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Introduction

This technical note reports on the results of investigation of possible fast transverse instabili-
ties in the NSNS Accumulator Ring. The instability may be caused by the presence of stripline
devices like kicker magnets, the active damper system, and by the RF cavities, and the sharp steps
of the vacuum pipe. Conventional formulae that can be found in the literature have been used,
some of them with arguable validity, as they will be discussed in the report. The instability can be
overcome by adopting aluminum as the material of the vacuum chamber, and by smoothing the
shape of the vacuum pipe. The resistive contribution to the coupling impedance from the RF cavi-
ties, the kicker magnets and other striplines devices in the ring has to be maintained under control
with careful engineering design. Still the growth time of the instability remains short especially
for the mode in proximity of the betatron tune. The growth rate can be lowered by a factor of four
if the fractional part of the tune is shifted from 0.8 to 0.2.

The NSNS Accumulator Ring

The function of the Accumulator Ring is to take the 1.0 GeV proton beam from the Linac and
convert the long Linac beam pulse of about 1 ms into a 0.5 microsecond beam in about 1280
turns. The bunch compression occurs during the injection process, and the beam is immediately
extracted at the end of the process. The final beam has an intensity of 2.08 x 104 proton per pulse,
resulting in 2 MW average beam power at 60 Hz repetition rate. The lattice of the Accumulator
Ring is a simple FODO lattice with four-fold symmetry {1}, and the dispersion function is reduced
to zero at straight sections by the missing magnet scheme. The total circumference of the ring is
220.7 m and the transition energy is yp = 4.93, higher than the operating energy of 1 GeV. The
salient design parameters are shown in Table 1.

The Ring Vacuum Pipe

The main parameters that enter the investigation of the coherent transverse instability are the
dimension and the shape of the vacuum chamber, and the resistivity of the wall. The NSNS Accu-
mulator Ring is made of three different sections: (i) The region of bending magnets where the
shape of the vacuum pipe is rectangular with internal dimensions of 23 cm (H) and 13 cm (V).
This region is expected to cover about 25 % of the whole ring circumference. (ii) The region of
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small quadrupoles where the vacuum pipe is circular with the internal diameter of 2b = 18 cm.
This region is expected to cover about 60 % of the ring circumference. (iii) The region of large
quadrupoles where also the pipe is circular but the internal diameter is 2b = 14 ¢cm. This region
covers the remaining 15 % of the circumference.

Itis not clear at this moment how the sections of different shape are to be joined to each other.
There are two solutions: one makes use of sharp transitions, and the other one of tapered connec-
tions from one shape to the other. The analysis that was made uses formulae that apply strictly to
circular geometry. Thus we have approximated the rectangular vacuum chamber by a circular one
with an internal diameter given by 2b = (H + V) /2 = 18 cm. By taking an average of the pipe
dimension around the ring we have then assumed a pipe with an internal radius b = 10 cm. For
most of the chamber components entering the analysis, it is indeed sufficient to specify a single
shape and a single dimension. The analysis of the vacuum pipe steps, of course, require more
details about the transitions.

Table 1: General Parameters of the NSNS Accumulator Ring

Average Power 2 MW
Kinetic Energy 1.0 GeV
Circumference, 2t R 220.7m
Bending Field 74 kG
Number of Protons, N 2.08 x 101
Betatron Tunes, Qg 5875.8
Transition Energy, yr . 493
Natural Chromaticity, &y v -6.50, -7.29
Full Betatron Emittance, &, 120 = mm mrad
Space-Charge Tune-Shift <02
RF peak Voltage (h=1) 42 kV
Revolution Frequency 1.1887 MHz
Filling Time 1.018 ms
Synchrotron Period, T, 0.9 ms
Bunching Factor, B 0.325
Total Bunch Area, S 10 eV-s
Full Bunch Length, L 546.6 ns
Full Momentum Spread, A 1.6 %
Average Beam radius, a 3.80 cm
Average Pipe Radius, b 10cm




The material of the vacuum chamber can be either stainless steel with a surface resistivity of
Pw = 73 HQ x cm, or aluminum with p,, = 2.83 pQ x cm. The vacuum system may require stain-
less steel for rigidity of the vacuum chamber and to avoid electron desorption at the wail. On the
other end, the resistive wall instability may be softened by employing a higher conductor like alu-
minum. It may be also quite possible that a mixture of the two materials are used around the cir-
cumference.

Transverse Beam Dimension

The betatron emittance quoted in Table 1 defines the total beam, that is 100% of it. It has the
same value in the two planes of oscillation. We shall adopt the criterion to define the total emit-
tance €, as 5 times the rms emittance €,,;. Define the average values of the envelope functions
<Bu.v> = R/ Qv with R the average closed orbit radius and Qp,v the betatron tunes. The aver-
age rms beam size in the vertical and horizontal plane are given by oy vy = (<By v> Ems 2,
This is the contribution from the betatron motion alone, to which we should add the contribution
in the horizontal plane from the relative momentum spread & in the beam, which is og = <nj> 8,
where <n>=R/ yr is the average value of the dispersion around the ring. The total beam relative
momentum spread A is given in Table 1. The rms value J is 1/5 of the full value.

It is sometime required to specify the average full beam radius around the ring. The assump-
tion commonly made is that the beam has a transverse umform charge distribution and a circular
shape with radius a, which we estimate as a = 3 [ oy ( O’H + O 2 )1/2]1/2

Longitudinal Beam Dimension

The total bunch area is S = 10 eV-s. We shall assume a single RF cavity system for the bunch
compression. The requirement is a beam gap, free of any particles, of 294.7 ns and a full bunch
length L = 546.6 ns. Assuming again, as usual, a ratio of factor 5 between total and rms values, we
can estimate the rms bunch length 6 and rms momentum spread 8. The RF system operates at the
harmonic number h = 1, and there is thus a single beam bunch, which we assume to hold a cos
square distribution. We can then also estimate the bunching factor according to the formula B =
0.5 L £, where f is the revolution frequency. All the other salient parameters describing the beam
longitudinal dimension and longitudinal motion are given in Table 1.

Time Dependence of the Beam Dimensions

We shall assume that the bunch length remains unchanged during the multi-turn injection
process, whereas the beam intensity varies linearly with time. At the same time, it is also a good
approximation to assume that the beam emittance increases linearly with time, eventually with the
help of some “painting” technique, so that the ratio N/e is constant during the injection process.
Thus, the actual beam size will increases with the square root of the beam intensity. The beam is
immediately extracted at the end of the injection process, and a proton will spend circulating in
the ring at most 1.0 ms. The parameters listed in Table 1 correspond to the end of the injection
process.



The Fast Transverse Instability

It is seen from Table 1 that the synchrotron period is (.9 ms, so that the beam bunch will com-
plete only one full synchrotron oscillation before it is extracted. The growth rate of any transverse
instability, in order to have a consequence to the beam disruption and loss, will have to be consid-
erably larger than the synchrotron frequency. This situation is characterized as a fast transverse
instability, where the synchrotron motion can be neglected and the beam bunch can be treated as a
chopped section of coasting beam. The well-known coasting beam theory {2,3] of transverse
coherent instability can then be applied.

A coherent perturbation may develop around the contour of the beam bunch. The wavelength
of this perturbation has to be at least the bunch length, if not smaller. This sets a lower limit to the
perturbation frequency. In terms of the revolution harmonic number this limit is n > S, that is
larger than the betatron tune. The upper limit is set by the cut-off due to the presence of the vac-
uum chamber which is given by n < YR/b ~ 726 for a circular pipe of 20 cm diameter. Outside this
range a transverse coherent instability cannot be expected.

The Theory of Transverse Coherent Instabilities for Coasting Beams
The stability condition for this type of coherent motion is

1Z11 < Egm Quy By[i(m-Quv)n+&uyv ! (Ap/p) + 1/ e R = Zyeuy (1)

where Ap/p is the FWHM value of the beam momentum spread which is about half of the value of
the full momentum spread A, Ey is the proton rest energy, &y y the chromaticity of the Accumula-
tor Ring, and dv the betatron tune spread from non linear elements like octupole magnets. 1,is the
peak current of the bunch

I, = Ne/2m'fo @)
To the left of the inequality (1) we have the transverse coupling impedance Zy which will be dis-
cussed below. It describes the electromagnetic interaction between the beam and the surrounding.

In absence of Landau damping, that is of a sufficiently large spread of betatron frequencies
within the beam bunch, one can estimate the growth rate of the coherent instability

! = IyryRe(Zp)/eQuy¥Z 3)
where Zg =377 ohm, and r, = 1.535 x 1018 m, the classical proton radius.

As we shall see below, we are indeed in a case where the space charge contribution to the
coupling impedance dominates. The tfrequency of the coherent instability, usually in proximity of
a betatron sideband, will suffer a large shift. This is an indication that there is no Landau damping
naturally built within the beam large enough to compensate for the shift, unless this is introduced
externally, for instance, with large octupolar magnetic field. In any case the real trequency shift of



the coherent instability is given by

Ao = Lr,Im(Zr)/eQuyvYZy 3)

The Transverse Coupling Impedance

There are four major contributions [4] to the transverse coupling impedance. The space-
charge contribution dominates in a low-energy storage ring:

Zr = iRZy(a2-b2)/p2Y. 4)
Next, we have the contribution from the wall resistivity:

Zr = (1-1)R[2R Zypw /B (n-Quy) 12 /b 5

By virtue of the deflection theorem [4], the longitudinal coupling impedance Z/n can be trans-
lated into an equivalent transverse coupling impedance:

Ztr = 2RZ/Bb*(n-Quy). ©

The wall components included in the deflection mode analysis are: bellows, striplines for the
beam position monitors and the active damper system, kicker magnets, vacuum chamber steps,
vacuum ports, and RF cavities [5]. Finally, there are transverse (as well longitudinal) parasitic
modes due to several resonating structures, which are difficult to estimate, but that can be calcu-
lated with codes like MAFIA, or measured with the wire method or with the beam itself.

A large contribution to the real part of the impedance comes from the resistivity of the wall
and from the vacuum chamber steps. The impedance varies with the square root of the wall resis-
tivity. By adopting aluminum instead of stainless steel, one can reduce the impedance by a factor
of five. The steps of the vacuum chamber require a more involved analysis. The longitudinal cou-
pling impedance from M single steps (uncoupled) was estimated some time ago by H. Hereward

(6]

Zin = 2M(l-in)Z(W-1)*b/27’R )
forn<ny = 2aR/2b (W - 1), and for n > ny

Zin = ZogM(W-1)/2rn @&
where W = b, / by is the ratio of the outer dimension b, to the inner dimension b; of the step.

According to this formula a substantial resistive contribution occurs in the low frequency
range. It is associated to the actual energy loss suffered by a charged particle due to the diftraction

phenomenon of an electro-magnetic plane wave being scattered by discontinuities. One should
point out that very likely the result really applies only to wavelengths which have about the pipe



dimension, that is in the proximity of the cut-off. Moreover, steps come in pair, an entrance fol-
lowed by an exit discontinuity. Thus, one deals in reality with resonating cavities rather than sin-
gle de-coupled steps. A step could be treated as a single discontinuity only at those wavelengths
that are considerably shorter than the separation between the steps. The contribution represented
by Eq.s (7 and 8) has been originally included in the analysis also for very low frequencies, but we
believe that otherwise it should really not be included. In any event, we have assumed 32 pairs of
steps separated by about 2 m, with an inner radius of 10 cm and an outer radius of 13 cm. A simu-
lation with ABCI [7] of a pair of such transitions have shown the results of Figure 1. It is indeed
seen that no resistive contribution is noticeable up to about the pipe cutoff frequency.

Though it was clearly demonstrated that relation (6) between longitudinal and transverse cou-
pling impedance holds well for stripline devices, like beam position monitors, kickers and the
damper system [8], there are some questions about its validity for cavity-like objects, like bellows,
vacuum chamber steps, vacuum ports, and RF cavities. Nonetheless, also for these components
we have calculated the longitudinal coupling impedance [5] and have then derived the transverse
coupling impedance in combination with Eq.(6). The results are displayed in Tables 2 to 11. The
impedance of each component has been adjusted by taking into account cutoff functions which
are shown in Table 2. The summary of individual contributions and of the totals are shown in
Tables 12 and 13. Figure 2 is the display of the total expected transverse coupling impedance ver-
sus the harmonic number n for the NSNS Accumulator Ring.

Results for the NSNS Accumulator Ring

Figure 2 is the plot of the transverse coupling impedance versus the harmonic number. The
peak around n = 6 is caused by the dependence with the betatron tunes as shown both in Eq. (5)
for the resistive wall contribution and in Eq. (6) for the deflection modes. To determine the stabil-
ity of the beam, we plot the difference | Zy | - Z,., in Figure 3, taking 8v = 0. It is seen that the
beam is unstable for all modes n < 100. The instability is caused essentially by the large value of
the space charge, the contribution of which to the total impedance dominates. It was determined
that damping from the natural chromaticity is not effective. The beam is stable for large mode
numbers as a consequence of the frequency compaction factor 1.

The growth time 7 of the instability, in absence of Landau damping, is plotted in Figure 4.
The minimum is t=5.3 pstorn=6. Atn =7 the growth time T=40 us,andatn =8, T1=91 us.
The ratio of the synchrotron period T to the growth time 7 is plotted in Figure 5. It shows that we
are indeed dealing with a fast transverse instability for those harmonics in proximity of the beta-
tron tune. In this case, the longitudinal motion can be entirely neglected.

Finally, Figure 6 is the plot of the real trequency shift Aw, divided by the angular revolution
frequency 2 f;, versus the harmonic number n. It is seen that the shift is only a small fraction of
one harmonic. Thus the possibility of overlapping of neighboring stopbands (mode coupling)
seems to be excluded in the NSNS Accumulator Ring. Moreover, Aw/ 2= f; is about the amount
of tune spread which is required to make the motion stable. This tune spread, for instance, can be
introduced with octupole magnets. It is seen that the required tune spread is less than or at most
Av =0.1 for all modes, except for n =6 when Av =0.2.
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Table 5: Bellows Transverse Coupling Impedance (kohm/m)

Circumference 220.688 m
Number of Bellows 48
No. of Convolutions 6
Height of Convolution 25 mm
Width of Convolution 10 mm
Pipe inner Radius 100 mm
Pipe Cutoff 726 (n) 610.763268 MHz
n-QH'v 0.18
Zn @ n=1 -1.097841 ohm
Capacitance / unit length 2.78162897 pF/cm
Inductance / unit length 707.499103 pH/cm
Characteristic Impedance 15.9482614 ohm
Resistivity 73 pohm-cm stainless steef
Wall Impedance 14.7988229 ohm/cm
Q 0.67712062
Shunt Impedance 13.7495824 ohm/convolution
Lowest resonating mode 2522 (n) 2997.925 MHz
Z/n @ resonance none ohm
relative freq. spread 10 %
Z/n  with freq. spreading none ohm
n Real Imaginary
1 0 -1.8285178
2 0 -2.3071808
3 0 -3.1253152 0 ey
4 0 -4.8424892 ' N
5 0 -10.747872 L I
6 0 -48.962017 R RUES R R R N A R R RIS
7 0 -7.4686902 C A
8 0 -4.042628 ' e
9 0 -2.7713166 e S B M e i e A S
10 0 -2.1082842 I
20 0 -os2te0st | oo Ll il il
30 0 -0.3641829 P P S
40 0 -0.2574633 e Y
50 0 -0.1990174 Y I A S S S S S
60 "0 -0.1621155 I e
70 0 -0.1366873 e T
80 0 -0.1180927 I e T o
90 0 -0.1038964 - ® o ~ @ 2 2 o 2 2 2 3 3 3
100 0 -0.0926975 - e~ o
200 0 -0.0436981
300 0 -0.0275077
400 0 -0.0192103
500 0 -0.0140691
600 0 -0.0105418
700 0 -0.0079763
800 0 -0.0060472
900 0 -0.004571
1000 0 -0.0034332



Table 6: Transverse Coupling Impedance of Beam Position Monitars {(kahvm)

100 1.32083892  -2.425467
200 1.92093514 -1.2406715 250 G

300 1.70406945 -0.1277024 e e ST ST TS
400 0.99430127 0.44864582 - v~

Number 48
No. of Plates 2
Plate Length 20 cm
Plate Width 7.5cm
Pipe Radius 10 cm
Characteristic Impedance 50 ohm
Circumference / 70.2471722 m
Zn @ n=1 -0.3410463 ohm
lowest resonating mode 315 (n) 374.740625 MHz
pipe cutoff 726 (n) 610.763268 MHz
8.02799661
n Real Imaginary
1 0.00283256 -0.5680229
2 0.01429586 -1.4333647
3 0.04356996 -2.9122199
4 0.12000912 -6.0157162
5 0.41615557 -16.687312
6 2.72970315 -91.206382
7 0.56669234 -16.227945 R A
8 0.40058674 -10.036142 e e '
9 0.34750638 -7.7378307 OOM * 000000000
10 0.32632651 -6.538571 g v
20 0.38371468 -3.8346507 D i daaaaa
30 0.50396806 -3.3436096 o o e
40 0.62972541 -3.1150721 100 R - N e _:_:_:_:_:_:-J-,_s —O— Imaginary
50 0.75491125 -2.9647231 o v v —@— Peal
60 0.87742891 -2.8445547 M . NN
70 0.9960844 -2.7367194 R T R e gy S & ARIRICIet B
80 1.11000244 -2.6332369 o N
90 1.21846191 -2.5301622 22004 - R gLt e Ll as

500 0.31953794
600 0.01458806
700 0.05812594
800 0.21178303
900 0.27065975
1000 0.19818697

0.42184866
0.09678546
-0.1596997
-0.1868996
-0.0617763
0.06576117
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Figure 4. Growth time 7 of the Instability (in ms) vs. the Harmonic Number n
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Figure 5. The ratio T / T vs. the Harmonic Number n
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How to Reduce the Growth Rate of the Instability

The results we have shown so far apply to the beam intensity at the end of the accumulation
cycle, and for the reference betatron tunes Qg y = 5.82. The major concern is obviously the insta-
bility for those modes in proximity of the betatron tune. The fewer modes below n = 6 are not rel-
evant in this analysis, since they cannot be excited by the beam. the worst case is represented by
the mode n = 6. All the modes n > 20 have growth times of at least half a millisecond, can be eas-
ily Landau-damped with a betatron tune spread of 0.1 or less, and thus have no significant conse-
quences to the beam performance.

Inspection of Table 12 shows that the imaginary part of the transverse coupling impedance is
essentially given by the space-charge term. The contribution from the other components are
entirely negligible. But the largest contribution to the resistive part of the impedance atn=6
comes (in the order) from the kicker magnets (409 kohm/m), the vacuum chamber steps (168
kohm/m), the RF cavities (147 kohm/m), and the active damper system (103 kohm/m). The con-
tribution from the wall resistivity is very small (2.8 kohm/m) when compared to the other compo-
nents. This makes one wonder whether there is indeed any need to reconsider the choice of the
vacuum chamber material. For instance, for a 100% stainless steel vacuum chamber, the contribu-
tion of the wall resistivity increases to only 12.3 kohm/m, still quite small compared to the contri-
bution of the other components. At the same time the resistive contribution of the beam position
monitor is only 2.7 kohm/m.

Lowering the betatron tune from 5.8 to 5.2 causes an increase of the instability grow time by
a factor of four. At n = 6 now T = 21 ps. Though this is a significant improvement, nevertheless
clearly is not enough. We have pointed out that there are four major components which need very



careful engineering design to lower their resistive contribution. One extreme approach is to
assume that they have no resistive contribution. The results are shown in Table 14. We compare
two values of betatron tunes, two cases of vacuum chamber material and the contribution of the
four major components included (Yes) or not (No).

Table 14: Instability Growth Time T (inms )atn=6

Betatron Tune Qpy = 5.82 Betatron Tune Qg y =35.20
Stainless Steel Aluminum Stainless Steel Aluminum
Yes No Yes No Yes No Yes No

0.0053 0.295 0.0053 0.868 0.021 0.615 0.021 2.06
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