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Beam transmission efficiency of the HIRFL-SSC
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Abstract: In this paper we address the problem of the low beam transmission efficiency of the HIRFL-SSC. The
influence of the SFC-SSC energy match, the SSC RF voltage, and harmonic field in the injection area of the SSC,
and the SSC central trajectory on the beam transmission efficiency have been analyzed both from the theoretical
side and from the actual operating data. The main reason is that the soft-edge approximation of the magnet field
(the so-called theoretical field) and the simplified calculation programs were adopted when calculating the beam
center trajectory and designing the injection and extraction system, and the measured magnetic field was not used
to correct the calculation results. These led to large deviations of the calculated center trajectory, and then resulted
in low efficiency of the SSC beam transmission. Therefore, the re-calculation of SSC beam center trajectory and
injection and extraction system, as well as the measured magnet field correction are the key points required to solve

the problem.
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1 Discussion of several factors affecting
beam transport efficiency

The maximum beam transmission efficiency of the
HIRFL-SSC is less than 25% in daily operation for long
time, while the efficiency of the same type of accelerators
such as GANIL in France and RIKEN in Japan is often
more than 90%. The reasons for the low beam transmis-
sion efficiency have been much debated. Some people
thought that the SFC-SSC energy matching, the SSC
RF voltage, and a harmonic field on the SSC injection
areas would be the main reasons for the low beam trans-
mission efficiency. The first harmonic field is caused by
the added edge shim in sector magnet B, C near the Mi2,
resulting in an over compensation of about 50-150 Gauss
(corresponding to the main magnetic field 0.6-1.7 T) in
the small radius (100-130 cm) of sector B and C, so caus-
ing the perturbed fields.

DING Yuan-Tao [1] used the programs adopted in
the SSC injection and extraction system design to cal-
culate the SSC energy acceptance range and SSC in-
jection efficiency, respectively, for the typical ions of
0% —100 MeV/u, Ar'®*t —25 MeV/u, and Xe***
—4.8 MeV/u. The calculation had been done in the
three cases, that is the centralized trajectory at the the-
oretical field, centralized trajectory in the large radius
at perturbed field, and non-centralized trajectory at the
perturbed field at different RF voltage. The results are
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shown in Table 1. Data show that in addition to the O8+
—100 MeV/u accelerated at an RF voltage of 120 kV of
the extreme cases to ensuring the injection efficiency, the
energy acceptance range of the SSC is more than 41%.
For heavier ions than Ar, the energy acceptance range
is between —4.6% and 2.27%. A harmonic field (per-
turbation field) in a small radius region causes a certain
degree of beam precession; the impact on different ions
is quite different. For light ions with higher energy, such
as the O —100 MeV /u, the influence is large. When
giving up the beam centralized requirements, about 30%
of the beam can enter into the accelerated orbit. When
the RF voltage is 230 kV, the beam precession increases
the acceptance range, and the efficiency can be of 70%.
For the Ar'®* —25 MeV/u and other heavier ions, the
beam orbit spacing is larger, the beam quickly turns out
from the small radius area, the perturbed field has little
effect, and the great energy acceptance range and high
beam injection efficiency can be obtained. The SSC is an
accelerator for the acceleration of C-U ions; accelerated
ions heavier than Ar are the main acceleration particle
species.

The test results of RF voltage and the facts found
from many years running proved that the RF voltage
of the SSC basically meet the design requirements. On
Nov. 22, 2001, an experiment of the accelerating RF
voltage influence on the beam extraction efficiency was
carried out. The accelerated ion is O+t —65 MeV /u.
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Table 1. Acceptance range of energy and the injection efficiency for typical ions in different situations of the HIRFL-SSC.
centralized trajectory centralized trajectory in the non-centralized trajectory
typical RF voltage at Theoretical field large radius at perturbed field at perturbed field
ion /KV injection injection injection injection injection injection
energy AW/W efficiency energy AW/W efficiency energy AW/W efficiency
230 —2.44%-4.94% 100% —1.0%—2.8% 100% —2.0%—4.0% 100%
8+ _
O —100 MeV/u 120 —1.12%-4.5% 50% 0 0 0 30%
3.0% 70%
Arl5t —25 MeV/u 120 —4.76%-3.88% 100% —4.6%— 3.4% 100% — —
Xe22+ —4.8 MeV/u 51 —5.38%-3.53% 100% —5.17%2.27% 100% — —

The RF frequency was 10.20255 MHz. When the RF
voltages were 100 kV, 110 kV, 120 kV, 130 kV, respec-
tively and the ESi5 parameter and other injection el-
ement parameters had been adjusted carefully, the ex-
traction beam intensity was not changed significantly.
Other research [2, 3] on IMP on the beam transmis-
sion efficiency of the SSC share the same viewpoint for
most of these problems. Based on the above discussion
it is clear that the energy matching, the RF voltage of
the SSC, and the harmonic field in the injection area are
not the main reason for the low beam transmission effi-
ciency of the SSC. After years of deep study, the results
show that the large deviation of the beam center trajec-
tory is the main reason causing low beam transmission

efficiency for the SSC.

2 Reasons for beam center trajectory de-
viation and the consequences

2.1 Hard-edge theory, soft-edged approxima-
tion and the measured magnet field correc-
tion

As we know, in a separated sector cyclotron, for an
ion of mass A with the given energy, (BY=f(A4, Z, frev,
Ky), where Z is the charge state; K, is a coefficient of
K, — K, method.

Obviously, the distribution of the magnetic field has a
great significance for the study and design of a cyclotron.
The magnet field maps also play a decisive role for beam
transmission efficiency.

In the absence of the actual magnetic field, one can
easily study the beam dynamics and take accelerator de-
sign by using the hard-edge approximation theory and
soft-edge approximation theory. The soft-edge approxi-
mation method could be employed to build a basic mag-
netic field instead of the actual magnetic field and then
get the isochronous magnetic field with required accu-
racy.

Although the magnetic field of the soft-edge approx-
imation is closer than one of the hard-edge approxima-
tion to the measured magnetic field, due to the limi-
tations of the soft-edge calculation method, the results
often do not fully reproduce the actual magnetic field
distribution. Therefore the difference between the calcu-

lation results and the actual ones may be large. When
actual magnetic field measurements are performed, the
isochronous field can be built with the measured magnet
field maps for the accelerated ions. It is worth empha-
sizing that the so-called theoretical magnet field is not a
theoretical ideal target in itself but only an approxima-
tion. An isochronous field built with the measured field
maps is our goal field. Therefore one needs to correct the
calculations of the central trajectory and injection and
extraction system by using the soft-edge approximation
method with the measured magnetic field maps. This is
the so-called measured magnet field correction.

2.2 SSC beam center trajectory calculation

The existing center beam trajectory calculation and
the design of injection and extraction system for the
SSC were carried out by using a group of GANIL ini-
tial programs in the following steps: (1) calculating the
basic parameters of several typical ions by using the
Abacus program; (2) using the Syn program to estab-
lish a basis field, which is the normalized field based on
a soft-edge approximation method; (3) establishing an
isochronous field by using the Iso program; (4) changing
an isochronous field of one sector into one of the four
sectors with the Cour program; (5) calculating the beam
center trajectory and the relevant parameters of injec-
tion and extraction system elements, as well as others,
with the Acc program.

It should be pointed out the magnetic field distribu-
tion of a separated sector cyclotron is very complicated.
In this case, the results of the calculation with only the
soft-edge approximation method to get the magnet field
distribution will be affected by the basic mechanical pa-
rameters of the sector magnet only. So we can say that
the program group is too simplified. The difference of the
inhomogeneous ambient field for two types of injection
and extraction elements (bending magnet and inductive
septum) and the difference of the interaction between the
magnet field of injection and extraction elements and the
ambient field are not considered in detail. In addition,
the measured magnet field correction was also not car-
ried out. The results deviate from the optimized beam
trajectory and the parameters of the injection and ex-
traction system elements, which meets the requirements
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of the actual magnet field, and consequentially lead to
the low beam transmission efficiency.

2.3 Magnet field calculation causing the devia-
tion of the beam center trajectory for the
SSC

The soft-edge approximation method is very easy to
use in many cases. However, the result may be very dif-
ferent for different sector cyclotron magnet designs.

The HIRFL-SSC isochronous magnetic field is cre-
ated by using the K,-K, method. It is defined as follow-
ing:

Kb(/raxisuBO) = Baxis/<B>7

which<B>:3g B(s)ds/ﬂg ds,

E.O E.O

K, (Taxiss Bo) = Taxis/{T), WhiCh<T>=1/27’[-fJ; ds.
E.O

It can be seen that the K, will affect the magnetic
field distribution strongly. The shape of the main magnet
edge of the HIRFL-SSC is curved, while in the designing
calculation a straight-edge type was used, which has a
greater difference with the actual situation.

The actual K, is 1.74490 in radius of 104 cm region
at the main magnet field of 14KG, which was measured
in 1984 for the SSC. Unfortunately it has not been used
for the correction.

We use three methods to calculate the influence of
the measured K, on the distribution of the real mag-
netic field in the injection region.

(1) K, direct comparison method based on the exist-
ing calculation of the central trajectory for 100 MeV/u
1608+, The valley center-line R of injection equilibrium
orbit is 92.628 cm, which corresponds to the location of
the center-line of the sector being about 104 cm, and the
K, is 1.668635. Comparing with the actual K, value
of 1.74490 the AK, /K, =~ 4.37%. Because K} (Taxis,
By)=B..is/{B), if (B) is fixed, B, is proportional to
the K, value. In this case, the B, difference is about
4.37%.

(2) Magnetic angle comparison method

As we know, K, is defined as following:

Kb(,raxis; BO) - Baxis/<B>a

which (B) = 3&

E.O

B(s)ds/ﬂg ds.

E.O

The magnetic angle is defined as following:

1 r5°
B (raxis ) OO) —45°

where 0° is the sector magnet center-line. The following
formula can be deduced according to the definition of

Gm: B(Taxisue)deu

KbI
9m=90°/Kb.

We call this formula the effective magnetic angle discrim-
inator.

According to this result, the magnetic angle
0.,1=53.936° for the use of soft-edge approximation
method, and the magnet angle 6,,,=51.579° for the mea-
sured magnetic field, the difference between both values
is 4.37%.

(3) Using the Abacus code for direct calculation

The required parameters and variables for the cal-
culation can be obtained by careful study and deriva-
tion of the magnet field parameters of the SSC and their
relationship. The typical ion is '*O%*" —100 MeV /u,
for example, its injection energy is 8.4698 MeV/u, Bp
(in)=0.83989 Tm, f (rf)=12.7820 MHz. The calcula-
tion results use the soft-edge approximate method and
by using the measured magnet field the correction can
be obtained. The results show that the difference of
the magnetic field values for the injection point and
extraction one are of AB (in)=577.2 Gauss and AB
(out)=633.4 Gauss, respectively. The difference is 4.12%.

2.4 Difference between the soft-edge approxi-
mated distribution and the measured field
one

In order to provide real magnet field data, nearly a
year of magnetic field measurements (including the un-
perturbation and the perturbation magnet field maps),
trimming coil efficiency measurements, and isochronous
field trimming of the SSC were done. The measured
data show that the measured magnet maps are clearly
different from the magnet distributions from the soft-
edge approximation, especially in the central region (R
is less than 1 m) where the field distribution is very com-
plex. For example, for the R and 0 direction magnet field
distribution of the main magnetic field (see Fig. 1) the
measured result and the calculated one by using soft-edge
approximation are very different not only in a small ra-
dius and the edge area of the magnet, but also in the
central part.

2.5 Consequences of the central trajectory de-
viation for the SSC

In heavy ion accelerators, if the ion energy is W, the
magnetic rigidity G=Bp, then

Bp=A[W (W +2E,)]"/?/ Zec.

Where E,=931.478 MeV/u, A is atomic number, Z is
the charge state.
When v<c, the above equation can be expressed as

W=48(Bp)>Z*/A.
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From the formula, the following relationships can be de-
rived: dW/W=2.dB/B, dW/W =2-dp/p.
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Fig. 1. R and 0 direction magnet distributions of
measured and soft-edge approximations.

The formula tells us that one unit variation in B or p
will cause 2 units variation of energy W. The difference
between the Ky, value of the original calculation and the
one from the measured magnetic field will produce a dif-
ference of 4.37% for the magnetic field intensity. It is
obviously equivalent to cause an energy variation in the
amount of 8.7%. In Table 1, one can clearly see that if
the injection efficiency of 100% is requested, in the case
of accelerated ions with the different energy, the maxi-
mum energy acceptance range of the SSC is not greater
than +£5% (at £1% -+5%). Thus, if AW/W are 8.7%,
one can imagine how low the injection efficiency will be.
It can be deduced that the results are applicable for the
whole energy range and all accelerated ions for the SSC.

3 Deviation calculation of the central
trajectory of the SSC

Several studies on the SSC beam acceptance have
been carried out [2] with the theoretical isochronous
field (analytical magnetic field) built by using the soft-
edge approximation method and the real isochronous
field established by the Kb-Kr method and the measured
magnet maps, respectively. The multi-particle tracking
method had been used to calculate the acceptances.

For 9.7 MeV /u 23U jons, the radial and axial ac-
ceptance are 13.08 m-mm-mrad and 107.27 7-mm-mrad,
respectively, when the theoretical isochronous field is
used. For longitudinal acceptance, the acceptance phase
width is +7° and the maximum acceptable energy range

is £0.8%. These values are consistent with the original
design.

In the case of an isochronous magnet field estab-
lished by using the K,-K, method, the radial and ax-
ial acceptances are respectively 2.33m-mm-mrad and
41.097t-mm mrad for the 9.7 MeV /u 2*¥U3¢* . For the lon-
gitudinal acceptance, the phase width is +4°, the maxi-
mum acceptable energy range is £+ 0.1% only.

Second, when the 5.62 MeV/u ™Zn'** ions were
accelerated in the theoretical isochronous field, their
radial and axial acceptances are 16.437t-mm-mrad and
208.347r-mm-mrad, respectively. For longitudinal accep-
tance, the phase width is £12° and the maximum ac-
ceptable energy region is £0.8%. In the case of the
isochronous field established by the K}-K, method using
the measured magnet field, the corresponding values are
1.547-mm-mrad, 54.277t-mm-mrad, +2.5°, and 4-0.13%,
respectively.

From the above data it is clear that in a real
isochronous magnet field built by using the K,-K,
method, the radial acceptance is only 17% and 9.4%
of the values obtained with the theoretical field, respec-
tively. Others are far lower than the corresponding value
in the case of the theoretical field.

After calculation by using single-particle tracking it
was found that the beam central orbit had a great de-
viation from the central line in MSi3 in the case of a
real isochronous field (see Fig. 2). In any case, adjust-
ing the electromagnetic parameters of the elements could
not change the facts. The results of the multi-particle
tracking method show that nearly half of the beam was
lost inside MSi3. Similarly the same problem occurred
in MSe3. The deviation leads to low beam transmission
efficiency.
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Fig. 2. Central particle orbit of MSi3 in the theo-
retical field and real isochronous magnet field.
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Dr. HAO Huan-Feng of IMP [4] calculated the devi-
ation of the beam central obit in injection elements MSi3
and MSi4 by using same method. In the real magnetic
field the location deviations of the entry and exit end of
MSi3 are 0 mm and 10.6 mm respectively, while those of
MSi4 are 10.4 mm and 8.0 mm.

It should be emphasized that due to the limitating
conditions the above calculations are based on Acc pro-
gram. In fact, these calculations are equivalent to mak-
ing a measured magnet field correction for a part of the
centre trajectory calculated by Acc in a soft-edge ap-
proximate field.

These results obviously indicate that the existing
beam trajectory and the injection and extraction systems
do not match a real isochronous measured magnetic field,
and therefore lead to a low beam transmission efficiency.

4 Discussion of several experiment issues

4.1 Relationship between the main magnetic
field in the actual operation and the energy
of an extraction ion

Before 2003 more than 30 different ions with differ-
ent energies have been accelerated by the SSC. The op-
erating current values of the main magnetic field power
supply compared with the calculated value were about
0.8%-1.8% higher, which would lead to an increase of
about 1.6%-3.6% of the accelerated ion energy, but the
increase did not appear. The reason causing such a
large difference is very worthy of study. The results
show that the magnetic field intensity difference of in-
jection and extraction between the values calculated by
using the soft-edge approximation method and the mea-
sured magnetic field is 4.37%. In addition, if one uses
the calculation method of measured magnet field correc-
tion and uses the data from the soft-edge approximation
method to calculate the energy and other parameters,
the extraction energy W is 92.60 MeV /u instead of the
theoretical value of 100 MeV/u, AW/W = 7.4%, while
ABpinto/ Bpinte =3.3%. It also indicates that the ion
magnetic rigidity (energy) from the injector SFC and
the magnetic rigidity of the SSC injection point is mis-
matched. In other words, the injection match point of
the SSC found from the calculation using the soft-edge
approximation method is not appropriate.

4.2 SSC extraction energy measurement

Accurate ion energy is needed for nuclear physics
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5 Conclusions
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efficiency seriously.
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and construction of GANIL, and the measured magnetic
field correction should also be taken into account. This
is only practical approach to increase the SSC beam
transmission efficiency.
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