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Background 

• Lithium enriched in the 6Li isotope is used for 
tritium production and as a component in nuclear 
weapons 

• Natural lithium contains only 7.5% of the 6Li 
isotope; the other 92.5% is 7Li 

• The lithium is typically in a hydride form, with the 
lithium bound to either light hydrogen (1H) or 
deuterium (2H) 

• The U.S. has had no lithium enrichment 
capability since 1963, so it is essential that 
existing stocks be properly characterized 
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Purpose 

• Traditional destructive assay techniques can 
determine the isotopics, but the procedure can 
be time-consuming and hazardous since Li salts 
tend to be highly reactive. 

• This work will demonstrate how time-tagged 
neutron scattering measurements can distinguish 
the Li and H isotopes non-intrusively. 

• Two primary techniques: 
– Neutron time of flight 
– Active gamma spectroscopy 
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API D-T Neutron Generator 

• A deuterium-tritium neutron generator produces 
14.1 MeV neutrons via the 3H(2H,n)4He reaction 

• An integral alpha particle detector time-tags and 
electronically collimates the neutrons (the 
associated particle technique) 

• The neutron start time is recorded with ± 1 ns 
accuracy 

• Because the neutrons are monoenergetic, their 
time of flight to an object at a fixed distance is 
easily calculated  
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Neutron Time of Flight 
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Neutron Scattering 

• Fast neutrons interact with light isotopes primarily 
through elastic and inelastic scattering 

• Elastic scattering conserves kinetic energy in a 
billiard-ball collision 

• Inelastic scattering transfers some of the kinetic 
energy to the target nucleus, leaving it in an 
excited state 
– The excited state produces characteristic gammas 

when it returns to the ground state 

• For a single collision, the initial neutron energy, 
target nucleus mass, energy level, and scattering 
angle exactly determines the final energy 
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Elastic/Inelastic Scattering Time of Flight: 
50 cm source-to-target; 300 cm to detector 
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Mass Number (Q Value) t @ 45° (ns) t @ 90° (ns) t @ 135° (ns) t @ 180° (ns) 
1 91.9 -- -- -- 
2 77.5 110.2 158.9 183.2 

7 (-4630 keV) 84.8 95.1 106.8 112.0 
6 (-3562 keV) 81.2 92.1 104.6 110.2 
6 (-2186 keV) 76.7 86.0 96.6 101.4 

6 71.0 78.6 87.2 91.1 
7 (-478 keV) 71.7 78.3 85.7 89.0 

7 70.6 77.0 84.1 87.2 
16 69.2 71.8 74.6 75.8 
40 68.6 69.6 70.6 71.1 

100 68.3 68.7 69.1 69.3 

208 68.2 68.4 68.6 68.7 
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Modeled Neutron Scattering 
Geometry 
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Simulation Procedures 

• Neutron time-of-flight measurements were 
simulated using MCNPX-PoliMi v 1.4.3 

• Active gamma spectroscopy simulations used 
MCNPX v 2.6.0 with an F8 GEB tally to simulate 
HPGe resolution 

• Each simulation represents a two-hour 
measurement time with a 108 n/s generator 

• 6Li enrichments of 0%, 7.5%, 20%, 40%, 60%, 
80%, and 100% were tested. 

• For natural (7.5%) Li, both LiH and LiD were tested 
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Ideal Neutron Scattering Time of Flight 

7Li(n,el) [84.1 ns] 

6Li(n,el) [87.2 ns] 

7Li(n,n’ -> 478 keV) [85.7 ns] 

6Li(n,n’ -> 2186 keV) [96.6 ns] 

7Li(n,n’ -> 4630 keV) [106.8 ns] 

2H(n,el) [158.9 ns] 6Li(n,n’ -> 3562 keV)  
[104.6 ns] 
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Natural (7.5% 6Li) LiH/LiD Time of Flight 

7Li(n,el) 
+ 7Li(n,n’ -> 478 keV) 
+ 6Li(n,el) 

7Li(n,n’ -> 4630 keV) 

2H(n,el) 
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LiD Time of Flight vs 6Li Enrichment 

7Li(n,el) [84.1 ns] 

6Li(n,el) [87.2 ns] 

+ 7Li(n,n’ -> 478 keV) [85.7 ns] 

6Li(n,n’ -> 2186 keV) 

7Li(n,n’ -> 4630 keV) 

2H(n,el) [158.9 ns] 
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Neutron Time of Flight Regions of Interest 

75-93 (R1) 94-102  
   (R2) 

103-112 
   (R3) 

113-125  
    (R4) 

75-125  (R5) 
 

150-170 (R6) 
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Regions of Interest and ROI Ratios 

Region Time Range 0Li6 20Li6 40Li6 60Li6 80Li6 100Li6 NatLiD NatLiH 

R1 75.0-93.0 14.50 13.34 12.21 10.96 9.67 8.38 14.01 13.13 

R2 93.5-102.0 3.22 4.13 4.98 6.01 6.95 7.95 3.57 2.97 

R3 102.5-112.0 8.63 8.74 8.96 9.11 9.39 9.59 8.69 7.93 

R4 112.5-125.0 7.23 8.03 8.78 9.59 10.38 11.16 7.62 6.58 

R5 75-125.0 33.57 34.23 34.92 35.67 36.39 37.07 33.89 30.61 

R6 150.0-170.0 29.82 30.33 30.67 31.09 31.37 31.95 30.02 6.84 

Ratio 0Li6 20Li6 40Li6 60Li6 80Li6 100Li6 NatLiD NatLiH 
R1/R6 0.49 0.44 0.40 0.35 0.31 0.26 0.47 1.92 
R2/R6 0.11 0.14 0.16 0.19 0.22 0.25 0.12 0.43 
R3/R6 0.29 0.29 0.29 0.29 0.30 0.30 0.29 1.16 
R4/R6 0.24 0.26 0.29 0.31 0.33 0.35 0.25 0.96 
R5/R6 1.13 1.13 1.14 1.15 1.16 1.16 1.13 4.47 
R1/R2 4.51 3.23 2.45 1.82 1.39 1.05 3.92 4.41 
R1/R3 1.68 1.53 1.36 1.20 1.03 0.87 1.61 1.66 
R1/R4 2.01 1.66 1.39 1.14 0.93 0.75 1.84 1.99 
R1/R5 0.43 0.39 0.35 0.31 0.27 0.23 0.41 0.43 

ROI Values are detected counts per 106 source neutrons 
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Selected ROI Ratios vs 6Li Enrichment 

Natural LiH R3/R6 

Natural LiH - Error bars are omitted for clarity 
- All error bars are smaller  
  than data symbols 
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Fit of R1/R2 Ratio vs 6Li Enrichment 

2/1*5291.0*5.20437.17  Enrichment 6-Li RRe−+−=

Natural LiD 

Natural LiH 
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Active Gamma 
Spectroscopy 
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Comparison of 6LiD and 7LiD Gamma Spectra 

6LiD [vertical position offset] 

7LiD 

478 keV 

3652 keV 
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Fit of 7Li/6Li Gamma Peak Ratios 

)3652/478(*007284.0*102.8  Enrichment 6-Li Ratioe−=

Nat. LiH 

Nat. LiD 
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Comparison of LiH and LiD Gamma Spectra 

LiD [vertical position offset] 

LiH 

27Al(n,n’) 

No 1H Capture Line! 
6Li captures any thermal neutrons. 
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Conclusions 

• These simulations have shown that time-tagged 
neutron scattering can effectively characterize a light 
material such as LiH/LiD. 

• The 6Li enrichment can be measured using 
scattered neutron time of flight or gamma 
spectroscopy 

• Gamma spectroscopy is inaccurate at 6Li 
enrichments below 20% 

• Deuterium is easily distinguishable from light 
hydrogen using the neutron time of flight, but not by 
gamma spectroscopy 
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Questions? 
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Backup 
Slides 
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Effect of LiH  LiOH Oxidation 

16O(n,n’ -> 6130 keV) 

16O(n,el) 

LiH + H2O  LiOH + H2 (Highly Exothermic) 

Blue curve represents a 20%  
conversion of LiH to LiOH 



26 Managed by UT-Battelle 
 for the U.S. Department of Energy Identification of Lithium Isotopes Using Time-Tagged Neutron Scattering 

Comparison of LiH and LiOH Gamma Spectra 

LiH [vertical position offset] 

LiOH 

16O(n,n’) 16O(n,α) 
16O(n,n’) 

16O(n,n’α) 
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Ideal Neutron Scattering Geometry 

Neutron Source 
-Pencil beam 
-No angular spread 

Target 
-Extremely compact 
-All neutrons scatter 
 at approximately the  
 same point in space 

Detector 
-Small face dimensions 
-Very thin 

Scattered Neutrons to Detector 
-All neutrons reaching the 
 detector scatter through 
 the same angle 
-Monoenergetic for 
  a given isotope 

Large scattering angle 
maximizes resolution 

Very long path  
length between  
target and detector 
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Timing Uncertainty in Modeled 
Geometry 

• Uncertainty Source of Uncertainty 
• σΦ = ± 0.86 ns Initial neutron angle 
• σl = ± 0.65 ns Neutron penetration depth in object 
• σθ = ± 0.48 ns Neutron scattering angle 
• σd = ± 1.03 ns Interaction depth in detector 
• σt = ± 0.50 ns Time resolution of electronics 

ns 64.122222 ±=++++= tdltot σσσσσσ θφ

This is probably sufficient to resolve the 3.1 ns 
difference between 6Li and 7Li elastic scattering 
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Near-Ideal Neutron Scattering Time of Flight 
7Li(n,el) [84.1 ns] 

6Li(n,el) [87.2 ns] 

7Li(n,n’ -> 478 keV) [85.7 ns] 

6Li(n,n’ -> 2186 keV) [96.6 ns] 

7Li(n,n’ -> 4630 keV) [106.8 ns] 

2H(n,el) [158.9 ns] 

??? 

6Li(n,n’ -> 3562 keV)  
[104.6 ns] 
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7Li Energy Levels and ENDF Values  

The ENDF/B-VII file shows 
a uniform 500 keV spacing 
between energy levels that 
is not reflected in the actual 
energy levels of 7Li (and 6Li) 
 
These pseudo-energy levels 
may be holdouts from a time 
when computers were much 
slower than today 

Source: National Nuclear Data Center, http://www.nndc.bnl.gov 
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