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Abstract

We report the results of recent studies of new materials
designed for the additive manufacturing of accelerating
structures for dielectric laser accelerators (DLAs). Demon-
stration of a stand-alone practical DLA requires innovation
in design and fabrication of efficient laser accelerator struc-
tures and couplers. Many complicated three-dimensional
structures for laser acceleration (such as a long woodpile
structure with couplers) are difficult to manufacture with
conventional microfabrication technologies. LANL has a
large effort focused on developing new materials and tech-
niques for additive manufacturing. The materials for DLA
structures must have high dielectric constant (larger than
4), low loss in the infrared regime, high laser damage
threshold, and be able to withstand the electron beam dam-
age. This paper discusses the development of novel infra-
red dielectric polymer materials that are of interest for laser
acceleration and are compatible with additive manufactur-

ing.
INTRODUCTION

The woodpile accelerating structures for laser accelera-
tion confine the accelerating mode in a narrow channel
(hollow waveguide at the center) with transverse dimen-
sions of the order of a wavelength (typically 1-2 microns
[1]). Unlike photonic band gap fibers, the three-dimen-
sional nature of the woodpile structures allows integration
of ancillary devices such as power couplers and diagnos-
tics, which are necessary for successful operation of an ac-
celerator. A dielectric laser accelerator requires woodpile
structures fabricated with high precision, made of vacuum
compatible dielectric materials with a relatively high die-
lectric constant (¢ > 4), low losses (tan & < 10-), and the
ability to withstand high accelerating gradients.

LANL is now utilizing a Nanoscribe Photonic Profes-
sional GT [2], a direct laser-writing device capable of
maskless lithography and additive manufacturing. The Na-
noscribe can print at sub-micron resolution by focusing ul-
tra-short, 760 nm laser pulses into a resin. The flux is only
high enough for two-photon polymerization (2PP) at the
focal point, allowing for lateral and vertical resolutions of
300 nm and 800 nm, respectively. There are numerous re-
ports in the literature on the use of a Nanoscribe to create
photonic structures. We have produced the woodpile struc-
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tures of the relevant dimensions with Nanoscribe’s propri-
etary IP-Dip resin [3]. However, these structures cannot be
employed for laser acceleration, because of the low dielec-
tric constant of IP-Dip. We are conducting research to de-
velop novel resins compatible with the Nanoscribe that are
applicable for production of various dielectric structures
for laser acceleration.

Table 1: Laser breakdown thresholds of some 3D printable
dielectric materials. The breakdown thresholds in Si and
Si0; are shown for comparison.

Material F Previously

J em?) measured
Fu(J cm?) [4]

Ormocomp + Napthalene 0.85

Ormocomp 0.68

Pentaerythritol triacrylate 0.69

(PETA)

5% Ge NP in Ormocomp 0.22

IP-Dip 0.0086

Si 0.18

Si0; 2.8 35

LASER DAMAGE THRESHOLD TESTING
OF 3D PRINTABLE MATERIALS

We conducted laser damage threshold measurements of
some existing materials amenable to the 2PP polymeriza-
tion at the SLAC National Accelerator laboratory. Thin
films of materials were illuminated with an ultrashort 67 fs
laser pulse with a wavelength of 800 nm. White-light gen-
eration at the entrance and exit surfaces of the material
served as a proxy for damages. While some materials that
are compatible with the Nanoscribe laser-writing device
(such as the Nanoscribe’s proprietary IP-Dip) tested to
have relatively low laser damage threshold, some other ma-
terials, such as Ormocomp demonstrated damage threshold
more than 3 times higher than the damage thresholds of sil-
icon commonly used in many high gradient laser accelera-
tion experiments (Table 1).

Dielectric properties of the high performing materials
Ormocomp and PETA were measured with infrared inter-
ferometry. However, the dielectric constant for both mate-
rials was found to be around 2, which is lower than what is
required for the fabrication of the functional woodpile
structure. Therefore, the search for other higher dielectric
constant materials that are amendable to the radical
polymerization has been initiated.
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& Figure 1: (a) An overview of the hierarchical down-selec-
tion strategy adopted in the present computational frame-
ork to identify the most promising functional groups
ading to desired polymer dielectric performance. (b)
chematic showing an atomistic model of a functionalized
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COMPUTATIONAL SEARCH FOR HIGH
DIELECTRIC CONSTANT POLYMERS

In light of the ever-increasing role played by theory and
« simulations in rational materials design and discovery the
g goal of this part of the effort was to harness the predictive
g power of electronic structure theory based methods, such
h as the density functional theory (DFT) [5] to identify can-
5 didate polymer dielectric materials for additive manufac-
Zturing of accelerator structures. Starting with a large num-
iber of candidates, we used a hierarchical down-selection
* approach (as schematically illustrated in Fig. 1(a)) consist-
S ing of (i) empirical screening, (ii) DFT-based screening
©and finally (iii) a detailed analysis of frequency dependent
8 mode-decomposed ionic contributions to the dielectric per-
S mittivity to identify a set of potential polymer dielectrics.
S While the adopted computational framework is general and
; capable of assessing any given polymer, for practical rea-
A sons we limited the scope of our first exploration to simple
O polymers formed by functionalized polyethylene chains
£ (see Fig. 1(b)).

Our computational screening effort started with a large
£ dataset of diverse functional groups, containing 530 differ-
& ent groups in total [6], which were subjected to an empiri-
S cal screening process based on three criteria: (1) molar re-
5 fractivity, (2) functional group volume, and (3) estimated
5 tendency or susceptibility to radical polymerization. Since
'3 we are primarily interested in large dielectric constant ma-
= terials (note that in the frequency range of interest, the
isquare root of the electronic part of the dielectric constant
E is also frequently referred to as the refractive index, n), we
= % naturally looked for compact and polarizable functional
3 units. Further, to quantify susceptibility to radical polymer-
4: ization, we use the concept of captodative effect, which in-
£ volves the stabilization of a free radical on a geminally-
«E substituted carbon by the synergistic effect of an electron-
5 withdrawing and an electron-donating functional group
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Figure 2: Diagonal components of the (a) net accumulated
mode-decomposed ionic contributions to the dielectric
permittivity tensor and (b) complex dielectric function,
modelled via IR-active lattice mode oscillator strengths as
Lorentzian oscillators vs. frequency. The targeted fre-
quency range (30-150 THz) is highlighted.

substituent in free radical reactions, as quantified by the
sigma inductive constants [6].

A selected set of 35 top-ranked functional groups from
the empirical screening round was next subjected to a DFT-
based screening process, where we used the selected func-
tional groups to construct 3-dimensional polymer models
of the functionalized polyethylene chains in a supercell ge-
ometry using periodic boundary conditions. Unlike con-
ventional DFT computations, we explicitly accounted for
inter-chain van der Waals (vdW) interactions [7]. Density
functional perturbation theory (DFPT) was used to com-
pute dielectric permittivity tensors (including both elec-
tronic as well as lattice/ionic contributions) [8] and Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional was used for
an accurate description of the polymer bandgaps [9]. We
note that the required refractive index n>2 is above that of
conventional optical polymers [10]. Therefore, to achieve
the high dielectric constant we resorted to ionic contribu-
tions to the dielectric permittivity in addition to the elec-
tronic response. Next, while the majority of crystalline pol-
ymers studied in this round of screening satisfied our band
gap screening criterion (i.e., bandgap > 1.6 ¢V), only seven
of these met the requirement of dielectric constant > 4.0
[11].

In a subsequent screening step, these systems were fur-
ther investigated for their frequency dependent dielectric
response and dielectric losses associated with the lattice
absorption. The frequency dependence of the ionic compo-
nent of the dielectric permittivity tensor was analyzed by
decomposing the net ionic response in terms of the contri-
butions arising from the individual normal phonon modes
and computing the normal mode vibrational frequencies.
As an example, Figure 2(a) shows the diagonal compo-
nents of the net accumulated mode-decomposed ionic con-
tributions to the dielectric permittivity tensor as a function
of frequency for a thiol (-SH) functionalized polyethylene,
one of the most promising candidate system identified in
this exploration. To further account for the resonance ef-
fects and to get a reasonable estimate of the dielectric loss,
we modeled the IR-active lattice mode oscillator strengths
as Lorentzian oscillators [12] to compute the real and im-
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aginary parts of the frequency dependent complex dielec-
tric function (Fig. 2(b)). This analysis was carried on the
entire set of polymers screened in the previous round of the
DFT-screening.

Polymerization{;lji Z
\\{Pm —> Pp

n

Figure 3: The chemical process of polymerization of Pb
acrylate (left), and the resulting polymer film (right).

Figure 4: A schematic of poly(vinyl mercaptan).

Based on our computational screening analysis, we iden-
tified sulphur (S) containing functional groups as the most
promising functional groups to meet the desired require-
ments. Guided by the theoretical results, efforts are cur-
rently underway to explore S-based insulating polymers
that contain highly polarizable inorganic metal ions, such
as Pb*? and Bi".

SYNTHESIS OF NEW POLYMER
DIELECTRICS

The inclusion of metal ions with significant electron
density, such as Pb*? and Bi™3, offers a potential route to
raising the refractive index of composites. By using mon-
omers which bind these metals, such as acrylic acid, uni-
form blends with high metal density have been obtained
(Fig. 3), with characterization of optical properties ongo-
ing. However, previous research into these materials sug-
gests that through this strategy we may expect to boost the
refractive index by at most 0.15 [13,14], significant, but
only sufficient if the polymer matrix itself has a high re-
fractive index. Towards this goal, we are also investigating
preparation of poly(vinyl mercaptan) (Fig. 4), which is pre-
dicted to have a refractive index as high as 1.9, and will
also readily bind metal ions.

A more likely way to reach the requisite index of refrac-
tion is to incorporate high-n inorganics, in the form of na-
noparticles, into the material [15]. The very high refractive
index of some inorganic semiconductors, in particular Ge
and PbS, would enable a composite with #>2 at reasonable
nanoparticle loading levels. Such composites might be
formed either through blending functionalized nanoparti-
cles with a Nanoscribe-compatible resin, or, in the case of
PbS, in-situ nanoparticle synthesis by exposure of a Pb-
polymer composite of the type described above to H,S gas
[16,17]. The latter method potentially offers a route to very
high nanoparticle loading levels. One potential issue with
nanoparticle composites is the loss tangent requirement, as
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both Ge and PbS absorb well into the near-infrared. For-
tunately, this absorbance may be tuned through the size of
the nanoparticle, by quantum confinement effects [18].
These effects, however, will also lower the refractive index
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26 Required index

~
=

PbS Poly(acrylic acid)

~
N

PBS Poly(methaaylic
acid)

~

PbS Poly(vinyl
mercaptan)

Refractive index of blend

-
o

PbS Poly(vinylphosphonic
acid)

N

I
S

——— PBS Poly(vinylboronic

2 25 3 35 4 45 acid)

Refractive index of PbS particles

Figure 5: The refractive index of various polymer-nano-
particle hybrids, related to the index of the incorporated
particles. Index of the blend is calculated by the volumet-
ric fraction of its constituents, assuming H,S conversion to
PbS from a polymer complex fully loaded with Pb(II).

[19], so the requisite refractive index of the particles must
be investigated. As shown in Fig. 5, the required refractive
index of the particles depends on what polymer it is
blended with. For acrylate-based composites, the particle
index must be nearly 4, whereas some other candidates
have much more forgiving requirements, either by featur-
ing higher refractive index themselves or by supporting a
higher Pb(II) concentration.

Ultimately, candidate materials must also be screened
for requirements such as the laser breakdown threshold,
however the breakdown fluence may depend not only on
the bulk properties but also on impurities [20], and as such
is better reserved for a later phase of screening.

CONCLUSION

At LANL we have an ongoing material science effort to
identify 3D printable materials that are of interest for ad-
vance acceleration. The immediate beneficiary of this ef-
fort is the dielectric laser acceleration project where we are
investigating means for the fabrication of the woodpile
structures that are designed to increase the efficiency of la-
ser acceleration. However, new dielectric materials may
find multiple other applications for accelerators and com-
ponents, wherever there is a need for a dielectric compo-
nent of a complicated shape that is hard to fabricate by con-
ventional machining or other means. We plan to identify,
synthesize, and test several high refractive index low loss
polymer dielectric materials and use them for production
of simple accelerating structures by additive manufactur-
ing.

REFERENCES

[1] B.M. Cowan, Phys. Rev. ST Accel. Beams 11, 011301
(2008).

[2] http://www.Nanoscribe.com

[3] E.I Simakov et al., AIP Conf. Proc. 1812 (AAC2017),
p- 060010 (2017), doi: 10.1063/1.4975877.

THPMLO011
4673

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



9th International Particle Accelerator Conference
5 ISBN: 978-3-95450-184-7

[4] K. Soong et al.,“ Experimental Determination of Damage
Threshold Characteristics of IR Compatible Optical Materi-
als,” Proceedings of 2011 Particle Accelerator Conference,
New York, NY, USA, Mar.-Apr. 2011, paper MOPQ95,
pp- 277-279.

[5] R.M. Martin, “Electronic Structure: Basic Theory and Prac-
tical Methods”, Cambridge University Press, 2004.

[6] C. Hansch, A. Leo, and R.W. Taft, “A Survey of Hammett
Substituent Constants and Resonance and Field Parame-
ters,” Chemical Reviews, 91(2), 165-195, (1991).

C.S. Liu, G. Pilania, C. Wang, and R. Ramprasad, “How
Critical are the Van der Waals Interactions in Polymer Crys-
tals?”, The Journal of Physical Chemistry A, 116(37), 9347-
9352 (2012).

[8] S. Baroni, S. De Gironcoli, A. Dal Corso, and P. Giannozzi,
“Phonons and Related Crystal Properties from Density-
functional Perturbation Theory,” Reviews of Modern Phys-
ics, 73(2), 515 (2001).

[9] J. Heyd, G.E. Scuseria, and M. Ernzerhof, “Hybrid Func-
tionals Based on a Screened Coulomb Potential,” The Jour-
nal of chemical physics, 118(18), 8207-8215, (2003).

[10] T. Higashihara, M. Ueda, “Recent Progress in High

Refractive Index Polymers,” Macromolecules, 48 (7), 1915-
1929 (2015).

G. Pilania, E. Weis, E.M. Walker, R.D. Gilbertson,
R.E. Meunchausen, and E.I. Simakov, “Computational
Screening of Organic Polymer Dielectrics for Novel Accel-
erator Technologies,” under review in Scientific Reports
(2018).

C.C. Homes, T. Vogt, S.M. Shapiro, S. Wakimoto, and
A.P. Ramirez, “Optical Response of High-dielectric-con-
stant Perovskite-related oxide,” Science, 293(5530), 673-
676 (2001).

—
~
—

—
—_—
—_
—_

—
—_
[\

—

IPAC2018, Vancouver, BC, Canada

JACoW Publishing
doi:10.18429/JACoW-IPAC2018-THPMLO11

[13] Q. Lin, B. Yang, J. Li, X. Meng, J. Shen, “Synthesis,
Characterization and Property Studies of Pb**-Containing
Optical Resins,” Polymer 41 (23), 8305-8309 (2000).

[14] J. Fritsch, D. Mansfeld, M. Mehring, R. Wursche, J. Grothe,
S. Kaskel, “Refractive Index Tuning of Highly Transparent
Bismuth Containing Polymer Composites,” Polymer 52
(15), 3263-3268 (2011).

[15] C. Lu, B. Yang, “High Refractive Index Organic-inorganic
Nanocomposites: Design, Synthesis and Application,”
Journal of Materials Chemistry 19 (19), 2884-2901 (2009).

[16] J. Y. Wang, W. Chen, A.H. Liu, G. Lu, G. Zhang,
J.H. Zhang, B. Yang, “Controlled Fabrication of Cross-
Linked Nanoparticles/Polymer Composite Thin Films
through the Combined Use of Surface-Initiated Atom
Transfer Radical Polymerization and Gas/Solid Reaction,”
Journal of the American Chemical Society 124 (45), 13358-
13359 (2002).

[17] C. L, C. Guan, Y. Liu, Y. Cheng, B. Yang, “PbS/Polymer
Nanocomposite Optical Materials with High Refractive
Index,” Chemistry of Materials 17 (9), 2448-2454 (2005).

[18] I. Moreels, K. Lambert, D. Smeets, D. De Muynck,
T. Nollet, J.C. Martins, F. Vanhaecke, A. Vantomme,
C. Delerue, G. Allan, Z. Hens, “Size-Dependent Optical
Properties of Colloidal PbS Quantum Dots,” ACS Nano 3
(10), 3023-3030 (2009).

[19] T. Kyprianidou-Leodidou, W. Caseri, U.W. Suter, “Size
Variation of PbS Particles in High-Refractive-Index
Nanocomposites,” The Journal of Physical Chemistry 98
(36), 8992-8997 (1998).

[20] N. Bloembergen, “Laser-induced Electric Breakdown in
Solids,” IEEE Journal of Quantum Electronics 10 (3), 375-
386 (1974).

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

03 Novel Particle Sources and Acceleration Technologies

A15 New Acceleration Techniques (including DLA and THz)

THPMLO011
@ 4674

[0)



