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LAWRENCE LIVERMORE PULSED SPHERE BENCHMARK

ANALYSIS OF MCNP™ ENDF/B-VI

by
John D. Court, Ronald C. Brockhoff, and John S. Hendricks

ABSTRACT

Twenty-eight Lawrence Livermore pulsed sphere experi-
ments were modeled using MCNP for the purpose of bench-
marking the new MCNP ENDF/B-VI data library. The
twenty-eight pulsed sphere experiments contain thirty-four
of the 124 isotopic or elemental evaluations contained in the
new ENDF/B-VI set. The ENDF/B-VI results are com-
pared to experimental neutron time-of-flight data, the re-
sults obtained from using ENDF/B-V, and against an ad-
ditional data set, the MCNP Recommended Library, which
includes Los Alamos group T-2 evaluations. The results
show that ENDF/B-VI results give better or comparable
results in comparison to experiment to ENDF/B-V in many
cases, and do not deviate grossly in the other cases.

MCNP is a trademark of the Regents of the University of California, Los Alamos National Laboratory.




I. Introduction

In the late 60’s, Lawrence Livermore National Laboratory undertook a series of pulsed
sphere experiments.12:34 The objective of the program was to measure, with relatively good
resolution, the neutron spectra from spherical targets bombarded with 14 MeV neutrons.
These spectra were then used to benchmark neutron transport codes and neutron cross
sections.?

The original program consisted of 54 different experiments on 38 different spheres. Of
the 38 different spheres, 16 different material compositions were used, with the balance made
up of spheres of differing radii. Table I shows an outline of the target materials.# The sphere
sizes are given in nominal mean free paths for 14 MeV neutrons. Each sphere was fabricated
with an opening to accommodate a low mass target assembly containing a thin tritiated
titanium target disk, which utilized the T(d,n)*He reaction when bombarded with a 400
keV D' ion beam. The result was a nearly isotropic source of 14 MeV neutrons. Figure 1
contains a schematic drawing of the experimental setup.”

Of the 38, 28 were chosen to be modeled in the MCNP benchmark validation of ENDF/B-

V1. As seen in Table I, the omitted experiments were intermediate radii spheres.

II. MCNP ENDF/B-VI

Although the ENDF/B-VI data set® has been available for some time, the capability to
utilize it for Monte Carlo continuous energy computations has only recently been available.
The NJOY? processed data set was subjected to several benchmarking analyses and released
for general use in October 1994 as the ENDF60 libra.ry.&9

The version of MCNP used, MCNP4A 10 incorporates the ability to use the new ENDF/B-
VI physics. In particular, the °Be ENDF/B-VI cross sections utilize the new ENDF/B-VI
File 6-Law 7 coupled energy-angle distribution formulation. The deuterium cross sections
utilize the new ENDF/B-VI File 6-Law 6 phase space formalism. And many of the nuclear
data used to model the Livermore pulsed spheres, particularly iron, use the new Kalbach-87
formalism (File 6-Law 1-Lang 2) which also has coupled energy-angle scattering.

II11. MCNP Calculations

Of the 124 cross sections in the MCNP ENDF/B-VI library, 34 are used in the Livermore
pulsed sphere benchmark. These were compared to the ENDF/B-V library and the MCNP
Recommended Library, which is the ENDF/B-V library with some Los Alamos group T-2
evaluations included. Table II lists the cross-section files used in the calculations. Although
only three T-2 evaluations from the MCNP Recommended Library are used, they affect
fifteen of the twenty-eight experiments, because iron is included in many of the spheres. The
T-2 libraries are referred to as T-2 Recommended or MCNP Recommended because they
are presently the MCNP Recommended Cross-Section Evaluations, and they were evaluated
by the Los Alamos National Laboratory Nuclear Theory and Applications Group, T-2.

The problems were used as given in LA-12212,1! except that the time bin structure was
divided into 2 nanosecond bins over the entire range to correspond to the experimental data.
Sample input decks for some of the problems can be found in the appendix.
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TABLE I. Livermore Pulsed Spheres Target Material Outline.

Material | Radius Used for
(mfp) | ENDF/B-VI
5Li 0.5 Vv
1.1
1.6
“Li 0.5
1.0
1.6
Beryllium 0.8
Carbon 0.5
1.3
2.9
Nitrogen 1.1
3.1
Oxygen 0.7
Magnesium 0.7
1.2
1.9
Aluminum 0.9
1.6
2.6
Titanium 1.2
2.2
3.5
Iron 0.9
2.9
4.8
Lead 14
H,0 1.1
1.9

SN KN SRR IR I




TABLE I (cont.) Livermore Pulsed Spheres Target Material Outline.

Material | Radius Used for

(mfp) | ENDF/B-VI
DO 1.2
2.1
CH, 0.7
1.6
3.0
CF, 0.9
1.8
2.9
Concrete 2.0
3.8

KN SRS

o* Beam T L0
Om
/— Q Datector
GLI Detactor
-C Assembly

NE 213 Detector
Assembly

Concrete Pit '1

8 1r
30 deg | 766.0 cm
120 deg | 975.2 cm
walil A

%\\\\T\\\\\\\\\\\\L& Mass Aluminum  Floor \ NN R RN NNV NNNNRNANNNNRRNNANNG

Fig. 1. Lawrence Livermore pulsed spheres experimental layout.




TABLE IL

Data Set Comparison.

Material || ENDF/B-V | MCNP Rec. | ENDF/B-VI| At. % |

S| 1001.50c 1001.60c 100
D 1002.50c¢ 1002.55¢ 1002.60c | 100
5Li 3006.50¢ 3006.60c | 100
Li 3007.50¢ 3007.55¢ 3007.60c | 100
9Be 4009.50¢ 4009.60c { 100
Carbon 6000.50c 6000.60c | 100
14N 7014.50c¢ 7014.60c | 100
160 8016.50c¢ 8016.60c | 100
R 9019.50c¢ 9019.60c | 100
23Na 11023.50c¢ 11023.60c | 100
Magnesium || - 12000.50¢ 12000.60c | 100
27Al 13027.50¢ 13027.60c | 100
Silicon 14000.50¢ 14000.60c | 100
31p 15031.50¢ 15031.60c | 100
329 16032.50¢ 16032.60c | 100
Calcium 20000.50¢ 20000.60c | 100
Titanium 22000.50c 22000.60c | 100

Chromium 24000.50¢ 24050.60c | 4.345

24052.60c | 83.79
24053.60c 9.5

24054.60c | 2.365

5SMn 25055.50¢ 25055.60c { 100
Iron 26000.50¢ 26000.55¢ 26054.60c [ 5.9

26056.60c | 91.72
26057.60c | 2.1

26058.60c | 0.28

Nickel 28000.50c¢ 28058.60c | 68.27

28060.60c | 26.10

28061.60c | 1.13

28062.60c | 3.59

28064.60c | 0.91

Lead 82000.50¢ 82206.60c | 24.1
82207.60c | 22.1

82208.60c | 52.4




Integrated values were produced by integrating the binned results of the MCNP calcu-
lations as well as the experimental data over the energy ranges 12 to 16 MeV, and 2 to 16
MeV. These energy ranges were chosen based on the relativistic time it would take a neutron
of a certain energy to pass through a vacuum to a specified detector location. Specifically,
for detector distances on the order of 750 cm, the value corresponding to 12 MeV was taken
to be 16 Shakes, and for detector distances on the order of 950 cm, the value corresponding
to 12 MeV was taken to be 20.5 Shakes. Thus, the energy range 12 to 16 MeV was approx-
imately modeled by the time bin range of 16 Shakes or less for the 750 cm distance, and by
the time bin range of 20.5 Shakes or less for the 950 cm distance. Furthermore, the 2 to 16
MeV energy range was approximately modeled by the time bin range of 35 Shakes or less
for the 750 cm distance, and 47.7 Shakes or less for the 950 cm distance. All contributions
from times above 35 and 47.7 Shakes were negligible and ignored. The upper energy value
is not truly given by the value of 16 MeV. The upper energy range is actually taken out as
far as values are available for each problem.

The MCNP calculations have to be normalized in relation to the flux registered at the
detector in air only. Thus, in order to compare experimental to calculational results, the
calculational results must be divided by the source flux in air.




IV. Results

The results for the ENDF/B-V, MCNP Recommended, and ENDF/B-VI libraries are
compared to experimental results in Figures 2 through 100. These plots show that the
ENDF/B-VI results generally give better or comparable results to ENDF/B-V except as
noted below.

Table III contains the integrated results for the three data libraries. In general, ENDF/B-
VI gives as good as or better results than ENDF/B-V. In the case of “Li, beryllium, nitrogen,
iron, lead, polyethylene, and teflon, these new ENDF/B-VI evaluations give better results
than ENDF/B-V. For magnesium, aluminum, titanium, and concrete, the results are much
the same in both cases, which is to be expected because magnesium, aluminum, and titanium
are merely the same data translated from ENDF/B-V to ENDF/B-VI and reprocessed with
NJOY.

Some of the results were mixed, such as ®Li. The 0.5 and 1.6 mfp 12-16 MeV results were
not as good, while the 2-16 MeV range showed as good or better results from ENDF/B-VI.
For iron, ENDF/B-VI provided better results, except for the 4.8 mfp 12-16 MeV range,
where ENDF/B-VI proved much better than ENDF/B-V, but not as good as the MCNP
Recommended Library, which is a special iron evaluation developed by the Los Alamos
National Laboratory Nuclear Theory and Applications Group, T-2, for the Fusion Materials
Irradiation Test Facility (FMIT).12 Better results were obtained for ENDF/B-VI beryllium
in the 12-16 MeV range, whereas the 2-16 MeV range showed somewhat poorer results.

Of the three T-2 evaluations in the MCNP Recommended Library, iron appears better
than ENDF/B-VI, and much better than ENDF/B-V. For “Li, ENDF/B-VI and the T-2
evaluation agree, and from Table III, give somewhat better results than ENDF/B-V. In the
case of deuterium, T-2 agrees with ENDF/B-V, and ENDF/B-VI gives poorer results.

In the cases of oxygen, water, and heavy water, the results from ENDF/B-VI are not as
good as ENDF/B-V, but the difference in most cases was small.

The most significant difference between ENDF/B-VI and experimental results occurs for
0.5 mfp carbon. The time-of-flight distribution for this particular case does not agree well
with experimental results, as seen in Figures 21 through 26. However, from Table III it
can be seen that the overall difference is not overwhelming, and is not any worse than the
ENDF/B-V results for iron, lead, titanium, magnesium, and aluminum.




TABLE IIL

Ratio of Calculated to Experimental Results.

Material | Radius | Energy Range | ENDF/B-V | MCNP Rec. | ENDF/B-VI
(mip) (MeV)
0.5 12-16 0.980 0.982 0.951
SLi 2-16 0.986 0.987 0.984
1.6 12-16 1.022 1.028 0.929
2-16 1.037 1.041 0.997
0.5 12-16 0.961 0.992 0.993
Li 2-16 0.983 0.990 0.989
1.6 12-16 0.940 1.036 1.032
2-16 1.003 1.027 1.018
Beryllium 0.8 12-16 0.936 * 0.962
2-16 1.000 * 0.988
0.5 12-16 0.974 * 0.995
Carbon 2-16 0.994 * 1.022
2.9 12-16 0.942 * 1.017
2-16 0.971 * 1.066
1.1 12-16 0.903 0.903 0.952
Nitrogen 2-16 0.965 0.965 0.988
3.1 12-16 0.849 0.851 0.938
2-16 0.982 0.983 1.017
Oxygen 0.7 12-16 0.934 0.934 0.927
2-16 0.996 0.996 0.990
0.7 12-16 1.044 * 1.045
Magunesium 2-16 1.033 * 1.032
1.9 12-16 0.997 * 0.998
2-16 0.965 * 0.965
0.9 12-16 0.939 * 0.939
Aluminum 2-16 0.947 * 0.947
2.6 12-16 0.794 * 0.796
2-16 0.843 * 0.843

“Energy range corresponds to 16 Shakes or less for all materials except concrete,
which corresponds to 20.5 Shakes or less.
*Energy range corresponds to 35 Shakes or less for all materials except concrete,
which corresponds to 47.7 Shakes or less.
*No T-2 evaluations were contained in these materials.




TABLE III (cont.) Ratio of Calculated to Experimental Results.

Material | Radius | Energy Range | ENDF/B-V | MCNP Rec. | ENDF/B-VI
(mip) (MeV)

1.2 12-16 1.060 * 1.063
Titanium 2-16 0.988 * 0.988
3.5 12-16 1.088 * 1.088
2-16 0.945 * 0.943
0.9 12-16 0.989 1.001 0.999
Iron 2-16 0.984 1.007 1.006
4.8 12-16 0.866 0.934 0.903
2-16 0.834 0.946 0.952
Lead 1.4 12-16 0.883 0.883 0.885
2-16 0.861 0.860 0.911
1.1 12-16 0.897 0.898 0.891
Water 2-16 0.955 0.995 0.947
H,0 1.9 12-16 1.015 1.014 1.005
2-16 1.074 1.073 1.062
Heavy 1.2 12-16 0.875 0.875 0.868
Water 2-16 0.927 0.922 0.912
D0 2.1 12-16 1.015 0.986 0.975
2-16 1.029 1.024 1.012
0.7 12-16 0.973 * 0.991
Polyethylene 2-16 1.002 * 1.020
CH, 3.0 12-16 0.898 * 0.953
2-16 0.988 * 1.038
0.9 12-16 0.962 * 1.027
Teflon 2-16 0.978 * 1.045
CF, 2.9 12-16 0.754 * 0.920
2-16 0.778 * 0.942
Concrete 2.0 12-16 1.004 1.004 0.999
2-16 1.052 1.052 1.042

*Energy range corresponds to 16 Shakes or less for all materials except concrete,
which corresponds to 20.5 Shakes or less.

Energy range corresponds to 35 Shakes or less for all materials except concrete,
which corresponds to 47.7 Shakes or less.
*No T-2 evaluations were contained in these materials.
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sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 4. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated
rates for the ®Li sphere with 0.5 mean free path radius.

12




COUNTS (TARGET IN)/COUNTS (TARGET OUT)

LITHIUM=6 (0.5 M. F

. P.)

' — MEASURED
_________ ENDF /B-6

0.1

L1 Liiil
LB REL

1
T

0.01
I RETIT
TTTTTIT

0.001

T TTTUIT

T

1
1

11 11 q0i1
TV o o e o st - o —

10-4

T | B AL A . R A A B R R
15 20 25 30 35
NEUTRON FLIGHT TIME (SHAKES)

Fig. 5. Plot of experimental and ENDF/B-VI calculated count rates for the 8Li sphere of
0.5 mean free path radius.

13




COUNTS (TARGET IN)/COUNTS (TARGET OUT)

PR IV S SN VU W SN S ST WU WY W SR

LITHIUM—6 (1.6 M. F. P.)

| S PRSI IR ST ST SN W R

0.1 .

L1111

0.01
1

0.001
N EEEIT!

MEASURED
_________ ENDF /B—6
................ ENDF /B-5

T

T

<
)i R |
- 15 20 25 30 35 40
NEUTRON FLIGHT TIME (SHAKES)
Fig. 6. Plot of experimental and calculated count rates as a function of time for an €Li

sphere with 1.6 mean free path radius. The detector was located 765.2 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)

14




LITHIUM=6 (1.6 M. F. P.)

MEASURED
__________ ENDF /B—5

0.1
S EEEET
T==—=1

———aae o,

0.01

1 11 §1¢t1

D =111

0.001

1 4 11811

COUNTS (TARGET IN)/COUNTS (TARGET OUT)

1

e e ————y

LB L LALA

FTTTTH

10-4

LA S A AL AL A BRAL I S S RN L R BN SN S S S
15 20 25 30 35 40
NEUTRON FLIGHT TIME (SHAKES)

Fig. 7. Plot of experimental and ENDF/B-V calculated count rates for the Li sphere of

1.6 mean free path radius.

15




LITHIUM-6 (1.6 M. F. P.)

PR SRR SHT SR ST VN (Y SN SN N TN SN SN TR SUT SUN NN TN ST U SUN SN SHN SUN S S S

MEASURED
__________ ENDF /B-5

0.1
SR EEEEE
T TTTT1TT

0.01

1
1

0.001

L Lpirl
LIRLULLLE R AL

COUNTS (TARGET IN)/COUNTS (TARGET OUT)

10-4

¢ d M * 1 ! M ¢ M T * M ¥ v t * M o ¥ 1 M * M M t M
15 20 25 30 35 40
NEUTRON FLIGHT TIME (SHAKES)

Fig. 8. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated
rates for the ®Li sphere with 1.6 mean free path radius.




COUNTS (TARGET IN)/COUNTS (TARGET OUT)

0.1

1 1 1 11111

0.0t

L1 1t 1111

0.001

S

LITHIUM=6 (1.6

M. F. P.)

1

MEASURED
ENDF /B—6

T T TTTr7

T

T TTFTTTT T LLBUR LR AL T

10-4

15 20

25

30

35 40

NEUTRON FLIGHT TIME (SHAKES)

Fig. 9. Plot of experimental and ENDF/B-VI calculated count rates for the Li sphere of

1.6 mean free path radius.

17




LITHIUM=-7 (0.5 M. F. P.)

P (T S S S S (T SUNT S S SH T SH ' | I PR (ST S ST SUN Y

i — _____ MEASURED
__________ ENDF /B—6
1 ENDF /B-5

0.1 .
IR EEEET
T T TTTTT

0.01

L1 1 L1111

1
T

0.001

) S AN
LI LR L

COUNTS (TARGET IN)/COUNTS (TARGET OUT)

ok

T T T v v v T v T T T T T v L T l T 4 ¥ L ll‘l

20 25 30 35
NEUTRON FLIGHT TIME (SHAKES)

10-4

15

Fig. 10. Plot of experimental and calculated count rates as a function of time for a "Li
sphere with 0.5 mean free path radius. The detector was located 765.2 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)




COUNTS (TARGET IN)/COUNTS (TARGET OUT)

LITHIUM=7 (0.5 M. F. P.)

| S PEREES SURES W I S | 1 | - FENET G SRS SN S S T |

: MEASURED
__________ ENDF /B-5

0.1
AT
T T T

0.01
L1ttt
T TTTTTT

0.001
Ly
T T TTTTTT

i
T

10~-4

L DN S AL A UL AL S S S R S S R S S B A
15 20 25 30 35 40
NEUTRON FLIGHT TIME (SHAKES)

Fig. 11. Plot of experimental and ENDF/B-V calculated count rates for the 7Li sphere of
0.5 mean free path radius.

19




LITHIUM=-7 (0.5 M. F. P.)

PRI U YT D SN TN WY VI YUY WA W N SR SN S U NN SN SN WY WU SN SH S SN W S

7 ____ MEASURED
__________ ENDF /B-5

0.1

L1 11811
LR

0.01

11 111048

T TTTrTd

1
T

0.001

COUNTS (TARGET IN)/COUNTS (TARGET OUT)

10-4

T L a— LI B S T LB Snsn mumn mams ™7 T Y T LB S ¥

20 25 30 35
NEUTRON FLIGHT TIME (SHAKES)

Fig. 12. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated
rates for the “Li sphere with 0.5 mean free path radius.

20




COUNTS (TARGET IN)/COUNTS (TARGET OUT)

LITHIUM=7 (0.5 M. F. P.)

PO IS U SO S U R S SUN VT VN S S S | I SR WIS S S NS S SRS S

i —  _ MEASURED
__________ ENDF /B-6

0.1

i1 3 1 U1E)
T T TTTTTT

1
T

0.01
IR

0.001

11 1 L1158
LR LR RL

10-4

T L AL AR AR A A S A BB E B S S |
15 20 25 30 35
NEUTRON FLIGHT TIME (SHAKES)

Fig. 13. Plot of experimental and ENDF/B-VI calculated count rates for the 7Li sphere of
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Fig. 14. Plot of experimental and calculated count rates as a function of time for a "Li
sphere with 1.6 mean free path radius. The detector was located 765.2 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 15. Plot of experimental and ENDF/B-V calculated count rates for the 7Li sphere of
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1.6 mean free path radius.
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Fig. 18. Plot of experimental and calculated count rates as a function of time for a beryllium
sphere with 0.8 mean free path radius. The detector was located 765.2 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 19. Plot of experimental and ENDF/B-V calculated count rates for the beryllium
sphere of 0.8 mean free path radius.
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Fig. 21. Plot of experimental and calculated count rates as a function of time for a carbon
sphere with 0.5 mean free path radius. The detector was located 766.0 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 22. Plot of experimental and ENDF/B-V calculated count rates for the carbon sphere
of 0.5 mean free path radius.
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Fig. 24. Plot of experimental and calculated count rates as a function of time for a carbon
sphere with 2.9 mean free path radius. The detector was located 766.0 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 25. Plot of experimental and ENDF/B-V calculated count rates for the carbon sphere

of 2.9 mean free path radius.
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Fig. 27. Plot of experimental and calculated count rates as a function of time for an nitrogen
sphere with 1.1 mean free path radius. The detector was located 763.3 cm from the center

of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 28. Plot of experimental and ENDF/B-V calculated count rates for the nitrogen sphere
of 1.1 mean free path radius.
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Fig. 29. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated

rates for the nitrogen sphere with 1.1 mean free path radius.
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Fig. 30. Plot of experimental and ENDF/B-VI calculated count rates for the nitrogen

sphere of 1.1 mean free path radius.
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Fig. 31. Plot of experimental and calculated count rates as a function of time for a3 cm
from the center of the sphere at 30 degrees with respect to the deuteron beam. (1 shake =
10 ns)
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Fig. 32. Plot of experimental and ENDF/B-V calculated count rates for the nitrogen sphere

of 3.1 mean free path radius.
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Fig. 33. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated
rates for the nitrogen sphere with 3.1 mean free path radius.

41




NITROGEN (3.1 M. F. P.)

PR U SN VU WU WS ST TN S SN S NUNY WY S WY SUN U W S SRS W RN SN W S S

MEASURED
__________ ENDF /B—6

0.01

\-\.’LI

o rot]

<] l—‘_‘.._.'\-'f-1’h
-,

COUNTS (TARGET IN)/COUNTS (TARGET OUT)
0.001

A | B SR LA RANLENL AL SR S S L S LA ERSLNL A AL A S
15 20 25 30 35
NEUTRON FLIGHT TIME (SHAKES)

10-4

Fig. 34. Plot of experimental and ENDF/B-VI calculated count rates for the nitrogen
sphere of 3.1 mean free path radius.
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Fig. 35. Plot of experimental and calculated count rates as a function of time for an oxygen
sphere with 0.7 mean free path radius. The detector was located 754.0 cm from the center

of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 36. Plot of experimental and ENDF/B-V calculated count rates for the oxygen sphere

of 0.7 mean free path radius.
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Fig. 37. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated

rates for the oxygen sphere with 0.7 mean free path radius.
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Fig. 38. Plot of experimental and ENDF/B-VI calculated count rates for the oxygen sphere

of 0.7 mean free path radius.
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Fig. 39. Plot of experimental and calculated count rates as a function of time for a mag-
nesium sphere with 0.7 mean free path radius. The detector was located 765.2 cm from the

center of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 40. Plot of experimental and ENDF/B-V calculated count rates for the magnesium
sphere of 0.7 mean free path radius.
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Fig. 41. Plot of experimental and ENDF/B-VI calculated count rates for the magnesium

sphere of 0.7 mean free path radius.
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Fig. 42. Plot of experimental and calculated count rates as a function of time for a mag-
nesium sphere with 1.9 mean free path radius. The detector was located 765.2 cm from the
center of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 43. Plot of experimental and ENDF/B-V calculated count rates for the magnesium
sphere of 1.9 mean free path radius.
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Fig. 44. Plot of experimental and ENDF/B-VI calculated count rates for the magnesium

sphere of 1.9 mean free path radius.
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Fig. 45. Plot of experimental and calculated count rates as a function of time for an
aluminum sphere with 0.9 mean free path radius. The detector was located 765.2 cm from
the center of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 46. Plot of experimental and ENDF/B-V calculated count rates for the aluminum
sphere of 0.9 mean free path radius.
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Fig. 47. Plot of experimental and ENDF/B-VI calculated count rates for the aluminum
sphere of 0.9 mean free path radius.
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Fig. 48. Plot of experimental and calculated count rates as a function of time for an
aluminum sphere with 2.6 mean free path radius. The detector was located 765.2 cm from
the center of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 49. Plot of experimental and ENDF/B-V calculated count rates for the aluminum

sphere of 2.6 mean free path radius.
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Fig. 50. Plot of experimental and ENDF/B-VI calculated count rates for the aluminum
sphere of 2.6 mean free path radius.
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Fig. 51. Plot of experimenta) and calculated count rates as a function of time for a titanium
sphere with 1.2 mean free path radius. The detector was located 765.2 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 52. Plot of experimental and ENDF/B-V calculated count rates for the titanium sphere

of 1.2 mean free path radius.
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Fig. 53. Plot of experimental and ENDF/B-VI calculated count rates for the titanium

sphere of 1.2 mean free path radius.
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Fig. 54. Plot of experimental and calculated count rates as a function of time for a titanium
sphere with 3.5 mean free path radius. The detector was located 765.2 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 55. Plot of experimental and ENDF/B-V calculated count rates for the titanium sphere
of 3.5 mean free path radius.
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Fig. 56. Plot of experimental and ENDF/B-VI calculated count rates for the titanium
sphere of 3.5 mean free path radius.
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Fig. 57. Plot of experimental and calculated count rates as a function of time for an iron
sphere with 0.9 mean free path radius. The detector was located 766.0 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 58. Plot of experimental and ENDF/B-V calculated count rates for the iron sphere of
0.9 mean free path radius.
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Fig. 59. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated
rates for the iron sphere with 0.9 mean free path radius.
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Fig. 60. Plot of experimental and ENDF/B-VI calculated count rates for the iron sphere
of 0.9 mean free path radius.
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Fig. 61. Plot of experimental and calculated count rates as a function of time for an iron

sphere with 4.8 mean free path radius. The detector was located 766.0 cm from the center

of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 62. Plot of experimental and ENDF/B-V calculated count rates for the iron sphere of
4.8 mean free path radius.
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Fig. 63. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated

rates for the iron sphere with 4.8 mean free path radius.
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Fig. 64. Plot of experimental and ENDF/B-VI calculated count rates for the iron sphere
of 4.8 mean free path radius.
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sphere with 1.4 mean free path radius. The detector was located 766.0 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 66. Plot of experimental and ENDF/B-V calculated count rates for the lead sphere of

1.4 mean free path radius.
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Fig. 67. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated
rates for the lead sphere with 1.4 mean free path radius.
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Fig. 68. Plot of experimental and ENDF/B-VI calculated count rates for the lead sphere
of 1.4 mean free path radius.
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Fig. 69. Plot of experimental and calculated count rates as a function of time for a water
sphere with 1.1 mean free path radius. The detector was located 754.0 cm from the center

of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 70. Plot of experimental and ENDF/B-V calculated count rates for the water sphere
of 1.1 mean free path radius.
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Fig. 71. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated

rates for the water sphere with 1.1 mean free path radius.
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Fig. 72. Plot of experimental and ENDF/B-VI calculated count rates for the water sphere

of 1.1 mean free path radius.
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Fig. 73. Plot of experimental and calculated count rates as a function of time for a water
sphere with 1.9 mean free path radius. The detector was located 754.0 cm from the center
of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 7T4. Plot of experimental and ENDF/B-V calculated count rates for the water sphere
of 1.9 mean free path radius.
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Fig. 75. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated
rates for the water sphere with 1.9 mean free path radius.
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Fig. 76. Plot of experimental and ENDF/B-VI calculated count rates for the water sphere
of 1.9 mean free path radius.
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Fig. 77. Plot of experimental and calculated count rates as a function of time for a heavy
water sphere with 1.2 mean free path radius. The detector was located 765.2 cm from the
center of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 78. Plot of experimental and ENDF/B-V calculated count rates for the heavy water

sphere of 1.2 mean free path radius.
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Fig. 79. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated
rates for the heavy water sphere with 1.2 mean free path radius.
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Fig. 80. Plot of experimental and ENDF/B-VI calculated count rates for the heavy water
sphere of 1.2 mean free path radius.
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Fig. 81. Plot of experimental and calculated count rates as a function of time for a heavy
water sphere with 2.1 mean free path radius. The detector was located 765.2 cm from the
center of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 82. Plot of experimental and ENDF/B-V calculated count rates for the heavy water
sphere of 2.1 mean free path radius.
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Fig. 83. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated
rates for the heavy water sphere with 2.1 mean free path radius.
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Fig. 84. Plot of experimental and ENDF/B-VI calculated count rates for the heavy water
sphere of 2.1 mean free path radius.
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lene sphere with 0.7 mean free path radius. The detector was located 754.0 cm from the
center of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 86. Plot of experimental and ENDF/B-V calculated count rates for the polyethylene

sphere of 0.7 mean free path radius.
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Fig. 87. Plot of experimental and ENDF/B-VI calculated count rates for the polyethylene

sphere of 0.7 mean free path radius.
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Fig. 88. Plot of experimental and calculated count rates as a function of time for a polyethy-
lene sphere with 3.0 mean free path radius. The detector was located 765.0 cm from the
center of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 89. Plot of experimental and ENDF/B-V calculated count rates for the polyethylene
sphere of 3.0 mean free path radius.
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Fig. 90. Plot of experimental and ENDF/B-VI calculated count rates for the polyethylene

sphere of 3.0 mean free path radius.
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Fig. 91. Plot of experimental and calculated count rates as a function of time for a teflon
sphere with 0.9 mean free path radius. The detector was located 752.0 cm from the center

of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 93. Plot of experimental and ENDF/B-VI calculated count rates for the teflon sphere
of 0.9 mean free path radius.
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sphere with 2.9 mean free path radius. The detector was located 752.0 cm from the center

of the sphere at 30 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 95. Plot of experimental and ENDF/B-V calculated count rates for the teflon sphere

of 2.9 mean free path radius.

103




COUNTS (TARGET IN)/COUNTS (TARGET OUT)

TEFLON (2.9 M. F. P.)

1 " 2 a1 " " " PRI Y

. MEASURED N
© 3 -

4 e ENDF /B-6 o
o N
o3 =
s =
<3 ! leFiron =
o ] \ - - ~

n t s LD .

- I -

1
- 1 e
1

4 o
~
l -
© =
?
o L B S SR S AL A A S AL AL AL AN SR LA LS R LA B
- 15 20 25 30 35 40

Fig. 96. Plot of experimental and ENDF/B-VI calculated count rates for the teflon sphere

NEUTRON FLIGHT TIME

of 2.9 mean free path radius.

104

(SHAKES)




CONCRETE (2.0 M.

PR ST S G S B ST S BErSPPET PEr

F. P.)

MEASURED
__________ ENDF /B-6
s ENDF/B-5

0.1
Lol ot b
T T T TTT1T

i
1

0.01

11 1 ti10s

0.001

1 ) 1 i1y
LSRR ALI

COUNTS (TARGET IN)/COUNTS (TARGET OUT)

10-4
o

L B T T ——
20 25 30 35 40 45 50
NEUTRON FLIGHT TIME (SHAKES)

Fig. 97. Plot of experimental and calculated count rates as a function of time for a concrete
sphere with 2.0 mean free path radius. The detector was located 975.4 cm from the center
of the sphere at 120 degrees with respect to the deuteron beam. (1 shake = 10 ns)
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Fig. 98. Plot of experimental and ENDF/B-V calculated count rates for the concrete sphere
of 2.0 mean free path radius.
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Fig. 99. Plot of experimental, ENDF/B-V calculated, and MCNP recommended calculated
rates for the concrete sphere with 2.0 mean free path radius.
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V. Conclusions

The ENDF/B-V1library seems to give valid answers to a widely accepted benchmark, the
Lawrence Livermore Pulsed Sphere experiments, which should provide renewed confidence in
the validity of the ENDF/B-VI data as well as MCNP and the NJOY nuclear data processing
system.

ENDF /B-VI appears to more closely match the experimental measurements than ENDF/B-
V for "Li, beryllium, nitrogen, CF, (teflon), iron, lead, and CH, (polyethylene). The
ENDF/B-V and ENDF/B-VI results are about the same for magnesium, aluminum, ti-
tanium, and concrete, and close for oxygen, water, and heavy water. Only for carbon does
ENDF/B-VI appear significantly worse than ENDF/B-V, and then only in the detailed
time-of-flight spectra, not in integral results.
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Appendix:
MCNP Input Decks
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A. Introduction

To conserve space, each of the input decks will not be listed here. When there are two of
the same material, an example of one, and the differences from the other will be provided,
so that the prop