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Abstract

A method which measures the e~ beam energy in the booster
to storage ring transport line isintroduced. One of the bending
magnet inthe BT Stransport lineischosen asthereference dipole
for the energy measurement. The beam tracing method which
takes into account of the fringefield effect is employed to cali-
brate the I-B curve of the reference dipole to enhance the accu-
racy of the energy measurement. The desired trgectory of the
€~ beamistraced for different energy by adjusting thereference
dipole current. The current correction factor with and without
thiscalibrationis-0.33 % for 1.3 GeV e~ beam for SRRC. The
possibleerror sources of thismeasurement are al so discussed and
estimated.

|: General Description

One simple method to measure the beam energy in transport
line is to use one dipole magnet as the reference dipole. By
proper adjusting the strength of reference dipole the beam will
go through the center of the BPM at down stream. The relation-
ship of beam energy and the dipole strengthiis:

Bp=CxEFE (1)
where B the magnetic field in Teda, p the bending radiusin
meter, E the beam energy in GeV and C is a constant. For elec-
tron the constant is 3.335646. The beam goes through the center
of the BPM implies that we have the designed p. Thus the en-
ergy is proportional to dipolefield strength. The beam has to be
steered such that it can launch at the designed entrance point of
the reference dipole. So before the reference dipolethere needs
at least two correctorsin the bending plane to adjust the position
and the angl e of the beam. It also needs two monitorsto observe
the result. According to the above consideration, the DM2 in
transport line of SRRC was chosen as the reference dipole. The
schematic layout of BTS transport line related to this measure-
ment is shownin figure 1. The septum and horizontal corrector
HC1 before DM 2 isused to adjust the entrance point of thebeam.
BPM1 and screen monitor SCN2 are employed to help steering
the beam to enter DM 2 with right position and right angle. Af-
ter the beam entering DM 2, the strength of DM2 is adjusted to
steer thebeam go throughthe desired trgjectory. The BPM2 after
DM2 was used to monitor the beam to make surethedesired tra-
jectory was achieved. Of course al the other magnets between
BPM1 and BPM2 were off during the measurement.

Asonecan seethereferencedipoleisthekey pointinthismea-
surement. The accuracy of the energy measurement depends on
how ”standard” the B field is. Thus the calibration of the DM2
has to be done to enhance the accuracy of the measurement.
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Figure. 1. The schematic layout of the BTS transport line to
DM3.

I1: The Calibration of reference dipole

Theintegrated B-I curve of the reference dipol e has been pro-
vided by the Magnet Measurement Groupt! of SRRC. The as-
sumed reference trgjectory in the field measurement is an ided
trajectory. Based on this assumed reference, multipolefield ex-
pansion and corresponding integrated strength is obtained. But
inthereal case thefield and itsdistributionof the magnet are not
ideal. It has fringe field and the trgjectory of the tracing parti-
clewill deviate from the design. The beam starts to bend earlier
whenit encountersthefringefield. If thefieldisstronger thanthe
design, bigger bending angle results. On the contrary, smaller
field will give smaler bending angle. In both cases an unsym-
metry tracing trajectory isobtained. Therefore the current need
to be tuned to reach a symmetry trgjectory as close to thedesign
as possible.

The beam tracing program is employed to simulatethe tragjec-
tory of the particle in the real magnetic field. From the discrep-
ancy between tracing result and the design, the correction factor
for theintegrated B-1 curve can be obtained and a symmetry tra-
jectory will be constructed. The same method has a so been ap-
plied to the ring combined function bending magnet of SRRCI?!.
In the simulations of this case the coordinateis chosen to be the
Cartesian coordinate with the origin a the magnet center. The
tracing starts from the point of (-0.622m, -0.03909m), which is
on the ideal trgjectory and is the starting point of the magnetic
field mapping. Thetracing isended at the the intersection point
of theideal trgjectory and theline of x=0.622m. Theinitia trac-
ing angle is the design angle of 5 degree and the tracing step is
chosen to be 1mm in Z-axis which is the direction of beam mo-
tion. The field at the mapping edge is few ten gauss. Hence the
field outside the mapping area is set to zero.

The point by point measurement of magnetic field at the cur-
rent settings of 341A, 390A and 438A were measured and pro-
vided by the Magnet Measurement Group!!l. From the inte-
grated B-I curve these three settings are interpreted as the trac-



ing particles with the energy of 1.1651Gev, 1.3323Gev and
1.4782Gev respectively when particles trace in the same bend-
ing radius of DM2. Hence ideally particles with these three dif-
ferent current settings and energies will follow the same design
trajectory. These three energy of beams were then traced in the
corresponding measured field and the results are given in table
1. Itisfound that the bending angle and the integrated strength
are 0.48% higher for 1.1651 Gev, 0.33% higher for 1.3323 Gev
and 2.18% higher for 1.4872 Gev respectively. It isaso found
that the discrepancy between the tracing trgjectories and the de-
sign is also larger than alignment tolerance. The integrated B-I
curve approximatelinear from 300A to 430A and beginsto satu-
rate above 430A. The fringefield will effect more serious on the
field in saturation region. Since 1.4872 Gev beams are traced in
the field powered at saturation region (438A) the field distribu-
tion will different from the linear one. Thisiswhy the current
correction factor for the 438A case are about 2% higher than the
unsaturated one which isonly 0.3-0.5%.

In order to reduce the exceeded field and to correct the trgjec-
tory discrepancy the field is scaled down by a proper factor to
make up for thesetwo imperfections. Thethree energy of beams
weretraced againin the corresponding scaled down field and the
resultsarealsolistedintable 1. Here therelationship of field and
power current is assumed linear. Hence the scaled down factor
for thefield can be also applied to the current. Fromtable 1itis
found that the errors of the bending angle and integrated strength
are corrected to the order of 10~ except that for the 1.4872Gev
particles. A symmetrical trgjectory is also obtained with the po-
sition discrepancy between the starting point and the end point
less than the alignment tolerance. Since the BPM2is6 m down
stream from the reference dipole, the angle error is aso an im-
portant parameter to be checked. From table 1 the angle error is
lessthan 1.7 x 10~° rad at exit point of DM2, which will prop-
agate about 0.01mm position offset to the down stream BPM 2.
That means avery good symmetrical trgjectory is obtained after
the corrections. Hence our attempt of trying to get a symmetri-
cal trgjectory with the position error at starting points and end-
ing points less than the alignment tolerance is achieved. Thus
particles will not deviate from the design tragjectory before and
after passing the reference dipole magnet. Furthermore the po-
sition discrepancy within measured fiel d region between thisob-
tained symmetrical trajectory and the design is also checked. It
isfound the maximum discrepancy in X-axisisabout 0.5mm. It
is much small than the good field width of 30 mm for the sep-
arated function dipole of DM2. Hence no obvious effects can be
seen for thisdiscrepancy.

Thetracing result of 1.4872 Gev &fter field correction is bad.
It is found the bending angle error is of the order of 10=° and
the integrated strength error is large up to 14%. Thisis because
that the dipole current for this energy isin saturation such that
the tracing trajectory deviates much from the ideal and can't be
taken as areference.

The design field of DM2 is powered at current 381A for 1.3
Gev. The measured data at 381A were not provided. But since
current 381A locates in the linear region of the integrated B-I
curve and is very close to 390A. Hence the measured field at
390A is scaled down to simulate the design field of 381A case.
Thetracing result at 381A shows the same behavior as the cur-

rent at 341A and 390A, 0.3-0.5% exceeded field and an unsym-
metrical trgjectory. Followingthesame correction stepsbothim-
perfections are corrected to the acceptable levels, also shownin
table 1.

[11: Error Estimation

A few possibleerror sources areinvestigated for thismeasure-
ment. The accuracy of the tracing program is checked first. By
comparing thetracing result of thehard edgefield withthedesign
, the accuracy of the program can be obtained. The tracing step
within the field distributionis 1 mm while in the neighborhood
of the edge is 0.02mm to improve thetracing accuracy. By com-
paring with the design tragjectory, it is found that the maximum
position error, occurred at the exit point, isabout 10~3 mm, the
angle error iswithin2 x 10~* mrad and error of the integrated
strengthis2 x 10~°. The position error at the down stream mon-
itor BPM2 due to the errors at the exit point of DM2 is 2 um,
which iswell within the accuracy of the BPM. Hence error pro-
duced by the program is neglectable.

The second error source which will effect the accuracy of the
measurement is the magnetic field error. From equation (1) we
see that the errors are mainly divided into tow parts:
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This classification is convenient for the theoretic analysis. In
the measurement the bending radiusis kept to the design value.
Hence % can be set to zero and al the energy measurement er-
ror can beinterpreted as the field error independently. Thissim-
plification is reasonable since the only observable effect of the
errorsis the displacement at the BPM. The error from magnetic
field isreduced by the calibration method providedin section 1.
Theerror |eft for thefield isthe dynamic field stability, whichis
believed to be below 103,

Another important error sourcein this energy measurement is
the position and angle deviation. The position errors are mainly
due to the misalignment of BPM and its reading accuracy. In
the beginning of commissioning the misalignment of the BPM
was estimated to be 0.5 mm relative to the dipole magnet and
the accuracy of the BPM reading iswithin 0.5 mm. Asmention
at section | BPM1 and SCN2 will be used to help the adjusting
of position and angle of the beam into the DM2. The errors oc-
cur at BPM1 and SCN2 will cause the beam launching at theen-
trance point of DM2 with +1 mm position and +0.4 mrad an-
gle errors. Accommodating with these entrance errors the beam
is steered to the design trajectory within the monitor reading ac-
curacy of BPM2 at the 6 m long down stream after DM2. Tak-
ing the field distribution of 390A after beam tracing calibration
as an example, the possible tuning range for the magnetic field
strength caused by these errorsis simulated by the same tracing
method and its result is from -0.36% to 0.37%. If we take 0.5
mm misalignment of BPM 2 into consideration, the possibletun-
ing range will be upto +0.42%.

The total error is obtained by taking root mean square of al
the above errors, the dynamic field stability of 0.1 %, errors due
to position and angle discrepancy of 0.42 % and for safety the
miscellaneous error of 0.5 % for the unknown. While the 0.42



% error isenlarged to 0.5 % for the possible error of field distri-
bution used in the simulation. Hence the possible error for this
energy measurement algorithmis about 0.72%.

IV: Discussion and Conclusion

Theagorithm of the energy measurement presented inthisre-
port is easy to achieve. It isbased on the origina design of the
BTStransport line and no extra equipments are needed. Thein-
tegrated B-1 curve is an important information for this measure-
ment and needs to be calibrated. By using the method of beam
tracing a calibrated intergrated B-I curveis obtained.

It is found that the current needs to be scaled down by an
amount of about 0.3% for the linear region near the designed en-
ergy 1.3 GeV. It isalso found that the current can not betuned to
the saturation region for the SRRC.

The accuracy of the measurement is significantly effected by
dynamic field(current) stability, the reading accuracy of BPM,
alignment error, launching error and other unknown errors. By
appropriatetreatment the effect dueto reading accuracy of BPM,
alignment error and launching error can be factored out by the
beam tracing method. By taking the root mean square of all
the contribution of error sources, the possible error of this en-
ergy measurement algorithmisabout 0.72 %, of which 0.5% un-
known error has been assumed. There are aso the unexpected
errors when doing the experiment. However the accuracy isex-
pected to be below 1% in the real experiment. From the above
simulationsitisal so found that the alignment error and the BPM
reading accuracy are important factors for the error estimation.
If these two error sources are reduced the launching error will
become smaller also. Hence the measurement accuracy can be
better when the alignment error and the BPM accuracy are im-
proved.
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Table 1. The tracing results of DM2

Energy I bending | [ Bods current ending point

angle correction | Zeng Yend | Xitangle

(GeV) (amp) (degree) (T.m) factor (mm) | (mm) | (degree)
design 1.3 | 381.062 10 | 0.756832 622 | -36.91 -5
ideal tracing 13 10.00001 | 0.756831 _ 622 | -36.91 | -5.00001
initial 11651 | 341.22 10.048 | 0.681564 _ 622 | -37.35 -5.048
tracing 1.3 | 381.062 10.034 | 0.759384 D — 622 | -37.19 -5.034
13323 | 390.51 10.033 | 0.778212 _ 622 | -37.18 -5.033
14872 | 438.62 10.218 | 0.884681 622 | -38.00 -5.218
tracing 11651 | 339.58 9.9999 | 0.678297 -0.48 % 622 | -36.82 -4.9999
after 13| 379.80 | 10.00006 | 0.756838 -0.33% 622 | -36.82 | -5.00006
adjustment | 1.3323 | 389.21 | 10.00001 | 0.775633 -0.33% 622 | -36.82 | -5.00001
14872 | 429.27 | 10.00045 | 0.865866 -2.13% 622 | -35.65 | -5.00045




