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THE EXTERNAL ELECTRON BEAM OF THE FRASCATI ELECTRON SYNCHROTRON

U. Bizzarri, M. Conte, l. F. Quercia, and A. Turrin

Laboratori Nazionali del CNEN - Frascati, {italia)
(Presented by A. Turfin]

I. THEORETICAL INTRODUCTION

In order to acquire slow extraction of the
beam from cyclic Accelerators with high efficien-
cy, low emittance and small momentum spread,
the radial betatron oscillations must be brought
into resonance (1-6). Long spill out times, other
wise, are achieved by means of nonlinear pertur-
bations. ‘

In the following discussion we will limit our-
selves only to Constant Gradient Synchrotrons.
As it has been shown by one of us (A. T.) (7),
the most convenient resonance to get the above
mentioned important features is the v. =2/3 one
(consider also references (3-5). The correspon-
ding An(x,0) perturbation to be introduced
must have the following form:

dn
An = ( ) x*sin20 [1.1]

dx
dn dn
—— | = constant, X
dx dx
If the Synchrotron is a circular one, the re-

sulting equation of the particle motion

« <n>

dx 1 [{dn
+(1— <n>)x=— ( x* sin 20
do? 2 dx
<n> =D + &
Dyes = 5/9 (1.2}

dn
18] «|[{—- | x

dx
can be integrated by the method of Krilov and
Bogoliubov. The first approximation solution is
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2
=a(®sin|— > '
x = a (0) sin [3 9 + @ (0)] @® ‘ 0 [18) [14] cos3® =

e

where a and @ are related by the following e(jua-

Sk ,

tion ‘ ) 85 |

e |

cosfa ) STABILITY LIMITS SEPARATRIX ( dn ) |
ASYMPTOTIC SOLUTION

. -\ . YMP Ly ) ‘ ‘ dx ||

with a./a and ®, initial values for the scaled am-
- plitude a/e and the phase ®.
The last term in equation [1.4] obviously re-
presents the asymptotic behaviour of the solu
tions when a — .
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Fig. 1 - Curves corresponding to various initial values
a,/o. and cos3®, are represented in the cos3® vs.
a/a plot. The (1.5) separatrix curve corresponds to the
boundary between limited orbits and resonant orbits
regions. :
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Fig. 2 - Plot of ® vs. a/a. The asymptotic value ‘of ®
is shown to be /6, for an infinite amplitude.

tren

) 3 G
{*) a and @ can be found by solving the system - , ve \
: . ) . \,
N
LR (dl) o' sin 30 ) Gap 0.00 . .
“ 40 . 82 \dx : O e S S 1 R 1 13 LI OO
g:-“- (:]—n—)ncos'ﬂdl—is
a8 32 dx 4 -
which furnishes the followfng simple = differential re- A 2 3 RS 8 A

lationships )

d» . acost®-—a 85 |

b ———— = | ——
b da 4'sin 3@ I(dn i 1
de 1

Equation [b] can be expressed by

dy y ‘a A |
e . Fig. 3 - Cross section of the Frascati Synchrotron's gap.
. . The chosen pairs of wires of ‘the pole face windings
and its general integral is just the equation [1.4] of are represented. The corresponding A B, (x), shown in

the ‘text. the upper part of the figure, is measured in arbitrary units.
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Fig. 4 - Two-targets device for detecting the resonant
behaviour of radial oscillations. On the left there is
the 5 mm width target, which simulates the mouth of
the extraction channel. On the right there is the 1 mm
width target, which is nearer to the central orbit and
represents the septim thickness. These targets are di-
splaced by 6 cm azimuthally. Their position controlling
system is also shown on the right side.

-Fig. 6 - Top trace: spill-out shape observed by a scin- -

tillator placed near the Synchrotron. Bottom trace: cur-
rent pulse into the correcting coils. Sweep speed: 1
msec/cm.

In Fig. 1 a family of curves derived from [1.4]
shows cos 3 ® as function of a/a, corresponding
to various initial values of a/e and cos 3 ®.

Each curve in Fig. 1 is to be imagined travelled
by the representative point in a direction which
depends from the initial values a./a and ®. The
curves on the left of the boundary curve

' - 1 /ay 38 [a
[15] 0530 = — — (_) + (_)
2 a 2 a

&

correspond to permanently limited orbits, whose
amplitudes fluctuate between limits given by the
intersections with the two lines cos3® = =+ 1.
" Curves on the right of the [1.5] curve exhibit
the asymptotic behaviour. For an infinite ampli-
tude the asymptotic value of @ is wn/6 (refer to
Fig. 2).
Orbit enlargement occurs anyway when a/a > 1
or, in other words,
dn
a | —
dx

(refer also to (7)).

[1.61 > 88_‘

Fig. 5 - Film exposure at about 3 m from the two tar-
gets, while the perturbation is applied. The left spot
represents the y ray beam (extracted electrons) coming
from the 5 mm target. The right one represents the y
ray beam from the 1 mm target.

to Center
of Machine

1 Emerging
orblt

1

1

Fringing Field Region

Fig.' 7 - Sketch of the extraction system.

Following the above considerations the electron
beam has been extracted from the Frascati Elec-
tron Synchrotron in the way described below:
At the end of the acceleration cycle, the ma-
gnetic perturbation is introduced, but all the par-
ticle oscillations remain limited since their mo-
tions are described by the amplitudelimited cur-
ves. Growth of oscillations occurs only when the
r.f. peak voltage is made to decrease slowly and
electrons are allowed to spiralize smoothly
inward.

Because of the existing variation in the <n >
value along the radial width of the gap, <n >
approaches gradually to n.. when the radius of
the orbits is made to decrease.

In this way, as soon as condition [1.6] is sa-
tisfied, the electron motion becomes controlled
by the resonant action of the field, and every
particle rushes towards the mouth of the extrac
tion channel in the course of a few revolutions.

Il. EXTRACTION OF THE BEAM FROM THE FRA-
SCATI SYNCHROTRON

The perturbation [1.1] is accomplished by
injecting currents at the end o fthe acceleration
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Fig. 8 - «Soft» magnet and its position controlling
system.

Fig. 10 - Top trace: spill-out shape from a scintillator
placed near the electron stopper of the external beam.
Bottom trace: shape of the currents injected into both
magnets. Sweep speed: 1 msec/cm.

cycle into pairs of wires belonging to the pole
face windings, connected in an antiinductive loop.
Current flows of opposite direction are fed into
pairs of wires symmetrically placed with respect
to the central orbit, as it is shown in Fig. 3. The
required azimuthal second harmonic variation of
the perturbation is obtained by reversing the di-
rection of the current flows into the wires in
each next quadrant of the Synchrotron magnet,

"If the distances between the wires and the
center of the gap are sufficiently large, the de-
sired " sextupolar” perturbation of the field is
easily realized. The shape of the A B, (x) obtained
in this way is represented in the upper part of
F:ig. 3. ' ’

When the perturbing term (4/7) A B.(x) sin 2 ©
is introduced, the corresponding equation of mo-
tion results:

dZ

[21] — 4+ (11— <n>)x=
de?

4
— AB.(x) sin 20
T

0

The second harmonic variation of A B.(x = 0)

Fig. 9 - « Hard » magnet.
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Fig. 11 - Current pulser.

does not cause any resonant effect (it produces
only a slight distortion of the closed orbit). It is
the parabolic shape of A B. (x) that is responsible
of the resonance.

A simple device has been used to test whether
the particles, under the action of.the above de-
scribed perturbation, are able to jump over a
few millimeter radial obstacle.

The device (see Fig.-4) consists of two targets,
with radial width 1lmm and 5 mm, placed at
different radial and azimuthal positions. With
this disposition, when the electrons spiralize in-
ward in absence of the field index perturba-
tion, the v ray beam comes out only from the
first target (1 mm width), nearer to the central
orbit. If the perturbation is simultaneously ap-
plied, a v ray beam (see Fig. 5) comes out from
the second target too, due obviously to electrons
that jump the first one. The two y-ray intensi-
ties may give a rough estimation of the extrac-
tion efficiency.

In our case the current required to excite the
resonance at 1 GeV, is about 30 Amperes in
each wire, corresponding to a value A B.(x=0)
=30 Gauss. Fig. 6 shows the current pulse and
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the spill-out shape observed by a scintillation
counter, ‘
The extraction system consists of two pulsed

septum magnets. The first one (” soft” magnet)"

is placed in a straight-section of the Synchrotron,
and deflects the particles slightly towards -the
center of the machine, The second magnet
(" hard " magnet) is placed in the next straight-
section, and deflects the electrons outwards, for-
cing the beam to emerge at the end of the
following quadrant (see Fig. 7).

" The " soft " magnet and its control system are
shown in Fig. 8. The main characteristics of this
magnet are: length 30 cm, gap height 11 mm, gap

width 20 mm, septum thickness .5 mm. The

field and the current required for 1 GeV extrac-
tion are about 550 Gauss and 550 Amperes. The
fringing field of the ” soft” magnet is less than
10% of the internal field, at 1 mm outside from
the septum. '

The " hard ” magnet is shown in Fig. 9. It is
similar to the " soft’ one, except for the septum
thickness, wich is 3.5 mm.to allow for the water
cooling. The field and the current required are
3500 Gauss and 3500 Amperes. The fringing field
is less than 3% at 1 mm outside from the septum.
In Fig. 10 the shape of current pulses in the two
magnets is shown. Fig. 11 shows the scheme of
the pulser. :

In order to calculate the electron orbits inside

the Synchrotron’s fringing field, the radial de-

pendence of the vertical magnetic field has been -

measured {(the linear shape of the field ends at
x =7 cm). A simple analytical expression -of

45cm
55ecm

Xomm 0
E = 1000 Mev

B2 = 3500 Gauma

Fig. 12 - Fringing field effect on two orbits with zero

initial slope and initial radial displacement = 1 cm.

B.(x), fitting, the measured values of the field
in the fringing region, has been introduced into
the radial motion equation: - ‘

dx B;(X)
+ b(x)x = R[1 — bx)] , where b(x}) =

[2.2]
0 0

this one has been numerically integrated by the
Runge-Kutta method. '
Two orbits calculated in this way are represen-
ted in Fig. 12. They have zero initial slope and
their initial absissas are — 4.5 cm. and — 5.5 cm.
The fringing field has a radial defocusing effect
ontao the beam. In fact, if the initial radial dis-
placement between two orbits is for istance
1 cm, at the azimuth ?# =90° it becomes 6.5 cm.
"In order to compensate the fringing field de-
focusing effect, we have introduced a 3% per cm
gradient into the field of the extracting ”hard”
magnet. In this way a factor 3 reduction of the
horizontal beam size has been achieved. Mo-
reover these results gave useful informations
for the design of the vacuum chamber and of the

" beam transport system.

Il. CHARACTERISTICS OF THE EXTERNAL BEAM

The external beam intensity has been measu-
red by a Wilson quantameter, and corresponds
to about 10° electrons per pulse, that means that
the extraction efficieny is about 50%.

In order to measure the extracted beam emit-
tance, the " minimum spot size” method has
been used. The results are about
vertical emittance = 0.5 X 10™ cm - rad,
horizontal emittance = 2 X 107 cm - rad.

These values are caused first by the crossing
of 1.5 m length air and second by the variation
of the magnet’s currents during the long'spill-
out time. : ' '

The momentum spread Ap/p of the external
beam has been evaluated by means of a compa-
rision method: the radial width of a undeflected
beam has been compared with the radial width of
a beam deflected by a zero gradient magnet,

The result for 600 MeV and 100 psec extrac--
tion is: '

Ap/p=(15+ 2.0) x 10~

Therefore the external beam has practically
the same momentum spread of the circulating
beam, due to the phase spread of the synchrotron
oscillations.

The maximum spill-out time obtained is about
4 msec which corresponds to a duty cycle of
8 x 10 :

The authors are particularly grateful and in-
debted to Mr. L. Cesarini, Mr. M. Spina, and Mr.
V. Venturini for their indispensable technical
assistance.
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DISCUSSION

BerNarDINI G.: What is the extraction efficiency if it TurriN: The efficiency is ~ 50%,
has been measured? :

Riprodotto e stampato dal Comitato: Nazionale Energia Nucleare, Divisione Affari

Intemaziona_li ¢ Studi Economici, Ufficio Pubblicazioni, Laboratorio Tecnografico.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


