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 Noninvasive (Nondestructive) Analysis Techniques: expose the target to an external effect (‘probe particles’) 
and detect its response (‘answer particles’) to investigate physical-chemical features of the target without  
damaging it.

 With many large facilities (accelerators, research reactors, and spallation sources) have been constructed, 
many high quality probe particles are available, and various Noninvasive Techniques are developed and 
applied in archaeometry, research on extraterrestrial samples etc.

Figure: Basic principles for Noninvasive Techniques .
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Probe particle Penetrability Noninvasive Technique Answer particle Information

photon ~𝜇𝜇m

RAMAN photon chemical bond

XRD X-ray lattice structure

XRF X-ray fluorescence elemental composition

XAS X-ray chemical state

neutron ~cm

TOF-ND neutron lattice structure

PGAA, T-PGAA prompt 𝛾𝛾-ray elemental and isotopic composition

NRA(NRCA, NRTA) prompt 𝛾𝛾-ray,
neutron elemental and isotopic composition

NAA decay 𝛾𝛾-ray elemental and isotopic composition

NI neutron elemental and isotopic composition, 
geometry

muon ~cm muon-fluorescence X-ray fluorescence elemental and isotopic composition

electron ~𝜇𝜇m EMPA X-ray fluorescence elemental composition

Ion ~𝜇𝜇m RBS Ion elemental composition
lattice structure

Table: commonly used probe particles and of its noninvasive techniques:  
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 Well developed and widely used non-destructive analysis methods using neutrons as probes: neutron 

activation analysis(NAA), Prompt Gamma-ray Neutron Activation Analysis(PGAA).

 PGAA: mainly used for light elements (Ca and below) and few high-cross section elements (Cd, Sm, Gd).

 NAA: 195/287 stable or long-lived isotopes exsit neutron activated delay gamma-rays.

 Conclusion: Noninvasive Techniques with neutrons may lack isotopic analysis capability for many isotopes.
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[1] Yosuke Toh, Mitsuru Ebihara, et al. Anal. Chem. 86, 24, 12030–12036 (2014).

 In 2014, Yosuke Toh et al.[1] firstly proposed a new analytical technique so called Time-resolved Prompt 

Gamma-ray Neutron Activation Analysis(T-PGAA), which combines prompt gamma-ray analysis and time-of-

flight (TOF) technique to get better gamma-ray peak selectivity and signal-to-noise ratios (SNR).

Figure: TOF-PGA spectrum analysis by gating on 
different gamma-ray peaks.[1]

Figure: TOF-PGA spectrum analysis by gating on the 
TOF peaks.[1]
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Figure: resonance absorption for neutron

 Features of T-PGAA (compares to NAA and PGAA):

① T-PGAA requires pulse epithermal neutron source (ToF technique);

② T-PGAA utilizes epithermal neutron, in this region, similar to resonance absorption in atomic spectrum,  

neutron capture cross section appears many narrow and high resonance peak structures.

Figure: neutron reaction features for different Noninvasive Techniques.  
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Back-n white neutron source(@CSNS) provide us:

 Paused neutron for energy from 0.3 eV to 300 MeV, which covers whole epithermal neutron energy range;

 In #ES2 of Back-n, the neutron flight path ~ 78 m,  provide a good energy resolution for ToF technique;

 The neutron flux at #ES2 can reach 1.12× 107 neutrons/cm2/s (measured in 2024.3 @160kW), high neutron 

flux means a better sensitivity and lower detect limit for T-PGAA;

Figure: layout of Back-n facility.  Figure: neutron flux spectrum for Back-n #ES2.  
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target size(mm) Beam power 
(kW)

Beam size 
(mm) time(h)

natLu Φ40 × 1

160 ϕ50-50-58

~168

NaCl ~50𝑔𝑔 ~8

empty —— ~9

In 2023, Ahmadov Gadir et al.(JINR) perform a in-beam experiment, 

measure Lu target with HPGe detector:

 We share the data, but for different analysis purpose;

 We analysis the data to confirm the beam conditions and detector 

system of Back-n may be suitable for the requires of T-PGAA 

research.

Figure: experimental setup for 
Lu target.

Table: experimental conditions for Lu target HPGe experiment.

natLu:     97.41%  175Lu 
2.59%  176Lu
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HPGe detector calibration:

 Radiation source 60Co, 152Eu is adapted for low-energy gamma-ray energy and absolute efficiency 

calibration;

 Reaction of 35Cl(n,g) is adapted for high-energy gamma-ray and relativly efficiency calibration.

Figure: NaCl gamma-ray spectrum. Figure: HPGe efficiency calibration. Figure: HPGe energy calibration.
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Figure: Lu target results: (top) ToF neutron energy vs gamma-ray energy 2-D spectrum;
(middle) ToF neutron energy spectrum; (bottom)Lu ENDF/B-VIII  cross section spectrum.
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176Lu 150 keV

176Lu 269 keV

176Lu 319 keV

176Lu 458 keV

511 keV

176Lu 761 keV

175Lu 192 keV
175Lu 225 keV

175Lu 310 keV
175Lu 563 keV

175Lu 838 keV

175Lu 336 keV

Figure: ToF Gated gamma-ray energy spectrum

Strong resonance structues of 
175Lu and 176Lu can be obviously 
observed in ToF energy spectrum 
and gated:

 Much better gamma-ray peak 
selectivity and signal-to-noise 
ratios can be reached by ToF
gating;

 Back-n beam condition and 
HPGe detector is suitable for 
T-PGAA research.  
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𝜇𝜇 𝜆𝜆

𝑁𝑁𝑥𝑥,𝜇𝜇,𝑘𝑘

𝑁𝑁𝑦𝑦,𝜆𝜆,𝑚𝑚

quantitative analysis: net area of gamma-ray full-energy peak 𝑁𝑁𝑥𝑥,𝜇𝜇,𝑘𝑘follows the relationship:

𝑁𝑁𝑥𝑥,𝜇𝜇,𝑘𝑘 = 𝑛𝑛𝑥𝑥𝐹𝐹 𝐸𝐸𝜇𝜇 𝜎𝜎𝑥𝑥 𝐸𝐸𝜇𝜇 ΩΦ 𝐸𝐸𝜇𝜇 𝜀𝜀(𝐸𝐸𝑘𝑘) 𝑓𝑓𝑥𝑥,𝜇𝜇,𝑘𝑘𝑡𝑡,

𝐹𝐹 𝐸𝐸𝜇𝜇 =
1 − 𝑒𝑒−∑𝑗𝑗 𝑛𝑛𝑗𝑗𝜎𝜎𝑗𝑗,tot(𝐸𝐸μ)

∑𝑗𝑗 𝑛𝑛𝑗𝑗𝜎𝜎𝑗𝑗,tot(𝐸𝐸μ)

Neutron capture yield

𝑭𝑭 𝑬𝑬𝝁𝝁 ：neutron self-shield factor      𝜱𝜱(𝑬𝑬𝝁𝝁)：neutron flux
𝜴𝜴：cross area of beam and target    𝜺𝜺(𝑬𝑬𝒌𝒌)：detector efficiency
𝒇𝒇𝒙𝒙,𝝁𝝁,𝒌𝒌：branch ratio for gamma-ray(𝑘𝑘) of nuclide (𝑥𝑥) at the resonance peak (𝜇𝜇);

𝑛𝑛𝑥𝑥
𝑛𝑛𝑦𝑦

=
𝑁𝑁𝑥𝑥,𝜇𝜇,𝑘𝑘𝐹𝐹 𝐸𝐸𝜆𝜆 𝜎𝜎𝑦𝑦 𝐸𝐸𝜆𝜆 Φ 𝐸𝐸𝜆𝜆 𝜀𝜀(𝐸𝐸𝑚𝑚) 𝑓𝑓𝑦𝑦,𝜆𝜆,𝑚𝑚

𝑁𝑁𝑦𝑦,𝜆𝜆,𝑚𝑚𝐹𝐹 𝐸𝐸𝜇𝜇 𝜎𝜎𝑥𝑥 𝐸𝐸𝜇𝜇 Φ 𝐸𝐸𝜇𝜇 𝜀𝜀(𝐸𝐸𝑘𝑘) 𝑓𝑓𝑥𝑥,𝜇𝜇,𝑘𝑘

Relatively isotopic abundance ratio can be calculated by 𝑁𝑁𝑥𝑥,𝜇𝜇,𝑘𝑘 with equation：

(1)
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175Lu 
resonance

175Lu 
gamma

176Lu
resonance

176Lu 
gamma

176Lu/175Lu

2.56 eV

838 keV

1.56 eV

761 keV 0.0245

458 keV 0.0180

335 keV
761 keV 0.0265

458 keV 0.0195

175Lu 336 keV

175Lu 838 keV

176Lu 478 keV

176Lu 761 keV

Relatively isotopic abundance ratio for 176Lu/ 175Lu:

 Quantitative results are near the theoretical 176Lu/ 175Lu value ~ 0.265.

 Fluctuation of results with different gamma-ray peaks are bigger 

than statistical error.

Figure: resonance absorption for neutronTable : quantitative analysis results with different gamma-ray peaks 

 For neutron resonance absorption, different resonance response to 
different level of compound nuclei, which means different resonance 
have different gamma-ray decay branch ratio. But, at present, we 
lack the gamma-ray database in resonance region.
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Summary:

 With Lu experimental data, we verified the Back-n beam condition and HPGe detector capability for T-
PGAA research;

 T-PGAA can reach better gamma-ray peak selectivity and SNR;

 We can get quantitative results near the actual value, but exist big fluctuation caused by the lack of 
gamma-ray database in resonance region.

Future plan:

 Design and construct a shield system for HPGe detector for shielding neutron and gamma-ray background, 
to get better SNR and detect limits;

 Design and perform new experiments and develop new relative quantitative method to avoid use of 
resonance region gamma-ray database to get better quantitative results.
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Thanks for your attention!
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