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: ABSTRACT %
o

An extrapolation of the ISABELLE 200-200 Gev2 proton-~proton storage t
higher eneréy has been studisd and here the conceptual design is presented for a
400-400 GeV4 version. The basic storage ring structure has been so modified that
the circumference of the rings could be substantially increased without an in-
crease of the transition energy. Because of the now well established microwave
longitudinal bunched beam instability, this is essential in maintaining a viable
longitudinal iwpedauce 1lwit for the overall structure. The principal parameters
for the 400 GeV structure are given and compared with the basic 200 GeV design.
Performance limitations, where they may differ from the 200 GeV design are indi-
cated. Each 400 GeV ring uses superconducting magnets essentially identical to
those employed in the 200 GeV design, but energized to 50 kG peak field. The
justification for this is given together with other technical features differing
from the basic design. It is concluded that for a cost increase of 407 over the

basic p-p storage ring design, twice the center-of-mass energy could be provided
for the ISABELLE proton-proton colliding beam facility.

Iotroduction

In the course of design studies for the ISABELLE 200-200 Gev? proton=-proton
colliding beam facility, the maximum desired center-of-mass energy has consis-

tently been a difficult parameter to estabiish. Although generously above the
predicted energy required for possible detection of the charged or neutral inter-
mediate vector bosons with reasonable statistics, availability of higher energy

would clearly give increased assurance, especially also in the detectiom of higher

mass members of a possible W family. Indeed, it was suggested by the High Energy

Physics Advisory Panel on new facilities, Woods Hole meeting, 1974, that a higher

energy ISABELLE design might be more interesting to the physics community. In

spite of this, principally for reasons of total facility cost, the major thrust

of the Brookhaven design has concentrated on the 200 GeV case. Recently, however,

the interest of extending ISABELLE to higher energies has been revived and a new

e TETTT, study has been made of a possible higher energy design, the essence of which is
EEE? 3;_%§ reported here. 3
R .. : I/
§§;' tHE Following the first Woods Hole meeting, a preliminary examination was made

mfggioézzgi. of a higher energy structure. It was shown that ISABELLE could be extrapolated

gééiiiggéééé to 400 GeV peak single beam energy while maintaining the basic beam-beam lumi-
%%g :s;7§3§ - nosity objective. Nevertheless, this structure had a transition energy (Yinj =
ii:%%g%;g%% 25.0) rather close to injection energy (Yinj = 31.4) leading to a small orbital
zéi Z%E%é%g frequency diépersion value (T = 0.58 1073) at injection. This makes beam stacking
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difficult and the longitudinal stability criteria for the beam, during various
phaees of the stacking process, more severe. With reSpect~to'the latter, subse-

12,3/

quent observation and interpretation of the so-called bunched beam microwave
longitudinal instability in the CERN PS and ISR has created a greater concern of
beam stacking in a structure with too low an T value., Consequently, more recedt
studies towards higher ISABELiE energies were aimed at circumventing the traneition‘
energy problem and its associated fast beam instability during beam stacking. A
variety of methods exist. A first method consists of adding a small stacking ring,
interposed between the AGS injector and ISABELLE, 141 whereby the high current would
be momentum stacked into the stacking ring and transferred in a bunched fashion
from this into ISABELLE A second method consists of changing the AGS to accel-
erate on the first harmonic and stacking proton bunches "boxcar" fashion into '
ISABELLE./S/ ;

to keep transition energy low even in a larger circumference ring. This latter

A third alternative consists of weakening the lattice focuseing

method has been adopted as the design approach for the higher energy ISABELLE -
structure. Only as a result of the extensive work on the ISABELLE 200 GeV ver=-
16/ '

. sion hdas it been possible to develop the concepts of the 400 GeV facility in a

short time.

Summarv of the 400 GeV ISABELLE : A o
Maintaining the basic six-fold symmetr} structure,the higher energy capability

_is achieved by increasxng the total bending length and increasxng the peak magnetic
field design value to 5 Tesla. Also, the experimental insertion lengths have been
increased to accommodate the "phySLcs" at the higher center of mass energy. For
the larger circumference structure, “the transition energy is lowered by adopting a
weaker focussing structure, mainteining the original structure tune_value, This
- is achleved by increasing the basic cell length and using -three dipoles per half-
cell rather than two. The added benefit is a reduction in the total number of
quadrupole magnets required for the structure. A drawback -is-the higher lattice
“‘B and XP, local dispersion, value, atfecting potentially aperture parameters. By
modifying beam injection into the AGS, the injector for ISABELLE, a somewhat
higher beam brightness is possible, resulting in a stacked beam capability of

8 amperes, with an aperture filling at injection equal to that of the present

200 GeV design., With minor adjustment of the intersection region parameters the
luminosity obJective of 10 33 fz se,c"1 at maximum energy can thus be p*eserved
An overview of the 400 GeV structure parameters and comparison with the 200 GeV
system is given. in Table I and a layout of the 400 GeV facility is shown in

Fig. 1 indicating that, while preserving an adequate periphery for muon shielding,
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the BNL site is more than adequate for the higher energy fac111ty.."__f
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400 GeV Ring Structure .
The lattice structure for the lOu GeV 1SABELLE 1is qu.u.:.-'atively s:un:.lar to

the 200 GeVv case. A list of pr:.ncxpal lattu.c. pera.meters is given in Table II.

The lattice structure near and in 4 VRE 1. 0 Gt ISEALE Larrice B
: the ‘{nsertions given 1n Fig. 2. With o T
- Clrureoee . . LY 1) Ok G ¢
an :Lnsertion length now of = 160 m, a Insetions 6x102n 6 x 1.0 ~
Reaas cau S xBIn G x 5.6 ~
crossing angle of = 10 mrad is obtained . ... BxBon 8x2.6 &
i Tee : 2526 - @yne ~
and a separation of the beams in the e 500 . et 0.0 :2
curved arcs of ® 97 cm. The in- Towsirion gesey - 14 w.» 'S
: _ ) _ '. . Crr Py DISRERNIGR, N,y 16x 107 aJx 1w . 0 -
creased insertion length permits a °  mouwovweinam, A, 3, .6, 87 n ®3, 69 .
free space now of * 30 m, which, s Dimsion, X, (o) ) L L N ,2,"
Pz sovwcz/caL, b9 e 02,0% 2 05,08 - =
with the stated crossing angle P ' 5 % :
result in a separation of the two Gromrierry, fus, st wiection *e8 S be T
_ beams at the first quadrupole of the “’W“’M D G oesion '

near. crosaing point focussing doublet of ~ 30- cm, which is- adequate for the
_quadrupole magnets under. consideration there, . . . o e
‘ In the standard insertion c'onfi\gurati;n (B: =7.5m, B; = 30 m), the maximum
values of the structure functions are Increased from the 200 GeV design, with
B 175 m and B o= 128 m. Nevertheleeé', the effects on off momentum orbits. are
not significantly altered, the maximum B variation with momentum being approx~

imately * 10% for a * 17 momentum aperture.

Beam Parameters for the 400 GeV: ISABELLE
The desired mode of AGS operation for optimum beam stacking in the 400 GeV

ISABELLE was reexamined, Assuming a lower beam current from the AGS for ISABELLE
‘:anection, single turn lossless injection (fast tum-off kicker) into tl"e AGS
from the 200 MaV Linear Accelerator becomes feasible. In the absence then of
horizontal-vertical coupling in. the AGS and with reduced space charge effects
near the 1njection in the AGS, significantly less transverse phase space dilution
1is expected  and an improvement: by a factor of 2-3 1n the four-dimensional trans-

verse denaity should result. ) _ . e

Relevant to beam capture and acceleration in the 400 GeV structure the system

‘ parameters are essentially the same as for the 200 GeV case with the ewceptiou of

o- - e T e SR
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stacking system harmonic number (39 = 56), acceleration rf frequency (228 kHz -*

159 kHz), and number of AGS eycles required for a full beam stack (=~ 200 - ”3@0){

Also, maintaining the same energy gain per turn of 12 keV/turn, and keeping B at-

less than the maximum value, for p & 1.3 pinj’ in order to keep the maximum momen-

tum spread of the bunched beam below 1.5%, full width, the total acceleration :;ge

to maximum energy becomes 6.6 min (2.5 min for the 200 GeV case).

s
-

Taking into account the beam parameters encountered during the various stages

of injection, stack buildup and beam acceleration, as given in Table III,

aperture requirements can be evalu-
This is shown in Fig, 3,
_indicating that for a comparable

ated,

filling of the 8 cm warm (curved)
bore, as for the 200 GeV design, a
debunched stack width of 0.64% is
~ possible, which, with the stack
density of 12.4"A/%Z(4p/p) leads to
a design current of 8 A.

the

IME Hl. un v ISTRLE, Brwe Pnnvuu AF Ingcron, 23.8 GV

hoe of ACS uecTion

Line e

Line puTTARcE, 2,50, scouizeD
S ey, 2 sroas

A ouTTvEE, ¥ X 1
LoGImpIw e TTAE/ ssae
RorOmue SRED

STACKED BEM

Porrrum wioTH, FINa, STAGR

Toremn viom, Buac TR
Prenmun WigTh, 1N, BEAR & STAOX
fernms 0owo, ore sTACKIG

1 nee
a4 m
© -Reaon

'2.7 1102 roioe

15 x 15+ Ganga?
- 0.6e¥ s
1821073 core)
7 x 10 smoters
© DAY %/
1.5 »/p
R PRS2
D mariz,

vas 1 e XD ‘Iu(sm:. N2 sent peroawe € lm-u

400 GeV _- 400‘GeV p-=p Performance “erameters

(runmu)‘ .
©
(2150
4.2x 10D

@30
.n
(L6x 10
5.5 1'%
Q.
e
an
6

‘fmﬂ 1L 138

The flexibility of insertion design, as developed for the 200 GeV structure,

is mainCained for the present 400 GeV colliding~beam system.

A number of insere

- tion ‘optics -options-have been worked nut, of which two cases, together with:

- ISABELLE performance parameters, .are listed i. Table IV,

luminosity at maximum energy is N

32 -2

2 100" cm s'ec-1 for a ''standard”
33

insertion setup, 1ncreasing to 10
cm 2,sec -1 for a high 1um1nosity
- configuration, At lower beam energy
theliumiqosiCylwill be loﬁer; since

L Y% -

-angie, are kept constant,

*
s LE BV and @, the crossing

However,
Bv at low energy is limited because

the maximum beam size in the inser-

tien quadrupole doublet should not exceed th.at ~f the

insertion at 30 GeV energy.
~below 200 GeV.

<

..As indi

cated, the.design
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Nevertheless, at any given energy < 200 GeV, it is at most a

factor V2 lower than in the 200 GeV design and at injection energy it is still

higher than 1072 cpZsec™. . .. .
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Performance‘Limitations

Since it is expected that optimum performance will be limited by collective
effects, a few of these anticipated to be dominant are considered here, comparing J

again the 400 GeV ISABELLE version with the 200 GeV basic design.

-~

Incoherent Tune Shift .

----- ge;le;;i;;-;leetrostatic and magnetic image effects, the tune shift due to
the direct space charge field alone may be written as/7 8/ .
(o) = - (R /2y ) (XL/e) (r /aby8? ) (Y -ne) Kk,& (a/b) '
in the usual notation, with K %,y (a/b) denoting a beam shapeAfactor.. The magnitude
of Av depends strongly on beam shape, however, the beam optics for the 400 GeV
case 13 qualitatively the same as for the 200 GeV case and baoth insertion length
and regular cell structure length have increased by about the same factor of
approximately 1.4, therefore, the above equation will suﬁfiee to scale the in-
coherent tune shift. The largest values are encountered at injection energy and
axe for :ﬁe'dbo GeV case a factor of 1.65 larger than for the 200 GeV version,
resulting in Av (o) = - 0.011, Av (o) = = 0,015 for the debunched full stack,

‘indicating a requirement for some increased correction of the working line during

the stacking process,

. The most stringent of these is the longitudinal high frequency (microwave)
instability as applied to the ‘bunched injected beam, especially during the de-

.

" bunching phase in the beam stack formation. In this case, the bunches are un-.

stable against high frequency inside bunch oscillations for which A < Lbunch and
T < T where T is the synchrotron oscillation period. A convenient expression
| 191 E | S

for the stability criterion is given as
@p/m S EEJo) (Il @ b (tpg/m, o)?
where i is the local value of the beam current and Apf is the local fwhh momentum
spread in the beam bunch; F is a form factor dependent on the shape of the dersity™
distribution and le is the longitudinal coupling impedance at mode number n.
- Since the lattice design of the 400 GeV structure has been guided towards main-
taining Ytt and with this.ﬂ, essentially equal to that of the 200 GeV structure .
the relevant scaling quantity is ’
(8pg/m c) 217l = (Ap/m o)? S
where, for a parabolic line distribution, i is the maximum local current value
and dp 1s half the full momentum spread. With.the beam and stackingnparameters
as- used-here, this quantity is approximately equal to that for the 200 Cev case.

- Explicitly, for the - present case; a maximum -longitudinal impedanee value of

* 5 () should not be exceeded for high mode numbers (frequencies £ 1 GHz), essen-
tially the same value as for.the 200 GeV ISABELLE, . . &' =i «owis - o 070 7= s e

2 -~



Considering the longitudinal stebility of the debunehed'ceasting beam, a low
impedanee‘requirement would only be encountered during the very early stage of
stack formation where I and (Ap/p) may be lower by one or two orders of magnitude. "
Consequently, it is expected that some beam shake-up might occur during this stage.
The threshold for this is the same for either the 200 GeV or the 400 GeV version
of ISABELLE. The growth time is nevertheless a factor of 1.4 larger for the

400 GeV case, since it scales with the orbital frequency.

At the start of beam acceleration the dominant impedance is that of the
"just" unshorted rf accelerating cavities, i.e. assuming the use of feedback,
(leln) == 75 1 for the three accelerating cavities for the 200 GeV ISABELLE.
Since, also in the 400 GeV case, the peak rf voltage is kept at 30 kV by increas-
ing the total acceleration time, the same impedance value can be maintained and

the stability criterion for the debunched full stack can be met generously.

The stability criteria and growth rates of the longitudinal bunched beam in-
stability has been developed by Sacherer.llo/ No concern exists during beam
acceleration, since also for the 400 GeV case a low harmonic number has been
adopted. During injection up to 56 high (longitudinal) density bunches may be
"circulating. Stability can be provided with adequate Landau - damping. The stability
_criterion has been given as

Vo to, |+ [dw | s (/m/a)-s

. .where Am is the shift in synchrotron frequency due to space charge, Aw the same .

Yoy

due to, say, the injection rf cavity impedance, and S the spread in frequency
between center and edge of the bunch due.to the nonlinear longitudinal focussing

- force. Since in the 200 GeV design Aw sc >, (S/4) the bunches- are expected-to be
unstable. This will be similatly true for the 400 GeV design. Fortunately, the
growth time is large (1/T = 1 sec 1). In the absence of frequency spread its
inverse 1is given by (1/7) = Im Aw giving an inverse proportionality of the growth
time with I.w 2 where both I and ws are smaller for the 400 GeV structure, i.e.
the relevant growth time is estimated a factor of 1.5 larger for the 400 GeV
ISABELLE. Also here, in case of need;, a feedback system can readily be built.

for suppression of the dipole and quadrupole mode.

The stability criterion may be written as
|z | =m (g /e) ¢v/R) BY (Bp/p) g, l(m - ) 1 -¢l |
in the usual notation with n > v and § = Av/(4p/p), the chromaticity. The required

/11,12/ .

tune spread, in case of Landau damping only, for all modes m > v, is obtained from -




tnis ae .
. AvP IR lzil / ["(Eo/e) v (Bv)]
Since presently a stainless steel chamber will be used, the required tune ' -
spread has been recalculated for the 200 GeV case. Its value (and chromaticity)
to suppress the instebility at injection energy by Landau damping alone is
Av = 0,015 (§ = 2.2) and the corresponding value for the 400 GeV case is Av =
0.026 (§ = 4.1). The latter value is still well below the spacing between
resonances at the working poing (22;6.— 22,667) and, consequently should be - “«

manageable,

"Similarly, as for the 200 GeV design, the use of octupoles and elecErbnic ‘
feedback should reduce the required tune spread for the bunched beam to a value
"of approximately 0.02.

Further, for the so called "head~-tail" instability, a - transverse resistive

wall, bunched beam ins:ability, theory/ 14/ predicts stability for the lower

Ry

modes for: .~ .
21, 0 §/(v) =30
with TB the bunch length in seconds and § = Av/(Ap/p) as before.  For the 200 GeV
"design a § value of 1.5 would be adequate. For the 400 GeV case, with identical
bunch length ﬂ and v values, a lower value (§ = .1) would suffice because of A
scaling with w o’ indicating that, with the larger £ value required for the oxdi-
'nary txausverse resistive wall instability,. che ‘head-tatl. instability should . not -
occur. . . N o . : "
" Magnet System -
. The higher dipole field value (50 kG at 4250 A) 1is’ aehieved by permitting
‘a limited amount of training. Experience with the 4.25 m long magnets has shown
that a'fieid in excess of 40 kG can be achieved without training at a temperature .
of 4.5°K. After approximately 10 quenches, fields as high as 49 kG have been
reached at this tempera:ute. If the operating temperature is reduced to S 4. 0%k
the expected maximum field attainable is increased to 53 kG which would permit an
operating field value of 50 kG. The temperature dependence of the field is shown
in Pig. 3. .

The present approach is somewhat less conservative then that adopted for the

200 GeV design, but it is‘supported by a steady improvement in the performance of
ISABELLE prototype magnets. It should also be pointed out that a slight increase
of conductor width would regain extra reserve, without changing the basic magnet

- —'de.sign. STTE T ST nn e _a_...e;,.;,ffl*’_-_
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The higher operating field and increased magnet length lead. to a considerable
increase in magnetic stored energy, i.e. presently 0.82 MJ/dipole compared with
0.46 MJ/dipole for the 200 GeV design., However, the "HEUB" magnets,lls,
of similar design, have quenched safely at a higher specific energy density -

(equiv *~ 0,92 MJ), therefore, no eﬁanges are contemplated in the magnet protective =~

which are

circuitry for the 400 GeV design.

" For the most part, the eorrection coil system “for the 400 GeV ISABELLE is
similar to that described in the 200 GeV proposal, however, the sextupole correction
has been increased here because of the larger iron saturation at 50 kG which, togéth-
er with the larger Xp and B funetion values,causes the v value to be more sensxtxve
to errors in the sextupole field (by ayproximately a factor of 2). Further details
of the 400 GeV ISABELLE field correction system are presented in Ref. 16.

The 400 G&V ISABELLE refrigeration system is similar in design to that- '
described in the 200 GeV proposal, i.e. a single refrigerator supplies all refrig-
eration in the form of high pressure (15 atm) He gas circulating through the mag-
nets. For the 400 GeV design, the higher dipole f:.eld value requires a steady-

' state temperature maximum of 3.8%°K (2.6°K in/3 8 K out) compared with %.3°K for”

the 200 GeV design, necessitating a lar_ger mass flow rate of helium coolant.

" The heat load and:cryogenic system parameters are giaen in Table V. - - .. . . SETR
,gonclusion and Summary TAEY. 40 GV ISRLLE, Cvocinic SvsTon Pruvereas N = .
3 . Iy T T T T L, ' -
A sLudy of a higher energy T e ‘ w0 v Gop ' x *
version of the ISABELLE colliding Trest: Lies Lm v & a '
- . PMTWLMEIJWLW'._- . L] . G50 B [
beam system has been carried out,’ * RFRIGRATION CapacTY, DESIGH < T 30 o ‘™ g
16 w
which indicates that increasing the T — s o & M
single beam energy to 400 GeV does = [omwess. . Sm " cam 2

Po€R REQUIRBENT, COPRESSINS . am . . i
-not result in any particular problem,  “wuesrou ne 20 eV pesion. . :

Performance limitetions due to high intensity effects are no more severe than in
the 200 GeV design and the luminosity objective of 103J emnzsecd' Vith a diamond
length of < 1 m can be maintained. At energies < 200 GeV the luminosity value is

at worst a factor of /2 lower than that of the 200 GeV design.

Since tﬁe only inhibiting factor against adoption of the higher energy design
would be construction cost, the ISABELLE design team has evaluated the cost of the
400 GeV version. The results indicate that for a cost increase of approximately
407 over that of the basic 200 GeV design (173 M$) twice the center-of-mass energy

_,“could be provided for the ISABELLE pop collid:.ng beam facility. 4_‘_;‘_:_ s

At the time of this writing, the High Energy Advisory Committee subpanel on
new facilities (Woods Hole IIL meeting) released its recommendations. Not only




did 1t indicate as a first priority the authorization of ISABELLE for FY 79, but

in a most positive response to the higher energy ISABELLE version, stated ....."
to operate with a maximum energy of about 400 GeV per beam™ and emphasized that
"while the physics interest of the lower energy is great, the incremental-physics

benefits at the higher energy are impressive relative to the incremental cost”.
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