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1. INTRODUCTION

The synchrotron radiation (SR) or magnetic bremstrahlung QUriin
/I'T/during-travelling of high-energy charged particles (elec- 2(
trons and positrons) in magnetic fileld has already been used
long and fruitfully in high-energy physics. Synchrotron radia-
tion is a very convenlent mean to measure the characteristics
of beams in the storage rings and accelerators. Here the sensi-
tivity of the method 1s the highest achievable - the radiation
even a single electron or positron "living" in the storage ring
can easlly be observed. Especlally important is the use of the
radiation friction (caused by synchrotron radiation) which
enables the compression of beams down to very small sizes and
repeated storage of new portions of particles, which 1i1s funda-
mental for obtaining the intense positron beams. Synchrotron
rédiation leads to appearance of polarization of electeons and
positrons, travelling 1in a storage ring, which DeritS to ob-
tain the intense polarized beams of electrons and positrons.

But the use of synchrotron radiation for the generation
of high-energy beams (as well as for the observation of these
luminescent beams) in the field of nuclear physies and physics
of elementary particles does not exﬁaust by far the field of
its practical utilization. Still larger importance the use of
electron storage rings gains in their use as sources of'elec—
tromagnetic radiation ranging from the ultraviolet to hard X-
-ray radiation with an Intensity and especially brightness
exceeding by many orders of magnitude those from any other
sources currently available. The use of synchrotron radiation
during the last decade (see, for example,/s 11/) has shown
that similarly to that as experiménts with electron—positron

colliding beams supply at present a substantial fractibn of’
a1 experimental data in physics of elementary oérticlés SR
experiments already made a substantial contribution into the
development of Various branches of science (atomic and mole-

'

cular physics, physics of solid body, catalysis, material 80L= 4%
ence, biophysics). New technologiles based on the use of syn-
chrotron radiation are being developed rapidly. ' j'”
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In the paper presented here the potentials of SR sources
are characterized as well as the ways and limits for their fur-
ther improvement are considered. The main fields for the uti-
lization of thils class of SR sources are briefly consldered.

2. BASIC PROPERTIES OF SYNCHROTRON RADIATION

2.1. Qualitative Characteristics of Synchrotron Radlation of
Single Electron

Let us considér the radiation of an ultrarelativistic
electron ( /7= E/MCS:))/ and in the case of‘ interest even
jr>ﬂﬂ?where £-1s an electron energy and mei2 0.5 Mev. - its
rest energy), travelling in some magnetic field (of a complex
configuration) near a closed trajectory. Just this situation
is_characteristic of the cyclic accelerators and storage rings
of interest to us.

Let, for a sufficiently long portion, an electron trajec-
tory be close to a circle of radius R (Fig. 1). Then the ra-
diation will be concentrated near the orbital plane (the major
power 1s concentrated in an angle of the order ¢§2‘~'§4?° )s
The radiation reaches the point of observation located 1in this
plane along a tangent drawn to the trajectory from this point.
The length of trajectory portion providing the main contribu-
tion to the radiation power at the selected point of observa-

tion will be of the order
F3
140::.39.:’”0
e

where € 1is an electron charge, A is the magnetic fleld at

the point of radiation.

The electromagnetic wave radiated by an electron whlle
its single pass will arrive at the point of observation in a
form of electric and magnetic field burst having its length of

the order
2
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where ‘i}is the velocity of light, K:bfis an electron velocity.
the radiation spectrum will have 1its maximum

Correspondinzsly,
at a wave lensth
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Note, that the angular divergence of the radiation ¢’~34}‘
at a wave ’ength,A-£vGr3 corresponds to an "effective"
th

transverse size of e source being in the order of magnitude
equal to 1?

A{g NA/X e F

The electric and magnetlc field at the burst maximum will

be ,,‘ﬁjr%é
é:ﬂubr 3 oD

where D is a distance between the point of observation and
the point of radiation. Correspondingly , the energy flux den-
sity radiated by a single electron in periodic motion, esti-

mated as a time averaged value of‘CEz/A{!f (L is the veloclty
of light) will be equal to

Z,
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The enercy flux densityJ(f determines the sample illumi-
nation at a distance Z? from the point of radiation.

The total radiation intensity in all directions is

% ,,2
A 2
P=7,S =S5

Z 2

where S’D/f is the total area of regions illuminated by

normal incident synchrotron radiation and located at a distance
27 from the point of radiation.

Another 1important characteristic is also the guantity de-
termining the energy loss of an electron per one revolution.
If the magnetic field i1s constant in regions of radiation, the
energy loss per one revolutlon 1s

_4Fe K7 19-474‘3‘ ?
AW = e E® g/

The total number of quanta of all enerzies radiated by an
electron per one revolution is egqual to

2
v AW Ae _ 2Te
i 3o T
e ke
where }E 1s the Plank's constant and cif =-1/3137 483 the fine—
-structure constant.
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For an electron single pass the radiation spectrum at the
point of observation will naturally be continuous. For the wave
length region of our interestrdi‘fn an electron successive
bassages are uncorrelated 1n practical cases and the spectrum
for thls wave-length region for "periodic" motion of irradiat-
ing electron remains to be continuous. The radiation intensity
in the long wave-length part of the spectrum f‘or-/i ?ic. drops
slowly as (Ae //'. ,_)I/" » and in the short wave-length of the
épectrum‘for.ﬁudzic a rapid exponential drop 1is observed

~JAejq exp /- Ae/A ).

One should note, that an angular divergence of radiation
with Ji,>“lc is determined by the energy value at which the
radiation had its maximum for this wave length F%k,: ;é?} p
where /;':/‘e//ir) ’/J, and therefore, WA ,.,//?_//e)f.?

The range of angles at which a single electron radiation
arrives at the point of observation, after averaging over time
can be characterized.by intrdducing an "effective" radial size

VAP N’esﬁz

equal to

In the vertical direction the situation is more compli-
cated: 1if the observation point 1s in the orbital plane, the
interval of angles of radiation arrival at the point of obser-
vation 1s zero; with the deviation from the plane it increases

linearly and corresponds to a vertical size

ijz ~ RYy :é-

g 7

where/£ i1s the deviation from orbital plane, 29 is a distance
between the observation and radiation peoints, 921 is an angu-
lar divergence of SR at wave length /i. Since the major power
is irradiated at a vertical angle f/z-'-'-% . thae "effective"

vertical size turns out also to. be equal to /@VQ
The electric fleld iIntensity vector at the cbservation
point lying in the orbital plane is percendicular to the tan-

gent drawn from the observation point to an eslectron trajecto-

ry and lies in the orbital plane; the wave magnetic fleld is

perpendicular to the plane, 1.e.
plane is linearly pclarized. If the observation polnt is out-
the radiation tezcmes elliptically po-

the radiation in the orbital

side the orbital plane,



larized. The rotation direction for radilation fileld vectors
colncides with the electron rotation directlion seen from the
point of observation. Therefore, on different sides of orbital

plane the radiation has its left and right elliptical polari-
zation.

2.2. A Study of an Electron in Periodically Alternating
Magnetic Field along the Trajectory

The magnetic fileld may not be constant along the electron
trajectory. Quite an efficient way to enhance the SR intensity
is to install the magnetic "snakes"/12_15/ producing a sign-
-alternating periodic magnetic field wilth a period.i,on the
trajectory portion of a length ASN':/VJ-Q (A 1is the number
of periodicity elements) (Fig.2).

The field in such a "snake" has 1ts simplest form as

follows:
- 2E
HIS) = He Sirnn 37 Fa S :
: o
Regardless of the "snake" parameters and electron energy
the energy loss for electrons in the "snake“dldéx, is defined
exactly in the same way as that when passing the length A&v

in magnetic field A
4
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The spectral and angular distribution of radlation from
the "snake" depends essentially on the ratio between the maxi-

mum angle of electron bending in the "snake" magnetic fileld
J{g i .ia'elqb
Ao = Z7 & " 277
and radiation angle of electrons from the single magnet Vﬂz ~

-~ c‘%*. Usually, this ratio 1s characterized by the so-called
undulator parameter

/T': a{;&7ﬁz

Jia éf/?;
20 et

>

which just determineés the "snake" operational run.

2.2.1. Undulator Xlode

At low fields /64‘uf the transverse motion of electrons

in the "snake" in non-relativistic and the value of an elec-




tron longitudinal velocity modulation during its motion in the
"snake" can be neglected. An electromagnetic wave, irradiated
by an electron for its single pass of the "snake", arrives at
the point of observation located alonZ the "snake" axis in the
form of bursts of electric (magnetic) field spaced in

time b
¥ el /10 .ﬂ,g
' Uy c
(where bﬂ 1s an electron velocity along the "snake" axis).
Due to the curved trajectory in the '"snake" the electron lon-

gitudinal velocity along the axis.g will be equal to

2
WI =V//_%g} s therefore

Ao Ao /’
sz/f—%-f)_f 2/"6// /

Correspondingly, at the polnt of observation on thens -axis

the radiation is detected with a wave length
2 2
il o/.,/')_/?o//fﬁy
~/20fra/- 1€ = 2 ';_/»Z -7 "

The source of radiation is moving with a velocity Q;COSCQ

to the point of observation located at an angle with res-
pect to the "snake" axis. At this point the radiation 1is detec-
ted with a wave length

z 7w +/' 285 )

In the undulator case, the radiation monochromaticity 1s

determined by the lencth of wave train and correspondingly by

the number of irradiators

An angular diverszence for undulator radiation at zeroth

angle 1is }V;TJTZiZ;W
4 Y62 ~ A Yor =) S bund "

£ undulator radiation corresponds
the source beins equal to

This anrular diversence ¢

to the "effective" transverse size of

A/f ”A/,r ~ YA Lurd




The total number of quanta irradiated by an electron
during 1ts pass through an undulator-is

AWsn Aund 7 2
Nf(llfc‘{: ;-A; B ~/37 /V/O("’/)

An axial radiation of the undulator with transverse mag-
netlc fleld 1s llnearly polarized, and axial radiation for the
undulator with helical magnetic field is circularly polarized.

2.2.2. Harmonics Generation Mode for Undulator Radiation
(K27 )

With the 1ncrease in the "snake" magnetic field the va-
lue A grows, an electron transverse motion becomes relati-
vistic, the electron longitudinal velocity modulation along
the "snake" axis becomes substantial. In this case the undula-

tor radliation harmonics appear in the spectrum of radiation
Cfmadan 3. ... )

The parameter A determines the relation of two time
value characteristics for radiation from the "snake" at a
large fleld.

The first time value 1s the burst duration of the elec-
tric (magnetic) field from a single maznet, which 1s detected

by an observer
/72C

JfeHo
The second time value 1s an interval between bursts of
electric (magnetic) field, irradiated from nelghtouring mag-

nets 2 i
Ade{_,/—-/-sz/f*‘f“*/ B

The ratio of these two values

A Tew ™~




Just determines the number of harmonics providing a substan-
tial contribution into the total power of radiation from the

"snake" (see Fig. 7).
2.2.3. Synchrotron Mode (A>>1)

Within the range of large magnetic fields (A>1) the ra-
diation characteristics from the glven part of trajectory are
determined by the trajectory local curvature. The SR flux cha-
racteristics at the.point of observation are obtained by summ-
ing fluxes from different parts of the tréjectory.

The use of "snakes" at A>> 1 can be useful for the solu-
tion of various problems related to SR generation:

- obtalning the harder X-ray SR beams at a given electron

“energy 1in a Storage ring due to the use in "snakes" of super-

conducting magnets with a field of up to 120 k8e;
- an increase in the power and brightness of X-ray SR
beams when using the multipole "snakes" (AN = 50 - 200).

2.3. Coherent Synchrotron Radiation

If in a storage ring there are A/{tr-avelling electrons,
then in the standard case of currently avallable storage rings
the relative positions of electrons one can consider correlat-
ed only with an accuracy to the length of bunches of electrons
(on the order of 1 c¢m or larger). In this case, the radiation
in the short wave-length region interesting to us is incohe-
rent and energy fluxes of individual electrons JT, are just
summed, 1.e. lr =/¢Q_Z} . Though, §f electrons are bunched
even on a short section of an orbit into bunches of a length
10-0.1 micron, then in a visible and ultraviolet part of the
spectrum the radiation will be coherent and energy flux from
Aé electronsiay=4425will be by a factorldé larger than that
for usual synchrotron radiation. Taking into account that A
1s very large (of the order of 108-1011) the problem becomes
qulte interestincg. The zoherent SR was extensively explored
in the 1950-s. Though, the invention of laser on the one hand,
and poor parameters of electron beams atthat time, on the
other hand, stopped the development of this work. The genera-
tion of coherent radlation in the infra-red recion with the
help of the "free-electron laser" (undulator surrounded by op-
tlc resonator) installed on the beam from linear accelerator

/167 stimulated the attempts to consider the possibilities for




bunching electrons in storage rines into the btunches of 10 -
- 0.1 loneg. The idea of "Optic Klystron" /18/ enabled one
to obtain the coherent radiation at currently avallable storage

rings for the wave lengths ranging from infra-red to ultravio-
let/lS/

2.4, Quantitative Data on Synchrotron Radiatlon Properties

In this section in a form convenient for practical calcu-
lation we shall present basic formulae characterizling the pro-
perties of synchrotron radiation of electrons from bending ma-
gnet of the "snake" and undulator. In these formulae we used
the following main parameters: £ (GeVYy = energy of electrons;
I/a,)= Ty lo—lg/Vefo s™! - the storage ring current (Ap is
the number of particles,f& is the revolution frequency); /ég&g)
is the magnetic fleld at the radiation point; /?/N)ﬂ-/—-g—a%&.%s
is the radius of curvature of electron trajectory, D/a) is a

distance between the radiation and observaticn points.
2.4.1. Radiation from Bending Magnets

The characteristic wave length of synchrotron radiation

_ 559Rm _ 186, %

—

4 E3gev | HdbsE Gov

The characteristic energy of SR quanta

3 & 2
=227 f/eﬁe!/ = 4 65 - 70 zfgey//zé’s ,

SR beam power is a power of synchrotron radiation summed

£C KelV

over all wave lengths, integrated over vertical angle, per
milliradian of radial angle

741 Egevla
/9J~7ufra4{" sy

3
=:£?6K3544¢%5553V42;. .

Flux of quanta 1s the total number of quanta of all ener-

zies radiated by electrons per milliradian of radlal angle:

- 3 l?
/Vz photons/s mrad 1.3 10 EGe‘J'Z'a-

Illumination is the SR beam power summed over all wave

lengths per 1 mm2 arez 1In the orbital plane located at a dis-

tance Z) from the point of radlation
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Zs w/mr? =

Spectral power (spectral flux of quanta) 1s a power
(flux of quanta) at a given wave length A

within the rela-
tive wave-length interval 4/?'//1

<
PlAD) ) =485 6evia LA/ A:) 44
5 - ./aAf A

W (A Jphotons [s mrad =246 - 10" Ebe 2, 17 [ Vde )

a4
4 7

whére 7/"{//24-) 1s a universal spectral function (Fig. 3).
For J/dc>>l and A//I¢<<l one can use simple formulae:

. 7% Aar V73 4 A
/V/A) photons/s mrad - 433 70 24 /{4-/ j_- /j‘:">>/)

y e de ) 72, 444 4
/V//'-) photons/s mrad - 304 70 4 E&V/T} &€ 2—- 4—:(45

Angular distribution. An angular distribution width of
radiation with f~A,

¥

%c(mrad) = J27% 5;-

Ci; i1s an effective root-mean-square angle of radiation di-
vergence 1in vertical plane

5;’:0.32 ‘)/x/’{‘l'

Lbev
D/ '
where ///Ck is a universal angular function (Fig. 4).

= A=4Ae é; lmfaa’ =032/ Fser
7
Jl >>¢£c 6;’/;7/-@_4/ = 536 //’///C) —/_/fé'el/

/! V 3%
A2y B =827 S/ de] ZF e

The form of radiaticn intensity dependence of an angle
value 1s also a function of parameter /L//fc; three characteri-
stic dependences for "l//fc = (0.1; 1y 10) are given in Fig.5.

’

Spectral illumination is 2 power (photen:flux) at a given
wave length A in a wave-length interval Ai//l fer-a-1'mm"

ot

10




area located in the orbital plane at a distance L from
the point of radiation

Elleviy '3 .A*i
—Z:lw/nw"':zgp A7 A//)

£5y..
-ZhjaéoZaqgﬁmwﬁs=f7f3:3°/0 o s /é//’/CXC ___.!

where;é/c¢CL)is a function which takes into account the spect-
ral characteristics of radiaticn intensity and angular distri-
bution (see Fig. 3).

Polarization. Degrees of linear and clrcular polarization
defined in the usual way

/D ./,4 =2/—/:f'-2_—:.
ﬁf,,f-.?}’ 7o v

(where.z; and _Zl the intensities of radiation polarized paral-

)72

lel and perpendicular to the orbital plane, having a phase
shift of ¥ %?-, are functions of the wave length and vertical
ancle. Fiz; 5 shows zanzular dependences of_Z; ,Ji;,./9 and éa
for three values of 4/3k = (0.1; 1; 10). In the orbital plane
(¥=10) the radiation is completely polarized linearly (R =

= 0); in the case where F7792;the radiation 1is polarized
elliptically 90-'Od2"l). For the given wave length the radia-
tion linear polarization degree averaged over vertical angle

i SplA, ¥ ) v
£ /A//x: w) d¥

is a universal function of A/‘Ic plotted in Fig. 6. In the
case when./{>>./fc , We have /5 = 50% and in the other 1limit
case where A £<Ae , we have /0— = 100%. If the radiation in-
tensity is integrated over all wave lengths and vertical an-
gles, the intensity of radiation with polarization parallel

to the orbital plane turns out to be 7 times larger than that

o
19

with perpendicular polarization. Therefore, the degree of 1li-

near polarization averazed over all wave lengths and angles

- -

=

n

=]
p=l

no
¥ —
.
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Undulator Radiation (A2 1)

Undulator parameter

-~
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bending angle of an electron in the ficid of undulator j7~=
= 1957, f%gyis relativistiec factor,féé is an amplitude of un-
dulator field, Jio 1s a period of variation for the undulator

magnetic field.
Radiation wave length along the undulator axis

1306 - Ay o 2
Ji' = - n ~ /,;;éi_
i e

£ 1s the number of harmonics.
Corresponding energy of photons is

fé:/'é
- = 0 950 .
d?ﬁtﬁ’ / b /rj4é

Radlation monochromaticity of £-th harmonics from the

undulator is A-/?- A£ 7
A =
A & LN

N is the number of undulator periods, /o =A//{a is the undula-

tor total length.
Beam power of undulator radiation

pw=£'33££¢‘/ﬁ/;' me.z; » jéff%eV/an—Z:f/'Zv Sm7

Spectral power (spectral flux of quanta) of undulator
radiation for £ -th harmonic along the undulator axis within

a2A

the interval <22

Q244 5%
’Q“.-—"W ='___/V—/42'//€)'-—AJ{
484/, AQ ' Z 1
7 A
Na; pholons =/.43-/0"’-/1/-_14f£//‘-’/ i ’
Ky Aacéi

where g;ﬂ@hs a spectral function for different harmonics

(see Fig. 7).
Angular distributicn of £ -th harmonic

rzdiated alonz the
undulatcr axis

! 7/14 % a7 }/*X%
Cé: L 2N

mrad o ZaﬁeV
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[,:“/V/Io is an undulator total length.
Spectral 1llumination is a flux of quanta on £ -th har-
monlc within the interval AA//L for a 1 mm'2 area located on

the undulator axis at a distance D from the point of radia-

tion
2 & -
. /
Ly photon = 39 10" N Lberds 4 fc)ad
mms sA A

where A[,&) is a spectral angular function for different
harmonics (see Fig. 7).

2.4.3. Radiation from "Snake" (£>>1)

Due to variation of magnetic field along the "snake"
axis (///.S')-':f/p('os _2_.27'.5‘_ ) the characteristic wave length
of SR from the "snake" dgpends on angle @( @ is an observa-
tion angle with respect to the "snake")

A (B) = Aef0) jf/‘?“
Ec(8) = Ec(0) o8 8

796, 4 DIREN AT EE A o
where /Ic /0/4' = P . Efgey » &'zel//) 4 Gey Prby,
CxGs

and iz B = 0/0(, ' /O/o "4777'/5)’ KHebs Ao 1
_/5 ) = et
is an electron bending ancle in the "snake" magnetic f‘ield.)
In order to find out the SR beam characteristics along
the "snake" axis (power, illumination, spectral power and
spectral illumination) in the corresponding formulae for cha-
racteristics of SR beam from bending magnets the right-hand
sides should be multiplied by a factor 2 N (N is the number
of "snake" periods) and # should be replaced by the value
of the "snake" magnetic field amplitude A =Ko . And for
finding out the SR beam characteristics at an angle @ with

v

fol

6,

ect to the "snake" axis, cne should replace // by the
M = Ho C&:s/d

(where S(,'n/@: Q/o(o -

(9]
e

H
O
=
-

wing value
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3. EFFECT OF ELECTRON BEAM PARAMETERS ON THEE CHARACTERISTICS
OF SYNCHROTRON RADIATION FLUXES

Spectrum 78/ being equal to the number of bPhotons radiated
Per unit time from the Source unit area into a unit solid

angle 2 /Vﬂi)

where /V//!) 1s a spectral flux of photons from radiation sour-
ce, S is an area of radiation source, .f? is a solid angle
of a source.

; The brightness depends eéssentially on the size (éﬁ;g ]
and on electron beam angular spread (éQ;g). Since

6;,2 3 &tﬂf e Exf'a

where fx,a is an electron beam phase volume, the most impor-
tant condition for the brightness enhancemeﬁt is the minimi-
zation of a phase volume of an electron beam which in an
electron storage ring is determined by equilibrium between the
quantum excitation and radiation damping.

In addition, for obtaining the higher brightness of a
Source the magnetie Structure of an electron storage ring
should incorporate the Straicht sections sufficiently long
for installing there the "snakes" and undulators. On their
azimuths an electron beam should have its transverse dimen-
sions and angular Spread optimal for installing the "snakes"
and undulators. In the centers of straight sections

e F Y Ex e
Cﬁ;dg f/zgég L/éa;e ’ CQ§:? ¥ JEE:;' p
where/dxzis an effective focal distance of magnetic system.
the source, for

Takinz into account a2 large length of
the effective transverse dimensions of beams from "snakes"

and undulators we have i
Fl < ¥
Pa s =//é::=? +/ AL #Bral®)

An angular diversence

dulators is determined by the radi tion aneular diverzence and
n

3
2 beanm
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Therefore, for optimizing the strong field "snake" para-
meters in favour to maximum brightness one should compress
the size of an electron beam at the point of the "snake" loca-
tion by reducln%/3xzat the point of radiation as it 1s done
at interaction points for enhancing the luminosity of collid-
ing beams (stralghts with a lowJ/s —function); it 1s reaso-
nable to reduce the size untll an angular spread in electron
beam exceeds an angular divergence of synchrotron radiation.

Taking this into account at the place of "snake" location
we should have

ﬂzf; ;:; ASN

The efficiency of "snakes" in undulator regime strongly -
depends on an angular spread of electeons 1n a beaﬂ For ob-
taining the beams of undulator radiation with“// ‘iE;and
brightness éﬁﬂﬁf’"/v’ (N 1is the number of undulator perio-
dicity elements) one has to provide alcng the entire undu-
lator length the radiation interference condition from elec-
trons having an angular spread C;a;z

B Ji na
éam/'&zz % 7‘-:_—

This leads to the following requirement:

Aund Lurnd
gxaé—— ;

Z /5x,£-

Correspondingly, the sections designed for installing "snakes"
should have 1ar;%/5kz function. It is interesting to note,
that an ultimate brichtness of a source is achleved in the
case éﬂ;z‘&(. In this case, the whole flux of quanta from
undulator has a spatial coherence.

The requirement to minimize the phase volume é;;e and
to obtain optimum characteristics of magnetic focusing system
of. storage ring Jj}g) at the same time determines the storage

ring structure. It 1is characteristlic that rezardless of the
structure an electron beam phase volume 1is determined by an

enercy and one Zeometriec characteristic - bendinz angle .yZW
/20/

in dipole. magnets superperiods

<
é?x/wdn A'é;dtyan




In 'the storage rings - dedicated SR sources - additional-
ly to the solution of problems of brightness enhancement one
should envisage the possibilities of a more complete use of
other SR features.

For example, SR beam output from the region where its
vertical size 1s expanded and an'angular spread of electrons
in a beam is reduced to the value substantially less than the
SR divergence (section with largeJx?-JMnction) will enable
one by using geometric diaphragming of SR beam to separate
the radiation with a high degree of linear and circular pola-
rization not only in the vacuum ultraviolet reglon, but also
in the region of hard X-ray radiation.

. .In order to obtain the time modulation for SR intensity

in a wide range of times (10"11+1 s) in the specialized source

of SR one has to envisage:
- a special system of synchronization in order to provide

the storage ring operation either in the single-bunch mode or
in the mode of n-bunches, following in a time interval A.Z'=
=7761 ( 7 is time of particle revolution in a storage ring);

- RF system allowing the bunch lengths of 0.1-1 ecm.

For the development of electron storage rings - specializ-
ed technological sources of synchrotron radiation the proper-
ties as the simplicity, reliability and low cost are becoming
very 1important. Such storage rings actually can be much simpl-
er than those currently existing sources. Althouzh the sources
of X-ray range (wave lengths of the order of 1 A and shorter)
will remaln large installations and it is reasonable to design
them for large scilentific centres. 5ut_thg source with its up-
per limit of irradiated spectrum of tens A is quite an accep-
table source for some institutes, large laboratories and in-

dustrial plants.

4. ORGANIZATION OF WORK AND SET UP OF EXPERIMENTS WITH
SYNCHROTRON RADIATION

Modern studies with the use of synchrotron radiation are

carried out 1in national centers of synchrctron radiation based

elther on electron-positron-storase rinzs desisned for experi-
specialized

equipped with

ments in physics of elementary particles, cr cn
storage rings - SR sources which,as a rule, are

special "snakes" and undulators. There are five such centers

" “ nr L ~ 1 o R . O \
in the USA (Stanfsrd, dadison, Washin~--zn, Tornell, Ernckhaven)
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There are six national centers in Europe (Hamburg - FRG,

BESSY - West Berlin, ORSAY - France, DARESBURY - Great Britain,
FRASCATY - Italy, LUND - Sweden), four centers function in
Japan (Tokyo, ETL, Okasaki, Tsukuba).

Large SR centers are under construction in Berkeley and
Argonne (USA), Dortmund (FRG), Triest (Italy) and large SR
center is under development in Apuhi (Japan) for the use of
SR in microelectronics.

The main research with synchrotron radiation in the So-
viet Unlon are carried out at the Institute of Nuclear Physics
of Siberian Division of the USSR Academy of Sciences on the
base of whiéh the Siberian Center of Synchrotron Radiation
has been created and at the Institute of Atomic Energy named
after I.V.Kurchatov where Moscow Center of Syhchrotron Radia-
tion is created on the base of electron storage ring "Siberia-

-1". The organization of work on the base of SR Center has
substantial advantages due to uniting the efforts of many in-
stitutions for the development of the required equipment, ex-
change of experimental experience between various groups.

At the Institute of Nuclear Physics of Siberian Division
of the USSR Academy of Sciences there are three storage rings -
the SR sources within the range of vacuum ultraviolet and
soft X-ray radiation (VEPP-2M) and in the range of hard X-ray
radiation (VEPP-3, VEPP-4). Experiments with synchrotron ra-
diation are carried out by a great number of experimental
groups from various institutions of Novosibirsk, Moscow, Le-
ningrad, Gorky, Sverdlovsk, Tartu and other cities of our co-
untry and also from abroad (DDR, Hungary, CSSR, India, France).
The Institute of Nuclear Physics is involved in setting up
various experiments with synchrotron radiation relating to
the SR source, the use of modern physical equipment, automa-
tion and computer control of experiments, development and ma-
nufacture of various detectors, svectrometers etc.

The experimental installations are supplied with synchro-
tron radiation from the storaze ring throuzh the specilal
channels. For the work with vacuum ultraviolet or soft X=-ray
radiation these channels connect directly the storage ring
vacuum chamber with vacuum chambers of various experimental
installations. X-ray radiation can be put out along the chan-

nel directly into atmosphere thrd. AR TERAICA with berilium
HuctatyTa sinepue E

O |




foill.
One of the main elements of experimental stations is a mo-

nochromator. The crystals, multilayer structures, Frenel zone
plates, diffractlion gratings are used as monochromators.

Behind the monochromator the radiation reaches the sub-
Jject of a study: crystal, protein, muscle, catalyst, rock, po-
lymer, metal, etc. The subject studied 1s usually located in a
special chamber which allows to maintain necessary conditions
] during experimental run ( temperature, préssure, special medi-
um, magnetic or electric fleld, ete.).

The study of interactlion between the radiation and the
subject supplies varlous information. There are many methods
allowing to define the spatlal location of atoms and molecules
in a substance, to detect minor admixtures of other elements,
to measure characteristics of electron levels and their excilt-
ed states in atoms, to find out the defects in crystallic
structure, to measure the distribution of electrons density,
ete. The methods are based 6n the study of spectra of absorp-
tion, reflection, fluorescence, photoelectron emission. For
erystal structures very informative is the measurement of an-
gular distribution of the diffracted or diffusively scattered
quanta.

Therefore, the next important part of experimental sta-
tion is a detector which enables the detection both of the
primary flux of quanta interacted with the subject under study
and the secondary radiation (fluorescence, emission) excited
by incident primary flux of quanta. Depending on the experi-
mental requirements the detector should measure with a high

accuracy fluxes of gquanta, their energy, spatlal distribution,

and have a high time resolution. The use of synchrotron radia-
the development of new equipment adequate toO
photofilm was successfully used

tion required
the source. For example, X-ray
in the work with X-ray tubes for the detection of diffraction

pictures, in medical diagnostics. An efflclent use of synchro-

n these and similar experiments became possible

tron radiation 1
with the development of fast-action detectors, varlous sys-

tems of visualization allowing the fast detection storage and

reproduction of the data obtailned.

As a rule, each experimental station has an el

set which in combination with computer is used for the auto-

ectronic

mation of experiments. T



For the study with synchrotron radiation performed at
11/

INP/ the followlng experimental stations have been used.

X-ray lithography. There are five groups involved in the
studles on X-ray lithography. The used equipment comprises
two X-ray lithography stations, device for matching in verti-
cal plane, lithography technological section, and scanning
electron microscope. Their experimental capabilities are the
following: testing of resists, patterns, optimization of X-ray
lithography technique, testing of the matching and thermal
stabllization systems, improving of the technology of monolay-
er and multilayer X-ray lithography.

Ultra-soft X-ray spectroscopy. There are 6 experimental
groups taking part in the work. The used equipment is: a mono-
chromator RSM-500 covering the wave-length range A = 300435 R
with diffraction spherical gratings of 2 and 6 m radius (600
and 120 lines per mm), full external reflection mirror for the
suppression of highest-order reflections, a set of sample cham-
bers and detectors. Examples of research work can be: the stu-
dy of absorption and excitation spectra of the luminescence
of lon crystals, the study of the fine structure of absorption
edges of complex compounds by the yield of Auger-electrons as
well as the measurement of reflection coefficients for X-ray
multilayer mirrors.

Time-resolved VUV-spectroscopy. The work is performed
by 4 groups. The experimental equipment used is: a monochro-
mator based on the fllters with A/i-"' 30 R for luminescence
excitation monochromator MDP-2 for measuring the luminescence
Spectra and a dissector-based detector operated in the stro-
boscopic mode with a time resolution above 100 ps. The experi-
mental posslbilities of the station are: the study of fast
fluorescence with a time resolution in a subnanosecond range,
the detection of instantaneous luminescent spectra.

VUV-spectroscopy. Seven groups are involved in this work.
The equipment used is:a Wardsworth-scheme monochromator, which
covers the 300+5000 R wave-length ranze, with a spherical dif-
fraction grating of 2 mm radius /600 and 1200 lines per mm),

a set of sample chambers and detectors. The examples of stu-
dles are: the study of zone structure of semiconductors and
the semiconductor-dielectric structures, finding out the va-

lence electron densities in semizonductors, measurement of
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optical constants of semiconductors and compounds, absolute
calibration of photomultipliers and photoelements.

X-ray microscopy using beams of undulator radiation. The
equipment used 1s: the lithographic station, electron scanning
microscope. The brightness and the spatial coherent region of
helical undulator radiation have been measured. The possibili-
ties of a contact X-ray and holographic microscopy are stu-

died.
Photoelectron spectroscopy. The equipment used 1is: a

grazing-incidence grating monochromator covering the 20-20002
range, a photoelectron spectrometer. In the studles two expe-
rimental groups are involved.

Trace-element analysis. The work at the experimental sta-
tion 1is performed by 15 groups. The'equipment used 1is: a
single-crystal focusing monochromator with‘4’$4&“l% (it co-
vers the 5-100 keV energy range), a sample chamber with a scan-
ner, a semiconductor Si(Li) and Ge detectors with an energy
resolution of 200 eV and 170 eV, respectively, and fast spec-
trometric equipment. This experimental station permits to per
form, an express multi-element analysis of substances with
concentrations of 10_6 g/g and geo-chemical analysis of ores,
moon ground, meteorites with a sensitivity of 10'8 g/g. The
examples of studies: a search for new ore deposits, technolo-
gical control of products of metallurgical plants, analysis
of the ocean deposits, microelement analysis for biology and

medicine.
X-ray topography and diffractometry. The experimental

station is used by 9 groups. It is equipped with a goniometer
for the "white" X-ray topography, a monochromator for X-ray
topography using the monochromatized SR, a diffractometer, a
set of sample chambefs and detectors. The experimental possi-
bilities are:the visualization of the defects 1n crystals
within the 0.1-2 R range with a resolution of about 1 m on
photoemulsions and 20-50Jﬂénnon TV-tubes, the recording of
X-ray topographic pictures by video tape-recorders, obtaining
the sectionalized topograms of perfect crystals, staheometry
of heavy elements in solid solutions by an integrated reflec-
tion coefficient. The samples of research work performed at
this station: the study of KPT crystals, phase transitions in
ferroelectrics, production sorting of natural minerals, ex-
press-topography of semiconductor crystals for electronlc in-
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dustry, a study of the defect structure of complex crystals,
the phase transitions in them, a study of the contrast mecha-
nism for X-ray images of the defects in garnets.

X-ray diffraction cinema. 19 experimental groups are in-
volved in this work. The experimental station is equipped
with the single-crystal and two-crystal monochromators cover-
ing the 3-40 keV range, the one-dimensional and two-dimensional
X-ray detectors,a set of sample chambers allowing the experi-
ments in a wide range of temperatures, pressures and mechani-
cal tensions. The experimental possibilities are: a study of
the kinetics of the structural changes in the objects with a
time resolution exceeding 1 ms. The examples of research work:
the study of phase transitions at superhigh pressures, the
study of the destruction dynamics in metals, three-dimensional
strain measurement, the study of chemical reaction kinetics
for SES-processes, structural transformations in solid-state
materlials during chemical reactions, melting and crystalliza-
tion processes. ‘

EXAFS-spectroscopy. The experimental station. is exploited
by 13 groups.The station is equipped with a double-crystal mo-
nochromator with 4*‘-//1 ~2_10-l&’ ionization chambers for moni-
toring and a set of sample chambers. The experimental possibi-
lities are the following: the absorption EXAFS-spectroscopy,
fluorescent EXAFS-spectroscopy. The examples of research are:
the study of the structure of amorphous semiconductors and
metallic glasses, the study of structural homology of Ca-bound-
ing proteins, coordiantion of compounds in solutions, the stu-

dy of metal clusters (layed on oxide sub-layers), various ca-
talysts.

Small-angle diffractometry. There are 3 groups at the ex-
perimental station. The station is equipped with a single-cry-
stal monochromator, small-angle chamber, X-ray detector, and a
set of sample chambers. The experimental possibilities are:
the studies of the structural changes in cbjects with the
Structures up to 1000 A with resolution higher than 1 ms,
small-anzle diffusion scatterinz. The example of Investizations:
a study of dynamics of structural changes in muscle with the
Stimulation by paired electric pulses.

iledicine and X-ray mlcroscopy. Three gzroups are involved
In this work. The experimental staticn is equipped with a A
fast-tunine double-crystal monochrcrz-or covering the 3-0.2 A
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wave-length range, ionization chambers, scintillation detec-
tor and under the development are a new super-fast one-coordi-
nate detector and scanning mechanism. The experimental possi-
bilities are: Scanning differential X-ray microscopy of bio-
logical objects, examination of the pathology of the human
circulatory system. The example of investigation: scanning
differential X-ray microscopy of lymphatic nodes contrasted

by thorium.
- 5. CONCLUSION

At present the synchrotron radiation already opened up
new possibilities for a wide range of research. The studies
are under way which will enable one to change drastically the
new technologies.

The rapid development of national programs for the use
of SR in various countries proves the 1lmportance of this di-
rection which is revolutionary for many branches of science

and technology.
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Fig. 1. Synchrotron radiation - geometric scheme, designations.
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Fiz. 2. Radiation from periodical macnetic structures - geo-

metric scheme.
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OPTIMIZATION OF THE LATTICE OF A STORAGE RING - SR SOURCE

V.N.Korchuganov and E.B.Levichev

Institute of Nuclear Physics, 630090 Novosibirsk, USSR

The possibility to optimize the lattice parameters in de-
dicated storage rings - SR sources is discussed with a view to
reach the best conditions for the extraction of radiation from
a magnet, a wiggler, or an undulator. An influence of strong-
field wigglers on beam dynamics is considered.

The technique intended to increase the spectral bright-
ness of radiation by minimizing the beam emittance is described

and the expressions for minimal emittances of the commonly used
lattices are given.

1. INTRODUCTION

Among the requirements specified by experimentors to dedi-
cated SR sources and mainly determining the lattice there are
- an obtaining of a large flux of photons in a wide spectral

range (from fractions of an angstrom to several thousands of
angstroms);
- generation of SR beams of high spectral brightness.

The first requirement can be met with the use, magnets in-
cluded, of such insertion devices as wigglers (short-wave spec-
tral range) and undulators (bright beams of VUV and soft X-ra-
diation) for which long straight sections with optimal, for these
devices to be mounted, lattice parameters.

The second requirement is identical to an obtaining as low
emittance as possible that imposes quite definite constraints
on the behaviour of ‘ﬁq; and W in magnets.

Optimization of _P,_ : ,Pz and ?@t to achieve the best
conditions for SR generation coupled with the requirements cha-
racteristic of accelerator physics: flexibility, range of the
lattice tuning, necessary dynamic aperture, etc., specify the
lattice fairly unambiguously.

2. OPTIMIZATION OF LATTICE PARAMETERS/1/
2.1 Radiation from magnet

For the polarization of SR from bending magnets to be con-
served, the divergence of the electron beam in the vertical di-
rection should be less than the natural angular divergence of
synchrotron radiation that gives the magnitude of };Z_at the
point of SR extraction:
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p=> T o (2.1)

where E:ZL is the vertical emittance and X is a relativistic
factor. The value of 'ﬁaa is determined by the necessity to
minimize the horizontal emittance &£z .

The dispersion function and its derivative must not great-
ly contribute to the horizontal size of the beam, because of

radial-phase oscillations:

@&
A (2e%:2)
sdncy {ipga B8
M= = Be/e (£= p=)
A
{ 72
1% < e (E=/5%) (2:1.)

2.2 Undulator radiation

For the generation of high brightness SR beams from an un-
dulator it is necessary that the angular divergence of the el-
ectron beam, in the straight section intended for the installa-
tion of the undulator, be less than the natural diffraction di-
vergence of the radiation. This gives ;

F Ex,z L
ﬁz’z 2’ —_—'Xt'—'—" (2-2-1)
where L is the undulator length, %i, the wavelength, and
Py s the radiation harmonic .

This condition has been obtained under the assumption that
the energy spread does nﬂt contribute to the angular divergence,
i.e. Qﬁt = const and ?@L_ = 0. It is desirable here that the
main contribution to the horizontal size of the beam be given

by betatron oscillations

Y,
A -
7”‘ < 5/ (22}2) (2.2.8)

2.3 Radiation from wiggler

Superconducting wigglers are strong-field devices which
are capable of exerting a considerable influence on the basic
parameters of a storage ring: emittance, betatron frequencies,

etc.
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2.3.1 Influence of a superconducting wiggler on beam emittance

It is expedient to install wigglers in special straight
sections where both the dispersion function and its derivative
are zero throughout the section, i.e. er_= 7&; = 0. In
first approximation, such straight sections do not contribute
to the diffusion of the horizontal betatron oscillation ampli-
tudes. On the contrary, due to the fact that the total energy
losses caused by radiation increase the radiation damping in-
creases, too, when switching on the wiggler in the region with
'}«,=‘%,ﬁ=o y and this can lead to reducing the emittances
as compared with their initial values. For a sinusoidal magnet-
ic field in the wiggler H = Heo sf‘mgﬁ , the maximum field Hwmox
et which the resulting emittance becomes equal to the initial
one (prior to the switching on of the wiggler) may be estimated
if the _ﬁ> —-functionsin the centre of the straight section
of the wiggler and in the half-period ¢ of field variation

are known:
o i E)%( £xe )4/3 Hp
Romioe 7 T AT e N (LB (20341)

5 B K e
Here (q =13 Wae = 3.84+10" ' Tom and Hp is the lattice

rigidity. This expression holds at %i Lcyﬁlk y where L is
the length of the wiggler.

An obtaining, with as high precision as possible, of the
zero dispersion function on the azimuth of the wiggler seems
to be extremely important. The value of the uncompensated de -
function of the storage ring at which, even without regard to
the dispersion function in the wiggler, the emittance is equal

to the initial one for the wiggler field ]4max y is estimated
from the expression

72
E_'xc 1o 4/7_ %'X—n
V&,w % ( C¢1‘67-/Jz_\ (qux/a})‘y'- (2’3° 2)

It follows from the expression (2.3.1) that when mounting
& strong-field wiggler, jhzc should be decreased. Mean-
while, according to (2.3.2), a decrease of Pxo  makes it
necessary to minimize the ?ﬂv -function, which is not al-
ways realizable.
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2+.3.2 Obtaining a maximum mean brightness of radiation from
wiggler
Minimizing the phase volumes of the photon beam produced

by a wiggler provided that Ez« ‘-/X", we can show that the
maximum mean brightness is achieved at the following optimal

values of ‘ﬁ> -functions on the wiggler azimuth:
o
}Zo_ = (2.3.3)
s
= o
(2.3.4)
ﬁzc < QUT' 820

where | "is the wiggler length and o = VV/K is the ampli-
tude of the bending angle in the wiggler. As follows from the
second inequality, the value of the mean brightness is indep-
endent of jﬁg in a wide range of its values.

2.3.3 Influence of a wiggler on betatron frequencies

The insertion of a wiggler into a storage ring gives rise
to a shift of betatron frequencies AVZ and AVz . For a rec-
tangular-magnets wiggler of length L y, with the field
Hz =Ho 9u,lws 2% N6 18 thé wiggler period) and symmetric
about the centre, it is possible to show that the shifts in
betatron frequencies are

AVQ::ZZCD

oo L
sV2 NV—TF( ) (}Zo 42}&,) il

The shift of A\/z is minimal at

A

Pz min “ 7 (2.9.7)

(2.3.5)

The said above makes it possible to summarize that for

strong-field wigglers, a straight section is required, where
the 2 —=function and its derivative are matched to zero, the
vertical }51,—function is comparatively small, and the hori-
zontal )52 -function is rather large.
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3. EMITTANCE MINIMIZATION
3.1 Conditions for beam emittance minimization

To increase the SR brightness, the emittance of &~ should
be minimized. The general expression for the horizontal emit-
tance of the electron beam in a storage ring, which is deter-
mined by quantum fluctuations, is of the form/2/

Cq?fa ég{’/ﬁ./j’i{;

'3 dS (3.1.1)
= é’ja‘?;

git':

where ’}(Cz?fx?%-r 2,0{?:’2}*’2'/-{-/32 ‘912*
(3:1.2)

and Ao , jgz, and Y2 are the Twiss parameters of a storage
ring.
If the following premises are given:
- bending magnets are the major SR sources,
- bending magnets are all identical and their length is i

- the behaviour of the Px p= and lg/ functions is the
same in all the bending magnets of the ring,

the following known conditions for emittance minimization can
be derived: first, the horizontal /&2. function should have a

minimum on the azimuth of a bending magnet and, second, this mi-
nimum should be S, = Sﬂh/f distant from the edge, where

?,;_?J =0 . Here the minimum value of /B:t is equal to
z 2
of
{2 ) 4t = 0 03704
Vi (320 i (3.1.3)

Substituting the expressions for the Twiss parameters into
(3.1.2), we obtain an expression for as minimum beam emittance
as possible (for the given requirements)/B/

R Lo s el

g_xvm'h.. Bl T {3.1:8%)

o1

e 2
(om-vad) = 9.5 10 *E*(6ev) Pom (ract) (3.1.5)

ngm»fk_

 where Cq 8 3.84+30° Y] cm, ‘th is the bending angle in a
magnet, and J,. > 1 is the relative horizontal damping parti-
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tion number.
Thus, Elzan\w is determined only by the geometric cha-
racteristic - the bending angle in dipole magnets forming the

achromat.
3.2 Types of the lattices of dedicated 3R sources

At present there exist three most frequently used latti-
ces: a Chasman-Green lattice, a triple bend achromat, and
a FODO.

No recommendations are available now how to use them in
dedicated 3R sources, each has both merits and demerits. Some-

/4/

times the project considers several lattices simultaneously’

3.2.1 Chasman-Green lattice (CG)/5/

The CG comprises two bending magnets and a set of quadru-
pole lenses to control the behaviour of the lattice parameters
(Fig.1). In contrast to the triple bend achromat, the CG peri-
odicity cell has a smaller number of elements and, hence, a
larger number of straight sections, with the perimeter being
equal. This type of lattice is expected to be used in ESRF,

APS and RIKEN.
For the CG that consists of fJP achromatic bends (peri-

/5/

ods), the minimal emittance is
§ i ke B

g Sgpid 6 (—‘J-L)
- Atk s T NP L 3aR%)

In fact, this value is 3-4 times greater due to the fact

that the optimal .Fz. and Qrz create a considerable chroma-
tism and, as a consequence, this decreases the dynamic aper-
ture, when the chromatism is compensated for.

Besides, in such a lattice, there is no possibility to
vary the phase advance of betatron oscillations on the perio-
dicity cell, without a considerable increase of the emittance,

and this degrades the flexibility of the lattice{6/

3.2.2 Triple bend achromat (TBA)

Unlike the CG, the periodicity cell in TBA contains an ad-

ditional magnet and, consequently, it has a lower emittance,

with the number of periods being equal (Fig.2). This type of
lattice is analysed, for instance, in the projects LBL and
SRRC.
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The optimized emittance for bl? periods is/S/
3

i"‘“’“”:%e\l_” E) S5 {LQNP) b3:252)

As against the CG, an important adventage of such a lat-
tice is, in addition to a smaller emittance, the flexibility
and the possibility to vary the advance of the horizontal beta-
tron phase on the periodicity cell (the low emittance remaining
the same)/6/ However, this lattice is not efficient in respect
to the number of straight sections.

/17

3.2.3 FODO

The FODO has found wide application in storage rings for
high energy physics (SPEAR, PETRA, PEP): in addition, it is con-
sidered in projects DELTA and SLC. It is reasonable to employ
the FODO in sources where the SR from bending magnets is mainly
utilized because it is a complicated matter to create a great
deal of straight sections. Usually, a storage ring - SR source
with a FODO is shaped as the racetrack with long straight sec-
tions where wigglers or undulators may be mounted.

For the FODO, the optimized emittance is/T/

Eopuiin = 9‘—~ F ‘Pw (3.2.3)

where kem is the bending angle in the cell magnet, and

A =3/y &SU‘x/L)“/@O Ru(f=/2)
U.(x/z_ 5’114)41 (3.2:4)

E =

where }42 is the horizontal betatron phase advance on the
periodicity cell.

For }42 c-?-’-JT » the minimum of F,..;.,x 0.62 is achieved
which is rather smooth at 100°~< Fx\\160° and

Edemisiin SiAe “Pm [ Ssorat ] (3.2.5)
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ENGIZIZZRING ASPECTS OF SRS

Z.d., Trakhtenberg
Institute of Nuclear rhysics,
Siberian Division of the USSR
Acadeny of Sciences
This work ccnsiders structural and technological charac-

teristic properties of the magnetic and vacuum systems of the
storage rings of charged particles - synchrotron radiation
sources developed in the Novosibirsk Institute of Nuclear FPhy-

sics.

INTRODUCTION

During recent years more and more storage rings of char-
ged particles have deen created as specialized synchrotron ra-
diation sources. Verious engineering approaches are used in
the construction of such devices. It is difficult to create
napsolutely" optizal structures, since specific design approa-
ches depend strongly on the tredition of the firm, technology
it is using, storsze ring circumference and many other parame-
ters.

Below the concrete experience is described sained at the
Tnstitute of Nuclear Physics in design of magnetic and vacuum
systems of the storage rings of charged particles - aycehro=-
+ron radiation sources.

1. ELZMENTS OF MAGLZTIC SYSTELS
1.%7. Bending lMagne<s

The yokes of bending magnets are usually made of steel
gimiler to "ARMCO™ with the carton content not greater than
9.03 - 0.04% which provides minimal coercivity (not grester
then 0.1 A/cm) as well as low magnetic resistance at aigh fi-
eld values. To decrzase & radius of bending magnets high en-
cugh values of the zagnetic fialds are used (1.5 - 1.8 T).

The highest value of the operating magnetic field of 2.3.2
nes been achieved'et the "BEP" storage ring(1) using a speci-

al magnet design wi<h a large pole width and relief chamfers

such larger then u
temped plates of low-carbon steel are more

ced of exactly st
expensive, egpeciaily for storage rings at the energy 0.5 to
&R 1is a po-

2.5 GeV with high znough velue of A RfR, 'where

sual. In our opinion lamineted yokes produ-
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2.

* width and R is a radius of an equilibrium orbit. To make
the production of such megnets simpler and cheaper, our Ins-
titute in collaboration with the Magnitogorsk Metallurgical
lant developed a special standard and production technology
for low-carbon steel slabs 160 - 280 mm thick as & rule allo-
wing production of the yoke consisting of two parts only.
Usually, the magnetic lattice contains bending magnets with
& plane field ("VEPP-2M", "Sibir~II")(1) as well as focusing
and defocusing lenses. In this case machining of yoke pieces
requires only high flatness of the median plane and the pole
(0.03 - 0.05). One must also maintain the distance between
them with an accuracy of +0.03 which is technically possible
and can be achieved at a turning-table machine tool. Preli-
minary machining of the base planes of the magnet can be
performed with a mentioned above accuracy at any equipment.
Fixation of two halfs of the yoke with respect to each

other and their unambiguous agsembly are provided by placing
two-three pins horizontally in the median plane. This makes
assembly and disassembly of the magnets and ensures necessza-
Ty assembly precision (~0.1). During design of a coil if al-
lowed power of the supply system and specific current densi-
ty are chosen, one can widely vary the number of wires and
the current in them, i.e. Jw = const.

T a

The experience of our Institute covers constructions of
windings with a current 103 to 20-103 A. As a rule, coils
with maximally possible high-current supply are designed
which provides the following advantages:

1. The voltage at the coils is minimal and usually does
not exceed 100 V, a rather favourable value from the securi-
ty point.

2. The small number of wires et the high-current Supply
and, correspondingly, a smaller total length of the coil al-
low coil cooling with one water input and output. This con-
siderably simplifies the coil design, makes its cost lower
and its reliability nigher.

3. Taking into account a space factor (a ‘hickness of
insulation interlayers) the cross-section of tae high-current
coils is slightly smaller than that of the low-current one.
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A main disadvantage of high-current coils is significant po-
wer losses in the joints and necessity of their careful con-
struction. The number of bolts and their size are chosen so
that a specific pressure on the joint area is not less than
2000 N/cmz. One should provide high flatness and cleanness
of the joints. It is recommended to electrographically cover
a joint with silver. The resulting coating is more firm than
that after the galvanic coating. Even after the careful joint
preparation it is difficult to obtain a contact resistance
less than 10'6 Ohm (at low resistance and J = 10 A the po-
wer of 100 W is released in each joint). |

The.coils of the bending magnets are usually manufactur-
ed of copper bus with a square or rectangular section. Joint
and lead connections are made by soldering using a silver
solder PSr-45 (45% of Ag, 25% of Zn, 30% of Cu) through ada-
pter plugs. It is recommended to strengthen joints by screws
and expand a surface area of soldering., Application of ex-
pensive silver solder can be justified by its high technolo-
gical quality: good fluidity, wettability, high mechanical
firmness and low sensitivity to small deviations from the
temperature regime of soldering.

Interturn and interlayer insulation is performed with
strips of glass-cloth-base laminate with a removed lacquer
layer. Its thickness is usually 1 mm, two strips 0.5 mm thick
are placed parallelly to provide the overlapping of joints.

The characteristic property of the coil design is that
the commutation is in the middle of the coil and the current
leads come to an inner radius of the magnet through the cut
in the yoke. This allows completely symmetric ends of the
magnet. Another point is that the sites of the coil commuta-
tion appear in the convenient place which does not have oth-
er elements.

The isolation of the case of the coil is done with sur-
gical tape or glass tape afterwards impregnated with epoxy
in a form under a pressure of 4 - 6 atmospheres with vacuum
preprocessing of both a form and an epoxy volume. Such a de-
sign allows stable coil size, good insulation quality during
long-term operation (10 - 15 years and more), high mechani-
cal firmness and good appearance. A coil constructed in such
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e way 1is installed on the magnet pole with high precision, so
that no additional fixation but wedging out on the pole is
used in some storage rings.

1.2. Dipole and Quadrupole Lenses

The main problem while making dipole and quadrupole len-
ses 13 machining of the pole surface of a special Shape, Af-
ter comparing different methods we have chosen machining with
an accurate forming cutting tool at the planing-machine.

This method allows machining of exact profiles of diffe-
rent shape with a deviation from theoretical size not larger
then +0.03. The length of such a pole can be as large as 1 m.

Figure 2 shows such a forming cutting tool. Its charac-
teristic property is two mutually perpendicular basge planes
with respect to which its profile is made. A possible accu-
racy of the profile with respect to the bases is +0.01., The
profile can be described in arbitrary form (by formulsa, By a
coordinate table) and can be an arbitrary curve. For example,
compensation of quadratic and cubic nonlinearities can be in-
troduced in the hyperbolic profile and so on.

Machining with such a cutting tool and a way of mutual
fixation of the tool and the machined piece are shown in
Pig. 3, whereas Figure 4 demonstrsies a simple method of con-
trole using a special gauge and a set of probes.

2. BLEMENTS OPF VACUUM SYSTEMS

One of the main problems while constructing storage
rings used as synchrotron radiation sources is that of reli-
able superhigh vacuum (10=7 - 1073 Pa) in the beam -ize. e
situation is additionally complicated by that this vacuum
should be obtained under intensive gas release stimulated by
syachrotron radiation of the elecirons (positrons) rotating
in tne storage ring. The level of such a stimulated desorp-
tion is 5 - 10 times higher than taermal gas release from
the walls of the beanm pipe(?) Specific power densities in mo-
dern storage rings cen be higher shan 100 W per cm in a regu-
lar structure. This requires special intensively cooled radi-
ation absorbers inside the beam pipe. It is thus evident that

the large number of electrophysicel devices placed inside the
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pipe as well as the necesgity of baking the pipe up to 250° -
300° make the structuring of the beam pipe a rather compli-

cated problem.
2.1. Use of Welding for Beam Pipe Manufacturing

For the first time a wide-scale experiment on the use of
welding for beam pipe manufacturing was performed in 1971 du-
ring the construction of the VEPP-2M collider % when about
500 m of welded joints were made. The experience of 15 year
operation showed high reliability of the decisions concerning
welding constructions and the technology of their performance.

We shall refer to the welded joint as vacuum-sealed if
helium leak detector with a sensitivity of 1-10_8 1l.Pa/sec
does not discover leak. The main point of our design and tech-
nological conception is maximum reliability of operation un-
der periodical bakings.

Relatively small design complications of the connected
elements, such as levelling of wall thickness, designing ther-
mal isolation, facets, preparation, technological ledges are
almost always advantageous. They slightly increase the cost of
mechanical machining, but the reliability of welding becomes
higher, ;

Centering, use of pins, other ways of unambiguous mutual

orientation in connection sites justify additional mechanical

machining under conditions of single or low quantity producti-
on, because even the simplest gadgets are usually more expen-

sive than additional operations.

Some examples of the design decisions for high-vacuum
baked welded joints are presented in Fig. 5.

The main method of obtaining such joints is welding by a
non-melting electrode in inert gas environment (argon or heli-
um) .

Tungsten alloyed with lanthanum or ittrium is used as a
non-melting electrode. Helium is applied when an increased
specific power of an arc is necessary, i.e for welding materi-
als with high heat conductivity (copper, aluminium).

Two most commonly used ways of making such joints are
melting of edges of connected pieces in the welding site (IN)
or application of & wire from the same material as an additi-
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ve {(TN¥w). In the first case the Joint leg should not exceed
1.5 mm,

Vacuumn-sealed welding of copper and stainless steel re-
quires sirict design rules shown in Fig. 6.

Cne of the main parameters of vacuum-sealed welded joints
i1s the depth of a welding joint. Our experience snows that
the following deptis can be obtained:
IN from one side - not larger than 1.5 mm
IN from two sides - not larger than 3 mm
INw from one side (without edge preparation) - not larger

than 2 mm

INw from two sides (without edge preparation) - not larger
than 4 mm

INw from one side (with edge preparation) - not larger than
6 mm

INw from two sides (with edge Preparation) - not larger than
10 mm.,

One should keep in mind that the depth must be in the range
(0.3-0.8)s, where s is a thickness of the thinnest connected
elements in the welding site. Lower thickness results in bre-
aking vacuum density because of residual tension in a joint
even at small load during operation, whereas s higher one ca-
uses significant deformations, large internal tension and ma-
kes welding more expensive.

Our practical experience has shown that IN can be recom-
mended as the best welding method for described problems if
metal pieces with a thickness 0.8 to 5 rm are constructed wi-
thout additional strengthening of the joint zone by clamps.
If such strengthening is possible, welded elements can be up
to 10 mm thick.

Special attention should be paid to the design of the
places where joints intersect. To make such connections more
reliable intermediate machining is needed. For example, a box
of four plates before welding two ead flanges must be machi-
- ned to remove defects possible at the Joint outlets. The re-
i commended allowance for machining is 2 - 4 mm depending on
f.the size and thickness. One should remember that vacuum-se-
“ialed joints should not be machined after welding. If, never-
?itheless, it is needed, joints welded several times should be
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used.
The question often arises about a side of joints of vacuum-

sealed baked connections. Many authors believe that the inner
side should be used to avoid voids and pockets facing the va-
cuum volume. However, if a large electrophysical installation
is considered which has a lot of joints access to which is
difficult, and also if its disassembly is complicated and time-
consuming, we strongly recommend using the external side. We
believe that reliability in operation and the capability of
easy repairing are most important. In fact, leakage in the ex-
ternal joints can easily be found and removed by additional
welding or filling them up with high temperature silicone lag-
uers, Modern methods of preparing vacuum units such as boiling
in distillate, ultrasound cleaning, vacuum baking at temperatu-
res up to 400 - 450° allow good cleaning of the voids facing
the pumped volume,

Often defects are found in high-vacuum baked pieces due
to the leakage in the bulk., Dangerous in this respect are the
walls 3 - 4 mm or smaller thick, especially in the pieces with
complicated configuration in which fibres are cut during machi-
ning, Most frequent is the leakage along the fibres (direction
of rolling), especially when round material has been used., She-
et rolling, tubes and special profiles are much more firm. Such
defects usually appear after the ready product is baked. The
following methods to suppress such leaks are recommended:

1. For pieces with thin walls the direction of rolling
must be indicated in the drawings, so that thin walls are
along this direction.

2. In fabrication of the pieces with a complicated con-
figuration more frequently use forging or welding of several
workpieces of the sheet material.

3. Fabricate thin wall pieces from the sheet material,
even if it seems technologically unprofitable.

4. Check workpieces machined beforehand to detect leak
in the bulk with their preliminary baking in the wvacuum oven
up to 400° - 450° during at least 4 hours and reject defec-
tive. :

5. Galvanically cover thin walls in pieces made of rod

material with copper 10 - 15um thick with subsequent annea-
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ng of this coating in the vacuum oven at 800° - 850°.

©

e latter operation was initially used to repair defec-
tive products, bui because of its relatively small cost and

melting for important pieces with thin walls of stainless ste-
el.

In the nigh-vacuum baked units developed in the Institute
since 1970 for demountable joint packings welded flange connec-
tions are widely used (Fig. 7) with an easily filed edge
0.8 - 1 mm thick. The welding depth for such flanges must not
exceed 0.8 - 1 mm.

If leakage appears in such joints after baking it can
easily be located and removed by additional welding without
spoiling vacuum or closed with laquer.

If such a connection should be dismounted which happens
rather seldom in baked high-vacuum system, a joint is filed
or removed by some tools, The time needed to file a flange
with a diameter of 100 mm does not usually exceed 30 - 40 mi-
nutes which does not differ much from the time of careful
groove-wedge connection mounting.

Such a design of the joint conneciions is used both as
flat and cylindricel flanges, A maximum diameter of such a
connection was 1200 mm, the size of a thin part of the flange
is usually 5 to 10 mm providing 4 - 8 dismountings. If a lar-
ger number of dismountings is needed, a joint connection with
an adapter (Fig. Tc) is used. In some cases flanges are rep-
laced after many-year operation.

Dismountable seals of the "Couflat" type are used for

connecting ceramic glass leads or other units which car pos-
sibly be defective.

2,2. Specific Features of Vacuum Soldering

For beked elements of the high-vacuum electrophysical
inagtallations vacuum soldering is appropriate. liain advanta-
ges of this method are listed below.

1. Heating in the vacuum oven is uniform. This, as well
as slow cooling of the product together with an oven,results

)
in small shifts of the product size.
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2. Soldering is combined with the outgassing annealing
of the product.

3« No oxides are produced on the oven. This allows to
avoid additional mechanical machining after soldering.

4., Vacuum soldering is fluxless 56 that the quality of
the soldered joints is much higher.

5. When heated to the soldering temperature in vacuum,
the connected surfaces are chemically clean. A solder spreads
easily over minimal capillary gaps also resulting in higher
quality and reliability of the soldered connections.

Heating during vacuum soldering is performed either in
vacuum ovens or in vacuum volumes by electiron bombardment
from the ring cathodes made of tantalum or tungsten. A hea-
ted piece is placed inside. A necessary condition for ob-
taining a reliable soldered connection is to use technolo-
gical walls or chamfers for solder supply and in some cases
grooves for placing solder. Some of the decisions are pre-
sented in Fig. 8. One should provide the unambiguity of the
mutual orientation of connected pieces. To this end pins,
centering, grooves or special conductors are used. One shculd
remember that they must be created from the materials with
the same coefficient of linear expansion as that of the sol-
dered pieces. One should not forget some elements (for exam-
ple, graphite spacers) which would prevent from soldering or
welding of the conductor to the connected pieces.

The size of the gap between soldered elements at the so=-
ldering temperature must be 0.05 - 0.1 mm, If different me-
tals are soldered,the allowance for the gap must take into
account the difference between the coefficients of linear ex-
pansion. If above mentioned capillary gaps are impossitle,
for example, because of the large size of the soldered pie-
ces, the main soldered joint should be made over the plane
using a foil of solder or corresponding ccating of the con-

(=]

~

nected surfaces. One of the types of the vacuum soldering 1
contact-reactive soldering with silver coating.

One must keep in mind that silver solder should not be
used for steel 12418H10T both in uniform combination or tho-

se of different types on the boundary between water and va-
some years

cuum. Such a connection will be dsatroysd alter
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because of the electrochemical corrosion ealong the boundary
between stainless steel and silversolder. The destruction
time becomes smaller if the corrosion medium gets more acti-
ve, at higher temperatures or radiation. If such connecti-
ons can not be avoided, they must be designed in such a way
that a silver solder had no contact with stainless steel.
For example, one can beforehend melt copper inside the work-
piece of steel 12X18H10T in vacuum and then perform solde-
ring of copper with copper using silver. Such a technology
has been first applied to radiation absorbers of the VEPP-2i
beam pipe and passed successful check during more than 15
years of operation.

Finally, as another example of successful vacuum solde-
ring one can mention the high-current coil of quadrupole
lenses for the 3EP storage ring in whick 34 joints have been
simultaneously soldered in one section of the coil. 30 such
sections were made. A current of 9000 A and a chanmnel for
water cooling pass through each joint.

2.3, Use of Aluminium Alloys for Beam Pipes

During last years special aluminium profiles obtained
by hot extrusion have been used abroad for beam pipes of ele-
ctron storage rings. Since 1984 our Institute in collabora-
tion with the MHoscow Institute of Light Alloys constructs
profiles of different shape and successfully uses them as
workpieces for veam pipes(?) An eluminium alloy AMtS has oe-
en experimentally verified which éhowed some advantages com-
pared to stainless steel:

1. Beam pipes obtained by extrusion from this material
allow & rediation absorber to be installed directly in the
beam pipe wall as well as provide the constant cross section-
of the pipe throughout the whole circumference.

2., The heatconductivity coefficient of this alloy is 8
times higher than that of stainless steel, so that scattered
synchrotron rediation does not ceuse local overheating of
the beam pipe. It also allows a convernient baking of the be-
am pipe to be performed after its thermal outgassing sfter
asgsembly.

3, Aluminium and its alloys poscess extremely low cuef-

i
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ficients of thermal desorption. After chemical cleaning and
heating at 200°C gas release of the AMtS alloy is 2.107'' 1.
Pa.sec™lcm™2, Por stainless steel 12X18H10T chemically clea-

ned and outgassed at 450°C gas release is 4.10~1" 1.Pa.sec”)

cm2,

4, Aluminium alloys have a coefficients of electron sti-
mulated desorption a factor 2 - 3 lower than that of stain-
less steel.

5. The cos: of beam pipes extruded from aluminium al-
loys is much lower than that produced of stainless steel even
taking into account the cost of special equipment.

Vacuum gystems of the storage rings in which pipes ext-
ruded from aluminium alloys are used also have pumping and
diasgnostics units. These units are boxes of stainless steel
in which radia<ion absorbers, different measuring and diag-
nostic equipmen: are installed as well as lumped pumps for
preliminary ané final pumping.

Connection of the stainless cases of such units to alu-
pinium beam pipes is performed through bimetallic flanges-
adapters 12X1€Z10T + AMtS, Such a bimetal can be produced by
hot rolling, exzd adepters made of it have passed serious te-
sts for the vacuum density of the joint during a long time.
The tests consisted of three stages and included thermal cy-
cle (heating, cooling), thermal shock (heating up to 450°C
erd sharp cooling in cold water) end multiple heating (hol-
ding at 450°C éuring 100 hours). All these tests confirmed
the high reliadility of the bimetal thus produced.

Tt is not difficult from the technological point of vi-
ew to obtain a necessary radius corresponding to the orbit
radius using extruded workpieces of the beam pipes.

It should be mentioned, however, that up to now we fai-
led to obtain & wall thickness less than 3-4 mm in such an
aluminium pipe depending on the pipe section. It 1is higher
+~an that neecsd to keep atmospnere pressure.

‘One can rcs maxe a wall thickness lower both by techno-

cgical reasczs and because of that for reliabls welding of
flange-adapter such a wall size is needed.
slight increase of inter-pole gaps in magnets
correszonding increase of

———y

tre pipe with =
This results ==
=i .lenses of zze s%orage ring and

sza power sugzzly o7 8 - 10%.

o

66




REFERENCES

1.

V.V. Anashin, I.B. Vasserman et al., "Electron-positron
Storage Ring BEP, Proceedings of the IX All-Union lleeting
on Accelerators of Charged Particles (in Russian), Dubna,
19854 Yardls

N.A. Kuznetsov, 5,M. Trakhtenberg, "Machining of the Po-
les in Magnetic Systems of Accelerators and Storage Rings
Using Forming Cutting Tool", Preprint INP 70-73, Novosi-
birsk, 1970.

V.V. Aneshin, G.I. Kulipanov et al., "Storage Rings
VEPP-2M and VEPP-3 as Synchrotron Radiation Sources",
Proceedings of the V All-Union Meeting on Accelerators

of Charged Particles (in Russian), Moscow, 1977.

V.V. Anashin, ¥.G. Gavrilov et al., "Vacuum System of the
Special-Purpose Synchrotron Radiation Source - Storage
Ring Sibir-II", Preprint INP 88-109, Novosibirsk, 19&c.

67



F’L%.f



{&

<L

16 jooi]

F'ch,. <

469




¢ B4

-l

M

& = e

70




s/
=




08+1

Q.
15 1 (D215
0

A N
_;- I
N
— N
\7*

WY

b AT

11324415
¥

h>15




1.2

Sq

038

Stee€ {2X18H10T

P 5y
\ 5151

0507

O M B

.

F"Lq. 6

~
|
(7K

/N

~~is

AL

\Cooper” MO&;Mip

73




H |
ot / e, 0.8=1
e B KOS
e RO, 5+ F’Q =

74

277

W v




Cl= (’u[n (NN
(I 'f.5(’rlp

— -

i
|

A1.2dne.

30—

t

: ar

K
-~ _
b2

i
5

&+ 62| 6 |12|20]
dnp 1 16| 2

L,5°+sd4“\
0 /\ Y
o] _ -
A '
2, /// 2 <\ = <
o1 %"‘ 64+62= 5+20
| 02:03

75




EVOLUTION AND STATUS OF THE CONTROL.SYSTEMS
OF THE ACCELERATORS AT THE INP

E.A.Kuper, G.S.Piskunov

Institute of Nuclear Physics, 630090 Novosibirsks USSR

Abstract

The historic review and current state of the accelerator
control systems at the INP is presented. Questions concerning
organization of distributed multiprocessor systems as well as
specific features of measuremnt and control devices are
discussed. The structure of +the control system for the
VEPP-3 storage ring, based on the use of CAMAC-oriented 24-bit
microcomputers 1s described. '

History and Principles

First experiments on the application of computers for
accelerator control began at the INP in 1970 at the storage
ring VEPP-3 when the necessity arose to increase the lumino-
sity of the storage ring by changing the magnetic system of
the experimental straight section in the presence of a circu-
lating beam, the latter requiring high precision and matching
of a <change in the characteristics of the magnetic structure
components. For this purpose:; a second generation computer
"Minsk-22" was employed, whose control program was written in
machine codes. Since 1972 a deal of effort has been undertaken
in the automation of both the existing accelerator facilities
and those being under construction: VEPP-2M, NAP-M (in the
1970s), VEPP-4 (1978), SIBERIA-1, BEP (in the 1980s) and some
others.

In the first systems only the most wvital parts were
automated, i.e the power supply for the magnets. Later the
computer control covered a greater and greater number of the
subsystems with the ever-decreasing share of manual control.
Sos the VEPP-4 facility was designed from the beginning to be

completely computer-controlled. The use of duplicate manual
control subsystems at the facilities of such a scale proves to
be wvery expensive. This lack of the possibility of manual

intervention in machine operation gives rise to a specific’
requirement for control equipment: the last commanded settings
must retain in it irrespective of the computer availlability.
This absence of duplicate manual subsystems is characteristic
of the up-date INP control systenms.

When designing the very early wversions of the
VEPP-3 control system the decision has been made not to engage
professional programmers. In fact, since they are not experts
in the questions concerning the operation of particular
subsystems of the facility, they are unable to write programs
with due regard of the specific nature of a task. At the same
time, the complexity and experimental mode of the operation
lead to hardly identifiable, diffuse specifications in the
definition of a problem. In these conditions, it seems more
effective to engage in the development of applied software the
persons who possess a practical knowledge of the facility
operation.
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At present the control systems of the main acceleration
facilities of the INP comprise microcomputers compatible with
the Odra-1300 series. The choice of "0Odra-1304" for the
VEPP-3 control system in 1972 was largely a matter of chance.
However, the wuse of this machine has had a pronounced effect
on further development of control systems at the INP.

Computers of the 0dra-1300 series are functionally analo-
gue to the known family ICL-1900, designed in the late 1960s.
They are classified as universal computers and had nuch better
parameters compared to minicomputers which have been in common
use 1in the 70s. The application of a sufficiently powerful
computer to the control system has enabled one to reach a high
level, qualitatively different from +that provided by the
minicomputers available. A considerable, at that time, memory
size as well as high throughput offered the possibility of
creating the neccessary software for control systems, exclusi-
vely in high level languages and., consequently, has made it
possible to involve, in the software development the machine
staff.

The open nature of the most dynamic component of control
systems: the software and the possibility of its extension and
modification by the machine staff are typical for most of the
INP control systems. Consequently, one of the principles which
we tried to follow was: applied software should be designed by
the persons who are expected to use it. To do this, it is very
desirable to ensure the possibility to use a high level langu-
age in the environment of a friendly system for program prepa-
ration.

Structure of the hardware and the choice of a computer.

In solving the problem of efficient communication between
computer and control hardware we came through several stages.
At first stage, 1i.e. when putting the VEPP-4 control system
into operation, the most of the control hardware was made
using mechanical standard for nuclear electronics called
"Wishnya"” as the so-called autonomous functional units (AFU).
The AFU were designed for the solution of particular tasks on
the basis of standartized PC boards: memory, state machine,
interface with data transfer network, multichannel ADC or DAC.

Simultaneously with the accelerator cycles; the AFU perfor-
med the measurements and stored measured values in the inter-
nal memory. The interaction with a computer was limited to
writting or reading the blocks of structured data from that
buffer memory. The computer operating system (0S) overhead
to initiate the +transfer of a large block of information
through the DMA channel of the computer had little effect on
the total throughput. All the devices were connected to the
computer through a serial data transmission ngtwork having a
three-level tree-like topology.

The VEPP-4 control system was designed on the basis of
such a scheme. It included 6 computers "Odra-1325": one machi-
ne for each of the subsystems such as an injector, an interme-
diate storage ring VEPP-3, main ring VEPP-4, and a high frequ-

ency generator "Gyrocon”. Later one more computer for supervi-
sion of the technological parameters of the entire facility
(vacuum, temperature, radiation, etc.) was added. This systenm

operated in 1978-84.
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The 1life time of an accelerator lasts usually several
decades. It is modified all the time because new ideas and new
demands appear. The control system nust evolve in time toge-

ther with the accelerator. Continuous modernization of the
control devices on a long range perspective has necessitated
the changeover to a more universal, computer independent

standard. At this time the only suitable was CAMAC. A transi-
tion to the CAMAC standard was also stimulated by the need in
the unified hardware in the frames of the whole Institute.
Since 1978, almost all the electronic equipment intendend to
be used in the control systems was implemented in CAMAC.

System integration in the CAMAC standard has some bottle-
necks, due to a high intensity of interaction with the compu-
ter, which 1is inherent to the standard. In essence, CAMAC is
intended for the use of the so-called program [/0. In our
case, Odra-1325 computers did not even posses instructions on
the user level to perform the 1/0 - all had to go through the
nultitasking 0S8, which led to a very high overhead. This is a
typical problem for modern minicomputers with complex multi-
tasking 08S.

The first step in the solution of this problem was a
development of a dedicated crate controller connected to the
serial data transfer system and performing the simplest
interactions with the modules in the crate. In the controller
there was a memory containing the previously written control
information:  Ns A, F, weitingof"Qs LA, a branch to the next
instruction, etc. Such a controller makes it possible to
perform the required low level control actions and transmit to
a computer only the "pure” structured data. Although this
controller has enabled to achieve satisfactory time characte-

risticsi however, in the multiprogram environment inherent to
the control systems, the problem has arisen of an arrangement
of the controller-to-programs interaction, because several

programs had to share the same control memory of the control-
ler.

The next step was the use of an intelligent crate control-
ler being a 16-bit microcomputer with a simplified instruction
set and a small memory. Its application encountered the known
problems typical for many systems at the late 70s: a minicom-
puter, at the top level, and an intelligent controller based
on a low-power microprocessor, at the lower one. The major
disadvantage of these systems is the complexity of controller
programming to be done in assebler by exper ienced programmers,
and this violates the principle stated above: the software is
designed by the physicists. For this reason, such controllers
have found its application only in the fixed task systems,
where no modification of the programms was needed.

A radical decision was made in the late 198l- to design an
intellectual crate controller with the instruction set of
Odra-1300 computer. This allowed us to modernize hardware and
to retain most of the software. In 1983, such a controller,
"Odrette”, was ready for operation. It was first used as a
slave processor in the Odra-based systems. In the summer of
1985 we abandoned the further use of the Odra computers and
began to employ only the Odrettes.

Odrette occupies doublewidth module in the controller
position of CAMAC crate. In fact, it is a 24-bit computer with
Odra-1300 (ICL-1900) instruction set. Its basic features are:

- address space 4M words:

- on-board memory 64K 24-bit words:
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- performance - 0.4 MIPSs

- hardware implementation of floating point operations;
- User / System modes:

- multitasking support / memory management unit;

- CAMAC oriented I/0 instructions:

- vector and vector/scalar operations:

- bit-slice implementation based on AMD 2900.

The bit-slice implementation has of fered the possibility
to change the original architecture in the desired direction.
Besides the introduction into architecture instructions to
interact with +the CAMAC bus,; some important modifications,
useful in real-time systenms, have been done. Among such
innovations was the mechanism of process switching. The point
is that the availability of the multitasking is of principal
value for a computer used in control systems. The systems
designed to control the accelerator; in which the accelerator
is not only a tool but also an object of research, are charac-
terized by frequent changes in the regimes and configuration,
by presence of a great number of research problems. Multitas-
king allows easy split of a complex control task into a number
of smaller ones, while interaction between tasks is organized
by the 0S. Operating system regards all the tasks waiting for
LAM signal or program "euent” as being active. On occuring the
expected event. the processor initiate, at the microprogram
level, the needed progran according to its priority. Thus, the
nost time critical part of the nultitasking 0S was implemented
on +the microprogran level. This led to more than an order of
magnitude improvement in the time response.

CAMAC modules for the control systems.

One of the peculiarities of our laboratory is that almost
all +the electronic equipment intended for control systems is
developed and assembled in the Institute. The ever-increasing
complexity of the acce lerators and the experiments which they
involued in often specify the requirements for the parameters
and the structure of the nodules being designed. The metrolo-
gical characteristics: throughput and noise immunity must be
adequate to the operating conditions of the system.

For example, when solving the problems of the transporta-
tion of reference voltages in the power stabilization systenms,
digital-to-analogue converters based on a principle of pulse
width modulation (PWM) are in common use. An 8-channel CAMAC
module placed in the crate. generates width modulated signals,
transferred over galvanically isolated coaxial cable directly
to the point, where the reference voltage is needed. There the
PWUM signal is converted into analogue form. Thus at minimal
expenditure an accuracy equal to 0.01% is achieved. For high
precision systems a PWM-DAC with an accuracy 0.001% /has. been
deve loped. 3 g

The control systems are also responsible for numerous
nultichannel measurements of DC and quasi DC voltages. In this
case, the sources of signals are often far from each other. To
achieve the necessary interference suppression, integrating
ADCs have been designed with variable integration time of the
input signal. Depending on the required precision, the measu-
ring time 1is program-ranged from 5 to 320 ms, the scale
varying from 13 to 20 bits. The ADC accuracy is 0.01% in the
20-50 C temperature range. It has floating analogue part. To
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arrange mnultichannel measuruments, the ADCs are equipped with
64-channel two-terminal analogue multiplexers.

The necessity to analyse the shape of pulse signals has
given rise to the new class of devices - transient recorders.
These devices comprise a fast ADC, control circuits, internal
memory and an interface allowing an on-line control of discre-
tization frequency and a change of the input voltages range.
The detection and analysis of the shape of pulsed signals in
different systems by the ADC with further computer processing
have enabled a number of important problems to solve:

- monitoring the behaviour (current and coordinates) of the
beam during the first several thousands turns of injection:

- observation of small amplitude signals in presence of a
heavy but repetitive enteference by means of a preliminary
digitazation of the interfering signals in the absence of an
useful one with subsequent substraction from the sum signals

- detection and studying the evolution of the non-predic-
table events by writing the measured results in a ring buffer.
with a stop when an event (say, a beam loss) appears:

- as a program controlled oscilloscope.

We present here the main parameters of the two most
popular recorders. For the ADC101S, they are: 10 bit resoluti-
ons minimal sampling rate | us, memory capacity 4 K words, 400
kHz bandwidth. For +the ADC850S they are: 8 bits, 50 ns, 1 K
words and 4 MHz, respectively.

Besides the devices mentioned above; a great variety of
modules necessary to ensure the functional completeness of the
set have been designed. The total number of different types of
modules developed exeeds 100. There are the generators of time
intervals, timers, meters of instantaneous values of the pulse
signals, multichannel modules required to monitor such mass
parameters as wvacuum and temperature, position transducers.,
output registers, colour graphic displays, etc.

Software of the control systems

The software of the early INP control systems (VEPP-3,
1973-773s VEPP-2HM, 19743 NAP-M, 1975) was based on the use of
interpreters. The interpreter of the VEPP-3 control system on
an Odra-type computer was a complex overlay program, written
in FORTRAN, which implemented, besides the functions of execu-
tive system, the function of a text editor of the source
programms-"processes”, a librarians a magnetic tape backup
server and many others. The programming language, specified by
this interpreter, has offered the possibility of arranging,
despite an awkward syntax, rather complicated algorithms in
control processes. Many ideas on the arrangement of the
control process have still remained useful and have found its
implementation in modern control systems of the INP.

It seems rather simple to implement the programming langu-
age of the control system on the basis of an interpreter. This
approach inevitably limits the possibilities of evolving the
system: the access to the control system gets limited by the
frames of a single exotic language, and the latter, because of
its specialized natures may prove to be inadequate to new
problems. In addition, interpretation considerably slows down
the execution of the progranms.

With +this in wview, when designing the VEPP-4 control
system, an interpreter has been dropped and the designers have
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aimed on developing a multitasking operating system. In this
cases the system is not referred to any language and both the
interpreting and compiling programming systems may be used.
All the programs,; used in the control system, are written in a
FORTRAN-1like language TRAN whose compiler is an integral part
of the program preparation systen.

The program preparation system comprises a screen text
editor, a compilation system, a library maintenance program
and some utility progranms.

The compilation system consists of various translators,
consolidator and loader. All the used translators generate
ICL-standard intermediate code and then a consolidator unites
them in a single program. At this stage the fragments written
in different languages may be consolidated in one program. The
major language in the system is the TRAN mentioned above,
which is an extended subset of FORTRAN. The entire compilation
system is rather fast and it takes about 30 seconds to trans-
late, link and load into memory a program of average size
(1.5-2 thousands of lines).

The system of program preparation relies on a large
library of subroutines:; which offers to a programmer a wide
choice of mathematical functions and also a set of procedures
intended for interaction with devices of the control system,
terminals, graphic displays and files, as well as interaction
with the 0S and other progranms.

The 0S of +the VEPP-3 and VEPP-4 control system offers a
standard enough set of functions of modern real-time operating

system:! memory managment, processor sharing, arrangement of
the access to the standard peripheral devices, file manage-
ment, synchronization of the control programs operation via
the system of external interrupts,. interprogranm message

passing,; etc. .

The content of the applied software for the VEPP-4 control
system may be illustrated by a set of programs running in the
main computer of the facility in the stationary regime:

- BANK program working synchronously with a per ipheral
timer and by means of which all the remaining programs get
acces to the equipment of the control system:

- & program-process providing the particle accumulation, a
raise of the beam energy up to the energy of the experiment
with the ordered parameters of the beans:

- a program of "manual” work, which permits one to change
the operational mode of any component of the storage ring:

- a program intended to measure the beanm luminosity and
polarization:

- a program holding the position of the collision point
with respect to the angle and coordinates.

Besides the above programs, a watchdog program is resumed
in each 5 minutes which checks the agreement between the state
of the storage ring components with the values held in the
machine’s data base. . In addition, the operater can initiate
the programs which measure the parameters he is interested at
the moment, and which are not subject to regular supervision.

The control systems mentioned above are distinguished by
the use of a single control computer. With the appearance in
the system of an "intellect” allocated in several lower-level
microcomputers, some difficulties in the arrangement of their
effective use have been revealed. In similar multiprocessor
structures, it seems difficult to split the functions of the
control programs into the pithy fragments suited for separati-
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on in some of the processors because of the strong information
links between the subsystems of the facility. For this reason:
Odrettes were initially used as auxiliary low-level processors
responsible for the solution of isolated enough problems.

As the experience in the use of Odrette has been accumula-
ted, it has become evident that such a structure of the
control system interfers with its further evolution and that
the switchover to the distributed structures is inevitable. At
the same time, the creation of a distr ibuted system specifies
new requirements for the system software and lead to a certain
redistribution of the responsibility for the support of the

system functions. So, for example, the programs in different
processors should be linked in a unified way, at the level of
operating systems, which also arrange a joint access to the

common data bases and provides the sinchronization of the
processes throughout the network.

The distributed systems may be arranged in a certain
hierarchical order. However, the functions of a central compu-
ter reduce, in a definite way, to the functions of a file
machine which offers the peripheral computers the resources
such as disc space, terminals, printers, as well as possibi-
lity of access to the archives on magnetic tapes. In this
case, the choice of a topology for the network has a lesser
inf luence on the architecture of the system as a whole. Sos we
have chosen a star like configuration since it is the simplest
in implementation, though +the ring and bus structures are
possible as well.

The new function, not implemented in the early operating
systems 1is the provision of an interprogram interaction for
the programs running in different lower-level processors. In
this case, it is desirable to ensure a maximum unification of
the program interfaces of a peripheral operating systems for
the exchanges of wvarious types: interprogram in the same
processor, interprogram for different processors, progranm
exchanges with both the files placed on a disc of a given
computer (local files) and the files placed on the discs of a
file server.

The current status and the aims

At the present time, the control systems of two big
accelerator-storage facilities of the INP, VEPP-2M and VEPP-4,
are being updated and, in particular, the switchover is made
to a distributed control system on the basis of a microcompu-
ter Odrette.

The shutdown of the VEPP-4 facility for modernization has
enabled us to avoid a gradual transition to the distributed
control system and to make it at once, without the stage of
coexistence of the old and new systems. At present, the new
control system covers injection part of the facility, that
comprises a linear accelerator with Gyrocon-based RF system, a
synchrotron B-4, beam +transfer lines, and an intermediate
storage ring VEPP-3. For control,; this part of the facility is
divided 1into two, weakly linked subsystems: control of the
injector and control of the storage ring.

Now the functions of the computers,; forming a star struc-
ture, are assigned as follows:

- The central top level computer with 56 Mb winchester
disk serves as a file and network server for peripheral
processors. There 1is also a link to 0dra-1305 computer
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(George-3 operating system) providing file archive servises
with automatic magnetic tape backup. In total there are 16
Odrettes in the system connected the central one via a serial
3 Mbit/s links. Apart from providing the file servises, the
central computer 1is also responsible for message passing
between tasks in different processors of the network, virtual
terminals support, mailboxes, etc. The message passing and
file exchange mechanisms are implemented in an unified way.

Eeach peripheral subsystem based around one Odrette may
reside in a single or in several CAMAC crates. Additional
crates are connected to the one containing processor via a
serial 10 Mbit/s driver and a simple non-intelligent control-
ler. The time requied to +transmitt 24 bits of data on the
CAMAC bus in local crate (containing the CPU) is about 25 us.
In the block transfer mode the rate is 300,000 24-bit transac-
tions/s.

The operating system of the peripheral Odrette provides
support of up to 4 local terminals (connected to the local
crate) and additionally up to 4 virtual (network) terminals.
There may be up to 10 memory-resident independent tasks,
scheduled on a simple priority basis or on the round-robin
basis for the tasks with equal priority.

The Linac is controlled by three microcomputers with the
functions assigned as follows: control, monitoring and super-
vision, beam parameters measurements.

The control equipment is placed in 12 CAMAC crates. At
present, there are 260 measurement channels and 230 control
ones; and the control channels will be further increased in
number.

The applied software of the injector subsystems comprises
5 continuously running programs and some set of auxiliary ones
whose execution is initiated, if necessary, by operator or by
one of +the running programs. An interaction between the
control and monitoring equipment is performed by means of two
BANK programs working, correspondlys in the control and
monitoring microcomputers. The rest of the programs recieve
the needed information from them over the interprogram links.

The information, necessary for an operator, is output to a
CRT terminals or graphic displays. An operator-machine dialo-
gue is carried out mostly via a terminal.

The injector data base consists of two parts: the first
includes a description of the elements (address, access
rights, scaling factors, etc) and the second contains the
table of regimes.

The storage ring VEPP-3 is also controlled by three micro-
computers with the following assigned functions:

- control and monitoring of +the magnetic system of the
storage ring:

- control and monitoring of the RF system:

- measurement of +the beam parameters (durrens, closed
orbit, betatron oscillations frequency, etc.).

The equipment is distributed over 10 CAMAC crates: the
number of the control points is 200 and that of monitoring is
500.

Now the applied software includes 8 main programs. The
principle of interaction of the programs with the control and
monitoring devices is the same as in the injector subsystem.
To set +the regimes, there exists a program enabling one to
change "manually” settings of the elements within a given
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regime. The program also accomplishes a comparison of the
given regime with the current state of the storage ring compo-
nents.

The general volume of the applied software for the injec-
tor subsystem is about 20000 TRAN operators. And its volume
grows rapidly as the system evolves.

Since we are not quite experienced 1n the use of the
distributed control systems, we are planning to perform, 1in
the nearest future, a comprehensive analysis of the possibili-
ties and operating characteristics of the systems described
above to reveal possible bottlenecks and to outline the ways
of their further improvement and development.
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A crystallographic synchrotron radiation station instal-
led at VEPP-3 is mainly intended for experiments aimed at,
first stage, is speedy high-resolution data collection from
mecromolecular crystals with large lattice periods. Later on,
with improvement of facilities and techniques the unique possi-
bilities of the synchrotron radiation will be extended to the
solution of more complicated problems of macromolecular crys-—

tallography.

With regard to this aim, the optical system of the station
should provide:

1) beam focusing on a detector to a spot 0.5-0.5 mm® in

size;
2) possibility to work with a given wavelength in a wide
range of wavelengths from 0.6 to 1.8 %:

3) beam monochromatization with § A /A~10"°.

The instrumental set-up of the station is given in Fig.1.
The station is positioned in the synchrotron channel 5 of the
VEPP-3 wiggler. In front of the crystallographic station in the
same channel there is an X-ray microscopy station which can be
removed from the beam when the crystallographic station is in
action. Beam monochromatization is ensured by a perfect trian-
gular single crystal which can be curved to provide for focus-
ing in horizontal plane. The distance between the source and
the monochromator is 17 meters. Automatic horizontal and vert-
ical slits are placed 5 meters ahead the monochromator in a va-
cuum protection box to cut the white synchrotron beam on the
monochromator. In this bo: there is also a two-crystal mono-
chromator of the microscopic station which is removed from the
beam when the crystallographic station is at work. In future we
intend to use this monochromator together with the focusing
one-crystal monochromator to obtain high energy resolution in
anomalous scattering experiments.

A one-crystal monochromator is mounted on the lower flange
of the cubic vacuum box. The white beam is injected from two

counterfacing side entries and the monochromated beam exits

from the opposite gide, while the wall flange parallel to the
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Synchrotron beam has an observation window. The other holes

are covered by blind flanges. The box is made of stainless
steel, its walls are 20 mm thick, providing for radiation safe-
ty of the personnel. The Synchrotron beam enters the monochro-
mator box travelling in a vacuum telescopic tube which is
shortened during the operation of the X-ray microscopic sta-
tion. Inside the box besides the monochromator there is a block
of automatic slits to reduce background radiation.

An Arndt-Wonacott photocamera (ENRAF-NONIUS) is used to
collect X-ray data from single crystals. The usual distance be-
tween the monochromator and the sample is 4.3 m and can be
changed, if necessary, within the range 2-4.8 m. A monochroma-
tic beam falls onto the sample from a vacuum telescopic tube
coming from the monochromator box. Between the tube end and the
photocamera collimator there are manually set vertical and ho-
rizontal slits, ionization chamber, background screen to pro-
tect the film from background effects. A1l these units, to-
gether with a photocamera, are pPlaced in a hutch which provides
radiation safety of the station personnel during operation. The
hutch and the telescopic tube are mounted on a bench 5 meters
long which rotates about the vertical axis of a co-axial axis
of the monochromator when the wavelength is changed. The angle
between the primary and the monochromated beam can be varied
from 15° to 32°, This range is limited by the location of the
neighbouring stations.

In the near future the station is due to be equipped with
an automatic focusing segmented mirror and an automatic tuning
carriage for the photocamera. The mirror will be placed behind
the focusing monochromator which should eliminate radiational
and thermal instability due to the mirror action in a direct
SR beam. The mirror will comprise eight planar segments made
of polished glass measuring 200 x 50 x 25 mm3 each. The seg-
ments will be positioned to form a surface imitating an ellip-
tical cylinder. The segment motion will be ensured by eight
stepping motors computer controlled via CAMAC blocks. The seg-
ment movements will be registered by absolute position count-
ers on the basis of multirotational potentiometers. Up and
down shifts of the whole mirror unit as well as its inclina-
tion will be provided. The mirror and the motors will be in a
vacuum. The mirror should provide beam focusing in a vertical

plane and eliminate the high harmonics of the beam reflected



from the monochromator. The latter is of major importance in
view of the work with superconducting wiggler with ;\ = 1 E
which is planned for the beginning of 1989. e

The automatic tuning carriage will provide tuning of the
photocamera in radiationally secure conditions. It will shift
the photocamera in the horizontal and vertical directions and
turn it about the vertical and horizontal crossing axes.

Iriangular shaped monochromator crystals prepared from
perfect Ge and Si crystals are widely used in different synch-
rotron stations. Such monochromators provide a fairly high beam
monochromatization.(gll /)l'~10_3) and enable one to focus al-
most the whole synchrotron beam on the sample in the horizontal
plane. Beam focusing is achieved by curving the crystal as a
round cylinder on pressing the triangle tip and compressing the
base. Reflection from (111) crystal plane is most commonly us-
ed; the crystals are cut so that the reflecting plane makes an
angle oA with the crystal surface. An oblique cut makes it
possible to compress the diffracted beam A times, where Jq =
sin (B@+L)/ (6 - ), where the intensity of the reflected beam
is A1/2 times lower, beam density being A1/2 times higher than
that in symmetrically cut crystal. As the white beam falls onto
the monochromator the latter functions as a mirror. If the ra-
dius of curvature R

2 - sin[6+d) . sig(@-d)
Rt i p'

where P and P' are the distances between the source and the mo-
nochromator and between the monochromator and the focusing
point, respectively. The lowest § A /.R is achieved if the
focusing is made at a distance P' = P/A (Guinier condition). In

a general case
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Taking into account system aberration, the resulting focus size
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r is the radius of curvature of caustic surface of the focus,

ajcvm
crystal, L is the length of the monochromator crystal. Knowing

is the width of the rocking curve of the monochromator

the value of flux density spectral distribution we can evaluate
the flux density at the focus
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where a——— is the flux density at the source --
vertically integrated with SA/A = 1. Se"'f'rad/“"*
Hére I - electron current, cos 20 - polarization factor.

Si crystal 120 mm long cut as a triangular plate is used
as a monochromator, the plate surface making en angle od =
= 8.25° with the (111) plane. The monochromator design resembl-
es an automatic goniometer head. The main rotation about the
vertical exis for tuning to the needed wavelength can
be performed with a "rough" step AISB = 1.3' within the range
of angles 60° and with a fine step AW = 0.4'" within the
range 3'. When the monochromator crystal is curved its edge is
shifted with steps 1.5j£m. The adjustment can be made by rota-
tion about two perpendicular horizontal axes with a step 0.3',
as well as by shifts in the directions vertical and perpendicul-
ar to the beam with a step 5um. The motion is provided by step-
ping motors; the monochromator position and the motors operation
are controlled by multichannel potentiometers. The monochromator
is computer controlled via standard CAMAC blocks.

The estimation of calculated characteristics of the mono-
chromated beam A =1.38 E (absorption edge for Cu) and P' =
- 4300 mm gave the value of £ = 7504 m and = 1.5:1019 pho-

2 " fmor
ton/s.mm".

The flux density estimates were carried out using ioniza-
tion chamber, placed behind the collimator of the Arndt-Wona-
cott photocamera; collimators with diaphragms 0.6, 0.4 and 0.3
mm in diameter were used. Beam width estimates were made by
shifting & small vertical slit with a step of SOJum. The slit

was facing the ionization chamber. Judging by the flux density
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estimates one should expect the data collection procedure to

become 20 times faster than that in experiments with a rotating
- 9.108

: thube' 9+10" photon/

s.mm“)., The use of superconducting wiggler source, installation

anode tube equipped with focusing optics (

of a focusing mirror and the use of a larger Ge monochromator
crystal (instead of Si) will increase the flux density by a
factor of 20430.

Monochromator tuning to a given wavelength and to the ma-
ximum intensity is carried out using an ionization chamber and
a set of foils with known absorption edges. To estimate beam
stability and control data collection we use an alphabetic dis-
play and a graphic display. The standard Arndt-Wonacott camera
was modified to decrease the error due to a gradual decay of
the beam intensity with time (on the average, the synchrotron
beam of the VEPP-3 storage ring loses 1% of its intensity ev-
ery 3 min). This modification allowed data collection at fast
rotation rates when the number of oscillations was large.Thus,
the error due to beam drift was lowered to a certain allowed
level.

Several check-up experiments were carried out on this sta-
tion and we could therefore make a plan for the future work.
Arrays of crystallographic data were collected for catalase
from Micrococcus lysodeikticus at a resolution of. T.8 A and
for pyrophosphatase from E.Coli at a resolution of 2.45 A. In
both cases a fairly high resolution was attained, in contrast
to the use of conventional X-ray sources for data collection
from protein crystals with relatively large unit cells. Cata-
1ase measurements lasted 10 hours, pyrophosphatase measure-
ments - 6 hours. In both cases only one sample of each protein
crystal was used, which is especially important for pyrophos-
phatase; its effective 1ifetime increased at least by a factor
of 6. Catalase crystals are more durable.

The time-resolved diffraction station operates in sequence

with the crystallography station and comprises the same optic
elements: a focusing monochromator, slits; in the forthcoming
experiments a focusing mirror is expected to be used. The bas-
ic component of the station is a vertical goniometer of the
W-1050/81 type, manufactured by Philips (Netherland), with a
one-coordinate detector installed at it. The goniometer is po-
sitioned on an adjustment table (see Fig.2 ). By means of ver-

tical displacements and rotations about the vertical axis, the
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goniometer is placed parallel to the SR beam such that éhe beam
passes through the centre of the instrument.

The coordinate sensitive detector developed at the INP,
Novosibirsk, is used at the station. The detector is a propor-
tional chamber whose cathode performs as a delay line. Such a
scheme enables one to detect the coordinate of an incident
quantum by the time difference between the pulses from differ-
ent ends of the delay line. The detector resolution is 0.1 mm.
The input window length is 100 mm. The maximum counting rate
is 250 kHz.

Fast time-to-digital converter (TDC) is used to determine
the coordinate of a quantum reaching the detector. The TDC reso-
lution is 400 picoseconds, its maximum counting rate is 500 kHz.
The quantum coordinate is recorded in the memory device (MD) in
the form of numerical code. In order to increase the rate of the
da%a transfer from TDC to MD, the operation mode through the
front panel is used. Recording is performed in the increment re-
gime. The single MD capacity enables one to store up to 64 X-ray
diagrams registered by the detector. Each X-ray diagram has its
own individual zone in the MD - a "page". The change of the zone
address for recording new X-ray diagrams is pérformed by a spe-
cial program recorded in the crate-controller. In such a mode
one can "turn pages'" in one millisecond, with an interval of
10 microseconds between pages. As a rule, 64 X-ray pictures re-
corded in one MD are not enough for the whole picture of the
dynamics of the process under study. Therefore,  the possibili-
ty of operation with a number of MDs (up to ten) is envisaged.
In this case, all MDs are connected in parallel with the TDC
through the front panel. '

The automation system developed at the Novosibirsk INP on
the basis of the computer ODRA-1325 is used to pick up informa-
tion stored in terminal devices, and also for the operational
control of the whole station. This Ssystem comprises both the
hardware and the software of the computer-station communication.

To study the structural changes occurring in single crys-
tals it is most optimal to use detectors on tﬁé“basis of CCDs
(charge-coupled device-detector). A CCD-detector has a number
of advantages over a one-coordinate detector operating in the
proportional regime. First, a CCD has no restrictions on the
counting rate, whilst a proportional detector has a maximum

counting rate of 250 kHz. This is due to the fact that an in-
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crease of the diffracted radiation flux leads to increasing

the charge collected in the CCD cells as it is emitted by pho-

tons. Second, a CCD-detector possesses a better gpatial resolu-
tion - 15Jum. Third, for a CCD, the time needed to record a ra-
diograph can be, in principle, decreased down to a few nano-
seconds. Unfortunately, this device has a small cell for de-
tecting (10 x 10 gm), low efficiency (5% for the radistion
from a copper X—fay tube), whereas the time to read out the in-
formation arrived from the detector and to transmit it to.the
computer memory is large (300 ms).

To automate the works involving diffractometers with the
use of SR from VEPP-3 and to make a preliminary processing of
the Informabion obluined, Lhe compulers ODRA-130% and ODRA-
1325 have been in use. For the performance of a diffractometer
to be directly controlled, the following moduluses manufactur-
ed in the CAMAC standard were used:

-UShD=2 - an unit to control stepping motors; it is used also
to rotate the monochromator, detector and a sample
on the goniometer and for the other purposes;

i P2 g hand-operated unit to control stepping motors;

- KAS-32G - a 32-channel commutator;

- 5G-2 - a stepping motor digital;

- TsDR-2 = an unit to control a color display;

~ ATSP-161 - an analog-to-digital converter;

- T9AP-16x16 - a digit-to-analog converter.

During the adjustment and tuning of the diffractometer to
the required wavelength the performance of its basic units is
controlled by means of a terminal. Fqr convenience, all inform-
ation on the performence of the units is displayed on a color
display. If necessary, an operator can stop the program and to
make the required corrections. For recording the experimental
data as soon as a computer instruction arrives, the recording
system starts to work.

The small-angle scattering station is pogitioned at SR
channel 5 in the VEPP-3 bunker and works in sequence with the
crystallography and time-resolved diffraction stations. Until
now A.A.Vazina's team (Institute of Biophysics, USSR Academy
of Sciences, Moscow) who developed the station has used a rec-
tangular focusing monochromator with a four-cylinder crystal
bender and a one-section focusing mirror. In the nearest fu-
ture, a focusing monochromator with a triangular crystal and

168

R R R s S R R R e R R




a multisectional focusing mirror will be in use. The station is
involved in the examination of bilogical objects the diffraction
picture of which is concentrated within 1'42-3°; note that in
this range there are tens of diffraction maxima and the angular
distance between them is a few mrad.

To improve the angular resolution, a one-coordinate detec-
tor is placed a few meters apart from a sample. A long path of
the X-ray beam in the air leads to a considerable degradation
of the intensity because of the absorption and the appearance
of parasitic radiation at X-ray beam scattering. To avoid this,
the path of the X-ray beam must be exhausted.

The detection system is made in the CAMAC standard. Elekt-
ronika-60 is employed as a control computer for the station.

The time resolution achieved at the station is ‘10—3 S« This al-
lows one to study the dynamics of structural changes of fast pro-
cesses, in particular the dynamics of muscle contraction. A 3-
dimensional hystogram of the time dependence of the scattering
curve after A A Vezina is given in Fig. 11 .

The anomalous-scattering station is intended to overcome
some difficulties associated with the "phase problem" in crystal
structure determination. When analysing the structure of a sub-
stance consisting of the same atoms, the question on a possible

change of the phase upon scattering on the crystalline lattice
has no practical value. This change can have influence on the
phase of the resulting scattered wave, rather than its intensi-
ty. However, the situation changes if the unit cell comprises
more than one kind of atoms. For different atoms, the change in
the phase after scattering can be different from those deter-
mined by the atomic position in the unit cell. Such variations
in phases may be taken into account if we assume that the atom-
ic scattering factor is of the complex form:

'{; = .Fo i .{.( X .f"

2 | il
where ( and f are real and imaginary parts of the "ano-
malous" scattering since the complex amplitude always incorpo-

rates the phase factor. Then, )
17} [ ?9

Paisfis o
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where 5 2 AR ﬁ& ;

s [0 - 1)

o= '/f

determine, correspondingly, the real amplitude factor equal to
the modulus A and the phase factor ¥=arcfe(¢/f] They
account for the absorption of the X-rays by the electrons of
finite binding energy in the atom. The 41’ term represents
in-phase scattering and the {ﬁn term represents scattering
shifted by 90° in phase. As for many types of dispersion pheno-
mena, 43' and 43 are linked by a Kramers-Kronig relatlon-
ship. Close to the absorption edge (¥100 ev), :r and -f vary
rapidly with wavelength. There is a sharp jump in 4€ from be-
low toabove the edge (in energy) while £ ‘ dips to a large
negative value through the edge.

As is well known, obtaining the diffracted intensities
from a crystal is not the only step in the crystal structure
determination. The "phase problem" must also be solved. The
diffraction pattern of a crystal is the Fourier transform of
the electron density within the unit cell. The transform has an
amplitude and a phase component, but only the amplitude can be
directly measured. Normally, the phase is obtained by preparing
a second crystal that is identical to the first except for the
inclusion of an extra atom, preferably a heavy one, such as pla-
tinum or mercury. This is known as the isomorphic derivative
of the native crystal. Comparison of the two diffraction pat-
terns gives the needed phase information. Actually, several de-
rivatives are usually necessary.

The same information can, however, be obtained by varying
the photon energy of the X-ray beam. For each element, there
are characteristic photon energies (absorption edges), below
which there is an energy insufficient to excite electrons out
of an atomic shell, but it is above the edge. Thus, by simply
tuning the beam across the absorption edge of the heavy atom,
the effect similar to making an isomorphous derivative can be
obtained. Above the edge, the atom absorbs and appears not to
be in the structure and below it scatters X-rays into the dif-
fraction pattern instead of absorbing and is thus "in" the
structure. This phenomenon is called "the anomalous scattering".
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for the characteristic radiation from X~-ray tubes, the ano-
malous additions to the atomic scattering factor have been cal-
culated theoretically. These data are generally accepted now
and are broadly used by specialists in crystallography to iden-
tify the structures. It is beyond doubt that ‘the theory of ano-
malous additions is valid and may be applied for all wavelengths.

However, in close vicinity to the absorption edges this theory
does not work because it omits the effects occurring at reson-
ance excitation of the orbit electrons. A lot of experimental
works are devoted to the studies namely in this narrow range of
wavelengths. .

The anomalous scattering station is positioned on SR chan-
nel 2 of the VEPP-3 wiggle} and is 10 m distant from the radia-
tion point. At a distance of 6.7 m and 9 m from this point,there
are a vacuum seal and slow and fast shutters, respectively.

A monochromator is placed in an exhausted steel box. The in-
sertion of the monochromator into the vacuum chamber is eimed at
the following: 1) to eliminate the beam attenuation in the
long-wave spectral range, 2) to prevent the formation of oxide
films on the surface of g crystal and also the corrogion of
some.units of the monochromator, which takes place when 3R is
used in the atmosphere, 3) to reduce the radiation background
because of the fact that SR is scattered in the air, in the mo-
nochromator chamber. The crystal-monochromator is fixed on a
precision goniometer installed at a vertical stage. Crystal ro-
tation and translation in the vertical direction are driven by
stepping motors. The scanning step of the monochromator is
0,384 and that of the vertical translation is 0.1 mm. Each
step of a motor is monitored by an optic digital counter.Since
the rocking curve of the crystal 5i(220) reflection yields the
intrinsic energy resolution a£&/F = 5.6:10"2, “the energy reso-
lution of Lhe cxperimenl is -~ 1.0 eV for 11 keV photons. In
anomalous experiments, also used are Si and Ge perfect crystals
cut  with its (111) crystal plane at an angle A - “to. the
crystal surface. The required wavelength was selected automat-
ically by a special routine. For this purpose, each discrete
position of the monochromator is previously calibrated at the
wavelength corresponding to the K-edges of the elements intro- °
duced into the SR beam. The elements were chosen such that their
K-edges were within the working region of the experiment.



After the scanning over the whole range of wavelengths the
diffraction angle and the corresponding wavelength along which
the maximum absorption at the K-edge of an element was observ-
ed were fixed in a computer. The wavelengths corresponding to
the angles of the monochromator were calculated by computer

and written in a calibration table.

_ Pwo Ta slits, necessary for collimating the primary and
monochromatized radiation were also placed on the same vertic-
al stage. Both slits are adjustable for height independently,
but this procedure is made very rarely, because the monochro-
mator is aligned by displacing three elements (two slits and
a goniometer), which are strongly linked with each other. The
monochromator is aligned by a computer routine which determi-
nes a maximum of the monitor intensities. Behind the mono-
chromator there are a monitor and a collimator. Primarily, we
used an ionization chamber as the monitor; however, our expe-
rience have shown that if the diffracted radiation is detect-
ed by a scintillator-detector it is more efficient to use the
same detector. This is connected with the fact that the de-
tector and the ionization chamber have different dead time
constants and, therefore, if a drastic change in the intensity
of the primary beam takes place, the ionization chamber cont-
ributes a considerably larger error as compared with a scin-
tillator detector.

A collimation system is designed according to Kratki
scheme and this allows one to receive the primary beam with
low noise scattering. The slits are placed in a compact ex-
hausted box. The size of a slit may be varied owing to the
fact that the entire collimation system is rotated about the
axis which is perpendicular to the SR beam. The collimation
system is an automatic vertical stage identical to that in-
stalled at the monochromator.

A goniometer of the HGZ-4 type is placed in a radiation-
safety hutch connected to the collimation system by a vacuum
channel. The goniometer is adjustable for height using a ver-
tical stage similar to that used when we adjust the monochro-
mator.

The diffracted radiation is detected in the vertical
plane. Such a detection scheme has been chosen because a) in
this case, the beam plane after the monochromator is parallel

to the goniometer axis and, hence, the whole beam aperture
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may be used in the diffraction experiment and b) the SR beam
polarization is used in an optimal way.

At the station, the detectors of two types are employed:
an one-coordinate detector and a scintillator-detector. The
first finds its application in experiments where there is no
need in high angular resolution and only the information on
the reflection intensity is required. The second-type dekec-
tor is used in high-resolved diffraction experiment. For this
purpose, Soller slits or a secondary monochromator is placed
in front of the detector.

In what follows, & station for studying the solid-state

chemical reactions by the 'in situ' Laue method using synch-

rotron radiation is described.

The X-ray method is referred to one of the basic ones
dealing with solid-state ghemical reactions and giving, in ge-
neral, information on the position and elemental composition
of atoms in the solid-state crystalline lattice. The X-ray
diffraction method is a variety of the former and it gives
information on the parameters of a lattice tell and on the
position of the atoms of an object to be examined. In parti-
cular, the X-ray diffraction method in Laue geemetry is an
obtaining of X-ray diffraction pictures (Laue diffraction pat-
terns) of a single crystalline object in the white X-ray beam.
For a number of reasons (low efficiency of this way of X-ray
exposure, impossibilily to analyse and treat the relative
intensity of reflections) this method is not often applied in
defining the structure. As a rule, it is applied as an auxi-
liary means of research when analysing the symmetry of non-
faceted crystels and especially when defining the cryétal or-
ientation. If the structure of the crystalline phase under
investigation is however known, the dynamics of structural
changes in the course of the chemical transformation can be
esteblished with an appropriate fast detection system avail-
able. DED-3M is a two-dimensional position sensitive multi-
wire X-ray detector and a device which can register in sequen-
ce several Laue diffraction patterns for a certain time inter-
val and to store them digitized for their further computer
processing. On the other hand, fast detection equipment can
be Efficiently used only in the conditions of fairly intense
irradiation of the object to be studied. Synchrotron radiation |

(SR) can serve as the powerful source of radiation.

Y73



The problem of arranging the experiment 'in situ' is
among the most complicated ones encountered in studies of so-
1id-state chemical reactions. A particular substance 1is usual-
ly analysed prior to and/or after the reaction proceeds. In
this case, during some time, when the sample under investiga-
tion is displaced from the reaction chamber at the place of
analysis, the pressure and temperature are out of our control.
This can give rise to some structural changes in the sample
and to a substentially sophisticated interpretation of the ex-
perimental results obtained.

It follows from the above mentioned fact that X-ray stu-
dies of solid-state reactions should be performed in the time
period during which a chemical reaction proceeds, i.e. the ob-
ject being examined should be placed in the reaction chamber
where the external conditions (atmosphere, pressure, tempera-
ture) necessary for the reaction to take place are satisfied;
note that the chamber is in close vicinity to a detector and
a radiation source.

The general layout of the station is as follows. The col-
1imator forms a SR beam of 0.1-0.6 mm diam from the storage
ring VEPP-3. The photon flux of the collimated beam at the sam-
ple site (single pole wiggler with H = 20 kG, E = 2 GeV,

I = 100 ma) is 107! photon/s. Arriving at and passing through
the sample, the direct beam is catched by a trap and the dif-
fracted radiation reaches the X-ray sensitive range of the
DED-3M chamber. Thus, a direct (with respect to the passage)
scheme of obtaining diffraction patterns in Laue geometry 1is
realized. The sample is placed in the reaction chamber with
given, by the reaction conditions, gaseous atmosphere (under
definite pressure) or vacuum and temperature of the sample.

To obtain a required initiel Laue diffraction pattern there

is a possibility of orienting the semple with respect to the
incident SR beam in two mutually perpendicular axes of rotati-
on 52 and Y . In the reaction chamber there are two beryl-
1ium windows for incident and diffracted radiation. The sam-
ple is a flat single-crystalline plate mounted in a crystel
holder to provide heat contact. Instead of the reaction cham-
ber the one-coordinate positioner with the crystal holder can
be installed. The accuracy of the sample displacement relative
to the SR beam is about 1f¢m. The sample is moved perpendicu-
larly to the incident beam direction.
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The use of the station for the solid state reactions
investigation was demonstrated during the study of the crys-—
talhydrates dehydration as examples. These investigations can
be performed in two ways. First, it is possible to study the
kinetics of the structural change of the initial reagent dur-
ing the dehydration. Second, taking into account the fact
that the dehydration proceeds, as a rule, topochemically, it
is also possible to study tge reaction interface spatial
structure.

The dehydration of the flat single-crystalline (z-cut)
sample of LiKC4H406*H20 was carried out in the vacuum P =
= 0.1 Pa at 400 K. It may be concluded from these results
that the reaction proceeds with the formation of the interme-
diate products.

Scanning (with a step of BOJum) across the reaction in-
terface by the SR beam (0.1 x 0.1 mm*mm) was performed on the
pertly dehydrated in vacuum single-crystalline (y-cut) sample
of CaSO4*2H20. The Laue diffraction patterns have been obtain-
ed during scanning of the reaction interface from the initial
reagent to the dehydrated regions, CaSO4*5H20 for this case.
The lamination of the flaky gipsum structure in the interface
is accounted for by band deformation distortion (the increase
of the radial size of several reflections, for instance, 712,
223). Besides, there are relaxation processes of stored dis-
tortions in the reaction interface (the restruction of the
T2, P23 reflections).
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FIGURE CAPTIONS

Fig.1.

Fig.?.

Fig.3.

Fig.4.
Fig.5.

Fig.6.

Fig.T.

Fig.ce.

Fig.9.

Instrumental schem of the crystallographic station: 16
wiggler, 2- shutters, 3-slit sistem, 4-focusing monochro-
mator, 5-irap, 6-slit, 7-focusing segmented mirror, 8-
ionozation chamber, 9-Arndt-Wanacott sample holder, 10-
photocamera.

Adjastment table with goniometer (view from above): 1-
collimator, 2-carryng plate, 3- primary SR beam, 4-sam-
ple holder, 5-sample 6-diffracted beam, T-one-coordinate
detector, 8-rotation stage, 9-vertical stage.

Changes in the wide-angle X-ray diffraction behaviour du-
ring heating of polyatilen.

Schematic experiment with microcollimation of an SR beam.
In the course of dehydration of LiéSO4-H26 some inter-
plane distances, as well as d002’ are increased. The rest
are not changed: (a) is a dash-diagram of the initial,
interstitial and final structure, (b) is the dependence
of the change of some interplane distances of a powder-

like L12804-H20 sample in the course of dehydration in

vacuum.
Instrumental schem of the anomalous scattering station:
1-5R beam, 2-SR chanal, 3-slit, 4-rotation stage of mo-
nochromator, 5-double crystal-monochromator, 6-trap, 7-
vertical stage, 8-slit, 9-beam-monitor, 10- Be foil,
11=-goniometer, 12-sample, 13-secondary monochromator,
14~ detector, 15-horizontal stage, 16-rotation stage.
Changes in X-ray diffraction pattern YBaZCu306’3BrX

(x=141,5)is caused by anomalous scattering effect. De-
gignation above the patterns show the changes in the
intensity at different energy (in %).

The general layout of the station for studing solid-
state chemical reactions by Laue method.

Scanning of the CaSO4'2H20 reaction of dehydration in-
terface by SR beam in the direction from the initial
reagent to the final product. The scanning step is
SQ/Mm.

Fig.10. Small angle diffraction pattern from the frog muscle,

equatorial direction.
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Fig.11. Time course of changes in small angle diffraction pat-
tern in isometric contraction of frog muscle.
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