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Investigation of Micro-Scale Laser-Powered Dielectric Particle-Accelerators with Potential Application in the Long Range Sensing of Fissile Material

Introduction & Background

Particle accelerators, which reached maturity as research tools decades ago, have had deep impact in
discovery science and have become essential tools for broader society. In recent years, continued
advances in accelerator physics and technology have enabled fundamental physics discoveries by
extending the energy frontier to unprecedented heights. However, these modern facilities depend on
technology, based on microwave-driven resonant cavities, that is largely unchanged since the 1940s.
The typical rate of energy gain per meter (the “energy gradient”) has not grown significantly, and
consequently higher collider energies require larger and larger facilities. While refinements in cavity
design and materials (especially the use of superconductors) have gradually improved the energy
gradients attainable in modern structures to more than 100 MeV/m, fundamental physics and
engineering limitations are likely to prevent this number from increasing significantly in the future.
At the same time, it is clear that simply continuing to build larger and larger accelerators is, or soon
will be, practically and financially impossible. Future increases in collider energies must rely on new
methods of acceleration that can deliver far higher gradients. In addition, high-gradient acceleration
mechanisms could enable industrial and medical accelerators to become far more compact and
inexpensive.

In response to this need, the last two decades have seen intensive study of so-called advanced
accelerator concepts, including designs based on beam-to-beam energy exchange, externally powered
structures, and laser illumination of a solid or plasma. Some success has been achieved via the use of
laser-plasma and laser-solid interactions to generate large accelerating fields, but these approaches
have disadvantages relative to structure-based accelerators, including device complexity and lack of
field control. This paper describes an advanced accelerator based on a laser-powered structure.
Since energy gradient in a structure scales inversely with wavelength, moving from microwave- to
laser-powered structures can increase the gradient by several orders of magnitude. These optical-
scale field-shaping structures are collectively known as Dielectric Laser Accelerators (DLLAs), and
offer sustained accelerating fields in the GV/m range when powered by conventional short-pulse
lasers with GW peak powers and m] pulse energies illuminating millimeter areas. They offer a path
toward compact, extreme high-gradient acceleration for high-energy physics applications as well as
industrial and medical uses. Several DLLA designs have been investigated by multiple groups in the
last 10 years; they can be configured in a wide variety of geometries and support various accelerating
modes. The use of dielectric, rather than metal, has two advantages: it offers increased resistance to
electric breakdown, thereby increasing the maximum sustainable field within the structure; and it
leverages a well-developed semiconductor industry, allowing fabrication of structures from various
dielectric and semiconductor materials at the wafer scale and their replication in large quantities.

Several DLLA designs are variations on photonic band-gap (PBG) structures—in which a defect in a
periodic system acts to confine an accelerating mode—in one or two dimensions. The PBG fiber
accelerator consists of a hollow-core fiber optic cable, in which the central defect supports an
accelerating mode, and is under development at SLAC [13]; the “woodpile structure”[14] is a 3D
PBG constructed from a silicon lattice that fully confines the accelerating fields, and was also
developed at SLAC. These are both traveling-wave devices; without the benefits of resonant field
enhancement, coupling laser into the structure successfully is challenging. The woodpile structure
has also proven difficult to fabricate. A contrasting technology, the grating accelerator, has been
developed and tested at Stanford; in that case, acceleration occurs via the near fields created by
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Investigation of Micro-Scale Laser-Powered Dielectric Particle-Accelerators with Potential Application in the Long Range Sensing of Fissile Material

illuminating a diffraction grating with a laser [15, 16]. This nonresonant structure may have wakefield
limitations but is relatively simple to tune in energy. This device has been extensively studied and
shown clear acceleration at high gradients. [17]

This project investigated a distinct DLLA approach: a standing-wave structure with a resonant “cavity”
formed between two reflectors. Power is side coupled along a periodic diffractive optic (“phase
mask”). This structure is known as the Micro Accelerator Platform (MAP).

laser light

e substrate
- . .
[ [ | | | L] fixed period
coupler
:| DBR

matching layer

electric field

electron beam

matching layer

DBR

substrate

Figure 1: Cross-section of three periods of the Micro Accelerator Platform: the accelerating gap is shown in the
middle, with the electron beam traversing from left to right; the drive laser is incident from the top and
traverses a substrate (aqua), a diffractive optic coupler (purple, green, yellow, green) and finally a DBR
(green/grey).

The MAP is built around a pair of all-dielectric Bragg reflectors, giving high breakdown resistance

and scalability to various wavelengths (Figure 1). It is a low-Q structure that is well matched to
existing laser technology (Table 1).

The structure was the subject of extensive simulation modeling including realistic materials and
optical properties [12]. An optimal coupling scheme for laser power, involving a distributed grating
element on the upper surface of the device, and the effects of coupling parameters on the
accelerating mode have been extensively documented. Finally, prototype structures were built and

tested experimentally, with transmission and acceleration observed, and modeled via 3D self-
consistent simulation.
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Table 1: Accelerator and power source parameters for the reference MAP DLA design. The enhancement
factor here is 5.

Laser wavelength & Cell Length 800 nm
Effective gradient 0.5 GeV/m
Quality factor Q 800

Fill time 3 ps
Laser intensity 100 MW
Laser pulse length 3 ps
Energy gain per unit cell ~0.5 keV
Incident to Accelerating Field Ratio 1:5
Accelerating Field to Peak Structure Field 1:2

HDTRAT1-09-1-0043 Draft Final Report v4.docx Page 3 of 22



Investigation of Micro-Scale Laser-Powered Dielectric Particle-Accelerators with Potential Application in the Long Range Sensing of Fissile Material

Experimental Methods

The technological motivation behind the structure design of many Dielectric Laser Accelerators
(DLAsS) is threefold:

1. Select an spectral range where materials with good properties exist;
Select an operating wavelength where high-power sources commonly exist;

3. Design a structure geometry that supports the desired electromagnetic mode for particle
acceleration and can be fabricated with established methods.

These considerations typically drive DLLA design towards optical and near-IR wavelengths. Other
considerations determine how the accelerating mode will be produced and supported within the
structure. In PBG-based devices, the mode is confined with a minimal interaction with the material
(“walls”) of the structure; however, coupling of the mode into the PBG is often challenging. These
devices are often non-resonant, and as such require that the peak incident field be the same as the
peak accelerating field. In the MAP structure described here, a resonant accelerating mode is
established in the gap between two slab-symmetric reflectors. This mode’s peak field can have an
“enhancement factor” of several times the incident field. The input coupler is a simple diffractive
optic similar to a transmissive grating or phase mask. Because of the open geometry near the
accelerating axis, there is no mode confinement beyond that established by the incident field. This
configuration allows for large-aspect-ratio flat beams to be used as a method to increase the allowed
charge and reduce the space charge forces. In simulations it has been shown that while there is no
structural mode-confinement, the limited diffraction in the gap, incident field distribution and
enhancement factor contribute to a transversely-localized mode.

The longitudinal electric field of the MAP’s standing wave resonant mode is responsible for the
acceleration of electrons traversing it. In order to achieve synchronous acceleration, its periodicity

matches the distance travelled by an electron with velocity ffc during one optical cycle of the incident
laser (1/27w). The longitudinal wave vector and field thus take the form:

(0]

R

k
E_=E coskz cos 2 cos(wt + @)

s

k

This resonance of the MAP has been characterized with extensive simulation work detailing its field
enhancement, quality factor, fill time, and transverse field variation and is described in our prior
publications (see list in the Appendix). An example of the simulated resonant fields is given in
Figure 2, and the structure dimensions are shown in Figure 3.
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LASER IN COUPLER DBR GAP DBR

Figure 2: MAP accelerating fields of a single-period of the MAP structure, simulated in HFSS (false color
represents magnitude of electric field in the beam propagation direction. The laser impinges from the left. The
electron beam travels from bottom to top through the gap. The gap in the middle shows slightly scalloped
fields, as one would expect from a realistic structure.

ac2 E=49):( 84
1acl=65x130 :

<

> 3400

3400

R —— -~

: 2760

3000 :

1290 :
P e
: : ) H 3404
600 : 470 (from the edge
of the glue)

Figure 3: Dimensions of MAP structure and acceleration channels (colored in yellow), acl and ac2 refer to
alignment channels 1 and 2.

Equipment

The MAP structures as built measured 1.0 £ 0.1 mm in length and 1.00 £ 0.01 mm in thickness,
with a transverse area of 3.3 mm, comprising 1250 optical periods. A combination of methods from
the photonics and microelectronics industries, including lithography, lift-off, etching, polishing and
thin-film deposition, were used to fabricate the top and bottom halves of the structures on fused
silica substrates. In practice, dozens to hundreds of half-structures were fabricated at once on 100
mm (diameter) wafers (Figure 4). The two halves of the structure were fabricated separately, on
different wafers; following measurement of the thin-film thicknesses, the two wafers were bonded,
using spacers to fix the vacuum gap size at 400 nm (one-half optical wavelength). (Required
tolerances on the gap spacing are set by the need to preserve the quality of the accelerating mode,
and are estimated via simulation to be +15%.) Finally, individual structures were separated by dicing,
and each structure was checked for quality both visually and optically. Figure 5 is an optical
micrograph of a completed MAP structure.
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Figure 4: Fabrication: (A) White light reflection from thin films of structures (about 400 each) on silicon
dioxide wafer; (B) SEM image of top Bragg layers for one structure, in cross section; (C) Top full-wafer view of
an array of MAP structures prior to dicing; green and red lines are dicing guides.

1T mm

e-beam

Figure 5: Photograph (top view) of two completed MAP structures, side by side on a single substrate. The
active areas (acceleration channels) appear pale blue. The electron beam path is indicated by green arrows. The

two narrow stripes visible on the right side of the structure are 50X100 pm channels for beam alignment during
the experiment.

Figure 6: MAP installed at E163 beam line.

Further details of the fabrication and characterization processes have been given in the literature (see
references at the end of the Appendix). Several approaches for bonding have been explored, with
varying challenges and levels of success. We also note that establishing and determining the exact
gap height has been and continues to be a significant technological challenge. Spectrophotometer
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measurements of the Bragg layers have been successful in establishing thin-film thicknesses in larger
portions of the wafers [Travish et al., IPAC 2012; Sozer et al., PPPS 2013], but lack sufficient
resolution to detect the resonant accelerating mode in the 400-nm gap. Alternative approaches to
fabricating the structure would likely eliminate these problems (as a ~100 nm feature is well within
state-of-the-art for lithography), but would require additional development.

Table 2: Structure parameters as measured along with error or uncertainty (where known).

Parameter Measured Value
Period 800 nm

Gap (400 £ 20) nm
Length (1.0 £ 0.1) mm
Number of periods 1250

Total Thickness 1 mm + 10 um

Setup

Acceleration tests of the MAP structures were carried out using the E-163 beamline at the SLAC
National Accelerator Laboratory’s NLCTA facility (Figure 6). The E-163 beamline, with an energy
of 60 MeV, is well instrumented for installing and measuring laser-driven accelerators, including a
multi-axis precision positioning stage for structure mounting, camera-based alignment methods, and
a high-resolution energy spectrometer. An rf photocathode gun produces electron bunches at a 10
Hz repetition rate, which are pre- accelerated to 60 MeV in an X-band linac before interacting with
the DLA. The energy spread of each electron bunch is 10 keV, but the shot-to-shot jitter can
approach 70 keV when system conditions are poor. To reduce the energy jitter and spread,
collimating jaws are employed in the middle of a chicane after the linac. After passing through the
chicane, the beam is sent through a “dogleg” transport line and into the experimental hall. (This
dogleg, a strongly dispersive element, can cause positional jitter and orbit deviation at the IP.) In the
experimental hall, the beam passes through 6 final focusing quads and then through a triplet of
permanent magnetic quadrupoles. A diagram of the final section of the beamline is given in Figure 6
are summarized in Table 3.

For acceleration tests, the MAP structure is installed on a positioning stage at the final beam focus,
and its upper surface is illuminated by an 800-nm Ti:Sapphire laser, with the laser pulse length
matched to the fill time of the MAP accelerator (5 ps). The laser spot is highly asymmetric in order
to match the dimensions of the acceleration channel.

Table 3: Typical electron beam and laser parameters during MAP tests at NLCTA.

Parameter Value
Beam energy 60 MeV
Energy jitter (without collimation) +50-70 keV
Energy spread (FWHM, without collimation) 10 keV
Charge per bunch (without collimation) 10 pC
Electron bunch length (FWHM) 1ps
Beam spot size (FWHM) at IP

Vertical (25 £ 10) um
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Horizontal (50 £ 25) um
Beam emittance (normalized rms) 2-10 pm
Laser pulse length 5 ps
Laser spot size at MAP surface

Transverse (x) 50 wm

Axial (z) 1 mm

IR Pulse

Bend Magnet
Lens ) ?

PMQ Triplet

LANEX
Screen

Figure 6: Sketch of the experimental arrangement: The electron beam is incident from the left; the laser from
the top. Permanent magnet quadrupole magnets serve as a final focusing optic for the electron beam onto the
structure (placed on a micropositioning platform, not shown). After the interaction, the electron beam is sent
around a high-resolution bend spectrometer and imaged on a florescent screen using an intensified camera (not
shown).

Procedures

Successful acceleration requires precise alighment of structure, electron beam, and laser along three
axes, as well as temporal overlap of electron beam and laser. If the structure is misaligned by
rotation in the horizontal plane (i.e., around the x-axis in Figure 1), the effective period seen by the
beam is increased and the resonance condition will not be met. Likewise, if the structure is tilted
forward or backward relative to the horizontal plane (that is, rotated around the y-axis in Figure 1),
period-to-period phase variation is introduced and synchronous acceleration is prevented. To carry
out initial alignment, the electron beam is imaged at the IP and spectrometer; alignment of beam to
structure axis is initially done by eye and then optimized by maximizing beam transmission through
one of the 30x100 um alignment channels added to the MAP wafer, as the tip and tilt angles of the
stage are varied. To control for perpendicular incidence of the laser on the upper surface of the
structure, we bring the angle between the reflected laser signal and incident beam to zero, using a
beam splitter in the laser path; this produces alighment to a precision of £0.01°. Transverse spatial
overlap of the laser and electron beams is confirmed by a camera focused on the rear of the MAP
structure, which images both optical transition radiation (OTR) from the electron beam transiting
the glass and reflections of the laser from the layers of the structure. As the two beam sizes are of
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the same order, the laser spot centroid is varied by approximately half a spot width to ensure optical
overlap with the electron trajectory.

Temporal overlap of the electron beam and laser is initially accomplished by propagating the
electron OTR light (produced when it impacts the structure) to a fast photodiode located
downstream from the electron spectrometer, where it is overlapped with the laser beam. This
produces synchronization within the rise time of the photodiode, 50 ps. However, the resonant
structure mode exists for a far smaller time (the structure fill time is only 5 ps), and the photodiode
resolution is therefore insufficient to ensure interaction between electrons and laser fields. To
achieve true temporal overlap, a voice coil in the laser path pseudo-randomly varies the laser path
length over a length of 18 mm in a Halton sequence, producing £50 ps variation in the laser timing.
Over runs of hundreds of laser shots, all possible delays within this window are sampled, while the
voice coil position is recorded; thus, it is possible to correlate output energy spectra with laser-
electron delay time, and to establish the precise timing range over which acceleration is seen to occur.

The beam spot size, roughly 50 um diameter, is far larger than the aperture of the MAP structure
(400 nm vertically x 3 mm horizontally). The majority of the electrons will travel through the
dielectric material rather than the vacuum gap; in so doing they will lose energy via scattering, at a
rate on the order of several hundred keV/mm. Only those electrons transmitted through the
vacuum gap will emerge with their injection energy. The measured energy spectrum in the absence
of laser fields within the structure thus shows two peaks: the larger one, at lower energy, is the
scattered beam, with a small peak at 60 MeV containing the transmitted beam.

Since only the transmitted population will experience the accelerating fields in the vacuum gap, the
signature of acceleration is then a broadening of the transmitted spectral peak: as the electron bunch
is typically two orders of magnitude longer than a structure period, electrons are injected into all
possible phases of the accelerating field and experience both positive and negative energy
modulation. Electrons near the optimal phase for acceleration or deceleration will tend to be trapped
and bunched, enhancing the energy distribution at its high and low extremes, with the resulting
shape having a “double-horned” appearance, as simulated in Figure 7.
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Simulation Results

To model the performance of the MAP, a combination of simulation codes was necessary. The
trajectory of the injected electron beam through the NLCTA beamline was modeled using
elegant. Beams arriving at the MAP are then divided into separate populations: those that
traverse the vacuum cavity, and those that pass through the MAP substrate itself. The scattering and
energy loss of particles passing through the dielectric material are modeled using the GEANT4-based
code G4beamline to generate a downstream energy profile. Acceleration within the vacuum gap
is modeled self-consistently using VORPAL, which includes the buildup of resonance within the
structure after laser illumination, followed by energy modulation of the injected beam in the
resonant fields. The two populations are then recombined and tracked through the magnetic
spectrometer to obtain the predicted acceleration signal. Figure 7 shows an example of the expected
acceleration signal produced by this combination of models.
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Figure 7: Simulated energy distribution of an electron bunch after having traveled through the MAP with a
peak accelerating-field of 0.4 GV/m. The large peak on the left (purple arrow) consists of electrons that
transited the MAP substrate and were scattered; the smaller “double-horned” distribution on the right (cyan
arrows) shows positive and negative energy modulation of electrons transiting the vacuum gap.
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The random sampling of electron-laser delay times, discussed above, means that searching for
acceleration in the structure is a statistical process. For a given structure position, alignment, and
beam tune, several hundred laser shots are collected at a repetition rate of 10 Hz. An automated data
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acquisition system records spectrometer images for each shot and fits the resulting spectrum to a
combination of analytic functions, with the goal of identifying shots showing the expected
broadening of the energy spectrum of the transmitted beam. Shots for which the injected beam is
not well tuned can also be eliminated, by applying similar fits to the spectrum of the scattered beam
and measuring its energy centroid and spread, as discussed below. Other system variables (e.g., beam
charge, laser energy and structure position) are also logged for later analysis.

The injected beam’s energy jitter (£50-70 keV) was comparable to the expected energy modulation
via acceleration. A series of software filters were used to reduce the statistical noise, as follows: (i)
Gaussian fits were applied to the spectral peak due to unaccelerated (scattered) particles that traveled
through the structure material, and the scattered peak’s energy centroid and spread were determined.
(if) Shots in which the scattered peak width exceeded 300 keV (FWHM), indicating an increase in
initial beam energy spread due to phase drift upstream of the experiment, were removed; (iif) Shots
in which the scattered peak centroid was shifted by more than ~50 keV from its optimal range,
indicating fluctuations in pointing, were removed; (iv) Periods of stable and unstable beam
parameters were identified by measuring the shot-to-shot variability of the scattered peak width:
periods with large standard deviation in the scattered peak widths were associated with unstable
operation and were removed. After these three filtering steps, the variation in transmitted peak
width (with laser off) was reduced to £11 keV, which is 3 to 5 times less than the magnitude of the
expected acceleration.
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Experimental Results

A total of eight experimental runs using the E-163 facility were performed over an 18-month period,
as detailed in Table 4. Of those, two showed the expected signature of acceleration; the remaining
runs illustrate the many challenges encountered during this work, particularly involving fabrication.
Multiple structures were prepared for each run, in case of damage, but the difficulty of monitoring a
structure’s integrity during mounting at the IP, and during the experiment itself, can (and often did)
lead to undetected failures. In what follows, we consider the results from Runs 6 and 9, in which
acceleration was found.

Table 4: Summary of significant run campaigns, month & year performed, and key result. *Run 9 utilized a new
structure design, expected to produce a higher-quality accelerating mode.

Run Date Key Result

1 APR12  No transmission found; structure collapsed.

2 JUN12  Transmission found.

3 — Run skipped.

4 AUG12  Structures damaged due to poor bonding.

5 OCT12 New bonding. Machine failure prevented data collection.

6 DEC12 Found evidence of acceleration; structure damaged due to laser.

7 APR13  Structures were dimensionally incorrect.

8 JUN13  Good transmission. No acceleration. Laser damage along polishing marks.
9% NOV13  Acceleration found using improved structure design.

After Run 8, inspection of the MAP structure revealed laser damage of the thin films. The damage
was along the polishing lines that were generated during fabrication of the coupling layer of the
structure. This indicates local sensitivity variation of the laser damage threshold dependent on
fabrication processes. An image of the observed damage can be seen in Figure 8. The diagonal
variation of the contrast is due to variation of the film thickness after polishing. The damaged areas
1 and 2 on the left are high intensity laser damage above the bulk laser damage threshold; however,
damaged areas 3 and 4 on the right are just below the bulk damage threshold and appear along the
polishing marks. Figure 8 (b) shows an electron microscopy image of the same areas.

W
b s T

Figure 8: Laser damage of MAP structure used in Run 8 taken with (a) High-contrast optical microscopy (b)
Scanning electron microscopy.
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The unprocessed images of Figure 9, obtained during Run 6, and the processed energy spectra of
Figure 11, obtained during Run 9, are typical energy spectra corresponding to successful acceleration.
The large peak contains electrons that traveled through the structure material rather than the
vacuum channel, losing roughly 300 keV due to scattering; this peak is insensitive to the presence of
the laser field. The small peak on the right shows the expected signature of energy modulation: a
“double-horned” distribution, with equal numbers of particles falling in accelerating and decelerating
phases. The data is well fit by numerical simulation that models both the intra-dielectric scattering
and the laser acceleration within the vacuum channel.

For the particular shot shown in the figure, a maximal energy gain of 56 keV (i.e., an acceleration
gradient of 56 MV/m) was obtained with a laser fluence of 0.04 J/cm®>—20% of the predicted
damage threshold—so is less than half of the possible peak acceleration gradient. This value for the
fluence corresponds to a peak incident laser field of 31 MV/m, which—with a field enhancement
factor n~4 between the incoming laser fields and the standing-wave cavity mode—corresponds to a
forward accelerating field of about 62 MV/m. The discrepancy between the predicted and measured
values is likely due to several factors, including non-uniformity in the gap spacing, possible structure
deformation during insertion, and variability in the local thin-film quality, each of which can modify
the field enhancement factor significantly. We further speculate that occlusion of the gap and partial
material damage due to the laser could hurt the field enhancement, alter the resonant frequency and
affect the synchronicity of the electrons and the accelerating fields. These effects can also cause
reduction in energy via a decreased interaction distance.

Acquired Image

g 8 8 8
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100 200 300 400 500 600 700 €00 900 1000 1100

1100~y ] 1 1 ] 1

0 100 200 300 800 %00 1000 1100

Figure 9. (Left) Transmission signal through an alignment channel. (Right) Weak transmission signal through
an accelerating channel. In both cases the large signal on the left of the camera image (from the scintillating
screen after the bend spectrometer) is the electron distribution scattered through the structure. The relatively
small separation in energy between the scattered and transmitted populations in the right-hand image may be
due to partial occlusion of the vacuum gap by peeling or buckling of adjacent dielectric layers.
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Figure 10: Sample raw experimental energy spectra after the IP, with no laser power (A) and with laser
illumination creating an accelerating mode (B). The large peak contains electrons scattered by the structure; the
small peak shows energy modulation of the transmitted beam, as described in the text. For each such spectrum,
a calibration (approximately 1.3 keV/pixel) is used and a centroid is established (about pixel 790 for 60.0 MeV
here). A comparison with scaled simulations is also shown in (B), and shows good agreement for identical laser
parameters.

Figure 11 presents complete time-correlation data from the successful run. A clear signature of
acceleration (in which the transmitted electron energy is modulated at the 30 level compared to the
baseline fluctuations) is visible for a laser-electron delay interval of 6—7 ps. The timing overlap is a
highly sensitive parameter, requiring =3 ps of accuracy for acceleration to be observed; this value is
comparable to the structure fill time, as expected. As the enlargement in Figure 11 (b) makes clear,
the dataset is both noisy and sparse in the region of interest; Figure 11 (c) shows a smoothed version
of the data that more clearly indicates the region of acceleration, though the peak height is
necessarily reduced. Fluctuations in the background are due primarily to variation in the energy and
phase of the electron beam earlier in the beamline, which is visible as jitter in the pointing, energy,
and energy spread of the beam incident on the MAP structure. This jitter is large enough that during
many “laser-on” shots, the beam is in fact at the wrong energy or misaligned for successful
acceleration. While filtering during data analysis was used to remove the most evident of these poor
shots (as described in the Methods section), it is likely that some percentage of the remaining shots
did not meet the conditions needed for successful injection. Further, since the acceleration signal
was only discovered during post-analysis, we could not ensure that the time interval of interest was
completely sampled. For these reasons, it is difficult to draw rigorous conclusions about the
acceleration gradient demonstrated. However, a lower bound on the gradient can be inferred: with
no laser, the mean width of the transmitted peak is 8.4 keV; with laser on, the maximally broadened
peak reaches a width of 59 keV, implying an acceleration gradient of 28 MeV/m if the full 1 mm of
structure is supporting fields. This data was obtained with a relatively low laser fluence of 0.027
J/cm?®, an order of magnitude below the predicted damage threshold of 0.2 J/cm® The simulation
deviate from the experimental data in two notable ways: the overall energy spreads (vertical axis) are
scaled (since the absolute acceleration in the simulated ideal structure results are greater), and the
width of the simulated distribution is greater even when the pedestal of the minimum observable
energy spread in the experiment (about 7 keV) is accounted for. Both of these discrepancies between
the simulated and experimental results might be accounted for by the sub-optimal structure
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performance. Unlike the good overlap agreement of Figure 10 which compares a single beam shot,
the results of Figure 11 are taken over many (approximately 1000) beam shots where drifts and jitter
can occur that are not modeled in the simulations.

This value for the fluence cotresponds to a peak incident laser field of 31 MV/m, which—if we

assume a field enhancement factor 17 ~ 4 between the incoming laser fields and the standing-wave
cavity mode—corresponds to a forward accelerating field of about 62 MV/m. In addition to the
sparse sampling, the difference between the predicted and measured values is likely also due to
possible structure deformation during insertion, variation in thin-film quality, and degradation of the
structure during the experiment. Post-inspection showed occlusion of the gap by peeling or buckling
of adjacent dielectric layers, and partial laser damage to the structure. This would result both in a
decreased interaction length, as some portion of the structure periods are no longer resonant, and in
degradation of the field enhancement.
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Figure 11: The width of the transmitted electron population versus the relative timing of the laser and electron
beam, showing both laser-on (red) and laser-off (blue) shots. (a) Raw data over all delay stage positions and all
widths. (b) Enlargement of previous graph, showing the relevant time window. The energy modulation during
laser-on pulses is maximal near —7 ps delay. (c) The same data, smoothed using a 5-point moving average, and

compared with simulation (assuming an ideal structure). Simulation results have been scaled.

HDTRAT1-09-1-0043 Draft Final Report v4.docx

Page 15 of 22



Investigation of Micro-Scale Laser-Powered Dielectric Particle-Accelerators with Potential Application in the Long Range Sensing of Fissile Material

Analysis & Implications

The experimental results presented here allow us to conclude with confidence that energy gain
(acceleration) occurred in optimally aligned beams traversing the MAP resonant laser-powered
structure. While the total energy gain and the gradient were modest, several factors were identified
for the reduced performance compared to simulated and expected levels. Laser fluence increase,
which would be well within current state-of-the-art, would have increased the acceleration gradient
by a factor of 5 or more (limited by breakdown and material damage). In addition, fabrication
challenges also contributed to the low accelerating gradient; though meeting these challenges is
eminently possible within the current state-of-the-art in microfabrication, it would demand extensive
process development (beyond what was possible under the work performed here). Nonetheless,
these experimental results are significant: not only have we shown that relativistic particle beams can
be accelerated in dielectric laser accelerator structures, but also that resonant standing-wave optical-
scale structures can be operated in this challenging environment. In addition, the work evidences
control of beam, alignment and tolerances at or near the level required for optical scale structures.
While improvements clearly need to be made on all parameters, we have clearly demonstrated that
the cumulative errors and variables involved can be controlled to the level required for signal
measurement—an outcome that was not certain when the work commenced. It should be
appreciated that a significant effort was required to detect and recover the signal from the “noise”.
Here the noise is actually a large background from electrons that are either not in phase or not in
alignment with the accelerator. The ratio of correctly phased and aligned particles to incorrect
particles is less than 1:100. By combining energy and time filtering along with numerical fits to
various models, it was possible to extract the desired electron population and energy change
signature. Such “filtering” is common in early advanced accelerator concepts experiments, and here
represents a large mismatch from the beams generated in conventional accelerators to those which
are ideal for DLA structures. Both the time structure, sub-femtosecond, and size scale, nanometer
range, of ideal DLLA beams are becoming of increasing interest for use in probing matter and
interactions. Thus, there is already a strong effort to develop beams with desired properties, and
future experiments on DILAs should strongly benefit from this concurrent work.

Laser powered accelerators and optical-scale structures have been considered in various forms for
decades. Recent work, including that presented here, has brought to fruition a small number of
functional structures capable of accelerating particle beams. With improved instruments and
structure fabrication control these dielectric laser accelerators promise to bring relativistic and high-
brightness beams to new applications and provide new capabilities to traditional applications. The
laser has already become a ubiquitous laboratory tool; DILAs may provide the same technological
shift to make particle accelerators universal laboratory instruments.

Executive Summary of Dissertation

A graduate student funded under this DTRA grant, Dr. Joshua Clarke McNeur, produced a doctoral
dissertation in 2014 on the MAP structure and the experimental results. The dissertation is entitled,
“The Micro-Accelerator Platform™ and is available from the usual dissertation repositories. The
summary below is from the dissertation’s abstract:

Multiple applications in attosecond science, standoff nuclear detection, oil-well logging, and
medicine require the use of compact high-gradient accelerators. The microstructure-based field of
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Dielectric Laser Accelerators (DLA’s) lever- ages high-power optical lasers and well-established
nanofabrication techniques to accelerate electrons with GV/m electromagnetic fields over mm-scale
distances, thus filling providing compact high-gradient acceleration. The Micro-Accelerator Platform
(MAP) is a micron-scale slab-symmetric resonant-cavity DLLA that accelerates electrons with a
potential acceleration gradient approaching 1 GeV/m. In principle, electrons are synchronously
accelerated as they traverse the standing wave resonance in the MAP’s vacuum cavity, excited by a
side-coupled Ti:Sapphire laser and confined by Distributed Bragg Reflectors above and be- low the
vacuum cavity. Extensive analysis, simulations, and a proof-of-principle experiment show that the
MAP is a viable candidate for compact high-gradient acceleration.

A simplified model of the MAP is used to develop analytic expressions of the resonant fields and
associated forces in the vacuum cavity of the MAP. These resonant fields are shown to be capable of
accelerating electrons with GeV/m acceleration gradients with no transverse defocusing.

To examine the dependence of the quality and frequency of the MAP’s resonance on it’s geometry
and component materials, simulations in the frequency- domain EM solver HFSS and the time-
domain EM solver and PIC code VORPAL are utilized. After a set of design parameters and
materials that are practical to fabricate has been detailed, the quality of the MAP’s resonance,
spectral characteristics of the MAP, error tolerances of the design, ability of the resonance to
accelerate electrons, and transverse dynamics of electrons traversing the MAP are presented via
simulation results.

Optical lithography and sputtering deposition techniques are used to fabricate the final design of the
MAP. After characterization of the fabricated sample is described, the testing of the MAP at the
Next Linear Collider Test Accelerator is discussed. A 60 MeV electron beam traverses the MAP as it
is illuminated by a Ti:Sapphire laser. The energy spectra of the beam after having passed through the
lluminated MAP is then compared to the energy spectra of the beam after having passed through
the MAP without laser illumination in order to deduce whether acceleration has occurred. The
strength of acceleration versus the relative timing of the laser and electron beam is examined. It is
deduced that for a subset of the data collected, the MAP accelerated electrons with a 50.6 MeV/m
accelerating gradient. The implications of this finding and potential ways to increase the accelerating
gradient are discussed.
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Appendices

Simulations Used

Several publically available simulation packages were used throughout the research and described in
the report as well as in past publications. The significant packages include:

VORPAL

HFSS

GEANT4

G4Beamline

elegant

Some custom software was written for processing data packages, translating between one data set
and another and fitting data. These software are of a “utility” nature and do not necessarily represent
new capabilities to the field.

Simulation Data

The simulations indicated above produce very large data files (e.g. a typical VORPAL run is several
GB, and total storage well in excess of 1TB). Much of this intermediate data was culled after
processing. The input files for runs are available and descriptions of how the simulations were
performed are well detailed in the publications and the dissertation of J. McNeur.

Experimental Data

Large data sets (aprx 1TB) consisting primarily of images from the spectrometer beam monitor were
taken over several experiments. The processed data sets are available and the most significant results
are summarized in the included plots.
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