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' TRACE: AN ON-LINE BEAM TRANSPORT DESIGN PROGRAM
John S. Cbloniaé”,f
LawrehéefRadiation Laboratory v
University of California -

Berkeley, California

April 1969

ABSTRACT
This paper describes the ap‘plicatién of cc_)rhpute_r graphic's in

the design of beam transportvsystems. - We introduce a computer

- program called TRA_CE ‘whipch allows the '_us,.er to design beam trans-

port systems interactively with a computer through a diSplay console,

1iAg'h't pen, and teletype. We describe briefly the computer environ-

'ment and its relation to’ program TRACE. We 'conciude with a dis-

cussion on the operation of the program through an example.

THE TRACE PROGRAM

One of the major activities of nuclear research centers is to

_carry out experiments in low- and high-energy phyéics. Such exper-
“iments necessitate the design of beam transport systems to carry the

. beam from the device to the experimental area. Although there are

many computer programs available to aid the experimenter in his de-

sign, they all sufjfér from generality and lack of ’conVenience. TRACE

“provides a vehicle on which,man and machine can cooperatively make

up for each other's deficiencies in problem-solving capac'ity, max-

_imizing at the same time the advantages peculiar to each. Although :
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the sensory,' 1ntellectual and motor facultles of humans permit reaction .
.' to ‘a wide range of st1mu11, their ability to rap1d1y analyze large quantl- '
. ties of data is severely limited. | In program TRACE we have taken' -

aduantage of man's unique ability to 1nterpret 1nformat10n subJectively

Jand “at the same time, present the data to a computer in a form that the
'cornlputer can'digest. Thus, the experimenter 1s prov1ded w1th the means
' that placevhim inside the processing loop by giving him a .conversational”
‘mode of operation | | |

_ Basmally, program TRACE is the outgrowth of program TRANS-
- PORT originally written in Balgol by Butler et al. ) and 1mplemented “

' for various machines by many people in the f1eld Briefly, program

.TR.ACE provides means for describing :an injecte'd beam and a vmagnet , »
| szstem. | | |
' The beam is specified by a si:'c-dir_neneional ellipsl‘oid. T}hfeﬂmagnet
"system' include:s the following types _'o_f'beam elemente': | |
| 1 '__-Drift spacee‘ | o |
2. Bending magnets':- with arlaitary‘ angles of entr'yt_ and exit
3. Quadrupole magnete | | o
4. Sex-tupoles .
5. S.olenoids
6. Slits, etc. |
The man‘ner by which TRACE produces a solut_ion for aj beam trans-
port design is not described here. It is suffiéient to say tha-_t tlie. pro-.
_ gram is versatile, to allow for a variety of eonst_rainte to be a.ppli'ed to

' the system. Parameter fitting is also possible with TRACE. This allows
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- the experimenter to specify the parameters he wants to adjust,' such as

lengths, gradients, ot apertures, and t‘he program computes‘ the first-
order correction by a least-squares method.

Ray' trace ability‘ has been provided and up tovten vecto’rs may be
: . N . |

_diSplayed at the same time. Phase space ell1pses are calculated at any

. point in the traJectory and the prOJect1ons on the coord1nate axes are

w

-and teletype (fig. 1).

d15played. (Any plane may be chosen._)

'COMPUTER ENVIRONMENT
, Program TRACE is operational under the Chlppewa Operating

System for the CDC 6600 Computer System using a 252 Model Display

'Console with an 8K buffer, character and vector generator, light pen,

The program is wr1tten in Fortran IV A typ1cal sess1on us1ng
TRACE on the CDC 6600 requ1res approx1mately 100 K8 words of main
storage, and it lasts for about one-half hour. - Since the CDC 6600 1s a
multiprocessing computer s;tstem, the program occupies a control :

point for the duration of the sessioh; however, the CPU (Central Proces-

" sor Unit) is released to other programs when not in use. Thus, the

total CPU time is, at most, 5% of the total session time. Figure 2

.sho.ws a flow chart of program TRACE.

i
PROGRAM OPERATION

The session begins with the user viewing part of the 1nput data as

‘shown in fig. ‘3. The data correspond to a Bevatron secondary beam No.

]

5D, the charact_eristics of which appear in table 1 and the beam layout

|
o
_i
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in Fig. 4. | | e
| ' The source of this beam is in front of the f1rst magnet (30 deg |
bend1ng magnet) followed by a quadrupole doublet the first element of
which is vertically f_ocus1ng. ‘We request a parallel beam in the long
"s'-traivght.section. The next quad;upele section has its first element hor- |
izontally focusing_, - félloWed'by‘,a 47".7-deg bendlng’magnet. ' W‘e’v;r‘e'questw'
- a waist after tlle fixed-gradient quadrupole. The beam then 'pavs‘ses |
;threugh a quadrupole, “to a 55-deg bending magnet, throug’h.'a doublet,
Tand,to' the target, where we ‘elxpect a her126ntal and ‘vert’i‘c_al ‘ifocus.
' The data dis‘played on the scr'een eei"i'e.s'\pond-td the 'input 'needed'
to calculate the f1rst order opt1cal propert1es of the Bevatron 5D secon-
v--dary beam used in this example, and con51st of the approprlate param-
: :'eters of length and field for each censt1tuen’t element. Thevformattlng

1,2
).

At this point, the user may exercise any of the options listed in

© of this input is almost identical to that of program TRANSPORT

o °

. the bottom of the screen. The functions of these options are listed be-

low: . v

OPTION _ _ FUNCTION |

LX_LTER Alter data. The alterati_on is 'per"formed by entering the )
appropriate address in the lDATA array.A _Thi.sv:numberv
isr shown on the left column of fig. 1; fof example, to

o change the first drlft length to 15 1nches, we type 22,

15. g(carmage return)

_QLINE Delete one line of input. In other words, delete one element

_- ,- of the beam system.
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FUNGTION

_A:LINE " Add one iihe of input. This option allows the user to enter
| -all his input via tel‘e,typ_e,' or te add a new element in the
» beam system. . | |
,§NAP§ Record this di's'piay on microfilm. (This optioh is tis“e_d toA
| ‘ record the beam enveiop'e. ) - S . |
_S_NAPQ Record this display on microfilm. ('I‘his option is us ed to
record the data displayed.) |
MDATA . This opti'c‘.mv'('p‘resenting an additional .fi'ame) allows the
ueer to view more data; in meny _ihstances, one frame
is not enough to display all data. | |
GO Execute the data (without application of constraints)-.
ITER Execute data, applying constratints'_ |
FIN End of session. |
VECT Perform changes on the vectors d1sp1ayed This Optlon
allows the user to alter vector parameters to enter new .
vectors or to remove those already spec1f1ed.
BAYS : .This~opti.on provides for Ithe display of all rays specified,
| or individuel rays may be dieple,yed at Will. N
EEAM This option allows the user to review a beam already cal—.
“culated. | |
i_CALE : Scaling o.fvboth_ horizental and vertic_aljvbea.rvnvs. The user
| enters via teletype the region he wants to scale and the
' scaling factor. ' |
MATRX This option allows the user to specify the lece.tidn where he

‘wants. to observe the phase space e111pse and the RC and
SI matrices. :




e © UCRL-18816

OPTION .~ FUNCTION

(continued) v : o
. MATRX - (Later paragraphs describe these matrices in more
' detail. .)

The user 1n1t1ates thls optlon by teletype, enters the-loca-
tloh where the e111pse is de31red and spec1f1es the
plahes of the prOJec__t_lons of ellipse (x, 9, v, .¢, etc.)

B _1\@_’1_@ Ifa teletype ‘is:u;sed to initiate any of these op.tjcins‘,. onlﬁy‘the‘_

letters uﬁderlined need be s‘peci'fied. If a .light pen ié\used, it i-s"pointedv

. ._aé the optioo desired and, hy depressing the microswitch 'on ,fhe light peh,

the interrupt is initiated.

This list of opt1ons by no means exhausts the multltude of other op-‘:‘
tions that the user m1ght want to 1ncorporate. The modularlty of program
FTRACE_ allows such expansions, as-is_ mentioned later.

'Now--returning to our example: upon initiation of the option

”ITER " the executive program of TRACE 'decodeSv the action, and signals

_the beg1nn1ng of executlon, resulhng in f1g 5, Wthh d1sp1ays the beam
envelope. Program TRACE again waits (releases CPU) for the user to -
resume an 1nteract10n cycle based on the 1nformat10n d15played.

The user may dec1de to observe the phase-space e111pse at some
locatlon along the bearn 11ne to do so, he. pomts the light pen at the func-
tion M_ATRX. Next, the light pen is vp01nted at the location on the beam
| .line where the phase—space ellripAse' is desired, .and_aISO "specifievs‘ the
planes on Which the phase space ellipse is -to be.projected. Upon.‘initia:tio‘n

of the interrupt, fig. 6 results. Here, the user has a wealth of informa-

tion at hisvdisposal. At first the beam envelope is 'éhown, ‘which is defined

G
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- as the plot of beam sizelv_ersus.po'sition 'alo'rllg the s&stem. Interpretation
o_f'thé trace is fairly o‘b_j‘rious._ A i‘éctahgle ‘i.;s drawn to fepresent a mag-
"1.'iét; the size of the rectangle reflects the iniééﬁét iengfh and"aperture.
The béém size is -ihterPolatéd Iineafly'in drift spaces. |
Both the horizontal and vvértical'pla:nes are di.sp'lavyed;_a‘.s shown,
,éldng with the.' cumulative beam'le.ngf‘h;('o.n: tdp o‘f fig. 6)'. |
" Below ‘the beafn'é;nvelope, the'_RC.';'x;latrix (cur'nﬁlativ'é tran_éfer ma- -
trix) 1s aisplayed aloné with the Si matriﬁ (bbvez‘lm' matrix).
‘The ‘RC niétrix repr.esents:l':hev transvfgr__rn%t‘rix of the beam ._transporvt o
_éystem up tvo' th.év pdint at which it.;.v;}as’ reques_éed. | |
 The ‘-beam' transfer matrix (SI) includes th'e. projve‘ctib_n's- éf'fhe-.ellipse' :
.up'o_r; the cOOrd_inaf;e' ax‘es. The pﬁyéica_.l .significanceb éf each element of
thé SI matrix 1s derived briefly as fo_l_ld&s: | |
Since n coordinates are ﬁecessai‘y to de‘.s_crib‘e‘a parf:icle, it can.
‘be shown that the distribution of a group of particles can be approkimatéd '
By an n-_dimensional¢1’lipsoid‘of the form | |
20y %" +a,,0° tagyy’

_ P (1)
in the 'pfihciﬁal coordinate éy’éterﬁ. ' If the _c.pordinatés are rotav-te“_d as
shown in fig. 7, the equatioﬁ i"nvolveslof'f—di:a_,l-g'on-al te;rms which ;neasure

" the rotati_on‘of the eliipse.. o |

| In general, the équétioh éf av tiited ellipse in n-dir_nénsipr_l is
| n n ) | B o ,
ZZ aykxy =t @

i
1
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We define a matrix of coefficiénts .aij as . . .
3412342 7 o
N o 4 -1 _ Lo | S
. or _ o '__'aij' | I (4)

Now, as a particle V passes through a system of magnets, it undergoes
. transformations described by a matfix M as

v, =MV, | e ()
and the 'equ'atiOr; defining the ellipédid may be written.

T -1
o

vielv=a ()
Sinc"é
| 211 %42 213} | ¥
[x, 6, y] a5y azz 2,3 e |=1, : | (7))

- 1B31232233). 1Y)
if we employ the identity
-1 : .
MM~ =1, g (8)

the equation for the ellipsoid (eq. 6) may be written

vIiaam HhT o imm v = 4, _-
M) T momT) vy = 1. o B (9_)' .
"fhus, thg sam‘e ellipsoid, after having ‘the coordinéte_ transforma.ti_on-' |
v, = My, - uo) ’
has become
vielv, =1, L uy

S i
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~ where

ol = oML )

"Ecll‘uation (12)'ma'yv be interpreted as follo‘ws' vGiven a beam, vo, entering.

' a magnet system, and a transformatmn matrlx of the system, the beam

oy 1eav1ng the system can be calculated from eq. (12)

: - If we c_ons1der such an a»rb1trary beam defined by '

r '011--"'125 R . |
AR PRl B S (13).
oLtz rezd, B

it can be_ shown that the equation of the ellipsoid 'canbbe written as

x%0 +2x00 6%y, = 2

22 T A Xy TE 1&-*"11‘-’22"12' (14).

The coeff1c1ents of the elhpse can be glven an 1nterpretat10n with the

a1d of f1g 7 The square root of the d1agona1 elements gives the pro-

Jectlon of the e111pse on the coordinate axes.

XBL694 - 2500

Fig. 7. Projections of éllip_se-on cc_)ordinateaxes_.
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~ In fig. 6, the SI matrix shown is arranged so tl’lat the diagonal

B ' ) : | - Co
elements occupy the first column as shown below:

“-’11CM
g '\}0'2 MRr.

21
No33 CM 1y, 13, o - ‘ 4 '“5) |
NOgy MR, 151, | | o

'\/0 - CMr
\] PCr

51752 753 "54
61762 63 To4 65
Since o, ."="0'.'1, we ha-ve .= rji' The off-diagonal elements -of

th1s matrix represents various quant1t1es such as d1spers1on, tilt, etc.

At this pomt, the user has the opt1on of returning to the d18play of

'input.data, ALTER, some .parameter, and execute (__TER) again, or he
may re‘quest to view the phase epace at a different location on. the beam

- line.

Figures 8 and 9 show the phase-épaoe ellipses ’é‘t various points

 along the trajectory; vfigs.. 10 and 11 show a ray trace of six particles

and one pvarticle,_ respectively;ifig.' 12 shows an enlarged section of the
first quadrupole ‘doublet. | |

. Once the cornputational loop has been eompleted, the user may re- -
peat the same loop agaln, or new problems may be brought to the screen
by exerc1s1ng the option NCASE.

-At all t1mes,- the exper1menter may use the optio‘ns S-NAPD or

SNAPB to take microfilms of whatever is displayed on the screen. This -

" 'm1c rof11m is later developed fo a hard copy for permanent record

'lhus, by showing the reSults in an 1nteract1ng way, the operator

" can qu1ck1y examiine the overall cha_ractenstlcs of the’ system'_and take'
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immediatevaction Errors are detected eas1ly, and t1me loss because -
: ; {

of erroneous data is effectlvely m1n1m1zed Dur1ng the course of the
sess1on, warnmg messages are ava1lable to gu1de the operator to av01d

1nva11d-cond1t1ons In general a program like the one descr1bed could

be used effect1vely both as a des1gn tool and as a teach1ng tool

' CONCLUSION
On-line program TRACE enables the user to control, 1nteract

w1th and d1splay a beam- transport system on the 252. d1splay console

Spec1f1c mathematlcal techmques for generat1ng transfer matr1ces are

d1scussed. elsewhere (Refs. 1-4), but it should be mentmned here that
the major co‘n:tribution:’ of TRACE is in the 1nterac.t1ng area, by providing
a vehicle on which scientists and'engineers can design beams with a com-

puter program that requ1res little knowledge of data processmg Rather

'than pas s1vely accept1ng preplanned input, program TRACE 1nteracts

with and gu1des the user through the design of h1s system
The present version of TRACE is Operatmnal on the CDC 6600

Computer system, ‘but ma_]or extens1ons are planned to 1ncrease the -

" ‘flex1b111ty of the program Some of these extens1ons include the ab1l1ty

to segment a long beam and process and opt1m1ze each. sectlon separately, '

to be able to d1splay aperture constra1ned polygons and to 1nclude second-

- order calculat1ons.
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Beam No. 5B.

vae.‘ne.raI‘ .desoription :
Physicists résponsible
Installation 'dat.ea
Iarget' ioca;tion
Tai‘éét'matefial

Target size

' Momentum range

Momentum width

~ Solid angle

"Production anglé
Type of separvator :
Sepvarétion factor

Emittance
Flux transmitted

Other information

500-MeV/c K or K, separated
T. Elioff (LRL)

. June 1967

External beam-Channel 1 - 2nd focus
Uranium '

1/8 in. vert1ca11y, 3/8 in. horlzontally, 1.5 in.
in length

~ 0.2 to 0.60 BeV/c (p051t1ve or negative)
4%

= 6 millis(_:eradians '

24 deg _ : Lo
Electrostatlc ‘Mark V (10 ft long) 4-in. Gap
Pion rejection >50 at 550 kV (capable of 600 kV)

0.02 radian in. (horlzontal), 0.017 rad1ar_1 in.

(vertlcal)

~ 4000 K (500 MeV/c) per 5X 101
K+/a11 p051t1ves 1/20

1. Mass split is at first focus w1th submomen-
tum recombination

EPB protons;

2. At first focus, vertical magnlflcatlon = 1.5;

horizontal magnification = 0.95; K T vertical
separation = 0.5 in.

3. At final focus, vertical magnification = 4.5;
horizontal magnification = 0.5. For stopping
K% in 5 gi%ms of CH, the rate is = 1200
K /5>< 10" " p* (EPB). Approximately 60% of
K* pass through a 3/8)(3/ -in. cross section .
at the final focus '

4. Target is not mounted in either EPB or

secondary-beam vacuum, and is easily acces-
31b1e

‘a. Bearn 5B is equlvalent to previous Beam 5 (dismantled January 1967)
" with minor modifications. : :
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FIGURE CAPTIONS =~ =

Control Data displ_ay’conso"le 252.

TRACE flow chart.
‘ 'Crorn:put’e'_r dis'pla'y of inputv' data for 5D beam o

Bevatron secondary beam 5D.

Beam envelope.

 Beam enve_lope; displaying phase space at 10¢ati6_n 32.
* Ellipse in paper. |
. Beam énveloi)e,v di_s.playingphase. space at location 70.

]ééam envelope, dis_p’laying phé.sé Space at 10catior.1“84'. N

Beam envelope with the dispersion vector shown.

-Ray trace, showing six unit vectors.’

'Enla'rg'ed section of first doublet (locati_ons '32--48);
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DATR VAN, 20,1960
-U&'":‘w BRAM

AT Conv.

BT oMV,

TIUNLTY Comv,

TRNLY Conv.

21 AN . .Q7BGC 2B, 00000
VECTOR MO, 3 1.000
VECTOR WO, 2 0.
VECTOR NO. 3 | o,
VECTOR NO. & o.
VECTOR NO. S o.
VECTOR WO. &  ©.
2.00000 1. 00000
4.00000 27.00000 12,7000
2.00000 18. 00000
13.00000  4.00000
3.00000 2. 00000
©.00000  20.00000
5.00000  3.00000
B, 00000 20.00000

5.00000 @3.00000

3.00000 120, 00000

15.00000 4.00000

3.00000 @7.00000

. 00000 20.00000

3.00000  3.00000

U0 . 00000  20. 00000
omrrY 5.00000 1&.00000
1/0 CONV. 13.00000 &.00000

POLE F.ROY  2.00000 25.68000

i _
= =

XBB 694-2243

Fig. 3
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DATR AN 20, '8A9 CASR NO. 100

XBB 694-2242

Fig. 5
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DATR  UAN. 20,1949 CABE N0, 100
EVATRON BxTERNAL BEAM 2O, 60, BOO MIV/C s

i
8 T

=2

XBB 694-2240

Fig. 6
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DATR AN, B0, 949 & CABR NO. 100
BEVATRON EXTRRNAL BEAM NO. BO, 800 MEV/C Ke
° o o

RPC MATRIX

-9. S2es
o.
o.
~1.s8a1
)

XBB 694-2241

Fig. 8



UCRL-18816

B

b
E ]
b

¢
¥
3
8
g
z
i
w
3
i
]

JAN. 20, 1889

oAtk

aevma '@
asvway ¥

acseim ®

acsmiv's

200ME v
T

20vm2 ®

1025 18
39 5793 1@
2.7262
4.0000 PC

18723 1N
8. 5121

XBB 694-2236

Fig. 9
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DATR AN, 20,1969 CASBR WO, 100
BRVATRON ExTERNAL BRAM Mo, 80, BOO MEV/C e
e 3

e

HIT 1 7O DISPLAY ALL RAYS
ENTER RAY NO. TO DISPLAY SINGLE RAY

XBB 694-2238

Fig. 10
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DAYR VAN 20,1969 cASE NO. Y00
BRVATRON EXTERNAL BEAM hO. BO, BOO MEV/C K¢
e o

SNAPB MOATA

MATRX

XBB 694-2237

Fig. 11
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DATR VAN, 20,1989 CABR NO. V00
SRYATRON !x'l_l‘o&. BRAMN NO, BD, BOO MEV/C x4
°

H 2

=

XBB 694-2239

Fig. 12
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