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Table 1. Natural Nd isotopes.

EFf R Nd-150 Nd-148 Nd-146 Nd-145 Nd-144 Nd-143 Nd-142
KIRFEE ¢/ % 5.62 5.73 17.22 8.30 23.85 12.17 27.11
% AL, 0 0 0 7/2 0 7/2 0
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Table 2.  The three-step photoionization scheme of Nd
isotopes.
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Fig. 1. The three-step photoionization scheme: (a) I, = 0; (b) I, # 0.
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Table 3.  The laser parameters adopted in the numerical calculation.
28 SRR SO FIRMOL
I dak 2 TR
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F 4 BR-MERASE
Table 4. The energy parameters of scheme No. 1.
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Table 5. The isotope shifts of scheme No. 1.
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Fig. 2. The experimental saturated power density curve of

the second transition!!!l.
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Fig. 3. The numerical saturated power density curve of the second transition under by; = 0.1 GHz and different combinations of (s,
Bag: (a) B12 = 0.05; (b) Bio = 0.1; (c) Brp = 0.15; (d) By = 0.2.
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Fig. 5. The numerical and experimental saturated power
density curve of the second transition (shown as normal-
ized ionization probability of Nd-150): (a) by; = 0.1 GHz;
(b) byy = 1.5 GHz; (c) by = 1.5 GHz, the partial enlarged

view of the vertical axis in the range of [0.9, 1].
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Table 6.  The selective photoionization effects of scheme No. 1.
298 /GHz 1.0, 1.0 0.5, 1.0 0.3, 1.0 1.0,0.5 1.0,0.3 0.5, 0.5 0.3,0.3
Cis0/ % 49.86 54.81 55.80 54.64 58.86 68.35 61.00
Pion, 150 0.3839 0.4071 0.4158 0.3848 0.3849 0.4144 0.4073
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Table 7. The energy parameters of the imagined photoionization scheme of Nd isotope.

B E/cm™! J Ayys/MHz Avs/Avgs Byys/MHz Biys/ Bus 7/ns
irE—E 003 4029] ~121.628) 1.6086012 64.6342 1.897129 ®©
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TBUE By 34011.04" ]k AT ¢ 1.6' 0 1.9° 100"

TE: S FoRBOEE, “VFRIRTEL, 5, GERI AT, “7FRIRAE (-0, 0] MHzIE N AT, ARYEARRESORUG 48 5 KO, A SCEBUTE Ry

[-140, 0] MHz.

® 8 Bl RBUE H B BRI BT S

Table 8. The transition parameters of the imagined photoionization scheme of Nd isotope.
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2.66" 3" 0.05" 6.7004

T O FORMBUEE, “PFR i EEAERIT RIR S, P FIRTE (-, ) GHz UGN, ARG PBOE R R A Bl A0

PR R [-1.5, 1.5] GHz.
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(a) Nd-145, A3,45 = 0 MHz, ~20 MHz, 40 MHz, —60 MHz; (b) Nd-145, A5 = ~80 MHz, ~100 MHz, ~120 MHz, 140 MHz;
(c) Nd-143, A; 143 = 1.643145, A5 = 0 MHz, 20 MHz, ~40 MHz, —60 MHz; (d) Nd-143, A3y45 = 1.64345, A3y — 80 MHz,
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Fig. 9. The influences of the second excited state’s hyperfine constant As; 45 on the hyperfine structure of the second transition of
Nd odd isotopes, taking Bji;; = 0 MHz, ISy .45 = 0 GHz as an example: (a) Nd-145, A3,; = 0 MHz, —20 MHz, —40 MHz,
~60 MHz; (b) Nd-145, A3y,5 = 80 MHz, ~100 MHz, ~120 MHz, 140 MHz; (c) Nd-143, Ay = 1.643,5 Asys = 0 MHz,
20 MHz, 40 MHz, —60 MHz; (d) Nd-143, Ay 143 = 1.6A45,45, Ay 145 = ~80 MHz, ~100 MHz, -120 MHz, 140 MHz.
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Table 9. The influences of the second excited state’s hyperfine constant B;y4; on the hyperfine splitting degree of the

second transition of Nd odd isotopes.

Nd- 145845 40 H HUR(E A’/ MHz

Eilive-S FRERE A0 0 -20 -40 ~60 -80 ~100 -120 ~140
ijééfﬁ%ﬂjgmax(’/m A, B) - min(un A, B)/GHZ

B=-034,4=A 5.006 4.456 3.906 3.356 2.806 2.268 2.160 2.520

NS B=-054, A=A 5.006 4.452 3.898 3.345 2.791 2.254 2.143 2.500
B= 074, 4= A 5.006 4.450 3.893 3.337 2.781 2.245 2.131 2.487
B=-104,A=A' 5.006 4.447 3.888 3.330 2.771 2.236 2.120 2.473

B= 034, A=164" 8.064 7.184 6.304 5.424 4.544 3.676 3.456 4.032

N B= 054, A=164" 8.064 7.178 6.292 5.406 4.520 3.654 3.429 4.000
B=-0.7A, A=1.64" 8.064 7.174 6.284 5.394 4.504 3.639 3.410 3.979

B=-1.04, A=1.64’ 8.064 7.170 6.276 5.382 4.488 3.625 3.392 3.957

R0 BTBCRAERTANE AL By 145 M ECAT RIS 2 BRI RS AN BRI W SR 1 5

Table 10.  The influences of the second excited state’s hyperfine constant Bs4; on the resonance frequencies of hyperfine

transition paths of Nd odd isotopes’ the second transition.

Nd- 145808 40 # B0 (E A'/MHz

Cilive 3 RGN B 0 -20 ~40 ~60 -80 ~100 ~120 ~140
FEPRA B K 25 R max |y, A, B~ Va3 4, ol)/MHz
B= 034, A=A 0 2.4 4.8 7.2 9.6 11.9 14.3 16.7
B=-054, A=A 0 4.0 8.0 11.9 15.9 19.9 23.9 27.8
Nd-145
B= 074, A=A 0 5.6 11.1 16.7 22.3 27.8 33.4 39.0
B=-104, A=A’ 0 8.0 15.9 23.9 31.8 39.2 47.7 55.7
B=-0.34, A =164’ 0 3.8 7.6 11.5 15.3 19.1 22.9 26.7
B=-054, A =164’ 0 6.4 12.7 19.1 25.5 31.8 38.2 44.6
Ne-143 B=-0.74, A=1.6A’ 0 8.9 17.8 26.7 35.6 44.6 53.5 62.4
B=-1.04, A =164’ 0 12.7 25.5 38.2 50.9 63.6 76.4 89.1
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Fig. 10. The selective photoionization effects of Nd isotopes under different combinations of the second transition’s isotope shifts
and the second excited state’s hyperfine structures: (a) ISy;145 = —1500 MHz; (b) 1S53 145 = —1000 MHz; (c) ISy3145 = —500 MHz;
(d) ISy = 300 MHz; () ISy515 = 0.0 MHz; (f) ISy5045 = 300 MHz; (g) ISy5045 = 500 MHz; (h) ISpp.5 = 1000 MHz;
(i) IS53.145 = 1500 MHz.
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Table 11.  The selective photoionization effects of Nd isotopes in the case of the lowest Nd-150 abundance.
29 /GHz /%
Nd-150 Nd-148 Nd-146 Nd-145 Nd-144 Nd-143 Nd-142
1.0, 1.0 47.45 24.25 2.66 6.69 0.54 18.26 0.14
0.5, 1.0 52.04 20.13 1.76 5.41 0.39 20.17 0.11
0.3, 1.0 53.16 19.23 1.64 5.20 0.37 20.30 0.10
1.0, 0.5 51.22 20.98 1.80 5.42 0.40 20.08 0.11
1.0, 0.3 52.23 20.14 1.69 5.21 0.38 20.24 0.10
0.3,0.3 64.99 6.85 0.71 3.01 0.22 24.14 0.08
0.5, 0.5 60.70 11.03 0.93 3.60" 0.26 23.39f 0.08

TE: R T AE 10(b) A EARIEFUR, fis = fs = 0, ISg3148 = ~1000 MHz, Ay 1,5 = —100 MHz; &, " i () 25 [0 3568 8 &

A A Jo AR BE TR R AL A M2 5 5518112 (), (b) HTXTBE

*12 HfBREA R IRA

Table 12.  The resonance frequency of Nd even isotopes.
FLPR(E Nd-150 Nd-148 Nd-146 Nd-144 Nd-142
v15/MHz 0 1126.9 2009.2 2827.7 3700
53/ MHz 0 1000 1660 2320 3000
Vi9+193/MHz 0 126.9 349.2 507.7 700

T R P LBLANE10(b) T E AARICIITR, 1S95 148 = —1000 MHz, Ay 145 = ~100 MHz.
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Abstract

The enriched neodymium-150 (Nd-150) isotope has important applications in fields such as nuclear industry
and basic scientific research. The Nd isotope separation can be conducted by atomic vapor laser isotope
separation (AVLIS), where the target isotope is selectively ionized through the A; = 596 nm — A\, = 579 nm —
A3 = 640 nm photoionization scheme, and non-target isotopes remain neutral due to the frequency-detuned
excitation. Subsequently, an external electric field is applied to extract the ions from the laser-produced plasma.
The Nd-150 abundance in the product cannot meet the requirement of the application, attributed to the nearly
negligible isotope shift of the A\, = 579 nm transition, thus resulting in the excess ionization of non-target
isotopes. A new high-selectivity photoionization scheme is desirable to address this limitation, and its expected
parameter values can be determined through numerical calculations prior to the time-consuming atomic
spectroscopy experiments. In this study, a three-step selective photoionization model is established based on the
density matrix theory, with the consideration of the hyperfine structures and magnetic sublevels. This model
allows the flexible adjustments of atomic parameters (e.g. branching ratio, isotope shift, hyperfine constant) and
laser parameters (e.g. frequency, power density, bandwidth, polarization), while the ionization probabilities of
magnetic sublevel transitions can be quantitatively predicted. For the existing schemes, the branching ratios are
determined by comparing literature data with numerical results, and the Nd-150 abundance values under
different laser bandwidths are evaluated. Further, an alternative scheme is numerically explored on the
assumption that the first transition remains unchanged and the second transition has a more significant isotope
shift and a smaller branching ratio, and the Nd-150 abundance values under different combinations of isotope
shifts, hyperfine structures, and laser bandwidths are evaluated, with all the natural Nd isotopes included. From
the numerical results, a scheme with the angular momentum of the second excited state J; = 6, the isotope shift
between Nd-148 and Nd-150 ISy;145 = 300 MHz, and a lower reduced dipole matrix element of the second
transition reaching approximately 30% of that of A\, = 579 nm, can produce the high-abundance Nd-150 (>95%,
equivalent to that of the electromagnetic separation method) under the bandwidths: b, < 0.5 GHz and by; <
1.0 GHz, and parallel linear-polarized lasers. Using the lasers with narrower bandwidth can achieve higher
abundance, which is superior to the electromagnetic separation method. The expected high-abundance Nd-150
can be attributed to the combined effects of multi-factors: the larger isotope shift between Nd-150 and Nd-148
than that between other adjacent isotope pairs, the insignificant hyperfine splitting of odd isotopes, and the
match between narrow-bandwidth lasers and Nd I spectroscopic parameters. These parameter values can serve
as benchmarks helpful for experimental parameter selection in the forthcoming high-precision spectroscopy
experiments.

Keywords: Nd-150, selective photoionization, isotope shift, hyperfine structure
PACS: 32.10.Fn, 32.80.—t DOI: 10.7498/aps.74.20250262

CSTR: 32037.14.aps.74.20250262

* Project supported by the National Key Laboratory of Particle Transport and Separation Technology (Grant No. SYSJJ-
2022101).

1 Corresponding author. E-mail: wld15@tsinghua.org.cn

113201-19


http://doi.org/10.7498/aps.74.20250262
https://cstr.cn/32037.14.aps.74.20250262
mailto:wld15@tsinghua.org.cn
mailto:wld15@tsinghua.org.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

- 150 R =S R BN R B E R BT A

Itk RKHR FHE

Numerical studies of three—step selective photoionization of neodymium-150 isotope
WANG Lide  ZHANG Junyao LU Xiaoyong

5] Fi{5 B Citation: Acta Physica Sinica, 74, 113201 (2025) DOI: 10.7498/aps.74.20250262
CSTR: 32037.14.aps.74.20250262

TELR T2 View online: https://doi.org/10.7498/aps.74.20250262

A ZE View table of contents: http://wulixb.iphy.ac.cn

TR AT BERRAR  HAt SO

Articles you may be interested in

W P HD 7T IR BRI 1 G AR s

Hyperfine structure of ro—vibrational transition of HD in magnetic field

PyFEEEAR. 2021, 70(17): 170301 https:/doi.ore/10.7498/aps.70.20210512

AT E TR AN BE LRI

Review of the hyperfine structure theory of hydrogen molecular ions

PPz 2024, 73(20): 203104 https:/doi.org/10.7498/aps.73.20241101

JET 2 WAL SRR AN R T R AZ S AR R

Nuclear structure effects to atomic Lamb shift and hyperfine splitting
YrHE2E 4. 2024, 73(20): 202101  https://doi.org/10.7498/aps.73.20241063

AT AT TP, ) — 7P BRI RSB0 RIS 5T
Experimental and theoretical research progress of 2Pl N 2P3 ) transitions of highly charged boron-like ions

YrH2E 4. 2024, 73(20): 203102  https://doi.org/10.7498/aps.73.20241190

BrF 73— AL AP A BRE e s R 2 e A AL

Simulation of hyperfine—rotational spectrum of electromagnetic dipole transition rotation of BrF molecules

YIH2A 4. 2023, 72(4): 043301  https:/doi.org/10.7498/aps.72.20221957

e )57 2R 800 A B AR TS

Quantitative study on isotope effect of rubidium clusters

YIHEHz. 2023, 72(18): 182101  https:/doi.org/10.7498/aps.72.20230778


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250262
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210512
https://doi.org/10.7498/aps.70.20210512
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241101
https://doi.org/10.7498/aps.73.20241101
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241063
https://doi.org/10.7498/aps.73.20241063
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241190
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241190
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241190
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241190
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241190
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241190
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20241190
https://doi.org/10.7498/aps.73.20241190
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20221957
https://doi.org/10.7498/aps.72.20221957
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230778
https://doi.org/10.7498/aps.72.20230778

	1 引　言
	2 选择性光电离模型
	3 计算结果
	3.1 路径一的性质
	3.2 假定电离路径的性质
	3.2.1 偏振、第二激发态角动量对饱和功率曲线的影响
	3.2.2 假定电离路径的选择性光电离效果


	4 结　论
	参考文献

