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Introduction

The concept of longitudinal coupling impedance was introduced for the first time by
Sessler and Vaccaro in 1967 [1] when the wall electromagnetic properties were approximated by a
sequence of lumped components. It was subsequently re-examined in 1970-71 {2] in terms of the
surface characteristic impedance. A similar concept was also adopted by Sacherer [3] in 1974. In
this report we shall follow the concept expressed in these references. The definition relies on the
smooth, homogeneous, and continuous properties of the vacuum chamber wall, as in the case of
the resistivity of the wall. It was pointed out [2,4] that a beam of charged particles generates two
types of electromagnetic fields that can act back on the beam. The two contributions add to each
other. The first represents the electromagnetic field stored in the space between the beam and the
vacuum chamber wall. It is independent of the wall properties, and primarily depends on the
transverse dimensions of the beam and pipe. This contribution has an electric and a magnetic part
which have tendency to cancel with each other, by exhibiting a y‘2 - dependence, where 7 is the
ratio of the total energy to the rest energy of a particle in the beam. This contribution is referred to
as the “space-charge”. The second contribution is proportional to the velocity Bc of the beam, and
itis otherwise independent of the beam energy. Nevertheless, this term depends very intimately on
the electric properties of the vacuum chamber wall, and of the components located in its proxim-
ity. It represents the effect of the induced beam current flowing longitudinally along the wall and
generating longitudinal fields as it encounters pipe resistivity and discontinuities.

The analytical estimate of the longitudinal coupling impedance relies on some model of
the surrounding and on some approximation, for instance those relevant to the transverse geome-
try of the vacuum chamber and of the beam distribution. We shall follow below the circular geom-
etry approximation [2,4], though other geometries have also been considered in the past:
rectangular [4], elliptical [5], and axially displaced beam [6]. The theoretical model developed in
[1-4] is essentially correct in the case of smooth vacuum chamber walls made of homogeneous
and isotropic material. Moreover, it strictly applies only to the case the surface characteristic
impedance is uniform and continuous along the wall, as in the case of the wall resistivity. The
model also deals with a straight cylindrical pipe, whereas in reality the beam and the vacuum
chamber are bent to form a toroidal shape. This may create a resonating behavior between the
beam and the pipe which may be very important in high-energy storage rings {7]. Fortunately, this
effect can be entirely ignored in the case of a relatively small storage ring and a sufficiently low-
energy proton beam.

* Work performed under the auspices of the U.S. Department of Energy



All the other vacuum chamber components are really discontinuities of the vacuum pipe.
They do not have then the smooth behavior of the resistivity of the wall. One can calculate wake
fields left behind by the beam and average them out over the entire circumference. This approach,
which is quite common and exploited, has been question in the past, for instance, in the case of
striplines [8]. It seems that the actual distribution of identical devices around the ring may atfect
the frequency contain of the response triggered by the beam itself, which is the common source of
fields to all the devices. Discontinuities of the vacuum chamber that are usually analytically esti-
mated are: striplines for clearing electrodes and beam position monitors, vacuum chamber steps,
bellows, vacuum ports, and RF cavities. A method was developed [7,9,10] to determine the longi-
tudinal coupling impedance limit in a given particle accelerator, by gathering all the analytical
equations available in the literature which provide the frequency dependence of the coupling
impedance from ditferent vacuum chamber components. This method is still in use these days.
Alternatives are the use of numerical computer programs, like MAFIA [11] and ABCI [12], for
more detailed evaluation, or measurement of the various vacuum components on a bench using
the wire method. The beam itself, when it is available, may give information of the coupling to the
surrounding by studying its behavior under controlled excitation.

A very important consideration is the nature of the vacuum chamber cutoff. Above a fre-
quency which corresponds to a wavelength comparable or smaller than the vacuum chamber size,
the longitudinal coupling impedance effectively vanishes [2,13], the beam is electromagnetically
coupled to the free space, and the details of the vacuum chamber are no longer relevant. Even the
free-space coupling impedance nevertheless has a cutoff-of its own. In the case of low-energy pro-
ton accelerators, the presence of the vacuum chamber wall completely screens the beam from the
free-space and the beam is inhibited from radiating.

This technical note reports on the results of investigation of the longitudinal coupling
impedance in the NSNS Accumulator Ring. Conventional formulae that can be found in the liter-
ature have been used, some of them with arguable validity. It is customary to define the ratio Z/n
as the longitudinal coupling impedance where n is the harmonic number, the ratio of the fre-
quency of interest to the revolution frequency.

The NSNS A ccumulator 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 second 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 1014 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
[14], 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 Yr =4.93,
higher than the operating energy of 1 GeV. The salient design parameters are shown in Table 1



Table 1: General Parameters of the NSNS Accumulator Ring

Average Power 2MW
Kinetic Energy 1.0 GeV
Circumference, 27 R 2207 m
Bending Field 7.4 kG
Number of Protons, N 2.08 x 1014
Betatron Tunes, Qyyy 58758
Transition Energy, y¢ 4.93
Natural Chromaticity, &gy -6.50, -7.29

Full Betatron Emittance, g,

120 # mm mrad

Space-Charge Tune-Shift <0.2
RF peak Voltage (h=1) 42 kV
Revolution Frequency, f, 1.1887 MHz
Filling Time 1.018 ms
Synchrotron Period, T 0.9 ms
Bunching Factor, B 0.325
Total Bunch Area, S 10eV-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 10 cm

The Ring Vacuum Pipe

The main parameters that enter the investigation are the dimension and the shape of the
vacuum chamber, and the resistivity of the wall. The NSNS Accumulator Ring is made of three
different sections: (i) The region of bending magnets where the shape of the vacuum pipe is rect-
angular 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 smatl quadrupoles where the vac-
uum 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 cir-
cumference.



The analysis that follows applies strictly to circular geometry. Thus, we have approxi-
mated 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 sutficient to specify a single shape and a single dimension.

The material of the vacuum chamber can be either stainless steel with a surface resistivity
of py =73 uQ x cm, or aluminum with p,, =2.83 uQ x cm. The vacuum system may require in
some places stainless steel for more rigidity of the vacuum chamber and to avoid electron desorp-
tion at the wall. On the other end, the resistive wall instability may be softened by employing a
higher conductor like aluminum.

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 adopted the criterion to define the total emit-
tance €, as 5 times the rms emittance €,,,.. We also define the average values of the envelope
functions <Py y> = R/ Qp v, with R the average closed orbit radius and Qy y the betatron tunes.
The averaoe rms beam size in the vertical and horizontal plane are then given by oy y =( <Py y>
€rms )!/2. This is the contribution from the betatron motion alone, to which we should add the con-
tribution in the horizontal plane from the relative momentum spread 9 in the beam, which is og =
<n> 8, where <n> =R/ yT 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 8 is 1/5 of the full value.

It is sometime required to specify the average beam radius around the ring. The assump-
tion commonly made is that the beam has a transverse umtorm charge dlsmbuuon and a circular
shape with radius a, which we estimate tobe a = 3 [ oy ( oH + Og” 2z,

Low-Energy Proton Storage Rings

The frequency range and the magnitude of the wall-coupling impedance in a storage ring
is determined essentially by the dimensions of the vacuum chamber and by the energy of the beam
through the relativistic factor v, the ratio of the total beam energy to the rest energy. A major fea-
ture of a low-energy storage ring is the low value of v and therefore of the impedance frequency
range of interest. In fact the cut-off harmonic number above which the beam does not interact
effectively with the wall components [2] is given by n. ~ YR/b, where R is the average ring radius
and b is the average vacuum chamber size. For a 1 GeV proton energy, a circumference 27R =
220.7 m and a vacuum chamber radius b = 10 cm, we derive n; ~ 726, which is a very narrow fre-
quency range (of only 0.61 GHz) when compared to that of high-energy storage rings (SSC, LHC,
RHIC, Tevatron, ...).

Next we quote contributions to the longitudinal coupling impedance in the frequency
range below the pipe cut-off. The actual numerical estimate over the entire frequency range will
then include proper weighting due to the roll-off functions of the cut-off which are calculated as
shown in Table 2.



Free-Space Impedance

Another major feature when compared to electron beams at ultra-relativistic velocities
[9.10], is the complete screening of the beam from interacting with the free space and therefore
the inhibition of radiation. In fact the cut-off for synchrotron radiation is ngz ~ 1.5 yg , consider-
ably lower than the vacuum chamber cut-off n... In absence of the screening effect of a vacaum
chamber, the free-space contribution to the longitudinal coupling impedance would otherwise be

Zm = (1770ohm)(1.73 —i)n~23 (1)

Table 3 gives the estimate of the residual free-space impedance for the NSNS Accumula-
tor Ring which includes the cutoff screening functions shown already in Table 2.

The Curvature of the Vacuum Chamber

A particle circulating in a toroidal vacuum chamber is subject to resonances. A wave prop-
agating at the outer side of the beam, though speeding at higher velocity, has nevertheless a longer
trajectory than the beam which is moving to the inside at slightly less velocity. Therefore it is pos-
sible for the beam to catch up with the wave it radiated the revolution (or few revolutions) before.
This is a condition for the “pipe resonances” [7]. For a circular pipe it can be written as

B(1+bR) = 1 + 0.80862n, 23 (2)

where n, is the harmonic number value at resonance. It is immediately seen that one of the advan-
tages of the low-energy storage ring is the absence of the vacuum chamber resonating modes that
can be excited by the beam, because of the relative low value of the beam velocity B, and of the
relatively large ratio of the pipe size b to the ring radius R.

Space-Charge Contribution

The space-charge contribution, that is the electromagnetic field stored in the region
between the beam and the vacuum chamber, is [15]

Zin = iZy(1+2Inbla)/2 By (3)

where Z, = 377 ohm, and Z/n = 150i ohm, a purely “anti-inductive” contribution, which typically
dominates over all other wall contributions in the case of a low-energy and relatively small proton
storage ring.

The Space-Charge contribution to the NSNS Accumulator Ring is summarized in Table 4.
Again, the roll-oft due to the cutoff functions are also included.
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Table 2. Cutoff Functions

10 cm
37.9615743 mm

0.37961574
2.065802686
13

726

Cut-Off
Space-Charge

0.99999986
0.99999945
0.99999877
0.99999781
0.99999658
0.99999508

0.9999933
0.99999125
0.99998893
0.99998633
0.99994532
0.99987697

0.9997813

0.9996583
0.99950798
0.99833037
0.99912547

0.9988933
0.99863388
0.99454671
0.98777191
0.97836464

0.9664011
0.95197749
0.93520869
0.91622679
0.89517929
0.87222728

10.9365323 MHz
610.763268 MHz

Cut-Off
Pipe

0.99999905
0.99999621
0.99999146
0.99998482
0.99997628
0.99996585
0.99995352
0.99993929
0.99992316
0.99990514
0.99962062

0.9991466
0.99848334
0.99763124
0.99659076

0.9953625
0.99394716
0.99234554
0.99055855
0.96276571
0.91816636
0.85917662
0.78886707
0.71069869
0.62824278

0.5449163
0.46375906

0.3872713

nbAR

0.00137741
0.00275482
0.00413223
0.00550964
0.00688705
0.00826446
0.00964187
0.01101928
0.01239669

0.0137741
0.02754821
0.04132231
0.05509642
0.06887052
0.08264463
0.09641873
0.11019284
0.12396694
0.13774105
0.27548209
0.41322314
0.55096419
0.68870523
0.82644628
0.96418733
1.10192837
1.23966942
1.37741047

0.9 +

0.8 +

0.7 4

0.3

0.6 -4t

0.5 4 -t

0.4 4 ron oo v

IR S

—8— Free Space
—&— Space Charge
—O— Pipe




0 0
0 0
0 0
0 0
0 0
0 0
902-32'}- 902-39/0'2
> 2 & 2 Li1-3yL- 911-3182'L
° e ° ° _ * - 000- £5-39v2°L-  2S-ILIPE'L
Co " ¥1-3860°L-  t1-JE206'})
a ¥ 200°0- Z1-3689'2-  21-390.4S'b
C _ oL-3sve- 01-3%9/6°S
D . 100°0- 80-3S¥¥'2-  80-I2PET' ¥
s . [0-3€2€°6- 90-36V19°}
o . 0 §0-3568'L-  G0-3IEZBI'E
KieuBei —o u _ 8102000°0- 8S6¥£000°0
’ . . 1000 ¥160100°0- 2ZE068L00°0
PoH—8—] | ! : 806.200°0- 68EE8V00°0
R R R ] T -+ 2000 6069200'0- €.099¥00°0
“ N v€L¥200°0-  LI¥82P00°0
E R R R I S IR i -7 T €000 £€22200°0- 6E0SBE00'0
o Co 6¥¥6100°0- L989EE00°0
R A I R 1 vo00 L5$9100°0- 8E£0S8200°0
- Lo ZEEEL00°0- 1260€200°0
et redtt G00°0 8910100°0- €2192100°0
¥£04000°0- 625221000
181L¥000°0- 12¥2.000°0
¥291000°0- 966820000
Kreulbew feey
wyo auoy auou 97/
Aeybeuw) fesy
Buuesios yin4
ZHW 892€9.°019 (u) 924
ZHN £2€£59€6°01 (Wel

{wyo) souepedw) jenpisay ecedg-ea14 g ejqe ]

0001t
006
008
00
009
00§
oot
ooe
00¢
ool

[ el NolleNeNe e e ol
AN TN ONOO

- NM<TWwWOMNOD

yoino adid

Hoino uoneipey



8sbeze6el 0 0001

£8¥G2L2EL 0 006

£L9¥8°GEL 0 008

615099°8€L 0 00.

LLL9YL"LYL 0 009

12eG82°evl 0 00§

© N 9 w = 8L1650°S¥L 0 00%
S 8 3 8 8 3 3 5 3 © ~w 0 w = S06ESY'9VL 0 00€
T e e e e G G8E8SY LPL O 002
R R R N LLEV90'BYL O 00}
T E L TG S S R A P M L S SR A Y1 v8col'8¥L 0 06
Lo L ! Lo Lo €92.E1°8YL 0 08
SR R m Lo SR EV9.91°8%L 0 0L

| | | set LLBEBL'8YL 0O 09

: : : £€92912'8¥L 0 0§

_ ! ! o€l svee'syl 0 ot

: 9898¥2'8¥1 0 o€

: el z88se'8yl 0 02

! 6v¥92'8vL 0 0}

: §82592°8¥L 0 6

” ovi £9592'8¥L 0 8

: v€6592'8Y1 0 L

” Spl L61992°8bL 0O 9

” Zv99e'syl 0 g

051 £09992'8b1L 0 b

vv.992°'8¥1L 0 £

9¥8992'8vL 0 A

L06992'8YL 0 }

Areulbew) eay u

wyo £2699¢'8b 1

(wyo) aouepaduw) Buydnoy abieyn-soeds v a|qe .



Areubew) —o—
ey —@—

R AL

- “'r'L_lul_l.an. xmco
. - Lo
S R R R S1°0
Kbt koo dead et 20
Y wijo
wo
wuw
wo-wyo
L=U @ ww ges9.0'0
$8°0
wo-wyor gg'g
wnuiwnyy

SEL6100°0- SPEL6L00°0 000!
€51¥200°0- 1ESI¥2000 006
L0LOE00'0- ¥10L0€00°0 008
LOLZE00°0- 9004.£00°0 00Z
E€ESF00'0- LZEESYO0'0 009
121SS00°0- S121$500°0 00S
2119000  ¥0Z1/900°0 00%
§282800°0- 252828000 00€
19€9010°0- 2/9€9010°0 002
89/¥S10°0- €89.¢510°0 001
PEPETLO'0- SYEFEILOO 06
829€/10°0- 2829¢/10°0 08
1885810°0- 2098S810°0 0/
2z01020°0- 81201020°0 09
8EY0220°0- €8€¥0220°0 0§
8999¥20°0- 8999Y200 OF
£10$820°0- 691058200 O€
6£26VE0°0- 98EZ6VE0'0 0Z
BEOY6$0°0- S8E0P6LO'0 O1
2.10250°0- 211102500 6
1625500 10/£25500 8
L150650°0- G/150650'0 £
¥8.€90°0- /BEBLEIOO 9
92/8690°0- 952./8690°0 §
90218.0°0- /S0218.0°0 ¥
5902060°0- 9¥902060°0 €
v08YOLL'0- 2Y0BFPOLL'Q 2
PEPZISI0- 9EEPZISLO |
AreuiSew| feay u
SEPZIS1°0- 1SEPEISL'O  Isu © uZ
o1 snipey adig
[ SSOUNIIY | JOqUIBY) WNNDBA
S21189°€ Aumnsisay |lem obeleny
9€0190°0  90.6989€°0 yidag ung
0 Si'0 uonoely
8l €l Anasisey
leddon [891g ssajuivlg [eusiep
w 8g9°0z22 a0usIajINdIID

(wyp) souspadw| Bulldnoy [epm-eAnsisey g e|qe .



Resistivity of the Vacuum Chamber
The next contribution is the resistivity of the wall [4]
Zin = (1-i)(Zgpy R/2b%n)y12 )

The vacuum chamber is made 85% by Aluminum and 15% by Stainless Steel. For Alumi-
num p,, = 2.83 pohm-cm and for Stainless Steel p,, =73 pohm-cm. The skin depth at the revolu-
tion frequency (n = 1) is 0.39 mm for Stainless Steel and only 0.08 mm for Aluminum. At the
lowest harmonic n = 1, we have Z/n = (1 - i) 0.156 ohm as the total contribution of both types of
vacuum chamber. The summary of the contribution from the resistivity of the wall is given in
Table 5.

Yacuum Chamber Discontinuities

Next we have contributions which are caused by discontinuity of the vacuum chamber,
like bellows, strip lines, vacuum chamber steps, vacuum pump ports, kicker magnets, and RF cav-
ities. We shall examine them one-by-one below. The summaries of the details for each component
are displayed in Tables 8 to 14.

Bellows:

Let M be the total number of bellows, m the number of convolutions per betlow, h the
height and w the width of each convolution, then the contribution to Z/n in the low frequency
range is [16]

Zlh = -iZy(Mmw/2rR)In (1 +/b) (5)
where Z = 377 ohm. The values of the parameters are as shown in the Table 6 below.

Table 6. Bellows in the NSNS Accumulator Ring

Total Number, M 48
Number of Convolutions / Bellow 6
Height of Convolutions, h 25 mm
Width ot Convolutions, w 10 mm
Pipe Diameter 20 cm
Lowest Resonating Frequency 3.0GHz
ZIn @ n=1 - 1.11 ohm

Moreover, each convolution resembles a cavity resonating at frequencies f. = (1 + 2k) ¢/ 4h with



k=0,1,2,... Fortunately, with the parameters of the NSNS Accumulator Ring, the lowest reso-
nating mode is well above the vacuum-chamber cut-off so that the beam is not expected to be
Capable to excite these modes. The bellows are made of stainless steel, have a circular geometry
and are a natural extension of the vacuum chamber, without any re-entrance attached that may
look like a resonating object. Screening of the bellows with metallic fingers does not seem to be
required.

Strip Lines:

They can be beam position monitors, clearing electrodes, transverse damper devices, and
ferrite-loaded kickers for extraction. The last component deserves an analysis apart, given the
complexity of the electrical configuration.

We shall assume M strip lines each made of m plates of width w. The characteristic imped-
ance is Zp,,. The downstream end of each plate is shorted, whereas the upstream end is terminated
to the characteristic impedance. The general expression of the contribution to Z/n is [13]

Zn = -4iZg, Mm/n) (w/2nb Y exp(-iwd/c)sin (0 d /¢ ) (6)

where d is the length of a plate, and @ = n Be/R. Strip lines do resonate at the harmonic number
Npes = ¢/(4d fy), which is at about the vacuum chamber cut-off. There are 48 beam position moni-
tors located next to each quadrupole magnet. Each station is made of 4 plates, 20 cm long and 7.5
¢m wide. The characteristic impedance Zep,y = 50 ohm.

In the low frequency range Z/n = -i 0.7 ohm. The real part of the impedance peaks to about
0.5 ohm at the resonance. According to [8] the impedance given by Eq. (6) is to be multiplied by
the following factor

o = (1/M)X exp(-inz,/R) -

where z is the azimuthal location of the s-th plate around the circumference of the accelerator.
For instance, in the case the position monitors have been distributed at equal distance, the factor
o, is always zero, except for those harmonics n which are multiple of the number M. This effect,
which we believe applies as well to all other short discontinuous components, can be taken as an
advantage when deciding how to place them around the ring.

Vacuum Chamber Steps:

The longitudinal coupling impedance of M single steps (uncoupled) was estimated by H.
Hereward [17]

Zh = 2M(1-im)Zy(W-1)2b/2 2R (8)
forn<ny = 21cR/2b(W-1),andforn>nW

Zih = ZoM(W-1)/2rn 9



where W = b, / b, 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 diffraction
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 64 pairs of steps separated by about 2 m, with an inner
radius of 10 cm and an outer radius of 13 cm. This yields n,, = 3678 (4.4 GHz), which is well
above the pipe main cut-off, and Z/n = (0.63-2.0i) ohm.

When this geometry was investigated numerically with ABCI it was not possible to derive
any significant result. Only when the outer dimension was increased to about 20 cm, the program
gave significant results with resonances which nevertheless appeared only at very large frequen-
cies, in proximity ot 0.6 GHz and above. The results are shown in Figures 1 and 2. A modest
inductive contribution Z/n = -1 0.15 ohm per cavity can be noticed in the low frequency range.

Vacuum Pump Ports:

These are circular openings of diameter d. The impedance is caused by the diffraction of
the electro-magnetic wave through them. The impedance for M ports is [18]

Zlh = 2MZgo? [0 + i(8/m) (n®ny + ng,0/3)]7/3 7 R b2 (10)
where n, = 2nR/d and o = wd>/ 16,

We count 48 vacuum port with an opening of d = 10 cm. The resistive contribution to Z/n
of the ports is negligible in the low-frequency range, and increases to a maximum of about 1/3
ohm above the pipe cutoff. Whereas there is a substantial contribution reactive of about 10 chm
(positive).

Damper tem:

This is made of two parallel striplines [19] 2.5 meter long and 10 ¢cm wide, loaded with
ceramic having a relative dielectric constant €. = 10. The characteristic impedance of each line is
Z.na =50 ohm. To allow for external powering, the plates are terminated at both ends to the char-
acteristic impedance. The bandwidth is about 7 MHz centered to the resonating frequency of 10
MHz.

The impedance for such a device is [8,13]



Zn =Zy, Mm/n) (w/2rb)*[1 - expiwd/c)cos (wd/Pc)] (1)

where M =1 and m = 2, and the other notations are as defined for the similar Eq. (6). The estimate
of the impedance is shown in Table 12. Most of the contribution, as it is expected. is in the low fre-
quency range around the resonating frequency.

Kicker Magnets:

There are 8 magnets each of about 40 cm length. They are made of two copper coils of
narrow rectangular shape surrounded by ferrite. They can also be treated as transmission lines in
the way similar to the one used for strip lines in general. The complication nevertheless arises
from the uncertainty to determine how the currents induced by the beam on the coils flow in and
out of the system. The kicker magnets are to be activated only for a very brief period of time at the
end of the accumulation process just to quickly extract the beam, in one turn, from the Accumula-
tor Ring. Thus, since our concern is the interaction with the beam during the accumulation time,
we shall assume that the magnets can be designed with the provision to allow shorting of each
copper plate to ground at the down stream end, a short that will be opened with a fast switch at the
moment of firing the magnets. Moreover, we shall assume that the characteristic impedance of
each plate to ground is 50 ohm and that the geometry and properties of the ferrite will match this
value. The upstream end will then be matched to the characteristic impedance. With this arrange-
ment one can estimate the coupling impedance by utilizing Eq. (6). The results are given in Table
13. Most of the contribution, as expected, is in the low frequency range, where nonetheless espe-
cially the resistive contribution is substantial.

Clearly the kicker magnets deserves a closer and more detailed examination in the future,
especially when the properties of the ferrite and the characteristic impedance of the plates have
been determined more accurately. Also it is important to devise an electric arrangement which
will allow indeed shorting of the downstream ends during the accumulation process of the beam.

RF Cavit tem:

An RF cavity can always be approximated with an equivalent RLC parallel circuit, and be
described by the resonating frequency, the figure of merit Q and the shunt impedance R. The RF
Compression system is made of two subsets: the primary one working at the revolution frequency,

and the second one tuned to the second harmonic. Main parameters are given in the Table 7 below.

Table 7. The Compression RF System of the NSNS Accumulator Ring

System # 1 System # 2
Number of Gaps 6 2
Harmonic Number 1 2
Resonant Frequency 1.19 MHz 2.383 MHz
Q (unloaded) 200 200

Shunt Impedance 8 kohm 8 kohm



Circumference

Number of Bellows
No. of Convolutions
Height of Convolution
Width of Convolution
Pipe inner Radius
Pipe Cutoff

Zin @ n=1

Capacitance / unit length
Inductance / unit length
Characteristic Impedance
Resistivity

Wall Impedance

Q

Shunt impedance

Lowest resonating mode
ZIn @ resonance
relative freq. spread

Zin  with freq. spreading

n Real

O ONOOA WD =

© O NGO PH WN =
(el elelNelNoNelNoNeole

100
200
300
400
500
600
700
800
800
1000

OOOOOOOOOOOOOOOOOOOOOOOOOOOO

Table 8: Bellows Coupling Impedance (ohm)

220.688 m

48

6

25 mm
10 mm
100 mm
726 (n)

-1.097841 ohm

2.78162897 pF/cm
707.439103 pH/cm
15.9482614 ohm

73 pohm-cm
14.7988229 ohm/cm
0.67712062

610.763268 MHz

stainless steel

13.7495824 ohm/convolution

2522 (n)

ohm
10 %
ohm

none
none

Imaginary

-1.09784

2997.925 MHz

-1.0978369
-1.0978317 0
-1.0978244
-1.097815
-1.0978035
-1.09779
-1.0977744
-1.0977567
-1.0877369
-1.0974245
-1.0969041
-1.096176
-1.0952405
-1.0940982
-1.0927498
-1.081196
-1.0894377
-1.0874758

]
<
N

n
T
'

-0.4 4

-0.6 +

-084--

rrrrrrrrrrrrrrrrrrrrrrrrr

S

-1.0569637
-1.0080007
-0.9432393
-0.8660506
-0.7802342
-0.6897107
-0.5982315
-0.5091337
-0.4251623




Number

No. of Plates

Plate Length

Plate Width

Pipe Radius
Characteristic Impedance

Zin @ n=1
lowest resonating mode
pipe cutoff

n Real

0.00340133
0.00680247
0.01020323
0.01360343
0.01700288
0.02040138
0.02379875

0.0271948
0.03058935

0.0339822
0.06777624
0.10119542
0.13405595
0.16617834

0.1973888
0.22752055

0.2564151

0.2839234
0.30990698
0.46463296
0.41629577
0.24410429
0.07867929
0.00359904
0.01436041
0.05237728
0.06699292

0.0490866

©O~NDG A WN -

Table 9: Coupling Impedance from Beam Position Monitars {ohm)

48

4

20 cm
7.5cm
10 cm
50 ohm

-0.6820926 ohm
315 (n)
726 (n)

374.740625 MHz
610.763268 MHz

Imaginary

-0.6820807
-0.6820448

-0.681985
-0.6819014
-0.6817938

-0.6816623
0.6

-0.681507
-0.6813278
-0.6811247
-0.6808978
-0.6773215
-0.6713878
-0.6631366 0
-0.6526234
-0.6399188
-0.6251076
-0.6082885

0.4 4,
1)

0244}

-

..........................

-0.589573
-0.5690846
-0.3000918
-0.0311971

i

.........................

0.11014405
0.10387108

—8— Real
—O— Imaginary

0.0238781
-0.0394549
-0.0462232
-0.0152907

0.01381083
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The RF system gives a large reactive contribution, second only to the space-charge term.
Because of the relatively low figure of merit Q, there is also a substantial resistive contributions.
In our analysis we have not included the impedance at the operating frequencies, since these are
expected to be controlled and compensated with the low-level RF loops.

The Total Coupling Impedance of the NSNS Accumulator Ring

The total coupling impedance, that is the sum of all the contribution of the components
presentekl above is given in Figure 1 versus the harmonic number n. The breakdown of the various
contributions is shown in Tables 15 and 16. It is seen that at most the imaginary part is 230 ohm in
the low-frequency range and about 150 ohm elsewhere. By far the largest contribution is the lon-
gitudinal space-charge, followed next by the RF cavity system. All other vacuum chamber compo-
nents gave negligible imaginary contribution. On the other end, the resistive contribution at most
is 3.5 ohm and always very small when compared to the imaginary term. In the large-frequency
range, n > 10, the real part does not exceed 1 ohm. The kicker magnets are the major resistive
source, followed, in the order, by the pipe steps, the damper system, and the resistivity of the watl
with the RF cavity system.
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Figure 1. The Total Coupling Impedance in the NSNS Accumulator Ring

The analysis of which we have shown the results in this technical note does not include
other special vacuum chamber items, specially those which are located in the injection region of
the Accumulator Ring or other beam instrumentation devices.
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