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In the following we give several relationships which are used for the preliminary design and to
estimate the collider performance. We shall limit to the case of the performance during storage
and colliding mode.

Two of such relations are the relation between bending field B, the bending radius p and the
proton momentum p

B (Tesla) p (meter) = 3.3356p (GeV/c) (1)

and the minimum requirement of the collider luminosity L which scales with the beam energy E
according to

L= ( 1($3 cm-2 S-l) (E/20 TeV )2 (2)

We ;ha.11assume that the collider is made of two identical interjecting rings where the two
beams circulate in opposite directions otherwise with identical configuration, dimensions and
intensity. Both beams are bunched. We also assume, for simplicity, that the beams are “round”,
that is they have the same betatron emittance in the two transverse planes of oscillations, horizon-
tal and vertical. Also the two beams are exac~y round at the interaction point where the lattice
functions P* has also the same values in the two planes. Let
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the number of protons per bunch
the total number of bunches per beam
the revolution frequency at colliding energies
the revolution period at colliding energies
the rms beam size at the collision point
the rrns bunch length
total crossing angle
normalized rms betatron emitt.ante
bunch-to-bunch separation
collider circumference
velocity relativistic factor
energy relativistic factor
collider transition energy
number of betatron oscillations per revolution
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Luminosity and Beam-Beam Thne-Shift

We have, the luminosity

L = N2fo M/4na*2f

and the beam-beam tune-shift

Av = NrO/2~(l+f)

where r.= 1.535 x 10-18m is the classical proton radius, and the form factor

f = (l+qz)liz (5)

with

q = ac7/2cf* (6)

(3)

(4)

determines the luminosity reduction due to the crossing angle.
The crossing angle a is needed to avoid that beam bunches circulating in opposite direc-

tions, cross with each other also in other locations beside the main interaction point. The follow-
ing condition then must apply

aA12& >> [1 + (M2p*)2]l’2 (7). -_

To avoid that the luminosity is reduced unnecessarily by the longitudinal extension of the beam
bunches, the following condition also must be satisfied

q <~ P“ (8)

On the other end, to avoid enhancement of effects due to betatron synchrotronscoupling caused by
the modulation of the beam-beam interaction, one needs

!l<l (9)

The three conditions (7, 8 and 9) are always satisfied in the discussion that follows.

Microwave Longitudinal Instability

Define the peak current in the proton bunch

1P = N C~ / q (2#2 (lo)

then to avoid individual bunch instabilities, it is commonly accepted that one needs to insure that
the following stability criterion is satisfied



acceleration cycle to maintain constant closed-loop
dynamics as the synchrotronsfrequency changes.

Thegains are obtained in atwo step process. First an
LQR [**] optimization is done which weights heavily the
phase oscillation damping. From the resu king gains the
closed-loop poles are determined and then by pole-
placement, using Ackermann’s formul% analytic
expressions are derived for the gains as fhnctions of the
pole values and the synchrotronsfrequency.

5 BEAM PHASE MEASUREMENT

The phase of every bunch is measured on every turn by
the phase detector, illustrated in&gure 3.
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Figure 3. The bunch-by-bunch phase measurement
circuit. The l/Q components of the response of the Bessel
filter (Q=l O)are demodulated with the components of the
reference signal at 28 MHz. Digital rectangular-to-polar
conversion supplies the phase and magnitude.

The bunch signal from the wall current monitor
longitudinal pickup is applied to a namowband (Q=1O)
bessel filter centered at 28 MHz. The response of this
filter, which is a burst lasting for about 500 ns, is
demodulated in a double-sideband circuit with the 28
MHz cavity-drive signal. The resulting 1 and Q baseband
signals are digitized to 12 bits, and a dedicated DSP chip
(Pythagoras, Plessy #1234) performs the rectangular to
polar transformation. The resulting angle is the phase of
the bunch with respect to the rf drive signal. The
rectangular-to-polar conversion provides full zero to 360
degree unambiguous phase results.

The magnitude is used in an Automatic Gain Control
circuit which keeps the signal levels in range for the
ADCS. When RHIC has the full complement of 120
bunches the bunch spacing is less than the ringing time of
the filter. So a parallel bank of eight filters is used and the
bunch signals are de-multiplexed with GASFET switches
into the eight channels. To reduce video feedthrough and
achieve high dynamic range the control signal is
bandlimited to a sin(x)/x-type shape so that any
feedthrough is below the lower band edge of the filter.

The average phase over one turn is circulated in the
phase detector electronics before the data is sent to the
beam control DSP. During the injection process the new

bunch is masked out of the average until the injection
damper has corrected any phase or energy errors.

6 SYNCHRONIZATION, INJECTION
. AND COLLISION

RI-UC is filled one bunch at a time from the four
bunches in the AGS at 30 Hz repetition rate. The AGS
cycles at 0.5 H4 implying the nominaI fill of 60 bunches
can be loaded in 3&seconds. single bunch transfer is
i~dvantageous because’any fil1 pattern of the 360 buckets
in RHIC is allowed. Typically the pattern is selected to
:yield equal collision rates at all six interaction points.
‘The relative orientation of the gap between the two rings
is controlled by the collision synchronization system.

6.1 Bunch by bunch injection

The injection synchronization system provides the
triggers to the extraction injection kickers. and also a
reference signal to which the AGS bunches are locked.
Between each injection the phases of the kickers trigger
and the AGS reference signal must advance appropriately
to fill the desired bucket and provide that the AGS bunch
is at the kicker when it fires. The phasing of these signals
is effected by precise (2x10-10)control of the frequency of
the DDS with which they are generated. By switching to

a slightly (-30 Hz) offset frequency for a prescribed time
(a counted number of revolution periods) the bunches and
kickers trigger are aligned for filling the desired bunch
pattern.

6.2 Synchronization for collisions

The two rings of RHIC accelerate independently and
when the beam in each ring reaches full energy the radial
feedback is replaced with a ring-to-ring synchronization
system. The two rings are first synchronized to a master
oscillator at 197 MHz . Then the missing bunch gaps are
aligned by advancing the phase” of the synchronization
reference by the appropriate integral number of 197 MHz
periods.
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the boundary, we concluded that there is little lattice distortion in its vicinity. The Iayered crystal structure is well ordered up
to the boundary plane on an atomic scale. The superlattice, seen as a body-centered black-cage-like pattern, is essentially
undisturbed by the grain boundary.

Fig. 3 (a)-(c): High resolution TEM images of the same area from a 37.45° twist grain boundary junction, with the
boundary position marked by a pair of arrowheads. (a) The top crystal is viewed along the a-axis. (b) The bottom
crystal is viewed along the a-axis. (c) Both crystals are viewed off any low-index zone. Note that the narrowly
spaced doubled dark lines in (c) are the lattice image of the double BiO layers.



EDS and EELS with a 2 nm field-emission probe were also performed on these bicrystal boundaries to evaluate the
concentration variation of cations and o~ygen, respectively, at the boundary regions. The analysis of the oxygen K edge
using EELS is particularly usefi,d since it can directly reveal local hole concentration.

Based on our detailed TEM characterizations for five bicrystals with various misonentations, the structural featares of
the boundaries are summarized as following.” (1) All the boundary planes are microscopically flat, suggesting they are pure
twist in character. (2) The boundaries are clean and structurally intact without any visible amorphous materials. (3) EDS and
--- .
LEL> measurements show that there is no detectable off-stochiometic composition including oxygerdhole concentration
along and across the boundaries. (4) HRTEM image simulation reveals that, without exception, the boundaries are located in
... . ... . . J1. -r.l .. J- —.I-,-n. n, -—.-tne rmaale w me amuxe L51U Myers, (5) Tinereis no detect2~iieboundary expansion. Tine inte~ianar distance of the cioukJe
BiO layer measured with line scan at the boundary is the same as those far from the boundary, within measurement error. (6)
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structure of half unit cell. Further details can be found in Ref. 8-10.
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A direct measurement of junction resistance in the normal-state is not possible for this specific configuration. Primarily,
this is due to the possible diffusion of silver into the crystal at the voltage contact, and the huge resistivity anisotropy of
Bi22 12, which distorts current distribution from perfectly alcng the c-axis. Small ah-plane current flow in the normal-state is
unavoidable. Nevertheless, we made the following estimate of the lower limit of the junction resistance R,, by using the c-
taxisresistivity of the single crystals. The parameters used me: the junction cross-section area -0.1 mm?. the junction width
taken to be 1.5 nm (the separation of the double CUO layers), the lowest measured normal-state PCfor the single crystal -0.6
f2cm. Using these values, the lower limit of R,, for the c-axis twist junctions is - 0.07 mfl. At a current of 100 mA (normally
used for V-I curves measurement), the voltage drop across the junction, if driven into the resistive state, would be - 7 pV,
which is at least two orders of magnitude l@her than our voltage resolution and noise background. Even if one takes the
thickness of the junction insulating layer to be the double BiO layers (0.35 inn), the expected voltage will be of a few KV.
This simple estimate shows that the relatively large junction area and very short length of the gra-ti boundary should not
affect the accuracy of our critical current measurements.

The measurement of V-1 characterist:lcs of the bicrystal junctions has been very carefully performed, particularly for the
constituent single crystal part. The value of the c-axis critical current observed in some of these single crystals can reach well
over 1.0 Amperes at iOw temperatures. At this high ievei of dc current, the junctions easily burn out when the single crystal
is driven to the resistive state, with resistance ranging from 0.1 Q to 2 Cl Relatively high resistance of our single crystals is
due to the thickness of crystals (30 - 60 pm along the c-axis) used in the junctions. These single crystals are much thicker
than those normally used by other groups, but this is necessary to prevent crystal bending at high sintering temperatures
during the formarion of the grain-boundary junction. It is preciseiy this sampie heating effect that iimired our 7-1
characteristics measurement on most of the bicrystals, given the present aspect ratio, on the temperature region 10-20 K
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shown in Fig. 4a. This particular bicrystal, with dimensions similar to the one shown in Fig. 1, was post-annealed in Ar. The
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result of short-time oxygen annealing for the silver contact pads. This was confirmed by the magnetization measurements of
the hicrystals in the sarn.e batch using SQUID maegpetometer before the contact sputtering. The ma=wetic measurement
showed the same TC, but AT, = 0.7 K. The data shown in Fig. 4 were taken at 80 K and zero field. Increasing the bias
current beyond 1$ leads to a sharp vo Itage jump. A protective voltage limit was used in the measurement of V-I
characteristics of the single crystals to prevent the junction being destroyed by the Ohmic heating once the single crystal was
driven normal. Hence, for this particular bicrystal, the resistive part of V-1 curve for the single crystal was not taken at this
temperature, and is absent in Fig. 4. At higher temperatures, -86 K where the critical current was much lower, the full V-I
characteristics for the single crystal were measured. Hysteresis is generally observed for both the junction and the single
crystals at lower temperatures. As temperature increases, the hysteresis decreases, and disappears at temperatures above 83
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K for this bicrystal. The V-l characteristic of this c-axis twist junction, depicted in Fig. 4(a), is a type of S1S Josephson
tunnel junction.

Fig. 4(b) displays a log-log plot of the same data shown in Fig. 4(a), together with the V-1characteristic of the same
single crystal obtained at superconducting onset temperature 90 K. The voltage jump for the junction is over four orders of
magnitude. The normal-state resistance of the single crystals at T, is 1.2 !2. The thickness of this single crystal is around 40
pm corresponding to a stack of approximately 26000 intrinsic Josephson junctions. Thus, the normal-state resistance of each
individual intrinsic junction inside the single crystal is approximately 50 @. However, the twist junction dynamic resistance
estimated from the resistive branch of the JTcharacteristic is in the order of m!i2-10 rnS2. For the time being, we can not rule
out the possibility that a few intrinsic junctions near the grain-boundary within the single crystal was also driven to the
resistive state at the same time as the twist junction became resistive.
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Fig. 4 (a) a set of V-l characteristics of a 45° twist grain-boundary junction and one of its constituent single crystals at T

= 80 K. (b): The same data plotted in log-scale. Also shown is the V-l characteristic of the single crystal obtained at
superconducting onset temperature 90 K.
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image taken near the twist boundaries shows that the bondinglength of double Bi-O planes at the boundary is the same as
those in single crystals. Furthermore, no significant structural disorder along the basal-plane was observed across the
interface. This microstructure at the grain boundary junction suggests that the array of Josephson junctions continues
uninterrupted from one single crystal acres:; the grain boundzwy to the next single crystal, with no change of the coupling
strength due to the in-plane rotation of the CU-O double layers.

5. CONCLUSIONS

-------
In summary, mu 11 tncrystais with high quaiity c-axis twist grain boundary junctions were successfully prepared. We

observed the same critical current density across the 45° twist junction as the intrinsic c-axis critical current density in the
constituent singie crystais. Furthermore, ICfor both the twist junction and tie inninsic junc[ions depends iineariy on (1-1 ff J.. -,-.

near TC. These results were found in both optimal and in cwerdoped bicrystal junctions. This observation cannot be
interpreted in terms of a pure dxz.V2-wave order pammeter for EUL 1z superconductors. The sampie heating at high current ievei

-.--.-

limited our present studies to relatively high temperature region. By finther reduction of the cross-section area of the single
—.–,—crysms, we may eventually be aiie to direct]y probe the iow temperature pairing state of Bi-system in the future.
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