ORNL/TM-13334

Susmmeenes e s e

- - -

A -
L - e

o

i
i

- e - e
e - -

e a

g EhEaa RS = Erveoe i an g nn 5
f - = . - |
o k = e
=

e

S e
- Sa e
ST e e
s e

e mep o . s

o o (s =

i

i
o

i
e

AR R RNLw - e
.. = = == s =
- - . =

- nan ..

o
SO e el
e e e
P ;;M%“’?‘?-, e .

.

i

G
o

- > o

e
i

s

e e
= oe =
e e E

= = =

T Teoiaeae
-

MCNP-DSP Users Manual

o

WEpn e e e =
- e

o e
T s e

I[EED MARTIN

= = -

i
o
v

Ere e ni e e e

i

teann s

e

&
e
. .
R - e
.

SEEE s e e ae ven e te
- -

e s

e o i
Trma e Eama iE e
= e e
s e e
= e

e e
o - o

e

i

W

o
ey

y,,
i
"

0

st

i

L
o

-

o

. . = .
... .

e

.
e casi e
e -

5

-
e

=

e e
.

= =
e .
= S

b

SEaa
.

=

i

i

St e e e B o
- e
o =

e L o e -
e e e & e R .
s s - e e

e

..
o - =

=

i
i

i

o
S

= D e

o

=

-

G

SoeE e
.

-

A =

e - . o )
ol G e e el D

e e e SEesenn e

e s . .
.-

At de e s e e i e

= s =
. .

P
o =

= e

Shet T s e o
: o e
e

e e
s

e d e aRe e
-

-

= - - S

.,

o
i

i
s

.

A
el

TEemi e man ae TaaEesesa s
. = =

i

.

S = e - =
= L - e
o = - 2o . P
- - . - -
B v = e e
= - e = e e
- . c e - L
e - . ==
. e o . o
= e mae Thteea e =
= = - - .
e e s e s s s Y 3
- e = i e - e :
... - . = = = - ),
e e e Cmmmhas ek B ..
s iy e e e -
- e S o e
" o s

o
.

. = - =
e

MANAGED AND OPERATEDBY DISTERBUTION OF THIE DOCUMENT 1§ UNLIMITED

- = e
- -

i

v

i
ey

e e e -
ALK D L=l - k

- =D BEwRADVE WWRFURALION
e R e e

_ FORTH e

S Tin R R 3| e

.

-
-
i

it

- MM INE el W E

. o

e e o .
= o . - - .

] OF - ;.% e e =

e el bl -

Einy e F A S e
i
-

e




This report has been reproduced directly from the best available copy.

Available to DOE and DOE contractors from the Office of Scientific and Technical
Information, P.O.Box 62, Oak Ridge, TN 37831; prices available from (423) 5§76-8401, FTS 626-8401.

Available to the public from the National Technical Information Service, U.S. Department
of Commerce, 5285 Port Royal Rd., Springfield, VA 22161

This report was prepared a an account of work sponsored by an agency of the United States Govemment.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein o any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The view and opinions of authors exprassed herein do not necessarily state or reflect those of the
UnitedStatesGovemment or any agency therecf.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.




ORNL/TM-13334

Instrumentation and Controls Division

MCNP-DSP Users Manual

Timothy E. Valentine

. , Date Published— January 1997

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831-6285
Managed by ,
LOCKHEED MARTIN ENERGY RESEARCH CORP.
for the

U.S. DEPARTMENT OF ENERGY
under contract DE-AC05-960R22464






CONTENTS

............................................................................................................... v
.............................................................................................................. vii
......................................................................................................................... ix
............................................................................................................ 1
. MCNP-DSP MODIFICATIONS ..........ootrtirrrerenietenteniesessesseeseessersessesnnsstessessnsnseses 3
2.1 NEUTRON MODIFICATIONS..........ccocecitererrrierteereentessreesnessesssssssssnessessssasssessseens 3
2.1.1 Number of Prompt Neutrons from Fission...........ccccocceveveeviieiiciinceieceeceeenenne 3
2.1.2 Angular Distribution of Prompt Neutrons from Fission...........ccccceccevcerrecuinnneee. 6
- 2.1.3 Fission Neutron Energy Distribution..........c.ccoceeeverirecenveenenereenenneneneensseeneenns 7
2.2 MODIFIED GAMMA RAY TRANSPORT ........cccooceieteiireenreneeeeseerreeeeeesaennenne 7
2.2.1 Prompt Gamma Ray Multiplicity for *°Cf ................. ettt aeraees 8

2.2.2 Prompt Gamma Ray Energy Distribution for 2Cf............c.cccoocvvrvrrrmrernrrernennn. 8
2.3 PARTICLE DETECTION ........oooiiiirriiriineineeneeseerssereesssrassessserscssssessssseneessassnsenses 9
2.3.1 Neutron DEtectiOn.........ccccveveerieeierreertenteeriesssinreesreessnrensesiassssessessiosemsesssssneenes 9
. 2.3.2 Gamma Ray DeteCtion ............cccooecvieieiiiiiieieieciereeereeeeeeeee e ereres e s eeesssasseenns 10
3. CALCULATIONAL MODES ..........cccoiiiiriieriertennereersunesssessessnsssaesssssssessesssnsessasssassacens 11
. 3.1 »*CF-SOURCE-DRIVEN NOISE ANALYSIS METHOD...............ccoommrrrevvnennrnenn 11
3.2 FOURIER ANALYSIS .......oortiiieeniesieneeseesasesssensessesssessessassasseensersassasassessassesss 13
3.3 CORRELATION ANALYSIS ........ooooiiiectiieeeereeirereesessseesnesessesseeseessesscssseessasseens 16
3.4 PULSED NEUTRON ..........oicoeoierienieriertietenreestesssesstessssssssssssssssssesssssssesssasessessnes 17
4. MCNP-DSP PROGRAM FLOW ..........oomtiienieriieienieensesiersnneseessstasseesaesssesseessnasneens 18
5. INPUT AND OUTPUT EXAMPLES ..........cccoooiriireenrintsecteenreesseeseesasesssenssssssnsssenseenes 24
5.1 EXTRADATAFILE OPTIONS........cooiiitieivieneerecreteeeerinseseesasessnes s asnaeseens 24
5.2 FREQUENCY DOMAIN FILES .......oooeeeeeeeereeeeeseerereeveesssesosesssssseseneossraesaesene. 29
5.3 CORRELATIONDOMAINFILES ...........cccceceveniirirerreeannnne eeverraneenenae reereeraenens 36
5.4 PULSED NEUTRON FILES ...........ccccootriertieieteeteneeeceeereseesetnatetes e e eesseenenane e 38
APPENDIX A. SPONTANEOUS FISSION DISTRIBUTIONS...........cccoovomiriiriininine. 43

APPENDIX B. SPONTANEOUS FISSION NEUTRON ENERGY SPECTRA.................

....................................................................................................................






LIST OF FIGURES

Figure 2.1. P(V) diStribution for Z%U .........ouoomeeveimeeeeeeeeeeeresieeeese s sesssssssesssssseseseessnsans 4
Figure 2.2. P(v) distribution for 23"U ..................................................................................... 5
Figure 2.3. P(V) diStibUtiOn fOr Z7PU ..........ouovieeeeeeteieeereeee s s eeeessesesesssssessessessenanes 5
Figure 3.1. Rockland filter function..............ccooveviiciiciiniirrcecerctceccerseecreereseceeeeseeans 14
Figure 3.2. Precision filter fUnCtion ..............c..c..ooeveeeereeruceeeeceeniesesesesseessessssesseesessseseesenes 14
Figure 4.1. General MCNP4a program flow................... cerrsreneestere s renseresssessesaaernenesennnnes 19
Figure 4.2. Structure of inner aﬁd outer I00PS ......coeveeereevuervecnnnne eereresasesnesaesnnnessaeeaassnes 21
Figure 4.3. Particle tracking ProCedure...............cccovreererierrerirnscnieseesseneesersancssessassosssresses 22
Figure 5.1. MCNP uranium metal cylinder example input file.............ccocoreiiiiiiiinanicrnnnns 30
Figure 5.2. MCNP-DSP extra data file for frequency domain calculations............................ 31
Figure 5.3. MCNP-DSP output ﬁle ............ 33
Figure 5.4 Partial listing of MCNP-DSP frequency domain FFT file..............ccccoveurvirennnnncne, 35
Figure 5.5. Partial listing of MCNP-DSP correlation domain COR file .............cccccccveennnnnee. 37
Figure 5.6. MCNP-DSP source-detector pulsed neutron input file...........c.ccoccevervrireennnnnen. 38
Figure 5.7 MCNP-DSP extra data file for pulsed neutron calculations..............c.cccoovceenn.ee. 39

Figure 5.8 Partial listing of MCNP-DSP pulsed neutron time file..........c.conuureevrresesscereerren







LIST OF TABLES

Table A.1. P(v) probabilities for Z22CE ..............corruirueecereereeseeeseessssss s sessss s seessesnesassanes 45
Table A.2. P(V) ProObabiliies FOT U ... ovmmvemreeeeereeeeeeeeseeeseeseseesereseeessenessesssesesessessnseseasee 45
Table A.3. P(v) probabilities for‘mPu ................................................................................. 45
Table A.4. P(V) probabilities f0r 22PU. ..............ooeorerosooeeeeeereresssseeeseeeeseeressessseens S 46
Table A.5. P(V) probabilities for Z2Cm............cccouemerimieecereieeecceeecesssessieseesesessesesssssessenans 46
Table A.6. P(V) probabilities fOr ZCm.............veeereeeeereeeereereseseeseesessteseseessesessesesessessens 46

Table B.1. Watt parameters for inherent spontaneous fission sources...........c..ccccceeveervenuennee 50







ABSTRACT

. The Monte Carlo code MCNP-DSP was developed from the Los Alamos
MCNP4a code to calculate the time and frequency response statistics obtained from the
B2Cf-source-driven frequency analysis measurements. This code can be used to validate
calculational methods and cross section data sets from subcritical experiments. This code
provides a more general model for interpretation and planning of experiments for nuclear
criticality safety, nuclear safeguards, and nuclear weapons identification and replaces the
use of point kinetics models for interpreting the measurements. The use of MCNP-DSP

extends the usefulness of this measurement method to systems with much lower neutron

multiplication factors.




1. INTRODUCTION

The Monte Carlo code MCNP-DSP' was developed from the MCNP4a>™ code
to calculate the time and frequency measured parameters of the **?Cf-source-driven noise
analysis method> This measurement technique was developed to determine the
subcriticality of fissile assemblies. This method also provides measured parameters that
can be used for nuclear weapons identification,* nuclear materials control and
accountability,” quality assurance,® process monitoring,” and verification of calculational
methods and cross sections.® In the past, point reactor kinetics expressions were used to
relate the measured spectra to the subcritical neutron multiplication for criticality safety
applications. However, this limited the applications of this measurement technique to
systems where point reactor kinetics was applicable.

The KENO-NR® Monte Carlo code was developed by Ficaro from KENO V.a' to
calculate the spectral densities of this measurement. However, this code is limited in that
it only calculates the detector responses due to neutrons and uses group cross section,
whereas the most efficient detectors used in the measurements detect both neutrons and
gamma rays. Sometimes gamma ray detectors are used exclusively in the measurements. -
Because of these limitations, a more generalized Monte Carlo model which has continuous
energy cross sections and which also includes gamma rays was needed to calculate the
spectral densities.

To provide a more detailed model for interpretation of the measured results, the
Monte Carlo code MCNP4a was modified to calculate both the time and frequency
domain signatures from this measurement. Several modifications were made to the
neutron and gamma ray tracking routines of MCNP such that the calculated parameters
are obtained as measured. The structure of the code was modified to obtain data blocks of
detector responses, as in measurements. The data blocks are time samples of detector
response, typically of 512 or 1024 points, for a certain period, which is determined from
the sampling rate of the data acquisition system. The particle splitting and biasing in
MCNP were disabled in order to have a strictly analog Monte Carlo calculation that
follows physically the actual particle random walks. A dual-particle source was developed
which produces both neutrons and gamma rays from the fission of *Cf in which the time
. tracking of the gamma rays was coupled to that of the neutrons. Additional evaluated
measured data were incorporated into the code for certain neutron and gamma ray
interactions to more precisely follow the physics of particle interaction on an event-by-

event basis. Average quantities like v, the average number of prompt neutrons per
fission, were removed from MCNP-DSP because average quantities remove some of the
statistical fluctuations from the fission chain populations. Experimental data describing the
probability distribution of the number of prompt neutrons from fission were incorporated
into the code where available; otherwise, the Gaussian theoretical distribution is used. A
modified Maxwellian energy distribution was included in the code to obtain the energy of

™ MCNP is a trademark of the Regents of the University of California, Los Alamos National Laboratory.
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prompt neutrons from the spontaneous fission of **Cf along with angular distribution data
for neutrons from fission to describe anisotropy of the neutron directions in the laboratory
system. The energy distribution of gamma rays from the spontaneous fission of #2Cf and
the multiplicity of these gamma rays were also incorporated into MCNP-DSP. MCNP-
DSP correlates both the neutrons and gamma rays in time after the fission throughout the
fission chain multiplication process. However, as in MCNP, the gamma ray production is
not directly correlated to the type of neutron event. Several detector options were
included in MCNP-DSP to allow calculation of the responses of the various neutron and
gamma sensitive detectors used in the measurements. The detectors used in MCNP-DSP
are capture, scatter, or fission detectors. A new simplified algorithm for treatment of
multiple scattering events in the scatter detectors was included in addition to multiple
scattering of particles between detectors. Data processing algorithms were also
incorporated into the code to process the detector responses for both time and frequency
analysis. The frequency spectra can be obtained by directly calculating the Fourier
transforms of N point blocks of pulses from the detectors and performing a complex
multiplication to obtain the autopower spectral densities (APSDs) and the cross-power
spectral densities (CPSDs). The APSDs and CPSDs are also obtained by Fourier
transforming the autocorrelation and cross-correlation functions. Randomly pulsed
neutron measurements are also simulated by calculating the time distribution of detector
counts after 2*°Cf fission.

This manual provides a description of the modifications made to the MCNP4a
code and some general information about signal processing. The modifications to the
neutron and photon transport processes are described and a brief explanation of the
detection process is presented in Chap. 2. A description of the frequency analysis, -
correlation analysis, and the pulsed neutron calculations are presented in Chap. 3. A short
outline of the program flow is presented in Chap. 4. Chapter 5 contains examples for
frequency analysis calculations, correlation analysis calculations, and pulsed neutron
calculations. It is assumed that the reader is familiar with standard MCNP input. The
neutron emission distributions for spontaneous fission isotopes are given in Appendix A,
and the neutron energy spectra parameters for spontaneous fission isotopes are provided
in Appendix B.




2. MCNP-DSP MODIFICATIONS

Although MCNP is very versatile, several changes were made to the code to
accurately estimate the time- and frequency-analysis statistics. A dual-particle source was
developed which produced both time-correlated neutrons and gamma rays. The variance
reduction features were disabled in order to have strictly analog particle tracking, and the
neutron and gamma ray transport routines were modified to better represent the collision
physxcs on an event-by-event basis.

2.1 NEUTRON MODIFICATIONS

Because the °Cf-source-driven technique measures the behavior of the individual
fission chains in a fissile configuration, it is necessary that the calculation be able to
adequately simulate the behavior of the individual fission chains. This requires replacing

average parameters such as v with probability distributions because the spectral densities
provide statistical estimates of the fission chain fluctuations and because the average
quantities reduce the fission chain fluctuations. The proper treatment of the angular
distribution of neutrons from fission was also included in the calculation to adequately
describe the particle direction from fission for both spontaneous fission and induced
fission. The selection of the energy of the neutrons from the spontaneous fission of *Cf
has been modified to incorporate recent improvements in the representation of the prompt
neutron energy spectrum. Implementing these changes along with analog neutron tracking
allow for the more physical representation of the individual fission chains.

2.1.1 Number of Prompt Neutrons from Fission

The probability of obtaining prompt neutrons from fission, P(v), for various
fissioning isotopes was functionally described by Terrell.'' Terrell suggested that the
neutron multiplicities are dependent on the fission fragment properties. If a Gaussian
distribution of the fission fragment excitation energies is assumed, the cumulative
probability of observing v prompt neutrons from fission is approximated as

1 (v-v—112+b)la -1

ZP(n)—J_ _[ et dt, (2.1)

where b is a small correction factor (<10?) to ensure that the V's are positive and o is the
root-mean-square width of the initial total excitation-energy distribution (c = 1.08)."
Terrell has shown that this distribution function can be used to describe the emission
probability for several different fissioning isotopes. In MCNP, the v obtained from the
cross-section data sets is a function of the energy of the neutron that induces the fission.
Thus the emission probability that was incorporated into MCNP-DSP is an energy
dependent distribution. The Gaussian distribution is an approximation to describe the




prompt neutron emission probabilities at all energies and is used unless additional
measured distribution data tables are included for certain isotopes. '

An option has been incorporated into MCNP-DSP to use the measured data
summarized by Zucker and Holden.?' Zucker and Holden tabulated the P(v) distributions
for 2°U, *U, and ®°Pu as a function of the energy of the neutron that induces the fission.
These distributions are presented in Figs. 2.1 to 2.3. These tabulated data of Zucker and
Holden are used by default. The probability distribution data were fit with least-square
polynomials to obtain a functional representation of the energy dependence of neutron
emission probabilities. The probability distribution data for the spontaneous fission of
Z2Cf were taken from Spencer's measurements.” The probability distribution data for the
inherent spontaneous fission sources was taken from Holden and Zucker. The
distribution data for *2Cf and the spontaneous fission isotopes are given in Appendix A.

Figure 2.1. P(v) distribution for ®°U




2. P(v) distribution for **U

Figure 2.

tribution for *°Pu

I3

P(v)d

Figure 2.3.




2.1.2 Angular Distribution of Prompt Neutrons from Fission

There are instances in which the angular distributions of prompt neutrons from
fission may be important, such as when the %2Cf source is located some distance from the
fissile configuration. Hence, assuming an isotropic emission of neutrons from fission can
be a poor approximation. The angular distribution of neutrons relative to the direction of
the light fission fragment has been measured by Budtz-Jorgensen and Knitter' for the
spontaneous fission of »2Cf. Budtz-Jorgensen and Knitter have shown that there is
angular anisotropy in the laboratory reference frame. The probability distribution function
obtained from the Budtz-Jorgensen and Knitter data is shown in Fig. 2.4. As can be seen
from Fig. 2.4, the angular distribution at zero energy is more isotropic; however, as the
neutron energy increases, the angular distritnition becomes very anisotropic.

These data are incorporated into MCNP-DSP by selecting the direction of the light
fission fragment from an isotropic distribution. The neutron direction is then determined
by sampling its azimuthal direction uniformly on the interval 0 to 2n. The polar angle of
each fission neutron relative to the light fission fragment is determined from the angular
probability distribution function. These data may be used for both the spontaneous fission
of the Z*Cf source and for induced fissions in the system to investigate the effects of the
angular dependence of the neutron emission. Since the majority of the neutrons are
released from the fully accelerated fission fragments, the angular distribution of the
neutrons relative to the direction of the fission fragments is dependent on the de-excitation
of the fission fragments. Therefore, there would be little difference between the angular
distribution of spontaneous fission neutrons and the angular distribution of induced fission
geu.trorg for fissile isotopes. For these reasons the data for °Cf were used for all

ssion.

0.024

L

0.008 0.016

Figure 2.4. Probability density function for angular distribution (lab system)
of neutrons from fission with respect to the direction of the light fragment



2.1.3 Fission Neutron Energy Distribution

The neutron energy spectrum is obtained from the nuclear cross-section files for
induced fission. A corrected Maxwellian distribution is used for the prompt neutron
energy spectrum for 2*2Cf. A detailed analysis of the experimental data has been performed
by Mannhart'’ to obtain the relative difference between the neutron spectrum obtained
from the measured data and the Maxwellian distribution for the spontaneous fission of
%2Cf. Mannhart developed an energy dependent correction factor for the Maxwellian
distribution. The fit to the correction factor data can be found in Appendix B. By
multiplying the Maxwellian distribution by the correction factor, an accurate
representation of the energy distribution of neutrons from the spontaneous fission of *2Cf
is obtained. The average energy obtained from the corrected distribution is 2.13 MeV,
which corresponds to the measured value of the average energy of neutrons from the
spontaneous fission of 2*’Cf. An eight-point Gaussian quadrature integration scheme was
. used to integrate the spectrum from zero to an upper limit of £, where E was varied from
0.00001 eV to 25 MeV. The integrated spectrum was then normalized to unity. The
selection of the neutron energy is determined by setting a random number equal to the
normalized integrated spectrum and then determining the energy that corresponds to this
value of the normalized integrated spectrum. A least-squares polynomial fit of the neutron
energy as a function of the value of the normalized integrated spectrum was used. This
resulted in an expression for the neutron energy as a function of the normalized integrated
spectrum, that is, the neutron energy as a function of the random number. A Watt fission
spectrum is used for the spontaneous fission of the inherent fission sources. The
parameters for the Watt spectrum can be found in Appendix B.

2.2 MODIFIED GAMMA RAY TRANSPORT

, In MCNP, gamma ray production from neutron events is determined by sampling
a total gamma ray production cross section. These cross sections contain data on the
multiplicity and energy of gamma rays from neutron reactions that produce gamma rays.
These reactions include neutron capture, inelastic neutron scattering, and fission.
Although the cross sections are measured separately, these gamma-ray-producing
reactions are lumped together in the MCNP nuclear data sets. Consequently, these data
cannot be easily separated without extensive modifications to the code and the formatted
data files. This grouping does not allow the physics of the gamma ray production process
to be exact on an event-by-event basis but does give a correct average behavior.”® This
will lead to no uncertainty in the first moment of the populations but may introduce some
uncertainty into the second moment on which noise-measured parameters depend,
especially when inelastic neutron scattering and fission are equally probable. This may
also reduce some of the fluctuating phenomena associated with gamma ray production.
The multiplicity and energy distribution of prompt gamma rays from the spontaneous
fission of the **2Cf source has been included in MCNP-DSP.




2.2.1 Prompt Gamma Ray Multiplicity for **Cf

The gamma ray multiplicity, like the neutron multiplicity, is a function of the
fission fragment mass but has little dependence on the energy of the neutron inducing the
fission. A sawtooth dependence of the gamma ray yield on fragment mass has been
observed for the spontaneous fission of *“Cf and for thermal neutron fission of 2°U."
Since the number of gamma rays emitted is mainly dependent on the fission fragment
gt;operties, a single distribution can be used to describe the gamma ray multiplicity for

Cf.

' The gamma ray multiplicity was determined using Brunson's® measurements,
which fitted the data to a double Poisson model. Brunson's model depends on the
minimum energy of the gamma rays emitted. For a minimum energy of 85 keV, the
resulting probability distribution is used to obtain the gamma ray multiplicity

G 720 G ,-10.72
720 G‘i—+-o381—————-m'7l e 2.2)

T1(G) = 0.682

where G is the gamma ray multiplicity. The gamma ray multiplicity ranges from 0 to 20
gamma rays per fission with an average value of 7.79 gamma rays per fission. This value
does not differ greatly from that obtained by others.?

2.2.2 Prompt Gamma Ray Energy Distribution for *>Cf

The gamma ray energy spectrum has been measured for the spontaneous fission of
#2Cf and the thermal-neutron-induced fission of 2°U. There appears to be little difference
between the spectrum from Z*’Cf and that from Z°U.# Because of the small difference
between the two spectra and because the measurements of the 2°U gamma ray spectra are
more precise, the gamma ray spectra from the thermal neutron fissioning of 2°U is used to
obtain the gamma ray energy. ' '

The energy spectrum of the prompt fission gamma rays is obtained from
Maienschein's measurements.”>> From 0.3 to 1. MeV, the distribution is described as

N(E) = 268¢~230F (2.3)
In the interval 1.0 to 8.0 MeV, the distribution is described as
N(E) = 80eMOE (2.9)

The upper energy limit of 8 MeV was selected because nuclear excitation above 8 MeV
typically leads to neutron rather than gamma emission. Although Maienschein's

8




experiment determined the gamma ray spectrum down to 0.25 MeV, there are several
gamma ray energies that show preferential emission for low multiplicities below 0.3
MeV.? On the advice of Ray Nix, '® the spectrum below 0.3 MeV is represented as

N(E) = 3813(E — 0.085)e L648E (2.5)

The minimum gamma ray energy of 0.085 MeV coincides with Brunson's measurements.
Below this energy, gamma ray emission is due to K-shell X rays from the fission fragments
that occur later than the prompt gamma emission from fission. Using this functional
representation of the prompt fission gamma ray energy spectrum, a value of 0.898 MeV is
obtained for the average gamma ray energy per fission. This value agrees well with the
accepted value of 0.88 MeV per fission.”

Some correlation exists between the total gamma ray energy release and the
number of neutrons emitted from fission. Nifenecker™ has observed that there is
competition in the de-excitation mechanism of the fission fragments. This can be expected
since it has been shown that the angular momentum of the fission fragments is transferred
to the gamma rays and essentially no angular momentum is given to the neutrons as a
consequence of selection rules.'” Nifenecker obtained the following linear relationship
between the number of neutrons emitted from fission, v, and the total gamma ray energy,
Ex:

E; =075v+4 . (2.6)

This relationship can be used to put a limit on the total gamma ray energy from the
spontaneous fission of the 2**Cf source and also couples the gamma ray production with
the neutron production.

2.3 PARTICLE DETECTION

Although MCNP is capable of tracking electrons, the electron production and
subsequent light production in the detectors were not treated rigorously. An intuitive
approach was used to determine when particles contribute to the detector response. This
approximation faithfully reproduces the measured detector responses. Currently, three
detector types can be employed in a calculation: capture, scatter, or fission detectors.

2.3.1 Neutron Detection

In the MCNP-DSP calculation, neutron detection is characterized by a particular
neutron event. The detector response of capture detectors is primarily due to the
absorption of a neutron with the subsequent emission of secondary charged particles,
which ionize the detection media and produce an electronic pulse proportional to the
kinetic energy of the secondary charged particle. These detectors typically have a very
large thermal neutron absorption cross section and a very small scattering cross section.

9




In MCNP-DSP, if a neutron is absorbed in a capture detector, a count is scored in the
appropriate time bin, and the number of detections is incremented.

Scattering detectors are those in which the response is due primarily to neutron
scattering in the detection media. To observe a count in a scattering detector, the neutron
must transfer a certain preselected amount of energy to the detection material via the
kinetic energy of the recoil nucleus, which excites electrons in the scintillation material
which produce light that is converted into an electrical pulse by a photomultiplier tube.
Although MCNP can handle this scintillation process directly, an intuitive approximation
was utilized which assumes that the light production is proportional to the energy
deposited by the neutron. An energy threshold is specified in the calculation for each
detector. Since multiple neutron scattering can occur in the detector, special attention was
given to modeling the multiple scattering in these detectors by specifying a time width, the
pulse generation time, in which energy contributions from the events are summed
together. If a neutron scatters in the detector and deposits an amount of energy greater
than the neutron threshold, a count is registered, and additional neutron scatters within the
specified pulse generation time of the detector are ignored. However, if the amount of
energy deposited in the detector is less than the neutron threshold, the energy of the
subsequent neutron scatters in the detector are added together for those events that occur
within the pulse generation time of the detector. To account for neutrons that may scatter
between adjacent detectors several times, the time at which the neutron had its last
scattering event in each detector is stored for each neutron track.

In fission detectors, the fission fragments travel through the detection media,
ionizing the atoms in the detector. The large energy release per fission allows for easy
discrimination of other events that may also produce ionized atoms in the detector. In the
calculation, a count is registered each time a fission occurs in the detection media, and the
fission neutrons are stored for tracking. The fission detectors may be used for other
applications of interest such as time- and frequency-analysis studies.

2.3.2 Gamma Ray Detection

Various gamma ray events may lead to a detection in the capture and scattering
detectors since the gamma ray events also produce secondary charged particles. If the
gamma ray energy deposited is above a certain threshold, which is specified as input to the
calculation, gamma ray absorption due to the photoelectric effect can lead to a detection.
Likewise, if the gamma ray has an incoherent scatter in the detector and the recoil electron
has an energy greater than the threshold, a detection will occur. Multiple scattering of
gamma rays in the detector media is treated much in the same way as for neutrons.




3. CALCULATIONAL MODES

, There are three calculation modes that are available with MCNP-DSP. These are
frequency analysis, correlation analysis, and pulsed neutron calculations. All of these
modes of analyses are related and constitute part of the *Cf-source-driven noise analysis
method. This chapter begins with a general description of the **’Cf-source-driven noise
analysis measurement as an introduction to the method followed by a description of
frequency analyses, correlation analyses, and pulsed neutron calculations.

3.1 **CF-SOURCE-DRIVEN NOISE ANALYSIS METHOD

This measurement method two or more particle detectors along with a >**Cf source
to provide measured quantities that can be used to characterize subcritical fissile
assemblies. The source, which is contained within an ionization chamber and designated
as detector 1, is placed in or near the subcritical fissile configuration to initiate the fission
chain multiplication process. For each spontaneous fission of Z2Cf, an electrical pulse is
produced that indicates the time of fission and emission of neutrons and gamma rays. The
particle detectors, designated as 2, 3, etc., are placed in or near the fissile assembly to
measure particles from the fission chains induced by the spontaneous fission of the Z*Cf
source. The signatures obtained from this measurement are the APSDs of the source and

“detector signals, the CPSDs between the source and detectors, and the CPSD between
detectors. The APSD of the source, G;;(w), is proportional to the disintegration rate of
the source, and the APSDs of the detectors, G2(@) and Gss(@), are proportional to the
count rate of the detectors. The CPSDs between the source and the detectors, G;>(@) and
Gis(a), are proportional to the induced fission rate in the system, and the CPSD between
detectors, G2s(w), is proportional to the induced and inherent fission rate in the system.
The APSDs and CPSDs are defined by performing a complex multiplication of the Fourier
transform of the blocks of detector signals. The APSD is defined as

Gu(@)= X' (@)X (@) , G.1)

where X(o) is the Fourier transform of the detector signal and * denotes the complex
conjugate. Similarly, the CPSD between two signals x(t) and y(t) is defined as

G, (0)= X (@)Y (o) . (3.2)

The APSDs and CPSDs can also be obtained by Fourier transforming auto- and cross-
correlation functions. The autocorrelation function is defined as

. 11T
$.. (D)= }1_1)1}0 2—T-_ITx(t)x(t +7)dt , 3.3)




where x(?) is the detector time response. The APSD is then defined as

Go(@) = |$u(De ™ dr . (3.4)

-

Similarly, the cross-correlation between two signals is defined as

' 1T
$5()= lim E“iij(t)y(t +0)dr (.5)
The CPSD is then defined as
G, (@)= T@ﬁm(r)e'j"”dr . (3.6)

A certain ratio of spectral densities, R(®), is independent of detector efficiency and source
intensity (as long as there are no intrinsic or other significant sources of detected events
other than from particles from fissions induced in the fissile configuration by the **2Cf
source). The ratio of spectral densities is defined as

- gl.z (@)G,s(@)
KO)= G (@)on(@) S

where o is the angular frequency and the * denotes complex conjugation. Another useful
quantity is the coherence,

yi= __|G,,(_w)l2__ (3.8)
! G;(@)G(w) ’ ‘

which is the fraction of common information between two signals 7 and ;.

As previously discussed, the APSDs and CPSDs may be obtained from the
measurement by direct Fourier processing of the detector signals or by calculating
correlation functions and then calculating the frequency spectra. For direct frequency
analysis, the detector signals after amplification are input to discriminators, which are used
to eliminate unwanted detector pulses. The signal pulses from the discriminator are input
into a circuit that converts them into voltage pulses that have a constant area and a
frequency spectrum defined by an adjustable RC time constant. The signals are then
passed through a low-pass filter, which eliminates the upper frequency components that
are greater than half the sampling rate. This prevents aliasing from occurring during the
discrete Fourier processing of the signals. Aliasing is the folding of high frequencies over
to the low frequency when the sampling rate is less than twice the maximum frequency of
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the signal.® The filtered signal is digitized repeatedly by an analog-to-digital converter to
provide an integer value proportional to the voltage of the signal. The digitized data are
divided into segments, termed data blocks, of typically 512 or 1024 points, and then the
data are Fourier transformed. The APSDs and CPSDs are calculated for each data block
by complex muitiplication of the transformed data. The latest estimates are then averaged
with the previous data to obtain the current APSDs and CPSDs. This process is continued
until the desired convergence is reached.

In correlation measurements, the detector signals from the discriminators are sent
into a processor that collects the signals in 512 time bins, a data block. The correlation
functions are calculated for each data block and averaged with previous estimates of the
correlation functions. After all data blocks have been calculated, the average correlation
functions are Fourier transformed to obtain the average APSDs and CPSDs. After
obtaining the average APSDs and CPSDs, the coherences and the ratio of spectral
densities are calculated as before.

The pulsed neutron measurement is related to the correlation domain
measurement. In the correlation and frequency domain measurements, the spontaneous
fission of the source occurs randomly in the data block; however, in pulsed neutron
measurements operating in the forward mode, a time-to-amplitude converter (TAC) is
triggered with the source event and stopped with the detector anode signal from the -
discriminator. The TAC output is sent into a multichannel analyzer to obtain the neutron
and gamma ray time-of-flight. The time-of-flight is the impulse response function for the
system and is equivalent to the cross correlation between the source and the detector.

3.2 FOURIER ANALYSIS

The frequency analysis calculation incorporates some of the filtering and
windowing options used in the measurements. In the measurements, prior to sampling
into the data block, the detector signals are input to a bandpass filter to prevent aliasing.
To simulate the bandpass filter, two filter options can be employed in the calculation.
Rockland and Precision filters were used in the measurements; hence, functions that
represent these filters may be used in the calculations. The Rockland filter function is
shown in Fig. 3.1, and the Precision filter function is presented in Fig. 3.2. The peak
values of the filter functions are normalized to one. The upper frequency cutoff is set
equal to 40% of the sampling rate as implemented in the measurement to prevent aliasing.
These filter functions are applicable only for sampling rates less than 100 kHz since the
low-pass filter has not been included in the model and its time response affects the
detector response for sampling rates greater than 100 kHz. Other higher frequency filter
functions could easily be incorporated into the code if the waveforms are available. The
time when a particle is detected is determined by adding its time of birth to the time that
the particle spent in the system before being detected. A count is registered in the
appropriate time bin whose width is determined from
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the inverse of the sampling rate. If the filter functions are used, the pulse is spread out
over approximately ten time bins for each particle detection. For each time bin, the filter
function is segmented into ten discrete values that begin at the time of detection. The
digitized values of the normalized filter function that occurs at the right boundary of the
time bin are added to the detector time response for that bin. If the particle detection
occurs near the end of the data block, the digitized values in the time bins beyond the
length of the data block are ignored. Experimentally, the low-frequency components of
the detector signal are eliminated by ac coupling (high-pass filtering). To simulate the
implementation of a high-pass filter, the average counts per bin are subtracted for each
detector's time spectrum for each data block. The removal of the mean value is performed
independently of the implementation of the low-pass filter. There are three commonly
-used windows that may be employed in the calculation. Windows are applied to the time
spectra to correct for errors due to the finite length of the data block that coincides with a
finite length Fourier transform. The windowed time signal is given by

x'(n) = x(myw(n) , (3.9

where x(n) is the discrete detector time signal, and w(n) is the window function. Bartlett,
Hanning, and Hamming windows are available in the calculations and are given by*’

2n/ N, 0<n<N/2
wn)=<2-2n/N, N/2<n<N (3.10a)
0, otherwise

05-05 2m/ N), 0<n< N
w(n) = cos(2m/ N), 0s<n< (3.10b)
0, otherwise
054 — 0.46cos(22mn / 0<n<N
W) = cos@m/N), Osns< (3.100)
0, otherwise

where N is the length of the data block. A Hanning window has been used in the
measurements. A discrete Fourier transform is applied to the data block of length N. The
discrete Fourier transform (DFT) is defined as

N-
X(k)= T x(mWy" , (3.11)

where W, = e /*®¥ is the complex quantity. Because the DFT is a complex function,

the estimates of the APSDs and CPSDs are obtained by complex multiplying the DFT of
the detector responses for each data block. The APSDs and CPSDs are calculated for each
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data block and averaged with the values from the previous data blocks. The coherences
and the ratio of spectral densities may be calculated using the average APSDs and CPSDs.

3.3 CORRELATION ANALYSIS

The calculation of the autocorrelation and cross-correlation functions was included
in the code. The code calculates circular correlation functions from the detector time
response since this is equivalent to performing the complex multiplication in the frequency
domain.? The estimate of the circular autocorrelation function is given by

N-1

R.(r)= 2 XXy » (3.12)
=0

where x is the detector signal, 7 is the lag index, and N is the number of points per data
block. The detector signal is assumed to be periodic [x; = xn.4] the circular correlation
function is calculated. Likewise, the estimate of the circular cross-correlation function is
given by

N-1

RN =T XY vty » (3.13)
k=0

where x and y are two different detector signals. Average values of the autocorrelation
and cross-correlation functions are calculated as the data blocks are updated. The one-
sided APSD is estimated as

G, (m) = 4[Rx, ©) + ‘“EIIR,, (k) cos(2mmk / N)] . (314
k=

for m = 0,1...,N/2. Because the cross-correlation function is not symmetric, the CPSD will
be a complex quantity. The one-sided CPSD is

G, (m)=C, (m) - jO,(m) , (3.15)
where
N-1 ~-1
C,p (m) = 2[5012” (k) cos(2zmk | N) + EOR’”‘ (k) cos(2zmk / N):| . (3.16)
and

Q,,(m)= 2[%511ny (k) sin(2zmk | N) - "z‘;llRﬁ (k) sin(27mk | N)] . (317D
k= k=




for m = 0,1...,N/2. These estimates of the APSDs and the CPSDs are then used to
calculate the coherence functions and the ratio of spectral densities.

3.4 PULSED NEUTRON

The randomly pulsed neutron measurement with 2*>Cf is simply a measurement of
the impulse response of the system being analyzed. For fissile systems, the **2Cf source
induces fissions in the system that can be detected with a neutron detector. The resulting
time-dependent detector signature consists of a transmission component, a scattered
component, and a fission component. This measurement is simulated by starting the source
particles at time zero and tracking the source particles and their progeny to the detector.
The time of detection for each particle is determined and the counter for the appropriated
time bin is incremented much like the accumulation of the pulse height spectra with a
multichannel analyzer. For a single “hit” measurement system, only one detector count
triggers the TAC for each **2Cf fission; however, in the calculations, all detector counts
for a given 2*2Cf fission are stored. :




4. MCNP-DSP PROGRAM FLOW

The general structure of MCNP has been preserved as much as possible. However,
some modifications had to be made in order to obtain the frequency data in a manner
similar to the measurement. The general flow of MCNP4A is shown in Fig. 4.1. The
program starts by reading the command line to determine which options the code uses.
After determining the options, the program begins execution. The first step is to read the
input file, which can be stated on the command line or the default input file name, INP.
The arrays are initialized with a call to subroutine JMCN. If the frequency analysis
calculation is to be performed, a separate data file containing options used in the noise
calculation is read in JMCN. After initializing the arrays, the interactive geometry plot
subroutine PLOTG is called if the command line contains /P and the options to plot the
geometry. Next, the cross-section data are read into the appropriate arrays. Once the
cross-section data have been placed in the arrays, the code begins the actual tracking of
the particles by calling subroutine MCRUN. Subroutine MCRUN runs the particle
histories by calling TRNSPT, which, in turn, calls HSTORY to follow the particle tracks
throughout the system and writes the detector information. Finally, the tallies are plotted
with a call to MCPLOT after all the particles have been analyzed. This general structure
has been maintained in the modified code. The major difference occurs in the actual
transporting of the particles. The subroutine TRNSPT has been modified to call
HSTORYCEF if the noise calculation is to be performed.

The structure of the noise calculation is based on an outer and an inner loop. The
outer loop controls the number of blocks of data (bks) to be calculated. The average
number of source events per data block (scd) controls the inner loop. If the inherent
spontaneous fission source option is invoked, there is a second inner loop that is
controlled by the average number of inherent spontaneous fissions per block (sfpd).
Because spontaneous fission is a Poisson process, the number of disintegrations per block
(ncdis) is calculated from a Poisson distribution with mean scd for the source events per
block and with mean sfpd for the inherent fission source fissions per block. The ratio of
the %°2Cf source fission rate to the inherent source fission rate must be known to specify
scd and sfpd. Detected particles from induced fission caused by the inherent source
neutrons contribute correlated information to G but also contribute uncorrelated
information to G, and G,3. The average number of source events per data block is related
to the actual source size by the following relation'?

ng,ntbn
scd = - , 4.1

s

where m is the mass of the source in micrograms, Ry is the spontaneous fission rate of the
source per microgram, ntbn is the number of points per block, and f; is the sampling rate.
Using this expression, the source specified in the calculation can be related to the actual
source used in the measurements. For calculations employing the inherent fission source
option, it has been shown that it is not necessary to use the actual Ry but only maintain
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the ratio of scd and sfpb. The particle tracking begins with the first data block. First, the
source particles and their

START MCNP

y
Read Blgxgtthqe and

e ]%‘;Pafysusg'g Sl the

PLOTf|, Subioutingto plot the
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Figure 4.1. ‘General MCNP4a program flow

progeny are tracked. Next, the particles from the inherent fission source and their progeny
are tracked if this option is invoked. When the inner loops are finished, the block data are
processed. This processing could be the direct calculation of the power spectral densities

19




or the calculation of the correlation functions. After the block data have been processed,
the outer loop variable is incremented and the inner loops are restarted. When all of the
data blocks have been calculated, the outer loop is completed. The summary information
is written to the output files, and if the data were processed in the correlation function
mode, the power spectral densities are calculated and written to a file. This process is
depicted in Fig. 4.2.

Since the inner loops control the actual particle transport, a detailed description of
the particle tracking follows. The inner loop begins by obtaining information about the
source particles. The position is specified in the extra data file for the source particles and
is chosen randomly in a specified volume for the inherent fission source. The time of the
spontaneous fission is chosen randomly in the data block. The number of particles from
the source is chosen randomly. Spencer's distribution is used to obtain the number of
prompt neutrons from the 2*2Cf source, and Brunson's distribution is used to determine the
number of prompt gamma rays from the *Cf source. Zucker and Holden’s data are used
to determine the number of prompt neutrons from the inherent spontaneous fission source.
The energies of the **Cf neutrons are chosen from the corrected Maxwellian distribution,
and the energies of the *?Cf gamma rays are chosen from Maienschein's spectrum. The
energy spectra of the inherent fission source neutrons are chosen from the usual MCNP
Watt fission spectrum. The direction of the source neutrons can be chosen isotropically or
from the angular distribution data of Budtz-Jorgensen and Knitter. All but one of the
particles are stored in the bank. An overview of the particle tracking is shown
schematically in Fig. 4.3. The distance to the cell boundary, d;, is determined from the
particle's starting location and the direction cosines. Next, the distance to the collision
site, d,, is calculated from the usual relation d; = -1n R/%;, where R is a random number
and Z, is the total macroscopic cross section. The minimum distance determines whether
or not the particle has a collision. If d; is less than d,, the particle is transported through
the cell boundary, where the distance to the next cell boundary and the distance to
collision are calculated for the new cell. If the particle enters a region of zero importance
(outside the system), the particle is said to have leaked, and the leakage tallies are
updated. If d. is less than dj, then the particle collides in the cell. When a particle
collides, the collision nuclide is selected randomly from the materials present in the cell. If
the particle is a neutron, the velocity of the collision nuclide is calculated, and the collision
event is determined. The capture probability is calculated in the usual way. If the problem
is a dual neutron-gamma ray calculation, gamma rays may be produced by the neutron
interaction. If the particle is not lost by capture, the neutron will have either an elastic
collision or an inelastic collision.® The probability of having an elastic collision is given by
c./(ca + ©i), where G,; is the microscopic elastic scattering cross section and o, is the

microscopic inelastic cross section. The type of inelastic event, #, is determined from
N

n— n
Yo, <¢éro, 3o, , 4.2)
i= j= i=

® The term inelastic collision is a carryover from MCNP and means all reactions except elastic scattering
and capture.
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where £ is a random number on the interval [0 to 1), N is the number of inelastic reactions,
and the o;'s are the inelastic reaction cross sections at the incident neutron energy.’
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Figure 4.2. Structure of inner and outer loops
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If the inelastic event is fission, the number of neutrons produced from fission is determined
from Zucker and Holden's data or from Terrell's formula, depending on the fissioning
isotope. The energy of the emerging neutrons is sampled from the appropriate spectrum
indicated in the cross-section data file. The direction cosines may be either isotropic or
determined from the experimental angular distribution data. Any neutrons produced from
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fission are banked to be tracked later. If the particle is a gamma ray, the determination of
the type of interaction is the same as that used for neutron collisions. However, the
collision physics are different.? In the modified code the detailed physics treatment is used
by default. The detailed physics treatment includes incoherent scattering, coherent
scattering, the photoelectric effect, and pair production. Therefore, the total gamma ray
cross section, G,, is :

0;=0;,+0,+0, +0,,, - (43)

where o, is the incoherent scattering cross section, ¢, is the coherent scattering cross
section, o,. is the photoelectric cross section, and G,, is the pair production cross section.
The selection of the gamma ray event is determined in a manner similar to that of the
neutron events.

The tracking and collision process is repeated for each particle until the particle
either leaves the system or is absorbed by analog capture. Next, particles are retrieved
from the bank, and the tracking process proceeds as before until all the source particles
and their progeny have been tracked for the given data block. Then, the particles for the
inherent fission source are tracked if the spontaneous fission source option is invoked.
The inner loops are now complete for one data block, and the detector responses are then
processed.  After processing the detector responses, the outer loop variable is
incremented, and the inner loop procedure is repeated. After the desired number of blocks
have been calculated, the program calculates the final estimates of the APSDs and CPSDs
and writes the data to a file.
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S. INPUT AND OUTPUT EXAMPLES

To perform the MCNP-DSP calculations, the idum and files cards must be
included in the MCNP input file. The files card is used to specify an extra file that
contains data for the MCNP-DSP calculations and to specify the output file for MCNP-
DSP. This chapter provides a listing of all of the options and their default values that can
be used in the extra data file. This chapter also provides examples for the input and output
files for the frequency domain, correlation domain, and pulsed neutron calculations.

5.1 EXTRA DATA FILE OPTIONS

The following is a description of the options that can be supplied in the extra data
file to execute MCNP-DSP calculations. The options are specified with a unique 3
character identifier followed by an equal sign and an appropriate parameter. These
options are similar to those found in the KENO-NR code and were chosen in this manner
to minimize confusion when users switch from one code to the other.

The following options are required in each extra data file:

scd=x x is the number of source disintegrations per block and must be
greater than one. The default value has been arbitrarily chosen
as 32.

bks=x x is the number of blocks to calculate and must be an integer value

greater than or equal to one. The default value has been arbitrarily
chosen as 10000.

sex=x X is the source x-coordinate. There is no default variable for this
parameter. The x-coordinate cannot coincide with a surface.

scy=y y is the source y-coordinate. There is no default variable for this
- parameter. The y-coordinate cannot coincide with a surface.

SCT=2 z is the source z-coordinate. There is no default variable for this
parameter. The z-coordinate cannot coincide with a surface.

scc=x x is the source cell and must be an integer value. If the source cell
is not specified, it will be determined using the source coordinates.

ntbn=x;x; X, is the number of time bins and must be a power of 2 no less than

one and not greater than 1024. x; is the sampling rate and must be
an integer greater than zero.
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det=x;.x;;  There are 12 detector options that must be entered in the following
order and must be entered regardless of the type of detector.

X1 is the detector number. This entry must be an integer that
begins with 2 and is labeled sequentially up to S.
X2 is the detector material. This entry must be also be an

integer ,
and coincide with a material in the input file.

X3 is the detector type. The following are valid detector types:
x3 = 2 for capture detectors;
x3= 3 for scattering detectors; and
x3 = 4 for fission detectors.

X4 is the lower neutron energy threshold and must be greater
than zero and applies only to scatter detectors.

Xs is the upper neutron energy threshold and must be greater
than x4 and applies only to scatter detectors. :

X6 is the lower photon energy threshold and must be greater
than zero and applies only to scatter detectors.

X7 is the upper photon energy threshold and must be greater
than xs and applies only to scatter detectors.

Xg is the pulse generation time. The pulse generation time
is entered in nanoseconds and must be greater than zero.
This parameter is only used with scatter detectors.

Xo is the number of energy bins to bin the detector responses
and only applies to scatter detectors.

Xjp is the number of random neutron counts per data block.

X11 is the number of random photon counts per data block.

X1z is the detector efficiency for capture detectors. This
entry must be entered regardless of the type of detector
and is typically set equal to 1 for detectors other than
capture detectors. This parameter is used to account for
thresholds set in experiments when using *He detectors.

At least two and no greater than four detectors must be specified
for frequency domain or correlation domain calculations.

At least one and no greater than four detectors specified for
pulsed neutron calculations.

The following options are additional options that can be used in the calculations.

snu=x...X;o This parameter allows the user to change the default neutron
emission distribution for the 2°Cf source. x; is the probability of
0 neutrons from **2Cf; x; is the probability of 1 neutron from **Cf,
X3 is the probability of 2 neutrons from *’Cf, and so forth, with a
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SpU=X;...X21

cng=x

ang=x

win=x

smo=x

rmf=x

maximum of 9 neutrons from *Cf.

This parameter allows the user to change the default photon
emission distribution for the >°Cf source. x, is the probability of
0 photons from *Cf; x, is the probability of 1 photon from *Cf,
x3 is the probability of 2 photons from **Cf, and so forth, with a
maximum of 20 photons from #*Cf.

This is the angular distribution option for the **Cf source.

If x = 0, an isotropic distribution for neutrons from fission is used.
If x = 1, the angular distribution for neutrons from fission is
obtained from the Budtz-Jorgensen and Knitter data. x must be
equal to zero or one.

This is the angular distribution option for neutron from fission.
If x = 0, the default distribution for neutrons from fission obtained
from cross-section data files. If x = 1, the angular distribution for
neutrons from fission obtained from Budtz-Jorgensen and Knitter
data x must be equal to zero or one.

This is the source type option. Ifx = 0, a *Cf source is used while
a 14-MeV source is used if x = 1. x must be set equal to either zero
or one and is equal to zero by default.

This is the parameter used to invoke the filter functions. If x =0,
the filter functions are not used. If x = 1, a Rockland filter is used
in the calculations, and if x = 2, a Precision filter is used. The
default is no filtering. This option is only valid for frequency
domain calculations.

This is the parameter to use the window functions. If x =0, the
window functions are not used. A Bartlett window corresponds to
x = 1, a Hanning window corresponds to x = 2, and a Hamming
window corresponds to x = 3. The default is no windowing. This
option is only valid for frequency domain calculations.

This option allows the user to Hanning window the frequency
spectra to smooth the frequency data. The choices for x are ‘yes’
and ‘no,’ with the default being ‘no.” This option is valid only for

frequency domain calculations.

This option allows the user to remove the mean value from the
detector time respornse prior to calculation of the frequency
spectra or the correlation calculations. The choices for x are ‘yes’
and ‘no,” with the default being ‘no.’
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bdr=x

Itm=x

pro=x

mod=x

mit=x

sfs=x 1-+Xj

This option is used to treat the detector response as a binary signal.
Only a one or a zero is allowed in the detector time bins and extra
counts are ignored. This option should only be used for sampling
rates near 1 GHz. The binary detector option is invoked if x = 1 and
is ignored otherwise. This option is only valid for correlation
domain calculations.

This is the option used to perform the pulsed neutron calculations.
The choices for x are ‘yes’ and ‘no,” with ‘no’ being the default.

This option sets the processing mode for either frequency domain
or correlation domain analyses. If x = O, the standard frequency
domain calculation is performed, and if x = 1, the correlation
domain calculation is performed.

This option allows the user to use the shift register technique to
calculate the correlation functions. This method may be faster for
computing correlation functions for a few select problems. This
option is invoked if x = 1 and is ignored otherwise. The default
value for xis 0.

This is the multiplicity option. This option is invoked if x =1 and is
ignored otherwise. If this option is used, an additional output file
is created that contains integers that represent the number of times
0, 1, 2, etc., counts occurred in the data block for all detectors.

This option allows the user to specify the inherent fission source
for one area in the cell. The number of parameters with this card

~depends on the cell type and the number of inherent fission sources.

X1 is the number of inherent fission sources for the problem,
and is limited to 5.
X2 is the cell for the spontaneous fission source. If the cell is

a part of an array, this parameter should be set equal to
zero. The cell will then be determined from the
spontaneous fission source coordinates.

X3 is the spontaneous fission source volume type. The number
of entries to describe this volume depends on the volume
type. The following are valid geometry types:

x3=0: volume bounded by six planes.
Xo x-coordinate of volume
Yo y-coordinate of volume
Z z-coordinate of volume
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Xs

Z z-coordinate of volume

Xp distance between X, and positive x-plane
Xm - distance between x, and negative x-plane
Ve distance between y, and positive y-plane

Vm distance between y, and negative y-plane
Z distance between z, and positive z-plane

Zm distance between z, and negative z-plane

x3= 1: volurne is cylinder parallel to x-axis

Xo x-coordinate of volume

Yo y-coordinate of volume

Z z-coordinate of volume

T inner radius of cylinder

fo outer radius of cylinder

Xp distance between X, and positive x-plane

Xm distance between X, and negative x-plane
x3=2: volume is cylinder parallel to y-axis

Xo x-coordinate of volume

Yo y-coordinate of volume

2 z-coordinate of volume
¥ inner radius of cylinder
To outer radius of cylinder

Yp distance between y, and positive y-plane
Ym distance between y, and negative y-plane
x3= 3. volume is cylinder parallel to z-axis

Xo x-coordinate of volume
Yo y-coordinate of volume
Z z-coordinate of volume
T inner radius of cylinder

To outer radius of cylinder

Z distance between z, and positive z-plane

Zn distance between z, and negative z-plane
x3= 4: volume is sphere

Xo x-coordinate of volume
Yo y-coordinate of volume
Z z-coordinate of volume
T inner radius of sphere
To outer radius of sphere

is the spontaneous fission source type.
x=1 2U, =2 *pu
X = 3 242Pu,, X= 4 242Cm, X4= 5 244Cm

is the number of spontaneous fissions per block for
spontaneous fission source xy.

28




Entries 4 and S are supplied for each spontaneous fission source
as determined by x;.

5.2 FREQUENCY DOMAIN FILES

The following example problem consists of a 10.16-cm-high, 17.771-cm-OD,
uranium metal cylinder with a 2°Cf source at its center. The uranium metal density is
18.76 g/cm® with 93.15 wt % 2°U, 5.64 wt % 2*U, 0.97 wt % 2*U, and 0.24 wt % >°U.
Two 7.62-cm-0D, 2.54-cm-long NE- 213 liquid scintillators are positioned on the radial
surface of the cylinder. The MCNP input file is given in Fig. 5.1, and the extra data file
contents for the frequency domain calculations are given in Fig. 5.2. Only an overview of
the MCNP input file is presented. For a more detailed description of the MCNP input file
consult ref. 12. '

Description of Ihput File
Line 1: The first line of the input file is the title line.
Lines 2-11:  These are comment cards used to describe the problem.

Lines 12-21: These are the cell description cards. The cell cards are used to describe the
material’s density and the surfaces that bound the particular cell. .

Lines 26-49: These lines contain the surface description cards. For this simple problem
' the surfaces consist of planes and cylinders.

Lines 41-56: These are the data cards. Lines 45 through 51 describe the materials used
in the calculations. Lines 54 through 56 are the control cards for this
problem. The prdmp card on line 55 is used to control how often data are
written to the MNCP-DSP output files. The dbcn card on line 56 is used to
change the random number seed for the MCNP-DSP because the output
data for several MCNP-DSP calculations are typically combined together.

Lines 60,61: These lines are used to execute the MCNP-DSP calculations. If the first
entry on the idum card is 1, the MCNP-DSP calculation is executed and
all other tallies will not be accumulated. The files card is used to specify
two files. The first file contains the extra data parameters and is opened as
a sequential, formatted file on unit 21. The second file is the MCNP-DSP
output file. The output file is opened as a sequential formatted file on
unit 22. Both files must be entered as sequential and formatted files. The
record length is zero for sequential files.
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1 10048033 1 2 3 i 1 i 1
2 0 1 2 31011
12 13 i 1 i i
3 20088017 10 20 22 i 1 i
4 30088017 11 21 22 1 1
6 0 10 20 12 1322
1 2 1 i 1
7 0 11 21 12 13 22 .
1 2 i 1 1
$ O 1220211213 i 0
i
1 00
2 10 16
3 8 8855
10 x 88856
11 x 88836
12 8 8856
13 8 8856
20 x 114256
21 x 114256
22 x 00 508 381
i
1 9223550 0932135 92238 50 0 055726
92234 50 0009748 92236 50 0 002391
21311 i1
2 1001 50 05481 6012 50 04519
3 100150 05481 6012 50 04519

Figure 5.1. MCNP uranium metal cylinder example input file




scd=32
bks=5000
scx=0.0
scy=0.0
scz=5.08

" tbhn=1024 10000000.
det=2230.350.00.3503200001.
det=3330.350.00.3503200001.
stp=0
cng=0

end

NN AL

s \D OO
=t

Figure 5.2. MCNP-DSP extra data file for frequency domain calculations

Description of Extra Data File
Line 1: There are 32 source disintegrations per block (scd) in this example.
Line 2: The number of blocks to calculate (bks) is 5000.
Lines 3-5: These lines represent the coordinates of the source.
Line 6: 'This line specifies the number of time channels as 1024 with a sampling
rate of 10 MHz.

Lines 7-8: These lines describe the detectors in the problem. The source is detector
1 and does not need to be labeled. This problem has two detectors, 2
and 3. Both detectors are scattering detectors. The lower and upper
neutron thresholds are 0.3 MeV and 50.0 MeV, respectively. The lower
and upper gamma ray thresholds are 0.3 and 50.3 MeV respectively.
Typically, the neutron threshold is set higher than that for the gamma
ray. The pulse generation time is set to 2 ns. There are no energy bins
in this calculation and there are no neutron or gamma ray background
counts for the detector. The last parameter only pertains to capture
detectors; therefore, it is set equal to one for scattering or fission detectors.

For the frequency domain calculations, at least two detectors
(2 and 3) must be listed in the extra data file.

Line 9: This line specifies that the source type is *?Cf and could have been
omitted.

Line 10: The cng option is used to determine the direction sampling for the ***Cf
source. This option could have been omitted because the default value
is zero.

Line 11: The end parameter is used to specify the end of the extra file. This option

. could have also been omitted.
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There are two or more output files from the frequency domain MCNP-DSP
calculations. The first contains general information on the number of counts for each
detector and is specified in the MCNP input file. The second output file(s) contains the
frequency spectra for the detectors. If the problem is a combined neutron-photon
calculation as in the example, there will be three files created that contain the APSDs and
CPSDs for the detectors for the neutron response, the gamma response, and the combined
neutron and gamma ray response. The general output filename as specified in Fig. 5.1 is
uml0f.1. Three additional files will contain the APSDs and CPSDs. These are
umlOf.1.123.fft.n, uml0f.1.123 fft.p, and wml0f.1.123.fft.np, where the first file contains
the spectra for the neutron response, the second file contains the spectra for the gamma
response, and the third file contains the spectra for the combined neutron and gamma ray
response as indicated by the last extension. The other filename extensions have distinct
meanings. The first part that has the ‘723’ indicates that this file contains the frequency
spectra for the APSDs of detectors #1, #2, and #3, and the CPSDs between 1 and 2, 1 and
3, and 2 and 3. The fff’ indicates that the file contains data that have been Fourier
transformed. The output files for the frequency domain calculation are presented in Figs.
5.3 and 5.4. The frequency spectra for multiple runs can be combined by combining the
APSDs and CPSDs based on the number of blocks of data accumulated. If the user
combines the frequency spectra from several runs, the Monte Carlo calculation for each
run must begin with a separate random number seed that can be specified using the dbcn
card in the MCNP input file.

The MCNP-DSP output file begins with a description of the source used for the
calculations. The average number of source events per data block and the number of data
blocks accumulated are printed. The source cell and coordinate positions are also given.
Next, the detector options used in the calculation are given. Afier the detector options are
listed, the neutron tracking information is provided for all neutrons and for the source
neutrons. The number of fissions, captures, and (n,xn) reactions and the number of
leakages are tallied for all neutrons and tallied separately for source neutrons. The
average number of neutrons from the source and system fissions are estimated along with
the Diven factor for both source and system neutrons. The average energy of neutrons
from the source fission and from system fissions is also calculated. After these
parameters, the total number of neutron detections is given for the number of blocks
specified at the beginning of the output file. The number of detections due to directly
counting source particles is also listed. Information similar to that for the neutrons is also
provided for the gamma rays.
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* 3 o ae e ol o o ol 2 ae ok ok koK ok sk ko e ok ok ok ok
* Source Information *
*%¥ kRkkkkkRREREEEEE EkkkRR®k
Number of Source Events/ Data Block= 3191
Number of Data Blocks= 5000
Source Cell= 0
Source Surface= 0
Source Coordinates
Source X-Coordinate= 0.0000
Source Y-Coordinate= 0.0000
Source Z-Coordinate= 5.0800
* Detector Information *
Detector Neutron Photon . Gen. Time
Id Mat Type Low. Up. Low. Up. (ns)
2 2 3 0.30000 50.00000 0.30000 50.30000 2.00000
3 3 3 0.30000 50.00000 0.30000 50.30000 2.00000
* Neutron Tracking Information *
kR kR Aok kR Aok ok ok ok kR ok ok kR ok ook ok ok ok
Neutrons Followed: 13006109
Number of Fissions: 4751262
Number of Captures: 523259
Number of (n,xn): 22966
Number of Leakages: 7708622
Src Neutrons Followed: 602239
Number of Fissions (Sc) 285935
Number of Captures (Sc) 31608
Number of (n,xn) (Sc) 1642
Number of Leakages (Sc) 283054
S.F. Neutrons Followed: 0
* Calculated Parameters *
Average Sc Nu-Bar: 3.77456 +/- 0.00001
Average Sc Nu-Sq-Bar; 15.82917
Source Diven Factor: . 0.84610
Average Sc Energy (MeV) 2.1269 +/- 0.00000
Average Nu-Bar:; 2.60097 +/- 0.00000
Average Nu-Sq-Bar: 8.09311
Diven Factor: 0.81184
Average Energy (MeV) 2.0377 +/- 0.00000
% YT
* Detector Information *
Det.Id. Det. Mat Det. Type No. Detects No. Sc Detects
2 2 3 98317 2522
3 3 3 98510 2604

Figure 5.3. MCNP-DSP output file
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Photons Followed: 76102080
Number of Captures: 73998563
Number of Pair Productions 962610
Number of Leakages: 1140907
Sc Photons Followed: 1244603
Number of Captures (Sc) 1201154
Number of Pair Productions (Sc) 41896
Number of Leakages (Sc) 1553
* Calculated Parameters *
Average Sc G-Bar: 7.80061 +/- 0.00002
Average Sc G-Sq-Bar; 70.773170
Source Photon Diven Factor: 1.03489
Average Sc Energy (MeV) 0.8974 +/- 0.00000
* Detector Information *
"Det.Id. Det. Mat Det. Type No. Detects No. Sc Detects
2 2 3 4703 3
3 3 3 4715 1

Figure 5.3. (continued)

The frequency domain output files contain the APSDs and the CPSDs. The entries in
these files is as follows: APSD of the source, APSDs of the detectors, the real part of the
CPSD between the source and detector 2, the imaginary part of the CPSD between the
source and detector 2, the real part of the CPSD between the source and detector 3, the
imaginary part of the CPSD between the source and detector 3, the real part of the CPSD
between detectors, and the imaginary part of the CPSD between detectors. Each section
is divided by a header that contains the following information: the parameter name, the
frequency interval, the Nyquist frequency, the number of blocks, and the number of points
for each spectra. The frequency dependent spectra are written out in a 6-column format
and read across row by row. The first entry in column 1 is the spectra value at zero
frequency; the first entry in column 2 is the spectra value at 1 times the frequency interval;
the first entry in column 3 is the spectra value at 2 times the frequency interval, etc. In the
example shown in Fig. 5.4, the sampling interval is 9765.6 Hz, the Nyquist frequency is 5
MHz, the number of blocks is 5000, and the number of points for each spectra is 512.
When plotting the frequency spectra, the spectra value at zero frequency is ignored. Only
the frequency spectra for the neutron response is shown in Fig. 5.4; there would be a
similar file for the spectra for the gamma ray response and for the combined neutron and
gamma ray response.
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psd #11 0.97656E+04 0.50000E+07 0.50000E+04 512
0.105015E+04 0.314440E+02 0.313886E+02 0.324211E+02 0.315791E+02 0.314126E+02
(skip 84 lines)
0.314724E+02 0. 317303E+02
psd #22 0.97656E+04 0.50000E+07 0.50000E+04 512
0.487841E+03 0.979250E+02 0.100738E+03 0.990213E+02 0.983378E+02 0.992246E+02
(skip 84 lines)
0.377028E+02 0.372380E+02
psd #33 0.97656E+04 0.50000E+07 0.50000E+04 512
0.491389E+03 0.100433E+03 0.102049E+03 0.100609E+03 0.100482E+03 0.100902E+03
(skip 84 lines)
0.376337E+02 0.381704E+02
rcpsd #12  0.97656E+04 0.50000E+07 0.50000E+04 512
0.647746E+03 0.186477E+02 0.192486E+02 0.196353E+02 0.200935E+02 0.187655E+02
(skip 84 lines)
0.121656E+01 0.226474E+01
icpsd #12 0.97656E+04 0.50000E+07 0.50000E+04 512
0.000000E+00 -0.835362E+00 -0.181380E+00 -0.370003E+00 -0.267435E+00 -0.797343E+00
(skip 84 lines)
-0.614186E-01 -0.747087E+00
rcpsd #13  0.97656E+04 0.50000E+07 0.50000E+04 512
0.648219E+03 0.191366E+02 0.192945E+02 0.196272E+02 0.197184E+02 0.188626E+02
(skip 84 lines)
0.185097E+01 0.199959E+01
icpsd #13 0.97656E+04 0.50000E+07 -0.50000E+04 512
0.000000E+00 -0.118515E+00 -0.827517E-01 0.169828E+00 -0.709216E+00 -0.826886E+00
(skip 84 lines)
-0.840099E+00 -0.251599E+00
rcpsd #23 0.97656E+04 0.50000E+07 0.50000E+04 512
0.459494E+03 0.688133E+02 0.711327E+02 0.697201E+02 0.695946E+02 0.703965E+02
(skip 84 lines)
0.979691E+01 0.103884E+02
icpsd #23 0.97656E+04 0.50000E+07 0.50000E+04 512
0.000000E+00 0.999937E+00 0.183756E+00 0.399826E+00 0.527544E+00 0.279180E+00
(skip 84 lines)
-0.443189E-01 0.370622E-01

Figure 5.4 Partial listing of MCNP-DSP frequency domain FFT file
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5.3 CORRELATION DOMAIN FILES

The correlation domain calculation is very similar to the frequency domain
calculations. The difference is that correlation functions are calculated and the circular
correlation functions are Fourier transformed when the particle tracking is completed to
obtain the frequency spectra. The extra data file should contain the option pro=1 to
execute the correlation calculation. There are additional output files created when using
this option that contain the linear unbiased correlation functions. For the example problem
given in Fig. 5.1, the extra files would be uml0f.1.123.cor.n, uml0f.1.123.cor.p, and
umlOf.1.123.cor.np. The first file contains the spectra for the neutron response, the
second file contains the spectra for the gamma response, and the third file contains the
spectra for the combined neutron and gamma ray response, as indicated by the last
extension. The filename extensions have distinct meanings. The first part that has the
‘123’ indicates that this file contains the autocorrelation of detectors 1, 2, and 3, and the
cross correlations between 1 and 2, 1 and 3, and 2 and 3. The ‘cor’ extensions indicate
that the file contains correlation functions. Because the autocorrelation functions are
symmetric, only their positive lags are written to file. The cross correlations are written
for positive and negative lags. There is a header that separates the correlation functions in
the output file. The header contains the following information: the parameter name, the
total period of the data block, the total number of counts for the detector, and the number
of blocks. An abbreviated listing of the correlation output file is given in Fig. 5.5. For the
example given in Fig. 5.5, the measurement period per block is 1024 ms, and the number
of blocks is 5000. The cross correlation between the source and the detectors can be
compared with the time distribution of counts after *2Cf fission from the pulsed neutron
calculations. As in the frequency domain calculations, at least two detectors (2 and 3)
must be specified in the extra data file. The correlation spectra or the frequency spectra
can also be combined, as previously described in Sect. 5.2.
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autocorrelatell .10240E-03 .15955E+06 5000
0 0.160621093750000E+03
1 0.492277614858260E+01
(skip 1021 lines)
1023 0.400000000000000E+01
autocorrelate22 .10240E-03 .98374E+05 5000
0 0.302697265625000E+03
1 0.736559139784946E+02
(skip 1021 lines)
1023 0.000000000000000E+00
autocorrelate33 .10240E-03 .98540E+05 5000
0 0.306005859375000E+03
1 0.750283479960899E+02
(skip 1021 lines)
1023 0.000000000000000E+00
crosscorrelate]2 .102400000000000E-03
(skip 1020 lines)
-3 0.295592556317336E+01
-2 0.302446183953033E+01
-1 0.303616813294233E+01
0 0.459257812500000E+02
1 0.437086999022483E+02
2 0.118248532289628E+02
3 0.508423114593536E+01
(skip 1020 lines)
crosscorrelate13 .102400000000000E-03 ~
(skip 1020 lines)
=3 0.295396669931440E+01
-2 0.308121330724070E+01
-1 0.306744868035191E+01
0 0.462705078125000E+02

1 0.432707722385142E+02
2 0.121908023483366E+02
3 0.496180215475025E+01
(skip 1020 lines)

crosscorrelate23 .102400000000000E-03

(skip 1020 lines)
-3 0.569735553379040E+01
-2 0.178767123287671E+02
-1 0.716510263929619E+02
0 0.164506835937500E+03
1 0.711055718475073E+02
2 0.176223091976517E+02
3 0.578942213516161E+01
(skip 1020 lines)

Figure §.5. Partial listing of MCNP-DSP correlation domain COR file
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5.4 PULSED NEUTRON FILES

The example for the pulsed neutron calculation is very simple and is a 5.08-cm-
diam, 2.54-cm-long, NE-213 liquid scintillator spaced 0.25 m from a *’Cf source. A
listing of the input file is given in Fig. 5.6. As in the example given in Sect. 5.2, the
parameters idum and files are used to implement the MCNP-DSP calculations. The extra
data file for the pulsed neutron calculation is the same as that for the frequency domain
calculation with a few exceptions. The extra data file for this example is shown in Fig. 5.7.
When performing pulsed neutron calculations, scd is treated as the total number of 2*2Cf
source fissions, and bks must be equal to one. Because of the manner in which the
pulsed neutron measurement executes, all data will be lost if it is interrupted as can
be done with standard MCNP. The user is warned to select a reasonable value for scd
and to combine the detector responses for several runs. If several runs are combined, the
user must start each run with a different random number seed using the dbcn card in the
MCNP input file, as shown in Fig. 5.6. Unlike the frequency domain or correlation
domain calculations, one detector can be used in the pulsed neutron calculations. In the
example given in Fig. 5.6, the summary output file detex./ and the detector time response
file detex. 1.tim will be created.

Source and detector in air: 0.25 m

c
¢ NE-213 Detector in. Air

1 10088017 +1 -2 -10 imp:n,p=1
2 0 +2 -20 -10 imp:n,p=1
3 0 <1:420:+10 imp:n,p=0

Detector Planes

C

C

Cc

1 px 00
2 px 254
C
1

0 cx 254
c

c

¢ Source Void
c =

20 px 27.55

mode n p

ml - 1001.50c 0.5477 6012.50c 0.4523
prdmp 1j -30

dbcn  19333486379999 11 725525

idum 1
files 21 detex.xsf0 22 detex.1sf0

Figure 5.6. MCNP-DSP source-detector pulsed neutron input file
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scd=500000.

bks=1

scx=27.54

scy=0.0

scz=0.0

Itm=yes

thn=512 1000000000.
det=2130.350.00.3503200001.
stp=0

0. cng=0

1

end

o~ i A el ol i e

Figure 5.7 MCNP-DSP extra data file for pulsed neutron calculations

Description of Extra Data File

Line 1: The total number of source disintegrations for this run is 500,000. The
actual total number of source disintegrations will be sampled from a
Poisson distribution with mean value 500,000. The user must refer to the
summary output file for the actual total number of source dlsmtegratlons
that were simulated.

Line 2: This is the number of blocks to run and must be equal to one. Otherwise,
the user could fill up his disk because the detector time responses will be
appended to the ‘tim’ files.

Lines 3-5:  As in the previous example, these are the source coordinates. The source
cell is not specified but will be determined from the source position.

Line 6: This option is used to execute the pulsed neutron contribution.

Line 7: This line specifies the number of time channels as 512 with a sampling
rate of 1 GHz.

Line 8: This line describes the detectors in the problem. The source is detector

1 and does not need to be labeled. This problem has one scattering
detector 2. The lower and upper neutron thresholds are 0.3 MeV and
50.0 MeV respectively. The lower and upper gamma ray thresholds are
0.3 and 50.3 MeV respectively. Typically, the neutron threshold is set
higher than that for the gamma ray. The pulse generation time is set to
2 ns. There are no energy bins in this calculation, and there are no neutron
or gamma ray background counts for the detector. The last parameter
pertains only to capture detectors; therefore, it is set equal to one for
scattering or fission detectors. In the pulsed neutron calculations, the user
- can input one to four detectors.
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Line 9: This line specifies that the source type is *2Cf and could have been

omitted.

Line 10: The cng option is used to determine the direction sampling for the #*°Cf
source. This option could have been omitted because the default value
is zero.

Line 11: The end parameter is used to specify the end of the extra file. This option

‘could have also been omitted.

The information in the summary output file for this problem is similar to the one
given in the previous example. An abbreviated listing of the time response output file is
given in Fig. 5.8. This file contains the total detector time response for the source and the
detectors. The detector time responses are separated by a header that describes the
particle type and the detector number. The user should note that the source time response
is only in the first time bin. This results because all source events start at time zero. The
neutron, photon, and combined neutron and photon time response for the source is the
same because this is the actual number of source events and not the number of source
particles. The user should also note that the number of source events for the example
problem is not exactly 500,000 but is 500,374 because this number is sampled from a
Poisson distribution. The source time response is followed by the detector time response
for neutron, gamma rays, and then the combined response. The detector time response is
written in ten columns. Columns 2, 4, 6, 8, and 10 contain zeros and can be ignored.
These columns are zero because of the manner in which the time response array is written.
The time bins are read across: the first entry in column 1 corresponds to the first time bin,
the first entry in column 3 corresponds to the second time bin, the first entry in column 5
corresponds to the third time bin, the first entry in column 7 corresponds to the fourth
time bin, the first entry in column 9 corresponds to the fifth time bin, the second entry in
column one corresponds to the sixth time bin, and so forth. The width of the time bin is
determined by the inverse of the sampling rate and would be 1 ns for this example
problem. When the data are plotted, the time of detection is typically taken as the
midpoint of the time bins. The pulsed neutron spectra are typically represented in the form
counts per source event per time interval. This is useful for comparing calculations in
which different number of source sizes or different sampling rates were used.
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Neutron Time Response for Detector # 1

500374. 0. 0. 0. 0. 0. 0. O. 0 0
0. 0 0. O 0. 0. 0. O 0. O
) (skip 101 lines)
) Photon Time Response for Detector # 1
500374. 0. 0. O. 0. 0. 0. O 0. O
0. O 0. O 0. 0. 0. 0 0. O.

(skip 101 lines)
Neutron and Photon Time Response for Detector # 1

500374. 0. 0. 0. 0. 0. O 0. O o
00 0. 0 o0 0 0 0 0 0 o
(skip 101 lines)
Neutron Time Response for Detector # 2
0. 0. 0 0 0 0 0 0 0 O
1. 0. 100 o0 17. 0. 5. 0 8. O
117. 0. 114. 0. 104. 0. 8. 0. 91. O
74. 0. 64. 0. 69. 0. 55 0. 46. O
35, 0. 50. 0. 39. 0. 30. 0. 23. O
27. 0. 18. O 14 0 13, 0. 5 O
9. 0 7. 0. 9 0. 4 0. 3. 0
5. O . 0. o0 o0 0 O o0 O
1. 0. 0 0O 1. 0. 0 0 0 O
00 0. 0 O 1. 0. o0 o0 0 O
0. 00 o0 O 0. 0. 0. 0 0 O
(skip 92 lines -
3 Photon Time Response for Detector # 2
419. 0. 2. 0. 0. 0. 0. 0. O 0O
0. o I. o0 O o0 0 0 0 o
0. 00 0 0 0 O O0 0 0 O
) 00 0 o0 0 0 o0 0 o0 o0 O
(skip 99 lines)
Neutron and Photon Time Response for Detector #2
419, 0. 2. 0. 0 0. 0 0 O0 O
1. 0 11. 0. 17. 0. 56 0. 8. O
117 0. 114, 0. 104, 0. 84 0. 91. O
74. 0. 64, 0. 69. 0. 55 0. 46. O.
35, 0. 50. 0. 39. 0 30. 0 23 O
27 0. 18 0. 14, 0 13. 0 5 O
9. 0. 7. 0. 9. 0 4 0. 3. O
5. 0. 1. O 0 o0 0 0 0 O
1. 0. 0 o 1. 0 o0 0. 0 O
00 0 0 o 1. 0. 0 o0 0 o
0. 0. 0 0 0 0 o0 0 0 O
(92 lines deleted)

Figure 5.8 Partial listing of MCNP-DSP pulsed neutron time file
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APPENDIX A. SPONTANEOUS FISSION DISTRIBUTIONS

- ' The P(v) data for **2Cf was obtained from Spencer’s measured data and are listed
in Table A.1. The P(v) data for 2%U, 2Py, 2?Pu, *2Cm, and *Cm were obtained from
Zucker and Holden’s tabulated data and are listed in Tables A.2 to A.6.

Table A.1. P(v) probabilities for 22Cf

P(v)
0.00211
0.02467
0.12290
0.27144
0.30763
0.18770
0.06770
0.01406
0.00167
0.00010

-3 -] B I 8 [V) B[] [N ] [°) % P2

Table A.2. P(v) probabilities for 2°U

P(v)
0.0481677
0.2485215
0.4253044
0.2284094
0.0423438
0.0072533

&L |=IO]<e

Table A.3. P(v) probabilities for >**Pu

P(v)
0.0631852
0.2319644
0.3333230
0.2528207
0.0986461
0.0180199
0.0020406

ANV |~O]<¢
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Table A.4. P(v) probabilities for 22Pu

P(v)

0.0679423

0.2293159

0.3341228

0.2475507

0.0996922

0.0182398

Ajwnjalwn|=]iole

0.0031364

Table A.5. P(v) probabilities for **Cm

P(v)

0.0212550

0.1467407

0.3267531

0.3268277

0.1375090

0.0373815

0.0025912

0.0007551

old[rnjnbs || Ole

0.0001867

Table A.6. P(v) probabilities for >**Cm

P(v)

0.0150050

0.1161725

0.2998427

0.3331614

0.1837748

0.0429780

0.0087914

Njfviwn|alwinni=|O]¢

0.0002744
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APPENDIX B. SPONTANEOUS FISSION NEUTRON ENERGY SPECTRA

The energy spectra of neutrons from spontaneous fission can be represented with a
Maxwellian or a Watt spectrum The prompt neutron energy spectrum, N(E), represented
by the Maxwellian spectrum is

2 \/— BT
_‘/; T3/2

where E is the energy on the neutron and 7 is the nuclear temperature. The nuclear
temperature is typically 1.42 MeV for Z’Cf. The Maxwellian does not agree precisely
with the measured spectrum for #°Cf, therefore, Mannhart’’ developed an energy
dependent correction factor, R(E), which when multiplied by the Maxwellian spectrum
would reproduce the measured spectrum. A least-squares polynomial regression model
was used to obtain a functional form for Mannhart’s correction factor. For energies less
than 5 MeV, the correction factor is represented by

N(E)= ®B.1)

R(E)=0955+0707E - 004E2 +002E® —0.00451E* + 0000368E . B.2)
For energies greater than 5 MeV, the correction factor is represented as
R(E) =116-0432E +0.00185E* ~0.0000316E> . (B.3)

The energy ranges were chosen such that the functional representation adequately
reproduces Mannhart’s discrete points. Other fits could be applied to Mannhart’s
correction factor that when multiplied by the Maxwellian should adequately reproduce the
measured spectra. The average neutron energy obtained from the corrected spectrum is
2.13 MeV, which agrees well with the measured value. The integral of the corrected
spectrum as a function of energy was normalized to unity. A least-squares polynomial
regression was used to fit the energy as a function of the normalized integral, that is,
making the energy a polynomial function of the random variable.

The energy spectra of the inherent spontaneous fission sources is represented by
the Watt spectrum,

N(E) = Ce ™' sinh(bE)"?, (B.4)

where E is the neutron energy, C is a normalization constant, and @ and b are the
parameters for the Watt spectrum. Some of the Watt parameters for the inherent
spontaneous fission sources can be found in the MCNP manual, and others were supplied
by David Madland of Los Alamos National Laboratory. A listing of the Watt parameters
for the inherent spontaneous fission sources is presented in Table B.1.
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Table B.1. Watt parameters for inherent spontaneous fission sources

Isotope a (MeV) b MeV™?)
By 0.78 5.194
“0py, 0.799 4.903
“2py 0.834 4.432
%Cm 0.891 4.046
““Cm 0.906 3.848
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