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Abstract 

We developed a pulsed beam current monitor. This 
current monitor can measure the 50 ~s macro pulsed beam 
from the proton linac. The available current range is from 30 
~A to 10 rnA. This monitor is toroidal coil type, and the 
pulsed current can be measured without beam destruction. We 
developed the special circuit for the I-V converter whose input 
impedance is almost zero. The time constant of the droop was 
35 ms, that is much longer than the beam pulse width of 50 
~, and the droop was negligibly small. 

Introduction 

The measurement of the pulsed beam current by the 
toroidal coil has a disadvantage of the droop of the output 
signal. The finite inductance of the coil and non-zero input 
impedance of the I-V converter cause this droop. The pulse 
width of our ICR proton linac is around 50 ~s, and the 
minimum peak current to be measured is the order of 100 ~A. 
For the measurement by the oscilloscope, the conversion gain 
must be greater than 1000 V / A, and the time constant of the 
droop must be longer than 1 ms. 

When a resister is a converter, the value must be 
carefully detennined. Higher resistance is needed for a high 
output voltage, and the lower resistance is needed for the less 
droop. Then a new converter circuit was developed for the 
compatibility of the low input impedance and high gain. 

Measurement Principle 

When the charged particle passed through a toroidal core, 
secondary current 12 is induced and given by 

I, Z 
I 2 (t) =-exp(--t) 

n L, 
(1) 

where 1 J • nand Z are the pulsed beam current, the number of 
the turns of the secondary winding, the input impedance of the 
1-V converter, respectively. The inductance of the coil Lis 
given by 

(2) 
where AL is constant of the core and is proportional to the 
magnetic penneability. 

Because the time constant of the droop is LIZ. the L 
must be large and Z must be small for the long droop time. 
For this purpose, larger n is desirable, but the secondary 
current become low. When a resister is used as the I-V 
converter, the low resistor is desirable for the long droop time, 
but not suitable for the high gain. Therefore, the long droop 
time and high gain are not compatible. For example if the 
droop time is 1 ms and the gain is 10 and AL is 14000 nR/n2, 
n must be 714 and R must be 7140 n. It seems impossible to 
wind so many turns of wires on the small core. 

Then we developed the converter circuit so that we can 
get both merit. The circuit diagram is shown in Fig l. This 
circuit is an application circuit of the negative impedance 
converter (NIC). The ratio of the input current 12 and the 
inverse current 13 is given by 

12 = R3 (3) 

The input impedance of the converter is given by 

Z = RIR3 - R2R4 (4) 
R3 

Therefore, when the following relation is satisfied; 

RIR3 = RzR4, (5) 
the input impedance become zero, and the time constant of the 
droop become theoretically infmity. Because the output voltage 
is -RjI2. the conversion gain is -RJ . 

Rl 

Fig.! Circuit diagram of the I-V converter with NIC 

Toroidal Coil 

The toroidal coil is shown in Photo 1. The core of the 
coil is made of Mn-Zn ferrite, which is TDK H5C2 
T28X13X16. The relative magnetic penneability of the core is 
10000, the inner and outer diameters are 13 mm and 28 mm, 
respectively, and the width is 16 mm. The AL of the core is 
14000 nR/n2, and the number of the turns is 30. The measured 
inductance of the coil is 14.0 mHo And another one turn coil 
was winded for the calibration. 

Photo 1 Toroidal coil 
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Considering the easiness of the production and the 
vacuum isolation, it is sealed in a glass container whose inner 
and outer diameter is 12 mm and 40 mm respectively. The 
secondary winding is a copper wire coated by a formal resin. 
The diameter of the wire is 0.5 mm, which is covered with a 
glass fiber tube for insulation considering a hot environment in 
the sealing process. 

Circuit System 

The detailed circuit diagram of the designed I-V converter 
is shown in Fig. 2. To keep the equation (5), precision metal
film resistors are used in these four resistors Rl - R4, and Rl 
is composed of a metal-ftlm resistor and a 10 n variable 
resistor. The variable resistor should be adjusted to near the 5 
n as the droop of the wave form is decreased. Because the 
resistor R3 is low, the large output current increases the power 
dissipation and raises its temperature. Therefore a current 
booster circuit is attached at the output of the operational 
amplifier, that can decrease the thermal drift 

Input 

+15V 

OutpUI 
t-~-----r--~----~------~O 
~c 
P::§ 

-15V 

Fig.2 Detailed circuit diagram of the I-V converter 

The secondary current from the toroidal coil goes through 
the coaxial cable and feed through, to the I-V converter. 
Because the number of turns of the coil is 30 and we want the 
total conversion gain to be 1000 V / A, the gain of another 
second stage amplifier is decided as 30. Then the output signal 
goes to the offset canceling circuit in the control room that is 
located out of the accelerator room, and the processed signal is 
measured by the oscilloscope. 

When the coil is installed in the beam matching section 
between the RFQ linac and the Alvarez linac which keep high 
power RF of 433 MHz in them, even small fraction of the 
power leak can be picked up by the coil. To eliminate the RF 
contamination. a low pass filter with 200 MHz cutoff is 
inserted between the coil and the converter. The low pass ftlter 
was directly connected to the BNC feed through and the 
convertor, so that the distance between the coil and the 
convener could be as short as possible. 

There are two reasons that cause the offset of the output 
signal. One is the thermal drift of the operational amplifier. 
and the other is the hum from the commercial power line (60 

Hz). The thermal driftwas reduced by decreasing the power 
supply voltage of the operational amplifier of the I-V converter 
and adding the current booster It was not easy to suppress the 
hum noise. Because the I-V converter is also sensitive to the 
low frequency signal, the level of the hum is comparable to the 
real beam signal at the small beam current, Although the 
aluminum thin foil is wrapped around the glass container as 
the electric shield, it is not effective to such low frequency 
noise. 

The glass container of the coil was enclosed by a 
permalloy sheet for the magnetic shield. That can reduce the 
hum noise, and the fluctuation of the offset level become low. 
To keep the offset level at zero, we added the offset canceling 
circuit after the converter. This circuit holds the output level of 
the converter just before the pulse signal, and subtracts this 
level from the original pulse signal. The timing of the sample 
hold is given by the timing generator of the accelerator system 
and the delay circuit 

Performance Test With The Function Generator 

The current monitor was tested with a test pulse current 
from a function generator. The test pulse was fed to the 
primary winding of one tum. The test pulse signal and the 
output of the second amplifier is shown in Fig.3. The input 
impedance of the converter should be adjusted to almost zero 
by the variable resistor so that the droop of the pulse shape 
decreases. The output pulse shape before and after the 
adjustment are shown in (a) and (b), respectively. The time 
constant of the droop is measured as 35 ms when the variable 
resistor is adjusted well. Thus the droop in the 50 J.1s is 
evaluated to be 0.2 %. 
1 '>03 .J; Y?«' 

:'5(0).lS/div .~.. 'I" 

I 500 )J.A/div ' i 500 ).lS/div -:- i 
i I ii-I ____ 500 IlNdiv L 
~~~~=="'~'~.,,~._~u~, ~ .~,~~,,", ~~~~~I~"*'~.~"-=._~<n~~~1 

(e) (f) 

Fig.3 Measurement of the test current. Top signals are test 
current from the function generator. Bottom signals are output 
of the current monitor. (a) for not adjusted variable resister RI. 
(b) for adjusted RI, (c) for 10 rnA of primary current, (d) for 100 

J-lA of primary current, (e) for low current test. (f) for the 
measurement of the rise time. 
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The output signals at the primary currents of 10 rnA and 
100 IlA are shown in (c) and (d), respectively. We could 
measure the test pulsed current without the droop. The result 
when the primary current is 10 /lA is shown in (e). Because the 
noise level of about 30 mV is higher than the signal of 10 
mV, the pulse shape is not clear. Thus the minimum current 
that can be measured is about 30 /lA. When the primary current 
was 1 rnA, the rise time of the pulse was 1 Ils as shown in (f). 
This rise time is enough for the measurement of our proton 
beam. 

Beam Test 1 

We measured the beam current through the core monitor 
and that from the faraday cup in the setup shown in Fig.4. 
This measurement is for the calibration of the beam current 
monitor by the real beam. Electron suppressor was attached to 
two points so that the secondary electron emission does not 
affect the beam current measurement. And the <1>6 collimator 
was set in front of the core monitor to prevent that the beams 
bumped on the core monitor. The result is shown in Photo 2. 
The signal of the core monitor is almost same as that of 
faraday cup except the noises. The peak current through the 
core monitor is 110 /lA, and the current of faraday cup was 120 
/lA. Because there is 5% gain loss in the core monitor circuit, 
this result was reasonable. 

The pedestal offset before and after the beam pulse is the 
holding offset of the sample hold circuit. The high frequency 
noise before and after the beam signals are the thyratron noises 
of the PFN for the klystron power supply. 

Faraday 
Electron 

suppressor Toroidal core 

cjl6 slit 

Fig.4 Configuration of the calibration test. 
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Photo 2 Result of beam calibration test. Top signal from the 
core monitor. bottom signal from the faraday cup. 

Beam Test 2 

We measured the beam current after the RFQ linac and 
before the Alvarez linac. The measured beam current is shown 
in the photo 3. Two dips were observed just before and after 
the beam pulse in the top signal. Because these dips were not 
observed by the second monitor, this signal may be the induced 
electrons from the RFQ. The measured peak current was 250 
IlA with the pulse width of about 50 Ils. Because the time 
constant of the droop is much longer than the pulse width, the 
droop is not seen in the measured pulse shape. The rise time of 
the pulsed beam was measured to be 4 Ils without any rise 
time corruption caused by the monitoring system. 

Photo 3 Beam current measured in the beam matching section. 
After the RFQ in the top. and before the Alvarez in the bottom. 

Conclusion 

We developed a beam current monitor of the current 
transformer type. The adjustable input impedance of the I-V 
converter enables the beam current measurement of the long 
pulse and low current. The offset canceling circuit made the 
fluctuation of the offset zero. The frequency range of the 
monitor is from 30 Hz to 1 MHz, and the wide range current 
response from 30 /lA to 10 rnA was realized. 

In the beam test, the pulsed beam at 250 /lA and with the 
pulse width of 50 IlA was measured without droop and rise 
time corruption. And the hum noise was much reduced by the 
offset canceling circuit 
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