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Summary The COLLAPS experiment aims to investigate exotic fluorine isotopes for the first time using
high-resolution laser spectroscopy. To access these light-mass species, which have so far remained beyond
experimental reach, a new technique is currently being implemented. This project, contributed to three
different stages of the project. As a first step, the hyperfine spectra of the stable isotope (19F) and that
of 17F: an expected proton-halo nucleus, have been simulated. As a second step, contributions to the
preparations for a beamtime on the stable fluorine isotope – where some high-resolution laser spectroscopy
has been performed – have been made. In closing the project, an active part could be taken in the first
measurements with the new detection method, and some new insights into the level structure of 19F could
be gained by analysing the hyperfine spectra of the transitions surveyed in the beamtime.

1 Introduction

The COLLAPS1 experiment, located at the
ISOLDE2 radioactive ion beam facility at CERN
(Geneva), is a pioneering setup based on the
technique of collinear laser spectroscopy (CLS).

The research focuses on the measurement of
distinctive nuclear properties of short-lived and
exotic radioactive nuclei. Properties such as
the nuclear spin, electromagnetic moment, and
charge radius of the nucleus itself influence the
atomic energy levels and can be extracted by tak-
ing high-resolution optical spectra and invest-
igating the tiny changes in the transition lines
between the (fine structure) energy levels, i.e.
the hyperfine structure and the isotope shift.

In the standard procedure of COLLAPS, the
laser frequency is scanned and electrons are ex-
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cited when the photon energy matches the en-
ergy difference between a lower and an upper
hyperfine level. A resonantly induced optical
transition causes photons to be absorbed and
re-emitted. With high enough resolution the
spectral fluorescent lines split into the hyperfine
structure.

In the region of light nuclear masses (i.e. O
and F), there are several interesting physics cases
that are not or only hardly accessible with the
standard CLS technique. Obstacles to overcome
are transitions in the extreme ultra violet (XUV)
regime, high chemical reactivities and/or low
production yields (c.f. the original proposal [1]).
Dedicated to the development of laser spectro-
scopy techniques with exceptional precision and
sensitivity, there are currently ongoing efforts to
commission a state-selective re-ionisation setup
for the study of radioactive fluorine isotopes.
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During my time at COLLAPS, I started with
some simulations on the stable and the Fluorine
isotope of interest, and their hyperfine spectra.
For a large part of the project, I was involved
in the preparations for a beamtime on the stable
Fluorine isotope, which was meant as prepara-
tion for a radioactive beamtime in late November
– to cover some technical details and to gain a
better understanding of the different transitions.
In the last weeks, I joint the commissioning of
the test setup for the new measurement tech-
nique, took part in the beamtime and analysed
the recorded data.

2 Simulations on 17,19F

For the simulation of the hyperfine structure of
an atomic species, a couple of parameters have
to be known, those are:

1. The total (electronic) angular momenta J
of the states involved in the electronic transition.
These can be found in the lower index of the
term symbol 2S+1LJ , where S denotes the total
spin and L the total orbital momentum of the
electron configuration.

2. The nuclear spin I. This is dependent on
the isotope and is usually known in beforehand.
For very exotic isotopes the nuclear spin can be
derived from the observed number of peaks in
the spectrum.

3. The hyperfine parameters A and B. These
constants characterise the coupling of the mag-
netic dipole moment and the electric quadrupole
moment of the nucleus with the field created by
the electrons. They are defined as

A =
µIBJ(0)

I · J (1)

and

B = eQs · VJJ(0) , (2)

where µI , the nuclear magnetic moment, may be
known from NMR3 measurements, BJ(0) is the
magnetic field created by the electrons at the po-
sition of the nucleus and “is usually known from
direct gI -factor measurements” [2], e is the ele-
mentary charge, Qs is the (spectroscopic) quad-
rupole moment and VJJ(0) is the electric field
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gradient created by the electrons at the nucleus
that “is taken from semi-empirical or theoretical
analyses, unless precise values are available from
the hfs of muonic atoms” [2].

4. The centroid of the hyperfine spectrum.
This would be “the peak [frequency] for the iso-
tope in the absence of hyperfine structure” [3],
i.e. without a nuclear spin. Comparing centroid
frequencies of different isotopes allows to meas-
ure isotope shifts and the deduction of differences
in nuclear charge radii.

2.1 Isotope shifts

The isotope shift ∆νA,A′
of an optical transition

is related to the perturbation of the atomic fine
structure levels due to changes in the nuclear size
and mass for varying isotopes. It is given by a
sum of the mass- and field-shift contributions,

∆νA,A′
= νA

′ − νA

= Fδ⟨r2⟩A,A′
+ kMS

mA′ −mA

mA′ mA
,

(3)

with F being the field shift factor and kMS the
mass shift factor. δ⟨r2⟩A,A′

is the difference
in the nuclear mean square charge radius and
mA/A′ are the masses of the corresponding iso-
topes.

Bondarev has calculated the isotope shift fact-
ors for the 2p4 3s 4P5/2 → 2p4 3p 4Do

5/2 transition
in F I. His results for the field and mass shift
factors are

F = −22.4(5)MHz fm−2

and kMS = 264.7(23)GHzu
(4)

respectively [4]. He also performed an elec-
tronic structure calculations using a configura-
tion interaction method, providing insight into
the fields created by the electrons at the posi-
tions of the nucleus.

The nuclear charge radius of 19F can be found
in ‘Nuclear Charge Radii’ [5] so that together
with the previous stated values for the isotope
shift factors, all the quantities in eq. (3) are
known to calculate the isotope shift between 19F
and 17F, except the mean square nuclear charge
radius of 17F. This will be estimated in the fol-
lowing.
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Figure 1: Tabulated root mean square nuclear
charge radii of the elements around fluorine.

2.1.1 Nuclear charge radius of 17F

The nuclear charge radius of 17F is estimated
from the trend of the nuclear charge radii of the
neighbouring elements (oxygen and neon), as the
nuclear charge radii of these elements are known
over a broader range of isotopes. Figure 1 shows
means of the tabulated root mean square (rms)
nuclear charge radii from elastic electron scatter-

ing results ⟨r2⟩1/2e of [5], where additionally – in-
spired by the Live Chart of Nuclides – more val-
ues from ‘Table of experimental nuclear ground
state charge radii: An update’ [6] have been ad-
ded.

Looking at the overall trend in the rms nuc-
lear charge radii of the Neon isotopes, it seems
that it could be approximated by a linear trend.
Considering only the values at neutron numbers
N = 10 and N = 8, the rms nuclear charge
radii seems to make a step towards a lower value.
Both extrapolations are depicted in Figure 2.
The mean difference in the rms nuclear charge
radius via the 2n-separation between neutron
numbers 10 and 8 is approx. −0.0326 fm; the
difference in the rms nuclear charge radius via
the Neon trend is approx. 0.0262 fm. Despite
this variance, the deviation of the two absolute
values is still small:

2n-separation 2.8616 fm,
Neon trend 2.9204 fm,

relative difference 2.1%.
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Figure 2: Extrapolation of the rms nuclear
charge radius of 19F for the estimation of the
value of 17F.

2.1.2 Isotope shift calculations

Taking the isotope masses from the 2020 Atomic
Mass Evaluation [7] (referenced in the Live Chart
of Nuclides), the isotope shift factors from eq. (4)
and the deduced (rms) nuclear charge radius for
17F – the isotope shift, eq. (3), can now be calcu-
lated and is (for the two extrapolation methods)
given by:

2n-separation 1631.7MHz,
Neon trend 1639.3MHz.

2.2 HFS model of the 4P5/2 → 4D5/2

transition

The transition of interest is the 2p4 3s 4P5/2

→ 2p4 3p 4Do
5/2 (electronic) transition in F I.

The transition frequency of 19F can be in-
ferred from the energy levels indicated in NIST,
Atomic Spectra Database, 102 405.71 cm−1 →
117 164.01 cm−1. The total angular momentum
J of the lower and the upper level involved is 5/2
each. The nuclear spin I of 19F is 1/2, for 17F
it is 5/2. The third set of parameters, the hy-
perfine parameters, and the centroid transition
frequency of 17F will be calculated in the follow-
ing.
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Table 1: Nuclear electromagnetic moments.

19F 17F

µI (n.m.) +2.628 321 +4.7213
Qs (b) 0 0.076

Table 2: The magnetic field and the electric field
gradient created by the electrons at the position
of the nucleus.

Level BJ(0)/J VJJ(0) · e
3s 4P5/2 473 735

3p 4D5/2 213 171

Unit MHz/n.m. MHz/b

2.2.1 Calculating the hyperfine paramet-
ers

For the calculation of the A’s and B’s, the recom-
mended nuclear electromagnetic moments from
the database Nuclear Electromagnetic Moments
[8] based on the Nuclear moments tables [9, 10]
are used. The corresponding values are given in
Table 1.
The nuclear magnetic moment µI is given in nuc-
lear magneton µN (n.m.) and the quadrupole mo-
ment Qs in barn (b).

The fields created by the electrons at the po-
sition of the nucleus are taken from [4], noticing
that BJ(0)/J = Ahfs

µI/I
= Ahfs/gI and VJJ(0) · e =

Bhfs/Qs. Calling the 4P5/2 the lower state and
the 4D5/2 the upper state, the “normalised” val-
ues of the magnetic field and the electric field
gradient are given in Table 2.

The theory values of the hyperfine parameters
can be easily calculated from these numbers, us-
ing eqs. (1) and (2). In addition, more accurate,
experimental values for the hyperfine parameter
A in 19F can be extrapolated to the values in
17F, using the following relation [11, p. 616]:

A

Aref
=

µI/I

(µI/I)ref
−→ A = Aref

Iref
µI,ref

µI

I
. (5)

The experimental values for the hyperfine para-
meter Aref in 19F are taken from [12] and a
summary of all (calculated) values is given in
Tables 3 and 4.

Table 3: Hyperfine structure parameters in 19F I.

Hyperfine constant (MHz)

19F Atheo Aexp Btheo

3s 4P5/2 +2486 +2643(1) 0

3p 4D5/2 +1120 +1148(1) 0

Table 4: Hyperfine structure parameters in 17F I.

Hyperfine constant (MHz)

17F Atheo Aext Btheo

3s 4P5/2 +893.3 +949.5 55.86

3p 4D5/2 +402.3 +412.4 13.00

2.2.2 Centroid transition frequency of
17F

The centroid frequency of the transition of in-
terest in 19F I is available from spectroscopic
data and the (experimental) values are taken
from [13]. For 17F, the centroid frequency is
calculated from the isotope shift between 17F
and 19F, calculated in section 2.1.2. The two
extrapolation methods (2n-separation and Neon
trend) only deviate by 7.6MHz and it is likely
that they cannot be distinguished in the spec-
tra. The centroid frequency is calculated from
the mean of the two calculated isotope shifts:

∆ν̄19,17 = 1635.5MHz.

The centroid transition frequencies are listed
in Table 5 in different units.

Table 5: Centroid frequency of the transition of
interest in the two isotopes and in different units.

3s 4P5/2 → 3p 4D5/2

F I ν19 ν̄17

in THz 442.442 344 442.443 979
in nm 677.585 368 677.582 863
in cm−1 14 758.288 [13] 14 758.343
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2.2.3 Simulated hyperfine spectra

All the information gathered up to this point can
now be fed into functions of SATLAS24: a Py-
thon library that enables to model and to fit
counting data from laser spectroscopy experi-
ments, in particular made for those that measure
atomic hyperfine structures [14].

Each spectrum is modelled twice, thereby
comparing the calculated (theoretical) and meas-
ured (experimental) values of the hyperfine para-
meters (Figures 3 and 4). In the case of 17F,
both isotopic shifts are indicated in the plots to
show the vanishing difference between the two
extrapolation methods (2n-separation and Neon
trend; see esp. Figure 5).

2.2.4 Scanning range calculation

In their rest frame, the moving atoms experi-
ence the laser from the laboratory at frequency
νlab at a shifted frequency ν. To scan through
the atomic spectrum, not the laser itself but the
acceleration voltage of the ions is varied, before
they undergo neutralisation.

Knowing the frequency range of the full spec-
trum, the range of the scanning voltage can be
calculated as follows:
1. Calculate the beta-factor (β = v/c) for the
simulated detuning from the lab-laser frequency:

β =
1− (ν/νlab)

2

1 + (ν/νlab)2
. (6)

2. With the velocity v = βc, calculate the kinetic
energy of the atoms:

E = 1
2mAv

2. (7)

3. The scanning voltage U is an additional ac-
celerating/retarding voltage to the normal accel-
eration U0 and can then be calculated from:

U = U0 − E/e , (8)

where e is the elementary charge.

The lab-laser frequency νlab is commonly
chosen such that the centroid of the spectrum,

4Statistical Analysis Toolbox for LAser Spectroscopy,
version 2

νref appears at zero scanning voltage (U = 0V).
It can be calculated using the following relations:

Eref = eU0 , (9)

vref =
√
2Eref/mA and βref = vref/c , (10)

νlab = νref ÷
√

1− βref
1 + βref

. (11)

Figure 6 shows the hyperfine spectra of the two
isotopes (A = 19, 17) – in the scanning voltage
frame – on top of each other. νlab is fixed at an
arbitrary frequency such that both spectra lie
within the same scanning range, demonstrating
the mass dependence of the Doppler effect, as the
spectra are more literally on top of each other in
the frequency frame (cf. Figure 3 to 4).

3 Setup Preparation for Stable-
Ions Beamtime

In preparation for the beamtime on the stable
Fluorine isotope (19F), some changes had to be
made on the setup, in particular on the optical
detection region. Afterwards, the optical align-
ment of the setup has to be restored.
The photomultiplier tubes (PMTs) had to

be interchanged. The infrared-sensitive PMTs
needed to be mechanically integrated and for the
reduction of their dark count rate, they need to
be cooled. The latter has been implemented with
an cooling thermostat, using ethanol as a cooling
liquid. Reaching temperatures < 10 ◦C requires
proper isolation of the connecting lines, and the
evacuation of the inside of the detectors to avoid
condensation, especially on the optical elements.
The alignment of the laser and the beamline it-

self has been adjusted to minimise laser-induced
stray light on the PMTs. To further improve
the signal-to-noise ratio (S/N), count rates have
been measured for the optimisation of the bias
voltage of the PMTs, which is described in the
following.

3.1 Optical detection optimisation

Measuring the background count rate when the
laser is turned on or off (un-/blocked) at varying
bias voltage allows to tune the S/N ratio.
Acquisition of the count rates with the laser

turned off RL,off or on RL,on, allows to deduce
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Figure 3: Simulated hyperfine spectrum of the 4P5/2 → 4D5/2 transition in 19F .
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Figure 4: Simulated hyperfine spectrum of the 4P5/2 → 4D5/2 transition in17F.
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Figure 5: Details of the 17F spectrum.
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Figure 6: Scanning voltage spectra.

several measures, which are related as follows:

RL,off = B , RL,on = S +B ,

S = RL,on −RL,off , S/N = S/
√
B .

(12)

Here, B is the background rate, S is the signal
rate, N is the noise rate and S/N or S/B are the
signal-to-noise or the signal-to-background ratio.

Depicted in Figure 7 are the different count
rates as a function of bias voltage. Each column
displays the data of one of four PMTs. They
may have a different working point, but should
be operated at a bias voltage below 2300V [15].

The rates RL,off, RL,on and S follow approxim-
ately typical voltage gain characteristics (close to

linear but understating at higher values; see e.g
[15, item 7]). In most instances, broads steps
where chosen when turning the bias up, and ad-
ditional points have been taken when again turn-
ing the bias down. These do not always tally the
previously measured rate, but are sometimes off-
set to them – thought to be due to changes in
the laser power as it can be mainly observed in
RL,on.

Still, while the three rates depicted at the top
keep increasing with bias, the ratios S/B and
S/N start levelling off at higher bias and de-
pending on the PMT there is a more or less pro-
nounced decrease afterwards. This allows an op-
timised bias value to be selected.
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Figure 7: Measurements of the background and signal rates for the determination of an optimised bias value.
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4 Beamtime

4.1 Summary

The beamtime on the stable Fluorine isotope
(19F) has been carried out from 31/07 to 03/08
2025. It served the purpose of 1. gaining
some more insight into a. the shape of the ion
beam coming from the general purpose separator
(GPS) of the ISOLDE facility, b. the tunability
of the beam size; 2. characterising the neutral-
isation efficiency of the charge-exchange-cell and
3. performing some high-resolution laser spec-
troscopy on 19F.

Three different transitions have been studied
thereby probing the hyperfine parameter A of
four different levels. The data analysis is presen-
ted in the following.

4.2 Data analysis

4.2.1 Readout and pre-processing of the
data

The transitions have been scanned by means of
3 to 4 high-resolution scans that consist of a set
number of runs (10 in most cases). In each
run, the spectrum is divided into its relevant
features, so called “tracks”, thereby skipping
sections that only contain the baseline and no
(peak) signals. These are scanned several times
(5 to 10 scans for tracks with small peaks, 2 scans
for tracks with large peaks). The different (sub-
)units of the measurements will later be called
“HRES scan”, “run” and “scan”. For each
run, the tracks are available for each of the four
PMTs separately.

When reading out the data, the logged data of
the high-voltage of the ISOLDE target5 (target
HV) and the wavemeter reading of the frequency
of the laser in the laboratory are reviewed. Dur-
ing some runs, the target HV jumped (only by
∼ 0.4V out of the ∼ 30 kV acceleration voltage,
but still) and/or the frequency of the laser drif-
ted.

For each transition, the data is read out per
HRES scan. Runs with too large fluctuations

5The extraction voltage of the ion source where the
radioactive isotopes are created by the 1.4GeV proton
beam from the Proton Synchrotron Booster being direc-
ted onto a specially developed “thick” target.

of the target HV or the laser frequency are neg-
lected. All other runs are first averaged per PMT
and then the data of the PMTs with a good S/N
are summed resulting in the final spectrum of one
HRES scan. As a result, three (or four) high-
statistics spectra remain – per transition – for
further analysis.

4.2.2 Voltage calibration

The recorded spectra initially show the signal
intensity (in counts) as a function of the line
voltage, i.e. a voltage in the range of −1V to
+1V that is fed to a high voltage amplifier whose
outgoing signal, the scanning voltage, modifies
the energy of the ion beam prior to neutralisa-
tion (in the range of −1 kV to +1 kV).

Prior to the actual (or rather the scientific)
data taking, a read-back of the scanning voltage
is measured as a function of the line voltage. The
read-back is the scanning voltage scaled down
with a voltage divider that has a divider ra-
tio of 1000.02(7) – the average of two calibra-
tion measurements. The relationship between
the read-back and the line voltage is given by
a linear function of type y = a · x + b with
a = 1.000 666 4(5) and b = 0.000 108 31(26) prior
to the first measured spectra. The fit and the re-
siduals are given in Figures 11 and 12 in the Ap-
pendix. The calibration was repeated between
the second and third transition.

Knowing the real scanning voltage and the
laser frequency as logged by a HighFinesse
WS10 wavemeter in the lab, one can calculate
the laser frequency in the rest frame of the
atoms (cf. section 2.2.4).

The summation of sets of runs as described at
the end of the last section (4.2.1) together with
a transformation of units (from line voltage to
detuning from COG laser frequency) is shown in
the Appendix in Figure 13).

4.2.3 Fitting the spectra with SATLAS2
models

To simultaneously fit the HRES scans of each
transition, the hyperfine spectrum model has to
be setup: The nuclear spin, the (electronic) an-
gular momentum of the upper and lower level,
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Table 6: Fitting model parameters.

Parameter Options (resp. variables)

background constant; linear (sloped)
lineshape Voigt; skewed Voigt
sidepeaks number N ∈ {0, 1, 2, 3}

(+ offset, poisson factor)

initial guesses of the hyperfine parameter A
(B = 0 for this isotope), and initial guesses of
the linewidth and centroid position have to be
set. The scale of the spectrum is estimated as
well as the magnitude of the background (noise)
level. Moreover, the lineshape that is fitted to
the peaks can be set/chosen.

Models that were used to try to improve the fit
result comprise fits with different combinations
of the parameters listed in Table 6. It was found
that a fit with a sloped background, a skewed
voigt and one (single) sidepeak provides the best
fit results (lowest [reduced] chi-squared). The
fits and the values yielded are shown in Figures 8
to 10 and the hyperfine parameters are summar-
ised and compared in Table 7. The results of a
fit with a pure Voigt lineshape are tabulated to
show the improvement obtained.

5 Outlook

In the week of the beamtime, some first state se-
lective collisional ionisation measurements could
be carried out within the LIAF6 group, thereby
commissioning the test setup for this technique

6i.e. the Laboratory for Laser Induced Atomic
Fluorescence and ionization.

in an offline laboratory. At a later stage, this will
be transferred and connected to the COLLAPS
experiment.
For the next beamtime on the radioactive Flu-

orine isotope (17F), this much more sensitive
technique will be needed. The production yield
for the isotope is so low that spectra cannot
be taken with the standard fluorescence based
photon-counting, but should be easily resolv-
able with this ion counting technique, if there
is no major background contamination of other
re-ionisable elements.
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Table 7: Summary of the extracted hyperfine parameters.

state/level Literature [12] Pure Voigt fit Best fit (1 Sidepeak + skew)

Au
3p 4D5/2 1148(1)

1151.49(13)
1151.41(15)

1151.52(11)
1151.33(12)

}
1151.43(8)

3p 4D7/2 1564(1) 1566.98(18) 1566.71(8)

Al

3s 4P3/2 — 502.60(23) 502.52(18)

3s 4P5/2 2643(1)
2648.02(13)
2648.28(24)

2648.05(11)
2647.99(11)

}
2648.02(8)
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(a) Sum of runs 29 to 35; Centroid: 442 443 574.16(27)MHz; FWHMG: 21.1(12)MHz; FWHML:
49.2(12)MHz
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(b) Sum of runs 36 to 45; Centroid: 442 443 574.07(24)MHz; FWHMG: 22.1(10)MHz; FWHML:
48.4(10)MHz
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(c) Sum of runs 46 to 48; Centroid: 442 443 574.26(36)MHz; FWHMG: 20.0(17)MHz; FWHML:
50.8(16)MHz

Figure 8: High-resolution hyperfine spectra of the 4P5/2 →4 D5/2 transition in 19F (I = 1/2).

Shared fitting parameters: Al = 2648.05(11)MHz; Au = 1151.52(11)MHz; skew = −0.039(5);
Sidepeaks N = 1 (fixed); Offset = 53.6(4); Poisson = 0.338(7).

Mean centroid frequency: 442 443 574.16(19)MHz.
Fit Statistics: fitting method: least squares; χ2 = 16 156; χ2

red. = 1.43;
# data points = 11 316; # variables = 32.
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(a) Sum of runs 63 to 65; Centroid: 437 149 075.26(11)MHz; FWHMG: 26.3(4)MHz; FWHML: 40.8(4)MHz
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(b) Sum of runs 73 to 75; Centroid: 437 149 076.28(11)MHz; FWHMG: 25.7(4)MHz; FWHML: 40.1(4)MHz
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(c) Sum of runs 84 to 89; Centroid: 437 149 075.94(9)MHz; FWHMG: 26.53(28)MHz; FWHML: 40.3(3)MHz

Figure 9: Hyperfine spectrum of the 4P5/2 →4 D7/2 transition in 19F (I = 1/2).

Shared fitting parameters: Al = 2647.99(11)MHz; Au = 1566.71(8)MHz; skew = −0.0790(22);
Sidepeaks N = 1 (fixed); Offset = 53.32(16); Poisson = 0.3145(23).

Mean centroid frequency: 437 149 075.8(4)MHz.
Fit Statistics: fitting method: least squares; χ2 = 36 925; χ2

red. = 7.5;
# data points = 4923; # variables = 29.
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(a) Sum of runs 110 to 129; Centroid: 434 207 383.31(26)MHz; FWHMG: 14.6(14)MHz; FWHML:
56.1(11)MHz
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(b) Sum of runs 133 to 139; Centroid: 434 207 382.78(30)MHz; FWHMG: 12.6(15)MHz; FWHML:
56.8(11)MHz
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(c) Sum of runs 140 to 149; Centroid: 434 207 382.68(26)MHz; FWHMG: 15.3(14)MHz; FWHML:
54.9(11)MHz

Figure 10: Hyperfine spectrum of the 4P3/2 →4 D5/2 transition in 19F (I = 1/2).
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(d) Sum of runs 101 to 105; Centroid: 434 207 382.13(21)MHz; FWHMG: 20.2(10)MHz; FWHML:
51.8(9)MHz

Figure 10 (cont.): Hyperfine spectrum of the 4P3/2 →4 D5/2 transition in 19F (I = 1/2).

Shared fitting parameters: Al = 502.52(18)MHz; Au = 1151.33(12)MHz; skew = −0.026(3);
Sidepeaks N = 1 (fixed); Offset = 47.1(4); Poisson = 0.293(6).

Mean centroid frequency: 434 207 382.73(45)MHz.
Fit Statistics: fitting method: least squares; χ2 = 7292; χ2

red. = 1.36;
# data points = 5383; # variables = 37.
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Appendix
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Figure 11: Voltage calibration fit (example).
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Figure 12: Voltage calibration residuals (ex-
ample).
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Figure 13: Summing sets of runs and unit conversion. In this example, only the channels 0, 1 and 2
are used for the sum, as channel three was considered to be to noisy. For the subsequent analysis,
the summed counts are divided by the number of channels (PMTs) to get a value for the average
counts per PMT and per scan.
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