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Introduction

Transverse emittance growth in bright linac(l)
beams have been both observed experimentally and
predicted by computer simulations. (2,3) However,
for a typical high intensity beam in the Brookhaven
200 MeV linac (4) the beam brightness at injection
is such that according to results obtained in ear
lier computer calculations, which assumed longitudi
nally and transversely well-matched and ideally
bunched beams only a very minor emittance growth of
20-30% should take place. Contradictory to these ex
pectations emittance measurements which were made in
the past at injection and at 10 MeV (1) indicated
growth factors between 2 and 3. At the time of these
measurements the analysis of the data was extremely
time consuming and a more extensive study of the
emittance growth was prohibited. Since then the
emittance measuring device used for these studies has
been connected to a PDP-8 computer and the data han
dling time has been shortened by several orders of
magnitude. It therefore became feasible to try to
get a better understanding of the observed emittance
growth and it was suggested that the growth factor
be measured as function of the quadrupole focusing
gradients in the first 10 MeV tank.

Measurement

The horizontal and vertical beam emittances
were measured at 0.750 MeV immediately in front of
tank 1 and at 10 MeV halfway between tank 1 and
tank 2. A destructive multi-pickup measuring device
was used, the details of which have been reported
earlier (5) and which in its computerized version
will be described later during this conference. (6)

The beam intensity in front of tank 1 was
150 rnA, and both horizontal and vertical emittances
were ~ 5 n cm-mrad. A single cavity, 71 cm drift
space buncher was used.

Special care was taken to obtain a matched
beam at the beginning of tank 1, since earlier com
puter calculations (2) had shown this to be important
for minimizing emittance blow up. Matching condi
tions at the beginning of the first linac cell were
calculated using a model, that assumed that the beam
is a uniformly charged ellipsoid. The calculated
emittances were then brought backwards to the place
of the 0.750 MeV emittance device. Fig. 1 shows the
calculated horizontal and vertical emittances cor
responding to 0.8, 1.0 and 1.2 times the normal
quadrupole setting in tank 1. It can be ascertained
from this figure that in each plane the three match
ed ellipes are quite similar in eccentricities and
orientations and those obtained for the normal
quadrupole settings were used as guides for beam
matching in all measurements.

The quadrupoles in the 0.750 MeV transport
system were adjusted to obtain the desired matching
conditions in the measuring device in front of tank
1. Figure 2 shows the measured emittances for ~ 90%
of the beam. It can easily be seen from here that
these emittances agree well with the calculated ones
of Fig. 1. Emittances were measured at 10 MeV for
five different quadrupole gradient levels in the
10 MeV tank corresponding to 0.8, 0.9, 1.0, 1.0 and
1.2 times the design values. Slightly different
10 MeV output currents were recorded for the dif
ferent quadrupole settings and the measured emit
tances were normalized to 95 rnA obtained for design
quadrupole gradients. Figure 3 shows the measured
horizontal and vertical emittances for 90% of the
beam at the 10 MeV emittance measuring device, ob
tained with normal quadrupole settings. 10 MeV
emittances as function of percentage of beam for the
different quadrupole gradients are shown in Fig. 4.
Examination of the points in this figure reveals no
obvious correlation between emittance areas and
quadrupole focusing strength. Emittances lie with
in + 10% of each other for beam percentages between
50 ~nd 90% for which the measuring device has its
greatest accuracy. In Fig. 5 the fractional in
crease in normalized emittanc~ is shown as function
of percentage of beam for design quadrupole settings.
Average growth factors of 2, obtained in both planes
for beam percentages between 50 and 90%, agree fair
ly closely with results from earlier experiments
which were mentioned in the introduction.

Calculations

The calculated matched emittances shown in
Fig. 1 together with a distribution in longitudinal
phase space obtained from a typical buncher run were
taken as input distribution and computer runs were
made through tank 1 for quadrupole gradient settings
equal to 0.8, 1.0 and 1.2 times their design values.
A six dimensional linac motion code (7) taking into
account the effects of space charge was used. Fig
ure 6 shows the calculated horizontal and vertical
emittances at the place of the 10 MeV emittance
measuring device, obtained from a run with design
quadrupole gradient values. Good agreement was
obtained with the measured emittances shown in
Fig. 3.

Rms emittances were calculated as function of
drift tube number and are shown in Fig. 7. It can
be ascertained from here that the calculated emit
tances at 10 MeV lie within 25% of each other. Tak
ing into account somewhat different tank transmis
sions obtained in these runs the growth factors have
been normalized to the same output current (91 rnA)
and are shown below (where E = normalized emittance).
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The calculated 10 MeV emittance growth is hence vir
tually independent of quadrupole focusing strength.
However, as can be seen from Fig. 7, a somewhat fas
ter growth rate is obtained with the weakest quadru
pole system.

Figure 8 shows the calculated longitudinal
and average transverse rms emittances as function of
drift tube number. Both emittances have been nor
malized to the same units. The large decrease in
longitudinal emittance in the first part of tank 1
is due to particles that are lost out of the rf
bucket. The initial ratio of 10:1 of longitudinal
to transverse emittance is reduced to 3:2 at 10 MeV.

Discussion

Both measurements and calculations presented
in this work indicate that the transverse emittance
growth at 10 MeV is insensitive to + 20% variation
in the strength of the quadrupole system in the
10 MeV tank. These results confirm previous con
clusions regarding transverse phase space blow up
in bright 1inac beams.

Earlier computer experiments show that the
growth originates in longitudinal-transverse cou
pling through non-linear space charge forces. It
was also found that the transverse emittances W
and W tend to approach the longitudinal emitta~ce
W pr6vided that W > W ,W at injection which
g~neral1y holds tr~e inxa pfoton 1inac.

In connection with these findings it was
suggested that the upper limit of the transverse
emittances is determined by the size of the longi
tudinal emittance only and not by machine para
meters, whi 1e the 1a tter would inf 1uence the rOate
of emittance growth. Results obtained in this work
point towards the same conclusion.

The somewhat unexpected size of the emittance
growth which was observed and calculated for a 95 rnA
beam in the 200 MeV BNL 1inac can be explained by
the fact that earlier calculations assumed longi
tudinally matched beams resulting from idealized
bunches with longitudinal phase space area about 7
times smaller than those obtained in practice.

Conclusions

Observed and calculated transverse emittance
growth of a high intensity beam in the 10 MeV sec
tion of the Brookhaven 1inac shows little dependence
on the strength of the transverse focussing there.
Efforts to improve the transverse beam quality
should be directed towards the design of more intri
cate buncher schemes resulting in a smaller longi
tudinal emittance at injection.
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DISCUSSION

Teng, NAL: I didn't understand you in the case of
the variable phase. Your calculation is for a con
tinuously variable phase, whereas, when you adjust
the nine tanks, don't you get a step function?

Chasman: We tilted the first and the second tanks
to follow the law which I showed. After the second
tank, the change in the field levels is only 2% and
less, so that we took the average value at the mid
dle of the tank and tried to set the tank to that
value.

Curtis, NAL: I might make one comment: We reduced
the gradient of Tank 1, which, of course, reduces
the acceptance, and measured the momentum spread for
20 rnA with the buncher off at nominal gradient. We
then reduced the tank gradient and turned the bunch
er on to get the same beam current, and the momentum
spread went down noticeably as you might expect.
Then we looked at the emittance at 200 MeV, and it
did not go down. We wondered if it might be because
of the coupling.

Ohnuma. NAL: Of course, the objective is to reduce
the momentum spread of the beam when it's injected
into the AGS, not at the end of the 1inac. Even if
you have a very good momentum spread at the end of
the linac, it's of no use if the momentum starts
spreading when it goes into the AGS. Now you have
a rather long transport from the linac to AGS, I
believe. When you manipulate energy spread in this
way, do you get the comparable improvement at the
injection point of the AGS?

Chasman: Well, we haven't really looked into this
yet, but as I said, with the increase in phase
spread at the end of the linac I think there's good
hope that the further increase in momentum spread
due to space-charge effects should decrease.
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Fig. 2. Measured 0.750 MeV emittance
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Fig. 1. Calculated matched horizontal (a) and
vertical (b) emittance at emittance meas
uring device in front of 1inac.
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Fig. 3. Measured 10 MeV emittance.
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quadrupole gradient levels in 10 MeV tank.
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Fig. 7. Calculated rms average transverse emittance
area as function of drift tube number for
different quadrupole gradient levels in
10 MeV tank.

Fig. 5. Measured fractional increase in normalized
emittance for design quadrupole gradient
level in 10 MeV tank.
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Fig. 8. Calculated rms longitudinal and average
transverse emittance as function of drift
tube number for design quadrupole gradient
level in 10 MeV tank.
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