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The 76-inch cyclotron at Crocker Nuclear Laboratory (CNL) requires measurements of the beam current to
calculate the amount of radiation dose an object will receive when placed in front of the beam. We built an
ion chamber that will provide localized real-time measurements of the beam profile. These measurements that
characterize the beam profile will then be used to characterize the transverse variations in dose. When changing
the energy of the beam, the profile can also fluctuate. The ion chamber allows for these slight changes to be
taken into account by immediately recalculating new values to be used in dose calculations. Those new values
are scaling factors used to determine the position dependent flux based on the total beam current.

Introduction

The Crocker Nuclear Laboratory is equipped with a 76-
inch cyclotron [2]. The cyclotron can accelerate many par-
ticle species including protons, deuterons, alphas, neutrons,
and helions. The proton beam which was used to test the ion
chamber, can be tuned up to 67.5 MeV [3]. When the desired
charged particles enter the center of the cyclotron, magnetic
fields apply a force that causes the particles to travel in a cir-
cular path. Whenever the particles cross the center gap of the
cyclotron, they are accelerated by an electric field. Since the
cyclotron is isochronous, a magnetic field increases radially
to keep the period of the particles constant as their energy in-
creases. This allows the particles to be continuously acceler-
ated by a voltage that alternates at a constant frequency. Once
the particles reach the desired energy they are then directed
out of the cyclotron and down one of the beam lines shown in
figure 1.

One of the main uses of the cyclotron at CNL is commer-
cial testing of radiation effects, which is done in beam line 2.
The cyclotron is also used to treat ocular cancer every month.
The ion chamber we built works similarly to the profile moni-
tors used in the Eye Therapy Facility [5]. Typically, the shape
of the beam, or the beam intensity profile is measured using
Gafchromic film [4], which is a radiotherapy film that changes
color when exposed to radiation. Figure 2 shows an example
of the spatial distribution of the beam. It is important to collect
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foil combinations via the interface shown in Figure 7.  

10. What is the beam spill structure, if any?  Note duty cycle and average vs. instantaneous 
flux if applicable? 

The UC Davis 76 inch cyclotron runs continuously so the beam current is the average current 
and the bunch repetition rate is the CW RF frequency of the beam tune. For example, at 22.5 
MHz a bunch is 2 ns long with a 44.5 ns repetition rate. 

11. For protons, what capability is there for low energies (0.3-2 MeV), i.e., for proton direct 
ionization? 

A 0.322 MeV proton beam with a one sigma energy spread of 0.05 MeV can be obtained by 
directly tuning to a 1 MeV proton beam and then using an 11.58 micron Aluminum foil. 

12. Is there capability for ion micro beams to study specific portions of a device? 

The beam size can be only controlled now with collimators. The capability could be added by 
installing a suitable micro beam final focusing 
objective. 

13. How is beam shared with other 
activities at the facility?  Are there 
activities that can interrupt delivery of 
beam for effects testing either during a 
run or restricting available days?  
Please describe. 

This facility is unique in that the users do not 
share the beam and cannot be interrupted. 
Currently the beam is booked on a first come, 
first served basis. Once a user books the time, 
the user cannot be bumped. The beam is 
booked on a single shift per work day 
excluding holidays, weekends, and scheduled 
maintenance. It would be possible to extend the 

 
Figure 8. Experimental cave layout. 

 
Figure 9. Patch panels in experimental area. 
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FIG. 1: Crocker Nuclear Lab layout

FIG. 2: Spatial distribution of the beam

FIG. 3: Diagram showing ionization in chamber

information about the intensity and shape of the beam in order
to accurately understand how the radiation affects the objects
that are exposed to the beam. In addition to the Gafchromic
film, the ion chamber is another method of collecting these
measurements. Figure 3 illustrates how the chamber func-
tions. When a bias voltage is applied across the aluminum
foils that are located at each end of the cylindrical chamber,
an electric field is created. As the proton beam passes through
this field, the electrons are swept through to the positive side
while the positive ions are swept in the opposite direction. The
movement of these particles creates a current that the circuit
in the center of the ion chamber can read out.
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Either Gafchromic film or an ion chamber based profile
monitor can be used to calculate what are known as scaling
factors by converting total beam current to a localized flux.
These scaling factors are an important part of dose calcula-
tions. The dose calculations provide information about how
an object has been affected by the beam, the scaling factor is
what allows us to specify how a certain area has been affected
by the beam. Some of the commercial tests involve varying
aspects of the beam such as the beam energy. However, these
calculations are done under the assumption that the beam pro-
file stays constant. In some cases, the slight changes in the
beam profile have affected the quality of the results when the
beam energy is varied between runs. This is where the ion
chamber becomes an improved method since it takes much
less time to extract the correct numbers. As a result, in addi-
tion to providing a better understanding of beam calibration,
the ion chamber will also recalculate the scaling factors in real
time to account for any minor differences.

Simulations

Before building the ion chamber, simulations were used to
optimize the design. G4Beamline [6], a Monte Carlo simu-
lation and a wrapper for Geant4 [7], was used to model the
effect of the electric field in the ion chamber. The chamber
model consists of a circular sheet of Kapton 0.127 mm thick
and 18 cm in inner diameter, which is then adhered to a circu-
lar sheet of aluminum foil 6.35 µm thick and 18 cm in diame-
ter, after there is a 2.5 cm gap of air followed by 4 aluminum
pads 12 µm thick and each 12 mm in diameter. These pads
were placed in a vertical line from the center of the cham-
ber. The chamber is symmetrical and therefore followed by
another air gap, sheet of aluminum foil, and lastly Kapton, all
with the same dimensions. The inner diameter of the chamber
was then varied in the simulation to locate the ideal dimen-
sions where the electron count across the pads was uniform;
with the goal of avoiding possible edge effects from the elec-
tric field. The data shows that the optimized inner diameter of
the chamber is 18 cm.

FIG. 4: Electron count variation across 4 pads for 2 million runs

This result can also be seen in Figure 4 and Figure 5 where
the 18 cm diameter resulted in the lowest percent difference

FIG. 5: Electron count variation across 4 pads for 8 million runs

across the pads from the average electron count.

Building the Ion Chamber

When building the ion chamber, the goal was to make the
first version as cost efficient, simple, and quick as possible.
The frame of the ion chamber was modeled in OpenSCAD
and 3D printed in 4 separate pieces (Figure 6).

FIG. 6: Simplified diagram of ion chamber

We then cut circular pieces out of Kapton and punched
holes for the screws that hold the chamber together. The thin
aluminum foil was carefully cut out with an exacto knife and
glued to the Kapton. Each of the two pieces also had holes to
connect wires to for applying a bias voltage across the alu-
minum foil. Separate wires were then soldered to 7 BNC
connectors and to the edge of the circuit which is placed in
the center of the chamber. The circuit was designed in elec-
tronic design software (KiCad), and then printed through a
PCB board printing company (Figure 7).

The circuit itself is 26 by 10 cm with a total thickness of ap-
proximately 0.07 mm. The 2 layer board consists of a copper
layer of 7 copper pads placed in a vertical line along the center
of the circuit and then copper tracks to soldering connectors,
this copper layer is electro-deposited on a 25 µm polyimide
layer. Lastly, a masking layer was added to prevent any pos-
sible interference from the copper tracks. The edge of the
circuit was also designed with a length that allows the con-
nectors to be slightly outside of the chamber’s frame, so that
the wiring will also stay outside of the chamber. A sheet of
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FIG. 7: Front of the circuit designed to collect data from the cham-
ber. The column of exposed copper electrodes in the center are what
measure the current when exposed to the proton beam.

metal was then cut and shaped to create a box attached to the
outer frame of the chamber to contain the wiring and 7 BNC
connectors to read out the data. These were then connected to
7 Keithley ammeters to read out the current during beam tests.
A stand was also designed and printed using a resin printer to
securely attach the ion chamber to the optical table in front of
the cyclotron beam line. Two smaller rectangular pieces were
also resin printed so that the section of the flexible circuit out-
side of the frame could be placed between to ensure stability
and protect the soldering connections due to their small scale.

FIG. 8: Ion chamber setup in front of beam line

Beam Profile Results

The cyclotron proton beam profile was measured by apply-
ing a bias voltage of 1400 volts to the ion chamber and then
exposing it to a proton beam from the cyclotron. The results
showed that the method of using a GPIB bus communicator
to receive data from the ammeters through a python program
was not sufficient (Figure 9). Since the GPIB bus only allowed
for sending and receiving signals from the 7 ammeters used
in sequence rather than in parallel, the shortest time interval

achieved for recording one data point from each ammeter was
9 seconds. Any shorter and there was too high of a probability
that the data wouldn’t be received properly. The time delay af-
fects the plots of the beam profile because the cyclotron beam
varies in intensity since the machine requires continuous tun-
ing by the operators. However, when manually taking images
of the ammeters at one instance in time (Figure 10), the much
faster sample rate due to the camera reduced the error. As a
result, the beam profile plotted from this data was more accu-
rate and produced a much smoother curve. To fix this issue in
the future, electrometers with more than one or two channels
could be used instead for quicker data collection.

FIG. 9: Average beam profile recorded with python script

FIG. 10: Average beam profile from manually recorded data

Scaling Factor Calculations

The ion chamber measures the flux of the beam, which
means it measures how many protons pass through a certain
area over time. The flux can then be used to calculate a scaling
factor which is used to calculate the amount of dose some-
thing receives based on its area when it is exposed to the
beam from the cyclotron (Equation 1). The flux of each in-
dividual copper pad is calculated by dividing the current read-
ing (which is multiplied by the number of electrons in one
Coulomb (6.24 × 1018 electrons)) from the pad by it’s area
(layout shown in Figure 11), and then scaling it to an area of 1
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cm squared (Equations 2-3). Some of these scaled flux values
are then averaged to increase the accuracy of the calculations,
since most of the ion chamber area sections contain two pads.

FIG. 11: Diagram of copper pad layout in ion chamber

ϕpad =
I(6.241× 1018electrons)

A
(1)

Ipad
Apad

=
Iscaled
1cm2

(2)

Iscaled =
1cm2

πr2pad
(Ipad) (3)

Now we can assume that all four of these flux values repre-
sent the flux of each of the four area sections. The current of
each section is calculated by multiplying these fluxes by its
respective area (Equations 4-6).

IA0
= (ϕA0

)(A0) (4)

IA0 = (ϕA0)(A1 −A0) (5)
...

IA3 = (ϕA0)(A3 −A2 −A1 −A0) (6)

The total current in the ion chamber is calculated by adding
together each of the four currents (Equation 7).

Iionchamber =

3∑
n=1

IAn (7)

Lastly, the scaling factors can now be calculated by divid-
ing the flux of a desired area by the total current in the ion
chamber (Equation 8). The total area is only left out because
the area from the flux in the numerator is a necessary part of
the fluence calculations. The scaling factors can now be used
to calculate both the fluence and the dose that something of a
particular area receives when placed in front of a beam.

ScaleFactor =
ϕA

Iionchamber
(8)

Equation 9 shows how the scaling factor allows for the local
flux to be calculated since the current measured in the beam
line is known.

ϕlocal = Ibeamline × ScaleFactor (9)

Scaling Factor Results

Using the calculations previously described, the following
scaling factors were calculated (Table I)(Figure 12).

Position
(cm)

Scale Factors
Currently Used

( 1
cm2 )

Measured
Scale Factors

( 1
cm2 )

Percent
Difference

(%)

0.0-0.5 0.0200 0.0239 17.8

0.5-1.5 0.0199 0.0233 15.7

1.5-2.5 0.0195 0.0209 6.9

TABLE I: Scale factors for the different areas currently used in
BeamMon software [1] compared to the scale factors calculated with
the ion chamber.

The values calculated from the ion chamber measurements
allow for a better understanding of the calibration of the beam.
They also show that the ion chamber can be used to quickly
adjust for possible variations in the beam profile when the en-
ergy of the beam is changed.

FIG. 12: Scaling factors for varying positions calculated using mea-
surements from ion chamber

Conclusion

The design of this ion chamber was optimized to amplify
the signal it reads out with an 18 cm inner diameter. Overall,
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the chamber allows for a better understanding of beam cali-
bration. When varying the energy of the beam, the ion cham-
ber is also a valuable tool for providing quick corrections to
the scaling factors used in dose calculations. This is the first
version of the chamber and now that it has been shown to pro-
vide these results, the design can be further refined to allow
for more precise calculations.

Future Improvements

In the future, the results from the ion chamber can be im-
proved through various possible adjustments. The gas used
inside the ion chamber can be changed from air to Nitrogen
or Argon which could increase the amplification of the sig-
nal. The accuracy of the calculations could also be improved
by decreasing the size of the copper pads and increasing the

number of electrodes. Ultimately, measurement devices per-
mitting, the design of the circuit could resemble a grid of pix-
els that each read out the current. In future circuit designs,
the connectors will also be adjusted to make connecting wires
to the circuit easier and less fragile. Lastly, when the opti-
mal data recording configuration is finalized, a program will
be written to calculate the scaling factors while the beam is
passing through the ion chamber.

Acknowledgements

Thank you to Dr. Prebys and Michael Backfish for their
mentoring and support on this project. I would also like to
thank everyone at CNL for their help and advice this summer.
Thank you to the NSF for funding this research.

[1] Michael Beackfish. Calibrating crocker nuclear lab’s radiation
effects beamline by using gafchromic film to compare to the
well calibrated eye treatment beamline. Crocker Nuclear Lab
technical memo, 2024.

[2] Crocker Nuclear Laboratory.
http://crocker.ucdavis.edu.

[3] UC Davis 76 inch isochronous cyclotron: Radiation effects
infrastructure, 3 2016.

[4] Inder Daftari, Carlos Castenadas, Paula Petti, R.P. Singh, and
Lynn Verhey. An application of gafchromic md-55 film for 67.5
mev clinical proton beam dosimetry. Physics in medicine and
biology, 44:2735–2745, 12 1999.

[5] Mishra K.K. Singh R.P. Shadoan D.J. Daftari, I.K. and T.L.
Phillips. An overview of the control system for dose delivery at
the ucsf dedicated ocular proton beam. International journal of
medical physics, clinical engineering and radiation oncology,
5:242–262, 11 2016.

[6] G4beamline. https:
//www.muonsinc.com/Website1/G4beamline.

[7] Geant4. https://geant4.web.cern.ch/.
[8] J.A. Jungerman and F.P. Brady. A medium-energy neutron

facility. Nuclear Instruments and Methods, 89:167–172, 1970.


