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promising approach focuses on tailoring NV properties during
the growth of diamond itself.[12–14] However, despite impres-
sive progress in this direction, these processes are still not stan-
dard. They are typically employed for thin layers only and re-
sult in expensive end products. Another possible approach con-
sists in increasing the NV density inside more affordable com-
mercially available diamond substrates, synthesizedwith conven-
tional techniques. This is the approach we focus on in this work.
In order to create new NV centers in a pristine diamond sub-

strate, substitutional nitrogen atoms (N) have to bond with va-
cancies (V) in the diamond lattice. Nitrogen is naturally present
in most commercially available diamond samples, with very dif-
ferent concentrations [N] depending on the growth technique.[15]

Note that throughout this work, we mainly use ppm as con-
centration measurement unit. Considering diamond lattice pa-
rameters, we recall that 1 ppm = 1.75 · 1017 atoms·cm−3. High-
pressure-high-temperature (HPHT) diamonds (type Ib) are low
cost and high yield and typically present a large amount of non-
intentionally doped nitrogen ([N] ∼10–300 ppm), while chemi-
cal vapor deposition (CVD) synthesis allows for a better control
of nitrogen concentration. ‘Optical grade’ CVD-grown substrates
typically present nitrogen concentrations of few ppm and are rou-
tinely produced by many suppliers.
In contrast, all commercially available diamond substrates

usually contain negligible amount of vacancies. The most com-
mon strategies for vacancy creation are ion irradiation[10,16–18](C,
N, He, H, etc.) and electron irradiation.[10,19–24] Additional tech-
niques were proposed and experimentally demonstrated, includ-
ing laser writing[25] and neutron irradiation,[26] among others.
Following irradiation, an annealing process allows vacancies to
move and bond with the substitutional nitrogen atoms, convert-
ing a fraction of each of these two constituents into desired NV
centers. Vacancies migration is typically achieved through ther-
mal annealing above 600 °C, which is the threshold tempera-
ture at which they becomemobile.[27] Standard annealing process
consists in few hours at 700–900 °C. Low pressure is used to avoid
graphitization. Annealing may also be performed directly during
irradiation, to lower the formation of vacancies complexes.[28–31]

Vacancy creation is thus the main tool for engineering NV
centers post diamond synthesis. In particular, electron irradia-
tion offers advantages compared to heavier particles in terms
of the induced lattice damage.[32] Historically, electron irradia-
tion was first performed at acceleration energy of few MeV (2–
10 MeV), with large beams uniformly irradiating all the sample
area and resulting in penetration depth up to a few millimeters.
Later, low energy irradiation was explored using transmission
electron microscopes (TEM), with electrons typically accelerated
at 200 keV.[21,33–35] This value is close to the minimum electron
energy necessary to create a vacancy, estimated as ∼165 keV in
ref. [36]. In this energy regime the penetration depth and the
beam diameter are typically lower (few tens of µm), but these fea-
tures can be used to create NV ensembles located in limited vol-
umes. Moreover, TEM microscopes are available in many insti-
tutes, making the process widely accessible. However, the regime
of extremely high energy irradiation, above 100MeV, remains un-
explored. With the growth of applications for quantum sensing
with NV ensembles, this regime could present interesting oppor-
tunities for NV center engineering, in particular for high density
ensembles over macroscopic volumes.

Here, we investigate the effect of extremely high energy
(155 MeV) electron irradiation of bulk diamond for NV creation
and NV sensing application. First, we develop a new simulation
tool, able to evaluate the number of vacancies created by elec-
trons with energy above 100MeV. Simulation of vacancy creation
is crucial to set the optimal irradiation parameters. As a rule of
thumb, the concentration of created vacancies should be of the
order of half the concentration of substitutional nitrogen present
in the substrate, so that all vacancies can bond to a nitrogen
atom and trap a free electron from a second nitrogen atom.[32]

Without sufficient nitrogen to act as electron donors, most NV
are in their neutral charged state NV0, which cannot be used in
spin-based sensing protocols. Inmost experimental paper the va-
cancy concentration [V] is extrapolated from a couple of theoret-
ical papers,[36,37] where simulation was limited to the regime of
few MeV. These results cannot be extrapolated to much higher
electron energy, in particular due to the onset of secondary cas-
cade processes. Our model describes vacancy creation in all en-
ergy regimes, from few keV to several hundreds of MeV.
We then perform electron irradiation with electrons at

155 MeV, on a commercially available HPHT sample ([N] ≲200
ppm). Irradiation is performed in a linear accelerator at the
Deutsches Elektronen-Synchrotron (DESY). We characterize the
obtained sample using different techniques to confirm that the
lattice quality is not degraded and to quantify the sensing perfor-
mances of the created NV centers. We report an increase in NV−

density by more than a factor 2000, up to 0.6 ppm, over the en-
tire sample length (3 mm) along the beam propagation axis, and
unaffected optically detected magnetic resonance (ODMR) con-
trast and linewidth. This corresponds to an increase in projected
sensitivity by a factor ∼45 with respect to the sample before irra-
diation.
Finally, the results are also compared with those obtained us-

ing low energy irradiation. Two different substrates, HPHT and
CVD, presenting different levels of initial nitrogen concentration
([N] ≲200 ppm and [N] ≲1ppm, respectively) are investigated. A
TEM is used to irradiate several areas (diameter ∼15µm) on the
substrates, with 200 keV electrons and different irradiation flu-
ences. For the same substrate and fluence, we observe that the
155 MeV irradiation provides ∼60 times higher NV− concentra-
tion, in qualitative agreement with our simulation. Moreover, we
show in the 200 keV-irradiated samples that conversion efficiency
from V to NV− saturates as electron fluence is increased, with a
saturation threshold fixed by [N], and clearly identify the presence
of the same mechanism in the 155 MeV-irradiated sample.
Overall, our work opens a new path of exploration for NV cen-

ter engineering in diamond with electron irradiation, consider-
ing a new electron energy irradiation regime. A peculiar aspect
of the ultra-high energy regime is that it allows to create NV− en-
sembles well suited to quantum sensing over macroscopic vol-
umes: we estimate that vacancies can be efficiently generated
through >10 cm of diamond, permitting massive saving in batch
irradiation costs if hundreds of substrates are stacked together,
for example.

2. Simulation

Electron trajectories inside diamond can be computed with the
CASINO software, a freely available Monte Carlo simulation

Adv. Physics Res. 2024, 3, 2300071 2300071 (2 of 11) © 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH

 2
7
5
1
1
2
0
0
, 2

0
2
4
, 2

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ap

x
r.2

0
2
3
0
0
0
7
1
 b

y
 D

E
S

Y
 - Z

en
tralb

ib
lio

th
ek

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [1
7

/0
1

/2
0

2
5

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



www.advancedsciencenews.com www.advphysicsres.com

Figure 1. a,b) Trajectories of 200 electrons in diamond, simulated using CASINO software. a) 155 MeV electron irradiation, 500 µm beam diameter. b)
200 keV electron irradiation, 15 µm beam diameter. c,d) Simulation of the number of vacancies per centimeter depth generated by 1 accelerated electron
at c) 155 MeV energy and d) 200 keV energy. The contribution of the initial recoiled atoms (filled light gray) and the secondary cascade process (filled
dark gray) are highlighted. Note the different axes limits in the two cases.

tool.[38] We use it to estimate the electron penetration depth. The
results obtained are reported in Figure 1a,b, for extremely high
energy (155 MeV) and low energy (200 keV), respectively. 200
electron trajectories are displayed in both cases. In the first case,
almost all electrons go through the 3 mm diamond in a straight
line, due to the very high electron energy. In the second case, their
low kinetic energy does not allow electrons to exit from the sam-
ple, the penetration depth being limited to slightly more than 100
µm. Vacancies (and thus NV centers) are here created in a shal-
lower layer only, limited by the minimum energy that an electron
should have to displace a carbon atom.
However, CASINOdoes notmodel the generation of crystal de-

fects induced by the electron beam interaction with the sample.
In particular, the density of created vacancies cannot be directly
estimated with this software. Especially at very high energies, the
effect of the displaced carbon atoms is expected to play a cru-
cial role since they have enough energy to displace other atoms
through a cascade phenomenon.[36,39] This secondary process is
not implemented in CASINO, which only considers the primary
electron-carbon interaction. In ref. [36] a different Monte Carlo
simulation tool is proposed, to discuss the damage induced by
electrons in diamond, in the range from 0.25 to 10 MeV. To ex-
plore the effect of electron irradiation in the regime of ultra high

energy, where radiative energy losses of electrons and vacancies
generated by cascade phenomenon are prevailing, we develop an
in-housemodel that is able to provide reliable results in all energy
regimes from few keV to hundreds of MeV.
The simulation has been implemented using the proprietary

coding language of Gatan Microscopy Suite (GMS 3.5) software
and is available upon request. First, the energy profile of the elec-
tron beam is calculated versus the propagation depth in the ma-
terial. For this purpose, the energy losses by ionization, predom-
inant at low beam energies (e.g. 200 keV), and the radiative en-
ergy losses by bremsstrahlung, predominant at very high beam
energies (e.g. 155 MeV), are considered. Second, the density of
lattice vacancies is calculated versus the depth in the diamond
crystal. For this purpose, the energy transfer events from the
fast electrons to the carbon nuclei are considered. If the energy
transfer is higher than the threshold energy capable of ejecting
an atom from the crystal lattice, a vacancy-interstitial pair is cre-
ated in the crystal. This displacement threshold energy is around
35 eV in diamond,[36] and corresponds to the maximal energy
transferable by a 165 keV electron. If a recoiled carbon atom has
an energy higher than the displacement threshold energy, it can
then generate further vacancies through atom–atom collisions,
known as cascade process. It has been predicted with molecular
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Figure 2. a,b) Simulation of the vacancy concentration (in ppm) generated by 155 MeV electrons (500 µm gaussian beam, maximum fluence ∼ 1.5
⋅1018 ecm−2). a) xy-map, for the beam propagating in the y direction and b) lateral profile, compared with half the [N] present in the substrate. c)
Vacancy concentration (in ppm) generated at different irradiation fluences by 200 keV electrons (gray line) and 155 MeV electrons (dark green line). The
horizontal lines correspond to half the [N] present in HPHT and CVD substrates, respectively.

dynamics that 50% of the displaced carbon atoms in cascade
process recombine and do not generate stable vacancies in
diamond[40]; this phenomenon is included in our simulation. The
details of themodel are described in the Supporting Information.
Figure 1c,d shows the number of vacancies per centimeter

depth generated by a single accelerated electron. We observe that
the vacancy generation through cascade process is not activated
for 200 keV beam while it is predominant for 155 MeV beam.
As complementary information, in Figure S2b (Supporting In-
formation) the number of generated vacancies versus the beam
energy is reported. The 200 keV electrons are not able to gener-
ate vacancies after a propagation of 38 µm as the maximal en-
ergy transferable to a carbon atom is decreased below the dis-
placement threshold energy at this depth. The vacancy genera-
tion of the 155 MeV beam is almost constant after a propaga-
tion depth of 3 mm in diamond, with a beam energy decreased
to 149 MeV. At this energy the propagation depth exceeds by
far the dimension of the sample under study: from the simula-
tion results in Figure 1c, the number of created vacancies, and
consequently NV centers, remains high after a propagation of
>10 cm inside the diamond. Multiplying the profile by the beam
fluence gives the profile of created vacancy density, the knowl-
edge of which helps to set the irradiation parameters for a desired
application.
For a fluence of 1.5 · 1018 ecm−2, the concentration of va-

cancies generated by a 155 MeV gaussian beam (diameter
∼500 µm) propagating for 3 mm in a diamond sample is shown
in Figure 2a. We predict no significant attenuation along the y-
axis across the 3 mm path. The lateral profile (Figure 2b) shows
that for the chosen fluence the vacancy concentration is of sim-
ilar magnitude as the nitrogen concentration in typical HPHT
substrates, estimated by commercial providers as [N] ∼200 ppm.
The gaussian beam profile allows to explore the impact of differ-
ent fluences into the same diamond substrate. In comparison,
Figure 2c shows the concentration of vacancies obtained for a
wide range of fluences. The gray line refers to the low energy ir-
radiation regime (200 keV), while the 155 MeV case is reported
in black. The horizontal dashed lines represent the [N] in the two
considered substrates (CVD and HPHT respectively).

3. Irradiation Experiments

3.1. Extremely High Energy Electron Irradiation

The 155 MeV electron irradiation took place at ARES (Accelera-
tor Research Experiment at SINBAD) at DESY, Hamburg. ARES
is a normal-conducting linear accelerator for research and devel-
opment purposes with ultra-short electron bunches. This exper-
iment was installed at the in-air experimental station located at
the end of the accelerator (see Figure S4, Supporting Informa-
tion). A dedicated holder was designed in order to properly align
the sample to the beam, with 1 µm accuracy. The experiment was
performed on a commercial HPHT diamond sample from Ele-
ment6 (3 × 3 × 0.3 mm3, [N] ∼200 ppm) The beam presents a
gaussian profile and passes through the sample along the y−axis,
as schematically reported in Figure 3a. The diameter of the beam
is estimated to be 2r ∼(500 ± 50) µm (Figure S5, Supporting In-
formation).
According to the results presented in Figure 2a and discussed

in the previous section, we set the target fluence to 1.5 · 1018 e
cm−2. To reach this value it was crucial to operate at very high
bunch charges, up to 120 pC per pulse, with a repetition rate of
10 Hz. The sample was irradiated for 96 h and the beam posi-
tion was monitored regularly. Following the irradiation, a con-
ventional low pressure thermal annealing step (800 °C during 4 h
under P= 10−6mbar) was performed. Both the annealing and the
following measurements were carried out at the École Polytech-
nique Fédérale de Lausanne (EPFL). In the following, this sample
is referred to as Sample 1.

3.2. Low Energy Electron Irradiation

In parallel, we performed a more standard irradiation process,
using low energy electrons from a TEM available at the Inter-
disciplinary Centre for Electron Microscopy - EPFL. We used a
Talos F200S TEM providing electrons at 200 keV within a ho-
mogeneous beam of 15 µm diameter. The irradiation geome-
try is reported in Figure 3b. Moving the sample while changing
the beam current and the irradiation time allowed us to easily
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Figure 3. Schematic of the electron irradiation experiments using a) 155 MeV electrons in a ∼500 µm beam with a fluence of 1.5 · 1018 e cm-2 at ARES
(DESY) and b) 200 keV electrons in a 15 µm beam using a TEM. Ten different locations with fluences in the range of 1 · 1016 to 5 · 1020 e cm-2 were
irradiated on each of two samples (1. HPHT and 2. CVD), presenting a different initial nitrogen concentration.

control the irradiation fluence from one region to the other,
within the same sample. As reported in Figure 2c, tested fluences
cover a wide range from 1 · 1016 to 5 · 1020 e cm−2. The irradia-
tion time for the highest fluence was around 15 minutes, with a
flux density up to 1 · 1018 es−1 cm-2. Two different samples were
subject to the same irradiation procedure: anHPHT sample from
Element6 (3× 3× 0.3mm3, [N]≲200 ppm, belonging to the same
batch as Sample 1), and a CVD sample from Appsilon (1 × 3 ×

0.3 mm3, [N] ≲1 ppm). Also in this case, following irradiation,
the same conventional low pressure thermal annealing step as
above was performed.

4. Results and Discussion

The simulation we develop describes well the penetration depth
and gives us an estimate of the concentration of created vacan-
cies, thus offering a guide in setting the irradiation parameters
and an important tool to interpret the results. In the following
we carefully characterize, with different techniques, the obtained
samples, in order to experimentally explore the impact of elec-
tron irradiation on the crystal lattice and investigate the proper-
ties of the created NV−, having the quantum sensing applications
in mind.

4.1. Extremely High Energy Electron Irradiation

Important changes in the diamond sample induced by the irra-
diation and annealing processes can already be appreciated by
looking at the sample with naked eyes, as reported in Figure 4b.
In particular, the central region, corresponding to the highest ir-
radiation fluence, 1.5 · 1018 e cm−2, presents a darker color than

the non-irradiated region at the edge of the specimen. We re-
fer to the latter as the pristine region. To better investigate the
nature of the defects created during irradiation and annealing,
we first compare the UV/Visible absorption spectrum at the posi-
tion of the highest fluence with the one from the pristine region.
The results are reported in Figure 4a. The light green line corre-
sponds to the pristine region and presents a yellow transmission
window, typical in HPHT diamonds due to the high N concen-
tration and responsible for their yellow color.[41] The dark green
curve was acquired in the highest fluence region: the NV− ab-
sorption peak at 638 nm and its phonon sideband appear, clearly
showing that the process induces an enhancement of the NV−

Figure 4. a) UV/Visible absorption spectroscopy. The light green curve
corresponds to the pristine region, the dark green curve to the irradiated
one. Data are acquired from 0.2 × 3 mm2 stripes. b) Optical picture of the
sample after irradiation: a dark line corresponding to the irradiated region
is clearly visible.

Adv. Physics Res. 2024, 3, 2300071 2300071 (5 of 11) © 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH

 2
7
5
1
1
2
0
0
, 2

0
2
4
, 2

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ap

x
r.2

0
2
3
0
0
0
7
1
 b

y
 D

E
S

Y
 - Z

en
tralb

ib
lio

th
ek

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [1
7

/0
1

/2
0

2
5

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



www.advancedsciencenews.com www.advphysicsres.com

Figure 5. Raman spectroscopy under 785 nm excitation wavelength. a) Raman spectra for different positions x. Lorentzian fits of the main peak are used
to extract xz-map of its b) FWHM, c) amplitude, and d) vertical offset.

concentration. This spectrum can be decomposed in theNV− and
its sideband plus a broad absorption spectrum, responsible for
the dark color of the irradiated region. This second feature could
be associated with large vacancy clusters, whichmay be produced
by the ultra-high energy electron irradiation process.[41,42] Note
that the spatial resolution of these UV/Visible absorption mea-
surement is poor: each curve in Figure 4 is an average over a 0.2
× 3 mm2 stripe.
To gain more insight into possible structural damages of the

crystal lattice, we use Raman spectroscopy.[43,44] The results ob-
tained under 785 nm laser excitation are reported in Figure 5. The
Raman spectra presented in Figure 5a are acquired at different x,
for z∼0 and y∼1500 µm (refer to Figure 3a for the coordinate sys-
tem). The dashed line corresponds to the spectrum acquired in a
pristine region of the sample. For each spectrum, the main peak
is fitted with a Lorentzian. Variations of the fit parameters (full
width half maximum (FWHM), height and background offset)
within a xz −plane transverse to the irradiation beam (at y ∼1500
µm) are reported in Figure 5b–d. We notice that the higher the
irradiation fluence the higher the background, while the height
and width do not significantly change. The FWHM agrees with
typical valuesmeasured in pristine diamond, and no Raman peak
downshift is observed, nor presence of “damage” peaks (typically
reported at 1490 and 1630 cm−1). We did not observe any depen-
dence of these features over the longitudinal y − axis. These re-
sults indicate that the treatment did not heavily affect the crystal
structure.[45] The high background in the irradiated region could
be due to the creation of defects exhibiting PL in the infrared.
Vacancy-related defects such as large clusters of vacancies may
be involved.
We now investigate the properties of the created NV centers

using photoluminescence (PL) spectroscopy and optically de-
tected magnetic resonance (ODMR). The two charge states, NV−

and NV0, present different PL spectra with a characteristic zero
phonon line (ZPL) at 575 and 638 nm, respectively. Relying on a
calibrated sample, PL spectroscopy can also be used for a quan-
titative estimate of the concentrations of the different defects.

In Figure 6, PL spectra obtained under 532 nm excitation wave-
length in the maximally irradiated region and in the pristine one
are compared. Note that the spectrum from the pristine region is
multiplied by 1000.
In both spectra, we clearly recognize the contribution from

NV− centers, with the ZPL peak at 638 nm and associated broad
phonon sideband peaking around 700 nm. A smaller peak, at
575 nm, is also visible in the spectrum of the irradiated region
and corresponds to the ZPL from NV0 centers. The mean PL in-
creases by several orders of magnitude after the irradiation plus
annealing process, indicating successful creation of NV− with
high density. More precisely, comparing the spectra at different
stages of the process (before irradiation, after irradiation and af-
ter irradiation plus annealing, see Figure S6, Supporting Infor-
mation ), we confirm that, even though the irradiation process
already induces change in the PL, the annealing step is crucial
to drastically increase the number of NV− into the sample. This

Figure 6. Photoluminescence spectroscopy under 532 nm excitation
wavelength. PL spectra from the maximally irradiated area (dark green
curve) and the pristine one (multiplied by 1000, light green curve) are com-
pared.
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Figure 7. Plot of relevant quantities versus x, the distance from the maximal irradiation region. a) NV− concentration, fitted with a gaussian curve. b)
Charge state conversion efficiency, �, according to Equation (1). The SNR outside the region −750 µm < x < 750 µm is too low to obtain reliable results.
c) Effective shot-noise sensitivity, according to Equation (3). d) Values of the longitudinal spin relaxation time T1. The error bar associated with each T1
value is smaller than the data point symbol size, as shown in Figure S8 (Supporting Information).

is explained by the mobility of the vacancies at high temperature,
able to migrate over several nanometers and couple with the sub-
stitutional nitrogen atoms to form NV centers.
Fitting the NV− ZPL peak after background subtraction

and comparing the peak area with the one from an indepen-
dently calibrated sample, the absolute NV− concentration can be
estimated.[10] The [NV−] at varying x is reported in Figure 7a. It
reaches amaximumof 0.6 ppm at x= 0. A gaussian curve fits well
the measured density profile, with a FHWM of (462 ± 10) µm.
The same measurement was repeated at different positions on
the y −axis, without significant differences, confirming that the
effects of irradiation are constant over the electron beam prop-
agation axis inside the diamond. In particular, no beam broad-
ening was observed and the generation of NV centers appears
constant at different depths. This is in good agreement with
our model (Figure 2a), which shows an almost negligible de-
crease of generation of vacancy density from 118 to 117 ppm be-
tween the entrance and the exit of the high energy beam in the
diamond crystal.
For NV sensing applications, a high concentration of NV− is

not enough to achieve high performance. The presence of the
neutral form of the defect, NV0, is detrimental for sensing as
it causes background luminescence thus reducing the ODMR

contrast.[32] Therefore a high [NV−] / [NVtot] ratio is desirable.
We refer to this figure of merit as charge state conversion effi-
ciency � and compute it using the Debye–Waller decomposition
method proposed in ref. [46], which neglects the presence of NV+

and takes into account the different response of NV− and NV0 to
532 nm light:

� =
IZPL,−e

S−

k532IZPL,0e
S0 + IZPL,−e

S−
(1)

where IZPL,− and IZPL,0 are the zero-phonon-line areas for NV
−and

NV0, respectively, weighted by their Debye–Waller factors S− =

4.3 and S0 = 3.3. k532 = 2.5 takes into account the different PL
rate of the two charge states under 532 nm illumination. The re-
sulting � is reported in Figure 7b: in the irradiated region >90%
of the NV centers are in the negatively charged state.

� presents a minimum around x ∼0 µm. From Figure 2b, this
result seems in agreement with the heuristic rule that the opti-
mal irradiation condition should provide [V] ∼[N]/2 and may in-
dicate that, at this location, there are not enough electron donors
to efficiently convert NV0 into NV−. However, given the starting
N doping level (200 ppm), the deduced [NV] densities equate to
an [N] to [NV] conversion efficiency below 1%, implying that this
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Figure 8. Optically detected magnetic resonance (ODMR) spectrum, fit-
ted with a Lorentzian curve, from the maximally irradiated region (x = 0).
To remove the degeneracy a bias magnetic field B ∼5 mT was applied.

explanation is not sufficient and other mechanisms should be
hypothesized. In particular, the creation of other N-containing
defects and the presence of yet unidentified electron traps (e.g.
divacancies, vacancy clusters, …) may explain the observed re-
sults. Identifying the defects created in the highest irradiation
region would be beneficial for interpreting the results, however
this requires other techniques and lies beyond the scope of the
current work.
Many NV-sensing protocols are based on the acquisition

of ODMR spectra[1,5,47,48] and T1 relaxometry.[49–52] The perfor-
mance of these protocols are related not only to the NV− density
but also to their spin lifetimes and coherence properties, which
are affected by the specific crystal lattice environment. We ac-
quired continuous wave ODMR spectra in our home-made con-
focal microscope. More details on the set-up can be found in [53].
We used a permanent magnet to lift the zero-field splitting de-
generacy and address a single transition.
An example of ODMR spectrum measured at the maximally

irradiated region, x = 0, is reported in Figure 8. From the ODMR
spectrum it is possible to estimate the shot-noise limited sensi-
tivity to magnetic field[54]:

�(T∕
√

Hz) =
4

3
√

3

h

g�B

��

C ⋅

√

R
, (2)

where �� is the Lorentzian FWHM, C its contrast and R the rate
of detected photons. The numeric prefactor depends on the res-
onance lineshape, which is assumed here to be a Lorentzian.
h

g�B
= 2.80 MHz∕G is the NV gyromagnetic ratio. In general,

the sensitivity depends on both the laser power and microwave
(MW) power, which must be carefully optimized. In an NV en-
semble, optimal sensitivity is ultimately limited by the spin de-
phasing time T∗

2. Here, we consider a fixed laser power and MW
power, chosen such that power broadening remains comparable
to the expected intrinsic linewidth (see Supporting Information).
To simplify further the discussion, we introduce an effective sen-

sitivity that does not take into account the collection efficiency of
the setup:

�eff (a.u.∕
√

Hz) =
��

C ⋅

√

A
∝ �(T∕

√

Hz), (3)

where both �� and C are extracted fitting the ODMR spectrum
with a Lorentzian (see Figure 8). A is the voltage measured by the
photodiode, proportional to the PL count rate. In Figure S7b–d,
Supporting Information, the linewidth, contrast and amplitude
extracted from the fit for different positions x are reported. No
significant trend is visible in the linewidth, some modulation
is present for the contrast that follows well the behavior of the
charge state ratio �, while the PL presents a clear increase around
x = 0 µm as expected. The effective sensitivity �eff at different dis-
tances from the highest irradiation line is reported in Figure 7c.
We demonstrate an improvement of ∼40 times compared to the
pristine region. The sensitivity enhancement is mainly domi-
nated by the PL enhancement, while the variations in contrast
and linewidth have a lesser impact. Even though the measure-
ments are in a regime were power broadening cannot be com-
pletely neglected, and thus do not give access to quantitative esti-
mation of T∗

2, the above conclusions are expected to hold true for
the optimal sensitivity due to the absence of significant change
in linewidth observed across the irradiated region (Supporting
Information). In other words, we cannot rule out variations of
T∗
2 due to the irradiation process, but their potential impact on

optimal sensitivity remain smaller than that of the increase in
PL intensity.
The same set-up is used to estimate T1 across the sample. We

use the standard all-optical measurement protocol, reported for
example in ref. [53]: a first laser pulse is used to polarize the
NV−, a second pulse allows to read out the spin state after a vari-
able time delay �. T1 is obtained by fitting the decay of readout
PL versus � with a single exponential function. In Figure 7d,
the extracted T1 values at different distances from the maximally
irradiated region are reported. Interestingly, T1 presents a non-
monotonous behaviour with two minima at x ∼ ±250 µm and a
local maximum at x ∼ 0 µm. This is in contrast with the findings
reported in ref. [55] where a monotonous reduction of T1 was ob-
served when increasing irradiation fluence. However, the study
in ref. [55] was based on CVD diamond irradiated with low en-
ergy 200 keV electrons. We hypothesize that other defects, such
as vacancy clusters, introduced under 155 MeV irradiation may
be responsible for the anomalous evolution of T1 in the highly
irradiated region. However, the mechanism behind the rise of T1
remains to be clarified in future studies.

4.2. Low Energy Electron Irradiation

We now turn to the discussion of the two samples irradiated un-
der TEMby 200 keV electrons. In this case, UV/Visible absorption
spectroscopy is not possible due to its poor spatial resolution ver-
sus the small dimension of the irradiated areas. We use PL spec-
troscopy to estimate the NV concentration and the charge state
conversion efficiency � in the different irradiation areas. Fluences
in the range 1 · 1016 to 5 · 1020 e cm−2 are investigated. However,
the irradiated areas could only be clearly identified by their PL
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Figure 9. a,b) PL spectra for different irradiation fluences under 200 keV electrons from theHPHT (a) and the CVD samples (b). Note the different vertical
scales. c) NV− concentration as a function of irradiation fluence for the HPHT (red circles) and the CVD (blue squares) diamonds. Experimental data
are linearly fitted (red line), assuming same slope as the one predicted by the simulation (Figure 2c). The dark green line corresponds to the theoretical
values for the 155 MeV case, assuming the same [V] to [NV−] conversion yield as in the 200 keV case. d) � as a function of irradiation fluence for the
HPHT (red circles) and the CVD (blue squares) diamonds. The experimental values corresponding to Sample 1 are reported as a diamond symbol in
panels (c,d).

signal for fluences >1 · 1017 e cm
−2 (resp. 1 · 1018 e cm−2) for the

HPHT (resp. CVD) sample.
In Figure 9a,b, we report the spectra corresponding to different

irradiation fluences, for both theHPHT andCVD substrates. The
Debye-Waller decomposition analysis presented in the previous
section allows us to quantify the NV− concentration and charge
state ratio � as a function of irradiation fluence for both samples
(Figure 9c,d). In the HPHT sample, where the initial nitrogen
concentration is higher, increasing the fluence leads to a con-
tinuous and approximately linear increase in PL intensity, that
is, in NV− concentration, with a maximum PL enhancement of
∼4 order of magnitude and a maximum [NV−] ∼3 ppm, without
any sign of saturation for the explored range of fluences (red cir-
cles in Figure 9c). Experimental data are linearly fitted, assuming
same slope as the theoretical curves reported in Figure 2c. Com-
paring the measured [NV−] with the simulated [V], we infer that
the conversion yield from created vacancy to NV− is ∼1.7 · 10−3.
The excess of nitrogen in the HPHT diamond provides sufficient
electron donors to ensure a high [NV−] / [NVtot] ratio (� > 0.9, red
circles in Figure 9d). Incidentally, we note that � decreases for
the highest fluences, which correspond to the same or higher [V]
than in the 155 MeV case (see Figure 2). This is consistent with
the observation of a minimum of � at x ∼ 0 in Figure 7.
On the contrary, for the CVD sample, we observe a sublinear

increase of PL intensity versus irradiation fluence with a satu-
ration at the highest fluence values (blue squares in Figure 9c).
Moreover, a growing contribution from the NV0 peak to the PL
spectrum reflects a decrease in the charge state conversion effi-
ciency � for 0.85 to 0.4 (blue squares in Figure 9d). These obser-

vations confirm that the nitrogen content is a limiting factor for
increasing [NV−] following electron irradiation and annealing, as
it limits the charge state conversion efficiency.
From Figure 1c,d, the simulated number of created vacancies,

close to the surface, at 155 MeV exceeds the number of created
vacancies at 200 keV by a factor of roughly 30 (dark green vs red
lines in Figure 9c). Experimentally, we measure a difference in
[NV−] of ∼60 times for the same HPHT diamond and same irra-
diation fluence (black diamond in Figure 9c), which is in qualita-
tive agreement with the simulation. The factor 2 of discrepancy
can be explained by uncertainty in the irradiation fluence and/or
different vacancies formation and recombination mechanisms
in the two energy regimes. We notice a slightly lower value of
� for the 155 MeV process with respect to 200 keV on the HPHT
sample (black diamond in Figure 9d). It is possible that the ultra
high energy irradiation creates other vacancy-containing defects
that also behave as electron acceptors, thus lowering the fraction
of NV−. As shown in Figure 7b, moving few micrometers apart
from the maximally irradiated region, � increases, reaching val-
ues >0.98. The current simulation provides the concentration of
vacancies, but cannot infer anything about their possible aggrega-
tion states. This aspect may be relevant and should be addressed
in a dedicated work.
Finally, we have also measured T1 values in the HPHT sam-

ple for different irradiation fluences. The results are shown in
Figure 10. We observe a monotonous decrease of T1 as fluence
is increased. As mentioned previously, this trend is identical
to previous reports in a CVD sample irradiated with 200 keV
electrons.[55] The strong contrast with the non-monotonous
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Figure 10. T1 versus irradiation fluence measured in the HPHT sample
irradiated at 200 keV

behavior observed in Sample 1 is a clear sign of the presence of
unknown defects in the 155 MeV samples, which would require
further studies to be unambiguously identified.

5. Conclusion and Outlook

In this work, we have explored the impact of ultra high energy
electron irradiation (155 MeV) on diamond with a focus of its ap-
plication for NV-based quantum sensing. We developed a simu-
lationmodel able to faithfully describe this regime, we performed
irradiation and annealing of an HPHT diamond substrate with
large nitrogen content, characterized the NV− properties in the
obtained sample, and compared the results with those obtained
under low energy (200 keV) electron irradiation. The main find-
ing is that 155 MeV irradiation yields approximately 60 times
higher NV− concentration compared to 200 keV irradiation of the
same diamond at the same fluence, while maintaining near ideal
charge state conversion ratio (� >0.95). Even though an increase
in broadband absorption and some background emission was
observed, possibly due to an increased density of vacancy com-
plexes, their effect on estimated ODMR sensitivity was not sig-
nificant. The main advantage of the extremely high energy elec-
trons is their huge penetration depth, estimated here to be more
than ten centimeters. Accordingly, this approach may be used in
the future for batch irradiation of hundreds of substrates stacked
together, with a potential for cost reduction (provided that an af-
fordable source of ultra high energy electrons is accessible). This
energy rangemay also present some advantages when irradiating
diamond-containing heterostructures in order to reduce electron
absorption and/or scattering in other layers.
Due to the limited access to the DESY irradiation facility we

could explore only one irradiation energy and fluence. It would
be interesting to vary these parameters, in order to better under-
stand their impact and optimize the NV− creation while reducing
the induced lattice damage. Our experiments and simulations
also show that [NV−] after irradiation and annealing is limited
by [N] in the initial substrate, with a maximal conversion effi-
ciency from nitrogen to NV− limited to 0.3%. This could be im-
proved with in situ annealing, as suggested by previous studies

onHPHT samples[28]: with this technique a conversion efficiency
>1% should be achievable.
Finally, we observed an unexpected, non-monotonous behav-

ior for the T1 relaxation time versus effective irradiation fluence at
155 MeV. Further experiments and/or modeling should help un-
derstanding the nature and density of the different defects in the
diamond lattice and how they may impact T1. Most notably, tech-
niques like electron-paramagnetic resonance and electron spin
resonance can be valid tools for this purpose[56,57] and should be
employed to detect the presence of vacancy-related defects, for
example single vacancies and vacancy clusters that are likely cre-
ated by the highly accelerated electrons and secondary displaced
atoms. The numerical model that we developed allows to explain
our experimental observations in terms of NV density and charge
state conversion efficiency, but cannot capture the formation of
such vacancy-related defects. More refined models could be de-
veloped in order to better understand what is happening at the
atomic level.
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