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Abstract 
The AGS accumulates four batches of two bunches from 
the 1.5GeV Booster at 7.332. At an intensity of 6 x 1013 
protons per AGS cycle, slow beam loss during the 400ms 
accumulation time is important. The experiment demon-. 
strated the principle of accumulating beam and storing it 
in an essentially debunched state by using barrier cavities. 
When the beam is de-bunched the peak-to-average current 
ratio drops by an order of magnitude. By using two bar- 
riers with time varying relative phase, any number of in- 
jections is possible, limited only by the momentum accep- 
tance of the ring. In a test with beam, six injections of one 
bunch yielded 3 x 1013 protons in the AGS. The benefits 
of reduced space charge tune shift from lower peak current 
suggest that barrier cavities may be a path to higher AGS 

* intensities. 

1 PRINCIPLE OF OPERATION 
A gap in an otherwise dc beam can be maintained with a 
barrier cavity [l, 21. The cavity provides an impulse of lon- 
gitudinal voltage to the beam, phased so as to repel beam 
as opposed to capturing it. If the duration of the impulse 
is much shorter than the revolution period the beam will 
be essentially debunched, but for the gap. The voltage 
impulse used here was a single sinewave of 2 M H z  trig- 
gered at the revolution frequency of 345kHz. A peak volt- 
age of 12kV per cavity allowed for a momentum deviation 
(pmoz - povg)/povg = 0.3% in the storedbeam. 

Using two barriers opens the possibility of some useful 
manipulations with the beam, such as changing the size 
of the gap in the beam by rotating the phase of the trig- 
gi5r of one cavity with respect to the other. Processes of 
this sort place additional constraints on the requiredxavity 
voltage, much in the way that the bucket area of an accler- 
ating bucket in a normal rf system depends on both the cav- 
ity voltage and the synchronous phase. More specifically, 
let fo be the ideal revolution frequency. Suppose that the 
phase at which a barrier is fired varies as dn = fndfTo 
where each barrier moves to compress the stored beam. 
Consider a particle with a frequency deviation with respect 
to the ring f - jo E A fr > 0. This particle will move 
forward through the bunch and encounter a barrier mov- 
ing toward it with frequency deviation -Sf < 0. With 
respect to the moving barrier the particle has a frequency 
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deviation of Af. = Af' + Sf > Af,. For this par- 
ticle to be reflected by the barrier, the height of the bar- 
rier must be such that it would reflect particles with a k- 
quency deviation of A fb if it were stationary. Afterreflect- 
ing off the moving banier the partiile has a frequency de- 
viation of -A f+ - 2d f which is larger in magnitude than 
A fr, consistent with adiabatic compression. For our ex- 
periment, the initial frequency spread was lAfri 5 60Hz, 
corresponding to 2a(p)/p M 0.14% and the barrier veloc- 
ity was [Sfls 7.5Hz. 

Even if the voltage is large enough to aap the beam, 
changing the relative phase of the two barriers creates the 
possibility of emittance growth. An integrable model of 
this process exists and can be used to obtain a general rule 
of thumb. Consider the one-dimensional motion of a parti- 
cle trappedbetween two perfectly reflecting walls. The par- 
ticle coordinate is given by t and the conjugate momentum 
isp = 2. Onewallislixedatz = Oandtheotherislo- 
matt = X(t).TheHamiltonianisH = p 2 / 2 + U ( z , X )  
where U ( z ,  A) is the potential due to the reflecting walls at 
t = 0 and t = A. The action is given by J = Xlpl/lr 
and the angle 8 is defined implicitly by z = XS(O), where 
;(e) is periodic with period 2~ and i(e) = lel/r for 
181 < X. A generator of Goldstein's third type [3, pg 3 8 4  
F3(p, 8, t )  = -X(t)pS(B) connects the new and old coor- 
dinates. For time varying X the HamiItonian in the new 
coordinates is given by 

n2 

2x2 H(JY8, t )  = - (J2 - 2J f (B)Xi/X) , (1) 

n2 
2x2 = -h(J, 8, Xi ) ,  

where f (8) is periodic with period 2~ and f (8) = B / R  for 
181 < X. IfXX/?r = j = constant then, s i n e  dH/dt  = 
M/&, h ( ~ ,  e ,  ~i) = J* - 2 ~ j f ( e )  is a constant of the 
motion. To obtain an adiabaticity parameter consider an 
initial distribution of particles with J = and distributed 
uniformly in 8. For this distribution Ih - J21 5 12.74, and 
the particles are uniformly distributed in h. Let this dis- 
tribution of particles evolve. In the worst case, complete 
phase mixing occurs and the particles fill out a uniform 
distribution in both h and 8. For 2 1231 the finaI ac- 
tion distributionsatisfies IJ - 91 < 124, and the fractional 
emittance increase will be - Ijv.7. For our experiment 



2 RF CONSIDERATIONS I 

Our experiment used two of the ten rf cavities in the AGS, 
configured for dedicated barrier cavity operation. The load- 
ing capacitors at the four gaps were reduced from 600 to 
3OOpF.The rf feedback system was replaced with a broad- 
band matching network at the grid of the 300kW tetrode. 
The networkmatched a 50m coax line to a 1kW broadband 
power amplifier at the surface. The tetrode acts like a cur- 
rent source and cavity,current is programmed to generate 
the barrier sinewave with a minimum of residual voltage 
between puIses. Approxbmely lOOA were needed to at- 
tain 3kV on each of the 4 cavity gaps. To optimize the 
quality of the waveform, empirical fine tuning of the grid 
drive voltage pulse shape was used to compensate for non- 
linearities at high power and spurious structure resonances.- 
The basic shape of the current pulse can be found by mod- 
eling the cavity as a parallel RLC circuit [4]. The voltage 
across each circuit element is the same, and the total cur- 
rent through the cavity is the sum of the currents in each 
elemen5 
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0 

For the isolated sinewave used hexe 
* 

Vosin(wt) 0 < wt < 27r 
Otherwise, 

the required ament is 

when 0 < wt < 2n and vanishes otherwise. Fig- 
ure 1 shows the current and voltage wavefonns fiom equa- 
tion ( 5 )  for Q = 5 on resonance. 

Some remarks on equation (5): 

1. when the cavity is on resonance the Current is in 
phase with the voltage, 

2. when R is large (high Q), and the cavity is on 
resonance the Current is just a square pulse, 

3. the initial value of the current does not depend 
on R and the notion that one needs a low Q 
cavity capable of tesistivey supporting many 
Fourier modes does not apply. 

- 

Figure 2 shows amountain range plot of a composite signal 
made by summing the gap voltage monitors from .the two 
barrier cavities. One cavity remains fixed in phase while 
the other moves once around the entire revolution period 
and then moves out by 90° in 133- four tima, to clear a 
fresh gap in the beam for subsequent injections. 

. 

Figure 1: Barrier cavity voltage and current for one turn. 
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Figure 2: Mountain range display of the s u m  of the rf volt- 
age from the two barrier cavities for 6 transfers. There are 
6.0m = 2048 turns between traces and the horizontalaxis 
is in ,us, ( 2 . 9 ~ ~  per turn). 
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3 WSULTSWITHBEAM 

Barrier cavities enable two capabilities valuable for high 
intensity beams. Where space charge is important, the low 
.peak current of the quasidebunched beam can be advanta- 
geous. For accumulating beam, the ability to open space on 
the ring for multiple injections eliminates constraints on the 
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Figure 3: Mountain range display of beam current for 6 
transfers. There are 6.0ms = 2048 turns between traces 
and the horizontal axis is in ps. 

number of injections. Conservation of longitudinal emit- 
tance is possible but intentional emittance blow up is also 
an option. We have carried out three Merent operations 
with the two barrier cavities in the AGS. In the first run, we 
tested the adiabaticity condition by injecting one bunch of 
about 200ns length with 2 a ( p ) / p  = 0.14% and stretching 
it out to 2.5ps in 200ms. The bunch was then compressed 
to close its original length in the same time. No quantita- 
tive measurement of emittance growth was made but be- 
cause the btam remained trapped between the barriers, the 
momentum height of the barrier implies that the emittance 
no more than doubled. 

In the second test, aimed at preserving emittance, mul- 
tiple injections of one bunch were carried out. The first 
bunch was debunched as above. For subsequent bunches 
the movable cavity was rotated by 90° to compress the 
stored bunch and make space on the ring for the next bunch. 
After the next bunch was injected the second barrier was 
rotated further, in about 50ms, to equalize the momentum 
spread of the stored and freshly injected beam. The mov- 
able cavity was then switched off. A slow tum-off capa- 
bility for the second cavity is planned. The injection pro- 
cess was repeated until a total of six Booster bunches were 
accumulated During this process we encountered a fast 
instability Occuring during the &bunch of the first injec- 
tion. The instability was characterized by large high fie- 

. 

quency horizontal signal. During normal operations only 
vertical transverse instabilities are Seen and the machine 
lattice was essentially the same as for normal operations. 
We suspect that the large high frequency horizontal sig- 
nal was due to the longitudinal microwave instability cou- 
pling to transverse motion via dispersion. This conclusion 
is further supported by the fact that thresholds for fast lon- 
gitudinal instabilities scale as &eakZ/n a 6p2 while fast 
transverse instabilities scale as I p e a k Z l  a Sp. During adi- 
abatic debunch Ipeak a Sp so the threshold impedance for 
transverse instabilities does not change while the threshold 
impedance for longitudinal instabilities decreases linearly 
with Sp. In any case, the instability was cured by incra-  
ing the momentum spread using a 20kV high frequency 
cavity running at h m 270. 

For the third mode of operation the emittance was inten- 
tionally allowed to grow with each injection. A controlled 
emittance blow up by a factor ot two to three is standard op- 
eration for the AGS at high intensity. The phasing program 
of the cavities is shown in Hgure 2. No attempt was made 
to match momentum spread of the new and stored beam. A 
mountain range display of the resistive wall current monitor 
is shown in Figure 3. Six injections accumulated 3 x loi3 
protons. 

4 CONCLUSIONS 
The barrier bucket experiment has demonstrated the capa- 
bility of accumulating debunched beam and of repeatedly 
opening space on the ring for multiple injections, by us- 
ing isolated sinewave voltages. By manipulating the rela- 
tive phase between the two banjer cavitities the momentum 
spread and the peak current were controlled so as to pre- 
serve longitudinal emittance and, alternatively, to increase 
emittance. These capabilities couldbe exploited to increase 
the intensity of the AGS. 

5 ACKNOWLEDGMENTS 
The successfizl completion of these experiments required 
some rather nifty last-minute solutions to some rather 
formidable Iast-minute technical obstacles. The smof  the 
AGS rf group is commended for not taking “impossible” as 
a reaSOn to give up trying. 

6 REF’ERENCES 
\ 

[l] J.E. Griffin, C. Ankenbrandt, J.A. MacLachlan. A. 

[2] V.K. Bharadwaj, J.E. G S n ,  DJ. H+g. J.A. 

131 H. Goldstein, Clczssicrrl Mechanics. Addison-Wesley, 

[4] M. Blaskiewin, 8th ICFA Beam Dynamics Workshop, 

MoretIi, IEEE TNS, 30, p. 3502,1983. 

MacLachlan, IEEE TNS, 34, p. 1025,1987. 

1981. 

1995. 

I 


