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Abstract

Nitrogen-Vacancy (NV) color centers in diamond nanoparticles (NanoDiamonds, NDs) have a
great number of applications, in particular in quantum information processing and as cellular
fluorescent labels. In this work we compare the photoluminescence properties of a single NV
color center embedded in a 30 nm diameter nanodiamond to that of a single organic fluorescent
molecule. We then compare the photoluminescence properties of NDs prepared under different
conditions in order to find the optimal parameters to achieve a high fluorescence yield. The results
of this study are of interest for the applications of small and bright diamond nanoparticles in

nanophotonics and biology.
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1 Introduction

Solid-state nanoparticles hold great promises for applications in physics and biology. Nanoparti-
cles like quantum dots [1I, 2], gold nanobeads [3] or silicon beads [4] are used to label biomolecules
with high specificity, to track their fate in cell culture systems and organisms or even to deliver
drugs. Organic dyes and fluorophores are the most widely used fluorescent labels of biomolecules
under ambient conditions, but they photobleach rapidly under continuous illumination [5], which
makes difficult the quantification and long term follow-up. Semiconductor nanocrystals, or quan-
tum dots, have a better stability and a lower photobleaching yield. They also offer the possibility
of multicolor staining by size tuning [2]. However, the drawbacks of such nanoparticles are their
potential cytotoxicity on long term scale due to their core chemical composition (cadmium and
selenium) [6l [7] and their photoluminescence intermittency (photoblinking) which again makes

difficult an efficient tracking of individual nanoparticles [§].

In contrast, photoluminescent nanodiamonds (PNDs) appear as promising alternative biolabels.
Their photoluminescence results from embedded nitrogen-vacancy (NV) color centers in the dia-
mond matrix [9] which present a perfect photostability with no photobleaching nor photoblinking.
Moreover, it has been shown that such PNDs easily penetrate cultured cells [I0, 11]. Thanks to
their remarkable photoluminescence properties a reliable single particle tracking in living cells
is possible [12] 13]. Other applications of NDs concern biomolecules targetted delivery which
requires a control of their surface chemical groups. Grafting their surface by various bioactive

moieties is a very active research field [14H16].

Additionally, NDs produced by different synthesis techniques (High Pressure and High Tempera-
ture or explosion of detonating compounds) have shown a low cytotoxicity [I1, T7-19]. Consider-
ing also that PNDs can be produced in mass at tiny sizes [12, 20], a broad variety of applications
can be envisioned in biology, like using them as selective labels of cellular compartments (for

example mitochondria [21]) and as long term traceable delivery vehicles for biomolecules translo-



cation in cell [15] 16, 22]. Finally, the use of other types of color centers embedded in the diamond

matrix can allow multi-color labeling [23].

In the field of quantum information processing, the NV color center photostability allowed to
build a reliable single photon source that was used for quantum key distribution [24] 25]. More-
over numerous applications recently emerged that uses the spin unity of the NV— center. The
possibility to detect the spin state of the NV center optically (via the photoluminescence inten-
sity) facilitates the use of the NV center as a spin qubit [26] and/or its coupling with nearby
electron and nuclear spins [27]. Moreover, nanodiamonds dopped with NV centers can be used

as magnetic field sensors reaching atomic spatial resolution and high sensitivity [28].

The creation of small size nanodiamonds with a larger number of NV centers for applications in
both biology and nanophotonics appears as a new challenge, which requires a better knowledge
and control of the process that makes diamond nanoparticles photoluminescent. In the present
work, we carried out a detailed quantitative comparison of the photoluminescent properties
of single dye molecules and single NV color centers in nanodiamonds, confirming the perfect
photostability of the color centers at only a small expense of a decrease in the fluorescence
intensity compared to the one of a single molecule. To further improve the NV photoluminescence
yield, we optimized the irradiation parameters allowing an increase of the NV concentration per

nanodiamond.



2 Materials and methods

2.1 Production of Photoluminescent Nanodiamonds and surface func-

tionalization

The starting material is synthetic type Ib diamond powder (SYP 0-0.05, Van Moppes, Geneva)
with a specified size smaller than 50 nm. NDs are rendered photoluminescent following the pro-
cedure described in Ref. [29]. Briefly, the creation and stabilization of NV centers are performed
by proton irradiation and subsequent annealing (800°C under vacuum for 2 hours). Deagglomer-
ation of PNDs is achieved by strong acid treatment. This treatment allows us to obtain a stable
colloidal suspension of NDs in deionized water. The (-potential of this suspension is -41.3 mV
(Zetasizer Nano ZS, Malvern), and repulsive electrostatic interactions between charged surface

chemical groups, mainly carboxylic [I7], is probably the reason of the good stability.

We then select by centrifugation a fraction of the smallest PNDs, and measured their size distribu-
tion both in solution and after deposition on a substrate. Dynamic light scattering measurement
done on the solution (apparatus: BI-200M, Brookhaven Instruments Corp., USA) yields an hy-
drodynamic diameter of 35 £ 8 nm. The heights of NDs deposited on a glass coverslip were
measured by Atomic Force Microscopy (AFM, apparatus: Nanoscope Illa, Veeco Instruments
Inc., USA). Figure [Ia) displays a typical AFM scan of the sample, from which a mean particle
height of 2248 nm was obtained and a median at 23 nm. The discrepancy between the AFM and
the DLS measurements is due to the fact that PNDs have angular shapes as it can be seen on
the Transmission Electron Microscopy image of Figure (b) (apparatus: Tecnai F20, operating
at 200 keV). DLS measurements yields the hydrodynamic radius, considering the particles spher-
ical, but this is not the case for this type of PNDs. Therefore, in the following of this article, we

will refer to the particle studied as 30 nm in size nanodiamonds.



2.2  Study of the single-emitter photoluminescence

The optical setup used to study the photoluminescence of the single-emitter, either the single
molecule or the single NV color center in a ND, is similar to the one used in Ref.[13], and is

depicted on Figure

The home-built confocal microscope relies on a Nikon TE300 stand, equipped with a closed loop
piezoelectric three-axis scanner stage (Tritor 102, Piezojena, Germany). After its reflection on
the dichroic mirror DM (530D CLP, Chroma Corp., USA), the excitation laser beam (cw 532 nm)
is focused by an oil immersion objective (Nikon Apochroma, x60, numerical aperture 1.4) onto
the sample, forming a spot of area ~ 0.6 um? in the focal plane. The fluorescence is then
collected by the same objective. The residual excitation laser light is removed with the high-pass
filter (HPF) having a transmission of 97% between 539-1200 nm (RazorEdge LP03-532RU-25,

Semrock, USA) and an optical density of 7 at 532 nm excitation wavelength (Figure |3)).

The photoluminescence spectrum is acquired with an imaging spectrograph (beam intercepted
with a flip-flop Mirror (ffM)), simply relying on a concave grating (30% maximum efficiency in
its first diffraction order) coupled to a cooled CCD array (back-illuminated array DU-420-BV,

Andor Technology, Ireland).

The Hanbury Brown and Twiss time-intensity correlation setup is used to determine the num-
ber of colour centres per nanoparticle [I1]. It consists of two avalanche photodiodes (APD;
SPCM-AQR1/, Perkin-Elmer, Canada) in the single-photon counting mode, on both side of a
non-polarizing 50/50 beam-splitter (BS), connected to a time-correlation electronics: a Time to
Amplitude Converter (Ortec Model 566, Ametek Inc., USA) with its output linked to a multi-

channel analyzer (Ortec 926-M32-USB, Ametek Inc., USA) [30, B31].

The excitation laser beam is circularly polarized so that its absorption efficiency does not depend

on the sample-in plane dipole orientation, which could have led to some artifact.



We evaluated the relative photoluminescence yield of single NV center compared to carbocya-
nine DilCyg (Fluka; Spectrum Info, CAS No 41085-99-8) and Nile Red doped 20 nm diameter
polystyrene beads (Invitrogen, USA). These specific dyes were chosen because their excitation
spectrum is close to that of the NV color centers. Samples were prepared by spin coating on
glass coverslips of a polymethyl methacrylate solution (PMMA - 1% weight, in anisol) containing
dye molecules or beads, or a polyvinyl alcohol solution (PVA - 1% weight) containing PNDs;, in

both cases at nanomolar concentrations.

3 Results and discussion

3.1 Photoluminescence study of single dye molecules and single NV

centers in PNDs

Organic dye molecules are routinely used to label biomolecules [32], but PNDs appear nowadays
as promising alternative biolabels. We thus compared the photoluminescence properties of a
single 30 nm PND containing a single NV center with that of a single dye molecule of carbocya-
nine DilCyg [33]. Cyanine dyes are often used in biology as biomolecule labels for a variety of

applications such as DNA sequencing or to study single molecule dynamics [34] 35].

The photoluminescence emission peak of DilC;g dye is centered on 580 nm, in the range of the
NV center emission spectrum. To compare the dyes to PNDs photoluminescence, we measured
the signal dependence with the laser excitation intensity. This task is not easy, because most

dyes photobleach rapidly under laser beam exposure of a few kW /cm?

excitation intensity. In
addition, detection efficiency varies and depends on the environment and the molecule dipole

orientation [36, [37], which are parameters that we cannot control.

Figure [dh displays a confocal raster scan of a sample of single molecules deposited on a microscope



coverslip. We measured the counting rate as a function of the excitation laser intensity for 4

2 excitation intensity before photobleaching (Figure [db).

molecules and for up to ~14 kW /cm
The sudden diminution of the fluorescence intensity to the background level after some seconds
of continuous excitation is the result of photobleaching and is a strong indication of the unicity
of the examined dye molecule (Figure[de). In order to fit the experimental data, (Figure db) we

consider a three energy levels model. For a slow intersystem crossing rate, such a model gives a

fluorescence emission rate R:

ka1
ko1 /ki2) + (kag/ks1) + 1

R(lexe) = 1 % e (1)
where 7 is the quantum yield of the molecule, 74 is the overall detection efficiency, and £;; the
corresponding transition rates between state i and j (i,j = 1,2 or 3, corresponding respectively
to the ground, the excited, and the triplet states) [38, 39]. The absorption rate kis is given
by the relation kjg = 0lex./hVexe, Where o is the absorption cross-section of the molecule (o ~
4% 10716 ¢cm? for the cyanine dye [40]). To get a good agreement between the model and the data,
we need to take into account a dependency of k3 on Ly of the form k3; = k2, (1+ 3lex.), which is
interpreted as the pumping to higher-energy triplet states from the lower triplet state. Our data
are well fitted, with 8 =8 x 107° cm?/W, g X nger = 0.013 and ko;=0.38 ns™! corresponding to

a radiative lifetime of 2.6 ns in good agreement with previous measurement [41].

If we consider excitation laser intensities values higher than the ones we used in the experiments
where we are limited by photobleaching, and if we extend the fit of the data by equation (1
to these higher values, we obtain the saturation curve displayed in the inset of Figure [db.
We then define a saturating counting rate R**" = % X IeEIBoo R(Iex:) which can be calculated
from equation with 7gndes = 0.013 and k2;=0.38 ns™!, yielding RB*'(cy) = 2475 kcounts/s.
The corresponding saturation excitation intensity associated to this counting rate is I8 (cy) =

exc

1700 kW /cm?. This counting rate at saturation value is relatively high, but it is never reached



due to photobleaching. Just before photobleaching, the counting rate of a single molecule is

~80 kcounts/s.

To study a system brighter than single organic molecules, we examined a sample of 20 nm beads
doped with Nile Red (Invitrogen, USA), frequently used as labels. Figure 4d shows the time trace
of the fluorescence intensity of one fluorescent bead under 532 nm cw excitation. We clearly see
a stronger fluorescence signal than the one of a single DilC;g molecule. However, after 20 seconds
of illumination this signal almost vanishes due to photobleaching. The diminution of fluorescence

occurs by steps, indicating the gradual photobleaching of the molecules one by one.

We then examined 30 nm diameter PNDs. Figure shows a confocal raster scan, where we
observe many photoluminescence spots with different intensities, due to an inhomogeneous num-
ber of NV centers per nanocrystal. On the left side of some spots is indicated the number of
NV centers embedded in the corresponding PNDs. This amount was determined with photon
intensity-time correlation measurements. For a simple two-level quantum system, which can emit
only one photon at a time (the so-called photon-antibunching), the probability of emitting two
consecutive photons gradually drops to zero as the time-lag between them decreases. This results
in a dip at the zero time delay of the normalized second order time-intensity correlation function.
When we excite the fluorescence of n emitters, the latter function displays a smaller dip of depth

1/n allowing the determination of the number n of emitters [42] (see Figure [5d).

With the help of such measurements we were able to select nanocrystals containing a single NV
center (Figure ) and to record its photoluminescence intensity saturation curve. As emission
rates depend on the environment of the NV center and the NV dipole orientation, we recorded the
saturation curve for 3 single NV centers (marked with arrows on the scan) and then calculated
the mean value (in blue) (Figure [5g). The photoluminescence spectra of the studied PNDs
correspond either to the emission of the neutral NV° (with no electric charge) or the negatively
charged NV~ (Figure [5k) color center, identified thanks to their Zero Phonon Line (ZPL) at

575 nm and 637 nm respectively.



The laser excitation power at saturation for the mean curve is P*(NV) = 0.44 mW, which

corresponds to an intensity of I5%(NV) = 530 kW /cm?. This latter value is found by fitting
2 Rsat

the experimental data with the function R([e.) = W

, yielding at the same time

R®* = 31 kcounts/s.

We summarize in Table [1|the photophysical properties of the carbocyanine and the NV center
as calculated from the experimental data fitted with appropriate functions. The saturation
excitation intensity ratio calculated from fitted data is I52(cy)/I525(NV) & 3.2. This result can
be explained by the differences in the absorption cross sections o and in the emitter radiative
lifetimes Tyaq Of the two systems, because I** is roughly proportional to (67.q)"!. Putting the

different values indicated in Table [1| together, one gets [0(NV)7.a(NV)]/[o(cy)maalcy)] = 2.5,

which is close to the ratio of the saturation values of excitation intensities.

3.2 Optimization of the photoluminescence yield of nanodiamonds

In contrary to single DilC;g molecules or Nile Red-doped beads, we observe that the photolumi-
nescence intensity of a single NV center is perfectly constant over time (Figure ) Additionally,
in the case of a PND containing 4 NV centers (Figure [5d), we observe a 4-5 fold increase of the
photoluminescence intensity compared to the single NV center (1152 and 299 average counts/
20 ms respectively), corresponding to a signal three times higher than the one of the single

cyanine molecule just before its photobleaching occurs.

The possibility to further increase the concentration of NV centers in NDs will enhance their
natural photoluminescence and allow a better detection for labeling applications in biology.
Active NV centers are created in nitrogen-rich ([N]~100 ppm) type Ib diamond crystal by a two
steps procedure involving the generation of vacancies by electron or ion beams followed by thermal
annealing of vacancy defects at temperature > 600°C. At such temperatures the vacancies start

migrating to the nearest substitutional nitrogen atoms [43], 44]. The conversion efficiency can

10



however be limited due to competitive processes such as the formation of other defects and
vacancy-interstitial recombination. We explore the possibility to improve the NV color center
creation yield by is increasing the number of vacancies created in the diamond matrix by high
energy beam irradiation. To this puprpose we varied the irradiation dose of H* ions applied to
PNDs. Type Ib NDs were irradiated at doses of either 5 x 10> H* /cm? or 5 x 10'® H /cm? and
then annealed at 800°C for 2 h. It is worth to note that the latter dose is the highest proton
irradiation dose used so far for this type of applications. After irradiation, thermal annealing,
acid cleaning, re-suspension in water and size selection, the solutions of PNDs corresponding
to each irradiation dose were deposited by spin coating on glass coverslips. Figure [6h,b shows
the photoluminescence confocal raster scans for the two irradiation doses. Next to each spot is
indicated the measured number n of NV centers. For the low proton irradiation dose we infer a
mean value of n = 2.7+ 1.1 NV centers/ PND, while for the 10 times higher dose the mean value
isn = 7.0£2.1 NV centers/ PND. Figure @c shows a comparison of the PNDs photoluminescence
intensity distribution for the two irradiation doses, with 75 and 100 nanoparticles respectively.
We find a broad distribution in each case. For the low irradiation dose the median value is
315 kcounts/s while it is 986 kcounts/s for the one order of magnitude higher dose, indicating a

3 fold increase of the corresponding photoluminescence signal.

3.3 Discussion on the efficiency of NV center creation

To get a better understanding of the above results we simulated the radiation damages in the dia-
mond lattice due to ions irradiation using the SRIM Monte Carlo simulations (software available
at http://www.srim.org/). According to these simulations, a 2.4 MeV proton can penetrate
in diamond up to a depth of 30 um (Figure . Moreover, in order to create an homogeneous
distribution of vacancies in all the nanodiamonds (flat region Figure 7| curve), we prepared a thin
layer of these particles of thickness smaller than 30 pym on a silicon wafer. SRIM simulations

predict that in this flat region the density of created vacancies is 8.17 x 1078 vacancies/A /H* | i.e.

11



817 vacancies/cm/H™ (Figure . Considering that for proton irradiation the damage efficiency
is about 10 vacancies per H ion (if the beam incident on the [111] direction, otherwise in case
it is incident on the [100] direction it is 13 vacancies per proton [45]), the 5 x 10 H*/cm?
dose produces per unit surface 5 x 10'¢ vacancies/cm? while the 5 x 101® H /cm? dose produces

5 x 10'7 vacancies/cm?,

2 is therefore ex-

For a 30 nm diameter nanodiamond, the irradiation dose of 5 x 10'® H /cm
pected to produce in volume 4 x 10?° vacancies/cm? resulting in ~ 5600 vacancies. Taking into
consideration the initial concentration of nitrogen in the type 1b of diamond used (~100 ppm ,
equivalent to 1.76 x 10 N/cm?), we calculate that we have 480 N atoms in a 30 nm nanodia-
mond. Our observations therefore indicate that a large proportion of the available nitrogen and
created vacancies in the nanodiamond matrix is not converted into NV centers. The estimated

ratio of the mean number of NV centers created (7), measured by time intensity correlations, to

the number of nitrogen atoms is about 7:480.

A way to increase the PNDs brightness once we reach the highest vacancies concentration is to
improve the conversion rate of non-complexed vacancies and nitrogen atoms to NV centers. The
theoretical conversion percentage of 25 - 30% [46], confirmed experimentally in recent studies [45],
is not yet achieved for nanodiamonds in our experiments and is still a lot of margin for further

improvement.

However, it has been recently reported that the probability of NV centers creation in nanocrystals
decreases with the square of the particle radius when the particles have tiny sizes ( 10 nm) [47].
This is a consequence of the fact that defects are stable only within the core region of the
nanodiamonds, and annihilate at the surface during the thermal treatment without forming NV
centers. In order to increase the number of NV centers in small size nanodiamonds, different
strategies may be envisioned. The first one consists of changing the irradiation and annealing
conditions. Here we used the maximal proton irradiation dose, the next step is to alter the

annealing parameters. The second strategy consists in creating NV centers in bigger size diamond

12



crystals, which can then be reduced in size by milling. This method was applied by Curmi et
al. [20] and they report the observation of a 10 nm nanodiamond containing 12 NV centers. The
last method is by creating the NV centers in large size nanodiamonds (50-100 nm) and then
reduce them in size by oxidative etching (in air at 500 °C for 1 — 2 h) [48]. An overall 7-fold
increase of the photoluminescence intensity was reported in the later case. Note that in all cases,
the PNDs have inhomogeneous photoluminescence intensities: some particles are very bright,
while other contain only a single color center. Despite these recent progresses, the synthesis of
small and homogeneously bright nanodiamonds still deserve more effort to meet the standards

of commercial labels used for bioimaging.

4 Conclusion

In this work we showed that contrary to dye molecules, the emission of single NV centers in
single nanodiamonds is perfectly stable in time, with similar maximal photoluminescence signals
in practical conditions. In order to improve the NDs photoluminescence yield, we optimized the
parameters of the proton irradiation beam used to create high concentrations of vacancies in
30 nm diameter NDs and we gained a factor of three regarding the photoluminescence intensity.
After calculations we conclude that there is still plenty of room to improve the conversion of
the available vacancies and nitrogen atoms in the diamond matrix into NV color centers, by
proper optimization of the sample preparation conditions and adjustment of other parameters
than the irradiation dose. Our results contribute to a better control of the NV color center gen-
eration in nanodiamonds, an important step towards the creation of strongly photoluminescent

nanodiamonds for applications in biology and nanophotonics.
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Tables

o x 10717 cm? | 74q (ns) | B2 (kW /cm?) | R*# (kcounts/ s)
single carbocyanine . b 1700 ° 2475
molecule 40-60 26 14.5 % 744
single NV in PND 3¢ 17+15 ¢ 529 £ 70 31

Table 1: Comparison of the photophysical properties of single molecules and single NV centers in
PNDs. Excitation laser at 532 nm. For single carbocyanine molecules, i) are the values obtained
by extrapolation of the 3-levels fit, ii) are the measured maximal values before photobleaching
occurs. References: a: [40], b: [41], c: [45], d: [49]

Figure Captions

Figure 1: Size distribution and shape of the PNDs used in this study: a) AFM scan of PNDs
spincoated on a glass coverslip; b) TEM image showing PNDs angular shape; ¢) distribution of
heights of the nanodiamonds observed in AFM scan (a). Mean value: 22 + 8 nm. Number of

particles analyzed: 73.

Figure 2: Optical setup used to study PNDs photoluminescence. Surrounded by the blue dashed-
line box: the home-built confocal microscope. The Hanbury Brown and Twiss time correlation
system is depicted in the black dashed-line box. We modified the commercial microscope in
order to get a collimated beam at its output port. This modification consists in the addition of
a diverging lens DL (focal length: -125 mm) after the lens tube turning the beam back into a
collimated one, easier to handle for further propagation. The collimated output beam is then

focused by the L1 lens (100 mm focal length) into the 50 pm pinhole (PH).

Figure 3: Absorption (in green) and emission (in red) spectra of carbocyanine DilC;g(3) molecules.
The vertical black line shows the 532 nm excitation laser. The blue dashed line is the long-pass
(RazorEdge LP03-532RU-25) filter transmittance and the purple dashed line is the dichroic

530DCLP transmittance. Note that the choice of these filters is optimal for the carbocyanine
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fluorescence spectrum.

Figure 4: Photoluminescence of single dye molecules : a) Confocal raster scan, cw excitation laser
at 532 nm, intensity 12 kW /cm? (power 20 yW); b) Counting rate versus excitation intensity for
4 molecules (dashed colored); the plain line in green is the fit according to the three-level model
expression of equation . Inset: the saturation curve for higher excitation intensity values; c)
A 20 s intensity time-trace of a single molecule (binning 20 ms) with the characteristic one-step
bleaching, cw excitation laser at 532 nm, intensity 6 kW /cm?; d) Time-trace for a 20 nm Nile

Red-doped polystyrene bead, excitation 24 kW /cm?.

Figure 5: Photoluminescence study of single NV centers in single PNDs: a) Confocal raster scan
of 30 nm PNDs deposited on a glass coverslip by spin-coating. Excitation cw laser at 532 nm,
intensity 0.6 MW /cm? (power 1 mW); the image scale is saturated at 3000 counts/20 ms, in
order to see easier the less intense spots; the numbers on the left of the spots correspond to
the number of NV centers per particle; b) Intensity time correlation function of the PND in
red square, showing photon antibunching at zero delay, proving that the studied color center
is single; ¢) Photoluminescence spectrum of the same PND, corresponding to the emission of
NV~ color center; d) Intensity time correlation function of the PND with blue (vertical) arrow
of the scan a). From the antibunching dip we infer n = 4 NV centers; e) Counting rate versus
excitation intensity for 3 single NV centers (dashed colored), with plain green the saturation
fitting curve; f) Time monitoring of the photoluminescence intensity of a single NV center and
a ND containing 4 NV centers (of (b) and (d) respectively) over a period of 600 s, showing the

perfect photostability (binning 20 ms).

Figure 6: Photoluminescence comparison of 30 nm PNDs spin-coated on glass coverslips, after
H* irradiation and annealing. The well isolated spots correspond to single PNDs, with the
numbers next to each spot illustrating the number n of NV centers per PND. a) Confocal scan of
PNDs irradiated with 5 x 10 p™/cm?, mean value n = 2.7+ 1.1 NV centers/ PND ; b) Confocal

scan of PNDs irradiated with 5 x 10'6 p™/ecm? mean value n = 74 2.1 NV centers/ PND ; exc.
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wavelength 532 nm, exc. power 1 mW ; ¢) Occurrence versus photoluminescence intensity for

NDs irradiated with 5 x 10" H™ /em?(in blue) and 5 x 10'® H /em?(in red) respectively.

Figure 7: Spatial distribution of vacancies produced in diamond by ion beam irradiation as
predicted by SRIM Monte Carlo simulations for 2.4 MeV proton irradiation. The numbers of

damage events used in the simulations were 9999.
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