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Abstract: In photonics and emerging fields of quantum and topological materials, increasing
demands are placed upon the state and control of electromagnetic fields. Dielectric multilayer
materials may be designed and optimized to possess extremely sharp spectral and angular
photonic resonances allowing for the creation of fields orders of magnitude larger than the
exciting field. With enhancements of 104 and higher, the extreme nature of these resonances
places high constraints on the statistical properties of the physical and optical characteristics of
the materials. To what extent the spectral and angular shifts occur as a result of fluctuations
in the refractive indices and morphologies of the involved low-loss subdomains have not been
considered previously. Here, we present how parameter variations such as those caused by
fluctuations in deposition rate, yielding bias, random and compensated errors, may affect the
resonance properties of low-loss all-dielectric stacks.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Numerous work have been reported on dielectric multilayers optimization using both Bloch
surface waves [1–13] or admittance formalism in the total internal reflection conditions [14–19]
towards giant field enhancement generation [20–27]. Because of the geometric similarities, the
optical response of the optimized dielectric multilayers (DM) is often compared [28–31] with
plasmon excitation [32–36] in metal thin films [37]. Resonant DMs can achieve giant optical
fields when tuned to their sharp spectral or angular resonances. Similar to plasmonic systems,
DMs applications are numerous encompassing sensing [29,38–45], diagnostics [46,47], and/or
imaging [48–54]. These applications leverage the DMs’ enabling of higher sensitivity, better
limit of detection, increase in fluorescence emission intensity, and emission lifetime decrease.
Unlike plasmonic systems, DMs exhibit low losses, are not severely limited with respect to the
specific subdomain material types, and can be highly optimized for excitation beams with any
incident angles and wavelengths. Major advances were presented by Amra et al by introducing
the concept of zero-admittance layer (ZAL) [55]. ZALs, allowing for the generation of multiple
resonances at different incident angles or excitation wavelengths, achieves field enhancement with
arbitrary localization within the stack, i.e., not limited only to the free interface, and irrespective
of the effect of the substrate. The configurational flexibility of ZALs can open new opportunities
in the field of microcavities or low threshold laser sources. Note that, in the homogenization
limit, we expect the fluctuations in the film properties may stimulate similar effect as in the case
of effective medium approximation for various particle inclusion scenarios as reported in [56]
using particle swarm optimization applied to Bruggeman homogenization formalism.

The superior resonance properties of the DMs, a great asset in sensing and imaging applications,
place stringent requirements on the interacting field with respect to the spectral and angular

#367693 https://doi.org/10.1364/OE.27.030654
Journal © 2019 Received 15 May 2019; revised 26 Jul 2019; accepted 28 Jul 2019; published 9 Oct 2019

https://orcid.org/0000-0001-7390-7832
https://orcid.org/0000-0001-8365-3848
https://orcid.org/0000-0002-4736-4157
https://orcid.org/0000-0002-4618-5931
https://doi.org/10.1364/OA_License_v1


Research Article Vol. 27, No. 21 / 14 October 2019 / Optics Express 30655

bandwidths, which could be affected by fluctuations propagated in the optical thicknesses, e.g., via
fabrication errors or environmental parameters. If unresolved, such fluctuations can deteriorate
the resonance quality limiting the full potential of the DMs. By evaluating the bandwidths of
the optical illumination for different DMs, one may conclude that the angular divergence is a
limiting factor with respect to the excitation wavelength. This can be seen from Fig. 1, which
summarizes our previous results [57] using three DMs designed for a field enhancement factor of
F = |E |2/|E0 |

2 = 105, 104, 103, where E0 and E are the incident and the corresponding resulting
field at the free interface, respectively. From these results one may conclude that for F>104,
we have to control the divergence to a precision that is currently not realizable. Therefore, we
will focus on optimization and fabrication of DMs for F=104, the highest realizable F . We
investigate here fabrication errors and their effects on the resonance characteristics of the DM
by introducing either bias, or random, or compensated errors in the DM design. Indeed, the
realization of a multilayer is necessarily tainted with fabrication errors which are related to the
deposition technology, to the thickness control technique (optical, quartz, stopwatch ...) and the
multilayer design itself [58].

Fig. 1. Maximum of absorption as a function of angular divergence ∆θ (a) and spectral
bandwidth ∆λ (b). Dielectric multilayers have been optimized for sustaining field enhance-
ment factor F of 105 (red), 104 (grey) and 103 (blue). The hatched regions mark the
experimental regions currently not achievable, for more details refer to [57]. (c) Scheme of a
resonant dielectric multilayer under total internal reflection illumination with the absorbing
and adaptative layers and the Bragg mirror. (d) Example of realization of a resonant DM on
a prism.
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The basic principle for optical control of thin solid film deposition [59] is that for a thin
layer illuminated at a given controlled wavelength λc, extremum in the transmission is achieved
whenever the optical thickness ne is a multiple of a quarter of this wavelength with n(λc)e = pλc/4,
p being the number of extremum occurrences. This result remains true if the thickness increases
on a multilayer already manufactured, provided that it is of real admittance. So, with taking
into account the spectral dispersion of the refractive indices, the deposition thickness e can be
controlled, using a monochromator by observing the number p of extremum occurrences via
e = pλc/4n(λc). To make the DMs, we used a white light source going through the superstrat on
which the deposition is ongoing where we select the proper controlled wavelength in real time
and we observe the transmission T (t, λc) over the deposition time. Provided that the deposition
rate v = de/dt is quasi-constant, the resulting extrema are then identical to those of T(e, λc). To
spot these extrema, we carry out a real time derivation of the control signal and we stop the
deposit as soon as the derivative goes through a zero [59].
We then see a first source of errors comes from the quantity of matter that continues to be

deposited from the moment when the stop command was launched and when the ”evaporating”
is occulted. We are thus witnessing a first type of systematic error similar to a ”bias”. Moreover
the identification of the zeros of the derivative is naturally tainted with errors on either side of
these zeros, hence the appearance a second type of ”random” error. These latter errors may
be partially ”compensated” in the case of a monochromatic control for all the stacking and for
conditions of use in normal incidence. The component is then much more robust, which justifies
the generalization of monochromatic optical control to all complex optical filters with narrow
band (as presented here). On the contrary for the fabrication of broadband filters, a ”Broadband”
control is particularly well suited [60,61].

We consider here the bias errors associated with systematic differences between the theoretical
and measured values of the refractive indices n and the physical thicknesses e. We will then
apply random and compensated errors on the deposited thickness to evaluate independent errors
on a specific or each layer(s) of the DM.

2. Results and discussion

Beforehand, we recall that in optical thin film coatings optimization [62], one can introduce
the complex admittance Y defined as the ratio of the magnetic field H over the electric field
E when working under plane waves illumination and with linear, isotropic and homogeneous
media. We have developed two related optimization methods using the admittance law: 1-
consisting in maximizing the absorption A and minimizing the reflection R so, as we are under
total internal reflection (i.e. the transmission T=0 is purely evanescent), A = 1 and R = 0, see
[17,27] for calculation details, in this case, starting from the substrate, a bilayer is added to leave
the imaginary axis and reach the real axis of the admittance, then a quaterwave multidielectric
mirror matched for oblique incidence with kSub<σ<kL<kH , with σ the spatial pulsation and
ki the wavevectors of each materials/media, so that the field in the substrate is evanescent but
trigonometric in the stack ; 2- consisting in adding a unique non-absorbing zero-admittance
layer (ZAL) over a matched quaterwave multidielectric mirror similar to the first strategy, by
controlling the thickness of this unique layer, see [55] for calculation details. Using a ZAL allows
in one step to leave the Y imaginary axis and reach the real one. As illustrated in Fig. 1(c), the
resulting multidielectric layers are an alternance of high and low refractive indices materials
deposited on a prism to experimentally achieve total internal reflection. The presented fabricated
DM was optimized here for a TE-polarized excitation beam of wavelength λres=633 nm and an
incident angle of θres=45◦ as depicted in Fig. 1(c). An example of realization is given in Fig. 1(d).
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2.1. Bias errors

We begin our discussion by considering variations on the optical index n and/or in the layer
thickness e that can occur, for example, when the control detector of the deposition system or
any measurements of n and e exhibit a bias. Thus, differences between the theoretical values
and those corresponding to the actual measured n or deposited e, are assumed to be the same for
every layers. Application of 0.1- 3% relative errors δn over n or δe over e, linked to the bias, as
bxx = x ± δx with x = n or e, to each layer covers a realistic thin film deposition operation. The
considered error range is sufficient for the resulting structure to differ from the original optimized
stack, as discussed below.
When the stack behaves as a quarter-wave element at the new incident angle and associ-

ated excitation wavelength, the shifted resonance positions can be predicted. Indeed, during
optimization, each layer optical thickness is expressed as:

ni(λres)eicosθi = λres/4, (1)

with λres, the resonance wavelength, ni(λres), ei and θi the refractive index, the thickness and the
incident angle of the ith layer, respectively. With the bias be applied to the thicknesses, Eq. 1 is
modified as:

ni(λres)(ei + be)cosθi = λ1/4,
if ni(λres)becosθi = (λ1 − λres)/4,

(2)

with λ1 being the new resonance wavelength. Thus, the new resonance positions can be easily
calculated for low values of biases. Note that this can be transposed to applied optical index
biases.
We consider biases bn applied to the refractive indices or be applied over the deposited

thicknesses and we study the effect as a function of incident angles, keeping the incident
wavelength fixed. Denoting the refractive index at the free interface with nS, from the specific
spatial frequency σres at which the DM was optimized:

σres = 2πnS sin(θres)/λres, (3)

it can be seen that the new biased structures with measured indices ni±δn or deposited thicknesses
ei ± δe, can be resonant when tuning either the incident angle and/or the excitation wavelength.

The tunability can be further studied from the dispersion relation of the stack as a function of
the thickness of the last layer eN and incident angle (Fig. 2(a)) and as a function of wavelength
and incident angle (Fig. 2(b)). The reflectance was here computed for eN ± 5 nm, and λ ± 30 nm
and the angular range from +5◦ to −2.2◦ (to stay under total internal reflection condition).
The responses of the DM in absorption, angular shift and field enhancement are thus given

in Fig. 3 and Fig. 4. Applying an identical bias to every layer, it can be shown that the overall
behavior of the absorption curve is globally preserved. Figure 3(a) shows that the absorption
peaks are shifted towards higher (lower) resonant angles for positive (negative) error values of n.
Similar observations are done for variations over e (data not shown). The maximum of absorption
decreases by less than 1% over n, see Fig. 3(d), and by ≈3% over e see Fig. 4(a). The applied
biases affect mainly the absorption by shifting the illumination conditions. This shift in incident
angle, given in Fig. 3(d) and Fig. 4(b), varies from θres to θ1, where θ1 is function of the biased
stack (see Eq. 2) and can be extracted by locating the maximum of absorption (Fig. 3(a)), noting
θ1 = θres when no bias.
Biases also impact the field distribution, and are calculated with respect to the illumination

conditions: first, at the frequency σres from the optimized stack (Fig. 3(b)), second, at the biased
conditions, i.e., θ1 and λres (Fig. 3(c)). Biases as small as 0.1% have immediate consequences on
the field distribution.
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Fig. 2. Dispersion relation mappings as a function of the last layer thickness eN (± 0.5nm)
and the incident angle (± 0.2◦) in (a) and as a function of the wavelength (± 3nm) and the
incident angle in (b). The reflectance varies linearly in the considered ranges of thicknesses,
angles and wavelengths. This shows the tunability of the resonant dielectric multilayer and
that one can either tune the incident angle or the excitation wavelength.

Fig. 3. Effect of a bias on the refractive indices n applied on every layers constituting
the resonant DM. Numerical estimations of absorption (a) and field distribution through
the stack at the frequencies σres=(λres, θres) (b) and σ1=(λres, θ1) (c). The maximum of
absorption (red cross in (d)) and the associated θ1 (blue cross in (d)) are extracted for each
biased structure. The field enhancements at the free interface for both σres (red cross) and
σ1 (black symbol) are given in (e) as a function of indices error δn induced by a bias bn
applied to every layers.

Under σres, the field distribution is modified as we increase the fabrication errors; the field
enhancement factor decreases by 3 decades for δn=1% (Fig. 3(e)) and by 2 decades for δe=2%
(Fig. 4(c)). This shows the importance of determining the refractive index of each material in
thin film form prior to deposition. Furthermore, as the bias increases, that is, as we derive from
the original optimized DM, the angular variations of the resonance peak increase together with a
large degradation of the field enhancement. Under the second illumination conditions, i.e. the
new resonance condition, the field enhancement at the free interface is nearly fully conserved
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Fig. 4. Effect of biases be inducing thickness error δe on the deposited thicknesses e over
the maximum of absorption (a) and the associated angle θ1 (b), and the field enhancement at
the free interface for both σres (c) and σ1 (d). The red symbols are for δe applied on every
layers of the stack, the blue cross for δe on the last absorbing layer, the grey cross for δe on
the adaptative layer and the black cross on all the layers constituting the matching mirror.

(black symbols in Fig. 3(e) and red symbols in Fig. 4(d)). However, as predicted, when modifying
the incident angles to compensate the bias errors, the penetration depth at the free interface either
decreases as θ1 increases (i.e., higher n or e) or increases as θ1 decreases (i.e., lower n or e) as
evidenced in Fig. 3(c). Finally, note that in Fig. 4, we have also separately evaluated the impact
of bias error on the individual last two layers (blue and grey symbols) and only on the Bragg
mirror part (black symbols) of the structure (see Fig. 1(c)). We evidenced here that if the last
layer thickness may be a critical parameter in term of optimization, the mismatch of the Bragg
mirror has even a stronger effect over the fabrication errors.
In conclusion, the applied biases over measurements of n and deposition of e drastically

affects the DM’s optical response in terms of absorption and field enhancement as the resonance
conditions are shifted. Nevertheless, this systematic error can be reduced or even canceled when
adapting the spatial frequency from σres to σ1. In doing so, the last parameter to be compromised
is the penetration depth of the field in the free space.

2.2. Random errors

Random errors stemming from time dependent variations in the measurements or deposition, for
example, due to temperature or pressure variations during experiment can lead to overvaluation
or undervaluation of the measured quantities. Therefore, we consider random fluctuations in the
deposited thicknesses e using a set of 50 random structures. By numerically introducing 0.1% -
3% random errors δe on the thickness of every layers i.e. e varies within [e− δe, e+ δe] where δe
can take any values in the considered range. As an example, we plot the absorption for the first
six random structures as a function of the incident angle for five δe values, as shown in Fig. 5,
from where we extract the new incident angle θ1 for each 50 structures. While observing a shift
in the resonance, the maximums of absorption are relatively conserved under proper incident
conditions.
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Fig. 5. Numerical absorption of the first six (over 50) random selections of structures when
imposing random errors over the thickness of every layers. The applied errors δe are 0.1%
in (a), 0.5% in (b), 1% in (c), 2% in (d) and 3% in (e).

Employing the two frequencies σres and σ1, further statistical analysis is presented in Fig. 6,
where the maximum of absorption, the associated incident angle θ1 and field enhancement at the
free interface are compiled. As can be seen, increasing δe leads to a higher distribution of the
maximum of absorption and θ1. In the extreme case of δe=3%, the probability of obtaining a
structure with a 1% reduced absorption (maximum observed drop), is only at 2%. Then θ1 is
distributed over θres ± 1◦, which is experimentally easily achievable. We note that the resonance
conditions can also be compensated by a spectral distribution centered at λ1 = λres ± δλ. In
the presented structure, a variation of ±1◦ is equivalent to a δλ=13nm. Regarding the field
enhancement, random errors of 0.1% yields negligible effects. For fixed illumination frequency
σres, the distribution over F remains around 104. But for δe ≥ 0.5%, the F at σres is largely
distributed toward lower values of F . For δe=1%, the full range of F is obtained from 1 up to
104, meaning the probability that the 1% random errors can result in a F=104 is almost zero.
For higher values of δe, F distribution does not exceed 1500 for δe=2% and 500 for δe=3%.
However, when adjusting the incident angle from θres to θ1, the F distributes around Fres of the
optimized resonant DM (Fig. 6). The analysis shows that random errors can be fully, or partially
(for higher δe), compensated by spectral and/or angular tuning.

The same random error may be applied only to the last layer, that is, the critical layer in our
optimization method (Fig. 7). The thickness of the last layer has to be accurately controlled as a
δe of 1% (or δe of 5%) on the last layer induces modifications equivalent to a δe of 0.5% (or δe of
2%) over all thicknesses with respect to the absorption and incident angle distribution. However,
the field enhancement and distribution within the multilayer remains largely unaffected. This
finding is expected despite the criticality of the last layer’s thickness in the optimization method.
As we tune the excitation parameters to compensate for the fabrication errors, we also introduce
a mismatch of the Bragg mirror, implying the need for controlling the thickness of every layers to
limit the optical response variations.

Experimentally, the system is subject to both bias and random errors, it behooves us to consider
the combined contribution of both types in Fig. 8 for δebias of ±1% and δerand of 0.1 and 0.5%.
The result of the analysis shows the spreading of the angular position (Fig. 8(a)) as well as the
absorption distribution (Fig. 8(b)) with increasing δerand. Figure 8(c) confirms that angular or
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Fig. 6. Histograms over 50 random selections of structures, of the maximum of absorption
(first column), the new resonant angle θ1 (second column) and the field enhancement at the
free interface FInterface (third column) for both spatial frequencies σ1=(λres, θ1) (red) and
σres=(λres, θres) (grey). (a-c)δe=0.1%, (d-f) δe=0.5%, (g-i) δe=1%, (j-l) δe=2%, (m-o)
δe=3%.
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Fig. 7. Histograms over 50 random selections with different last layer thicknesses. The
maximum of absorption is given in the first column, the new resonant angle θ1 in the second
column and the field enhancement at the free interface FInterface in the third column for both
spatial frequencies σ1=(λres, θ1) (red) and σres=(λres, θres) (grey). (a-c)δe=1% and (d-f)
δe=5%.

spectral tunability allows the field enhancement factor to retain its optimized value. Without
compensation on the incident conditions, the field enhancement would decrease by at least two
decades, as shown in Fig. 8(d). Finally, as in the case of pure bias error, we observe here that the
sign of the bias affects the angular shifts. The values of angle and field enhancement at θ1 shift
toward lower values for negative bias and higher values for positive bias, at least for δerand<δebias.
Indeed negative bias, yielding smaller thicknesses, directly linked to smaller resonance angles.
The latter leads to a faster exponential decay of the field at the free interface (as seen in Fig. 3(c))
and to an increase of the field intensity there.

2.3. Compensated errors

Having estimated the impacts of bias and random errors on the optical response of the resonant DM,
we finally investigate the most important errors associated with thin film deposition. Generally, the
deposition of a multilayer coating inside a vacuum chamber leads to thickness errors stemming
from the in-situ diagnostics and monitoring system. For example, time monitoring of the
deposited thickness using a quartz crystal generates random or quasi-random errors following
a normal dispersion law. It is well known [63,64] that in-situ optical monitoring, in which a
real-time measurement of the incoming flux is made using the coating of a glass slide at a specific
controlled wavelength, is more efficient and enables to obtain a more accurate spectral response.
Indeed, by analyzing the flux, the optical monitoring adjusts the thickness of the following
layer minimizing the influence of the thickness error of the previous coated layer. Through this
compensated errors, unlike the case where each layer is considered independently during thin film
deposition, we can act on the following layer to compensate errors from the previous layer to get a
final component with an optical response as close as possible to the theoretical design. Extending
our analysis, we now employ the 15-layers design and consider a single monitoring wavelength
of 950 nm, sufficiently different from the design resonance wavelength. The optical monitoring
is assumed to occur in normal incidence, where optical signals present a good dynamics [65].

The specific deposition systems employed (equipped with Buhler OMS 5100 optical monitoring
system), generate both additive (by 0.002%) and multiplicative (by 0.015%) photometric noise at
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Fig. 8. Histograms over 50 random selections of structures resulting from an imposed
bias linked to a δebias of ±1% with a random error δerand of 0.1% (first column) and 0.5%
(second column).
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a wavelength of 633 nm. By simulating 30 deposition runs, i.e., generating 30 different structures,
we calculate the corresponding angular resonance and the field enhancement (Fig. 9(a-c)). Using
this deposition technology, the approach yields thicknesses that tend to be under-estimated, which
implies that the resulting component will have a resonance slightly below 45◦. The optical
responses remain relatively conserved with an absorption above 99.9% and a field enhancement
above 96% but below 98% with the presented technology with in-situ optical diagnostics and
monitoring system. However, to establish an upper limit, we increase the photometric noise by
10, resulting in an additive noise of 0.02% and multiplicative noise of 0.15%.

Fig. 9. (a-c) sum up the effect of compensated errors when using an in-situ optical control
during deposition. The maximum of absorption stays above 99.9% (red cross in (c)) when
adjusting the incident angle between 3.5 to 1.7 mrad (a). The field distribution through the
30 multidielectric stacks in (b) and through the optimized structure (blue symbol in (c)) are
very similar with a drop between 96.7% and 97.9% of the field enhancement at the free
interface (c). (d-f) illustrate compensated errors with a 10 × noisier in-situ optical control
during deposition. The maximum of absorption is kept above 99.2% within an angular range
from 10 to 3 mrad. The field distribution in (e) is fairly well conserved with a decrease
of the field enhancement at the free interface between 89.5 up to 96.8% with respect to
the optimized structure (blue symbol in (e)). Note the blue symbols in each graphs are the
values for the optimized structure.

This deposition error corresponds to what may be expected from a typical monitoring system
using quartz crystals (Fig. 9(d-f)). Even with such noisy in-situ thickness control, the resulting
components are expected to have an optical response very close to that theoretically predicted,
given an incident angular adjustment between 0.1 and 0.6◦. Reiterating the simulation of 30 runs
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and the calculation of the resonance parameters, we find the resulting absorption to be above
99.2% and the field enhancement to vary between 89% and 97%. This demonstrates that with the
actual deposition techniques, the fabrication errors are not disruptive for achieving giant optical
field generation in resonant dielectric multilayers. The error compensation contains the effect
of fabrication error on the final component optical response and the tunability of the excitation
parameters can compensate the remaining effects.

3. Conclusions

The presented study of the illumination bandwidths in [57] facilitates the determination of the
effects of fabrication errors impacting the optical thicknesses and thus the optical response of
resonant dielectric multilayers. The considered ranges of bias, random, and combined errors in
the system parameters of refractive index and physical thicknesses provided a reasonable analysis
domain useful for experimental design. From the analysis, we conclude that any errors ≥ 1%,
in the case of a resonant DM designed for a F=104, can drastically affect its optical response.
However, we also showed that optical performances are quasi-conserved if the incident conditions
(in angles and/or wavelengths) can be sufficiently tuned. The dispersion relation mappings show
this relationship with a linearity over large ranges. We considered here a DM with a F=104
following the limitations given by the optical bandwidths. However, DMs designed with a F=103
is approximately 10 time less sensitive to the bias or random errors (data not shown). For DMs
with a F larger than 104, the percentage of error affecting the optical response is expected to
be even more critical than the observed 1% here. We stress the need for controlling the thin
film deposition, with an accuracy below 1% for each deposited optical thicknesses, in order to
minimize the effect on the optical response when both angular and spectral incident conditions
are constrained to be fixed by the application. However, when the excitation parameters are
not restrictive, the adverse effects can be compensated by a slight tuning of the parameters.
Here, the suggested compensation errors took into account the current limitations in optical thin
film deposition techniques with optical in-situ controls. The current technology with an in-situ
feedback allowing adjustment of the following layer thickness permits fabrication of resonant
DMs with errors significantly below than 1%. The optical bandwidths, and specifically the
incident beam divergence, remain therefore the main issue for supporting field enhancement up
to 104 in resonant DM.
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