TRIUMF

R.E VEM O.€

A MONTE CARLO PROGRAM FOR CALCULATING
CHARGED PARTICLE TRANSMISSION
THROUGH SPECTROMETERS AND BEAM LINES

P. Kitching

MESON FACILITY OF:

UNIVERSITY OF ALBERTA

SIMON FRASER UNIVERSITY

UNIVERSITY OF VICTORIA

UNIVERSITY OF BRITISH COLUMBIA TRI-71-2



TRIUMF

REVMOC

A MONTE CARLO PROGRAM FOR CALCULATING
CHARGED PARTICLE TRANSMISSION
THROUGH SPECTROMETERS AND BEAM LINES

P. Kitching

Postal Address:

Nuclear Research Centre
University of Alberta
Edmonton, Alberta
Canada

TR =702

April

1971



€0 N TRESNSTS

1 INTRODUCT ION

26 DESCRIPTION OF PROGRAM

3 PHYSICAL INTERACTIONS

wWwwww
Vi W N —

Decay

Nuclear Absorption

Nuclear Elastic Scattering
Multiple Scattering

Energy Loss

L. DATA [INPUT

Bl SN S S i i e i i e i e
wWwoo~NOTVTEFTWN —

General

Sign Conventions

Target Geometry

Drift Region

Quadrupole Magnet

Uniform Field Bending Magnet
Double Focusing Magnet

Beam Spot Parameters

Interchange of Axes

Particle Momentum Parameters
Particle Mass and Other Parameters
Initialization of Random Number Generator
Number of Trials

Distributions

End of Case and End of Data

5 ERROR MESSAGES

6. EXAMPLES

6.1 Example 1

6.2 Example 2

6.3 Example 3
Acknowledgements

References

Page

75
75



INTRODUCT ION

REVMOC is a Monte Carlo computer program, written in FORTRAN IV, for
the design and analysis of magnetic spectrometers and beam transport
systems. In tracing charged particles through a system of magnets, first
order theory is used by the program, that is, in a Taylor's series expansion
about the principal trajectory, second and higher order terms are neglected.
The program attempts to simulate the physical processes, such as decay,
multiple scattering, nuclear scattering absorption, and calculates correc-
tions for any loss or gain of particles from these causes. The program will
also give distributions of particles accepted by the system as a function

of a variety of variables, if this is desired.



DESCRIPTION OF PROGRAM

The program calculates the probability that a particle, in traversing
a given experimental system, will be lost from that system by means of

decay, scattering, absorption or energy loss in material in the particle path.

To simulate a given experimental system, a series of regions is speci-

fied. Regions which may be specified are:

1) drift region
2) quadrupole magnet
3) uniform field bending magnet bending in the

L) double focusing spectrometer magnet sokLzgwEat plans

Any number of regions in any order may be specified, provided the total
number is not more than fifty. The first region is the experimental target.
Parameters, such as magnetic fields, lengths, densities, atomic species,
etc., are specified for each element on data cards. The program traces
particles through the system using 'first order' theory to calculate dis-

placements and deviations caused by magnetic fields.

Initial parameters for each particle are determined by the program from
uniform random distributions within specified limits on the momentum range
Ap, position in the target, and initial displacements AXT, AYT and devia-

T” AYT’ in the horizontal and vertical planes. The particle is then
traced through the system. At the end of each drift region a test is applied

tions AX

to see if the particle displacement lies within specified limits, given by
counter and slit sizes in the actual experimental system. |If a particle
satisfies all the tests, then this particle will be counted in the system in
the absence of decay, scattering, etc. The particle, with the same initial
parameters, is then traced through a second time, this time being allowed to
decay, scatter, etc., with appropriate probabilities. The same tests are
applied at the end of each drift region to determine whether the particle
remains in the experimental system. The whole process is repeated for a
large number of particles, each particle being traced through twice, once
without 'physical processes' such as decay, scattering, etc., and once with
these processes. Should, however, incorporation of these 'physical
processes' not be required in a run, the second trace for each particle is

not done.



PHYSICAL INTERACTIONS

3.1 Decay

The decay length Ad of the particles is calculated from the lifetime

and momentum by means of the relation

Ad = 30'r(p0/mc) cm

where t = lifetime in nsec
Py = central value of momentum in GeV/c
m = rest mass of particle in GeV/c2.

The value of Ad obtained is therefore only correct when the momentum of the
particle is equal to its central value. This should not lead to large

errors provided Ap/p0 is not too large.

A two-body final state is assumed to result from particle decay. The
decay angle is chosen randomly from a uniform distribution in the centre of
mass of the decaying particle. This procedure is correct only if the final

state has orbital angular momentum of zero, such as:

o
ey N =1

+ L
KESers = e ©

The energies of the decay products are then determined from their
masses, which are specified as input data. One of the decay products is
traced through the rest of the system, which one being determined by the
input data. It is assumed that this decay product undergoes no absorption,
nuclear scattering, energy loss or decay in traversing the rest of the
system. Multiple scattering, however, is allowed to occur. Up to two
different two-body decay modes may be specified. The branching ratios and
masses of the producés are given as input data. The program randomly
chooses via which decay mode a given particle decays, with probabilities
given by the branching ratios. |If the sum of the two branching ratios is

less than unity, the remainder of the decays are assumed to be into three
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or more body final states, and are lost to the system immediately.

In order to obtain better statistics in cases where the probability for
decay in the system is small, a scale factor, SCALE, may be specified. This
multiplies the particle lifetime by SCALE. Thus, if SCALE = 0.1, ten times
as many particles will undergo decay in the system. Appropriate corrections
are made so that the number of undecayed particles at the beginning of each
region is equivalent to the number which would be there if SCALE = 1.0. The
results are normalized to what would be obtained if SCALE = 1. The only
result is to increase the statistical accuracy of the distributions of decay

products. |If the value of SCALE is not specified, it is assumed to be unity.

3.2 Nuclear Absorption

For each region in the system, a nuclear absorption length Aa is cal-
culated as follows. The absorption cross section per nucleon o, for the
particle is specified as input data. For each atomic species, the absorption
cross section per nucleus is calculated from an empirical formula by
Williams!

) 0.69 "'%' > i "%‘ ¥ 2
o=l eR 1 +0.039 A (Ga 33) - 0.0009 A (Ga 33)%|mb

where A = atomic weight of nucleus

(o
a

absorption cross section per nucleus in mb.
This formula is expected to be accurate to about 5% for strongly inter-
acting particles with energies greater than 1 GeV. For the best value of

o, to use, the reader is referred to Williams' paper.

From the density of material in the region and the proportions by weight
of each atomic species, which are specified as input data, the absorption
length Aa is calculated. Up to three different atomic species may be speci-

fied for each region.

3.3 Nuclear Elastic Scattering

The nuclear scattering length Ae is obtained from the nuclear absorp-

tion length Aa by means of the relation

Ae = (oa/ce) ha
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where e nuclear scattering cross section per nucleon and is specified in

millibarns as input data.

The angular distribution of the elastically scattered particles is
assumed to be a forward diffraction peak of the form
=X 2
do e (e1ab/60)

d91ab
2 .1 ,.% 2
where 6,2 = §-A3 (po/mﬂc)
m, = mass of pion
A = atomic weight of nucleus.

This distribution is in reasonably good agreement with experimental
data in the GeV energy range.? The distribution function is calculated for
each atomic species in the region. When a particle is being traced through
the system and a nuclear scattering occurs, the atomic species on which the
scattering takes place is determined with probabilities given by the propor-
tion by weight and total elastic cross section for each species. The
scattering angle is randomly chosen from the above distribution, and the
particle is assumed to lose no energy in the scatter. The scattered
particle is then traced through the rest of the system, in which further

interactions such as decay, absorption, scattering or energy loss may occur.

For each region of the system a total interaction length A is defined
by the relation
1 s ar 1 1
X750 T Ra” de
As a particle is traced through the system, the distance & to the next
interaction is determined at the beginning of each region by the usual Monte

—Q/A. If 2 is greater than the

Carlo technique, from the distribution e
length of the region, then no interaction (decay, absorption or nuclear
scattering) is assumed to occur, and the particle is traced straight through
to the beginning of the next region. |If 2 is less than the length of the
region, then the particle is traced up to &, when an interaction is assumed
to occur. The type of interaction is decided with probabilities determined

by the relative magnitudes of Ad, Aa and Ae.



3.4 Multiple Scattering

The program assumes that multiple scattering will occur in any region
in which the density of material is non-zero. Both scattering angles (u')
and displacements (u) are calculated in the horizontal and vertical planes,

and are chosen randomly from distributions deduced by Moliére.3

-

u u
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In order to calculate these distributions the program assumes that the
particle travels a distance d through the material, and that the particle
energy is constant and equal to its value half-way through the region. In
order that these assumptions may not lead to large errors, it may be
necessary to split regions (e.g. range counters), in which the multiple
scattering and energy loss are large, into a series of smaller regions.
Since up to three atomic species may be specified in each region, the pro-
gram calculates average Moliere distributions in a suitable wayf* Calcula-
tions are carried out up to and including the second correction term in

the Moliére distribution, higher order corrections being ignored.

If a particle undergoes a 'physical interaction' inside a region, the
multiple scattering is calculated up to the point where the 'interaction
occurs, and then for the rest of the region after the new angles or energy

resulting from the 'interaction' have been calculated.

3.5 Energy Loss

lonization energy loss

Charged particles traversing matter lose energy through inelastic
collisions with the atomic electrons of the material. Because of the
statistical nature of the ionization process, the energy lost e will have

a spread Ae about the most probable energy loss ep Suppose wmax is

rob’
the maximum energy transfer (determined by kinematics) to an atomic electron

in a single collision. Then if Ae << wmax, the distribution of energy
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losses is Gaussian, and ¢ is equal to the average energy loss of the

prob
particles.® |If Ae << W .x however, the distribution of energy losses is
that calculated by Landau.® This distribution is asymmetric, with a long

tail on the side of high energy losses which falls off as e~2.

The program decides which type of distribution is applicable for each

region .in turn. If Ae ~ W , and neither distribution is applicable, a

max
message is printed. The value of Eprob is calculated from the expression7
_ At P Lo 3 ST A
e:prob—gz-(8+I.06+25LnMC+2nB?_ B § U]
- At + S ST
- (34.92 + 24%n e 24nT + &n 82 B s U]
where p = momentum of particle of mass M, velocity Bc
I = jonization potential of material in eV
t = thickness of material in g/cm?
A =0.1536 [%} x 1073 for throb iN GeV
MacZ x 106
B = 2n ——Iz'——'

The density effect correction & is calculated from formulae due to

Sternheimer:?8

§ =0 X < X0
6§ = 4.606 X + C + a(X;-X)" e R
§ = 4,606 X + C X0 > Xl
X = log,, (p/Mc)
and a, C, m, XO, and X1 are constants depending on the material. It is

assumed that the shell correction term U is negligible. This assumption
is good when the velocity of the particle is much greater than the veloci-

ties of the atomic electrons. The expression for ¢ p is valid for both

pro
electrons and heavy particles. The program also calculates the width of

the distribution, which is typically about 20% of ¢ Where necessary,

prob*’
€orob and Ae are averaged over the atomic species in the region, using

Bragg's Law.

As particles are traced through the system, the ionization energy loss

e for each region is selected randomly from the relevant distribution,



o

using the values of €prob and Ae previously calculated for that region.
Since the distribution is obtained from a table, linear interpolation is
used to obtain values intermediate between those given in the table, except
where the value of € > 8 Ae, when the distribution is assumed to go as e~2

for the Landau curve.

Radiative energy loss

For all particles except electrons, the radiative energy loss is assumed
to be negligible. This is true except at very high energies. |If electrons
are to be traced through the system,the thickness L in radiation lengths of
each region is calculated using a formula due to Rossi.? Let W(EO,E,L)dE
be the probability that an electron with initial energy Eo has energy between
E and E + dE after traversing the region. Bethe and Heitler!0 give an
expression for W(Ey,E,L) of the form

(L/2n2 - 1)
_ dE [2n(Eg/E)]
MEgE,L)AE = B ST/ana) -

The program calculates and stores a table of the integral

E
W(E,,E,L) = f W(Eq,E,L)dE

Ep

at 5% intervals in (EO - E)/E, for each region.

When an electron is traced through the system its radiative energy loss
is chosen randomly in each region, using the stored distribution tables of
W(Ey,E,L). Interpolation between the calculated values of W(EO,E,L) is done

as follows:

a) For energy losses <5% of EO’ it is assumed that

W(Eg,E,L) ~ (2n E /E)L/2N2

b) For energy losses >5% of EO, interpolation is carried out using a

general quadratic fit to the three nearest values of W(E,,E,L).

Any photons or secondary electrons which might be emitted in the

radiative energy loss process are neglected.

Note that since €prob and W are calculated using the central momentum

Pg of the particles, errors may arise if the momentum spread of the
particles is too large. The program does not attempt to calculate any energy

loss for decay products traversing the system.



DATA INPUT

4.1 General

The first data card must contain NEL, the number of different regions

in the experimental system being considered. The target counts as one region.

The total number of regions must be 50 or less.

This card has FORMAT(12).

The following cards specify the elements, i.e. the different regions

and initial conditions for the system. Each element is specified by an input

card of the form

ELMENT,IC,II,

ELMENT
IC
IC=0

Il

IC=1

IC=2

INDEX

INDEX=0

INDEX=1

(bum(1),

INDEX, (DUM(I),I=1,6), where

is a type code which determines the kind of element.

is a code used for changing elements, with the following meanings:
means the element is being specified for the first time, or is
being changed. In the latter case the parameter values on the
remainder of the card are substituted for those already in memory.
gives the number of the element being changed. Elements are
numbered sequentially, with values of Il increasing by unity, on
first being read.

causes the region specified by I1 to be deleted and the old value
of Il for each following element to be decreased by unity.
causes an extra region, with the parameters specifiedon the card,
to be inserted between the old Ilth and (Il+|)th regions. The
old value of Il for each succeeding region is increased by unity.
is a code determining whether the region is or is not vacuum.
means the region contains no appreciable material which could
cause scattering, energy loss, absorption, etc.

means the region does contain appreciable material which could
cause scattering, energy loss, etc.

I1=1,6) are the parameter values (to be described in the follow-

ing sections) for the element.

The card has FORMAT(5A1,11,212,6F10.0).

If INDEX=1, the following two cards specify the material in the region.

The first following card contains the parameters FRAC and RHO, where
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FRAC = fraction of cross sectional area of aperture covered by
material. Normally FRAC = 1.0, except for spark chambers, where
the wires cover only some fraction of the aperture.

RHO = density of material in the region, in g/cm3.

This card has FORMAT(10X,2F10.0).

The second following card contains the parameters (PROP(J),Z(J),J=1,3)
where
PROP(J)= proportion by weight of material with atomic number Z(J).
Up to three different atomic species may be specified for any

one region.
This card has FORMAT (10X,6F10.0).

Note that with the format F10.0, the decimal point may be placed any-

where inside the field.

4.2 Sign Conventions

When facing along the direction of travel of the particle, X is
negative to the right, positive to the left, and Y is positive up, negative
down. The values of X” and Y~ are positive when the particle displacement

is increasing, and negative when it is decreasing.

POSITIVE

POSITIVE NEGAT IVE

NEGAT IVE

Particle going into paper.
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L.3 Target Geometry

Horizontal Plane

Xy R
421,* e
INC I DENT txm\x

PRIMARY BEAM g \

-

& PRINCIPAL

TRAJECTORY

INDIVIDUAL
PARTICLE
TRAJECTORY

The starting co-ordinates XT’ XT‘ and ZT are chosen from uniform distri-
butions of width XMAX, DXMAX and L;, respectively (see Section 4.8).
The distance travelled by the particle through the target (d) is then
calculated, and the effects of multiple and nuclear scattering, absorption,
energy loss and decay in the target material are also calculated. The target
walls must be put in as a separate region if they have a significant effect.
I f LT or ST are sufficiently small that particles leave the target via its

downstream face, this is correctly calculated by the program.

Vertical Plane

YT YT’
¥ ¥ INDIVIDUAL PARTICLE TRAJECTORY
INCIDENT _ YMAX A Z7 3pt— :E
" g iy v & ) PRINC | PAL TRAJECTORY

The starting co-ordinates in the vertical plane, YT’ YT' are chosen
from uniform distributions of width YMAX and DYMAX, respectively (see
Section 4.8). The effect of YT’, the initial angle in the vertical
plane on the distance d travelled through the target, is small, and is

ignored in this calculation.
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The values of LT and XT are specified on the input data card as follows:

i Type code = TARGHY

2. I1,INDEX (see Section 4.1, Data Input - General)

3. DUM(1) = Length of target Ly, in cm

L. DUM(2) = Horizontal width of target Xr, in cm

5. DUM(3) to DUM(5) are blank

6. DUM(6) = Horizontal angle 6. between incident primary beam and

T
principal trajectory, in deg

This card is FORMAT(5A1,6,212,6F10.0).

L.4 Drift Region

POSITIVE

PRINCIPAL | L

I
|
I
|
TRAJECTORY |
|
I
J

NEGAT IVE

The co-ordinates at the end of the drift region are obtained from

X 1 L 0 X
x” 0 1 0 Xo~
y F 0 0 1 L Yo
v 0 0 0 1 Yo

At the end of each drift space the co-ordinates are tested to see if they
arewithin limits specified as input to the program. The limits can be
thought of as a defining slit or counter at the end of each drift region.
The counter can be set at an angle U to the normal to the beam, in the

horizontal plane. As shown above, U is positive.

The parameters are specified as an input data card of the following

type:
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1. Type code = DRIFT

2 IC,I1,INDEX (see Section 4.1, Data Input - General)

3. DUM(1) = Length of region L in cm

L. DUM(2) = Upper limit on x at end of region Xy» in cm

5. DUM(3) = %ower limit on x at end of region X, , in cm
normally negative) b "

6. DUM(4) = Upper limit on y at end of region Yys in cm

7. DUM(5) = Lower limit on y at end of region Yo in cm
(normally negative)

8. DUM(6) = Angle U between limiting aperture and normal to

principal trajectory, in deg

U’ XL’ YU’ YL must be less than 10 m

The card is FORMAT(5A1,11,12,12,6F10.0).

The magnitudes of X

4.5 Quadrupole Magnet

The program calculates the particle co-ordinates relative to the prin-

cipal trajectory from the equation

( ) ( )
X X,
¥ ¥ M xo’
Yo
\ J \ yo J
where
( .
cos kL —S~'“k—"" 0 i ]
-k sin kL cos kL 0 0
M= .
0 0 cosh kL —S%kL
0 0 k sinh kL cosh kL
4 1 3By
where k = 3000p ' A x
L = effective length of quadrupole.

This is for a quadrupole which focuses in the horizontal plane, which

is signified on the data cards by a positive value of the field gradient.
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A negative value of the field gradient means a vertically focusing quadru-
pole, in which case the two partial matrices above are interchanged.

The principal trajectory must enter the quadrupole normal to the

magnetic field. The parameters are specified on an input data card as

follows:
¥ Type code = QUADY
25 IC,I1,INDEX (see Section 4.1, Data Input - General)
3. DUM(1) = Effective length of quadrupole L, in cm
L. DUM(2) = Field gradient in, kG/cm
5. DUM(3) to DUM(4) are blank
6. DUM(5) = Difference T between path length of principal trajectory

in quadrupole, and effective length L, in cm
7. DUM(6) is blank

The card is FORMAT(5A1,11,212,6F10.0).

Here and for bending magnets the difference T (6, above) must be
specified if physical processes such as decay scattering or absorption occur
in the region since the probability of these occurring is proportional to
the distance the particle travels in the region. Normally T will be small
in comparison with L, and need only be crudely estimated. |If the region is

vacuum and the particle cannot decay, T may be left zero.
4.6 Uniform Field Bending Magnet

g
PRINCIPAL ~

TRAJECTORY

The bending magnet bends in the horizontal plane, a positive value of
the magnetic field bending to the right if one travels with the particles.

The angle U is positive as shown. The angle V is negative.
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The co-ordinates of the particle after the magnet is in the horizontal
plane relative to the principal trajectory are calculated assuming that the
particle follows a circular path in the magnetic field, the radius of curva-

ture being

cm

p = 3335.6 p/B with p, = 3335.6 P%(B

for the principal trajectory.

The vertical co-ordinates after the magnet are obtained from the

equation
Y Yo
= M
Yy~ Yo~
where
1 0 | fol¢) 1 0
M= =
+tan V 1 0 | tan U !
p P

where 6 is angle through which the particle is bent by the magnet.

The parameters are specified on an input data card as follows:

19 Type code = BENDY

2. IC,I1,INDEX (see Section 4.1, Data Input - General)

3. DUM(1) = Effective length L of magnetic field, in cm

L. DUM(2) = Magnetic field strength B, in kG

5. DUM(3) = Angle w between entrance and exit face of magnet, in deg

6. DUM(4) is blank

7. DUM(5) = Difference T between path length if principal trajectory
through magnet, and effective length L, in cm

8. DUM(6) = Entrance angle U between principal trajectory and normal

to magnet face, in deg
For more information on T (7 above), see the remarks at the end of

Section 4.5.
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4.7 Double Focusing Magnet

PRINCIPAL TRAJECTORY

The program calculates the particle co-ordinates relative to the princi-

pal trajectory from the equation

( 3 r 3
X XO
% Xo’
= M
b Yo
¥ Yo~
\ / L O V,
where
( sin Y1-n w )
cos VI-n w —_—— 0 0
4 V1-n
-1-n §JIL7;L313L cos v.il=n 0 0
M =
0 0 cos Vn w p sin Vn w
0 0 -/F-ELQEZEJ£ cos Vn w
\ )
where |
n=gz
w = angle of bend
p = radius of curvature

The principal trajectory is assumed to enter and exit the magnet

normally.

The parameters are specified on an input data card as follows:



6.
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Type code = SPECT
IC,I1,INDEX (see Section 4.1, Data Input - General)
DUM(1) = Effective length L of magnetic field between entrance
and exit of principal trajectory, in cm
DUM(2) = B

DUM(3) = Angle w through which principal trajectory is bent,
in deg

DUM(4) to DUM(6) are blank

The card is FORMAT (5A1,I1,212,6F10.0).

4.8 Beam Spot Parameters

Each input deck of data cards must contain two cards specifying the

beam spot and angular range in which particles are produced. These cards

are of the following kind:

First Card

3.

Type code = XSIZE

2 I1C,I1 (see Section 4.1, Data Input - General)

3. DUM(1) = Horizontal full width, XMAX, of beam spot on target, in cm

L, DUM(2) = Full width, DXMAX, of uniform initial distribution in
horizontal angle XT’, in mrad

5. DUM(3) = Central value X of beam spot on target in horizontal
direction, in cm

6. DUM(4) = Central value, DXMAXC, of uniform initial distribution in
horizontal direction XT’, in mrad

7. DUM(5) and DUM(6) are blank

Second Card

L5 Type code = YSIZE

2. 56:1]

3 = 6. Same as first card, replacing horizontal by vertical
parameters

These cards are FORMAT (5A1,I1,12,2X,6F10.0).

The values of DXMAX and DYMAX should be chosen large enough to fill the

aperture of the apparatus, i.e. a plot of accepted events versus initial

angle should go to zero at the ends.



R =

NUMBER OF
ACCEPTED
PARTICLES

DXMAXC

v Xp-

4—— DXMAX ———

Making DXMAX or DYMAX too large merely reduced the efficiency of the
program, since then a large number of particles have no chance of being

accepted by the system.

4.9 Interchange of Axes

At any point in the system the horizontal and vertical axes may be
interchanged. This is used, for example, when a bending magnet bends the beam
in the vertical direction, or when the vertical distribution of particles at
the end of some drift region is desired. A single input data card is needed

each time the axes are interchanged

£ Type code = ROTAT
2 IC,I1 (see Section 4.1, Data Input-General)
3. DUM(1) to DUM(6) are blank

The card is FORMAT (5A1,I1,12,2X,6F10.0).

L.10 Particle Momentum Parameters

Each input deck of data cards must contain a card specifying the

particle momentum parameters. This card is of the following kind:

& Type code = POBBY (0 = alphabetic)
2; IC,I1 (see Section 4.1, Data Input - General)
3. DUM(1) = Central momentum Po> of uniform initial momentum distri-

bution, in GeV/c

L, puM(2) = Full width PMAX of uniform initial momentum distribution,
in GeV/c
5. DUM(3) = Momentum of principal trajectory Pes in GeV/c. This

trajectory is the reference trajectory with respect to
which all displacements are measured. |If pciis left

blank, the program automatically puts P. = Poe
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6. DUM(4) = Threshold energy TTHR, below which particles are assumed
to be lost to the system, in GeV.
7. DUM(5) and DUM(6) are blank

The card is FORMAT (5A1,I1,12,2X,6F10.0).

The value of PMAX should be greater than the momentum acceptance of the
system, i.e. so that a plot of accepted events versus initial momentum goes

to zero at the extremities:

NUMBER OF
ACCEPTED
PARTICLES
: ¥ o g MOMENTUM (p)
e PMAX >

Making PMAX too large reduces the efficiency of the program, since then

a large number of particles have no chance of being accepted by the system.

L.11 Particle Mass and Other Parameters

Every input deck of data cards must contain a card giving information
about the particles being traced through the system. This card is of the

following kind:

% Type code = MASSH
2 IC,I1,INDEX (see Section 4.1, Data Input-General for IC,Il)
Here, if INDEX # 0, this means that the particle can decay,

and a following card is needed to specify the decay

products.

3. DUM(1) = Particle mass, in GeV/c?

L. DUM(2) = Absorption cross section o, of the particle on a nucleon,
in mb

5. DUM(3) = Nuclear scattering cross section oy of the particle on a

nucleon, in mb



6.

7.
8.

DUM (L)
DUM(5)

]

- 20 -

Lifetime of particle T in nsec

Scale factor, SCALE (see section 3.1, Decay)

DUM(6) is blank

The card is FORMAT (5Al1,I1,2I2,6F10.0).

If INDEX # 0, the following card must contain the parameters:

[le
25

DUM(1)

DUM(2)

DUM(3)

DUM (4)

DUM(5)

DUM(6)

108

Branching ratio a(l) into first two-body final state
decay mode

Mass of decay product of first two-body decay mode,

in GeV/cZ, which is to be traced on through the system
after decay

Mass of other decay product of first two-body decay mode,
in GeV/c2

Branching ratio a(2) into second two-body final state
decay mode

Mass of decay product of second two-body decay mode, in
GeV/c?, which is to be traced on through the system after
decay

Mass of other decay product of second two-body decay mode,
in GeV/c?

The card is FORMAT (10X,6F10.0).

4L.12 Initialization of Random Number Generator

Each input deck of data cards must contain a card to initialize the

random number generator. The random number generator operates by multiplying

an integer by 65539 to form a new integer. The least significant part of

the new integer is then normalized to be between 0 and 1 to give the required

random number.

SO on.

torrepeat.

The new integer is used to form the next random number, and

A total of 229 random numbers is obtained before the sequence starts

The starting integer is specified on a data card as follows:

195
2

3.

Type code - INITK
IC,I1 (see Section 4.1, Data Input - General)

DUM(1) = RANDOM NUMBER INITIALIZER, any odd number < 9 digits in

length
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4, DUM(2) to DUM(6) are blank
The card is FORMAT(5A1,11,12,2X,F10.0).

When changes are made to a system, and it is desired to see the effect,
the random number initializer should be reset to the value used in the first

run. This reduces statistical fluctuations.

4.13 Number of Trials

Each input deck of data cards must contain a card specifying the number
of particles to be traced through the system. This card is of the following

kind:

1 Type code - GROUP

2, IC,I1

3. DUM(1) = Number of blocks, NSET, of particles to be traced through
the system

L. DUM(2) = Number of thousand particles, NT, in each block

DUM(3) = A parameter NORM
DUM(4) to DUM(6) are blank

The program prints out the cumulative results up to that point after
each block of particles. A total of NSET x NT x 1000 particles is traced in
a single run. |If the final results are to be normalized to the final number
of particles accepted by the system, then the value of NORM should be greater

than zero; otherwise the non-normalized results will be printed.

This card is FORMAT (5A1,11,12,2X,6F10.0).

4L.14 Distributions

Particles accepted by the system may be classified into '"bins' to give
distributions in a variety of ways. Thus, for instance, the program will
give the number of accepted events in 'bins' corresponding to the initial
momenta of the particles, i.e. a distribution of accepted events as a func-
tion of initial momentum may be obtained. In this case the 'space' consists
of just one 'dimension', initial momentum. More complicated distributions
may be calculated, for instance the number of accepted events as a function
of both initial momentum of the particles and horizontal position at the end

of some specified drift region. |In this case the 'space' has two
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'dimensions'. Distributions in 'spaces' of up to twenty 'dimensions' may be
obtained, with a maximum of 999 'bins' in any 'dimension'. In any one run
up to seven 'spaces' may be defined, provided the total number of 'bins' in
all 'dimensions' is less than 15,000. The total number of 'bins', NB’ in

all 'dimensions' is given by:

N, = ) PRODUCT (no. of bins in
spaces dimensions each dimension)
in each space

Distributions in all 'spaces' specified are printed out at the end of

the run. Any of the following 'dimensions' may be specified:

a) Initial momentum of the particles

b) Starting position along the length of the target

c) Initial displacement or deviation in the horizontal plane

d) Initial displacement or deviation in the vertical plane

e) Momentum at the end of some specified drift region in the system
f) Horizontal displacement or deviation at the end of some specified

drift region in the system

The feature enabling interchange of vertical and horizontal axes may be
used to obtain distributions as a function of vertical displacement or

deviation at the end of any drift region.
Distributions may be obtained for the following:

g) Particles initially accepted by the system, in the absence of
decay, scattering, absorption or energy loss

h) Particles finally accepted by the system, in the presence of decay,
scattering, absorption and energy loss

i) Decay products only

The necessary parameters are specified on data input cards of the

following type:

First card

1 Type code = NSPAC

2 IC,I1 (see Section 4.1, Data Input - General)

3. DUM(1) = Number of 'spaces', NSPACE = 0, in which distributions are
required. |f NSPACE = 0, no multidimensional analysis is

done.
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L. DUM(2) = A code parameter NW, for which

NW = 0 gives distributions of particles initially accepted
by the system (g above)

NW

]
-

gives distributions of particles finally accepted
by the system (h above)

NW = 2 gives distributions for decay products only (i above)

5. DUM(3) to DUM(6) are blank
This card is FORMAT (5A1,I1,12,2X,6F10.0).

Second card

1. 108
DUM(1)
DUM(2)

N

Number of 'dimensions' in first "space'

Number of 'dimensions' in second 'space'

w

Up..to N S'P AiC E
This card has FORMAT (10X,7F10.0)
Up to seven 'spaces' may be specified in one run.

A single card now follows for each 'dimension' in each 'space'. Each

card contains the following parameters:

| The type of 'dimension' J
a) = BP = momentum
b) = BX = displacement in horizontal plane
c) = DX = deviation in horizontal plane
d) = BY = displacement in vertical plane
e) = DY = deviation in vertical plane
f) = BT = starting position along length of target
2. DUM(1) = Region number I where distribution of this 'dimension'
is required
3. DUM(2) = Number of bins required in this dimension
L. DUM(3) = Full width S of dimension J, in appropriate units
(GeV/c)
5. DUM(4) = Central value C. of dimension J, in appropriate units

(GeV/c, cm or mrad)

6. DUM(5) to DUM(6) are blank

This card is FORMAT (A2,8X,6F10.0).
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Distributions of type d), e) or f) above may only be obtained for
I =1, i.e. at the target. |f vertical distributions are required elsewhere,

interchange of horizontal and vertical axes can be used.

L.15 End of Case and End of Data

The program will do up to ten cases or runs with one block of data
cards. After all the data cards for one case have been read in, a card of

the type
1% Type code = ENDBYP
causes the program to begin calculations on that case.

Changes may be made in the parameters for particular elements for the
next case using the code (IC) as specified in Section 4.1, Data Input -
General. After all the changes have been made, a card with type code = END
will cause the case to be run. When all cases have been run, the program is

terminated by means of a card of the type

Is Type code = FINIE.
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ERROR MESSAGES

On encountering certain input errors, error message are printed out and

execution of further calculation is stopped. Most of these messages are

self explanatory. Calculation is stopped for the following reasons:

1)

2)

h)

5)

Invalid ELMENT code parameter - The entire input card and its position

in the data deck is printed out. Execution is terminated.

Incorrect number of transport elements - |f the number of transport
elements read is less than or greater than NEL, the appropriate message

is printed and execution terminated.

IC > 2 - A change parameter not one of 0, 1 or 2 is meaningless, and

execution is terminated with appropriate message.

Invalid region parameter (I1) - If in the second and subsequent runs a
region number is undefined, the offending card input is printed and

execution terminated. It should again be stressed that if an element
has been deleted (inserted) all region numbers are decremented (incre-

mented) by unity immediately upon deletion (insertion).

Normal run termination - When FINI has been read a message is printed

out and execution terminated.
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EXAMPLES

6.1 Example 1

A quadrupole spectrometer using time of flight

The spectrometer consists of a quadrupole triplet focusing protons onto
a detector ten metres from the target. The required field gradients in the
quadrupoles were first calculated using the program TRANSPORT.!1! The present
program was then used to calculate the solid angle and momentum acceptances
of the spectrometer. The data cards used are shown on page 28. Note

the following points:

1) The target length was assumed to be negligible. Hence ST is not
important and was put equal to zero.

2) Cards 3 and 5 define the entrance and exit apertures of the first quad-
rupole, which are assumed to be 4'' x 4'' squares. Cards 6, 8 and 9, 11
do the same thing for the other two quadrupoles.

3) Card 13 defines the aperture of the detector, 2 x 2 cm?.

L) The target spot sizewas 0.5 x 0.5 cm? and the central momentum was 200 MeV/c.

5) The system was assumed to be vacuum throughout.

The following pages give the output from the program. The program first
prints out the input parameters, with some minor changes. These are:
1) angles are in radians

2) the lifetime is in seconds

The program then prints out the results of its calculations. Most of

this is self explanatory except for the following:

1) The most important result of the calculation is
SOL IDANGLE*MOM.RES = 0.291937E-4 STERAD-BeV/c
The quoted error is the statistical error arising from the number of
particles traced through the system. |If the values of PMAX, DXMAX or
DYMAX were too small, however, unknown systematic errors would arise.
2) The correction factor gives the ratio of PARTICLES ACCEPTED INITIALLY/
PARTICLES ACCEPTED FINALLY. The same considerations about the quoted
error apply here. |In this particular case, since no physical inter-
actions such as decay, scattering, etc., take place, the correction

factor is identically equal to 1.0.
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In the distribution of particles as a function of initial conditions,
the columns headed FINAL.NOT(INITIAL) give the number of particles
finally accepted which were initially rejected, as a function of the
various parameters. Here initially means with no scattering, decay or
energy loss, and finally means with scattering, decay and energy loss.
In this particular spectrometer, since there is vacuum throughout, and

no particles decay, these columns are always zero.
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6.2 Example 2

A single bending magnet spectrometer

This spectrometer consists of a single bending magnet, with an angle of
bend of 27 deg, and with spark planes on either end of the magnet and 200 cm
for the exit of the magnet. A scintillation counter for triggering purposes
is placed just in front of the magnet. The program calculated two cases in

this run:
1) The solid angle and momentum acceptance of the total system

It is also desired to know the number of particles with a given initial
momentum as a function of position in the final spark plane. This is
accomplished by cards 12, 13, 14 and 15, which specify a 'space' of two
dimensions, P at the target and X in the final spark plane. The system
is assumed to be vacuum throughout except for the scintillation counter
(cards 4, 5 and 6).

2) The momentum resolution, assuming wire spacings of 0.10, 0.14 and

0.24 cm in the first, second and third wire planes, respectively

Since the angular acceptance of the single wire spacings is very small
in the horizontal direction, the value of DXMAX is reduced as well as
PMAX, to keep a reasonable efficiency. This example illustrates how
elements are changed and how distributions as a function of desired

variables are obtained using NSPAC.

One point in the output deserves mention. In the 'DISTRIBUTION OF
PARTICLES FINALLY ACCEPTED' is given the number of particles as a function
of P (target) and X (at region 6). The final number for each value of X (6)
is the total, summed over all momenta, counted at that position. This is the

single number which appears every second line.



TARG
DRIFT
DRIFT

BEND
DRIFT
DRIFT
INIT
GROUP
NSPAC
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END
DRIFT 6
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END

FINI
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6.3 Example 3

A spectrometer consisting of a quadrupole pair and two bending magnets

This spectrometer consists of a quadrupole pair focusing the particles
through two vertical 45 deg bends onto a spark chamber plane. Parallel to
point focusing horizontally and point to point focusing vertically is used,
the required quadrupole fields being obtained using TRANSPORT.11 A
scintillation counter is located just after the second bend. Since the
bends are in the vertical plane, the element ROTAT is used just before the
first bending magnet. The particles traversing the system are assumed to be
pions, which decay in flight, with a lifetime of 26.08 nsec. Absorption and
nuclear scattering can also occur. This leads to fractional numbers of
particles occurring in the output, since whenever an interaction occurs in

the scintillation counter, a calculated fraction is assumed to be absorbed.
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