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ABSTRACT: Nuclear quadrupolar resonance (NQR) spectrosco-
py reveals chemical bonding patterns in materials and molecules
through the unique coupling between nuclear spins and local fields.
However, traditional NQR techniques require macroscopic
ensembles of nuclei to yield a detectable signal, which obscures
molecule-to-molecule variations. Solid-state spin qubits, such as the
nitrogen-vacancy (NV) center in diamond, facilitate the detection
and control of individual nuclei through their local magnetic
couplings. Here, we use NV centers to perform NQR spectroscopy
on their associated nitrogen-14 (14N) nuclei at room temperature.
In mapping the nuclear quadrupolar Hamiltonian, we resolve
minute variations between individual nuclei. The measurements
reveal correlations between the Hamiltonian parameters associated with the NV center’s electronic and nuclear spin states, as well as
a previously unreported symmetry-breaking quadrupolar term. We further design pulse sequences to initialize, read out, and control
the quantum evolution of the 14N nuclear state using the nuclear quadrupolar Hamiltonian.
KEYWORDS: nuclear quadrupolar resonance, spectroscopy, NV centers

Nuclear quadrupole resonance (NQR) spectroscopy
detects interactions between nuclear electric quadrupole

moments and local electric field gradients, aiding the study of
molecular structures at low bias magnetic field.1−3 NQR
spectroscopy is widely applied in security for explosive and
drug detection,4−6 pharmaceutical analysis of powders,7−9 and
thermometry.10,11 Due to the unique fields experienced by
nuclei at each site, set primarily by the valence electrons and,
therefore, the corresponding chemical bonds, NQR studies
reveal a wealth of information that can be used to identify and
characterize molecules and bulk materials. However, due to the
small magnetic signal generated by each nucleus, traditional
radio frequency NQR is limited to use with macroscopic
samples that contain large nuclear ensembles. The ability to
perform NQR on individual nuclear sites would open up the
possibility of studying molecule-to-molecule variations and
dynamical changes due to local fields and structural changes,
e.g., protein folding and drug-target interactions.

Quantum sensors based on optically active defects in
semiconductors allow for investigations of much smaller
nuclear ensembles. Defect-based quantum sensors such as
the diamond nitrogen-vacancy (NV) center host electronic
spin states that can be initialized and measured with laser light
and manipulated with microwave signals at room temperature.
The electron spin qubits interact with proximal nuclear spins
through unique magnetic hyperfine couplings that are
determined by their positions.12 Using Dynamical Decoupling
(DD) control sequences, it is possible to resonantly amplify

these hyperfine couplings,13 allowing high precision character-
ization and control of individual nuclei.14−19 NV-center
quantum sensors have been employed along with DD
sequences to perform NQR spectroscopy of small nuclear
ensembles in deuterated molecules20 and in hexagonal boron
nitride crystals.21,22 In other regimes, NV-center ensembles
have been used to boost the sensitivity of traditional NQR
detectors for macroscopic powder samples.3 However,
accessing individual nuclei and retrieving their quadrupolar
Hamiltonian has remained an open challenge.

In this work, we demonstrate DD-based, room-temperature
NQR spectroscopy of the nitrogen-14 (14N) nuclei intrinsic to
individual NV centers. In this way, the NV centers serve as
both quantum sensors and as analogs of individual molecules.
The measurements reveal considerable variations in the 14N
quadrupolar and hyperfine parameters among different NV
centers, as well as a previously unreported term in the nuclear
quadrupolar Hamiltonian that results from symmetry breaking.
We further observe correlations between the nuclear
Hamiltonian parameters and the electronic Zero-Field Splitting
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(ZFS) parameters, highlighting the potential of NQR spec-
troscopy to reveal details of local chemical structure and
deformations due to electric or strain fields. Finally, we design
and implement DD sequences that utilize the 14N quadrupolar
Hamiltonian to facilitate initialization and arbitrary quantum
control of the 14N nuclear spin.

■ ELECTRON−NUCLEAR INTERACTIONS IN
DIAMOND NV CENTERS

The NV center (Figure 1a) consists of one substitutional 14N
coupled to a vacancy in the diamond lattice. In its negatively
charged state, the NV center hosts an electronic spin-1 state
that undergoes a spin-dependent optical pumping transition,
allowing the spin state to be initialized and read out optically.23

This electronic spin interacts with the intrinsic 14N nuclear
spin within the NV center (≈ 99.7% spin-1 14N in natural
abundance), as well as with 13C nuclei in the surrounding
diamond lattice (spin 1

2
, ≈ 1.1% natural abundance) and any

other nearby nuclear spins. In the isotropic case, ignoring the
effects of strain or electric fields, the general Hamiltonian
comprising the electron spin interacting with a single nuclear
spin is given by

= + + · + + + ·H DS E S S B S H H B I( )z X Y e n
2 2 2

quad hf

(1)

where S = (SX, SY, SZ) is the electronic spin operator, I = (IX,
IY, IZ) is the nuclear spin operator, γe (γn) is the electronic
(nuclear) gyromagnetic ratio, and B = (BX, BY, BZ) is the
external magnetic field. Figure 1b shows this Hamiltonian
diagrammatically for the specific example of the NV-center’s
intrinsic 14N nucleus. The first two terms represent the

electronic zero-field splitting (ZFS), followed by the Zeeman
term for electronic spins. This is succeeded by the nuclear
quadrupolar term and hyperfine coupling and the Zeeman
term for nuclear spins. The term Hhf represents the hyperfine
interaction, which takes the general form

= · ·H S IAhf (2)

where A is the hyperfine interaction tensor. For 14NV, Hhf
takes the simplified form:

= + +H A S I A S I S I( )Z Z Z X X Y Yhf (3)

where AZ and A⊥ are the parallel and perpendicular hyperfine
coupling strengths. The second term in eq 3 generally does not
affect the electron−nuclear dynamics due to the large
mismatch in energy splitting between the electron and nuclear
spin states, leaving the parallel term as the primary hyperfine-
coupling effect.

The term Hquad represents the nuclear quadrupolar
Hamiltonian, which is nonzero for nuclear species with total
nuclear spin I ≥ 1. The quadrupolar Hamiltonian can, in
general, be written as24
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ZZ
quad

2

2 2

(4)

where e is the electron charge, Q is the quadrupolar moment
unique to each nuclear isotope, VZZ = ∂2 V/∂ z2 is the electric
field gradient along the principal nuclear axis, and VXX and VY Y
are the electric field gradients in the perpendicular plane. The
principal axes are chosen so that |VZZ| > |VXX| > |VY Y|, and the

Figure 1. Electron−nuclear interactions in 14NV centers. (a) Model of a diamond NV center located within a solid immersion lens, composed of an
electronic spin (purple) coupled to a 14N nucleus (blue). (b) Pictoral representation of the Hamiltonian terms for 14NV. (c) Schematic of a DD
spectroscopy sequence. Initial and final

2
pulses are in opposite directions, while decoupling π pulses are XY8 symmetrized. (d) DD NQR features

corresponding to the |mI = ±1⟩ to |mI = 0⟩ transitions (dips marked purple and red) appear in the presence of an off-axis magnetic field (N = 64, B
= 193 G). A third series of dips corresponding to the |mI = ±1⟩ transition (marked green) appears due to the quadrupolar asymmetry parameter,
even without an off-axis magnetic field. Panel (b) displays the energy levels associated with the peaks. (e) DD spectra for two different NV centers
(blue and orange), here with N = 32 pulses repetitions, reflect significant differences in the 14N quadrupolar Hamiltonian. Data are shown with
markers, along with best-fit simulation results as dashed lines.
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electric field gradient is diagonal in this basis. For a particular
nucleus, eq 4 takes the simplified form

= + ++H PI I I( )Zquad
2 2 2

(5)

where P and α are constant parameters representing the
quadrupolar splitting and asymmetry parameters, respectively.

Although the nuclear quadrupolar Hamiltonian term is
distinct from the electronic spin, its effects on the electronic
spin can be observed via the hyperfine interaction using DD
sequences as shown in Figure 1c. Transverse terms in Hhf (the
second term in eq 3) lead to rotations of the nuclear state that
depend on the electron spin projection. DD sequences amplify
this interaction since multiple small rotations accumulate when
the spacing between pulses is resonant with the hyperfine-
shifted frequency of the nuclear Larmor precession, causing
resonant series to emerge in DD spectra.13

Figure 1d shows an example of a DD NQR spectrum in
which three distinct resonance series can be observed. The
series correspond to electron-spin-dependent transitions
between the 14N nuclear states as indicated in Figure 1b. As
discussed in the next section, the physics responsible for
transitions between nuclear states with |mI = 0⟩↔|mI = ±1⟩ is
different from those transitions between |mI = ±1⟩ states.
Nevertheless, the observation of all three resonance series
constitutes a complete measurement of the nuclear quad-
rupolar Hamiltonian (eq 5), together with AZ. Since the DD
sequence extends the coherence lifetime of the electronic spin,
this method allows extremely precise determination of P for
each nucleus and also reveals the existence of small α
Hamiltonian terms that had previously not been detected
nor considered.23

■ DD NQR SPECTROSCOPY
The 14N nucleus intrinsic to the NV center represents a
convenient testbed to illustrate the physics of DD-based NQR.
Ideally, the C3v symmetry of the NV center should cause the
asymmetry quadrupolar parameter α to vanish. Moreover, in
the presence of a purely longitudinal magnetic field (BX = BY =
0), the axially symmetric hyperfine Hamiltonian of eq 3 does
not generate nuclear spin rotations under DD sequences, since
the magnetic field direction experienced by the nucleus is
independent of the electron spin projection. In real systems
with reduced symmetry, however, both of these conditions are
relaxed.

In the presence of a weak transverse magnetic field (BX ≪
BZ) an effective perpendicular hyperfine coupling term appears
due to spin mixing,25 leading to an approximate hyperfine
Hamiltonian given by

+H A S I F
B A

B
S IZ Z Z

N X

e Z
Z Xhf

(6)

where F is a constant that is particular to the 14N nuclear
isotope.26 Previous authors have used this effective hyperfine
interaction to observe nuclear quadrupolar interactions for NV
ensembles using electron spin−echo envelope modulation,27 to
perform dc vector magnetometry using single NV centers26

and to realize high fidelity gates.28 We use it in order to
quantify the quadrupolar Hamiltonian parameters via DD
NQR spectroscopy. In a DD control sequence with
appropriate pulse spacing, the SZIX term in the effective
hyperfine Hamiltonian facilitates electron-spin-dependent
rotations of the 14N spin (see Figure 1c), in analogy with the

case for 13C nuclei.13 The rotations manifest in DD spectra as
two distinct resonance series, each corresponding to one of the
|mI⟩ = 0 to |mI = ±1⟩ transitions, with spacing given by

+
±

k
P A

(2 1)
2k

z N (7)

where ωN = γN B.
Figure 1e shows the DD NQR spectra obtained by sweeping

the pulse spacing near two such transition resonances for two
different NV centers. The shift in resonance position reflects
differences in P and AZ for these two NV centers. We use
numerical simulations to fit DD NQR spectra acquired using
different N around these two resonances; see the Supporting
Information, Sec. II. Table 1 shows NQR spectroscopy results

for six NV centers located within the same diamond sample
(see the Supporting Information, Figure S3, for the underlying
data). Interestingly, the values of P and AZ show a variance 1
order of magnitude larger than the measurement uncertainty.
In particular, NV A exhibits values for P and AZ that differ by
several kHz from the other NVs in this sample. NV A is also
the only NV under a diamond solid immersion lens (SIL).
These milled structures are used to minimize optical losses
caused by total internal reflection and spherical aberration (See
Figure 1a).29,30 Yet, they are recognized to influence the local
strain field at the NV centers,31 consequently affecting the NV
Hamiltonian.32,33

■ FORBIDDEN QUADRUPOLAR TRANSITIONS
Although the αi term in the 14N quadrupolar Hamiltonian
vanishes for the ideal case of C3v symmetry, local perturbations
such as strain and electric fields can distort the electronic wave
functions, leading to nonzero transverse electric-field gradients
at the 14N position. When α is nonzero, the second term in eq
5 directly couples the |mI = −1⟩ and |mI = +1⟩ nuclear states,
causing nuclear transitions to occur that are typically symmetry
forbidden. Figure 2a illustrates these dynamics for a suitably
tuned DD sequence, whereby the nuclear spin evolves in the |
mI = +1⟩ manifold according to slightly different rotation axes
depending on the electronic spin state; after many pulses, the
nuclear spin evolves into orthogonal spin states. The resulting
entanglement between electronic and nuclear spins manifests
as a reduced signal amplitude for these carefully tuned pulse
sequences. DD spectroscopy of NV A (Figure 2b) reveals the
presence of these forbidden transitions as a series of sharp,
periodic resonances with a spacing given by

+k
A

(2 1)
2( 2 )k

Z N (8)

where ωN = γN B. Section VII in the Supporting Information
includes a derivation of this expression.

Table 1. Electronic ZFS, Hyperfine, and 14N Quadrupolar
Parameters for Each NV Studied

NV D (MHz) E (MHz) AZ (kHz) P (kHz) β
A 2859.20(2) 8.33(4) 2168.1(1) 4934.9(1) 0.0016(2)
B 2870.47(2) 7.51(4) 2164.7(1) 4939.5(1) 0.0039(3)
C 2870.39(2) 7.63(4) 2163.5(5) 4939.4(2) 0.0095(4)
D 2870.37(1) 7.58(3) 2165.0(3) 4939.2(1) 0.0175(6)
E 2872.20(3) 7.58(4) 2162.9(4) 4936.9(2) 0.0205(4)
F 2870.41(2) 7.04(3) 2162.9(4) 4940.7(2) 0.0082(4)
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In analogy to the typical phenomena of DD resonances (as
in Figure 1c), whereby A⊥ induces Sz-dependent rotations
between states with ΔmI = 1, here the nonzero α term induces
Sz-dependent transitions between |mI = ±1⟩ states. When α is
small, many pulses are needed in order to accumulate a
measurable rotation angle. Figure 2c shows the evolution of
the DD signal as a function of N; the contrast is reduced by
approximately 1/3 due to the thermal occupation probability
of the uncoupled |mI = 0⟩ state. By varying both τ and N
(Figure 2f) around a particular resonance, we map out the full
dynamics of these forbidden quadrupolar resonances. A fit
using numerical simulations (Figure 2f) yields a best-fit value
of α = 2π × 2.429(12) kHz. The ratio α/P = 5 × 10−4

illustrates how a tiny Hamiltonian parameter can have a
substantial impact on nuclear dynamics and be measured with
high precision using DD spectroscopy.

The sensitivity of the DD-based measurement is limited by
intrinsic decoherence mechanisms (captured by T2) and by
pulse errors.34 For the sequences we consider, the total

experimental sequence times are much shorter than the
intrinsic decoherence time (typically T2 ≈ 1 ms at room
temperature), and the contrast decay is dominated by pulse
errors, which we model using an exponential envelope, e−βN.
This envelope constrains the practical detection limit of α,
shown in Figure 2b as a set of curves for different N as a
function of β.

Of the six NV centers we studied, we only observed
forbidden transitions for NV A. We propose two reasons for
this observation. First, NV A may experience larger-than-
average symmetry breaking from transverse strain or electric
fields due to its location at the center of a milled SIL, and
hence a larger value of α. This is supported by measurements
of the electronic ZFS D and E (Table 1) are significantly
different than for other NV centers in the sample. Moreover,
NV A features the smallest β of the sample and, subsequently,
the lowest detection limit. Figure 2f shows the β values for the
other NV centers along with a shaded region corresponding to

Figure 2. Forbidden transitions. (a) Evolution of the nuclear spin in the |mI = ±1⟩ manifold when the electronic spin is in the state |ms = 0⟩ (blue)
and |ms = −1⟩ (red) for a tuned DD sequence with N = 12. (b) DD spectroscopy data for NV A (blue points with dashed line) and simulation
(solid orange curve) for N = 32. (c) The measured electron spin projection (blue markers) as a function of N for fixed τ = 1.372 μs (black marker
in (b)) agrees with simulations (solid orange curve). (d) DD spectroscopy data as a function of τ and N, which is fit using simulations (e) to
determine the value of α. Error bars in (d) are comparable to those in (b) and (c). (f) Detection limit for α as a function of β for tuned DD
sequences with different N; the detection limit is the situation where the signal-to-noise ratio exceeds 1. The noise floor is assumed to be constant
at P(|0⟩) = 0.2. The shaded area represents the detection threshold for the sequence applied experimentally. The star marks the value for NV A.

Figure 3. Initialization and coherent evolution. (a) Experimental sequence used to probe initialization of the 14N nuclear spin. (b) Power spectra of
the free-precession data acquired without (orange) and with (blue) a DD-based initialization sequence. (c) |mI = +1⟩ (blue markers) and |mI = −1⟩
(orange markers) populations fitted from Ramsey data while varying the amount of green time used to reinitialize the electron state. Exponential
fits (dotted lines) show the population difference decaying to the steady state values (solid horizontal lines). (d) Pulse sequence used to measure
the free induction decay of the 14N nuclear spin. (e,f) Oscillations of the X (blue markers) and Y (orange markers) projection of the 14N nuclear
spin within the |mI = +1⟩/|mI = −1⟩ manifold during free evolution while the electron spin is in the (e) |mS = 0⟩ and (f) |mS = −1⟩ state.
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the N < 64 limit we experimentally investigated; we expect that
α for these NV centers is outside the detection region.

■ NUCLEAR INITIALIZATION AND COHERENT
EVOLUTION

In addition to their use in sensing, DD sequences can be used
to achieve precise control over individual spin states.13−15

Combinations of conditional and nonconditional gates can be
used to construct protocols for nuclear-spin initialization,
unitary control, and entanglement with the electron spin.14

Figure 3a shows a sequence used to probe 14N spin
initialization. Here, two DD sequences functioning as CNOT
gates transfer the population from the electron to the nuclear
spin states, and a subsequent electron-spin free-precession
sequence probes the resulting nuclear population. The electron
precession exhibits three oscillation frequencies associated with
the 14N spin states, resolved by the AZ hyperfine coupling
(Figure 3b). The relative amplitudes of these three oscillations,
extracted from the power spectrum (Figure 3b) reflect the
nuclear spin occupation probabilities. In this case, the DD
initialization sequence applied to a forbidden transition of NV
A transfers population from the |mI = −1⟩ state directly to |mI
= +1⟩, further confirming the physical interpretation of these
resonances.

The data in Figure 3b show that the 14N nuclear spin is
partially polarized even without the 14N initialization sequence.
This is due to the off-axis hyperfine interaction in the optically
excited state.35 By sweeping the duration of green illumination
used to reset the electron spin, the nonequilibrium nuclear
population lasts for several microseconds (Figure 3c) before
returning to the steady state values, consistent with other
studies on the 14N nuclear spin population.36 Nuclear
tomography on the 14N using the electronic spin confirms
the effectiveness of the initialization sequence (Figure 3d).
Oscillations in the 14N nuclear spin projection within the |mI =
+1⟩/|mI = −1⟩ manifold during free evolution, observable
while the electron spin is in the|mS = 0⟩ and |mS = −1⟩ states,
are evident in Figures 3e and 3f. Section V of the Supporting
Information includes further information about the initializa-
tion and tomography sequences.

■ COMPARISONS OF NQR AND ZFS PARAMETERS
Figure 4 shows the measured values for the 14N quadrupolar
splitting P and hyperfine coupling Az plotted against the
electronic ZFS parameters D and E for each NV center studied.
The clear correlation illustrates the influence of local strain and
electric fields on the quadrupolar Hamiltonian. The measure-
ments cannot be explained using the Hamiltonian in eqn. 1
alone with fixed quadrupolar parameters (see Supporting
Information, Sec. VII); rather, distortions of the chemical
bonds cause changes in the local electric-field gradients that

determine P and α. As discussed earlier, NV A exhibits ZFS
parameters that are significantly shifted from the mean,
consistent with a large local strain or electric field. NV A is
also the only center for which we observed a nonzero α
parameters in the 14N quadrupolar Hamiltonian. Using eq 4,
we obtain = ×V 1.359(7) 10 V/mzz

22 2, and the fitted value of
α for NV A gives a normalized transverse electric field gradient
value of = 0.0181(3)V V

V
XX YY

ZZ
.

■ CONCLUSIONS
This study introduced a method to measure the quadrupolar
Hamiltonian of an individual nucleus using a single electronic
spin as a sensor. The method enabled the observation of
previously unidentified terms in the 14N Hamiltonian for NV
centers, and elucidated correlations between the electronic and
nuclear Hailtonian parameters due to distortions of the defect’s
structure. Compared to existing techniques, this approach
offers numerous advantages. Due to the frequency selectivity of
DD spectroscopy, each nucleus is uniquely resolved by its
hyperfine coupling to the electron sensor. The measurement is
also highly local; its sensitivity decreases rapidly with distance
since the hyperfine coupling scales as ∼1/d3, where d is the
sensor-target separation; see the Supporting Information for
further details on sensitivity limits. Recent advances in creating
and stabilizing shallow NV centers,37,38 combined with this
approach, can potentially allow nanoscale NQR sensors
capable of probing individual nuclei at the single-molecule
level. This method can also be used to probe nuclei associated
with surface groups, or to fingerprint defects inside the bulk.
Functionalized nanodiamonds containing NV centers can be
suspended in liquid solutions and probed in biochemical
environments for in situ and in vivo chemical sensing
applications.39−41

One of the significant advantages of the NV center is its
surrounding 13C ensemble, which can function as a quantum
register14,42,43 and enhance sensing capacity.44 This approach
preserves the ability to utilize such techniques. Since the
hyperfine and quadrupolar parameters are much stronger than
the Zeeman splitting under our experimental conditions, the
resonance positions remain stable over a wide range of
magnetic field values. Hence, the magnetic field can be tuned
for the convenience of the sample/system under study.

The accurate measurement of the asymmetry of the
quadrupolar moment is becoming increasingly crucial for
precise control and manipulation of quantum systems.45−47

Quadrupolar asymmetry plays a role, for example, in
semiconductor quantum dots48 where it is the source of
decoherence, and in nuclear spin squeezing49 where it can be
used for control. The ability to detect even the small

Figure 4. Impact of ZFS parameters. (a) Measured P parameters for 14N, derived from DD spectroscopy, plotted against the electron ZFS
parameters D and E electron splitting parameters derived from zero-field ESR data. (b) Measured Az parameters for 14N, similarly plotted against D
and E. Dashed lines indicate linear fits. Error bars are comparable in size to the markers. NV A is indicated in each plot by a star.
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magnitude of the asymmetry in systems where it is expected to
be zero represents a significant advancement.

Similar to other pulsed quantum spectroscopy techniques,
the sensitivity of this NQR technique is limited by T2 and pulse
errors. Pulse errors can be minimized by implementing more
sophisticated control schemes.50,51 Although T2 at room
temperature is already close to the T1 limit, it is possible to
adapt NMR sensing protocols that surpass the T2 limit for use
with NQR.52 Additional techniques such as optimizing NV
depth,53 improving sample preparation,54 and employing
machine learning to compensate for noise55 will further
boost the sensitivity.

■ METHODS
The sample and experimental setup are described in refs 56.
and57. Important details are included here.

The sample is a type-IIa electronic-grade synthetic diamond
(Element Six), treated with 2-MeV electron irradiation (1014

cm−2) and annealed at 800 °C for 1 h in forming gas. NV A is
at the focus of a 6-μm-diameter solid immersion lens (SIL)
surrounded by a circular antenna used for microwave control.
Details on SIL fabrication are included in the Supporting
Information, Sec. I.

Using the SIL around NV A, we detect ∼0.1 photo-
luminescence photons per measurement shot. For other NVs
that were within the antenna’s range but not within the SIL’s
focus, we detect ∼0.02 photons per shot, leading to reduced
signal-to-noise ratio. Magnetic fields are supplied by a
permanent magnet, which was aligned and calibrated using
the |mS = 0⟩ to |mS = ±1⟩ spin-resonance transitions of NV A.
For initializing the spin states, 20 μs-long green laser pulses are
used to reset the system, while shorter (100 ns) laser pulses are
used to reinitialize only the electron spin.

The experiment timing was controlled by a pair of Arbitrary
Waveform Generators (AWGs). One (AWG520 Tektronix)
was triggered to start the experiment and controlled the optical
excitations and collection paths, including the AOM used to
turn on the green (532 nm) laser used for readout and
initialization, and the data acquisition system (National
Instruments, PCIe-6323). The AWG520 was also used to
trigger another AWG (AWG7102 Tektronix) which was used
to control the IQ modulation of a benchtop signal generator
(SG384, Stanford Research Systems), which was fed into a
high bandwidth mixer (ZX05−63LH+, Mini-Circuits) to allow
fast pulses and a high-isolation switch (ZASWA-2−50DR,
Mini-Circuits, allowing) to prevent on-resonance leakage from
decohering the spin, both of which are also controlled by the
AWG7102. Interpolated pulse spacings are used to increase the
resolution beyond the hardware limitations.58 The output was
fed through a USB-controlled microwave attenuator (Rudat
6000−60, Mini-Circuits) and broadband amplifier (ZHL-16W-
43-S+, Mini-Circuits) before being delivered into the sample
through a custom SMA-connected PCB, which is, in turn, wire-
bonded to the antenna traces.
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