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1. INTRODUCTION

A program to caleulate the synchrotron radiation spectrum of the 5 GeV
electron synchrotron NINA is described in this report. The program was
written to gengrate source tables of the radiation smctrwn“) and for
use in the investigation of the properties of a diamoend crystal detac-
tcr':n . The program has since been modified to generate similar spectra

for the 2 Gev storaye ring of the Synchrotron Radiation Souzce(?'} .

The original progran differs from other programs written for accelerators
in that it allows for the correct variation of energy during the acceler-

ation cycle in the synchrotron.

The spectrum is calculated for the vertical distribution of the polarised
components in the wavelength range 0.1 A to 100,000 Jux, at operating
energies of 1, 2, 3, 4 and 5 GeV,

The method of ralculation and the approximations used for evaluatjons of
the Bessel Functions sre discussed, Flow charts for the program are also
included,

2. THEORY

The general thesey of gynchrotron radiation as stated by s«:hwinger“}
gives the power radiated by an electron per unit wavelength {centred at

A}, per radian vertically, at a vertical angle of ¢ as
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= electronic charge {e,.s.u.}
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electron energy
ec ene in the same units
moc2 = electron rest wass

¥ = elevation angle between direction of emission and the
orbit plane

Kx/a' 1(2/.3 = gecond order Bessel Functions.

In this form the expression is not suited te calculating the desired
spectra and when tramsliateg inte 5.1, units it becomss
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where H{y,A,E} is the number of photons per mh of circulating beam, per
mrad horizentally, per mrad vertically, per second, emitted within a
0.1% bandwidth. The units are as follows:

E, mg? Gev

¥ Radiang

R Metres

e Coulomb

h Joule.s (Planck's Constant}
A A

Rnowing the variation of energy with time it is possible to intsgrate
over the acceleration cygle and produce a matrix N which contolins the
spectris for the range of ¢ and k.

The two terms inside the sguare bracket in egn. (2.2} refer to the



parallel and perpendicularly polavised componients. The perpendicular
component is glven by deleting tll'se Ki 13{::} term. The program was run
twice ealculating firstly the parallel polarised component for all five
operating energies and secondly the total gpecerusm for these energies.
In subsequent analysis the subtraction of the parallel component from
the total was used Lo compute the perpendicularly polarised spectrum.

3. ‘fHE PROGRAM

The problem may be dividest inte a nusber of blocks as may be seen from
fig.l, the flow chart for the whole pragram. FEach of these blocks is

discussed in the following sectiond.

The wavelength range was from 0.1 3 to 10G,000 R and was put on a Log~
arithmic scale., The wavelength increment was one tenth of a decade so

that the full range was coverad at 61 points.

fThe vertical distribution was calculated at 60 points, from the orbit
plane (0 mrad) to 10 mrad above this. The range from O to 1 wrad was at
.02 mrad steps and From there to 10 mrad in 1 mrad steps.

Five operating enecgies were chosen at 1, 2, 3. 4 and § GeV, these belng

representative of the most Coomon in use.

3.1 Energy Variation in NINA
The energy variation is defined by the emuation

E{t) = Eprax * 672 {sin {20 £ £ - n/2} ~ 1} {3,1}

where t = time (s)
£ = accelerating frequency (Exl
E{t}

Emax = pperating energy of the machine iMev)

enexgy at time (L} (MeV}

There aze several conditions of operation which are fixed and which give

the fallowing relationships:

E{t, .} = 43.0 Mev

inj
where tinj = time at injection into the synchrotron
(g%) = 2.5 % 105 Me¥,s~l
inj
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v £ cos {(2n £ ¢ - u/2)

inj

For each operating energy the program compubes the time at injection
using egn.(3.2) and then the energy at any fime during the acteleration
ayeie may ba computed.

3.2 The Bassal Funciions
The major part of the computing time is taken up with the evaluation of

the Bessel FPunctions, To cover the argument range twé series approxima-
tions are used and the transition polnt betwsen the two is chosan to
wake the change ss smooth as possible,

The relaticnship:
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is uwsed when € ¢ 3.5. The factorials are computed by using the library
function subroutine DGR (which computes Gasma functicns in double
precision) and using the relationship

F{n) = (n = 1}!

The range of factorials to be computed is from {-2/3}! to {40 273! in
steps of 173 and the values are stored in a unidimensional array. The
values are accessed using the factorial argument times Eiares as a

pointer to the location within this array.



Using the fact that
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The serxies is Infinite but it has been ghown by other autharﬁ{ 6} that

it is guite agceptabile to sum to 40 terms. The two terms within the sum-
mation ars svaluated in double precision in order to maintain acouracy

when thay ave large and the difference ig small.

The gummation 1s done within a locp and continues to the maximum of 40
terms unless the values become negligidbly small, in which case the loop
i3 terminated.

For £ » 3.5 the following expression is used:
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rhig is initlally convergent but becomeg divergent in higher order terms.
fhe summation Joop is therefore temsinated either when the terms avre in-
significant; wvhen convergence ends, or at the maximum of 40 terms, which-

ever oowvrs first.

There is a slight discontinuity at the change from using egn. (3.5} to
erm, {3.7) but 1t does not generate sny large errors. Eguation {3.7) ls
uzed for 3.5 < ¢ ¢ 15.0 and for larger arguments the Bessel Functions
are sat to zeyo since their contribuition to any spectrum is segligibly

small -~ 3€15} < 1077,

K,

3,3 Integration over the Acceleration Cycle

As was explained in section 3.1 it ls possible to caloulate the energy at
any time during the acceleration cycle once eqn.(3.2) has been solved.
The energy is calculated at about 50 times during acceleyation at 0.2 ms
Increments from the time of injection to il ms after minipuos field.

This end point is the normal tisme at which the radio fremency acceleratw

ing field s switched off in the synchrotron.

The gpectrun for all ¢ and A is calculated for sach enexgy and the coh-

tributions from these are summed to give the total for the biassed-

ginvseldal ehergy varjation, as a spectrus time averaged owver one second,

i.e. 11mg

MW, AED = 0.2 x 10% x 53 X af{f.X,B,E) (3.8
t-tinj

where n{y,3,B5,t) = spectrum at time t.

3.4 Qutput

Because the volume of cutput is so large it was written in a catalogued
file on magnetiec disc. The f£ile contains the matrices N/ftﬁ,i.E) and
NTﬁtallwyk,E}, both of which are 60 x 61 % 5 dimepgicnally, These two
matrices then provided the source data for analysis by several other
programs sach of which was interested in some particular agpect only.
The resuolts of most of ¢his analysis have been publighed in references

(1} and (33.

4., LIMITATIONS OF THE PROGRAM

The series approximaticns give rise to some errors in the caleuwiations,
The values computed largely agree with those publishad{7's}, but in the
region of overlap of the two approximations the errors are £ 1% whereas
elgewhere the errors are < O,1%, The resulting errors in the calgulated
spactruy are at worst of the ordar of a few percent, These erroys are
only observable on the rapidly rising edqges when the Spectrum intensity
is several ordexs of maynitude down from the peak. On thes¢ edges the
figures are the result of sums involving a few terms from the large

argument approximation only and consequently the error is at its worst,

A second source of error is the treatment of the enerygy variation during

the agceleration cycle, The zerp prder trapezoidal integration {egn.(3.81}

gives rise o errors v 1% in the Integrated spectrum.



The effect of errors generated by the program is considerably smaller
than that caused by variations in the synchrotron which give rise to
variétions in intensity, orbit radius and beam size. Por this reason no

great effort was devoted to refining the algorithme any further,

5. RESULTS AND CONCLUSIONS

The results of these calculations have been presented elsewhere, the cal-
culation of the total spectrum being the first step in calculating spec-

tra for specific instruments and beam lines.
The program has generated data which have been used to produce source
tables for many general and specific conditicns in the NINA synchrotron

and the SRS storage ring.

A listing of the computer program is available from the author.
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