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B-field 3.7 T

d0 11.2 mm

Injection trap extraction

Lorentz Steerer Pulsed Drift Tube

M. BRODEUR et al. PHYSICAL REVIEW C 80, 044318 (2009)

MCP

MCP

to EBIT

Off-line ion source

FIG. 1. (Color online) The TITAN experimental setup that
includes a RFQ, a high-precision Penning trap, an EBIT, an off-line
ion source, and MCPs for beam diagnostics.

A. The off-line ion source and radiofrequency quadrupole

A surface ionization source is located below the RFQ, as
shown in Fig. 1. This ion source produces both 6Li and 7Li
as well as smaller quantities of the alkali metals 23Na, 39K,
41K, 85Rb, and 87Rb. The ion source is biased at the same
electrostatic potential as the RFQ, which is 5 to 40 kV above
the beam line ground potential. The ions are extracted from
the source and then accelerated and focused toward the RFQ.

The purpose of the RFQ is to accumulate, cool, and bunch
the continuous beam coming from either the TITAN off-line
ion source or ISAC. It is similar to other RFQ’s at radioactive
beam facilities as described, for example, in Refs. [21] and
[22].

B. The mass measurement Penning trap

Penning traps [23] are devices used to perform high-
precision mass measurements on stable and exotic nuclei
(see review [24]). TITAN’s Penning trap is located inside
the bore of the superconducting magnet, shown in Fig. 1.
Prior to injection into the trap, the ions are moved off-axis
using a Lorentz steerer [25], similar to the one currently used
at the LEBIT facility [26]. The Lorentz steerer reduces the
preparation time in the Penning trap by inducing an initial
radial displacement of the ion bunch prior to its capture, as
opposed to using RF fields inside the trap, which is typically
the case for on-line Penning trap experiments [27].

Figure 2 shows a model of the hyperbolical electrodes of the
TITAN’s high-precision Penning trap. It is composed of two
hyperboloids of revolution forming one ring [label (1) in Fig. 2]
and two end cap electrodes (2). The ions are axially trapped
by a harmonic quadrupole electrostatic potential produced by
a potential difference !Udc = 36 V between the ring and the

B

Out to MCP

3

2

1

4

Corr. tube el.

End cap el.

Ring el.

Corr. guard el.

VRF

Ions in from 
RFQ or EBIT

FIG. 2. (Color online) Illustration of the TITAN Penning trap
formed from the hyperbolic ring (1) and end cap electrodes (2) that
produces the harmonic potential, tube (3), and guard (4) correction
electrodes that produce the harmonic potential. The RF is applied
on (4).

end cap electrodes, as shown in Fig. 2. Some anharmonicities
in the trapping potential are introduced by the holes in the
end cap electrodes and by the finite size of the hyperbolic
electrodes. Two sets of correction electrodes [labeled (3) and
(4) in Fig. 2], are used to compensate for higher-order electric
field components. The radial confinement is provided by a
homogenous 3.7-T magnetic field produced by a persistent,
actively shielded superconducting magnet. The linear decay
of the magnetic field due to flux creep [28] depends on the
pressure in the liquid helium vessel and during the 6Li-7Li
measurement it was measured to be (1/B) × (δB/δt) <
0.25 ppb/h.

The ion motion in a Penning trap is well understood [23,29]
and is composed of three different eigenmotions: an axial mo-
tion with frequency νz and two radial motions with frequencies
ν±. In an ideal trap, the sum of the frequencies of the two radial
motions is equal to the true cyclotron frequency of the ion
[30]:

ν+ + ν− = νc = 1
2π

q × B

mion
, (1)

where q/mion is the charge-to-mass ratio of the trapped ion
and B is the magnetic field at the trap center. The two radial
motions can be coupled by applying an azimuthal quadrupolar
RF signal on the sliced correction electrode [(4) in of the trap
Fig. 2]. The cyclotron frequency is determined using the time-
of-flight (TOF) resonance detection technique [29,31,32].

For a proper choice of the RF amplitude VRF, at a given RF
excitation time TRF, and when νRF = νc a full conversion of
the initial magnetron motion into reduced cyclotron motion
will occurs. This leads to an increase in the kinetic energy
of the trapped ions. After the excitation has been applied, the
ions are released from the trap and their TOF is recorded on an
MCP located outside of the high magnetic field region. Due to
their larger kinetic energy gained during their excitation phase
the TOF of the ions with νRF = νc will be shorter. A cyclotron
resonance curve is obtained by scanning the RF frequency in

044318-2
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R = Rmeas
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1 + (∆R/R)mds∆A
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(∆R/R)mds = 0.5(4) ppb/u

Systematic Errors
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2) Nonlinear magnetic field fluctuations
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B. Compensation of the harmonic potential

The next anticipated systematic effect for is frequency shifts
due to the incomplete compensation of higher-order multipoles
in the trapping potential [32]. The equation of motion of an
ion in the Penning trap assumes to have purely harmonic axial
and radial trapping potential. Nonharmonic components shift
the frequencies of the different eigenmotions and consequently
the measured cyclotron frequency. To minimize such shifts, the
trapping potential has been compensated using the procedure
discussed in Ref. [37]. While these frequency shifts are nearly
mass independent, the frequency ratio of species with different
atomic masses shifts with respect to the ratio that would be
obtained if the trapping potential was purely harmonic. The
mean frequency ratio, once corrected for this shift, is given by:

Rmas.corr. = Rtot.rel.corr. × [1 + (!R/R)mas. × !A], (10)

where (!R/R)mas. is the so-called mass-dependent frequency
ratio shift and !A = 1 for the 6Li-7Li couple. (!R/R)mas.
was determined by two independent mass measurements on
species with different masses. The first measurement was 39K
using 23Na as calibrant and the other was 23Na using H3O
(A = 19 amu) as calibrant. From these two measurements,
we determined (!R/R)mas. = −0.5(4) ppb/u leading to a
corrected frequency ratio of Rmas.corr. = 0.857 332 053 6(9),
where the error due to mass-dependent frequency ratio shift
was added quadratically.

C. Ion-ion interaction

When more than one ion is present in a Penning trap,
the individual eigenmotions are perturbed by the Coulomb
interaction. A previous study [38] has shown that the measured
cyclotron frequency decreases when ions of different mass
are present in the trap during the measurement. To avoid
this, a TOF gate was employed to eliminate nonisobaric
contamination as different species were gated by their time of
flight from the RFQ to the Penning trap prior to their capture.
There remains a possibility that the ions interact with residual
gas or ions of the same species, thus the effect on the measured
cyclotron frequency of having multiple ions in the trap needs
to be investigated.

In our case, possible frequency shift due to ion interaction
with residual gas or ion of the same species was minimized
by ensuring to have mainly one but at most five detected ions
simultaneously in the trap. Nevertheless, possible frequency
shifts were investigated by performing a count rate analysis
[34] on the individual measurements of both 6Li and 7Li. The
shift in frequency as function of the number of trapped ions was
found to be: 2.5(2.3) mHz/ion, which corresponds to a shift in
the frequency ratio of −0.045(41) ppb/ion. To be conservative
without sacrificing statistics, we chose to consider only the
events where two ions or fewer were recorded. Taking the
upper value of the error in the frequency shift and considering
that the detection efficiency is 0.4, the error due to ion-ion
interaction is 0.2 ppb.

D. Nonlinear magnetic field fluctuations

During the 6Li vs. 7Li measurement, the time-dependent
linear magnetic field decay was negligible. However, variation

FIG. 6. (Color online) Upper plot shows the variation in the
cyclotron frequency of 7Li over a period of 16 h. The lower plot
gives the standard deviation of differences between measured and
interpolated values for increasing time interval between calibration.
The linear regression gives the systematic error due to the linear
frequency interpolation.

due to temperature and pressure fluctuations are present. These
fluctuations tend to be nonlinear and result in an error in the
determination of the calibration cyclotron frequency by linear
interpolation.

To estimate the error due to the linear interpolation of
the magnetic field, a series of 7Li frequency measurement
separated by 6 min were performed over 16 h, which was the
typical time scale of a 6Li to 7Li frequency ratio measurement.
The observed fluctuations of the cyclotron frequency shown
in the upper half of Fig. 6 are representative of what has been
observed in the 6Li to 7Li measurement. The 7Li cyclotron fre-
quencies were interpolated between calibrations, just as what
was done during the 6Li to 7Li frequency ratio determination.
The difference between these interpolations and the actual
frequency measurement were then calculated. The standard
deviation of these measurements was determined at different
time intervals between calibration. This routine was performed
for intervals of up to 4 h, and a linear fit of the deviations gave
an increase in the standard deviation with the separation in
time of 0.04(11) ppb/h. As the calibrations were spaced by 1 h
and using the conservative upper value of error, this yields a
systematic error of 0.2 ppb.

E. Misalignment and harmonic distortion

Equation (1) holds true for an ideal trapping field, but in
reality, traps cannot be perfectly aligned with the magnetic
field and harmonic distortion of the electrical potential is
present. These imperfections induce frequency shifts of the
three eigenmotions resulting in a shift between the measured νc

and the pure cyclotron frequency νc that would be present in the
absence of the trap. By a proper choice of coordinate system,
using the usual frequency hierarchy ν+ # νz # ν− and with
the use of the invariance theorem ν2

c = ν2
+ + ν2

− + ν2
z [30], the

unpertubed frequency ratio is modified [36] according to

(!R/R)mis. =
(

9
4
θ2 − 1

2
ε2

)
×

(
!A

Acal.

)
×

(
ν−

ν+,cal.

)
, (11)
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3) Misalignment and harmonic distortion
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2.5. The mass measurement Penning trap
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Figure 2.16: Linear interpolation of the calibration cyclotron frequency at

the moment the cyclotron frequency of the ion of interest was measured.

R. The frequency ratio involves ion masses, while the quantity of interest is

the (neutral) atomic mass. Hence, one has to take into account the electron’s

mass and binding energy. The atomic mass of interest m is then determined

by:

m = R · (mcal −me + Be,cal) + me −Be, (2.49)

where Be,cal and Be are the first ionization energies of the calibrant and the

ion of interest respectively and me is the electron mass.

The resolving power R in Penning trap mass spectrometry is given by

[Bol01]:

R =
νc

δν
= 1.25 · νc · TRF , (2.50)

where we used equation (2.42) to replace δν. The statistical relative uncer-

tainty of a mass measurement is inverse proportional to the resolving power

and to the square root of the number of detected ions Nion [Bol01]:

δm

m
≈ 1

R
1√
Nion

=
1.6 · π · m

q · B · TRF ·
√

Nion
. (2.51)

This relation shows that the precision on the measured mass can be improved

in several ways. By increasing the excitation time TRF , with a magnet

having a higher magnetic field, or by increasing the charge state of the ion.

For stable ions, we can increase TRF to improve the precision. However, the
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B. Compensation of the harmonic potential

The next anticipated systematic effect for is frequency shifts
due to the incomplete compensation of higher-order multipoles
in the trapping potential [32]. The equation of motion of an
ion in the Penning trap assumes to have purely harmonic axial
and radial trapping potential. Nonharmonic components shift
the frequencies of the different eigenmotions and consequently
the measured cyclotron frequency. To minimize such shifts, the
trapping potential has been compensated using the procedure
discussed in Ref. [37]. While these frequency shifts are nearly
mass independent, the frequency ratio of species with different
atomic masses shifts with respect to the ratio that would be
obtained if the trapping potential was purely harmonic. The
mean frequency ratio, once corrected for this shift, is given by:

Rmas.corr. = Rtot.rel.corr. × [1 + (!R/R)mas. × !A], (10)

where (!R/R)mas. is the so-called mass-dependent frequency
ratio shift and !A = 1 for the 6Li-7Li couple. (!R/R)mas.
was determined by two independent mass measurements on
species with different masses. The first measurement was 39K
using 23Na as calibrant and the other was 23Na using H3O
(A = 19 amu) as calibrant. From these two measurements,
we determined (!R/R)mas. = −0.5(4) ppb/u leading to a
corrected frequency ratio of Rmas.corr. = 0.857 332 053 6(9),
where the error due to mass-dependent frequency ratio shift
was added quadratically.

C. Ion-ion interaction

When more than one ion is present in a Penning trap,
the individual eigenmotions are perturbed by the Coulomb
interaction. A previous study [38] has shown that the measured
cyclotron frequency decreases when ions of different mass
are present in the trap during the measurement. To avoid
this, a TOF gate was employed to eliminate nonisobaric
contamination as different species were gated by their time of
flight from the RFQ to the Penning trap prior to their capture.
There remains a possibility that the ions interact with residual
gas or ions of the same species, thus the effect on the measured
cyclotron frequency of having multiple ions in the trap needs
to be investigated.

In our case, possible frequency shift due to ion interaction
with residual gas or ion of the same species was minimized
by ensuring to have mainly one but at most five detected ions
simultaneously in the trap. Nevertheless, possible frequency
shifts were investigated by performing a count rate analysis
[34] on the individual measurements of both 6Li and 7Li. The
shift in frequency as function of the number of trapped ions was
found to be: 2.5(2.3) mHz/ion, which corresponds to a shift in
the frequency ratio of −0.045(41) ppb/ion. To be conservative
without sacrificing statistics, we chose to consider only the
events where two ions or fewer were recorded. Taking the
upper value of the error in the frequency shift and considering
that the detection efficiency is 0.4, the error due to ion-ion
interaction is 0.2 ppb.

D. Nonlinear magnetic field fluctuations

During the 6Li vs. 7Li measurement, the time-dependent
linear magnetic field decay was negligible. However, variation

FIG. 6. (Color online) Upper plot shows the variation in the
cyclotron frequency of 7Li over a period of 16 h. The lower plot
gives the standard deviation of differences between measured and
interpolated values for increasing time interval between calibration.
The linear regression gives the systematic error due to the linear
frequency interpolation.

due to temperature and pressure fluctuations are present. These
fluctuations tend to be nonlinear and result in an error in the
determination of the calibration cyclotron frequency by linear
interpolation.

To estimate the error due to the linear interpolation of
the magnetic field, a series of 7Li frequency measurement
separated by 6 min were performed over 16 h, which was the
typical time scale of a 6Li to 7Li frequency ratio measurement.
The observed fluctuations of the cyclotron frequency shown
in the upper half of Fig. 6 are representative of what has been
observed in the 6Li to 7Li measurement. The 7Li cyclotron fre-
quencies were interpolated between calibrations, just as what
was done during the 6Li to 7Li frequency ratio determination.
The difference between these interpolations and the actual
frequency measurement were then calculated. The standard
deviation of these measurements was determined at different
time intervals between calibration. This routine was performed
for intervals of up to 4 h, and a linear fit of the deviations gave
an increase in the standard deviation with the separation in
time of 0.04(11) ppb/h. As the calibrations were spaced by 1 h
and using the conservative upper value of error, this yields a
systematic error of 0.2 ppb.

E. Misalignment and harmonic distortion

Equation (1) holds true for an ideal trapping field, but in
reality, traps cannot be perfectly aligned with the magnetic
field and harmonic distortion of the electrical potential is
present. These imperfections induce frequency shifts of the
three eigenmotions resulting in a shift between the measured νc

and the pure cyclotron frequency νc that would be present in the
absence of the trap. By a proper choice of coordinate system,
using the usual frequency hierarchy ν+ # νz # ν− and with
the use of the invariance theorem ν2

c = ν2
+ + ν2

− + ν2
z [30], the

unpertubed frequency ratio is modified [36] according to

(!R/R)mis. =
(

9
4
θ2 − 1

2
ε2

)
×

(
!A

Acal.

)
×

(
ν−

ν+,cal.

)
, (11)
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Trapping efficiency
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for singly charged:
=> close to 100 %

MCP0... in front of MPET
MPET MCP ... after MPET
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MPET Vacuum for HCI

6

39K4+ @5.7.10-10 Torr (after in-situ ion-pump baking)

Trf 
[ms]

scans Δν 
[Hz]

exp Δν
[Hz]

8 100 2.607

197 200 0.096 0.074

497 199* 0.094< 0.030

did ion-pump baking actually help?

=>44K4+  done with Trf=147 ms (47ms dipole cleaning)
=> for futher HCI: better vacuum required

mailto:39K4+@1.2
mailto:39K4+@1.2
mailto:39K4+@1.2
mailto:39K4+@1.2


MPET baking
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3.7.10-11 Torr (on both sides)



MPET repairs 1

8

shorts through
“twisted” Cu-wires



Wiring Modification
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current wiring: feedthroughs to tube entrance: 

new wiring: 

cu-wire

cu-barrel

set-screws

cu-wire



MPET repairs 2

10

connection to trap 
via Cu(Be)-foil

Cu wire



Vacuum System and Detector Upgrade

Advantages:

• 2 independent detection systems

• detector repair without venting MPET

• independent baking possible (temperature MPET!)

• MPET pumping 11

MPET

MCP

Daly

all-metal
gate valve

triple lens module
steerers



Daly Detector
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Motivation:
impact on MCP:

•radiation damage 

•damage by heavy-ion impact
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number of secondary electrons emitted depends on the electronic stopping power of the 
projectile in the medium. For our case we can expect one electron output for every ion 
that hits the plate. It is expected that most of the electrons released will have energies of 
about 1eV at birth. A grid electrode held at ground potential creates a uniform electric 
field between the plate and the grid that will accelerate the electrons past the bottom grid 
until they reach the entrance of the MCP detector. The role of the MCP is to amplify the 
signal of the secondary electrons. An electron multiplying process sends the cascade of 
electrons onto a phosphor screen where an intensified high resolution image of the beam 
is produced. The light emissions from the phosphor screen will be observed with a CCD-
camera mounted on an optical window outside of the vacuum chamber. The images can 
then be processed by a standard personal computer with a commercial frame-grabber and 
displayed directly on the computer monitor. A schematic drawing of the TITAN EBIT 
beam profiler’s principle of operation is shown in fig. 13. 
 

     
 

Fig 13 Schematic diagram of the TITAN EBIT beam profiler’s principle of operation 

The position information of the electrons is preserved since the initial energy of the e- is 
small. The trajectory of all the secondary electrons will be largely influenced by the same 
acceleration due to the electric field between the HV plate and the grid [8]. Hence their 
position on the MCP’s entrance plate should reflect the position of impact of the ion 
beam on the Al plate. Fig. 14 shows the simulated outer edge of the electron beam 
impinging onto the phosphor screen when we start out with an ideal perfectly circular ion 
beam. The circular shape indicates that the final image will be a good representation of 
original beam. 

ions
electrons

MCP



MCP disc. level & trap PS
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discriminator output

MPET-MCP

TOF window

Fourier Transform:
720 kHz, 790 kHz, and 890 kHz

same freq. found in trap voltage supply
(AWG / PMC_SOFTDAC + TRIUMF Amplifier)

=> programmable PS from GSI to be tested 

(any voltage in range 0-200 V in < 1 μs)



•Systematics effects well understood
•Vacuum improved for HCI
•New Detection and Vacuum System

– Daly detector
– separate vacuum chamber for detectors

•GSI programmable PS
•Ramsey excitation scheme
•investigation of dipole cleaning

14

Conclusions

Outlook
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Dipole Cleaning
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preliminary



MPET Vacuum for HCI

17(after extraction)

39K4+ @1.2.10-9 Torr
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