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dF'Thii report describes the development of a software package

eveloped for the NEMP computer code, specifying time- and space-
dependent drivers produced by neutrons emitted from a near-surface
nuclear detonation in the air. Well-chosen functionals were fit-
ted to previously obtained Monte Carlo transport results. The fit
was done globally to all volume detectors and time bins together
for each driver, Highly efficient minimization algorithms were
employed to obtain each fit. Separate drivers for radial and
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|-~ theta Compton currents and for ionization rate were determined
for nine source neutron energy bands, for five classes of
neutron interaction including (1) neutron direct ionization by
elastic recoil and charged particle production, and secondary
gamma production by (2) high energy air reactions, (3) low
energy air reactions, (4) high energy ground reactions, and
{5) low energy ground reactions. Burst height dependence of the
drivers was determined. Comparisons with experiment and
previous theory are briefly discussed. Typical driver results
are presented and discussed. The package allows flexible
representation of any nuclear weapon neutron energy spectrum
and choice of any burst height in the near-surface regime.
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1. INTRODUCTION

Various Army electronic systems may be exposed to nuclear explogion
effects in a tactical battlefield. Included among these nuclear effects
is the nuclear electromagnetic pulse (EMP), which is a transient broad-
band electromagnetic field capable of damaging or upsetting electronic
equipment. To predict the gignature of the EMP generated by a nuclear
burst, it is necessary to determine the physical parameters that induce
the BEMP. Thegse parameters, called BEMP drivers, are time and space
varying ionization and Compton electron currents in the nuclear radia-
tion field around the burst. Once the ionization and the currents are
specified, it is usually possible to solve some form of Maxwell's egua~
tions for the EMP generated. This report summarizes the development of
a software package specifying EMP drivers produced by neutrong emitted
from a near-surface burst in the air. The package was designed for use
with the NEMP computer code used at the Harry Diamond Laboratories
(HDL) . A saparate repo::i:l summarizes the development of a similar
software package for EMP drivers due to prompt gamma radiation.

2. MOTIVATION

The BEMP drivers are due to one component arising from prompt gamma
radiation and a second component arising from neutron radiation. The
neustron component includes elastic recoil ionization {(frequently called
"heating”} by air constituent nuclei and also includes effects of
secondary gamma radiation produced by a number of neutron capture and
inelastic collision reactions in the air amd the ground. The develop-
ment of BMP drivers by secondary gamma rays is physically similar to the
development for prompt gamma radiation, although the magnitude, the
direction, and the time dependence are markedly different.

Maxwell's equations for EMP from a near-surface burst are solved by
the NEMP computer code.2’3 The NEMP code requires EMP Arivers to be
specified in a volume extending to several kilometers from the burst
point and for times extending to many milliseconds after the instant of
burst. The EMP drivers must be incorporated into the code as smooth
fits to reasults of quasi-analytic or Monte Carlo predictions. The NEMP

lyilliam T. Wyatt, Jr., A Near-Surface Burst EMP Driver Package for

Prompt Gamma-Induced Sources, Harry bDiamond Laboratories HDL=TR=-1931
{1980)}.

2p, J. ongley, C. L. Iongmire, and K. S. Smith, Development of NENP
(UV), Mission Research Oorp., Santa Barbara, CA, HDL~CR-75=001=1 (April
1975). (SECRET--RESTRICTED DATA)

34, J. Iongley and K. S. Smith, Developments in NEMP for 1977 (U),
Mission Research Corp., Santa Barbara, CA, HDL=CR-77=0022=1 (January
1978). (SECRET=~-RESTRICTED DATA)
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code in many respects is an extension of the LEMP computer code* for EMP
] from surface bursts, which was initially developed from about 1966 to
} about 1969, The EMP drivers in the earlier LEMP code could have been
Al modified and used in the HNEMP code with certain limitations. These
| limitations are discussed briefly, and reasons are given for the impor-
tance of the new results reported here.

In this study, the neutron~induced EMP drivers are divided into five
categories: (1) neutron elastic (recoil) ionization, (2) fast neutron
air inelastic c¢ollision (n,n"y) drivers (both Compton electron currents
and lonization), (3) fast neutron ground inelastic collision (n,n"y) and
capture (n,y) drivers, (4) thermal neutron ground capture {(n,y) drivers,
and {(5) thermal neutron air capture (n,y)} drivers. Of thege, one would
expect the NEMP geometry to introduce complications to LEMP code
prescriptions for categories (1), (2), and (4), since the proximity of
the ground is different. Category {5) was not treated originally by the
LEMP code. Category (3) would be quite different for the NEMP code and
probably of reduced magnitude. However, the cross sections for most of
the above reactions have been subjected to concentrated study and revi-
sion with the advent of the Evaluated WNuclear Data File (EWDF-B,
distributed Brookhaven WNational Laboratory, Brookhaven, NY). It is
likely that new neutron transport studies based on recent ENDF-B cross
sections would produce results different fram those upon which the LEMP
code neutron-induced BEMP drivers were based. Further, by omission of
the thermal neutron air capture (n,y) drivers, the LEMP drivers were
limited to times less than about 1 ms after the burst.

e m B e ————n

The LEMP authors® developed a newer and much more complete prescrip-
tion of categories (1) through (5) based on results of Sargis and
others.® Pactors weighing against the use of these prescriptions in the
NEMP code include the following: FPirst, a newer revision (Round 3) of
ENDF-B was released in 1973. Second, the only burst heights considered
by Sargis were 0, 200, and 500 m, whereas the NEMP code operates princi-
pally at tactical burst heights between 0 and 200 m. Third, the new :
LEMP EMP driver curve fits were considered by this writer to neglect |
certain important ground-air interface effects such aa time-~dependent '
depletion and enhancement. Fourth, the transport results® were based on ]

YH. J. tongley and C. L. ILongmire, Development and Testing of IENP 1, l
Los Alamos Scientific Laboratory, NM, LA-4346 (April 1970).
SH. Ja Lomley; Ce L. mne' Je S mik' R. M. Hamilton, R. N. l
"arks; and K. S. Slith; Mﬂlomﬂt and Testim of LEMNP 2' A Surface -
Burst EMP (ode (U), Mission Research Corp., Santa Barbara, CA, DNA 40977
{ December 1976)}. ((QONFIDENTIAL)
6p. A. Sargis, E. R. Parkinson, J. N. Wood, R. B. Dietz, and C. A.
Stavensa, Late-~Time Sources for Close~In ENP, Science Applications, Inc.,
La Jolla, CA, DNA 3064F (August ]972).
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Yenergy grouped* crogs sections, whereas a "point" cross~section treat-
ment should be more accurate at deep penetrations. Fifth, a single
typical source neutron energy spectrum was used in the LEMP drivers,
with a parameter available for adjusting the concentration of high-
energy (14=-MeV) neutrons; a more desirable package would allow flexible
repragsentation of arbitrary source neutron energy spectra.

For these reasons, new Monte Carlo transport calculations have been
done to deacribe more accurately the neutron-induced EMP drivers.’ The
extent of these calculations is summarized in table 1. Edited results
of these calculations were tranamitted to this writer on computer magne~
tic tape and used to derive the EMP driver software package reported

here.
TAPLE 1. MOWTE CARLO OATA CHARACTRRISTICS
Soutce neutron Time bin Bucet -
wnergy band boundary helight driver
{Mmv) (=) (a)

0.4 to 0.19 8.0 €0 1,0(=7)* _1—— Neutron dirl::.:-m-iutlon

G«11 to 0,55 %.00=1 o 2.15(-T) S0 High-energy airv, radial curtent

0.55 to 1.1 2. 15(=T} to 4.64(~7) 100 High-energy air, theta curtent

.19 et 1,83 4.64(=7} to 1.0{-6) 200 High=enexrgy air. ionization

.83 to 2.38 1.0{=6) to 2.V5(=6) Low=smergy air, radiat current

2.35 to 4.07 2. 15(-6) to 4.64(-6] Low-ensrgy ailr, thets curreat

4,07 to 6.3 4.64(=6} o 1.0(-5) Low=anergy air, ionization

6:36 to 9.19 5.0(=8) to 2.15(-5) Migh=dnergy ground, radiasl current

B. 19 to 15.0 2.95{=5} to 4.84(=5} High—energy ground, theta current
4,64{~5) to 1.0(~4) High=enargy ground, ionization
1.0{=4) to 2f15(-4) Low-~anergy qround, radial currant
2:15(=4) to 4.64(=4) Low=snargy ground, theta currsnt
4.64(=4) o 1.0{=3) Low-eergy qrownd, fonization

1+0{=3) to 2.15(=3)
2.15{=3) to 4.64{~3)
454(=3) vo 1.0(-2)
1e0(=2} to 2.15(=2)
2.95{=2) va 4.84(-2)

4. 84{=2) to 1.0(-1)

*Read ay 1.0 x J0"7,

’H. 8. Scheachter and M. 0. Cohen, Energy Deposition Ratas and Compton
Electron Currents from Iow-Altitude Bursts as a Munction of Source
Energy, Mathematical Applicatfons Group, Inc., Elmsford, NY, HDL~CR=77-
020-1 (November 1977}.
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3. APPROACH

The edited results of Monte Carlo calculations contain statistical
fluctuations inherent in the Monte Carlo method. The NEMP code demands
smooth prescriptions of the EMP drivers to obtain useful results. One
may attempt to fit smooth general functions (such as polynomials) to the
Monte Carlo results by a leaste-squares fitting technique, for example,
or one may attempt to fit the Monte Carle results with certain appro-
priate smooth functional forma. By using a polynomial of sufficiently
high degree, the former technique may allow the Monte Carlo results to
be fitted more faithfully than the latter, but the closer fit may mean
that the "noise" is being fitted instead of the underlying smooth “true
answer.” The same difficulty can arige by using the latter technique if
too many degrees of freedom are permitted. On the other hand, if the
polynomial degree is not high enough, the fit may be a poor
represertation of the true answer. In general, however, using
appropriate smooth functional forms will involve far fewer degrees of
freedom than using general functions if the functional forme are well
c¢hosen and if the fit is a global fit over the entire space-time volume
of interest rather than a piecewise fit over many smaller subdivisions
of the space-time volume.

The strength of the technique of using well-chosen functional forms
is that physical wvariables usually do behave according to relatively
simple physical principles that are approximately described by rela~
tively simple functional forms. A global fit of properly chosen func-
tional forms to Monte Carlo results could reduce the error below the
statistical error of the Monte Carlec calculation. The fitting algorithm
should heavily weight low-variance results over high-variance results to
reduce the error.

The new edited Monte Carlo results for neutron-induced EMP drivers
consiast of three physical quantities (energy deposition and radial and
polar components of Compton electron current) defined for 19 time inter-
vals within 63 spatial volume detectors, for five categories of reaction
{recoil, air inelastic, etc.), four burst heights, and nine source
neutron energy bands (table 1). There are 646,380 guantities to be
fitted., Apparently, the fitting algorithm must be highly automated to
allow ugeful results to be obtained with a realistic investment of human
effort.

4. CURVE-FITTING PROCEDURE

Thirteen distinct functions describe the time and space depsndence
of 13 EMP drivers:

e
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(1) Ionization in the air from neutron elastic collisions and
charged particle production {(such as (n,p) and (n,e¢) reactions that
deposit kinetic energy locally)

{2) Radial Compton electron current in the ajir (measured in the
polar coordinate system centered at the hurst) dwes to high-energy neu~-
tron reactions in the air (neutron energy more than 0.1 MeV)

{3} Polar Compton electron current in the air for the same as {2)
(4) Ionization in the air for the same as (2)

{5) Radial Compton electron current in the air dwe to low-energy
neutron reactions in the air (neutron energy legs than 0,1 MeV)

(6) Polar Compton electron current in the air for the same as (5)
{(7) Ionization in the air for the zame as (5)

{8) PRadial Compton electron current in the air (measured in the
polar cocrdinate asystem centered on the ground beneath the burst) due to
high-energy neutron reactions in the ground

(9) Polar Compton electron current in the air for the same as (8)
(10) Ionization in the air for the same as (8)

{11} Radial Compton electron current in the air due to low-energy
neutron reactions in the ground

{12) Polar Compton electron current in the air for the same as (11}
¢{13) Ionization in the air for the same ax (11)

Drivers (2), {(3), and (4) are due principally to high-energy inelas-
tic collisions with atmospheric nitrogen. Drivers (5), (6), and (7) are
due to thermal capture by atmospheric nitrogen. Drivers (B), (9), and
{10) are due to inelastic collisions with the ground and fast neutron
capture by the ground. Drivers (11}, (12), and (13) are duwe to thermal
neutron capture by the ground.

A mathematical notation is used to simplify the succeeding discus-
sion. The vector functional F represents the drivers. F is dependent
on time (t) and space (x,y,z). Subscript 4 running from 1 to 13 denotes
which of the drivars is represented:

rd(t.x.}'m)

i
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Time t is the local time, retarded by the speed of light from the
coordinate center.

The functional ¥4 is a functional form incorporating a certain
number, ngy. of parameters p. This is written as

Fd(tox:Y:zipdi) ’

where py;, i = 1 to ny, is interpreted as the parameter vector of length
ny for driver d. In general, ng is not the same for different 4, but is
approximately 10 in this report.

Parameters p,; are evidently dependent on the energy of the source
neutrons producing the drivers and on the height of burst., Other varia-
bles are ignored, such as variations in water content of the air and the
ground and variations in ground composition. The parameters may then be
written

Pdi(joh)

or

pdij(h) ’

where j denotes the ordinal of the source npeutron discrete energy band
and h is the height of burst. In this way, p is a discrete function of
the source neutron energy (band) and a continuous function of the height
of burst. It thus appears that the EMP driver fits

Pa(t'*'y'z’Pdij]

are defined when parameters Pgj4 are evaluated for a specific height of
burst,

Paij = Pagj(h}
The total number of functions pdij(h) to be determined is

13 fa o 17 Ma
1= 3 ¥ 9 .
a=1 i=1 3= d=1 i=1

Since ng ~ 10, this total is roughly 1100. Thus, there are over a
thousand such functione to be spacified. Determination of this many
functions was a formidable undertaking and required considerable
computer time (about 40 hr on an IBM System/370 Model 168).

10
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| The following strategy was adopted:

- a. Through previous experience supported by trial and error, 13 i
: functional forms were constructed to constitute driver functionals LD

These were functions of time and space and were based on a certain §
. nunber, ny, of parameters. i

1 i b. Monte Carlo predictions for the 13 drivers were available as
] functions of time for each of 63 spatial volume detectors around the
| burst for each combination of four burst heights and nine source neutron .
F | energy bands. For a particular source neutron energy band, each driver !

functional was fitted to the time and space dependeénce of the Monte ;

Carlo data, for each of the four sets of data corresponding to the four :
heights of burst (1, 50, 100, and 200 m). The fit was obtained through o
an optimization process by adjustment of each of the ny parameters for b
the driver.

cs Pour values , Paij_(hk). k=1+¢to 4, ware thus derived for
each parameter p,;4 corresponding to the four heights of burst. These
four wvalues were approximated by simple functions of the height of
burst. In some cases, a constant function was used; in other cases, a
rational fraction was uged. Certain constraints were imposed on the
rational fraction to insure satisfactory behavior of the approximation.

. 4 Since parameter functions p ﬁth) only approximated values
Pagjitk), k= 1to 4, it was desirab(}.e to readjust the amplitudes of
the driver functionals Fu(t,x,¥,21Pg;4(h)} to obtain a closer fit to the
Monte Carlc data. Since the amplitu%a was by choice one of the param—
aterg--specifically, Pg14+ this readjustment involved simply reoptimi-
zing the fit to the Hcmge Carlo data by adjustment of this one param-
eter, puy 3 Oonce thias adjustment was done for each of the four heights
of burst, amplitude parameter function pd”(h) wag refitted to these
four improved values for papj(hy).

e At AL L A B i BN e

. ] @. 'This completed the definition of all parameter functione o
: Pai (h} for a particular neutron energy band, j. Process b to 4 was : 1
i repéated for each of the nine energy bands. 1

This strategy was implemented through the use of two specially
developed computer codes, BIGFIT and HOBFIT. BIGFIT performs a global
minimization {that is, simultaneously over all volume detectors and time
bing) of an error function estimating the "badness of fit" of driver
functionals F, to the Monte Carlo data., HOBFIT approximates the burst
height dependence of parameter values pajji{hy} with either a constant
' function or a rational function. BIGFIT performs the minimiration for
| specified parameters of the functional. In practice, the specified
l paramsters were usually either the amplitude paramster only or all

parameters of the functional.

11
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The curve-fitting procedure ie illustrated in figure %Y. This proce-
dure was performed for each source neutron energy band and each driver
functional, or 9 x 13 = 117 times, except where the driver was exactly
zero for an enorgy band. {(For example, no high-energy neutron reactions
can occur for a low-energy source neutron.) First, starting with trial
guesses for the parameter values, BIGFIT was run four times (once for
each burst height) to fit the driver

f functional to the Monte Carlo data
_ l for that case. All parameters were

N CANLS A
‘ functional parameter values so de- s oL e
: termined were satored in temporary
. data file PITFILE. Second, HOBFIT
) AN R AL P AR

obtained functions approximating the
: burst height dependence of the
| parameters stored on FITFILE, saving
these functions on permanent dJdata

file HOBFILE A. Third, the param o S VLS W7

eter functions were evaluated at the IS e .
four burst heights, and the resulte
ing parameter values were used as Ly :
BIGFIT was rerun four times (once ;
for each burst height) to fit the S §
driver functional to the Monte Carlo . e :
data, this time adjusting only the v e ssrmemse i
amplituwde parameter of the func- — k\
tional. The four amplitude param=- T — ¥
eter values so obtained were stored .

Figure 1. Fitting algorithm. Final
amplitude parameater fits
are created on ROBFILE
B. Other parameter fits

in temporary data file AMPPIT.
Fourth, HOBFIT obtained a function
approximating the burst height de-

pendence of the reviged amplitude
parameter values on AMPFIT, saving
this function on permanent data file
HOBFILE B. Thus, the final ampli-
tude parameter fits are stored on
HOBFILE B, and the other parameter
fits are stored on HOBFILE A.

5. MINIMIZATION OF FIT ERROR

are created on HOBFILE
A. This algorithm is
applied to each driver
for every scurce neutron
energy band.

The goal of the curve-fitting procedure in this work is to obtain a

global fit to the Monte Carlo data for the EMP drivers--that is, to fit
! a single functional to the data over the entire space-time grid of
volume detectors and time binas. The global fit is desired rather than a

12




e e B ———

e e

Y

<. i - ek L K N B A

plecewise fit to the space or time dependence of the data. For a global
fit, a penalty function is constructed that measures the suitably
weighted error or the disagreement between the data and the curve fit.
The curve fit is improved by reducing the magnitude of the penalty
function by adjustment of the fit parameters. A best fit is obtained
whan the penalty function arrives at a (minimum) extremum. The penalty
function is a function of the several parameters for the driver func-
tional and, with suitable smoothness, is amenable to minimization by
standard optimization algorithms.

To illustrate the curve-fitting procedure, a specific example of a
driver functional is examined. Neglecting air density and mass-scaling
effects for simplicity of presentation, the functional for ionization by
high-energy neutron inelastic collisions in the atmosphere (that is,
®air inelastic™ gamma ray production) is

I({x,y,z,t) = pjACD
where

X,¥.,2 = Cartesian coordinates of the observer measured from the
coordinate center on the ground beneath the burst,

t = retarded time at the point (x,y.2°),
z* =2 = h,
h = burst height,

- = amplitude parameter,
A = 1~ p, exp(~zp,),

€ = explotp)/(E'F + p),
D = expl-rp,}/(r? + p,),

v =[xt g2 s @i,

Tnis particular driver functional is relatively simple and incorpo~
rates range attenuation factor D, time dependence factor C, and ground
depletion factor A. ‘Theae factors are typical of other driver func-
tionals, as well, although other functionals msay aleo include time-
dependent or range-~dapendent ground depletion (or snhancesent)
factors. Differsnt time-dependence factors are used also.
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In this functional, sight parameters are used so that the penalty
function is a function of eight variables. The penalty function is
defined as function P of parameter vector pp, k = 1 to 8:

~ W
p(pk) s 3—& {[fij - £(xi,yi,zi,t.j:pk)]2 Trf‘}} )

where the summation is performed over all i and j and where

i = a volume detector index running from 1 to 63,
3 = a time bin index running from 1 to 19,
fij = the dAriver Monte Carlo score in the ith detec-

tor and jth time bin,

f(xi.yi.zi.tj:pk) = the integral, over the ith detector and jth
time bin, of driver functiocnal
F(xi:yioziat ipy) (4 subscript omitted from F)

evaluated for parameter vector Py
“ij = a normeggtz:ive weight facter defined as
wig fi 5755
fij = the total ionization score in the ith Adetector

and the jth time bin due to all drivers (for
ionization, thegse are high and low energy n-y
reactions in air and in ground and neutron di-
rect ijonization),

¥iy = a user-defined nonnegative weight function em=
phagizing the importance of certain spatial
regions (typically, about 10.0 near the ground
and decreasing to about 0.25 to 1.0 at 1 km
above the ground),

v.tj = the variance of score tij‘

Score f;; would be reproduced exactly by integral f(x;,y o245ty iPy)
if driver fuhctional F were an axact fit to the driver it the Vari-
ance asgociated with Monte Carlo score f,, were zero. In this instance,
P(pkl would be gzero. In actuality, funétional P is not an exact fit,
and variance V is proportional to the square of a fractional deviation
averaging about 20 percent for the data given.
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It is apparent that minimization of P(p,) yields a weighted least-
squares fit. The use of the inverse of variance vij increases the
weight of low-variance Monte Carlo data, which is expected to be more
accurate than Thigh-variance data in inverse proportion to the
variance. The use of ratio fij/fia-‘ causes the relative importance of
this driver to be considered comparison with all the other
contributing drivers. If the ratio is small, the weight is diminished
accordingly; if the ratio is near unity (that is, no other driver is
contributing significantly), the weight is waximized. User-defined
factor w; is used to force the best fit to be cbtained near the ground
(large wi)} and a moderately good fit far from the ground (emall w;). A
very good fit near the ground is desired because most EMP targets (that
is, electronic systems) are found on or near the ground.

To evaluate the quadruple integral,
®5

over detector volume V; and time bin (t,_, .tj). a numerical integration
must be done. This numerical integration™ must be done efficiently
because integral f must be evaluated €3 x 19 = 1197 times for each
evaluation of penalty function P, Penalty function P must typically be
evaluated several hundred times to locate a useful minimum and the
asgociated best fit. Thus, the numerical integration may be reguired
about 105 times to camplete one of the necessary 4 x 13 x 9 = 468 runs
of BIGFIT. This is about 107 integral evaluations for the entire fit-
ting problem. Evaluation of functional P requires roughly 1073 s of
computer central processor (CP) time, so that about 10“N seconds of CP
time are forecast if N evaluations of functional F are neaded to obtain
its numerical integral £. Clearly, N must be as near unity as possible
to avoid prohibitive computer time requirements. Accordingly, a three-
point Gauss-Legendre quadrature was used for the time integration, and a
special, highly accurate two-point Gausgian cuadrature (with adjustable
weight function) was developed Ly this writer and used for the volume
integration. Appendix A describes the two=-point acheme. Several other
technigues were used to reduce the overall CP time requirement to about
40 hr for the entire curve-fitting project.

with the penalty function thus defined for the driver functional, it
is necessary to minimize the penalty function by adjustment of the
parameter vector. A highly efficient minimization algorithm is desired,
in the sense of using the fewest possible evaluations of the panalty
function. A nusber of Aifferent minimigation algorithms were tasted.




The most efficient algorithm for this application was determined to be a
modified conjugate gradient method. This writer adapted the well-known
conjugate gradient method® to use finite differences to estimate the
gradient matrix and to cycle indefinitely during a single descent proce-
dure Iinstead of repeating the descent procedure after cycling once for
each element in the vector of independent variables. A very efficient
algorithm with quadratic convergence also was developed to search for a
minimum along a chosen direction, in connection with the descent proced-
ure. Appendix B containg a listing of the PFORTRAN version of these
descent algorithma. It was found that minimization of the penalty
function proceeded much more rapidly if amplitude parameter p) were
optimized analytically during evaluation of penalty function P{py) .
Optimun amplitude o (to minimize P(p,)} with respect to the amplitude
parameter) can easily be shown to be trial amplitude a, multiplied by
the factor

1);3 4yt (x1 ¥y 0y oty IRy ) 9y
"‘Z;j [f(xi.yl.zi;tj:pk)]zgij '

where, as previously explained,

£, = the data value for volume detector i and time bin 3§,

f( ) = the corresponding value of the f£it using a nongero trial
value {completely arbitrary)} for Pyr

g = corresponding complete weight function W,./V.. used in
ij 1y 713
penalty function P(py).

when p, ig chosen in this way to be g = and when the minimization of
P(py) 1is done for the other Py ®xclusive o Py the minimization process
is greatly accelerated.

Minimizing the penalty function (that is, obtaining the best fit)
can be interpreted geometrically as finding the bottom of a hypersurface
whose dimensionality is the number of functional parameters. An initial
guess for the p, provides a starting point for the descent. Taking an
initial guess that is close to the true bottom reduces the dJdescent
« 'fort and helps keep the descent path out of undesirable local minima
that are far from the true bottom (that is, the least mninimum).
Although the computer calculation was performed in double precision, it

8, Pletcher and C. M. Reseves, Function Minimization by Conjugate
Gradients, Computer Journal, 7 (1964), 149=-154.
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was learned that a minimum in the hypersurface takes on a rough,
granular texture in its shallowest portions due to roundoff errors in
the calculation. This undesirable texture impedes the descent to the
desired minimum. In general, the speed of dJdescent is slowed by
complexity or exceptional shallowness of the hypersurface. Greater
complexity is typically caused by more parameters having higher poly-
nomial dJdegree than quadratic (in a Taylor expansion of the penalty
function) so that the descent requires more changes in direction.
Shallowneas increases in rough proportion to the number of scatcered
data being fitted with the functional. For example, if the number of
data is increased tenfold, but the data scatter (due to finite variance)
is not reduced, the hypersurface becomes roughly 10 times shallower. It
then becomes harder to find the precige bottom of the shallower
surface, In this work, the penalty function hypersurface is both
complex and shallow, and the success of the fitting process depended
critically on the efficiency and the robustness of the minimization
procedures.

The initial guesses for the various sets of parameters p, were
usually taken from the optimal values of p, for adjacent source neutron
energy bands or burst heights. After the optimum values for p, were
obtained for a particular descent, the importance of each parameter was
tested, If elimination of a parameter caused a sizeable increase in the
penalty function, that parameter was deemed important. If a negligible
increase was observed, that parameter was deemed unimportant and was
removed from the functional. The functionals for several drivers were
considerably simplified in this way.

An example of the effect of minimizing the penalty function is shown
for one volume detector in table 2. The energy deposition (or ioniza-
tion) due to thermal neutron capture in the ground is given for volume
detector 33, source neutron energy band 9 (8.19 to 15.0 MeV}, and 200-m
burst helght. Detector 33 is 600 to 900 m above the ground at 1200- to
1500-m ground range from the burst. Table 2 gives these parameters:

the time bin boundaries,

‘ij' the Monte Carlo acore in the detector,

£, the optimal global fit score in the detector,
fq, the trial global fit score in the detector,

di. « the percentage of fractional deviation (due to the vari-
ance) of thé Monte Carlo score for this driver,

31 s the percentage of fractional deviation (dues to the vari-
ance) of sz Monte Carlo score for the sum of all drivers,
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. r, the percentage fraction of the total Monte Carlo
score, £55, due to this driver, £;; (r = 100 £;5/8;),

e, the percentage of difference between the Monte Carlo
score, fij’ and the optimal fit score, f,

e, the percentage of "error" in the total score contributed
by optimal fit score £,

eqs the percentage of difference between Monte Carlo score
fi.j ard trial fit score f.r,

QT, the same as e, but evaluated for the trial fit score
1 )
T

The goal of the fitting process is to make e as small as possible in
each time bin. m}en r is larger, a better fit is needed to make e small
and thereby make € small. Generally, e is desired to be roughly equal
to or smaller than d;, for each time bin. Since fractional deviation
d,;; (due to the variance) is an estimate of the Monte Carle error,
difference ¢ between the fit and the Monte Carlo score should be abhout
equal to dij‘ Thus, when 4., is large, e may be large; when 4,. is
small, e should be small. 1In le 2, time bine 11 through 13 have dj_j
averaging 20 to 25 percent and e averaging about 10 percent; time bins
15 through 18 have d;; averaging 40 to 50 percent and e averaging about
40 percent. The val for e and e appear to fluctuate approximately
randomly about zero in time bhins 8 through 19, as would be expected of a
good tit to the data. The largest values for e, and & have been
reduced by the fitting process to smaller valuss for e and ¢ .

1l




TABLE 2. EFFECT OF WINIMIZING PENALTY PUMCTION PORt IOWLIZATION RATE, VOLiME
DETECTOR 33, MEUTAON BHERGY MO 9 (8,19 TO 15.0 wev), i00-a

i BEST MElGHT

_1 Tine start of - - .

i bin tu:::l.n r“ t fp du d“ 1 4 . - L .y
3 1 Q.0 0.0 0.89020=-12 4.92000-12 ¥.9 %1 0.0 100.0 0.0 100.0 0.9

2 G, 1000D-08 0. 70370-08 0. 3749D=11 0.29%00-11 9.9 10,8 9.1 -39 0.1 3.9 .1

3 4. 21500=-06 0.0 G.B6550~11 0. 90260=-11 9.9 1.4 0.0 108.0 0.9 100.0 .9
) 4 0. 4640D~08 0.0 9 V#050-10 Q. YMTD= 10 9.9 10.9 ¢0 100.0 0.0 100.0 0.0
E] 0. ¥B00-05 L2 ] 0. 4453D-10 0. 4228010 9.9 2.9 4.0 100.¢ 0.0 1048.0 LN ]
L3 0. 2150005 0. 0. 8309010 . 087101 99.9 10.6 0.0 100.9 0.0 100.0 9.0
7 0. 4540D=05 0.0 0. 15080=0% Q. 1639009 %.9 9.4 .0 Wo.0 9.0 100.0 0.0

8 1. 10000=-04 0. 3050009 0. 26%90-09 ¢.2780D-09 .2 .7 0.2 -31.1 =2.1 -27.9 -0.1

e 4.2150D-04 0. 3121D=09 . J65ID=-09 0. 3014009 6.7 Tt 0.3 .4 4.0 8.2 L1 ]

w0 0. 4640004 0+22020=09 0. 4027D=09% 0. 4135D-09 4.9 .90 1.4 45.3 0.4 7.0 0.5

i " 0. 1000003 0. 3323009 0. 3606009 0. 35800~09 17.4 9.6 T =5.7 0.4 5.4 0.4

”2 0.2150D+43 0. 2123004 0. 25030+0% 0.23550~09 0.9 2 26,8 5.2 41 3.9 1.6

13 0. d6400~03 0. 12020-0% B H1430=-0% 0. ¥5290~10 9.2 23.7 80,6 =-10.8 ¥ -33.3 =10
" 0. 10000-02 4. 15460-10 0. 3013010 o 19210-10 69.2 $8.4 03,7 =15.0 ~12.6 -45.8 =3h.3
15 4. 2150002 0. 50020=11 0. 0T430=41 1.6371D=-11 43.6 M.& 5.4 3.5 19.3 % .9
" 0. 4640002 0. 2689011 ¢ Iatin-11 0+ 2987D=193 50.3 8.7 13,9 5 L I3 6.2 0.9
7 04 70000-01 0. ¥194D= 11 . H68A0=-11 0. 1283014 ¥.2 55 277 =55.5 =15.4 =H6.2 ~18,3
w 4. 21500=-01 0 13490=11 G. 7428D=12 0. SMTD=12 2.4 15.5 150 ~44.9 =7.1 -57.6 =31

19 0. 46400=-01 03319012 0. 32620=12 0. 18420-12 35.0 17.% 7.8 =f.7 =0 ¥ =23.4 =1.&

Notwe:

flJ « the Wonte Garlo score in the detector.

3 £ = thw optimal global fit score in the detector.

fp * the trial globai fit score in the detector.

d“ * the percentage of fractiomal deviation (due to thw varianow)
of the Monte Carlo score for thewe drivers.

d“ = & pw ge of fractioml deviation (duw to thw varlance)
of the Nonte Carlo soore for the sum of all Jrivers.

¥ w100 0,00
* = the mrosntage of difference betwsen fu and £
= re/ 100,

.

= the percentage of differsnce between r” at fg.

oy = g/ 100,

eV = J e PRy —TU W - L C o
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6. BURST HEIGHT DEPERDENCE OF FIT PARAMETERS

Having obtained parameter values at four burat heights, we desired
to develop smooth functions of burst height to approximate the parameter
values. Some scatter was evident in the burst height dependence. The
functions chosen should avoid reproducing the scatter, but capture the
important trend of the data. Two burst height functions were
selected: (1) the constant function, independent of burst height, and
{(2) the rational function

C; + Coh + C3h?
g(h) = ’
1 + cyh?

where h is the burst height and C; are fit coefficients, By inspection
of the parameter values at the four burst heights, the author determined
which of the two burst height functions was appropriate for a
parameter. Many parameters were clearly independent of burst height.
Other parameters displayed such severe scatter that it was necessary to
use merely an average value for all burst heights. On the other hand,
many parameters showed well-defined trends and were fitted with rational

functions.

FPitting the four values of a parameter with a rational function was
not a trivial problem. In its application to real EMP prediction
problems, the rational function would bhe evaluated at other burst
heights. Therefore, the behavior of the rational function must be
carefully controlled for all possible burst heights. For example,
simply fitting the four parameter values with rational function ¢g(h)
would reproduce the data exactly, but might introduce poles, crossovers,
and sgimilar erratic behavior at other burst heights. To avoid this
possibility, several strategems were adopted. First, the fit was to De
done by use of Courant's well-known penalty function method for optimiz-
ation with nonlinear constraints, and the nonlinear constraints would be
defined so as to inhibit the erratic behavior. Second, the rational
function would be made to fit not the four data, but the piecewise
linear function p interpolating the four data.

The psnalty function used was

ofeym) = T [sty) - Berp)] + =(n + w2+ w) -




The hj are about 40 burat heights on the interval from 1 to 300 m.
N, uz. and N, are positive semidefinite functions that are zero when a
corresponding constraint iz gatisfied. In the optimization process,
is minimized for successively larger values of r by using as each start-
ing point the previous optimum wvalues for Ci» As r is increased to
infinity, { becomes optimal for the constraints represented by N), N2,

and Ns. The gpecific nonlinear constraints were these:

a. For complex h, no poles of g(h) in the right half-plane of h,
N = 108[min(0,c,)]2 ,

b. No crossover to negative values of g(h) for large h,
N2 = 10%{min(0,c3)}2/p(200 m} ,

Ce No negative values for gl(h) for small h,
N3 = [min(o.cl]]z/ﬁ(zoo m) .

The minimization of Q0 was done for each value of r by adjusting the four
C;+ The descent algorithms described in section 5 were used. For burst
heights above 200 m, most driver parameters tend toward limiting values
not much different from the value at the 200-m burst height. An excep-
tion is the amplitude parameter for a ground-induced source. This
parameter should decay monotonically to zero as the burst height in-
creases. For burst heights above 250 m, the three high-energy ground
driver amplitudes are made to decay by a factor of two for each addi-
tional 100 m, Similarly, the three low-energy ground driver amplitudes
are made to decay by a factor of 1.2 to 4, depending on the sgource

neutron energy, fcr each additional 100-m increase in burst height over

250 m.

7. COMPARISON WITH LIQUID AIR EXPERIMENT

Sidhu et al? measured neutron and secondary gammsa ray transport
through a liquid air sphere for a 14=MeV nesutron source. Their 129.3-om
sphere radius was equivalent tc an atmospheric range of 850 m, They
published (their fig. 7) for secondary gamma rays a value of about 1.3 x
10710 cm2-rad (tissue)/source neutron for the 4wr2 dose at 850-m equiva=
lent range in air. The corresponding value for the NEMP code energy
band 9 (8,19 to 15.0 MeV) high-energy air driver is 1,5 x 10710 cw?-rad
{air)e One rad in tissue and one rad in air differ by only about 1%
percent, so these gamma doses differ by about 15 percent.

SG. 5. Sidbu, W. E. Farley, L. P, Hansen, T. Xomoto, B. Pohl, and C.

Norg, Transport of Neutron and Socondary Gamma Radjations Through a
Liquid Air Sphere Surrounding a l4-MeV Neutron Source, Nuclear Science
and Engineering, 66 (June 1978), 428-433.
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The NEMP neutron dose in air cannot be compared easily with the i
: meagsured neutron tissue dose because neutron kerma* factors are very :
energy dependent in the range from 1 to 14 MeV. The neutron energy f
g spectrum at the 850-m observer for the NEMP driver is unavailable to :
& allow a conversion fron neutron air dogse to neutron tissue dose.

§ Shown in figure 7 of Sidhu et ald are results of TARTNP computer
3 code calculations of the gamma tissue dose. The TARTNP code is a dis-
crete ordinatesg radiation transport code used at the Lawrence Livermore
Laboratories. The results show the 4nrl dose to a 2800-m range. .
Differences between the NEMP driver and TARTNP results appear to be }
small {a few percent) from B850 to 2500 m. The NEMP code results are ]
roughly 15 pecent lower at the 500-m range.

8, COMPARISON WITH EARLIER APPROXIMATION FOR IONIZATION BY 14-MeV ;
NEUTRONS

Longley et alS developed approximatione for EMP drivers for use in |
their LEMP 2 surface burst EMP environment prediction code. They used ;.
longmire’s analytic first-scatter theory and many-scatter diffusion
theory to describe 14-MeV neutron direct ionization through elastic
scattering and (n,p) reactions. Comparison of their 14=MeV neutron i
driver with the corresponding NEMP driver (energy band 9, direct neutron i
lonization) showed rough agreement and some differences. For doge in
air, the NEMP results exhibited a 10-percent longer attenvation length ’
at all ranges and a roughly $50-percent greater amplitude (factoring out
the range dependence). Bacause detailed reaction cross sections were
not used for this LEMP 2 driver (per C. L. longmire, Mission Regearch .
Corp.), some disagreement iz expected.

Since the LEMP 2 drivers are independent of the source neutron
energy spectrum (except for 14-MeV neutronsg), a comparison with the nine
energy band NEMP drivers is a complicated undertaking beyond the scope
of this report.

5. J. longley, C. L. Longmire, J. S. Malik, R. M. Hamilton, R. N. 3
Marks, and K. S. Smith, Development and Testing of LEMP 2, A Surface '
Burst EMP Oode (U), Mission Research (orp., Santa Barbara, CA, DNA 40977
{ December 1976). (CONFIDENTIAL)

96. S .S.idhu; We E» Far«ley; L. F. Hansen, T. Komoto, B. P\Dhl, and C»
Wong, Transport of Neutron and Secondary Gamma Radiations Through a
Liguid Air Sphere Surrounding a ld-MeV Neutron Sbhurce, Nuclear Science
and Engineering, 66 (June 1978, 428-433.

*The total kinetic energy of directly ionizing particles ejected by the
action of indirectly ionizing radiation per unit mass of specified
material.
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9. SELECTED RESULTS

- Time histories of some NEMP neutron-induced EMP drivers are por-

' trayed in figures 2 to 13. Radial Coampton current, theta Compton
] current, and ionization rate are plotted. Results are shown for two
1 i observers 0 and 500 m above the ground for each of two burst heights of
3 1 and 200 m. The ground range from the burst to the ocbserver is 1000
F m. All results are for a source of one neutron in the energy band of

' 8,19 to 15.0 MeV. Although drivers for other neutron energy bands have
' . different amplitudes, attenuation lengths, burst height dependence, ajr=-
' ‘ ground interface effects, etc., these results are typical.

= In the figures, each driver is represented by a broken line with
E - identifying symbols. The "F* denotes the high-energy ground driver .
‘ {ground inelastics); the "I" denotes the high-enexrgy air driver (air i
inelastics); the "G" denotes the low-~energy ground driver {(ground cap~- *
' tures); the "A" denotes the low-energy air driver {(air captures}; and
the "N" denotes neutron direct ionization including charged particle
ionization. The total for all drivers is represented by a solid line
with identifying “"T" symbols. Each curve is the magnitude, or absolute
value, of the driver or total.

Several general observations can be made concerning burst height and _
observer height variations. High-energy ground drivers are signifi- i
cantly weaker for greater burst heightsa, lovw=energy ground drivers
decay more slowly with increasing burst height than do high-energy
ground drivers because source neutrons penetrate to greater ranges while
decaying to lower energies. lLow~ and high-energy air drivers and the
neutron direct ionization driver all are roughly twice as strong for the
200-m burst height as for the 1-m burst height because roughly half of
the source neutrong are absorbed by the ground for the lower burst
height.

The drivers for theta Compton current are all stronger for cobservers
clogser to the ground surface because of the asymmetry presentad by the
air-ground interface. High-energy and low-energy air drivers for radial
3 Compton current and ionization rate are relatively insensitive to

| observer height. The time dependence of the neutron direct ionization
) driver is different for the two observer heights considered. This
driver is somewhat shorter in duration near the ground because many
later-arriving multiply scattered neutrons tend to become trapped in the
ground and do not contribute to the driver in the air. The low-energy
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ground driver for ionization rate is somewhat stronger for the higher
cbserver, more noticeably so for the 200-m burst height than for the 1=m
burst height. They differ because the secondary gamma rays (produced by
neutron capture in the ground) that drive the ionization rate at the
observer must penetrate more soil to reach the shallower observer. The
low-energy ground driver for radial Compton current is even more
strongly decreased for observers near the ground because the net Compton
current flow follows the direction of the gamma ray flux, which is
predominantly up out of or down into the ground (perpendicular t¢ the
radial direction}. Higher off the ground, more gamma rays with a nearly
radial direction arrive from ground regions close to the burst.

All drivers contributing to the radial Compton current have the same
sign (negative). The theta Compton current drivers may have different
signs or even change sign. (By convention, positive is downward.) The
theta Compton currents for high-energy ground and low~energy air drivers
are positive and negative, respectively, The theta Compton current for
the low-energy ground driver is- generally negative at this range from
the burst because of a secondary gamma ray "fountain® effect. This
effect is due to many secondary gamma rays rising upward from the ground
close to the burst and being turned down toward the ground after a few
Compton collisions in the air. However, for observers close to the
ground and close to the burst, encugh upward-going secondary gamma rays
are produced beneath the observer to reverse the theta Compton current
from negative to positive for a period of time (fig. 9). The theta
Compton current for high-energy air reactlions was set identically to
zero because it was about two orders of magnitude smaller than the
corresponding radial Compton current and because the available Monte
Carlo statistics for those data were so poor that a reliable fit was
unlikely.

The time history of the high-energy ground drivers for theta Compton
current and ionization rate deserves some explanation. It may consist

.of two pulses: one from the initial arrival of neutrons at the ground

beneath the burst and the other from the arrival of neutrons at an area
roughly midway between the burst and the observer. The secondary gamma
rays produced in the ground have an attenuation length considerably
greater than the mean free path of the neutrons. This greater length
causes contributions from reactions (per unit ground surface area)
beneath the burst to be more important than contributjons from reactions
very near the observer. However, gamma rays originating in the ground
closer to the observer are less attenuated by the ground because of
their higher angle of departure from the ground. This complicated
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behavior was approximated by the two pulses mentioned. The approxi-
mation gives reasonable agreement with the Monte Carle data, but too
much importance should not be attached to the detailed structure of the
time history approximation, expecially since the data time bing were
one~-third of an order of magnitude wide. The second pulse of this two-
pulse structure is not observed in the data (and the driver) for radial
Compton current. Also, the second pulse is not observed in the data
{and the driver) for ionization rate if the burst height iz very near
the surface (fig. 4 and 7} or if the observer is very high (fig. 13}.
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Figure 2, Radial Compton current for t1-m burst height, §-m
observer height, and 1000-m ground range.
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Figure 9, Theta Compton current for 200-m burst height, O-m
obgerver height, and 1000-m ground range.
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Figure 12. Theta Compton current for 200-m burst height, 500-m
observer height, and 1000-m ground range.
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Figure 13. Ionization rate for 200-m burst height, 500-m observer
height, and 1000-m ground range.

10. CONCLUSIONS

The NEMP neutron~induced EMP driver package repregsents the satate of
the art for predicting EMP drivers from near-surface bursts, allowing
flexible representation of any weapon's neutron energy spectrum and
choice of any burst height in the near-surface regime. The package
congists of separate space- and time-dependent drivers for radial and
theta Compton current and ionization rate, for high- and low-energy
reactions in the air and the ground, for nine source neutron energy
bands, for any near-surface burst height.

This report has described the developmant of this EMP driver package
for neutron-induced sources, for use in the NEMP code for EMP environ—
ment prediction for near-gsurface nuclear bursts. The development was
based on the concept of obtaining a global fit of certain well=-chosen
functionals to Monte Carlo transport data over the entire set of volume
detectors and time bdins. The global fit obtained in this manner offered
several advantages over fitting with polynomials, including the
effective elimination of Monte Carlo "noise" and the possibility of
reduction of error below the level of Monte Carlc statistical error.
The fit also involved far fewer degrees of freedom. The global fit waa
obtained by minimization of a penalty function representing the badness
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of fit. Becauss of the large amount of computer time involved, highly
efficient wminimization algorithms were employed. The difficulty of the
minimization depended, among other thinga, on the variance of the Monte
Carlo data, which averaged about 20 to 30 percent. The burst height
dependence of the fit parameters was explicitly obtained for burst
heights from 1 to 250 m. Extrapolation methods were devised for bursgt
heights greater than 250 m.

Comparison of ionization from gamma rays induced by a t4-MeV neutron
gource with experimental meagurements gave good agreement, Compariaon
with the LEMP 2 direct neutron ionlization driver for 14-MeV neutrons
revealed significant differences. Typical results were discussed for
two burst heights and two obsprver heights, for the 8.19= to 15.0-MeV
gource neutron energy band drjvers.
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APPENDIX A.-=~A TWO=POINT QUADRATURE SCUEME

Integrating a driver functional over the entire volume of a volume
detector can be very time-consuming if unsophisticated guadrature
methods are used. The volume Jdetector concerned is a square toroid,
that is, a toroid with a square cross section in coordinates (x.z.é¢).
The toroid is bounded by x X .z ¢ where x is the ground range
from the coordinate ccnter 5 z :I.s the ?height above the ground. The
driver has azimuthal symmetry around the center of the toroid (x = 0) so
that an integration in independent variable ¢ 1is trivial. Thus, an
integral over detector volume

b3
1 --[x 2 fz f“f(x.z)[xz + zz]l/zdx az a¢
1 J21

becomes

2 2 1/2
I =2w _Ly J; zf(x.z)(xz + z2) dx a4z .
1 1

If £(x,z) describes a driver functional, the salient spatial gradients
of f£(x,z) are {1) in the vertical {2z > 0) direction due to proximity of
the ground and (2) in the radial direction from the burst due to
geometric and atmoapheric attenuation. A particularly accurate Gaussian
gquadrature rule would use the geometric and atmospheric attenuvation as a
weight function.

Our geal is a Gaussian quadrature rule for the integral

X2 %
J = vix,z}w(x,z;a) dx dz ,
1 1

where v is a function of x and y and w is a weight function defined by

wix,z;a) = exp(-arl/[1 + rz] .

r={x2 +(z - m2]l/2 .

The burst height is h. The advantage of this weight function rests on
the fact that it repregents the actual spatial dependence (for a
suitable choice of a) better than a low-order power series would.
Parameter o is essentially the atmospheric attenuation coefficient (the
reciprocal of the attenuation length) and is available for use during
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the calculation of a driver integral. Thus, we may exploit our know-
ledge of a to construct the quadrature based on weight function
wix,z;a). In computer program BIGFIT, we actually firast construct a
family of quadrature rules for a range of values a.. Then when a driver
integral is being calculated, the a; nearest to « is determined, and its
corresponding quadrature rule is used. In this way, the construction of
the gquadrature rules is kept out of the inner program loops.

For the J integral quadrature rule, we seek gquadrature points
(xl.zl} and (xl,z } with weight coefficients v, and w,, respectively.
We require exact 2imt-.negmi:in::n'l of Taylor series terms for x0 (ana zo),
x},21,22, and 23, This requirement yields the following conditions on

xl ..z1 ,22 '"1 , and wzz

wi + wp = Mg

wixy + woxy =My
w1z) + wazy = Mgy
wizd + w2z = Mo2
wizd + w2z = Moy

wherse
xz 22 1j
Hij = ® z'wix,z)a) de dz .
1 1

This quadrature is separable in x and z and easy to obtain. Obviously,
X1 = M0/ %g0"
Define the polynomial
P = (z-zl)(z-zz) =0,

or

P=z2 -Az +B=0.
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Multiply the preceding equations by A and B and add:
w)B + wyB = BMgg

wl(hzl} +* wztazgl = AMj,

tn(z%) + wz(zg ) = Mp2

wi(P) + wa(P) = AMj) + BMyg + Mg

wlzI(B) + wzzz(B) = EMgy
wyzy(Az)) + wpza(Az) = AMp2

“121(8";) + “222(22)' Mo3

wiz} (P} + wpzp(P) = AMgy + BlMg) + M3
gince P = 0, we have
AMgy + BMgg + Mgz = 0
Mgy + BMg, + Mgz = 0
or solving for A and B,
A = (MgaMgp = Mg2Mg1)/C

B = (M2, - moiMoa)/c

vhere

Cw= "%1 - MgOMO2

Therefore,
e = [ - (A2 - 48)V2]2 ,

z, = [+ (a2 - a)V2)2

k¥
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APPENDIX A
Then
vy + wy = Mg
wyz) + wWeZy = Mg
or
wp = (Moy = Mooz2)/(21 - 22) .
w2 = Mgy mw
Suppose we seek to integrate -

X2 2
K= uix,z) dx 4z ,
1 1

whera p(x,z) has dominant spatial variation w(x,z;a). We rewrite K as

k= [f [wﬁ%&?—&rw(x.zm ax az

and apply the quadrature rule developed to get

It is best to combine wix
obtain the modified rule

K= ;lu(xl"l] + qu(xl.zzl F

.zlm) with w] and w(xl.zzml with w,_ to

1 2

where

;1 = "1/"("1"1'“] ’
wz - wz/w(xl .zzza] .

Thus, a unique quadrature rale (x .zl.s

N and;) was obtained
£

LY
for sach combination of volume detector ans ali be or3 commencing the
descent algorithm to fit a driver functional to Monte Carlo data. Then
during the dJdescent, the numerical integration of K-like integrals
proceeded extremsly rapidly.
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APPENDIX B.=-DESCENT ALGORITHMS USED

This appendix lists the PFORTRAN version of the descent algoritims
used to search for a minimum of a function.

Ay
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APPENDIX B

SUBROUTENE TACCGEFN XoTOLoBeGoXOLD JSTEP VAL N, NFN)
== BY WILLIAR Y. WYATT, JR.,» }OS.

USING THE RETHOD OF CONJUGATE GRADIENTS, THES SUBROUTINE SEARCHES FOR
THE RININUR OF THE SCALAR FURETION FN o CIVEN A STARTING POINY X .
X 1S A VECTOR OF LEWGTH N . AN ELEMENY OF X 1S5 BOT ALTERED
DURING THE SEARCH )F THE CORRESPONDING ELERENY OF TOL 15 MOR-
POSITIVE. OTHERMISE, THE SEARCH CONTINUES UNTIL THE FUNCTYION DOES
NOT DECREASE WHEN X IS5 CHANGED BY AS AUCH AS TJOLOSTEP , WHERE THE
LARGEST ELENENT N STEP S UNITY.

THE SEARCH MAY BE ABORTED AFTER ABOUT NFN EVALUATIONS OF THE
FUNCTION FN IF NFNDO , DR AFTER ~NFN CRADIERT EVALUATIORS 1IF
RFN<G

THE FUNCTION FN  NUST BE DECLARED EXTERMAL IM THE CALLING PROGRAN.
X o TOL o W o AND KFN  NUST BE DEFINED WUHEN THIS SUBROUTINE IS
CALLED. THE SUBROUTINE RETURNS THE MININUN LOCATION IN X , THE
NINIMUN FUNCTION WALUE IN VAL , AND THE WUNBER OF FUNLTION
EYALUATIONS IN ABSINFN) o KFN 15 RETURNED MEGATIVE IF THE SEARCH
IS ABODRTED AS ODESCRIBED AROVE. THE ARRAYS & o, € o XOLD o AND

STEP OF LENGTH N ARE USED FOR INTERMEDIATYE RESULTS. TOL AND N
ARE RETURNED UNCHANGED.

THE PROGRAM CALLS THE SUBRQUYINE QUAD TO LOCATE A NIRINUN ALONG A
GIVEN DIRECYION.

AM ELEMENT OF X MAY BE COMPELLED TO RENAIN POSITIVE DURING THE
SEARCH, BY USING THE TWOD STATEMENTS (MARKED WITH =CCCCC™) 1N THE
PFROGRAN BELONS

ToLEl b==TGLEL)

¢0 1D 5

THE METHOD ESTINATES THE FUNCTIDN GRADIENT BY FINITE DIFFERENCES OQVER
AN INTERVAL TOL®SLASH . SLASH HAS BEEN SET TO 0.01 IN & OATA
STATENENT. ROUNDGFF ERRCRS WILL CAUSE POOR ESTINATES FOR TME
GRADIENT IF TOL 13 TOD SMALL OR IF MACHINE PRECASION 13
INSUFFICIENT. {DOUBLE PRECISION 13 RECOWNRENDED FOR CONPUTERS WITH
DEFAULY SHORT PRECISION WORDS.)

DIMENSIDN XEM3,TOLAN),BAN) 4CINDXOLDIN],STEPIN)
DATA SLASH 70.01/

SMITIALIZE GRADIENT AND GIRECTION ARRAVS AND DYHER QUANTIVIES.
RAXFN=NFN
MFH=O
IPASS=0
s CONY INUVE
00 10 1s).2
Bil)=0.0
10 Gtt)=1,0
VAL*FNIX)
NEN=NFNe]

(o X ]

NININIZAVION LOOP BEGINS HERE. CHECK FOR WMAX FN EVALUATIONS.

£
¢
¢
100 CONTINVE

|
|
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IPASS=iPASSe]
IFLIPASS SCT . ~HAXFNARD JMARFN.LT.0) GO TO 200
IFINENLCT . MAXFNAND NAXFNLCT .O0) 6O TO 200

L 4
C FIRST, NOVE X TO XOLD.
SUNOLD=0.0
PO 110 I=) .M
XoLDQaly=xi1d
110 SUNDLD»SUNDLD+GET ) ve2
IFISUROLD .ER.0.0) €0 TD S
FNOLD=VAL
C NEXT, GET GRADIENT AND NEW SEARCH DIRECTION.
SUN=0 .0
0O 120 (=1 ,4
&411=0.0
IFATOLEN) .LELDLO) 60 TO 220
AL} sXOLO LRI +SLASHATOLEN)
YAL=FBIX)
WFN=NENe]
Xx¢rd=xoLp{l)
GEI)=¢VAL-FROLD }/SLASH
120 SUR=SUN+GLT) o2
SUN=SUN/SUNDLD
DO 130 §=1,.M
U1 s~GITM+SUNLRLL )
130 STEP{1)=81())
C
€ SCALE STEP SO EACH ELERENT 135 .LE. 1.0.
SAVE=0.0
DO 140 i=) M
TENP sABSISTEPLI))
IFSYENP.GT.SAVE) SAVE=TEWP
140 CONY INVE
TFASAVE NE 0.0) SAVE «) .0/SAVE
C

C TAKE ¥RIAL STEP.
DD 150 §=1,M
STEPE)I=STERLI)OTOLE ) oSAVE
€ LOCKUP PARANETER TENDING TO ZERD.
TFESTEPLL) LELODDRXDLDET)GCT.TOLAT)Y €O TO 2150
CLCCC oLl ) =~TDLLY) '
CLLLC 0 TD 5
150  X41)=XDLOA1)+STEPLD)
YAL=FR{IX)
NFl=NFNe)
1FIVAL .GE.FUOLD) GO TO 910
C RININUN INPROVED. OO0 SEARCH FOR RINIMUN,
CALL QUADEFN N ,OLOVAL VAL XOLD oSTEP X oNFN)
CCCCC PRINT 9T7,VAL
” FORMAT{® BEN WAL=*,E20,.8}
€0 TD 100
C

4

€ FINISHED.

200  NFN==NFN
DO 905 )N

905  TOLAt)=ABSITOLELD)
RETURN

910  CONT INUE
1FLIPASS.6T.5) GO0 T0 915

41
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APPENDIX B

C 'l‘°;H=2=I=GlEgY & GAD PARAMNETER IF EN EARLY STAGES OF WININIZATION.
IFISTEPLL) EQ.C.0) 6O TD 924
SAVE=STEPLY)

STEPL1)=0.0

XU =10t 1)

YAL=FNiXx)

NF=NFN+)

IFIVAL .GE .FROLD) €0 TO 913

CALL QUAD CFN N, OLDVAL o VAL XOLOSTEP X+ BFND
BE1)=0.0

641)=0.0

€0 TO 100

213 STEPURI=SAVE
KE1)=XOLOLD)eSTEPL))

914  CONTINGE

1S CONTINVE

€ RESTDRE X AND VAL.

YAL=FNOLD
0D 920 3=1,N
TOLAD=ABSATOLIND)

$20 XL =NOLDAND
RETURN
END

42
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APPENDIX B

SUBRDUTINE QUADSFNNPARAN, FROLD VAL RDLD »STEP X NFND
== BY HILLIAN T. SYAIY, M., I7N.

THIS SUBROUTINE FINDS THE RININUR OF THE FURCTION ¥ I8 THE DIRECTION
STEP, GIVEN FNOLO=FNIROLO), WAL=FNEXD, X=XOLO*STEP, AND NPARAN (THE
LERGTH OF VECTORS X, XOLD, AND STEP). A RECESSARY COROLITION §S THAT
VAL < FROLD. NFN, A COUNTER FOR FUNCTION CALLS, 15 INCRENENTED FOR
EACH EVALUATION OF FN. THE SUBROUTINE RETURNS A NINENUR VAL AND
ARGUNENT X SUCH THAT VAL+FNIX), AND STEP SUCH THAT STEP=A-XOLD.

THE ALGGRITHR USES QUADRATIL INTERPOLATION ACCELERATED BY A LOGARRTH-
RIC SISECTION-TYPE SEARLN.

DINENSIDN XOLOANPARAN) STEPINPARAN) ,XINPARAN)
JCOUNY LINITS THE NUNBER OF FUNCTION EVALUATIONS TO A WURGER
CONVENIENT FOR THIS APPLICATION. THE USER BAY CHMARGE Y.

:Engliilﬂllll!oﬁr!ﬂkflftﬂlfll’llllil’

SasD,

$8+1.0

FA=sFNOLD

FB=VAL
C LOOK FOR A FC.GE.FD.

10 $C=50+10.0
DG 20 )=1,MPARAN
Xt1)=XOLDE D) +STEPED)OSE
20 CONY INVE
FC=FNIX)
NEN=NEN+]
IFIFC.CELFDY GO TD 1D
TRY AGAIN.
FA=FB
Fo=FC
SA=SH
$B+5¢C
60 10 10
C BEGIN NODIFIED QUADRATIC INTERPOLATIOR FOR RININUR.
100 CONYINUE
IC=ICe}
IFCIC.6T.1C0UNT) 60 TO 270
TENP = {SC-580/71SB-SA)
IFITERP.CT 4,00 €0 TO 110
IFITENP.LT.0.25) 60 TO 120
IFIFALEQ.FR.OR.FB.EQ.FL) 60 TO 170
CAsLIFA=FB )T ISA=5B=1FB=-FC )1 U5B=5C ) 21 5A=-5C)
IF¢CA.£Q.0.00 6D TO 110
CO=UFA=FBI /L SA=5B)~CA*{SA+SH)
SAs=LB/E2 . 0%CA)
60 70 130
110  CONT pnut
C EITHER CONVERGING VERY WELL, DR PODRLY, USE LOGARITHNIC 3ZEARCH.
TERP=SGATITENP)~-1.0
SKeSRheUS0=SA)*TENP
&0 T0 130
120 TERP«SORTEL.O/TERP)~1.0
SHesSP=ISC~SB)*TENP
130 CONT INUE
IFESR.EQ.SB.OR SN LE SAOR SN GELSCH &0 TO 1O

Ad AARARAROAAPRADN
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- C EVALUATE FUNCTION AT INTERPOLATED POINT.
E | DO 135 121 ,APARAN
- XE1)eXOLOL EDoSTEP L) 98X
135 CONTINUE
FX+FN{X)
NER=NFK+1
IFLEXLLTLED) GO TO 150
€ NOT NEW MININUN.
IFESX.GT.S0) 6O VO 1640
SA*$X g

FA=F2
¢0 0 100
1£7] SC=in
FCaF2
&0 Y0 100
¥ 150 CONY SNUE
1 i C IS NEM MININUN,
3 IFISX.LT.5P} €0 TO 180
SA=35)
FA=F8
$Be3X
Fl=FX
&0 10 100
160 5Ce58 Jj
FC2FB
$Ph=3X
FB=FX
&0 10 100
170 CONTY INVE
YAL=FB 3
00 180 1=1,APARAN :
STEP U I=STYERQIDesSE
XE3)=X0LDENNeSTEPL])
100 CONT INVE ]
€ FINISHED. '
RETURN §
EMD
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