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Abstract 

Beam intensity in the KEK booster decreases to about a half of the 
injected within one milli-second in the beginning of the acceleration. 
The mechanism of this loss is successfully explained by the momentum 
blow up due to the increase of the accelerating RF voltage. The loss is 
calculated numerically taking into account the beam distribution in the 
acceptance plane resulting from the multi-turn injection as well as that 
in the RF bucket during the acceleration. The results are in good 
agreement with the observations. The essential point in this calculation 
is that the distribution of the beam to take relatively large momentum 
deviation is not small but rather large because of the synchrotron 
motion in the RF bucket. Beam profile projected onto the horizontal 
plane and that to be obtained' by a scraper are calculated with the use 
Of the momentum distribution. Comparison of the calculated profiles 
with the observations indicates that the contribution of the momentum 
distribution is considerable. Finally some suggestions are made for 
increasing beam intensity. 
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§1, Introduction 

In KEK booster the proton beam accumulated by the multi-turn injection 
method suffers serious loss within 1 msec in the beginning of the accel­
eration. The" transmission of the beam reduces to 30 ^ 60 % depending on 
the accelerating condition. It has long been a question by what process 
or mechanism this beam loss is induced. We show in this paper that 
approximately 40 % of the injected beam is lossed by the collision with 
septum or kicker magnet because of the shift of the equilibrium orbit 
due to the momentum blow-up accompanied with the increase of the accele­
rating RF voltage. 

So far various investigations have been made in the booster to 
search for the reason of the beam loss. They include the study of the 
injection process determined by the bump and septum magnets, excitation 
procedure of the accelerating RF voltage, effect of the momentum spread 
of the injected beam, aperture or acceptance of the booster, closed 
orbit distoriton, effect of the leak field of the septum magnet, various 
resonances and space charge effects. But these contributions to the 
loss do not seem sufficient and the explanations with these mechanisms 
are not convincing because of the ambiguity of quantitative estimation. 
The significance of the momentum blow-up has been recognized from the 
first stage, but a correct estimation of the loss due to it has also 
been left untried. In the present paper the process of the beam loss 
due to the momentum blow-up is treated numerically, resulting in a 
quantitative agreement with the observations. 

In the following we sum up a brief history of the recognition of 
the beam loss due to the momentum blow-up. 

1) According to an adiabatic capture, the injected beam can be captured 
in the RF bucket up to 96 % ' 

2) Aperture of the booster ring is ±50 mm, determined by the septum 
and kicker magnets. Closed orbit distortion is about ±5 mm. The 
momentum spread Ap/p of the beam reaches to the maximum ±1 % around 
1 msec after injection, introducing the maximum shift of the equilibrium 
orbit AR = X «Ap/p ~ ±14 mm, where X is the momentum dispersion 
function. Therefore the transmission of the beam up to 1 msec is T 
= (50-5-14)/(50-5) = 69 %. 
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3) The beam rotates in the x-x' plane because of the betatron oscillation. 
If we assume a uniform distribution in the plane the transmission 
is reduced squarely to 47 %. 

4) Since the momentum distribution is smaller in regard to the beam 
with larger deviation, the transmission above obtained is over-
estimation. This consideration leads to the transmission of 75 *x< 
80 %?) 

However, we had a doubt about the last estimation. The beam injected 
in the RF bucket rotates in the bucket owing to the synchrotron motion, 
so that the ratio of the beam to take a larger momentum deviation is not 
small as is expected from, for example, a Gaussian distribution but 
rather large. According to this idea we have calculated in detail the 
transmission of the beam up to 1 msec and obtained the value ^60 %, in 
a satisfactory agreement with the observed value. 

Following calculation of the beam loss requires the knowledge of 
the distribution of the injected beam in the x-x' plane, which is obtained 
by the calculation of the multi—turn injection process. The result is 
presented in section 2. Next the beam transmission is calculated taking 
into account the momentum blow-up, where the results is compared with 
the observations. Then we calculate the beam profiles utilizing the 
data of the beam distribution in the x-x' plane and in the RF bucket, 
and compare them with the profiles observed with the use of a scraper 
and a non destructive profile monitor. Finally a way to increase the 
beam intensity is considered taking into account the above results. 

§2. Beam distribution in the x-x' plane 

The proton beam with the energy 20 MeV and the current 100 mA is 
transported from a linac and injected into the booster by the multi—turn 
injection method. The emittance of the injected beam is 67 I x 10 rad»m 
where 100 % of the beam are contained. The beam distribution in the x-
x' plane after the multi-turn injection process was calculated, as 
depicted in Fig.l. The acceptance drawn by the outer ellipse in the 
figure is A = 710 IT x 10~ rad-m. At 50 mm apart from the center beam 
line there locates the septum of the septum magnet, which determines the 
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aperture W of the booster. The aperture of the kicker magnet for beam 
extraction is also ±50 mm. 

As will be understood later it is necessary to get the beam distrib­
ution in restricted acceptance A . According to the betatron oscillation 
the beam rotates in the x-x' plane along the trajectories shown in 
Fig.l. By counting the area of the injected beam in each trajectory 
shell and accumulating them we get an approximate beam distirbution in 
the restricted acceptances as shown in Fig.2-a, where the abscissa x. is 

2 related to A = (x/W) A. The figure (a) displays a square distribution 
as expected first. This figure is, however, obtained on the assumption 
that the beam distribution is uniform in the whole emittance of the 
injected beam. We should note that really the beam is more concentrated 
in the central region of the emittance or 80 % of the injected beam is 
measured to be within the emittance E = 22ir x 10 rad'm. Although it 
is possible to calculate accurately the beam distribution in the restricted 
acceptances by taking into account the detailed distribution in the 
emittance plane, we assume in the following a uniform distribution only 
within the emittance 22ir x 10 rad-m because of simplicity and intuitive 
understanding. Figure 3 shows the distribution of the injected beam 
with the emittance e = 22ir x 10 rad-m, which is picked out of Fig.l. 
We know from the figure that the beam distribution is rather separated 
and weak on the average, thus being open to a further increase of the 
beam intensity as described later. Figure 2-b represents the beam 
distribution in the restricted acceptances for this case, similarly 
obtained as before. The distribution follow the linear relation 

y = a x & (mm) - B (1) 

where a = 2.56 and B = 28.2. This linearity results from the fact that 
the beam is injected separately and spirally with a constant angle "vrr/3 
in the x-x' plane. The angle is related to the decimal part of the 
betatron oscillation number V = 2.17. We will use in the next section 
the linear relation for the calculation of the beam loss due to the 
momentum blow up. As seen from Figs.lVJ, the beam is now not injected 
in the central region of the x-x' plane, the hole radius being h = 11 mm, 
which will be discussed later again. 
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§3. Beam distribution in the RF bucket 

In order to calculate the beam loss it is further necessary to know 
the momentum distribution of the injected beam in the RF bucket; how the 
beam is injected into the RF bucket and how the bucket structure changes 
in accompanying with the RF acceleration. The momentum distribution is 
different day by day and on the average we may assume a triangular 
distribution as shown with a, in Fig.4-a, there the maximum momentum 
deviation being +0.48 %. The height of the RF bucket awaiting the beam 

3) i s given by, 

= ±IJi «^>. • i \ £ v [ ( 7 r - 2*s> 8 i n* s - 2 c ° s u o) 
where 3 is the velocity divided by the light velocity, e the unit 
charge, V the RF voltage, h the harmonic number, f| = a -̂, a the 

Y 2 

momentum compaction factor, y the relativistic energy, E the total 
energy and <j> the phase angle for the synchronous particle. For the 
ordinary operation of the RF voltage V (t=0) = 1.3 kV and ((> = 180°, we 
get (Ap/p) = ±0.52 %. This is nearly equal to the momentum spread of 
the injected beam. On this condition the beam is more stable longitudinally 

4) during the acceleration. 

The injected beam rotates in the RF bucket by the synchrotron 
3) motion and draws trajectries according to the following equation, 

(£~) 2 hr (cosij) + sin* ) = const <; 2 (3) u cos <p T T s _ s Ts 

where $ is the phase angle and fl is the synchrotron oscillation frequency. 
We divide the bucket into several regions (X = A ^ J) along the trajectories. 
A quarter of the bucket is shown in Fig.4-b. Note that (J>/S2g is proportional 
to Ap/p. 

The trajectory shells are further divided into small areas as shown 
in the figure. Particle number injected in the small area is proportional 
to the product of the area a and the corresponding momentum distribution 
a of the injected beam. Taking into account the synchrotron motion we 

J-i 

sum the particle number in the trajectory shells. Figure 4-c indicates 
the sum a for each shell x = A,B,C-",where (Ap/p) is the maximum 
momentum deviation in the trajectory shells. About 24 % of the beam are 
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Injected outside the bucket denoted by K. An important point is that 
more particles are injected in the outer shell as expected at first, 
which is contrary to the assumption made in the calculation in tbe 
reference 2). The shaded distribution in Fig.4-c is the resultant at 1 
msec having suffered the beam loss as described in the following. 

The synchronous phase makes shift according to the relation 

^ s = ffff^AC slnUt < 4> 
where R is the mean radius, p the curvature, B sinut the AC field due 

AC 
to a sinusoidal current with the frequency (i)/2ir. Accompanied with the 
increase of the acceleration voltage, the bucket height also increases, 
taking the maximum value around 1 msec after injection (—̂ ) = 1.23 % 

p max 
for the voltage V(l msec) = 9.0 kV as shown in Fig.5. The bucket area 
A^_ and the synchronous phase <j> are also shown in the figure. Although 
the bucket spread shrinks from 0 *> 360° at injection to 8 ̂  298° at 1 
msec as shown in Figs.4-b and 6-a, these bucket shapes are not so much 
different, therefore we assume that the beam injected into a given 
trajectory shell keeps to belong to the same or corresponding shell so 
long as 1 msec. The synchrotron frequency in the linear region is given 
u 3 ) 
by a.'? r- (5) 2ir 

where OI_/2TT is the revolution frequency. At t = 0 and 1 ms, fi /2vr = 3.1 U s 
and 8.3 kHz, respectively, therefore the beam rotates several times in 
the RF bucket until 1 msec. Of course the betatron oscillation is very 
fast (̂  4 MHz) and the beam rotates many many times in the x-x' plane. 

§4. Calculation of the beam loss 

It is ready now to calculate the beam loss due to the momentum blow­
up. In the preceding section we have shown that the beam number contained 
in the restricted acceptance is given by the equation (1). The beam 
injected with the momentum deviation (Ap/p)- takes an equilibrium orbit 
ARĵ  (= X (Ap/p),)), and the effective aparture is W - A R ^ Thus the 
number of such a beam is n., = k{a(W - AR^ - 6} where k is a constant. 
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In the course of the rotation along the trajectory shell, the beam takes 
several times until 1 msec the maximum momentum deviation (Ap/p) 
ass^latedlto the shell, then the Beam number is reduced to n, = k{a(W -
AR .) - -p}'.. The number of the particles, which are injected into the 
small area a in; the RF bucket (Fig.4-b) with the momentum distribution 
0-, is also proportional to ao" . Therefore the number of the particles 
transmitted up to 1 msec is given by 

{a(W - AR x) - 3} 
n2 = k' (a(p - AH*> - 3> a V ( 6 ) 

This calculation was made for every small area in Fig.4-b. Thus the 
total transmission of the beam injected into the bucket up to 1 msec is 
given by 

En„ 
T B = ̂ = 7 3 % . (7) 

Since only 76 % of all the beams are injected into the bucket as seen 
from Fig.4-c, the over-all transmission is T_= 55 % for the aperture W 
= 50 mm. 

The beam loss calculation described above corresponds to such a 
case that the bucket height increases very slowly since we have assumed 
that the beam injected outside the bucket is not captured into the 
bucket in the course of the acceleration. In reality some beams injected 
outside the bucket are also captured because of the rather rapid increase 
of the bucket height (adiabatic capture). A simulation of this capture 
process indicates a 96 % capture of the injected beam. In an attempt 
to measure the capture efficiency a thin beam experiment has been made 
by injecting a chopped beam which is 1 psec lo".g while the period of the 
revolution in the booster ring is 0.62 psec. Figure 7 shows the experimental 
transmission and size- and-position of the beam as a function of the 
injection timing from the peak of the bump decay field. The figure 
indicates that the RF capture efficiency is more than 80 % for the beam 
injected in the center of the vacuum chamber, no loss being expected for 
such a beam due to the momentum blow—up. 

The other extreme case is that the bucket height at injection is 
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the same with that at 1 msec because of very rapid increase. The beam 
distribution for this case is obtained similarly and represented in 
Fig.8. The probability of the beam injected in the bucket is 90 %, the 
transmission with respect to the beam in the bucket is 76 %, therefore 
the over-all transmission results in 68 %. Table 1 summarizes the 
results for the aperture W = 50 mm as well as for W = 40 mm. Because of 
the closed orbit distortion ±5 mm the effective aperture is W ~ 45 mm, 
thus the over-all transmission is concluded to be around 60 %. 

Table 1 Calculated transmission of the beam 

Increse of 
bucket height slow rapid 

Aperture W (mm) 50 40 50 40 
Prob. in 
bucket (%) 76 76 90 90 

Transmission 
in bucket T f i (%) 73 63 76 67 

Over all 
transmission T.. (%) 55 48 68 60 

Figure 9-a represents the beam intensity of the booster from the 
injection to the extraction, which indicates a rapid decrease of the 
beam until 1 msec. Figure 9-b shows the beam intensity with fast and 
slow response monitors in the beginning of the acceleration. Note the 
wavy structure of the slow intensity monitor, which is associated with 
the build-up of the filamentation. as seen with the fast intensity monitor. 
The periods of these waves are 75 Vsec and agree with a quarter of the 
synchrotron oscillation period. This wavy structure of the slow intensity 
monitor indicates that the beam is mainly lossed with the shift of the 
equilibrium orbit and supports the loss mechanism described above. 

§5. Beam profile by a scraper 

In this section is considered what profile of the beam will be 
obtained when a scraper is inserted little by little toward the center 
of the vacuum chamber, and this is compared with the experimental ob­
servation. Since the scraper is a mechanical cutter of the beam it pro-
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vides a surer picture of the beam profile than the other profile monitor. 
But the picture obtained by the scraper does not straightforwardly give 
the distribution in the x-x' plane and should be taken carefully since 
the contribution of the momentum distribution is considerable as described 
as follows. -Experimentally the beam intensity at 1 msec after injection 
was measured as a function of the horizontal position of the scraper 
edge, which is shown in Fig.2-d. 

As described in §2 the particle number contained in the restricted 
acceptance is given by the equation (1), which means a constant beam 
distribution per unit length Ax. in the range from h (= 11 mm) to W 
(aperture). Taking account of a momentum distribution a(Ap/p), the 
particle number contained in 0 >\» x,, which is the intensity not cut off 
by the scraper, is calculated by 

F ( XA> " L/P k° W " ( A R + h ) > ( 8 ) 

where k is a constant and AR = X Ap/p. As for CJ we should take the 
beam distribution a (1 msec) of the trajectory shell shown in Fig.4-c 
since until 1 msec the synchrotron oscillation elapses several times and 
the bucket height increases monotonically. The result of the calculation 
is shown in Fig.2-c for the case of the slow increase of the bucket 
height. The agreement between (c) and (d) is good when we take into 
account that (c) is obtained for the aperture W = 50 mm but the real 
aperture is T/45 mm because of the closed orbit distortion. Thus the 
point P is only needed to move to the point Q in the figure. 

§6. Beam profile projected on the horizontal plane 

Adding to the scraper experiment, we can obtain the information of 
the beam from a non-destructive profile monitor. This measures the beam 
distribution in the real space by gathering the charged gas being ionized 
by the circulating beam. It provides the projected profile of the beam 
distribution in the x-x' plane onto the horizontal plane. We calculate 
the horizontal profile taking into account the momentum distribution as 
well as the distribution in the x-x' plane and compare it with- the 
observation. The profile was measured at 1 msec after injection within 
a few tens psec , much shorter than the synchrotron oscillation period 
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but much longer than the betatron oscillation period. 

The momentum distribution is almost the same during the measurement 
and given by a_ in Fig.6-b, which is the projection of the distribution 
in the bucket onto the Ap/p axis. The distribution in the bucket is 
obtained by distributing uniformly the resultant distribution at 1 msec, 
as obtained in §4 in regard to Fig.4-b, into the corresponding trajectory 
shell of Fig.6-a. 

Although the acceptance of the x-x' plane Is an ellipse we may 
reduce it to a circle with the condition that the beam distribution is 
constant in each trajectory shell. The particles rotate along the 
trajectory shell about one hundred times with a step 2irv during the 
measurement in regard to a given point of the booster ring. Each particle 
has the probability to find itself about once everywhere in a bit angle 
^3.6° along the trajectory shell. Therefore each particle has the same 
probability ('Vonce) to kick and ionize the gas in the region x "*» x+Ax. 
As described above, every shell contains almost the same number of 
particles. Therefore the non-destructive profile is obtained by counting 
the area of the circle in the region x *> x+Ax with the condition that 
the beam distribution is constant in the circle. 

With the use of the notations in Fig.10, the small shaded area is 
given by 

Aa = — % AGAx. (9) 
cost) 

The charged gas distribution in x ^ x+Ax is given by 

f 6l n(x) •* •,-LAa p. 
Jo 

= Ax • xtane, , (10) 

where RcosB, = x . Taking in to account the hole of the d i s t r i b u t i o n i n 

the x-x ' p l a n e , we subt rac t n* (x) from n ( x ) , 

n ' ( x ) <* Ax • xtan8„ 

hcosB. = x , (11) 
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where h is the hole radius. When we take into account the momentum dis­
tribution, we set R = W - AR(Ap/p), replace x by x - AR(Ap/p) and get the 
profile by the relation, 

• : + A p ; r 
N(x) oc 2 m a x [n(x) - n,(x)]CTT(Ap/p). (12) 

-Ap x 

max 

These calculations were made numerically and the results are shown in 
Fig. 11, which are compared with the observation (Fig.ll-e). Rather deep 
bump of the profile due to the hole is saved by the consideration of the 
momentum distribution. Although the agreement with the observation is 
not so good, the figures indicate that the consideration of the momentum 
distirbution is necessary to understand the non-destructive profile 
correctly. 

§7. For the increase of the beam intensity 

As seen from Fig.l, the beam injected by the multi-turn injection 
process distributes fully to the limit of the aperture W = ±50 mm. The 
aperture is now determined by the aperture of the septum and kicker mag­
nets. The closed orbit distortion is about ±5 mm. The average shift 
of the equilibrium orbit due to the momentum deviation is about 10 mm. 
Therefore effective aperture x is about ±35 mm. The acceptance at 

—6 injection is 710ir x 10 rad*m and the effective acceptance is 350ir x 
10~ rad-m.. By the adiabatic damping of the factor B . /B = 1/5.5, 

J rniSi m a x 

the emittance of the extracted beam should be 63ir x 10 rad«m. This 
-6 6) is in accord with the measured value 50 <y. 60ir x 10 rad'm. Therefore 

only the beam injected in the effective acceptance 350ir x 10 rad«m 
is transmitted and accelerated up to 25 msec. 

In order to increase the beam intensity following improvements will 
be fruitful; 

1. increase of the aperture (especially of the septum and kicker 
magnets), 

2. correction of the closed orbit distortion, 
3. possible suppression of the RF bucket height, 
4. increase of the brightness of the transported beam from the linac, 
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5. increase of the multi-turn injection efficiency. 

The increase of the effective aperture by ±5 mm will bring about the 
increase of thebeam intensity by 'A<20 %, which is inferred from the intensity 
dependence on the scraper edge in Fig.2^d. The average density in the 
acceptance plane is at present weak as seen in Fig.3. The beam is injected 
separately and not injected in the central region. The beam distribution 
in the plane can be made more dense or compact by lengthening the decay 
time of the bump magnet field and drawing the V value near the integer. 

§8. Conclusion 

As described above we have succeeded in explaining quantitatively 
the beam loss until 1 msec from injection by the mechanism of the shift 
of the equilibrium orbit due to the momentum blow-up. The essential 
point is that the distribution of the beam to take a larger momentum 
deviation is not small but rather large because of the synchrotron 
motion in the RF bucket. This fact also contributes considerably to the 
beam profiles which are obtained with the scraper or by the non-destructive 
profile monitor. The profiles are not simply the projections of the 
beam distribution in the x-x' plane, but affected much by the momentum 
distribution. Now it is clear that in order to save the beam loss until 
1 msec it is necessary to make wide the aperture determined by the 
kicker and septum magnets or to correct the closed orbit distortion. 
Another way to improve the beam intensity is to make the beam from the 
injector more intense or to improve the efficiency of the multi-turn 
injection, which seems very promising as inferred from Fig.3. 
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Figure caption 

Fig.l Distribution of the beam injected by the multi-turn injection. 
The emittance of the injected beam is 67TT X 10~ rad-m and the 
acceptance of the booster is 711u x 10 rad»m. 

Fig.2 Beam distribution in the restricted acceptance. The symbols 
(o) and (•) denote the distribution obtained from Fig.l and 
Fig. 3 respectively. The equations in the figures are the best 
fit. The symbol (A) represents the beam intensity not cut off 
by the scraper, being calculated in §5, which should be compared 
with the observation (d). 

Fig.3 Beam distribution picked out of Fig.l. The emittance of 
injected beam is now restricted to 22ir x 10 rad-m, where 80 
% of the beam is contained. 

Fig.4 The averaged momentum distribution a of the beam from the 
linac (a), a quarter of the KF bucket (b) , which is divided to 
ten trajectory shells A, B, ••• J, and the beam distribution 
a in each trajectory shell and outisde the bucket at t=0 and 
1 msec (c). 

Fig. 5 Accelerating RF voltage V, maximum momentum deviation (Ap/p) , 
bucket area A^_ synchrotron oscillation frequency fl /2ir and 
synchronous phase <f> during the acceleration. 

Fig.6 RF bucket at 1 msec after injection (a). The figure (b) re­
presents the beam distribution o" projected onto the Ap/p axis 
as explained in §6. 

Fig.7 Experimental beam transmission I (1 msec)/I_ of the chopped 
beam with 1 usee long (a) and the beam size-and-position of 
the first half turn (b). The abscissa is the injection timing 
from the peak of the decaying bump field. 

Fig.8 Beam distribution similar to Fig.4. The bucket height is 
assumed to be Ap/p = 1.23 % in the range t = 0 *> 1 msec. 

Fig.9 Beam intensity from injection to ejection (a), and those 
around injection (b) with fast and slow intensity monitors. 
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Fig.10 Notations in the acceptance plane. 
Fig.11 Beam p r o f i l e s projected on the horizontal plane. 

a b c " d 

hole x o x o 
momentum 
distribution 

(e) is the observed profile at 1 msec. 
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