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Abstract
For the Magnetic Field Control of the synchrotron at

the Heidelberg Ion Therapy Centre the magnetic fields are

measured with a pickup coil along the beam pipe. The

induced pickup voltage, corresponding to changes in the

magnetic field, has to be integrated in real-time to deter-

mine the actual integral field. A high precision integrator

has been developed to measure magnetic fields with an ac-

curacy of 4ppm over 10 seconds. This new integrator has

a very low drift and calibrates during the measurement. It

is the fastest and most accurate integrator for integrating

analog voltages in real-time.

INTRODUCTION
Since the opening in 2009 the Heidelberg Ion Therapy

Center HIT has treated successfully 1500 patients with car-

bon ions and protons. To reduce the treatment time and

to increase the number of patients per year, the accelerator

and the therapy system are constantly enhanced.

To shorten the time of an acceleration cycle a magnetic

feedback control [1] for the synchrotron magnets has been

developed that measures the integral magnetic field of a

ramped magnet with extremely high precision. Its main

component is the ”HIT Integrator” which processes the

voltage from a pickup coil in combination with a hall probe

system as shown in Fig. 2. At the beginning of a syn-

chrotron cycle a reference value from a hall probe is taken.

This local magnetic field B(t0) is used as the initial value

to start the integration process of the voltage obtained from

a pickup coil which encloses an area A. The voltage of

the coil in a homogeneous field is according to Faraday’s

law U = −A · dB/dt induced by the time-dependent B-

Field. By integrating the voltage over time the system can

measure magnetic fields in real-time with a precision bet-

ter than 2 · 10−5 of Bmax in a reproducible way. For a

Figure 1: The HIT Integrator combines the novel high pre-

cession real-time integrator and the hall probe electronics.

Figure 2: Field control system of a dipole with the pickup

coil (red) and the hall probe (blue) [1].

1.5 T magnet a resolution of 0.3 Gauss over 10 seconds is

reached [1].

The requirements for the integrator are: high precession,

real-time ability, automatic calibration, continuous mea-

surement, temperature insensitive and high availability.

For the therapy synchrotron a precession of the magnetic

field feedback system better than 2·10−5 ·Bmax is required.

In units of the integrated voltage this means a resolution of

10−4 Vs with a full range from −5Vs over a measurement

time of 10 s.

The signal from the integrator is used for a real-time cor-

rection of the magnet current. Real-time means that mea-

surement and signal processing is faster than the change of

one bit in the integral.

During acceleration the integrator has to provide a con-

tinuous measurement and online calibration.

The HIT Integrator fulfills the requirements by using

new techniques.

HIT INTEGRATOR

In Fig. 3 the block diagram of the integrator is shown.

The integrator path is doubled for simultaneous calibra-

tion and measuring. While one path is measuring the input

signal the other path is in calibration. For the integration

a commercial synchronous voltage-to-frequency converter

(VF converter) from analog devices is used. The frequency

of the output pulses is proportional to the input voltage.

By counting the pulses one gets the integral of the input

voltage. The number N(t, t′) of counts given in the time
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Figure 3: Block diagram of the HIT Integrator.

interval from t′ to t and is described by

N(t, t′) =
1

ΔΩ

(∫ t

t′
VIN (τ) dτ + δN

)
, (1)

with ΔΩ = RINIREFTclk a property of the VF converter.

The mean output frequency in the time interval from tn2 −
tn1 = (n2− n1)Tclk during (n2− n1) clock cycles is

fout =
N(t2, t1)

tn2 − tn1
± δfout , (2)

with an inevitable discretization error δfout = 1/(tn2 −
tn1).

With ideal electronics, the change of the magnetic flux,

enclosed by the pickup coil is a linear function of N(t, t′):

−
(
Φ(t)− Φ(t′)

)
=

∫ t

t′
Uind(τ) dτ (3)

= ΔΩ
(
N(t, t′)−Noffset ± 1

)
. (4)

With

ΔΩ = RINIREFTclk = 10−5 Vs (5)

the smallest measurable change of the magnetic flux as a

property of the setup.

Offset
To integrate positive and negative voltages Uind from the

pickup coil, an offset voltage Uoffset = 5V is added to get

the input voltage VIN for the VF converter

VIN (t) = Uind(t) + Uoffset . (6)

which shifts the measurement range for Uind from 0 V –

10 V to -5 V – +5 V.

Calibration
The novel concept of calibration is that during repeated

short time intervals two consecutive calibration measure-

ments determine Noffset and ΔΩ. Thus, all possible errors

on the path from the pickup coil input (Uind) to the output

of the VF converter are corrected.

The intervals should be short enough to react to environ-

ment changes but long enough to keep the discretization

error sufficially small.

For the calibration, instead of the pickup coil, two known

voltages with a high accuracy (0 V and 2.5 V) are connected

with fast analog switches to the integrator path. During the

first 2 seconds of the calibration time

N cal
offset = N [0V ](2 s, 0) (7)

is measured and during the next 2 seconds the value of one

pulse is determined as

ΔΩcal =
5Vs

N [2.5V ](4 s, 2 s)−N [0V ](2 s, 0)
. (8)

These two values are then used in the subsequent measure

time.

The deviation from the expected value for Noffset =
fclk/4 · 2 s = 500000 is corrected in real-time by adding

negative pulses to the counter. The pulse generators can

only generate frequencies which are a fraction of the FPGA

clock fFPGAclk = 80MHz. To increase the accuracy, the

negative pulses are divided to a fixed pulse generator and

a variable pulse generator. For the fixed pulse generator

working at the expected pulse rate fmax
out /2, no calculations

are necessary.

foffset fixed = fmax
out /2 (9)

The frequency of the flexible pulse generator is set to the

difference between the measured and the expected value.

foffset variable = N cal
offset/2 s− fmax

out /2 (10)

with the period length of

toffset variable =
fFPGAclk

foffset variable
. (11)

The value of one pulse ΔΩcal from the VF converter

or the pulse generators are calculated by the second

calibration measurement, equation 8. The theoretical value

for the given setup is ΔΩ = 10−5 Vs.

Figure 4: The four possible calibration states of the inte-

grator are changed in the shown sequence every tcal = 2 s.

Timing
The calibration of the two integrator paths (Fig. 3) is

done in 4 states that change every 2 seconds, as shown in

Fig. 4. Each integrator paths is half of the time in calibra-

tion mode and half of the time in measuring mode. There-

fore a continuous measurement can be guaranteed.
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Figure 5: The integral of a short circuit (0 V) shows the

accuracy of the integrator. The green area describes the

required accuracy for the feedback system in the therapy

accelerator for the clinical use.

Error Estimation

Because of the discrete clock times and the integer val-

ues for N(t + tcal, t), a relative error δf/f of 1/N(t +
tcal, t) is unavoidable. If this error should be smaller than

10−6, N(t + tcal, t) has to be bigger than 106. For an off-

set frequency foffset fixed = fclk/4 = 500000Hz, the dis-

cretization error in δfoffset fixed is

δfoffset fixed = 10−6 fclk
4

. (12)

From this follows that a calibration time of tcal > 4/fclk ·
106 = 2 s is needed.

Analysis have shown, that a longer calibration time,

which would decrease the discretization error, increases on

the other hand the error caused by environment changes

especially temperature fluctuations. The optimal calibra-

tion time tcal = 2 s is used.

The error caused by the switching between the two

integrator paths one pulse (ΔΩ) in maximum. The average

value is zero.

Table 1: Specification HIT Integrator

Parameter Units

Integrator

Resolution 20 Bit

Resolution LSB 10−5 Vs

Output Range ±5.24 Vs

Pickup Coil Voltage up to ±4.8 V

Integrator Stability @ 1σ
10s 2 · 10−5 Vs

3.8 ppm

MEASUREMENTS
The voltage signal of the pickup coil, shown in Fig. 6, is

positive at the rising part ramp and negative at the falling

part of the ramp. The signal is overlaid with noise of about

the same magnitude. Due to the continuous integration pro-

cess the integral of the noise is zero with insignificant devi-

ations. The integral of the pickup coil voltage (blue) shows

the integral magnetic field of the dipole BL(t) with an over-

all acurracy of 2 · 10−5BLmax.

Figure 6: The induced voltage of a pickup coil in the syn-

chrotron dipole during an average synchrotron cycle (red).

The integrated voltage of this pickup coil (blue).

SUMMARY
The HIT Integrator is the first integrator for real-time ap-

plications with an accuracy specified in Tab. 1. In Fig. 5 the

measured integral of a short circuit (0 V) over 20 s is shown.

The deviation from zero is smaller than 4 ·10−5 Vs. The in-

tegrator is drift compensated and calibrates during the mea-

surement. Therefore it depends no longer on temperature

changes and guarantees a continuous measurement.

It is used for the field feedback system at the Heidelberg

Ion Therapy Center since January 2012 in the clinical rou-

tine and has the feasibility to save up to 25% of the cycle

time. The irradiation time of each patient is reduced ac-

cordingly and more patients can be treated.
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