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NEW BEAM DIAGNOSTICS AT GANIL : 
VERY SENSITIVE CURRENT TRANSFORMERS IN BEAM LINES AND COUNTING SYSTEM OF BEAM TURNS IN CYCLOTRONS 

F. LOYER, T. ANDRE, B. DUCOUDRET, J.P. RATAUD 
GANIL, BP 5027, CAEN Cedex - FRANCE 

ABSTRACT 

Two new beam diagnostics have been designed and 
are in operation at GANIL : 
- To measure very small beam currents without intercep- 
ting the beam, transformers have been developped whose 
resolution is as low as 1 enA. That is obtained by us- 
sing synchronous detectors locked on the PIG source pul- 
sation and by reducing the noise level. 
- As the accelerated orbits in the second main cyclo- 
tron are overlapping one another, we cannot count the 
number of turns by a classical moving probe. Therefore 
we compute the cross-correlation function of the beam 
signals detected on inductive probes at the input and 
the output of the cyclotron. Due to the natural ran- 
dom bean structure, this cross-correlation function has 
a sharp maximum for the value of the beam time of flight. 
Thence the right number of beam turns can be calculated. 

INTRODUCTION 

The GANIL complex is a heavy ion acceleratorcom- 
posed of 3 cyclotrons, the first one is cornpact and is 
followrdby two identical separated sector cyclotrons 
(SSC), the ion charge state being increased by strip- 
ping between SSC's. 

In order to tune and to control the machine more 
easily, we decided to design and set up non-intercep- 
tive beam diagnostics. Two of them are described here : 

- Current transformers (CT) measure the beam ave- 
rage intensity with accuracy. Their resolution is expec- 
ted to be less than 1 enA and their nominal range 
10 euA. They are used continuously during the normal 
operation instead of the Faraday cups. 

- A SSC turn counter system computes the right 
number of beam accelerated turns inside the SSC. Up to 
now we have not been able to know it inside SSC2 by 
using the movable current probes, as the turns overlap 
one another (except for the extracted turn of course). 
The use of this system will save tuning time, even in 
SSCl where turns are separated. 

CURRENT TRANSFORMERS1'2'3'4 

System description 

A current transformer system consists of four 
parts (fig 1) 

Fig 1 : 17urrent Transf'ormer Blcck Diagxm 

A Toroidal Core Current Transformer (CT)which 
gives i(t) in bandwith : r,. \ 

with I(t) 

i(t) = ILnL + N (t) 

: the beam current, n : numberPof wire turns, 
Np(t) the noise picked up by the transformer. 

A Current-to-Voltage Converter (CVC) which 
gives : v(t) = Ri(t) + N,(t) 
where N,(t) is the electronic noise generatedby theCVC 

Therefore v(t) = R :b, + N (t) 
n v 

with NV(t) = RNp(t) + N,(t) 

A Detector which picks the beam average current 
out of v(t) : V = k I(t) + ND 
where ND is the detected noise due to N (t) and N (t) 

we have 
As ND is the resolution of the mgasuring dgvice, 

tried to make ND as small as possible. 

A Calibration system which sends a calibrated 
current. 

Choice of the detector 

As the ions are produced by a pulsed PIG source, 
we have chosen to use a synchronous detector locked on 
the source frequency F (100 Hz to 300 Hz) (fig. 2) 

Fig 2 : Synchrcnous iletector Princip7,e 

The detector output V is proportional to the 
beam average current with the low pass bandwith BD if : 

- the beam time T is completely within T 
- the beam current frequency harmonics hive not 

their phase shifted by the CT. The lower cut-off fre- 
quency BT must consequently be low enough (about F/20, 
therefore B T < 5 HZ). 

The resolution is : NDr.m.s. = E2 zD'Nt CD 

where NkF' 1s the noise density of N"(t) for the odd har- 
monics z of the pulsation. 

To reduce N we have chosen B 
have tried to redu?: N (t) and N (t).D 

= 1 Hz and we 

Another advantage of thisedetection is the al- 
ternating amplification which cancels the offset drift. 

Choice of the CT and the CVC 

Figure 3 shows the CT with the CVC : 

C.T. c.v.c 

Fig 3 : Current Trans,fgrmer I'CTTI with its Current-to- 
Voltage Converter (CVCci 

The lower cut-off frequency BT is : BT'";;-r!$-* 
r 

We obtained B 
- OD.= 8Omm or 10 mm according to the vacuum pipe 6 

: 1 Hz with : 

-s 2 4omx 4omm 
-i-I = 105. 
wit out 6 

This value optimizes quite well N,(t) 
increasing N (t) too much. 

- r = IR. DecreasingPr nore makes the operational am- 
plifier (O.A.) unstable in D.C. 

F The O.A. in use is BURR-BROWN OPA27. We obtained 
Ne < 4 uVi\/ii; for F = 200 Hz, which is equivalent to 
0.6 enA of beam current with ‘1 bandwith of 1 Hz. 

Mechanical assembly 

Figure 4 shows how toroidal core is set up so as 
to reduce the noise Np(t) detected by the CT as effi- 
ciently as possible. 
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Fit L 0 : 

- an electrical insulation of the vacuum pipe (1) 
and a very low impedance shunt (2) cancel the parasitic 
current through the toroid. 

- all current loops are removed (3) 
- electromagnetic shirldines in soft iron (4) 

and in pmetal (j), and an electrcc shielding (6) in 
iron or in aluminum, protect the toroid and the CVC(7) 
against the parasitic electromagnetic fields. Unhappily, 
this protection is not quite efficient because of the 
hole for the bean. 

- a very efficient suspension (8) damps any sup- 
port vibrations which generate magnetic flux variations 
therefore parasite current a heavy mass (9) (Q 30 kg) 
improves its efficiency 

- the most difficult problem co solve is the 
noise current generated by microphonic effect because 
the noise level is high in the machine cave (90 dBA). 

Actual performances 

At present , four CT’s :are in operation. Two of 
them installed at the SSC output r.~ork as expected. Fi- 
gure 5 gives the noise spectrum ?Jz before the detector 
and the resolution ND versus the source frequency. The 
zero drif: is very small ( i 1 enA). 

NF . . N,r.n.s. 

“L F(Hz) 
-loo0 100 200 300 400 500 

n 

Fie 5 : Noise Spectr-m CAf; and Resolution il;T$'.m.s.) 
- obtuined with a l"Hz Sundwith 

The other two installed at the SSC input, are 
noisier (3 to 5 enA according to F) because they are 
bigger and t!>ereforc their shieidings are less efficient. 

Improvements 

In beam transfer lines between accelerator and 
experiment rooms, the beam current may be very small 
( <lo enk). The CT performances have to be improved 

This precision of 70 ns requires that the fre- 
quency spectrum of I(t) therefore of VI(t) and Vo(t) 
must be 2 MHz wide at least. As shown on figure 7, the 
beam intensity provided by the PIG sowce has an ade- 
quate frequency spectrum. 

Devices description 

consequently. We hope to improve their resolution down Detector : we have used the existing beam cen- 
to 0.2 or 0.3 e.nA because all parts of the CT device tral phase measurement device : capacitive probes and 

can be still improved (micrJphonic effect in particular) 
At the end of this year, the PIG source will bt, 

replaced by an external ECR source. Such d soCrcr 
is DC working or in a slowly pulsed mode, w&f plan 
to chop tne beam after the source to be able to use 
the CT. It will be possible to choose the best fre- 
quency and to obtain an excellent resolution everywhere 
and everytime. 

SSC TURN COUWING SYSTEM 

Principle 

In theory : to calculate the number of :urns in- 
side SSC, we measure the beam ti:ne of flight ), between 
the input and the output of SSC in the following way : 
(fig 6). 

VI(t) = KItI + XI(t):. 

V,(t) = KohD(t) + NO(t)) 

with NI(t) and N (t) : the noise generated by the dr- 
tector ; I(t) an 9 I (t) : the beam intensities 

If eXY(t) i! the cross-correlarion function 
bet!wen X(t) and Y(t), and if NI(t) and NO(t) are white 
noises, we get : 

e VIVO(:) = K K P 
I 0 -Ho(T) 

As I (t) = I(t-h) and as I(t) has a natural ran- 
dom structu?e (see figure 7) gI$,(:) has 3 maximum for 
7 = x 

Ff::: Eeam ramhi Stmctu.re 

Then, the right turn number TNB can be get 
by the relation : TNB =h/f- TNB , w;lere f is the revo- 
lution frequency and TYB the etuivalent number of 
turns along the injectiog and extraction ch.innels. 

In practice : the expected mr:lsuring parameters 
are the following ones : 

TNB 
A pret,ision 

(mean) Cs turn ; 6X f 



their processing units (amplifiers, filters and delay 
lines), siAna reference and microprocessor control.5'6 
We have only added a synchronous detector working on 
the RF second harmonic and made of a mixer and a 3 MHz 
low pass filter to get V(t) (fig. 8). 

The signal to noise ratio (u) depends on the 
beam energy W and intensity I (V =NkI/V% and N = pre- 
amplifier noise). 

For instance, 
V 
- = 1 for about 5 enA at the SSCI 

input, 100 enA at theNSSC2 output and 20 enA between 
SSC'S. 
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Fig 8 - : Twn Cou.ntinq system BLOC+Diagram 

Cross-correlation computing : (T = kT) 

le= E "I"o(~) ' z,:i- nz VI(nT)V"(nT+T) 
II=-N 

We use a dual trace 20 MHz digital storage oscil- 
loscope for VI(t) and V,(t) recording and an APPLE II 
computer for correlation and number of turns computing. 

At present, we record 1024 samples on each trace 
with a sampling period of 100 ns or 200 ns according 
to the value of h. 

The number of computedI%T:alues is 50 if the num- 
ber of turns is rough:! known (+ 25 turns for SSC? and 
-f 5 turns for SSCI). The number N of samples used to 
compute eis 400 and the computing time 30 seconds. 

If the number of turns is not known at all, the 
number of computed values is increased up to 200 or 
rlr:re but the precision is worse (N is smaller) and the 

computing time is bigger (a few minutes). 
In any cases, the correlation coefficient is 

computed for the maximum value of gbecause it is a 
measurement validity criterion. 

Present Results 

Counting the number of turns inside SSCZ is an 
easy operation and the results are good in most cases 
iE the signal to noise ratio is larger than 0.5. That 
is obtained with approximatly 10 enA beam at the input 
and 50 enA at the SSCZ output. Figure 9 shows ane,xample 
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If the beam intensity is smaller, measurements 
becomes delicate. 

When the beam intensity has a quite periodic 
structure, measurements may not be possible, the cor- 
relation function becoming periodic too. Figure 10 
shows an example of this case. Happily, this is quite 
rare. In most cases there is a mixture of periodic and 
random structure depending on accelerated ions. 
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Fig 10 : Turn Cowtiny dth ci Beam per-h&c Structicre 

Improvements 

To improve the measurement accuracy in the li- 
mit cases (small intensity or periodic structure) we 
must increase the number of computing samples and re- 
duce the sampling period. For that, we plan to use a 
numeric oscilloscope with 4 kwords per trace and a 50ns 
period sampling. 

The present method can be used only when the 
beam is extracted from the cyclotron. A more conve- 
nient solution would consist of detecting the last 
turn intensity just before being extracted with an 
interruptive phase pick up located on a movable probe. 
Moreover, such a pick up is more sensitive than the 
SSC2 output capacitive probe. The first tests are in 
progress. 

When we use an external ECK source, the beam 
intensity will not have sufficient random structure 
to use this measurement system directly. We plan to 
create a specific random structure during the measure- 
ment time by modulating the RF level of the non-reso- 
nant buncher which is located between the ECR source 
and the injector. 
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