ionization can then proceed by inelastic collisions.When elec-
tron heating and ionization are strong enough to overcome losses such
as diffusion, recombination, and radiative cooling, the density of free
electrons increases in an exponential cascade, with the time required
for the density of electrons to double determined by the laser field
strength, wavelength, and local air density. Once the local density of
the ionizing species, such as neutral airmolecules, declines bymore than
a few percent, growth is no longer exponential, with electron density
increasing at a lower rate until saturation at maximum ionization is
reached. At this point, either the gas is fully ionized or the electrons
are insufficiently heated during the laser pulse to push the ionization
level higher.

One approach to using the avalanche process to detect radioactive
sources is to use the sensitivity of the air breakdown time to the initial
electron population in the laser focal volume. From a diagnostic per-
spective, we consider “breakdown time” to be the time delay for the
laser-driven ionization to grow to some detectable level. As shown in
the simulation of Fig. 1B (see Materials and Methods), differences in
the local laser intensity experienced by a seed electron in air can man-
ifest as clear differences in breakdown rate.We later discuss how these
differences are measurable in terms of an effective breakdown time.

In previous work, schemes have been proposed to detect shifts in
breakdown time in the presence of radioactivity using a high-power
terahertz- or millimeter-wave source (6, 7). Recent experiments ob-
served a time shift in air breakdown by a 95-GHz gyrotron in the pres-
ence of a 0.64-mCi 60Co source (8). Scaling these interactions to long
range, however, demands very large diameter focusing elements to
counteract the rapid beam diffraction at these long wavelengths, neces-
sitating extremely high-power gyrotrons that are not readily available
(7). In addition, the long pulse durations of these sources (longer than
tens of microseconds) (7, 8) make the breakdown susceptible to random
seeding by cosmic rays or diffusion of free electrons or dust particles into
the focal volume, complicating the determination of breakdown time.

In addition to free electrons, ion products can also be important for
an avalanche-based detection scheme. In particular, the superoxide
anion O2

−, produced by attachment of free electrons to O2, is the
primary ion generated over short time scales after an ionization event
(9) and is the key precursor species to the subsequent ion sequence in
tropospheric negative ion chemistry (10–12). Because of its low electron
detachment energy of 0.45 eV (13), O2

− is a readily accessible source of
additional electrons to initiate breakdown. Recent theoretical work on
the avalanche detection scheme has suggested using a secondary visible
or near-infrared (near-IR) wavelength laser (with a photon energy of
>0.45 eV) to first photodetach electrons fromO2

− followed by a pulsed
IR laser to drive the electron avalanche (14, 15). Assuming a steady
source of ionizing radiation from a radioactive source, a simple rate
equation model (see Materials and Methods) (15) gives the pre-
avalanche ratio of free electron density to O2

− density, Ne=NO�
2
≈

5b=hNO2≈10
�6, where b is the loss rate of O2

− due to collisions with
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neutral air molecules, h is the rate of attachment of electrons to O2,
and NO2 is the density of atmospheric oxygen. Therefore, O2

− ions
are the dominant species for seeding avalanche breakdown.

Here, we report on the proof-of-principle demonstration of mid-
infrared (mid-IR) laser–driven avalanche breakdown as a scheme for
remote detection of radioactive sources. In themost basic version, we
observe on-off sensitivity of the avalanche breakdown of air to the pres-
ence of an external radiation source. In another realization of the
scheme, we correlate the shift of the breakdown time to the externally
supplied initial ionization. The breakdown time is measured by trans-
mission of a chirped probe pulse or backscatter of the pump pulse, de-
tection methods that are robust and relatively insensitive to alignment.
Observed shifts in breakdown timing are supported by simulations of
the avalanche evolution in the laser field. We discuss scaling of the
avalanche breakdown with laser intensity and focal geometry and its
extension to standoff geometries of interest to applications in the field.

Our use of amid-IRwavelength laser (l =3.9 mm) at a pulsewidth of
50 ps to drive avalanches is particularlywell suited to radiation detection
for multiple reasons: (i) the initial population of free electrons is easily
liberated from O2

− by two-photon ionization without the need for a
secondary laser; (ii) the low photon energy at l = 3.9 mm (~0.25 eV)
suppresses the competing effect of higher-ordermultiphoton ionization
Schwartz et al., Sci. Adv. 2019;5 : eaav6804 22 March 2019
(MPI) of neutral species; (iii) for comparable intensities, a long-
wavelength laser results in greater plasma heating and stronger ava-
lanche (as discussed earlier); (iv) the pulse duration is long enough to
drive an avalanche, allowing clear observation of breakdown time
shifts, yet short enough to avoid the complicating effects of air plasma
hydrodynamics while the pulse is on; (v) the probability of a dark count
in a 50-pswindowdue to randomseeding by cosmic rays, diffusing elec-
trons, or dust is greatly reduced compared with nanosecond pulses; and
(vi) compared with nanosecond pulses, reduced energy is needed to
drive an avalanche.We note, related to point (ii) above, that with visible
or near-IR lasers (Nd:YAG at 1.064 and 0.532 mm, or Ti:sapphire at
0.8 mm), we have observed that the intensity level needed to drive an
easily detectable air breakdown also generates many electrons through
MPI of neutral air molecules, completely masking the initial population
of free electrons induced by the radioactive source (16).

The development of an avalanche breakdown requires sufficient
plasma heating to overcome losses such as electron attachment, dif-
fusion, and inelastic collisions. For short pulses of duration t, such as
the picosecond pulses in the present experiment, the intensity thresh-
old to reach full collisional breakdown increases as 1/t to reach full
ionization by the end of the pulse. The time-limited air breakdown
threshold intensity presented in (17) is Ith(W/cm2) ≈ 8 × 102/Ptl2,
R

B

Fig. 1. Radioactive source–seeded mid-IR laser–driven avalanche breakdown of air. (A) Copropagating 50-ps (FWHM) l = 3.9 mm pump and 70-ps (full width)
chirped 1.45-mm probe pulses are generated in an OPCPA system (see Materials and Methods for details). Beamsplitter BS1 splits off >99% of the l = 1.45 mm probe and
sends it to PbSe photodetector PD1 for a probe pulse energy reference. This signal is also proportional to the l = 3.9 mm pump energy (sample trace shown) because of
the optical parametric amplification process. (B) Ionizing radiation (5.3-MeV a-particles) from an 18-mm-diameter Po-210 foil source generates a population of free
electrons and O2

− ions in the focal region of lens L1, seeding collisional avalanche ionization driven by the l = 3.9 mm pump. At lower average seed density, a seed
electron is less likely to appear in a region of highest laser intensity in the focal volume, and thus, a local breakdown will take longer as shown in the simulation panel.
The evolving avalanche breakdown plasma backscatters a portion of the l = 3.9 mm pump pulse, which is collected by lens L2 onto PbSe photodetector PD2, with a
sample trace shown. (C) The chirped l = 1.45 mm probe is transmitted through the plasma, separated from the 3.9-mm pump by beamsplitter BS2 and collected by lens
L3 onto InGaAs spectrometer Spec1. The spectral components of the chirped probe pulse correspond to specific time delays, as shown by the shared wavelength and
time axis on the inset figure. The rapidly increasing plasma density cuts off the chirped probe at the breakdown time, taken to be the wavelength interval (and
corresponding time) where the ratio Sb(l)/Sref(l) is reduced by 20%, where Sref(l) is the probe reference spectrum and Sb(l) is the probe spectrum transmitted through
the breakdown region.
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where P is pressure (atm), t is pulse duration (ps) and l is wavelength
(mm). Applying this to our laser parameters (t = 50 ps, l = 3.9 mm) in
air at 1 atm predicts Ith ≈ 1 × 1012 W/cm2. For avalanche breakdown
to occur, at least one O2

− ion must occupy a region close enough to
the laser focus that the local intensity is above Ith. For a given focal
spot size w0 and peak laser intensity Ip > Ith, the volume in which
breakdown can occur is Vbr(w0, Ip) and the number of O2

− ions within
that region is no�2 ¼ Vbrðw0; IpÞNo�2 . If no�2 ≪ 1, it is highly unlikely
that any ions are within this region so no avalanche can occur. For
no�2 e 1, a small number of ions are randomly distributed within the
laser focus, with a higher probability that they are located in lower-
intensity regions. Ions farther from the center of the beam waist will
seed a lower avalanche rate. For sufficiently high densities no�2 ≫ 1,
there will always be ions close to the highest intensities in the beam
focus, seeding the maximum avalanche rate. The fastest breakdown
time is thus determined by the peak intensity at the focus, while the
statistical average breakdown time is determined by a relationship be-
tween seed ion density, laser intensity, and focal geometry.
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RESULTS
Avalanche breakdown time shift and pump backscatter
Avalanche breakdown of air was driven by l = 3.9 mm, 50-ps FWHM
(full width at half maximum) mid-IR pulse laser pulses focused at a
varying f-number to peak intensities in the range 0.6 × 1012 to 2 ×
1012 W/cm2, with most runs conducted with a laser spot size w0 ~
100 mm. The experimental setup is shown in Fig. 1. Avalanche was
monitored using transmission of a weak, copropagating chirped probe
beam (~10 mJ; l = 1.4 to 1.5 mm; full width, 70 ps) and backscattering of
the l = 3.9 mm driver pulse. The pump and probe pulses were derived
from an ultrafast, mid-IR optical parametric chirped pulse amplifier
(OPCPA) laser system (25 mJ; l = 3.9 mm; compressed pulse width,
90 fs), where the pump and probe beams for the present experiment
were not compressed but were left as chirped pulses tens of picoseconds
in duration, as described in Materials and Methods.
Schwartz et al., Sci. Adv. 2019;5 : eaav6804 22 March 2019
We note that all radioactive sources of interest, whether a, b, or g
emitters, result in free-electron generation from the ionization of
ambient air. In this experiment, we use a 5-mCi Po-210 foil source,
which produces 5.3-MeV a-particles. Through collisions with air
molecules, the a-particles liberate high-energy electrons, which drive
subsequent ionization. The electrons thermalize and then efficiently
attach to neutral O2 within tens of nanoseconds (15) to form O2

−.
The avalanche is seeded by two-photon ionization of O2

− by the tem-
poral leading edge of the mid-IR driver pulse, as will be discussed
later. For the Po-210 foil source, the O2

− concentration is highest within
the a-particle stopping distance [continuous slowing down approxima-
tion (CSDA)] in air of ~3.5 cm from the source (18).

Figure 2 shows the results of the probe transmission and pump
backscatter as the Po-210 source is translated toward the pump focal
volume. The negatively chirped probe pulse copropagates with the
avalanche-driving pulse and passes through the transient plasma into
a near-IR spectrometer, while the backscattered driver light is collected
by a PbSe photodetector filtered with a germanium window to reject
stray visible and near-IR light (see Fig. 1 and Materials and Methods).
A probe reference spectrum was also collected for each new set of laser
parameters by inserting a borosilicate glass window in the beam path,
allowing the probe to be transmitted into the spectrometer but absorbing
the l = 3.9 mm laser light, preventing plasma formation. The probe chirp
was measured using cross correlation with a 200-fs, 1030-nm pulse (see
Materials and Methods). The probe pulse encodes a wavelength-to-time
mapping, enabling the readout of an effective breakdown time by
monitoring the reduced probe transmission through the interaction
region of the later-in-time wavelength components. We define the
breakdown time as corresponding to the wavelength at which the
transmitted probe is attenuated by 20% compared with the reference
spectrum. Figure 1C shows the transmitted and reference probe spec-
tra and the determination of the breakdown time using their ratio
Sb(l)/Sref(l). Probe attenuation can be attributed to a combination of
refractive scattering out of the collection solid angle and absorption
by the plasma. As the plasma density is well below the critical density
M
arch 22, 2019
Fig. 2. Breakdown enhancement in the presence of a Po-210 a-particle source. Pulses with peak intensities 0.6, 1.0, and 1.3 × 1012 W/cm2 (pulse energies of 2, 3,
and 4 mJ) focused at f/20 drove avalanche breakdowns as the radioactive source was moved 1.5 to 7 cm from the focal spot, with 2500 shots taken at each position.
The 5.3-MeV a-particle stopping distance in air is ~3.5 cm (18). (A) For decreasing radioactive source–focal spot separation, increasing O2

− seed densities cause faster
average avalanche breakdowns, until a maximum breakdown time advance is reached. (B) Earlier breakdowns result in increased l = 3.9 mm pump pulse backscattering
by the plasma. Backscatter points are time-integrated signals normalized shot by shot to pulse energy. Each curve is again normalized to its peak signal for comparison
between different intensities. The inset of (B) shows backscattering scans for several focal lengths at a fixed peak intensity of 0.7 × 1012 W/cm2, with similar normalization.
Error bars indicate the SD of the signal generated from the statistics of 2500 shots at each position and intensity.
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Ncr of the probe wavelength (at l = 1.45 mm, Ncr ~ 5 × 1020 cm− 3),
probe scattering is dominant. Our simulations suggest that when the
local electron density in the breakdown reaches Ne ~10

18 cm−3, ap-
proximately 5% of full single ionization, the region rapidly heats and
fully ionizes within a few picoseconds, driving an expanding ioniza-
tion front that strongly attenuates the pulse. Hence, we take the 20%
reduction in probe intensity to correspond to the breakdown having
reached a threshold of Ne ~10

18 cm−3.
While the probe reference spectral shape was highly reproducible

shot to shot, there were ~4% pulse-to-pulse energy fluctuations.
Therefore, for the breakdown time determination, all spectra were
first normalized to their peak spectral intensity, which occurred at
wavelengths (times) well in advance of observed breakdowns.

Figure 2A shows that as the Po-210a-source is brought closer to the
laser focus, the breakdown time advances by ~5 to 15 ps owing to the
increasing density of free electrons and O2

− ions seeding the avalanche
(see later simulations). Here, the avalanche driver pulse is focused at
f/20. Note that the sharp drop-off near ~2.5 to 3 cm in the curves of
Fig. 2A is consistent with a stopping distance of ~3.5 cm in air for
5.3 MeV a-particles (18). When the source is sufficiently far from the
driver focal volume, lower peak intensities (0.6, 1.0 × 1012 W/cm2) do
not drive the plasma density to saturation (in effect, they donot produce
a detectable breakdown), and the probe’s spectrum is negligibly attenu-
ated. This produces the zero time-advance points on the plot. Higher
peak intensities can drive breakdowns to saturation even in air far
enough from the radiation source—here, beyond the a-particle
stopping distance—to have a much lower seed density. This is due to
the larger volume Vbr around the focus with an intensity sufficient to
drive the breakdown to saturation. Even with the reduced O2

− densities
at longer source-focus distances, it is still likely that there is at least one
ion within this volume to seed the avalanche.

The breakdown time advance is reduced because with fewer seed
ions present, it is less likely for one to be located near the peak focal
intensity. This is seen in Fig. 2A at an intensity of 1.3 × 1012 W/cm2,
where breakdowns with a reduced time advance occur at distances
greater than ~4 cm. At this intensity, breakdown occurs even though
the O2

− ion density is markedly lower beyond the stopping distance
Schwartz et al., Sci. Adv. 2019;5 : eaav6804 22 March 2019
from the source but still above background because of steady-state dif-
fusion of O2

− ions from that region. At higher intensity, breakdown can
occur even without a radioactive source present, with avalanche seeded
by the background ion density of ~104 cm−3 in ambient air, induced by
cosmic rays (14, 15).

In a complementary experiment, we monitored backscattering of
the pump light (l = 3.9 mm) from the avalanching plasma, collected
through an f/4 imaging lens located at 150° to the incident pump direc-
tion (see the PD2 signal in Fig. 1). As seen in Fig. 2B, which plots the
normalized scattered light signals, the amount of light collected by the
detector markedly increases when the pump focus is close to the radio-
active source. For the 1.3 × 1012W/cm2 pump,which induces breakdown
in unseeded air, a large backscatter signal still occurs at distances from the
source beyond the a-particle stopping range. The inset to Fig. 2B shows
backscatter results for varying pump focus geometry at a fixed peak in-
tensity of 0.7 × 1012 W/cm2. The longer f/20 and f/25 geometries show a
backscattering drop-off at longer source-focus distances as well as a larger
response at those distances. Longer focal geometries probe larger vo-
lumes, enabling sensitivity to lower ion densities. These results illustrate
that tuning the avalanche driver pulse energy and focal geometry can
optimize the sensitivity of the technique to different seed ion concentra-
tions. As discussed above, the sensitivity limit is set by the naturally
occurring cosmic ray–induced O2

− concentration.

Avalanche on-off sensitivity
As seen in Fig. 2, by appropriately setting the incident laser intensity,
there is no detectable breakdown if the source is too far from the laser
focus, a nonresponse that would also occur in the absence of a radio-
active source.

A clear demonstration of the on-off behavior of avalanche break-
down is shown in Fig. 3, where we record, for breakdowns 1 cm from
the source, pump backscatter and breakdown time advance as the
a-particle source was blocked and unblocked by a mechanical shutter.
Consecutive runs of 100 shots with the shutter open and closed are
shown. For 1- to 10-mJ pulses with our backscatter collection geometry
and photodetector, the plasma must reach 1017 to 1018 cm−3, approxi-
mately 1 to 10% of full single ionization of air, to be detectable.We note
 22, 2019
Fig. 3. On-off response of breakdowns to a modulated external source of radioactivity. A series of shots measured the pump backscatter (left) and breakdown
time advance (right) as the a irradiation was periodically switched on and off using a mechanical shutter.
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that the backscatter signal contrast between “on” and “off” improves
substantially with laser intensity. This is due to earlier avalanche
breakdown at higher intensities, as seen by the strong increase in the
breakdown time advance shown in Fig. 2A. An avalanche occurring ear-
lier in the pulse temporal envelope ensures that more pulse energy is
backscattered, improving the contrast. As intensity is further increased,
however, breakdowns can occur because of the low density of back-
ground ions present in nonirradiated air, degrading the contrast.

In addition, the visible plasma recombination fluorescence exhibits
on-off emission as seen in a movie showing the effect of the mechanical
shutter blocking and unblocking the line of sight between the Po-210
a-particle foil source and the laser focus (movie S1). Plasma fluores-
cence emission from the avalanche is therefore an additional radiation-
sensitive detection channel. In a related experiment, a separate gas flow
O2

− ion source (from a 0.33 barg airflow past a 20-mCi Po-210
a-particle emitter) was aimed toward and away from the laser focus,
with visible fluorescence from air avalanche breakdown occurring only
when the source is aimed at the focus (movie S2).

Onset of avalanche: Initial two-photon ionization of O2
−

As observed in our earlier avalanche experiments using l = 0.8 mm
near-IR pulses at both ~200 ps and ~10 ns (16), the minimum peak
intensity level required to drive a detectable avalanche alsomultiphoton
ionizes neutral oxygen molecules at the leading edge of the pulse, gen-
erating a free-electron density that completely masks the contribution
from radioactive sources. Under these conditions, the avalanche was no
longer sensitive to the presence of the radioactive source. This is easily
understood: At the long-pulse air breakdown threshold of Ith ~ 5 ×
1011 W/cm2 for l = 0.8 mm (4, 15), the rate for MPI (19) of neutral
oxygen (n = 8 photon process for an ionization potential of 12 eV) is
nMPI ~2 × 10−4 s−1, which predicts an electron density of ~106 cm−3 in
1 ns, approximately two orders of magnitude higher than the density of
background O2

− ions from cosmic rays (14, 15) and comparable to
the density of O2

− ions induced by the radioactive source in the cur-
rent experiment. Given that practical implementation of the technique
requires operating above the avalanche threshold, the deleterious MPI-
generated electron densitywould further increase. The same trendholds
for near-IR picosecond breakdowns, since MPI increases markedly as
the intensity is raised to drive a faster breakdown.

In themid-IR, however, the ionization probability of neutral oxygen
drops drastically because of the characteristic In scaling ofMPI [where
n = 38 for l = 3.9 mm (photon energy, ~0.25 eV)], while two-photon
detachment of electrons fromO2

− ions (ionization potential, 0.45 eV)
occurs at a much higher probability. The rate of 38-photon MPI (19)
per neutral oxygenmolecule by a l = 3.9 mm, I ~ 1 × 1012W/cm2 pulse
is nMPI ~3 × 10−21 s−1. By comparison, electrons from O2

− ions are
detached by a two-photon process at an enormously higher rate (see
below). Although ions generated by radioactive decay include many
other species in the reaction chain from the O2

− precursor (such as
NO2

−, NO3
−, CO2

−, O3
−, O−, and OH−), their detachment energies,

ranging from 1.5 to 4 eV (20), require 5 to 10 photons at l = 3.9 mm,
making their ionization probabilities negligible compared with that
from two photon-detachment of O2

−.
At the onset of avalanche breakdown, the O2

− ions must first be
photodetached before contributing to the electron cascade process.
To determine when in the l = 3.9 mm pulse envelope (FWHM, 50 ps;
peak intensity, 0.8 × 1012 W/cm2) the initial two-photon detachment of
O2

− occurs, we compared the avalanche breakdown time advance with
and without single-photon ionization of O2

− by a copropagating l =
Schwartz et al., Sci. Adv. 2019;5 : eaav6804 22 March 2019
1.064 mm prepulse (90 ps; peak intensity, 6 × 108 W/cm2; photon
energy, ~1.2 eV), which should ionize ~10%of the initial ion population
(see Materials and Methods) (15). The prepulse was adjusted to arrive
0.5 or 1 ns before the l = 3.9 mmpulse. For this experiment, the Po-210
a-particle source was located ~1 cm from the laser focus. Using the
chirped l = 1.45 mmprobe pulse, we did not observe any breakdown time
advance induced by the l = 1.064 mmprepulse. This suggests that for these
conditions, two-photon ionization of O2

− takes place very early in the l =
3.9 mm pulse, over several picoseconds at most. Previous theoretical work
gives a two-photondetachment rate perO2

− ionofn2p ~10
−12 [I (W/cm2)]2

s−1 (21). This predicts 10% ionization overn�1
2p =10

e

2:5 ps atan early
time intensity of 0.2 × 1012 W/cm2 (one-fourth the peak intensity).

Using NO2
e

5� 1018cm�3 and NO�
2 e

106 cm�3 , which is in the
range of O2

− ion densities estimated in our experiments (see below), the
ratio of electron liberation rates fromMPI of neutralO2 and two-photon
ionization of O2

− is nMPINO2=ðn2pNO�
2
Þ ~10−20 at I ~ 1 × 1012 W/cm2.

This is negligible, even for considerably higher pump intensities. It is
therefore clear that avalanches driven by a l = 3.9 mm laser pulse are
essentially solely seeded by O2

− ions. Given this scenario, it appears that
air avalanches driven by higher laser intensities in the absence of a radio-
active source are seeded by the background O2

− ion concentration of
~104 cm−3 (14, 15).

Further insight into the role of negative ions in seeding avalanche
breakdown was obtained by irradiating a flow of pure nitrogen with
the Po-210 a-particle source. In a pure N2 environment, free electrons
produced by ionizing radiation and knock-off electrons do not form
negative ions, since N2

− is an unbound state (20). Thus, avalanche
breakdown in irradiated nitrogen is seeded by free electrons. When
comparing the Po-210–irradiated nitrogen breakdown to one in air
(both located 1 cm from the source), there was no detectable shift
(>2.5 ps) in the breakdown time advance, from which we infer that
the local free electron density in the irradiated nitrogen sample is roughly
comparable to the O2

− density in the air.

Initial ion densities
To more fully characterize the seed ionization level generated by the
5.3-MeV a-particles from the Po-210 source, we compared the
breakdowns of air irradiated by this source to breakdowns seeded
by a corona discharge ion generator whose ion production is absolutely
calibratedwith an ion counter (seeMaterials andMethods). Our results,
in Fig. 4, show comparable breakdowns, as measured by breakdown
time advance and backscattering, between the two sources when the
total negative ion density from the generator is 106 to 107 cm−3.Wenote
that the background ion density measured by the ion counter far from
the radioactive source was ~104 cm−3, in agreement with expected neg-
ative ion densities in ambient air (14, 15).

Since the ion counter cannot distinguish the types of negative
charges collected, this density includes the remainder of the ion reaction
chain in addition to the O2

− ions under study. In addition, some past
work suggests that electric discharges and radioactive sources can gen-
erate different ratios of ion species (11). However, for similar air break-
downs, the counts measured with the ion generator/counter give an
order of magnitude estimate of the O2

− ion density generated by the
a source.

A rough estimate of the initial negative ion density can be made
given the source activity, the range of a-particles in air, and the aver-
age energy needed to create an electron-ion pair (theW-value), from
which an ionization rate can be determined. TheW-value for a Po-210
a-particle in air is ~35 eV, such that a single decay will produce
5 of 8
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~105 electron-ion pairs (22). Given a CSDA stopping range of ~3.5 cm
and the planar source size of 1.7 cm, half of the decay products will be
emitted from the foil (2.5 mCi ~ 108 decays/s) in a volume of ~150 cm3.
This predicts an ionization rate of ~7 × 1010 cm−3 s−1, which is ~109

times higher than the ionization rates from background radioactivity
from cosmic rays and ambient sources such as radon (14, 15). Solving
the steady-state rate equations presented in (15) with this ionization rate
gives an O2

− ion density of ≥108 cm−3. Ion densities are likely lower in
practice because of ion diffusion, air convection, and energy lost by the
a-particle as it leaves the foil source.

Modeling and simulation
Results of a simple numericalmodel of ionization adapted from (15) are
shown for a range of laser intensities and initialO2

−densities in Fig. 5. In
Fig. 5A, plasma evolution seeded by a single electron versus the local
peak intensity is calculated for a Gaussian pulse with tFWHM = 50 ps
centered at t = 0 ps and terminated at t = ± 35 ps, consistent with
cross-correlation measurements of our pump beam. Breakdown time
Schwartz et al., Sci. Adv. 2019;5 : eaav6804 22 March 2019
advance is defined as the time difference between the plasma density
reaching 1018 cm−3, when the simulation predicts a rapid increase
in plasma density toward saturation, and the end of the pulse at t =
35 ps. The simulation results are broadly consistent with experimental
measurements, indicating a breakdown threshold near ~1012 W/cm2.
Figure 5B shows a simulation of the statistical spread of time advance
for our experimental geometry, based on the probability of finding a
seed electron at different locations in the focal volume.

At high seed densities, there is a high probability of an electron
occupying the region of peak intensity, such that themean time advance
saturates to the values plotted in Fig. 5A for intensities ≳ 1012 W/cm2.
The values of time advance agree roughly with those observed in the
experiment but are somewhat larger, likely because of the limited
modeling of diffusion losses (see Materials and Methods). Comparing
the plot with the time advances in Fig. 2A, we predict O2

− seed densities
~107 cm−3 near the a source and between ~106 and ~105 cm−3 beyond
the a stopping distance, in line with our previous estimates and mea-
surements in Fig. 4.
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Fig. 4. Comparison of avalanche breakdowns seeded by the Po-210 source and corona discharge ion generator. (A) Normalized backscatter signal versus source
distance from breakdown seeded by the Po-210 source (top) and versus negative ion concentration from an ion generator (bottom). All shots are for an intensity of ~2 ×
1012 W/cm2, which was high enough to ensure breakdowns at every position/ion concentration. (B) Breakdown time advance versus distance from breakdown seeded by
the Po-210 source (top) and versus negative ion concentration from an ion generator (bottom). Error bars show the SD over 2500 laser shots.
9

  

Fig. 5. Simulation of avalanche breakdown. (A) Simulation of the breakdown time advance starting from a single electron driven at a range of peak intensities
(Gaussian pulse with tFWHM = 50 ps, terminated at t = ± 35 ps). (B) Simulation of the distribution of mean breakdown time advances for different seed O2

− densities
driven by a laser pulse with a peak intensity of 1.05 or 1.2 × 1012 W/cm2 focused at f/20, matching experimental conditions. Error bars show the SD of the probability
distribution, calculated separately for values above and below the mean. Probability of breakdown times for a given density was calculated using Poisson statistics to
determine the probability of an electron occupying volume elements of differing peak intensities throughout the focal volume (see Materials and Methods).
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DISCUSSION
Consideration of the avalanche scheme for practical detection situations
necessitates scaling to much longer focal geometries and larger spot
sizes, with a goal being standoff distances up to ~100 m. Our observed
breakdown threshold range of ~0.6 to 0.7 × 1012 W/cm2 provides an
estimate of the minimum energy needed to achieve breakdown for dif-
ferent focusing geometries. For example, at f/100 (using a 1-m-diameter
beam focused at a distance of 100m), a total energy of ~31mJ would be
required to barely exceed the breakdown threshold at peak intensity for
ideal Gaussian beam focusing. By slightly increasing the peak intensity
to ~0.8 × 1012 W/cm2, the total volume for which the intensity exceeds
the threshold range varies from about 3 × 10−5 to 3 × 10−4 cm3, pro-
viding sensitivity to seed ion densities of ~105 cm3. For best sensitivity, the
laser conditions should be chosen such that the backgroundO2

− ion den-
sity in air from cosmic rays [~104 cm−3 (14, 15)] is unlikely to seed break-
downs, minimizing the “noise” of this detection scheme. Considerations
for detection sensitivity at range are the subject of ongoing work.

For nanosecond pulse–driven breakdown, the threshold intensity
is lower owing to the reduced electron density growth rate required
to achieve full breakdown over the longer pulse duration, where Ith
[W/cm2] ~ 3 × 1011/(l[mm])2 (4, 23) in the limit of long pulse widths.
Thus, at f/100, a ~10-ns square pulse at either l = 3.9 or 10.6 mm
would require ~400 mJ of pump energy. The motivation for consider-
ing pulses in the ~10-ns range is that currently available CO2 transverse
excitation atmospheric lasers at l = 10.6 mm can provide the relevant
pulse energies at those pulse durations.While these lasers do not have a
smoothly chirped probe beam available as used in the present experi-
ment, they would still achieve proper on-off sensitivity by avoiding the
MPI driven by near-IR laser pulses. They are also far more feasible than
terahertz sources in availability and focusability.

Although we have used an a-particle source to test our avalanche
scheme, our use of an ion generator producing known concentrations
allowed us to estimate the ion densities seeding themid-IR laser–driven
avalanche, and these are in reasonable agreement with simulations.
Therefore, we can extend our current work to g sources by consid-
ering the source activity and distance to the avalanche location that
will give a similar concentration of O2

− ions. Simulations suggest
(14, 15, 24) that the levels of O2

− to which we are sensitive in the
current experiment (≳106 cm−3 from Fig. 5) would be present≲10 m
from an unshielded 1-mg (~1 Ci) source of cobalt-60, while lower
initial ion densities (5 × 104 to 5 × 105) would be expected tens of
meters from the same source, or ≲1 m from a 1-mg (~1 mCi) co-
balt-60 source.

The present experiment used a chirped probe copropagating with
the pump to obtain breakdown time advance information, though prac-
tical standoff detection will require a backscattered signal. However, as
demonstrated above, the backscattered pump signal increasedmarkedly
as the breakdown occurred earlier in time. For an appropriate choice of
pump intensity (energy), backscattering displayed on/off sensitivity to
the presence/absence of an external radiation source. A chirped pump
pulse, with backscatter monitored with a mid-IR spectrometer, would
enable measurements of breakdown time advance at range, further
improving detection sensitivity.
MATERIALS AND METHODS
Laser system and electron avalanche
A schematic of the experimental setup is shown in Fig. 1. Upstream of
BS1 in the figure, pump pulses (FWHM, 50 ps; full width, 70 ps; l = 3.6
Schwartz et al., Sci. Adv. 2019;5 : eaav6804 22 March 2019
to 4.2 mm;≤20mJ) and probe pulses [full width, 70 ps; l = 1.4 to 1.5 mm
(nominally 1.45 mJ); ~10 mJ] are both produced in a hybridOPA (optical
parametric amplifier)/OPCPA ultrafast laser system (25). Near-IR (l =
1.4 to 1.5 mm) pulses (the signal) are generated in a three-stage
femtosecond OPA pumped by a 1.030-mm pump beam before being
dispersed in a grism pulse stretcher to a pulse length of 70 ps. The
negatively chirped near-IR signal pulse is then parametrically amplified
in an OPCPA by a 1.064-mm pump beam, generating the positively
chirped, 50-ps FWHM, l = 3.6 to 4.2 mm(nominally 3.9 mm) idler pulse
used to drive the avalanche. This pulse has been routed to bypass the
pulse compressor normally used to produce 90-fs pulses. After the
OPCPA, a dichroic beamsplitter BS1 routes the chirped 1.45-mm beam
to a photodiode to track shot-to-shot energy fluctuations, and a small
amount of leakage (~10 mJ) copropagates with the l = 3.9 mm pulse for
use as a wavelength-to-time encoded probe beam. [Single-shot mea-
surement of transient events using chirped pulses has been used in sys-
tems as disparate as optical rogue waves (26) and superluminal pulse
propagation (27).] Air breakdowns were observed in ambient air, seeded
by a 5-mCi Po-210 spot foil source fromNRD, LLC, or by a negative ion
generator (MurataMHM305 corona discharge). An additional source of
O2

− ions used only for movie S2 was a 0.33 barg airflow swept past a
20-mCi Po-210 a-particle source.

Diagnostics
Plasma evolution was probed both by the transmission of a chirped
copropagating probe beam (70 ps, 1400 to 1500 nm) gathered with
an f/2 lens into an Avantes near-IR InGaAs spectrometer, and back-
scatter of the pumpbeam incident on a PbSe photodetector filteredwith
a germanium window to prevent collection of near-IR scattered light.
The chirp of the probe beam was measured by cross correlation with a
synchronous 200-fs, l = 1030 nmpump beam, providing the time delay
corresponding to each spectral component.

A reference spectrumwas taken by placing a borosilicate window in
the beam path, absorbing the l= 3.9 mmpulse, while transmitting the
l = 1.4 to 1.5 mm probe, thus preventing the formation of any air
plasma. To account for reflection loss in the window and pulse-to-
pulse energy fluctuations, each spectrum was normalized to its peak
spectral intensity, which corresponded to a time well before the pulse
was attenuated. The threshold for the probe being attenuated was set
at 80% of the reference spectrum’s intensity.

Calibration of the negative ion generator was performed with an
AlphaLab Gerdien condenser meter. Because of the large gradient
in ion density near the a source compared with the size of the con-
denser meter air intake, it was not feasible to performmeasurements of
the a source with the condenser meter, but comparison of breakdowns
seeded by the ion generator and the a source (Fig. 4) allowed rough
estimates of the initial seed density for the radioactive source.

Modeling and simulation
Evolution of the electron avalanche in the laser field wasmodeled using
coupled rate equations for electrons, neutrals, positive ions, andnegative
ions (dominated by O2

− on the experimental time scale) as detailed in
(15). The rate equations include single-photon ionization andMPI, col-
lisional ionization, electron attachment, electron-ion dissociative re-
combination, and collisional negative ion detachment as a function of
the plasma temperature, density, and laser pulse intensity. However,
since the current experiment operates in a different regime from that
presented in (15), we have adjusted the model to account for statistical
breakdown and higher equilibrium temperatures. In the picosecond
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breakdown regime, a higher temperature (and collisional rate) is re-
quired to achieve ionization saturation before the end of the pulse. At
these higher temperatures, energy loss due to molecular dissociation
and ionization markedly increases, so we included numerical values
for these loss rates presented in (23, 27). In addition, for much of the
seed density range of our experiment, avalanches are locally seeded in
the laser focus by single or multiple isolated ions and not by a locally
continuous density as in (15). Hence, what is needed for proper
simulation of avalanches proceeding from single charges is the electron
density growth rate and plasma temperature Te for a given air density
and peak laser intensity, which were extracted for a range of intensity
values at atmospheric density. These rates were then used to evolve a
breakdownbeginningwith a single seed electron experiencing aGaussian
intensity pulse, and densities were calculated using an effective volume
4
3 pr

3
diff derived from electron diffusion. Here, rdiff ~ (2De/n)

1/2, where
De = kBTe/men is the diffusion coefficient, kB is the Boltzmann’s constant,
me is the electron mass, and n is the electron collision frequency with
neutrals and ions. Although this approach gives reasonable agreement
for the intensity threshold for achieving breakdown, at higher driving in-
tensities and plasma temperatures, additional diffusion driven by thermal
and pressure gradients would likely reduce the inferred time advance.

To generate a distribution of breakdown times, Poisson statistics
were used to calculate the probability of finding an electron at various
locations in the focal volume of a f/20, ~100-mmFWHM focal spot. The
probability that a given intensity I will determine the breakdown time
advance is given byPP ′, whereP = 1− e− l is the probability that at least
one electron occupies the volume corresponding to that intensity and
P′ ¼ e�l′ is the probability that no electron occupies the volume of
higher intensity, where l = NV is the average number of electrons in
the volume of interest.

To estimate the initial equilibrium ratio of electron density to O2
−

density, we consider only the rate equation for O2
− ions,

∂NO�
2

∂t ¼
�n2pðIÞNO�

2
þ hNeN2

O2
� bnNnNO�

2
, where n2pðIÞNO�

2
is the intensity-

dependent rate (cm−3 s−1) of two-photon ionization (n2p = 0 before the
pulse arrives), hNeN2

O2
is the three-body attachment rate of electrons

to neutral O2, and bnNnNO�
2
is the detachment rate from collisions of

O2
− ions with neutrals (densityNn), andwe assume Nn=NO2 ¼ 5. The

rate coefficients h and bn are found in (15). As discussed, the initial
electron, O2

−, and positive ion densities are small compared to the
neutral gas density, so we have neglected terms in (15) that correspond
to electron-ion interactions.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/3/eaav6804/DC1
Movie S1. ON-OFF response of laser-induced avalanche to external radioactive source.
Movie S2. ON-OFF response of laser-induced avalanche to radioactivity-induced oxygen ions
from an airflow source.
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