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When old age shall this generation waste,
Thou shalt remain, in midst of other woe

Than ours, a friend to man, to whom thou say’st,
“Beauty is truth, truth beauty,”—that is all

Ye know on earth, and all ye need to know.

John Keats
Ode on a Grecian Urn (1820)
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Abstract

This thesis presents SPEDE (SPectrometer for Electron DEtection) and documents

its construction, testing and performance during commissioning at Jyväskylä, Finland,

before deployment at the HIE-ISOLDE facility at CERN coupled with the MINIBALL

array to perform in-beam electron-gamma spectroscopy using post-accelerated radioac-

tive ion beams. Commissioning experiments took place in two two-day stints during

spring 2015, coupled with several JUROGAMII gamma-detectors.

This spectrometer will help aid in fully understanding exotic regions of the nuclear

chart such as regions with a high degree of octupole deformation, and in those nuclei

exhibiting shape coexistence.

For the first time, electron spectroscopy has been performed at the target position

from states populated in accelerated nuclei via Coulomb excitation. The FWHM of

SPEDE is approximately 7 keV at 320 keV, and Doppler correction was possible to

improve Doppler broadened peaks.

The results are intended to give the reader a full understanding of the detector and

electronics, as well as the performance, capabilities, and usefulness of the spectrometer,

both in simulated and in real-world situations.

Additionally, some results from the Coulomb excitation of 221Rn in 2012 are pre-

sented as an example of the need for the construction of a device like SPEDE.
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1 Motivation

Information about nuclear structure can be obtained by looking at the resulting spec-

trum from the radiated particles emitted during the decay of a nucleus to a lower energy

state. This includes emissions such as high-energy photons (γ-rays), α particles, pro-

tons, electrons, and so on. However, there are only three principle ways a nucleus can

decay without changing the proton or neutron number; that is, they are electromagnetic

decay processes. These are either internal pair production (which can be largely ignored

apart from high energy decays, over 1.022 MeV), γ-ray emission, or internal conver-

sion. This thesis will deal with the detection of electrons emitted during the internal

conversion process, using the new electron spectrometer named SPEDE (SPectrome-

ter for Electron DEtection), including the methodology of the work, the spectrometer

design and simulated performance, and the results of in-beam commissioning experi-

ments from the JYFL laboratory, Finland, using decays from nuclear states populated

via Coulomb excitation.

1.1 Introduction

In the last decade, there has been a number of radioactive ion beam (RIB) facilities

that have come online, such as REX-ISOLDE (recently upgraded to HIE-ISOLDE) at

CERN in Switzerland, ISAC at TRIUMF in Canada, and RIBF at Riken in Japan [?].

These allow previously unexamined areas of the nuclear chart to be studied in detail,

but typically have a relatively low number of particles per second reaching the target

position, compared to stable beam facilities (104-106 compared to rates as high as

1011) [?]. Nevertheless, RIBs provide a new and exciting look on untouched areas of

nuclear structure pushing current theories and models to their limits.

The consequence of this is that as much information as possible needs to be extracted

from fewer nuclei available, meaning examining levels or reactions that are populated

with a low cross-section is more difficult. This is combined with the fact that many

radioactive nuclei have limited spectroscopic information avaiable, especially nuclei of

odd-mass. Whilst there are several existing γ-ray array spectrometers that have been

combined with the RIB facilities mentioned, such as MINIBALL, TIGRESS, and CNS-

GRAPE respectively [?], there are currently no RIB facilities where γ-ray detection

instruments are combined with those for detecting electrons to perform the spectroscopy
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of both simultaneously in-beam. Although other detectors, like SPICE, are under

development, these SPEDE will fill this gap by being combined with the MINIBALL

to help unlock the secrets of nuclei.

The benefits of an electron spectrometer compared to one used for γ-rays are ap-

parent when looking at the internal conversion coefficient, α, which is given by

α =

∑
de-excitations via electron emission∑
de-excitations via γ-ray emission

(1.1)

As the proton number Z of a nucleus increases, so does α, and the same is true for

lower-energy decays; as the transition energy between two levels tends to 0, α tends to

infinity:

lim
Z→∞, E→0

α =∞ (1.2)

This is of particular interest when looking at radioactive beams not only because

these are often beams of heavy nuclei, and therefore high Z, but because some of

these nuclei have low energy transitions of particular interest, such as in the octupole-

deformed region, where low-energy transitions between parity doublets can be expected

to be observed [?], or in regions where shape-coexistence is observed, where decays

between 0+ → 0+ levels within the same nucleus are generally only observable by use

of an electron spectrometer (unless the transition energy is over 1.022 MeV, where

internal pair production can occur, or other rare instances), as a photon has a spin of

1 and therefore cannot be emitted for an E0 decay.

Additionally, the multipolarity and parity are directly observable from subshell

ratios when looking at the resulting electron spectra, as is the possibility to directly

access mixing ratios [?].

1.2 Example applications

The atomic nucleus is a quantal many-body system, and so the properties of this sys-

tem are determined by the number of protons and neutrons making it up. However,

collective behaviour is exhibited, and nuclear shapes are described by collective param-

eters and transition strengths. These can be measured both directly and indirectly by

several methods suited for various different applications and areas of the nuclear chart.

SPEDE, through the detection of electrons, yields information on transitions in nuclei

excited via Coulomb excitation direct from the ground state.

Overall, the shape of the nucleus is given by
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R (θ, φ) = R0

1 +
∑
λ,µ

αλµY
µ
λ

 (1.3)

where R is the radius given as a function of the angles θ and φ, R0 is the radius of a

sphere with the same volume as the nucleus, Y µ
λ are the normalised spherical harmonics,

and αλµ are expansion coefficients (which are the polar coordinate transformation of

the deformation parameter βλ). With axial symmetry, all coefficients with µ 6= 0 are

also 0. With reflection symmetry, all terms other than those where λ is even vanish.

The intrinsic multipole moment is related to the deformation parameter (to first-

order), where the multipoloraity λ ≥ 1, by

Qλ =
3Rλ0βλ√

(2λ+ 1)π
(1.4)

Single-particle effects must be accounted for in the matrix elements for dipoles, but

can be neglected for greater multipolarities due to the collective nature of these states.

1.3 Example applications: Octupole-deformed nuclei

Octupole deformation is expected to be greatest in regions just above closed shells,

with proton or neutron numbers ' 34, 56, 88 and 134, as octupole correlations are

an essential contribution to the mean field interaction immediately above closed shells

where (N, j, l) intruder orbitals interact strongly with the (N − 1, j − 3, l − 3) natural

parity states. In these regions, the Fermi level is situated between these orbitals [?],

with the strenth of the octupole-octupole interaction dependent on the matrix elements

of Y 0
3 between these single-particle state.. As the energy difference between the inter-

acting orbitals is minimised, and the density of the states is maximised, the interactions

become strongest, implying octupole correlations increase with the mass of the nucleus.

The reflection asymmetry expected in octupole deformation gives rise to a pear

shape (the nuclei are axially symmetric), which itself implies the centre of mass does

not lie at the centre point of the nucleus spatially, and is instead displaced to one end.

The centre of charge is also displaced from the centre of mass, as charged particles

gather in the area where the radius of the electric potential contour is smallest, which

is at the narrow end of the nuclear ‘pear’ [?]. This octupole shape presents itself

with regards to the nuclear structure by having strong E1 and E3 transitions, due to

the number of low-lying states with opposite parity, first observed in heavy nuclei in
218Ra [?] and 222Th [?], [?].

Nuclei exhibit static deformation due to spontaneous symmetry breaking; the eigen-

values of a single-particle Hamiltonian around the Fermi level are degenerate, but due

to instabilities from shape vibrations, one state will always become lower in energy. The
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resulting asymmetric shape can be attributed to an odd-multipolarity parity violation

of the weak interaction. One signature of octupole deformation then, the presence of

strong E1 (dipole) transitions, is induced by the presence of an intrinsic electric dipole

moment [?]. If a nucleus is permanently octupole deformed, all terms in the equation

given by 1.3 except α20 and α30 vanish.

By using Coulomb excitation, the matrix element of the collective state can be mea-

sured directly in even-even nuclei via the reduced transition probability B(E3; 0+→3-),

and is the only way to provide unambiguous and direct evidence of octupole collectiv-

ity. This was done at the ISOLDE facility on 220Rn and 224Ra showing for the first

time a permanent octupole deformation [?]. Pursuing odd-mass nuclei in particular is

of interest due to parity doublets lying very close together in energy [?], enhancing the

Schiff moment leading to a possible non-zero electric dipole moment (EDM).

Figure 1.1: Nuclear potentials as a function of the octupole deformation
parameter, β3; from left-to-right, a quadrupole deformed nucleus with an octupole

vibration averaging zero, an intermediate case with a small potential barrier
separating two degenerate deformed minima and an ideal rigid deformation. Red

colours indicate the shape raising out of the page, with bluer colours representing areas
less raised. From [?].

The Schiff theorem states that for a system made of point-like, charged particles

which interact with each other and with an arbitrary external field, the electronic

shielding is complete, and therefore, theoretically, in a neutral atom, the nuclear EDM is

screened, however the finite size of the nucleus can break this. A nuclear Schiff moment
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can enhance the effect, which can lead to a non-zero static atomic EDM, implying

(separately) charge-parity-, and time-, symmetry violation. This in turn provides good

test extensions of the standard model that violate the symmetry. Reflection-asymmetric

nuclear shapes enhance the Schiff moment by approximately 3 orders of magnitude [?],

and so they offer much greater increased sensitivity for EDM searches.

S = − 2J

J + 1

< ŜZ >< V̂PT >

∆E
(1.5)

The Schiff moment S is further enhanced by odd-mass nuclei in the octupole region,

where parity-doublet splitting occurs, which can be seen in 1.5, where J is the total

angular momentum of the nucleus, V̂PT is the nucleon-nucleon interaction violating

parity and time, ∆E is the difference in energy between the two states making up

the parity doublet and SZ is an operator dependent on the mean-square charge radius

and number of protons in the nucleus. An illustration of the effect of the octupole

deformation parameter β can be seen in Figure 1.1. Transitions between the doublets

seen in odd-mass octupoles would have a very low energy, around 50 keV or lower, and

are more likely to occur in heavier nuclei.

In general, since octupole nuclei are predicted to have low-lying states, transitions

between them are are highly converted, and thus often decay with the emission of a

conversion electron, the likelihood of which only increases when considering odd-mass

octupoles due to the parity doublets. In the actinide region, with Z ' 88, there are

currently very few measurements, and even fewer of the odd-mass nuclei in this region,

due to the particular challenges odd-mass nuclei present. Therefore the need of an

electron spectrometer when studying these nuclei is apparent.

1.4 Example applications: 221Rn

γ-ray data was taken for 221Rn in August 2012, which provides more motivation for

this work with a proven experimental need, are given here.

1.4.1 Odd-mass octupole nuclei

The analysis of odd-mass nuclei is complicated by the effect of the single valence par-

ticle on the collective effect of the coupled nucleons. Thus experimental evidence is

needed to provide limits on theoretical models. Additionally, odd-mass nuclei provide

an important probe into atomic EDMs. The parity doublets expected enhance the

Schiff moment by a factor of up to 100.

Leander and Chen [?] have had some success previously in calculating decoupling

parameters using a reflection-asymmetric particle-plus-rotor model, to the same order,

assuming non-zero β3. A detailed review of odd-A actinide and nuclei around this region
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is provided by Leander and Sheline [?], as well as Sheline and Sood [?], Liang et al [?],

and others, gathered in a review by Butler and Nazarewicz [?]. Other proposals have

been submitted to study this region further using radioactive beams at the ISOLDE

facility in CERN, for which work presented here on 221Rn was done to test the feasibility

of such an experiment.

1.4.2 Experimental background

In September 2012, an experiment (code IS475) was performed at the ISOLDE facil-

ity in CERN, using the MINIBALL array situated at the end of the REX-ISOLDE

beamline. Around 30 hours of beamtime was obtained with a 221Rn beam of inten-

sity ' 6000 particles/s at an energy 2.85 MeV/u incident on a 120Sn target foil of

density 2 mg/cm2. One cluster was missing from the MINIBALL array, meaning 18

channels were unavailable for position information, and 3 unavailable for energy in-

formation. The disparity in the number of channels detecting position and energy is

due to the fact that the energy information is taken from the core segment of each

hexagonal 6-fold detector.
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Figure 1.2: Energy calibration spectrum for a germanium detector core in the
MINIBALL array on the left, and the corresponding calibration fit on the right.
Calibration was performed using static 152Eu and 133Ba sources. Note the low

deviation in energy for the fit.

Positional calibration of the detectors was done using a beam of 22Ne, and energy

calibration using static 152Eu and 133Ba sources in the target position, with activities

of 20 kBq (measured 2012/07/09) and 21.1 kBq (2006/05/12) respectively. An energy

calibration for the core of one channel can be seen in Figure 1.2. The fit used is

quadratic, although a linear fit can be used as the quadratic term, c, is very small. The

overall fit and calibration is good, as can be seen by the plot of the residuals. In order

to perform the calibration, peaks were analysed in the HDTV package, with the actual

energies for transitions in 152Eu and 133Ba given by data from the ENSDF set from the
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National Nuclear Data Center.

1.4.3 Results

The following figures, Figure 1.3-Figure 1.8, are the results from the data collected for

experiment IS475. Acquired data was analysed using the C++ ROOT library provided

by CERN. A sort was made on the raw data to find all γ-ray events, and timestamp

them, along with the particle events in the DSSSD. These files were then passed to

analysis code which sorted events in time and energy to create histograms such as

those found in the following figures. This analysis code applied a Doppler correction

for both beam and target nuclei, looked for γ-γ coincidences, performed a background-

subtraction and was used to fine tune some parameters, for example the time window

used for background subtraction and offsets for the Doppler correction.

γ-ray events are coincident with a particle detected by the DSSSD and identified

using 2-body kinematics, to determine whether it is a beam (221Rn) or target (120Sn)

particle. Doppler correction was done event-by-event, again using 2-body kinematics

and angular information from the DSSSD.

γ-γ matrices were created by looking at all the events and plotting them in a 3-

dimensional plot against each other, with the z-axis representing the intensity. Gating

was done on the energies of each peak ± 15 keV.

Energy (keV)
0 200 400 600 800 1000 1200 1400 1600 1800 2000

C
ou

nt
s

0

50

100

150

200

250

-raysγAll 

Figure 1.3: γ-ray spectrum showing all γ-rays detected by the MINIBALL array
during the course of the experiment. The 511 keV annihilation peak is clearly visible.
It is clear that there are a large number of background events. Conditions therefore

need to be applied to clear spectra and make peaks visible.
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Figure 1.4: γ-ray spectrum showing all γ-rays in coincidence with a particle detected
by the MINIBALL array during the course of the experiment.
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Figure 1.5: Background subtracted γ-ray spectrum of 221Rn, Doppler corrected for
221Rn. 3 peaks are clearly visible, at 200.42(26) keV, 223.55(25) keV, and

289.73(39) keV.

1.4.4 Discussion

1.4.4.1 On 221Rn

Very little was known about 221Rn before the experiments detailed in this section were

conducted in 2012. Three new transitions were observed for the first time, at energies of

approximately 200 keV, 223 keV and 289 keV. Coulomb excitation was also performed

specifically on odd-mass radon for the first time. As is observed in all the figures
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Figure 1.6: γ-γ matrix showing all coincident γ-ray events.
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Figure 1.7: Taking Figure 1.5 and gating on the first peak, no coincidences with any
other γ-ray energies are seen.

(Figure 1.3-Figure 1.8), the count rate is low, and so few peaks are observed in the

spectra. This could partly be due to the Coulomb excitation process not exciting any

more levels than the 3 shown. However, looking at nuclei around the 221Rn region, it

would appear reasonable to expect more levels to be excited. Ignoring X-rays, three

peaks are clearly observed in the spectra, labelled A, B and C in Table 1.1.

Efforts were made to look at the possibility of a cascading effect occurring. As

peak C had the least counts, it must lie above B and A as lower states have a higher

probability of being excited in Coulomb excitation. Due to the fact there were only

around 36 counts in the highest-energy peak C, coupled with the efficiency of the
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Figure 1.8: Taking Figure 1.5 and gating on the second peak, no coincidences with
any other γ-ray energies are seen.

Label E (keV) FWHM (keV) Counts Intensity (raw %)

Kα X-rays 82.40(13) 5.08(27) 535(28) 505
Kβ X-rays 94.33(26) 3.38(72) 99(16) 93.4

A 200.42(26) 3.94(40) 84(11) 79.2
B 223.55(25) 4.83(59) 106(12) 100
C 288.73(39) 3.90(75) 36.5(75) 34.4

Table 1.1: The energies of the 3 221Rn γ-ray peaks and the X-rays for all the figures
shown in this results section (Figure 1.3-Figure 1.8). Normalised to the

highest-intensity γ-ray, B. The separate alpha and beta X-rays were not able to be
determined.

MINIBALL detector (' 10%), the upper limit for counts in any coincidence peak from

C would be 3.6 (= 4), assuming a 100% branching ratio and no internal conversion.

This is too low to see in these spectra; to separate from random γ-rays all coincident

rays would have to occur in the same channel. As a consequence, no conclusions can

be made about a cascading effect from peak C coupled with other data. Gating was

done on peaks A and B, as seen in Figure 1.7 and Figure 1.8 respectively. Again, as

an upper limit the number of counts from coincidences expected in peak A would be

10, and peak B 12 (taking account of errors on volume). No coincidences are seen in

peak A or B, however this may imply a low branching ratio for any cascading effects,

or a high probability of internal conversion. If there is a high branching ratio, and

the transitions proceed by γ-ray decays, then it can be deduced that this is either one

state decaying to (probably) the ground state and another low-lying state, or two states

lying close to each other decaying to one state (probably ground). Simultaneous γ-e−

spectroscopy will help in identifying any cascading effects.
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Efforts were also made using the GOSIA Coulomb excitation code to reproduce the

experimental spectrum using the identified peaks and possible structures. However,

the ratios of each transition could not be reproduced with any model. Theoretical

predictions made by Leander & Chen imply the ground state (of spin 7/2) has a positive

parity due to band-mixing with a state near the Fermi level with K = 5/2, where K is

the quantum number of the sum of the total angular momentum of the core electrons,

plus the orbital momentum of the outer electron. This is difficult to incorporate into

any predictions made using GOSIA.

1.4.4.2 Need for e− spectroscopy

What is possible to conclude is that by looking at the number of counts seen in the

X-ray peaks, it is clear there is a large amount of internal conversion occurring. This

indicates a high internal conversion coefficient, and proves the experimental requirement

for SPEDE. Simultaneous observation is needed to fully understand the de-excitation

processes, by allowing the possibility of determining coincidences between, and the

multipolarity of, de-exciting transitions.

With the capabilities of SPEDE, coupled with the benefits of the HIE-ISOLDE

upgrade and a higher beam current, much more information can be obtained about

this nucleus, making it possible to place the observed transitions into a level scheme,

which will in turn enhance the sensitivity on the measurement of an atomic EDM, with

increased sensitivity from odd-mass octupole-deformed nuclei.

This leads to several specific constraints on the detector required. First, it must be

sensitive to low-energy electrons, since the likelihood for internal conversion decreases

as the energy between states increases. Secondly, it must be shielded somehow from

δ-electrons, occurring from the heavy radioactive beam ions colliding with electrons in

the target. Thirdly, it must have a good position sensitivity, in order to correct for the

Doppler shift of energies from recoiling nuclei. The need for Doppler shift correction is

shown from experiment IS475; the expected shift for electrons is even greater.

1.5 Example applications: Shape-coexistence

Another case where the need for an electron spectrometer is not only useful but in fact

wholly necessary is in the case of 0+ → 0+ E0 transitions, which are observed in shape

coexistence. In this case, there is no angular momentum to give to an emitted photon

(which must have a spin of ±1 [?]); since there is no angular momentum available to the

photon, any emission would be a violation of the conservation of angular momentum

and break rotationally-invariant symmetry. This leaves two principle electromagnetic

decay processes, the first being internal pair production, where an electron-positron pair

are created and are emitted back-to-back; this requires a transition energy of at least
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1.022 MeV, which is twice the rest-mass energy of an electron (0.511 MeV). The other

possibility is for internal electron conversion (although higher order processes such as

two-photon decay are possible, but rare [?]). A prime example of shape coexistence

can be seen with 186Pb, as seen in Figure 1.9.

Shape-coexistence is a stringent test of microscopic nuclear models and mean-field

descriptions [?], as it involves the complex interactions of nuclei in competing orbitals

typically in regions far away from the stable nuclei where the empirical shell model

was formed, and ‘is arguably one of the greatest challenged faced by theories of nuclear

structure’ [?]. Although no results of shape-coexistence will appear in this thesis, it is

an important application of SPEDE in the future to study this region in more detail

than has been possible until now with RIBs. A thorough review is undertaken by Heyde

and Wood [?].

Shape coexistence is apparent due to a mixture of the stable, spherical shape of

closed shells and sub-shells coupled with residual interactions between protons and

neutrons driving the nucleus into a deformed shape. Regions of maximum coexistence

tend to lie therefore far away from closed shells, at the ’magic numbers’, where shell

gaps have the greatest influence. Low-lying 0+ excited states are indicative of shape

coexistence, and so the importance of detecting E0 transitions is seen again. The

strengths of these transitions depend on the mixing of configurations with differing

Figure 1.9: Calculated potential energy surface of 186Pb. Spherical, oblate and
prolate shape deformations are respectively indicated from left to right by the thicker

vertical lines. Obtained from [?].
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mean-square charge radii. The interpretation of low-energy vibration of nuclei has

been proven incorrect in cadmium isotopes, and a reliable characterisation of these

nuclei is needed to interpret the data in a cromulent way. Although some regions of

shape-coexistence which lie along one stability line, such as where Z ' 50, are easily

acceptable, many other regions require the use of RIBs, especially to determine whether

the emerging picture, that coexisting structures are present in all nuclei, is true.
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2 Experimental methods

2.1 Electron spectroscopy

Electron spectroscopy is an analytical technique used to study the structure of atoms

and nuclei. It encompasses the study of electrons emitted from atomic systems by a

variety of different processes, such as electrons emitted from β decay, Auger electrons,

or, as in the case of SPEDE, conversion electrons.

Electrons are directly ionising radiation. In general, when a charged particle enters

a material, it will slow down and change direction due to electromagnetic interactions

with atoms in the incident material. The reduction in velocity of a charged particle is

given by the Bethe-Blochs formula, which is

−dE
dx

=

(
ze2

cβε0

)2

NAZρ4πA

(
ln

2mec
2β2

I (1− β2)
− β2 − δ − C

Z

)
(2.1)

where z is the incoming particles charge in terms of e, e is the charge on an electron,

c is the speed of light β = v
c is the speed of the incoming particle relative to the speed

of light, ε0 is the permeability in a vacuum, NA is the Avogadro number, Z is the

atomic number of the material, ρ is the density of the material, A is the molar mass of

the material, me is the mass of an electron, I is the mean excitation potential, δ is a

density correction term and C is the shell correction parameter.

However, due to the small mass of an electron, a key assumption for 2.1 (that an

incoming particle will not alter direction after interacting with the material) cannot

hold. Additionally, when two electrons interact, the resulting wavefunction is inseper-

able. Bremsstrahlung (‘braking’) radiation must also be accounted for as the energy of

the electron increases to around 1 MeV; this radiation is the result of photons emitted

as a particle changes velocity as a result of an electromagnetic interaction with another

particle, which must be emitted to conserve momentum. The cross-section for this

Bremsstrahlung radiation is given by

σ =

(
e2

mc2

)2

(2.2)
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When these charged particles interact with matter, they cause electron-hole pairs to

be created, with electrons removed from atomic orbitals by the ionising radiation. In

a detector, these electrons then move to the positively-charged anode, which causes a

current to flow with a voltage corresponding to the energy incident on the detector. The

current incident on an electrode from moving charges is given by the Shockley-Ramo

theorem [?], which states that

i = q~v · ~E0 (~r) (2.3)

where ~v is the velocity of charge q, and ~E0 (~r) is the electric field at the position of the

charge.

Assuming a particle that enters the detector does not leave the detector again (that

is, escapes), the detector captures the full energy of the incident radiation. This can

be worked out directly; knowing the ionisation potential of a material or gas (such

as the band-gap between the valence band and conduction band in a semiconductor),

and knowing the number of electron-hole pairs created by the incident radiation, it is

possible to establish the initial energy of the particle.

SPEDE will be used to detect electrons emitted during the process of internal

conversion. Internally-converted electrons are monoenergetic electrons emitted due to

a coupling of the electron and nucleus wavefunctions. This energy is given by

EIC = Ei − Ef − Eb (2.4)

where E is energy, and the subscripts IC, i, f and b correspond respectively to the

energy of the ejected electron, the energy of the initial state of the excited nucleus, the

energy of the final state of the nucleus, and the binding energy of the atomic shell that

the electron was ejected from.

It is important to note that the internally converted electron differs to that seen in,

for example, β-decay. Rather than a continuous distribution in emission energies, an

internally converted electron is seen as a single, sharp peak, as seen in Figure 2.1.

The internal conversion process increases in likelihood as the mass of the nucleus

increases; since atomic radius is generally proportional to number of nucleons, it is

apparent to see that an electron is more likely to be influenced by nuclear effects. The

probability also increases with multipolarity of the nuclear transition. The likelihood

compared to γ-ray emission is dictated by 1.1. This dependency on the multipolarity is

due to the fact that it is easier for an electron to carry more angular momentum from

a nucleus and is thus the quicker, and therefore preferred, way for the nucleus to fall

into the minimum of its potential well. This is demonstrated for a radon nucleus, using

theoretical values, in Figure 2.2.
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Figure 2.1: This plot shows the decay spectroscopy of 203Hg. Here, a broad peak can
be seen, corresponding to β-particles, with three peaks observable on the right-hand
side. These correspond to the K-shell, L-shell, and (in the right tail of the L-shell

peak) M-shell conversion electrons. Taken from [?].

A major difficulty in performing electron spectroscopy is dealing with the δ-electron

background. These are produced when heavy particles, such as the beam nuclei used

in experimental studies, collide with electrons in the atoms of other nuclei, such as

within a target, leading to a large low-energy background of scattered electrons. These

electrons can then go on to collide with other electrons and produce further ionisation.

However, since these are mostly concentrated in the forward direction (since momentum

and energy must be conserved), as seen in Figure 2.3, and are of a different energy to

conversion electrons of interest, the background can be significantly reduced.

Electron spectroscopy using SPEDE is much simplified by avoiding the use of mag-

netic transport fields; these can severely decrease the efficiency of the detector and

complicate the setup greatly.

2.2 Nuclear transitions

Nuclei in an excited state can decay by various pathways. However, for an internal

transition, where a nucleus does not change isotope, three first-order processes are

possible; internal pair production (for transitions with an energy over 1.022 MeV),

γ-ray emission, or internal conversion. Internal transitions result in the emission of

radiation with multipolarity L, corresponding to a change of state of a nucleus, as
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Figure 2.2: The data is the theoretical values for internal conversion in radon, as a
dependence of energy, and also multipolarity of the transition. This dependency on the

multipolarity comes from the fact that it is easier for an electron to carry more
angular momentum from a nucleus and is thus the quicker, and therefore preferred,
way for the nucleus to fall into the minimum of its potential well. Note the kinks in

E1, M1, and M2 transitions, which are due to the K-shell binding energy. For nuclear
transitions which lie below this energy, any converted electrons must come from a

higher shell, such as one of the L shells, which are less likely to couple to the nucleus
due to the quantum mechanical wavefunction of the electron-nucleus system resulting
in the electrons spending less time in and around the nucleus. Similar kinks would be

seen at the energies of the L-shells if the data had been available to plot; they are
much less bound than the K-shell. Data is from [?].

shown in 2.5

|Jf , πf 〉 = L |Ji, πi〉 (2.5)

where J is the total angular momentum of the state, π is the parity of the state, and

the subscripts i and f correspond to the initial and final states respectively.

A series of selection rules apply for electromagnetic transitions. First, angular

momentum must be conserved, such that ~Ji = ~Jf + ~L. Secondly, the allowed values

of L are such that |Ji − Jf | ≤ L ≤ |Ji + Jf |. Thirdly, parity must also be conserved;

this leads to an equation where π (TL) = πiπf = (−1)L+t, with T ∈ E,M , and t ∈ 0, 1

with a one-to-one correspondence.

Finally, monopole transitions (L = 0) cannot procede via γ-decay due to the photon



18 CHAPTER 2: EXPERIMENTAL METHODSVOLUME 79, NUMBER 11 P HY S I CA L REV I EW LE T T ER S 15 SEPTEMBER 1997

FIG. 2. Relative double differential electron emission cross
sections in the collision system 5.88 MeVyu U291 on C3F8 for
0± to 50± (Dqe ≠ 10

±) and 70± to 130± (Dqe ≠ 20
±).

“ternary encounter electrons.” In the Suarez experiment
the projectile electron ternary encounter leads thus to a
distribution with 2yP in the projectile rest frame at yP .
In our case, the target electron ternary encounter leads to
a distribution at 2yP around the target rest frame.
Several conditions are required for the target electron

ternary encounter to occur at a detectable level: (a) cross
sections for production of fast electrons that are enhanced
over Rutherford in forward direction leading to a jet-like

emission toward the target nucleus and (b) a target nu-
cleus with a high atomic number, because the scattering
cross sections strongly depend on Z2. Experiments em-
ploying fast, screened heavy ions colliding with high Z
(Z . 6) targets are scarce, and the energy range of the
measured spectra is often limited to the high energy “end”
of the BE peak. This might explain why these struc-
tures have never been observed before. Investigations
with 3.6 MeVyu Ne101 and Xe401 ion beams performed
with the same experimental setup did not display these
features.
The angular dependence of the elastic scattering cross

section in the target potential is complicated. First, the
electrons are scattered by a highly screened potential,
where the actual charge state at the time of the collision is
unknown. Second, the impact parameter distribution for
the scattering in the target potential is weighted because
the electrons in their atomic shells are anisotropically
distributed in space according to jcisrdj2 at the time of
the projectile-electron collision. Therefore, a scattering
cross section according to simple Rutherford law is not
expected. Measured single differential cross section for
ternary encounter electron emission integrated from 10
to 15 keV as a function of laboratory emission angle is
plotted in Fig. 3 for a variety of target gases.
Because the novel observed emission features are

measured for monoatomic rare gases as well, the electrons
have to be scattered by the field of their own nuclei and

FIG. 3. Single differential cross section of ternary encounter
electron emission in 5.88 MeVyu U291 collisions with neon,
xenon, and C3F8. The electron energies are integrated from 10
to 15 keV.

2036

Figure 2.3: The δ-electron distribution is not isotropic, and as can be seen is
concentrated in the forward direction. The energy range is low, and drops quickly

within the first 10 keV. Data is from [?].

having a unit intrinsic spin. A 0+ → 0+ decay then is strictly forbidden with the

emission of only one photon. A magnetic monopole is not known to exist with currently

known physics. However, it is possible to observe an E0 transition via an internally

converted electron.
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2.3 γ-ray spectroscopy

Gamma-ray spectroscopy is a technique using an energy-sensitive detector of high en-

ergy photons that are emitted by most radioactive sources and excited nuclei. By

collecting the radioactive emissions, a characteristic spectrum can be produced which

can be used to infer properties of the radioactive nucleus or source under study.

All materials used for spectroscopy are sensitive to photons, interacting via the

photo-electric effect, Compton scattering, and pair production, as shown in Figure 2.4 [?].

The dominating process of interaction is energy-dependent.

Figure 2.4: Photon interaction methods in aluminium (a), copper (b) and lead (c).
Note the energy dependence of all effects, and the starting energy of pair

production (1.022 MeV), as well as the Z dependence of the interactions, with the
dominating interaction varying with element.

In the photo-electric process, all of the energy of the incident γ-ray is transferred

to a bound electron of an atom in the detector. This electron is then ejected from the

atom with a kinetic energy given by the Planck-Einstein relation

E = hυ − φ (2.6)
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where υ is the frequency of the incoming photon, and φ is the energy needed to remove

the bound electron. This process mainly involves electrons closely bound to the nucleus

in the K- and L- shells. If the energy of the incident photon is less than the work function

φ of the K-shell then the photo-electric effect can not occur.

The second process that can occur is Compton scattering, where the incoming

photon transfers only part of its energy to an electron, with the remaining energy carried

by a new photon of lower energy in a scattered direction. The probability of a Compton

interaction increases with the atomic number of the detector, however depending on

geometry of the detector array not all the energy of the original γ-ray photon may be

absorbed. Since the scattering is not constrained purely to the detector, and since any

real detector must have a finite size, there is a probability photons can scatter out of

the detector, taking with it any excess energy. This results in an effect on the spectrum

called the Compton continuum. Another effect from Compton scattering is backscatter,

which can cause γ-rays that did not originally enter the detector material, but rather

the surrounding shielding and equipment, to enter the detector and also result in less

than the full energy being absorbed [?].

The third effect seen in Figure 2.4 is pair-production. As a consequence of energy-

mass equivalence, from the special theory of relativity, particles can be converted from

an amount of energy, assuming all other conservation laws and symmetries are held.

Therefore, photons with an energy greater than 1.022 MeV (twice the mass of an elec-

tron, 511 keV) can spontaneously create an electron-positron pair, which then travel

in opposite directions with any excess energy from the photon shared equally between

the pair as kinetic energy. The positron then annihilates with electrons in the detec-

tor, causing two 511 keV photons to be emitted, again in opposite directions, which

are subsequently detected, causing an annihilation peak at 511 keV in any resultant

spectra [?].

2.4 Detector types

There are three types of detectors in regular use, each with advantages for different

types of applications.

The first, gas detectors, are most typically used for neutron detection and ion

tracking, and are not particularly suited for the spectroscopic detail required, and thus

will not be discussed in this thesis. For a detailed review see [?].

2.4.1 Scintillation detectors

The second is the scintillation type, which emit light when γ-rays interact with atoms in

the crystal lattice. The intensity of the light is proportional to the energy deposited in

the crystal. Scintillators are connected to photomultipliers in a light-tight environment,



2.5: COULOMB EXCITATION 21

which converts the photons emitted by the detector into electrons and amplifies the

signal. Sodium iodide (NaI) detectors can be produced in large crystals, meaning they

have a high efficiency, but suffer from poor resolution, mostly due to the thermal motion

of electrons varying the light output of the crystal, and lanthanum(III) bromide (LaBr3)

crystals are particularly suited for fast-timing applications [?]

2.4.2 Solid-state detectors

The third type of detector, a solid-state device, is semiconductor-based. The SPEDE

spectrometer is a solid-state device made from silicon.

Interactions from incident radiation excite electrons from the valence band of the

semiconductor to the conduction band, which respond to a bias voltage applied to

the detector that creates an electric field, and moves electrons to the anode. The

corresponding hole moves to the cathode. These electrons cause a current to flow

which is then amplified and processed [?].

To process the pulses from the detecting semiconductor requires electronics to am-

plify and process the signal. A high-voltage power supply will be used to bias the

detector where needed and supply necessary voltages to the rest of the system. Nor-

mally, the output signal from the detector will be passed through a preamplifier to

increase the size of the signal, the output output from this then subsequently sampled

by digital electronics using an analogue-to-digital conversion (ADC) process to con-

vert the analogue voltage information to a digital format that can be processed by a

computer [?].

The majority of modern detector arrays typically use HPGe-type detectors for γ-

rays, which have excellent resolution, but are not readily an option for any portable

application, and silicon for the detection of directly ionising particles, such as elec-

trons or α particles. To minimise thermal noise, detectors are typically cooled; silicon

requiring much less coolant to deplete due to a smaller band gap, and being cooled

to temperatures around 250 K. With germanium liquid nitrogen cooling is required

in order to minimise the thermal noise resulting from the very small band gap of the

material (0.74 eV at 0 K, compared to Si with 1.17 eV at absolute zero).

2.5 Coulomb excitation

Nuclei during the in-beam experiments used to test SPEDE were excited via Coulomb

excitation. A nucleus can be excited from the ground state by a time-dependent elec-

tromagnetic field generated by passing another nucleus. This process is Coulomb ex-

citation. Ensuring the energy used is below the Coulomb barrier, the interaction is

purely an electromagnetic one, a force which is well understood. By keeping the energy

low, distance between the nuclei involved in the reaction remains large enough that
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any effects from the nuclear forces can be ignored, since the range of the strong nuclear

force is '10−15 m, the size of a typical nucleus, and the range of the weak nuclear force

around a thousand times smaller, with a range '10−18 m.

Due to the computation required to complete a full quantum mechanical treatment

of the nucleus, a numerical approach is needed. First- and second-order perturbation

theory is sufficient for one or two-step excitation, but is of no use when considering the

population of many states with heavy ions. Coulomb excitation can be approximated

using a semi-classical method, similar to that of Rutherford scattering, given by

dσ

dΩ
=

(
ZpZte

2

8πε0mv2

)2

csc4 θ

2
(2.7)

where Zp and Zt are the proton number of the projectile and target respectively, m is

the reduced mass of the projectile-target system, v is the velocity of the projectile and

θ is the deflection angle in the centre of mass reference frame.

For this classical treatment to be valid, the quantum-mechanical wave packet must

be smaller than the distance between nuclei, which requires the Sommerfeld parameter

η =
πb

λ
=
ZpZtα

β
>> 1 (2.8)

where b is the distance of closest approach between the projectile nucleus and the target,

λ is the de Broglie wavelength of the beam, α is the fine-structure constant and β is

the speed of the projectile relative to the speed of light c. The Sommerfeld parameter

is a dimensionless quantity that represents the number of exchanged photons needed

to force the nuclei on a hyperbolic orbit.

Rutherford scattering trajectories are symmetrical about the point of scatter, and

so also requires the scattering to be inelastic. Although this is not true for Coulomb

excitation, inelastic scattering can be approximated to elastic scattering if the energy

transfer, ∆E, is much smaller than the projectile energy Ep, implying incoming and

outgoing energies are similar enough to be treated classically. This results in the con-

dition

∆E

Ep
<< 1 (2.9)

For heavy-ion beams, such as those that will be typically used with SPEDE at HIE-

ISOLDE, the condition on the Sommerfeld parameter is met, and typically, due to the

production method and acceleration of the beams, the beam energy is much greater

than the excitation energy. Therefore, the semi-classical approximation is valid. The

final Coulomb excitation cross-section is then given by a product of the Rutherford cross



2.5: COULOMB EXCITATION 23

section σR and the probability Pn of exciting a given state |n〉. Thus, the Coulomb

excitation cross-section is

dσn
dΩ

= Pn
dσR
dΩ

(2.10)

The collision time in these reactions is of the order 10−21 seconds, around 108 times

quicker than the nuclear lifetimes of the low-lying states typically involved. Therefore

the excitation and subsequent decay can be treated as separate processes. Using this

fact, and the knowledge that in the expansion of the electromagnetic potential the

mutual multipole-multipole interaction is weak and can be neglected, the Schrödinger

equation can be expressed, independently for target and projetile, as

ih
∂

∂t
|ψ1,2〉 =

(
H0

1,2 + V1,2 (r̄ (t))
)
|ψ1,2〉 (2.11)

where the V term with an index of 1 represents the monopole-multipole interaction

between an unexcited (monopole) nucleus and the excited (multipole) nucleus, and vice-

versa with an index of 2. The H term represents the monopole-monopole interaction

and determines the time-dependence of the potential by the classical trajectory r̄ (t).

To solve the time-dependent Schrödinger equation given by 2.11, the wavefunction

|ψ (r̄, t)〉 can be represented as a superposition of individual nucleon wavefunctions

φ (r̄), along with time-dependent coefficients a (t), such that

|ψ (r̄, t)〉 =
∑
n

an (t) |φn (r̄)〉 e
−iEnt

h̄ (2.12)

where H0 |φn〉 = En |φn〉.
It can be shown (as it is in the GOSIA manual [?]) that the excitation amplitudes

ak, taken into account the orthonormality of the nucleon wavefunctions |φn〉 such that

〈φk|φn〉 = δkn, when differentiated by the dimensionless orbit parameter ω (such that

t = fracaνI (ε sinhω + ω), ε = sin θ
2

−1
, θ is the centre-of-mass scattering angle, a is half

the distance of closest approach if the nuclei collide head on and vI is the magnitude

of the interaction velocity), is given by

dak
dω

= −i
∑
λµn

Qλµ (ε, ω) ζλµkn 〈Ik| |M (λ) | |In〉 an (ω) eiξkn(ε sinhω+ω) (2.13)

where Q represents the dimensionless collision functions for electric or magnetic excita-

tions, ζ = ηk − ηn = Z1Z2e2

h̄

(
1
vk
− 1

vn

)
is the symmetrized adiabaticity parameter that
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represents the difference in wavenumber between the intial and final states, and the re-

duced matrix elements replace the multipole operator matrix elements 〈IsMs|M (λ, µ) |IfMf 〉
via the Wigner-Eckart theorem such that

〈IsMs|M (λ, µ) |IfMf 〉 = (−1)Is−Ms

(
Is λ If
−Ms µ Mf

)
〈Is| |M (λ) | |If 〉 (2.14)

where

(
Is λ If
−Ms µ Mf

)
is the 3-j symbol.

The complex expansion coefficients defined by ak (t) can be expressed before the

interaction as ak (t = −∞) = δk,O, where O is the ground state (the typical initial

state), and k represents a state of the nucleus. After the collision, the nucleus is then

described by the set of ak (t = −∞) defining excitation probabilities where Pk = aka
∗
k,

before which the excited nuclei can then decay back to the ground state by either γ-ray

emission or by internal conversion.

The electromagnetic matrix elements connecting two states can be calculated by

using the above Wigner-Eckart theorem in 2.14 for electric transitions, such that

〈Is| |Eλ| |If 〉 =
√

2If + 1 〈Ifmfλms|Isms〉Qλaλ (2.15)

where 〈Ifmfλms|Isms〉 is the Clebsch-Gordan coefficient, and aλ =


√

3
4π λ = 1√
2λ+1
16π λ ≥ 2

.

Qλ is given in 1.4.

The strength of an electromagnetic transition can then be defined as

B(Eλ; Is → If ) =
1

2Is + 1
| 〈Is| |Eλ| |If 〉 |2 =

2If + 1

2Is + 1
〈Ifmfλms|Isms〉2Q2

λa
2
λ (2.16)

2.6 Doppler correction

SPEDE will be used with post-accelerated beams at HIE-ISOLDE, at energies of 4-

5 MeV/u. For the heaviest beams, this could mean a total energy of around 1.1 GeV,

approximately 10% of the speed of light for the nuclei in question. Therefore, any

radiation from excited recoiling nuclei, either from the beam or target, will have an

observed energy shifted in the laboratory frame compared to the actual radiation energy

in the nuclear frame of reference. Classically, a wave which has been Doppler shifted

will have its frequency f ′ altered by

f ′ =
f0

1 + |~v|
c

(2.17)
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where f ′ is the frequency of the observed wave, f0 is the frequency of the wave in the

source frame of reference, ~v is the velocity of the source away from the observer, and

c is the velocity of the waves in the medium.

In the case of a photon, the velocity of the waves can be taken to be absolute, and

therefore the speed of light c0. The source is either a beam or target nucleus, scattering

at different angles . Using 2.6, and changing the reference frame to that of the motion

of the source, this can be rewritten as

E0 =
E′

1− β cos θ
(2.18)

where E′ is the energy of the observed radiation at the detector, E0 is the energy of

the radiation emitted in the nuclear frame of reference, β = v
c0

=

√
2Ep

mpc02 is the speed

of the projectile relative to the speed of light c0 (and Ep, mp are the energy and rest-

mass of the detected particle, respectively), and θ is the angle of the emitted radiation

relative to that of the emitting particle; at 0 radians, the source is travelling towards

the observer, hence the change in sign when compared to 2.17.

Due to relativistic effects at the high speeds of the nuclei, the time period of the

massless de Broglie waves will be retarded by the Lorentz factor

γ =
1√

1− v2

c2

(2.19)

and since frequency is the reciprocal of (and therefore energy is inversely proportional

to) the time period, the equation for the massless Doppler shift is given by

E0 =
E′

γ (1− β cos θ)
(2.20)

However, since the electrons have mass, 2.20 must be modified according to relativistic

dynamics. Under the same treatment as for a photon, the Lorentz shift for the radiated

electron is

E0 = γE′
(

1 +
p′c

E′
βθ

)
(2.21)

It can be shown through a detailed treatment of the Lorentz transformation of the

momentum four-vector that

E0 = γE′

1− β

√
1 +

2mec2

E′
cos θ

+mec
2 (γ − 1) (2.22)
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where symbols are analogous to that seen for the Doppler shift for a photon, and me

represents the electron mass. Further, cos θ must be measured as a function of detector

angles.

A z-axis can be defined as that which the ‘perfect beam’ travels on; that is, an

infinitesimal beamspot travelling exactly through the centre of the system. The x- and

y-axis then bisect this, x running vertically and y horizontally. In spherical coordinates,

a variable ϑ can be defined corresponding to the angle, clockwise, in the detectors, ϕ

corresponding to the angle between the hit and the beam axis, and r as magnitude. By

rearranging an equation for the equation for the vector dot product

~A · ~B = | ~A|| ~B| cos θ (2.23)

and using trigonometric identities, it is possible to relate cos θ in terms of angles in the

detector system by

cos θ = sinϕ1 sinϕ2 cos (ϑ1 − ϑ2) + cosϕ1 cosϕ2 (2.24)

where the subscript 1 corresponds to the CD detector, and 2 corresponds to a detector

segment in MINIBALL, JUROGAM, or SPEDE.

Therefore the fractional relativistic Doppler shift in terms of laboratory angles is

given by

E0

E′
= γ

1− β

√
1 +

2mec2

E′
(sinϕ1 sinϕ2 cos (ϑ1 − ϑ2) + cosϕ1 cosϕ2)

+mec
2 (γ − 1)

(2.25)

Care should be taken since the particle and electron detectors are facing in an oppo-

site direction to each other. If the ϑ angle is given clockwise around the detector, then

the detector facing in a ’backwards’ angle (that is, behind the target position) has seg-

ments in ϑ equal to 2π−θ. Thus, the cosϑ term in 2.25 becomes cos (ϑPIN + ϑSPEDE)

in terms of detector angles. Equally, ϕ for the detector should be taken from π in order

to preserve the coordinate system.

Due to a variety of different recoiling energies, and a variety of angles of emission of

the radiation, different amounts of Doppler shift occur. With no kinematic correction,

this results in a peak that is Doppler broadened. In order to correct this, good position

resolution is required. This then leads to a requirement for segmentation of a detector,

not only to be able to increase possible count rate and reduce capacitance, but to be
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able to correct for the effect of Doppler shift as much as possible. The same is applicable

to the recoiling particle itself; since the amount of Doppler shift is dependent on the

energy of the particle the radiation is emitted from, it is critical to be able to measure

the energy and angle of incidence of the particles of study. Uncertainties in the precise

position of de-excitation, path taken through the target, uncertainties in angles due

to strip or crystal width, and in the recoil velocities will all result in the fact that an

experiment which requires Doppler correction will never get as good a resolution as that

from a static source. These can be mitigated to a certain extent however by various

methods such as using thin targets and small segments. Other effects can contribute

to diminish the resolution of a detector, other than that dealt with in this section,

but these are minimal compared to the effect of studying nuclei with a high β. It is

however important to note that there will always be some finite resolution due to the

uncertainty principle contributing to a ‘natural line-width’.

2.7 Historical review

The progress of electron spectrometers compared to γ-ray spectrometers has often been

much slower. There are some similarities between the types, such as materials used or

features such as high degrees of segmentation, and of course many differences due to the

different interaction processes and energies. Spectrometer materials can be gas, liquid,

or solid, and can vary from devices such as Geiger-Müller tubes, electron or photon

multipliers, semiconductors, or Cherenkov detectors. Additionally, for electrons only,

the detectors can be combined with electromagnetic fields for electrostatic- or magnetic-

type devices.

2.7.1 γ-ray spectroscopy

The first detection materials used were Geiger-Müller tubes, gas-filled cavities where

radiation causes electrons to be ionised which are then collected at an anode. These

have been displaced in modern times eventually by solid-state detectors, where the

charge produced by photon interactions is collected directly. A semiconductor, which

has electrons and holes that can move freely, is used as the bulk volume, typically

germanium, coupled with an electrode biased at a relatively high voltage to create a

high electric field in the crystal, which is then passed to a preamplifier to increase

the voltage pulse from this charge collection. These can be combined with other elec-

tronics, for example with Compton-suppression shields, to result in spectra with high

peak-to-background ratios. Combining multiple detectors in turn led to the devel-

opment of arrays currently at the forefront of γ-ray detection development, named

GRETINA (Gamma Ray Energy Tracking In beam Nuclear Array, US collaboration)

and AGATA (Advanced GAmma Tracking Array, 12 country European collaboration).
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These are arrays of highly segmented Ge detectors that track γ-rays through the array,

eliminating the need for shields, with excellent position resolution and efficiency, that

ultimately will cover a full 4π geometry. More on these arrays, including other arrays

not mentioned here, can be found in [?], and illustrations can be seen in Figure 2.5.

One array in particular, MINIBALL, has been a focus of this work. A brief summary

is given in Table 2.1.

Figure 2.5: A variety of previous γ-detecting arrays are seen in the figure, clockwise
from top-left: TESSA, EUROGAMII, AGATA.

2.7.2 Electron spectroscopy

There are three main categories of in-beam electron spectrometers. These either use

an arrangement of magnets transverse to the direction of electron travel to transport

electrons around a barrier, a solenoid to transport electrons to the detector (with a

longitudinal magnetic field), or use no magnetic fields to transport the electrons. This

latter category is what SPEDE falls into, and is currently unique. Another in-beam

spectrometer, SPICE (SPectrometer for Internal Conversion Electrons) is under devel-
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Name Year Location
Effective
Segments

Resolution
@ 1 MeV

keV

Relative
Efficiency

%

NaI(Tl) 1948 - - 60 1 (for 3′′3)

Ge(Li) 1964 - - ∼2 -

HPGe 1978 - - ∼2 -

TESSA 1980
Risø, Den-

mark
4 ∼2

25 (per
detector)

TESSA3 1986 Daresbury, UK 16 ∼2
25 (per

detector)

HERA 1987 Daresbury, UK 21 ∼2
25 (per

detector)

EUROGAM 1992 Daresbury, UK 45 ∼2
65 (per

detector)

GaSp 1992 Legnaro, Italy 40 ∼2
85 (per

detector)

JUROGAMII 2008
Jyväskylä, Fin-

land
39 2.1

60 (per
detector)

MINIBALL 2007
CERN, Switzer-

land
40 2.3

539 (per
detector)

AGATA - Europe 180 2.1
43.3

(total)

Table 2.1: Progress of γ-ray detectors

opment, but will incorporate a magnetic lens to increase the natural angular coverage

of the detector. Some examples on different types follow.

2.7.2.1 ‘Mini-orange’

Figure 2.6: Typical layout of mini-orange type detector

Mini-orange detectors, so-called because of their size and geometry, are a combina-

tion of permanent magnets that enhances the detection efficiency of conversion electrons
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and suppresses background such as positrons and alpha particles, resulting in peak-to-

background ratios by a factor of up to 80. It falls into the first category as introduced

at the start of this section, and the layout can be seen in Figure 2.6. First developed by

J. van Klinken in Germany, the method relies on the principle that a charged particle

moving through a magnetic field experiences a different path depending on its charge

and velocity, and advanced earlier toroidal electron spectrometers (‘orange’ detectors)

by making use of small permanent magnets to make the size of the device more com-

pact. Using a magnetic transport field to transport the electrons, and a shield such as

lead to absorb direct radiation from the target, relatively clean spectra can be obtained.

The design was later combined into a multiple-element array called Pitt ICE-

Ball (Pittsburgh Internal Conversion Electron Spectrometer Array) (akin to how TESSA

was a combination of γ-ray detectors), and was placed inside an array of γ-ray detec-

tors [?].

2.7.2.2 SACRED

Figure 2.7: The SACRED detector

SACRED (Solenoid and Array for ConveRsion Electron Detection) [?] as seen in Fig-

ure 2.7 was another type of spectrometer situated in Jyväskylä using a 25x25 mm square

matrix of PIN (positive-intrinsic-negative) silicon consisting of 25 individual elements,

each 5x5 mm, where electrons are transported to the detector array by means of 3 super-

conducting coils creating a solenoidal field, combined with a high voltage electrostatic

barrier to remove low energy delta electrons. As the name suggests, the magnetic field

lies along the axis of electron travel. SACRED could also be combined with a germa-

nium detector, to obtain γ-ray spectroscopic information at the same time as obtaining

spectroscopic information from the electrons.

Latterly, SACRED was combined with RITU (Recoil Ion Transport Unit) in order
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to do recoil-decay tagging [?]. This is a method of using the time-of-flight information

for recoiling products of reactions that are magnetically separated, combined with a

silicon strip detector for detecting the fragments, which can remove large amounts of

background and result in much cleaner spectra.

2.7.2.3 SAGE

Figure 2.8: The SAGE detector

SAGE (Silicon And GErmanium) [?] as seen in Figure 2.8 is a highly-segmented

spectrometer with 90 channels that is coupled with the JUROGAMII γ-ray detector

array in Jyväskylä, and builds on the experience with similar setups such as SACRED.

Electrons are transported from the target position again with the use of a solenoid,

and is placed in the backwards geometry with a HV (High Voltage)) barrier, in order

to further reduce background, similar to SPEDE.

Limitations of SAGE however are several. Firstly, it is positioned at a fixed angle

relative to the target, at the expense of one germanium detector in the JUROGAMII

array. This limits the efficiency of the device, since the angular coverage is small;

SPEDE instead, situated close to the target in backwards angles, can cover a much

higher solid angle. A longitudinal magnetic field is used to transport the electrons to

the target; although the size is kept to a minimum by avoiding superconducting cells as

in SACRED, there is added complication and difficulties introduced by this magnetic

field in the experimental setup.

These design choices are made with a particular view to the experiments that SAGE

is especially designed for, namely high-multiplicity experiments and investigations into

superheavy nuclei, and thus is not suitable the low beam intensities typically seen in

radioactive beam facilities. The laboratory where SAGE is situated uses stable beams,

and therefore radioactive nuclei cannot be analysed directly from the ground state,

meaning the strength of the B(E3) transition cannot be measured directly. SPEDE

will be situated at MINIBALL where very clean beams of a particular isotope of inter-

est can be coupled with Coulomb excitation experiments to result in low-contaminent

experiments exciting nuclei from the ground state. This then puts it in a niche of
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electron-γ combined spectrometer arrays, demonstrated in Figure 2.9.

!

SAGE!
SPEDE%
SPICE!

SACRED!
'Mini-
orange'!

GaSp!
!AGATA!

! ! !!

Figure 2.9: On the left there are examples of electron spectrometers, and on the right
γ-detecting arrays. However, not many occupy the position in between. Of these, only
SPEDE will not utilise magnetic fields for the transportation of converted electrons to

the detector.
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3 SPEDE

3.1 Specifications

Three n-type silicon wafers, of diameter 47.6 mm, were ordered. Each is 500 µm thick,

although there are plans to possibly order thicker variants (1000, 1500 µm) in the future.

The detector is electronic segmented into 24 areas (average size 53.2 mm2), with 3 rings

of 8, arranged as can be seen in Figure 3.1. This geometry was chosen in 2012 from

Geant4 simulations by J. Konki. 5 options, shown in Figure 3.2, were tested, with

various angular and radial segmentations. The final design had a FWHM of 9.2 keV

after Doppler correction, compared to the best of 8.1 keV from option 5. The third

option has larger segments and thus larger capacitance and leakage current, but this

is negligible compared to the resolution being decreased from kinematic broadening.

With 24 channels, as opposed to 36 or 48, the number of electronic channels needed is

minimised, meaning that the overall size of the detector is kept as small as possible,

and the effect on γ-ray efficiency is as negligible as possible. Guard rings, designed to

minimise leakage current at the edge of the depletion zone in the detector [?], take up

3 mm of the inner and outer circumference of the detector.

The dead-layer of the detector is 0.5 µm, or 0.1% of the thickness. The expected

penetration depth of δ electrons of 1 keV directly incident on the silicon, as calculated

by ESTAR [?], would be approximately 57 µm, which is about 100 times the dead layer

thickness of the silicon. It should be noted however that anything that would stop in

the dead layer does not necessarily imply none of the interaction is seen. An example of

this typical elementary model of the dead layer resulting in no charge collection being

incorrect is demonstrated by Wall et al for the KATRIN neutrino-mass experiment,

summarised in [?] A plot of the stopping power of electrons in silicon, taken from

ESTAR, is seen in Figure 3.3

The detector sits on a printed circuit board (PCB) with a diameter of 120 mm with

all signal processing taking place on-board using Amptek 250NF preamplifiers. This

board then clips into a copper cooling block with fins on ensuring good thermal contact

between the heat-producing preamplifiers and the copper, as well as ensuring thermal

noise in the silicon is kept to a minimum, with the setup being cooled to -20◦C.

In place in the chamber, the detector sits in the backwards angle. That is, the
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Figure 3.1: Inner and outer diameters of SPEDE are shown above. Detector
segments are shown as blue areas between black lines, with guard rings illustrated by

brown colouring.

Figure 3.2: 5 designs for SPEDE are shown. From [?]

beam passes through the centre of the detector before interacting with the target, thus

minimising the direct exposure to delta electrons. In order to further suppress the delta

electron flux incident on SPEDE, the target ladder is also biased with a positive voltage

in order to attract the low-energy electrons back towards the ladder. Additionally, to

suppress the effect of UV light and further reduce the low-energy electron background,

an aluminised mylar foil is placed directly in front of the silicon, on a tri-star rig. A

cross-section of this simulated setup, without the foil, can be seen in Figure 3.4.

3.2 MINIBALL array

SPEDE will be coupled with the MINIBALL array at the ISOLDE (Isotope Separa-

tor On Line Detector) facility located at CERN near Geneva on the Franco-Swiss bor-

der. Housed within the ISOLDE hall is the HIE-ISOLDE (HIgh Energy at ISOLDE) lin-
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Figure 3.3: Stopping power of electrons in silicon, extracted from ESTAR.

ear accelerator, which is capable of producing beams with a final energy of 5.0 MeV/u.

This is recently upgraded from the REX-ISOLDE (Radioactive beam EXperiment at

ISOLDE) facility, which was capable of producing beams up to 3.1 MeV/u; the upgrade

also increased the quality and intensity of the beams [?].

A schematic of this HIE-ISOLDE beamline is shown in Figure 3.5. 1.2-2 µA DC pro-

ton beams from the proton synchrotron booster of energy 1.4 GeV are incident upon a

target of metal, carbide or oxide, for example thorium oxide, which creates a variety of

radioactive nuclides by fission, fragmentation or spallation. These beams are passed to

one of two separators; either the General Purpose Separator (GPS), which allows three

different simultaneous beams to be selected and sent to the experimental hall via one

bending magnet, or the High Resolution Separator (HRS) which delivers one isotope

at a time through two bending magnets. Beams from either separator can be sent into

the HIE-ISOLDE beamline.

1+ ions are bunched together in a Penning trap, REXTRAP, and cooled, with

bunches then sent to REXEBIS, a charge breeder that strips electrons from the ions to

give a mass-to-charge ratio below 4.5. Ions from REXEBIS are then sent through a mass

analyser and on to the linear accelerator, which has a total length of approximately

10 m, consisting of 7 sections. Initially the ions are boosted in energy from 5 to

300 keV/u using a RFQ (Radio Frequency Quadrupole) accelerator, and rebunched.

The beam then passes through an interdigital H-type structure that boosts the energy

to 1.2 MeV/u, followed by three seven-gap resonators. These resonators control the

final energy of the beam. They are then followed by a 9-gap resonator, before the beam

is sent to experiments at the end of the beamline.

More detail on the ISOLDE facility is given in Kulger (2000) [?].

MINIBALL is situated at the end of this beamline, and is shown in Figure 3.6.
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Figure 3.4: A computer-aided design (CAD) drawing of SPEDE is seen on the left of
the picture. The beam enters from the left side, through the center of the detector,
interacting with the target illustrated by the red box. Decays from excited nuclei are

subsequently detected by SPEDE and the surrounding MINIBALL detectors. Particles
are detected in the CD detector on the right.

MINIBALL consists of 8 cluster detectors each consisting of 3 individually encapsulated

6-fold segmented HPGe detectors, giving a total of 144 segments, covering 65% solid

angle. This granularity is important in order to reduce the Doppler-broadening of γ-

rays emitted by nuclei, which are travelling at speeds of up to 0.1 c. Full-energy peak

efficiency is given as 20% for Eγ = 1.3 MeV, and 5% for Eγ = 11.7 MeV. Geant4

simulations show a resolution of about 7 keV at a γ-ray energy of 1.3 MeV at 0.045 c

for an observation angle of 90◦ with respect to the direction of the velocity vector of

the emitting nucleus.

The target chamber consists of a thin target foil made of isotropically pure material,

which the beam is aimed at, resulting in the (separate) Coulomb excitation of nuclei

in both the target and beam. Particles are detected by a double-sided silicon strip

detector (DSSSD), called the CD-detector. Data from this is used to determine if γ-

rays detected by the MINIBALL array are prompt or random, and whether they are

emitted from the beam nuclei or the target; since Coulomb excitation has well defined

scattering angles, there is a maximum scattering angle for the projectile, which can be

used to separate the nuclei.

3.3 Simultaneous electron-gamma spectroscopy

As outlined in the introduction of this thesis, combining electron- and γ-spectroscopy

is a powerful tool of nuclear spectroscopy, but is fraught with challenges. The detectors

outlined above have all been combined with other detector facilities to enhance the
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Figure 3.5: The beamline as it appears in the ISOLDE hall at CERN, with
significant dates of development included.

information available from any experiments, but have failed to maximise the potential

for both full electron and γ-ray spectroscopic information, with the exception of SAGE

which was built expressly to be combined with JUROGAMII.

There are several challenges to performing electron spectroscopy coupled with gamma-

ray spectroscopy. Perhaps the largest, in any spectroscopic study, is a high level of

background counts drowning out any real signals. This can be because of two reasons;

number one being low-energy pile-up in the detector or the electronics smothering any

real signal, or number two because of a broad range of electron energies being detected

with high count rates. Secondly, there is a problem with balancing the efficiency of each

type of spectroscopy. It is important to ensure any electron spectrometer included with

an existing γ-ray array attempts to minimise any loss of efficiency of this array, whilst

maximising the efficiency of the electron spectrometer. This can lead to a problem

with, for example, mini-orange type spectrometers, which are large and contain a lot of

excess material beyond the detector component. Thirdly, there is the issue of Doppler

broadening. Since nuclei especially suited for simultaneous spectroscopy will typically

be moving at speeds up to 0.2 c it is very important that the position of radiation can

be determined precisely [?].

There are several methods to minimise these problems however, by the choice of

electronics used, the geometry of the detector and positioning, and increasing the gran-



38 CHAPTER 3: SPEDE

Figure 3.6: The MINIBALL array of HPGe detectors, in place at the end of
REX-ISOLDE.

ularity of the device.

3.4 Electronic tests

The first tests of electronics took place in March 2013, at the University of Jyväskylä,

and used a simple setup of an Amptek test board in conjunction with a PIN (positive-

intrinsic-negative) diode to determine whether the 250NF amplifiers could be used in

order to drive a 50 Ω output directly into a Lyrtech digital electronic system. The

test board had the same layout as an individual SPEDE channel, and is described

in Figure 3.7. The setup was placed inside a small aluminium enclosed vacuum chamber

shown in Figure 3.7, in order to provide a dark, low pressure environment for the

electronics and PIN diode to be situated, to minimise unwanted noise. Two open 133Ba

sources were used. Initially, source JYFL-66 (strength 16.2 kBq) was used, before being

replaced by the stronger JYFL-90 (284.7 kBq), which were attached to the ceiling of

the chamber using a bespoke aluminium hanger.

A PB-5 pulse generator by Berkeley Nucleonics Corp was used to generate a 1 kHz

square wave, with a rise time of 50 ns, fall time of 500 ns, delay of 250 ns, width of

100 µs, and amplitude 40 mV. This waveform, plus the output after passing through

the Amptek preamplifier, can be seen in Figure 3.8.

It was noted that although the tests were successful and proved a direct Lyrtech

connection was possible, results were better with a GO (Gain-Offset) box, however the

resulting pulses do not remain sharp, with a smooth transition between the rise and

decay time, as opposed to the sharp well defined edge of a peak one would expect. This

effect is due to the time constant used in the GO boxes effectively smearing the signal
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Figure 3.7: The figure on the left shows the PCB layout for an individual SPEDE
channel, with the large pad on the left indicating the detector and the top line the bias

connection. The bottom circuit, labelled test, was only present during preamplifier
tests in March 2013. The testing chamber is seen on the right.

Figure 3.8: The input pulse is shown on the left, and the output on the right. The
output has a rise time of about 100 ns, and returns to the baseline after about 350 ns.
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such that it becomes rounded, illustrated in Figure 3.9.

Figure 3.9: The pulse directly from the preamplifier is shown on the left, and from
the GO box on the right, with each pulse zoomed in on the lower right of the picture.
The top of the pulse from the GO box is elongated and appears flat before decaying,

although the effect is slight and not an issue for pulse detection using Lyrtech
electronics, which uses the initial sharp rise of the pulse for information. The two

images are not directly comparable in terms of amplitude as the GO box has a gain of
-2.5, and the time division for the scope has also been doubled to view pulses from the

GO box.

Data from the 133Ba source was collected, and is shown in Figure 3.10.
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Figure 3.10: 133Ba spectrum from preamplifier test, March 2013. This is
uncalibrated; the peak corresponding to 320 keV at channel 377.59(19) has a FWHM
of 13.99(35), which using a single point calibration would correspond to a FWHM of

roughly 11.9 keV.

Initial electronics tests with the SPEDE PCB were carried out in the Oliver Lodge

laboratory at the University of Liverpool, UK, during Autumn 2013. A large steel

vacuum chamber, shown in the center of Figure 3.11, was used in order to provide a

dark, low pressure environment for the electronics and detector silicon to be situated
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in during the first tests. Thermal foam was used to attach a cooling block inside the

chamber to the copper cooling block on the SPEDE PCB, in order to help facilitate

heat transfer from the detector itself, with an active refrigerator circulating ethanol at

approximately -20 ◦C. An open 133Ba source, of strength 72 kBq, was again attached

to a bent piece of aluminium for the same purpose as the initial preamplifier tests,

approximately 30 mm above the detector.

Figure 3.11: The setup used for initial testing of SPEDE in the Oliver Lodge
laboratory, Liverpool

Due to the final SPEDE chamber not having been produced, and its dimensions not

decided upon, only two ribbon cables were available to provide power to the pream-

plifiers, and to get the signals out. Thus, four channels were tested at a time using

several Amptek 250NF amplifiers, each of which was also tested. Two of these proved

to be faulty, and another failed during testing due to a faulty resistor. A 15-pin D-

type connector was used to provide the power and signals to and from the PCB using

boards identical to the ones used in the final design. Data acquisition was done using

two Ortec Aspec 927 dual-channel analysers, passing through an Ortec 671 amplifier,

recording data to the maestro data acquisition software suite. Channel 1 from SPEDE

is shown in Figure 3.12.

Several problems were identified on the PCB itself, but no issues were seen with the

detector silicon. As expected, The application of a bias voltage decreased the leakage

current, shown in Figure 3.13, resulting in a slight reduction of peak-to-peak noise on

the baseline.

Several frequencies were identified on the oscilloscope using a fast Fourier transform,

which were investigated using the OFCOM (UK regulatory body for communications)

website, and were possibly identified as seen in Table 3.1.

Upon the completion of the final SPEDE chamber, final electronic tests were done
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Figure 3.12: 133Ba spectrum from SPEDE channel 1, during initial electronics
testing, November 2013. This is uncalibrated; the peak corresponding to 320 keV at

channel 665.73(45) has a FWHM of 22.61(98), which using a single point calibration
would correspond to a FWHM of roughly 10.9 keV.

Figure 3.13: Plot of voltage against current, illustrating the saturation voltage of the
SPEDE detector, at room temperature in a vacuum

with a dedicated Lyrtech system in situ, with all channels connected to the digital

electronics. This resulted in a drop in the baseline peak-to-peak noise of about 2 mV

when compared to the system only having 1 channel connected, most likely because

each channel was fully grounded and could not introduce stray charge into the system.

The final electronics setup tested was subsequently used for in-beam tests and com-

missioning. It consisted of an Ortec 428 bias supply, as used in testing in Liverpool,

an unnamed power supply for preamplifiers, Lyrtech VHS-200 system for recording

data, and a bespoke GO box with a gain of -1 designed at the University of Liverpool,

used to ensure the signal from the detector was able to traverse the long cabling in the

experimental hall to the data acquisition (DAQ) systems.
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Frequency MHz Possible source

0.05 Unknown

2.4 Railway/shipping radio

7.75 Railway/shipping radio

50-62.5 University of Liverpool security

115 Aviation

2000 Mobile phone networks

6000 Point-to-point fixed links

Table 3.1: Frequency components in noise in the Oliver Lodge laboratory

3.5 Mechanical tests

The SPEDE chamber was produced at the University of Jyväskylä engineering work-

shop and was designed by Kimo Kohtiolevy. The design is partly based upon the

T-REX chamber that was previously used in conjunction with the MINIBALL array,

as opposed to the typical spherical MINIBALL chamber which allows for optimum po-

sition of the γ-ray detectors but only has room for one PCB. In order to minimise any

impact on the efficiency of MINIBALL, the chamber was designed with two wide-angled

cones joining onto a short cylinder, necessary to facilitate the insertion and removal of

the target ladder and high-voltage circuitry.

The SPEDE PCB is mounted on a brass cylinder inside the aluminium chamber

which allows the device to move respective to the target position. This also helps

separate the signal and cooling cabling from the actual beam pipe, and serves the

purpose well. Initially, PT100 thermistors were mounted along this beam pipe and on

the back of the SPEDE PCB but seemed to contribute majorly to electronic noise in

SPEDE, and so were removed, leaving only the PT100 on SPEDE PCB itself.

From the bottom, a 6 mm diameter tube passes which circulates an ethanol cooling

liquid. Electronics cables pass through two feedthrough boxes on either side of the

chamber. Particle detection electronics pass out the other side of the chamber, fitting

to the pre-existing MINIBALL feedthrough chamber segment. However, this was not

used for in-beam tests in Jyväskylä due to the size of this segment not fitting between

the SPEDE chamber and the RITU separator device.

It was initially noted that there were several issues with the fitting together of

the 3 main separate segments, which were principally an issue with O-ring diameter

and thickness. Subsequently, the main point of failure for system was in the signal

connector feedthroughs, which were redesigned resulting in a less fragile fitting with a

more secure weld. The most fragile point of the chamber is the support for the target

ladder. This has an internal weld between a short-length tube with a large diameter and

a hole cut out in the cylindrical middle segment of the chamber. It appears there may

be microscopic cracks in this weld which result in the chamber not being completely

airtight, a hypothesis confirmed by the increase in measured amounts of helium entering
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the chamber when a helium stream is introduced to this area. However, whilst the

system is being pumped it has a pressure of around ×10−5 Pa, satisfactory for the

experimental conditions required.

Beyond the chamber itself the target ladder is also an integral part of the spec-

trometer. It operates by hand, with a piston that is moved up or down and fixes into

place with a notch, in four positions. Running through this mechanism is a wire which

applies a positive 5 kV potential difference to the target position, affixed by a spring

clip. The ladder was changed for the second part of commissioning in Finland in order

to ensure a better alignment.

Dimensions and drawings of the SPEDE chamber are given in Figure 3.14.

3.6 In-beam tests

In-beam testing took place in the ‘γ-RITU’ area of JYFL laboratory, situated on the

Ylistönrinne campus at the University of Jyväskylä, as mentioned previously. The

laboratory has a K-130 cyclotron, details of which are presented in Table 3.2, used to

provide beams of up to 130 MeV to a variety of experimental setups. Rather than

being coupled with the MINIBALL array, tests were performed coupled with detectors

from the JUROGAMII detector array (although the full array was never used), and a

series of expedient PIN diode arrays in place of the CD detector used in conjunction

with the MINIBALL setup.

3.6.1 In-beam electronic setup

Data was recorded using the Total Data Readout (TDR) DAQ system developed by

the GREAT collaboration, with a schematic shown in Figure 3.15, with analysis done

using the GRAIN software package. The TDR system is a triggerless DAQ system

where each channel operates individually, with each event timestamped using a 100

MHz clock signal. This has an advantage over traditional setups that use a hardware

trigger to store data. By storing all events and the time they occur, triggers can be set

via software, ensuring maximum efficiency from the data processing setup for studying

nuclei and their decays.

GRAIN is a Java analysis framework developed by Panu Rahkila for the TDR

system. This software is used to sort through the data in order to make sense of the

time-stamped raw energy events recorded by the detectors. A full description of the

TDR system and GRAIN can be found in [?].

Due to the way GRAIN is structured, it is very simple to create new sort code for

each experiment. However, it is not possible to define a new detector system, which

SPEDE is. A user creates sort code by extending the GRAIN sorter. This sorter ini-

tially sorts each event into event arrays separately for each type of detector array at
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Jyväskylä, for example GREAT or JUROGAM clover detectors. SAGE, an existing

electron spectrometer at the University of Jyväskylä, is also one of these existing de-

tector arrays included with GRAIN, and so therefore the event sorting for SPEDE, and

subsequent analysis, was done using channels defined in the program as belonging to
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Figure 3.15: A schematic for the TDR DAQ system at the JYFL laboratory,
Finland. This system was used to capture and process the events seen by SPEDE

during in-beam testing.

SAGE. Since this is merely a way of arranging the data from a group of segments into

a similar array of events, without confusing it with other type of events such as γ-rays

detected by the JUROGAMII detectors, it is a valid approach.

GRAIN writes data to an AIDA (Abstract Interface for Data Analysis) file, which

was developed by researchers at CERN, LAL, and SLAC, to define a set of interfaces and

formats for representing common data analysis objects. AIDA files are written using a

compressed version of XML, but which is not directly compatible with the C++ ROOT

libraries for displaying data. However, ROOT does include algorithms from libxml2, a

software package written in ANSI C for parsing XML documents. Therefore, a parser

was created to extract data from the AIDA files and use it to create ROOT files, as

there is no method to create the ROOT file from the timestamped data produced by

the TDR.

The Lyrtech digital electronics used to acquire data have a MWD (Moving Window

Deconvolution) to capture data from pulses. An ADC (Analogue-to-Digital converter)

captures the analogue voltage signal and samples it, quantising the amplitude into a

discrete signal which is then interpreted by the data reader. The software produces a

trapezoid from the captured pulse, from which information of the pulse can be read.
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A series of parameters is input into the MIDAS control software in order to shape this

trapezoid, in order that the captured data is an accurate representation of the energy

deposited in the detector.

3.6.2 In-beam detector setup

Due to the upgrades at the ISOLDE facility in CERN, and for advantages in flexibil-

ity, it was decided to combine SPEDE with facilities at the University of Jyväskylä,

including the JUROGAMII germanium array. JUROGAMII is an array of Compton-

suppressed HPGe detectors provided by the EUROBALL collaboration and the UK-

France detector loan pool, and includes 24 clover detectors (each in four segments)

surrounding the target position, and 15 ’phase-I’ detectors at backwards angles. Comp-

ton suppression is provided by BGO shields. The array is seen in Figure 3.16 For the

series of experiments shown in this thesis, three clover detectors were used for initial

commissioning, and one phase-I specifically mounted for part two of commissioning.

Figure 3.16: The JUROGAMII array

Typically, particles that interact at the target position of JUROGAMII pass through

into RITU (Recoil Ion Transport Unit), a large gas-filled recoil separator. Due to the

size requirements of RITU, and that of the electronic feedthroughs for the CD particle
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detector used with MINIBALL, new solutions were required for particle detection.

Initially, a small 1 cm2 PIN diode was used as a ’beam dump’ to have a reliable

method of observing whether beam was successfully reaching the chamber, but it was

not sufficient for particle-electron coincidences. Subsequently, an 8-PIN diode particle

detector was made (3.6.2), on two rings corresponding roughly to expected high- and

low-COM scattering angles of 197Au, with output mediated by a Mesotek preamplifier

box. However, the resistance of this device could not be increased enough to compensate

for the relatively high energy of the beam particles interacting with the detectors, and

thus no energy information could be obtained. The same applied for a particle detector

which consisted of one ring of 6 PIN diodes (3.6.2), but this was successfully coupled

with an attenuator for the final experimental run.

Figure 3.17: Left, the 8-PIN diode array particle detector used for the first part of
SPEDE commissioning in February 2015. Right, the 6-PIN diode array particle
detector used for the second part of SPEDE commissioning in May 2015, due to

issues noted in the first commissioning run.

In the scenario outlined, where particle detection can take place but no energy

information can be obtained, it may appear that since position information has been

obtained, a Doppler correction can be obtained, especially since Coulomb excitation

can be approximated using Rutherford scattering (see 2.10) giving us a possible energy

range. One could suggest some average value is used, such that the energy dependent

terms become constant, and the fractional Doppler shift is represented purely by some

function of θ. In the case of the single ring PIN diode array, ϕ1 is also constant, such

that the variables of interest are ϑ1, ϑ2 and ϕ2. This leads to, in the case of the 6

PIN array, 144 possible fractional shifts. Since radiation is emitted isotropically in the

nuclear frame of reference (ignoring multipolarities), any segment in each ring is equally

likely to detect an emitted electron; although between rings the likelihood of detection

decreases as the distance from the center of the detector increases. This is one reason

why segmentation is important when dealing with moving sources of radiation, in order
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to determine cosθ accurately.

Going on, the largest Doppler shift at a given energy will occur when the radiated

electron is ejected in an opposite direction to the velocity of the projectile; that is, where

θ is 180◦. Similarly, the shift is minimised when the radiated electron is ejected at the

smallest possible angle to the direction of travel. The Doppler shift also tends to infinity

as the speed of the projectile tends towards the speed of light. However, due to the

finite width of both SPEDE segments and the PIN diodes, an upper and lower bound

can determine how effective a Doppler correction would be. One would expect at beam

energies used for 197Au on 197Au reactions in this experiment a minimum fractional shift

of about 1%, and a minimum fractional shift of around 8%. The expected scattering of

the beam would lead to nuclei with an energy range of around 88 keV/u being detected

(about a 3% range compared to the energy of the scattered nuclei). Clearly, this implies

that due to the well-known scattering distribution, if the detector positions are known

to a high degree of accuracy an energy shift can be inferred that is accurate to less

than 0.1 MeV. Without any specific energy information, a distribution of expected

shifts can be created using some mean expected energy, and in fact, due to the angular

resolution of each segment or PIN diode, this should lead to an accurate Doppler

correction within approximately 0.5 keV from the shift that would be measured with

the true particle energy detected. However, the experimental setup is still limited by

the angular resolution of each segment.

3.7 Simulations

The SPEDE setup was simulated using the Geant4 (GEometry ANd Tracking) toolkit

provided by CERN. Geant4 is a library of classes which can be used to model the in-

teractions of particles and matter, with applications encompassing a wide range such

as high energy hadronic, nuclear, and accelerator physics, plus medical and space sci-

ence [?].

Initial simulations were developed by Joonas Konki at the University of Jyväskylä,

which were used to determine the optimum number of silicon segments for use in SPEDE

that minimised Doppler broadening. This work is summarised in [?].

One change shown here has been to incorporate the use of ‘low energy’ physics

libraries as opposed to the standard electromagnetic Geant4 libraries for simulating

particle interactions. This was of particular importance to the simulations as one

requirement was to attempt to recreate the δ electron flux from any beam-target in-

teractions, however Geant4 does not model these interactions well, even when using

libraries that are more suited to the energy range, principally because it is a framework

that was designed with the collisions and resulting jets of particles from high-energy in-

teractions in colliders such as LEP (Large Electron-Positron) and LHC (Large Hadron

Collider). These result in fragments with energies orders of magnitude higher than δ
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electrons, and subsequently the very low-energy data can be ignored.

A major difficulty in simulating a low energy background came from optimisations

to the Geant4 package which puts the lower energy for interactions at 0.25 keV. Geant4,

compared to Geant3, uses a minimum penetration depth to determine the cut-off energy

for ignoring particles. Although this can be set to a very small number, this comes at

a high computational cost, as it requires a large number of calculations for each single

particle. Even with pulsing, we would expect to see several thousand δ electrons per

second, however when simulating a realistic beam-on-target event most events generated

were in the forward direction. Although these can be in effect voided by stopping any

calculation on deltas that are produced in forward angles, it was still computationally

difficult to reproduce a realistic δ electron background. The decision instead was made

to simulate three low-energy Gaussian distributions of electrons, with an average energy

of 1, 5, and 10 keV.

This is a realistic simulation of the environment that SPEDE is subject to in exper-

imental conditions. There is a noticeable detrimental effect of the number of electrons

detected when there is an inclusion of the full geometry of the additional parts of the

chamber, as would be expected. The simulations illustrated here do not use nuclear

cross-sections for exciting and de-exciting nuclei, but instead, generate a realistic emis-

sion of electrons at a given energy. This leads to a more efficient computation, as beam

nuclei which do not interact with the target nucleus will not be registered by SPEDE

(as no electrons of interest will be emitted), and so can be ignored; not doing so would

lead to wasted CPU cycles tracking particles which are of no interest.

The initial package used for simulating the electron paths was standard electromag-

netic library 4, included with Geant4. Two packages which are optimised for low energy

were used to study any differences at the region where δ production would be expected;

these were the Livermore package, produced by the Lawrence Livermore laboratory, and

the PENELOPE (PENetration and Energy LOss of Positrons and Electrons) package.

These have been evaluated separately as well as in great detail, and, especially PENE-

LOPE, were developed with low energy Monte Carlo simulations in mind [?]. These

physics lists use models with an energy range of 250 eV up to 100 GeV for γ-rays,

and 10 eV up to 100 GeV for radiated electrons. A cut of 10 µm was used to ensure

electrons with low energy would not be discarded by the simulation, whilst ensuring

those that would not react significantly were still discarded. 1×106 events were created

for each simulated run, and each run used the same random seed to ensure results were

fully reproducible.

The changing of physics libraries did not result in any noticeable difference be-

tween the resulting histogram spectra, neither when simulating a static source, or a

beam-target-like production of electrons (that is, with recoiling nuclei). The standard

libraries from Geant4 have been used satisfactorily for many other simulations in nu-
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clear physics, such as SAGE and MINIBALL, at the energy range of most gamma-rays

and converted electrons. Differences noted between simulated and experimental results

could be explained by the low energy thresholds in the data acquisition system used in

reality, or be an effect of low-energy pileup that is not simulated well.

Interactions at low energy are in theory best simulated by the alternative physics

libraries used, but do not seem to manifest as a noticeable effect seen with different

energy events in SPEDE. It is feasible that under actual experimental conditions, many

low-energy events occurring within a very short time frame (as would be expected with

δ electrons) would be recorded as one large continuous pulse.

Other changes in the simulations were to include a more realistic geometry (with the

inclusion of the target ladder and chamber), and the addition of MINIBALL detectors,

rather than JUROGAMII, although none of the data from γ-rays is presented here.

Shown in Figure 3.18, after changes that had been made to materials and detector

distances from target, a simulation was run to ensure that the result was still similar

to that presented by J. Konki, with a 188Pb beam of energy 2.82 MeV/u incident on a
112Cd target. The simulated FWHM was XXX, compared to the XXX seen by Konki.
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Figure 3.18: Simulated 188Pb on 112Cd, with Doppler correction. This is simulated
using the standard electromagnetic libraries. As expected, a clear peak emerges from

the raw, uncorrected data.

This was followed by checking the effect of different energy libraries on the lead

data at high energies. Some slight differences were seen in individual counts (illustrated

in Figure 3.19), but no change in distribution is noted, implying that they are all equally

valid at this energy range.
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Figure 3.19: Simulated 188Pb on 112Cd using different energy libraries

In order to examine the effect of different beams, beam energies, and electron en-

ergies, several different examples were run in order to ensure consistency. Taking an

example of a gold beam at 4.1MeV/u on a cadmium target, nothing unusual is seen

within the modified simulations (Figure 3.20).
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Figure 3.20: Simulated 197Au on 112Cd, with Doppler correction

These initial simulations were used as proof-of-concept that with kinematic cor-
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rection a segmented siicon detector could produce precise measurements of electron

energies. For the experimental runs, with a physical detector, the CD detector was not

available for practical reasons in the laboratory environment, and so an array of PIN

diodes was used. These were incorporated into the simulation to determine what the

expected results should look like. Since the experimental runs did not have an accurate

energy measurement, an expected value was used for kinematic corrections for those

runs as well as simulated data. As can be seen in Figure 3.21 the peak after Doppler

correction has much fewer counts than that seen with the simulation using the CD

detector. This is principally due to the much smaller combined area of the particle de-

tection as compared to that of the CD, which essentially covers a large majority of the

particle scattering solid angle. A hit map for the two detectors is shown in Figure 3.22.
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Figure 3.21: Simulated 197Au on 197Au, with Doppler correction, using different
particle detecors. Using the CD detector, the number of electrons detected in

coincidence with a particle is higher. Additionally, the resolution is slightly improved.

Of particular interest was the effect of different libraries on the low-energy range of

the electrons. To do this, three Gaussian distributions of electrons, with a mean of 1, 5,

and 10 keV, were simulated. However, the distributions remained very consistent with

each other, at all energy ranges. The same was true whether HV was applied or not;

in Figure 3.23, with no HV applied, and in Figure 3.24, with 5 kV applied to the target

ladder and the resultant EM field simulated, each dataset is consistent with the others

within that energy range. The application of the HV does however show the expected

effect of shifting the distribution to lower energies. This is illustrated in Figure 3.25,

using the standard electromagnetic libraries.
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Figure 3.22: Here, the CD detector is shown in colour, with number of simulated hits
of 197Au on 197Au given according to the colour scale on the right. A PIN diode array
is shown in black on top of this CD illustrating the difference in cross-section for each

detector setup.
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Figure 3.23: Simulated low-energy electron distributions, using different energy
libraries. Only differences in the tails are seen clearly, which is a statistical quirk as

there are very few counts in these bins.
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Figure 3.24: Low-energy electron distributions, using different energy libraries, with
high voltage simulated. This is similar to Figure 3.23, but it is worth noting that the
1 keV distributions have very few counts seen. This is expected, and shows the high

voltage is being applied in the simulation correctly.
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Figure 3.25: Here we can see three distributions using the standard electromagnetic
libraries, both with and without high voltage applied. The shift is very clear, although
it should be noted that both the 5 keV and the 10 keV distribution appear to shift by
only 4 keV rather than the expected 5 keV. There is also a drop in the electron flux

when voltage is applied, which is the expected behaviour.
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Type Compact
Bending limit 130 MeV
Focusing limit 90 MeV/u
Average field 1.77 T
Number of sectors 3
Hill angular width 51 - 81 deg
Spiral 58 deg
Pole diameter 2.40 m
Extraction radius 0.94 m

Magnet Hill gap 0.174 m
Valley gap 0.330 m
Trim coils 15 x 2
Harmonic coils 4 sets
Main coils 2
Total Ampere Turns 400000 At
Max current 1000 A
Iron weight 308 tons
Total coil weight 15 tons
Main coil power (max) 130 kW
Trim coil power (max) 22.5 kW
Frequency 10 - 21 MHz
Harmonic modes 1, 2, 3

RF Number of dees 2
Dee angular width 78 deg
Voltage (max) 50 kV

Multicusp (H-, d-),
Ion sources 6.4 GHz ECR,

Injection 14 GHz ECR
External injection Axial
Buncher Single gap, 1st and 2nd harm

Extraction Elements
Electrostatic deflector 50 kV (max)
Electromagnetic channel 1250 A (max)
Passive focusing channels Horizontal + vertical
Stripper For negative ions

Vacuum 2 cryo pumps 5000 l/s each
Vacuum 5e-6 Pa

Table 3.2: Full description of K-130 cyclotron
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4 In-beam experiments

Testing and commissioning in-beam took place in three phases. The three phases, of

testing and development, initial commissioning and final commissioning took place in

November 2014, February 2015, and May 2015 respectively, mostly during the weekends

of Friday 7th-Monday 10th November and Friday 14th-Monday 17th November for de-

velopment, Friday 13th-Monday 16th February and Monday 23rd-Wednesday 25th Febru-

ary for initial commissioning, and Friday 22nd-Monday 25th May for final commission-

ing. The initial proposal to the JYFL PAC [?] asked for 2 periods of 2 days for testing,

and 4 days for commissioning, however due to problems with the cyclotron during the

runs this was extended. Plots in this thesis are presented using the ROOT package,

after being sorted using the GRAIN analysis software to sort the data from the acqui-

sition system, with that data then sent through an XML parser to produce the ROOT

files. Data for fitting parameters, such as for a FWHM (Full Width Half Maximum),

were done using the Theuerkauf peak fitting function [?] from HDTV, a successor to

the TV program produced at IKP [?] that is integrated with ROOT.

4.1 Choice of nuclei of study

Several targets were used over the course of the experiments. The aim of the experiment

was to best simulate the environment at ISOLDE, which has pulsed low-rate radioactive

beams. Various densities and different elements were required in order to produce

differing levels of δ-electrons and examine the effect of mitigating measures. The chosen

beam-target combinations also should have peaks that are well separated and so can be

easily identified separately, as well as having good separation with scattering angles so

particle identification is possible. An important criterion for selection is the likelihood

of internal conversion; with stable beams, this leads to a general requirement for a high

proton number. Since the main aim of the experiments was to examine the capability

of an in-beam electron spectrometer as opposed to the study of unidentified levels,

the level scheme should therefore be well known. The abundancy of elements was not

important for beam selection, since the number of particles required is small, but the

isotope must be easily separated without risk of contamination in the beam. This is

easier to control for with stable beam production compared to the challenges from the

methods used for rare-beam production. The number of particles reaching the target
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position were minimised with the use of a tungsten collimator placed at the very start

of the SPEDE chamber.

With the exception of gold beams, other beams were the noble gases neon, argon,

krypton, and xenon. The lowest-lying level of the nuclei used is in 132Xe, and so

since the excitation probability of this state is low, coupled with a small α, decay

radiation produced from the beam nuclei was discounted. Level schemes of these nuclei,

along with targets with high excitation energies, are not provided, but are summarised

in Table 4.1.

Nucleus Type First excited state (keV) Number of states below 0.5 MeV
197Au Both 77.3 3

20Ne Beam 1633.6 0
40Ar Beam 1461.0 0
82Kr Beam 777.0 0
84Kr Beam 881.6 0

132Xe Beam 668.0 0
58Ni Target 1454.0 0

106Cd Target 633.2 0
116Sn Target 1294.0 0
160Dy Target 86.8 2
170Yb Target 84.2 2
207Pb Target 569.7 0

Table 4.1: First excitated states of nuclei chosen for beam-target selection

Four nuclei are therefore particularly suited for studies of internally converted elec-

trons. Their level schemes are provided in Figure 4.1, Figure 4.2, Figure 4.3 and

Figure 4.4.

Of these, 197Au was of particular interest as a beam could be obtained too. Prop-

erties that make it of further interest include low-lying metastable states which are

heavily converted.

The kinematic properties of these beam-target combinations can be seen in Fig-

ure 4.5. The angular coverage of the particle detectors varied depending on the setup

used, but the majority of results presented use the 6-PIN diode array positioned

35.9 mm upstream of the target, therefore covering an angular range of 27.3-28.5◦.

4.2 In-beam development (November)

The initial in-beam runs only involved observing SPEDE behaviour in an environment

in a production environment, without any γ-ray data from the germanium detectors

in JUROGAMII. The small PIN diode used as a ‘beam dump’ was sufficient to deter-

mine whether beam was reaching the chamber, but not for creating particle-electron
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Figure 4.1: Low-lying levels of 160Dy
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Figure 4.2: Low-lying levels of 170Yb
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Figure 4.3: Low-lying levels of 197Au
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Figure 4.4: Low-lying levels of 207Pb
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Figure 4.5: This plot shows the energy distribution with angle of scattered nuclei of
various beams and targets used in SPEDE tests. Some nuclei, with inverse

kinematics, are not seen by the particle detector and therefore can be used for clean
gating of the other nucleus. The ideal beam and target combination would have a

small change of energy at the position of the detectors, since the energy measurement
of the recoiling nuclei was not very accurate, as well as a large separation in energy
between the different nuclei. Particle identification can be avoided by using the same

nucleus for the beam and the target material. The translucent box shows the
approximate angle covered by the 6-PIN array.
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coincidences, as, with a target in place, no beam could be seen. Two beams were

used; 40Ar (10+) and 20Ne (5+), with an energy of 4.1 MeV/u. These were incident

on several targets; 58Ni (0.6 mg/cm2), 160Dy (0.575 mg/cm2), 207Pb (0.6 mg/cm2),
27Al (2.7 mg/cm2) and 174Yb (1.0 mg/cm2). Plastic was also mounted with beam

incident on it in order to check alignment, as a result of unusual burn marks noted

on the top of the target holder, assumed to have occurred when the target ladder was

fully lowered and was being aligned. Calibrations were done using a 133Ba source, and

measurements were also taken using α particles from a 241Am source. The resulting

calibrated spectrum is seen in Figure 4.6. The PIN diode was uncalibrated, and used

purely for hit identification and beam alignnment.

Due to the lack of particle information, it was not possible to normalise the data

with any degree of accuracy in terms of actual excitation events. An aim was set to

keep the time relatively consistent for each run where appropriate. A scaling factor

was obtained by finding the largest bin present in the most populated histogram, and

using that as a multiplication factor. In this way, the distributions of electrons can be

compared.

HV that was applied to the target, in order to shift energies of emitted electrons

by -5 keV and thus remove some of the low energy background, was applied with the

wrong polarity until run 70, near the end of the experimental run. Where appropriate,

this is noted expressly in the figure descriptions.

The first run that included beam on a target was 20Ne on 58Ni, shown in Figure 4.7.

The beam pulse was set to periods with 100 µs on and 900 µs off. The effect of HV

application was not seen with the distribution of electrons and the pileup of δ-electrons

not appearing to change, and not enough data is collected to make out any nuclear

structure. For either nuclei to decay via internal conversion would be unusual in any

case due to the relatively high energies of the first excited state; 2+ at 1633.7 keV and

1454.2 keV for beam and target respectively. This implies a relatively high background.

The reason why the HV had no effect is due to the polarity being wrong, and actually

accelerating low energy electrons towards the detector.

With the same parameters, but no target installed (that is, beam was incident on an

empty target), δ-electrons were still apparent, as seen in Figure 4.8, implying either a

large beam spot or poor centering of the beam on target. Due to the low beam current

and the facilities at Jyväskylä, the beam centering was improved by attempting to

minimise the noise from δ-electrons observed on an oscilloscope connected to SPEDE

channel 17. Additionally, some peaks can be seen around, for example, 320 keV. This

corresponds to a leak of the 133Ba source, which was later confirmed to have leaked

into and contaminated the SPEDE chamber. Again HV had no effect due to a negative

potential difference applied to the ladder.

An example of the result of a different beam, 40Ar, is seen in Figure 4.9. What
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Figure 4.6: Total counts detected by SPEDE from all segments in approximately
40 minutes from a 133Ba source. No HV or foils are present, and detector is cooled to

approximately -30 ◦C. Position of fitted peak: 320.2(1) keV, FWHM: 7.10(2) keV.

is of particular interest to note is the peaks seen in the range of 500-750 keV for the

lead target. This could correspond to Doppler broadening of the 569 keV −5
2

+ → −1
2

+

transition in 207Pb, since there is no kinematic correction for this data. They do not

appear strongly in the spectrum from 160Dy, but the number of counts is of the order 102

less, and would be expected in any case due to the number of transitions in 160Dy at this

range. The lower intensity using this dysprosium target can primarily be attributed

to the fact that the pulse off state was 11 times longer; the entire pulse length was

increased to 10 ms, with 9.9 ms off.

40Ar incident on 207Pb is again seen in Figure 4.10. Here, a comparison is shown

in the resultant electron distribution when an aluminised mylar foil (number 1) with

a light guard was placed in front of the detector. The low energy peak shows a much

sharper drop off, implying that the foil performs well in this aspect. It also has a

smaller height ratio when compared to the remaining distribution.

At higher energies, no clear peak is seen when compared to the data without a foil

present. The peaks in this data however correspond to 133Ba contamination, which was

removed between the non-foil and foil run.

Although it was not possible during this testing phase to do particle coincidences,

it was possible to observe the effect of the application of HV to the target frame on
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Figure 4.7: Total counts detected by SPEDE from all segments in approximately
3 minutes of 20Ne on a 58Ni target. An aluminised mylar foil is present. The blue

line, illustrating data collected with no HV applied, is scaled to the bin with the
maximum counts for HV at 19 keV, and shown by the green line.
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Figure 4.8: Total counts detected by SPEDE from all segments in approximately
4 minutes of 20Ne on an empty target frame. An aluminised mylar foil is present.

shifting the distribution of electrons, to observe conversion electrons likely emitted from

the decay of nuclei excited via a Coulomb interaction, and to note the attenuation effect

of foils in front of the spectrometer. Background from δ-e− production was suppressed

enough to see limited spectroscopic information. This was deemed sufficient to proceed

to continue on to commissioning runs, as the concept of in-beam electron spectroscopy

without transport fields, using low-rate collimated beams, was proven to be possible.

4.3 Initial commissioning (February)

The first part of commissioning used a bespoke particle detection setup, as well as 4

clover detectors from JUROGAMII. However, one was behaving erratically and could

not be fully biased, meaning 12 channels were available for the detection of γ-rays. Due

to the size of the SPEDE chamber, the angles used by JUROGAMII in the GRAIN

sort code for Doppler correction did not correspond to the true angles in the setup, as

the target location was not that which is typically used in order to ensure the geometry

is correct in GRAIN.

Due to the energy cut-off seen using the particle detector, it was possible to do

particle-gating with an increased count rate compared to the November 2015 runs, but

Doppler correction with a correct particle velocity was able to be applied. In order to

perform some correction, it was possible to plot an expected value for the energy of
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Figure 4.9: Total counts detected by SPEDE from all segments in approximately 12
minutes of 40Ar on a 207Pb (Red) and 160Dy (blue) target. No foil is present. Note

several peak-like areas over 500-750 keV. Peaks at lower energies can be attributed to
contamination from 133Ba.
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Figure 4.10: 40Ar on 207Pb, with & without foil
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scattered particles where the PIN diodes were positioned and able to detect scattered

nuclei, although this led to a large overall uncertainty due to the uncertainty in this

energy. For the first week, an 8-PIN diode array was used, and in the second, 6-PINs.

Two beams were used in the first weekend; 132Xe (22+) and 84Kr (+14), with an

energy of 4.1 MeV/u again. In the second week, a 197Au (35+) beam was used. Again,

a selection of targets were used throughout; several 197Au (0.38, 1.2, 1.8 mg/cm2),
58Ni (1 mg/cm2), 170Yb (1 mg/cm2), 116Sn (0.5 mg/cm2), and 106Cd (1.1 mg/cm2).

Calibrations were done, as in November 2014, using a 133Ba source. The resulting

calibrated spectrum is seen in Figure 4.11. The PIN diodes were uncalibrated, as the

region of interest was not visible since the Mesotech preamplifiers could not be adjusted

to a suitable gain such that a true signal could be obtained resulting in a flat top in

the output signal. They could however be aliged using this signal, in order to provide

a ’hit’ for some kinematic correction across all diodes outside of electronic noise. An

expected value for the energy was obtained by examining the posiiton of the PIN diodes

and working out the expected value of the energy of detected particles across the range

of the detectors.
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Figure 4.11: Total counts detected by SPEDE from all segments in approximately 280
minutes (week 1) and 60 minutes (week 2) from a 133Ba source. No HV or foils are
present, and detector is cooled to approximately -◦30C. Note the adjusted thresholds

and the effect at low energy. Position of a fitted peak at 320 keV: 320.21(1) keV,
FWHM: 7.29(8) keV (slightly worse than initial runs in November 2014).

132Xe (22+) and 84Kr (+14) beams incident on gold targets of varying thicknesses
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are seen in Figure 4.12, and in Figure 4.13 with HV applied. Assuming a constant

number of scattered nuclei are detected with different target thicknesses, a normalisa-

tion constant can be applied to see the effect of thickness on δ-electron production. A

thicker target results in a smaller low energy peak, but with noticeable straggling in

the 100-200 keV range.
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Figure 4.12: 132Xe and 84Kr beams incident on gold targets of various thicknesses

Efforts were made to look at the effect of placing a foil (aluminised mylar, foil 1)

and light-guard in front of SPEDE again, shown in Figure 4.14. These runs involved

an 84Kr beam incident on the second 197Au target (1.1 mg.cm−2)). Similar effects are

seen when compared to Figure 4.10. Runs are normalised to the number of particles

seen during the run.

The second weekend of runs used the 6 PIN diode array. The longest of all runs

over the three session was 197Au on 197Au. This makes the kinematics very easy to

understand, as the beam and target particles are scattered equally. In Figure 4.15 and

Figure 4.16 a shift in energy of 5 keV can be seen in the peaks apparent in the spectra.

There is a double peak at 196 (FWHM 22 keV) and 217 keV (FWHM 22 keV). This

does not correspond well to expected decay energies for 197Au, which are approximately

188 and 198 keV. The expected yield of electrons from this reaction was calculated using

the Coulomb excitation code GOSIA, and is shown in Figure 4.17. This implies the

main source of electrons in this reaction is de-excitations of the 7
2

+
state. With HV on,

transitions would be expected at 183 and 193 keV.
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Figure 4.13: 132Xe and 84Kr beams incident on gold targets of various thicknesses
(HV)
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Figure 4.14: 84Kr on 197Au, with & without foil
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The simulation of 197Au on 197Au, with a transition energy of 198 keV, has a

FWHM of 11.7(3) keV, after Doppler correction using the PINS, seen in Figure 3.21.

The uncorrected spectrum has a FWHM of 16.9(4) keV centered at 174 keV.
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Figure 4.15: 197Au on 197Au

To examine the Doppler correction, several steps were taken. The correction fac-

tor applied to the radiation energy is a combination of the scattering angle, detector

distances (for particle and radiation detection), and particle energy. Calibration mea-

surements were checked and electrons seen from a static barium source are in the

expected positions (Figure 4.11). Therefore, simulated spectra, from Geant4, were put

through the same sort code functions created for experimental data.

The runs in this section, from February 2015, had no reliable energy information

avaialble. However, due to the positioning of the PIN diodes, the expected value of

the particles incident on the detectors at that angle could be determined. This number

(2.65 MeV/u) was used when applying a correction to the simulated data within the

sort code This result, in Figure 4.18 shows an almost idenitlcal result to that seen

in Figure 3.21 (which in this plot is shown in red). A fixed energy in steps of 0.1 MeV/u

in a range of 1.0 and 4.0 MeV/u was again used to sort the experimental data, which

results in a large shift in the positioning of the kinematically-corrected peak. However,

even at an unrealistically low energy of 1.0 MeV the peak is still shifted by an extra

5 keV from the expected position. These results are seen in Figure 4.19.

Next, the angle was examined. The SPEDE map and positioning was known for
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Figure 4.16: 197Au on 197Au (HV)

0.
5+
-­‐>
1.
5+
	
  

1.
5+
-­‐>
0.
5+
	
  

2.
5+
-­‐>
0.
5+
	
  

3.
5+
-­‐>
2.
5+
,	
  1
.5
+-­‐
>1
.5
+	
  

3.
5+
-­‐>
1.
5+
,	
  2
.5
+-­‐
>1
.5
+	
  

3.
5+
-­‐>
1.
5+
	
   	
  	
  0	
  

10	
  

20	
  

30	
  

40	
  

50	
  

60	
  

70	
  

80	
  

90	
  

100	
  

0	
   50	
   100	
   150	
   200	
   250	
   300	
   350	
   400	
   450	
   500	
   550	
   600	
  

Co
un

ts
	
  

Energy	
  (keV)	
  

Calculated	
  e-­‐	
  spectrum	
  197Au	
  

Figure 4.17: Calculated yields of electrons from 197Au on 197Au from GOSIA,
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certain, but since the setup went through existing SAGE channels, Doppler corrected

spectra were generated for each segment to search for inconsistencies. These results

are seen in Figure 4.20 and although the counts are low the segments are in general

agreement for positioning. For the particle detection, each diode had an equal spacing

from the center, and was fixed at a distance of 35.9 mm from the target position, but

in the case where it had been rotated, the effect of placing an individual diode in a

different position was examined. This resulted in the sharpest peaks at the assumed

position of each diode, as seen in Figure 4.21.

Finally, the distance between SPEDE and target was varied, to account for any

mistakes made during the measurement or recording of the position. This had an effect

on corrected resolution, but was best at the actual position used of 20.0 mm. The

results are provided for a selection in Figure 4.22.
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Figure 4.18: Test of SPEDE sort code using simulated data

4.4 Final commissioning (May)

The second part of commissioning aimed to create usable γ-e−-particle coincidences. A

different spectrometer was used, with the same thickness and design as used previously.

Additionally, cooling was increased to -40 ◦C. Only one beam was used; 82Kr (15+),

with an energy of 4.3 MeV/u. A 197Au (1.2 mg/cm2) target was used for the ma-

jority of measurements, but data was also collected using 106Cd (1.1 mg/cm2) and
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Figure 4.19: Effect of varying energy on Doppler correction
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Figure 4.20: Doppler corrected spectra of selected SPEDE channels
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Figure 4.21: Effect of varying PIN position on Doppler correction
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Figure 4.22: Effect of varying SPEDE to target distance on Doppler correction
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Figure 4.23: Total counts by detected SPEDE from all segments in approximately
170 minutes from a 133Ba source. No HV or foils are present, and detector is cooled
to approximately -◦30C. The resolution of each channel that make up this total plot

ranged from 6.00 to 7.05 keV. Position of fitted peak: 319.9(4) keV, FWHM:
6.9(1) keV.
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58Ni (1 mg/cm2). Calibrations were done, as had been the case in other runs, using

a 133Ba source. The resulting calibrated spectrum is seen in Figure 4.23. No foil was

used in this run.

Some parameter optimisation was performed, improving resolution by an average

of approximately 0.5 keV. The PIN diodes were calibrated using the 241Am source, and

were able to be fully utilised for this run. However, only one germanium crystal was

used, in a custom position in order to try to obtain γ-spectra with good statistics that

can be Doppler corrected precisely.

Runs were generally much longer than those which had taken place in November

and February, leading to higher statistics. Additionally, the energy information from

the particle detector array allowed for better resolution after Doppler correction, and

cleaner spectra in general, although the peak positioning was still incorrect, although it

was still not possible to do kinematic corrections to gate on a particular beam or target

particle, due to the low angular coverage of the PIN diodes. However the detectors

were positioned such that only 197Au would be expected. The improved peak shapes

are seen in Figure 4.24. The simulation run for this reaction seen in Figure 4.25 of a

K-shell electron with a detected energy of 199 keV using 82Kr on 197Au.
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Figure 4.24: Compared to previous figures, the peaks, Doppler corrected for the
target, appear much cleaner in this plot of 82Kr on 197Au with HV applied.

Other beam and target combinations were run, however 82Kr on 197Au provided

the best statistics. However, even with this long run only 13 counts could be obtained
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Figure 4.25: Here the simulation is seen, with HV on, of 82Kr on 197Au. The
FWHM of the peak after Doppler correction is 11.9(4) keV.

with particle energy and γ time gates, which offered no statistical significance. A γ-e−

matrix was created without gates as illustrated in Figure 4.26, but the few correlations

appear to be mostly random, with a spectrum of γ-radiation in coincidence with the

low-energy background in SPEDE.

4.5 Discussion

Improvements in resolution after Doppler correction were not as good as that predicted

by simulations. Several reasons can explain this discrepancy. Firstly, only quick opti-

misations were done for Lyrtech parameters. By properly configuring the parameters

of the MWD (moving window deconvolution) algorithm, a more precise number can

be obtained for the energy of detected electrons. Some improvement was seen between

February (Figure 4.11) and May (Figure 4.23). It could also be possible that the low-

energy pile-up could affect the resolution, with the high δ production possibly affecting

the maximum peak height which is used to shape the trapezoid in the digital electronics.

Additionally, the spectra examined most, due to typically having the largest number of

counts and the longest experimental runs, were experiments where 197Au was excited.

This was an excellent nucleus for studying the performance of an electron spectrometer

since it has low-lying states which are highly converted. However, it also has states

lying close to each other which result in a double-peak in the resulting spectrum. This
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Figure 4.26: 82Kr on 197Au γ-e− matrix. Note most coincidences appear in the left
hand-side, implying they are random correlations with low-energy pileup within
SPEDE, rather than true coincidences from higher-lying gamma-emitting states

cascading and being internally converted.
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has the result of increasing the resolution of fitted peaks depending on the fitting func-

tion used, especially in a region where background level changes significantly, although

the effect of this is typically minimal if that change is modelled correctly. A large

improvement was seen in the simulated data when using the CD detector that SPEDE

will eventually be coupled with. It is therefore reasonable to expect that a similar level

of improvement would be expected when using that in final experiments, along with an

accurate reading for particle energy.

γ-e−-particle coincidences could not be performed due to low statistics (Figure 4.26).

Improvements would be expected when using a full array of detectors, arranged in

suitable positions aimed at the target position. Again, this would be expected when

coupled with MINIBALL, as each detector is independently adjustable, as opposed to

JUROGAM where the frame and detectors are in a fixed position. Although this was

resolved in May by aiming an individual phase I detector at the target position, not

enough statistics were obtained over runs.

The application of +5 kV applied to the target ladder seemed to significantly alter

the distribution of the background electrons without curtailing electrons emitted from

the nucleus (beyond shifting them by the expected 5 keV). The impact of foils is more

debatable and will require further examination in a test environment where internally

converted electron peaks are clearly seen. It would seem that the aluminised foils have

a bigger effect on the distribution, but remains to be seen what the effect on resolution

would be. It also implies that there may be a large contribution to the low energy peak

from ultraviolet light since it is not seen when a simple clear mylar foil is used. Although

a different distribution is seen clearly in Figure 4.10, it is not seen in Figure 4.14, using

a thin gold target. The difference could be attributed to a lower δ-electron production

rate due to the different densities but principally the thicknesses of the foils. They

may be required on a per-case basis; it is shown in Figure 4.12 that heavier beams

and thicker targets both result in an increased background, probably as the δ-electron

production rate is faster.

The thickness of foils used can be determined from the stopping power of particles

in the material using the relation

∆x =

∫ E2

E1

1

S(E)
dE (4.1)

where S(E) is stopping power −dE
dx . α particles from an 241Am source at the target

position were used to determine the thickness of the foils, with results given in Table 4.2.

The resultant spectra are seen in Figure 4.27. Since the particles pass through different

thicknesses to each different ring, as alphas are incident at different angles from the

source, three values were calculated for the thickness and the average was taken to

minimise error, ensuring that the cosine of the angle between the beam axis and the
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ring was used to translate the range that the charged particle was interacting in the

material to the true thickness.

Foil Thickness/mg.µm−2

Alumnised Mylar (1) 2.4

Alumnised Mylar (2) 12.8

Mylar 2.0

Alumnium (1 mm hole) 3.4

Alumnium (0.8 mm hole) 1.5

Table 4.2: Foil thicknesses
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Figure 4.27: 241Am after passing through various foils, used to determine foil
thickness by looking at the attenuation of energy of the main peak.

No reliable efficiency data could be collected since the 133Ba source, which emits

electrons at a variety of energies so a reliable multi-point calibration can be done, was

leaking into the chamber, and the strength could not be reliably determined. Neither

were there enough statistics were available to use the known branching ratios of states

to be able to determine from excitement of nuclei. Figure 4.28 shows a simualted

efficiency plot for SPEDE generated using Geant4, at two different detector distances

(2 cm and 2.5 cm).
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Figure 4.28: Simulated efficiency of SPEDE at 2 and 2.5 cm. An average efficiency
of about 8% is seen across the region of interest, dropping rapidly at about 30 keV.

Courtsey of D. Cox.
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4.6 Summary of work

This thesis has presented work on SPEDE, an electron spectrometer tested and com-

missioned at Jyväskylä, Finland, for use at the HIE-ISOLDE facility at CERN coupled

with the MINIBALL array to perform in-beam electron-gamma spectroscopy using

post-accelerated radioactive ion beams. Motivation for the need for the detector has

also been presented, particular with regards to application on odd-mass transactinide

nuclei in the octupole region.

Initial tests took place in Liverpool, UK, as well as at the JYFL facility, with in-

beam testing taking place in Finland. A full detector enclosed in the chamber, coupled

with electronics and cooling, operated well in an environment similar to what would

be expected at the HIE-ISOLDE facility, and in-beam electron spectroscopy without

magnetic transport fields was performed for the first time.

Cooling the setup to -30 ◦C is sufficient enough to get a FWHM of approximately

7 keV at an energy of 320 keV. Effective particle-gating can be used to reduce back-

ground significantly and to view peaks clearly, although in this work the efficiency

of this was low, and the Doppler correction would be expected to be improved upon

deployment to CERN using the CD detector.

4.7 Future

SPEDE was shipped to the ISOLDE laboratory at CERN, Geneva, Switzerland, in June

2015. Some initial work has been done to confirm all channels and equipment is working

as expected still, and a study using SPEDE in-beam, coupled with the MINIBALL array

as intended, took place in November 2015 at the end of the main physics run. This

included the full CD detector, and lead to some successful e−-γ-particle coincidence

spectroscopy, something not possible at Jyväskylä, but several problems with the setup

led to a decision being made to take SPEDE back to Finland in order to do further

work before final commissioning with radioactive beams. Further tests, after work done

in Jyväskylä, will take place in summer of 2016. Already four proposals have been

accepted by the ISOLDE and Neutron Time-of-Flight Committee (INTC), and there

are four more letters of intent submitted, seen in Table 4.3 and Table 4.4 respectively.

There is also the possibility of ordering thicker detectors in the future, for higher

energy requirements. 1000 µm is possible, but a thickness of 1500 µm requires research

and development from Micron Semiconductor Ltd, as the laser cutting technique used

to produce the silicon detector has not been tried at this thickness before.
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Experiment
number

Experiment name Authors

IS475
Measurements of octupole collectivity
in odd-mass Rn & Ra nuclei using
Coulomb excitation

P.A. Butler, D.T. Joss
et al

IS552
Measurements of octupole collectivity
in Rn & Ra nuclei using Coulomb exci-
tation

P.A. Butler, D.T. Joss,
M. Scheck et al

IS556
Probing intruder configurations in
186,188Pb using Coulomb excitation

J. Pakarinen et al

IS563
Coulomb excitation of 182−184Hg:
Shape coexistence in the neutron-
deficient lead region

K. Wrzosek-Lipska,
D.T. Joss, D.G. Jenkins,
J. Pakarinen et al

Table 4.3: Accepted proposals by the INTC using the SPEDE spectrometer at
HIE-ISOLDE

Experiment name Authors

Measurements of octupole collectivity
in odd-mass Rn, Fr & Ra isotopes

P.A. Butler et al

Shape studies in the neutron rich
N ≈ 60 region

N. Warr et al

Shape coexistence in the
neutron-deficient region around
Z = 82 studied via Coulomb

excitation and few-nucleon transfer
reactions

P. Van Duppen,
D.T. Joss, D.G. Jenkins,
J. Pakarinen et al

Shape changes and proton-neutron
pairing around the N = Z line

D.G. Jenkins et al

Table 4.4: Letters of intent for the SPEDE spectrometer at HIE-ISOLDE


