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i

Mea Non Culpa

In this report I describe an alternative approach to the design of the RHIC lattice. It
is not my intention to propose an alternative lattice altogether, but I like to stress the
differences in design methodology and philosophy. RHICAGR is an example of lattice I
have produced in a very short period of time (months) where I wanted to include what
in my judgment is relevant and to exclude features I have never concurred with in the
RHIC91 design. The new lattice carries my initials because indeed it has been the intense
effort of a single person, essentially ignored during the development of RHIC91. If the
design considerations were evaluated or accepted at the proper time, probably there would
never have been a RHICAGR but a more simplified RHIC91 (recently a committee called
that RHIC91’).

There are several considerations in this report which reflect my judgment and evalua-
tion of the RHIC project accumulated during the last several years. There are features and
requirements in the RHIC design which are conflicting and extreme. They do not represent
a challenge in the scientific sense; working with them is tedious and very little rewarding,.
But I believe it is important that the limitations are assessed and emphasized. I feel I
have an obligation to the community to keep it informed of any finding and uneasiness
encountered in the design development.

I hope that this work has made somebody reflect and ponder on the direction we are
embarking. If somebody will get upset reading my i‘eport, I will not apologize, I will be
content to have reached a goal. If even one of my recommendations or suggestions made

in this report is accepted and followed I will consider the work successful.
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1. Motivation

For several reasons, which I do not believe it is necessary to list here, I set up myself
on a quest: the search for a most simplified RHIC lattice. Notice that I preferred to say
a most and not the most because I am aware that once the design principles involved in
the discussion that follows have been accepted, there is room for further improvement and

refinement and that other lattice solutions satisfying those principles may be found.

My major motivation and concern is the derivation of a lattice which allows simplicity in
being tuned during the commissioning and the early stage of operation. I believe that this
can be accomplished only if very few parameters are involved; these parameters should be
clearly identified, their range and function specified. Some of them will provide dispersion
control, others the low-beta configuration at the crossing regions, whereas few more will
adjust phase-advance and global betatron tunes. In my opinion an orthogonal setting of
knobs is highly desirable so that when some of them are varied for a specific function the

other basic features of the lattice are not altered too appreciably.

The RHIC is made of superconducting magnets which are known to be susceptible
to very large regular and skew quadrupole errors. During the commissioning period of
the collider it may not be possible to correct for the consequences of these errors without
having first tuned the lattice to allow a circulating beam. The lattice distortions during
that period can be very large; for instance they could cause a beta-function mismatch
around the ring as large as 100%. Even after correction, once a circulating beam has
been established, because the number of correctors is less than the number of the magnets
bearing the errors, an appreciable lattice distortion remains; for instance one can expect a
residual beta- function mismatch of about 10%. Similarly the RHIC lattice will exhibit a
dispersion fluctuation, both horizontally and vertically, which at the start can be as large
as a fraction to a whole meter, to be reduced later to 10-20 cm after subsequent correction.
Moreover, even with a perfect lattice an uncertainty of few percents will remain on the

determination of the lattice functions due to the inherent measurement errors.

The RHIC lattice should be simple and flexible, capable to absorb the uncertainties
and errors of the lattice functions. A too rigid lattice, which is designed disregarding these

assumptions, may require too many conditions and too many parameters in order to satisfy
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excessive matching requirements. I feel that RHIC91 is in that regard a very rigid lattice,*
with a very unclear plan for tuning. The insertions of this lattice are designed with so
many conditions all overlapping each other. As an example, all eighteen quadrupoles are
involved in the dispersion matching and control of the dispersion at the crossing region,

and at the same time all the same quadrupoles do other functions too.

* RHIC91 is the latest version of a lattice proposed for RHIC based on design principles with roots in the ISABELLE/CBA
design and carries still now some of the features of those times, for instance the presence of some special dipoles in the insertions.
The work was initially carried out by J. Claus and later by S.Y. Lee who changed the initial symmetric insertion to an anti-
symmetric configuration. The latest version is the result of alternating and/or common effort of J. Claus, S.Y. Lee and S.

Tepikian. The latter is at the moment the depositary of the results of the work.
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2. Design Requirements

Several requirements nevertheless have to be satisfied in the design of the RHIC lat-
tice. These requirements are set up in front together with the motivation and the goal
of the project. They are listed below with definitions and comments drawn from my own

judgment and interpretation:

1. The RHIC lattice has to fit the CBA tunnel. Many of us consider a fortune
to have a tunnel for the RHIC project already available on site. Yet it is not
normal procedure in the accelerator design business that a lattice has to tailor
the geometry of an existing tunnel. Certainly this was done for Tevatron, and
it is been done also for the LHC in CERN. But one should be aware that in
order to follow the geometry of a tunnel one is also accepting some limitations
on the freedom of the design.

Nevertheless, fortunately, the CBA tunnel has generous, wide dimensions which
can be used to allow movement of the lattice sidewise up to about a meter on
either side. One can use in principle this allowance as long as the magnets
remain physically in the tunnel and are easily reachable. There are no reasons
why one should insist on keeping the ring lattice very close to the center of the

tunnel.

2. The RHIC is made of two superconducting rings intersecting with each other
and both rings are accommodated in the same tunnel. Two configurations are
possible. In one, horizontal, the two rings are side-by-side and each beam moves
from an inner arc to an outer arc periodically, crossing horizontally the other
beam in the intersection regions. This geometry clearly imposes the existence
of two basically different arcs. In the second choice, vertical, the two magnet
rings are on top of each other which requires only one type of arc with no
distinction between top or bottom arc except location. Each beam would then
move periodically from the top to the bottom arc crossing vertically with the

other beam.

At a certain point there should have been a discussion on the issue of which is

the better configuration, horizontal versus vertical. It is unfortunate that this
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never happened. When I tried to raise it a couple of times years ago, I was
given two lines of reasoning. I was told of the existence of a theorem by which
the vertical layout of the two rings is excluded. This could have been true
for the ISABELLE or CBA type of collider where the beams are continuous
with large horizontal width and narrow height which require crossing at large
horizontal angle. But with RHIC we are dealing with a more efficient type of
collider with head-on collision of bunched round beams. That theorem does not
apply to RHIC. The second explanation was even more curious, I remember it
was too late to make a change (also at that time!), it was said, because all the

magnet design and engineering was already too far developed...

I believe the issue is important and deserves a discussion no matter how far
we are in the construction of the project, even if, for some contingent reasons,
choices have been made. Depending on the philosophical approach of the lattice
design, the vertical layout could actually be preferred if one insists on the

preservation of matching of the lattice functions to the highest degree.

. There are six arcs and six long straight sections. This is not a choice but a con-
straint caused by the shape of the tunnel inherited from the ISABELLE/CBA
times. If one could start from fresh ground, very likely would choose two or
four or may be even eight interaction regions; or would opt for a cluster con-

figuration as in the SSC design. These options are not available to RHIC.

. There should be allowance for injection and there should be allowance for beam
abort. Yes, but only once per beam! RHIC91 has been designed essentially
with the capability built in the lattice to inject and abort at every long straight.
Adding to the low-beta at the interaction region and to the beam crossing re-
quirements, all this makes quite a challenging lattice to design. It is unfortunate
that RHIC does not allow for utility insertions like in Tevatron, SppS and SSC
where the functions of injection and abort are separated from those of low-beta,

insertions.

Because of limitation of economic and human resources, for many years the

RHIC will be exploited by as few as two experiments. These two experiments
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will occupy two of the six long straights leaving the other four unused, at least
for a long time. Because of the facility already available and also inherited from
the ISABELLE/CBA times, one of these experiments, with high performance
goals, will occupy the 6 o’clock region. This is an unfortunate situation, because
it is there where also injection into both rings occur, and where beam abort
from both rings has been shown on the charts. Until recently the design of the
RHICOI1 lattice has been made difficult by the burdens imposed on the design

of the 6 o’clock region.

One could accept the fact that RHIC91 does not allow for utility insertions.
Yet four of the six long straights will remain unused for a long time. I believe
that it is considerably better, easier and more economical if the four unused
long straights are bridged with regular FODO cells of little impact or optimal
consequences to the overall lattice. They can always be replaced in a (distant)

future with low-beta insertions when necessary.

. Each interaction region has to be tunable from a large value of 8* to allow
for injection and acceleration, to a small value. Until recently the range of
B* = 2 to 6 m has been required for the baseline design. But a wider range
from * =1 m to at least 10 m seems more desirable. It should be understood
that this tunability is required with the beam circulating and thus therefore
must be continuous and smooth. Finally a +10 m magnet free region around
the crossing point has been imposed on the design. This is a severe condition
since it places the two innermost quadrupoles (Q1) at 50 m distance from each

other, compared to 40 m in the SSC.
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3. The Vertical Layout

The most preferable configuration for RHIC is the vertical layout, where the two rings
are on top of each other and each beam moves alternatively from a bottom to a top arc
and crosses with the other beam vertically, as it has been proposed for the SSC. The
two arcs are identical and the quadrupole arrangement may be chosen with a perfect
periodicity six: each period with a mirror symmetry. The same periodicity and symmetry
is preserved also by the distribution of the arc dipoles. To provide crossing at an angle
and collision between unequal species, the special dipoles at the insertions have an anti-
symmetric arrangement from the bending point of view and basically establish a periodicity
of three which nevertheless only locally distorts the periodicity of six of the rest of the
lattice. The focusing of the insertion dipoles has a mirror symmetry and is consistent
with the six-fold periodicity. Of course I am assuming that all the interaction regions are
developed and designed in the same way; otherwise the periodicity is broken to essentially

one-fold though high degree of internal symmetry still remain.

The vertical layout has the least number of parameters involved: a significant simpli-
fication for design, book-keeping, survey and lattice analysis. It is easier to commission
and to operate. If indeed matching of the lattice functions should be important and must
be obtained to a very high accuracy, the vertical configuration allows that with the least

number of parameters.

There are two consequences for the design of the RHIC lattice when the vertical con-
figuration is adopted. In the arcs there is an horizontal dispersion due to the bending
in the horizontal plane; on the other hand the vertical crossing is obtained with bending
in the vertical direction which introduces thus a vertical dispersion. It is mandatory to
separate the origin and the propagation of the two types of dispersion. This can be accom-
plished with a dispersion killer insertion at both ends of each arc so that the dispersion is
effectively brought to zero in both planes as one leaves an arc and approaches the crossing
region proper. Here, the vertical dispersion appears with the first dipole used to provide
the crossing. The vertical dispersion is required to vanish again as one leaves the last
dipole for crossing. The separation of the horizontal from the vertical dispersion can be

accomplished with modularity built in the design of the lattice as done for instance in
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the SSC lattice. It is then clearly seen that whereas the horizontal dispersion originating
from the arcs has a symmetric behavior around the crossing point, the vertical dispersion
from the insertion itself has an anti-symmetric behavior. This of course is true also in
the horizontal configuration of the two rings where the crossing region now creates locally
an horizontal dispersion. This is indeed very apparent also in RHIC91 where confusion
between the two sources is nevertheless introduced by the absence of modularity in the
design plan.

The proper way for the local control of the dispersion due to a crossing geometry is
to separate each set of dipoles at the two sides of the crossing by a M = —1 insertion, for
instance two 90° phase-advance FODO cell, as it is done in the design of the SSC lattice.
Unfortunately this requires too much space and cannot be accommodated in the RHIC.
The only alternative I found, which is described later, is a symmetric low-beta insertion,
whereas the method used in the SSC can allow also an anti-symmetric insertion.

Because of the mirror symmetry around the crossing point, the arcs, if they are made
of a whole number of regular FODO cells, begins and ends with quadrupoles of the same
polarity which I have chosen here to be QD.

I do not like there to make an issue of symmetric versus anti-symmetric insertions,
but my instinctive preference is for an anti-symmetric one because provides automatically
cancellation of the contributions to the natural chromaticity of the two sides of an insertion,
whereas these contributions add in the case of a symmetric insertion. I did not choose a
symmetric configuration intentionally; I have been rather forced to it by the considerations

I just made.
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4. Procedure

I urge that the vertical layout for RHIC is given very serious consideration. But I can
understand that now we are indeed too far in the development of the magnet acquisition.
Then I have come up with the following procedure.

I begin first with the design of the RHIC lattice with a vertical layout. This involves
only one type of arc made of twelve regular FODO cells from QD to QD. The insertion
is modular and of the same type everywhere except for the bending sign of the innermost
dipoles which alternates from insertion to insertion. The design of this type of lattice re-
quires indeed only very few parameters and provides ezact matching of the lattice functions
everywhere.

In a second step, I rotate the magnet arrangement from vertical to horizontal, creating
thus an inner and outer arc, and an inner and outer half-insertion. But in this operation
I provide only for the required adjustment in the length of the drifts and leave all the
setting for the magnets unchanged, including the gradient of the quadrupoles in both the
arcs and insertions. In principle this operation is also used in the RHIC91 lattice design
where one first works around an average arc and then the arcs at the two sides, Ieaving
only one type of QF and one type of QD quadrupoles. This approach nevertheless was not
used consistently in the design of the insertion.

After the transformation from vertical to horizontal configuration is done, I record the
effects due to the rotation, for instance the amount of lattice distortions introduced. It is
remarkable how little mismatch is generated, well within those caused by errors, corrected

or not, or by measurement uncertainties.
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5. Features

I did not want to create too much deviation from the RHIC91 lattice, thus I have
adopted the same FODO cell with only one dipole between quadrupoles and 90° phase
advance in both planes. There are twelve regular cells in each arc; but, as I have said, each
arc begins with a QD and ends with a QD. I found the long straight in RHIC too long
and I wanted to continue beyond the arc still with more regular FODO cells, including
the dispersion killer sections, as far as I could go towards the crossing region. Also when
bending dipoles disappear, I tried to preserve the distance between QF and QD as in the
arcs. This simplifies considerably the power supply arrangement, as well as that of magnets

and cryostats.

As in RHIC91, the dipoles are centered exactly in the regular FODO cells, halfway be-
tween quadrupoles. This configuration provides a waist in the middle of the QD quadrupoles

and helps to reduce the amount of lattice distortions.

The horizontal dispersion is suppressed with the conventional method of placing dipole
magnets in proper location without having to change the gradient of quadrupoles. In
principle this method works effectively for a given horizontal phase-advance in the regular
FODO cell. I will show that the dispersion killing function is very little upset during the
B* tuning and the change of the global betatron tunes. It is the modular feature of the

design which indeed makes the lattice less sensitive to changes.

RHIC91 has been advertised as needing the regulation of all eighteen quadrupoles in
the insertion in addition of the regular QF and QD in the arcs, to get a perfect tuning and
matching. If the philosophical approach outlined here is followed, then by requiring that
the nine inner quadrupoles are set at the same excitation of the nine outer quadrupoles,
like it is done for QF and QD in the inner and outer arcs, a lattice mismatch will result
of only one to two percent. Moreover the lattice I am describing (RHICAGR) has already
the dispersion adjusted properly and as a consequence I will need two knobs less than of

the original nine.

There is one more difference. The design of RHIC91 insists on the exact determination
of the phase-advance across the insertion in both planes and requires that it is fixed to

given values. The betatron tunes are then obtained by varying QF and QD in the arcs
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accordingly. I believe that this procedure is not realistic. Because of the errors and
uncertainties one cannot rely on the determination and adjustment of the phase-advance
across the insertion to good accuracy. Thus I have removed also these conditions. When
I tune the insertion to change $* I take whatever phase-advance will result across and
readjust QF and QD to obtain the desired betatron tunes. This is a procedure that is
easier to follow and closer to the one will be adopted during actual commissioning and
operation of the collider. The same will be done when one desires to change the global
tunes for fixed insertions: again only QF and QD will be varied.

The entire tunability of RHICAGR, the lattice I am proposing for RHIC, requires as
few as five quadrupole-knobs in the insertions, Q1 through Q5, in addition to QF and QD.
I have proven that the range of tunability is larger and easier than the one demonstrated
with RHIC91. The behavior is smooth and continuous and absorbs very well uncertainties
and errors. The amount of distortion introduced in the lattice functions does not exceed

a couple of percent over the entire range explored.
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6. Description of the RHICAGR Lattice

The horizontal layout of the collider is shown in Fig. 1. It applies to both RHIC91
and RHICAGR. The separation between the axis of the two beams is 90 cm. Each long
straight is 283.5 m long. The major difference in the two lattices is the average radius of
the arcs; this will be discussed more in detail later when the location of the two rings in the
tunnel is examined. Because of the difference introduced by the inner and outer arc, the
periodicity is three-fold. But in the case of RHICAGR this is only a minor perturbation to
the more basic six-fold periodicity. Moreover RHICAGR has a mirror symmetry around

both each crossing point and the arc bisectors.

The regular FODO cell in the arcs is described in Fig. 2. All the parameters are shown
there. The dipole magnet is placed exactly halfway between the two quadrupoles. Thisis a
common feature to both lattices. The drifts (D) at both sides have the lengths listed. The
reader certainly can notice the duplication in the book-keeping required by the horizontal
layout. For reasons that will be explained later, the dipole magnet has a field of 3.32 T
for the rigidity of 839.5 T-m corresponding to 100 GeV/u kinetic energy for Au-ions. This
field is about 4% lower than in RHIC91 and helps to widen the safety margin between
the nominal operation value and the quenching level. As a consequence, also the bending

radius and the bending angle have values altered by that amount.

Half of a long straight section is shown in Fig. 3. The end of the arc is followed
by a Dispersion Killer which is made also of two regular FODO cells. The dispersion is
controlled by locating properly the two short dipoles (B2) around the QF quadrupoles.
This adjustment is minor but can be accommodated only for a given phase-advance in the
horizontal plane across the regular FODO cell; once this is set, the position of those dipoles
is also fixed and cannot be varied any longer. Both dispersion and dispersion derivative
are effectively brought to zero at the end of the last regular dipole (B), and will remain
zero up to the first crossing dipole (BC3). In the arcs and in the Dispersion Killer sections
only two sets of regular quadrupoles are required, QF and QD, all of the same type #1
described later. QDK is a special quadrupole of type #2 of large aperture which occurs
only once over the twelve equivalent locations, to allow for beam injection, otherwise is a

regular QD quadrupole of type #1. I have proven that interchanging length with gradient
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at the QDK location does not upset the lattice behavior at all. This is an indication of a
well-behaving lattice; a feature that sometimes failed in RHICO1.

The Dispersion Killer section is followed by the interaction region proper. The modu-
larity of insertion design is obvious. There are two functions provided by the interaction
regions: a low-beta insertion with a five-quadrupole telescope, and the beam crossing with
three special dipoles. I shall describe each of them next with some details.

The scheme which provides beam crossing is described in Fig. 4. It is made of three
dipoles on each side of the crossing point; BC1, the innermost, is identical to the one also
used in RHIC91. Three of the five telescope quadrupoles, Q1, Q2 and Q3 are located
between BC2 and BCS3.

The two beams are parallel and separated by 90 cm up to BC3 which is constantly set
to the same field value of the regular dipoles (B). The beam axis is always at the center
of Q1, Q2 and Q3 and never changes. The crossing angle capability, between zero and 6.6
mrad, is provided between BC2 and BC1 by varying their field. The path length will vary
minimally in BC2 and BC1 as the crossing angle is changed. The path lengths, bending
angles and other parameters shown in Fig. 4 correspond to zero crossing angle.

The only way to compensate for the dispersion created by the crossing dipoles is to
place the quadrupole triplet between them. Ideally one would need an M = —1 insertion
so that the dispersion is effectively confined between BC3 and BC2. Unfortunately, there is
not enough space for this in RHIC, and the alternative solution is to require zero dispersion
at the crossing point but a finite derivative. In this way the dispersion remains confined
between BC3 and BC3 and is zero outside. BC1 is a special dipole with about 19 mrad
bending angle. The geometry forces for an entrance angle also of the same amount which
thus creates a significant focusing with a noticeable effect on the dispersion behavior.
Overall the crossing dipole configuration provides a symmetric focusing function, especially
at the entrance of BC1. This fact then seems to impose a symmetric low-beta insertion.

The low-beta insertion is provided by a telescope which is a sequence of five quadrupoles.
The front end of the telescope is made of the triplet Q1-Q2-Q3 and the ocular by the dou-
blet Q4-Q5 at the back. The analogy to an optical telescope is obvious. Like in the analog,
the objective made of the triplet stays fixed aiming at the object, whereas the two knobs
in the back, Q4 and Q5, vary their gradient in opposite direction, to provide the focusing.
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I have opted for a relative long telescope but I have experimented also with a short
one, as that shown in Fig. 5. A short telescope is made of more powerful lenses, but
it is considerably more stable compared to the long one. By this I mean that of course
solutions can be found for both of them, but with the short telescope, like in the similar
optical analogy, the search for the solution can be found easily with less sensitivity to errors
since it provides a wider aperture. The long telescope is more difficult to tune and basically
more unstable and more sensitive to errors; on the other side the lenses are weaker and
cheaper, again, like in the optical analog. The solution I have chosen employs the same
number of quadrupoles in the insertion as RHIC91.

For comparison, the layout of the insertion for RHIC91 is shown in Fig. 6 which is
more or less on the same scale of Figs. 3 and 5. From the comparison between Figs 3
and 6, that is RHICAGR versus RHIC91, several different features emerge. Also RHIC91
employs a telescope made of the sequence of Q1-Q5, but it is even a longer telescope with
the ocular Q4 and Q5 too close to each other. The motivation has been to provide a long
drift free of magnets for beam dump. Unfortunately, this telescope configuration is more
unstable and requires very careful tuning on the computer; very little errors or deviations
will grossly upset the focusing. In order to provide for the dispersion matching and the
adjustment of the phase-advance across the insertion, four more quadrupoles on each side
are added, Q6 to Q9, which interfere with the function of the telescope itself.

Observe that the triplet Q1-Q2-Q3 is about the same and is at the same location in
both lattices; Q4 and Q5 are too far out in RHIC91 compared to those in RHICAGR; Q6
and Q7 are just about at the same location, whereas Q8 has been shifted in RHICAGR
halfway between Q9 and Q7. Thus, actually, the quadrupole configuration in the two
lattices is not very different; but the same differences I believe are very important and
should be closely examined.

There is no effective dispersion killing in RHIC91. The one and one-half dipoles in the
long straight, between Q7 and Q5 are those inherited from the ISABELLE/CBA times,
and are now needed to match the geometry of the CBA tunnel. The equivalent of these
dipoles in RHICAGR acquire the function to cancel the dispersion from the arcs. Their
location is different and there is one extra half-length dipole for each dispersion killer. This

modifies somewhat the location of the two rings in the tunnel but still in a very acceptable
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manner, as I shall show later. Moreover the bending of each arc is effectively increased by
the addition of the equivalent one full length dipole; this, in my opinion, makes a more
efficient use of the tunnel, which has too long straight sections, and lower the bending field
significantly by about 4%.

By far the most important difference in the two layouts is how the two beams are
brought crossing with each other. There are no quadrupoles between BC1 and BC2 in
RHICO1 and this unfortunately creates a significant interference between the dispersion
from the arcs and that generated by the crossing itself, with all the consequences I have

discussed before.
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7. The * =2 m Lattice (RHICAGR)

Now that all the pieces have been put together, the next step is the determination of
B* = 2 m lattice with the same configuration in all six crossing regions. The method I

followed to obtain this is the following;:

1. I work on the average lattice, with the same inner and outer arc and identical
sides of the long straight section. Eventually this corresponds to the vertical

layout, depending on the rotation of the dipole magnets at the crossing region.

o

I start imposing AQg = AQy = 0.25, that is exactly 90° as the phase-advance

across the regular FODO cell in the arc.

3. I derive the gradients Gr and Gp of the regular quadrupoles QF and QD to
satisfy point #2 (or #8, see below).

4. I work out a sequence of 12 FODO cells, the arc, which are all exactly matched
to each other, after cycling, and I derive all the lattice functions in the middle
of the last QD.

5. T add the dispersion killer section, made of two regular FODO cells in sequence
without the last QD quadrupole. T adjust by a little amount the drifts between
the special, short dipoles B2 at both sides of QF until I obtain zero dispersion
Wi-th vanishing derivative at the exit of the last regular dipole (B).

6. Tracking the lattice functions from the end of the arc, obtained as explained in

#4, going through the dispersion killer section, the telescope and the crossing

region, I match half of the insertion to the crossing point. I vary the gradients of

the five telescope quadrupoles Q1 through Q5 to satisfy the following conditions
By = By =2m
o =ay =X, =00
At this stage I do not impose any particular condition of the maximum value
of § that I might encounter either in Q2 or Q3.
7. I estimate the total betatron tunes Qg and Qv for the whole ring.
8. Ireadjust the phase-advances AQp and AQy across the regular FODO cells in

the arcs to accommodate for the excess or defects between the desired betatron

tune values and those measured as indicated in point #7. For this purpose
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I spread the differences among 96 regular FODO cells and assume that the
telescope regions between Q5 quadrupolés do not essentially give contribution
to the total betatron tunes.

9. I repeat steps #3 through #8 iteratively.

This method is very effective and converges in very few iterations. The result is a
perfectly matched lattice with periodicity six and mirror symmetry around the crossing
point and the middle of the arc. As a result

AQg = 0.2452

AQy = 0.2594
From now on the phase advances across the regular FODO cells are left unchanged and
consequently also the location of the two special dipoles (B2) for the dispersion killing is
frozen. It is during this stage that the actual location of the five telescope quadrupoles
is varied to find the most suitable solution within limits imposed by engineering consid-
erations on the length of drifts. After this step also the location of these quadrupoles of
course remains unchanged. An inspection of the lattice shows that the maximum value of
beta is 615 m in the horizontal plane at Q2. This lattice constitutes the starting point for
the search of subsequent lattices with different §* values and different betatron tunes. The
method of tunability will be explained later, but I have also used it to generate a slightly
different 8* = 2 m lattice as it can be obtained from a realistic beta-squeeze from the
B* = 6 m value used in the injection mode. After expanding this lattice to an horizontal
configuration with inner and outer arcs, by readjusting the drift lengths where necessary,
and leaving the gradient of all the quadrupoles unchanged, the maximum value of beta
has increased to 630 m and shifted to the vertical plane at Q3.

The general parameters of this lattice are listed in Table 1. The betatron tunes have
now a difference of six units, which could be lowered to five if required. The fractional
parts of the betatron tunes are about those proposed in RHIC91. The transition energy is
essentially unchanged, since all the major modifications are in the insertion. The natural
chromaticity is somewhat higher, thirty units in the horizontal plane more than in RHIC91.
This is the only negative sign I could observe for RHICAGR,; it is due to the nature of the
symmetric insertion. But it is an effect that I believe, as I will show later, one can still

cope with reasonably well.
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Table 1: General Parameters.

B*
Circumference
Average Radius
Bending Radius
Qm
Qv
Transition Energy, yr
31
3%

Mismatch

(AB/B)y @ QF

(AB/B)y @ QD
X, @QD

2m
3833.8450 m
610.1754 m
253.1137 m
34.82489 (33.846)
28.82433 (28.830)
24.76
-104.25

-78.47

Inner OQuter
4+ 0.003 =+ 0.0002
+ 0.003 <+ 0.0002

1.52-1.57 m

The amount of lattice distortion, due to the splitting of the average lattice in the outer

and inner layouts, measured by the mismatch factors also shown in Table 1, is less than

one percent both in 8 and dispersion. Thus, to me, the horizontal layout of the RHIC is

an acceptable configuration.

Finally I would like to point out a negative feature which is due to the peculiarity of

the tunnel geometry and thus in common to all lattices for RHIC. The dipole bending

radius and the collider average radius are both shown in Table 1. The ratio of these two

quantities, called the packing factor, has a physical significance in the sense that underlies

the amount of lattice irregularities, difficult to correct, like natural chromaticity, due to the

long straight sections, compared to the amount available in a regularly behaving lattice,

like the arcs, where correction schemes and correctors are located. For RHIC91 the packing
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factor is 39%, for RHICAGR 41%. These quantities should be compared to 61% for the
LHC, 73% for the SSC and 75% for Tevatron and Spps.

The dispersion behavior of RHICAGR is shown in Fig. 7. One can clearly see the
dispersion from the arc to be effectively killed and followed by a region with zero dispersion.
At the same time the dispersion from the insertion is small, localized and shows an anti-
symmetry behavior around the crossing point.

The lattice envelop functions fg and Sy are shown in Fig. 8. Again I would like to
stress how I managed to keep the behavior of these functions under control and smooth,
like that in the arcs, all the way up to the telescope region, where the insertion proper

takes place.
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8. Magnet Components

The quadrupole list for RHICAGR is given in Table 2. There are three types: 1, 2
and 3. Figure 3 shows the distribution and location of the quadrupoles according to their
type. Type #1 is made of the regular QF and QD quadrupoles in the arcs and dispersion
killers, with the exception of one location where injection occurs (see later) which requires
a large aperture quadrupole of type #2; this is the one listed in Fig. 3 as QDK. Of the
five quadrupoles which make the telescope, Q5 is also a type #1 quadrupole whereas Q4
is a strong magnet which therefore I have made it long and chosen it of the type #3 which
has also large aperture. The large aperture of Q4 is also required, at least in one place, to
allow for beam abort as it is discussed later in this report. The quadrupoles in the triplet
are all of large aperture type: Q1 and Q3 of type #2 and Q2, like Q4, of type #3.

Table 2: Quadrupole List for RHICAGR.

Type # 1 2 3
Length (m) 1.13 145 2.25
Bore (mm) 80 130 130
Number/Ring 197 25 24
Location QF,QD,Q5 QDK,Q1,Q3 Q2,Q4

Table 3 gives the list of all the dipole magnets involved in RHICAGR. One can see that
there are three types. Type #1 includes the regular dipole (B) and those in the dispersion
killer sections (B2); they have 80 mm bore, of the same cross-section design, and can all
be set on the same power supply bus. The second type of dipoles includes BC3 that has
a large bore to avoid a too severe physical aperture limitation. BC3 is located in places
where the two beams are already separated by 90 cm. The third type is made of BCl1, a
special type of magnet indeed, common to both RHICAGR and RHIC91. A special case
is the BC2 dipole which is very difficult to build with a large aperture. Like in RHIC91
also here for RHICAGR I have no choice but to make BC2 of the type #1. As it can be
seen in Fig. 4, the BC2 magnets must be separated for both beams so that their physical

separation is an issue for engineering design. An important parameter is the displacement
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of the beam axis in front of BC2 from the median plane. This displacement for RHICAGR

is 189 mm.
Table 3: The Dipole List for RHICAGR.

Type # 1 2 3

Dipole B B2 BC2 BC3 BC1
Bending Radius (m) 253.1137 253.1137 196.4348

Bore (mm) 80 130 200
Field (T) 3.32 3.32 4.3
Length (m) 9.45 4.84 1.3622 3.4054 3.7

No./Ring 156 24 12 12 -
No./RHIC - - - - 12

In principle the magnet aperture should be chosen to avoid limitations on the physical
betatron acceptance around the ring. A summary of the effects of the magnet aperture
is shown in Table 4. For each magnet we list the maximum S-value corresponding to a
B* = 2 m lattice; in parenthesis whether the maximum occurs in the horizontal (H) or
vertical (V) plane or in both; the bore diameter; and the acceptance defined as

2
Acceptance = (% bore — 4 mm) /B

The betatron acceptance in the arcs does not change with #* and should be taken as
the reference. There is a limitation to 6 #mm-mrad at Q2 and Q3 which appears also in
RHICO91. A serious bottleneck is BC2 which yields to an acceptance of 5.4 mmm-mrad for
RHICAGR and even less, 5.0 7mm-mrad, for RHIC91 since in this lattice 8 = 260 m. The
limitation at BC3 is removed since it is possible to make it with a larger bore. The issue

of BC1, I prefer here not to touch.
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Table 4: Physical Acceptance for RHICAGR.

Magnet B bore Acceptance
m mm mmm-mrad
QF 50.7 (H) 80 25
QD 50.1 (V) 80 25
Q1 297 (H) 130 12.5
Q2 588 (H) 130 6.3
Q3 630 (V) 130 5.9
Q4 103 (H) 130 36.
Q5 93 (V) 80 14.
BC1 93 (H&V) 200 -
BC2 241 (H&V) 80 5.4

BC3 384 (V) 130 9.7
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9. Fitting the CBA Tunnel with RHICAGR

It is important to prove that the RHICAGR lattice can fit comfortably well in the CBA
tunnel. Magnets should be easily installed and easily reachable, at least from one side.*
Figure 9 is the latest version of the ring/tunnel geometry which is proper to RHIC91. The
date says July 91 and the location of injection and dump are shown at Q6. The relevant
parameters which determine the location of the magnets in the tunnel are the distance of
the crossing point from the center and the distance of the middle point of the average arc
from the center.

Both lattices have a periodicity of six from the geometry point of view which greatly
simplifies installation and survey. The major parameters are given in Table 5. Notice that
even RHICO1 lattice is not quite centered to the tunnel enclosure; in the arc there is a
difference of about 2.3 cm to the inside, whereas in the straight enclosure the difference is
16 cm to the outside. In RHICAGR these differences are larger and in the same direction:
73 cm in the middle of the arcs to the inside, and 128 c¢m in the straight enclosure to the
outside. These are the locations with the largest deviations; at the entrance and exit of
the arcs the deviations are the smallest, and actually the RHICAGR lattice sits just at the
center of the tunnel as shown in Fig. 10. The location of the magnets in the tunnel in the
middle of the arc is shown in Fig. 11, and the corresponding location at the crossing point
in Fig. 12. It is seen that there are no impediments of significance and that installation

and replacement of magnets can be engineered with no great difficulties.

* 1 am grateful to C. Rufer for having checked the RHICAGR geometry and fitting with the tunnel. I am grateful to

S. Tepikian for assisting me in the use of MAD to derive the ring coordinates and in the comparison of the two lattices.
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Table 5: Major Geometrical Parameters.

Middle of Arc Crossing Location

(Average)
to Center to Center
Tunnel 620.8847 m 590.3298 m
RHIC91 620.8619 590.4912
RHICAGR 620.1544 591.6098

RHICAGR-Tunnel -0.73 m +1.28 m

23
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10. The Beta-Squeeze

The tunability of the RHICAGR lattice is very effective, as I am going to demonstrate
next, over a very large range. The starting point is the #* = 2 m lattice I have described
earlier. Reversing the procedure, which corresponds to reality when from an injection
lattice with large 5* value one tunes the collider to a lower value, it is required to change
p* at the crossing point in small steps leaving the global betatron tunes and all other
parameters unchanged. The method I have used is just an example, very simple, fast and
effective. More elaborate schemes could also be proposed, with the same philosophical
approach. |

Suppose I got a solution during the n-th iteration described by B which I use as the
start for the next iteration to get B: 41 = Bp + A. All the work is done with the average

lattice, and as usual, the effects on a realistic lattice with split arcs are later recorded.

Qeo ch AN

. 4 " ]

B B C
With reference to the figure, I perform the following three steps:

1. Track the lattice functions from A to B. The lattice functions at A are those
obtained in the previous iteration, denoted by A,, after cycling as usual the
‘whole period from A to C. By varying the five quadrupoles in the telescope I
impose the solution Bp43 at B which is made of the four conditions By =By =
Bry1 and o = ofy = 0 and skip over, for simplicity, the condition Xp=0.

2. Adjust the global phase advance in both planes between A and C, the whole
period, to the original values. This is done by varying QF and QD in the arcs
and dispersion killer cells. The assumption is that the change in the phase
advance has occurred in the insertion and that can be compensated simply by
the arc. '

3. With the new setting values of all the quadrupoles involved, I finally recycle
the period between A and C to obtain the new initial conditions An+1, to be
used for the next §* change. Before, though, the three steps are iterated few

times to obtain convergency. This appears to-be very fast and effective.
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This method has been used to vary §* from 2m to 6m in steps of 0.5 m, and from
6m to 16m in steps of 2m. Once the injection value f* = 6m is reached, the process is
inverted again, as one would do in reality, to recover the 8* = 2m lattice. Also in this
process I did not make use of the X7 = 0 condition, but approaching the 5* = 2m value I
found necessary to set the limit of 630 m on the maximum value of By at Q3. This is the
lattice which I have described before, summarized in Table 1 and Figs. 7 and 8. Following
the same direction, but removing now also the Bmax condition, I could obtain lattices for
B* = 1.5 and 1.0 m.

The dispersion behavior for * = 1.0 and 16 m is shown respectively in Figs. 13 and
14. Though I did not make use of the condition X; = 0, the behavior of the dispersion
is still very close to the original with not much upset. This feature, I claim, is due to the
modularity of the lattice design. The largest deviation is of course for f* = 16 m where
X, = 0.13 m and still with good behaviors in the arcs.

Figures 15 and 16 show the S-functions respectively for f* = 1 and 16 m. The max-
imum value encountered for B is 1250 m, shifted to Q2 and in the horizontal plane. The
interesting feature is that during the tuning only that part of the lattice in the telescope
region changes, whereas outside it has the same stable behavior of the regular FODO cells.

The variation needed of the quadrupole gradiénts to cover the range f* =1 to 16 m is
shown in Fig. 17 and 18. Like QD, also the gradient of QDK is held essentially constant to
the value which is 1.13/1.45 times the gradient of QD. Figures 19 to 23 show the behavior of
several lattice characteristics during the beta-squeeze. Since I did not deliberately impose
the condition X = 0 during the procedure, it is reasonable to check the results and see if
they are acceptable. Both Figs. 20 and 22 indicate very marginally upsetting conditions.

Overall the lattice is responding remarkably well to tuning. Another figure of merit
is the lattice mismatch caused by both the presence of inner and outer arc and by the
peculiar method of tuning. The amount of mismatch is described in Figs. 24 to 26. The
(- distortion is a fraction of a percent in the horizontal plane and less than 2% in vertical
one. Larger is the range of the dispersion distortion mostly due to the method of tuning
I have chosen. Likely, an improved procedure which imposes also the X7 = 0 condition

would reduce the amount of distortion.
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11. Betatron Tuning

In the following exercise, I started with the 8* = 2 m lattice and wanted to vary the
global betatron tune by one unit downward in the horizontal plane, while keeping the
vertical tune unchanged. I used a routine similar to the one for the beta-squeeze, where
the same unchanged conditions for the crossing region were used, again excluding the
X7 = 0 condition. The result of the procedure is described in Fig. 27 which shows the
actual variation of the betatron tunes in the tune diagram. The variation demanded was
in steps of 0.2 for the tune change. The final values have a fractional part very close to
those at start as it was required. On the side of the diagram I show the required setting
of the QF and QD quadrupoles. The QD gradient did not change appreciably, whereas
the relative change of the QF gradient was proportional to the relative change of the
horizontal betatron tune. During this operation the gradients of the other quadrupoles did
not change at all as shown in Fig. 28. Thus I made a second test where I kept constant
the five telescope quadrupoles and varied QF and QD gradients just enough to obtain the
fequired change in betatron tunes from the arcs alone (and dispersion killer cells). The
result was the same: again, a merit of the modularity employed in the lattice, and a proof
that requiring a constant phase-advance across the straight sections is not needed. During
the second test I checked the variation of the dispersion in the crossing region and at Q4

and Q5 to detect any upsetting of the dispersion killer. The results are shown in Fig. 29.
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12. Chromaticity Studies

I can see only two negative points in the performance of the RHICAGR lattice and
both are the result of the use of a symmetric insertion. This type of insertion does not
allow common quadrupoles, which is a choice one makes contingent to the need of the
project, and contributes to a large natural chromaticity which can be investigated and the
consequences determined. In this sense an anti-symmetric insertion is preferable, but, as
I will show, also the large chromaticity in RHICAGR can be coped with reasonably well.
Fig. 30 displays the uncorrected chromaticity versus f*; for f* = 2 m, the horizontal value
is 50% larger than the corresponding value for RHIC91.

I should point out that S.Y. Lee has written a report™* recently where he values the mer-
its of a lattice similar to RHICAGR and correctly stress the problems one may encounter
with correcting the chromaticity. Unfortunately he left with a negative note implying
that probably a correction is impossible. I am very appreciative of his work but I would
like to remove here his objection. The natural chromaticity of the RHICAGR lattice is
correctable! and this fact indeed removes one of my major points of concern when I was

forced to adopt a symmetric insertion.

For simplicity, I am placing sextupoles in the center of the regular quadrupoles QF and
QD. Like in RHIC91, they are located only by the arc quadrupoles: there are twelve in
each arc next to QD and twelve next in QF. I start first with two sextupole families, SF,
next to QF, and SD, next to QD. Their integrated gradient in order to correct chromaticity
to zero in both planes are

B"¢

= —0.46 for SD
well within the correctors capability. The behavior of the corrected chromaticities is shown
in Fig. 31. The operation of the collider with * = 2 m is really possible only at top
energy, 100 GeV /u for beam of Au-ions, and it is doubtful that more than two of the six
crossing regions will be indeed operating at * = 2 m. Thus the case we are considering
is pessimistic. Yet the full beam momentum spread is only 4+ 0.2% and the full beam

emittance 0.7 7mm-mrad.

* S.Y. Lee, “Properties of a Symmetric RHIC Insertion”, BNL-468416, AD/RHIC-101, BNL July 1991.
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Over such a small momentum spread, two sextupole families is then adequate since the
tune variation is 0.006 in the horizontal plane and considerably less in the vertical. Also
the tune-spread for the emittance quoted due to the aberration effect. is less than 0.003 in
the horizontal plane and negligible in the vertical plane.

My judgment is that one should consider a wider momentum spread, for instance +
0.5%. In this case the vertical chromaticity is still well behaw}ing and flat, but the horizontal
chromaticity shows a parabolic or cubic tendency for positive values of the momentum error
6. It is possible to express the dependence of tunes § with a Taylor expansion up to cubic

order

AQpm = Ené+ Q36" + Q76 +

_ 1" c2 "e3
There are six parameters involved which require six sextupole families to flatten the depen-
dence of the tunes with momentum up to third-order. I have been debating with myself*

on the best way of grouping sextupole in six families and instead I have come up with the
following scheme of eight families.

| m{ 'x

Ou_"‘w fwyey

They are spread over a period including an outer and an inner arc. I believe that within
each arc there should be a symmetric arrangement, and I allowed that the settings in the
inner and outer arcs to be different. The chromaticities with eight sextupole families is
shown in Fig. 32. I varied the mutual strength so to leave always the following conditions

satisfied
"t
z = 0

"o A
CQy=0Qy =0
I allowed the parabolic term @)} to vary as shown. There are indeed very significant effects

and compensations. For instance I believe the case with Qf = 1300 is very acceptable.

Over the momentum spread of + 0.5% the horizontal tune change is 0.015 and less in the

* and Sho Ohnuma, to whom I am very grateful for double checking my reasoning and results.
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vertical plane. The tune spread due to the aberration effects did not change appreciably
from the case of two sextupole families and it is thus negligible.

I am positive that given time other combinations can be found with even better per-
formance. Here, I did not try to improve on the solution I quickly found. Fig. 33 to
37 explore the dependence of the lattice function in several critical locations of the lattice
with the momentum error 6. All the results shown are valid for the eight sextupole families
described above.

Finally I converted to the lattice with /* = 2 m and a depressed horizontal tune by
one unit. Ileft the sextupole arrangement unchanged and obtained the chromatic behavior
shown in Fig. 38. In conclusion, despite the fact that the natural chromaticity is higher,
it is nonetheless correctable. This result makes the symmetric insertion more appealing
to me. There has been even time to do some modest tracking on the computer.® The
sextupoles were set to the eight-family configuration specified above and no other errors
were included. Only tracking on momentum (§ = 0) was done for the f* =2 m case. The
results are shown in Fig. 39 with the results for RHIC91 in the background. Three runs
were made: the dynamical aperture was established with the sextupoles on and essentially
no physical limitations. The value 12 mm at the center of QF, is shown on the chart as
a blank circle. The physical aperture with sextupoles (denoted by 4) was determined by
surrounding the beam with a physical enclosure to represent the local vacuum chamber.
The value for RHICAGR is 12 mm and is somewhat larger than the value of 7-8 mm for
RHIC91; but in the latter case the higher order multiple errors were also included. Finally
the physical aperture without sextupoles was determined and it is even larger than the
RHICY1 result. As also already concluded for RHIC91 “the study concluded that the
physical aperture of the BC2 dipole represents the limiting factor”.

* The tracking studies for RHICAGR were done by J. Milutinovic using PATRIS.
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13. Beam Injection

The person who is developing a lattice has also the task to insure the possibility of
injection and abort. I do not believe in the separation of the tasks. The work has to be
done coherently with the same style and approach. The lattice designer has the methods
and the perception to move things around to accommodate other functions. Henceforth I
also wanted myself to find and to prove a method for beam injection in the lattice I am

proposing. In the next section I will expose my own thoughts on beam dump.

There are several ways one can design the dispersion killer at the ends of the arcs.
The one I have chosen allows what in my judgment is the most effective way of beam
injection. I should say in the meantime that I have never been satisfied with the method
of injection proposed in RHIC91. Figure 40 compares side by side the layout of the two
lattices in the region of injection. Both of them employs an injection kicker (vertical) next
to the same quadrupole that in RHIC91 is called Q9 and in RHICAGR is a regular QD.
The magnet upstream is nevertheless different. It is an horizontal bending Lambertson
magnet for RHICAGR and a vertical septum magnet for RHIC91. The most effective way
for injection is a sequence of an horizontal bend followed by a vertical kick or viceversa,
a vertical bend followed by an horizontal kick. Since the injection kicker is located next
to a defocusing quadrupole, this makes it a vertical kicker. The use of a Lambertson has
considerable benefits over a septum magnet: it avoids the use of current carrying separators
and does not need to be pulsed. In any case the location of the Lambertson or septum
magnet is different in the two schemes. The septum magnet in RHIC91 is located between
Q7 and Q8 which is a too tight space and requires both Q7 and Q8 to be warm magnets.
The septum magnet is too much against Q7 creating some difficulty in the engineering,.

Moreover the phase advance between septum magnet and kicker is not optimized.

The solution I have adopted places the Lambertson magnet back just beyond QDK,
the large aperture quadrupole meant for injection. This solution allows optimum phase
advance between kicker and Lambertson since they are exactly one regular FODO cell a
part. There is room behind the Lambertson for the beam to be taken horizontally away
and clear the nearest QF quadrupole sidewise. Figure 41 shows the location of the injected

vacuum chamber with respect to that quadrupole. All the magnets involved are cold since
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there is enough separation between magnets to install cold-to-warm transition. The kicker
and Lambertson magnets are obviously warm. All the magnets on the path have regular
aperture, except QDK. Figure 42 gives more details of the layout with all the drifts involved.
A sketch of the cross-section of the structure at the end of the Lambertson facing QDK
is shown in the left-bottom corner. The betatron acceptance injected is 3 wmm-mrad,
whereas the circulating betatron acceptance is 20 #mm-mrad, somewhat less than that
in the regular arcs (see Table 4) but considerably larger than 6 7mm-mrad allowed in
RHICY1. The separation between the two beam axis is 50 mm. The sketch (and it should
be taken as such: a sketch) shows the apertures and beam dimensions in scale and hints to
the possibility of the design of the Lambertson lips with enough gap to allow the passage
of the injected beam without encountering any obstruction.

Finally there is the issue of matching and of taking the beam from the new location
of the Lambertson to the transfer line toward the AGS. One should take into account
the different geometry of RHICAGR. and its fitting in the CBA tunnel. The work* was
done by J. Xu who demonstrated the transfer and the matching to very good accuracy.
The subsequent dipole magnets in the transfer line need to lower their bending field by
4%. Table 6 gives the summary of the vertical kicker parameter and Table 7 that for the
horizontal Lambertson. These magnets are relatively easy and do not represent major

engineering challenge.

*J. Xu, RHIC/AP Technical Note 94.
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Table 6: Injection Kicker Magnet.

Effective Length 4.5 m
Field 300 Gauss
Kick Angle 1.3 mrad
Aperture (HxV) 5070 mm?
Risetime 80 nsec

Current Stébility 1%

By at Center 32 m

Table 7: Horizontal Lambertson Magnet.

Effective Length 5.0 m
Field ' 08T
Bending Radius 125 m
Kick Angle 40 mrad
By at QDK side 40 m
Current Stability 0.1%
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14. Beam Abort

The same considerations apply to the design of the beam abort. Not even a month ago
RHIC 91 was plagued by the design of the 6 o’clock insertion. There was still struggling
to get the aborted beam through a sequence of four magnets, and, moreover, in the wrong

direction, toward the experimental area.

The best solution is to take the beam straight away with a kicker and to let it travel
over a long drift until it clears physically the next magnet down the line. This simple
solution requires a very powerful kicker and a very long drift. RHIC91 has intentionally
the feature to create a long drift (about 40 m) between Q4 and Q3. But if fails the use
and the purpose of this drift. Despite the length of this drift, the solution so far proposed
still required going through a sequence of several magnets. I have abandoned then the idea
of the long drift which is also in conflict with the requirement of a not-too-long telescope.
The solution I have is sketched in Fig. 43 and requires going through only one quadrupole,
Q4, which is of the type #3, that is of large aperture. A vertical kicker (VK) is located
between Q4 and BC3 which provides a kick angle of 4.7 mrad and it is followed by a
vertical septum magnet which bends 14.3 mrad more. The scheme I propose requires a

healthy kicker but a rather reasonable septum magnet.

Probably the reader has already noticed that I am violating one of my conditions: the
vertical kicker should have been followed by an horizontally bending Lambertson. I have
chosen a vertical kicker because its deflecting action is helped by the defocusing effect of
Q4 in the vertical plane. I continue with a vertical septum magnet because I have already
an offset of 7 cm at the front end and an angle of 7 mrad, and also because it is easier to

clear Q5 downstream vertically than horizontally.

The beam displacement in the extraction channel is shown also in Fig. 43. At the front
end of Q5 it reaches 25 cm which is required for clearing it. The location of the aborted
beam with respect to Q5 is shown in Fig. 44. In Fig. 43 the beam abort is shown to occur
downward, below Q5. This is preferable and could be realized by rotating Q5 upsidedown
to present the shortest clearance from the beam to the outside downward. Nevertheless
this requires the construction of a special cryostat where the function of the holes for

refrigeration remains unchanged and only the magnet cold mass is displaced. If this is
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not possible than the abort can proceed upward; once outside, the beam can be taken
first horizontally away and then downward. Figure 45 shows a possible configuration of
aborted and circulating beam at the front end of the vertical septum magnet. Actually this
is shown here as a C-magnet surrounding the collider vacuum chamber. The acceptance to
be aborted is taken to be 6 #mm-mrad but the extraction channel does not interfere with
the normal acceptance of the circulating beam which is here taken to be 25 mmm-mrad

matching that of the regular arcs.

The parameters of the kicker magnet and of the septum magnet are given in Tables
8 and 9 respectively. If one adopts a C-shaped magnet and controls the amount of field
leakage in the regular beam enclosure there is probably no need to pulse the magnet.

Table 8: Abort Kicker Magnet.

Length 10 m
Field 4 kG
Bending Radius -+ 2100 m
Bending Angle 4.7 mrad
Risetime 1 ps
Aperture 70 x 70 mm?

Table 9: Vertical Septum Magnet for Abort.

Length 12m
Field 1T
Bending Radius 840 m
Bending Angle 14.3 mrad

I am the first one to notice that the kicker strength is very large (but not impossible).
There are several ways one can reduce the kicker field. For instance adding a 3 m long
section between BC3 and Q3 could lower the field to 3 kG. A better way is to shift Q5

closer to the regular dipole nearby. To restore the telescope properties also Q4 will move;
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but in any case there will be more space that can be used by either the kicker or the septum

magnet.
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15. Conclusion

After all it has been said in this report I do not see the need or the case to provide
a conclusion. I certainly like to urge the reader to consider my recommendations and
suggestions. I would like only to point out that the only negative spot with RHICAGR is
the exclusion of common quadrupoles to increase the performance of collision of beams of
equal species. This choice should be pondered very carefully before the decision is made.
There may be other alternatives, like stochastic cooling or the shortening of the interaction
region. After all the project is going to take such a long time before it can be exploited that
one may consider usage of common quadrupoles only in a distant future. In the meantime
I propose to start with a lattice that I can easily commission and operate as soon as it

becomes available.



s ‘
e
/ \
/' /' ARC BISECTOR
\\
/ \
\
\\ /
/ .
/ ONE SUPERPERIOD
/
l 1]

_J e | 239.65m
\ | i
\ BLUE |
\ RING

\ YELLOW
\\ . .
INNER ARC INSERTION
\ ‘ -/‘
N\ 12x141.75m
: ;
-ING POINT
\\ v X NG‘ 0 {
——
OUTER —

ARC . 2
A
A’ Y- LINE

Fig. 1

} INJECTION

Layout of the Collider.

37



38

* (EDVOIMY) TTeD 21y IeIn3ay

7 '8t

o 958 °le = o) @%ﬁq %S,Jofu@
(V) NM\\ M.:MNQ = u M.S,Qhé% %é%$w@
WSS 4L Erararro
w \AQ\W\ MWNWVI
“ bgTH MY Q
sreq e gp L zes W syh I
V.\.Qq W o f /\S\\P l@A WA 4«1\\ A@ \&Wv
g 30

o

Wl s'bgd = v@

25 oy



39

\.u,va

— e GRSt  amm— ctv—

_
|

MKOU.VJNWN- %.SQN\ “ \\Qﬂ‘..v_ So..uu&bq._@.
|

2dF) A L€ 7 T (2) FooT 1 13

PO T yo 5D o (o 2 <@ 3 W

w8 _ L - L g -
F79 279 €% <9 9 T9 0 Q

*(¥OVOIHY)  uor3oss 3ySrtea3g Suol FTH € "SI



*YHVOIHY UT Swayosg Burssol) weag 7 *81d

(529 8 799) O

1 lrge e wolepres? s ¢
1 vy * 9 ~ gyer 9l T (729) ©
v op P vsyie) < woysohe =99
W p pee 28805 = g w2298+ 199
ey 719G po 95e gl = g Wit o TO%
_— \ '
;..;.J’.i:..f)..lzf... _
ww 05y |
\bélyrc mw _
FR _
|
.GO\ g0 — | | Tteeesy-._. |
W obot ')
WOLPL'
3 99



41

>d 0759)7L LaoyS

1 > Y g 49 qe a0

“YOVOIHY I10F uoranjog adoosafel-1I0US V

G 814




42

*16DIHY F0 1nokeT 9ayf

L)

-

9 *81a




43

p, 4

‘wy

d

*¥OVOIHY uT uorsiedsq oYL

L *81a

-

LX \§Q.,mqoa_ml,~ﬂ

o7

ol



*MOVOIHY UT suorloung-g oyf, g *S1a

b4

W QM..W —



10

-~

[A

-

239, ak
//

~
08 AN ‘
04
3
o~ ~.
\ \Q ‘ / S
o ~ \¥)
~._ H L 9
D CJ‘ = - -—-L———"'/ < C
(o]
c D(.(r’)P c
7 \
C,
4 ¢
o7 e 3 ZC ye llow
1 N\
p v
} n ection pt
£}
w3
ol
{o
S ©
3
Wig DES /
X bX hrYs) V.
a >
-~ qﬁ‘l'
H l?x'.:.‘”“"
< co@15.1 L - .
g: S T cad J/D y&
3 a s00%” )
Sussoo sd Ty 2
. - 2
2. 2
$’-?@ |’:o‘q
e 706167 6.c. N 22,4202305
: "\
\
- ) - ! a y
Fig. 9 RIIE Ma Cb/ne Gealne/fy inserhion l,u?omefr’y RH 91 Lottice

July 9/

with centercd arc a’;}oo/e:

Aoy Tuly 91
Res Tume ™

ren 51 R

45



46

*SOIY JO PUE oYl 1B WOHVOIHW FO UOTIBIOT

0T °*8td

SHOULYINDTYD OULYY HLW 3ONYQYQIOY HI B
SINYYA "INNYILN3ZO 3NNAL 0L AT 00 MALN T
1034dSTY HLW ‘SLINOYH 40 NOLYOOT 3HL ) ONIY I
'SILON —t
X - X
\/\ \/\ \/\ \,ﬂ \/\ \/\ Vﬂ } . \/ bﬂ \/\
X S Yo I X X X X, o
v A Y ol X XYoL XYoo Yo v = B ¢ ~
X Y L )
£
K
K
s.s
b
B¢,
-]
54
e
]
be
e .
Be 00°LT!
]
g
e
e
K]
.
)8 ,
S
i ~
W
e
A
,“.. AT9H3SSY 70)U9) JUDINIS 0
.«! LYIS0AY) / L3MOYH -2 00'CY
o
XA wa 00'06
‘ .
) _
A wo g'lLl —
/"/ '
o \
N0
O
h: , \
I". |
Ve ‘
/I”' —
50 wo 04'642Y
IV'A' 4
Qe ! )
B v
Yoy @ o
;.u;ﬂf' ““““
...1 e, _ ‘\ﬂ..“ &
O‘ﬂ‘ﬂWO‘l‘ . _ .‘lﬂﬂ“'.. =
=LK T Tata e

o g S .
S0gmgzezazozex



47

*S0Iy JO STPPTKH °Y2 UT YIHVDOIHY Jo uoriedoql [T *STd

B e

SHOLYINTYY 30ULYY HLI 30NYQY0IY NI
SIYYA 'INMYILNID T3NNAL OL ANIY A0 ASTLNTD
1034534 HLVA 'SIINOYH JO NOUYD0Y 3HL '}
'SILON . ———
X _ v X
X X ol o S X o S X
X 8 i Yy X X Yok X
X X X |
s’ SACHO-NPAA NN PAAA®
el
& \__/
4
el
o wo 90'68
=]
b=
&
< |
e b | wo 00'L2)
oy =
Bg
e
e
K
<]
's _ . |
'®,
o
.
0
c.,
o
4,“»’ A1gH3SSY 121099 1W0}5S 0
c,nx LYLSOAYY / L3HOYH -2 00'CH
O”"A@ .
2 o— 1L I (X1 ]
/"
,“’ _ .
,«,v TR IAVIR
A :
O\ | \
4"
0 |
;“'r. -n
28, Y
. anur , wo 0y'6¥2Y
S |
LD
“'f

R _
N .ﬂlf S
R _ e
3 L
SR =
Sy 753
~= . 7 .““‘
.’“‘"‘ (7 - =157 " >
R R

ATS 050,



48

*juTtog Surssoin 9yl 1B WHVDHIHY JO UOTIIBDOT] Z1 814
SHOLYINDIYD 30WLLYY Hive 3ONYOYOY Hi Be

S3YYA 'INNYALNIO TINNAL OL INTY 40 H¥IL NIHI

1934534 HLW 'SLINOYH 10 NOLYD01 3HL )

1SILON . -t
X X
g X X X X X X X
N T Yoy Yoy Yok Yo Yok N YooY, S Yok Y ¥ x
x v X X
X X ol o X X X
Yo X X X & o Yoy X x X X .k
& _ _ SAC NP NO N PR A
ks ps
Y $<
R~ <)
[ 4
[ e
[ 8
<] )
o S¢
(] K
[ e
e R
g e
B )
g K
i e
g ]
: ;
e g
=) e
a., ”Q
@ el
¥ Y
,“.’ ABH3SSY 7)) JUOYXS O b»”
2\ 1Y1S0A¥0 / L3NOYH W3 00'CH o’
..ﬂ. b.
VX ~.§
20 . L
,.' | et WY 00'06 M
» T
o} . _ A
D K
) R IAVI ol
/"r ’ / \.\
B | s”so
l“””w \w”‘.
ARe _ Y47
NN Vo 7 A
RO * &5
NS _ | s
.O.O%Q AL
= .; "l..‘r ‘ ”””“
00””.&1ﬁ _ ‘tﬂ.ﬂﬂ“
‘1‘.. =, ¥ .“mw“

QO )7 —3 7<C)
) o a5 7 oY
Sez0GRgTezezexeze 200



49

1adsT
.EHu«.m 103 ¥OVDIHA Ut Hoﬁmmamm ToTs a

€1

*STd




50

‘wgT= ¢ I0F YOVDIHY UT IoTABYyeg uoIsiaadsf(q
3

%1 *8T4

lo.d



51

o7 =

WM
)

0% -

)

QST —>

- ST 814
T suoTrjoung-¢
.EHuv.m 10T ¥OVOIHY UT




52

‘u9T= g
¥

103 YHOVOIHY UT UOTIOUNI-g

91 *81a

o¢



53

7/ 4] 0! P 9 44 [

\ Y n ) X 1 2 1 2 1 2 [ 1 1
v L 4 \J ] ) § v ) L § X T

.Momu.:‘mu

SE80°0

- 9£0°0

- (P00

- $50°0

!\

L bPoo

WL se NEY)

wm\&

e
-~

P

1 3
1 L}

> 3

3 3 1 3 L Iy L 1
] T 1 L] T Y | T

*adcad mmﬁomsuvmao.pwﬁzmmm 92Ul UT JUSIPBIH JO UOTIBTIBA LT *81a



% Y 3
L3 < L

.4

v/ @ al S 9 ¥ z
} } 3 . WQ&Q

u,of.:\_c

SQ°¢

30°¢

L0°0

dll

€O |
+ £0°0

54

S

_ 70 e
E\L‘ ﬂ.“ ) ' u. N " s 3 . 1 N + \.Q
K ¢ ' } b i r ‘ ‘ ' ' ?0.0

*Gh 02 1D f“sotodnipen)h adoosoTo] oYl UL JUSTPRIH JO UOTIIBTIBA 8T *81a

o




55

*¥OVDIHY UT ONTeA-~g, WMNIXER JO UOTIBTABA

(oY

.7/

.*V

o

61 °*STd

e

—

e

ad

007

oog

ool

aos

a09

XGEM\



56

d
"UOVOIHY UT g W3TA X Jo 98urup 07 ‘S

W ».Q

e =
e

=

-
e N
-4

s 5

-
-

00 -

0P -

}o 0 -

o'

X



57

"¥DVOTHY UT g U3ITA siejoueieg 3sTep Y3 Jo 9Bueyp

1¢ *814

g
ade
-

9107 @ -
cro'o -
Lo00 —
¢oo..g -

0



58

YOVOTIHY UT ozoonbg- ¢ Sutang IoTTTY uorsiadstg Jo 19sdp 77 *Std ,

A *Q

¢Qo'0

h0'0

30°0

L0709




59

- ¢ yaTm ¥OVOIHY UT £Sieuy UOTITSURIL oYl JO UOTIBTABA €7 °"STd
*

W

dr
=

t t } } 0 .\Vwo

T 0°5C

. , . ; 0°92



60

*ozoonbg-¢ SuTanp YHVOIHY UL UOTII0]ST(- ¢ TBIUOZTIOH T *81a

Y

1 g

a1 X
M.l

BEL I

w\sbﬁc.d.,fvol

J/ v



61

*9zo99nbg-¢ JuTIng YHVOIHY UT UOTIIOIST(~ § TEITIAPA 67 *8B14

w { _
% i

0l

N R A
Ndd.&\u\/

4

o

-
-t
~de



62

Buey 97 °314
O UOT1I031ST(J @Yyl Jo °

* J UITA ¥OVDIHY U uorsiadsiq 9Y3 3

3%

W *Q _

. A
9 S Ve e

>hn] -

T
SaYmo

.Y\w,*\inu (].lllll’l’

ot

ra o
>rrunhn) o

1 o7

0 0 X

~ts
-



35,0

345 -

34.0 1

63
Fig. 27 Betatron Tuning of RHICAGR.
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Fig. 28 Variation of the Quadrupole Gradients
During Betatron Tuning in RHICAGR.
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Fig. 31 Chromaticity in RHICAGR with Two
Sextupole Families.
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Fig. 45 A C-Magnet as Extraction Device
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