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Thermal Nuclear Reactor

Graphite
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Fission

Thermalization

Moderator microstructure dictates the

physics, operations, and safety of the reactor



 Advanced features including
 Temperature dependent phonon spectra

 Coherent elastic scattering extinction effects

 NeTS modules for key moderators

 Improved liquid physics (addressing high viscosity liquids)

 Enhanced Data formatting capabilities

FLASSH



 ENDF/B-VIII.0 and ENDF/B-VIII.1 

evaluations produced for different 

types of graphite crystalline and 

nuclear (i.e., porous)

 MT=2 block holds the coherent 

elastic scattering component

 MT=4 S(,) block accounts for 

either ideal crystalline or porous 

(nuclear) graphite through the use 

of the appropriate graphite phonon 

DOS

Graphite in ENDF/B-VIII.1

Nuclear Crystalline 



▪ Five (5) variations of graphite in ENDF/B-VIII.1
▪ (all evaluated by LEIP group)

1. Crystalline graphite (incoherent approximation, 0% porosity)

2. Crystalline graphite (+Sd correction, 0% porosity)

3. Nuclear graphite (incoherent approximation, 10% porosity)

4. Nuclear graphite (incoherent approximation, 20% porosity)

5. Nuclear graphite (incoherent approximation, 30% porosity)

𝐏𝐨𝐫𝐨𝐬𝐢𝐭𝐲(%)  = 𝟏 −
𝝆𝒏𝒖𝒄𝒍𝒆𝒂𝒓 𝒈𝒓𝒂𝒑𝒉𝒊𝒕𝒆

𝝆𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆 𝒈𝒓𝒂𝒑𝒉𝒊𝒕𝒆
× 𝟏𝟎𝟎%

Density (g/cm^3) Library
2.26 0% porous

1.9-2.0 10% porous
1.7-1.9 20% porous

< 1.7 30% porous

Graphite in ENDF/B-VIII.1



 Experimental HOLISTIC approach

NIST UCN Transmission

INS

SNS

ORELA Benchmark

PAS and NPD

TSL Validation Approach



TSL Validation Approach



Transmission Measurement

Crystalline 



Nuclear

Transmission Measurement



Slowing Down in Graphite
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FUND-ORELA-ACC-GRAPH-PNSDT-001



▪ ENDF/B-VIII.0 comparison with ENDF/B-VIII.1

Cross Sections 
Mean Absolute 
Deviation (%)

ENDF/B-VIII.0 + Cry 4.14%
ENDF/B-VIII.1 + Cry 4.09%

Density = 1.66 g/cm3

Porosity ≈ 30%

FUND-ORELA-ACC-GRAPH-PNSDT-001



▪ ENDF/B-VIII.1 Crystalline Graphite + Sd does not capture the thermalization 

effects of nuclear graphite (nor was it intended to)

Density = 1.66 g/cm3

Porosity ≈ 30%

Cross Sections 
Mean Absolute 
Deviation (%)

ENDF/B-VIII.0 + Cry 4.14%
ENDF/B-VIII.1 + Cry 4.09%

ENDF/B-VIII.1 + Cry +Sd 5.01%

FUND-ORELA-ACC-GRAPH-PNSDT-001



▪ ENDF/B-VIII.1 Nuclear Graphite 30% Porous consistent with benchmark

Density = 1.66 g/cm3

Porosity ≈ 30%

Cross Sections 
Mean Absolute 
Deviation (%)

ENDF/B-VIII.0 + Cry 4.14%
ENDF/B-VIII.1 + Cry 4.09%

ENDF/B-VIII.1 + Cry +Sd 5.01%
ENDF/B-VIII.1+30% 1.79%

FUND-ORELA-ACC-GRAPH-PNSDT-001



PROTEUS-GCR-EXP-001 to -004

▪ ENDF/B-VII.1 Crystalline Graphite vs. ENDF/B-VIII.1 Crystalline Graphite 

C-E (pcm)

Case
ENDF/B-VII.1

Crystalline
ENDF/B-VIII.0

Crystalline
ENDF/B-VIII.1

Crystalline
1 594 232 235
2 626 283 303
3 606 208 230
4 199 66 57
5 910 528 707
6 337 122 258
7 355 103 83
8 809 473 344
9 1193 811 782

10 719 450 529

Density = 1.7 g/cm3

Porosity ≈ 20-30%



PROTEUS-GCR-EXP-001 to -004

▪ ENDF/B-VIII.1 Crystalline Graphite vs. 20% Porous Nuclear Graphite 

C-E (pcm)

Case
ENDF/B-VIII.1

Crystalline
ENDF/B-VIII.1

20% Porous
1 235 204
2 303 137
3 230 188
4 57 322
5 707 146
6 258 12
7 83 91
8 344 95
9 782 385

10 529 247
mean 350 183

 20 5



VHTRC-GCR-EXP-001

Temp. Benchmark C/E (pcm)

25.5°C 1.0115 ± 0.0032 -444

71.2°C 1.0046 ± 0.0033 -462

100.9°C 0.9994 ± 0.0035 -413

150.5°C 0.9906 ± 0.0035 -360

199.6°C 0.9820 ± 0.0037 -307

MVP-3, JENDL4.0 

Crystalline (0% porosity)

Graphite TSL



VHTRC-GCR-EXP-001 - Reproduced

Density = 1.67 g/cm3

Porosity ≈ 30%

ENDF/

B-VIII.1

C-E (pcm)

Temp.

0% Porous 

Crystalline 

Graphite

20% Porous 

Graphite

30% Porous 

Graphite

25.5°C -462 -124 -76

71.2°C -517 -257 -180

100.9°C -430 -235 -181

150.5°C -353 -228 -179

199.6°C -314 -190 -164

Original

(MVP-3)

Reproduced 

using

MCNP

JENDL 4.0 C-E (pcm)

Temp. Crystalline Graphite

25.5°C -444

71.2°C -462

100.9°C -413

150.5°C -360

199.6°C -307



FUND-ORELA-ACC-GRAPH-PNSDT-001

(Nuclear Graphite)

Density = 1.66 g/cm3

Porosity ≈ 30%

PROTEUS-GCR-EXP-001 to -004

(Nuclear Graphite)

Density = 1.7 g/cm3

Porosity ≈ 20-30% Density = 1.67 g/cm3

Porosity ≈ 30%

VHTRC-GCR-EXP-001

(Nuclear Graphite)

C-E (pcm)ENDF/

B-VIII.1

30% Porous 

Graphite

20% Porous 

Graphite

0% Porous 

Crystalline

Graphite

Temp.

-76-124-46225.5°C

-180-257-51771.2°C

-181-235-430100.9°C

-179-228-353150.5°C

-164-190-314199.6°C

C-E (pcm)

ENDF/B-VIII.1
20% Porous

ENDF/B-VIII.1
CrystallineCase

2042351
1373032
1882303
322574
1467075
122586
91837
953448

3857829
24752910
183350mean

520

Mean Absolute 
Deviation (%)Cross Sections 

4.14%ENDF/B-VIII.0 + Cry
4.09%ENDF/B-VIII.1 + Cry
5.01%ENDF/B-VIII.1 + Cry +Sd
1.79%ENDF/B-VIII.1+30%

Nuclear Graphite – Much Improved!



Thank You

?



What Else?



▪ SANS contributions, based on data from the reference below, 

have a negligible impact on the total cross section and do not 

modify neutron thermalization in a reactor. 

SANS Observations

Figure 18 (b) from Reference
Ref. 2 - Petriw, et.al., “Porosity effects on the neutron total cross section of graphite” 



Graphite Density

▪ ORELA and PROTEUS with porous nuclear graphite density (i.e. use 1.6-1.7 g/cm3)

Self-consistent phonon DOS and density



▪ ORELA and PROTEUS without historical density approximation (i.e. use 2.25 g/cm3)

Self-consistent phonon DOS and density

Graphite Density



Radiation Damage

Interplanar Di-vacancy Defect

R. H. Telling, C. P. Ewels, A. A. El-Barbary and 

M. I. Heggie.  Nature Materials.  2, 333 (2003). 

(ab-initio)

LEIP MD analysis

Observed in the MD system following 

cascade sequence.  MD is predictive in this 

sense because no a-priori assumptions are 

necessary regarding the defect structure. 

Static ab-initio, on the other hand, requires 

some initial guess that is then subject to 

optimization.



Radiation Damage

Interplanar Crosslinking

With increasing cascade 

buildup, the basal planes of 

graphite cross-link. 

→ Individual point defects 

become less 

distinguishable



Radiation Damage

Effect of Temperature
Cascade buildup

300K 800K

Porosity 

effect 

continues 

to dominate
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