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1. Introduction

A very general ion-optical computer code called RAYTRACE has been developed at MIT during the
last twenty years. Originally it was limited to a treatment of optics of uniform-field dipole magnets. It has
since been expanded and modified many times. It now includes routines for non-uniform magnets of various
kinds, solenoids, Wien filters (E x B), electrostatic deflectors, and multipoles up to dodecapole. A routine
for an accelerator section is not supported at present.

_The ion-optical code TRANSPORT! is widely used for designing beam transport systems. This
program calculates first and second order transfer coefficients {matrix elements) for the beam parameters
position and slope. It is a fast program with fitting routines that adjust variable field strengths, drifts,
angles, curvatures, etc., to produce specified focusing effects. RAYTRACE does not replace or compete
with TRANSPORT. Indeed users of RAYTRACE practically always start with TRANSPORT to
_ determine first and second order parameters - in other words the basic layout of the system. RAYTRACE
‘is then used to fine tune the system. First and second order parameters generally have to be readjusted
'shghtly, and when dipoles are involved there are also zeroth order adjustments, i.e., centerline offsets. The
_ major function of RAYTRACE however, is to calculate higher-order aberrations in the optics, and to be
~ an aid in correcting these aberrations, whenever possible. The program, as described here, does not have a

-built-in automatic fitting routine for mmumzmg image aberrations, etc., but it ha.s been used as a subroutine
for such programs.®3

Since the program traces one ray at a time, it is not readily adaptable to handle space charge forces as
they occur in systems with intense beams. Such forces can sometimes be mimicked by the introduction of

o atrmgs of defocusing lenses. However, since the strengths of these lenses depend upon the beam diamater

~and vice versa the procedure is a lengthy cut-and-try one. A better program for such calculat:ons is the
~ Electron Tra._}ectory Progra.m developed by W. B. Herma.nnsfeldt £




' momentum Thus,

II. General Ion Optics

In discussing jon optical devices, we borrow the terminology from light optics. Words such as focussing,
dispersion, focal lengths, principal planes, resolution, etc. all have the same meaning in jon optics as in light
optics. A convex glass lens has the property that light rays passing through it are deflected towards the
axis by an angle that to first order is proportional to the distance from the center of the lens. As a result,
a bundle of parallel rays converges towards a point after passing the lens. Ion optical lenses, i.e. solencids,
quadrupoles and deflecting magnets, focus bundles of ions in much the same way, but with some additional
complications. A solenoid twists the beam as it focuses, and a quadrupole or the fringing fields of a deflecting
magnet act as a converging lens in one plane and a dwergmg lens in the perpendicular plane.

In order to describe what happens to a bundle of ion rays passing through one or more jon-optical

-devices, we introduce the concept of tramsfer coefficients. The box in Fig. 1 represents any ion-optical

transfer system consisting of magnetic dipoles, electro-static deﬂectore, quadrupoles, solenoids, and higher
order multipoles. A particle is assumed to be emitted from {or passing through) point zy, y; in the plane

" 2 =0, After having traversed the system, it will be detected at position z2, y2 in the plane z; = 0. The
. direction of the particle before entering the system is specified by the angles § and ¢ defined in the figure.

A reference momentum po is assumed, and the deviation from this momentum is given as § = Ap/p,. For

_simplicity, we shall in the following d1scuss1on assume that the system is mechanically symmetric about the
. zz-plane and that for y = 0 the magnetic field is everywhere perpendicular to this symmetry plane. This

then will have to be the median plane of any dipole magnet (deflecting magnet) and a symmetry plane

" between poles of any quadrupole or higher order multipole magnet. Solenoids violate this condition but can
"under certain circumstances be included if an appropriate rotation of the coordinate system is performed.

The ray pos1t1on at the exlt is clearIy a functmn of the position and chrechon at the entrance a.nd of the

"'2—1'{-'51:91.3!1,'#1.5) o : L : .'(1)

- with similar expressmn for 02, yz, and ¢. We now assume that the exit coordinate system has been placed

such that a particle with momentum Po emitted along the z; axis exits a.long the 2 axls We can then

~express Eq. (1) as a Ta.ylor expansxon in z1,01,41, ¢;, and &:

z2 = (zfz)es + (z/ﬂ]ﬁ; + (2/6)6 + (z/2%)23

-+ (z/z8)zafy + (2/0%)6F + (z/z6)%:16
+ (2/08)616 + (2/6%)6 + (2/v*)f + (a/ydlids L o
+(z/¢2)¢2+h1gher orderterms .~ R (2)

The factor (z/x), ca.lled a transfer coeﬂicxent is a.ctua.lly the ﬁrst-order denvatxve Ba:g /8:1:1 Sumlarly, '

“the term (z/ﬂ) is equal to 822/381, etc. The term (z/z) is the magnification of the system in the z direction.
- and {z/§) is the dispersion; it measures the displacement in the z direction at the exit per unit change in 6.
.- Because of the assumed symmetry about the median plane, terms of the form (z/ y“qS"‘) vanish unIess the

sum n + m is even. Therefore, there is no term such as (z/4) in Eq. (2)-

RAYTRACE tracks one ra.y at a time through each’ element of the syst.em using step by step numencal

Y integration. If desired, a number of rays can be traced sequentially to determine transfer coefficients such - .
. as those in Eq. (2). If certain standard sets of rays are used, the evaluation of the coeﬂicxente, up to fifth
_order, is performed by routmes that are part of the RAYTRACE pa.cka.ge. . ' : :




III. Rayiracing

The motion of a particle carrying a charge @ is governed by the Lorentz force,
F=Q|E+vx B, (s)

where E is the electric field and B is the magnetic field. In a rectangular (z,y, z) coordinate system the
equations of motion along each of the axes may be written as

d{mz)/dt = Q(E. + v, B, — v, By)
d(my)/dt = Q(Ey + vy B; — vz B;) (4)
d(ms)/dt = Q(E, + v By — v, By)

In RAYTRAGE the equations of motion are sclved by means of a step-by-step numerical integration
with time as the independent variahle. A fourih-order Runge-Kutta integration routine is used. When
sufficiently small step sizes are taken, the accuracy is limited only by the uncertainties in our knowledge of
- the electric and magnetic fields. Round-off errors are negligible if the standard double-precision version of

" RAYTRACE is used. Various routines describe the field distribution in terms of a few simple parameters
. for each type of element. Most of these parameters are directly related to dimensions and specifications on
an engineering drawing of the element. The modular nature of the code allows easy access for a.ddltlon of
new devices or modification of the *field’ routines to correspond to specific needs

_ In most of the elements, the particle typlcally moves through three distinct regions: the entrance fringing
" field, the *uniform® field and the exit fringing field. Figure 2 shows, as an example, the layout for a dipole
" magnet. The different coordinate systems are related by a non-real geometrical ray ABCD which is a straight
~line from A to B, a circular ave from B to C, and a straight line from C to D. All calculations are made with
" reference to the four rectangular coordinate systems with origins at A, B, Cand D. The rest of the dipole

~ parameters are discussed in detail in Sec. V.

. Each element has a.nrmput coordinate system and an output coordinate system such as A and D for the
.- DIPOLE. The output coordinate system of one element coincides with the input coordinate system of the
- next element. _As presently written the code can handle 200 elements and trace 100 rays through them.

_ The program calculates the path of one particle at a time through all elements of the system. If desired, '
. every step is printed out on a single line giving the mdependent variable, time {converted to path length into

~ - the system), position, velocity components, field components and the angles 5 and ¢ mdlcat.mg dlrectlons .
rela.twe to the yz-plane and the zz-plane. .

. ‘There are three optlons for a final coordma.te system in which the posxtmns and duechons of the rays
- are given: : '
' a) the D-axis system of the final element : ' o

- b) z-axis along the projection of ray number 1 on the zz—plane origin at zp = 0 :
- c) z-axis as for case b but with origin where the pro;ectlons (on the zz-plane) of ray 1and ray 2 mtersect.

Figure 3 shows the posltlona of three “focal axes” systems relative to the D coordinate gystem for the

. final element. The positions of the origins for different energxes form a foca.l surfa.ce For a spectrometer the

- detectors are placed ©n or near this focal surface.

A set of fourteen rays with speczﬁed initial angles 0 a.nd ¢ a.nd a.ll ongmatmg from t.he sa.me pomt (the

o . ';s'ource) can be used to calculate transfer coefficients depending upon 6 and ¢ only, from first to fifth order

' {e.g., z/8%42). K the fourteen rays are run for five different energies, the program will calculate the focal

E ~ plane angle and chromatic aberration coefficients such as z/§26%, etc.  Another option is to use a specified

' S, ,y, ¢ at the entra.nce and 6 = Ap/p,

set of 46 rays to calculate first, second and third order coefﬁcxents for z,ﬂ, Y, and qS a.t the exit in terms of




The units used in RAYTRACE are:

lengths:

angles, general:
beam direction:

energy:

magnetic fields:

electric fields:

cm
degrees

" milliradians

MeV

- Tesla
. kV/em




IV. General Routines

All of the routines used in RAYTRACE are coded in FORTRAN and are intended to be computer
independent. Most of the subroutines are element specific and will be discussed separately in Sec. V The
routines that do not fall in this category are the following:

A. MAIN.
This main routine handles the data flow including the input and output,

B. RAYS.
This subroutine iz used {o generate standard sets of rays that are used in calculating first and higher—
order transfer coefficients. There are four sets with 2, 6, 14, and 46 rays. The four gets are generated using
specifications in a single record immediately following the SENTINEL terminator.

The two-ray set generates & central ray with z,y,0, and ¢ all zero and a second ray with specified ¢ and
" ¢ such that the first order transfer coefficients z /6, 8/6, y/$, and ¢/¢$ can be determined.

: “The six-ray set generates five evenly spaced rays in f-space plus a paraxial ray used to locate the
first-order image position. From this set aberrations of the form z/6™ can be determined up to n = 5.

The fourteen-ray set is used to generate 8 off-median plane rays in addition to the six rays mentioned
_above. Aberrations of the form z/6%¢™ can be determmed up ton+m= 5 Sumla.rly, aberrations in the
coordinates #,y, and ¢ can be determined. :

_ Finally, the forty-six-ray option genera.tes a set from which a.berratmn coefficients dependmg upon
_ :r, 0,y,¢, and § are calculated. .

- Any number of individual rays can be entered followmg the smgle record dxscussed above — as Iong as
the number of rays to be calculated does not exceed 100. ' : : '

C. OPTIC.
_ This subroutine deals with the output rays followmg the last element in the system. Specifically, it
calculates the intersection between each ray and Ray 1 (presuma.bly the central ray). Depending upon the
va.lue of JFOCAL (0, 1, or 2) it prepares the rays for printout in one of three coordma.te system:

_ JFOCAL = 0 — Intersection of Rays 1 and 2 or, actually, | their projections on the zz—pla.ne defines a new

- origin. Ray 1 or Jts pro_]ectmn deﬁnes a new z-axis, All rays are pnnted out in thxe “Optlc Axis System -
.. (Fig. 8) - : : . . _ : : _ :
' JFOCAL =1-Ray1lor - its pro]ectxon forms a new z-axis, but the ongm is at the mtersectmn between
" Ray lor 1ts projection with the zy-plane of the D-axis system of the last element.

-JFOCAL 2 - The raye are pnnted out in the D-axis aystem of the last element

D.PRNT. :
'.,'_Controls the prmtmg of aII mput and output data .

G Thls aubroutme calculates transfer coefficients for the case where a standard set of 46 rays have been
traced. First and second order coefficients are printed out as matrices in ‘exactly the same format as used in

" the jon-optics program TRANSPORT. Some of the lugher-order coefﬁcwnts are then listed separately A

3sa.mple output is shown in Appendlx 4.

- F. MTRX1. S o : -
~ This subroutine calculates tra.nsfer coeﬂicmnts for the G-ra.y and the 14—ray opt;ons In both cases a

pomt source is assumed. For each energy a list of coefficients is computed. The coefficients are printed out - -

“ in units of cm and milliradians and separately in meters and radians. In the latter case it is equivalent to




the “non-dimensional” units sométimes used in the literature for spectrometers if the layout radius for the
dipoles happens to be R=1 m. At the bottom of the list of transfer coefficients are several entries with a
label “trunc” attached. These are combinations of two coefficients, for instance z/8% and z/8%. They are
coefficients that would have resulted if the power series formed by the coefficients had been truncated at
third- rather than fifth-order. '

At the top of the list MTRX1 presents the kinetic energy, the coordinates = and 2 for the origin of the
optic axis system relative to the final D-axis system, the orientation # of the z-axis, the total width of the
“image” in = and y, the z-waist of the beam and the position of the waist.

When MTRX1 is used, the last page of the printout is a summary table of the transfer coefficients for

" all energies in units of meters and radians. If five energies are run, there will also be, at the bottom of the

page a printout of the focal-plane angle and energy-dependant coefficients such as z/052, representing the

second order curvature of the focal surface, and z_/ﬁz_&,_etc. A sample output is shown in Appendix 4.

G. DERIV. B _ :
_This subroutine combines velocities and fields to present the equations of motion to be solved.
H. FNMIRK. | o |

This is the Runge-Kutta integration routine used to solve the equations of motion.

1. PLTOUT. o
This routine stores step-by-step position information for each ray to be used by plotting routines such

 asRAYGRAPH.




V. Element Routines
A. DIPOLE. Magnetic Dipole.

The dipole subroutine requires 12 records in the input data file. A short description of these records
is given in Appendix 1. A more detailed description of the subroutine is presented here.. However, it is
necessary first to discuss in some detail the meaning of the term “the effective field boundary” (EFB).

Fig. 4 shows a set of pole profiles with coil cross section used in a modern dipole (for a spectrometer).
The 30- and 75-degree cuts produce a crude approximation to a Rogowski profile.® The three examples show
a “regular” profile, a profile with “field clamp” (magnetic short-circuit), and one with a removable insert
used to adjust the position of the “Effect.lve Field Boundary®™ (EFB). The dash-dotted lines indicate the
positions of the EFB, defined as the posﬂ;mn of sharp cutoff of the field with the same field integral as the
_real distribution assuming the integration is performed along a stra1ght line. Two practical questions need
-to be dmcussed‘

" 1. What is the meaning ‘of the term eﬂ'ect;ve field boundary for a charged particle which moves along a
curved path?

2. What is l;he' position of the effective field boundary if hhe mechanical boundary has a curvature?

As far as RAYTRACE is concerned the first question can be dismissed immediately as irrelevant. The
" program needs a prescnptmn for calculating the field at a given point in the fringing field region, given some
"~ pole proﬁle ‘and given some curvature of the mechanical pole boundary projected on the zz-plane.

The second question is more difficult to answer, especially if the curvature called for is not a simple
~circular one, concave or convex. The problem has been resolved by redefining the EFB as a mechanical
~ reference boundary — a curve following the mechanical shape of the pole piece. The position of the EFB,
' relative to the pole piece is the position calculated on the assumption that the boundary is straight. With
tapered poles such as shown in Fig. 4, the taper should preferably be of such a depth that the EFB coincides
with the contour at the root of the pole This makes the erigineering design and installation much easier
- and less prone to errors. - : ' B '

1) MTYP—I (Homogenous F:eld) General Description - -

The DIPOLE subroutine has 6 options identified with a pa.rameter called MTYP with values 1 through
6. The data records are very similar for all six and the particle tracking through the magnet is similar for all,
- The difference lies in the field descriptions, both in the fringing and “uniform” fields. The following general -
. description applies to a homogenous field magnet (MTYP=1) with the simplest - treatment of the fnngmg
' ﬁeld The differences between the MTYP’s are then descnbed in subsequent sections.

_ The general fayout of a magnetic dipole is shown in Fxg. 2 where the most important pa.ra.meters are
" defined. The input coordinate and velocity components of a pa.rtlcle are gwen in coordinate system A. The

- _ ﬁrst step is to make a tra.nsforma.txon to system B.

zp = (A— zA}sma - (zA + XCRI) coBa

YB = Ya o _
. "’-'B'-(A z.a)cosa-i—(zA"l-XCRl)sma : S L5
(vz}ﬂ =—(wjasina— - (ve)a cosx ' ' L A
Aw)e=+w)a :
(vw)s = —(Uz)A cos + (v,,)A sina

The constant XCR] appea.rs in Fig. 2 Its mgmﬁcance iz dmcussed later The particle is next carned along -
‘8 straight line to the beginning of the entrance fringing field as defined by the parameter Z11. Note that the
_ ob__lect_d_lstance _ A_t_:ag: be Zero or even nega_twe_e_ The “image distance® B of one element i_md the “object

g




distance” A for the next must, of course, add up to the physical distance between the elements. How this
distance is divided is dictated by where the user wants to see an intermediate printout.

‘Consider first a particle moving in the median plane. The particle is carried through the entrance
fringing field zone by numerical integration of the equations of motion with a magnetic field given by

By — Bp

By=—1= tBr _ (e)

1

on the median plane. By is the uniform field (MTYP—I) inside the gap of the magnet, B is the a.symptotlc
constant field outside the magnet (normally 0} and $ is a parameter that increases monotonically with 2 (in
- the B-axis system). It is expressed as a power series in the parameter s:

S = €00+ C0ls + C02s% + CO3s® + CO4s* + CO5s%. (7)

For a straight-line effective field boundary (EFB) we have
| | s=z/D . o {8)

“where D is the magnet airgap. Equation (6) gives the correct asymptotic behavior of the field for z -+ oo
“provided CO5 is positive. The basic integration step size in the entrance fringing field is LF1 which is an
input parameter (Appendix 1). The recommended value is LF1=0.3D or smaller.

The coefficients in Eq. (7) are genera.lly determined by a least-square fit between the field given by
Eqgs. {6,7,8) and either a measured field or a field calculated by the aid of programs such as POISSONS, We
generally find that the exact shape of the fringing field curve is not so important for the optical properties
of a dipole, provided the coefficients used produce an effective-field bounda.ry at z=0 and approxnnately

" “the correct slope for the curve B vs. z. For details see reference 7.

If the EFB is curved, a correction As = Az/D is made to Eq. (7) with Az given by _
| | Dz/R= —[S02(z/R)? + S03(z/R)® + - .-+ S08(2/R)*] - (9)

Here R is the layout radius for the dipole and the SOn’s are coefficients descubmg curva.tures of 2nd a.nd 3rd
orders, etc. This simple correction (As = Az/D) applies to MTYP=1 only.

If the curvature of the EFB is circular one can instead of the SOn’s read in a pa.ra.meter RAP1 (RAP2 for

the exlt) which is the inverse of the radius of curvature in cm™1. The program will then convert RAPl1toa _ .
. power series in (z/R) with even order terms up to eight order. If the data also contains non-zero parameters -

S02, etc. these will be added to those ca.lcula.ted from RAP1 (RAPZ) RAPl and RAPZ are posmve for

" convex boundaries. -

edge

The program continuously tests if the particle has passed the plane z —-212 If it ha.s pa.ssed itona

_:_gwen step, it is brought back to the previous point and carried forward with a reduced step size such that -
“it lands approxmlat.ely o the plane. The coordmates are then transformed to system C at the exit eﬁ'ectlve o

i ::a =25 sm(cp o— ﬁ} -z cos(cp a- ﬁ) _-_2Rsin SE sin'(.-g?- - ﬁ.) Er
!.‘G—yB . L ST : e
L ze= -zB cos(«p o — ﬁ‘} + zp cos(cp o— ,8) 2Rsm -é-cos(— - ﬁ) o (10) I
'(v,)c = _—-(v,)s sm(p a-— ﬁ) — (vz)B cos(qp a— ﬁ) ' R
. (e = (”U)B .
T (v,)c = —("z)B COS(P o= ﬁ) + (v::)B Sm(?’ o= ﬁ)




The integration through the uniform part of the field is straightforward with By, = By. Again, the
program continuously tests if the particle has passed the plane z =721, and a correction is made such that it
lands approximately on the plane. It is then carried through the exit fringing field where the field description
is identical to that of the entrance fringing field with the appropriate parameters. After the particle has
been deposited approximately on the plane z =722 a coordinate transformation is made to system D.

zp = zeg &in f+ s cos f — XCR2

¥p = Yo
zp =zgcos B —zceinf - B

(vz)p = (ve)osin B+ {vr)ccos B _ (11)
(vy)p = {vy)c ' '
(vs)p = (vs)c cos B — (v2)c sin B

- The particle is then translated along a straxght line until it mtersets w1th the my-plane (zp = 0) of that
system. ‘

_ If the path length of a particle inside the dipole is relatively short it may never be in anythmg close to
" a uniform field. The recommendation is then not to reduce the absolute values of Z12 and Z21 but to let the
" 'two fringing field zones overlap. The program then integrates the equations of motion backwards through
‘the uniform field. Fig. 5 illustrates the effect of this procedure. The total field integral corresponds to the
area under the partially dashed curve in-Fig. 5 . The result is essentially that in the middle the deficiencies
for both curves are added to a total deficiency as shown. This procedure simplifies the work for the designer.
- He doesn’t have to worry about overlé;i, wholly or partially by the fringing field zones. One warning is in
- order, though: the particle orbit must intersect the begmnmg of the exit fringing field zone either by moving

- forward or backwards; otherwise, it will start moving in circles in a uniform field. The program cuts off the

. .'_'_mtegra.tzon after 200 steps in either zone and prmts out the message: “Exceeded maximum number of steps
_ in element 1, zone j”. :

For particles moving off the median ‘plane the formula for the component By, is ‘modified and the
‘components B; and B, are also evaluated. This is done by Taylor expansions in y through third order for
B, and B, and through fourth order for By. Symmetry about the median plane insures that B and B,
. contain only odd orders of y and By only even orders. The correspondmg expresszons are - :

= (y/11)3B, /3y+(y3/3')333 /8y° S
B = B, + (F/2)8%B, [ay* + (v*/4)8*B, oyt . (12)
"By = (y/11)3B, /8y + (4°/31)3°B, ey e

B where the fields and the1r derva.twes on the right hand side are to be eva.luated at. y=0.

The derivatives appearing in these equations are all computed by the use “of Ma.xwell’s equations con-

: B -vert.mg derivatives of the kind (84 B, /82°927) =0 into the desired forms. The derivatives of B, in the
" median plane are determined numerically by calculating {By)y=0 in a thirteen-point grid. Figure 6 gshows -

‘such a grid. The grid constant DG is an input pa.rameter (see Appendix 1) which should be glven a value of
- the order of 0. 3D The results of the Taylor expa.nsmns (w:th A DG) are e S :

' By= Boo ' y2 [ (Bm + B-—m + 301 + By 1= 4Boo) (Bzo + B-—zo + Boz + Bo 2= 4300)]
o+ X‘ [ (Blo + B-lo +. 301 + Bo-— 4300) + (Bzo + B— 20 + Boz + Bo-2 - 4}300)
(311 + B—n + 31-1 + B——z 1— 2310 - 23—10 - 2301 - 230 1+ 4300)] (13) |

T




Bz =%[ (.B]_o - B_lo) (Bgo - B,zo)] 3 [ (BIO 3-10) - %(320 - B—20)

- E(Bu + By_1— B-1_1 - _B-_l-—l — 2B+ 23—10)] _ o (_14)

2 1 : 1
B, -———i-[g(ﬂm — Bp-1) — E(Boz Bo-- 2)] v [ (Boi = Bo-1) — 1_2(302 ~ Bo-2)
1
- E(Bn +B8.431—Biy— B33 —2Bn + 236-1)] _ {15)

where the subscripts refer to the index number of the points in Fig. 6.

For an MTYP=1 magnet the coeflicients describing the variation of By vs. radial position: n, BET1,
GAMA and DELT (Appendxx 1) are zero. If the data record for these constants ha.ve non-zero values these
values are ignored.

In the input data there appear four more constants that need explanation. The first two are XCR1 and

: XCR2, both of which are identified in Fig. 2. The layous ray for the dipole connecting the origins of the four
‘coordinate systems is a non-real ray consisting of a straight line, a circular arc and another straight line. No
real particle will follow this trajectory. If one somewhat arbitrarily, insists that a ray defined as the central

ray shall follow the la.yout circular arc inside the magnet — and therefore have a magnetic rigidity of BoR

- — corrections must be made outside. That is, one must shift the magnet relative to the centerline of ot.her -
- optlca.l elements by an s.mol.mt'.'lr

XCR1=D?L/Recsa e

'where I; is an mtegral that depends upon the shape of the fringing field. Tt may vary from I); =03 fora
“short-tail” fringing field to about I = 0.7 for a “long-tail” fringing field. The shift at the exit is similar

_ _w1th & replaced by 8. For a symmetric magnet {a = §} the shifts may not be necessary in practice. A
~ particle moving along the z4 axis can be made to exit along the zp axis by adjustment of the magnetic

field. It will then move on an inside track relative to the layout arc inside the magnet. The corrections

- discussed here are a nuisance for the engineer who is laying out the system and should not be used unless

o they are important. Whether or not they are used, RAYTRACE wxll always pred:ct the correct positlons

~and angles of the rays traced.

__ The two remaining dlpole pa.rameters are DELSl and DELSZ These can be used to shift the posmons .
of the effective field boundaries at entrance and exit, respectively. For instance, if field mapping indicates

" that the EFB at entra.nce is oﬂ' by an amount Ze,, mto the magnet from its mtended p031t10n, RAYTRACE

| In genera.l Eq (8) now becomes (for MTYP=1) -

can be re-run with

DELSI— Zen/D R (17)_

s—(z+Az)/D+DELéz = -_ :(s_:_a)_

: Of course, DELSZ serves a similar purpose ab the exxt of the dlpole

In the past DELS1 has been used to correct for the position of the eﬁectwe ﬁeld boundary due to the E

o 'curvature of the boundary. The effective field boundary for a magnet with convex curvature is closer to the

: : ‘magnet than when the boundary is straight — assuming the same pole piece profile. X the same coefficients
. C00-CO5 are used to describe the fringing field for both cases, DELS can be used to correct the position of

- the EFB, but of course not the shape of the By (2) curve.® In the current version for MTYP=2, we attempt

.. to make the correction due to curvature in a more du'ect way, apphcable toa bounda.ry of any shape {within

_rea.son) a.nd without the use of DELS
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A new feature has been added to the dipole routines, MTYP=1....,5. The field distribution on the
median plane of the fringing field can be precalculated and stored in an a.rra.y with a distance DG between
neighbouring points. When a ray is traced through the fringing field zone, the field on the median plane for
a given point is determined by interpolating between neighbouring grid points. If the particle is not in the
median plane, the interpolation routine must be used thirteen times and the field components calculated as
described earlier (Eqs. 13-15).

This new feature can result in a considerable saving in computer time when a large number of rays
are to be traced or when the system contains a number of identical dipoles. The feature is activated by
specifying an array number IMAP for the dipole (see Appendix 1). Identical d1poles would have the same
~ value for IMAPZS.

The array on the entrance side will have n; - n, points where

= (WDE + 2Z11tana)/DG + 6
. = (211 — 212)/DG + 6.

Corresponding expressions apply to the exit side. . -
2) MTYP=2. Homogenous-erld Dipole

: The only difference between MTYP=1 and MTYP=2 is the way the pa.ra.meter s is calculated. In both
‘cases & yepresents distances to the effective field boundary. In MYTP=1 sD is simply the distance to the
_EFB measured in the z-direction, i.e. not generally the shortest distance. In MTYP=2 the shortest distance

" 'to the effective ficld boundary from a given point is determined. However, this is not simply used to calculate

s as distance/D. Rather, the line representing the shortest distance is only the middle one of a spray of 5

" lines from the point the particle is at. An average, strongly we1ghted towards the middle line, is then used

" to calculate a representatwe distance and thereby s. The averaging is we1ghted in such a way that 1f the
_ boundary is straight, s is exactly equal to the shortest distance. '

Assume first that the shortest distance from point P to the EFB has been found. This d;sta.nce, rs
in Fig. 7, is divided by four, and the distances to four other points 1,2,4, and § are determmed with the
: rela.txonsh:p between the z—coordmates for the pomts bemg {see Fig. 7) ' .

| it ='$i+_.zscoéﬂs _ o _‘ Ce T (18) |
' The formula used to calculate s is
sD-—141s75(zr—4)-1/4 S R (19)

) __The algonthm for ﬁndmg the shortest distasnce is as follows: _
-.a) The dlstance in the z-direction from pomt P to the EFB is determmed as for MTYP=L1.

' -b) This distance is ‘compared to the dxstance from pomt P to the ongm. The shortest of the_ :
o two, ca.ll:ta,xsdwxdedbyE . i SRR i '

: c} The square of the distance from pomt P to 11 pomts on the EFB is ca.lculated 5 pomts .
"~ .on each side of point A (Fig. 7) in addition to (zp — zA]2 Between two ne1ghbounng :
- points the distance in the a:-dn'ectwn is Az =af5. S :

: d) The 11 dlsta.nces squared are compa.red and the smallest of these is selected

'__13':




e) The z-distance between the two points on either side of the selected shortest distance is
further subdivided by 10 to Az = a/25, and squares of distances are calculated between
the field point P and the points on the ﬁeld boundary. '

f) Agam the smallest of the 11 squares and its smallest neighbour are selected. Ca.ll the
distance to the point with the lowest x-value r; and call the other ra.

g) Another subdivision is now performed to find an even shorter distance, but this time

by the use of some trigonometry (see Fig. 8). It is assumed that the EFB between the

. two points {with Az = a/25) can be comsidered to be a straight line, This is line ¢, the

length of which is grossly exaggerated comapared to r; and ro in Fig. 8. Some elementa.ry
trigopometry applied to the iriangles in Fi ig. 8 yields

c2 +1*1

R T I

- This then determines the central point on the EFB for the spray' of five li'ne's diécusséd above,

As explained earlier for MTYP=1 when the particle is off the median plane the field By in the median

. plane must be determined 13 times such that the appropriate derivatives can be calcula.ted The relative

-~ accuracy of these determmatlons of By-values has to be high, especially if y/ DG is much larger than unity
(see Eq. 13). ‘ :

" We call the representative distance for the central pomt soD The correspondmg va.lues for the other

' twelve pomts are then determined as .

D = 50D + AsD @
. '_'where AsDis gwen by (see Flg 9) ' _ o _ ' _ o
AsD-—-agD-i-DG(tcosJ _181115) (2=, ~zp+Asm5] c056 o _' (22)
with - - o '_ o | : | .
C _ A DG(3c036+tsm5), o T, (28)
' $P+Acos¢$ o . . .
: '.; 6 a.rcta.n(dz/dz) o S (24) R

:at the pomt P. The two mdlces t and 7 1dent1fy t.he g'nd pomt They are the numbers a.ppea.rmg in Fxg 6.

Since the Runge—Kutta. integration routine looks up the field components B;, By, and B, four times for

- _ each integration step, altogether 52 values of s} have to be determined for each integration step. -

The program, of course, det.enmnes if the integration point is inside or outside the EFB. Wlth a.ny

_ ‘reasonable boundary corresponding to a pra.ctncal magnet, the computer should have no trouble in finding - -
"~ the shortest distance to the bounda.ry It is, however, possible for the ion-optical designer to confuse the
..~ computer with indiscriminate uee of Iugher order corrections. Figure 10 shows an example that speaks for -
_'ltself 1t is generally wise to use eighth order terms S08 and S18 to represent the limited width of the pole "~
- pieces. For instance, if the pole width is W as measured in the z-direction an exghth-order correction term

S08= SODR"/Ws will push the EFB towards the corner of the pole plece by an. a.mount -—Az = 0 2D at
= :i:W/2 This is the nght order of magnltude : _ . S

 3) MTYP=3. Dlpole w1th Field Gradient. -
v MTYP=3is usged fora dipole with nonzero value for any of the parameters n, BETI GAMA, or DELT _
. This includes othe_rw_lse uniform-field magnets for which one wishes to study the effect of lnmted pole face -
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width. The fourth order term DELT is then probably the most appropriate term to use. The field description
-on the median plane in the “uniform” region for MTYP=3 is '

B, = By[1 — nAr/R + BET1{Ar/R)? + GAMA(Ar/R)® + DELT(_Ar/R)‘*] : (25)

and the field off the median plane is determined by a Taylor expansion in y using analytic derivatives.

In the fringing-field region the method of determining the distance to the EFB is the same as in
MTYP=2. The algorithm for determining By on the median plane depends upon whether the field point is
inside or outside the EFB. Inside the EFB Eq (25) is modified by the factor {1+ ¢5)~1. Qutside the EFB
the algorithm is further modified in the following way. A line is drawn parallel to the z-axis from the field

_point to its intersection with the EFB. This point of intersection is used to determine an artificial Argrp
which is used in the modified Eq. (25). The justification for this procedure is that it is assumed that outside
the EFB the field distribution no longer senses the curvature radius R as it does inside the gap.

- 4) MTYP=4. Dipole with Field Gradient.

This subroutine is similar to MTYP=3 but with the following modification: The field description has
been changed in such a way that with a smgle pa.ra.meter, n, one can describe the field in a magnet with
strictly conical pole faces, i.e.

B,,_=Bo(x+nAr/R)_"_ A _ ' (26)

The real Teason why this subroutine was written was the need for describing a magnet with plane pole

" faces set at an angle to each other to form a wedge-shaped gap (The CLAMSHELL Spectrometer). Changing

" 'a conical surface to a plane surface is accomplished by making R very large and the layout deflecting angle
.t very small. The layout path inside the gap is then approx:mately a straight line. In order for the part.icles

_ to enter at an angle to this layout orbit, a coordinate rotat.lon is executed at the entrance pomt and aga.m
~ 't the exit point (Subroutine SHRT). ' '

5} MTYP=5. Circular-Pole Dipole

' This rputine is designed for use _with_dipoles; that have circular pole pieces, in particular superconducting
. magnets for which the pole piece is in saturation and there is no real uniform field region (Fig. 11). The

S - effective field boundaries are circles with radius R;;!=RAP1=RAP2. The layout radius R should be made

large and the angle p small such that Rp = 2Rjr. The entrance and exit angles are & = § = 0 and the

. fringing-field zones are touching in the middle of the magnet, i.e., Z12=221=—R);. The central ray can
.. be directed into this magnet at any point and in any direction by using the element SHRT. Similarly, at -
< the exit, the central ray can be made to follow the centerliné of the next elément by use of SHRT. If both .
- centerlines intersect at the center of the c:rcle, the sxm.plest. procedure is to pla.ce coordmate system D at the

- center and make a rotation about the y-a.x.ts there
6). MTYP=6. Pretzel Magnet ' . . _
The Pretsel ‘magnet is often used to produce a net non-dlsperswe Qﬁ-degree bend° of the electron bea.m :

" .from certam linear acceleratom. 'I“he field desmpblon both on a.nd off the m1dpla.ne is:

B ._0 b | .
B= 1z|n[1—-n(n 1)(’-’2)+ n(n—I)(n 2)(n 3)( 4)] )

_-_—-_—1|[n( )—-n(n e z)(-'-‘i

whlch forn =1 descnbes the ﬁeld in ha.lf a qua.drupole w1th a mirror pla.t.e at z = 0 Non—dlsperswe
: _270—degree deﬂectlon reqmres n= 0 8, ¢> = 270° a= 45°, and ﬂ 45" The beam then makes a loop in the,




magnet and exits at the point of entrance (Fig. 12). In practice this of course requires a hole in the mirror
plate. : ' '

~ Since for n < 1 B, diverges as z approaches 'zex_'o,'a narrow “fringing” field zone is used for small values
of Jz|. In this zone n is made equal to unity (by the program). The width of the zone is set by the parameter
DG (negative) which in this subroutine does not have the conventional meaning. For z > 0:

. Bz=By=Bz=0

The Pretzel ‘magnet is also suitable for a very broad range spectrometer in which the detector is ap-
proximately along the symmetry line of the Pretzel, i.e. after 135-degree deflection. The dispersion here is
approximately proportional to P2 for n = 1. It is therefore possible to obtain a momentum range as large
as 100 {0 1. ' ' : . ' ' e -
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B. EDIPL. Electrostatic Cylinder Deflector

The layout of the coordinate systems, input parameters, and computational techniques for the Electro-

static Deflector {Fig. 13) are very similar to those for the magnetic d:pole However, as mentioned in Sec.

III, the integration of the equations of motion will produce changes in the kinetic energy of the ion as it
moves through the electric field. Relativistic dynamics are used and the input data must include the mass
and the charge of the particle (Record 3).

The data include the layout radius (mean radius) of the deflector, the angle of deflection - mcludmg
deflection in the fringing field — the axrgap, and the electric field. In the “uniform” region the electric field
is described in coordinate system C by: :

E,- = -nEog ’ = ' a (23)
E; = E,cosqy . .
_ E, = B, siny
~where 7 is defined by ' S 7 : : . '
tany=—z/(R+z) : - o {29)

and where R is the layout radms and r is the distance from the center to the particle (Fig. 11).
The fringing-field descnptxon is similar to that for the magnetic dipole, particularly MTYP=3, but with

~_some modifications. It is assumed that the lengths of the two electrodes are adjusted such that the distance
. to the EFB is the same for both electrodes. For positive z the field on t.he yz-plane (y = 0) is assumed not
. to sense the cu.rva.ture radius R, but sunply obey the equatlon . .

Ey

:F1+e3 '

- (30)
The negative sign applies for the entrance field and the positive eign for the exit field. The parameter S is
given by Eq. (7) as for the magnetlc dxpole A finite width of the electrodes in the y—duectxon is accounted
for by writing - _ .
8= z/D+E02(z/.D+ 1)3;2/W2+EC4y‘/VV4 ST o (81}

" For negative valies of z the field on the yz-plane has a component in the z-dxrecmon m addmon to E
: Equatxon (30) is t.hen replaced by : : :

where « is now defined by N . G e e

OE the yz-pla.ne the ﬁeld components are calculate& by use of Taylor expansions in z nmﬂa.r to the

: a.pproach for the magnetic dlpole. However, since the field (for z < 0) is not perpendicular to the yz-pla.ne, R
o _'1('. is necessary to include all terms in the expansmns, whlch are carried to fourth order.. : '

‘The zeroth—order offset of the beam in the two fringing ﬁelds, discussed for the magnetic d1pole under

- gection V.A.1, occurs also for the electrostatic dipole. Here it is also usually more unportant that the beam
.. follows the central layout orbit because in most cases the gap D is kept to a minimum, It is advisable in -
o practxce, a.nd therefore in the calcula.t.xons to oﬂset the central rays at entrance a.nd exit by an a.mount

Am_pm/ﬂ (35) -
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For the electrostatic deflector these offsets have to be made by the element SHRT The specified offset should

be negative at the entrance and positive at the exit.

The integral Iy depends upon the thickness a.nd roundmg of the electrode ends, For lack of better data
use I; = 0.35. . .

The electrostatic dipole has three integra.tion zones. Particle tracking starts by transforming the initial

‘coordinates to system B at the entrance effective edge.

yp = +ya _ _ o .

g =A—z4 ) o ' (36)
{oz)p = —(uz)a |
(vy)m = +(vy)a
{vz).B = ;(Uz)A

The particle is then translated along a straight line to the start of the entrance fringing field zone at z =Z11.

The particle differential equatlons of motion are integrated through the frmgmg field region to the end ‘of '

‘the zone at z =Z12.

Particle coordinates are then transformed to system C Iocated at the exit effectwe edge

To = —zpsing — zB cos -__2Rsm go/2 _

zl:c:—--':u"j;t:os.t,z:«v+:J:Bssmgo—21{(511“‘9/2)cosw/2 R L (87)‘
{vz)e = —{vs)z sinp — (v:)p cos 99 :

(v)e =(w)s
(v.)c = ’_(Ux)B cos i + (v:)5 sin

The pa.rtlcle d1ﬂ'erentla.l equatxons of motion are integrated f.lu'ough the “uniform® field to the start of the

. - exit fringing field vone at 2 =221. Subsequently the pa:rt.lcle is tra.cked through the fnngmg field region to
-~ the end of the zone at 2 —222 : : : : .

Partxcle coordmates are then transformed to the output system D

o ' All other coordinates a.nd the veloc1ty components remain unchanged Fmally, the part.lcle is translated '
s along a stralght line to the mtersectlon w1t]1 the pla.ne zp =0, of system D ' '
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C. POLES, Multipole (Quadrupole, etc.)

This subroutine is used for tracing rays through a quadrupole, sextupole (hexapole), octupole, decapole,
dodecapole or a multipole with any mixture of these multipole components. Fig., 14 shows as an example.
a quadrupole with fairly strong higher-order corrections!® used in a spectrometer system. The calculation
technique used in POLES is very similar to that used in a dipole: Four coordinate systems are used and the
integration proceeds through an entrance fringing field zone, 2 “uniform zone” which means uniform field
derivatives, and an exlt fringing field zone. In the umform zone the field is expressed as the gradient of

¢ = Z(n +1)"'B R™"r**1sin(n + 1)8 (39)

n=1
where B, is the value of the field of the 2{:’1 + 1)-pole eontnbutmn at the aperture radius R.
The correspondmg gra.dmnts, Gm are given by

The field components m the uniform zone are then given by

B. = Gy + G3(22y) + Ga(3z%y ~ y3) + Gud(z?y — zy®) + G5[5x y— 1022 + ¢%) (41)
By = Gz + Ga(2® - yz) + Ga(z - Szyz) + Gy - fizzy2 +y ) + Gg(a® — 10::3312 + 5:cy ) :

B, =0 - E

In the frmgmg fields the gradzents of the ﬁelds along the axis are mulmphed by the functlons

, G(O}—G/(1+es) Cow _' | :_-  {42)
- withs o S o , . _ R
IR . § =C00+ COLs + C02s®  C03s® + C04¢* + C0O5s° - (48)
o s=z/R . o (44)

" Just like in the dipole, z is ‘measured from the’ effective field (gra.dlent) boundaries. The length of the
" element L determmes the position of the effective field boundaries for the quadrupole term (Fig. 15). The
S ”‘_hlgher-order terms may have slightly different positions for the EFB. This is allowed for by use of the input . .
" parameters DSH, DSO, DSD and DSDD which displace the respective EFB’s inward (if positive). ‘For- .
“ instance Az = DSH x R for the sextupole. There are, finally also a set of parameters to allow for a faster
. {or slower) falloff of the fringing-field gradients for the higher-order components. The input parameters are -
' FRH, FRO, FRD, and FRDD. If FRH=0.9 for instance the falloﬁ' of the sextupole gra.dlent is the same as
o the radius were equal to 0.9R, i.e. faster. .

_Off axis the field in the multipole is ca.lculated by Taylor expansmns from the axis. The denvatwes a.re_ '

.'c.a.lcula.ted analytma.lly in this case and carried to at least fifth order in z and y.

. In Eqs. (46-51) we summanze t.he formulas for the field components due to each of the multxpole

o contnbutmns In these expanswns the sym’bol G‘ﬁ.) represents the 1th denva.twe with respect to s of the
b "gra.cbent G(o)(s) : . SR . : L _ -

S V&g(o)
(1} . 270




Quadrupole (n = 1):

1 ' |
B, = G(")y-— —G(z)(3m2y+ys) + 3846"‘”(5&r y+ 627y +4°)

v* +92%° + ¢")

By, = Gg"’ G(B) (z° + 3z4%) + 3840‘4) (z° + Gs;syz + 5y ) (48)

1
T 23040

By = G?‘}zy - -ﬁagﬂ{xsy + zy""} + 3846‘{“{3 Y+ Zzays +zy®)

G(G} (=7 +92°%% + 15z%y* + Tzy°)

- Hexapole (n= 2): - | |
) Bz - G (22y) ~ %G&é’(msw 4z5°) |

 Ba=oPE - gt et o) )

| Ba: = _Gg)(zzy - 4°/3) ?_4—18-953}(3$‘_y + 222 -¥) ' R

| :._Oc:t.upo_le_' (n= 3):. | | |

Bs, --G(O)(3z y- y) 8 .G{z)(BD:n‘y'.— 44°) |

B;,,-—G( )(z -—3zy2)-- G(z){4z - 20z} o R | {48) - .

By, = GNPy —2y®)
: D_ecapqlé (n= 4): | |

' _' B = G(O}(4z y— Azy }

o G’(l){z y 2z y +y5/5)_
: Dod_e'c':a.polé:(n.=_5):.:.__ o
- '.:'B '—G(o)(Szy IOzy +y) e
e The complete ﬁeld components for an arbltrary mu1t1pole are then gwen by

._ . B Blz+B2z+BSz+de+Bﬁz. ‘ R el N
.:. B = Bly+ B2y+BSy +B4y +B.5y S h . R (51) '.
z_ BII+B2S+338+B‘¥-|:B5I‘ o '
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Particle tracking through the multipole starts by transforming the mmal coordinates to system B at
the entrance effective edge.

Ip = —T4

¥B = -tya . : S
zp = A-—z4 ) . . . (52)
{vz)B = —(vz)a

(vy)e = +(vy)a
(Uz)B = _(Uz)A
- The particle is then transiﬁte& along a straight Ene to the start of the entrance fringing field at 2z =Z11.

.. The particle differential equahons of motion are integrated fphrough the fnnglng ﬁeld regwn to the end of
_ the zone at z =212. :

"Particle coordma.tes are then tra.nsformed to system C loca.ted at the exit eﬂ'ect;ve edge.

Zo = —zp
Yo =+Yp - _ o T "
-7/ =-(z_3 -I—L) o o - (53)

- {Uz)'? = —(va)B -
(v)e =+(w)s

()o ==()s |

'._The pa.rtlcle dlﬁ'erentlal equations ¢ of motion are mtegrated through the umform ﬁeId to the start of the_ -
exit fringing field zone at z =221. Following this the particle is tracked through the fringing field region to

the end of the zone at 2 =Z22. If the multipole is very short, such that the ﬁ'mgmg-ﬁeld gones overlap, the.
' .__program mtegrates backward through the umform field” just as for the dlpole

Pa.rtxcle coordma.tes are t.hen tra.nsformed to output system D

T T

'—All other coordmates and the velocmy components remain unchanged Fma.lly, the pa.rl:mle is tra.nsla.ted R

= 'Z'a.long a stralght. hne to the mtersectmn with the pla.ne 2p =0, of system D




D. MULT. Multipole Corrector

© This is an element designed for making dynamic corrections of aberrations in a magnetic

spectrometer*®2, It has separa.te sets of coils for producing dipole, quadrupole, sextupole, octupole, de-
" capole, and dodecapole fields in a rectangular aperture. In the beam direction (z-axis) the field on the
median plan is described by a bell shaped curve. In the y-direction it is consta.nt for dipole, proportional to
T for gquadrupole, etc.:

Bo|Co + C1(22/W) + Ca (22/W)? + s (22/W)? + Ca(25/W)4 + Cs(22/W)]
1+ Cr|(22/L)% + Cg(L/.D)z(Zz/L)S]{l +Cs{L/DPT

By = {55)

The field components off the median plane are expressed as Taylor expansions in y with the denva.twes
calculated numerically, just as for the dipole.

. The particle coordinates are initially tra.nsformed to coordmate system B whlch is loca.ted at the center '
of the multlpole corrector element (Fxg 186}, -

- Ep=Xp , o _
VB = Y4 B ' - {56)
L . .
zp=24—(4+73)
o 'I‘he correspondmg velocmy components are unchanged

- The entire multipole corresponds to one integration zone, from z=Z1 to z-—-Z2 “The pa.rtlcle is first

" translated through the field-free reg:on to the start of the integration zone at z =Z1. Particle motion is then

tracked through the non-zero field region terminating at z2=22. The coordma.tes are then transformed to the -
-output eystem Dat t.he end of the multlpole element :

zp=zp , . .
yo=yg DR - (87)
m—@-@+ﬂ o o

The partlcle is then tra.nslated to the :ry-pla.ne of system D




E. SOLND. Solenoid.

The solenoid subroutine describes the magnetic field in a single-layer (inﬁnitesimaﬂy thin) coil. However,
no substantial error results from using the routine for any cylindrical coil as long as the thickness of the
layer of conductors is reasonably small compared to the diameter, The diameter D specified in the input

. data should be the mean diameter. The orientation is assumed to be such that the beam dxrectmn is along

the solenoid axis (Fig. 17).

The field components off-axis as weII as on-axis are calculated by integrating Biot-Savart’s Law over the
surface of the coil. The current density is specified in an indirect way by BF which is the field value in an
. infinitely long solenoid with the same number of ampere-turns/cm. In other words BF= 0. 4xIN/L.

The magnetic field components for an axially-symmetric ion-free smgle-layer solenmd are calculated
using algebralc expressmns as summanzed in Ref 13.

BF r;

)
B=2 (ffff)),.l +SPm-x) . 69)

where & =L,R represents the contribution to eac.h field component due to the Ieft(L) and nght(R) hand
sources of the finite solenoid.

o K, E, and II are complete elhptlc integrals to modulus k, of the first, second and third kinds, respec-
_ tively. The length r; is the maximum distance from a point on the source ring of radius a = D/2 to a point
.. on the field ring of radius p for each source. In terms of the ﬁeld pomt coordma.tes (a:, Y, z) and geometnca.l

- qua.nf.lhes (Flg 18},

e gwen by

f=ﬁ+f_
ri=(et o)+
k2—4ap/r : o _ T
¢ -—4ap/(a+p)2_, pa.rameter of]'I N L. (e0)
' ZL=_( +z) - B o '
m=f-a

"The ﬁeld components for the solenoxd a.re then gwen by

B-B@-B® @

B, = B,(L) ~ By(R) ..
_'__a_nd._._ o ST R
' By = Bp( )
" “For ﬁeld pomts close to the central axis of the solenmd r < 10"44::, the ﬁeld components are a.pprox1mately_ [

B BF(c(;s a.; ~ co8 ﬁ)/2 |

' '_'23-




where

Zn

cosd = -'-"—-2-
Va*+z3

2L

cos B = i
Va2 + 2

(64)

The solenoid has only one integration zone starting a distance Z11 from the beginning of the element
~ and extending to a distance Z22 from the end of the element. Tracking a particle through the solenmd starts
by transforming the initial coordinates to system B at the center of the solenoid.

YB=94 o
L
=z24—A-Z.
zg Z4 — )

The velocity components are unchanged.

The particle is then translated along a stralght line to the start of the entrance fringing field zone at
~ z=711. The particle differential equations of motion are integrated through the solenoidal field to the end
" of the exit fringing field zone at 2=222. The coordmates are then transformed to the output. system D a.t
the end of the solencnd

YD =B | o f o :
_?_D=Z_B—B.“--'2'-.

'The velocxty components remain unchanged Fma.lly the part.xcle is tra.nslated a.Iong 2 stralght lme to the_

- - intersection with the plane zp =0, of system D.

.~ . A solenoid w:ll of course, not only focus but also twist the beam. If it is desxred to see an output. with
. mo first order coupling between z and y coordma.tes, a thft-Rotate element can be mserted before the end
_ of the complete system Sl : : S
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F. VELS. Velocity Selector.

This subroutine is designed to handle elements with an electric field and a perpendicular magnetic field
{Wien filter). As for the electrostatic deflector with cylindrical plates, described earlier, relativistic particle
dynamics is used, and the input data {record number 3) must include the rest mass and the charge of the
particle. The layout of the coordinate systems is the same as for POLES (Fig. 15).

In the uniform-field region the magnetic field is everywhere in the y-direction and the electrlc field is in
the z-direction. The normal operation of the device assumes that the forces cancel for some mean value of
the velocity of the particle, given by v = E/B. There is, however, no reason not to use this subroutine for
a straight electrostatic deflector (with B=0) or a straight magnet (e.g. scanning magnet) with E=0.

In the normal design of a velocity selector the electrostatic deflector plates are mounted inside the gap
of a homogenous-field magnet with plane-parallel pole surfaces. This device has positive focusing in the
z-direction and no focussing in the y-direction. It is possible to design the device such that the focussing

" is split between the two planes. This is accomplished by making the magnetic gap wedge-shaped The
" appropriate field description iz produced by use of an n-va.lue and equivalent magnetic radius R . The
formula for the magnetlc field on the midplane is :

B, = Bo(1 — nz/Rn) S (e

" The corre'sponding formulas for the magnetic field off the midplane_ are

| = (_By)(y#o) =-Bg{1—n(i_-)+

2(:c+R : 24 ::+Rm

Gy - Ry ”)*1 e
'(Bz)I(U#O)'.= Bo[- R(Rm) 6(z+ Rm)z( )3] o
The electnc field both on a.nd off the mldplane isa consta.nt | . .
. "”_E,_:Eo._'_ L (69)
: The"fri.'h_ging-ﬁelel descﬂeeiens_fef ]eoth fields are similar to. the _B-.ﬁelc.:l'i.n the 'dipol.e. It is essurﬁed that

" the entrance and exit angles for the poles are zero.- However, there are second and fourth order corrections -
- ‘written into the fringing field description attempting to model the curvature of the iso-B- and iso-E lines

e 'ca.used by the lmuted pole widths. The expressxon for E,(z =0) is

E Eo/(1+es) _f T ¢ )
L g .s_=coo,+.co1s_+_cozs?+c_0333+004s4-_+005.a§ TR (£ 3
' a-—z/D+E02(z/D+ l)yz/W2+EC4y‘/W‘ L (12)

. '-where W is the wuith of the electnc deﬁeetor plates Sunﬂa.r expressxons a.pp]y for .By[y 0)

R - _s=_coo+co1's+cozs?+coj333+_co4_s4_+ Ccoss® . (74)
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and ‘
s =z/D+BO2(2/D +1)z*/W? + BC4.’.‘G4/W4 _ _ (75)

~ where W is the width of the magnetic pole pieces.

Off the respective planes z = 0 and y = O the fields are calculated by use of Taylor expansions with the
necessary derivatives determined numerically, as in the Dipole roufine. Since the electrostatic gap normally
is smaller than the magnetic gap, the integration steps and the grid size must be tailored to the electrostatic
gap, i.e. LF1, etc. ~ 0.3DE. An exception to this rule applies if the airgap is tapered as described below.

A serious problem arises in practice for a velocity selector with relatively strong fields if the fringe field
from the electrostatic deflector doesn’t match that of the magnet'* such that the condition v = £/B is also
fulfilled in the fringe field. The net result is a parallel displacement of the beam at entrance and exit. One
-remedy is to increase the gap of the electrostatic deflector approxxmately exponentially at the two ends. The
integration step sizes can then be tailored to the magnetic field, i.e. LF1 etc. ~ 0.3DM.

~The velocity selector consists of three mtegra.t:on gones. Particle trackmg starts by transforming the
lmtxa.l coordmates to system B at the entrance effective edge. :

Tp=—%a
ys = +ya _ . _ - o
- zp=A-z4 : _ o ' o (718)
(02)5 = —(02)a _ _ .

(”y)B = +vy)a
(vz)B = "'(Uz)A
The pa.rtlcle is then translated a.long a straxght line to the start of the entrance frmgmg field zone at z -»-Z11

The particle differential equations of motmn are mtegrated through the frmgmg field regmn to the end of
the zone at z =212.

Particle coordma.tes are then transfonned to system C located at the ex1t eﬁ?ectlve edge

: ::Bc=-'-—z_3 '
zo=~=(+L) i (1)
("z}‘?.='_("=)B . . PR S o .
. ("y}c’_" +(v)a
(vz)c =—(v:)p

. The pa.rtlcle differential equatmns of motion are mtegra.ted through the umform ﬁeld to the start of the
- -exit fringing field zone at z =Z21. Following this the partlcle is tracked through the fringing field region

to the end of the zone at z =Z22. If the velocity-selector is very ghort, such that the fnngmg-ﬁeld gones

: 'overlap, the program integrates backwards through the “uniform field” ;ust as for the d1pole

Partlcle coordmates are then tra.nsformed to output systern D

zD -—zc B e g S .' (78)

Al other coordmates a.nd the velocity components remain uncha.nged Fmally the pa.rtlcle is translated along
Y a stralght ime to the intersection w1th the plane zp 0 of system D. ‘

”.2.6: .




G. LENS. Transformation Matrix.

This subroutine performs a multiplication of the beam matrix (: e. each mdwu:lual ray separately) with
a transfer matrix specified by the mput data. The first order part is :

z/z :J:/B 0 0
6/z 8/6- 0 U
0 0 wyly y/é
0 © 4/y ¢/¢

If the lens is thin and rotationally symmetric, then one has z/z = y/y, etc. Chromatic and spherical
" aberrations can then also be handled rather simply as follows: - ' '

(79)

a) Sperical Aberration

CmecsEMREAe  (e0)
A¢=CS(4/9) =" + )y

 with CS being the sperical aberration coefficient measured in cm. These formulas make CS a coefficient as
. close as posmble to the sphencal aberration used in elecbron opt:cs CS &= normally negative for a positive

. lens.

b) Chromatlc Aberration

'I‘he lens focal length is corrected for the partu:le energy accordmg to

(6/2) = (6/=)o(Eo/B)" - o | o (81)
(w/y) (o/)olBo/EY* =

E; is an input ‘reference energy. For an Emzel (thin) lens n = 1. K the particle mass is unspec:ﬁed so that -
' E =momentum, then n & 2 for non-relativistic energies. For n = 0 or Eo =E (default), (/) and (go/y) _

- will be constant.

_ Note: Neither the time variable £ nor the tota.l syst.em length are updated by the LENS element even if
.+ nomn-zero coefficients z/6 and y/ ¢ are used to represent a finite lens thickness. In such cases, there can also
- be la.rge a.rt1ﬁc1a1 dlscontmmtles in both z a.nd v at the locatlon of the lens. : v S
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H. SHRT. Shift-Rotate.

This subroutine executes a transformation to a new coordinate system. The position and/or orientation
of the entire part of the optical system that follows SHRT is changed by specified amounts relative to the
preceding part. The order of the transformation is the same as the order of the entries. This means that
translations are performed before rotations and that the rotation ¢, (about the z-axis) is performed before

1hy, etc.

If two or more shifts or twists are called for, in a different order than specified above, it is necessary to
use more than one SHRT element to achieve the desired coordinate transformation.

If Az, Ay, ‘and Az represent the desired tramslaf:mns along the respectwe axes, the resulting transfor-
" mations are given by '

zg=::1-Az o - . .
wB=wn-—-4& - . Co (82)
2 =21 — Az o

In the case of a coordinate rotation ¢, about the z'-'axis, the fransform@tion is given by

Y2 =tyicosyy +zising, _ R
zp ="—y1 8inPr + 21 c08Y, S B . _ (83)
{vy)2 =_+(Uy)1_ c_o's Yz + (vz)1sing, ' '
(_"2)2 = —(vy)1 5in "»b_z + (”_z)l cos
For a co_ordin_ate rotation ¥, about the y-axis, the transformation is Qi\rén by
: zzz'zlcosgb,—zlsintb, - S
22 = z; sin ¢y + 23 cos ty S o o (s4)
(va)2 = (v2)1 cos by — (v )1 sin oy - SR
(v2)2 = (vz)1 sin by + (v:)1cos by
. _Finaﬂy_, for é.__c'oordingté._:rota.tid# ;l_,’J, ?.bbut the z-a.:_cisl, the transforfhatib.n is given by L
¢z=+x_1cossbz+ylsiﬁ¢= REE TR S _ L
S yz=-sisingytycosy, - - (e8)
(ve)e = +(v,)_1 cos i, + vy )1sing, . s R :
o (vg)e = —{vz)usin gz + (vy)icos s




1. DRIFT. Field-Free Drift,

- Normally drifts between active elements in RAYTRACE are handled by the parameters A and B,
usually referred to as “object” and “image” distances for the element. Actually, these distances simply define
convenient positions between elements to print out the coordinates of a ray. Sometimes there is a need for
a separate element to represent a drift space. DRIFT fills this need. It performs a simple transformation:

tg =i+ (D.Z -'21)/0,
At=t— 1
Zo = 33 + v Al
y2 =y + vy At
22=0

(886)

with ¥ unchanged. 7




J. COLL. Collimator.

This subroutine is designed to eliminate rays that would not pass through the real-life system. None of
the subroutines described earlier has any provision for stopping a ray that would not make it through the

system in practice, for instance by exceedmg y = D/2 in a dipole.

The collimator can be either rectangular or elliptic. The other input data are: -
a) Position of the center of the collimator
b} Half-axes of the rectangle or ellipse.

A ray which has an amplitude outside that permitted by the aperture will be stopped at that point. A

_ statement printed in the output reads: “Stopped. Exceeds rectangular (elliptical) collimator dimensions.”
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Flgure 1. Input and output coordma.tes for an a.rbxtrary 1on-opt1ca1 system con-_ g

- smtmg of any number of md1v1dua.l elements '




SN o . Figure 2. .D:_eﬁnitio.x.l of the..jﬁbst.i_mpprﬁant pa,ramétéifé used in the D.IPOILE‘S\I_J,b- e I
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'Flgure 3 Output coordma.te system formed at the mtersectxon of Ray 1 a.nd Ray L
R 2 for shree d1ﬂ'erent momenta s : - - -
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- Flgure 4 Rogowsk1 pole proﬁles for three dlfferent cases, AII are de51gned such
- that the Effective-Field Boundary (EFB) approx1mately comcxdes with the upper

portnon of the pole
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L Flgure 5. Overlappmg fringing- ﬁeld zones: The da.shed curve mdlcates aPProx;. L
- ma,tely wha.t the net eﬁ'ect wﬂl be on the pa-rtlcle by the "backWa.rd” lntegratxon
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Fzgure 'I’. A spray of ﬁve “feeler rays used to determme a representatwe dxstance L
o __to the EFB and thereby the va.lue of B : ' I




P :_'F1gure 8. '.'lhgonometry used to eva.lua.te the shortest dlsta.nce between the ﬁeld
o pomt and the bounda.ry o N : _
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Flgure 9. Geometry nsed for determmmg correct.lons to sD whlch are requn-ed for o

ca.Iculat.mg oﬁ'-rmdplane components of B




- 'Fxgure 10. Poss1ble result of au md:scnmmate use of the pa.rarneters SO2 etc."_':" .
- that descnbe the. sha.pe of the EFB : - :
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Fig_m'é' 11. Magnet_ic' dipole with circular poles (MTYP = 5. £
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,:F,igﬁlfe 12 Pretzéi magnet(MTYP:ﬁ) : : :-_ s




: Figure 13. Electrosta.txc cylmder deﬂector and the geometry of the coordma.te o o
systems used in EDIPL - : Lo S
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Figure 14. An ekéﬁiéle ofa mul_tipoie where the higher_—order terms pfoduce strong - .

"' - perturbations on the normal quadrupole contours. In this case the ampere-turns .
o ‘are also different between the left and right pole pairs.” The fields at the nominal '

_aperture radius B = 10 ¢m are BQ = 8.40 kG, BH = ~3.40 kG, BO = 1.56 kG, ETR R S R

and BD=060kG.
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' Figure 16. Coordinate systems used in subroutine MULT (Multipole Corrector). " = =~ °
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Flglzre 17. Coordmate systems used in subroutme SOLENOID Note in tlns

~case L is the physical length oi' the soIenr.ud ie. the concept of an eﬁ'ectwe-ﬁeld
bounda.ry is not used ' . : :
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- E I_‘igﬁre 18. Gééﬁietf& used in calculating_- t_he'f.ie_l‘d of the solenoid. Lo _:' A




Appendix 1. Input Parameters Description

I. Element
Type Code _ Records
Sentinel - SENT IR |
-Dipole ' DIPO 12
ES Deflector : -~ . EDIP 8
Multipole o ' POLE 8
Multipole Corrector ' MULT 6
+ Solenoid ' ' SOLE _ 4
Velocity Selector . . .- VELS _ .1
Lens B LENS o 2
Shift-Rotate _ SHRT 2
Drift R . DRIF -2
g

Collimator -~ .~ "~ ~COLL -




Record

A. Problem Definition (3 records)

Variable
NTITLE - Problem or other identifying description

NR = Number of rays to be traced per energy.
NP - Number of integration steps per printed line
NP=100+N - Print out every Nth step for
central energy only.
NP>200 - Omit all intermediate printout.

' NSKIP - Transfer matrix option (see Table below)
- JFOCAL- Output coordinate axes option.

JFOCAL=0 - Intersection of Rays 1 and 2, or their
projections on the zz plane, is used to
determine the origin and orientation of the
output coordinate system. z-axis oriented
along direction of Ray 1.

JFOCAL*l Origin of output coordinate system
fixed at zp = 0, where D denotes the final
fixed coordinate system in the last element.
The z-axis is oriented along the direction

of Ray 1. The subroutines used for calculating

the orbits through optical elements in
RAYTRACE in general use either three or
four fixed coordinate systems per element.
The first and last are referred to as systems
. A and D.
JFOCAL:Z . Qutput coordinate system is the D-axis
- system of the final element. '
JMTRX Not used.

" JNR .- - A flag which is used to determme whether the

rays to be traced appear as input in the data .
stream or are generated a.utomatlcally by the
. program
~ JNR=0 - Individual mput rays appear in the data
- - siream xmmedmtely followmg the SENTINEL
_ L - terminator,
~ . JNR=2 - Imput record after SENTINEL deﬁnes a pair of -
L .~ paraxial rays.
*JNR=6" -- Input record after SENTINEL deﬁnes 6 rays
" .. describing the usual mxdea.ne pomt
L * source problem. - '
. JNR-—14 Input record after SENTINEL defines 14 ra.ys
o descnbmg the full solid angle pomf.
source problem

Format

20A4

715




A. Problem Definition {3 Records) - Continued

Record Variable : Format

JNR=46 - Input record after SENTINEL defines 46
rays describing the full solid angle general
non-point source problem.

NPLT - Plotting option.
: NPLT=0 . Normal.
NPLT#0 - Generate plot file.

Transfer Matrix Options

Matrix - NR NSKIP_'

Point Source 6<NR<14 0
(Midplane) :
Point Source 14<NR<46 - 0
(Full Solid Angle) S _
Standard - . >46 ' 0
None o Any S #0
3 " Energy - Particle kinetic energy in MeV for first calculation 5F10.5

DEN - Change in particle energy for successive runs
XNEN - Number of complete runs with successive energy
© " changes including first run. Default = 1. L
PMASS - Mass of particle (AMU]} '
.Q - Charge state of pa.rtlcle, umts of electron cha.rge

= If mass and charge are not spemﬁed ile. PMASS-—O and Q 0, -
~ the program assumes a rela.thstlc partlcle w1th Q-—l v—c, '
. and p—E in MeV/c R :




Record

B. Dipole (12 records)

Variable Format

. DIPOLE _ ' A4
LF1 .= Entrance fringiné field integra.tion step size (cm) 6110.5
LUl - Uniform field integration step size (cm)

LF2 - Exit fringing field integration step size (cm)
DG . - Differential step size used in determining

off mid-plane components of B using numerical
~ differential methods, Recommended for all four step
- sizes: 0.3D {D=Gap) although LU1 can be made
larger to save computer time. For MTYP=6, DG
- gerves another function. See Sec. V. A.

" MTYP - Magnetic dipole option

MTYP=0,1 - Uniform field d1pole Fringing field :
' determined by calculation of the distance to the
effective field boundary in the z-direction.
MTYP=2 - Uniform field dipole. Fringing field
. determined as described in Sec. V.A.
MTYP=3 ' - Non-uniform field dipole
: ' with n-value and second-, third-, and
fourth-order corrections. Eringing field
~ determined as for MTYP—2 but mcludmg
“n-value, etc.
MTYP=4 - Non-uniform field dipole - cylmdncal
s L geometry. Similar to MTYP=3 but better -
suited for purely conical pole pieces.
_This option is used to describe magnets
. with wedge-shaped gaps (“CLAMSHELL®} by
“making R large, PHI small, and by setting
BET1=GAMA=DELT=0 but n7#0, and norma.lly
" large because R is artificially large. = . :
MTYP=5 - Uniform field dipole, cu'cular pole optlon
MTYP=6 - Pretzel magnet option.

IMAP_ ~="Array number for generating and Jdentlfymg fringing ﬁeld

~array maps. If IMAP=0, maps are not generated and the field
components are ca.lculated directly for each point, i.e. .
- four times for each integration step. Two dipoles with

" identical values of IMAP will share a common array. IMAP<5.

A - = Distance (cm) from origin of system A (i:liiiai) o R _5F10_._5. .

to system B (situated at entrance edge | EFB of
- magnetic element) '




"Record

Loz
Cz12

ooz

B

D

"R

BF

: P.H'I -

ALPHA

' BETA

U NDX
. BET1.
~ GAMA

 DELT -
B - field magnets (fourth-order term). -'

o :zfzzf. )

B. Dipole (12 records) - Continued

Variable

- Distance (cm) from origin of system C (situated
at exit edge EFB of magnetic element) to origin
of output system D

- Gap width (cm)

- Radius of curvature (¢m) used in geometncal
construction of layout

- Nominal value of the field on the central
radius R (Tesla)

- Angular extent between the EFB of
system B and that of system C (degrees).
Nominally equivalent to the bend angle

- Angle between the central trajectory and

“the normal to the effective field boundary
(EFB) at entrance (degrees)

'« Angle between the central trajectory and
. the normal to the exit boundary (degrees). Both

- ALPHA and BETA are positive when the normals are

. outside the orbit for positive transverse plane focussing.

- ‘n-value’, of field index for non-uniform

© field magnets (first-order term).

= ‘fB-value’, of field index for non-uniform
field magnets (second-order term).

- ‘y.value’, of field index for non-uniform

field magnets (third-order term). ,

‘§-value’, of field index for non-uniform

- Integratxon limit (cm) deﬁnmg the start of the
" _entrance fringing field zone in coordma.te system B

Norma.lly positive.

* » Integration limit (cm) defining the termmatlon of

.the entrance fringing field zone in coordma.te system B.

: ,: Normally negative. .
. = Integration limit {cm) deﬁnmg the start of the

exit fringing field zone in coordmate system C
- Normally negative. :
- Integratmn limit (cm) defining the termmat:on of

© the exit fringing field zoxe in coordma.t.e system 0
' Norma.lly posﬂ:we : : .

Format

3F10.5

| 4F105

. 4F105




Record

~ BR2

B. Dipole (12 records} - Continued

Variable

C00
co1
Co2
Co3
Co4
Co5

c10

o
Cc12

Ci3
Ci14

- C15

" BR1

 XCR1

 XOR2.
. DELSL

. DELS2Z

~ Coeflicients used in the expansion of the
fringing field fall-off at the entrance
of the magnetic element.

- Coefficients used in the expansion of the
fringing field fall-off at the exit of the
‘magnetic element.

« Correction for presence of constant field
in region of entrance fringe field (Tesla).

"= Correction for presence of constant field

in region of exit fringe field (Tesla). In
the Split-Pole Spectrometer, BR1 and BR2 descnbe
the asymptotic field in the split. :

.« Equivalent to a coordinate system shift (cm)

" at the entrance (element SHRT) with Az=-XCR1.

Used to correct for displacement of central ray
caused by extended fringing field (see Fig. 2}, Use
XCR1=XCR2=0 unless the actual hardwa.re element
will be offset. '
- Equivalent to a coordinate system shift (cm)

" at the exit with Az=XCR2. Used to
- correct for displacement of central ray caused :
by extended fringing field. -
- A correction to the loca,tlon of the effectwe
" field boundary. The effective field boundary at

'- entrance is moved towards the magnet (for pomtwe _

"Az) by an amount Az =DELS1+D. _
- A correction to the location of the effective
" field boundary. The effective field boundary at -

- "exit is moved towards the magnet (for pos1t1ve

Az) by an amount Az —DELSZ*D

Format

6F'10.5

€Fr10.5

- 6F10.5




Record

10

11

12

B. Dipole (12 records) - Continued

Variable

RAP1

RAP2

WDE

WDX

$S02
308
504
505

506

807

508

s12

- 813

S14

' 815

516
S17

518

- Inverse radius of curvature of entrance boundary
{cm™1). Convex surfaces are positive.

- Inverse radius of curvature of exit boundary
{em™?!). Convex surfaces are positive. In the
program, except for MTYP=5, circles described by
RAPI and RAP2 are approximated with an eighth-
order power series.

- Mechanical width of the entrance pole boundary.
Used only when IMAP is non-zero,

- Mechanical width of the exit pole boundary. Used
only when IMAP is non-zero.

'« Coeflicients used in description of entrance

boundary curvature. Contributions of RAP1 are

~ added to those of S02, 504, 506, and S08.

"« Coefficients used in description of exit -

" boundary curvature. Contributions of RAP2 are
~ added to those of 512, 514, 516, and 518..

Format

2F10.5

7F10.5 .

- TF10.5_




Record

C. Electrostatic Deflector (8 records}
Variable

EDIP

LF1 - Entrance fringing field integration
step size (cm).

LUl '+ Uniform field integration step size {cm).
LF2 - Exit fringing field integration step size (cm).

Recommended for these three step sizes: 0.3D (D=Gap)
although LU1 can be larger to save on computer
time.
DG - Differential step size used in determm’mg oﬁ
. mid-plane components of B using numerical
differential methods. Recommendation: DG=0. 2D
or smaller.

A - Distance (cm} from origin of system A

(initial) to system B (situated at entrance
" edge EFB of electrostatic element).

B . - Distance (cm) from origin of system C (situated

at exit edge EFB of electrostatic element) to
origin of output system D.-

..D - Gap width (em)
R - - Radius of curvature (cm) used in geometrical '
.  construction of layout :
EF. - Electric field on the central orbit (kV/em) -
PHI. - Angular extent between the EFB of system Band .
that of system C (degrees). Nomma.lly equivalent to the -
"bend angle. _ o
_ k E_C'2 - Coeﬁicxents describing second :‘md fourth order curvaiux_‘e_
- EC4 - of the iso-field lines on the median plane in the,

SRR “fringing field regions — due to ﬁmte width of the pla.tes n
“WE - - Plate width (cm). : : . '
- WC - Not presently used.

Z11 -. Integration limit (cm) 'deﬁning the start of the

“entrance fringing field zone in coordinate system B.
‘ - Normally positive. -
Z12- . - Integration limit (cm) deﬁnmg the termination of _
' the entrance fringing ﬁeld zone in coordmate system B
Normally negative,

Z21 - Integration limit {cm) deﬁnmg the start of the

exit fringing field zone m coordmat.e system C
Normally nega.twe :

Format

Ad

5F10.5

5F10.5

5F10.5

5F105

. 4F10.5




Record

Variable _

22

Coo
Co1
Co2
Co3

- Co4
CO5

C10

c1n

C12

c13
C14
C15

C. Electrostatic Deflector {8 records)
Format

- Integration limit (cm) defining the termination of .
the exit fringing field zone in coordinate system C.
Normally positive.

- Coefficients used in the expansion of the S 6F10.5

fringing field fall-off at the entrance
of the electrostatic deflector.

" - Coefficients used in the expansion of the S - 6F10.5

fringing field fall-off at the exit of the

. electrostatic deflector.




Record

D. Multipole (8 records)

Variable
POLES

LF1 - Entrance fringing field integration
: step size (cm).

LU1 » Uniform field integration step size (cm).

LF2 - Exit fringing field integration step size {cm).-
Recommended for all three step sizes: 0.3R

A - Distance (cm) from origin of system A

(initial) to system B (situated at
EFB of entrance edge of magnetic element).
B - Distance (cm) from origin of system C
" (situated at EFB of exit edge of magnetic
element) to origin of output system D.

L - Effective length (cm) of magnetic element.
‘R ' - Aperture radius (cm).
. BQ - Quadrupole component at r=R (Tesla).
BH - Hexapole component at r=R {Tesla).
" BO « Octapole component at r=R (Tesla).
‘BD - Decapole component at r=R {Tesla).

BDD  '- Dodecapole component at r=R (Tesla).

Z11 - Integration limit {cm) defining the start of the

o entrance fringing field zone in coordinate system B.
- Normally positive.

Z12 - - Integration limit (cm) defining the termination of

the entrance fringing field. zone in coordmate system B.

Normally negative.

Z21 - Integration limit (cm) deﬁnmg the start of the

exit fringing field zone in coordma.te system C
Normally negative. :

B _'Z_22' . Integration limit (em) deﬁnmg the termination of

~ . the exit fringing field gone in coordinate system C.
Normally posmve. '

- '_COO - Coefﬁcxent.s used in the expansion of the

003

.' -C01  fringing field fall-off at the entra.nce
ez of the magnetlc element - .
Co4

ocos

11

Format

Ad

3F10.5

 4F10.5

5F10.5

4F10.5

. 6F10.5




Record

D. Multipole (8 records) - Continued

- Variable
C10 - Coeflicients used in the expansion of the
Cl11 . fringing field fall-off at the exit of the
C12 magnetic element.
C13
Ci4
Ci5
FRH - Fractional radius of multipoles, in terms of
"~ FRO quadrupole radius, used in calculating fringing field

- .FRD fall-off, e.g. FRH=0.9 makes the hexapole fall-off
- FRDD  0.97! times faster with distance from the EFB than

the quadrupole field. :

_ .DSH - A correction for the eflective length of individual

DSO multipole elements relative to the quadrupole.

. DDSD A positive DS represents a displacement inward of
~.DSDD  the EFB at the entrance and exit in units of R..

12

~ Format

6F10.5

8F10.5




Record

E. Multipole Corrector (6 records)

Variable
MULT
LF - Integration step size (cm)

. DG - Differential step size {cm) used in determining
off-midplane components of B using a numerical
differential technique. Recommended for both
step sizes: 0.3D

A - Distance (cm) from origin of system A (initial)
" to coordinate system situated at centre of
7 multipole element.
‘B - Distance (cm) from coordinate system situated

at centre of multipole element to origin of
output system D.
- Length of the Multlpole Corrector {cm).

L
. W - Width (cm) of multipole element. -
b

- Gap (cm) of multipole element.

* BF - Nominal value of field at z=W/2 and 2 =0

~“i.e. the value the field at z = W /2 will attain
" if one of the coefficients C0-CS is equal to
umty and the others zero.

X - Startmg point of integration measured from coordma.te

system at centre of multipole element (cm).
- Normally negative,

Z2 - = Termination point of mtegratlon measured from coor-
R dinate system at centre of mult1pole element (em).
' _ : Norma.lly posxtwe
¢ Coefﬁcxents describing dipole, quadrupole, etc.
" C1 . content of the field. Normal range -1, to +1. - -
- C3
- CB = Not used. o
C7 . - Coefficients used to define how the ﬁeld varies thh
K __CB -z/L, basically describing a bell-shaped curve..

k _ Typical values are C7=0.4, and C8=0.1 " - -

18

* Format

Ad

3F10.5

6F10.5

2F10.5

. eF105

3F105




F. Solencid {4 records)

Record Variable ' Format
1 ~ SOLE o ' A4
2 . LF - Integration step size {cm) for all regions. . - F10.5

Recommended: LF=0.2D

3 A - Distance (cm) from origin of system A ' 5F10.5
S (initial) to the entrance edge of the - :
solenoid element (i.e., edge of the hardware,
: not the EFB).
B = Distance (cm) from exit edge of the solenoid
_ element to origin of output system D
_« Length (c¢m) of solenoid.
- Diameter {¢m) of solenoid.
F _ - Asymptotic magnetic field of solenoid (Tesla.),
ote. BF—041rIN/L ' ' '

Wwoe

4 T : ..Z_ll - Starting point of integratien measured from . o -2F10.5
o input egde of solenoid. Normally positive. E
z22 - Termination point of integration measured

from exit edge of solenoid. Normally positive. -

“ o




Record

DB
. DE

z

G. Velocity Selector {11 records)

Variable

VELS
LF1
Lu1

LF2
DG

.L.

BF

EF

”.RB

NDX

WB
WE

Zil

- Integration step size (cm) of the entrance
fringing field region.

- Uniform field integration step size {cm).

- Exit fringing field integration step size {cm).

- Differential step size (cm) used in determining off
mid-plane components of E and B using a rmmenca.l
differential technique. Recommended:

LF1=LF2=0. 3DE LU1 can be larger, DG=0. 2DE -
or smaller.

- Equivalent radius required if NDX#0.
- First order magnetic field index

- Integration- Limit (cm) deﬁnmg the start of the
- enfrance frmgmg field zone in coordmate system B

Normally positive.

- Integration limit (cm) defining the termma.tmn of
the entrance fringing field zone in coordinate aystem B.

" Normally negative.

- Distance (cm) from origin of system A
{initial) to system B (situated at
EFB of entrance fringing field)

- Distance {cm) from origin of system C
(sltnated at exit edge EFB of velocity selector}
to origin of output system D.

- Effective length (cm) of velocity selector.

* - Magnetic field of velocity selector (Tesla)=By.

- Electric field of velocity selector (kV/cm)=E,.

© - Separation distance of magnetic poles (cm).
- Separation distance of electrodes (cm}.

- Width of magnetic poles (cm).
-+ Widsh of electrodes (cm).

- Integration limit (cm) deﬁmng the start of the
“exit fringing field zone in coordmate system C

- Normally negative.
.- Integration limit {cm) defining the termmatlon of
- the exit fringing field zone in coordmate system C

Normally posmve

15

Format

A4

4F10.5

5¥10.5

- 2F10.5

4F10.5

4F105




G. Velocity Selector {11 records) - Continued

Record . - Variable : Format

7 - . BC2 - Coefficients describing second and fourth order 4F10.5
BC4 . iso-field lines on the median plane in the fringing “ :
. EC2 field region due to finite width of magnetic poles
-EC4 and electrodes.

8 CBo - Coefficients used in the expansion of the 6F10.5
: CB1  magnetic fringing field fall-off at the entrance ' :
CB2 of the velocity selector. '
CB3 . R
CB4 -
CB5

] o CEO0 - Same as OB coefficients, but for the electric - 6F10.5 -
' ' . CE1 fringing field. ' o : o ' .
. CE2 : :
CES
CE4
CES '

10 . .. CB10 - Same as CB coefficients, but for the magnetic -~ -~ . - . - 6F10.5 .
.. . CB11 . fringing field at the exit. ' ' I o
.CB12 B ' :
CB13
- CB14
CB15

11 - -CE10 . - Same as CE coefficients, but for the electric - . . .. 6F10.5
IR - CE11 fringing field at the exit. - - - e
CE12 - - : : o
. CE18
“CE15 -~

e




N

H. Lens (3 records)

Variable
~LENS
X/X - Matrix elements for the spatial coeflicients
X/T of the transformation matrix of an arbitrary
T/X element. Units for lengths and angles are cm
T/T and mr, respectively. Particularly useful for an
Y/Y electrostatic Einzel lens, for instance, in an
Y/P otherwise magnetic optical system.
P/Y - Note: the time variable ¢ used in RAYTRACE is
P/P - not updated through LENS even if the coefficients
: X/T and Y/P are used to describe a finite thickness.
. C8 - Correction term for spherical aberration.
‘ED - Reference energy for chromatic correction to focal leng_th.

- Index for chromatic focal length correction.

17

Format

Ad

38¥10.5

3F10.5




1. Shift-Rotate (2 records)

~ Record . Variable _ | ' "~ Format
1 ' SHRT _ _ Ad
2 X0 - All following coordinate systems are displaced : 6F10.5

in the z-direction by an amount X0 (cm) as
_ measured in the preceding system.
YO0 - All following coordinate systems are displaced
in the y-direction by an amount Y0 {cm) as
measured in the preceding system.
Z0 - All following coordinate systems are displaced
' in the z-direction by an amount Z0 (cm) as
_ measured in the preceding system.
Yz - = The rest of the optical system as a _
- " unit is rotated 1, (degrees) abont the z-axis
: of the preceding system. '
¥y - The rest of the optical system as a .
' - unit is rotated 4, {degrees) about the y-axis
of the preceding system. . :
oY ‘= The rest of the optical system as a
' ~ unit is rotated v, (degrees) about the z-axis '
" of the preceding system. ' SR

18




J. Drift (2 records)

» Record . Variable _ : _ Format
1 : DRIF - _ - Ad
2 DZ - Field free drift length {cm) " - F10.5




Recort‘i

K. Collimator (2 records} -

Variable
COLL
J -~ Shape index.
J=0, rectangular collimator
J=1, elliptical collimator
"~ Xo - z-coordinate of collimator center
Yo - y-coordinate of collimator center

XMAX - Half-axis in the x-direction

YMAX - Half-axis in the y-direction

20

Format

A4

5F10.5




Record

1

" L. System End (1 record)

Va,ria.ble

SENT

- Record separating input data defining the magnetic
“elements of the system from the data specifying
the input coordinates of the different rays to
be traced through the system.

Format

A4




M. Input Rays

A. Individual Rays (JNR=0, NR records)

Record Variable

1—-NR - XI - Particle z-coordinate (cm) at origin of system A
for the first element.
vX1 - Angle (mr) of particle trajectory projected on

gz-plane,

YI - Particle y-coordinate (cm) at origin of system A
for the first element.

VYl - Angle (mr) of particle trajectory pro;ected on
yz-plane.

ZI - - Particle z-coordinate (cm) at origin of system A

for the first element.

VZI - Not used

DELE - Kinetic energy dev:a.t.xon (%) of particle from
central energy

B. Program-generated rays (IJNR#0. One or mpre.records)

" Record . Variable
1 TMIN - Paraxial midplane angle (mr) for Ray 2.

PMIN - Paraxial transverse plane a.ngle {mr) for Ray 2.
XMAX - For INR#48, common z-axis displacement for
all rays. For JNR=46, maximum non-point source
. _ midplane deviation. -
© TMAX - Maximum angle (mr} defining midplane solid angle
" YMAX - For JNR#46, common y—axis displacement for :
' ~ " all rays. For JNR=46, ma.xxmum non-pomt source
' : _‘transverse plane deviation. : :
" . PMAX - Maximum angle (mr) deﬁmng transverse pla.ne
o " angle. :
. DMAX - For JNR#46, common energy deviation (%) for

all rays. For JNR=46, maximum energy deviation {%)

' deﬁnmg Iong:tudmal pha.se space a.ccepta.nce

B _Zﬁ(NR—JNR) i Any number of input records deﬁnmg mdnudual rays can

_be added to the single line for program-generated rays.

' NR must be set equal to the total number to be traced. - '

3

Format

7F10.5

Format

7F105




Appendix 2. Samples of Input Data Files

A. Magnetic Dipole, MTYP=2.

'FILE: DIPOLE.DAT HAE 4/16/86
03, 500, 0, 2, 0, 00, 01
300., 10., 1.

DIPOLE D1
3., 10., 3., 1., 2.

200., 200., 10., 100., 1.000
90., 27., 27. o
0. .

40., -20., -20., 40.

. .2401, 1.8369,

- .2401, 1.8369,
0.

.B572, .3904

0.

‘1., -2., 0., 0., 0., O.
‘1., 2., 0., 0., 0., 0.
SENTINEL

o .

0., 20.

0., -20.

2., 1., 0., 25., 0., 20.

.6572, .3904




B. El_ectrostatic' Deflector

FILE: EDIPL.DAT - ELECTROSTATIC DEFLECTOR - HAE 2/26/86
i, 100, 0, 2, 0, 00, 00, '
5., 1., 1., 200., 1.0, -

SHRT

-1

EDIPOLE

.5 ,.5 ,.5 ,.5

26., 25., 4., 100., 100.

10.,

- .3, .1, 10., O.,

8., -5., -5., 8., '

' .3813, 1.6370, -.64083, .36664, 0., O.;

..3813, 1.6370, -.64083, .36664, 0., O.,

SHRT S

1 :

SENTINEL

‘0. .




C. Pretzel Magnet

FILE: PRETZEL.DAT HAE 3/16/85
3, 800, 0, 2, 0, 00, O1

5., 6., 3., 100., 10..

DIPOLE D2

2.,2., 2., -.2, 6.

76., 75., 10., 0., 1.

270., 45., 45.

.806 : :

coocooo0

ENTINEL

o m

o R

. 0., 1.

COMMENTS:

1. FREE-FLOATING FBRMAT WITH CDMMAS APPRDPRIATE FOR VAX COMPUTER

2. THE DIGIT 2 IN RECORD 2 PRODUCES OUTPUT IN THE D-AXIS SYSTEM

3. LAST DIGIT i IN RECORD 2 CREATES A PLUT FILE

4. DG=-.2 (RECORD 5) IS APPROPRIATE FOR PRETZEL MAGNETS UNLY SEE TEKT
5. R=0 (RECORD 6) IS APPROPRIATE FOR PRETZEL MAGNETS ONLY




120,

0.,

D. Clamshell Spectrbmeter

QCLAM - U of I P=400 MeV/c (alpha=beta=-7) 10/20/84.
03, 600, G, 0, 0, 00, O1
360., 40., 3.
POLES
4., 4., 4.
50., 37., 50., 12.0
~.474, .142, .081, .028, .01b
30., -18., -18., 30.
'.1122, 6.2671, -1.4982, 3.5882, -2.1209, 1.723
.1122, 6.2671, -1.4982, 3.5882, -2.1209, 1.723
0.9, 0.8, 0.7, 0.6, .025, .050, .076, .10,
SHRT SRR -
0., 0., 0., 0., -60.
DIPOLE '
4., 8., 4., 1., 4.
0., 0., 15.00, 133333., 1.6062
.0371, -67., 0. '
.. BO4.
€0., -40., 0., 0.
© .240%, 1.8639, -.5572, .3904
-10., 0., 0., O., o
0. : . ’
0. - :
530., -3.12E6, 5.9E9, -4.0Ei2,
DIPOLE
4., 8., 4., 1., 4. .
0., 0., 15.00, 133333., 1.6062
.0371, O., -6T. T
804, : :
. 0., 0., -40., 60.
.. ~10.,.0., 0., 0., L
~..2401, 1.8639, -.5572, .3904 .
0. S
©o0.
.0. : R S
' "-483., 1.0E5, -1.0E8, -2.0Ei1, 1.E14
" SHRT - Lo -
0., 0., 0., 0., -60.
DRIFT ~ = .

. SENTINEL

0., 100. .

0., =100, . - 7

.. 10.,.1., O., 100.,.0., 100,
. .5,0.,,0.,0.,0, 0., .086




-.5, 100., 0., 0., 0., O.,
.5, -100., 0., 0., 0., 0.,

.086
.086




