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PRAM: Propagate Rays and Aberrations with Matricies

Preface

This manual contains an alphabetical listing of help files for all the commands and other command
structures in the ion optics program PRAM.

For further technical assistance please contact MARC via the following email address:

dnj@physics.unimelb.edu.au

Limitation of Liability

Micro Analytical Research Centre does not assume any liability arising out of the use of the
information contained within this manual. This document may contain or reference information and

products protected by copyrights or patents and does not convey any license under the patent rights
of Micro Analytical Research Centre, nor the rights of others.

Micro Analytical Research Centre will not be liable for any defect in hardware or software or loss or
inadequacy of data of any kind, or for any direct, indirect, incidental, or consequential damages in
connections with or arising out of the performance or use of any of its poducts. The foregoing
limitation of liability shall be equally applicable to any service provided by Micro Analytical Research

Centre.
This software is continually under review and these notes represent a snapshot of an application for

the software at the time these notes were written. Some features of the software not described here

may not have been fully debugged, documented or tested. The software is supplied without any
guarantee as to its accuracy or suitability for any particular purpose.

Distribution

PRAM is available for DOS, unix and linux. The DOS version has not been updated since about
1996 and is no longer supported.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form
or by any means, electronic, mechanical, photocopying or otherwise, without the prior written
permission of MARC.

Manual Version: 1.0

©2002 Microanalytical Research Centre
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1. The HELP file for program PRAM

PRAM standsfor: Propagate Rays and Aberrations by Matricies

This file is based on the on-line help file designed to be read by the subroutine DJHELP in the DJLIB library of
utility subroutines. It contains keywords indicated by a# in column 1 which are located by DJHELP and the text,
up to the next key word, isthen displayed on the screen.

2. Introduction to program PRAM

PRAM is afast beam optics program that cal culates geometrical properties of systems of various types of magnetic and
electrostatic elements.

System data is read from a file with extension ‘. pr ni which consists of a list of the elements comprising a system.
When PRAM s first started you must load a system into PRAM before calcul ations may begin. This may be done with
the DATA command before the interactive part of the program begins.

Although the program is interactive, it is possible to have a lot of first and third order properties put into a file on
exiting the program, to save having to write them all down, see command EXIT. Also, a complete list of all
coefficients up to third order can be written to afile with the COF command where they can be read by other programs
for further calculation (e.g. OXSORT).

As PRAM has now had a long history, serving many different projects over the past decades, there are many relics

from earlier versions of the program which are no longer in used very often. Some of these relics may no longer be
reliable. One thing that has remained reliable is anything to do with quadrupole lenses, aberrations and the ray tracing
capabilities.

Example of relics are the following: anything to do with velocity selectors, einzel lenses and accel erator sections.

If there are errorsin the input file PRAM stops and a listing of the elements up to where the error occurs may be found
in the output file. Output files always have the extension ‘. | pt’.
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3. PRAM Quick Start

Make sure you have the data file for your system (with the extension ‘.prm’) in the current directory. Then invoke
PRAM with the ‘pram’ command.

The load your data file using the ‘data command. Note that this can be abbreviated to ‘da’. The following example
shows starting PRAM and loading the parameters of the Melbourne MP2 system from a file mp2.prm. Bold font
showsthe user input.

dnj @LF: src/ pram dat a/ % pram
Program PRAM - Version 8.2
Type DATA to load a filenane to start....
prnm> term8
prm> def/q
Scal e factor for next plot > +0.9
X and Y plot offsets (nm > +20 20

prnme @ Everything down to this‘ @’ are
pr da np2 commands executed from the
Title: MP2 as at May 1999 ‘l ogi n. pcmi filein the current
pr e directory.

Asthe promptis ‘pr n®’ then we know the system isin focus. If not, the prompt changes to ‘st i >’ warning the user
that it should be focused (with the ‘st i g’ command) before continuing.

In this example the contents of the | ogi n. pcmfile was:

term8 This sets the default graphics term nal device to x-term
def/q This prepares to set the defaults for postscript plotting
0.9 Scal e the plot down by 0.9

20 20 O fset the plot by 20,20 mm on the page

@ End of macro

Next the user can review the present pole tip field settings of the lenses with the ‘ ptf’” command:

prm> ptf
1 Variable Magn Quadrupole 1 field = 0. 21502 Tesla >
-2 Variable Magn Quadrupole 2 field = -0. 25019 Tesla >
2 Variabl e Magn Quadrupole 3 field = 0. 25019 Tesla >
-1 Variable Magn Quadrupole 4 field = -0.21502 Tesla > -0.1
sti>

The last lens has been changed to a new field (-0.1 T) which makes the system out of focus. The prompt changes to
‘sti>" asawarning.

Now the system can be focused with the ‘stig’ command:

sti> stig
Asti gmati sm (X' TH) = -1.7127 m rad
(Y/'PH) = 1.6084 m rad
Initial conbined astigmati sm= 2. 3496
(N Comb. Astg. - FIELDS ( 2)............
1 4. 45220E- 05 0. 21502 0. 25019
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2 0. 10574 0.21717
3 0. 10593 0.21287
4 2.97221E 05 0. 21502
5 0. 26831 0. 21502
6 0. 26486 0. 21502
7 8. 45719E- 04 0. 21502
8 1. 05932E- 02 0. 21524
9 1. 05734E- 02 0.21481
10 2. 83649E- 05 0. 21502
20 1. 16010E 04 0. 21502
30 3. 36824E- 05 0. 21502
40 2. 49085E 06 0. 21502
50 1. 67648E- 06 0. 21502
60 5.14174E- 07 0. 21502
70 1. 60459E- 08 0. 21502
After minimsation (X TH)
(Y/ PH)
pr e

. 25019
. 25019
. 25019
. 25270
. 24769
. 25019
. 25019
. 25019
. 25019
. 25019
. 25019
. 25019
. 25019
. 25019
. 25019
-1.54936E-08 nrad
-4.17367E-09 nfrad

[eNeloNoloNeoloNeoloNelolNoloNoNe)

After many iterations, the system is brought back into focus.

Now the system parameters can be calculated with the ‘sys’ command:

prne sys
From system B - matrix
13 System End
Geometric Paraneters
Focal |ength
Obj ect di stance
I mage di st ance
Magni fication
Demagni fication
Entrance principle plane
Exit principle plane
Particl e energy
Particle Monmentum
Particle Speed
Tau = (1 - v**2/c**2)**0.5
Magnetic rigidity (u. MeV/e2)
(th/th)= -26.383 (ph/ ph)
(x/th3)= -127.21 (y/ ph3)
Chris Ryan's Figure of Merit:
Q= [(th/th)*(ph/ph)]/[(x/th
pr e

X- Pl ane Y- Pl ane
0. 29892 m 0.29892 m
8. 0400 m 8. 0400 m
0. 16500 m 0. 16500 m
- 3. 79031E-02 - 3. 79031E- 02
-26.383 - 26. 383
8.1852 m 8.1852 m
0. 31025 m 0.31025 m
3. 0000 MeV
74.820 Mev/ c
2.40026E+07 m's ( 8.01 %)
0. 9967897
3. 0097 m u. MeV/ @
= -26.383
= -299.09

3)*(y/ph3)]~1/3 =  20.695

And then the spherical aberration coefficients:

prnm> ab3
Third order coefficients defined for object plane divergences.
Coef f System Quadrupol e Cct upol e
X/ TH3 -127. 21 -127.21 0. 00000E+00
X/ THPH2 -424.91 -424.91 0. 00000E+00
Y/ PH3 -299. 09 -299.09 0. 00000E+00
Y/ TH2PH -424.91 -424.91 0. 00000E+00
Units: micron/mlliradian3

t het a

0. 000E+00
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prne

It isalways useful to look at a plot of the ray trajectories on the screen using the ‘trace’ command::

prne trace

Inital beam ( 0.00000E+00um 0. 30000 nr, 0.00000E+00um -0. 30000 nr)
Trace performed to order 1

Perform a trace through the system

Initial and final z-positions ( 0.00000E+00 to 8. 8830 ) >

Step size = 35.532 mm

Initial: 3 Final: 13
Extents in xoz plane: -3.3480 to 2. 4075 mm
Extents in yoz plane: -3.0558 to 3. 3480 mm
Extent for plot, nm( -4.1850 to 4.1850 ) >
<At this point a TEK 4014 wi ndow should appear with the plot in it>

pr e

The image produced by this command is shown here. To get a higher quality plot, use the postscript option on the
TRACE command.

MPZ os at May | 333

#= ond y-axes (mm)
o

1 1
LS
o o

1
=3
=

1 N 1 N 1 N 1 N 1 N 1 N 1 N N
2.0 A0 5.0 E.0O FO B.O
Z-oxis (md

m}
o
h
o

Finally, save the present datafile and exit back to the unix shell:

prne save
Fil ename for output (CR for np2) >
Data saved in file: np2.prm
prm> exit

dnj @LF: src/ pram dat a%
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3.1 Pram’s Prompt

The prompt of PRAM isusualy
pr e

however this can change.

If the diagnostic is set to -2 (see the DIAG command), then PRAM continuously monitors the astigmatism of the
system. If something is done to make the astigmatism increase above a certain level then the prompt will change to

sti>

This is a warning that the system should be re-stigmatised. The continual checking takes time and if the computer is
VERY busy then response may slow down (this has not been a problem since about 1982). If this is the case the
checking can be disabled by setting the diagnostic to -1. Note that for interactive work the diagnostic must always be

lessthan zero.

It is also possible to do all calculations in the thin lens approximation. In this case the diagnostic should be set to -6,

and the prompt will change to APR>.

Summary:

Prompt Diagnostic M eaning

PRV> -1 Ready for the next command.

PRV <=-2 Ready for the next conmand
and the systemis stignmatic.

STI > <=-2 The systemis no | onger
stigmatic so it should be
restigmati sed before
pr oceedi ng.

APR> -6 The thin |l ens approximtion is

being used in all calculations

and the systemis stignmatic.
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3.2 Input File Structure

The input file contains all the data for a particular system. It must be contained in a file with extension ‘.prm’.
Whenever a filename required in PRAM as an argument of a command it is only necessary to give the name, not the
extension.

Order of elementsin the input file, by line number:

1 The input file must start with atitle. If the file has been written by PRAM, a PRAM will appear at the end of the
title.

After thetitle appear all the numerical data elements of the system. Each element is characterised by a particular
type code, and all numerical data should be separated by commas.

2 Thefirst numerical data element must be a particle element. A particle element has type code 0.00.
0.00, particle charge, particle mass, particle energy, Diagnostic.

uni ts: proton charge a. mu. MeV

3. The second numerical data element must be abeam element. A beam element has type code 1.00.
1.00, 1/2X-extent, 1/2X-divergence, 1/2Y-extent, 1/2Y-divergence, % nom spread

units: m rad m rad %
4, The optical elementsthen follow.....

T.C, Length, Excitati on, Radi us.
units: none m Tesla or Volts m

See TYPE CODES for more information on the T.C. parameter.

Note that some elements have different types of data entered in the third and fourth slots. Zero value data must be
entered.

e.g A drift space of length 1 m:
3.00, 1.00, 0.0, 0.0

5. The last numerical data element must be an end element which has type code 9.00. No other data is included
on a9 element at this stage.

9.00, 0.000, 0.000, 0.000

6. The data set is ended by theword SENTINEL.
See EXAMPLE for an example data set.
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3.3 Supra elements

It is possible to superimpose two lenses by including a ‘supra’ element after a norma element. For example it is
possible to have a superimposed magnetic-electrostatic quadrupole by specifying the following sequence;

4.01, 0. 10000, 0. 09000, 0. 00635
34. 09, 0. 10000, 1000. 00000, 0. 00500

This defines a magnetic quadrupole of length 0.1m, field 0.09T and radius 0.00635m with a superimposed el ectrostatic
quadrupole of length 0.1m, field 1000.0V and radius 0.005m. Note that the supra element may have a separate vary
code to the main element and that all of its parameters may be changed independently in a MASK (see below). Of
course the length of the supra element must not exceed the length of the main element.

A magnetic octupole superimposed onto a magnetic quadrupole may be specified as follows;
4. 10, 0. 08000, 0. 06000, 0. 00635

28. 02, 0. 08000, - 0. 00010, 0. 00635

Most commonly thisis done to calculate the sensitivity of the magnetic Quadrupole to parasitic multipole fields.
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3.4 Dipole Elements

Use of Dipole elementsin PRAM

PRAM can model the effects of electrostatic and magnetic dipole elements. It uses a weak dipole approximation
devised by D.N. Jamieson in 2001/2. It treats the dipole element as a drift space that displaces the beam vector by an
additional amount depending on the field in the dipole. The model makes some approximations:

* The ion beam radius of curvature in dipole element is assumed to be large compared to the length of the dipole
element.

* The beam energy and speed is assumed to remain unchanged in the electric dipole. So only the direction of the
velocity is assumed to change.

* The electric field vector is assumed to point always transverse to the beam velocity.
These approximations are valid for weak dipoles.

In PRAM, dipole elements are most often used to model scanning coils in a nuclear microprobe system. The easiest
way of calculating the effect of the scanning coil is to set up the system with the scanning coil set to a round number
(0.1 T for magnetic, 100,000 V/m for electric) and using the "vec" command to calculate the displacement of the
central (Gaussian) ray of the system. The displacement of the x or y-vector will then give the scan size for the given
field setting.

The parameters of the dipole elements are asfollows:

(i) Magnetic Dipoles

Typecode=2

2.00, L, Bx, By

where

L  isthelength of the dipole element

Bx isthestrength of the magnetic field that causes a shift in the xoz plane in units of Tesla
By isthestrength of the magnetic field that causes a shift in the yoz plane in units of Tesla
Either or both of Bx and By may be zero.

(ii) Electric Dipoles

Type code = 12

12. 00, L, Ex, By

where

L  isthelength of the dipole element

Ex isthestrength of the electric field that causes a shift in the xoz plane in units of Volts/metre
Ey isthestrength of the electric field that causes a shift in the yoz plane in units of Voltsmetre
Either or both of Ex and Ey may be zero.
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3.5 Collimator elements

A collimator has no effect on the transfer matrix of the system, but can be used to collimate rays from the system when
performing a TRACE through the system.

A collimator element hastype code 5. Itisonly possible to specify rectangular collimators and the collimator is
assumed to be zero length.

To specify a collimator in the x-direction use the type code 5.1:

The parameters of a collimator in the x-direction are:
5.10, 0.0, roff, rwidth

where:
r of f isthe offset of the centre of the collimator relative to the optical axis
rwi dt h isthe width of the collimator

The parameters of acollimator in the y-direction are:
5.20, 0.0, roff, rwidth

where;
rof f isthe offset of the centre of the collimator relative to the optical axis
rwidth isthe width of the collimator

Example: To specify a square collimator of width 1 mm in both x and y- use these two elements
5.10, 0.0, 0.0, 0.001

5.20, 0.0, 0.0, 0.001

Note that al lenses are also defacto collimators, rays which intercept the pole tips of the lens (aperture assumed sgquare)
will be collimated.

See al'so the TRACE command.
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3.6 Summary of type codes

El ement Type code
Particle 0. 00
Beam 1.00
Magnetic Dipol e 2.00
Drift 3.00
Magneti ¢ Quadrupol e 4. XY
Col I'i mat or 5. 00
Magneti ¢ Sextupol e 6. XY
Vel ocity Sel ector* 7.00
Magnetic Octupole 8. 00
End 9. 00
El ectrostatic Accel erator* 10. 00
Magneti c Sol enoi d* 11. XY
El ectrostatic Dipole 12.00
Charged Aperture* 13.00
El ectrostatic Quadrupol e 14. XY
Ei nzel Lens* 15. XY
Cylinder Lens* 17. XY
El ectrostatic COctupole 18. XY
Magneti c Superinposed el ements 2Z. XY

El ectrostatic Superinposed el enents 3Z. XY

*indi cates elenents that have not had their subroutines debugged.

The X and Y specify the links.
X non zero means the lens always has a positive excitation.
Y non zero means the lens always has a negative excitation.

N.B. if X isnon zero then Y must be zero. Octupoles are always variable and independent at this stage, otherwise if
X=Y=0 thelensis constant.
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3.7 Example, the Oxford microprobe;

El enent s

W W AW AW R WE O

. 00,

. 00,
. 00,

10,
00,
01,
00,
20,

. 00,
. 00,

9.
SENTI NEL

00,

[EEY

O O O O © o o o uo

. 000000,

. 000001,
. 511900,

. 217100,
. 056900,
. 217100,
. 059900,
. 217100,
. 000000,
. 170500,
. 000000,

o O O o © o o o oo

=

OXFORD TRI PLET SYSTEM

. 072765,

. 000100,
. 000000,

. 150941,
. 000000,
. 150941,
. 000000,
. 183697,
. 000000,
. 000000,
. 000000,

. 000000,

. 000001,
. 000000

. 015000
. 000000
. 015000
. 000000
. 015000
. 000000
. 000000
. 000000

-2.000000
0. 000100,

Comment s (not

PRAM

0. 001000

infile)

title el enent

particle el ement

beam el ement
drift space

quadr upol e

nore el enents

zero drift

end el enent

end of data.

Microanalytical Research Centre
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4. PRAM COMMANDS

General form of all PRAM commands:

AAAAAA/B XXXXXXXXXX
Where:

AAAAAA is a six character or less command. The first character of the command is aways
alphabetical and the rest of the command may be in upper, lower, mixed case or
numerical.

B is an option on the command which is used only by afew commands.

XXXXXXXXXX  isaparameter. It may be either real or alphanumeric, depending on what is required for
the command. If a parameter is necessary for the command and it is not given on the

same line as the command then it will be prompted for. Some aspects of some commands
areonly available viaaparameter.

Q@

This indicates a PRAM command macro is to be executed. The macro name has extension ‘.pcm’ and should already
exist on disk. While the macro executes the prompt of PRAM changesto PRM>_.

Par anet er s: @ Fi | ename Filenanme is a nacro nanme w t hout extension.

AB2

Type out the angle dependent second order aberration coefficients. These will only be non-zero if there are sextupoles
in the system or there are quadrupoles with parasitic aberrations.

Par aneters: AB2 A Type all second order aberration coeffs.
Units: metre/radian?
Example output from a system containing a supra-sexturpole:

prn» ab2

Second order angl e dependent aberration coeffs

(XI TH2) -141. 33 (Y/ TH2) 0. 00000E+00
(X/ THPH) ~ 0.00000E+00  (Y/ THPH) 282. 68
( X/ PH2) 141. 33 (Y/ PH2) 0. 00000E+00

Units: mrad”3

Microanalytical Research Centre 16
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AB3

Types out the first four third order aberration coefficients in the Geoff Grime style. These are (X/TH3), (X/THPH2),
(Y/PH3) and (Y/TH2PH).

The unit is micron/(milliradian)®

These are useful coefficients but they conceal some good physics because the cross terms are not necessarily equal in
non-orthomorphic systems. The rest of the coefficients will be typed if the parameter A is given.

Par anet ers: AB3 A Type all third order coeffs.

Example:
prne ab3

Third order coefficients defined for object plane divergences.

Coef f System Quadr upol e Cct upol e
X/ TH3 -127. 21 -127.21 0. 00000E+00
X/ THPH2 -424.91 -424.91 0. 00000E+00
Y/ PH3 -299. 09 -299. 09 0. 00000E+00
Y/ TH2PH -424.91 -424.91 0. 00000E+00
Units: micron/mlliradian3
ACCEL

Identical to the QUAD command except for Accelerator sections. Note that this routine has not been debugged.

CAP

Enables the title of the system to be changed. Prompts for the new title.
Paranet ers: None.

CHROMA

Calculate the chromatic aberrations of the system using the perturbation method. i.e. the energy of the system is
perturbed by a small percentage PERT and the increase in spot size gives the chromatic aberration. The coefficients are
returned through common block /ABERO/. The X and Y dependent coefficients do not seem to be very reliable when
calculated by this method.

Paraneters: CHROVA PERT Real , smal| percentage perturbation.

Example:
prne chrom

Chromatic Aberration Coefficients Perturbation = 0. 50000 %
X/ THDM 132. 14 Y/ PHDM 177. 60
X/ XDM - 0. 13552 Y/ YDM -0.12975

Microanalytical Research Centre 17
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Units: mcron/mlliradi an/ % nmonentum error

CLEAR

To clear the screen of graphics use this command. It has the effect of changing the mode of the terminal from 4010
mode to ALPHA mode.

Paraneters: CL Clear the screen. (Visual 500)

CORR

Calculate a correlation matrix for the system. If no parameter is given then the correlation matrix is drawn on the
screen. If afilename (without extension) is given as a parameter then the result is put into afile with extension “.Ipt’.

This command is not implemented in most versions of PRAM.
Paraneters: CORR FI LENAMVE (for output file)

<CR> (output to termnal)

COUPLE

Gives a visual picture of the system by printing a list of the element names with their element numbers (for the ELE
command) and their coupling codes.

Par amet ers: None.
Example for the MP2 system:
prm> co
Elenent> Pa Be Dr Dr QmSmDr QnDr Qn Dr Qn Dr En

Type- code> 0 1 3 3 426 3 4 3 4 3 4 3 9
Li nks> 0o 0 0 01 0 0-2 0 2 0-1 00
Posi ti on> 1 2 3 4 5 6 7 8 910 11 12 13 14

CRAM

Eliminates all spherical aberration from the system by adjusting the Octupol e strengths. Units used in the output are the
same as those used in the last PTF or P command. Teslas are always used in the output file. It is impressive to do a
AB3or aTHIRD after aCRAM. Thiscommand is a generalisation of the old version of PRAM. See also FISHK.

N.B. There must be three octupoles to correct the spherical aberration, CRAM will not work with less than three.
Paraneters: CRAM Unit (See the PTF conmand for units)

S Use user supplied coeffs.

DATA

Reads in a new system data file (i.e. opens a new infile).The command will prompt for the new filename if it has not
been given as aparameter. The name of thefileis FILENAME.prm

Par aneters: DATA FI LENAME (Wt hout extension)

Microanalytical Research Centre 18



PRAM: Propagate Rays and Aberrations with Matricies

DIAG

Allows the diagnostic to be changed quickly. The absolute value of the new diagnostic may be given as a parameter or
alternatively when prompted for. It is not possible to give a positive diagnostic since it will be made negative before

continuing. Possible diagnostics are:
Parameters: DI -1 Fast response (for slow conputers, no

astigmati sm checking. Not needed since
about 1982)
>= -2 Changes pronpt to STI> if there is

astigmatism

3 YELELAS di agnostics

4 %SPHER di agnostics

5 unused

6 Uses thin | ens approxi mation throughout.
( APR>)

7 Echoes with the command in standard form

8 Use thin lens focal lengths in the
aberration coefficient expressions.

9 Uses approximate THI RD order expressions

I Where | is sone other integral diagnostic.

DISP

This command calculates the sensitivity of the image position to the sideways displacement of each lens in the system.
It has not been fully tested.

Example:
prme> di sp
1 Order displacenment aberration coefficients (offset 1. 0000 mm
Quadr upol e Posi tion (x/ a) (y/b)
1 4 -1.7439 1. 8470
2 6 3.8548 -5.2104
3 8 -4.5817 3. 6545
4 10 1.4194 -1.3425
Units: mm
2 Order displacenment aberration coefficients (offset 1. 0000 mm
Quadr upol e Posi tion (x/a) (y/b)
1 4 -1.7439 1.8470
2 6 3.8548 -5.2104
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8 -4.5817 3.6545
4 10 1.4194 -1.3425
Units: mm
3 Order displacenent aberration coefficients (offset 1. 0000 nmm
Quadr upol e Posi tion (x/a) (y/b)
1 4 6. 06228E+17 4. 25000E+13
2 6 2. 36925E+16 1. 27703E+16
3 8 1. 81328E+16 2.19499E+16
4 10 1. 80572E+16 2. 18443E+16
Units: mm
EFFECT
This command replaces all the quadrupol e lens lengths with their effective lengths. That isthe length of the quadrupole
lens, |, isreplaced withL = | + 1. 1*r wherer isthe boreradius. A corresponding amount is shaved from the

drift lengths on either side of the lens to keep the physical length of the system constant (if possible). It is not really
necessary to use this command, since it is possible to enter the effective lengths directly.

ELE

Lists the data for an element. The element number can be given as a parameter. If the element number is too large an
error message is given and the last element number istyped. After the element dataislisted PRAM asksif there are any
changes to be made. Changes are made in the same way as those in the PTF command. Note that the type code on the
particle element and the beam element cannot be changed. Quadrupoles can be changed, for example into Octupoles or
Drift spaces by just changing the type code. This is a very handy command for making modifications to the optical
elementsin the system. Seealsothe INSERT command.

Paraneters: ELE | (where | is an el enent number)

Example on the use of the ‘ele’ command to review and possibly change element parameters:
prm> ele 8

ELEMENT - 8 Magn Quadrupol e

Type code Length (m Field T,V Radius (m

4.02 6. 000E- 02 -0.250 6. 000E- 03
Z-center Z: X-i mage Z: Y-i mage ALPHA X-mag Y- mag
8.12 7.92 8.29 -12.9 -1.20 -0.576

X-f ocal Y- focal

-9. 041E- 02 0.111
New data? > vy

Changi ng el enent 8
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Magn Quadrupol e Type code 4. 0200 new >
Magn Quadrupol e Length (n) = 6.00000E-02 new >

Magn Quadrupole Field T,V = -0.25019 new >

Magn Quadrupol e Radius (m 6. 00000E- 03 new >

prne

EXCIT

Calculates the excitation aberration coefficients and the chromatic and the chromatic aberration coefficients. The
perturbation used, in percent, may be given as a parameter. The chromatic coeffs use 1/100 of this perturbation.

NB. The octupole excitation coefficients are still experimental and have not yet been compared with experiment.
Paraneters: EXCIT S Use user supplied perturbation.

P Use perturbation P where P is a real nunber.
Example for the MP2 system:
prne excite

Excitation Aberration Coefficients ( % ) Perturbation = 0. 500%
First Order

X/ THEL -101. 10 Y/ PHEL 110.13

X/ THE2 2. 80486E- 03 Y/ PHE2 - 8. 89998E-02

X/ THE3 137. 53 Y/ PHE3 -375. 21

X/ THE4 -201. 09 Y/ PHE4 116. 42

X/ THES 32. 397 Y/ PHES -29.814
Coupl ed excitation First order

X/ THGL -68.978 Y/ PHGL 80. 139

X/ TH&2 - 64.353 Y/ PHG2 -259. 67
pr e

In this example, quadrupole lenses 1 and 4 are connected to the same power supply. Hence the excitation aberration
coefficientsfor that power supply are also computed. Similarly for quadrupole lenses 2 and 3.

EXIT

Exits the program. A diagnostic parameter can be used to cause various amounts of data to be put into the output file.
No extrainformation isadded if no parameter is specified.

Paraneters: EX O Fast exit, no data file created.

Into adatafile with extension “.Ipt’;

Par anet er s: EX 1 Print out elenents and beam el ement
2 Print out the A-Matrix after each el ement
3 Print out the B-Matrix after each el enent
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Print out geonetrical paraneters after each |ens
Print out both geom para. and A-Matrix

Print out third order contribution fromeach | ens

~N o o b~

Print out cunulative third order contribution

FISHK

Thisisthe nucleus of the original PRAM program. As acommand of PRAM it calcul ates the spherical aberration
coefficients for systems consisting of one, two, three or four Quadrupol es.

FISHK coefficients are abit different to those of THIRD so it does a CRAM with its own coefficientsif there are
enough Octupoles.

This command also calculates a spherical aberration coefficient that is often used by electron microscopy people,
particulariy P. W. Hawkes et. al. The coefficient has a very vague definition as follows;

Csx/Fx = Max(P ,S )*MX**4/ Fx
Csy/Fy = Max(PB, SB)*My**4/Fy
Cs/F = Max(Csx/ Fx, Csy/ Fy) assumed definition.

It may be possibleto useit asaquality factor to compare systems, but it seemsto depend on system parameters (i.e. it
depends on object lengths, etc.) FISHK coefficients are abit different to those of THIRD so it doesaCRAM with its
own coefficientsif there are enough Octupoles.

Paraneters: CRAM Units (See PTF command for units.)

HELP

Gives help on things. If no parameter is specified then alist of commands together with alist of additional topicsis
typed. To get help on an additional topic type HEL P followed by a space and theinitial letter of the additional topic.

Paraneters: HELP TOPRPIC (Initial letter is enough)
HELP/ B TOPI C Gves a list of TOPICS
HELP/S ‘file’ Set the help file (the file that

contains this information) to ‘file’.
MENU List all possible conmmands.
The ‘menu’ command gives ashort list of all possible commands. Not all of these are documented in this manual.

Example:

pr > menu
DJLI BRARY commands:
CLEAR FONT TERM MENU DEFI NE LI NE DEST CLOSE
CFLAG  MARKS
PRAM conmmands:
P PTF S STIG EXIT SAVE HELP THI RD
DATA ELEMEN FI SHK CRAM AB3 SVAT SYSTEM QUAD
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OCTU SOLEN  ACCEL RUSS EXCITE CHROM VECTOR CAP

Dl AG COUPLE OXRAY I ON CORR ROTN MASK SPEC
Dl P El NZ VS GAP CyL TRACE SEXT @
CLEAR  XSCTN  MENU I NSERT REMOVE AB2 COFQUT AGP
SQUEEZ EFFECT $ PARASI DI SP LABEL
prne

INSERT

Insert a zero length drift space after a specified element number. Note that you cannot insert an element between

elements one (particle element) and two (beam element). Nor can you insert an element after the system end element.
The element number may be given as a parameter, otherwiseit is prompted for.

Paraneters: | NSERT N (where N is an el ement nunber)

ION

Asfor OXRAY but it writesan IONBEAM datafile. IONBEAM isacomprehensive lon optics program written by
Dieter Heck in Karlsruhe from before 1980. Subcommands allow for various types of fringe field to be included on
each element and also for the inclusion of FIT elements. Typing ‘H’ in response to the subcommands gives more
information.

Paramet ers: | ON FI LENAMVE

MASK

Allows for generalised minimisation. The command prompts for variable masks and coefficient masks. A Mask isa
quadruplet of integers that give the location of avariable or acoefficient in the variable or coefficient array. Variables
in this case are any of the physical parameters of the system as given in the *.prm datafile. Coefficients are any of the
first, second or third order coefficients calculated by PRAM.

Vari able Array and Mask

Mask 1,J,K,L
Array
| J K L is a coupling
————————————————————————————————————————————————————————————————————————— code
1 2 3 4 5 6
1 1 nd Char ge Mass Ener gy
1 2 nd X/ 2 Th/ 2 Y/ 2 Ph/ 2 Del /2
1 3 nd Lengt h Field Radi us
1 40 nd Lengt h Field Radi us
2 3 Thz Dx Thx Dy Thy
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2 40 Thz Dx Thx Dy Thy

nd = Not Defined
|

El ement nunber with the property to be varied.

Location of property to be varied within a particular el enent

r X &«

Coupl i ng code

Exanpl e of a vari abl e nask:
1, 6,3, +1
1, 8,3,-2
1,10, 3, +2
1,12,3,-1

M eaning:

1 Select out a variable fromthe initial data array of el enent J.

2 Sel ect out a parasitic msalignment for elenent J as a variable

Takethefield of elements 6,8,10 and 12 to be varied, link the fields of elements 6 and 12 oppositely. i.e. any additions

made to the field of element 6 are subtracted from the field of element 12, similarly elements 8 and 10.

Coefficient Array and Mask
Mask 1,J,K L

Array
| J K
1 2 3 4 5 6 7 8 9 10
1 1 (x/x) (x/th)y (x/y) (x/ph) (th/x) (th/th) (th/y) (th/ph)
1 2 (y/x) (ylth)y (yly) (y/ph) (ph/x) (ph/th) (ph/y) (ph/ph)
2 1 (x/thd) (x/xd)
2 2 (y/ phd) (y/yd)
3 1 (X/tEL) (X/tE2) ...
3 2 (y/pELl) (y/pE2) ... ... ... . .. ...
4 1 (X/ItGL) (X/t@R) ...
4 2 (y/pGl) (y/p&R) ...
5 1 (X/t3FL)(X/T3F2) . .o
5 2 (y/p3FL) (y/p3F2) . ...... .. ...
6 1 (x/tRL) (X/tR2) ...t
6 2 (y/pRL) (y/pR2) ................
7 1 (x/t3) (x/tp2) (x/t2x) (x/xp2) (x/tpy) (x/tx2) (x/ty2) (x/xyp) (x/x3) (x/xy2)
7 2 (y/p3) (y/t2p) (y/p2y) (y/yt2) (y/ptx) (y/py2) (y/px2) (y/ytx) (y/y3) (y/yx2)
8 1 Quadrupol e contributions to the X third order coeffs.
8 2 Quadrupol e contributions to the Y third order coeffs.
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1 Cctupol e contributions to the X third order coeffs.
9 2 Cctupol e contributions to the Y third order coeffs.
.............. for all lenses in the system (up to a maxi mum of 10)

| sel ects the type of coefficient
From beam mat ri x

Chromatic

Excitation

Coupl ed excitation

Cct upol e excitation

Rot at i onal

Third order aberrations

Quadrupol e contribution to the third order aberrations

© 00 N o o b~ W N PP

Cctupol e contribution to the third order aberrations
Specifies either 1 (X plane) or 2 (Y plane)

K Location of coefficient in array
Enabl es an additional coefficient in the |line specified by I

and J to be included in the m ninisation.

Examplel:

1,1,2,0
1,2,4,0

Minimise thefirst order astigmatism of the system wrt the variables selected by the variable mask.

Example2:

7,1,1,2
7,2,1,2

Minimise the third order spherical coefficients (x/th3), (x,thph2), (y,ph3) and (y/th2ph) wrt the variables selected by the
variable mask.

Par aneters: MASK V Just review the current nasks w thout
fitting,
F Fit with the current masks
MENU
See the HEL P command.
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OCTU

Identical to the QUAD command except for Octupoles.

OXRAY

Writesout an OXRAY datafile. OXRAY isafamousion optics computer program written by Geoff Grime in Oxford
starting in about 1980.

The OXRAY command writes a separate element data file for each element regardless of the presence of identical
elements. It first checks for the presence of a particular element datafile (starting with ELE60.DAT) and skips over
filesthat already exist. A ‘# istyped to indicate that datafiles have been found to exist and that the file number has

been incremented. When suitable element data files have been found their names are typed. e.g.
ELE FI LES> ##### ELE65 ## ELE68 ELE69 ELE70

indicates that ELEG0,...,EL E64 were found to exist already. The links of the system and the polarity of each lensare
also typed. The polarity is typed when the individual element datafiles are written.

Thefilename for the .RAY file may be given as a parameter or on the prompt. If <CR> is given to the prompt then the
PRAM data file nameis used.

Par anet ers: OXRAY FI LENAVE

P

Similar to the PTF command except only one of the coupled lensesis given.

This means if two lenses are coupled an excitation need only be entered once for all coupled lenses with a particular
linking code. Default units of Teslaor kiloVolts are used.

Par anet ers: None.

PARASI

Computes the parasitic aberration coefficients of the quadrupole lensesin the system. These coefficients are expressed
in the reduced form, that is as a coefficient per percentage parasitic multipole component field in the quadrupole field.
The default isto calculateall parasitic coefficients.

Paraneters: PARA/ S Comput e the sextupol e coefficients al one.
PARA/ O Conmput e the octupol e coefficients al one.
PARA X. XXX X. XXX is the parasitic field percentage

The default parasitic field (as a percentage of the main quadrupole field) is 5% for sextupoles and 20* 5=100% for
octupoles. The octupole perturbation is always 20* sextupol e since the octupol e effect always appears superimposed on

theintrinsic spherical aberration, hence for increased accuracy of the calculation, stronger fields are necessary.

Example for the MP2 system in Melbourne:

pr > par
Reduced Parasitic Sextupole Aberration Coefficients: (mrad*2/%
Quadrupole lens 1 in position 5 Parasitic lens field 1.07510E-02 ( 5.00%
( X/ TH2S) -141. 33 (Y/ TH2S) 0. 00000E+00
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(X/ THPHS) 0. 00000E+00  (Y/ THPHS) 282. 68

( X/ PH2S) 141. 33 (Y/ PH2S) 0. 00000E+00

Quadrupole lens 2 in position 8 Parasitic lens field -1.25097E-02 ( 5.00%
(X! TH2S) 71.043 (Y/ TH2S) 0. 00000E+00
( X/ THPHS) 0. 00000E+00 (Y/ THPHS) -759.02
( X/ PH2S) -387.73 (Y/ PH2S) 0. 00000E+00

Quadrupole lens 3 in position 10 Parasitic lens field 1.25097E-02 ( 5.00%
( X/ TH2S) -350. 22 (Y/ TH2S) 0. 00000E+00
( X/ THPHS) 0. 00000E+00 (Y/ THPHS) 302. 96
( X/ PH2S) 161. 02 (Y/ PH2S) 0. 00000E+00

Quadrupole lens 4 in position 12 Parasitic lens field -1.07510E-02 ( 5.00%
( X/ TH2S) -5.5374 (Y/ TH2S) 0. 00000E+00
(X/ THPHS) 0. 00000E+00  ( Y/ THPHS) 11. 381
( X/ PH2S) 5.7153 (Y PH2S) 0. 00000E+00

Reduced Parasitic Cctupol e Aberration Coefficients: (mcron/mllirad*3/%

Quadrupole lens 1 in position 5 Parasitic lens field 0.21502 ( 100. 00%
(X TH30) 175. 48 (Y/ PH30O) 208. 53
(X THPH2O)  -572.17 (Y/ TH2PHO) - 572.17

Quadrupole lens 2 in position 8 Parasitic lens field -0.25019 ( 100.00%
(X/ TH3O) -62.528 (Y/ PH3O) -1512.7
( X/ THPH20) 918. 96 (Y/ TH2PHO) 918. 96

Quadrupole lens 3 in position 10 Parasitic lens field 0.25019 ( 100.00%
( X/ TH30O) 438. 96 (Y/ PH3O) 18. 767
(X/ THPH2O) - 254.02 (Y TH2PHO) - 254. 02

Quadrupole lens 4 in position 12 Parasitic lens field -0.21502 ( 100.00%

(X/ TH3O) -9.3244 (Y/ PH3O) -13.513
( X/ THPH20) 33. 505 (Y/ TH2PHO) 33. 505

pr

PTF

Shows and allows entry of the poletip field of each lens. It also indicatesif the lens can be varied in the stigmatisation
section of the program and further, which lenses are linked together. The links are done by adding afractional part to
the element’ s type code. PTF may have optionsto set the units used for input/output although Teslais used for al
calculations.

Typica units available include, Melbourne Control Box Units, Gauss, kiloGauss, Oxford Control Box Units, etc.

Par anet ers: PTF T Tesl a
G Gauss
K ki | oGauss

Microanalytical Research Centre 27



PRAM: Propagate Rays and Aberrations with Matricies

Lens excitations ‘Beta’

Anpere Turns

Field Gradient (teslal/netre”n)
Vol ts

Mel bourne control box units (from 1982)

Oz < T >» w

Oxford control box units (from 1981)

QUAD

Gives the geometric parameters of a Quadrupole. The Quadrupole number can be specified either as a parameter or
from the prompt. The Quadrupoles are numbered in the order the beam passes through them. The element number is
givenin the heading.

Parameters: QUAD I (where | designates the Ith multipole)

REMOVE

This command removes a specified element. Y ou cannot remove the particle or beam elements. The element number
may be given as a parameter, otherwise it is prompted for.

Paraneters: REMOVE N (Where N is an el ement nunber)

ROTN

Calculate the parasitic rotation aberration coefficients of each lens. Thisis done by stepping through the system and
selectively rotating each lens by a small amount and computing the cross coefficients from the first order transfer

matrix. Therotational aberration isthen this coefficient divided by the original rotation. The value of the coefficient is

independent of the rotation value.

This command can also be used to select arotation for each lensin the system on an individual basis through the use of

some arguments:

Paraneters: ROIN Z Zero all rotations
ROT/ A N Set all rotations to N*PI (N nmay be real)
ROT/ | Set individual rotations
ROT/ D Cal cul ate the rotation aberration

coefficients in units of mrad/degree
i nstead of the default (mrad”2).

Thisexampleisfor the MP2 system in Melbourne.

prne rot
Rot ati onal aberration coefficients ( 1.0000 deg)
Quadr upol e Posi tion (x/ ph.rho) (y/th.rho)
1 5 -21.093 -21.093
2 8 45. 364 45. 364
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10 -30. 472 -30.472
4 12 6. 2010 6.2011
Units: mrad”2

In this case a perturbation of 1 degree was used can the resulting expansion of the beam was cal culated to obtain the
reduced rotation parasitic aberration coefficient.

RUSS

Similar to the SY S command, although all the information given is from formulae of the Russians. Gives the same
results as SY S because all image and object distances are taken relative to the principle plane positions of the relevant
lens. It also gives the difference between the image position calculated with the ‘thin’ lens formulg;

= - + - and the systemtotal |ength.

(Although in this case thisis not really athin lens formula because of the use of principle planes from which Si and So
are measured.)

Par anet ers: None.

Examplefor the MP2 system:
prme russ
RUSSI AN PARAMETERS X- Pl ane Y- Pl ane
Focal Length 0.29892 m 0.29892 m
Magni fication -0.03790 m -0.03790 m
Errors (Totlen-L.Quad Im) 5.316E-02 -1.69 m cron
Thin Lens Focal Length 0.28239 m
System Total Length 8.46000 m

The errors should be close to zero for a system properly focused (stigmatised) with the ‘stig’ command.

S
Thisisthe short form of the command STIG. It just types the current astigmatism in the X and Y planes.
Paraneters: S Astigmatismrel. to object coordinates.

S/ “ “ “ i mge !

Units: metre/radian

SAVE
Saves the current data file. Prompts for the new filename. If <CR> is given the old filename is used.
Paranmeters: SAVE FI LENAME New fil enane wi t hout extension
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SAVE <CR> Use old fil enane
SMAT
Display the first order system transfer matrix. The units are meters and radians.
Paraneters: SMAT First order systemtransfer matrix.
Examplefor the MP2 system:
prn> smat

Syst em Beam Mat ri x:
(XIX) -3.790E-02 (X/TH) 1.402E-06 (X'Y) 0. 000E+00 ( X/ PH) 0. 000E+00

(THX) -3.35 (THTH -26.4 (TH'Y)  0.000E+00 (TH PH) 0.000E+00
(Y/X)  0.000E+00 (Y/TH) 0.000E+00 (Y/Y) -3.791E02 (Y/PH) -4.450E-05
(PH/ X)  0.000E+00 (PH/ TH) 0.000E+00 (PH'Y) -3.35 (PH/PH) -26.4

Units: m rad

SOLEN

Identical to the QUAD command except for Solenoids. Note that this routine has not been debugged.

#SPEC

SPEC

This command is reserved for special purposes.

SQUEEZ

This command can be used to replace all consecutive drift spaces with asingle drift space of the equivalent length.
Thiswill reduce the number of elementsin the system to make room for more should you be approaching the limit of a

maximum of 40 optical elementsin the system.

STIG

Does all the calculating of the first order beam matrix of the system and also the stigmatisation. The command has a
short form S which just types out the (X/TH) and (Y/PH) matrix elements. The full command is used to stigmatise a
system. Single |etter parameters can be used to specify the nature of thefit. (e.g. Tight, Loose, Default. )

e.g. STIGT do atight stigmatisation with default TOL and MAXCALL

Parameters: STIGT Tight fit TOL = 1.0d-10
D Default fit TOL = 1.0d-8
L Loose fit TOL = 1.0d-6
X Stigmatise only in the X plane
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Y Stigmatise only in the Y plane

TOL is the maximum tolerable reduced astigmatism coefficient in units of (metre/radian)?. In practice, the system isin
focus of TOL islessthan 10°.

SYS

Typesout all the geometrical optics of the system. All the information given is calculated from the first order system
transfer matrix.

Par anet ers: None.

Examplefor the MP2 system:

prme sys

From system B - matrix

14 System End
Geometric Paraneters X- Pl ane Y- Pl ane
Focal |ength 0. 29892 m 0.29892 m
bj ect distance 8. 0400 m 8. 0400 m
| mage di st ance 0. 16500 m 0. 16500 m theta 0.000E+00
Magni fi cation - 3. 79029E-02 - 3. 79087E- 02
Demagni fi cation -26. 383 - 26. 383
Entrance principle plane 8.1852 m  8.1852 m
Exit principle plane 0. 31025 m 0.31025 m
Particl e energy 3. 0000 MeV
Particle Monmentum 74.820 Mev/ c
Particl e Speed 2.40026E+07 mMs ( 8.01 %)
Tau = (1 - v**2/c**2)**0.5 0. 9967897
Magnetic rigidity (u. MeV/e2) 3. 0097 m u. MeV/ @
(th/th)= -26.383 (ph/ ph)= -26. 383
(x/th3)= -127.21 (y/ ph3) = -299. 09
Chris Ryan's Figure of Merit:
Q=1[(th/th)y*(ph/ph)]/[(x/th3)*(y/ph3)]"~1/3 = 20.695
THIRD

Types out thefirst four third order aberration coefficientsin the Russian style. These are defined as follows;
DX =MX( P*TH**3+ S*TH*PH**2)
DY =MY(PB*PH**3 + SB*TH**2*PH )

where MX and MY are the magnificationsinthe X and Y planesand DX and DY are the perturbation at the image
plane due to the spherical aberration. P, S, PB, SB are the spherical aberration coefficients. PRAM always calculates
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with these aberration coefficients (along with the other 16 third order coeffs defined similarly) because for a stigmatic
system, S = SB. The complete set of coefficients will be typed if the parameter A is given.

Paraneters: THI RD Spherical aberration coeffs (Russian defn.)
THI RD A Al third order coeffs.
THI RD/ | Third order coeffs in inmage coords.
Examplefor the MP2 system:
prone third

Third order aberration coefficients defined as in the early

papers of Yavor et al.

Coef f System Quadr upol e Cct upol e
P 3. 35632E+06 3. 35632E+06 0. 00000E+00 X- Pl ane
S 1. 12105E+07 1. 12105E+07 0. 00000E+00
PB 7. 89080E+06 7. 89080E+06 0. 00000E+00 Y- Pl ane
SB 1.12105E+07 1.12105E+07 0. 0O0000E+00

Units: m radians

TRACE

Does amatrix raytrace through the system. The output may be displayed on a Tektronix 4010 or equivalent graphics
terminal (including an X-term).

The X and Y starting coordinates are those of the BEAM element as stored in ELE 2.

The simplest form of the TRACE command is as follows;

prm> trace
Inital beam ( 0.00000E+00um 0.30000 nr, 0.00000E+00um - 0. 30000 nr)
Trace perforned to order 1
Perform a trace through the system
Initial and final z-positions ( 0.00000E+00 to 9. 0405 ) > <CR>

Step size = 36. 162 nmm

Initial: 3 Final: 12
Extents in xoz plane: -2.5144 to 2.5147 mm
Extents in yoz plane: -2.8597 to 2.5144 nmm
Extent for plot, nm ( -3.5747 to 3.5747 ) > <CR>

Thiswill trace the ray defined in element 2 through the entire system and display the result on the screen.

Par anet ers:

TRACE/O ' I Sets the order for the calculations to 'I'. At present only
first order ('1I'" = 1) is inplenented.

TRACE/ W' R Sets the delay between clearing the screen and starting the
plot to 'R seconds ('R can be less than 1). Not needed in
the 21st C.

TRACE/F ' I Sets the font used for the characters in the plot to font
nunber '1'. Only useful nunmbers are 0, 1, 2 and 5.

TRACE/D C Clear the automatic clear flag. That is the screen wll
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not be cleared before a plot is comenced. Not needed in the
21st C.

TRACE/ S Causes the next set of traced trajectories to be saved in the
file trace. dat

TRACE/ C Turns off all the collimators in the system

VECTOR

Multiplies the current beam vector with the system matrix and types out the results. A new beam vector may be

specified by changing the beam element using the ELE command. The order of the result may be specified as a
parameter as follows;

Paraneters: VECT First order only.
VECT 1 First order only.
2 Second order (First order plus Chromatic).
3 Third order (First plus Second plus Third).
4 Second order but neglecting the non angle

chromati c aberrations.

5 Third order but including only the spherical
aberrations and neglecting the second order
aberrati ons.

6 Use only FISHK aberration coefficients.
Example:
prm> vec
Beam Vect ors
Initial Fi nal Central Final Actual Order = 1
X 0. 00000E+00 4.20729E-04 4.20729E-04 nicron
Theta 0.30000 -7.9149 -7.9149 nr ad
Y 0. 00000E+00 1. 33500E-02 1. 33500E-02 mcron
Phi -0. 30000 7.9149 7.9149 nr ad
XSCTN

This command draws a beam cross section on the screen. The cross section may be drawn to any order. The command
accepts the order as aparameter and it prompts for the z coordinate for the cross section. It also allows the total scale

of the drawing to be set. If <CR> isgiven then auto scaling is used. If at the end afurther cross section is required
simply respond with <CR> and the process is repeated, otherwise respond with ‘N’.

This command is not implementedin most versions of PRAM.

Paraneters: XSCTN | I is an integral order.
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5. Examples of the use of the TRACE command

5.1 Example 1: Simple raytracing

The simplest task for the TRACE command is to produce a plot of the beam path through the system. The ray vector
coordinates at the origin are taken from the beam element (element 2). The plot gives an overview of the ray path
through the system by plotting both the xoz and yoz planes on the same plot. It is therefore convenient to set the
displacement and divergence of the ray in the yoz plane to negative values. This will conveniently show the profile of

the ray trajectory in both planes on the same diagram.

The optical axis of the system is shown as a dashed line, together with vertical bars representing the positions of the
entrance and exit principle planes and the end of the system where should also be located the Gaussian image plane.

Also shown are the positions of the quadrupol e lenses.

mp2
MP2
4.0 T T T T | T T T T ' T T T I T T
i B 0
3.0l Quadrupole T Gaussian
| lenses image plane
Lo
E Z20F
=
o -
¥ 1.0 Optical axis |\
5 \
) opb-------—--"-"-4+“—“""——m D - - -
m -
g . -
2 -1.0
O -
I =20k Entrance
= i principle plane Exit A\
principle plane
-3.0F -
_4 1 1 1 1 | 1 1 1 1 | 1 1 | 1 1
'?00 750 8.00 8.50
z-axis (m)
The datafile used to make this plot wasfrom ‘ np2. pr m.
MP2 as at May 1999
0.00 1. 000000, 1. 000000, 3. 000000, -2.000000
1.00 0. 000000, 0. 000300, 0. 000000, - 0. 000300, 0. 000000
3.00 6. 780000, 0. 000000, 0. 000000
3.00 1. 245000, 0. 000000, 0. 000000
4.10 0. 030000, 0. 215020, 0. 006000
3.00 0. 035000, 0. 000000, 0. 000000
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4.02 , 0. 060000, -0. 250194, 0. 006000
3.00 , 0. 035000, 0. 000000, 0. 000000
4.20 , 0. 060000, 0. 250194, 0. 006000
3.00 , 0. 035000, 0. 000000, 0. 000000
4.01 , 0. 030000, -0. 215020, 0. 006000
3.00 , 0. 150000, 0. 000000, 0. 000000
9.00 , 0. 000000, 0. 000000, 0. 000000
SENTI NEL

The plot itself was generated from a macro of PRAM commandsin file ‘np2. pcni.

line -3
da mp2
cap

MP2

tr/q
7,8.8
-4 4
ele 2
y

0

0. 0002
0
-0.0002
0

tr/r

ele 2

y

0

0. 0001
0
-0.0001
0

tr/r

cl ose

@

For more detailed examination of the performance of an ion optical system, cross sections of the beam can be generated
using the file of aberration coefficients calculated by PRAM using the program OXTRACE.

See separate documentation on OXTRACE.
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5.2 Example 2: Modeling scanning coils in a Russian
antisymmetric quadruplet

This TRACE plot shows the effect of ax-scanning coil. It was generated from the file of system parametersin

nmp2d. pr mshown here:

MP2 as at May 1999 with dipole
0. 00 , 1. 000000, 1. 000000,
1.00 , 0. 000000, 0. 000300,
3.00 , 6. 780000, 0. 000000,
3.00 , 1. 085000, 0. 000000,
2.00 , 0. 050000, 0. 010000,
3.00 , 0. 010000, 0. 000000,
2.00 , 0. 050000, 0. 000000,
3.00 , 0. 050000, 0. 000000,
4.10 , 0. 030000, 0. 215020,
3.00 , 0. 035000, 0. 000000,
4.02 , 0. 060000, -0. 250194,
3.00 , 0. 035000, 0. 000000,
4.20 , 0. 060000, 0. 250194,
3.00 , 0. 035000, 0. 000000,
4.01 , 0. 030000, -0. 215020,
3.00 , 0. 150000, 0. 000000,
9.00 , 0. 000000, 0. 000000,
SENTI NEL

. 000000,
. 000000,

-2.000000

0. 000000, 0. 000000

. 000000
. 000000
. 000000
. 000000

Magnetic dipole element
with non-zero field in xoz

plane

S

. 000000

\

. 000000
. 006000
. 000000

Zero dipole element

. 006000
. 000000
. 006000
. 000000
. 006000
. 000000
. 000000

[cleoNoloNoNoNolololNolNoNelNoNelNo o)

The plot itsdf was conveniently constructed from the macronp2d. pcmshown here. In this context, the beam element
isactually the coordinates of aray vector to be traced through the system.

line -3

da np2dip

cap

MP2 with Scan coils
ele 2

Set the line thickness to 3 tines nornal
Load data
Change caption

Set the beam el enent

Trace the first ray, use postscript output
Limts along the beamaxis for plot
Limts for x- and y-directions for plot

Set the next beam el ement

Re-Trace the ray on the existing plot

Set the next beam el enent
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0

tr/r Re-Trace

ele 2 Set the next beam el enent

y

0

- 0. 0002

0

0

0

tr/r Re- Tr ace

ele 2 Set the next beam el ement

y

0

0. 0001

0

0

0

tr/r Re- Trace

ele 2 Set the next beam el enent

y

0

-0.0001

0

0

0

tr/r Re- Trace

cl ose Cose the plot file (filename generated
aut omat i cal | y)

@ End of nmcro

The resulting plot:

MP2 with Scan coils

Quadrupole
lenses

W
-
I

Dipole elements

o
T
I

Axial ray —~—

o

S N7

i
=

x- and y-axes (mm)

1 1
w N
- =]
T T T [I T T T
|

|
8.00 8.50
z-axis (m)

TR
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5.3 Example 3: Modeling collimators

A set of collimators can be used to limit the beam envelope. Thefile‘mp2coll.prm’ shows the system. The collimator
elementsdefineal mmwideslitinthey - and x-directions.

MP2
0. 00 , 1. 000000,
1.00 , 0. 000000,
3.00 , 6. 780000,
5.20 , 0. 000000,
5.10 , 0. 000000,
3.00 , 1. 245000,
4.10 , 0. 030000,
3.00 , 0. 035000,
4.02 , 0. 060000,
3.00 , 0. 035000,
4. 20 , 0. 060000,
3.00 , 0. 035000,
4.01 , 0. 030000,
3.00 , 0. 150000,
9. 00 , 0. 000000,
SENTI NEL

as at May 1999 - with collimator

1. 000000, 3. 000000, -2. 000000

0. 000300, 0. 000000, -0. 000300, 0. 000000

0. 000000, 0. 000000 )

0. 000000, 0.001000 ——— Colllmat_orelementforyoz
0. 000000, 0. 001000 plane, width 1Imm

0. 000000, 0. 000000 \\\“\\\\\\\\

0. 215020, 0. 006000 Collimator e ement for xoz
0. 000000, 0. 000000 plane, width Imm

0. 250194, 0. 006000

0. 000000, 0. 000000

0. 250194, 0. 006000

0. 000000, 0. 000000

0. 215020, 0. 006000

0. 000000, 0. 000000

0. 000000, 0. 000000

Once again, the PRAM macro, ‘np2c. pcm’, shown here was used to produce the plot.

line -3

da mp2col |

cap

MP2 with collimator
tr/q

-3,3
ele 2

y

0

0. 0001
0
-0.0001
0

tr/r
ele 2

y

0

0. 0002
0

- 0. 0002
0

tr/r
ele 2

y

0

0. 00005
0

- 0. 00005
0

tr/r
ele 2

y

Set line thickness in plot to 3 tines normal

Load data

Change caption

Open plot file and performtrace (/q option makes postscript)
Blank line free scales z plot file

Linmits for x- and y-direction are =3 to 3 mm

Change beam el enment

Re- Trace on sane pl ot

Change beam el enment

Re- Trace on sane pl ot

Change beam el enment

Re- Trace

Change beam el enent
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0

0. 0004

0

-0.0004

0

tr/r Re- Trace

cl ose Cose plot file
@ End macro

The resultina plot:

mp2coll
MP2 with collimator
3.0 I I L] I T I T ' I I I I L] I T L
i Collimator position 1
2.0 -
o I !
E
= 1.0+
"
@ i
x
. — —
=)
= "
S -1.0F
| = -
x
~2.0 Quadrupole — i
: lenses \ i
_3.0 i ] 1 | i | 1 | 1 | 1 ] 1 ] L i
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

z-axis (m)
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6. Use of OXTRACE to make image intensity maps
and grid shadow patterns

This documentation gives an example of how to produce atheoretical grid shadow pattern using PRAM and
OXTRACE.

It is part of the PRAM distribution package available on the web page of the Microanalytical Research Centre.

Fi |l e README. 1ST

Propagat e Rays and Aberrations by Matricies

This is an exanple run of program PRAM showi ng how to cal cul ate
ion optical properties of the Shanghai nucl ear mnicroprobe system

Comments are indicated by a ! in colum 1.
User input appears after the >
' First, run the program
$ pram
Program PRAM - Version 7
I You rmust al ways have data to run the program in this case a data file
I SHANG. PRM wi | | be loaded initially.

! You can | oad new data with the DATA command: (note that the PRM
| extension is added by the progran).

PRM> dat a

Fil enane for input > shang

Title: Shanghai M croprobe System
PRV>

! The pronpt of the programis usually PRM>. However if the |lenses are
! not in focus this changes to STI> as a warning that the system needs
! to be stigmatised (focused). |In this exanple, the lenses are set to
1 0.1 and 0.2 Tesla (out of focus).

PRM> p
Lenses with coupling code 1 have fields 9.86670E-02 new > +0.1
Lenses with coupling code 2 have fields . 17823 new > +0. 2
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! Now the lens strengths are adjusted to bring the system back into
I focus:

STI> stig
Astigmati sm (X TH) = -1.5303 nm rad
(YI'PH) = -3.3642 m rad
Initial conmbined astigmatism = 3. 6959
(N) Comb. Astg. - FIELDS ( 2)............
Calling STEPIT.....
1 3. 6959 . 10000 . 20000
2 3. 6066 . 10100 . 20000
3 3.4395 . 10300 . 20000
4 3.1563 . 10700 . 20000
5 2.8335 . 11500 . 20000
6 3. 2691 . 13100 . 20000
7 2.8076 . 11817 . 20000
8 3.0824 . 11817 . 20200
9 2.5515 . 11817 . 19800
10 2.1118 . 11817 . 19400
20 . 97539 . 10543 . 18600
30 1. 0986 8. 97856E- 02 . 16908
40 4. 04854E-02 9. 83465E- 02 . 17790
50 3. 33325E-02 9. 85352E- 02 . 17837
60 1. 50595E-03 9. 86621E- 02 . 17824
70 1. 01562E-03 9. 86699E- 02 . 17824
80 1. 97044E-04 9. 86693E- 02 . 17823
90 3. 08789E- 05 9. 86670E- 02 . 17823
100 1. 96953E- 05 9. 86667E- 02 . 17823
110 7.10444E-07 9. 86669E- 02 . 17823
120 6. 67549E-07 9. 86669E- 02 . 17823

After mnimsation (X TH)
(Y/ PH)

! Havi ng refocused the | enses, the pronpt changes back to PRM> and t he
I systemis saved to disk. No filenane is given, so the old filenane is
! used, however a new filenanme coul d have been entered.

-1.51277E-08 m'rad
-1.13953E-08 nfrad

PRM> save
Fil ename for output (CR for shang) >
Data saved in file: shang.prm

! Now sonme optical paraneters are conputed. First the first order
| paraneters of the system

PRM> sys
From system B - matrix
13 System End
Geonetric Paraneters X- Pl ane Y- Pl ane
Focal length . 43969 m .44008 m
bj ect distance 8.1148 m 8.1148 m
| mage di stance . 32980 m .32980 m theta . 000
Magni fi cati on -5. 62980E- 02 -5.63511E- 02
Demagni fi cati on -17.763 -17.746
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Entrance principle plane 8.2498 m  8.2496 m
Exit principle plane . 46445 m . 46487 m
Particle Momentum 75. 11805 MeV/ c
Particle Speed 2.39076E+07 m's ( 7.97 %)
Tau = (1 - v**2/c**2)**0.5 . 9968151
Gamma = 1. 0/ Tau 1. 0031950

I Now the chromatic aberration coefficients:

PRM> chrom

Chromatic Aberration Coefficients Perturbation = . 50000 %
X/ THDM 151. 44 Y/ PHDM 174. 97
X/ XDM -.20689 Y/ YDM -. 20408

Units: mcron/mlliradi an/ % nonentum error

! Now the sensitivity of the focused spot to the stability of the |lens
I power suppli es:

PRM> exci t
Excitation Aberration Coefficients ( % ) Perturbation = . 500%
First Order
X/ THEL -134.56 Y/ PHE1 159. 25
X/ THE2 256. 28 Y/ PHE2 -495.72
X/ THE3 - 356. 22 Y/ PHE3 231.79
X/ THE4 83.116 Y/ PHE4 -70. 286
Coupl ed excitation First order
X/ THGL -51.915 Y/ PHGL 88. 486
X/ THG2 -101. 30 Y/ PHG2 -265.41

Two sets of coefficients are given, (X/ THEi) are for individual power
supplies connected to each lens and (X THG ) are for one power supply
connected to each pair of coupled lenses in the system In the latter
case the coefficients are smaller showing that it is better to run
the | enses from coupl ed power supplies.

! Now second order aberration coefficients. These are zero in perfect

! | enses:

PRM> ab2

Second order angl e dependent aberration coeffs
(X/ TH2) . 00000 (Y/ TH2) . 00000
( X/ THPH) . 00000 (Y/ THPH) . 00000
( X/ PH2) . 00000 (Y/ PH2) . 00000

Units: mrad”3

! Now third order aberration coefficients. These are doninated by the
! spherical aberration coefficients in mcroprobe | ens systens:

PRM> ab3

Third order coefficients defined for object plane divergences.
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Coef f System Quadrupol e Cct upol e
X/ TH3 -162. 42082 -162. 42082 . 00000
X/ THPH2 -465. 46587 - 465. 46587 . 00000
Y/ PH3 -260. 27779 -260. 27779 . 00000
Y/ TH2PH -465. 90539 - 465. 90539 . 00000
Units: mcron/mlliradi an3

I The remni nder of the third order aberration coefficients can be

I comput ed using the AB3 A conmand:

PRM> ab3 a

Third order coefficients defined for object

pl ane di vergences.

Coef f System Quadr upol e Cct upol e
X/ TH3 -162. 42082 -162. 42082 . 00000
X/ THPH2 -465. 46587 - 465. 46587 . 00000
Y/ PH3 -260. 27779 -260. 27779 . 00000
Y/ TH2PH -465. 90539 - 465. 90539 . 00000
Units: micron/mlliradian3

Remai ning third order

X/ X3
X/ XY2

Y/ YPH2 -
Y/ TH2Y -.
Y/ XTHPH -.
Y/ Y2PH -.
Y/ X2PH -.
Y/ XTHY -

Y/ Y3
Y/ X2Y

! The sensitivity of the systemto the percentage of the parasitic
! nultipoles can be cal culated with the PAR command.

I sextupol es:

PRM> par/s

Reduced Parasitic Sextupole Aberration Coefficients:

Quadr upol e | ens

( X/ TH2S) -186. 34
( X/ THPHS) . 00000
( X/ PH2S) 186. 34
Quadrupole lens 2 in
( X/ TH2S) 163. 08
( X/ THPHS) . 00000
( X/ PH2S) -611.93

coefficients (same units):
X/ XTH2 -
XI XPH2 -
X/ THYPH -
X/ X2TH -
X/ THY2 -
X/ XYPH -

05875
05638
00940
00001
00001
00001
. 00000
. 00000
09542
05675
01540
00001
00001
00001
. 00000
. 00000

1 in position

positi

-.05875
-.05638
-. 00940
-. 00001
-. 00001
-. 00001

. 00000

. 00000
-. 09542
-. 05675
-.01540
-. 00001
-. 00001
-. 00001

. 00000

. 00000

on 7 Parasitic lens field -8.91151E-03 (

(Y/ TH2S) . 00000
(Y/ THPHS) 373. 12
(Y/ PH2S) . 00000
(Y/ TH2S) . 00000
(Y/ THPHS)  -1175.1
(Y/ PH2S) . 00000

. 00000 X-Pl ane
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000 Y-Pl ane
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000

First the

(mMradr2/9%

5 Parasitic lens field 4.93334E-03 (

5. 00%

5. 00%

Microanalytical Research Centre



PRAM: Propagate Rays and Aberrations with Matricies

Quadrupole lens 3 in position 9 Parasitic lens field 8.91151E-03 ( 5.00%

(XI TH2S) -664. 96 (Y/ TH2S) . 00000
( X/ THPHS) . 00000 ( Y/ THPHS) 460. 74
( X/ PH2S) 264.92 (Y/ PH2S) . 00000
Quadrupole lens 4 in position 11 Parasitic lens field -4.93334E-03 ( 5.00%
( X/ TH2S) 71.596 (Y/ TH2S) . 00000
( X/ THPHS) . 00000 ('Y/ THPHS) -140. 41
( X/ PH2S) -70. 285 (Y/ PH2S) . 00000

! Notice howlens 2 is twice as sensitive to parasitic sextupole field
I contami nation conpared to the other |enses.

I Now t he octupol es:
PRM> par/o
Reduced Parasitic Octupole Aberration Coefficients: (mcron/mllirad*3/%

Quadrupole lens 1 in position 5 Parasitic lens field 9.86669E-02 ( 100.00%

( X/ TH30O) 206. 54 (Y/ PH3O) 289. 07
( X/ THPH20) -724.60 (Y/ TH2PHO) -725.28

Quadrupole lens 2 in position 7 Parasitic lens field -.17823 ( 100.00%
( X/ TH30) -104. 25 (Y/ PH3O) -1862.0
( X/ THPH20) 1307. 4 ( Y/ TH2PHO) 1308. 6

Quadrupole lens 3 in position 9 Parasitic lens field . 17823 ( 100.00%
( X/ TH30) 1100.0 (Y/ PH30O 27.563
( X/ THPH20) -458. 55 (Y/ TH2PHO) -458. 98

Quadrupole lens 4 in position 11 Parasitic lens field -9.86669E-02 ( 100. 00%
(X TH3O) -29.620 (Y/ PH3O) -60. 785
( X/ THPH20) 124. 65 (Y/ TH2PHO) 124.76

I Once again, lens 2 is nost sensitive to parasitic field contam nation.

! Finally it is possible to get help on any of the commuands by using the
I online help facility:

PRM> hel p ab2

AB2 Type out the angl e dependent second order aberration coefficients.

These will only be non-zero if there are sextupoles in the system or
there are quadrupoles with parasitic aberrations.

Par anet ers: AB2 A Type all second order aberration coeffs.

! Finally, it is possible to see a raytrace through the entire system
! by using the TRACE conmand:

PRM> trace

Inital beam ( .00000 um . 30000 nr, .00000 um -.30000 nr)
Performa trace through the system

Initial and final z-positions ( .00000 to 9.1279 ) >

Initial: 3 Final: 13
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Extents in xoz plane: -2.3162 to 2.4789 nm
Extents in yoz plane: -2.9209 to 2.3140 nm
Extent for plot, mm( -3.6511 to 3.6511 ) >

Press enter

! Note that all responses were blank, so a default raytrace through the
! entire system appears. For this exanple, the divergence in the yoz

I plane was made negative to that it appears bel ow the axis.

! You need to press enter to return to al pha-node after graphics-node.

! In preparation for the next conputer program we performa cal culation
I of all coefficients of the systemthen put theminto a file so that

! they can be used to performcal cul ati ons by ot her prograns (see

! below). 1In this exanple we use lens 3 of the Shanghai system

PRM> da shang3
! This is a single lens system hence is stigmatic (only in focus in one
! direction) so the pronpt becomes STI>. Now the coefficients are put

! into a file shang3. cof:

STl > cof shang3

Col i mator di stance assunmed to be 5.23300 m
Square or Circul ar aperture collimator? > Square aperture collimators.
Shadow pl ane di stance assunmed to be . 10000 m
Total system |l ength 8.69320 m
Chromati c coefficients calculated with a . 50000 % ener gy spread.

(X/ XDe and Y/ YDe are probably inaccurate.)

STI >

! To exit the program

PRM> exi t

Sone data files are included in the PDATA subdirectory of the disk:

MPNEW PRM  The Mel bourne magneti c quadrupl et .

HI AF. PRM The CSI RO HI AF el ectrostatic quadruplet.

MPOCTU. PRM The MP systemwith three octupol es used to correct
t he spherical aberration. The CRAM command was used
to conpute the required octupol e strengths.

LUNDAL1. PRM Quadrupole 1 of the Lund systemin achromatic node. It
consi sts of superinposed electrostatic and nmagnet |enses
and was stigmatised with the el ectostatic conponent
alone, in the x--direction (STIG X), then restignatised

with the magnetic conponent in the reverse polarity.

LONG. PRM The Ukrainian |ong system Note the very |arge
demagni fication factor.

OLDQUAD. PRM The ol d Oxford system Note the cross over in one
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direction owing to the operation of this systemin the
hi gh excitation node.

SHANG. PRM  The Shanghai system

SHANGL. PRM Lens 1 of the Shanghai system Simlarly for lens 2,3
and 4. The single lens systens were used in the grid
shadow measur enents.

Thi s program simul ates i mages of m croprobe systens and
anal yses grid shadow patterns.

In this exanple we calculate the grid shadow pattern of a |ens
with the measured parasitic aberration coefficients of the Shanghai
system so that the simulation can be conpared with the experimental
pattern.

! Run the program
$ oxtrace
OXTRACE - High Resolution Inmage Intensity Mappi ng
Executing the login macro | ogin.ocm
oxtrace> def/q
Scal e factor for next plot > +0.9

X and Y plot offsets (m) > +50, 30
Pl ot rotation angle (degrees) > +90

Post scri pt out put scal ed by: . 90000
O fsets: 50. 000 , 30.000 nm
Pl ot rotation angle: 90. 000 degrees
oxtrace> line -3
Line width set to 3. 000000

oxtrace> @

! After the login macro has run we first sinulate some rays fromthe
! aberration coefficients in the file shang3a. cof:

oxtrace>

oxtrace> fake

The tine is --15:41: 36--

Fraction of day el apsed .65389

<<< Obtain aberration coefficients and system paraneters >>>

Fil enane for input > shang3a

Getting coefficients from shang3a. cof
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On unit nunber 23

Opened file successfully.
Read title.

Read i mage/ aperture sizes
read col |l i mator.

read first order matrix
Read fifth order matri x.
shang3a. cof

Modi fy/review the data in the coefficient file ?

Random (1) or Regular (2) nmode (CR for

2)

Number of rays

Circular or Square apertures (CR for Circular)
< SQUARE apertures sel ected.

bj ect X and Y dianmeter (mcron)

Aperture X and Y dianeter (nm

< Maxi mum di ver gence = . 38219 nT ad.

Aperture offsets (x,y) in

mm

Maxi mum beam energy half spread (%

Caption: Shanghai quad 3 with 0.28% sextupol e
Filenane for rays file > shang3a

W Rays file opened: shang3a. bin
100 rays generated

20000 rayé gener at ed
20000 rays generated total.

R Rays file opened: shang3a.bin
Caption: Shanghai quad 3 with 0.28% sextupol e
Fi ndi ng nunmber of rays.... 20002 rays in file.

! The sinmulated rays are put into a file shang3a.

! placed into the i mage pl ane:

oxtrace> shad
Fil ename for output rayset (CR for shang3as. bin)
A: Rays file opened: shang3as. bin

X I mage -1.75399E- 04 um
Y I mage = -7.53755E+05 um
Pl ane for grid (mcron, CR for 0) > 0.0
Hol e or Bar at origin? (CR for Hole)
Period of grid (mcron, CR for 12.7)
Bar full width (mcron, CR for 6.35)
Rotation of grid (degrees, CR for 0.0)
Gid specifications;
Peri od 12. 70000 um

VV VYV

Bar full width 6. 35000 um

Hole full width 6. 35000 um
Posi ti on . 00000 m

Orientation . 75000 deg

Gid hole centred at origin.

VVVVVVVVVYV

bi n.

0000

NN P

0
1

~O

0,0
0

Now a grid can be

> shang3as
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Proceed? > vy

EIE R I I R I R I

Of 20000 rays processed, 4594 passed through the grid.
The output rayset is in file shang3as. bin.

I The rays which went through the grid apertures are placed into a file
I shang3as.bin. These can now be plotted on the screen, first they are
I | oaded from di sk:

oxtrace> da shang3as

R Rays file opened: shang3as.bin

Caption: Shanghai quad 3 with 0.28% sextupol e
Fi ndi ng nunber of rays.... 4594 rays in file.

! Now they are napped on the screen:
oxtrace> map

Pl ane for image analysis (X, Y, or Oher plane) > o
Y Image -7.53361E+05 mi cron

X | mage -65.784 m cron Distance (micron) > 2.93300E+05
I mage plotted at Z = . 29330 m
4594 rays.

Xmin = -2274.8 to Xmax = 2258.7 m cron
Xrange = 4533.5 mcron

Ymn = -2400.1 to Ymax = 2396.9 m cron
Yrange = 4797.1 mcron

Map done to +/- 2520. 2 m cron, other? > 2500. 0

Run nunber 11 ......

Xlimts: -2500.0 to 2500. 0

Y limts: -2500.0 to 2500.0

Rewi nding file... Shanghai quad 3 with 0.28% sextupol e

Press enter

! Press enter to return to al pha-node. To exit the program type exit:
oxtrace> exit

! There is a macro which runs this exanple. Sinply run the program
I and type:

oxtrace> @hang3a

! Al the parts of this exanple will be done.

End of example.
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7. PRAM Subroutines

This section provides a partial list of the FORTRAN subroutines that make up PRAM and OXTRACE.

SUBROUTI NE COFPRI NT( T, I)

Print the third order matrix, T(2,10).

| is a switch which determines the heading to be put on the printout. | = 1,2 for lens or system coefficients, 1=3,4 for
lens or system OXRAY coefficients (i.e. magnification included).

Argunents: T(2,10) Real, Third order aberration coeffs
| I nt eger, Headi ng type.

SUBROUTI NE DRI FT( 1 Z, A)

Generate the drift transfer matrix for element 1Z. If

element |Z isnot adrift print an error message.

Argunents: 1Z I nteger, el ement nunber

A(4, 4) Real , transfer matrix

SUBROUTI NE ELEMENT( | ELE)

Change the data associated with element number |ELE. First print out the current data for element |IELE (slots 1 to 4).
If the element is a lens then also print out slots 5 to 12. After this, allow any of the datain slots 1 to 4 to be changed. If
illegal type codes are given then produce an error printout.

Argunents: |ELE Integer, elenent nunber

SUBROUTI NE ELEPRI NT(1Z, M
Print out the element data for element 1Z. M is a code that determines the amount of data to be printed. If 1Z is greater
than 40 (the maximum number of elements allowed in the system) then the element is printed as an error element.

Argunments: 1Z,M Integers

SUBROUTI NE EXCI TE( PERT)

Calculate the excitation aberration coefficients for the system. Each lens excitation is independently perturbed by a
small percentage PERT and from the change in spot size the coefficient is determined. The coupled excitation
aberration coefficients are also determined. i.e. coupled lenses are both perturbed by the same amount (taking into
consideration the sign of the excitation of each lens) and the from the change in size of the spot the coefficients are
determined. The coefficients are returned throgh common block /ABEROY/.

Argunents: PERT Real, small percentage perturbation.

Microanalytical Research Centre 49



PRAM: Propagate Rays and Aberrations with Matricies

SUBROUTI NE FOCAL( | Z, FX, FY)

Calculate the focal length of the system up to element 1Z. FX and FY are the focal lengths in the X and Y directions
respectively. Non-lenses, SUPRA-lenses and octupoles are ignored. Otherwise a lens is a lens with a non zero

excitation (slot 3). If a subsystem with infinite focal length is found (zero magnification) then an error message is
printed.

Arguments: |Z I nteger, el ement numnber
FX, FY Real, focal |engths

SUBROUTI NE GEOM | Z, A)

Generate a print out of the geometrical parameters of element 1Z given the transfer matrix, A, of lens1Z. A isa4x4
matrix. The output goes either to the screen or an output file depending on the value of NTOUT. If IZ is the last
element in the system (i.e. the element has type-code 9) then generate a print out of the geometrical parameters of the
whole system.

Argunents: 1Z I nt eger, el ement nunber

A(4, 4) Real , transfer matrix

SUBROUTI NE LI GAT( | Z, A, FX, FY, DMX, DMY, SI X, SI'Y, PPX1, PPX2, PPY1, PPY2)

For element 1Z and transfer matrix A calculate the focal lengths, magnification, image distance, entrance principle
plane and exit principle planein the X and Y direction. The image distances are relative to the center of the lens and the
magnifications have been corrected by the principle planes.

Argunents: 1Z I nt eger
A(4, 4) Real
FX, FY, DMX, DMY, SI X, SI'Y, PPX1, PPX2, PPY1, PPY2 Real

SUBROUTI NE MAG( | Z, SMAGX, SMAGY)

Calculate the magnification up to element 1Z. SMAGX and SMAGY are the magnifications in the X and Y directions.
Nonlenses, SUPRA -lenses and octupoles are ignored. A lens is otherwise included if its excitation (slot 3) is non-zero.

The individual magnifications are taken from slot 9 for X and slot 10 for Y. If an element has zero magnification an
error message is printed.

Argunents: 1Z I nt eger
SMAGX, SMAGY Real

SUBROUTI NE MATMUL( N, A, B)

Multiply two NxN matricies together. N may have a maximum value of 14.
Theresult isput into B.
i.e.B=A*B
Arguments: N | nt eger
A(4,4),B(4,4) Real
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SUBROUTI NE MATPRI NT( | TYPE, A)

Print out the transfer matrix A(4,4) for lenstype ITYPE.
Argunents: | TYPE | nt eger
A(4, 4) Real

SUBROUTI NE PENGY( | Z, ENERGY)

Determine the ENERGY of the beam up to element 1Z. The starting value is assumed to be in slot 12 of the paricle
element. The energy of any accelerator sectionsisthen added to this.

Arguments: 1Z | nt eger
ENERGY Real

SUBROUTI NE OCTU(I Z, A)

Generate the octupole transfer matrix for the element in position 1Z. If element 1Z is not an octupole an error message is
printed. The transfer matrix for an octupoleis a drift space.

Argunents: 1Z I nt eger
A(4, 4) Real

SUBROUTI NE QUAD( | Z, A)

Generate the quadrupole transfer matrix for the element in position 1Z. If element 1Z is not a quad an error message is
printed. The transfer matrix incorporates the effect of any misalignments. A is a4x4 matrix.

Argunents: 1Z I nt eger
A(4, 4) Real

SUBROUTI NE RCONV( I Z, WR)

Convert the third order transfer matrix W as used by PRAM to the third order matrix used by OXRAY and change the
units to micron and milliradian. There are 10 coefficients for each plane and the conversion factor is as follows:

1-2 1. 0E-3
3-5 1. OE-6
6-8 1.0E-9
9-10 1.0E-12

Arguments: |Z I nteger, total number of elenments in the system
W 2, 10) Real, PRAMthird order coefficients
R(2, 10) Real , OXRAY coefficients
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SUBROUTI NE SEXT(1Z, A)

Generate the sextupole transfer matrix A(4,4) for element |Z. If element IZ is not a sextupole print an error message.
The transfer matrix for a sextupoleis adrift matrix.

Argunents: |Z Lens position Integer*4

A(4, 4) Sextupole first order transfer matrix (Drift) Real *8

SUBROUTI NE SOLENO DX | Z, A)

Generate the solenoid transfer matrix, A(4,4) for lens 1Z. If lens |Z is not a solenoid an error message is printed. This
subroutine has not been tested.

SUBROUTI NE STI GVAT( | ORD, B)

Calculate the transfer matricies of the system depending on the value of IORD. IORD takes the following val ues:
IORD = 1 Calculate the first order matrix only
IORD = 2 Cal cul ate the first and second

IORD = 3 Calculate the first, second and third

B isa4x4 matrix that contains the first order matrix. The higher order
matriciesare B = A*B
Argunments: N I nt eger

A(4, 4), B(4, 4) Reall

SUBROUTI NE SWAP( A)

Convert the transfer matrix A(4,4) calculated for a lens assumed to have a positive excitation to a transfer matrix for a
lens with negative excitation. i.e. swap row 1 with row 3 and swap row 2 with row 4.
Argunents: A(4,4) Real *8

SUBROUTI NE UNPACK(DTYPE, I T, I F, 1S, 10

Unpack the element characteristics from the element type code (slot 1). If DTYPE is a decimal number of the form
AB.CD then it isunpacked as follows:

IT = AB Type of el ement
CODE  POSSI BLE VALUES ROLE
IT=AB 1, 2,3,4,5,6,7,8,9, 10, 11, 13, 15 TYPE OF ELEMENT

16, 17, 18, 19, 20

I F +1 MAGNETI C
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0 NON LENS
-1 ELECTROSTATI C
The value of IF depends on IT and A
IS 0 NORMAL LENS
1 SUPRA LENS

The value of IS depends on IT and A

IC +1,2,3,4,5,6,7,8,9 COUPLI NG CODE

The value of ICis determ ned from CD.

Argunents: DVAL real *8
IT,IF, 1S 1Cinteger

SUBROUTI NE VECMUL( | ORD, BEAM TRAN)

Transform then beam element BEAM(4) by a tranformation of order IORD. If IORD is 1 the transformation is
provided by TRAN(4,4). Higher order transforms are included as follows:

I ORD TRANSFORM
1 First order
2 Second or der
3 Third order
4 First order plus angle chromatic
5 First order plus angle spherical
6

First order plus Fishk spherical (See also FlSHK. )

The result of the transform goes back into BEAM (the beam matrix).
BEAM takesthe following values:
BEAM(1) = X, BEAM(2) = THETA, BEAM(3) =Y and BEAM(4) = PHI.

H STORY OF PROGRAM PRAM

by David N. Jamieson
School of Physics, University of Melbourne (1979--1985).
First version was subroutine FISHK in 1979, later considerably extended and improved up to 1985.

The program calculates the properties of systems of quadrupoles and octupoles. The program originated as the
subroutine FISHK in 1979 when it could only handle antisymmetric systems of quadrupoles.

FISHK now handles all stigmatic systems up to antisymmetric quadruplets, including singlets and high excitation
triplets.
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The December 1981 version calculates all aberration coeffs to third order. Stigmatisation is done automatically by
STEPIT. Electrostatic elements were introduced during January 1982.

Version 1.0 August-Novenber 1979
2.0 Oxford, April-My 1981
Ver si on 3. X August - Decenber 1981
Version 4. X January-June 1982
Version 5. X June- 1982

Ver si on

Extended to include a graphical raytrace of particle tragjectories through the system.
Version 6. X Oct ober- 1985

Division of Applied Physics, Californialnstitute of Technology (1986--1987).

Nuclear Physics Laboratory, University of Oxford (1988--1989).

Extended to include listing of all aberration coefficientsinto a‘.COF’ file for reading by program OXSORT, used
for fitting grid shadow patterns to compute parasitic aberration coefficients of quadrupolelenses.

Version 7 1992
A version was hacked for a PC (DOS) in November 1992. As of 2000, this version was no longer supported.

END OF MANUAL
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