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INTRODUCTION

TRANSPORT is a first- and second-order matrix multiplication computer
program intended for the design of static-magnetic beam transport systems,
It has been in existance in various evolutionary versions since 1963. The
present version, described in this manual, includes both first- and second-

order fitting capabilities,

Many people from various laboratories around the world have contribu-
ted either directly or indirectly to the development of TRANSPORT. The
1)

first-order matrix methods were developed by the AGS machine theorists
followed by a paper by mmsnmnnv. The extension of the first-order
matrix methods to include second and higher orders was conceived and

3)

developed by Brown, Belbeoch and Bounin ° in Orsay, France, in 1958-59.
The original first~order TRANSPORT computer program was written in BALGOL
by C.H. Moore at SLAC in collaboration with H.S. Butler and S.K. Howry in
1963. The second-order portion of the program was developed and debugged
by Howry and wuo&::v. also in BALGOL. The resulting BALGOL version was
translated into FORTRAN by S, Kowalski gt MIT and later debugged and
improved by Kear, Howry and Brown at SLACSY. 1In 1971-72, D. Carey at
FNAL completely rewrote the program and developed an efficient second-
order fitting routine using the mocvwwnm coefficients (partial derivatives)
of KcHﬂwwo~m components to the optics as derived by Brown®). This version
was implemented at SLAC by F. Rothacker in the early spring of 1972 and
subsequently carried to CERN in April, 1972, by K.L. Brown. C. Iselin

of CERN made further contributions to the program structure and

improved the convergence capabilities of the first—-order fitting routines,

A standard version of the resulting program has now been adopted at
SLAC, FNAL, and CERN. This manual describes the use of this standard
version and is not necessarily applicable to other versions of TRANSPORT.

Coples of this manual may also be obtained from

1) The Reports Office, CERN, 23 Geneva, Switzerland (Ref. CERN 73-16).

2) The Reports Office, Fermi National Accelerator Laboratory, P.0. Box.500,
Batavia, IL 60510 (Ref. NAL-91).
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A standard version of TRANSPORT has been implemented on the IBM 360,
zmwnm the FORTRAN H compiler. It requires approximately 270,000 bytes of
memory for operation. It is normelly distributed on 9 track magnetic tape

at 800 BPT having a standard sz label. This program may be obtained from

Frank Rothacker

TRANSPORT Program bpduwaums

Mz il Bin 88

Stanford Linear Accelerator Center
P. 0. Box 4349

Stanford, CA 94305

Furopean users are encouraged to obtain the program from

Ch. Iselin

CH-1211

CERN

23 Geneva, Switzerland

PDP 10, IBM and CDC users may also obtain the program from

D. C. Carey

Fermi National Accelerator Laboratory
P. 0. Box 500

Batavia, IL 60510

Using the program at SLAC )
All input data must be in the form of 80 byte records. Columns 1-72 are

processed by the program, and columns 73-80 are treated as comments. Usually
columns 73-80 are used as the line number identification field. The job control
language deck setup for operating the program at SLAC is as follows:

// job card information

//STEP1. EXEC PGM=TRANS, REGION=280K

//STEPLIB DD DSN=WYL.CG.FXR.L, DISP=SHR

//FT04F001 DD. SYSOUT=B

//FT06F001 DD SYSOUT=A

\\m:h.,omm_eo_. DD *
transport data deck goes here

The present authors assume responsibility for the contents of this
manual, but in no way imply that they are solely responsible for the entire

evolution of the program.
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MATHEMATICAL FORMULATION OF “TRANSPORT" *)

General conventions

A beam line is comprised of a set of magnetic mHmEmnnm placed se-
quentially at intervals along an assumed reference trajectory, .The refer-
ence trajectory is here taken to be m.vmn: of a charged particle passing
through idealized magnets (no fringing fields) and having the central

design momentum of the beam line.

In TRANSPORT, a beam line is described as a sequence of elements,
Such elements may consist not only of magnets and the intervals between
them, but also of specifications of the input beam, calculations to be done, -
or mvmnwmw configurations of the magnets. A certain relation, described
below, of the magnets and their fields to the assumed reference trajectory
is considered normal. Alternative configurations can be described by

means of elements provided for such purposes.

The two coordinates transverse to the initial reference trajectory
are labelled as horizontal and vertical. A bending magnet will normally
bend in the horizontal plame. To allow for other possibilities a coordi-
nate rotation element is provided. Because of such other possibilities,
when describing bending magnets we shall often speak of the bend and non-
bend planes. The transverse coordinates will also oftem be labelled x

and y, while the longitudinal coordinate will be labelled z.

All magnets are normally considered "aligned" on the central trajec—
tory. A particle following ﬁ:m.nmsnnw~ mnmumnﬁcﬂw through a magnet ex—
periences a uniform field which begins and ends abruptly at the entrance
and exit faces of the idealized magnet. Therefore, through a bending
magnet the reference nﬂmumnHOﬂ%,wm the arc of a circle, while through all
other magnetic elements it is a straight line. To accommodate a more
gradual variation of field at the ends of a bending magnet a fringing
field element is provided. In order to represent an orientation with
respect to the reference numumnnonw other than normal of a me:mn or

section of a beam line, a misalignment element also exists.

The magnetic field of any magnet, except a solenoid, is assumed to

have midplane symmetry. This means that the scalar potential expanded:

%) For a more complete description of the mathematical basis of TRANSPORT,
refer to SLAC-75 :v. and to other references listed at the end of this
manual,
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in transverse coordinates about the reference trajectory is taken to be
an ‘odd” function of the vertical coordinate. If a coordinate rotation is
wnnwrmmn. then the potential is odd in the coordinate to which the verti-
cal has been rotated, For a bending magnet this will always be in the

non~bend plane.

The program TRANSPORT will step through the beam line, element by
element, calculating the properties of the beam or other quantities, des-
cribed below, where requested, Therefore one of the first elements is a
specification of the phase space nmeoa occupied by the beam entering the
system, Magnets and intervening spaces and other elements then follow
in the. sequence in which they occur in the beam line, Specifications of
calculations to be done or of configurations other than normal are placed

in the same sequence, at the point where their effect is to be made,

" The transfer matrix R’

The wowposwum of a charged particle through a system of magnetic
lenses may be reduced to a process of matrix multiplication., At any spe-
cified position in the system an arbitrary charged particle is represented
by a vector (single column matrix) X, whose components are ‘the positions,
angles, and momentum of the particle with respect to the reference trajec-

tory, i,e.

]
(]
o = B 9 0?4.

Definitions:

x = the horizontal awmuwmomlmun of the arbitrary ray with respect
to the assumed central trajectory, .

8 = the angle this ray makes in the horizontal plame with respect
to the assumed central trajectory,

y = the vertical displacement of the ray with nmmvmmn to the
assumed central trajectory.

¢ = the vertical angle of the ray with respect to the assumed

central trajectory.

|m|

% = the path length difference between the arbitrary ray and the
central trajectory. )
6 = Ap/p is the fractional momentum deviation of the ray from the

assumed central trajectory.

This vector, for a given particle, will henceforth be referred to as
a ray, The Emmlmnwn lens is represented to first order by a square
matrix R, which describes the action of the Emmtmn on the particle coordi-
nates, Thus the passage of a charged particle through the system may be

represented by the equation

X(1) = RX(0) , eB}

where X(0) is the initial coordinate vector and X(1) is the final coordi-
nate vector of the particle under consideration, The same transformation
matrix R is used for all such particles traversing a given Ewmﬂmn.ﬁoum

particle differing from another only by its initial coordinate vector NAOVu.

The traversing of several magnets and interspersing drift spaces is
described by the same basic equation, but with R now being replaced by the
product matrix R(t) = R(n) ... R(3)R(2)R(1) of the mﬂmw<wmcmw matrices of
the system elements. This cumulative transfer matrix is automatically
calculated by the program and wm,anHmm TRANSFORM 1, It may be printed
where desired, as described in later sectionms,

This formalism may be extended to second order by the addition of

4)

another term ’°, - The components of the final coordinate vector, in terms

of the original, are now given as

X, (1) =/ R.. X.(0) +/,T... X.(0)X(0),
i 3 ij 7j E ijk 7] e

=

where T is nﬁm second~order transfer matrix, It too is accumulated by the
program as one traverses a series of elements. At each point the series

is again truncated to second order. Normally the program will calculate
only the first-order terms and their effect. If it is desired to include
second-order mmmmnnm in a beam line, an element is provided which specifies
that m.mmnoanronamw calculation is to be done, For more information on

the T matrix, see the references at the end of the manual,
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The following of a charged particle via TRANSPORT through a system
-of magnets is thus anmalogous to tracing rays through a system of optical
lenses. The difference is that TRANSPORT is a matrix calculation which
truncates the problem to either first- or second-order in a Taylor's

expansion about a central trajectory, For,studying beam optics to Mmenmﬂ

precision than a second-order TRANSPORT calculation permits, ray-tracing

programs vhich directly integrate the basic differential equation of motion

are recommended’’.

The beam matrix a

In accelerator and beam transport systems, the behaviour of an indi- .
vidual particle is often of less concern than is the behaviour of a bundle
of particles (the beam), of which am individual particle is a member., An
extension of the matrix algebra of Eq, (1) provides a comvenient means for
defining and manipulating this beam. TRANSPORT assumes that the beam may
be correctly represented in phase space by an ellipsoid in the six~
dimensional coordinate system described above., Particles in a beam are
assumed to occupy the volume enclosed by the ellipsoid, each point re-
presenting a possible ray., The sum total of all phase points, the phase
space volume, is commonly referred to as the "phase space" occupied by

the beam,

The validity and interpretation of this phase mHHmvmm formalism
must be ascertained for mmow system being designed. However, in general,
for charged particle beams in, or emanating from accelerators, the first-
order phase ellipse formalism of TRANSPORT is a reasonable representation
of physical reality. For other applications, such as charged particle

spectrometers, caution is in order in its use and interpretation.

The equation of an n-dimensional ellipsoid may be written in matrix

form as follows: .

T, -1 ‘
X(0)"c(0) 'X(0) =1, (2)
, .
where Nons is the transpose of the coordinate vector X(0), and o(0) is

a real, positive definite, symmetric matrix,

The volume of the n-dimensional ellipsoid defined by sigma is

ﬁsn\w\ﬁﬁu\n + Hvu (det va. The area of the projection in one plane is

-7 -

A = m(det Qﬂvw. where 0; is the submatrix corresponding to the given

plane. This is the "phase space" occupied by the beam.

. As a particle passes through a system of magnets, it undergoes the
matrix transformation of Eq. (1), Combining this nﬂmbmWOﬂanwou with
the equation of the initial ellipsoid, and using the identity R = I
(the unity matrix), it follows that

2 ®RT o0y~ R-IRX(0) = 1

from which we derive
T T~} '
[rx()][ro0)r" ] [rRX(0)] =1 . (3
The equation of the new ellipsoid after the transformation becomes

x0Tk =1, 4)

where

o(1) = Ra(O)RT . . (5)

It can readily be shown that the square roots of the diagonal terms
of the sigma matrix are a measure of the "beam size" in each coordinate.
The off-diagonal terms determine the orientation of the ellipsoid in
n~dimensional space (for TRANSPORT n = mv*v. Thus, we may specify the
beam at any point in the system via Eq. (5), given the initial "phase

space" represented by the matrix elements of G (0),

. The initial beam is specified by the user as one of the first ele~
ments of the beam line, Normally it is taken to be an upright ellipse
centred on the reference trajectory; that is, there are no correlations
between coordinates, Both correlations and centroid displacements may

be introduced via additional elements,

*) See the Appendix of this report (to be published under a separate

cover), or the Appendix of Ref. 5, for a derivation of these statements.



-8 -

The phase ellipse may be printed wherever desired. For an interpreta-

tion of the parameters printed see the section under d%um code 1.0.

When a second-order calculation is specified, the second-order matrix

elements are included in the beam matrix.

Fitting

Several types of physical elements have been incorporated in the pro-
gram to facilitate the design of very general beam transport systems. In—
cluded are an arbitrary drift distance, bending magnets, quadrupoles,
sextupoles, solenoids, and an mnomwmurnon section (to first-order omly),
Provision is made in the program to vary some of the physical parameters
of the elements comprising the system and to impose various constraints
on the beam design. In a first-order run one may fit either, the
TRANSFORM (R) matrix representing the transformation of an arbitrary ray
through the system and/or the phase ellipse (sigma) matrix ﬂmvummmsnwnm
a2 bundle of rays by the system as transformed, In a second-order run one
may fit either the second-order TRANSFORM (T) matrix or minimize the net

contribution of second-order terms to the beam (sigma) matrix,

The program will normally make a run through the beam line using
values for the physical parameters as specified by the user and printing
the results, If constraints and parameters to be varied are.indicated,
it will attempt to fit, To do this it will make an additional series of
runs through the vmmi line. Each time it will calculate corrections to
be made from the previous step to the varied parameters to try to satisfy
the indicated constraints, When the constraints are satisfied (or the .
fitting procedure has failed) the program will make a final run through
the beam line again printing the wmmcwnu. In this final run the values
_of the physical parameters used are those which are the result of the

fitting procedure,

Thus, in principle, the program is capable of searching for and
finding the first- or second-order solution to any physically realizable
problem. In practice, life is not quite so simple, The user will find

that an adequate knowledge of geometric magnetic optics principles is a

|@|

necessary prerequisite to the successful use of TRANSPORT. He (or she)
should possess a thorough understanding of the first-order matrix algebra
of beam transport optics and of the physical interpretation of the various

matrix elements,

In other words, the program is superb at doing the numerical calcu-~
lations for the problem but not the physics, The user must provide a
reasonable physical input if he (or she) expects complete satisfaction
mnoa,hzm program, For this reason a list of pertinent reprints and
references is included at the end of this manual, They should provide

assistance to the inexperienced as well as the experienced user,
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INPUT FORMAT FOR TRANSPORT

By the TRANSPORT imput DATA SET is meant the totality of data read
by the program in a single job. A DATA SET may consist of one or more
problems placed sequentially, A problem specifies a calculation or set

of calculations to be done on a given beam line,

A problem, in turn, may consist of one or more problem steps. The
data in the first step of a problem specify the beam line and the calcu-
lations to be made., The data in succeeding steps of the same problem

specify only changes to the data given in the first step,

A common mxmsvww of a problem with several mnmvw.wm sequential
fitting, In the first step one may specify that certain parameters are
to be varied to satisfy certain constraints., Once the desired fit has
been achieved the program will then proceed to the next step. The data
in this step now need specify only which new parameters to vary, or old
ones no longer to vary, or which constraints to add or delete, The values
of the varied parameters that are passed from one step to the next one

are those that are the result of the fitting procedure.

A problem step contains three kinds of DATA cards: the TITLE card,
the INDICATOR card, and the ELEMENT cards.

The TITLE card contains a string of characters and blanks enclosed
by single quotes, Whatever is between the quotes will be used as a’

heading in the osnch of a TRANSPORT run,

The second card of the input is the INDICATOR card, If the data
which follow describe a new problem, a zero ho%.wm punched in any.column
on the card, If the data which follow describe changes to be made in
the previous problem step, a one (1) or two (2) is punched in any
column on the card. For further explanatien read the Indicator Card

section of this manual,

The remaining cards in the deck for a given problem step contain the
DATA describing the beam line and the calculations to be done, The DATA
consist of a sequence of elements whose order is the same as encountered

as one proceeds down the beam line, Each element specifies a magnet or

- 11 -

portion thereof or other piece of equipment, a drift space, the initial
beam phase space, a caleculation to be done, or a print instruction.
Calculation specifications, such as misalignments and constraints, are
placed in sequence with the other beam line elements where their effect
is to take place. The imput format of the cards is Yfree-field", which
is described below. The data for a given problem step are terminated by

the word SENTINEL, which need not be punched on a separate card.

Each element, in turn, is given by a sequence of items (mostly
numbers), separated by spaces and terminated by a semicolon. The items,
in order, are a type code number, a vary field, the physical parameters,

and an optional label.

The type code number identifies the element, indicating what sort
of entity (such as a magnet, drift space, conmstraint, etc.) is represented.
It is an wnwmwmn (number) followed by a decimal point, The interpretation
of the physical parameters which follow is therefore dependent on the type
code number, The type code numbers . and their ammuwnmm are summarized in
Table 1. 1If the type code number is negative, the element will be ignored
in the given problem step. However, storage for that element will be
allocated by the program, so that the element may be introduced in a later

L
step of the same problem, Storage space for any element in any problem

step must be allocated in the first step of the problem.

The vary field indicates which physical parameters of the element
are to be adjusted if there is to be any fitting. It is punched immedia-
tely (no intervening blanks) to the right of the decimal point of the
type code number, See the section under type code 10,0 for an explana-

tion of the use of vary codes.

The physical parameters are the quantities which describe the
physical -element represented, Such parameters may be lengths, magnetic
fields, apertures, rotation angles, beam dimensions, or other quantities,
depending on the type code number. The meanings for the physical para-
meters for each nqvm code are described thoroughly in the section for that
type code. A summary, indicating the order in which the physical para-
meters should be punched, is given in Table 1. For any element the first

physical parameter is the second entry in Table 1 or the second parameter
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-13 =
in the section describing a given element. In some cases the parameters of an 2.47
element do not really refer to physical quantities, but will nevertheless he re- .00247+3
ferred to as such in this manual, ) . -0247E+02
. . 247E-2
The label, if present, contains one to four characters and is enclosed by i ‘ 247000-5

single quotes, slashes, or equal signs. During the calculation the elements
will be printed in sequence and the label for a given element will be printed with
that element. - Labels are useful in problems with many elements and/or when
sequential fitting is used, They must be used to identify any element to be
changed in succeeding steps of a given problem.

The sample problem below contains two problem steps, each beginning
with title and indicator cards and terminating with a SENTINEL. The first
step causes TRANSPORT to do a first—order calculation with fitting, The
second initiates a second-order calculation with the data that is a result

of that fitting, Corresponding elements between the two steps are identi-
Provision has been made in the program to allow the user to introduce - fied by having the same label.

comments before any type code entry in the data deck, This is accomplished by
enclosing the comments made on each card within single parentheses,

The type ten element which specifies the fitting condition is labelled
; FIT1, It is active for the first-order calculation, but is turned off for
Each element must be terminated by a semicolon (;). Optionally a semi~ the second-order calculation, The vary codes for elements DRl are set to
colon may be replaced by an asterisk (*) or a dollar sign ($). Spaces before zero for the second-order problem, The second-order element, SEC1, is
and after the semicolon are allowed but not required. If the program encounters .

a semicolon, dollar sign, or asterisk before the expected number of parameters

ineffective during the fitting, but causes the program to compute the

second~order matrices in the second calculation.

has been read in and if the F&nﬁou card was a zero (0), the remaining param-
eters are set to zero, If the indicator card was a one (1) or two (2), then the
numbers indicated on the card are substituted for the numbers remaining from
~ the previous solution; all other numbers are unchanged,

The "free-field" input format of the data cards makes it considerably
easier to prepare input than the standard fixed-field formats of u.ow.ww.bz.
Numbers may be punched anywhere on the card and must simply be in the proper
order. They must be separated by one or more EMEG. Several elements may
be included on the same card and a single element may continue from one card
to the next. A single number must be all on one card; it may not continue from
one card to the next. The program storage is limited to a total of 2000 loca-
tions (including type codes and those parameters not punched but implied equal
to zero) and 500 elements,

A decimal number (e.g., 2.47) may be represented in any of the following
ways:
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An Example of a TRANSPORT Input Deck

'FORTRAN H CHECK ON BETA FIT' Title card 4
0o : Indieator card

1 .51 .51 .511

e
-

-17 ‘'sEcl' ; 13 3
3.3 N.upm. 'DR1" " First problem

, step
2 0 ;3 4 9.879 10 .5 ; 2 0 ;5 Elements

3.3 2,745 'DRL' ;

13 4 3

10 -1 2 0 .0001 'FITL' 3 )

SENTINEL . /

*SECOND ORDER' Title card #

1 v Indicator card

17 'SEC1' : [ Second problem
Elements to be step

3 'DR1' ; changed

-10 'FITL' ; %

SENTINEL

SENTINEL Second asentinel signifies end of run.

As many problems and problem steps as one wishes may be stacked in

one job.

Note that in previous versions of TRANSPORT a decimal point was

required with every numerical entry except the wﬂ&wnwﬂon card (which

must mot have a decimal point in any version of TRANSPORT).

o~ 15 -

The use of labels

The use of labels is available for identification of individual
elements. When inserted for the user's convenience, the association of
a label with a given element is optional. If the parameters of an ele-
ment are to be changed between steps of a given problem, a label is re-
quired, The wmwmw identifies the element in the earlier step to which

the changes specified in the later step are to apply.

The label may be placed anywhere among the parameters of a given
element, It should be enclosed in quotes, slashes, or equal signs.

Blanks within a label are ignored. The maximum length of a label is
four non-blank characters,

As an example, the following all denote the same drift space:

'ORF' 3, 1.5 ;
3/DRF/15-1%
3. L15E1 =DRF= §

On a 15.0 type code element the label may not be the third item.

This is to avoid ambiguities with the unit name. Thus the following are
not equivalent:

This entry is used as the units symbol.

h This entry is used as a label.

—

15. 1. 'FT' cM' H

5. 1. 'eM' Pt

If the vmﬁm!mnm&m describing an element are to differ in succeeding
steps of a given problem the element must be included in both steps,
having the same label each time. All elements which appear in a problem
must be included in the first step (indicater card 0) of that problem.
Only those to be changed in later mnoum.ﬁmmm to be labelled. In later
steps (indicator card 1) of a problem only those elements to be changed

are specified. The elements to be changed are identified by their labels.

1f the type code number of an element is negative in a given step
of a problem, that element will be ignored when the calculation is per—
formed. However, .storage space in the computer will be allocated for the
element for possible activation in later steps of the problem. 1In the

later step, only those parameters to be changed need to be specified.
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The storage space allocated for the parameters of a given element is de-
termined only by the type code, The sole exceptions are the continuation
codes for type codes 1,0 and 14.0.

For example, if a fitting comstraint is to be ignored in the first
step of a problem, but activated in a later step, it should be indicated
in both steps, In the first step such an element might appear as

~10. 'FIT' :

In the later step one would then insert

10. 1. 2. 0.0 .001 'FITY

causing a waist comstraint to be imposed on the beam, Alternatively one
can specify the physical parameters in the first step and then, in the
later step, merely indicate that the element is now to be activated. The

above procedure is therefore equivalent to placing the element:
-10. 1. 2. 0.0 .001 'FIT' H

in the first problem step, and the element
10. 'FIT' 3

in the later step.

Vary codes may also be w:mmﬂnmm or removed in passing from one
problem step to the next. For instance, one might wish to vary the field
of a quadrupole in one step of a problem and then use the fitted value
as data in the following step, The first step might then contain the

\

element:
5.0 5.0 10.0 5.0 'QUAD' 3
and the following step would contain the element
5. 'QuaD' - 3

Since, in the second step, the first item on the card contains no vary
code the vary code is deleted. All other parameters, not being re-

specified, are left unchanged.

Several elements may have the same label. If, as in the above
example, one wished to vary the field of several quadrupoles in one step,

nﬁmn,mmmm the final values to the next step, onme could give all such

-17 -

elements mpo,mm.Em label. There might be four quadrupoles, all labelled
'QUAD!, being varied simultaneously. If the data for the next step contain the
single element ‘

5. '‘QUAD' - ;-
the vary code on all elements labelled 'QUAD' will be deleted.

The physical parameters of an element may be changed between steps of a
problem, In the first step a bending magnet may be given a length of 5 meters.

4, 5,0 10,0 0.0 'BEND' ;

In a succeeding step, its length could be increased to 10 meters by inserting the
element

4, 10,0 ‘'BEND' ;

All parameters, up to and including the one to be changed, must be specified.
The remaining, if n&onmn. will be left unchanged from the previous step.
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Table 1: Summary of TRANSPORT type cades .

AL TIPE nd srd atn Sth 6th Ith i QUTPUT FORMAT
PHYSICAL ELBENT | oord ENTRY ENTRY ENTRY TRy m_u:R ENTRY m:ﬁuz_ %_.__.E 3
BEAM Lt | xtam) o(wr) ) () 2(cm) 8 (peveent) P General appearance
| o i ION T {3 vvvto] ax(en) s9(mr) oy(cn) 24 ar) at(cw 88(percenty Tevrer 0 .
. roe B romarion | 2w nowe.or oegrees A Here :m. give a brief description of the general appearance of the
BRIFT v LENGTH (metres) - output and its meaning. The user may refer to the sample output shown
. FIELD GRADIENT ) . .
BENDING MAGWT | 4wy |LENGTH (metres) | PIELD (k) n-value) on pages 22 through 27. It is the printed output resulting from the
QUADRUPQLE S.vvl LENGTH (metres) FIELY (kG) HALF-APERTURE (cn) . - N
TRAKSEORS | PLATE | 6.0 00 Lo sample data shown in the section on input format. Tn a simple example
TRANSFORM 2 LPDMTE | 6.0 0.0 2.0 it is not possible to show each of the different type codes. Several of
. '|'BEAM CENTROID SHIFT | 7.wwvvvV |SHIFT {x)(cm) SHIFT (8) (mr) SHIFT (y){cm) SHIFT (8) (mr) SHIFT (&) (cw) SHIFT (& pavcent)
ALLGMENT TSR | B.vvvw0 [DISPLACHENT (1) () ROTATICR (8)(mr) | OLSPLACHENT () el RTATION (4 )ax) | DISPLACBAENT (e POTATION (o) | S5, the type codes produce oulput which 1s not characteristic of all other
REPEAT CONTFOL 9.0 o type codes. We therefore refer the user to the sections on the various
TFITTING CONSTRATNTS | 10.0 a1 3 TR OF | scamacy oF type codes for an explanation of any features peculiar to a given type code.
ELBMENTS FIT
- ‘Mote:  +1 is used for fitting s beam (1) matrix element. T is used for fitting an RI matrix clement. The output for each step of a given problem is printed separately.
~ {1 + 20} is used for fitting an RZ matrix element.
ACCELERATOR o NG (retres) |ESoherw quin) | ¢ (ohase 1ng) (SAVELENOTH) (cm) The printing for one step is completed before that for the next step is
_%n_..wna enipsey | 120 HE FIFTEEN CORMELATIONS AMONG THE SIX E (This catry mist be proceded by & type code 1.G entry.) begun. Therefore we will deseribe the output for a single problem step.
THPUT/DUTFRUT 15.0 CONTROL The output shown below is from a problem with two steps.
OPTIONS A CO0E NUMBER
ARBITRARY R MATRTX | 534, vwvwwwOf R(J,1) R, R(J,3) R(J,4) R(J,85) R(J,6) J
WITS CONTROL Initial HHm.n“_..w.ﬁ
T T SCALE FACTOR
_M hw.ﬂa ) 15.0 L] INIT SYMEOL (it recuired)
‘ For each problem ste th lo! i i '
QUARATIC Ty [0 |10 Q) - 8’ pain wmits nf transverse langth (am) P P, ¢ program begins by printing out the user's
HASS OF PARTICLES { 16.5- 3.0 Wm (dimensioniess) | m = mass of electron input records.
HALF-APERTIRE OF
BENDING MAGNET 16.0 4.0 w/z (om)
.—.z x-PLAE
HALF-APERIRE OF .
BENDING MAGNET 16.0 5.0 &2 (cm)
M y-PIAKE (gap)
'LENGTRE OF SYSTEM 16.0 6.0 L (motres)
@ﬂzﬁ%_ﬂﬁm‘q 16.0 7.0 Ki (dimens fonless)
R Rt | 16:0 8.0 ¥ (dimensianiess)
.r._.!<>.-._.=ﬁ (3
ENTRANCE FACE OF 16.0v 12.0 (/Ry} (1/matres)
BENTGENG MAGNET
CURVATURE OF
EXIT FACE OF 16.40v 13.0 (t/Rs) (1/metres)
"BENDING MACNET
FOUAL. . PLANE. f focal p i (dey .
TTArion k.o 150 gy R At
ey W [16.0v 16,0 Xy
16.0v 17.0 I

INITLAL BEAH LINE
e CORBINATE 6.0V [18.0

INETTAL BEAY LINE
IoRIZONTAL oL [ 16-0V [19.0

INITIAL BEAM LINE

N

VERTICAL ANGLE 16.0V 20.0 3
COND-ORDER 17.0
CALOMHATIONS
'SEXTUPOLE 18.0v LENGTH (mctros)- FIELD (kG) HALF-APERTURE (cm)’
‘SOLENOTD 19.vv LENGTII (nctres) FIELD (kG)
" . ANGLE OF
.nz_ ROTATION av ROTATION (degrces)
'SYRAY _FIELD 21,0 See later section of report,

5te:  The v's following the type codes indicate, the purameters which msy be varied. Sec scction under type code 10.0 for 3 detailed explanation of
Vary Codes. The units are standard TRANSPORT wnits (as slown) unless changed via type code 15.0 emtries.
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Listing during the calculation

The program now begins the calculation. If there is no fitting, one

listing of the beam line will be made. If there is fitting there will
normally be two listings. The first will represent the beam line before
any fitting has occurred. The second will be based on the new <ww=mm of
the physical parameters which were altered by the fitting process. If
sequential fitting is employed and an indicator card of two (2) is used

the first rum will be omitted. The user should read the section describ-

ing the indicator card fer further explanation. ¥

In any listing the elements are printed in order with theiz labels
and physical parameters. Elements with negative type code numbers are
ignored. Each listed mwmsmun is preceded by the name of that type of
element, enclosed in asterisks. All physical elements are listed in this
way. Some of the other elements are not explicitly listed but produce
their effect in either the calculated quantities or the listing of the
beam line. For descriptions of individual cases, the reader should

consult the sections on the type codes.

Calculated quantities appear in the listing as requested in the input
data, Important cases will be described in greater detail below., The
physical parameters for each element are printed with the appropriate
units, For some elements a calculated quantity, not in the input data,
will appear, enclosed in parenthesis, Such quantities are explained in

the sections under the individual type codes.

Calculated quantities

The important cases of calculated quantities which appear in the
output are the transfer matrices, the beam matrix, the layout coordinates,
and the results of the fitting procedure. The transfer and beam matrices
and layout coordinates appear as requested in the listing of the beam
line. The results of the fitting procedure appear between the two listings.

All these quantities are explained in greater detail below,

The transfer and beam matrices appear only where requested. A request
for printing of layout coordinates should be made at the beginning of the
beam line. The coordinates will then be printed after each physical element.

In all cases the quantities printed sre the values at the interface between

- 01 ~
two elements. They are evaluated at a point after the element listed above
them and before the element listed below. For further explanation of cal-
culated guantities the user should read the section on the mathematical
formulation of TRANSPORT and the sections on the appropriate type codes.
For the transfer matrix the appropriate type code is thirteen; for the beam

matrix it 1s one, and for the coordinate layout it is again thirteen.

Quantities relevant to the fitting appear between the two listings of
the beam line. At each iteration of the fitting procedure a line is printed
containing the value of the relaxation tactor used, the value of chi-squared
before the iteration was made, and ‘the noawmmﬁwoam made to each of the
varied parameters. Once the fitting is complete the final chi-squared and
the covariance matrix are printed.

the section on type code 10.0.

For further details the user should reed
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NEU MISALIGHMENT FEATURES MAY RE ACTIVATED BY NEARS OF CODE ON NISALIGNHENT CARD

A 1 IN THE TENS POSITIOMN CAUSES THE RESULTS OF THE MISALIGNMENT TO BE PLACED IN A MISALIGMMENT TABLE,
VHICH 1S PRINTED WHEREVER AN 13. 8. CARD 15 INSERTED

A & IN THE ONES POSITION N'ISALIGNS ALY SUBSEQUENT BERND MAGNETS, UP TO TEN

A 5 IN THE ONES POSITION MISALIGNS ALL SUBSEQUENT QUADRUPOLES, UP TO TEN

A ) 1M THF ONES POSITION MISALICNS ALL SUBSEQUENT BENDRS OR QUADS, UP TO TEN .

THE UNITS POR BEND AN&L!. POLE FACE ROTATION ANGLE, AMD LAYOUT ANGLE MAY BE CHARGED VIA A 15. 7. ENIRY

THE ANGLES OF THE REFERENCE TRAJECTORY NOU APPEAR IN THME COORDINATE' LAYOUT

THE PHINTING OF PHYSICAL PARAMETERS FOR ELEHENTS MAY BE SUPPRESSED BY A 13, 17. CARD
ONLY VARIED ELEMENTS OR CONSTRAINTS WILL BE PRINTED IF A 13, 18, CARD 1S INSERTED

THE TRANSFER AND BEAM MATRICES WILL OCCUPY A SINGLE LINE IF A 13. 19. CARD 1S INSERTED
THE INITIAL L’lSTlﬂG OF THE DECK WILL BE DELETED IF 10 IS APDED TO THE IMDICATOR

THE BEAN MATRIX 1§ PﬁI}lTED AFTER "EACH ELEMENT ONLY IF ACTIVATED VIA A 13. 3. CARD'

THE TRANSFER HATRIX HAY BE PRINTED APTEH EACH ELEMENT BY USING A 13. 6. CARD

THE BEAM CENTROID NAY BE VARIED

“FORTRAN H CHECK ON BETA FIT

1.000060 . . 0.50000 1.00000 0.50000 1.00000 0.50000 1.00000 1.00000;
-'};: seer s 3,00000;
3.3 "DRI 2.74500;
::gnu :::7900' " 10.00000 0.50000;
33 "DRL " 2745001
;g:o "FIT ¥ -::88383‘ 2.00000 0.0 0.00010;
SENTINEL

FORTRAN # CHECK ON BETA FIT

“AEANS 1. 1.00000 cEv
0.0 u 0.0 0.500 cH
0.0 1.000 MR 6.0
0.0 0.500 cn 0.0 0.0
0.0 1.000 nr 0.0 0.0 0.0
0.0 0.500 Cn 6.0 0.0 0.0 0.0
B 5 omy - 278500 1 0.0 1.000 eC 0.0 0.0 6.0 0.0 0.0
VARY coODE = 3 )
2.745 1 0.0 0.570 €M
0.0 1,000 0.481
0.0 ©.570 cH 0.0
0.0 1.000 HR 0.0 0.0 0.481
0.0 0.500 cH 0.0 0.0 0.0 0.0
enotaTe . B o0 bEC 0.0 1.000 PC 0.0 0.0 0.0 c.o0 8.0
2.7a8 n 0.0 0.570 €n
0.0 1.000 MR 0.481
0.0 0.570 CH 0.0 0.0
0.0 1,000 nR 0.0 a.n 0.481
:.8 ?.sau €1 0.0 0.0 0.0 0.0
. «000 PC 0.0 6.0 . .
..!"2; - A, 9.87900 1 10.00000 XC 0.50000 ( 3336 M, 169.6%0 ::: ) 00 o
. n 0.0 10,013 ¢n
0.0 12,324 nr 0.993
0.0 ©.369 cn 0.0 0.0
0.0 1.360 HH 0.0 0.0 -0.086
0.0 11,690 cn ~0.992 -0.972 0.0 0.0
enoTATe . 0.0 vec 0.0 1.000 rc 0.999 0.9% 0.0 0.0 -0.991
12,626 1 0.0 10.013 cn
c.0 12.324 nr
0.0 0.369 cn
0.0 1.360 NR
0.0 11.690 ¢cn ¢.0
SDRIFT* 3. “oR1 " 2.74500 4 00 1-000 ec o0 o
VARY GORE « 3
15.369 u 0.0 13,377 ¢
0.0 12,324 tr 0.996
0.0 0.502 ¢cn 0.0 0.0
0.0 1.360 Hun 0.0 0.0 0.683
0.0 11,690 cn -0.988 -0.972 0.0 o.0
Taansrom 1a 0.0 1.000 PC 0.999 0.9% 0.0 0.0 -0.991
~1.00383 -0.00A!8 6.0 o.0 0.0 13,6808
~1.83605 ~1.00383 0.0 0.0 0.0 12.24879
0.0 8.0 -1.00383 -0.00418 0.4 .
0.0 6.0 -1,83605 -1.00383 0.0 0.0
-;.:2‘” =1.33681 0.0 0.0 1.00000 -11.58649
. 0.0 B 0.0 0.0 1.00000
*FiTe 10.0 "PIT " -l 2, 0.0 /0.00010 « € -0.v0418

SLERGTH® 15,36899 1
ACORRECTIONS®
0. 10000E+01 ¢ 0, 17476FE+N4) -0.0208
0.10000E+01 { 0.63247E-02) ~0.0000
*COVARIANCE (FIT 0,39529F-0S )

0.00n

-ga_



FORTRAN N CHECK 0 KETA TIT

*REANH 1. 1.40D80 GEY
w.0 H 0.0 0.500 €M
0.0 1.000 MR 0.0
0.0 0.300 Ch 0.0 - 0.0
0.0 1.000 MR 0.0 0.0 0.0
0.0 0.500 €N 0.0 0.0 0.0 0.0
. 0.0 1.000 rC 0.0 0.0 0.0 0.0 0.0
ANRIFTH 3. “nRy ¥ 2.7268h 4
VARY CODE = 3
3,724 % 0.0 0.569 €h
0.0 1.000 HR 0.478
0.0 0.369 CH 0.0 0.0
0.0 1.000 MR 0.0 0.0 0.478
0.0 0.500 CH 0.0 0.0 0.0 0.0
0.0 1.000 FC 0.0 0.0 0.0 €.0 0.0
*ROTATH 2 0.0 DEC
1124 0 0.0 0.569 Cit
0.0 1,000 Nr 0,478
0.0 0.569 cn 0.0 0.0
0.0 1.000 MR 0.0 0.0 0.478
0.0 0.500 €Y .0 0.0 0.0 0.0
0.0 1.000 #C 0.0 0.0 0.0 0.0 0.0
NBEHD® “ 9.B7900 N 10.00000 K& 0.50000 ( 3.336 1, 169.690 BEG )
12.603 0.0 10.013 CH
0.0 12,324 MR 0.993
0.0 0.370 cH 0.0 0.0
0.0 1,357 e 0.0 0.0 «0.086 '
0.0 11,630 cn -0,992 -0.972 Q. 0.0
0.0 1,000 PC 0,999 0.994 0.0  ©.0 ~0.991 n
*ROTATH 2. 0.0 DEG L
12,603 % 0.0 10.013 €N
Q.0 12.324 ne 0.993
0.0 0.370 CHl 0.0 0.0
¢.0 1.357 HR 0.0 0.0 ~0.086
0.0 11.690 CH -0.992 -0.972 0.0 0.0
0.0 1,000 PC 0.99% 0,994 0.0 0.0 -0.991
*DRIFT* 3. *pxy 2.72404 N
VARY {(OPF = 3
19,327 0 6.0 13.352 ¢n
0.0 12.324 MR 0.995
0.0 0.500 Ci 0.0 0.0
0.0 1,357 MR 0.0 6.0  0.676
0.0 11.690 CX ~0.989 -0.%72 0.0 0.0
0.0 1.000 PC 0.9%3 0.994 0.0 0.0 =-0.99%
ATRANSFORN 1%
-1.00000 -0.00000 0.0 0.0 0.0 1334253
-1.B3605 ~-1.00000 0.0 0.0 0.0 12.24879
n.0 0.0 -1.00000 0.0000C 0.0 0.0
0.0 a.0 <1.83605 ~1.0000C 0.0 8.0
~1.22488 =1.13425 0.0 0.0 1.00000 =11.508649
0.0 0.0 0.0 g.0 0.0 1.00000
ey 10.0 “FIT ® -1 2, 0.0 /0.0001t0 ¢ -0.00000 )
KLENGTH® 15.32727 1
"RECHAUN ORPFR "
founonne [ n.sponq 1.c0n00 0, 50000 L.08000 0.50000 1.00000 L.80000;
sECI" 4 ;
3.00000; .
"nRi 2
10.00000 0.50000;
*pR1
"FrIT ™ ~1.00000 2,00000 6.0 D.0001D;
1. 1.00000 GEV
4.0 0.500 €K
a.9 1.000 IR
a.0 0.500 €1 0.0
.0 1.000 HR 0.0 0.0
a.h 0.500 Cit 0.0 [(N] 0.0
0.9 1,800 PC 0.0 0.0 0.9 0.0
®2IRD ORNERS 1. *sECI"™ GAUSSIAN DISTRIBUTION
*PRIFTH 1. 13 B 2,721
2.72h 1 4.9 0.569 CH
1.9 1.000 HR 0.478
.0 0.569 cnt 0.0
6.0 1,000 1R .0 0.478
. -d.000¢ 0.500 €h 0.0 0.0 8.0
0.0 1.000 ¢ 0.0 0.0 2.8 6.0 -
WROTATH 2. a.0 nEG
2,726 1 a.e00 0.569 ¢y
R.0 1.000 HR 0,478
8.0 a.569 CH 0.0 0.0
c.0 1.p00C liR 0.0 0.0 0.478 '
~0.000 0.500 CH «0,000 D.0 0.0 .0
0. 1.000 5 o, 0.0 0.0 8.0 0.8 o
*EENDY LH 9,.879aD H $0.00000 KG 0.50000 { 3.3& n + L6%.650 DEG ) A
12.603 0.068 10.013 CH
0.037 12.324 R 0,993 ]
0.0 0.379 ¢cH 0.0 0.0
0.0 1358 ur 0.0 0.0 =0.08%
-0.002 1%.850 CK ~0.992 ~0.972 0.0 Q.0
0.0 1.800 PC 0.%9% D.994 0.0 0.0 -0.991
i SRAOTATS 2. 0.0 NEG
12,603 0.068 10.013 c8
0.D37  12.324 HA 0.99)
0.0 &.37a cn 0.0 0.¢
0.0 1.358. 1R 0.0 B.0 -0.088
=0.002 11.690 €1 =~0.992 -0.%72 0.0 2.0
0.0 1.000 rC ©.99% 0.99% 0.0 D.0 -0.99)
CARIFTS 3. "pR1 ™ 2.72414 0
15,322 0.078 13.3%2 ¢Cn
0,087 11,324 me 0.9%6
.0 ©.500 cn 0o 0.9
0.0 1,338 nr 0.0 0.0 A.676
-0.023 13.690 cn -0.988 ~0.972 0.0 0.0
0.0 l.000 PC D.299 B.P%4 0.0 0.0 -0.951
STRANSFORI A+
=1.00000 ~-D.0PODO 0.0 2.0 6.0 13.34233
«1.83605% ~-l.DOOOD 6.0 0.0 0.0 12.24879
a.0 0.0 -i.00000 4.00000 a.0 0.0
2.0 0.0 -1.83603 ~-1.0D000 0.0 []
~i.22488 13325 0.0 a0 1.00000 ~11.58649
a.9 0.0 0.0 0.0 0.0 1.00000




*2ND ORDER TRANSFORM¥

I 11 1.124E-03

1 12 1.225E-03 1 22 6.673E-04 _
113 0.0 1 23 0.0 1 33 -4.871E-03

1 14 0.0 124 0.0 1 34 -2,042E-03 1 44 -1,112E-03

115 0.0 125 0.0 1 35 0.0 1 45 0.0 1 55 0.0

1 16 2.065E~02 1 26 3.066E-02 -1 36 0.0 1 46 0.0 1 56 0.0 1 66 7.908E-02

2 11 6.046E-07 =

2 12 1.3168-06 2 22 6.126E-04

213 0.0 2 23 0.0 2 33 -5.504E-03

2 14 0.0 2 24 0.0 2 34 -2.999E-03  2- 44 ~-1.02{E-03

2 15 0.0 225 0.0 235 0.0 2 45 0.0 2 55 0.0

2 16 3.097E-02 2 26 3,564E-02 2 36 0.0 2 46 0.0 2 56 0.0 2 66 3.835E-02

311 0.0

312 0.0 3 22 0.0 : !
3 13 -7.500E-04 3 23 -2.042E-03 3 33 0.0 B
3 14 ~2,042E-03 3 24 -2.224E-03 3 34 0.0 3 44 0.0

3 15 0.0 325 0.0 335 0.0 3 45 0.0 355 0.0 . !
316 0.0 326 0.0 3 36 -1.064E-02 3 46 -3.414E-03 3 56 0.0 366 0.0

4 11 0.0 .

4 12 0.0 4 22 0,0

4 13 5,503E-03 4 23 5.994E-03 & 33 0.0

4 14 =-2,999E-03 4 24 -2.042E-03 4 34 0.0 4 44 0.0

4 15 0.0 4 25 0.0 4 35 0.0 4 45 0.0 4 55 0.0

4 16 0.0 4 26 0.0 4 36 5.756E-03 & 46 4.367E-03 4 56 0.0 4 66 0.0

*LENGTH# 15.32727 1

-La-
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TITLE CARD

The title card is the first eard in every problem step of 2 TRANSPORT
data set, The title card is always required and must be followed by the indi-
cator card (see next section) to indicate whether the data to follow is new (0
oard) or a continuation of a previous data set (2 1 card or a 2 card),

The title must be enclosed within either quotation marks ('), slashes {/), or
equal signs (=) on a single card, The string may begin and end in any column
(free field format), for example

'SLAC 20 GEV/C SPECTROMETER!
or ’
/SLAC 20 GEV SPECTROMETER/

Note that whichever character is used to enclose the title must not be used

again within the title itself,

Example of a DATA SET for a single problem step

| SENTINEL (need not be on separate card)

Elements

‘ —ocuwonw

_.H.Em card
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INDICATOR CARD (0, 1, or 2)

The second card of the input for each step of a problem is the indicator
card. If the data which follow describe a new E.oEmE. a zero (0) is punched in
any column on the card, I the data which follow describe changes to be made
in the previous step of a given problem, a one (1) or two (2) is punched in any
column on the eard,

If a given problem step involves fitting, the program will normally list the
beam line twice, printing each time the sequence of elements along with trans-
fer or beam matrices where specified. The first listing uses the parameters of
each element before any fitting has taken place. The second shows the results
of the fitting, If a cuoEm.E involving fitting has several steps, the second run
of a given step often differs little from the first run of the following step.

If the second or subsequent step of a problem involves fitting and one
wishes to print both runs through the beam line, a one (1) is punched on the in-
dicator card. I the first listing is to be mnvuummmmm,m two (2) is punched. If no
fitting is involved, the program will ignore the 2 and will do one single run
through the system.

If the initial listing is to be deleted, 10 is added to the indicator to give
10, 11, or 12. In order to be consistent with earlier versions of TRANSPORT,
an jndicator of minus one (-1) is interpreted as a two (2), but nine (9) is not in-
terpreted as twelve (12),

The sample problem input shown on page 14 causes TRANSPORT to do a
first-order calculation with fitting (0 indicator card) and then to do a second-
order calculation (1 indicator card) with the data that is the result of the fitting.
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COMMENT CARDS

Comment cards may be introduced anywhere in the deck where an
element would be allowed by enclosing the comments made on each card
within single parentheses. No parentheses are allowed within the
parentheses of any comment card. The comments are not stored, but appear

only in the initial listing of the given problem step.

Example of the use of comment cards in a data set

'Title nmnm.

0

(THIS IS A TEST PROBLEM TO ILLUSTRATE THE)
(USE OF COMMENT CARDS)

‘elements

(COMMENTS MAY ALSO BE MADE BETWEEN)

(TYPE CODE ENTRIES)

aTeament g
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LISTING OF AVAILABLE TRANSPORT TYPE CODE ENTRIES

INPUT BEAM: Type code 1.0

The phase space and the average momentum mm the input beam for a
TRANSPORT calculation are specified by this element. The »:vcn,wm ww<mr
in terms of the semi-axes of m,mwamwsmnmwosww mnmnn*v beam ellipsoid
representing the phase space variables x, 8, y, ¢, %, and 6. Each of
these six parameters is entered as a positive quantity, but should cm‘
thought of as tx, #6, etc; hence, the nonmw.vmms width is 2x, the total

horizontal beam divergence is 20 and so forth.

.

Usually the BEAM card is the third card in the deck. If othier than
standard TRANSPORT units are to be used, the units specification nWﬁmm .
(type code 15.0) should precede the BEAM card. Standard TRANSPORT units
for x, 6, y, ¢, £, and § are cm, mr, cm, mr, cm and percent. The standard
unit for the momentum p(0) is GeV/c. Also if a beam line coordinate
layout is desired, the card specifying that a' layout is” to be made (a 13.0
12.0 element), and any initial coordinates (see type nomm 16.0) all precede
the BEAM card.

There are eight entries (all positive) to be made on the BEAM card.

- The type code 1.0 (specifies a BEAM entry follows).

~ One~half the horizontal beam extent (x) (cm in standard units).
~ One-half the horizontal beam divergence (8) (mr).

= One-half the vertical beam extent (y) (cm).

One-half the vertical beam divergence (¢) (mr).

— One-half the longitudinal beam extent (L) (cm).

— One-half the momentum spread (§) (in wnits of percent Ap/p).

0 ~N O s W N e
i

- The iosmancs of the central trajectory Hvﬁovu (GeV/c).

All eight entries must be made even if they are zero (0). As for all

other type codes, the last entry must be followed by a semicolon, dollar

Mwwn. or asterisk. Thus a typical BEAM entry might be

Label if

« desired,
[l v .
]

1. 0.5 2. 1.3 2.5 0. 1.5 10.

*) For a rotated (non-erect) phase ellipsoid input, see type code 12.0.
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meaning, x = 0.5 cm, 6 = #2,0 wr, y = £1,3 cm, ¢ = £2,5 mr, £ = 20,0 cm,

§ = 1,5 percent Ap/p, and the central momentum p(0) = 10.0 GeV/c.

The units of the tabulated matrix elements in either the first-
order R or sigma matrix or second order T matrix of a TRANSPORT print-out
will correspond to the units chosen for the BEAM card. For the above
example, the R(12) = (x/0) matrix element will have the dimensions of
cm/mr; and the T(236) = (6/y8) matrix element will have the dimensions

mr/(cm * percent) and so forth.

The longitudinal extent & is useful for pulsed beams. It indicates

—— T ———

the spread in length of particles in a pulse, Tt does not interact with

any other component and may be set to zero if the pulse length is not

important,

The phase mwwwwmm (sigma matrix) beam parameters may be printed as
owﬁvsd after every physical element if activated by a (13. 3. ;) element.
Alternatively, individusl printouts may be activated by a Nwm. 1. ;)
element. The projection of the semi-axes of the ellipsoid upon each of
its six coordinates axes is printed in a vertical array, and the correla-
tions among these components indicating the phase ellipse orientations

are printed in a triangular array (see the following wmmmmv.
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The phase ellipse beam matrix

The beam matrix carried in the computer has the following

construction:
| |
x 8 y ¢ L 8
x QAﬁHv
0 g(21) 0(22)
y g(31) a(32) o(33)
6 a4al) a(42) o(43) g (44)
2 g(51) a(52) g(53) a(54) g(55)
§ o(6l) a(62) o(63) g (64) a(65) o(66)

The matrix is symmetric so that only a triangle of elements is

needed.

In the printed output this matrix has a somewhat different format

for ease of interpretation:

X Yo (11) oM

o | /G2) MR x(21)

y \mau.v et - r(31) r(32)

[ /o (44) MR r(41) r(42) r(43)

L ¥G(55) cM r(51) r(52) r(53) r(54)

6 \mAmmv PC r(61) r(62) r(63) r(64) (65)

where: r(ij) €5 ) N
: [oci)o(i5)] #

As ‘a result of the fact that the O matrix is positive definite, the

r(ij) satisfy the relation

leGin| <1 .
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The full significance of the o(ij) and the r(ij) are discussed in
detail in the Appendix ("Description of Beam Matrix'). The units are

always printed with the matrix.

In brief, the meaning of the YG(ii) is as follows:

- /O(11) = Xoow ™ the maximum (half)-width of the beam envelope in the
x(bend)-plane at the point of the print-out. .
/6 (22) = oamx = the mechE,Aermvlm=m=~mﬂ divergence of the beam
envelope in the x(bend) plane.

Ya(33) = Ynax = the maximum (half)-height of the beam envelope.
\mAuuv = eﬁmx = the mewicE.Armwmvlmsm:Hmﬂ divergence of the beam
envelope in the y(non-bend)-plane.

/o (55) = namx = one-half the longitudinal extent of the bunch of
particles. s
+/G(66) = & = the half-width (% Ap/p) of the momentum interval

being transmitted by the system.

The units appearing next to the vG(ii) in the TRANSPORT primt-out
are the units chosen for coordinates x, 0, W. ¢, L and 8 = Ap/p, respect-

ively.

To the immediate left of the listing of the beam envelope size in a
TRANSPORT print—out, there appears a column of numbers whose values will
normally be zero. These numbers are the coordinates of the nmnnwowP of
the beam phase ellipse (with respect to the initially assumed central
trajectory of the system). They may become non-zero under one of three

circumstances:

1) when the misalignment (type code 8.0) is used,
2) when a beam centroid shift (type code 7.0) is used, or

3) when a mmnoualonmmﬂ,annﬁwmnwou,An&vm code 17.0) is used.

-30 =

To aid in the interpretation of the phase ellipse parameters listed above,
an example of an (x, 0) plane ellipse is illustrated below. For further details
the reader should refer to the Appendix of this report.

CENTROID i |

A TWO-DIMENSIONAL BEAM PHASE ELLIPSE

The area of the ellipse is given by:

1
= 2 = = =
A = n(det 0)° = LE S e:; Xt mBEn e
The equation of the ellipse is:
.E% + 2ax60 + mem =€
where
oy 92 B ~—a
o = = €
o2 g2 -a y
and
2 - -a

]
al
L
[}
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r.m. 8. addition to the BEAM

To allow for physical phenomena such as multiple scattering, pro-
vision has been made in the program to permit an r.m.s., addition to the

beam envelope, There are nine entries to be included:

- Iype code 1.0 Amvmnwmwwnw a BEAM entry follows).

- The r.m.s. addition to the horizontal beam extent (Ax) (em).

~ The r.m.s. addition to the horizontal beam divergence (A8) (mr),
- The r.m,s, addition to the vertical beam extent (dy) (cm),

The r.m.s. addition to nrm,<mnnwnmw bean divergence (A¢) (mr).

- erm.u.s.m. longitudinal beam extent (AL) (cm).

- The r.m.s. momentum spread (A§) (in percent Ap/p).

- The momentum change in the central trajectory ﬁ>vﬁovu in (GeV/e).

O NNV W N
t

- The code digit 0. indicating an r.m.s. addition to the BEAM is
being made, .
The units for the r.m.s, addition are the same as those selected
for a regular BEAM type code 1,0 entry, Thus a typical r.,m,s, addition

to the BEAM would appear as follows:

1. .1 .2 15 0 .3 0. .13 -0.1 0.

where the last entry (0.) preceding the semicolon signifies am r,.m.s.
addition to the BEAM is being made ‘and the next to the last entry indi-

cates a central momentum change of -0.,1 GeV/c,

- 37 -

FRINGING FIELDS. and POLE-FACE ROTATIONS for bending magnets:
Type code 2.0

To provide for fringing fields and/or pole-face rotations on bending

magnets, the type code 2,0 element is used,

There are two parameters:

1- Type code 2.0,

2 - Angle of pole-face rotation (degrees),

The type code 2.0 element must either wasmmwwnmwm precede a bending
magnet (type code 4.0) element (in which case it indicates an entrance
fringing field and pole-face rotation) or wsammwwanN follow a type
code 4.0 element (exit fringing field and pole—face rotation) with no
other data entries vmnﬂmmn*v. A positive sign of the angle on either
entrance or exit vamenomm corresponds to a non-bend plane focusing

action and bend plane defocusing action.

For example, a symmetrically oriented rectangular bending magnet
whose total beud is 10 degrees would be represented by the three entries
2, 5. e -3 2, 5,3

The angle of rotation may be varied. For example, the element
2.1 5. 3 would allow the angle to vary from an initial guess of
5 degrees to a final value which would, say, satisfy a vertical focus
constraint imposed upon the system., See the type code 10,0 section for

a complete discussion of vary’codes.

Even if the pole~face rotation angle is zero, 2, 0. 3 entries

must be included in the data set before and after a type code 4.0 entry

"if fringing-field effects are to be calculated,

A single type code 2.0 entry that follows one bending magnet and

precedes another will be associated with the latter.

*) It is extremely important that no data entries be made between a
type code 2.0 and a type code 4.0 entry, If this occurs, 1t may
result in an incorrect matrix muitiplication in the program and
hence an incorrect physical amswer. If this rule is violated, an
error message will be printed.
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Should it be desired to misalign such a magnet, an update element
must be inserted immediately before the first type 2.0 code entry and the
convention appropriate to misalignment of a set of elements applied, since,
indeed, three separate transformations are involved. See section under
type code 8.0 for a discussion of misalignment calculations and the sec-

tion under type code 6.0 for a discussion of updates.

The type code signifying a rotated pole-face is 2,0, The input

format is:

e Label (if desired)

2. B." 'RO' B

The units for B are degrees.
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Pole—-face rotation matrix

The first-order R matrix for a pole—face rotation used in a
TRANSPORT calculation is as follows:

71 0 0 0 o 0
tan B .
1
o 0 0 0 0
R = 0 0 1 0 0 0
0 o - tan(Bp) 0 0
Po
0 0 0 0 1 0
\ 0 0 0 0 0 iy

Definitions: @£ = angle of rotation of pole face (see figure on following

page for sign convention of R)
Po= bending radius of central trajectory

g = total gap of magnet

Y = correction term resulting from spatial extent of

fringing mwmwam»*v.
. s 2
wher - g1+ sin®f _ o
e V=K 0 cos B 1 - K3K2 W tan B .

*)
See type code 16.0 for input formats for g, K;, and K; TRANSPORT

entries.

*see sac-75") ( i ; i
page 74) for a discussion of .
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DRIFT: Type code 3.0

> } .
MW A drift space is a field-free region through which the beam passes.
Mm Mu There are two parameters:
b ) .
MW mk - . 1 - Type code 3.0 (specifying a drift lemgth).
<{
Mw mm m 2 - (EBffective) drift length (metres). The length of a drift
.m space may be varied in either first— or second-order fitting.
w .
e Typical input format for a DRIFT:
+

in

Label (if desired) (not to
exceed 4 spaces between

quotes) .

itive as shown

3. 6. 'n1! H

DRIFT epace matrix

tupole components of strength

Positive BR's imply transverse focusing.
mp

[42]
E4
2
m s The first-order R matrix for a drift space is as follows:
%]
o g 71 L 0 0 0 0
m. -4
= 0 1 0 0 0 0
M ~
o 5 = 0 0 1 L 0 0
P o
@ & 0 0 0 1 0 0
= a
= nw 0 0 0 0 1 0
2 ) .
=] g \. 0 0 0 0 0 1/
a 7
1
=] 2 where
[ [
Nt

L = the length of the drift space.

By

The dimensions of L. are those chosen for longitudinal length via a
units symbol

,_\III scale factor (if ﬂmmam&

15. 8. ' ' °; type code entry (if used) preceding the BEAM (type code 1.0)

The TRANSPORT sign conventions for x, B, R and h are all pos
(- h/2R) sec? B.

The positive y direction is out of the paper.
Positive R's (convex curvatures) represent negat

card. If no 15. 8. entry is made, the units of L. will automatically be
in metres (standard TRANSPORT units).

S =
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WEDGE BENDING MAGNET: Type code 4.0

A wedge bending magnet implies that the central trajectory of the
beam enters and exits perpendicularly to the pole-face -boundaries (to
include fringing-field effects and non-perpendicular entrance or exit

boundaries -~ see type codes 2.0-and 16,0).

There are four first~order parameters to be specified for the wedge

magnet via type code 4,0:

1 ~ Type code 4.0 (specifying a wedge bending magnet),
2 - The (effective) length L of the central trajectory in metres,

3 - The central field strength B(0) in kG,
B(0) = 33,356 (p/ps),

where p is the momentum in GeV/c and pyis the bending radius of

the central trajectory in metres.
4 - The field gradient (n-value, dimensionless); where n is defined
by the equation
wwﬁx.ovnvvu mwﬁo.o.nv (1 ~nhx + ...) ,
where

h = 1/ps. See SLAC-75 (page 31) *).

The quantities L, B(0), and n may be varied for first-order fitting
(see type code 10.0 for a discussion of vary codes),

The bend radius’ in meters and the dmmm angle in degrees are printed in
the output. ;

A typical first—order TRANSPORT input for a wedge magnet is

abel (not to exceed
ﬁ 4 spaces)

4, L. B, m, v H

1f fringing field effects are to be included, a type code 2.0 entry
must immediately precede and follow the pertinent type code 4.0 entry (even
if there are no pole—face rotations). Thus a typical TRANSPORT input for
a bending magnet including fringing fields might be:
Labels (not to exceed

h 4 spaces) if
desired

[

o

.
ws

N
.
o
.
we
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For non-zero pole~face rotations a typical data input might be

2, 10. 4, L. B(0). n. H 2, 20,

ws
-

Note that the use of labels is optional and that all data entries may be

made on one line if desired.

The sign conventions for bending magnet entries are illustrated in
the following mwwcumu For TRANSPORT a positive bend is to the right
looking in the direction of particle travel, To represent a bend in
another sense, the coordinate rotation matrix (type code 20.0) should

be used as follows:

A bend up is represented by rotating the (x, y) coordinates by

~90,0 degrees about the (z) beam axis as follows:

Labels (not to exceed 4 spaces)
« if desired

20. ~90. e H

2. B(1). ' 3

20.

+
o
o
.

ws

(returns coordinates to their initial

orientation)

A bend ‘down is accomplished via:

20, +90, ' H
2,
4.
2,
20, -90, ' H

A bend to the left (looking in the direction of beam travel) is

accomplished by rotating the x, y coordinates by 180 degrees, e,g.

20, 180. v ;
2.
4,
2, .
" 20, -180 v
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CENTRAL
TRAJECTORY

FIELD BOUNDARIES FOR BENDING MAGNETS

The TRANSPORT sign conventions for x, B, R and h are all positive as shown in the figure,
The positive y direction is out of the paper. Positive B's imply transverse focusing.
Positive R's (convex curvatures) represent negative sextupole components of strength

5 = (- h/2R) sec® B, (See SLAC~75, page 71.)

First-order vedge bending magnet matrix

h
cos k L il sin k L 0 0 0 I [1 - cos ka)
X : b4
i L 4] 0 0 b sin k L
-kx sin ka cos kx kx =
0 0 cos k L L sin k L 0 0
¥ k y
y
-k sin k L cos k L o] [+}
0 : 0 y O %y y
L ~-bf - kL 0 0 1 —h—2~[kL-sinkL)
T s ka P—( cos kg k3 X X
X X X
] 0 D 0 0 1

Definitions: h = 1/6p , k; = (1 - m)h?, k; = nh?

QR
]

hL = the angle of bend

s
i

path length of the central trajectory.

- Wy -

-6y -
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The field expansion for the midplane of a bending magnet is taken . - N
from Eq. (18) page 31 of SLAC-75, thereby defining the dimensionless
quantities n and B as follows: :
V x

o
v
wl
W EE
B (x,0,t) = B_(0,0,£) [1 - nhx + Bh%*x* + yh'x* + ...] . . '®) 55
y y j > o a o
| —w = z— 2 as
The type code signifying a BEND is 4.0. The input format for a j > 50
! bl w LA
TRANSPORT calculation is: . \ ] E =
. i
,vllrm_ump (not to exceed 4 spaces) ! %m
] ' R ‘ =]
4. L. B. n. H : Mm
If n is not included in the data entry, the program assumes it to : 4 n mw
be zero. A B entry for a second-order calculation is made via the : mm
16.0 1.0 element. (Do not confuse this B with a pole—face rotation.) _ Mm
. oa .
The standard units for I and B are metres and kG. If desired, these N
units may be changed by 15.0 8.0 and 15.0 9.0 type code entries preceding “ MA
y ged by yp p , S
the BEAM Card. o
; Z wn o
| =F
. i | > w ~2
o ol
. o < m
! > o 2 X
- o
| a o
i o < <=
; e o=
: 2w
: 31
. : O <
| ) = B
: Bme .
i =
: [CR= :
i m w1 ”
«
[SES
e
(=g
-
SIS
o
z A&
\ > 2
1 O
" 55
& 5
> = 2
=z - x W O e p=!
a g
(&
gt T
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QUADRUPOLE: Type code 5.0 First-order quadrupole matrix
A quadrupole provides focusing in one transverse plane and defocus-
ing in the other. . cos Wnr W sin Wn—r 0 0 0 0
q
There are four parameters to be specified for a TRANSPORT calculation:
1 - Type code 5.0 (specifying a quadrupole). | |wn sin wnﬁ cos xnr 0 Y 0 0
2 - (Effective) magnet length L (im metres).
3 - Field at pole tip B (in kG). A positive field iwmplies horizontal W 1
. : . . . : 0 0 cosh k L = sinh k L 0 (4]
focusing; a negative field, vertical focusing. ; q wn q
i
4 - Half-aperture a (in em). Radius of the cirele tangent to the !
i
. 1
pole tips. o 0 0 k simh kL cosh kL 0 0
The length and field of a quadrupole may be varied in first-order W
fitting. The aperture may not be.
0 0 0 0 1 0
The strength of the quadrupole is computed from its field, aperture
and length. The horizontal focal length is printed in parentheses as :
output. A positive focal length indicates horizontal focusing and a i 0 0 0 0 0 1

negative focal length indicates horizontal defocusing. The quantity

actually vannmm s the reciprocal of the mm\uv transfer matrix element These elements are for a quadrupole which focuses in the horizontal

(1/R21) for the quadrupoles. Thus two identical quadrupoles of opposite (x) plane (B positive). A vertically (y-plane) focusing quadrupole

polarity will have different horizontal focal lengths due to the difference (B negative) has the first two mwwmonmm submatrices interchanged.

between the sine and the hyperbolic sine.
Definitions: L = the effective length of the quadrupole

The type code for a QUAD is 5.0. The input format for a typical

a = the radius of the aperture
data set is: By = the field at radius a
Label (if desired) not to exceed . k2 = (Bo/a)(1/Bpy), where (Bpy)= the magnetic rigidity
ﬁ 4 spaces between quotes m 4 (momentum) of the central trajectory.

5. L. B. a. ' ;

The standard TRANSPORT units for L, B, and a are metres, kG, and cm,
respectively. If other units are desired they must be chosen via the
appropriate 15.0 type code entries preceding the BEAM (type code 1.0)

card.
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SEXTUPOLE

QUADRUPOLE

DIPOLE

ILLUSTRATION OF THE MAGNETIC MIDPLANE (x AXIS) FOR DIPOLE, QUADRUPOLE AND SEXTUPOLE ELEMENTS.

THE MAGNET POLARITIES INDICATE MULTIPOLE ELEMENTS THAT ARE POSITIVE WITH RESPECT TO EACH OTHER,

.l.mHl.

TRANSFORM 1 update™): Type code 6. 0. 1.

To re-initialize the matrix TRANSFORM 1 (the product of the R
matrices, R1) use type code 6.0, A (6. 0. 1, 3) card effects an update
of the Rl matrix and initiates the accumulation of a new product matrix
at the point of the update, This facility is often useful for misaligning

a set of magnets or fitting only a portion of a system.

The matrix Rl is updated by no other element. It is not used in the
calculation of the beam matrix., The beam matrix is calculated from the
auxiliary transfer matrix R2 described on the next page.

A TRANSFORM 1 matrix will be printed at any position in the data
set where a (13, 4. ;) entry is inserted,

See the following section for the introduction of an auxiliary trans-
formation matrix R2 (TRANSFORM 2) to avoid the need for TRANSFORM 1 up-
dates,

The (6. 0. 1. ;) card also causes an update of the R2 matrix,

*) By "updating" we mean initiating a new starting point for the accumu-
lation (multiplication) of the R matrix., At the point of update the
previous accumulation is discontinued, When the next element posses-—
sing a transfer matrix is encountered, the accumulated transfer
matrix Rl is set equal to the individual transfer matrix R for that
element, Accumulation is resumed thereafter.
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AUXILIARY TRANSFORMATION MATRIX (R2): Type code 6, 0, 2.

The Rl matrix represents the accumulated transfer matrix from either the
beginning of the beam line or the last explicit R1 update (6, 0, 1. ;). However
several elements in TRANSPORT which affect the beam matrix cannot be rep-
resented in any transfer matrix, To avoid update complications with R1 an
auxiliary transfer matrix R2 exists, The beam matrix is then calculated from
the R2 matrix and the beam matrix at the last R2 update,

Both the R1 and R2 matrices are normally available for printing. However
there is no redundancy in computer use, since, internally to the program, only
R2 is calculated at each element, The matrix Rl is calculated from R2 only as

needed.

The R2 matrix is updated explicitly via a (6. 0. 2.-;)entry. It may be
printed by a (13. 24. ;)entry. Constraints on R2 are imposed similarly to

those on Rl. For details see the section describing type code 10, 0.
The complete list of elements which update TRANSFORM 2 is:

1) a beam type code 1.0 entry

2) the (6. 0. 1, ;)entry

3) the (6. 0. 2. ;)entry

4) a centroid shift type code 7.0 entry
5) a misalignment type code 8, 0 entry
6) a stray field type code 21. 0 entry.

Please note that automatic updates of TRANSFORM 2 occur when an align
element (type code 8. ) is inserted specifying the misalignment of all subsequent
bending magnets. These TRANSFORM 2 updates take place immediately before
and immediately after any bending magnet which has either the entrance or exit
fringe fields specified via a type code 2 entry.

=03 =

SHIFT IN THE BEAM CENTROID: Type code 7.0

*%
Sometimes it is convenient to redefine the beam centroid ) such that it

" does not coincide with the TRANSPORT reference trajectory, Provision bas

been made for this possibility via type code 7.0. Seven parameters are re-

quired:

1 - Type code 7. 0.
(2 to 7) - the coordinates x, 8, y, ¢, £, and § defining the shift in the location
of the beam centroid with respect to its previous position, The units
forx, 8,7y, ¢, £, 6 are the same as those chosen for the BEAM (typeé

code 1,0 entry), normally em, mr, cm, mr, cm, and percent,

Any or all of the six beam centroid shift parameters may be varied in first-
order fitting, The centroid position may then be constrained at any later point

in the beam line by this procedure.
The transformation matrix R2 is updated by this element.

In order for this code to function properly, the initial BEAM entry (type

code 1. 0) must have a nonzero phase space volume, for example a
. 0 0 0 0 0 0 pO). ;

BEAM entry is not permissible when calculating a shift in the beam centroid,

whereas a
1. 1. 1, 1. 1, 1, 1, p(0). ;

eniry (nonzero phase volume) is aceceptable,

**) By "beam centroid" we mean the centre of the beam ellipsoid.
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MAGNET ALIGNMENT TOLERANCES: Type code 8.0

The first-order effects of the misaligmment of a magnet or group of
magnets are a shift in the centroid of the beam and a change in the beam
focusing characteristics. Two varieties of memwwmvamud.mﬁm commonly
encountered: 1) the magnet is displaced and/or rotated by a known amount; ;
or 2) the actual position of the magnet is uncertain within a given tol-
erance. TRANSPORT has the capability of simulating the misalignment of
either single magnets or entire sections of a beam line. Any combination
of the above alternatives may be simulated through the use of the "align"
element. The results may be displayed in either the printed output of the
beam (sigma) matrix or tabulated in a special misalignment table (described
below).

There are eight parameters to be specified:
1 - Type code 8.0 (specifying a misalignment).

2 - The magnet displacement in the horizontal direction (cm).

3 - A rotation about the horizontal axis (mr).

=
1

A displacement in the vertical direction (em).

- A rotation about the vertical axis (mr).

o
1

A displacement in the beam direction (cm).
7 - A rotation about the beam direction (mr).
8 - A three-digit code number (defined below) specifying the type

of misalignment.

The three displacements and three rotations comprise the six degrees .M
of freedom of a rigid body and are used as the six misalignment coordinates.

The coordinate system employed is that to which the beam is referred at the

point it enters the magnet. For example, a rotation of a bending magnet
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about the beam direction Aﬁm&mamdmw 7 sbove) is referred to the direction
of the beam where it enters the magnet. The units employed are the stan-
dard TRANSPORT units shown above, unless redefined by type code 15.
entries. If the units are changed, the units of the misalignment displace-
ments are those determined by the 15. 1. type code entry; the units for
the misalignment rotations are those determined by the 15. 2, type code
entry.

The misaligoment of any physical element or section of a beam line
wmay be simulated. Misaligned sections of & beam line may be nested. A
beam line rotation (type code 20.) may be included in a misaligned section.
Thus, for ex=mmple, one can simulate the misalignment of magnets that bend

vertically. The arbitrary matrix (type code 1k.) may not be included in a

misaligned section. A misalignment must never be included in a second-order

run (type code 17.).

A misalignment element may indicate that a single magnet or section of

the beam line is to be misaligned, or it may indicate that all subsequent

magnets of a given type (quadrupoles an\Od bending magnets) are to be

misaligned. The type of misalignment is specified in the three-digit code
number, and the location of the type code 8. align element depends on the
type of misalignment.

If a misalignment pertains to a single magnet or a single section of
the beam line, then the misaligmment element (type code 8.) must directly
follow that magnet or section of the beam line. If a misalignment element
indicates that all subsequent magnets of a given type are to be misaligned,,
it must precede the first of such magnets. Further description of the

available types of misalignment is given in the table below.
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The results of the misalignment may be displayed in elther the beam
(sigma) matrix or in a misalignment table. If the results are displayed
in the beem (sigma) matrix, then that matrix is sltered by the effects of
the misalignment. The effects of additional misaliguments cause further
alterations, so that at any point along the beam line, the beam (sigma)
matrix will contain the combined effects of all previous misalignments.

The misalignment table can be used to show independently drm effect
on the beam matrix of a misalignment in each degree of freedom of each
misaligned magnet. EBach new misalignment to be entered in the table
creates a new set of six duplicates of the besm matrix. Printed for each
duplicate beam amnwwx ure the centroid displacement and the beam halfl
width in each of the six beam coordinates. Fach of the six matrices shows
the combined result of the undisturbed beam matrix and the effect of the
misaligmment in a single coordinate of a single magnet or section of the
beam line. In a single TRANSPORT run the results of misaligning up to ten
magnets or sections of the beam line may be included in the memHHmanud
table. Further requests for entry in the misalignment table will be
ignored. Exemples of such a table and the input which generated it are
shown below.

When the user specifies that the actual position of the magnet(s) is
wncertain within a given tolerance, the printout will show a change in the
peam (sigma) matrix resulting from the effects of the mi saligoment(s).
Thus, if one wishes to determine the uncertainty in the beam centroid
resul ting from uncertainties in the positioning of the magnets, the initial
beam dimensions should be set to zero, i.e., the beam card entry at the

beginning of the system should appear as follows:

|U,NI

1. 0. 0. 0. 0. 0. O. p(0).

If it is desired to know the effect of an uncertainty in position on
the beam focusing characteristics, then a non-zero initial phase space
must be specified. The printout will then show the envelope of all pos-

sible rays, including both the original beam and the effects of the mis-

alignment.

1f the misaligoment is a known amount, it may affect the beam centroid
as well as the beam dimensions. Therefore one should place on the BEAM
card the actual dimensions of the beam-entering the system. For a known
misaligoment, the program requires that the initial beam specified by type

code 1 must be given a non-zero phase volume, to insure a correct printout.

An align element pertaining to a single magnet or section of the beam
lipe updates the BEAM Amwmamv matrix and the R2 matrix, but not the RL

matrix. A misaligmment element which Hnﬂpomdmm misaligonment of all sub-

sequent magnets of a given type will update the BEAM (sigma) matrix and the
R2 matrix before each bending magnet with fringe fields and after each
misaligned magnet of any type.

Tne tolerances may be varied. Thus, type-vary code 8.111111 permits
any of the six parsmeters (2 through 7 above) to be adjusted to satisfy
whatever BEAM constraints may follow. For titting, a misaligament must
pertain to a single magnel or single section of the beam line, and the
results must be displayed in the beum (sigma) matrix. (See the section

under type code 10. for a discussion of the use of vary codes. )
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The meaning of the options for each digit of the three-digit code

number is given in the following table.

A.

The units position specifies the Emmﬁmﬁﬁwv or section of the

beam line to be misaligned.

CODE
NUMBER

INTERPRETATI ON

XX0.

The single magnet (type code element) immediately preceding
the align card is to be misaligned. A bending magnet with
fringe fields should be misaligned using one of the options
described below.

The last Rl matrix update Adwm start of the beam line or a

6. 0. 1. ; type code mbﬁuwv marks the beginning of the section
to be misaligned. The misalignment element itself marks the
end. The section is treated as a unit and misaligned as a
whole. The misalignments of mcmmﬂcwowm triplets and other
combinations involving more than two quadrupoles may be stud-
ied using this code digit.

The last R2 matrix update Ammm type code 6. for a list of
elements which update R2) marks the beginning of the mis-
aligned section. The misalignment element marks the end.
This option makes use of the fact that R2 matrix updates do
not affect the Rl matrix.

A bending magnet with fringing fields or pole face rotations
(type code 2.) should be misaligned using this option. See

examples 1 and 2 below for an illustration of this.

XX3.

Xxh.

XX5.

IU@(

An array of quadrupoles provides another example of the use
of this option. By successive application of align elements,
the elements of a quadrupole triplet could be misaligned
relative to each other, and then the triplet as a whole could
be misaligned. See example 3 below for an illustration of
this.

All subsequent bending magnets and quadrupoles are independ-
ently misaligned by the amount specified. This option is use-
ful in conjunction with the tabular display of the misalign-
ment results (see below). A bending magnet, with fringing
fields included, is treated as a single unit and wisaligned
accordingly.

All subsequent bending magnets, including fringing fields,
are independently misaligned by the amount specified. 8See
XX3 above for further comments.

All subsequent quadrupoles are independently misaligned by
the amount specified. See example kb below for an illustra-

tion of this. See XX3 above for further comments.

The tens position defines the mode of display of the results of

the misalignment.

XO0X.

The beam matrix contains the results of the misalignment. The
beam matrix is printed wherever a 13. 1. ; card is encountered.
The beam matrix will then contain contributions from all

previous misalignments.
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X1X. A table 1s used to store the results of misalignments. The
effect of up ﬁo ten independently misaligned magnets may be
shown in the table in a single run. The table is printed via
a 13. 8. ; card, and mey be compared with the undisturbed

beam matrix (printed by a 13. 1. ; card) at any point. An

example of such a table is shown below.

C. The hundreds position distinguishes between an uncertainty in po-
sition (OXX.) or a known displacement (1xx.).

Any combination of digits may be used to define the exact circumstances
intended. Thus, code 111. indicates the deliberate displacement of a set of
magnets (referred to the point where the beam enters the set), with the re-

sults to be stored in a table.
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Example No. 1: A bending magnet with a known misalignment

A bending magnet (including fringe fields) misaligned by a known
amount might be represented as follows:

3. L{1). ;

3. L{2).

This represents a known rotation of the bending magnet about the in-
coming beam direction (z axis) by 2.0 mr. The result of this misalignment
will be a definite shift in the beam centroid, and a mixing of the horizon-
tal and vertical coordinates. The use of the 6. 0. 2. H ﬂwmnmwows 2
update mb@.nﬁm misalligrment code number XX2 is necessary because the magnet-
ic array (bending magnet + fringing fields) consists of three type code

elements instead of one.
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Example No. 2: A bending magnet with an uncertain position

A vending magnet having an uncertainty of 2 mrad in its angular posi-

tioning about the incoming beanm (z axis) would be represented as follows:

3. L{i).

3. L(2). ;

To observe the uncertainty in the location of the outcoming beam
centroid, the input BEAM nmum.mroswa have zero phase space dimensions as
follows:

1. 0. 0. 0. 0. 0. 0. p(0). ;

If the beam dimensions on the input BEAM card are non-zero, the
resultant beam Amwmsmv matrix will show the envelope of possible rays,

inecluding both the input beam and the effect of the misalignment.
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Example No. 3: A misaligned quadrupole triplet

One typical use of both the Rl and R2 matrices is to permit the mis-
alignment of a triplet. For exanple, md uncertainty in the positions with-

in the following triplet

5. 1. -8. 10. ;
5. 2. 7. 10.
5 1. -8. 10. ;

may be Hun:mmm by appropriate 8. elements as noted:

6. 0. 1.

[SANNRN |
o
o
-

5. 2. 7. 10.

5. . -8. 10. ;

8. --- ae- aee eee o L0 000.
8. --- eem oo el a0 oL 002,
8. ==~ === —-- ea- .- ... 0QO0L1. H

The first 8. card in the list refers to the misalignment of the third
magnet only. The second 8. card refers to the misaligrmment of the second
and third magnets as a single unit via the R2 matrix update (the
6. 0. 2. ; entry). Te last 8. card refers to the misaligmment of
the whole triplet as a single unit via the Rl matrix update (the
6. 0. 1. ; entry).

The comments sbout the BEAM card (type code 1. entry) in example 2

above are applicable here also.
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Example No. 4: Misaligned quadrupoles in a triplet

Individual uncertainties in the positions of the guadrupoles in the
triplet in example no. 3 above may be induced by & single misalignment as
follows:

8., o= e aem mem =e- --- 015.

5. 1. -8. 1.0. ;

5. 2. 7. 10.

5. 1. -8. 10.

The effect of each misaligmment coordinate on each quadrupole will
be stored separately in a table. This table is printed wherever a

13. 8. ; +type code is inserted.




“RECOMEINED MODE HIGH RESOLUTION BEAM

1]
15. 7.00000 “MR " 0-05730 ;
15. 8.p0000  "FT " 0.30480 ;
16,00 19.00000 2.50000;
8.000000 0-02000 0.10000 0.02000 G-loone 0.10000 l.00000 15.00000; —— migalignment
1.000000 0.05000 0.56200 0.0500. 0.86700 0.0 0.0 206.00000; slement
3.0 B0.74998;
20.0 180.00000;
4,000 "Bl 10.25000 9.18192 0.0 H
20.0 -180.00000;
3.0 1.75000;
20.0 180.00000;
4.000 "B2 " 10.25000 9.18192 0.0 B
20,0 ~180.00000;
3.0 27.68999;
5.00 "qr " 10.00000 ~4.00060 2.54000; —
3.0 7.70000;
13, 1.00000;
13, “czA "
3.0
5.00 "q2 % 3.45510 2.54000; —
3.0
13. 1
13. ez "
3.0 N
20.0 [oaN
2.0 1
4.000 "By " 18.66998 0.0 ;
2.0
20.0
3.0 1.50000;
20.0 180.00000; usdrupales to
2.0 8.53000; {,‘, mgl:u;:,:]
4.000 “B4 * 20.00000 18.66998 0.0 H
2.0 B
20.0 H
3.0 1.50000;
20.0 180.00000;
2.0 8.53000;%
4.000 "By " 20.00000 1B.66998 0.0 H
z.0 H
20.0
13.
13.
3.0 5.50000;
5.00 "Q3 " 10.00000 3.51760 2.54000; —
3.0 2.00000;
5.00 Qs " 15.00000 =3.64760 2.54000; —
3.0 289.83960;
13. 1.00000;
13. 8.00000; ~—— print instruction for
13. *e3 4.00000; misalignment table
Input for a Misslignment Tsble, Shows is the input for & misalignment run of
more beam line - e early part of & beam line. The element that ali
including more quadrupoles and subsequent quadrupoles are to be given A uncertain misalignment by the amount
table print i if desired specified and the results (for up to ten quadrupoles}) are to be entered in a table.
The portioa of the output produced by the indicated print instruction is shown in
SENTINEL the next figure,
548,829 FT 0.0 0.087 CM
6.0 0.329 MR 0.035
0.0 D.168 CM ~0.000 0.000
0.0 0.338 MR 0.000 0.000 ~6.648
0.0 0.209 €M ~0.010 ~1.000 -0.000 0.000
0.0 0.0 PC 0.0 0.0 0.0 0.0 0.0
*MISALIGNMENT EFFECT TABLE FOR MISALIGNMENTS OF
0.020 CH 0.100 MR 0.020 CH 0.100 MR 0.100 CM 1.000 MR
AMISALIGNMENT OF Q1 *
¢.0 0.140 CH 0.0 0.085 CM 0.0 0.085 €M 0.0 0.119 CM 0.0 0.085 CH 0.0 0.092 CM
o0.a 0.330 MR 0.0 9.329 MR 8.0 0.325 MR 0.0 0.330 MR 0.6 0.329 MR 0.0 0,329 MR
0.0 D.168 CHM 0.0 0.202 CH 0.0 0.221 CH 0.0 0.168 CH 0.0 0.168 CM 0.0 0.172 CM
0.0 0.338 MR 0.0 0.338 MR 0.0 0.338 MR 0.0 0.338 MR 0.0 0-338 MR 0.0 0.338 MR
0.0 0.209 ¢cM 0.0 0.209 CH ¢.0 0.209 CH 0.0 0.209 cM 0.0 0.209 CM 0.0 0.20% CM
a.0 o0.cC PC 0.0 a.0 BC 6.0 0.0 PC 6.0 6.0 PC 0.0 0.0 1 44 0.0 0.0 PC
*MISALIGNMENT OF Q2 *
0.0 0.163 CM 0.0 0.089 CM 0.0 0.089 CH 0.0 0.139 cM 0.0 0.089 CM 0.0 0.095 CM
0.0 0.330 MR 0.0 0.329 MR 0.0 0.329 MR 0.0 0.330 MR 0.0 0.32% MR 0.0 0.329 MR
0.0 0.168 CM 0.0 0.183 CM 0.0 6.183 CM 0.0 0.168 CM 0.0 0.168 CM ¢.0 0.172 CM
0.0 0.338 MR 0.0 0.338 HR 0.0 0.338 KR 0.0 0.338 MR 0.0 0.338 HR 0.0 0.338 MR
0.0 0.209 CM 0.0 0.209 CM 0.0 0.209 CHM c.0 0.209 CH 0.0 0.209 CM 0.0 0.209 CM
0.0 0.0 PC 0.0 c.0 PC 0.0 0.0 144 a.0 0.0 PC 0.0 0.0 PC 6.0 0.0 £C 1
*MISALIGNMENT OF Q3
g.0 0.166 CH 6.0 0.087 CM 0.0 0.087 CM 0.0 0.136 CM 0.0 D.0B7 CM 0.0 0.095 CM &\
0.0 0.330 MR 0.0 0.329 MR 0.0 0.329 MR 0.0 0.330 MR 0.0 0.329 MR 0.0 0.329 MR
0.0 0.1&8 CM 0.0 0.184 Cw 0.0 0.1%91 CH 0.0 0.168 CM 0.0 0.168 CN ¢.0 0.172 CM s
0.0 0.338 MR 0.0 0.338 MR 0.0 0.338 MR 0.0 0.338 NR 0.0 0.338 MR 0.0 0.338 MR
0.0 0.209 €M 0.0 0.209 CH 0.0 0.209 CM 0.0 0.209 CM 0.0 0.209 CM 6.0 0.209 CM
0.0 0.0 PC 0.0 0.0 PC 6.0 0.0 PC 0.0 0.0 PC 0.0 0.0 PC 0.0 0.0 PC
*MISALIGNMENT OF Q4 *
6.0 0.150 CM 0.0 0.087 CM 0.0 0.087 CM 0.0 0.126 Cx a.p 0.087 CM 0.0 0.095 CX
0.0 0.330 MR 0.0 0.325 MR 0.0 0.329 MR 0.0 0.330 MR 0.0 0.329 MR 0.0 0.329 KR
0.0 0.168 CM 0.0 0.190 C¥ 0.0 0.203 CH 0.0 0.168 CM 0.0 0.168 CX a.0 0.172 CM
0.0 0.33B NR 0.0 0.338 MR 0.0 0.338 MR 0.0 0.338 MR 0.0 D.338 MR 0.0 0.338 MR
0.0 0.209 CH 0.0 0.209 CH 0.0 0.209 CH 0.0 0.209 CM ¢.0 0.209 €M 0.0 0.209 CM
0.0 a.0 PC ¢.0 0.0 PC 0.0 0.0 FC 0.0 6.0 BC 0.0 0.0 PC 0.0 0.0 PC
*TRANSFORM 1* "ca "
-1.70691 8.00113 -0.00000 <-0.00000 0.0 ~6.33738
-0.27910 -0.58B566 -0.00000 -0.00000 0.0 -0.596894 Fgls of 2 Misalignment Tshle. The misalignment table, the unperturbed
-0.00000 -C0.00000 -2.49643 0.13068 0.0 0.00000 complete besn matrix, and the firgt-order transier matrix sre 21l shown at
-0.00000 ~0.00000 ~0.21783 -D.38917 0.0 0.00000 the same point in the beam line. The misalignment element (not shown) has
0.07464 0.37123 -0.00000 ~0.00000 1.00000 ~0.02257 an isal ao the beam in The
0.0 0.0 0.0 0.0 0.0 1.00000 des of the in each are shown sbove the
ALENGTH* 548.82861 FT columns to which they pertain. The results of independently misaligning each

magnet are indicated by the label for that magnet,




REPETITION: Type code 9.0

Many systems include a set of elements that are repeated several
times. To minimize the chore of input preparatiom, a 'repeat' facility

is provided,
There are two parameters:

1 - Type code 9.0

2 - Code digit. If non-zero, it states the number of repetitioms

desired from the point it appears. If zero it marks the end

of a repeating unit,

For example, a total bend of 12 degrees composed of four 3-degree
bending magnets each separated by 0.5 metres could be represented by
9. 4. 3 4, —— 3 3. .53 9. 0. 3 Those elements (in this case a bend

>

and drift) between the 9, 4. ; and 9. 0. ; would be employed four times.

There is no indication of the 9.0 cards in the printed TRANSPORT
output when calculating except for the repeated listing of the elements

they control.

Vary codes may be used within a repeating unit in the usual fashion.

However all repetitions of a given varied element will be coupled.

Repeat cards may be nested four deep. By "nesting" we mean a repeat

within a repeat, An example is given below.

- mm -

Example of Nesting

9. 2, H

3. 10. H

9. 3. H

3. 20, H

3. 4. ; Next

3. 50, B Inner | __ ioner | Outer
block block block

9. 0. H

9. 0. H

3. 1.5 H

9. 0. 3

The total length -of this sequence is:

2%(10. + 3%(20 + 4* 50) + 1,5) = 1343,
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VARY CODES and FITTING CONSTRAINTS: Type code 10.0

Some (not all) of the physical parameters of the elements comprising
a beam line may be varied in order to fit selected matrix elements. . In
a first-order calculation one might fit elements of the Rl or R2 trans-
formation matrices or the beam (sigma) matrix., In second order one might
constrain an element of the second-order matrix Tl or minimize the net :
contribution of aberrations to a given beam coordinate. ,mvmnme constraints

are also available,

One may not mix orders in fitting. First order vary codes and con-
straints must be inserted only in a first-order calculation, and simi-

larly for second order.

The physical parameters to be varied are selected via 'Vary Codes'

’
attached to the type codes of the elements comprising the system. The
fitting constraints on matrix elements are selected via type code 10.0

entries placed in the system where the constraint is to be imposed.

Vary codes

Associated with each physical element in a.system i8 a vary code H
which specifies which physical parameters of the element may be varied. |
This code occupies the fraction portion of the type code specifying the
element. It has one digit for each parameter, the digits having the
same order in the code as the physical parameters have on the card. A
'0' indicates the parameter may not be variedj a 'l’' that it may be.

For instance, 3.0 is the combined type (3) and vary code (0) for a drift
length which is to remain fixed; 3.1 indicates a drift length that may
be varied (by the virtue of the .1)., The type code 4,010 indicates a

bending magnet with a variable Bmmﬂmnwnﬁmwmwa. In punching the code 3.0,
the zero need not be punched., In punching the 4.010 code, the first zero

must be punched but the second zero need not be.
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First-order ﬁ:.w codes

In a first-order run the following parameters marked v may be varied,

those marked 0 may not be varied,

BEAM........
R.M.S. ADDITION..
ROTAT.......

DRIFT..e0ss.

BEND..,.....
QUAD........

AXIS SHIFT.,.

ALIGN.......

INITIAL
COORDINATES.....

MATRIX.....

SOLENOID.,.

BEAM ROTATION..

1,vvvvvv0 - All components of the input beam may be
varied, except the momentum,

1.vvvvvv00 - All components of an r,m,s. addition may
be varied except the momentum change Ap,

2.v - The pole face angle of a bending magnet may be
varied,

3.V - The drift length may be varied,

4.vvv - The length, the field, and/or the n-value may be
varied,

5.vv0 - The length may be varied; the field may be, the
aperture may not be,

7.vvvvvv - Any of the axis shift parameters may be varied,

8.vvvvvv0 - Any of the alighment ﬁmﬂ.psonmum may be
varied,

16, 0v - Any of the three initial position floor coordinates
or two angle coordinates may be varied.

14.vvvvvv0 - Any of the first order matrix elements may

be varied.
19.vv - The length and/or field may be varied.

20.v - The angle of rotation may be varied.

The use of the permissive 'may! rather than the imperative 'will’ in dis-

cussing variables is' meaningful, The program will choose the parameters it

.will vary from among those that it may vary, In general it chooses to vary

those parameters that have the greatest influence upon the conditions to be fit,
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Second—order vary codes

In a second-order run the following parameters may be varied:

DRIFT..... 3.v - The drift length may be varied. Variation of a drift

length should be done with :aution as it may affect the

first~order properties of the beam line. But inversely coupled
drift spaces straddling a sextupole will, for example, show

only second~order effects.

€(1)eesss. 16.0v 1. - The normalized quadratic term (sextupole component)
in the midplane expansion for the field of a bending magnet

may be varied.

1/Rl...... 16.0v 12, - The pole face curvature of a bending magnet

entrance may be varied.

H\ww...... 16.0v 13. - The pole face curvature of a bending magnet

exit may be varied.
SEXTUPOLE 18.0v - The field strength may -be varied,

The special parameter cards (type code 16.0) once introduced apply
to all subsequent magnets in a beam line until another type code 16.0
specifying the same parameter is encountered. Thus if such a parameter

is varied, the variation will apply simultaneously to all subsequent

magnets to which it pertains. The variation will persist until the para-
meter or vary code attached to ﬂrm.vmnmamnmn is changed by the introduc-

tion of another type code 16,0 card specifying the same parameter,

‘that are tied together count as one, Variables within repeat elements
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Coupled vary ecodes

It is possible to apply the same correction to each of several
variables. This may be done by replacing the digit 1 in the vary code
with one of the digits 2 through 9, or a letter A through Z, All such
variables whose vary digits are the same, regardless of position will

receive the same correction. For example, the three type-vary codes

(5,04, 5.01, 5.0A) might represent a symmetric triplet, The same cor-

rection will be made to the first and third quadrupoles, guaranteeing

that the triplet will remain symmetric.

If a vary digit is immediately preceded by a minus sign, the computed
correction will be subtracted from, rather than added to, this variable,
Thus parameters with the same vary digit, one of them being preceded by
a minus sign, will be inversely coupled, For example the type-vary code
sequence (3.B, 5.01, 3.-B) will allow the quadrupole to move without

altering the total system length,

Vary digits may also be immediately preceded by a plus sign without
changing their meaning. Thus 5.0A is the same as 5.0+A. For historical
reasons, the vary digits (9 and 4), (8 and 3), and (7 and 2) are also
inversely coupled. Inverse coupling may not be used with type codes
1,0 or 8.0,

The total number of independent variables in a first-order run is
limited to 20 by reasons of the mathematical method of fitting and to

10 for a second-order run, So far as this limit is concerned, variables

(type code 9.0) also count only one.
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Rl matrix fitting comstraints

Poggible fitting constraints There are five parameters to be specified when imposing a comstraint

. . . . . . . upon the (i, j) element of an Rl matrix.
A variety of possible constraints is available., Fitting may be done in

either first- or second-order, but not in both simultaneously, The order of the 1 - Type code 10.n(specifying that a fitting constraint follows).
constraint must be appropriate to the order of the run, A list of constraints _ 2 = Code digit (-i),
available is given below, They are explained more fully on later pages. 3 -~ Code digit (j).
Fipst-crder constraints 4 - Desired value of the (i, j) matrix element,

5 - Desired accuracy of fit (standard deviation).
1) Anelement of the first~order transfer matrix R1,
2) An element of the auxiliary first-order matrix R2. Note that any fitting constraint on an Rl matrix element is from
3) A ¢ (BEAM) matrix element, the preceding update of the Rl matrix. Am Rl matrix is updated only
4) The correlations r in the beam coordinates., by a (6. 0. 1. ;) entry.
5) The first moments of the beam. : The symbol (n) is normally zero or blank. If n = 1, then entry 4
6) The total system length, . : is taken to be a lower limit on the matrix element. If n = 2, entry 4
7) An AGS machine constraint, is taken to be an upper limit,

8) The reference trajectory floor coordinates.

Second-order constraints

1) An element of the second-order transfer matrix T1.
2) An element of the second-order auxiliary transfer matrix T2.
3) The net contributions of aberrations to a given coordinate of the beam
matrix g. :

4) The strength of sextupoles used in the system.

The second-order matrices are actually computed using the auxiliary
matrix T2. Therefore, when activating second-order fitting, one must not in-
clude any element which causes an update of the R2 matrix., For a complete
list of such elements see type code 6.0,

The present value of the constrained quantity, as well as the desired value,
is printed in the output, In the case of transfer matrix elements this value may
be checked by printing the transfer matrix itself. Certain other constrained
quantities may be checked similarly. Exceptions are noted in the explanations

following.
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Some typical Rl matrix constraints are as follows:

Desired optical condition Typical fitting constraint

Point to point imaging:

Horizontal plane R(12) = 0 10. -1. 2. 0. .0001 'Fl';

Vertical plane R(34) = 0 10. -3. 4. 0. .0001 'F2';
Parallel to point focus:

Horizontal plane R(11) = 0 10. -1.°'1. 0. .0001 'F3';

Vertical plane R(33) =0 10. -3. 3. 0. .0001 'B4';

Point to parallel transformation:

Horizontal plane R(22) = O 10. -2. 2. 0. .0001 'F5';
Vertical plane R(44) = 0 10. -4. 4. 0. .0001 'F6';
Achromatic beam:
Horizontal plame 10. -1. 6. 0. .0001 'F?7';
R(16) = R(26) = O 10. -2. 6. 0. .0001 'F8';
Zero dispersion beam:
Horizontal plane R(16) =0 10. -1. 6. 0. .0001 'F9';
Simultaneous point to point and
wailst to walst imaging:
Horizontal plane 10. -1. 2. 0. .0001 'F10'
R(12) = R(21) = 0 10. -2. 1. 0. .0001 'Fl1'
Vertical plane 10. -3. 4, 0. .0001 'F12'
R(34) = R(43) = 0 10. -4. 3. 0. .0001 'F13'

Simultaneous parallel to point and
walst to wailst transformation:

Horizontal plane 10. -1. 1. 0. .0001 'F14'
R(11) = R(22)y = 0~ 10. -2. 2. 0. .0001 'F15'
Vertical plane 10. -3. 3. 0. .0001 'Fleé'

R(33) = R{44) = O 10. -4. 4. 0. .0001 'F17'

I.N_NI

R2 matrix fitting constraints

There are five parameters to be specified when imposing a constraint

upon the (i, j) element of an R2 matrix.
- Type code 10.n

= Code digit -(20 + i),

Code digit (j).

- Desired value of the (i, j) matrix element.

O W =
i

Desired accuracy of fit (standard deviation).
Some typical R2 matrix constraints are as follows:

The symbol (n) is normally zero or blank. If n = 1, then entry 4 is
takén to be a lower limit on the matrix element. If n = 2, entry 4

is taken to be an upper limit.

Desired optical condition Typical fitting conmstraint
Point to point imaging:

Horizontal plane R(12) = 0 0. =21, 2., o0, .00l 'F1' ;

Vertical plane R(34) =0 10, =-23. 4, o0, .001 'F2' 3
Parallel to point focus:

Horizontal plane R(11) =0 10. -21., 1. o0, .,001 'F1' 5

Vertical plane R(33) =0 10, =-23, 3. o0, .001 'F2'
Achromatic beam:

Horizontal plane 10. -21. 6. 0. ,001 'F3'

R(16) = R(26) = O 10, =-22. 6. 0. ,001 'F4'

See type code 6.0 for a complete list of elements which update the
R2 matrix.
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-9 -
o (BEAM) matrix fitting constraints Beam correlation matrix (r) fitting constraints
There are five parameters to be specified when imposing a comstraint Five parameters are needed for a constraint on the (i, j) el ¢
, emen
upon the (i, j) element of a o(BEAM) matrix, of the beam correlation matrix,
1 - Type code 10.n 1 - Type code 10.n
2 -~ Code digit (1). (1 2 J) 2 - Code digit (10 + i),
3 - Code digit (j). 3 - Code digit (j).
4 - Desired value of the (i, j) matrix element. 4 - Desired value of the (i, j) matrix element
5 - Desired accuracy of fit (standard deviation). 5 - Desired accuracy of fit (standard deviation)
The symbol (n) is normally zero or blank, If n = 1, then entry 4 is . TRANSPORT does not print the beam (0) matrix directly, Instead i
. . . Instead it
taken to be a lower limit on the matrix element. If n = 2, entry & is prints the beam half widths and represents the off-diagonal elements b
: . s by
taken to be an upper limit. If i = j, then the value inserted in entry 4 the correlation matrix. If o i i .
. . i . caank o % e ; to a - _— ne wishes to fit an element of this matrix
{s the desired beam size (0(ii))? e.g. x(max) = (o(11))7 etc. : non-zero value it is convenient to be able to constrain the matri
atrix

. . . : element directly.
Some typical O matrix comstraints are as follows: :

Some typical r matrix constraints are as follows:

Desired optical condition Typical fitting constraint
W Desired optical condition Typical fitting constraint
Horizontal waist o0(21) =0 10, 2. 1, 0. .001 'Fl' 3 M
Vertical waist 0(43) =0 10. 4. 3, 0. .001 'F2' ; : Horizontal waist r(21) =0 10. 12. 1. 0. .001 'F1'
- . ] . - . - w
Fit beam size to x(max) = 1 cm 10. 1. 1, 1. .001 'F3' yy' correlation = r(34) = 0.2 10, 13. 4, 0,2 ,001 'F2'
»
Fit beam size to y(max) = 2 cm 10, 3. 3. 2. .00l 'F4'
Limit max beam size to x = 2 cm 10,2 1. 1. 2, .01 'F5'
Limit min beam size toy = 1 cm 10.1 3. 3. 1, .01 'F6'

In general, it will be found that achieving a satisfactory 'beam' fit

with TRANSPORT is more difficult than achieving an R matrix fit. When
difficulties are encountered, it is suggested that the user 'help' the
program by employing sequential (step by step) fitting procedures when
setting up the data for his problem, More often than not a "failure to
fit'" is caused by the user requesting the program to find a physically
unrealizable solution. An often encountered example is a violation of

Liouville's theorem.
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First moment constraint

In first order, known misalignments and centroid shifts cause the
centre (centroid) of the phase ellipsoid to be shifted from the reference

trajectory, i.e., they cause the beam to have a non-zero first moment,

The first moments appear in a vertical array to the left of the vertical

array giving the vo(ii). The units of the corresponding quantities are

the same.

It is perhaps helpful to emphasize that the origin always lies on
the reference trajectory. First moments refer to this origin. However,
the ellipsoid is defined with respect to its centre, so the covariance
matrix, as printed, defines the second moment about the mean.

First moments may be fitted, The code digits are i = 0 and j,
where j is the index of the quantity being fit. Thus 10. 0. 1. .1 .01;

constrains the horizontal (1.) displacement of the ellipsoid to be

0.1 * 0.01 cm,

This constraint is useful in deriving the alignment tolerances of
a system or in warning the system designer to offset the element in order

to accommodate a centroid shift.
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System length constraint

A running total of the lengths of the various elements encountered
is kept by the program and may be fit, The code digits are i = 0.,

j=0.

Thus the element (10, 0., 0. 150. 5. 3) would Bmwm the length of the
system prior to this element equal to 150 * 5 metres. Presumably there
would be a variable drift length somewhere in the system, By redefining
the cumulative length via the (16. 6. L. ;) element, partial system

lengths may be accumulated and fit.
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)

0 . *
AGS machine constraint

Provision has been made in the program for fitting the betatron phase

shift angle y, associated with the usual AGS treatment of magnet systems.

In the horizontal plane: use code digits i = -11.,, j = 2., and
specify:

1 -1
A= lN.a.m cos ﬁO-m Awuu + WNNVQ

3

u .
o (horiz)

freq./(No. of periods).

In the vertical plane: i = -13.,, j = 4., and

1 -1 ;
A= T cos ﬁo.m (R33 + W::vg = .W.._ﬂ (vert) .

For example, if there are 16 identical sectors to a proposed AGS
machine and the betatron frequencies per revolution are to be 3,04 and
2,14 for the horizontal and vertical planes respectively, then the last
element of the sector should be followed by the constraints:

lo. ~11, 2, ,1%0 /OOl 3

10. ~13, ‘4. ,134 .,001 ;
. 3,04 _ 2.14 _
i.e. =z =0.190 and Sz = 0.134 .

For example: A typical data listing might be:

5.01 -—-—- 3

.

5.01 -— H

3. —
10. -11. 2. 0.190 .001 3
10, -13, 4. 0,134 ,001 ;

1)

*) See Courant and Snyder °. Also note that this constraint is valid only
when the unit cell structure and the corresponding beta functions are
both periodiec.
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Floor coordinate fitting constraint

Five parameters are needed to specify a floor coordinate constraint:

1 - Type code 10,

2 -~ Code digit 8.

3 - Code digit ().

4 - Desired value of floor coordinate.

5 - Desired accuracy of fit (standard deviation).

The code digit (j) indicates the floor coordinate to be constrained. Its pos-
sible values are 1 to 6 indicating the m—oow X, ¥, z, theta, phi, and psi, respec-
tively. Theta is the angle which the floor projection of the reference trajectory
makes with the floor z axis, Phi is the vertical pitch, Psi is a rotation about
the reference trajectory. This is also the order in which coordinates are
printed in the floor layout activated by the 13. 12,

; through 16. 20,

; element. Initial coordi-

nates are given on type codes 16. 16. ; and type code 20.

The floor coordinates are actually zero-th rather than first order prop-
erties of a beam line, However, in TRANSPORT, they may be constrained in a

first-order fitting run, and therefore are included here,
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T]l matrix fitting constraints

Five parameters are needed for a constraint on the (i, j, k) element

of the second-order transfer matrix T1,
~ Type code 10.0

Code digit (-i).

Code digit (10j + k).

- Desired value of the (i, j, k) matrix element.

Vo N e
1

- Desired accuracy of the fit (standard deviatiom),

Note that upper and lower limit constraints are not available for ]

second order fitting.

Some typical Tl matrix comstraints are as follows:

Desired optical condition Typical fitting constraint

"
o

Geometric aberration Tisza 10, -1, 22, ,0 .,001 'F1'

Chromatic aberration T34¢ = .5 10. -3. 46. .5 .001 'F2' w

we

There must be no updates of the R2 matrix when constraining an element
of the Tl matrix. There is no limit on the number of comstraints which

may be imposed,

If no drift lengths are varied the problem will be linear and the

absolute size of the tolerances will be unimportant, Only their relative

magnitude will be significant, Sometimes only a subset of the elements

of the matrix T,.
ijk

need be eliminated.

which give significant contributions to beam dimensions
In such cases one may wish to minimize the effect of

this subset, by weighing each matrix element according to its importance.

One does this by including a constraint for each such matrix element, and

setting its tolerance equal to nrm.w=<mnmm of the phase space factor

For a matrix element T,

ijk
an uncorrelated initial phase space, the tolerance factor would be

which the matrix element mulciplies, acting on

H\AxomxowV. S:mﬂm xom m:m Xy are the initial beam half widths specified

by the type code 1.0 card.
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T2 matrix fitting constraints

Five parameters are needed for a constraint on the (i, js k) element

of the second order auxiliary transfer matrix T2.

- Type code 10.0
- Code digit - (20 + i).

Code digit (10j + k).

~ Desired value of the (i, j, k) matrix element.

L I R T R R
i

- Desired accuracy of the fit (standard deviation)

Note that upper and lower limit constraints are not available for

second-order fitting.

Some typical T2 matrix constraints are as follows:

Desired optical condition Typical fitting constraint

Geometric aberration Tizz2 = 0 10. -21. 22. ,0 .001 'F1'
Chromatic aberration Taye = .5 10. -23. 46. .5 .001 'F2' ;

By using a T2 constraint the user may fit an element of the second-
order transfer matrix which pertains to any section of the beam. One
2.

One then places the T2 comstraint at the end of the section.

causes an R2 update at the beginning of the section with a 6. 0.
element.
Any number of such constraints may be imposed. This is the only second~

order constraint that may be used in conjunction with an R2 update.

4,

it will be the second-order transfer matrix from the last Rl update. The

If a printing of the Tl matrix is requested via a 13. element
comments about phase space weighting, made in connection with the Tl con-
straint, are equally valid for the T2 constraint, provided the phase space

factors are obtained from the beam matrix at the position of the R2 update.
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Second-order 0(BEAM) matrix fitting comnstraint

Five parameters must be specified for a comstraint on the second-

order contributions to a beam matrix diagonal element %54

~ Type code 10.0

Code digit (i).
Code digit (i).

The number 0.

v~ W -
|

- Desired accuracy of the fit (standard deviation).

If, for example, one wished to minimize the net contributions of
second-order aberrations to the horizontal divergence, one would imsert
the following card:

10. 2. 2. .0 .01 H

The quantity that is minimized is the net increase due to second-
order terms in the.second moment of the beam about the origin. This
quantity is treated.as the chi-squared mm the problem, so the only meaning-
ful desired value for the fit is zero. The square root of this quantity
is printed in the output. It is computed using the Rz matrix. Therefore,
once again, one must not-include any element which updates the Rz matrix.
Centroid shifts must not be inserted when doing second-order fitting,

even immediately following the beam card.

The second-order image of the initial beam centroid at some later
point in the beam is not amnmmmmnwww the beam centroid at the later point.
The parameters printed by TRANSPORT are the new centroid position and the
beam matrix about the new centroid. One must therefore look at both of
these to observe the effects of the fitting procedure, It may even
happen that an wawuo<msm=n in one parameter will be mnnoavmammm by a

slight deterioration in the other.

The beam profile at any point is a function of the initial beam
parameters. One may therefore impose weights on the effect of the various
aberrations by the choice of parameters on the BEAM card, One might, for
example, adjust the strength of the correction of the chromatic aberrationms
by the choice of the Ap/p parameter. In umnn»ncwmﬁw when using a BEAM
constraint, one should ﬁon.mnnmavn.no Ewﬂwswwm or eliminate chromatic

aberrations if Ap/p is set equal to zero on the beam card (type code 1,0).

Correlations (the 12.0 card) may also be included in the initial

beam specification.

Sextupole strength constraints

Five parameters must be specified for a constraint on sextupole

strength.
1 - Type code 10.0
2 - Code digit 18,
3 - Code digit O,
4 - The number 0,
5 - Desired maximum sextupole field strength,

A single sextupole constraint card applies to all sextupoles which
follow, The maximum field strength is treated as a standard deviation

and may be exceeded on an optimal fit,

One can employ this constraint to find the optimal locations for sex-
tupoles, By placing inversely coupled drift lengths before and after the
sextupole its longitudinal position may be varied, By constraining the
field strength the sextupole can be slid te a position where the coupling

coefficients to the aberrations will be largest., One will need to experi-

ment with adjusting the maximum field strength to achieve the best confi-

guration,
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Internal constraints - i Corrections and covariance matrix

A set of upper and lower bounds on the value of each type of parameter : When the program is fitting, it makes a series of runs through the
is in the memory of the program, If a correction is computed for a para- 4 beam line. From each run it calculates the chi-squared and the correc—
meter which would take its value outside this range, it is reset to the - tions to be made to the varied parameters. For each iteration a single -
limit of the range. The current limits are: 3 line is printed containing these quantities.

The program calculates the corrections to be made using a matrix

L. inversion procedure., However, because some problems are difficult, it
Type code Limits proceeds with caution. The corrections actually made are sometimes a
1.0 0 < input beam fixed fraction of those calculated. This fraction, used as a scaling
2.0 -60 < pole-face rotation < 60 (deg) factor, is the first item appearing on the line of printed output. The
3.0 0 < drift second factor is the chi-squared before the calculated corrections are
.».o 0 < magnet length made. Following are the correctious to be made to the varied parameters.
5.0 0 < quad length They are in the order in which they appear in the beam line. If several
20.0 -360 < beam rotation < 360 (deg). parameters are coupled, they are nomemmHmm as one and their position is

determined by the first to appear.

These limits apply only when a parameter is being varied. Fixed When comvergence has occurred, the final value of the chi-squared

1 that exceed this range may be used as desired and the covariance matrix are printed. The covariance matrix is symmetric,
values .

so only a triangular matrix is shown. 'The diagonal elements give the
i i id physically meaningless . . L .

These constraints were included to avoid phy ¥ & change in each varied parameter needed to produce a unit increase in the

solutions. w chi-squared. The off-diagonal mHmannm“mw<m the correlatious between

the varied parameters.

ml The appearance of the chi-squared and covariance matrix is:
*COVARIANCE (FIT X*)

vCii
ria vYCa2

3 Tim* " Tn,n \nau.
For more details on the mathematics of the fitting, the user should
consult the Appendix. For an example of the output of the program he

9 (or she) should refer to the section on output format,
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ACCELERATION: Type code 11.0

An energy gain is reflected in both the divergence and the width of
the beam, This element provides a simulation of a travelling wave linear
accelerator energy gain over a field free drift length (i.e., no externally

applied magnetic field),

There are five parameters:

— Type code 11.0

- Accelerator length (metres).
Energy gain (GeV),
- ¢ (phase lag in degreces).

woR W N e
|

~ A (wavelength in cm).
The new beam energy is wﬂmsnmm as output,

The energy of the reference trajectory is assumed to increase linear-
ly over the entire accelerator length, If this is not the case, an appro~
priate model may be constructed by combining separate 11,0 elements. An

«
11.0 element with a zero energy gain is identical to a drift length,

None of the parameters may be varied.

Second-order watrix elements have not been incorporated in the

program for the accelerator section,

The units of parameters 2, 3, and 5 are changed by 15. 8., 15, 11.,

and 15. 5. type code entries respectively,

Accelerator section matrix
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¢ = phase lag of the reference particle behind thefcrest of the accelerating wave, i.e. if

the crest of

ing

this value are ridi

ing

les hav

1c

1tive t

¢ is pos

hen for some >0 the part

the units of ¢ are degrees

the wave;

the units of A are those of & (normally cm).

A = wavelength of accelerating wave;

ic).

ivist

lement assumes that Eg >> mge? (fully relati

1s matrix e

Th




- 92 - .

BEAM (rotated ellipse): Type code 12.0

To allow the output beam from some point in a system to become the
input beam of some succeeding system, provision has been made for re-
entering the correlation matrix which appears as a triangular matrix in

the beam output. (See section under type code 1.0 for definitions.)

There are 16 parameters:

1 - Type code 12.0

2 to 16 - The 15 correlations {(r(ij)) among the 6 beam components -

in the order printed (by rows),

Several cards may be used to insert the 15 correlatioms, if neces-—

sary.

Since this element is solely an extension of the beam imput, a 12.0

element must immediately be preceded by a 1.0 (BEAM) element entry.

The effect of this element in the printed output is shown only in
the beam matrix. If the beam matrix is printed automatically, it is not
printed directly after the BEAM element but only after the correlation

matrix has been inserted.

..@wl

Output PRINT CONTROL instructions: Type code 13,0

A number of control codes which transmit output print instructions to the
program have been consolidated into a single type code:

There are two parameters:

1 - Type code 13,0
2 - Code number,

The effects of the various code numbers will be described below (not in numer-
ical order), .

Several codes are available to control various aspects of the printed output,
Most type codes produce a line of output that advertises their existence, Those
‘that do not, usually have an obvious effect upon the remainder of the output and
thus make their presence clear,

‘Beam mairix print controls 1., 2., 3.

(13. 1. ;): The current beam (o) matrix is printed by this code.

(13. 3. ;): The beam (g) matrix will be printed after every physical ele-
‘ment which follows this code,

(13. 2. ;): The effect of a previous (13. 3. ;) code is cancelled and the
‘beam (o) matrix is printed only when a (13. 1. ;) code is encountered or when
‘another (13. 3. ;) code is inserted, The suppression of the beam matrix is the
‘normal defanlt. ,

Transformation matrix print conirols 4., 5., 6., 24.

{13. 4. ;): The current transformation matrix R1 (TRANSFORM 1) is
printed by this code, If the program is computing a second-order matrix, this
second-order transformation matrix will be included in the print-out, This
H matrix is cumulative from the last R1 (TRANSFORM 1) update, The units of the
elements of the printed matrix are consistent with the input units associated
with the type code 1.0 (BEAM) entry.
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(13, 6. ;): The transformation matrix R1 will be printed after every phys-
ical element which follows this code. The second order matrix will be printed
automatically only if the one-line form (code 13. 19. ;) of the transformation is
selected, The second order matrix will, however, be printed at each location
of a (13, 4. ;) element. The first-order matrix will not be repeated,

(13, 5. ;): The automatic printing of R1 will be suppressed and R1 will be
printed only when subsequently requested.

(13. 24, ;): The TRANSFORM 2 matrix, R2, will be printed by this code,
The format and units of R2 are identical with those of R1, which is printed by
the (13. 4. ;) code, For a list of elements which update the R2 matrix, see
type code 6,

/

The units of the tabulated matrix elements in either the first-order R or
sigma matrix or secand-order T matrix of a TRANSPORT print-out will cor-
respond to the units chosen for the BEAM card. For example, the R(12) =
(x/ 6 ) matrix element will normally have the &B.ﬁ.mmoum of cm/ mr; and the
T(236) =.(9/y5) matrix element will have the dimensions mr/(cm-percent Ap/p)

and so forth.

Misalignment table print control 8,

The misalignment summary table is printed wherever a (13. 8. ;) mwwummﬁ
is inserted. Its contents are the effects of all previously specified misalign-
ments whose results were to be stored in a table, A full description of the table
and its contents is to be found in the section on the align element (type code m )e

Coordinate layout control 12,

One can produce a layout of a beam line in any Cartesian coordinate system
ouo.nwccmmm. The coordinates printed represent the x, y, and z position, and
the angles theta, phi, and psi, respectively, of the reference {rajectory at the
interface between two elements. Theta is the angle which the floor projection
of the reference trajectory makes with the floor z axis. Phi is the vertical
pitch, Psi is a rotation about the reference trajectory. In the printed output
the values given are those at the exit of the element listed above and at the en-

trance of the element listed immediately below.
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A request for a layout is specified by placing a (13. 12. ;) card before Em
beam card. If no additional cards are inserted the reference trajectory of _&m
beam line will be assumed to start at the origin and proceed along the positive
z-axis, The y-axis will v.om:n up and the x-axig to the left. One can also spec-
ify other starting coordinates and orientations by placing certain other cards
before the beam card, For 2 aomnﬁcﬁou of such cards see type code 16.0
(special parameters),

The calculation of the coordinates is done from the parameters of the phys-
ical elements as given in the data. Therefore, if effective lengths are given
for magnetic elements, the coordinates printed will be those at the effective

field boundary. The effects of fringing fields in bending magnets are not taken
into account,

General output format controls 17,, 18., 19,

(13. 17, ;): The subsequent printing of the physical parameters of ail
physical elements will be suppressed. Only the type code and the label will re-
main, This element is useful in conjunction with the (13. 19, ;) element which
restricts the beam (o) matrix and the transformation (R1) matrix each to a
single row. The elements of these matrices then appear in uninterrupted noT

umns in the output, similar to the TRAMP computer code used at the w:z.mumond
Lab, CERN, and elsewhere,

(13. 18, ;): Only varied elements and constraints will be printed. This
element, in on.:unaou with the various options on the indicator card, can pro-
duce a very abbreviated output. The entire output of a multistep problem can
now easily be printed on a teletype or other terminal,

(13. 19, ;): The beam (g) and transformation (R1 or R2) matrices, when
E.Enoa will occupy a mE%m line. Only those elements ave printed which will
be nonzero if horizontal midplane symmetry is maintained. The second-order
transformation matrix will obviously occupy several lines. This element, in
conjunction with the 13, 17, ; element and either the 13, 3, ; element or the
13, 6. ; element, will produce output in which the printed matrix elements will
occupy single uninterrapted columns, For visual appearances it is recom-
mended that, if both beam (¢) and transformation matrices are desired, they be
printed in separate steps of a given problem,
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Punched output controls 29, 30, 31, 32, 33, 34, 35. 36.

If the control is equal to 29, all of the terms in the first-order matrix and

the x and y terms of the secoad-order matrix are punched.

If the control is equal to 30, all of the terms of the first-order matrix and

all second-order matrix elements are punched out.,

If the control, n, is greater than 30, all of the first-order terms are
punched and the second-order matrix elements which correapond to (n-30.),
i.e., if n = 32, the second-order theta matrix elements are punched out. If
n =31, the second-order x -matrix elements are punched, and so forth.
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ARBITRARY TRANSFORMATION input: Type code 14.0

To allow for the use of empirically determined fringing fields and
other gpecific (perhaps non-phase-space-conserving) transformations,
provision has been made for reading in an arbitrary transformation

matrix, The first—order 6 X 6 matrix is read in row by row.

There are eight pavameters for each row of a first-order matrix

entry:

1 - Type code 14.0

2 to 7 - The six numbers comprising the row. The units must be those
used to print the transfer matrixj; in other ﬂonamr consistent
with the BEAM input/output.

8 - Row number (1, to 6.)

A complete matrix must be read and applied one row at a time. Rows

that do not differ from the unit transformation need not be read,

For example, (4, -.1 .9 0. 0, 0. 0. 2, 3) introduces a transforma-
tion matrix whose second row is given but which is otherwise a unit matrix,
Note that this transformation does not conserve phase space because

R(22) = 0,9,i.e, the determinant of R # 1,

Any of the components of a row may be varied; however, there are

several restrictions.

Type code 14,0 elements that immediately follow one another will all
be used to form a single transformation matrix. If distinct matrices are
desired, another element must be inserted to separate the type code 14.0
cards. Several do-nothing elements are available; for example, a zero

‘length drift (3. 0. ;) is a convenient ome.

When the last of a sequence of type code 14.0 cards is read, the

assembled transformation matrix will be printed in the output.
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Note that Input-output UNITS: Type code 15.0
1 0 ayy ayz apy ayz . , . .
# TRANSPORT is designed with a standard set of units that have been
azy azs 0 1 az az2 used throughout this manual. However, to accommodate other units con-
. veniently, provision has been made for redefining the units to be
Hence, a matrix formed by successive 1l4. (3. 0. 3;), 14. - elements

employed. This is accomplished by insertion of one or more of the follow-
is not always equal to the one formed by leavimg out the (3. 0. 3) .

ing elements,
element.

There are four parameters to be specified:
If components of a 14,0 card are to be varied it must be the last

1 - Type code 15.0
2 - Code digit.

14.0 card in its matrix. This will force a matrix to be split into

factors if more than one row has variable components.

.. 3 - The abbreviation of the unit (see examples below).
If it is desired to read in the second-order matrix coefficients for

.th

. This will be printed on the output listing. It must be enclosed
the i~ row, then the following 22 additional numbers may be read in.

in single quotes and is a maximum of three characters long (four
9 - continuation code 0. ' for emergy). The format for insertion is the same as for labels.
10 to 30 - the 21 coefficients:
T(ill) T(il2) T(il3) T(il4) T(il5) T(ile)
T(i22) T(i23) T(i24) T(i25) T(i26) T(i33)
T(i34) T(i35) T(i36) T(i44) T(i45) T(i46)
T(i55) T(i56) T(i66)

4 - The scale factor (if needed).
The scale factor is the size of the new unit relative to the
standard TRANSPORT unit. For example, if the new unit is inches
and the standard TRANSPORT unit cm, the scale factor is (2.54).

in that order, where i is the row number. It is
¢

necessary to read in the first-order matrix row

which corresponds to the second-order matrix row

being read in.

As in the first-order case, full rows not different from the
identity matrix hw.m.. R(ii) = 1, all other R(ij) = 0, and all
T(ijk) = ou need not be read in.
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The various units that may be changed are:

Code Standard Symbols used in
Digit Quantity TRANSPORT Unit SLAC-T75
1.0 horizontal and vertical trans- cm X,y

verse dimensions, magnet
apertures, and misalignment
displacements

2.0 horizontal and vertical angles mr 0,9

and misalignment rotation
angles
*
3.0 vertical beam extent (only) cm y
and bending magnet gap height
*
4.0 vertical beam divergence ) mr ¢
(only)

5.0 u:.pmon beam length and wave cm L

length in accelerator

6.0 momentum spread percent {PC) 6

7.0 bend, pole face rotation, and degrees (DEG)

coordinate layout angles
8,0 length (longitudinal) of ele- metres (M) t
ments, layout coordinates,
and hending magnet pole face
curvatures. .

9,0 magnetic fields kG B
10.0 mass electron mass ‘m
11,0 momentum and GeV/e p(0)

energy gain in accelerator GeV AE

section

*) These codes should not be used if the coordinate rotation (20, 0) type code is
used anywhere in the system,
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Units are not normally restored at the end of a problem step. Once
changed, they remain the same for all succeeding problem steps in an input
deck until a 0 indicator card is
set to standard TRANSPORT units.
by inserting a (15. ;) type code

encountered, at which time they are re-
The units may be reset to standard umnits
entry.

The 15.0 elements are the first cards in a deck (immediately follow-

ing the title card and the 0 or 1 indicator card) and should not be in-

serted in any other location. They produce no printed output during the

calculation, their effect being visible only in the output from other

elements,

Example: To change length to feet, width to inches, and momentum

to MeV/c, add to the front of the deck the elements

15.

8. ' FT' 0.3048;
15. 1. ' IN' 2.54;
15. 11. 'MEV' 0.001;

The scale factor, 0.3048, multiplies a length expressed in the new unit,

feet, to convert it to the reference unit, metres, etc.

For &ﬁm.oouﬁwu.n»oumu_. units listed below, it is sufficient to stop
with the unit name (the conversion factor is automatically inserted by
the noH..omH.m.Ev. If units other than those listed below are desired, then
the unit name and the appropriate conversion factor must be Eowﬁnmm.

If the automatic festure is used with older versions of the program,

there must be no blank spaces between the quotes and the unit name.




Type code 15.0
(Conversion factors for dimension changes versus code digit and unit)

Input-output units
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SPECIAL INPUT PARAMETERS: Type code 16.0

A number of constants are used by the program which do not appear as -
parameters in elements of any other type code, A special element has
been provided to allow the designer to set their values. These special
parameter entries must always precede the physical element(s) to which

they apply. Once introduced, they apply to all succeeding elements in

the beam line unless reset to zero or to new values,

There are three parameters:
1 ~ Type code 16.0
2 - Code mwmwa.

3 - Value of the constant,

A :cavmn.om such constants have been defined in this manner. All have

a normal value that is initialized at the beginning of each runm,

Code digits for special parameters

1. e(l) - a second-order measure of magnetic field inhomogeneity in

bending magnets. If
- - alXy 1B (Y -
B(x) = B(0) ﬁw nmuav.*mAnc ...g

is the field expansion in the median (y = 0) plane, then

€(1) is defined as
2
Y
€(1) = mmbav

(where pg is measured in units of horizontal beam width ~
normally cm). This parameter affects second-order calcula-
tions only. Normally the value if 0. It may be varied in

second-order fitting,

3. (M/m)- Mass of the particles comprising the beam, in units of the
electron mass; normally O, A non-zero mass introduces the
dependence of pulse length on velocity, an important effect

in low-energy pulsed beams,

4, W/2 - Horizontal half-aperture of bending magnet, in the same units
as horizontal beam width, normally 0 (i.e. effect of horizontal

half aperture is ignored).




8.

of
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g/2 - Vertical half-aperture of bending magnet, in the same units

L

Ky

K2

as vertical beam height; this parameter must be inserted if
the effect of the spatial extent of the fringing fields upon:
transverse focusing is to be taken into account. (See type

codes 2.0 and 4.0 as a cross reference) normally O.

- Cumulative length of system, in the same units as system
length. It is set to zero initially, then increased by the length
of each element, and finally printed-at the end of the system,

This element allows the cumulative length to be reset as desired,

- An integral related to the extent of the fringing field
of a bending magnet. See section under type code 2.0 and .
SLAC-75 page 74 for further explanation,
If the (16. 5. g/2, ;) element has been wdwmunmn. the program
inserts a default value of K, = % unless a (16. 7. K1. 3)
element is introduced, in which case the program uses the K;
value selected by the user, The tabie below shows typical

values for various types of magnet designs.

- A second integral related to the extent of the fringing
field., Default value of K; = 0 unless specified by a

(16. 8. Kz. 3) entry,

Typical values of K; and K; are given below for four types

fringing field boundaries:

a)
b)
c)
d)

a linear drop-off of the field,
a clamped "Rogowski" fringing field,
an unclamped '"Rogowski" fringing field,

a "square-edged" nmon-saturating magnet.
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Model Ky K, ¥
Linear b/6g 3.8
Clamped Rogowski 0.4 4.4
Unclamped Rogowski 0.7 4.4
Square-edged magnet 0.45 2.8

where b 1is the extent of the linear
fringing-field. See page 98 of reference 8.

‘12, 1/R; - Where R; is the radius of curvature (in units of longitudinal

length, normally metres) of the entrance face of bending magnets.
(See figure on p. 106)

13. 1/Rz ~Where Ry is the radius of curvature (in units of longitudinal
length, normally metres) of the exit face of bending magnets,

(See figure on p, 106)

The pole face curvatures (1/R;) and (1/R2) affect the system only in
second-order, creating an effective sextupole component in the neighbourhood
of the magnet. If the parameters are not specified, they are assumed to be
zero, i,e., no curvature and hence no wmxn:ﬁon component, Either parameter

(or both) may be varied in second-order fitting.

%

vaH most applications wm is unimportant. If you find it is
important to your result, you should probably be making a more
accurate calculation with a differential equation ray-tracing
program (see Reference 7).



3
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Tilt-to—focal plane (16. 15. o. ;) element

Very often it is desired to have a listing of the second-order
aberrations mwozm the focal plane of a system rather than perpendicular

to the optic axis, i.e. along the x coordinate. If the focal plane makes

TRAJECTORY

an angle o with respect to the x axis (measured clockwise) then
provision has been made to rotate to this focal plane and print out
the second-order aberrations. This is achieved by the following pro-

cedures:

Alpha is the focal-plane tilt angle (in degrees) measured from the

perpendicular to the optic-axis (a is normally zero).

The programming procedure for a tilt in the x(bend)-plane (rotation

about y axis) is:

tupole components of strength

;;557///1
7\\\\\\\\\\\\\\\\\ CENTRAL
itive as shown in the figure.

Positive B's imply transverse focusing.

8 = (- h/2R) sec® B.

16. 15. a. ;
a » 3. 0. ; (a necessary do-nothing element)
2] )
g = 13. 4. 3
§ Dok
o S > o 16. 15. -o. ; (rotate back to zero)
(2]
m m g 3. 0. 3 (a2 necessary do-nothing element)
& o .m 16. 15. 0. ; (to turn off rotation element)
R
d (=] n—m nn
P [ IY)
2 .35%
5§ dg28
. - -
g5 w58 .
B @
W N~
82 &°.4¢
[=] 2] M
-1 = (7]
=] <]
EoTafs
o n
ﬂv.— A
8
(3]
-]
=]
ot
[/}
&
o
[
m
=
o
]
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The positive y direction is out of the paper,

Positive R's (convex curvatures




The programming procedure for a tilt in the y-plane (rotation about

x—axis) is:

16.

20.

20.

13.

16.

20.

20.
16.

15.

90.

e

0.

3
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(rotate back to -zero)

(to turn off rotation element)
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Initial beam line coordinates and direction

When requesting a beam line coordinate layout via a (13, 12, ;) element

one can employ any coordinate system one desires. The position and direction

of the beginning of the reference trajectory in this coordinate gystem are given
on elements 16, 16, through 16. 20, Such cards should be placed before the
beam card, but after any units changes, Their meanings are as follows:

16.
16.
16.
16.
16.

16.

17. point of the reference trajectory in the units chosen for
18. longitudinal length,

19, ~ [/} 0 and ¢ 0 the initial horizontal and vertical angles of the

Nc. Yo and No. respectively, the coordinates of the initial

20, ‘ reference trajectory in degrees.

The angle y may be set by using type code 20.

When specifying the initial orientation of the uwmmumunm trajectory via the

two angles, one must give the horizontal angle first, The meaning of the two

angles is given in the following figure. Any of the above five parameters not

explicitly specified will be taken to equal zero.

The initial coordinates may be varied in first-order fitting, Their values

will affect only the beam line floor coordinates and not any beam or transfer

matrix element,
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SECOND-ORDER CALCULATION: Type code 17.0

A second-order calculation may be obtained provided no alignments are
employed. A special element instructs the program to calculate the second-

order matrix elements., It must be inserted immediately following the beam

REFERENCE
TRAJECTORY

(1. element).
Only one parameter should be specified:

1 - Type code 17.0 (signifying a second-order calculation is to be
made),

To print out the second order Tl matrix terms at a given location in
the system, the (13. 4, ;) print control card is used, For T2, the

(13. 24, 3) print control card is used, The update rules are the same

as those for the corresponding first-order R matrix, See SLAC-75 for

definitions of subscripts in the second order T(ijk) matrix elements.

The values of the BEAM (sigma) matrix components may be perturbed
from their first-order value by the second-order aberrations. In a
- second-order TRANSPORT calculation, the initial beam is assumed to have

a Gaussian distribution. For exact details the reader should consult

" the Appendix, For the beam matrix to be calculated correctly, there

should be no elements which update the R2 matrix. If a centroid shift is
present, it must immediately follow the beam (type code 1.0) or beam

rotated ellipse (type code 12.0) card.

Only second-order fitting may be dome in a second-order run. See
the section on type code 10.0 for a list of quantities that may be con-
SPECIFICATION OF INITIAL ANGLES Go AND ¢o FOR BEAM LINE LAYOUT, - strained in a second-order run. If a beam constraint is to be imposed in

second-order, there must be no centroid shifts Present anywhere.

Second-order matrices are imncluded in the program for quadrupoles,
bending magnets (including fringing fields), the arbitrary matrix, sex—
tupoles, and solenoids. They have not been calculated for the accelera-

tion (type code 11,0) element.
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SEXTUPOLE: Type code 18.0

Sextupole  (hexapole) magnets are used to modify second-order aber-
rations in beam transport systems. The action of a sextupole on beam
particles is a second and higher order effect, so in first order rums

(absence of the 17,0 card) this element will act as a drift space.

There are four parameters:

1- e code 18.0

2 - Effective length (metres).

Field at pole tips (kG). Both positive and negative

w
1

fields are possible (see figures below).

4 ~ Half-aperture (cm). Radius of circle tangent to pole tips.

Other orientations of the sextupole may be obtained using the beam

rotation element (type code 20.0).

The pole tip field may be varied in Second-order fitting, It may
also be constrained not to exceed m.nmnnmws specified maximum field.
(See the explanation of vary codes in the section on type code 10.0).
Such a constraint allows one to take into account the physical realities

of limitations on pole tip fields.

See SLAC-75 for a tabulation of sextupole matrix elements. The

TRANSPORT input format for a typical data set is:

ﬁll Label if desired (not to exceed
4 spaces
18. L. b. a. "' ; paces)
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N
A

/

SEXTUPOLE

QUADRUPOLE

DIPOLE

» QUADRUPOLE AND SEXTUPOLE ELEMENTS,

ARE POSITIVE WITH RESPECT TO EACH OTHER,

ILLUSTRATION OF THE MAGNETIC MIDPLANE (x AXIS) FOR DIPOLE
THE MAGNET POLARITIES INDICATE MULTIPOLE ELEMENTS THAT
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SOLENOID: Type code 19.0

The solemoid is most often used as a focusing element in systems
passing low-energy particles. Particles in a solenoidal field travel
along helical trajectories. The solenoid fringing field effects neces-

sary to produce the facusing are included.

There are three parameters:

1 - Type code 19,0

"2 - Effective length of the solenocid (metres).
3 - The field (kG). A positive field, by convention, points in the

direction of positive z for positively charged particles.

The length and the field may be varied in first-order fitting. Both

first- and second-order matrix calculations are available for the solenoid.

A typical input format is:

ﬁllllll Label if desired (not to exceed
4 spaces)
_ -

19. L. B. H
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First-order solenoid matriz

Solenoid R matrix

Definitions: I. = effective length of solenoid

K = B(0)/(2Bpy),where B(0) is the field inside the
solenoid and (Bpy) is the (momentum) of the central

trajectory.
C = cos KL
S = sin KL

For a derivation of this tranformation see report SLAC~4 by

R. Helm.

Alternate forms of matrix representation of the solenoid:

.2 1, 1.2 P
c z5C sC 8 0 0
-KSC c? -Ks? sC 0 0 -
-s¢ | - Wmn c? .wmmo 0 0
R(Solenoid) =
Ks? -sC -KSC c? 0 0
0 ] 0 0 1 ]
.0 0 0 0 0 L
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. : COORDINATE ROTATION: Type code 20.0
Rotating the transverse coordinates about the z axis by an angle . )

= -KL decouples the x wua.% first-order terms, i.e. ; The transverse coordinates x and y may be rotated through an angle a

about the z axis (the axis tangent to the central trajectory at the point

. *% .
in question) v. Thus a rotated bending magnet, quadrupole, or sextupole

c Ww 0 0 0 0// ; may be inserted into a beam transport system by preceding and following
- c 0 0 0 0 : the element with the appropriate coordinate rotation. (See examples
. 1 below,) The positive sense of rotation is clockwise about the positive
0 0 . C =5 |0 0 1 ;
R(-KL) " R(Solenoid) = K j B ams.
0 0 -Ks € 0 0 w There are two parameters to be specified for a coordinate rotation:
0 0 0 0 1 0 ] 1 - Type code 20.0 (signifying a beam coordinate rotation).
//w 0 0 0 0 w\y . 2 - The angle of rotation o (degrees),

The angle of rotation may be varied in a first-order fitting (see

type code 10,0).

Note

This transformation assumes that the units of (x and y) and (0 and ¢)
are the same, This is always true unless a 15.0 3.0 or a 15.0 4.0 type

code has been used,

»*v. See mﬁbnlqm:v. page 45 and page 12, Fig. 4, for definitions of x, ¥
and z coordinates, )




- 118 - - 119 -

Example No. 2

A quadrupole rotated clockwise by 60 degrees about the positive z

Eramples:

For a bending magnet, the beam rotation matrix may be used to

specify a rotated magnet. axis would be specified as follows:

Example No. 1 20. 60. ' ' 3
5. L. B. a. ' !

A bend up is represented by rotating the x, y coordinates by -90.0 . 20. —-60. ' ' :

-

degrees as follows:

Beam rotation matrix

ﬁllllll Labels (not to exceed 4 spaces) if desired

20, -90. ' ' \\o s AN
2. B(W. '
4. L. B. n. ' ‘' ¢ s
2. B@. 'y R = =S ¢
20. +90. ' ' ; (returns coordinates to their initial -5 c
orientation)
A bend down is mnnosuﬂwmrmm via a +90 degree rotation. H

. 1
20. +90. ' ' AN \\

2. : where C = cos O,

4. S = gin q,

2, o = angle of coordinate rotation about the beam axis,
20. -90. ' ' 3 . blank spaces are zeros.

: . . . g, = . L. d .
A bend to the left (looking in the direction of beam travel) is e.g. for o = +90 degrees, this matrix interchanges rows 1 and 2 with

3 and 4 of the accumulated R matrix as follows:

accomplished by rotating the x, Yy coordinates by 180 degrees, e.g.

20. 180, ' t 3 0 0 1 o] |R(11) R(12) R(13) R(14) R(31) R(32) R(33) R(34)
M. 0 0 0 1} |R(21) R(22) R(23) R(24) R{41) R(42) R(43) R(44)
2. -1 0 0 0| |R(31) R(32) R(33) R(34) N -R(11) -R(12) -R(13) “R(14)

20. -180. ' ' i 0 -1 0 Of [R(41) R(42) R(43) R(44)] |-R(21) -R(22) -R(23) -R(24)

(The rest of the matrix is unchanged.)
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STRAY MAGNETIC FIELD: Type code 21.0

1 - Element No. 21.0

2 - Code No. n. n = horizontal deflection

n = 2: vertical deflection.
3 - <BL> mean value of Bdz.

4 -+ < 0 BL> +: Gaussian random number generator;
affects beam first moment.
~-! uncertainty in &W&N - affects beam

second moment.

Uses the misalignment element (8.) to calculate an angular deflection

Bdz
(Bp)

equal to

-This type code is not functioning in the present version of the

program.
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SENTINEL

Each step of every problem in a TRANSPORT data set must be terminated
with the word SENTINEL. The word SENTINEL need not be on a separate card.
For a description of the form of a TRANSPORT data set see the section on

input format.

An entire run, consisting of ‘one or several problems, is indicated

by an additional card containing the word SENTINEL, Thus, at the end of

the entire data set the word SENTINEL will appear twice.
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Table 1: Summary of TRANSPORT type codes

- TYPE nd 3rd 4th Sth 6th 7th 8th 9th
PHYSICAL ELEMENT [ oope . | ENTRY ENTRY ENTRY ENTRY ENTRY ENTRY ENTRY | ENTRY
BEAM LoD | x(cm) 8(mr) y(am) - ¢ (mr) L (cm) & (percent} Py
AP ]
T.m. 5. ADDITION TO & T AR (e 28 (percent)
BEAM ENVELOPE 1. vvvvvv00] Ax(cm) 48 (mr) y (cm) 4 (mr) ( pe (GeV/©)
ANGLE OF
POLE FACE ROTATION | Z.v ROTATION (degrees)
DRIFT 3.v XENGH-{ (metres)
FIELD GRADIENT
BENDING MAGNET 4.vw LENGTH (metres) FIELD (kG) {n-value)
» QUADRUPOLE 5.w0 LENGTH (metres) FIELD (kG) HALF~APERTURE (cm)
TRANSFORM 1 UPDATE | 6.0 0.0 1.0
TRANSFORM 2 UIPDATE | 6.0 |0.0 2.0
BEAM CENTROID SHIFT | 7.VVVVVV|SHIFT (x)(cm) SHIFT {8) (mr) SHIFT (y)(om) SHIFT (¢)(mr) SHIFT (£){cm) SHIFT (& percent)
: CODE
ALIGNMENT TOLERANCE | 8.vvvvvv0 | DISPLACEMENT {x)(cm)| ROTATION (8){(mr) DISPLACEMENT (y) (cm)] ROTATION (¢)(mxr) | DISPLACEMENT (z) (cm)| ROTATION (o) (mr) NIMBR
NUMBER OF '
REPEAT CONTROL 9.0 REPEATS
] DESTRED VALUE OF
FITTING CONSTRAINTS | 10.0 oI J (T.) MATRIX ;;clgumcv OF
ELEMENTS
Note: +I is used for fitting a beam (c) matrix element. -i is used for fitting an Rl matrix element,
- (I + 20) is used for fitting an RZ matrix element.
’ i 1a;
ACCELERATOR 1.0 |LENGTH (metres) Eccg;‘“)e'gy gain) ‘ide(ghrz:‘:) £) (WAVELENGTH) (cm)
" 3 12.0 THE FIFTEEN CORRELATIONS AMONG THE SIX ELEMENTS (This entry sust be preceded by a type code 1.0 entry.)
(Rotated Ellipse)
INPUT/OUTPUT 130 CONTROL
OPTIONS ’ CODE NUMBER
ARBITRARY R MATRIX | 14.vvwwwO|R(J,1) R(J,2) R(J,3) R(J,4) ) R{J,5) R(J,6) J
UNITS CONTROL
(Transport 15.0 CODE UNIT SYMBOL ?ﬂ‘f;ﬁgﬁg)
Dimensions)
i o
m—/&?ﬁm OF
ING MAGNET 16.0 4,
IN x-PLANE o /2 (cm)
BENDING MAGET. '
MAGNET 16.0 5.0 2
IN y-PLANE (gap) ¥ (=)
LENGTH OF SYSTEM 16.0 6.0 L (metres)
FRINGE FIELD COR-
RECTION COEFFICIENT | 16+0 o Ky (dimensicnless)
FRINGE FIELD COR- '
RECTION COEFFICIENT | 16+0 8.0 K, {(dimensionless)
glNTRVATURE OF .
RANCE FACE OF 16.0v 12.
BENDING MAGNET 0 (7R} (U/metres)
gURVATU]E OF
XIT FACE OF 16.0v 13.0
BENDING MAGNET (1/R2) (1/metres)
FOCAL PLANE X
16.0 15.0 Angle of focal plane rotation (degrees).
ROTATION See type code 16,0 for details.
INITIAL BEAM LINE
%-COORDINATE 16.0V 16.0 X
INITIAL BEAM LINE
Y-COORDINATE 16.0v 17.0 Y
INITIAL BEAM LINE
2-COORDINATE 16.0v 18.0 2
INITIAL BEAM LINE
HORIZONTAL ANGLE 16.0v 19.0 8o
INITIAL BEAM LINE
VERTICAL ANGLE 1e.0v  |20.0 ¢
SECOND-ORDER 1
CALCULATIONS 7.0
SEXTUPOLE 18.0v LENGTH (metres) FIELD (kG) HALF-APERTURE (am)
SOLENOID | 18w LENGTH (metres) FIELD (kG)
BEAM ANGLE OF
ROTATION 20.v ROTATION (degrees)
STRAY FIELD 21.0 .| See late:l" section of Teport,
Note: The v's following the type codes indicate the parameters which may b i i - -
Vary Codes, The wmits are standard TRANSPORT axits (a5 shown) n;)lresse \rarw::i v?ze t;;:t::dlelﬁlg?; :I):%e_i:gc.ie 10.0 for a detailed explanation of
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K. L. Brokn .
Stanford Linear Accelerator Centgh. E -
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The computer program TRANSPORT; used for designing charged particle
beam transport systems, has been ﬁodified.to include é number of new fea-
tures. Among them are the possibility of using accelerator notation to
specify the beam matrix, expanded fitting capabi!ities.including the
ahility to constrain algeSraié coambinations 6? matrix elemenfs, and more

flexible means of specifying individual or groups of beam line elements.

This document is to be usea as a supplement to the TRANSPORT manual.
It is organized by type code, as is the manual. The contents of this
réport will eventually be written into a revised TRANSPORT manual. In a
few instances, the matérfal'of the manual has been reuritten, but in most

cases it has simply been ek%anded.

% Work supported by the Department of Energy, contract DE-AC03-76SF00515.
* Transport Addendum.
7 This report is also issued as NAL-91.




INPUT BEAM: Type Code 1.0

The beam matrix may also be specified in terms of accelerator notation

using the parameters B, a, and 5. A 13. 7. ; element placed before the

beam element (Type code 1.0) will indicate that the beam matrix input and

output and beam matrix constraints are all expressed in accelerator nota-

- tion.

The meaning of the accelerator parameters B and a« is shoun in the

illustration below. The parameters B and a« may be defined for each tran-

sverse plane. The use of this option is not compatible with either misa-

lignments (type code 8.) or second order (type code 17.), or elements

which produce x-y coupling.

If accelerator notation is to be used, there are eight entries to be

made on

1

2

the beam card.

- The type code 1.0 (specifies a beam entry followus).

- By
- ay
- By
- ay
- 0.
- 0.

- The momentum of the central trajectory [p(0)] (GeV/ec).

The units for B are the quotient of the transverse length units and

the transverse angle units. Conventionally B is expressed in mm/mr or

meters.

Following this convention requires a change in the transverse

distance unit to mm using the 15. type code.
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The parameter 7 is used to characterize the behavior of off-momentum

trajectories. The components of the 7 vector are specified using the
centroid shift (ivpe code 7.). If no type code 7 element is present, the

fractional momentﬁm deviation of » from the beam design momentum is one
unit in fractional momentum spread. Normally this is in percent Ap/p,
but can alse be changed via a 15. type code entry. All other coordinates
of  are then taken to equal zero. A beam correlation entry (type code
12.) is not used with accelerator notation since a, and ay express the
degree of correlation betueen position and aﬁgle in the tmo transverse

planes.

Accelerator designers are accustomed to expressing B and 1 in meters.
These are equivalent to millimeters per milliradién and millimeters per-
mil (one part in a thousand §). A complete set of units change specifi-

cations to the latter set of units is

- 15, 1. ‘mm?

ve

15. 6. ‘pm” . |

we

The beam matrix, whenever printed, will be expressed in accelerator
notation. If the beam matrix is printed éfter every physical element, by
the insertion of a 13. 3; ;3 element, a heading will be printed to iden-
tify the numbers in the beam matrix. The beam matrix will be printed in
a single line.. I1f the beam matrix is printed only after selected ele-
ments via a 13. 1. ; type code entry, no heading is printed. The quanti-

ties printed are

¥ ‘py By B-y ay Ay, Nx Ny N’ ”y'
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The parameters ¥y and vy are the phase advances in the horizontal and

vertical planes. The phase advance is given by

S2 ds
AMJ
sq7 B(s)

where s is the distance along the reference trajectory.

The normal units

for ¥ in TRANSPORT are degrees. However, the units for ¥ may be changed

via a 15. 12. ... element. For example if ¥ is desired in "™tune" units

then a 15 12 “TUNE’ 360 ; element should be inserted before the tybe code

1.0 beam entry.

é

_ / 2 _
int = V992(1-Tyy) =

CENTROID 011(1“"31’ Xt = Vy

A TWO-DIMENSIONAL BEAM PHASE ELLIPSE

The area of the ellipse is given by:

13581

A = “(det 0)“2 = AXmax eint = X int enax .

The equation of the ellipse is:

¥x2 + 20xB + BOZ = ¢



where

C14

G214

and

By - a2 =
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FRINGING FIELDS AND POLE-FACE ROTATIONS FOR BENDING MAGHETS:

Type Code 2.0

If the bending magnets to be specified are rectangular as seen from
the top, then the sum of the input and output pole face rotation angles
#ill equal the bend angle. Several options exist for automatically sei-
ting the pole face rotation angfes in terms of the bend angle. Such
options are given by entries of 13. 40. ; through 13. 43. ; inclusive. |
Even when one of these optiqn§ is selécted. the 2. element must be
included in the data before and after the type code 4. entry if {fringing-
field effects are to be calculated. Details of the various options are

found in the section describing type code 13.
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WEDGE BENDING MAGNEY: Type Code 4.0

Alternatively, a wedge bending magnet may be specified in terms of its
length and bend angle. If a 13. 48. ; entry is inserted in the data, all
;ubsequent bend magnet entries are taken to be expressed in terms of L,

@, and n. The four parameters to be specified are then

1 =~ Type code 4.0 (specifying a wedge bending magnet).

2 - The (effective) length L of the central trajectory in meters.
3 - The bend angle & in degrees.

4 - The field gradient (n-value).

The quantities L, &, and n may be varied. The units for bend angle

may be changed via a 15. 7. element preceding the beam card.

At a later point one can revert to the normal description in terms of

L, B, and n by the insertion of a 13. 47. ; element.



QUADRUPOLE: Type Code 5.0

A device which is focusing in both transverse planes or defocusing in
both transverse planes may also be represented via a 5. type code. The
description is the same as for an ordinary quadrupole, except that the
sign of B now applies to both planes. A 13. 98. ; element inserted
before a 5. type code will cause it to be taken as such a device. A sub-
sequenf 13. 97. ; entry causes the 5. type code to be taken as represent-

ing a conventional quadrupole.
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SHIFT JIN THE BEAM CENTRDID: Type Code 7.0

1f accelerator notation is selected for the beam matrix via a 13. 7. ;
element, then the 7. type code is used to initiate the . function. The
coordinates specified are those of the initial # function. The 7 func-
tion is conventionally taken to represent a trajectory whose momentum
differs by one unit from the design momentum of the beam line. 1In this
case the & parameter on the shift element would be 1.0. The units for §
may be changed via a 15. 6. type code entry; A complete set of unit
changes appropriate for the use of accelerator notation is given under
type code 1. Typically an initial % function would be specified via a

type code 7.0 as follous:

7. 2x " By My’ 01 ;
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YARY CODES AND FITTING CONSTRAINTS: Type Code 10.0

First-Order Vary Codes

In a first-order run, the additional quantities marked v may be

varied:

BEAM (rotated ellipse)... 12.vvvvvvvvvvvvvvy - All elements of

the correlation matrix may be varied.
Second-0Order Vary Codes
In a second-order run the following parameters may be varied:

ROTAT . et ittt ennnnnnanns 2.v - The pole face angle of 5 bending
magnet may be varied.

DRIFT....ciiinnnann eevees 3.v - The drift length may be varied.

BEND...... tetesssessessas 4d.vvv - The length, the field, and/or the
n—value.may be varied. Alternatively,
the length, the bend angle, ands/or the
n-value may be varied.

QUAD....... Cecesenaee «ese 5.vv0 - The length may.be varied; the

| field may be; the aperture may not be.

MATRIX....oveennns cessere T4.vvvvvv0 - Any of the first order matrix
elements may be varied.

INITIAL COORDIKNATES...... 16.0v - Any of the three initial position
floor coordinates or two angle coordinates

may be varied. .
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€ (1)eeeveennnnnonnns vees 16.0v 1. - The normalized quadratic
term (sextupole component) in the midplane
expansion for the field of a bending magnet
may be varied.
L 7 3 16.0v 12. - The pole face curvature of a
bending magnet entrance may be varied.
T/RZ. i iiiiiirenanannenns 16.0v 13. - The pole face curvature of a

bending magnet exit may be varied.

SEXTUPOLE. ... vivcenverana 18.0v - The field strength may be varied.
SOLENDID....ivevevronnns . 18.vv - The length andsor field may be

| varied.
BEAM ROTATION......ccvnee 20.v - The'angle of rotation may be varied.

Variation of any parameter which may also be varied in first order
should be done with caution as it may affect the first-order properties
of the beam line. But, inversely coupled drift spaces straddling a sex-

tupole will, for example, shou only second-order effects.

The special parameter cards (type code 16.0) once introduced apply to
all subsequent magnets in a beam line until another type code 16.0 speci-
fying the same parameter is encountered. Thus, if such a parameter is
varied, the variation uill apply simuitaneously to all subsequent magnets
to which it pertains. The variation will persist until the parameter or
vary code attached to the parameter is changed by the introduction of

another type code 16.0 element spesifying the same parameter.
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The tirst-order parameters of a pole face rotation, bend, or solenoid

may not be varied to satisfy a second-order constraint. They are vari-

able in a second-order run only to permit first- and second-order con-

straints to be imposed simultaneously.
Possible Fitting Constraints

Any elements of the first-order transfer matrix, the floor coordi-

nates, and the system lenagth may nou also be fit in a second-order run.
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Beam Matrix Fitting Constraints Usinag Accelerator Notation

The correspondence betueen the potation for a heam constraint and the
convention for beam parameter input is the same as when accelerator nota-
tion is not used. There are five parameters to be specified.

1 - Type code 10.

2 - Code digit (i).

(78}
f

code digit (j).
4 - Desired value of parameter to be fit.

5§ =~ Desired accuracy of fit (standard deviation).

1f i = j, the donstraint applies to the i-th physical parameter on the
beam (type code 1.) element. For example, if By is to be constrained,
then i = j = 1. If i = 0, the constraint applies to the j-th physical
parameter on the shift (type code 7.) element. Thus, to fit Nxs ONE

would set j equal to 1.

Some typical accelerator notation beam constraints are as follous:

Desired Optical Condition Typical Fitting Constraint
Bx = .5 10, 1. 1. .5 0.001 "F1" ;
@y = O 10. 2. 2. 0. 0.001 "F2" ;
By = .3 10. 3. 3. .3 0.00%1 "F3" ;
ay = ~-.2 10. 4. 4. ~-.2 0.001 "F4" ;
ax = .5 16. 0. 1. .5 0.001 "F5" ;

-e

Ny’ = =.2 10. 0. 4. =-.2 0.001 ™fg"
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Alaebraic Combination of Matrix Elements Constraint

Any quantity which can be constrained may also be used to form an
algebraic expression mhich may itself be constrained. The algebraic com-
binations are formed using the 22. and 23. type code elements. The
results are placed in numbered registers. To constrain the contents of a

numbered register, five parameters are required:

1 - Type code 10.
2 - Code digit 9.
3 -~ Register number (3j).

4 <~ Desired value of register contents.

5 - Desired accuracy of fit.

Complete descriptions on the formation of algehraic combinations of
matrix elements and their placement in storage registers are given in the

sections on type codes 22, and 23.

The follouwing example shous the use of the 22, 23, and 10 type code
elements. - It shous a fit of R4y + Rzz to a value of .2.

22. -1. 1. 1. 3 "Store R4y in register 1"

22. -2. 2. 2. 3 "Store Rzz in register 2%

23. 1. 2. 1. 1. "Add contents of register 1 to

e

the contents of register 2 and
store in register 1"
10. 9. 1. .2 0.001 H "Fit contents of register 1 to

a value 0.2"
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INPUT-OUTPUT OPTIDNS: Type Code 13,

Several neu options for input-ocutput control have been implemented.

The format for type code 13 is:
1 = Type code 13.0.

2 - Code number.

The new options with their code numbers are as followus:

Accelerator Notation for Beam Matrix 7.

Both input and ocutput for the beam matrix are in accelerator notation.
The parameters B, a, and %, of accelerator theory are used. Constraints
on the beam are also taken to be in terms of B, a, and #. The forms of
input and ocutput for the beam matrix are explained under type codes 1 and
7. The form of constraints on the beam are explained under type code 10.
To specify that accelerator notation is to be used in a run, the 13. 7. ;

element must be before the beam element (type code 1.).

Positions of Waists 14.

The longitudinal positions and transverse dimensions of {(real or vir-
tual) waists in both transverse planes are printed at the point of inser-
tion of this element. The waist location and characteristics are com-
puted from the dimensions of the current Tocation assuming infinitely

long drift spaces both upsiream and douwnstream.
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Inverse Transverse Matrix Print Control -4.

The inverse of the current transformation matrix R1 will be printed by
this code. If the program is computing a second-order matrix, the inverse
of the second-order transformation matrix will be included in the print

out.

Refer Transfer Matrix te Original Coordinate Sustem 13.

1f the transverse coordinates are rotated through an angle via a 20.
type code entry, the rotation is taken only as specifying the orientation
of the rotated magnet. The transfer matrix, uhenever printed, is given
in the untotated coordinate system. The 13. 13. ; element must precede

any 20. type code elements .to be used. UWhen using a 13. 13. 3 element,

all coordinate rotations must be (positive or neqative) multiples of 900,

Shift in Reference Trajectory 9.

At the location of this elehent, the reference trajectory is shifted
to line up with the first-order image of the original beam centroid.
_Thus, the reference trajectory of the beam line, as folloged by the pro-
gram will not be continuous. Quadrupoles will alse shou dispersive
effects. All the fitting options connected with this element operate as
expected. Thus the original beam centroid displacement parameters can be
varied to fit values of floor coordinates specified after the shift.

Precise Values of VYaried Parameters 16."

The values of any varied parameters uill be printed in F18.10 format.
This option is useful primarily for investigating the mathematical char-

acteristics of a solution.
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Pole Face Rotation Angle Specification 40., 41., 42., 43.

The pole face rotation angle normally specified uith type code 2. may
alternatively be calculated from the bend angle of the associated bend
magnet. The pole face rotation element must still be present. The
options described here merely cause the value of B (the pole face rota-

tion angle) to be filled in automatically by the program.

The element specifying the means of determination of the pole face
rotation angle mgst precede the bending magnét specification, including
pole face rotation angle elements, to which it applies. 1t uill.remain
in effect until the option is respecified vis another 13. type code ele-
ment. Some caution must be taken in the use of these options. If a bend
magnet is segmented, then the pole face rotation angle uilj be calculated

from the bend angle of the adjacent seagment.

€13. 41. ;) Both input and output pole face rotation angles are equal

to half the bend angle.

(13. 42. ;) The entry pole face rotation angle uwill be zero. The

exit pole face rotation angle will equal the bend angle.

(13. 43. ;) The entry pole face rotation angle will equal the bend

angle. The exit pole face rotation angle uill be zers.

(13. 40. ;) The normal option is restored. The pole face rotation

angles will he read from the data.
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Bend Magnet Input Specifications 47., 48.

{13. 43. ;) Bending magneis encountered subsequent to the insertion
of this element are to be specified by the length, bend angle, and
n-value. thus a bend magnet element will take the form

9. L a n H

(13. 47. ;) The normal option for specification of a bending magnet
is restored by this element. A bend magnet element nou takes the form

4. L B n ;

Lithium or Plasma Lens 97., 98.

(13. 98. ;) All quadrupoles subsequent to this element will be taken
as having the same effect in both transverse planes. Thus, if the pole
tip field is positive, both planes uill be focusing. 1t the pole tip

field is negative, both planes will be defocusing.

{13. 97. ;) The normal option is restored for a quadrupole element.

It is now focusing in one plane and defocusing in the other.
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SPECIAL INPUT PARAMETERS: Tvpe Code 16.0

Code Diqit for New Special Parameter

2. Ko - An integral related to the transverse displacement of the ref-
erence trajectory arising from passage through the fringe
field of a bendfng magnet. If the (16. 5. g/2 ;) element has
been inserted, the program assumes a default value of Ke = .5.
Insertion of the (16. 2. Ky ;) element supplants this default
value. The transverse displacement is given by Ax = Keg2/p.

The actual value of Ko is given by a double integral

1 © o
Ke = J ds J (Bg - B(s)) ds
92Bgcos?B J-s, -84

where s is measured perpendicutar to the pole face. The
parameter B is the pole face rotation angle and Bp is the
field interior to the magnet. The value of sq is chosen so as

to bhe uél] within the interior of the magnet.
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COORDINATE ROTATION: Type Code 20.0

Normally, the transformation matrix is expressed in the rotated system
of coordinates. If a 13. 13. element is included in the data before the
beam (type code 1.) element, the transformation matrix will be expressed
in the original (unrotated) coordinate system. 1In this latter case, all

coordinate rotations must be (positive or negative) multiples of 90°.
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ALGEBRAIC COMBINATIONS OF MATRIX ELEMENTS ~ DEFINING REGISTER CONTENTS:

Type Code 22.

Any of the quantities which can be constrained can also be used to
form algebraic combinations which in turn may be constrained. A set of
ten storage registers is available for formation of such algebraic combi-

nations. The 22. type code element is used for storage into these regis-

ters. Four parameters are required.

1 - Type code 22. (indicating a storage operationl.
2 - Ccode digit i.
3 - Code digit j.

4 - Register number.

The indices i and j have the same meaning as for the fitting con-
straint (18.) type code. Thus, for example, if one wished to place the
Ray matrix element into register 1, one would use the following element:

22. -3. 4. 1. ;

Numerical constants may also be placed in registers for use in forming
algebraic expressions. If i is equal to 100, then the third parameter is
taken to be the numerical constant. For example, the element:

22. 100. 3.14159 7. H

causes the number 3.14159 to be placed in register 7.

The contents of a register may be constrained by a fitting constraint
element (tvpe code 10.). UDetails are given in the section describing

fitting constraints.
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ALGEBRAIC COMBINATIONS OF MATRIX ELEMENTS - FORMING COMBINATIONS:

Type Code 23.

Algebraic combinations of elements in storage registers may be formed

and themselves placed in storage registers. The combinations formed may

be constrained or used to form further algebraic combinations.

Five

1

parameters are required:

Jype code 23. (signifying an algebraic combination).
First input storage register.

Second input storage register.

Algebraic operation to be performed.

gutput storage register.

The algehraic qperatipns are referred to by number according to the

follouing

1

2

list:

addition (+)
subtraction (=)
multipltication (X)
division (%)

square root (y )

1f the square root is selected, only the first input register is used.

A dummy index should be inserted for the second input register.

As an example of the use of the algebraic combination element we

illustrate the process of taking the quotient_of the contents of regis-

ters 2 and 7 and placing the result in register 2:

23. 2. 7. 4. 2. H
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DEFINED SECTION: Type Code 24.

A system may contain a section uhich is repeated at some later point.
The repeated section may not occur immediately after the original sec-
tion, so that the repeat element (type code 9.) is not appropriate. It
may also be useful to fepeat a section, but with the elements listed in

the reverse order.

The 24. type code element allous definition of the section to be
repeated. It also indicates the locations at which the section is to be

repeéted and uhgther the repetition is to be forwards or backuards.

Three parameters are required:

1 =~ Jype code 24.

2 = Code digit.
3 - Section name. The section name is a maximum of four

characters long and is enclosed in single quotes.

The meaning of the code digit is as follous:

1

Indicates the beginning of the section to be defined.

2 - Indicates the end of the section to be defined.

3 =~ The section named is to be repeated at the present
location in the formards direction.

4 -~ The section named is to be repeated at the present

location with the elements in reverse order.

A number of rules apply to the use of the defined section element.
Each defined section must have both iis beginning and its end indicated,

- and the beginning must precede the end. The definition of a section must
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completely precede its use. A given name can be used only once to define
a section, although it can be used many times to indicate a repeat of a

section., A defined section may not refer to itself, either explicitly or
implicitly. The ﬁumber of defined sections is limited to 10. Ihg_ig;gl

2z rotation (type code 20.) mithin a defined section must sum to zero,

Finally, defined sections must nest properly with the repeat code (type

code 9.). Defined sections, however, need not nest properiy with each

other.

Example of a Defined Secltion

24. 1. ‘pouB’ Begin defined section
5. 1. 5. 2. ;
3. 3. H

5. 10. =5, 2.

24. 2. ‘DOUB’ ' : End defined section

24. 3. ‘pous’

Repeat defined section

L 1]

24. 4. ‘ppouB’ H Repeat defined section

in reverse order



