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Instability Issues at the SNS Storage Ring* 

S-Y. Bang 

AbiHmct-TheimpedanceandbeaminstabiIityissuesof~SNS 
reviewed, and the eftbrt toward sohxtions at the BNL is reported. Some 
WilI be raised, &ii* the dinction of piannfXi works. 

storageringis 
unsettled issues 

I. SNS Storage Ring 

The parameters of the SNS storage ring are listed in Table 1. Several relevant 
issues in the machine design are as follows. 

1 With the very high intensity of 2.08 x 1014 protons per pulse, the space charge 

effect and the particle distribution in transverse phase space need attentions [I]. 

2 At 2 MVV, the beam power of the SNS is about 12 times higher than the ISIS, 
and about 25 times higher than the PSR In the 1996 survey, with 4.5 hours 

cooldown after the operations at about 56 Kw level, there are still 31 contact 

readings at the ends of sections show the activation higher than 2 rem/hr, 11 of 
them higher than 5 rem/hr [2]. This activation affects operations at the PSR 

For the SNS, therefore, the uncontrolled beam loss is not allowed to exceed 
0.02% of the beam intensity. One approach to achieve this goal is to use large 

machine aperture, which then has impact on the impedance and instabilities. 

Parameter I SNS unit 

Beam Power / P 
Total Particle 1 N ( 2.?08 / :f? 

Circumfenznce C j 220 1 m 
Kinetic Eneqy 1 Ek I 1-O ( Gel/ ) 

Repetition Rate 

Bunch Length 

Injection Tuns 
RF Voltage, h = l/2 

Table 1: SNS storage ring parameters 
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The SNS iz intentionally designed with a relatively high RF voltage. The large 
beam momentum spread de&xi during the multiturn injection, therefore, may 
help the damping of the longitudinal microwave instabilities. The high RF 
voltage also brings along with the tolerance for the longitudinal space charge 
effect, which is defocusing and causes the bunch leakage into the gap. 

The bunch in the SNS storage ring is very long, however, it only has to stay 
in the machine for about 1 ms. Immediately after the multiturn injection, the 
beam is extracted. This calIs for better understanding of the impedance and 
instability issues during the beam stacking. 

In this paper, selected impedance and instability issues will be discussed.. Also, 
unsettled issues will be raised, indicating the directions of the planned works. 

II. Impedance 

The impedances of the SNS storage ring, like other synchrotrons, fall into several 
categories as follows. 

1. 

2. 

3. 

4. 

5. 

Space charge impedance is frequency independent. These are calculated for the 
SNS storage ring as &/n = -j196 Q and 2, = -j6.87 MCI/m, for longitudinal 
and transverse, respectively. This impedance is a dominant one. 

Resistive wail impedance is of interest at very low frequency range. The rela- 
tion of 2~ x (&/n) 2R/@’ exists. Sometimes, one estimates the resistive wall 
impedance by its value at the revoIution frequency. At the SNS, the Iongitu- 
dinal and transverse resistive wall impedances at the revolution frequency are 
Zc(wo) = O-65( 1 + j)sZ and ZT(WO) = 5.22( I+ j)KC?/m, respectively. 

Resonant frequency of broadband impedance is in a few GHz. Therefore, below 
the cut off frequency 1 GHz, this impedance can be seen as an inductance. 

Resonant modes of low frequency impedance are in a few tens to several hundred 
MHz. In the relevant frequency range of up to 1 GHz, the imaginary part of 
the impedance cannot be seen as a pure inductance, and the real part may 
not be negligible. The contributors of the low frequency impedance include the 
BPM, the extraction and injection kickers. The impedance of the BPM of the 
SNS storage ring is handily calculated using conventional formulations [3,4], the 
real part of the impedance is peaked around 100 MHz, where the longitudinal 
and transverse impedances are Ze/n z 2 Q and Zr 2 40 K!Z/m, respectively. 

Narrow band impedances are mainly from the RF’ cavities. However, parasitic 
parameter may cause sharp resonance in the kicker impedance, and large steps 
and cavities of the vacuum chamber may also contribute to the narrow band 
impedance. 

. 
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In the design of the SNS storage ring, some concerns tith respect to the broad- 
band and narrow band impedances, and also the extraction kickers have been raised. 
Therefore, these impedances will be discussed separately as follows. 

A. Broadband Impedance 

The bellows, steps, ports, collimators, etc., contribute to the broadband impedance. 
The general relation between the longitudinal and transverse impedances, & x 
(&/r~) 2IX/@, can be applied. In Table 2, the broadband impedan~ due to each 
component are shown for the SNS storage ring, using the analytical calculations [S]. 

Table 2: Broadband impedance 

The broadband impedance is dominated by large steps, typically 2 cn. At 
present, only moderate tapering and shielding are proposed_ Further tapering and 
complete shielding can reduce the broadband impedance to just a few Qzs. However, 
not only the cost is an issue, the machine aperture is also afkcted in further tapering 
and shielding. 

On the other hand, the broadband impedance calculated for the SNS storage ring 
is comparable with j14 s1 for ISR [S], jl6 fI for SPS [7], j30 0 for AGS [a], and j17 
R for CPS [9]. Exp erience in the operations of these machines did not show that the 
broadband impedance posed the limit of beam intensity or caused additional beam 
loss. 

B. Narrow Band Impedance 

The narrow band impedance comes mainly from the RF cavity high order modes. 
The large steps and other cavities in the chamber also contribute to the narrow band 
impedance in the range around GHz. In addition, it wiIl be shown that the unmatched 
extraction kickers also contribute to the narrow band impedance. 

Coupled bunch instability, caused by the narrow band impedance, is not relevant 
to the SNS. On the other hand, theoretically, narrow band impedance may cause 
instabilities for long bunches, for instance, the transverse Robinson instability [lo]. 
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For the low or medium energy hadron machines, however, no evidence has been shown 
that this impedance has posed serious limitations. 

Better understanding of the impact of the narrow band impedance is needed, 
prior to take possible further steps beyond the moderate tapering and shielding. 

C. Extraction Kicker, Transverse 

The extra&ion kicker of the SNS storage ring consists of 8 window frame magnet 
units, with the average length of e’ = 40 cm, the average width of 26 = 14 an, all 
have height 2a = 11.5 cm. The impedance of this kicker is not only relatively large, 

but also very sensitive to the terminations. 

Consider the conventional calculation [ll], 

where Zk = jwL + Zs, with L the magnet inductance, and Zs the termination 
impedance. For Zs = 200 0, the extraction kicker transverse impedance is shown 
in Fig. 1, where we observe that the real part of the impedance, ZTM z 20 KSl/m, 
is peaked at 30 MHZ. 

Fig. 1 

. 

Using a more reakitic te rmination with 50 pf capacitance presented around the 
stray inductance of 0.5 pH, the picture of the impedance is dramatidly changed, as 

shown in Fig. 2. Two resonances with much narrower bandwidth are shown at 20 
MHz, and 50 MHz, with the real parts of 2~4 z 100 KQ/m, and ZT,d z 200 
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The AGS injection kicker and the AGS Booster extra&on kicker have used the 
same structure of window frame magnets. The terminations of the magnet windings 
did not require special attentions. There are, however, some speculations that these 
kicker impedance might be responsible to certain instabilities. Therefore, the mea- 
surement of the extraction kicker impedance is undergoing in order to optimize the 
terminations. 

KQ/m, respectively. Sensitivity of the impedance with respect to the termination 
can also be shown if the charging resistance and the stray parameters are changed. 

wk 

Fig. 2 

D. Extraction Kicker, Longitudinal 

To reduce the massive ferrite loss, copper sheets are placed in the ferrite core of 
the window frame magnet as flux break. Taking the thickness of the copper sheet ss 
1 mm, the total leakage inductance around it is calculated as J;led z 6 ,GY [12]. This 

result is also verified by the simulation [13]. Using the formulation, 

we get the equivalent longitudinal impedance 2(/n = j& R. 
It is interesting to note that the SNS longitudinal space charge impedance is 

-3 196 R, which is negative inductive. Therefore, the magnet flux, leakage may 
compensate a part of that impedance_ 

Note that the beam image current at the conductor, which is used as the magnet 
winding, wil.I partly o&set the field created by the beam. The present plan is, however, 
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to use a single power supply to drive both conductors, thus, the image current efkt 
wiU be negligible. 

Compensation of the longitudinal space charge impedance has beea studied by 
imerting ferrite rings in the beam pipe, such as that at PSR [14] and KEK PS [15]. 
This approach is also proposed for the muon-collider proton driver [16]. If ban&d 
carefully, the ferrite window frame used for the extraction l&her may be used for 
the same purpose- A thinner copper sheet might be used without causing a heating 
problem [l?], which is associated with the real part of the impedance. 

Finally, a complete model should mclude a diEerential flux leakage through the 
gap air. Assuming this Ieakage to be a half of the Ieakage around the copper sheet, 
and the parasitic capacitance to be 50 pf, the longitudinal impedance is shown in 
Fig. 3. It can be observed that the linear inductive part is extended up to 40 MEL, 
beyond that the real part of impedance will take place. The effect of this real part of 
the impedance on the longitudinal microwave instability probably needs attentions. 

Termination is also very important in determining this impedance [la], which 
will be determined by the measurements. 

-1ooL I 
0 10 m 30 40 so do m m 00 100 

w 

Fig. 3 

III. Instability 

The most relevant instability issues at the SNS storage ring include the longitu- 
dinal microwave, the resistive wall, and the transverse microwave instabilities. 
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A. Longitudinal Microwave Instability 

Taking the beam peak current of 80 A, the Keil-ScImeU criterion is satisfied for 
the SNS storage ring if the beam momentum spread Ap/p > 0.65%. For the madines 
operated below transition, this criterion is believed to be too stringent. The SNS 
storage RF voltage of the fundamental harmonic is 40 $3 , the beam momentum 
spread at the end of stacking is Ap/p = kO.%. Therefore, the longitudinal microwave 
instability should not happen. 
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Fig. 4 

One of the concerned issues in the beam stacking is the leakage of particles into 
the gap. The leaked proton beam is blamed for the survival of the electrons during the 
gap passage. The PSR study has shown that this leakage can lower the e-p instability 
threshold [191. Also, for a storage ring, the Ieaked beam in the gap results indirectly 
the beam loss at the e.xtraction. 

To reduce this leakage, the ramping of the RF voltage from 20 Kv at the be- 
ginning to 40 Kv at the end of stacking is proposed. The mountain range during 
the stacking, the line density and the particle distribution at the end of stacking are 
shown in Fig.4. It can be observed that the beam momentum spread has been reduced 
to Ap/p = &O-65%, which is acceptable from the longitudinal microwave instability 
point of view. 

Using the typical Linac beam momentum spread at the end of the transport 
line, Aplp = &O-l%, concerns have been raised on the beam momentum distribution 
in the ring. Simulations show that a large amount of particles have the momentum 
deviation less than iO.2%, during the stacking. The effectiveness of the longitudinal 
microwave instability damping mechanism, based on the beam momentum spread, is 
questioned. 

143 



To improve the beam momentum distribution in the ring, the Lina~ beam Ap/p = 
f0.3% is requested, which is, in fact, used in the simulation that shown in Fig. 4. 
The beam momentum distribution in the ring has been improvd, however, the beam 
loss associated with this large momentum spread probably needs attentions_ 

B. Resistive Wall Instability 

For the stainless steel vxuum chamber used for the SNS, at the tune of Y’ = 5.82, 
the resistive wall instability growth rate at the end of stacking is calculated as 1 ms 
for zero chromaticity. Also, the largest growth rate of mode m = 1 is about l/5 of the 
m = 0 ,mode, i.e. 5 ms, which happens at { = -0.04. In this calculation, damping 
me&an&m is not included. 

Using the same approacfi, the AGS resistive wa.ll instability at the injection porch 
is calculated with the growth rate of 0.37 ms, at the vertical tune of u = 8.85. The 
resistive wall instability observed at the AGS has a typical growth rate of 2 VU, which 
is slower than the calculated one by a factor of 5. 

Also using the same approach, the AGS Booster resistive wall instability growth 
rate was calculated as 0.48 7n.s. In the operation, the instability has never been 
observed. The fast ramping at the Booster probably helps to further damp the insta- 
bility. 

We conciude that the resistive wall instability will not be strong enough to cause 
a serious problem at the SNS storage ring. Also, the choice of using stainless steel 
vacuum chamber is justifiable on this aspect. 

C. Transverse Microwave Instability 

1. Transverse instability issues 

The typical bunch Iength at the SNS storage ring is about 550 ns, giving rise to 
the full bandwidth of the bunch 3.6 MHz. In comparison, bunch lengths of the LHC 
and RHIC at the storage mode are about 1 7~s, giving rise to the full bandwidth of 
the bunch 2 GHt. 

The typical resonance of the broadband impedance is around 1 GHz. Therefore, 
the transverse mode coupling is of concern at both the LHC and R_HIC! [20]. Given 
the much smaller bandwidth of the bunch at the SNS storage ring, the mode coupling 
will not happen. Note that due to the difference between the spectrum of the modes, 
the mode crossing may take place, but the imaginary part will not rise. 

As for the low frequency impedance, weak mode couplings may take place, but no 
strong mode coupling is expected. This is agreeable with the observation that no mode 
coupling has been causing problem in low and medium energy proton synchrotrons. 

Since the entire beam life takes about a syxhrotron period, conventional head- 
tail type instability will not be a serious problem. 
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The transverse microwave instability, however, may develop at a part of the long 
bunch, depending on the local peak current, associated impedance, and local coherent 
tune shift. 

2. Micrbwave indabili* 

The rule of thumb in the transverse microwave stability is that the coherent tune 
shift should not exce& the incoherent tune spread. The coherent tune shift comes 
mainIy from the space charge image effect and the broadband impedance e&t. This 
tune shift has been frequently measured in the operated machines. 

The incoherent tune spread can be written as 

A&C = ((n + Vo>T - Cvo)T f Avh, (3) 

where the slippage (7) and chromatic (c) effects are momentum dependent. Usually, 
Au- includes the amplitude dependent octupolar tune spread and the synchrotron 
tune. A question often raised, is the space charge incoherent tune spread effective in 
damping the transverse microwave instability? 

A review of the existing low and medium energy proton synchrotrons has shown 
that exchxling the space charge incoherent tune spread, the coherent tune shifts 
consistently exceed the incoherent tune spread, which consists of chromatic, slippage, 
and synchrotron tune spread, but not the octupolar tune spread. 

N 
Bf 
Ek 

1 ISIS AGS B PSR 1 AGS / 
) 4 2 3 I 6 / 1ol3 
1 1 0.4 0.4 ) 0.3 
I 0.07 0.2 0.8 I 1.55 GeV 

E [ -1.4 1 -0.2 1 -0.2- m-r -0.2 1 , 
APIP 0.2 1 0.7 0.34 ) 0.4 % 

AUdl 10.9 1 5.63 0.77 I 1.77 1o-2 
I-- 

I 1 

A~BB 0.73 0.74 0.35 1.95 1o-2 
Avcoh.totd 11.63 6.37 1.12 3.84 1o-2 

151 VoAPlP 1.09 0.69 0.14 0.71 1o-2 
nAvlv 0.16 I 0.45 1 0.06 0.05 1o-2 

I 111 I ! 

Am I 0 1 0.3 1 0.04 I 0.27 1 lO-2 1 

1 Avim._ 1 l-25 ) 1.44 1 0.24 1 1.03 ) lo-’ 1 

Table 3. Coherent and Incoherent Tunes 

Consider the normal operations of PSR, AGS and its Booster at the injection 
energies, and also a study performed at the ISIS for coasting beam at the injection 
energy. The broadband impedance is assumed to be j30 fl for all the machines. For 
convenience, the mode n = 1 is used in the calculation of the slippage tune spread. 
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In Table 3, it is shown that for all these machines, the coherent tune shift is much 
larger than the incoherent tune spread. The gap is larger if the energy is lower. 

The operations of these machines over the years, however, have not been ham- 
pered by the transverse microwave instability. It is of interest, therefore, to consider 
the role played by space charge tune spread in damping the transverse microwave 
instability. 

3. Effect of space charge incoherent tune spread 

With high intensities, the proton beam particle distribution is Gaussian in tra.ns- 
verse. This distribution yields large tune spread, which is betatron amplitude depen- 
dent. In general, the particle with small betatron amplitude has large tune shift, and 
vise versa. For bunched beams, also the particle at the azimuthal center has larger 
tune shift, etc. 

On the other hand, the coherent tune, caused by the image effect and the broad- 
band impedance, is in general depressed into the same direction of the incoherent 
tune shifts. 

The space charge incoherent tune spread, therefore, is likely damping the mi- 
crowave instabilities, especially for the strong instabilities. Due to the averaging 
effect, the rigid dipole motion and probably higher order mode motion with slow 
growth rate are less likely to be damped by this me&a&m. 

Several complications relevant to this damping mechanism are presented as fol- 
1OWS. 

1. The coherent tune shift is not always depressed. The examples include the im- 
age effect for non-circular chamber, and the broadband impedance effect under 
certain chamber geometries. 

2. The complex particle distribution in the tune diagram implies large uncertainties 
,in the damping mechanism. 

3. Since there is no tune spread for the uniform distribution of the particle in 
phase space, the simulations using uniform distributions may be qualitatively 
misleading. 

4. AGS experience 

The transverse microwave instability is only presented at the high energy end of 
the AGS cycle, well above transition, at around 20 GeV. In Fig. 5A, the measured 
bunch length for the AGS cycle is shown, which is lengthened by the VHF cavity 
dilution in several spots in the cycIe_ At the injection, it helps to reduce the slow 

loss. Immediately above the transition, it is for longitudinal reasons. Only well above 
transition, from 0.8 second, the VHF dilution is necessary to suppress the transverse 
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microwave instabilitia. The bunch length according to the phase damping is also 
shown for compazison. 

In Fig. SB, it is shown that at the injection energy, the required tune spread, 
which equals to the space charge image and broadband impedance coherent tune 
shift, is much larger than the combined tune spread of the slippage, chromaticity, 
and the qnchrotron tune. Yet, the machine is very stable in transverse. This might 
be explained by the large space charge incoherent tune spread at the injection, ako 
shown in Fig. 5B. 

At the high energy end, the space charge incoherent tune spread is reduced 
rapidly to comparable with the required tune spread. The transvers e microwave 
instability may, therefore, develop. 

w= m-3 w 
m ,n,m 

wfon 
, I I 

ai 02 a3 a4 a5 ae a7 0.8 a9 1 1.1 
A 

5. Conclusion 

Based on the obsenrations of the low and medium energy proton synchrotrons, 
and the experiences at the AGS and the Booster, we may conclude that the transverse 
microwave instabilities will not take place at the SNS storage ring. 

IV. PSR Instability 

The PSR type instability is quite di.Eerent from the conventional transverse insta- 
bilities, and it is important to assure that the SNS storage ring will not be hampered 
by this type of instabi.liti&. The study of the PSR instability at the BNL consists of 
several aspects. These include the analysis of the damping mechanism with respect 
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to this type of instability, the issue of the gap clearing, and the secondary electron 
productions. 

A. The e-p instability 

The high proton beam potential at the PSR is blamed to attract and probably to 
accelerate electrons. Therefore, it is one of the main culprits of the e-p type oscillation. 
It is straightforward to calculate the potential well for the PSR, the SNS storage ring 
for 1 MW and 2 MW operations, as shown in Table 4. 

Table 4. Potential well 

It is show-n that the potential well of the 1 MW SNS storage ring is about the 
same as the PSR For 2 MW SXS, it is about twice as high. 

One also notice that for e-p tq-pe instability, the space charge incoherent tune 
spread is not effective in damping. The reason is as follows. 

1. 

2. 

The electron induced proton beam coherent tune shift is not depressed as the 
image effect or broadband impedance effect. Instead, with the electrons in the 
proton beam, the coherent tune tends to move out of the space charge incoherent 
tune spread, in the tune diagram. 

If multipacting takes place, the neutralization factor could be large. At the SNS, 
the neutralization factor of q- = 0.23 could entirely offset the space charge 
effect, leading to zero tune spread. 

These results have shown the existence of the mechanism of the e-p instability at 
the SNS storage ring. However, with the same importance, the damping mechanism 
needs also to be studied by comparing the two machines. 

B. Damping mechanism of momentum spread 

Numerous evidences at the PSR have showed that the beam momentum spread 
is important in damping the e-p instability. 
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1. 

2. 

3. 

4. 

5. 

6. 

At the PSR, threshold is proportional to RF voltage Vu. From the r$ation 

WI ? 
NanAp/p a&& 

where n is the electron bouncing mode number, we get 
(4 

This implies also 

N a @P/PI2 (6) 

Instability improved by inserting ferrite rings in the beam pipe, which cleared 
the gap, but also increased beam momentum spread. 

Coasting beam threshold increases with the larger Linac beam momentum 
spread. 

Significant chromatic efkct has been recently shown in the study, which is re- 
lated with the beam momentum spread. 

Double RF study showed no change on the threshold. The peak current is 
reduced applying the second harmonic RF, but the beam momentum spread 
also reduced. Two effects may offset. 

Increasing the bare tune by one unit improved the instability. It was explained 
by the effect of [vcAp/p. 

The typical beam momentum spread at the SNS is about twice as much as the 
PSR Also, for 2 MLV SNS, the electron bouncing &pxmcy is about twice as high 
as the PSR Given the similar slippage factor, the tune spread at the 2 MW SXS is 
about 4 times as large as the PSR. These are shown in Table 5. Inserting the negative 
impact of the 2 Mw Si\iS high potential well, the factor of Au/V,, at the 2 MW 
SNS is still about twice as high as the PSR For the 1 MJV SNS~ this factor is 
3 times in favor of the SNS. 

about 

PSR SNS, 1MW SNS, 2h/IW 
APlP 0.34 0.7 0.7 ??I 
n 60 86 120 
77 -0.188 ) -0.193 -0.193 
AU = nqAp/p 3.8 11.6 16.2 % 

I w&d. 0.63 1.78 1.25 

Table 5: Comparison of Tune Spread due to Ap/p 

It is, therefore, possible that the e-p instability will not be seen at the SNS. 
Efforts at the SNS, however, go on for better understanding of the e-p type instability, 
damping mechanism, and other studies. 
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C. Other studies 

Other studies towa.rd understanding and preventing the e-p type instability at 
the SNS are summarked as foUows. 

1. Gap 

0 

cIea.ring 

As mentioned previotily, in addition to the high RF voltage used in the 
stacking, a ramping of R.F voltage from 20 KV to 40 KV at the end of 
stackig is proposed [22]. 

A gap cleaning kicker is proposed [23]. 

The e&ct of longitudinal impedance 
study. 

2. Secondary electron (SE) production 

of the extraction kickers is under 

The projectile scraping efkt in SE production is verified in crashing the 
gold beam into the Booster injection septum. Translated equivalent SNS 
proton SE production rate was about 27 [24]. 

A systematic study of this effect at the BNL Tandem van de Graaf? has 
been performed, using gold, oxygen, and proton ions. The scraping effect 

of l/ cos 0-= has been obtained [25]. 

ALSO in the Tandem study, it has been shown that using the serrated surface 
for the collimator, the SE yield is reduced by more than a factor of 10 [25]. 

Further studies for different surface, coatings, conditioned surf&e are under 
pkUl.illg. 

Possible multipacting effect for the proton beams in the PSR and SNS is 
under studying [26]. 
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