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Review of ®-Factories

Mario Serio, Gaetano Vignola, DA®NE Project Team [1]
INFN, Laboratori Nazionali di Frascati (LNF) - 00044 Frascati (Roma) - Italy

Abstract

The main accelerator physics and technology issues of
electron-positron ®-Factories are discussed. Advantages and
drawbacks of possible colliding schemes are reviewed. The
most relevant technological issues at DA®NE, now under
construction at LNF, are discussed.

1. INTRODUCTION

1.1 Energy frontiers vs. Luminosity frontiers.
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Figure 1 - Luminosity of present and future e*e- colliders and
factories in the range 1+200 GeV (from Ref. {2]).

In the last years, besides the continuing interest of physi-
cists towards physics at colliders with higher and higher
energy, considerable interest has developed towards very high
precision measurements and in particular to the study of CP
violation on colliders optimized and running at specific s§ or
bb resonances such as ®, Y, etc. The prerequisite to the
realization of these colliders is abundant production of ® or ¥
particles reliably around the clock, hence the name factories .

In contrast to colliders at the energy frontiers, where huge
financial effort, large international collaborations and large
laboratories set the typical scale, in the race to very high lu-
minosity at relatively low energy, the typical scale can well
be that of a medium size national/regional Laboratory (e.g.,
LNF) and the financial effort is in most cases affordable by a
single Institution.

The composition and the numeric consistency of both the
physics and accelerator groups is not such to pose serious so-
ciological and logistic problems, as often is the case with
large collaborations.

The exploitation of local facilities, skills and experiences
certainly affect the approach, making the design somehow
site-dependent; new ideas and considerable R&D are neverthe-
less solicited. :

1.2 Physics at a D-Factory

The realization of factories at the ® energy (~1 GeV c.m.)
has been proposed at several laboratories. The main motiva-
tion for a ®-Factory is that it can provide a method to mea-
sure the ratio of the CP violating parameters €'/ with a pre-
cision of ~ 5 10-4 [3]. To fulfill the experimental require-
ments in order to verify CP violation, the yield of ® particles
necessary must be of the order of ~101%year. Then, given the
peak cross section at the ® resonance, o, =4.4x1030 cm?
and assuming 107 sec of operating time in one year, the aver-
age luminosity <£> must be ~2.3x1032 cm2 sec-!. To date,
the maximum luminosity attained at the @ energy is that of
VEPP-2M, 4.3x10%0 [4]. A luminosity improvement of
about two orders of magnitude is then necessary.

2. LUMINOSITY STRATEGIES

Being the luminosity L the primary and most distinctive
feature of a d-Factory, a brief digression is in order.
The luminosity per interaction point (IP) is, by definition:
+N- +N-
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z 4no,o,

L=f

with f the crossing frequency, N4 . the number of particles in
the positron and electron beam, Z the superposition area and
Ox,y the rms horizontal and vertical beam sizes at the IP, as-
suming gaussian shape and head-on collision.

We make some simplifying assumptions: beams are
bunched and h different bunches per beam collide at the IP; the
number of particles per bunch N and the horizontal and verti-
cal beam sizes are equal in both beams. The collision frequen-
cy is f =h £y, with fy the revolution frequency.

The single bunch luminosity L, is limited by the beam-
beam interaction. When two bunched beams collide, one
bunch feels a focusing effect from the other, whose strength is
described by the so called beam-beam tune shift parameter &:
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with re the classical electron radius, By y the betatron func-
tions at the IP, and vy the particle energy in units of rest mass.
There is experimental evidence of a limit on the maximum
value that § can take, beyond which the beam-beam effect is
so strong that instability and beam blow-up occur and the life-
time and the luminosity are substantially reduced.

We can express the luminosity as:

_ - NY@y Sy
L-hLo-hf,ev_,zW(1+cx). 3

Equal tune shift in both planes ( &= §,= &, ) is obtained
when;

o
Emitianceraio=x =K, = =+ -> —*=x.
B ﬁx GX



Under this condition the luminosity can be written as:

L=hL, = hf,evN(ZYTe)% (1+x). @

By inspection of the simple formula (4) we can identify
the relevant parameters that could be pushed to limit to im-
prove the luminosity. None is without limitation or draw-
backs, however. Let's review them briefly.

2.1 Revolution frequency fre..

The size of the typical detector cannot be much smaller
than 3+5 m, imposing a limit on the ring circumference to no
less than ~20 m, corresponding to a revolution frequency of
~15 MHz. Assuming a filling factor <~0.5 for the bending
magnets, one readily arrives at very intense bending fields, and
small bending radii, with strong non-linear components which
tend to reduce the dynamic aperture.

In addition, a substantial fraction of the machine length
must be dedicated to RF, injection, beam instrumentation
etc., which adversely affect the longitudinal coupling
impedance with a larger relative weight than in a longer ma-
chine. In small rings, coherent synchrotron radiation is the
source of non negligible vacuum impedance.

2.2 Number of bunches h.

. Increasing the number of bunches has the nasty side-effect
of parasitic crossings outside the interaction region (IR),
which contribute to the becam-beam tune shift parameter, but

not to the useful luminosity. Parasitic crossings can be elim- -

inated by means of electrostatic separators, but in this case,
the maximum number of bunches is limited by the constraint
of having at least one half betatron wavelength between two
parasitic crossing points. It is possible to go around this
problem by adopting a scheme with two separate rings, tan-
gent at LﬁieIP(s). The problem of avoiding parasitic crossing
is circum¥ented in this way, except for the common pari of
the two storage rings, where in any case the beams must be
kept separated either by electrostatic separators, or by accept-
ing to collide at small angle. In case of separated rings, it is a
reasonable choice to make the ring size larger, with many
bunches, keeping the number of particles per bunch relatively
small. Multibunch instabilities, however, can pose a serious
limit because of the high total current.

2.3 Bfunction at the IP

A very small value of §3 at the IP has strong impact on the
whole ring lattice design. First of all, in order to leave suffi-
cient material-free solid angle to the detector, the first
quadrupoles cannot be too close to the IP. The betatron func-
tion grows parabolically, taking a very large value at the
quadrupole. The chromaticity is strongly affected and a power-
ful sextupolar correction must be provided elsewhere in the
ring, with a corresponding reduction of dynamic aperture.’

Also important, due to the parabolic increase of 8 around
the IP, the transverse size increases along the bunch length
and to keep the advantage of having small dimensions at the
IP, the bunch length o} must be shorter or at most of the
same order of 8, otherwise geometric reduction of the lumi-
nosity occurs, the so called hour-glass effect. To achieve short
bunch length puts an heavy burden on the RF system and on
the machine impedance budget. Malignant instabilities can
arise because of the very high peak current.

24 Coupling x

In spite of the theoretical factor of two increase in lumi-
nosity that one can get with round beams k~1, this solution
is seldom used.

To exploit full coupling requires the two B functions at
the IP to be of the same order, with strong focusing in both
planes: the chromaticity is increased and the sextupolar correc-
tion is more complicated and makes the ring lattice less flexi-
ble. Moreover, there is an additional difficulty in the design of
the interaction region, where space is at a premium. This is
the reason why practically all existing colliders adopt the flat
beam scheme, with strong focusing only on the vertical
plane. An alternative way to achieve equal (small) values at
the IP is by means of strong solenoidal focusing.

2.5 Tune shift parameter &

A substantial luminosity increase can also be obtained by
increasing &. Unfortunately, it seems not possible to achieve
arbitrarily large values of & without incurring in serious limi-
tations. Besides the physical mechanism of the & limitation,
which is very involved and far from having been solved theo-
retically in a conclusive way, there is an experimental experi-
ence over most existing and past colliders that the maximum
€ achievable is much like an universal constant. Namely, av-
eraging over most electron colliders: & ~ 0.04 + 0.015.

According to theoretical arguments and simulations [5,6],
there could be a net gain in the maximum & by adopting the
round beam scheme, although there is not general consensus
on this conclusion [7].

We cannot overestimate the relevance of experimental data
on this very crucial issue. At the time of writing, the only
one experiment made at CESR [8] has not dramatically con-
firmed the goodness of the round beam approach, even
though, for various reasons, the experimental conditions were
not very favorable and this datum has not 10 be considered
conclusive in any way.

There is a very interesting plan of making round beams at
VEPP2M [9] with a solenoidal focusing scheme similar to
that proposed for the INP ®-Factory [10]. In this way the
possibility of in¢reasing the beam-beam limit with round
beams will be tested and hopefully validated in a realistic con-

Lext.

Of course, all the above parameters are not free, affecting
each other in several respects and confronting with other pos-
sible limitations of the storage ring design.

Not less important than the maximum luminosity is the
luminosity lifetime. In addition to the peak luminosity,
which is a qualifying figure, also the time between successive
fills of the ring(s) is very important for a "practical" experi-
ment to take data.

3. OVERVIEW OF ®-FACTORIES

In this section we review the proposals and projects for
®-Factories in the world. The main parameters relevant to the
luminosity are summarized in Table I.

3.1 UCLA

The UCLA ®-Factory design [11] consists of a compact
race-track storage ring of 17 m circumference, equipped with 6
superconducting dipoles of 4T with large good field region and
no curvature for simplicity of realization and reduction of
cost.



Table I - Summary of luminosity related parameters of &d-Factories

Design Luminosity £ (cm™4 seC'i) (x1032)
Design Luminosity/bunch £, (x1032)
Total current lifetime (min)

Beam-Beam contribution to lifetime (min)
Circumference (m)

Number of rings

Number of IRs

Crossing type

Crossing half angle (mrad)

Number of bunches per beam

Number of particles per bunch (x101%)
Momentum compaction factor o
Horizontal (3 at IP (cm)

Vertical 8 at [P (cm)

RMS Bunch length (mm)

Energy loss (radiation) per turn (KeV)
Honzontal emittance (mmxmrad)
Coupling factor
Tune shift parameter &

* Numbers in parenthesis refer to Phase 2 (QIR).

A sketch of the proposed layout is given in Fig. 2. One of
the two straight sections 1s occupied by the RF cavity, the
other one by a small detector. In the UCLA proposal an ini-
tial luminosity: £=3x10%%2 cm? sec’! is achievable working
with single bunches of 4x10!! particles, high emittance,
x = 0.2 and a rather conventional low-f3 interaction region.
Due to the very compact design, special sextupoles are
employed to correct the chromaticities.

At a second stage the lattice will be modified to obtain a
"Quast Isochronous Ring" (QIR) with a design luminosity
L=1033 cm™? sec’!. The idea is to shorten the bunch to the
millimeter range by making the first order momentum com-
paction vanish, enabling very small values of the vertical be-
tatron function at the IP, so that, even with a lower current
(1.6x10!! particles), a higher luminosity can be obtained.

Figure 2 - Sketch of the UCLA ®-Factory
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3.2 INP

The ®-Factory under construction at INP, Novosi-
birsk [10], undoubtedly incorporates the most innovative and
exotic design ideas. It is 35 m long and has a rather peculiar
"figure of eight” shape (see Fig. 3). One bunch per beam cir-
culates in the machine and the collision points merge in the
central part, allowing the bunches to cross at the same IP two
times per revolution.

Figure 3 - Sketch of the INP Novosibirsk ®-Factory

The number of particles/beam is 2x10!1, corresponding to
an average current of ~ 270 mA/beam. An essential feature of
the project 1s the strong solenoidal focusing: superconducting
solenoidal magnets of 11 T, incorporated within the detector,
are used to obtain equal low-3 values of ~1 cm at the IP and,
at the same time, to exchange the horizontal and vertical
planes at each crossing, creating the same emittance in the
two planes. The bending magnets are also superconductive at
6.5 T. | |

The first-stage luminosity design is 1033 cm2 sec’! in the
single bunch mode. This ultra high luminosity can be reached
exploiting the round beam option, with the operating point
on the main coupling resonance with no degeneration of the
normal modes of oscillation. The design 1s based on the idea
that round beams can get a value of &, higher than 0.1 in
both planes.



A second stage is foreseen, with up to three bunches and
electrostatic separation at unwanted IPs. The luminosity at
this stage will improve by a factor 3+10.

The lifetime is of the order of few minutes and therefore
injection at 0.1+0.2 Hz is planned.

The project is supported by the Russian Government
within the State Program on High Energy Physics, but the
financing plan has been drastically detained and INP has to
support the project within its own budget.

3.3 DADNE and KEK

The INFN-LNF project DA®NE (12] and the KEK [13]
proposal are similar. They both exploit existing buildings and
facilities and use the same approach of storing many bunches
(120 and < 300, respectively) in two separate rings ~100 m
long. The beams are very flat and are brought to collision at a
horizontal angle.

The approach is based on conventional techniques, normal
conducting (NC) dipole magnets, high ficld NC wigglers and
room temperature RF cavities.

In the KEK project the two rings are superposed, with two
long straight sections (SS), one for the IR, the other for the
RF, and two short sections, one for injection and the other for
the feedbacks.

DA®NE adopts a different solution in that the rings lay in
the same plane and are asymmetric with a short and a long
half. Two IRs can be accommodated. The crossing angle can
be changed by powering a small dipole, located after the split-
ter magnet that separates the trajectories of the two beams.

The short SS is used for the RF and the feedback systems,
the long one for injection.

In both projects the lattice is a modified Chasman-Green.
The wigglers, accommodated in dispersive regions in the arcs,
are used to increase the radiation and to control the emittance.

4. STATUS OF DA®NE

DA®NE has been approved and funded in 1990; the de-
tailed engineering design started in 1991 and the construction
is proceeding steadily. A general description of the facility has
been given in {12]. The beginning of the commissioning is
scheduled by 1996.

The initial effort is concentrated to ensure the accumula-
tion of at least 30 + 30 bunches for an initial routine lumi-
nosity £ = 1.3 1032 cm2 sec!.

In the following sections we give the status of the princi-
pal systems.

Detailed information on the various subsystems are found
in other papers presented at this Conference.

4.1 Injector

A powerful, reliable and stable injection system has been
recognized as a very important requisite to get the target
average luminosity, because of the rather high number of
positrons and electrons to store (up to 1013 in ~5 min) and of
the necessity of frequent injections. '

The injector complex consists of an e*/e- Linac, an
Accumulator/damping ring and transfer lines. All the compo-
nents of the injection chain can operate at full energy and top-
up injection is foreseen, to keep the average luminosity high.

The Linac can deliver e*/e” beams at 50 Hz. It is now un-
der test at Titan-Beta [14] and the installation at LNF will be-
gin by the end of 1994,

The 32.56 meter long Accumulator/damping ring is used
to accumulate at 50 pps the required number of electrons
(positrons) in one RF bucket and to damp the transverse and
longitudinal emittance of the Linac beam.

The damped beam is extracted at ~1 Hz and injected into a
single bucket in the main ring. This solution avoids satura-
tion of injection and the aperture requirements for injection in
the main rings are relaxed.

Magnetic channels transfer the beams from the Linac to
the Accumulator and from the Accumulator into the main

. rings, snaking inside the already existing tunnels and build-

ings around Adone, now dismantled (see Fig. 4).
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Figure 4 - Layout of DA®DNE and injector

The Accumulator and transfer lines are now under con-
struction by Oxford Instuments and Ansaldo respectively, and
the commissioning will start in 1995.

4.2 Emitance Wiggler

Four NC 1.8 T, 2 meters long, 40 mm gap, wiggler mag-
nets are present in each ring, to increase the radiated energy. In
addition, by slightly changing the optical functions in the
wigglers, it is possible to tune the beam emittance over a
wide range without deteriorating the damping time.

A wiggler prototype built by Danfysik (Denmark) has
been delivered to LNF, and after a complete set of measure-
ments, the authorization has been released for series produc-
tion, with some modification suggested by the tests.

- The magnetic quality of the wiggler meets the require-
ments of the DAGNE Main Rings. Numerical simulations
confirm that perturbation introduced by integrated sextupolar
term in the wigglers is not harmful.

4.3 Vacuum System

The total pumping speed installed on each storage ring is a
huge 125000 I/s over 100 meters of vacuum chamber. The
main ring vacuum system is dimensioned for an operating
pressure of 1 nTorr with ~ 5 Amp of circulating current. It is
also required to have a rapid recovery of operating pressure af-
ter an intervention in the vacuum chamber or after an accident.

The vacuum system is based on Ti sublimation pumps
(TSP) located in the vacuum antechamber of the arc sections,
right close to copper absorbers. In addition, sputter ion pumps
are used to pump down CH4 and noble gasses.



Different surface finishing and treatments on two Al 5083
prototypes of the arc vacuum chamber have been investigated.
Using the obtained results, which confirmed our choices, the
cleaning procedures and the operational procedure for the {lash-
ing of Ti filaments in the TSPs have been assessed.

Detailed specifications for the arc vacuum chamber are
completed and the contract for the fabrication awarded.

4.4 RF

The first main ring cavity i1s now under construction,
Because of the large current and large numbcer of bunches, the
reduction of the beam-cavity spectra interaction is the most
demanding feature of the DAPNE RF system.

The RF cavity design aimed at significantly reduce the
impedance of the high order cavity modes (HOM) by a proper
shape of the resonator and, more eftectively, by coupling oft
the HOM electromagnetic ficlds with waveguides.

The waveguide, whose cutoff frequency is higher than that
of the accelerating mode, are connected to the cavity surface
and terminated to 50 {2 on the other side, by means of broad-
band (0.5+3 GHz) waveguide to coaxial transitions under vac-
uum, which have been developed at LNF [15] to this purpose.
This solution avoids the use of RF lossy materials within the
waveguides, in the ultra high vacuum of the accelerator.

This system has been tested on a cold prototype and the
measured HOM Qs are below those required to damp multi-
bunch instabilities with our bunch-by-bunch feedback system,

The RF power source at 368.25 MHz i1s a 150 kW/CW
TH2145 klystron amplifier developed by Thomson Tube
Electronique and successfully factory tested at full power. The
estimated beam power is ~100 kW at the full design current.

4.5 Interaction Region

One of the two IRs will accommodate the detector
KLOE (3], designed mainly to study CP in neutral K decays.
The other one is assigned to a smaller detector FINUDA [16],
designed to study hypemuclei formation and decay. The KLOE
construction is in a more advanced status.

The KLOE interaction region is 10 m long. The low-3
quadrupole triplets, of permanent type, are 46 cm far from the
[P and are confined 1n a cone of 9° halt aperture, leaving a ma-
terial-free solid angle for the apparatus of ~ 99%. The first 2
quadrupoles of the triplets have already been built by Aster
Enterprises and the measured field quality exceed our specifica-
tions. It is a requirement of the experiment to have a large
(radius ~ 10 cm) aperture vacuum chamber at the IP as trans-
parent as possible to the produced particles. The outer parts of
the IR vacuum chamber are made of stainless steel with a
copper coating inside to reduce the ohmic losses.

The inner section, bulb-shaped at the IP, is made of
0.5 mm thick pure beryllium, directly brazed onto the stain-
less steel pipe. Inside the spherical part of the chamber a 50
micron beryllium shield provides a continuous profile to the
vacuum chamber to reduce RF losses. Water pipes, brazed as
close as possible to the interaction point, provide the cooling

needed to compensate for the thermal load on the vacuum
chamber.

The supporting system consists of two independent struc-

tures: the detector support and the triplet assembly support, to
allow relative freedom of mechanical alignment of the perma-
nent magnet quadrupoles without affecung the detector. The
detector supporting structure holds also the vacuum chamber.

The pumping system is a combination of lumped sputter
ion pumps, distributed sputter 1on pumps and non evaporable

getlter pumps. There are no pumps inside the detector near the
[P.

The pumping system is able to reach a mean pressure of
about 5-10710 Torr at full beam current after 2 or 3 months of
conditioning.
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Abstract

A general overview of the diagnostics designed for each
part of the DADNE complex is given. The relevant beam
measurements we need to provide are: emittance, energy and
energy spread in the Linac, longitudinal and transverse dimen-
sions, beam position and tunes in the Accumulator and in the
double ring collider, where overlap of the two beams at the in-
teraction point has to be optimized and controlled.

1. INTRODUCTION

DAO®NE is a high luminosity electron-positron double
ring collider [1], designed to serve as a ®—f{actory (1020 MeV
c¢.m.), now under construction at the INFN Frascati National
Laboratory; its commissioning is forescen in fall 1996.

The average luminosity must be improved by two orders
of magnitude with respect to existing facilities in the same
energy range to fulfill the requirements of the experiments,
based on high precision measurements of CP violation related
parameters. To achieve this goal, up to 120 bunches will be
stored in each ring, collisions taking place in two low-J3
interaction points (IP), where the experimental detectors
(KLOE (2] and FINUDA [3]2 are installed. The ultimate total
beam current is =2x5 A (=1013 particles in each ring).

A full energy injection systcm, consisting of a
550 (e*) / 800 (¢*) MeV Linac and an intermediate booster
(Accumulator), provides topping-up capability. Injection from
scratch of both beams will take place in 5+10 minutes, while
half this time is expected in the topping-up mode. Transfer
Lines drive the beam from the Linac to the Accumulator, and,
after damping, from the Accumulator to the Main Rings.

The primary role of beam diagnostics is to make perfor-
mance optimization easy. The stringent requirements of a
high average luminosity collider call for careful control of
life-time, beam sizes, coupling, storage rings optics, closed

orbit distortion and stability of the interaction points. This
can be accomplished only with extensive, redudant and
general-purpose beam instrumentation.

Diagnostic devices will also be used for the initial com-
missioning of machine components and, in routine operation,
to measure beam parameters at the boundaries between the
injection chain elements, to check and optimize injection,
extraction and transfer efficiency, and accumulation rate. This
is very important in view of the fast filling rate required.

The table below summarizes the various types of beam
instrumentation in the DA®NE accelerator complex.

2. LINAC AND TRANSFER LINE INSTRUMENTATION

The DAPNE Linac {4], is an electron/positron accelerator
delivering 10 ns FWHM macropulses with nominal peak
current of 40 mA (e*) and 150 mA (e) at 50 pps. The
diagnostic devices along the LINAC are sensitive to 1 mA.

The main parameters to be checked are emittance, central
energy and energy spread of both beams.

Beam emittance is measured with the three gradients
method [5). The beam width is measured as a function of the
gradient in a quadrupole of the Linac/Transfer Line maiching
section, by letting the beam strike a chrome-doped alumina
flag downstream the quad. The emitted light, proportional to
beam density, is collected by a CCD camera + frame grabber
system and processed by the Main Control System to derive
the horizontal and vertical emittances and optical functions at
the quadrupole.

Energy measurements are performed by a spectrometer
system [6], consisting of a small angle pulsed dipole
magnet and a 60° DC dipole, with a secondary emission
monitor (SEM) in its focus, made of 34 tungsten bars
(90x2.7x2.7 mm3 each) grouped to form a 24 channels hodo-
scope. Resolution is 8(AE/E) = £0.07% (e-), + 0.18% (e+).

DA®NE Beam Instrumentation Summary Table

Storage Rings Interaction Points
Type Tr.Lines| Acc. c+/e- DAY-1 | KLOE | FINUDA
Secondary Emission (SEM) Hodoscope
Faraday Cup
Fluorescent Flag 2 2/2
Slit/Scraper 3/3
Beam Stopper
Toroidal Current Monitor 1
Wall Current Monitor 1
DC current Monitor /1
Beam Position Monitor - Stripline 4+1 12 4 4
Transverse Kicker - Stripline 1 2/2 . '
Beam Position Monitor - Button 8 36/36 13 6 6.
Synchrotron Radiation Monitor 2 - 171
H/V Tune Monitor/Tr. Feedback 2 2/2
Synchrotron Tune Monitor/Long. Feedback 1 111
Luminosity Monitor 2 1 1




The low repetition rate and intensity of the beam in the
Transfer Lines require high sensitivity of the beam position
monitors (BPM). Stripline monitors arc used in the Transfer
Lines and in the Accumulator to perform the measurement of
the relatively weak and long current pulscs entering the
Accumulator from the Linac and the low repetition rate
(~1 pps), high peak-current pulses from the Accumulator into
the Main Rings.

The BPMs consist of four 50Q strip clectrodes, placed on
opposite sides of the vacuum chamber horizontally and verti-
cally (at 45° in the Accumulator), short circuited at one end
inside the vacuum chamber. The strip length is ~0.15 m,
with a response broadly resonating at 500 MHz. The output
voltage is a doublet of pulses of opposite polarity, reproduc-
ing the longitudinal beam density, spaced by 1 nsec. Each
electrode is separately connected through a good quality, high-
frequency cable to the measuring electronics, thus allowing
true single-pass acquisition of the beam position.

The detector is sclf-triggered and can be armed by the
Master Trigger Generator to gale any sclected single bunch
passage, or used in free-run mode for stored beam measure-
ments in the Accumulator.

The position detection is based on the amplitude to phase
modulation-demodulation technique, where the amplitude ratio
of two opposing electrodes, carrying the position information,
is converted by means of a quadrature hybrid junction into a
phase difference between two equal-amplitude signals. The
BPM pulses are fed to a broad-band (~20 MHz bandwidth)
band-pass filter ringing at 368 MHz (5-th harmonic of the
Accumulator RF frequency). The pscudo-sinusoidal signals are
then amplified and clipped by fast comparators. The phase dif-
ference is measured by an exclusive-OR circuit, whose average
(low-pass filtered) DC output is proportional to the beam
position.

The main advantages of such a detector are that it is self-
normalizing, thus allowing a wide intensity range, and that it
can be used both in single-pass and stored beam modes.

The intensity of the bunches injccled into and cxtracted
from the Accumulator is monitored by high performance
toroidal current monitors [7].

Flags of fluorescent material (Berylilum Oxide) can be
insérted in the vacuum pipe to intercept the beam at an angle
of 45°, These screens are used to monitor the becam size and
position, during the Transfer Lines set up, but they are not
compatible with injection at full ratc. A couplc of them is
provided in the injcction/extraction septa of the Accumulator
and the Main Rings.

In the Transfer Lines, slits can be insertcd towards the
center of the pipe, 1o reduce the aperture. They are used at
suitable points to cut any portion of the beam outside the
acceptance limit in order to prevent distributed beam spills.

3. ACCUMULATOR AND MAIN RINGS

3.1 Beam position

The beam position moenitors are the primary diagnostic
system in the Accumulator and Main Rings. The BPM
system is based on the stripline monitors mentioned above
and on electrostatic button monitors. Special BPMs, buttons
and directional striplines are envisaged in the Interaction
Regions to monitor the separation and crossing of the beams.

Other stripline clectrodes arc used as longitudinal monitors
and in the transverse feedback and tune monitor systems.

The highest precision and reproducibility are required in
the Main Rings, where the monitors consist of four button
electrodes mounted flush with the vacuum pipe. This design
helps in maintaining coupling impedance and parasitic losses
within acceplably low values in spite of the large number of
units required. Three diffcrent designs, with different sensitivi-
ties and scale factors arc present because of the varying cross-
section of the vacuum chamber.

The BPM detector electronics is under development at
LNF. Itis a VXI board including an RF detector module and a
digital scction with two 12-bit ADCs and a DSP processor to
compuie the beam position. The last 2000 measurements are
stored in a RAM memory on-board.

Two modes of operation are foreseen: single pass and
stored beam. In both each button electrode is sequentially
connected to the same RF detector by means of a PIN diode
multiplexer. Therefore, four subsequent beam pulses are
necessary lo measure a single-pass position. A fast GaAs
switch provides the capability to gate a particular bunch.

The voltage induced in each electrode is measured by het-
erodyning and detecting at an IF of 10.7 MHz the response of
a wuncd filter resonating at the RF frequency with a bandwidth
of ~10 MHz. The IF signal goes to two separate circuits and
is detected with synchronous demodulators. One part of the
signal is low-pass filtered (fc ~20KHz) prior to digitization for
storcd beam measurcments; in the single pass mode, the de-
tected IF signal is sampled and held in synchronism with the
desircd bunch passage, then digitized.

The beam position is computed from the cross-differences
of the induced voltages normalized to the sum, to remove the
current intensity dependence. The measurement rate is
1000/scc with the possibility of averaging over several subse-
quent passages of the stored beam, to improve resolution. Our
goal is <2 mm*mA rms in the single passage and <0.01 mm
in the stored beam mode (with 46 mA/bunch).

3.2 Beam current

in the Accumulator the total beam charge is monitored by
an intcgrating toroidal current transformer {5]. It consists of a
ceramic gap in the vacuum pipe, surrounded by a torus of
high-lrequency, high-u ferrite. A conductive screen shielding
the monitor prevents ragiat cd noise. The monitor response is
a =70 ns long pulse, argclv independent of the transverse
becam size and position and of the bunch duration, which can
vary from ~10 nsec (Linac beam) to ~0.1 nsec (stored beam).

The pulse pcak amplitude is proportional to the bunch
charge and is measurcd by means of a sampler module [SRS,
model SR255]. The charge measurement in the Accumulator
is used to stop injection when a preset limit is reached, in or-
der 1o cvenly fill the Main Rings.

A DCCT is used in the Main Rings to yield a precise ab-
solute mecasurement of the totai circulating current.

3.3 Tune monitor

In the storage rings the fractional part of the betatron tunes
AQ,, AQy is measured by transversely exciting the beam at
RF (requéncy with a pair of stripline kickers and measurmg
the (coherent) resonant beam response of the beam in the
plane of excitation with a transverse pick-up and the (coherent
and incoherent) beam enlargement with the SR monitor.



The sweeping excitation is provided by the RF output of a
network analyzer, boosted to <100 W with a power amplifier;
the coherent beam response is detected with the network ana-
lyzer or with the synchrotron radiation monitor.

The betatron tune monitor is part of the transverse feed-
back system, whereby the detected signal of a coherent beam
oscillation is amplificd and fed back with the appropriate
phase to the beam by stripline kickers, to damp any transverse
instability of the beam. The synchrotron tune is mcasurcd by
phase-modulating the RF cavity and observing the longitudi-
nal beam response with a longitudinal monitor.

Residual oscillations can also be observed with the same
instrumentation. Both longitudinal and transverse Beam
Transfer Functions (BTF) are measurable with these monitors.

3.4 Synchrotron Radiation Monitors

Both the Accumulator and the Main Rings are equipped
with two synchrotron radiation monitors, one for each beam,
used to measure the transverse and longitudinal beam size (the
rms bunch length at full current is 30 mm).

In each one of the Main Rings the source point is in one
of the parallel face dipole magnets [1], where the dispersion
vanishes and the beam horizontal and vertical rms sizes are
2.5 mm and 0.28 mm respectively.

Measurements are performed within the visible range (400-
600 nm) because it is possible to use high quality commercial
optical components and detectors, maintaining a diffraction
limit which sets the vertical resolution to 0.08 mm (4% ecrror
in the vertical beam width measurcment).

The light from the beams is driven through two channels
onto a common optical bench placed outside the Main Rings
hall, to reduce to a minimum the number of remotely con-
trotled adjustments. The transverse profiles are measured by
means of a CCD camecra and an image analyzer (8], GPIB
connected to the Main Control System. The beam emittance
is calculated from the measured widths and knowledge of the
optical functions. The length of any individual bunch is
measured with a 25 Ghz photodetector [9], directly connected
to a sampling oscilloscope, and averaged over ~8000 turns.

The betatron tune distribution is also measured by exciting
the beam and detecting the light through a slit with a photo-
diode [10]. This method is used to measure the incoherent
contributions due to nonlinear forces in the rings such as ion
wrapping and beam-beam interaction.

3.5 Interaction point

An absolute luminosity measurement will be performed at
both IPs by measuring the rate of single beam-becam
brqmserahlung [11]. A special vacuum chamber in the
sp.lmerg [1] leaves enough free space for the y rays to reach a
thin window at the end of the magnets, within a cone of 3
mrad full aperture. Downstream the window a proportional
counter, made of thin lead layers interleaved with scintillating
ﬁberg co].lect's the photons and provides energy discrimination
Luminosity is calculated by dividing the mecasured counling
rate by the theoretical integrated cross section. The photon
flux, at the full DAGNE design luminosity, is several MHz
S0 that the.luminosity can be monitored continuously wilr;
hxgh staustical precision. However, this measurement is not
likely to .be used as a feedback signal for the two beams
overlap, since the luminosity is flat around its optimum, \

A good probe for beam overlap optimization is instead the
beam-beam deflection [12]: when the two beams cross at the
IP with a vertical displacement between the two centers of
mass, they are deflected towards each other. Figure 1 shows
the deflection angle at the IP as a function of the distance be-
tween the two beams for the nominal DADNE parameters.

The beam-beam induced deflection propagates in the
wholc rings and can be measured at any BPM. In practice, it
is convenient to leave a gap in one of the two beams in such
a way that one can measure the difference in position between
interacting and non interacting bunches. For the maximum
foreseen deflection this difference ranges between + 150 um,
By taking all BPMs in the ring one can improve the
sensitivity of the measurement. At the design sensitivity it is
possible Lo detect an overlap corresponding to a tune shift ten
times smaller than the nominal one. This method can be
exploited in a luminosity feedback system, since the beam
deflection changes sign at the optimum overlap with a slope
proportional to the lincar beam-beam tune shift.
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Figurc 1. Bcam-beam deflection angle.
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Abstract

The DA®NE RF System consists of one quarter wave
resonator in the pre-accumulator ring fed by a 73.65 MHz - 30
kW channel and one cavity per each main ring powered by a
368.25 MHz - 150 kW klystron. The main ring cavitics are
equipped with waveguides terminated by means of broadband
adapters to 50 Q loads to damp the High Order cavity Modes.
This paper gives an overview of the status of the RF system
and also briefly describes the low level RF control electronics.

1. INTRODUCTION

The Frascati ®-Factory project DA®DNE [1] is now in a
very advanced stage. The machine consists of two intersecting
storage rings, for electrons and positrons respectively, to
provide 1020 MeV et*/e" center of mass collisions at a
maximum current of 5 Amps per beam with 120 bunches per
ring. Full energy injection in both rings is performed with a
50 Hz linear accelerator [2] and a pre-accumulator damping
ring. The positrons or electrons injected in the pre-
accumulator are stored in a single bunch and extracted at 1 Hz
and injected in the main rings.

Parameters and architecture of most components of the
DA®NE RF system are well defined. The prototypes of the
RF cavities have been low power tested and ordered to the in-
dustry. The RF power supplies have been commissioned to
industry as well. .

2. THE ACCUMULATOR RING RF SYSTEM

The main parameters of the accumulator RF system are
reported in Table L.

Table I

The Accumulator RF System Parameters
RF Frequency 73.65 MHz
Harmonic Number 8
Cavity Impedance (V2/2P) 1.50 MQ
Cavity Unloaded Q 22000
RF Peak Voltage 200 kV
Cavity Power 13.3 kW
Beam Current 130 mA
Beam Power 1.2 kW
Tetrode Power 30 kW

The cavity, made of oxygen free, high conductivity
(OFHC) copper, is a 73.65 MHz quarter wave resonator [3]
and is being manufactured by industry (CERCA, Romans,
France). The shape of the cavity has been carefully studied to
reduce the probability of vacuum resonant discharges (e.g.
multipactoring) at high field levels. Tuning is accomplished
by a plunger placed in the magnetic field region of the
resonator; RF power is coupled with a magnetic loop. A
drawing of the cavity is shown in Figure 1.

Figure 1. The Accumulator Ring RF Cavity

The RF power supply, 1o be placed 30 meters from the ac-
cumulator hall, is a 30 kW continuous wave (CW) water
cooled tetrode tube driven by a 2 kW solid state amplifier
(R&S, Bertin, Germany). It is connected to the cavity with a
6-1/8" coaxial line through a three port ferrite circulator which
allows to safely operate the power final stage and reduces the
risk of oscillations when the cavity is detuned to lower
frequencies to meet the Robinson stability criterion.

The amplitude and phase of the RF cavity voltage together
with the cavity tuning are controlled by dedicated servo loops.
The frequency response of the amplitude and phase control
loops has been improved by sclecting fast and linear devices
and a typical result is shown in Figure 2.

A gain higher than 60 dB at 50 Hz can be reached; any
spurious modulation at that frequency can be reduced by a fac-
tor larger than 1000. Full computer interfacing of the RF
chain is being developed. A current-feedback voltage-gain-con-
trolled operational amplifier (Comlinear CLC 520) allows to
remotely control the loop gains to improve the RF control
system flexibility. Full control circuit tests have been per-
formed on a low power cavity prototype.
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Figure 2. Accumulator RF System: the RF
Amplitude Loop Frequency Response

3. THE MAIN RINGS RF SYSTEM

One RF cavity will be installed on each intersecting stor-
age ring. The resonators, made of OFHC copper, are equipped
with high order mode (HOM) suppressors. The RF power
source consists of a 150 kW/CW klystron amplifier; a high
power ferrite circulator is used to protect the klystron when
high standing wave regime occurs. The parameters of the

main RF system, for 30 bunches operation, are shown in
Table II.

Table II
The Main Ring RF Parameters with 30 Bunches

RF Frequency

Harmonic Number

Cavity Impedance (V2/2P)
Cavity Qg (with WGs)

3168.25 MHz

120
2.40 MQ
40000
260 kV
15 kW
141 A
28 kW
150 kW

RF Peak Voltage

Cavity Power

Beam Current

Beam Power (with Parasitic Losses)
Klystron Power

3.1 The DA®PNE RF Cavity

The design of the RF cavity has been conceived with the
aim of reducing the coupling of the HOMs to the beam spec-
trum lines [4]. The cavity is connected to the beam pipe with
large and long tapered tubes which yield a significant re-
duction of the HOM R/Q impedances. Moreover, three
waveguides with cut-off above the fundamental mode (FM)
frequency are incorporated in the resonator to convey the beam
induced HOM energy out and to dissipate it on an external 50
Q2 load. This is accomplished by means of broadband (0.5+3
GHz) waveguide to coaxial transitions (BTHD) which have
been developed at LNF [5] to this purpose. The damping
system, which also includes two additional 1.1+3GHz BTHDs
connected to the tapered tubes, has been tested on a cavity
prototype and the measured HOM Qs are listed in Table III.

They are below the calculated Q values [6] required to initially
operate the machine with 30 bunches together with a bunch-
to-bunch digital feedback system. The WG damping system
yields a reduction of the FM frequency and Q of about 2% and
12% respectively.

Table III
The Cavity Prototype HOM Quality Factors

16 70 85

24000

0.5 40000
0.9 28000
0.3 12000
0.6 5000
0.2 9000
2.0 5000
1.0 4000
30500
28500
31500

3200

° Dipoles -
* Normalized Impedance -

L &
-,

Figure 3. Skecth of the DADNE RF Cavity.

A sketch of the DA®NE cavity is shown in Figure 3. It

- includes the tuning system (upper cavity side) and the funda-

mental mode RF coupler (lower cavity side) whose design de-
rives from that of the copper LEP cavities. The BTHD transi-
tions have been successfully power tested as reported in [7].
The first main ring cavity 1s being fabricated by industry
(ZANON, Schto, Vicenza, Italy).
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3.2 The RF Power Source

The RF power source of each main ring RF system is a
150 kW/CW Kklystron operating at 368.25 MHz. The power
to be delivered to the beam was estimated in the order of 100
kW at full beam current of 5 Amps. The new klystron
TH2145 has been developed by Thomson Tube Electronique
and successtully factory tested at full power.

The klystron group delay, i.c. the derivative of the output
phase with respect to the angular {requency, should be kept as
low as possible at the operating frequency to improve the per-
formances of an RF feedback loop to be closed around the cav-
ity and klystron to provide beam stability under intense bcam
loading conditions. The RF feedback has been proposed and
positively operated in other accelerators [8,9]. A group delay
of about 160 nsec has been measured in both DAONE
klystrons. In order not to increase the group delay further, the
klystrons will be positioned at short distance from the cavities
(about 7 meters) in the main rings hall, The frequency and
group delay responses of the klystron are shown in Figure 4.
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Figure 4. The Klystron TH2145 response

3.3 The Main Ring RF Feedback

To compensate for beam loading when operating the main
rings at high current, an RF feedback around cavity and
klystron must be implemented, otherwise the longitudinal
motion of the beam can become unstable in the Robinson
zero frequency mode.

A sample of the cavity RF voltage is fed to the klystron
driver back and added with a proper phase to the main RF
signal to get a negative feedback connection which reduces the

complex impedance seen by the beam according to the
following expression:

Z(1w) (0
1+G(jw)Z(jw)

Z'(w) =

where G(jw) is the feedback gain.

The reduction of the complex impedance allows to increase
the instability threshold derived by Robinson [10] and, hence,
thc maximum storable beam current Iy, according to:

2IMm Z(mw) _
Vc|Sin¢S| =0 (2)

1-

where Ve is the cavity voltage and ¢g the synchronous phase.
The maximum attainable feedback loop gain, as derived by
Boussard, 1s limited by the group delay of the loop itself
where the largest contribution is due to the klystron. In our
case, a total delay of about 250 nsec, including the delay of
the connectng cables, allows increasing the RF feedback gain

as much as we need to reach stable operation even at full
bcam [11].
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INFN Laboratori Nazionali di Frascati, C.P. 13, 00044 Frascati, Rome (Italy)
+INFN Sezione di Genova, Via Dodecaneso 33, 16146 Genoa (ltaly)

Abstract

A novel device has been conceived to allow the dissipation
of the parasitic mode beam power of the DA®NE RF cavities
on a broadband coaxial 50 Q load. This avoids the usc of RF
lossy materials in the waveguides in ultra vacuum. This paper
summarizes the project criteria and the experimental tests per-
formed on prototypes made of Aluminum. Furthermore, up-
to-date results at high power in under vacuum copper models
are reported.

1. INTRODUCTION

The ®-Factory DA®NE [1] is under construction at the
INFN, Laboratori Nazionali di Frascati. It is a multibunch
double ring collider providing ¢*/e” 1020 MeV center of mass
collisions at a maximum repetition rate of 368.25 MHz with
47 mA per bunch,

An inherent drawback of multibunch operation of a storage
ring is the coupled bunch instability that can arise from the
interaction of the particles with the high order modes (HOM)
induced in the RF cavities by the preceding bunches.
Damping the HOMs of the accelerating cavities is considered
the most powerful remedy to this problem; different tech-
niques have been developed depending upon the type of cavity
(i.e. normal or superconducting) and the accelerator require-
ments.

In normal conducting cavities, rectangular waveguides
(WG) can be directly applied onto the resonator to extract the
HOM energy and dissipate it on matched loads. As an R&D
for the DADNE project we have tested [2,3] a single cell
cavity prototype equipped with three rectangular WGs with
cut-off at 492 MHz. The position of the WGs has been
chosen in order to have the best coupling with the highest
impedance HOMs, like TMO11. The HOM energy propagates
along the WGs in the TE10 fundamental mode (FM) and must
be dissipated on matched loads placed at the opposite side of
the WG itself.

2. THE HOM ABSORBERS

The HOM energy coupled out of the cavity must be ab-
sorbed by matched loads to reduce the decay time of the para-
sitic modes (i.e. their quality factor Q). Several kinds of HOM
loads have been studied and are being used elsewhere. An
overview of the R&D in this field is reported in [4].

In DA®NE we have chosen a different way of damping the
HOMs. The propagating mode of the HOM beam power is
converted from the WG TE10 to a coaxial TEM by means of
a broadband transition which allows to dissipate the energy on
an external commercial 50 € load through a ceramic vacuum
window of standard design. It is possible, in this way, to
sample the HOM power with a directional coupler.

The study and the experimental work which led to the de-
velopment of the broadband transition is widely reported in
another paper [S]. In this report we summarize the concepts
which the transition is based on and report updated informa-
tion and experimental results.

2.1 The Waveguide 10 Coaxial Line Transition

A broadband waveguide to coaxial transition for HOM
damping (BTHD) in particle accelerators has been studied and
proposed for the use in the DAONE RF cavities.

The BTHD essentially consists, as sketched in Fig. 1, in a
tapered 50 cm long WG connected to a mode transducer from
the WG TE10 to the TEM of a 7/8" 50 Q coaxial line. The
taper transforms the 305 x 40 mm?2 rectangular WG cross
section at the cavity side into a 140 x 40 mm?2 double ridge
WG section with 63 x 17 mm? ridges. This tranformation is
necessary to increase the ratio of the cut-off frequencies
TE3(/TE10 and, hence, Lo increase the BTHD bandwidth.

YU LAY SIS IS S LSS SIS LI LSS LTSI LI L7 7772 =

R e e
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380 COAXIAL
TRANSPORMER TAPERED TRANSITION

Figure 1. Sketch of the BTHD Broadband Transition.
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The ETHD design has been first studied analytically fol-
lowing the indications of the existing technical literawre
[6,7]. Then the project has been refined with a step-by-siep
procedure with the 3D Hewlew Packard computer code HFSS
[8]. The longitudinal profile of the ridges is of exponcntial

type and has been caleulated in order 1o keep the TEND cut-off
* frequency of the tpered WG within £ 2 MHz around the nom-
inal value, This yields a smooth variation of the characteristic
impedance along the wpered WG and therelore a beter fre-
quency response in the Tull bandwidih is obiained, The mode
transducer has been also designed by means of HFSS with a
“cut and ry" procedure, The length of the shorted WG section
behind the inner coaxial {also called "back cavity™) must be
experimentally adjusted to optimize the frequency response of
the BTHD. The ridge gap at the coaxial output position is 6
mm. The output ceramic feedthrough is a 7/8" coaxial which
can safely handle the parasitic beam power that has been esti-
mated below 1 kW per WG, Three Aluminum BTHD proto-
types have been buill and low power tesied. Figure 2 shows
an open view of a BTHD model and Fig. 3 gives the measured
511 parameter vs requency,

Figure 2. The BTHD Prototype: the open view.
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Figure 3. The BTHD response: V5WR vs Frequency.

The VSWR of the Aluminum BTHDs is below 2 in the
range 300 -+ 2800 MHz; therefore, they have been incorpo-
rated in the cavity protwtype and the HOM damping has baen
measured [5]. The result has been considered satisfactory
enough 10 proceed with the construction of a model o be
wested in vacuum at high power.

2.2 The BTHD Copper Model

In order o check the capability of the transitions to oper-
ate reliably at high RF power in ulira high vacuum (UHV),
three oxygen free high conductivity (OFHC) copper BTHDs
have been labricated. All the joints have been brazed under
vacuum at 900 °C at [INFN Legnaro Mational Lab. A water
cooled straight 30 em rectangular WG has been added o the
BTHD to avoid excessive penctration of the cavity FM into
the transition. The FM dissipation in the WGs has been
estimated = 1 KW per WG, The BTHD external structure has
been also mechanically reinforced to reduce the stress dug 1o
the atmospheric pressure when operating in UHV. One copper
transition is depicled in Fig. 4. The flanges vacuum tightness
is oblained with Helicollex gaskets. The RF contacts are
ensured by Silver plated Be-Cu springs on both rectangular
and circular 7/8" Manges and with Silver plated La-Cu sliding
contacts on the back cavily port.

Figure 4. The OFHC Copper BTHD.

2.3 The ceramic vacuum feedihrough

A 50 £ coaxial ceramic window has been designed o carry
the HOM power out of the BTHD and feed an extemal load.
The 7/8" standard has been considered sufficiently safe to
withstand 1 kW CW RF power.

The feedihrough has been also studied with the HFSS

code, The goal was 1o design a device with the widest possible
[requency bandwidih. The project is outlined in Fig, 3.
A 5 mm thick AlyOs disk, 10 be brazed to the innerfouter
conductors, ensures the vacuum tightness. In addition, a 5
mm thick Macor disk is placed onto the air side of the Al;03
disk. This allows to have more gradual variations of the
diclectric constant, In this way, the feedthrough frequency
response is excellent, being the simulated VSWR lower than
1.2 in the full range 500 + 3000 MHz. The ceramic window
is being manufactured by the French company Ceramex.
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Figure 5. Sketch of the coaxial ceramic window.
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2.4 The BTHD Power Tests

Two Copper BTHDs have been RF power tested in UHY,
They were connected through the rectangular Manges by means
of an intermediate stainless steel WG section which is needed
1o house the pumping ports and the vacuum gauge, The Lest
bench is shown in Fig 6. Two 7/8" coaxial vacuum
connectors of 1.5 GHz bandwidth, already available in the
Laboratory have been used for the eonnection to a TV tetrode
amplifier and to a 50 £ load. The BTHDs have been tested at
7400 MHz, close to the TMO11 frequency, at a power level of
1 kW/CW which is the maximum estimated HOM power ex-
tracted from the cavity in 30 bunches operation. The test has
been performed at 210 Torr which is the DA®GNE nominal
UHV. Although no Tianium coating was provided inside
BTHD, no multipactoring discharges occurred at any power
level up to 1 kW,
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The Interaction Region Vacuum Chamber for the KLOE Experiment

A. Clozza, G. Raffone
INFN LNF
C.P. 13, 00044 Frascati (Roma)
Italy

Abstract

A vacuum and supporting system for the interaction re-
gion of the KLOE experiment, that will be installed on the
DA®NE @ factory in Frascali (Italy), have been designed. A
short description of the vacuum system and of the supporting
system for the vacuum chamber will be presented on this

paper.

1. INTRODUCTION

KLOE is a general purpose detector, sce figure 1, that will
be mstalled on DA®NE the Frascati & lactory. This detector
is optimized for the study of CP violation in K decays with
the aim of achieving a statistical accuracy of ~104 in one
year run at the DA®NE target luminosity of ~1033 ¢m-2s-1,

The vacuum chamber, for the KLOE expecriment interac-
tion region, has becn designed taking into account several
stringent requirements needed to fulfill the operating condi-
tion of the detector itself. Some of the requirements are: mean
vacuum pressure level better than 1-10-7 torr, vacuum cham-
ber around the interaction point as transparent as possible to
the produced particles, all the components of the support, the
quadrupole magnets and any other thing, that can interact
with the produced particles, must stay within a maximum de-
tector acceptance anglc of 9 degrees respect to the beam axis.

2. VACUUM SYSTEM

2.1 Vacuum chamber

It 1s possible to divide the vacuum pipe in three main
sections. The first one between the first separator magnet and
the first low-3 quadrupoles triplet, the second one between
the first and the second low-3 quadrupole triplets and the
third one between the second low-3 quadrupole triplet and the
second separator magnet.

Figure 1. View of the KLOE detector

The first and the third section of the vacuum chamber are
cqual and are made of AISI 304 L stainless steel (2 mm thick-
ness) with a copper coating inside in order to reduce the
ohmic current losses.

2.2 Beryllium Vacuum Chamber

The second secuion is made of pure beryllium (0.5 mm
thickness) to provide a very good transparency in terms of
radiation length and scattering angle. See figure 2.

The beryllium [.R. becam pipe is about 0.7 m long and the

Cross section diameter grows up from 86 mm to 200 mm at
the intcraction point.
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Figure 2. The KLOE beryllium vacuum chamber

The middle bulb-shaped part of the chamber makes the
manufacturing difficult from several points of view: machin-
ing, brazing techniques, tight tolerances and cleaning
conditions. Some brazing techniques are still under
development,

The beryllium chamber is directly brazed onto the stain-
less steel pipe; the total length of the part of the pipe inside
the detector 1s about 4 m and requires four simply support
polints.

Watcr pipes, brazed as close as possible to the interaction
point, provide the cooling needed to compensate for the RF
thermal load on the vacuum chamber.

Instde the spherical part of the chamber there is a 50 mi-
cron beryllium shield (180 mm long) to reduce RF wall losses
and beam mstability.

This shield is brazed at both ends in order to have a good
thermal and electrical continuity. Under the thermal load the
shicld buckles into different shapes depending upon the initial
curvatures of its surface.

When the shield is made of several circumferential strips,
it 1S possible to shows clearly that an outward curvature of the
strip often does not avoid the anti symmetric mode of buck-
ling; furthermore the double curvature surface of the strip
lcads to a torsional out of plane mode of buckling.
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2.3 Pumping System

The vacuum requirements for the KLOE interaction re-
gion brought us to a special design for the pumping system.

Table 1 shows the main vacuum related parameter for the
interaction region. The value of the gas load has been evalu-
ated using for the desorption coefficient 1 the mecan value of
1-10-6 molec/photon. Although the gas load is not very high,
the geometry of the vacuum chamber and the requirements
for the detector make things harder. In our casc, indeed, the
vacuum chamber is essentially a long narrow pipe.

Table 1
Vacuum related parameters

Total photon flux
Total gas load

Total power load
Max. mean pressure

3-1019 phot./s
9-10°7 torr I/s
180 W
5:10-10 orr

The main problem to solve, designing a pumping system
for a long pipe with a distributed gas load, shown in figure 3,
is to have a pressure distribution, along the pipe, as uniform
as possible. The simplest solution is a pumping system which
pumps are placed at regular distance along the pipe.

Distributed Gas Load
]048 :"'l"'l"'l"'I"'I"'l"'l"'
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Figure 3. Gas load distribution along the vacuum chamber.

fhe solution we adopted is a compromise between the
uniform distribution of the pumping elements and the me-
chanical constrains of the detector and of the vacuum pipe it-
self. Figure 4 shows the pumps arrangement we have chosen
for the interaction region. This pumping system is a combina-
tion of lumped sputter ion pumps, distributed sputter ion
pumps and non evaporable getter pumps. In figure 4 it is pos-
sible to see the location of the various pumps: a pair of 230 I/s
lumped sputter ion pumps is placed after each splitter magnet,
a 200 /s distributed sputter ion pump is placed inside each
splitter magnet, a 500 /s distributed sputier ion pump is
placed inside each compensator magnet, and a 800 I/s non
evaporable getter pump is placed between each compensator
magnet and the KLOE solenoid. There are no pumps inside
the detector near the interaction point.

R

di

Figure 4. Pumping system arrangement

Lumped sputter ion pumps are simply available on the
market. On the contrary, for distributed sputter ion pumps and
non cvaporable getter pumps we did an R&D work whose re-
sults are described below.

For the distributed ion pump placed inside the splitter
magnet, where the magnetic field strength is about 1.7 kG,
like in a commercial pump, we will use a pumping element
with the same cell dimensions of a standard diode ion pump.
In the compensator magnets, where the magnetic field
strength is about 1.5 T, we will use a special pumping ele-
ment, which cell dimensions are shown in table 2.

Table 2
Pumping element dimensions
Cell diameter 10 mm
Cell length 20 mm
Anode-cathode gap Smm

With a prototype of this pump (anode composed by 100
cells) we have measurcd a pumping speed of 50 I/s at 1-10-9
torr, this means that the pumping speed for the single cell is
0.5 I/s. In the compensator magnets there is sufficient room to
obtain about 500 I/s of pumping speed with this kind of pump.
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Figure 5. Pumping speed of the prototype of the distributed
sputter ion pump working at 1 T.
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The decision 10 use a Non Evaporable Getter pump arises
from the development of a new kind of getter from SAES
Getters.

A preliminary design, done in collaboration with SAES
Getters, foresces a pump composcd by 480 blades, which ini-
tial pumping speced is of the order of 2000 I/s, for CO, and de-
creases to about 800 1/s after having pumped about 50 torr
liters of gas, this means about 2 years of full current 24 hours
a day machine operation.

2.4 Pressure Profile

The vacuum system destgned for the interaction region 1s
able to reach a mean pressure of about 3.2-10 torr after 100
Ah of stored beam, the mean pressure {alls down 10 9.10-10
torr after 1000 Ah and to 4-10-10 1orr after 5000 Ah.

The maximum value of the pressure with the proposed
configuration of pumps is 8-10-? torr after 100 Ah of stored
beam, and is determined by the conductance of the vacuum
pipe between the NEG pumps and the Interaction Point.

Pressure Profile
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Figure 6. Pressure profile at {ull conditioning

3. SUPPORTING SYSTEM

The supporting system consists mainly into two indepen-
dent structures: the vertex detector support and the triplet as-
sembly support.

The basic idea is to have two independent supports to.al-
low relative motions between them during the mechanical
alignment of the permanent magnet quadrupoles.

The vertex support is made of carbon [iber composite
matenrial; it is a simple cylindrical structure (hight and nigid)
about 4 m long and supported at the end cones of the tracker
chamber. There is a small gap between the vertex support and
the tracker inner wall (500 mm diameter) to house a proper
tooling device during the installation, |

As before pointed out, the vacuum pipe needs four simply
support points to avoid both high bending stresses and the
Brazier's effect.

These support points are more or less equally spaced

along the vertex support; two of them are collars rigidly
joincd (o the end plates of the vertex detector; the other two
arc located at the cnd of the vertex support (i.e. close to the
cnd cones of the tracker). Then a compact structure involving
both the vertex detector and the beam pipe 1s obtained.

-----------

-
—— - . - —

Figure 7. Supporting system layout

The triplet support allows a remote control of five of its
degrees of freedom (vertical and horizontal positions, roll,
pitch and yaw angles) by means of a five cams system; this
support will be able also o carry an additional calorimeter
besides the low:3 permanent magnets.

The main part of this support will be made of a carbon
fibcr in order both to minimize the amount of matenal inside
the detector and to obtain an acceptable bending at its end.

[t will be simply supported in two sections: the latter in-
side the detector, right on the end of the tracker cone, and the
former outside close to the compensator solenoid.

This support must be splitted longitudinally to allow the
beam pipe and the permanent magnets installation.

4. CONCLUSIONS

The vacuum and supporting system for the interaction re-
gion of the KLOE experiment has been designed to meet the
requircments needed to fulfill the operating condition of the
deiector itsclf,

The vacuum chamber has a structure, 2 mm thick stainless
steel and 0.5 mm beryllium, enough rigid, that could be self
supporting, and at the same time it provides a very good
transparency, 0.5 mm beryllium, in therms of radiaton length
and scattering angle.

The pumping system is able to reach a mean pressure of
about 5-10°!Y torr at full current, 5 A of stored current fot
each beam, after a reasonable conditioning of the order of 2 or
3 months.

The supporting system, made of carbon fiber composite
material, consists mainly into two independent structures to
allow relative motions between the vertex detector and the
triplel assembly during the mechanical alignment of the per-

‘mancnt magnets. The vertex detector supporting structure will

hold also the vacuum chamber.

— 17—



High Current Density Septum Prototype for Accumulator and
Storage Rings of DA®NE, the Frascati ®-Factory

M. Modena, H. Hsieh and C. Sanelli
INFN Laboratori Nazionali di Frascati, C.P. 13 - 00044 Frascati (Roma) - Italy

Abstract

DA®NE is a ®-factory, presently under construction at
INFN, Laboratori Nazionali di Frascati. The injcction/extrac-
tion magnetic system for both the accumulator and storage
rings, composed of two septa, has been designed and is now
under construction. A full size prototype of the 38 mrad thin
septum near the machine has been built and completely tested
at LNF. This septum is of high current density and edge
cooled type. This paper describes the mechanical design and
the results of the magnetic measurements in comparison with
the FEM calculations.

1. INTRODUCTION

A 510 MeV electron/positron colliding facility known as
DAO®NE (1], is currently under construction at INFN's
Frascati National Laboratory.

The project consists of two storage rings and an encrgy
injector system. Electrons and positrons will be injected into
the DC accumulator alternatively from Linac at a frequency of
50 Hz. The storage rings will only have injection frequency of
few Hz.

Figure 1 depicts the physical layout of the system.
Injection/extraction of electrons and positrons is accomplished
by two DC Septa [2].

The "thin" septum is a 38 mrad high current density, edge
cooled type. Due to the fact that this element is the most
critical one of the injection system, a full size prototype was
built at Frascati Labs, in order to cvaluate the magnetic and
thermal characteristics.

[ 1] muECTION VACUM

b —

L

34 SEPTM MAGIET  \-2* SEPTU WABNET

Figure 1. Injection/extraction Septum System

2. SEPTUM DESIGN

2.1. Septum Design

Figure 2 shows the cross section of the septum. The prin-
cipal design constraint was the allowable maximum septum
thickness set by machine physics group in the order of 4 mm.
It of course includes the thickness of two vacuum chambers,
reducing the thickness of the current carrying conductor to
1.5 mm. The resulting current density is in the order of 60
ampere per square mm. The septum coil is electroformed on
two thin wall, rectangular tubings, to form an intimate ther-
mal contact between conductor and cooling tubes for proper
heat transfer. These tubings are of stainless steel AISI 304 L
to avoid excessive current sharing with the conductor. The
back coil is of conventional copper hollow conductor.

1.5 mm SEPTM

-
"
MF'

e 4 —

7%

Figure 2. Septum Section

All the electrical insulation will be provided with 130 um
thick pressure sensitive Kapton tape. The additional function

~of the Kapton tape, due to its extreme low thermal conductiv-

ity, is to insulate thermally the beam chamber from high

" temperature septum, this will prevent the thermal outgassing

of the stainless steel septum beam tube, so near to the ma-
chine that it is considered as part of the machine vacuum sys-
tem. The iron yoke is of low carbon Armco steel type, it is
detachable so that the septum can be installed or removed
from its location easily. Table 1 shows some of the more rel-
evant parameters of this septum.

18—



Table 1. Septum Parameter List

Field 0.104 T
Bend Angle 38 mrad
Gap Height 22.5 mm
Magnetic Length - 623 mm
Septum Cond. Area 33.75 mm?
Current 2125 A
Current Density 63 A/mm?
Resistance 0.33 mQ
Power 1.49 kW
Voltage 0.7 v
N. of Water Circuit 1

Water Flow Rate 0.1 L/s
Water Pressure Drop 3 Atm
Water Temp. Rise 5 °C

2.2 F.EM. Analysis

The magnetic design has been carried out with POISSON
code (2-D), taking into account the real current distribution
within the septum and coolant tubes. Due to the small thick-
ness (0.13 mm) it was impossible to mesh the Kapton elec-
trical insulation. This fact involves that the computed lateral
fringing field is surely lower of the rcal one. One of the aims
of the prototype construction was the exact evaluation of the
real fringing field that is required to be very low to avoid in-
terference with the stored beams.

The thermal loading of the septum is rather severe due to
high current density and edge cooled feature. Thermal analysis
has been performed by using ANSYS code, with initial water
temperature of 30 °C and assuming constant thermal character-
istics of the materials. The computed maximum tempcrature
along the median plane is = 51 °C, there is negligible thermal
gradient across the tube wall. Assuming tubings remain rigid,
the maximum thermal compressive stress in the copper will
be = 440 kg/cmz, which is below endurance limit of the cop-
per.

3. SEPTUM PROTOTYPE CONSTRUCTION

All parts of the magnet with exception of the septum coil
were constructed and assembled at Frascati Labs. The iron was
worked with a digital controlled milling machine. The global
machining tolerance measured after the iron assembling was
less than 0.07 mm. The back coil was oblained starting from
a 18x18 mm square holed conductor copper, and all the hy-
drofelectrical connections were obtained from solid copper.

The septum coil was constructed by Tecnol (Florence-
ltaly) clectroforming the copper septum on 2 rectangular pipes
(inner dimension: 2x4 mm.) of stainless steel AISI 304 L.
For a better fixation of the copper a layer of 10 pm of nickel
was deposited on the stainless steel. The max. difference in
the clectroformed thickness was less than 0.17 mm.

An hydraulic test was performed on the assembled system
with a test-pressure of 10 bar. The required water flow rate of
6 l/min. is obtained with a inlet pressure of 5.7 bar.

4. PROTOTYPE MAGNETIC MEASUREMENTS

The magnetic measurements were performed with a Hall
Effcct Digital Teslameter (from Group 3 - New Zealand)
mounted on a X, Y, Z digital moving system (from Micro-
controle - France).

The digital moving system permits the probe-keeper to be
moved along 3 axes and to be rotated around 2 axes. A granite
bench on which the positioning tables are mounted, and a
Hewlett-Packard computer HP 9000/300 complete the system,
Four of the five movements (X, Y, Z, ¢) are automatized by
means of stepping-motors, The movement resolution is
10 um. Normally, the movements are remotely controlled by
compuler, so that dedicated softwares have been written to per-
form sets of measurements, i.e. the control of sequential steps
of the stepping-motors that move the Hall probe along prede-
fined paths. The calibration of the Hall probe is done compar-
ing the instrument with a NMR teslameter (from Metrolab -
Switzerland) in a stable and constant external dipole field.

We have done different set of measurements inside the
magnet (paths parallel to the magnet axis) and outside in the
fringing ficld region (paths parallel and perpendicular to the
magnet axis).
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Figure 3. Septum Inner Field

Figure 3 shows the field inside the magnet comparing the
measurement to the FEM calculation.
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The measurements were done at different sections, show-
ing some differences among differcnt scctions. These differ-
ences are probably due to the mechanical tolerances of the iron
and copper pieces. The agreement between the measured and
computed values is very good especially in the left side of the
plot (scptum coil direction). The discrepancy on the right side
(back coil direction) of about 0.1 % is due o the presence of
the Kapton insulation between the coils and the iron. The gap
of this Kapton layer (0.13 mm), causing degradation of the
field quality, was not taken into account in the FEM calcula-
tion.

Figure 4 shows the comparison between the measured and
computed lateral fringing field.
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Figure 4. Septum Fringing Ficld

Also here the discrepancy is caused by the presence of the
Kapton insulating tape gap between coil and iron, gap that is
not present in the computer simulation. Nevertheless the
mecasured fringing field is very low; less of 2 Gauss at 25 mm
from the scptum coil.

4. CONCLUSION

A full size 2° septum was built at Frascati Labs. The pro-
totype was fully tested and measured. The results are satisfac-
tory. The thermal loads, critical in these kind of septa, are ac-
ceplable. Also the magnetic behaviour (field quality and stray
ficld level) is compatible with the requested one. The compo-
nents are under series production for the construction of four
septa needed for DAONE Accelerator Complex.
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The 1.8 Tesla Wiggler tor the Main Rings of DA®NE, the Frascati ®-Factory
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- INFN, Laboratort Nazional di1 Frascati - 00044 Frascati (Roma) - Italy

Abstract

DA®NE 1s a ®-Factory, presently under construction at
INFN, Laboratort Nazionali di Frascati. To improve radiation
damping and control beam emittance, eight 1.8 Tesla room
temperature wiggler magnets will be instalied in two main
rings. A full size prototype, built by Danfysik (Denmark),
has been designed and completely characterized at LNF. This
paper describes the mechanical design of the magnet and the
magnetic measurements.

Comparison between the measured field and the 3-D FEM
code calculations ts also presented.

1. INTRODUCTION

DA®NE, an clectron-positron collider {1] working at the
® resonance energy (510 MeV per beam), i1s being realized in
the INFN Frascati National Laboratory. Commissioning is
foreseen 1n fall 1996.

In order to achieve a luminosity improvement by two or-
ders of magnitude with respect to existing facilities at the
same energy, a double ring scheme has been chosen, with up
to 120 bunches crossing in two low-[3 interaction points,
where detectors with longitudinal field are installed.

Beam-beam interaction set limits to the maximum achicv-
able luminosity, which are particularly severe at low encrgy.
Experience with existing e¥e” storage rings [2] and theoretical
considerations [3] show that radiation damping is a strong pa-
rameter in determining the achievable luminosity. For this
reason 4 wigglers have been insertcd 1n each ring, 1n the cen-
ter of the achromats, which increase the radiated energy from
4.3 t0 9.3 KeV per turn. In addition, by slightly changing the
betatron functions in the wigglers, it is possible to tune the
beam emittance over a wide range in order to reach the opti-
mum luminosity at any beam current,

Two conditions in the wiggler ficld must be satisfied to
avoid closed orbit distortion: the vertical field integral along
the beam trajectory must vanish and the field distribution
must be symmetric with respect to the wiggler center.
Moreover, 1t is necessary that the integrated sextupole term,
caused by the finite pole width, does not affect the nonlinear
motion of the stored particles.

A wiggler prototype built by Danfysik (Denmark) has
been delivered in January 1994, and a complete set of electric
and hydraulic tests, mechanical and magnetic measurements
has been performed, in order to release authorization for series
production,

2. MECHANICAL DESIGN

Figure 1 shows a view of the assembled wiggler proto-
type [4].

The magnet yoke 1s made of low carbon steel. The final
half-pole plates are bolted to the return leg with suitable
locating dowels, to allow easy detaching and modification, if
requircd, during magnetic measurements. The width of the
wiggler vacuum chamber 18 =50 cm, and due to this large size
transverse aluminum ribbings are mandatory both for stress
and strain,

In the final configuration these rnbbings have a rounded
"C" shape, which is different from the original design. The

Table 1 recalls the most important parameters of the wiggler
design.

Tabie 1 - Wiggler magnelt prototype parameters

Nominal bcam energy (MeV)
Magnetic ficld at the gap center (Tesla)
Wiggler period (mm)

Number of periods

Amper-turns.per pole (A)

Turns per pole

Cu cond. cross section (mm * mm)
Cooling hole diameter (mm)
Nominal Current (A)

Maximum Current (A)

Current density (A/mmz)

Max. Current density (A/mm?)
Nominal Voltage (V)

Max. Voltage (V)
‘Nominal Power (kW)

Max. Power (kW)

Water circuits per coil in parallel
Total cooling water flow rate (1/min)
Water velocity (m/sec)

Pressure drop (Atm)

Walter temperature increase (°C)

2.1 Tests and Mechanical measurements

A sct of clectrical and hydraulic measurements {5] has been
performed on the prototype. The measured values are very
close to the design ones. The major discrepancy is the
nominal current (702 A instead of 675 A). The gap between
the poles, without magnetic field, varies between 40.12 mm
and 40.17 mm.

The attractive force produced by the magnetic field reduces
the gap by 0.35 mm (with a standard deviation of 0.05 mm),
as predicted by 3-D simulation, and corresponds to about
34 tons. The vertical parts of the four "C" side ribbings, direc-
Lly supported by four jacks, do not move (negligible compres-
sion): the yoke movements are due to the combination of
bending and rotation of the "C" ribbings.
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Figure 1. Wiggler prototype.

3, MAGNETIC MEASUREMENTS

A first set of measurements [3] with a 3 m long Mip-coil
has been performed, in order to rapidly find the current in the
end poles required to make the field integral vanish on the
wiggler axis as a function of the current in the main poles.
Compensaiion on the particle rajectory is much more cum-
bersome, since onc has o perform point w point measure-
ments on the wiggler horizontal symmetry plane and inwegrate
the equation of motion of the electrons in the measured field.
An exact solution can be found only after a certain number of
iterations. Due to the limited width of the poles (14 cm} and
the large amplitude of the oscillating trajectory inside it (=2.5
cm), the wiggler will be displaced towards the oulside of the
ring by half this amplitude. In this case the field iniegrals on
the trajectory and on the wiggler axis have the same value
within the required clased orbit tolerance.

Figure 2 shows the current in the end poles and the
maximum field in the main poles measured with a Hall probe
as a function of the current in the main poles. probe can be
displaced horizontally and vertically in 5 mm steps by means
of precision pins on the carriage.
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Figure 2. End poles compensation curve,

The behaviour of the field as a function of longitudinal,
horizontal and vertical position ingide the wiggler has been
investigated by means of a Hall probe (Bruker B-H15 Tes-
lameter) calibrated against a NMR (Mewolab PT2025) device.
The probe is mounted on a pneumatically suspended carriage
in a reference guiding box.
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The longitudinal position of the probe is monitored by an
encoder with 0.1 mm resolution, and the Figure 3 shows the
vertical field distribution on the wiggler axis. The compensa-
tion curve of Figure 2 has been checked at the maximum field
and at a few intermediate points by integrating the point-to-
point measurements, and found in agreement within =10 A in
the end pole current. Repeatability of the integrated ficld in a
longitudinal scan has been found to be within £1 Gm.The de-
pendence of the integrated ficld on the horizontal coordinate
gives an estimate of the sextupole term in the wiggler field
eXpansion.

Figure 4 shows the result of the mcasurement, where
the second order best fit yields a sextupole integrated term of
-2.2 T/m, about ten times smaller than the contribution of a
chromaticity correcting sextupole.

Numerical simulations have shown that the perturbation
introduced by the wiggler is not harmful 1o the nonlinear be-
haviour of the particles in the rings. The symmetry of the
field with respect to the wiggler center has been found to be
within 50 G at the maximum excitation. Again, numerical
simulations have shown that the effcct on the closed orbit is
negligible.
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Figure 3. Vertical field along the wiggler axis
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Figure 4. Integrated sextupole term in the wiggler field.

- [6] The MAGNUS Package -

4. COMPARISON WITH MAGNETIC F.E.M. DESIGN

We have comparcd the measured field with the prediction
of the 3-D finite elecment code MAGNUS (6] 1n a section of
the wiggler starting from the midpoint of the last full pole,
going through the end pole and the field clamp, and ending up
in the fringing ficld region.

Figure 5 shows the calculated field (line) and superimposed
experimental points (dots): the agreement is quite satisfactory.
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Figurc 5. Comparison between measured and calculated field

5. CONCLUSIONS

A complete set of mechanical, electrical, hydraulic and
magnetic tests has becen performed of the prototype wiggler
magnet delivered by Danfysik to LNF in January 1994. These
tests have suggested a number of modifications to be devel-
oped on the final version of the magnet and the power sup-
plics. Using both a rotating coil system and a Hall probe
driven by an accurate positioning system, the field integral on
the wiggler axis has been carefully compensated at several op-
crating points. Although some asymmetries in the field and a
non-negligible sextupole term have been evidenced by the
measurements, we feel confident that the magnetic quality of
the wiggler meets the requirements of the DAG®NE Main
Rings.
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Single Electron Operation Mode in DA®NE BTF

A. Ghigo and F. Sannibale
INFN, Laboratori Nazionali di Frascati - 00044 Frascati (Roma) - Italy

Abstract

The DA®NE Beam Test Facility (BTF) [1] will use the
LINAC-beam parasitically injection into the collider. It is a
beam transfer line which has been designed in order 1o opti-
mize the operation mode in which single electrons are
stochastically produced for detector calibration purposes. The
system consists of a metallic target intercepting the LINAC
beam followed by an 'Energy Selector System’ (ESS). The
target strongly increases the beam energy spread, while the
ESS selects the beam reducing the number of electrons in the
bunches. Fine tuning is achieved by trimming focusing ele-
ments in the line. The facility is now under construction and
the final design is presented.

1. INTRODUCTION

The injector of the DA®NE accelerator complex [2] is a
LINAC delivering electron and positron beams with a maxi-
mum energy of 800 MeV and 550 MeV respectively. Between
two consecutive injections these beams can be switched on a
special transfer line, the BTF, for the production of single par-
ticle pulses. Such beams are useful for the calibration of par-
ticle detectors used in high energy physics experiments. It is
worth remarking that pulses of single electrons have already
been obtained at Orsay with a system similar to the one de-
scribed here [3] and also at CERN with a different approach
[4].

2. BASIC PRINCIPLES

2.1. Beam-target Interaction

A relativistic electron (or positron) passing through matter
loses energy mainly through two processes: ionization and ra-
diation loss. The ratio between these two different losses is a
function of the electron energy and of the material and can be
roughly expressed by (5] :

oE
oxJrap _ ZE,
ox 1ON

where E is the electron energy in MeV, x the material thick-
ness, Z the atomic number of the material and E, the initial
electron energy in MeV. For copper (Z=29), and a 500 MeV
electron the ratio is =18, indicating that the radiation loss
dominates. In this situation it is reasonable to neglect the ion-
ization term, assuming that the electron loses energy only
through radiation.

The energy distribution w of an electron (positron) of ini-
tial energy E, after passing through a target of o radiation
lengths thickness, is given, with good approximation, by [6]:

v
W(E,;,CI,E)-—-L—E————

Eo  I'izh

E, )]% ! o

where I"(x ) is the gamma function. The probability P to find
the electron with energy in the interval (E, -AE , E, ], with
AE ¢« E, | is given by:

p=— 1 [jf_1 \]w2"'2E
) S 1.4E E, 3

[4

where the factor 1/2 comes from the arithmetic average be-
tween the values of (2) in Ep -AE and E,,. Furthermore, since
again AE « E,, it is possible to write, with good approxima-
tion, that:

p=—1 éﬁ)ﬁa—z @
272 \E,

As a conclusion, for a bunch of N electrons or positrons
with energy E, passing through a target of ¢ radiation
lengths, the average number of outgoing particles with energy
in the range [E, -AF |, E, 1 will be:

Nag =N P )

2.2. Energy Selection

The Energy Selector System (ESS) is the device which se-
lects, from the whole bunch, only the particles satisfying
condition (5).

As shown in Figure 1, the system consists of a 45° DC
sector bending magnet (DHSTBO1) with a vertical slit in its
focus (SLTTBO1) and with a second slit upstream the magnet
(SLTTMO1). The energy acceptance of the ESS can then be
easily derived:

‘%=%+ ﬁl xo' IMAX ©®

where p is the bending magnet radius, A, the total aperture of
the slit in the magnet focus and | x» |uax the maximum hori-
zontal divergence the particle can have at the magnet entrance.
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The latter can be limited by the slit upstream the magnct:

|Xo |MAX g—’Llth 0]

where h,, is the total slit aperture, ! is the target-slit distance
and o7 the beam radius at the target output. This cut on max-
imum divergence is necessary because the beam-target interac-
tion dramatically increases the beam emittance.
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Figure 1. BTF General Lay-Out.

To give an idea of the magnitude of the selection factors
involved in the production of a single electron pulse, we de-
scribe here the case of the BTF at 500 MeV. '

First we set the LINAC to deliver a 500 MeV electron
beam with the minimum current diagnostic system is able to
detect (=1 mA averaged over the 10 ns FWHM macrobunch),
corresponding to:

N =62 x 107 particles ®)

pand ! are 1.722 m 1.499 m respectively, and the expected
beam radius at the target input face is 1.2 mm. The passage
through the a = 2 radiation lengths target enlarges the beam
by a factor =3 (a more detallcd estimate can be given by the
EGS code [7]) and thus 67 = 4 mm. Setting h,, = 8 mm, h, =
8.5 mm and using expressions (6) and (7), we obLam an ESS
energy acceptance:

\& =1% 9)
E

and from (4) :

P=47x10"" (10)

Finally, using (5) and (8), we get:

Nyg =30 (1)

2.3. Fine Tuning

Expression (11) indicates that, in order to achieve
N, = 1 for the average number of electrons with energy
E = (500 £ 3) MeV, fine tuning is necessary. In practice an
adjustment of this kind is always necessary and can be
performed following several methods.

The simplest are:
- Trimming of the LINAC gun current.
- Proper setting of the LINAC focusing system.

2.4. Statistical Considerations and Error Analysis

The number of particles within the selected energy range
follows the Poisson distribution:

m mk

Pn(k)=em &

(12)

where'm = N ¢ . This means that when the BTF is properly
set (m=1), it delivers =37% of the pulses with a single elec-
tron, =37 % with no electrons, =18% with two electrons and
=8% with more than two electrons.

From another point of view =59% of the non empty
pulses carry a single electron. It is worth remarking that,

‘setting m < 1, the number of empty pulses increases but the

ratio of single electron pulses over the non empty ones
increases as well. For example, if m = 0.5, then =80% of the
non empty pulses carry a single electron.

In order to estimate the sensitivity of m to the variation of
the system parameters it is necessary to differentiate expres-
sion (5), taking (4) into account. After some algebra, it can be

found that:
ol ) vzl o

where y (x) is the digamma function. Let us now consider
the meaning of each error contribution.

AN /N : fluctuation of the number of particles per pulse.
This is determined mainly by the gun stability.

D>

m_aN,_a |aF, A(4E)
N In2| E  (aE)

d

—25—



AE, [E, : LINAC beam central energy fluctuation: RF
and trigger systems stability.

Aa /o : target thickness error. The dependence of (13) on
this term is quite strong. The target surfaces must be carefully
machined to minimize this error. It is worth pointing out
that, for a given surface finishing, the use of a larger radiation
length material decreases this error-contribution.

A(AE) /(AE ) describes the fluctuations of the range se-
lected by the ESS. It can be expressed, using (6), as:

A(AE) _aE, | 1 (Ahp+4_p+
(AE) E, 1+ 2ﬁ P lX(')lmx he P
h .
. ] 4 lxoluax (14)
1+ he Ix(')jMAX
2ﬁp|X6|MAx
with:
A lxolvax _ Ay 1 Ahy 1 Aol
x| .20 R 1. hg of (9
MAX 144% MW 14 W Ox
hy 207
where:
Ahe [hr : variations of k¢ due to slit inner faces paral-

lelism and finishing errors.

ap / p : bending radius variations mainly due to the power
supply current fluctuations.

Al [+ this error appears when the output face of the target
is not parallel to the input face of the slit upstream the dipole
magnet.

Aot [0l : the beam spot variation comes mainly from the
fluctuations of the focusing magnets power supply current.

Ahy [hy : variations of hy due to slit inner faces paral-
lelism and finishing errors.

The dependence of the Poisson distribution (12) on m is:

APy (k)

(16)
Pm (k)

=e"”"(1+Am_M)k-1

and, in particular, if k =1, m = 1 and Am /m < 15 % then:

amn

These expressions allow to estimate the effects of the tol-
crances (mechanical, electrical, etc.) on the system stability.
The BTF has been designed to yield Am /m < 10% and there-
fore the overall system stability (17) is better than 1%.

3. THE BTF TRANSFER LINE AND DIAGNOSTICS

The BTF lay-out is shown in Figure 1. The LINAC beam
comes from the left side and strikes the removable copper tar-
get (TGTTMOI). Three different thicknesses can be selected:
1.7, 2.0 and 2.3 radiation lengths.

A change of one order of magnitude per thickness step in
the value of P given by expression (4) is therefore possible.
Downstream the target, the beam goes into the ESS (see
§2.2) and after energy selection the remaining particles are
driven into a room outside the LINAC vault where the detec-
lor under calibration (DUC) can be placed. This choice allows
te isolate the DUC from the strong noise coming from the
LINAC vault.

The dipole magnet DHSTBO02, identical to DHSTBO1, can
send the beam on the DUC (magnet ON) or in a special small
branch (magnet OFF) where a single particle detector, proba-
bly a lead glass, is used to set the BTF without damaging the
DUC. .

The BTF transfer line focusing system consists of four
quadrupoles and a complete diagnostic set including 2 beam
charge monitors, 2 fluorescent flags and 2 horizontal and ver-
tical correctors, which will be useful in setting the line before
the insertion of the target.
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A 3rd Harmonic Cavity for DAONE
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Abstract

In order to control bunch length in the DA®NE main
rings {1] an active 3rd harmonic RF cavity has been proposed.
The energy acceptance, bunch length and Landau damping of
the multibunch instabilities with the cavity are discussed.
Alternative cavity shapes optimized with the aim of reducing
the number of dangerous HOMs and increasing the fundamen-
tal mode shunt resistance are presented.

1. INTRODUCTION

The longitudinal size of a single bunch in storage rings is
of great importance for reaching high luminosity. In order to
avoid geometrical luminosity reductions the bunch length has
to be shorter than By/ 1.5 [2], where By is the vertical betatron
function at the interaction point. On the other hand, a too
short bunch produces strong parasitic losses, fast multibunch
instabilities, and short Touschek lifetime. For DADNE, a
bunch length of 3 cm has been chosen as a reasonable com-
promise.

Preliminary calculations on the bunch lengthening have
‘'shown that the final bunch length in DADNE is less than
3 cm; therefore additional lengthening is necessary {3]. A third
harmonic cavity is planned to be installed in the DA®NE
storage rings for this purpose.

In this paper we investigate the influence of the third har-
monic cavity on the beam dynamics. The bunch lengthening
(shortening) in the double RF system is computed taking into
account the longitudinal broad-band impedance calculated else-
where [3]. A simple analytical formula to estimate the en-
hancement of Landau damping of multibunch instability due
to the cavity is derived. The last section is devoted to the
discussion of possible cavity shapes with particular attention
to the minimization of both the dissipated RF power and the
number of dangerous HOMs.

2. BUNCH LENGTH

The potential secn by a particle in a double RF system,
consisting of a main RF cavity and a nth harmonic cavity, is
given by [4, 5, 6]:

X Vg
(E/e)T, w

sin{ @y, ) £ k_ sin( @y, — OT)F

- t (1)

@(7)=

iy

i—licos(nan') -, /e
n

with a, the momentum compaction, E the nominal energy of
the particle, T, the revolution period, V, peak voltage in the
main RF cavity, kV, the peak voltage in the harmonic cavity,

U, the energy loss per turn. In order to provide phase stability

the synchronous phase ¢,, must satisfy the condition:

— (2)
Sin (pm

The potential (1) is written for the case when the harmonic
cavity does not accelerate synchronous particles and has a max-
imum voltage slope at @ = ¢, to have the most effective
bunch length control. The upper sign in (1) and in the follow-
ing refers to the shortening regime, while the lower one is
used for the bunch lengthening case.

Applying the general theory of RF acceleration [7], we find
that the relative change of the momentum acceptance due o
the third harmonic cavity in a storage ring (@so ~ 7 /2):

AE goyble -1+ _]i (3)
AL ain 3

does not exceed 6% if k < 1/3. Here AE g,upie and AE 1 4in
are the heights of the bucket in the double RF system and in
the single one, respectuvely.

The “"natural” bunch length in the double RF system is
computed by solving Haissinski's equation {8] for the poten-
tial (1) with zero broad-band impedance. In the linear approxi-
mation and expressing the voltage of the harmonic cavity in
terms of the supplied power P and the shunt impedance of the
fundamental mode Rg the rms bunch length is:

N

0 =0/ \1 t Ve sin(,,) )

In Fig. 1 we plot the normalized bunch length versus k in
the case of a third harmonic cavity at different values of o, .
As obtained in the linear approximation, for short bunches the
ratio o/0, does not depend on 6, while for longer bunches
o/0, is rather sensitive to 0p. Nevertheless, in the range of
interest defined by (2) the approximation is quite accurate.
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Figure 1. Bunch length versus k.
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The bunch length (4) has been used as starting point to
evaluate the bunch lengthening with the longitudinal
impedance estimated for DA®DNE. Above the turbulent thresh-
old the bunch length was calculated by solving Haissinski's
equation and applying Boussard's criterion [9] as a scaling law
as described in [10]. Figure 3 shows the bunch length versus
power for different values of the shunt impedance.
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Figure 2. Bunch length versus dissipated power.

3. LANDAU DAMPING

The higher harmonic cavity introduces some additional
non-linearities on the restoring force, which increase the syn-
chrotron frequency spread, thus stabilizing the multibunch co-
herent oscillations through the Landau damping mechanism.

In order to estimate this effect, we use the Vlasov's equa-
tion linearized with respect to small perturbations of the sta-
tionary distribution [11,12] and get the dispersion integral:

Jmoecly

Z(p) I” (1)  Ii[pwoi]
(E / e)a(0)

= at [a)c,,, - mayg( 1)]

atr (5

where m is the mode number of oscillation, Iy the average
beam current, ws ( 7) the incoherent synchrotron frequency, 7
the amplitude of the synchrotron oscillation, Z(p) the longi-
tudinal HOM shunt impedance at the frequency p@, + mdey,,
p an integer number, @, the revolution angular frequency,
@em the coherent synchrotron frequency, g( T) the stationary
distribution in phase space, and Jp, the Bessel function of the
first kind of the mth order.

The dependence ws( T) is found by solving the equation of
motion of a single particle in the potential (1). Using a per-
turbation method {13} and limiting ourselves to the first ap-
proximation which is suitable for the DA®NE parameters we

obtain:
-2 3
. 0.0625( wt
w;(T) = 05,1 kn 4o (wF) 12 X
sin @5, 1+ kn sin ¢,
sin @y,

By substituting wg( 7) in the dispersion integral we get for
the Gaussian stationary distribution:

2p) _ p Enw,0’0’
p 4elpo,

ike’yli[pwoaﬁy‘] +jSpv (é

32, + (w2 fpooc D)

where 3py is the principal value of the integral:
~xj2 [ p wOO'\/Z—x ]

x=y

kn3
sin ¢q,

spv=PV‘[o dx ,and F=1%

and y a function depending on @.,, - The sign + or - in the
double bracket depends on whether F is positive or negative
respectively. Examining eq.(6) we find that, in presence of a
higher harmonic cavity, there is an enhancement of the Landau
damping by a factor F, whose maximum value in the length-
ening regime is n? -1

4. CAVITY DESIGN

We describe two basic alternative designs for the higher
harmonic cavity, which were explored to fulfill different re-
quirements, i. e.:

1) 'Single-mode’ cavity, to have minimum contribution to
the HOM impedance in DA®NE.

2) High shunt impedance cavity, either of the 'nosecone' or
of the 'rounded' type, to keep RF power to a minimum.

We remind that the beam pipe aperture is quite large (a
radius of 4.3 cm), and does not allow us to push the R of the
fundamental mode to a very big value at the third harmonic
frequency. In this work we used the well-known codes
URMEL [14] and TBCI [15].

4.1. Nosecone cavity

A 'nosecone’ design was considered as a possible solution
to have a true single mode cavity (see Fig. 3).

0.15 (m] T I T
0.1 o B
.
0.051~ > Co 7]
i i | [m]
0p 0.05 0.1 0.15 0.2

Figure 3. Nosecone 'single-mode’ cavity.

We studied the cell shape for several gap values, keeping
the frequency of the fundamental mode at 1104 MHz. The cell
is set directly on the pipe and the elliptical profile helps to
shift the two first HOMs above cutoff, while the nose radius
was chosen large enough not to have a too high surface elec-
tric field. In this way something is lost on the Rg¢/Q but all
the monopole modes look free to propagate down the vacuum
chamber. It can be generally said that only the first dipole
mode TMj1¢ is left in such a cavity. The other dipole mode
TEj11 practically disappears (see Table 1).

Construction and cooling of such a cavity may be difficult,
due to its rather complicated geometry and reduced size.
Tolerances for a construction error of + 0.1 mm have been cal-
culated by simulation for the most critical positions [16].
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The cavity does not appear too sensitive from this point of
view. The maximum tuner sensitivity calculated assuming a
cylindrical tuner of 1.5 cm radius is given in Table 1.

Table 1 - Summary results for the cavities

Nosecone |Nosecone| Rounded
(gap=15mm) | High Rs | High Rs
Frequency (MHz) 1104.57  11104.59 [ 1104.71
Rg/Q () 33.38 58.73 65.36
Rs (MQ) 0.335 1.96 1.85
Vgap (kV) 75 75 75
W (mJoule) 12.13 6.2 6.9
Eg max (MV/m) » 9.5 2.8 1.97
Bg max (Gauss) 114 29 30.6
Tuner sensitivity (mm/MHz) 0.6 4.7 4.8
k [V/pC] 0.0699 0.171 0.157
kpm [V/pC] 0.000 0.0453 0.017
TMo] | mode:
Frequency (MHz) propagating | 1839.61 ] 1916.26
Rk I 612.0 672.6
TMpr0 mode:
Frequency (MHz) propagating | 2429. 2342.
RskQ) | e 4.7 7.6
TM |10 mode:
Frequency (MHz) 1601. 1644. 1604.
R's(kQ)(at 4.3cm) 266. 366. 299.
TE]]] mode:
Frequency (MHz) 2020. 1453.7 1412.6
R's(kQ)(at 4.3cm) 0.416 84.6 150.3

4.2. Rounded and Nosecone High R cells

To minimize RF power, high R structures were consid-
ered too. First, a rounded profile (Fig. 4) was chosen with the
optimum value a/h ~ 1 [17], obtaining Rs = 1.85 MQ and 4
(monopole + dipole) trapped modes, which have to be damped
anyway.
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Figure 4. Rounded high Rg cell.

Second, a quite optimized nosecone cell (Fig. 5) was accu-
rately studied by re-adjusting the gap, to get maximum R/Q
and simultaneously not to decrease Q. The resulting Ry is
1.96 MQ at 1104 MHz. Also in this case 4 parasitic modes
are left in the cavity. The cavities are less sensitive to con-
struction errors than the nosecone cavity described in 4.1.
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Figure 5. Nosecone high Rg cell.

All the described cavities comply (within at least a factor
10) with Kilpatrick's criterion on the maximum surface
electric field [18]. A summary of the most important results is
reported in Table 1. :

5. CONCLUSIONS

Bunch lengthening in DA®NE with the double RF system
has been studied. We have shown that a shunt impedance of
Rg=0.3+2 MQ allows to keep the bunch length in DAGNE
under control with reasonable RF power (1+7 kW) while vari-
ations of the momentum acceptance do not exceed +6%. All
the cavities shown have the necessary shunt impedance. The
final choice will be made after careful analysis of the means to
damp undesired HOMs. We also found that a high harmonic
cavity gives an enhancement of the Landau damping effect by
a factor (1% k3 /sin %:S , beneficial for damping the multi-
bunch instability.
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Solenoidal Compensation Scheme for an Interaction Region
of an Electron-Positron Collider
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Abstract

Solenoidal fields of detectors in colliders are compensated

usually with the 4 skew quadrupole method, which is not op-
timal for @ -factories. In DADPNE the Rotating Frame
Method {1} has been adopted. An alternative compensation
scheme, with a small superconducting solenoid, providing
also final focusing at the interaction point, is described. The
optical aspects of a possible application to one of the
DA®DNE Interaction Regions are discussed.

1. INTRODUCTION

In high energy rings experimental detectors need often
solenoidal fields which must be compensated to avoid cou-
pling between horizontal and vertical oscillations [1,2,3].

When the beam energy is relatively low, like in ®-facto-
ries, the coupling introduced by the experimental solenoid
may be so strong that it becomes onc of the main optical
characteristics of the ring.

In DADNE (1,4] rotation of each low beta quadrupole and
compensating superconducting solenoids provide cancellation
of coupling outside the interaction regions (IRs).

In the Novosibirsk ®-factory project [S] the solenoidal
coupling 1s not compensated but used specifically to generate
emittance in the two transverse phase spaces and to focus the
round beam. , |

We present here a new idea for a compensating method
which we have applied as an example to the DADNE IR
which houses the detector of the F.LNU:DA. {6] experiment.

2. THE NEW COMPENSATION SCHEME

The basic idea of this scheme starts from the observation
that the total optical effect of a rectangular field model
solenoid can be split in two completely different effects (see
Appendix). The first one is a rotation of the transverse plane
by the angle:

Bz Lg
2Bp M

9r=

where L 1s the solenoid length, B, its longitudinal field, and

Bp the magnetic rigidity of the beam. The second one is a fo-
cusing quadrupole effect on both planes characterized by the
quadrupole constant Kg:

Ks =55~ (2)

The focusing properties of a quadrupole for each plane are
determined by the element A1 of the 2x2 transport matrix.

For a solenoid (see Appendix):

D

2
As] = -Kg sinfr = - LL 3)
S

The last formula is the key point. For the same longitudi—
nal {ield integral, proportional to 6;, the focusing effect is in-
versely proportional to the solenoid length.

The new scheme can be imagined as derived from the
DA®DNE scheme [1] by interchanging the positions of the
quadrupoles and the compensator. The compensator placed in-
side the detector very near to the Interaction Point (IP) can
have a small radius. Furthermore its length can be very small
to 1ncrease its focusing properties on both planes.

An advantage of this scheme is that the coupling vanishes
at all energies within the beam energy spread.

On each side of the IP two quadrupoles instead of four are
enough to properly focus the beam at the crossing point and
match the optical functions to the arcs outside the detector. Of
course they do not need any rotation and can be realized as
conventional electromagnets.

The solution studied for FI.NU.DA. is based on the pre-
liminary experiment design parameters, recalled in the follow-
Ing table.

Table I - FI.LNU.DA. detector characteristics

Total integrated ficld (B, L, Tm)
Maximum field (Bpax, T)

Total length (L.g m)
Total rotation angle (0, ,deg)

The FLNU.DA. detector needs a region free from machine
components defined by two 45° half aperture cones with the
veriex at ~20cm from the IP, outside which the compensator
solenoid can be housed. |

Computations have been performed on a 22 ¢cm super-
conducting cotl . The inner radius 1s 6 cm and the outer 7 cm,
corresponding to =550 A/mm? current density. The required
beam stay clear aperture inside the compensator is a circle of
3.5 ¢m radius, based on the assumption of 10cx (off cou-
pling) and 100y (full coupling) as a himit for good quantum
lifetime [7], crossing angle £15 mrad, vertical separation @
[P of £2.5 mm. Therefore there are 2.5 cm left for the vac-
uum chamber and helium circulation.

The optical functions behaviour in half IR is shown in
Figure 1 together with the beam trajectory for a crossing an-
gle of £10 mrad. The longitudinal magnetic field inside the
detector is plotted in Figure 2, together with the rotation an-
gle of the betatron oscillation planes.
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Figure 2. Total longitudinal magnetic field in the detector
region and total rotation angle

If the detector field is changed to follow experimental re-
quirements, the compensating solenoid ficld has to be changed
accordingly to maintain the compensation (this is not possi-
ble in the previous scheme with quadrupoles unless each one
can be rotated independently inside the detector). From the op-
tics point of view the focusing effect is an increasing function
of the ratio between the detector field and the beam rigidity.
The quadrupoles are therefore used to compensate the variation
of the detector-compensator focusing in order to keep the IP
B functions and maiching the ring arcs constant. The natural
chromaticity of the whole ring is, however, lower at high
solenoid and compensator ficlds and the dynamic aperture is
larger as well. On the contrary the IR optics is almost unper-
turbed if the detector is switched off. The two compensating
solenoids must be oppositely powered, at a ficld IBi=iB¢I-IBgl
where B¢ and By are the nominal operating ficlds of the
compensator and the detector respectively.

3. MAGNETIC FIELD ANALYSIS

The analysis of the magnetic properties of the detector
plus compensator system has been carried out, under the as-
sumption of a constant field in the main detector solenoid
with the compensator coil superimposed without any iron
contribution.

Due 1o the cylindrical symmetry of the model the mag-
nctic field is two-dimensional and therefore its effect on the
lattice can be estimated more accurately than in the standard
rectangular approximation.

The longitudinal and radial magnetic field profiles of the
compensator are shown in Figure 3 along half main detector
solenoid. The plots show the field on axis and on concentric
surfaces of different radius. It can be observed that the longitu-
dinal ficld decreases rapidly with the distance from the axis: B,
is of the order of 10% of the value on axis at r = 10 cm. The
magnetic lines of force for half IR are shown in Figure 4: it is
clear that the detector ficld is not affected inside the 45° cone.
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Figure 3. Longitudinal and radial magnetic field of the
compensating solenoid along the detector length
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Figure 4. Magnetic lines of force with main detector and
compensator solenoids
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4. ANALYTICAL COMPUTATIONS

A tracking code has been developed where the particle tra-
Jectorics are computed as solutions of the three-dimensional
equatons corresponding to the motion of relativistic particles
inside the total magnetic ficld.

In order to solve the equations, the Jacobian around the
particle trajectory has been computed and used as the transport
matrix corresponding to the whole detcctor zone. This matrix,
whose simplecticity has been checked, can be used in kick
codes. A similar result can be found by multiplicating many
matrices, each representing a very smail solenoid chunk. We
found a good agreement between the two different approaches.

The analysis of the Jacobian around the axis verifies (as
expected) that the horizontal and vertical oscillations are un-
coupled. The Jacobian around the actual particle trajectory,
which makes an angle of 12.5 mrad with respect the magnet
axis at the IP, shows a small coupling never exceeding the
project value of 1%,

APPENDIX - OPTICAL PROPERTIES OF SOLENOIDS

Defining:
Bz
Ks=7o @)
and ,
B = Ks Ls ®

the transport matrix corresponding to the rectangular model
solenoid can be written for both transverse planes as:

cosOr A sinBy A
Qs=
sinBr A cosOr A
where A is the 2x2 matrix:
Siner
cosO;, Ky
A =
- K sinfyp €086,
Defining matrices R and F as:
coso, I - sinfp 1
R(®p) =
-sin@p I coso; I
A 0
F(Ls.6p) =
0 A

we can also write:
Qs=RF=FR 6)

The conclusion is that a solenoid has focusing and rotating
clfect in both planes. Its contribution to the chromaticity is
larger by a factor 2 with respect to a quadrupole with the same
length and the same focusing strength, because of the different
cenergy dependence.

Expressing the integrated solenoid focusing strength as a
function of the rotation angle:

2
K Ls=- [ 0

we notice that while 8, depends only on the integrated By, the
focusing strength, at a given 8y, is inversely proportional to
Ls. This explains why the focusing properties of the small
compensating solenoid are so relevant while those of the main
detector with the same absolute value of 8; are negligible.

This rectangular model is exact only in the limit of a uni-
form field shape, which is true when the ratio between the in-
ternal radius and the total length is small, or when the mag-
netic field is clamped by the iron joke (like in the DADNE
detectors).

In a more general case the optical effects of a longitudinal
magnetic field can be computed or by tracking or by decom-
posing it in thin slices, each represented in the rectangular
modecl.
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