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Fig.1 TSTF UCL mechanism and static volumetric 3D
imaging principle. (a) TSTF UCL process of Er*" ions;
(b) imaging principle of static volumetric 3D display
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Fig. 2 Example of volumetric 3D display system. (a) Right view of static volumetric 3D display system; (b) top view of static

volumetric 3D display system
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Fig. 3 Characterization of upconversion nanocrystals. (a) Upconversion excitation spectrum of NYF@NGF@NYF material.

Monitoring wavelength is 541 nm, fixed laser source wavelength is 1550 nm, and continuous excitation source is a femtosecond

laser; (b) upconversion emission spectrum of NYF@NGF@NYF material. Excitation source is infrared laser with wavelengths
at 1550 nm and 850 nm; (c) addressing result in cyclohexane solutions of NYF@NGF@NYF; (d) TEM and HAADF images of
NYF@NGF@NYF

43 EHERES

A 3D & 38 H A B AS RSl A o B AP O %, 3D
WA %) A — 22 30 U0 T A 2 (8] v e BRI i) 3 1 32 B
W JE R 3D WA SRR VA S S AR 3D H A . PR
5 H) R TR I A SO 78 XU I 5% 40 b Ak 52 10 B &
P T BE 9 28 b (i 22 T A5 & mT LOY  1e h USSR I 5 e
W5 IR 7 25 A T e RO bt ek S B S A
3D R (B AT J A 3D him ) o WAl 4 Fr R, B ek R
SR Y 3D W AR B A AR BROVE B AT 2D VT L SR
W 2R O TR B 3h 78 & e R R R S )2 T [RD I
52 %0 2D U R R AR B e Bk R . 2D YT R
EME BE & A6 A4 AL B2 T A9 B2 3l e sl 4, DT I g
SERE) 3D LR . BAR LR

5 il W PR A K OB E TFTS UCL #1 KA
RG2S, 7E 2SI T R MR RO B B — A &

Tl o [R) A 42 4 2230 T AE & 06 A Rk LR 45 il T OB Bk
3D KR, 5 d BG4 JE R e ] R 3D W ik
BITER o T SR 7 I [, e — R O
XUBAL L 5 45 b Rk — g A SR O 9 2 O A 7 1) 2 35 &
MR o — i 5, AR T B O AE R M R
BEARTE B T R U] SR . ) — RO IR T AR
Fe A T7 1) I kB AN B R R, 5 2R BOE 19 38 T
FR A BAR T o AR E 4 BT 2R 30O 4 i R BE Y ) 20 A
ERE LI AR 3D Wy R A [R50V 12 9 U0 4%, DLP
AR5 B S R 2 o IRBE AT DMD 2 (4] 3 1
Trigger {5 5 A7 Wi R F 4 B [ 4 . Trigger f5 5 M Ik
gL LU R 20 2R 1.6 ms £ 4, —WifE
28 ms i fy o

Pl A v SO 4y Sk £SO RN TR BE SO, Sk T
O R TR B 45 I LA A R LT E A R T

0811002-5



_line laser

1234 27282930

volumetric
3D display

circular laser

4 WoRA B R A A AR 5 58
Fig. 4 Basic scheme for image generation in display media

I8 SE O i DLP £ 1 R AR 98 U0 1 3 24 . 1 5 s
T W78 19 3D PR RS B R AT 2D U0 R, SRS 4 R
A 8% Bh A ke A e IR AR TR IORE S X
N 2D B1 R EE th DMD #8876 & 6 R kL 2D R
B & &6 A4k HL B = 1T A A% B g DD A, A T B 5E
R 3D AR

AL B 4 R 2 R A0 S TR, SRR 1k
DLP # il -k 1 LMCFIBER %% il - , 8K J5 76 71 30l I
BEALER AR K 3D AR pE AT U) R sl F e B &0 il
1 b BRI B R A L G B AL AL 1 A
I EE] DLP £ B9 F A e rp | [ i TC & 141 7 7 51
7E DMD H iy J8C A4 B[] A0 0AR 1) B, OF B0 8 16 R X
WS R, A 1 R 20 A5 5 Ul 4 . 72 DLP #22 F
fid & 58 W , 1% B LMCFIBER #2169 Bk 280, %
i 422 32 8 X6F G2 A0 ) 26 ik o %) 42 00 28 %) LMCFIBER 4%
iR R SR T AR 20, G 2 AN Sk TR T
AR VIR B 7 e B0 BE A A6k R B G Sk T A 7 B
e ), AT TR S8 R 1 3D T IR RIS . R AR

! I

F5 B HLEPE 4 2 A

Fig. 5 Control logic of upper computer software
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Abstract

Objective The static volumetric 3D display technology displays 3D objects by volume pixels in 3D space, presenting real
stereoscopic images. It can provide physiological and psychological depth clues for human visual systems to perceive 3D
objects and can meet all-around observation needs. Additionally, it is the most likely 3D display technology to achieve high
spatial resolution, multi-angle, and simultaneous observation of multiple people, real-time interaction, and large size.
Among them, the static volume 3D display technology based on dual beam addressing has attracted much attention due to
its unique advantages such as fine voxel, high spatial resolution, easy realization of full-color display, and meanwhile the
image is no shaking and does not require auxiliary equipment (such as glasses) to view. By employing the energy of two
infrared photons to pump a material into an excited energy level, the electrons in the excited energy level will transition to a
lower energy level and produce visible light, which is an effective way to achieve dual-beam addressing. The material that
can implement this luminescence process is also known as the two-step two-frequency (TSTF) up-conversion luminescence
(UCL) material, and it can have great potential applications in static volumetric 3D display technology due to its rapid
response, high contrast, and high color purity. Despite this, the material has received few reports in volumetric 3D display
applications because of its low UCL efficiency and small display volume. Additionally, some literature focuses on the
properties of materials, with less introduction of 3D display systems. The above two points greatly limit the application and
research interest of the 3D volume display of TSTF UCL materials. Thus, we develop a 3D imaging system based on the
TSTF UCL mechanism of rare earth ions, and meanwhile build a projection imaging optical path based on digital optical
processing (DLP) and a line laser shaping optical path based on scanning galvanometer and cylindrical mirror. The display
system is based on the TSTF UCL technology, which employs a dual infrared laser excitation, and adopts the digital
micromirror display (DMD) and scanning galvanometer to achieve rapid scanning of image volume at high resolution. Tt
has lower material performance requirements and cost, and more simple method than dual DLP imaging mode. This
system is very suitable for the preliminary study of the stereoscopic display effect of TSTF UCL materials and also
provides an effective idea for the imaging schemes of other addressing media materials. Additionally, the TSTF UCL
material utilized for the display is a cyclohexane solution of core-shell NaYF,: 0.5% Er@NaGdF,: 2% Yb@NaYF,: 1% Er
(NYF@NGF@NYF) nanocrystals, which has great potential for large-scale imaging.

Methods We present a static volumetric 3D display system with wide wavelength and fast response, which includes three
parts of display medium, control system, and laser system. In the experiment, nanocrystals NaYF,: Er@NaGdF,:
Yb@NaYF,: Er with dual-step dual-frequency up-conversion ability are selected as imaging medium. The control system
employs 1024 X768 DMD and scanning galvanometer to project the infrared laser. By the appropriate design of imaging
optical software, the two-dimensional slice of the stereoscopic image is converted into the control signal of the DMD/
scanning galvanometer. The laser system adopts 1550 nm and 850 nm infrared lasers as the addressing and imaging light

source and adjusts the beam and optical path with appropriate parameters.
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Results and Discussions The upconversion emission spectra of NYF@NGF@NYF are measured [Fig. 3(b)]. After

integrating the emission spectrum in the visible range (500-700 nm), it can be concluded that contrast is I 5. g5/ (L5501
I:,) =28.69, where I,;;,+ Iy, Iiss, and I, are the emission intensity under co-excitation of 1550 nm and 850 nm lasers,
under excitation of 1550 nm laser, and under excitation of 850 nm laser respectively. With self-made display materials and
the self-built static volumetric display system, a variety of 3D images can be demonstrated at a refresh rate of 40 Hz, and
the images are clear and bright (Fig. 7). The maximum luminous power of a single point measured by the power meter can

reach 0.5 mW, the theoretical maximum resolution can be 30X 1024 X768, and the number of voxels is close to 23 million.

Conclusions We report a two-beam scanning 3D imaging system based on the dual-frequency upconversion luminescence
mechanism of rare earth ions. The DLP and scanning galvanometer in the optical path are controlled by the computer to
build a 3D dynamic model in the liquid medium. The images presented by the system feature stability, high resolution, fast
scanning speed, and maximum voxels of 23 million, without observation angle limitations. The various parts of the system
such as the light source, the light path, and the display medium are independent and can be quickly replaced and flexibly
adjusted to adapt to the excitation properties of different materials. The material adopted for the display is a cyclohexane
solution of the core-shell structure NYF@NGF@NYF nanocrystals, which has great potential for large-scale imaging. The
system has certain reference significance for the development of volumetric 3D display and provides support for the
preliminary research on 3D display capability of display media such as TSTF materials. Meanwhile, this display system is
characterized by convenient building and obvious display effect, without the requirement for high material properties. It
assists with the preliminary research on up-conversion materials in 3D display and serves as references for exploring large-

size 3D volume display technology.

Key words volumetric 3D display; two-step two-frequency upconversion; NaYF, nanocrystals; digital micromirror display
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