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The following notes a r e  presented to guide the users of the program known 

as "Well Tempered Five. " Programming details and methodolo~y are not pre- 

sented here. 

The Well Tempered Five is a program for  the IBM 704 to solve the equa- 

tions of motion describing the betatron oscillations of particles in a fixed field 

alternating gradient accelerator. These equations are familiar and are 'copied 

below for convenieqe. 

The program employs units which give e r l  = - 
P 

The method of obtaining the three magnetic field compnento, & (radtal), 

Hy (axial), and (azimuthal), is the feature which uniquely distinguishes this 

program. The field components a r e  computed according to the following 

equations, described by Powell ln MURA- JLP 6 :  



Ihe  coefficients ,4 1 m, i m, o( i.m, end a i m appearing in the qua- P 
tions are obtained from the following recurrence relations: 

A ,  K - - - K (A - 2 ; )  &),,) 
V'+,,m s ~m K(h-ai)/~m [ w ' ( ~ ' +  h ~ - ( k - ~ ~ ) l ~ p " w  2 

The argument 8 in Eqs. (2) is 

9 = K ~ ~ ( ~ + x ) - N D )  

and b( is perhaps more familiar when written as l /  w. 

The user of this program characterizes the magnetic field for the prob- 

lem to be solved by specifying its value on the median plane (y = 0). fn par- 

ticular he giws values for 4 00, k 01, /bOZ .. . 4 oM . dO0' dog . 
The W e l l  Tempered Five program then compltes H,, % and % at the various 

coordinate values as they are needed in the solution of the eqluatians of motion. 



The highest brrnoinic accepted bp the program is the SOth (i. e. M = 30 

in Eqs. (2). ) Any number of hazm2-c~ up to and Ucluding the 30th are per- 

mitted in a single problem. 

Two methods sf truncating the series expressions for R x* % and % 

are permitted by the program. Sn the first method the user amply specifies 

a number called imax, then all terms in the seriee with i r im,, are neglected 

in the field computation. Pn the second method the user specifies a number C , 

then the pr.ograrn chetermiraes iausr by the requirement that the 8um of thr! 

absolute ~mgdtudepd af the closffiefents of the y / l  t r factor &r each of the 

three field eomg~lneds be lees than when i = i,,; the coarmoa fsetor (1 + r)t 

is omitted in ihis determination .ad we asiwne sin m = cos m 3 = 1. More 

precieiy,  the p g m m  f~brnm for each i, etarfing with i = 1, tblb ioUuwing 

The greatest of the three quantities at each value of i, € , E ip aad f ie i n  x 

determined (it is called € I )  and compared with E and the first value ob i 

encounte;~ed for xveaie:~ :;,he inequality 

€ ' <  E 

ie satisfied is taken aa imaX. The user is informed by the prckgram, vfus a 

printed recop6 called the initial print, of and imax determined by the 



program. The quantity which appears in Eps. (5) is a scale factor 

used in the field calculations, which except in this instance wtll rrot ordifrarily 

concern the user. In either caso i,. cannot exceed 24. If the user specifies 

an E for which inequality (6) abowr cannot be satisfied for is 24 the program 

rill etop. (Restarting the progr&m at this point will result in im, = 24. ) 

The program w i l l  compute eero, one,or two invariants as requested by 

the uwr, "PPBus, if one invariant is desired the program will  compute 

If two invariants are requested the program will complte, SR addition to the 

above, the quantities 

m ~ a n t i t i e s f , ~  ' 1 % )  f,. ) 5,, ?,,{,, kpttr a d  the 

correeponding primed quantities are specified by the uaer in a manner that 

will & described later. The values of the independent vatpable at rNch 

computation of the invariants is desired i s  specified by giving the waber, Nw 

of integration stqm 'i, e. Runge-ffitta Steps) between successive cornputailate 

of the invariant, an3 s number, (CI)o, which gives the initial canter wading 

for the counter counthg the number of integration steps between succossPre 

compltations of the invariant. A corresponding pair d numbere Nip and 



(CI')o must also be specified when a second invariant is called for by the user. 

This completes the discussion of what the Welt Tempered Five program 

does. Details of how the user requests these things to be done will now be 

given. Pages 6 and 7 comprise a standard agendum form which must be filled 

out and submitted by the user. All specifications pertinent to the solution of 

a problem with this program a re  glven by making proper entry on the agendum 

sbeets. The first  column on the sheet, labeled Parameter, identifies the 

quantity whose value is to be specified on the corresponding line in the column 

headed Value. The second column, headed Address, is for the use of the key 

punch operator and need not concern the user, Remarks in the last column 

a re  inserted occasionally where it is thought that they might be helphrll. 

Entries,are made by the user  in the column labeled Value. Two types - 
of numbers occur. The first eleven lines refer  to parameters whose d u e  

is always an integer. To indicate this the words "FIXl3D POINT WTEGEFQS" 

appear in a block at the right which indicates the lfnes onwhich the btegers 

a re  to be entered. Integers a r e  written on the agendum in the standard 

fashion: leading zeros may be omitted, and 235- 1 is the largest integer 

permitted. The other type of number is referred to as the floatOng point 

number and their locations a re  similarly indicated a t  the right by the words 

"FLOATING POIN$,NUMBERS. " The value to be entered as a floating point 

number must first be expressed in the form 

Value = n x 1oeXP, 

where 1s In!( 1F w zero, and n may contain from 1 to  9 (inclusive) decimal 

digits and exp l < 3'9, The quantities n and exp a r e  then entered in the indi- 

cated portions of the Value column. The quantities n and exp a r e  assumed 



'Counter counts HK steps modulo Nxp; print 
I I Kr, Kv when C ~ = z e r o  
I 1 1 " f 
I fc'lb0 3179 ' Counter counts RK steps modulo Nrxp; print Q i 1 i Ktx, KVv when C'T P zero f b  

I 3 I J A -- 
3094 1 f K '  

i inlax 

/Last term in power series for Hx , H , Hz: 
0 ima, S: 24, need to specify only w h en SS3 1 r\P 1 

. " A  I 9~ 
l I 

I 30'1Z I I p r a m e t e r s  for K~ 4 

I / 3073 1 C__-%-* ,-. --" .--__-.-- 
I ) ~ x ' q x - ~ ) ' +  q x  1 



WELL TEMPERED FIVE AGENDUM 

Fourier coefficients of the median plane field 

-- 
MOTE: 
1. Value- n x 10'"P, .,- . ,- 1 = Inl 410, or z z r o ,  and n ~ ~ a y  contain from 1 to  9 decimal 

disits. n and 2z.p .+ - . "urned positive unless indicated by -. exp is understood 
zero when blank; \ e"- a '" -77. 

2. If this is one run of a *. r i L + s ,  only those values differing from those of the preceding 
- run need be specified, EXCEPT for PRINT COUNTER, - E N 3  COUNTE,R, 1st 1N.V. ---- 

COUNTER and 2nd INV. COUNTER, which a r e  se t  equal to zero unless specified 
o>,:wrwise ifi t?-": agendurn. 

3. If this run does EZ! Sslong to  a mr i e s ,  then all quantities not specified are set equal 
to zero, EXCEPT for TJx max = P. ma* and tmax =Ymax which have the values given 
in parentheses in tlir remarks c&mn when not specified in the agendurn. 

4. Agenda of a series should be submitted with sheets staoled together in order of minnina. 

SENSE SWITCH 
t 

i :;;a:; PLANTED 
I CCMPUTE inia;i 

SS 5 UP i 
S S 3  30%N 



positive unless designated negative by -. exp is understood zero when blank. 

Examples below sho-x the proper form for entry of floating point numbers on 

the Agendusn. 

Ex; r?7ples of the form of floating p i n t  numbers as they ah% to be 
entered on the agendum. 

Although most of the parameters are readily identified by the symbol 

appearing on i?ir agendttnn and hence need no di~cussion, some of them may be 

unfamiliar o r  their use not clearly understood, The parameter N has the 
P 

same significance aE In other MURA programs. It is the number of integration 

steps that are taken between successive prints of the five quantities p,, py, x, 

y and N 8  / 2 ~ ,  thus, i f  Np = 32 these five quantities will be printed at equal 

intervals of 32 integration steps. if it is desired t o  print p,, py, etc. . once 

every sector at homologous points, then one must set N = ~ R K  (i. e. NP = the 
P 

number sf F;;ungi?-ICultla steps in a sector). If it is desired to print px, p etc. ,  Y 

once every lime around the "accelerator" at the same azimuth, then one must 

set N = n RKN. Thr parameter NI specifies the r~urnber of invariants to be 
P 

computed by the r.c('qrxsra and it may have one of three values, 0 ,  1, o r  2 

indicating 0, 1, cp-. ,: ;. $j;ri:.-imts. N is the number of integration steps that 
IP 

a re  taken betweer- suc.ressfve prints of Kx and ; thus it bears the same rela- KY 
tion to the pri.;ting of a- 1 TC. ;as N does to the printing of p,> Py, etc. 

J P 



Similar.ly, N controls the printing of the second invariants Kt, and K' In 
I P Y' 

any case illvariants a re  only computed and printed i f  called for via the parameter 

NI. As is custorr.zry in former programs C is the print counter. This counter 
* *  

P 

is incren:enteil by I at the completion of each integration step and when it 
" ~ 

becomes equal to N then printing of px, py, X, y. and N 0  P ~ o c c u r s  and Cp P 

is reset to zero. (Cp), is the initial value of the print counter, thus this param- 
5 4  

e iz r  de ier-mines the "phaset' at which printing takes place, For example, i f  it 

is desired to print px, 
p~ 

, etc . ,  514 of the distance through the sector, at  

S ~ C C L  ssi i ;  sectors ?hen one can set (C ) = 3/4  nRK and initiate computations 
P 0 

at the beginning of the sector (i. a'. (NB/2TT) = 0); alternatively one can initiate 
l .  

cornput&tions i j 4  of the way through a sector (i. e. ( N B I Z ~ ) ~  = 1/41 and set 

!Cp);l = 0. 'hc parameter ( c * ) ~  is the initial value of the first  invariant counter 

and bears the same relation to the computation and printing of Kx and Y, that 

' (Cp)o does to the printing of px, 
P~ 

, x, y and N 0  1 2 ~ .  In an equivalent manner 

(C'l)o is related to the printing of Kt, and Kty.  The parameter imax has been 

discussed earller. The parameters l/w, k and N a re  the familiar machine 

parameters. The parameter p, is equal to the parameter py max and 

this number is the upper bound on the momentum. When the magnitude of 

either px or  py exceeds this number the computations on the problem cease 

and the user is notified in a characteristic fashion. The parameter xmax 

similarly descr~hes  the upper bound on x. * Unlike kll other parametkrs on 

the agendum, I V ~ I L C  r,: unless specified otherwise in the agendum are set equal 

-.- ". --". - -- 
$< After the agendurr~ sheets were printed it was requested that xmax and Ymax 
be separgtely - p settable. l 'his featurd is now in the program and the desired - 
Ymax is to he inserted in $be margin of the agendum along side xmax, with 
address 3060 y,,, .= 112 unless specified otherwise. 



- to zero at the start of a problem o r  series of problems, px mar - py max is 

set equal to 1 and x,,, = Ymax is set equal to 1 / 2 unless specified otherwife. 

The parameter E has been discussed earlier. 

On the second page of the sgendum values of the F w r i e r  coefficfent;e for 

the median plane field a re  to be entered. The equation for the median pime 

field i n  which they appear is written above for convenience in r e m e d r i n g l  

their significance. 

The mode for  truncating the power ser ies  for the field complnente h, 

% and H, is s ~ e r l f i e d  by the setting of wnaeswitch 3. The user r n r k - a t  

indicate by a check mark in the appropriate box which mode is # Re uaseb. 

If the user supplies imax then a check is entered into the top box indimtin$ 

that sense switch 3 is to be up. If the user supplies an f then a ckck is  

entered into the bottom box indicating that sense switch 3 must be down. 

As  in other MURA programs a "series" of problerna may be eubnritted 

by simply staplingthe agendum sheets for the corresponding problems 

together in the desired order of running. In a series the pEmSnN?teF values 

are not reset to zero a s  each problem is completed and comput@tione on the 

next one started. The parameters retain the values they had on the previoue 

problem i f  no entry is made on the agendum. There are four exceptione, 

namely (Cp)o, C e  (CI)o and (CtI)o which are always reset to s e w ;  if  other . . 
values a re  desired they must be specifled for  each problem of the eeries. 

The sense switch 9 wtting for every problem of a series must be the samaa. 

The "search +?aturel' is included in this program. Under t b  eesrch 

feature successive prol~lerns of a ser ies  wi l l  be ingested by the: computer turd 

calculations will  be carried out on each one until x, y. h. 0' Py exceed0 it. 
L 



P - upper ,,.. .A .+,  hen h i i l ~ ~ u t  i~lierruptlon the computer will  proceed to the next 

problem of the series. This ~$11, continue until a problem is completed, that 

is CE = NE, without w, y ,  or + exceeding i ts  upper bound, at which time 

the computer will gtop and succeeding problems of the series will be ignored. 

This feature is useful when exploring the phase phne far regions of' stability. 

If this feature is desired the user must print SEARCtf clearly st the top of 

the first  agendum sheet at the series. (The search W t u r e  is put into opera- 

tion by putting sense switch 6 up. ) 

By putting senee switch 2 up a particular problem of a series may ?m 

discontinued and comptations h e p n  on the nert p~oblern,of the aeries 

without stopping the computer." This feature is helpful in a search when 

m 
the user i s  present at the time of computation and observes from the output 

that a particular rorn will bt? metable even before one of the cooxdinates 

emeeds its upper bound. 

We now turn our attention to the form in which the results of a calcules- 

tfon a r e  produced by the Wel l  Tempered Five. It will here be necessary ta 

describe the form in which numbers a re  printed as  it is dffferent from that 

used in earlier M U M  programs. In the Wel l  Tempered Five program the 

numbers are printed in floating point form, with the exception of a few 
I 

integers in the initial print which are printed in the conventional form. (The 

identifying I appears at  the left of a line of integers. ) A floating point number 

Number = n . 10eXP 

P is printed -. 
n exg 

with the n always containing just 8 decimal digits and with the decimal point 
- 
 he cornputer wi l l  stop in this circumstance if  sense switch 6 is also up. 



between the 1st and 2nd decinai digits, counting from left to right. Xf n is 

positive the sign is omitted, and if n is negative the sign is printed. The 

exponent is a two digit decimal Megqr with the leading zero euppreeeed. an& 

the sign of the exponent is printed whether positive or negative. If the float- 

ing point number is identically zero, then an eleven digit zero is printed. 

Examples appear below: 

Examples of floating point numbemas they will appear 
on the printed. output. 

Before any answers ar'e produced by the program an initisrl printing 

takes place, in which the working data for  the problem about to be attacked 

by the computer is recorded. This initial print is on a page by itself and 

the numbers appear in five columns on lines numbered 0 through 26. 

Page 13 gives the format for this initial print. It is to be noted that line 

number 9 will be rnf ssing whenever sense switch 3 is up- -that is, whenever 

hnEx is inserted by the user, In line 24 of column 3 a quantity labelfed 

print ctr. 2 appears. This is of no special value to the user and appears 

only because of 2 7-es~ltant convenience to the programming; it 1s the inOtfal 

value of the counter that numbers the lines of printing oi p,, Py, X. f and 

N 8  12 q- and it should always have the value zero. Pbr obvious reasons lt 

is vital that thls initial print be permanently kept with the probiem reaults. 



Initial iQrht Format P 2 -  

. a+*-- 

----- 

1 IS; i 
Ui, A.,- j A , a d  i U.,. A. 1 



The printed output will have two distinct form@ depending on the pngencpt 

or absence of invariante. When M, invariants are called for, NI = 0. then 

just the quantities px, %, x y ,  Bnd IYB/Mappear in columns one through 

five, respectively, of each line with an index at the left of each line which 

simply counts the lines, starting with the first line numbred zero. A sample 

output of this type appears on page 15. 



Line 
No. Px pY x Y N8/ 2 IT 

"-- - ....- 

Sample Computer Output with NI = 0 



If one invariant is called i o r   hen the l ines ~f print ccmtainlng g,, $,, 

x, y, 18 / 2 ~  Fill be mired with lines of prmt af + and Y, whicfi will appear 

in columns one and two, respectively. The order of printing m rsuccess$ve 

lmes is in tte order of monotonely non-decreasing rY8 f 2 r. When px, pya 

x, y, N 8  / l a d  5, IS, are to be printed for the same N8 12 T, then px, 

%, etc. is printed first. Lines of printing of the 1st invariant are eepsrrately 

numbered 10000, 10001, 10002, and so on; thus, the nth line of print of the 

1st invariant is numbered 10,000 t n (n = 0, 1, 2. . . ). Similarly Fi two 

inwdrtants are called for, additional lines of print containing Ktx and K'* 

in columns one and two, respectively, a r e  interapereed runong the lnes of 

print of p,. 
P~ 

, etc. and the lines containing F# and + Ae alwaye the 

order of printing is in the order of rnonotonely non-decreasing NC;) / 2TT . 

If p,, py. etc. , and G, , and K',. Kgy are all to be printed a t  the same 

value of NG /ZIT then px, 4.. X, y, N8 / 2 ~r i$ printed first,  G. Ky is 

printed sOcond and Kfx, K' is printed third. Lines of printing of the 2nd 
Y 

invariant a re  separately numbered 20000, 20001, 20002, and so on; thus the 

nth line of print of the 2nd invariant is numbered 20,000 t n = 0, 1, 2. . . ) 
Samples of outputs with just one invariant and with two invariants 

appear on pages 117 and 18, 



Line 
No. pH or .uf(, x Y N€3/ 2 PY Or K~ 

Sample Computer Output with NI = 1 



Line 
No. ---- 

Sample Computer Output with NI = 2 



When a problem comes to the end. that is to say when CE = NE, then 

the word END is printed below the last line of the answer sheet on the right 

side of the page. Whenever senlse switch 2 is set up to stop a problem END 

will also be printed. 

When p,, py, x. or y exceed their bounds, as set by px max = py max. 

Xrnax and Y m a x y  the computations on the problem a re  stopped and a charac- 

teristic number is printed in the line numbering column after the last line of 

answers. These numbers a r e  

00061 for pxoverflow, 
00002 for 9, overflow, 
00003 for x overflow, 
00004 for y overflow. 

In a zase of overflow the word END is not printed. 

The approximate running time for a problem may be computed from 

the following formula, 

Running time (seconds) = Ne 01 67 I,,, (mmax + 1) + O.197] 

+ .430 (no. of lines of print) 

where m,,, is the largest m for which No, and uO, a re  unequal to zero 

(i. e. the highest harmonic). 


