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ABSTRACT: Up to now, the rising edge of the upconversion
process does not receive due attention. Herein, a demon-
stration utilizing the feature of the rising edge to practically
detect the linear-velocity of an object is presented. Typically,
upconversion processes with different numbers of participant
photons would exhibit diversity in the rising edge. On this
account, when the emitter is moving, the emission intensity
ratio of different multiphoton processes will vary with
changing linear-velocity, which enables accurate speed
detection through spectral analysis. To illustrate this principle,
in this work, the modeling and numerical simulation were first
performed, and then experimental demonstration was carried

500 55 600 650
Wavelength (nm)

out in which core—shell upconversion nanocrystals were elaborately designed and fabricated as the speed sensing probe to
calibrate the speed of a homemade turnplate. It is believed that the present work will exploit a novel speed sensing method and
find a new application for lanthanide-doped upconversion materials.
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n the past decades, lanthanide-doped luminescent materials

have played a very active role in sensing applications, such as
biosensing (immunological detection,' ™ cell imaging,A"S in vivo
labeling,(’_8 and so on) as well as environment sensin
(thermometry,”™"" particular ion/molecular detection,"*"
and so on). All of these applications mainly concern two
sections of the luminescence behaviors, that is, steady-state
emission and time-resolved decay.'*~*° As for the rising edge of
the emission process, less attention has been paid to, let alone
developing critical application, although it is also an important
section of the luminescence behavior.

Actually, the optical response, especially the temporal
response of the upconversion (UC) phosphors, is highly related
to the rising ed§e, which is manipulatable by the component and
host-structure.”""*> Very recently, attention has been paid to this
issue. For example, Xia et al. made use of the long rising time and
long lifetime of Mn* ions in RbCaF; to achieve dynamic color
separation and develop its application in multiple anticounter-
feiting.”® However, up to now, many regions of this field still
remain to be exploited, especially for developing some crucial
sensing technologies. Well in this work, we will make a
demonstration of a potential application, which utilizes the
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feature of the rising edge and thus the temporal response of UC
phosphor to detect the linear-velocity of the object. The present
work will provide a new sensing technology and find a novel
application for lanthanide luminescent materials. Compared to
conventional optical speed sensing methods, such as reflection
counting, Doppler velocimetry, or camera-based image
velocimetry,”*>® the present speed sensing method exhibits
potential advantages of remote-type detection, high sensitivity,
and high spatial resolution. The following results would indicate
broad potential applications for the proposed velocimetric
strategy in the fields of vehicle monitoring to blood flow velocity
labeling.

For a clear illumination on the proposed speed sensing
principle, first of all, we established an idealized ladder-like
multi-energy-level model to illustrate the non-steady-state
feature of the UC process, as illustrated in Figure la. Based on
the model, the changing rates of the populations (dN/dt) and
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Figure 1. (a) Schematic diagram of an ideal ladder-like multi-energy-level model. (b) Calculated curves of populations versus time on various energy
levels when steady-state excitation is applied. (c) Calculated population and thus the temporal luminescence intensity versus time on every energy level
when pulse excitations with different widths are applied. (d) Schematic showing excitation and emission of a moving phosphor. (e—g) Simulated time-
related luminescence behaviors of different UC processes, assuming that the phosphor is moving with three specific speeds (v, vy, and v3, v; < v, < v3).
(h) Calculated fluorescence intensity ratios of different UC processes versus moving speed.

the temporal luminescent intensities are related to laser
pumping power density, absorption cross sections, and radiative
transition rates. Herein, to simplify the calculation, we ignore the
nonradiative and cross-relaxation processes and only consider
the radiative transition from excited states to the ground state;

therefore, the rate equations can be written as follows

— wey A A, A,
d N Wey — wey — A 0 0
E N, [= 0 we, —wey, — A, 0
N, 0 0 we, —wey — Ay
N,
N
N,
Ny
(1)

where w is the power of the excitation, A}, A,, A;., are the
radiative transition rates of corresponding energy levels (herein,
this parameter specifically refers to the radiative transition rates
from the corresponding excited state to the ground state,
ignoring the transition from one excited state to another excited
state), and ¢y, ¢}, ¢,., are the absorption cross section of each level.

The analytical solutions are expressed in Section S1. Through
numeric iteration, the population on each level can be
calculated, which is displayed in Figure 1b. Obviously, in the
rising edge section, the slope of the rising curve relates to the
number of photons required for pumping to the corresponding
level. This result indicates that, when pulse excitation is applied,
the temporal luminescence intensities from different levels will
exhibit diversity (Figure 1c). Moreover, with the reduction of
laser pulse width, the diversity becomes more and more severe.

Assuming a scene that a UC sample is moving while the
excitation light (the size of the beam spot is d) is motionless, as
schematically illustrated in Figure 1d, the sample can be counted
as several emitting units with the size of d. Each unit is excited
only when it passes through the region of the excitation beam
spot and, therefore, can be seen only when receiving pulsing
excitation (pulse width 7 = d/v, where v is the linear-velocity of
the emitter). In such a case, the overall luminescence can be
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Figure 2. (a) High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) image of the synthesized Tm/Yb:NaGdF,@
NaYF,@Er/Yb:NaGdF, UCNCs; the inset is the schematic core—shell—shell configuration. (b) UC emission spectrum of core—shell—shell UCNCs,
excited with a steady-state 980 nm laser. Time-dependent emitting intensities from (c) Er** (543 nm) and (d) Tm?*" (475 nm) ions when different

pulse widths are applied.

approximated to be the accumulation of sequenced temporal
emissions from each sample unit, as displayed in Figure le—g.
Undoubtedly, with the increase of the moving speed, the pulse
width inflicted on each unit would reduce, which promotes the
diversity of luminescence intensity from different levels (Figure
le—g). Consequently, the fluorescence intensity ratio (FIR) of
different levels would exhibit remarkable dependence on the
linear-velocity. Figure 1h displays the simulated FIRs (I,/1;, I;/
I, and /L), all of which exhibit a monotone rise with the
increase of velocity. The “higher-order” FIRs (e.g, /I, I,/I;,
and L,/I) are presented in Figure S1, which also exhibit similar
monotone variation but severe dependence on velocity. Higher-
order FIRs are undoubtedly more sensitive to the velocity since
the more photons participate in the upconversion process, the
longer the rising edge would exhibit, and thus, more severe
diversity in luminescence intensity would appear. These results
indicate the potential of a spectral velocimetry technique that
employs a UC material as the probe.

It is worthy to note that the above calculation is idealized,
which only simulates the excited-state absorption , while for
practical use, for brightening the luminescence, the sensitizing
ions are always introduced, which makes the energy transfer
upconversion (ETU) become dominated. The ETU process
might prolong the rising edge for each level relatively,”* but the
diversity still remains. To ensure this and confirm the feasibility
of this proposed speed sensing strategy, in the present work,
core—shell UC nanocrystals (UCNCs) composed of NaYF,/
NaGdF, are chosen as the host, which is doped with Tm, Er, and
YD activators to act as the typical probing materials. Concretely,
we constructed the Tm/Yb:NaGdF,@NaYF,@Er/Yb:NaGdF,
NCs, as shown in Figure 2a (the concentrations of Tm and Yb in

the core are 3 and 37%, respectively, while those of Er and Yb in
the outer shell are 1 and 39%, respectively). In this nano-
architecture, Er dopants in the shell are responsible for providing
the two-photon emission, Tm activators in the core take charge
for exhibiting high-ordered UC (i.e., three-photon and four-
photon UC), and the middle NaYF, inert-shell plays a role of
spatial isolation between Tm and Er. Herein, we adopt such a
configuration intending to obtain initially a relatively more
intense Tm®" ion luminescence than Er’" ions since high-
ordered UC would suffer a more severe attenuation with the
increase of the moving speed when we perform the velocimetry
experiment, while the middle NaYF, layer can not only eliminate
the Tm®>" — Er’* energy transfer trough the interface but also
isolate the Tm*" — Gd*" — Er*" energy migration from the core
to the shell. X-ray diffraction (XRD) patterns (Figure S2)
identify that all the synthesized NCs are hexagonal-phase
NaYF,/NaGdF,. The detailed microstructure observations for
these core—shell UCNC:s are presented in Figure S3.

The steady-state UC spectrum of the synthesized core—shell
NCs is presented in Figure 2b. The four-photon UC (Tm 'D, —
3F, at 450 nm), three-photon UC (Tm 'G, — *Hg at 475 nm,
and 'G, — °F, at 648 nm) as well as the two-photon UC (Er
Sy *Hyjy — *i, at 543 nm) emissions can be well
discerned. Impulse excitations with different pulse widths are
applied to illustrate the diverse temporal response of the two-
photon Er UC and three-photon Tm UC. As shown in Figure
2¢,d, with the decrease of the pulse width, both Er and Tm
emissions exhibit a decline at the maximal intensity, but
obviously the 475 nm three-photon emission exhibits a more
severe decline than the 543 nm two-photon emission. This
experimental result agrees well with the above discussion based
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Figure 3. (a) Configuration of speed sensing equipment. (b) Photo of the motionless turnplate coated with Tm/Yb:NaGdF,@NaYF,@Er/
Yb:NaGdF, UCNCs, under excitation of a 980 nm laser (50 mW/mm?). (c) Photos of the rotating turnplate with increasing speed, under excitation of

a 980 nm laser.
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Figure 4. (a) Speed-dependent UC emission spectra of Tm/Yb:NaGdF,@NaYF,@Er/Yb:NaGdF, NCs. (b) Plot of FIR versus speed fitted with a
quadratic polynomial. (c) FIR at a motionless state and at a speed of 75 km/h for accelerating and decelerating cycles. (d) Calculated sensitivity versus

speed.

on numerical simulation, indicating the feasibility for performing
speed sensing via employing the FIR of 543 nm emission to a
475 nm one.

Furthermore, a demonstration of speed sensing was
performed. The core—shell UCNCs were coated on a rounded
board, which is fixed on a motor to enable the rotation (Figure
3a,b). This device was then equipped in the sample chamber of a
spectrofluorimeter (Figure S4). With the increase of the rotation
rate and thus the linear speed of the sample, the emission color
gradually changes from blue to green (Figure 3c). Movie Sl
shows this chromatic phenomenon during the acceleration and
deceleration of the turnplate. This is ascribed to the alteration of
Er and Tm emission, as exhibited in Figure 4a. The FIR (I5,3/
I;s) value versus speed exhibits a remarkable monotone
variation (Figure 4b). Therefore, this FIR parameter can be

employed as the speed sensing index. Figure 4c presents the
measured FIRs at a speed of 7.5 km/h (0.087 + 0.001) and at a
speed of 75 km/h (16.3 + 0.02) for 10 times accelerating and
decelerating cycles, which indicates the stability of this speed
sensing method. To calculate speed sensitivity (S = dFIR/dv, the
unit of S is (km/h)™!, and herein, we simplify it as h/km), we
adopt Taylor expansion to express the relationship of FIR versus
speed, regarding FIR as a polynomial function of velocity (see
Section S1). As exhibited in Figure 4b, the experimental data
match well with a quadratic polynomial. Accordingly, the speed
sensitivity can be evaluated, as presented in Figure 4d. Notably,
as the speed increases from 7.5 to 75 km/h, the S value rises up
from 0.023 to 0.45 h/km. This phenomenon is reasonable
because, when the moving speed of the emitter is low, both the
two-photon and three-photon UC emissions are still approx-
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Figure S. (a) Schematic illustration of experimental setup for simulating velocimetry for an object with rectilinear motion. (b—f) The captured
temporal emission spectra for a trolley moving at various speeds; all the spectra are normalized to the emission peak at 543 nm. (g) Plot of FIR (I543/
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imate to the steady state; that is, their FIR is relatively dull to the
speed changing. Fortunately, in our speed sensing system, it is
easy to obtain a promoted sensitivity at a low speed. For
example, we can take the four-photon process into account.
Specifically, we can utilize the FIR of three-photon UC to four-
photon UC (i.e., I,;5/I,50) or even two-photon to four-photon
UC (i.e., Is43/I450)- Figure SS demonstrates the values of L5/
and Is,3/1,5 versus speed, as well as the sensitivities of these two
FIRs. When using FIRs of I,;5/I,50 and Isu3/I5 as sensing
indexes, remarkably higher sensitivities can be achieved (up to
0.5 and 0.7 h/km, respectively, at a speed of 7.5 km/h).
Therefore, this proposed velocimetric method is expected to
enable the modulation according to the target speed range,
which is favorable for practical speed detection.

Finally, to illustrate the usability of the proposed velocimetry
in practice application, the detection for the rectilinear moving
object is simulated. We introduce a length-scaled air cushion
track, which is tilted by 3° to enable the slide of a trolley on it
(Figure S6). The instantaneous velocity of the trolley when it
passes through the excitation spot is controlled by its initial
position, and the maximal velocity of trolley is 4.5 km/h. The

core—shell UCNCs were coated on the side of the trolley. To
realize sensitive velocimetry at a relatively low speed by using
FIR of two-photon to four-photon UC (i.e., Igs/I4s), high-
content (57 mol %) Yb** ions were doped into the core to
enhance four-photon UC emission assigned to the Tm 'D, —
3F, transition (Figure S7). A CCD grating spectrograph, which is
capable of capturing a whole spectrum within 500 ms, was
employed to collect the emission spectra from the UCNCs, as
illustrated in Figure Sa. The captured temporal emission spectra
for a trolley moving at various speeds are presented in Figure
Sb—f. A remarkable monotone increase of FIR (I,3/I,s,) with
the speed is observed (Figure Sg), from which the rating curve of
FIR diverse velocity is obtained for velocimetry (red line in
Figure Sg).

Based on this rating curve, practical velocimetry for the trolley
can be carried out. For example, the trolley was put at a random
selected position of the air cushion track, and then it started to
slide. After it passed through the excitation spot, a temporal
emission spectrum was captured (Figure 6a). The FIR (Iy,;/
I 50) is read out to be 0.76, and a speed of 3.39 km/h is indexed
from the rating curve. This value is close to the actual speed of
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3.32 km/h, as illustrated in Figure 6b, confirming its feasibility of
the proposed velocimetric strategy.

The above simulated application not only illustrates the
feasibility of the proposed velocimetric strategy in a relatively
low speed range and in a rectilinear motion case but also implies
a more important potential application. It is noted that the
velocity of arterial blood flow in the human body is in the range
of 40 to 100 cm/s,”” that is, 1.44 to 3.6 km/h, which well
matches the velocity range of above simulation. Therefore, the
proposed velocimetry based on UPNCs is expected to be an
alternative for the laser Doppler method applied in a blood flow
monitor.””

In summary, this work proposed a speed sensing strategy
based on upconversion spectral analysis, which utilizes the
diversity in rising edges of the multiphoton process with
different numbers of participated photons. Obviously, this
strategy is appropriate for a large speed range with a quick
response and high spatial resolution, enables the remote-type
detection, and therefore is adoptable in vehicle monitoring,
mechanical control, and medical diagnosis (in vivo blood flow
monitoring). What is more, this strategy would exhibit
somewhat superiority to conventional velocimetric methods.
For example, compared with conventional spectral velocimetry,
that is, the Doppler shift method, the proposed strategy allows a
good separation between the excitation signal and detection
signals, indicating a superior resolution. On the other hand,
owing to the fast response, the velocity detected using our
strategy is more close to the instantaneous linear speed, which
would be more convenient than the reflection counting method
and high-speed camera. Last but not the least, the proposed
velocimetric mechanism in this work concerns the feature of the
upconversion rising edge, which did not accept due attention
before, and therefore would exploit novel issues in engineering
and fabricating upconversion materials armed at sensing
application.

B METHODS

Numerical Simulation and Solving of the Rate Equations.
According to the multi-energy-level model shown in Figure 1la, the
populations of each energy level is noted as Ny, N;, N,., whose values
follow the differential equations (eq 1). To solve these equations
numerically, first, we assign the value of power (w) to be identically
equal to 10 (steady-state excitation), the value of radiative transition
rates of corresponding energy levels (4, A;, A;.) to be 100, and the
absorption cross sections of each levels (C, C;, C,.) to be 1. Since we
are only concerned with the relative intensity and time-related
tendency, all these values are nondimensionalized. Then the Runge—
Kutta iteration is carried out to solve the rate equations. The initial
values are that, when t =0, Ny=1and N; =N, =N; =N, = N, = 0.
Finally, all the obtained curves N,(t) are normalized to 1, as presented
in Figure 1b.

In the case that pulse excitation is applied, the numerical solution of
N,(#) (x=1,2,3.) is divided into two sections: the pulse-on section and
the pulse-off section. In the “on” section, the values of N,(t) are just the
same as the case of steady-state excitation, while in the “off” section the
value of power (w) is assigned to 0; therefore, the N,(t) is a simple
decay curve (xexp(—A,t)), as shown in Figure 1c.

When simulating the case that the emitter is moving, we assign the
size of the excitation beam spot (d) to be 1 (nondimensionalized value).
The emitter is divided into several units whose sizes are equal to that of
the excitation beam. Each unit is excited only when it passes through the
region of the excitation beam spot and, therefore, is regarded as
accepting only a pulse excitation (pulse width 7 = d/v, v is the moving
speed). Hence, the overall luminescence behavior is approximated to
continuous pulse emitting. Each pulse is calculated according to the

above method. Herein, we assign the speed with three specific values (v,
=2, v, = 3, and v; = 4, nondimensionality).

Construction of the Speed-Controlled Turnplate. To con-
struct a speed controllable turnplate, a motor with a rotating speed of
10500 rpm was employed. A 24 V DC voltage source was applied to
drive the motor. Between the voltage source and the motor there
equipped a function generator with a tunable duty ratio, which takes
charge to control the rotating rate of the motor. A rounded cardboard
with a diameter of 4.6 cm was fixed on the spindle of the motor forming
a turnplate. The synthesized core—shell UCNCs were coated on the
position of the cardboard with a diameter of 4.0 cm. The photograph of
this setup is illustrated in Figure S4.

Velocimetry for an Object with Rectilinear Motion. A length-
scaled air cushion track (1.5 m) was employed to carry out practical
velocimetry for rectilinear motion. This track was tilted by 3° to enable
the slide of a trolley with a length of 0.15 m on it. A 980 nm laser was
used as the excitation whose light spot was fixed on the track. A CCD
grating spectrograph (PR-670, Photo Research Inc.) was used to
capture the temporal emission spectra from the trolley with an integral
time of 500 ms. To obtain the rating curve, the initial positions of the
trolley were chosen to be 1.0, 0.9, 0.8, 0.7, and 0.6 m away from the
excitation laser spot so that, when it slides through the spot, the
velocities would be different, specifically being 3.64, 3.45, 3.26, 3.05,
and 2.82 km/h, respectively. For simulating velocimetry, the trolley was
put on a random selected position (about 0.83 m away from the
excitation spot) and was then let go to slide through the excitation spot.
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