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Abstract

Future fundamental physics experiments in neutron beta-decay require highly efficient de-
tection of protons. Many of the experiments use electrostatic acceleration of the recoil
protons into large-area silicon detectors for this purpose. A 30 keV proton accelerator was
designed, created, and commissioned in order to characterize silicon detectors of this type.
Final construction and initial results on the performance of the accelerator are presented.
A unique aspect of the work is the use of a Penning ion generator as an ion source. The
accelerator produced protons with momentum resolution ~ 1%. The ion source produced
current stably, over a range of parameters, and over long periods of time. The accelerator

achieved proton rates sufficient to calibrate silicon detectors.
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Chapter 1

Introduction

1.1 Overview

Particle detection is an essential component of experimental subatomic physics. Experi-
ments place requirements on detector efficiency, energy resolution, and response time. The

technology used to effectively detect particles depends on particle type and energy.

The construction of a proton calibration source for detectors of protons resulting from
neutron decay is the main interest of this thesis. Free neutrons decay into a proton, an elec-
tron, and an electron antineutrino. The detection of antineutrinos is impossible in present
experiments, so precision experiments in neutron decay detect either the decay electron,
proton, or both. From the kinematics of the decay, the recoil proton from neutron decay
possesses little kinetic energy relative to the decay electron. Recoil protons are therefore
typically accelerated to tens of keV energies in order to facilitate detection. The focus of
this thesis is the creation of a testbed to characterize the detectors used to observe protons

in the ~ 30 keV energy range.
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1.2 Neutron Decay

Neutron decay is of modern interest for both astrophysical and fundamental physics rea-
sons [1, 2].

In astrophysics, neutron decay is important in Big Bang Nucleosynthesis [3] and in
solar fusion [4]. In BBN, primordial neutrons and protons form into heavier elements
such as deuterium and helium. Precise measurements of the neutron lifetime are therefore

important for accurate predictions of the relative abundances of the light elements [5].

The study of neutron decay also allows for precision tests of the electroweak sector
of the standard model of particle physics [1, 2]. Neutron decay is mediated by the weak
nuclear force and is described by the Feynman diagram shown in Fig. 1.1. The diagram
shows an initial state neutron as one up and two down quarks. In electroweak theory, one of
the down quarks is converted into an up quark by emitting a virtual W~ boson. The result
is a proton with two up and one down quark and the virtual W~ boson which subsequently
decays into an electron and an anti-neutrino. In the Feynman rules for electroweak theory,
the quark-W™ vertex receives a factor V,,;, which is an element of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. It is a long-term goal of studies of neutron decay to determine

V.a precisely from neutron decay.

Presently, this parameter of the standard model is most precisely determined from
0" — 0* superallowed nuclear decays [6, 7]. Measurements employing neutron decay
are presently statistically limited compared to the nuclear measurements. However, as neu-
tron sources are developed with increasing fluxes, the potential for improved statistical
precision has continued to increase. The neutron measurements would offer a new window

on V,,, with the extraction being free of nuclear corrections.

Knowledge of the parameter V,; is important for a variety of unitarity tests in the stan-
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Figure 1.1: Feynman diagram for neutron decay in electroweak theory.

dard model, the most precise one being a test of |V,q> +|V,> +|V,s|* = 1. Here, V,,; and V,,,
would be determined from weak decays of systems containing s and b quarks to u quarks.
Presently, the value of this unitarity test is |V,gl> + |Visl* + |[Vis|* = 0.9999 +0.0006 [7]. The
uncertainty is dominated relatively equally by the experimental precisions on V,; and V.
Neutron experiments reaching sufficient precision could therefore have an important impact
on the field. New physics would enter this process through loop effects that could modify
the quark-W~ vertex (see e.g. calculations performed in the context of supersymmetry in

Refs. [8—10]), which could in turn result in a violation of the unitarity test.

We now briefly discuss the sensitivity of neutron decay to V.
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1.2.1 Axial and vector couplings, and V,,

Experimental studies of angular correlations in neutron decay allow for sensitive measure-
ments of the ratio of axial vector to vector coupling constants 4 = G,/Gy. The present
value recommended by the Particle Data Group is 4 = —1.2701 + 0.0025 [7].

The value of G, is modified by the strong interaction, and it is therefore of interest in
testing quantum chromodynamics (QCD). The value of Gy is protected by the conserved
vector current (CVC) hypothesis. Its value is therefore related to the fundamental quark-
W~ coupling and hence V,; [1, 6]. Measurements of A can be combined with measurements
of the neutron lifetime 7, in order to separately extract G4 and Gy and hence evaluate V,,
using only neutrons [1].

Neutron decay was described in the seminal paper by Jackson, Treiman and Wyld [11].
The triple differential neutron decay rate is entirely determined by five dimensionless pa-

rameters a, b, A, B, and D, as:

dw

_— E,(E,-E,)?
dEedQedQchpe e( 0 e)

x |1+ all + b2 + () - (AZ + BZ + DEZE)|(1.1)
where nucleon recoil and radiative corrections have been neglected. Here, p,, and E, , are
the electron and electron antineutrino momenta and energies respectively, &, is the neutron
spin, and E is the beta spectrum endpoint. The total decay rate w is related to the neutron
lifetime 7, viaw = 1/71,,.

Measurements using polarized neutrons yield the coefficients A, B and D while the
coeflicients a and » may be determined using unpolarized neutrons. Simultaneous mea-
surements of proton and electron kinematics are required to constrain neutrino kinematical

quantities in Equation (1.1). Assuming that G4 and Gy are real constants then A, B and a
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can be expressed to first order in terms of A (as in Ref. [1]):

=241+ 1)
=___— Y 7 1.2
1+322 (1.2)

21(1-1)

B= — 1.3
1+322 (1.3
1-22

=— " 1.4
“ 1+322 (14

The triple decay coefficient D is zero under the assumption of time reversal invariance,
and the coefficient b is zero in the standard model (i.e. in the nonexistence of scalar and
tensor currents, as described in Ref. [11]).

The current world average values for the A, B, and a coefficients are summarized in

Table 1.1.
Parameter Value
A -0.1176 £ 0.0011
B 0.9807 + 0.0030
a —0.103 + 0.004

Table 1.1: Particle data group values of selected decay correlation coeflicients from
Ref. [7].

Given equations (1.2)-(1.4), and the present best experimental values in Table 1.1, the
quantity A is best constrained by measurements of the beta-asymmetry, i.e. the experimen-
tally determined parameter A. This experiment does not require proton detection since it
is formed from a correlation between the electron momentum and neutron spin. However,
future experiments aim to determine a, and at times all three parameters A, B, and a to
higher precision, in order to provide the best possible extraction of A. In Section 1.3, we
focus on some details of the Nab experiment, which aims to constrain a to high precision.

Since this is a beta-neutrino correlation, proton detection is necessary.
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Experiment Decay Parameters Measured = Status

abBA a, b, B, A Future

aCORN a Future

aSPECT a Future

emiT-111 D Completed, Future
Nab a, b Future

NIST Penning Trap T Upgrading
PENeLOPE T, Future
PERKEO-III A, later A, B Commissioning
UCNB A, B Commissioning

Table 1.2: Selected present and future experiments on neutron 8 decay requiring proton
detection.

1.3 Neutron decay experiments involving proton detection

Many ongoing and future neutron decay experiments are reliant on proton detection to
achieve their physics goals. A few examples are: abBA [12], aSPECT [13], PERKEO-
III [14], UCNB [15], emiT [16], PERC [17], aCORN [18], PENeLOPE [19], the Penning
trap lifetime experiment at NIST [20], and Nab [21-23]. The goals of the experiments
in terms of the decay parameters they aim to constrain, and their present experimental
statuses, are presented in Table 1.2. It is clear from the Table that there are a large number of
presently running or proposed experiments interested in the detection of protons resulting
from neutron decay. The results of this thesis would therefore be of general interest to a

large number of neutron physicists.

Our research group is involved in the Nab experiment, and so a few further details of
that challenging experiment are discussed here. The Nab experiment could be considered

a prototypical experiment embodying many common features of the other apparatuses.

The Nab experiment is a future experiment to be conducted on the Fundamental Nuclear

Physics Beamline (FNPB) at the Spallation Neutron Source (SNS, Oak Ridge, TN, USA).
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The aim of the experiment is to measure the coefficients a and b in unpolarized neutron
decay to higher precision than ever before.

Measurement of a requires measurement of the electron energy and the proton momen-
tum for each neutron decay. Measurement of b requires a measurement of the electron
energy spectrum; b would manifest as a modification of this spectrum.

A schematic for the original idea for the Nab spectrometer is shown in Fig. 1.2. The

Neutron
Beam Segmented
T/ Si detector
( )] JC ( )] | )
/_ \
_——/_
— &
|: 4 g&
]
/ 71X -
| ) | I J( / AY ) ) | )
T()Frefgion / \
transition Decay
acceleration region Volume

region

Figure 1.2: Schematic diagram of the Nab field expansion spectrometer in its original
design (used for purposes of illustration, and design principles discussed in the text). The
spectrometer consists of a decay volume followed by a field expansion to a time-of-flight
(TOF) region, followed by an acceleration region just before the detectors [22]. The lines
in the in the diagram represent the magnetic field.

measurement will be performed using silicon detectors in a field expansion spectrometer to
detect both protons and electrons resulting from decay in flight from a pulsed beam of cold
neutrons.

Neutrons decay in the central decay volume. Decay protons and electrons are harvested
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by the magnetic field, spiraling around the field lines until they are sensed by detectors at
either end of the spectrometer.

The magnetic field expansion decreases the angle between the particles and the mag-
netic field lines so particles strike the detectors at near normal incidence. This alignment
is due to the requirement to maintain an adiabatic invariant, p,erp?/B, where p,erp is the
momentum perpendicular to the spiral motion. Just before the detectors an accelerating
potential of 30 keV is applied giving the protons sufficient energy to be detected. This
30 keV accelerating potential sets the energy scale for the proton accelerator which is be-
ing discussed in this thesis. The detectors are large area segmented silicon detectors and
are discussed in more detail in Chapter 2.

The key feature of Nab is the use of a time-of-flight (TOF) technique to measure a.
Electron-proton coincidences are sensed by the detectors. The electron strikes the detectors
essentially instantaneously, moving at a considerable fraction of the speed of light. The
proton is nonrelativistic and consequently moves more slowly through the field expansion
region. In this region, the proton momentum becomes almost parallel to the magnetic field
lines. The time it takes for the proton to traverse this region therefore becomes a good
measure of the magnitude of the proton momentum, as opposed to the direction of proton
emission. Because the field expansion region is long compared to the other regions, and
because the electron is relativistic, the electron-proton time difference is dominated by the
time the proton spends in this region.

The combination of measuring the electron energy E, and magnitude of proton momen-
tum p, is sufficient to constrain the kinematics in order to determine a. It happens that a
may be essentially determined by binning the decay rate in pf, for a given E, and measuring
the slope of the distribution in pi.

A new asymmetric spectrometer design is now being pursued by the collaboration,
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where one detector package is very close to the neutron beam, and the other is far away at
the end of a single field expansion region [23]. The design calls for a longer flight path of
the protons, offering increased sensitivity to the proton momentum. The protons must now
also pass through a field pinch prior to entering the field expansion region. This accepts
protons whose decay angles are such that the proton momentum is already nearly parallel to
the to the magnetic field lines, and therefore within the field expansion region, the proton
momentum is even closer to parallel to the magnetic field lines. These changes, in all,
give increased statistical sensitivity of the apparatus to a with decreased systematic error.
Ultimately a determination of the a parameter at the 0.1% level is possible with the new
spectrometer design.

Coincident proton detection is also believed to be essential for reducing backgrounds,
for the accurate determination of b [23]. The parameter b is determined from precise elec-
tron spectroscopy.

Accurate proton detection with good timing is therefore crucial for the success of the

Nab experiment.

1.4 Other proton sources for calibration of proton detec-

tors for neutron decay experiments

Other neutron decay experimenters have constructed proton accelerators for the purpose of
calibrating proton detectors. We briefly review two of these efforts. These are the Proton
Accelerator for Femtoampere Flux (PAFF) [24], and a proton source constructed at North

Carolina State University (NCSU) by Seth Hoedl [25].

The PAFF accelerator provided proton beam in the 10 keV to 35 keV region with
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currents ranging from tens of protons per second to ~nA proton current. PAFF used a
filament-based ion source located in a high voltage cage, followed by a 30° ion separation
spectrometer magnet, an Einzel lens, a multichannel plate monitor region, and finally a
detector region which could be used for detector tests.

The accelerator at NCSU had an energy range of 25 keV to 40 keV and provided cur-
rents in the region of 100 to 100k protons/s. It used a similar source, accelerator, spectrom-
eter, and focusing arrangement as PAFF.

There are two principal differences between our approach and the approaches of Refs. [24,
25]. The first difference is our use of a Penning ion generator (PIG) source of protons, as
opposed to a filament-based source. In this regard, our proton source is based on the design
of Ref. [26].

This kind of source does not involve any filament. A stable arc current is struck which
creates a plasma in a magnetic field provided by permanent magnets internal to the source.
The potential advantages of this simple design are that it provides a robust, low maintenance
source, with a stable current of protons.

In Ref. [26], their PIG was constructed from an iron cathode body, a samarium cobalt
permanent magnet, a stainless steel anode, and an iron cathode faceplate. Their PIG source
was capable of generating a plasma discharge yielding a 1 mA beam of H* ions with a
source pressure of ~1 mTorr, using arc voltages in the range 1 — 6 kV.

The second difference in our approach is the use of a pre-existing high-resolution mass
spectrometer to analyze the ions produced by the source and select protons. Our apparatus

is described in detail in Chapter 3.



Chapter 2

Theory

2.1 Overview

The goal of this Chapter is to review, from a more theoretical standpoint, the operation of

two key components of the apparatus:
e the mass spectrometer, and

e the silicon detectors.

2.2 Ion Optics

The operation of mass spectrometers may be described to first order following the theory
of Herzog [27]. An effective summary of the theory and its use in the design of mass
spectrometers is provided in Ref. [28]. A summary of the relevant elements of the first-
order ion focusing theory are reviewed in this Section. Further higher order calculations

may be found in Ref. [28].

11
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Our spectrometer consisted of both a magnetic spectrometer and an electrostatic ana-
lyzer. We therefore begin by reviewing ion optics in the relevant field configurations. We
then review how the combination of these elements can give rise to an interesting double-
focusing solution where focusing occurs in both velocity and position. The original design
of the Manitoba-II mass spectrometer is based on the application of these same ideas, but

in higher order.

2.2.1 First order optics in a homogeneous sector magnet

We begin with the case of a homogeneous magnetic field. Fig. 2.1 provides a diagram

which defines relevant variables. Ions with mass M, and velocity v, are emitted from

Figure 2.1: First-order ion optics in a homogeneous magnetic field for a magnetic sector
of angle @,, (after Ref. [28]). Ions emitted from object point O are focused to the image
point I. The magnetic field points out of the page within the pie-shaped region, and is zero
elsewhere. Other variables are described in the text.

object point O at various angles « relative to the central (median) path.
An ion following the median path travels a distance [, before entering the magnetic

field with normal incidence. The ion then follows a circular path of radius r,, with the
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center of the radius of curvature at point C. During the course of its passage through the
magnetic field, the ion deflects through angle ®,,, emerging normally from the magnetic

field region. It then travels a distance [, arriving at the image point I.

The basic reason for sector focusing can be understood by considering the two paths
shown on either side (upper and lower) of the median path in Fig. 2.1. The common feature
of all three paths is that the radius of curvature in the magnetic field r,, is the same. What
is not common is the origin from which the radius of curvature acts. For the upper path,
the centre of the radius of curvature is displaced upward from point C. The ion therefore
traverses a longer distance in the magnetic sector, and is diverted through a larger angle than
the median path, so that it eventually arrives at point I. For the lower path, the center of the
radius of curvature is displaced downward from point C and the ion is diverted through a

smaller angle, having traversed a smaller distance in the magnetic sector.

Ions not traveling along the median path are focused to the image point as long as
certain conditions are met. Ref. [27] gives the focal length f,, for this arrangement of

magnetic field to be:
rm

Jm = 2.1)

sin®,,”

In optics, the object and image distances are related by the focal length by a product

according to

(l;n - gm) (l;;; - gm) = fria (22)

where in this case, g, = f,cos®, is the distance from the principal focus to the field

boundary (correcting for the finite length of the lens).

A small change to the ion mass M = M, (1 + ) and to the velocity v = vy (1 +/5)
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creates a displacement b, of the image according to

Jo )—b’ S (2.3)

bi/rll:rm(ﬁ'i_y) 1+ m ’
L= 8gm L= &m

where b;, supposes that the displacement of the incident ion in the object plane could be

non-zero.

2.2.2 Focusing in radial electrostatic fields

The treatment of radial electrostatic fields is similar to that in the homogeneous magnetic
field case. We use similar naming of variables as Section 2.2.1, and we review and define

these implicitly in Fig. 2.2. For the electrostatic field the image and object distance relation

Figure 2.2: Focusing in a radial electrostatic field. For positively charged ions, the electric
field lines point radially inward, converging on the point C. Ion trajectories and the relevant
variables to describe them are defined in the figure, analogous to the discussion of Fig. 2.1
above.

is as usual given by

(I, —g) (I —g.) = f7, (2.4)
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where the focal length f, for this case is given by

Te
Je = V2 sin ( \/i(l)e) , )

and where

ge = f.cos (V20,). (2.6)

The image displacement for small velocity and mass variations, for the electrostatic

case, is then given by:

1+(—fe )]—b;( Je ) 2.7
l;_ge l;_ge

where b/, supposes a possible small displacement in the object plane.

1
bli — L _
e =T (,3 + 27)

2.2.3 Double focusing

Double focusing (i.e. focusing in both velocity and angle) may be achieved by using the
image of a radial electrostatic analyzer as the object for the magnetic sector. In doing
so, the velocity dispersion induced by the electrostatic region may be cancelled by the
magnetic region. Care must also be taken to ensure effective directional focusing from the

combination of lenses. In this scenario the final image displacement is:

b£;=rm(ﬁ+7)(1+ S )—( S )[re(ﬁ+17)(1+ e )—bé( J. )] (2.8)
U,—gn] \l,—gn 2 l, - g I, — g

e e

Equation (2.8) already ensures angle focusing in the bend plane. Focusing in velocity

would occur when the coeflicients in front of the velocity variation 8 in Equation (2.8) total
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zero, i.e. for

rm[l;"_—gm+l]—rel+ J. ]:0. 2.9)
f ,

While Manitoba II was designed based on this basic principle, the discussion above
is a first order approximation in « (angular variation), S (velocity variation), and y (mass
variation), and is also valid only for normal incidence and homogeneous fields. We now
provide a brief overview of the modifications to higher order, upon which Manitoba II’s

optics are truly based.

2.2.4 Higher-Order Ion optics and the Manitoba II mass spectrometer

A schematic diagram representing the Manitoba II spectrometer is shown in Fig. 2.3. In
general, including both angular and velocity variations (@ and S, respectively, as above),
ions proceeding to the image plane of a combined electrostatic and magnetic analyzer sys-

tem would arrive at a distance
b, = 1y (Bia + By + Byia® + Byafi + Byfs’) (2.10)

from the optic axis. The coefficients By, B;, By, Bj> and B,; all depend upon the geometry
of the mass spectrometer, and the dependence was determined analytically in Ref. [28]. In
order for double focusing to occur, all these coefficients must simultaneously equal zero.
Several possible solutions are discussed in Ref. [28]. The most appropriate solution was

selected for the design of the Manitoba II spectrometer.
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Fic. 1. Geometry of the mass
spectrometer: ag,=100.00 cm; &,
=04.65°; am=62.74 cm; Pn=90°;
Vy=4445 cm; 1”,=17.63 cm;
Vm=82.49 cm; I"=359.46 cm;
€=27° =15 2k=2.000 cm.

Figure 2.3: Geometry of the Manitoba II Mass Spectrometer (taken from Ref. [29] with
permission). Ions emitted from the source slit S are focused onto the image slit S . The
ions are first analyzed by an electrostatic analyzer (shown on the left) and velocity disper-
sion is removed by the magnetic analyzer (on the right). Dimensional quantities analogous
to those used in Sections 2.2.1 and 2.2.2 and Figs. 2.1 and 2.2 are defined on the diagram,
and their values are presented in the included caption.
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2.2.5 Median Path and Simple Mass Determination

A basic kinematic calculation for a particle moving along the median path of the magnet
may be performed to allow for a simple prediction of the magnetic field required to see the
various mass peaks. An ion of mass m and charge ¢ moving with speed v in a magnetic
field B oriented perpendicular to its direction of propagation will execute uniform circular

motion according to:

ymv?

Fm

F=qvB = (2.11)

where r,, is the radius of the circle and y = 1/ m ~ 1 where c is the speed of
light. The velocity of the ion may determined from the kinetic energy imparted to it by the
acceleration potential V by inverting gV = (y — 1)mc?® = %mvz. The radius of curvature
of the path of the ion is fixed by the geometry of the spectrometer, and the magnetic field
can be measured with an appropriately calibrated Hall probe. Therefore, solving Eqn. 2.11
for m allows a rough determination of the ion mass. Alternately, using the known masses
and charges of relevant ions allows one to rapidly tune the spectrometer to find the appro-

priate magnetic field at which the desired species (e.g. protons) should be found. Solving

Eqn. 2.11 for B and substituting for v using kinetic energy T = mv?/2 , yields:

2Tm
qR

B= (2.12)

Eqgn. 2.12 allows for calculation of the magnetic field using convenient values deter-

mined from the various accelerator settings.

It is worthwhile noting that the electrostatic analyzer (ESA) portion of the mass spec-
trometer need not be adjusted when scanning the magnetic sector through various magnetic

field values to search for various ionic species. This effect arises because the ESA supplies
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an electric force that is centripetal, so that:

gE = ymv*/R = 2T/r, (2.13)

where r, is the radius of the ESA. Therefore selecting the ESA potential difference, by
applying positive and negative voltages to outer and inner plates, selects the electric field
strength E along the median path, which in turn selects the particle’s kinetic energy, which
has already been selected by the acceleration potential. The ESA setting should therefore
be essentially the same for all ionic species accelerated from the ion source. It is therefore

sufficient when tuning the accelerator to adopt the following stepwise procedure:

1. Select the acceleration potential desired for the silicon detector tests.

2. Scan the ESA voltage difference to achieve maximum transmission through the ESA.

3. Scan the magnetic spectrometer to select the ions of interest (in this case, protons).

Of course it is also wise to iterate tuning the ESA and magnetic spectrometer to ensure
maximum transmission in practice. Usually this was done for the ions of interest (protons)
and then the ESA parameters would be fixed when scanning the magnetic spectrometer to

search for other ionic species of lesser interest (H?, etc.) in the beam.

2.3 Silicon detectors

A brief overview of silicon detector attributes and function are provided in this section. The

discussion is based primarily on Refs. [30] and [31].
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2.3.1 Semiconductor properties

Silicon detectors are a form of semiconductor diode detector. Such detectors rely on the
creation of electron-hole pairs within the medium which are then collected on external
electrodes.

The classification of a material as a semiconductor is determined by the band structure
for the material. The energy levels available to electrons in crystalline materials exist as en-
ergy bands. Fig. 2.4 shows a schematic diagram of the energy band structure for insulators

semiconductors and conductors.

Free
Ielectrons
_— Conduction_ }
Band Conduction
1 Band
® O [ )
|~ Energy ~J— .
o O O 1
\ I
Valence
+4— Valence N Band
Band Holes an |
Insulator Semiconductor Metal

Figure 2.4: The band structure for an insulator, a semi-conductor and a conductor (after
Ref. [30]).

Energy bands consist of many closely spaced discrete levels which are so similar that
they can be considered to be a continuum of energy levels. As shown in Fig. 2.4, there are
generally two bands of interest when characterizing the electrical properties of a material,
the valence band and the conduction band.

Electrons in the valence band are bound to their associated atom. At the low temper-
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ature limit (77 = 0 K), all electrons would be confined to this band. For T > 0, electrons
can be thermally excited into the conduction band. These electrons are then able to move
throughout the entire crystal structure giving rise to currents. The separation between the
valence band and the conduction band is called the band gap.

As shown schematically in Fig. 2.4, for metals, the band gap is zero and so electrons
can be exited into the conduction band with very little thermal excitation energy providing
little resistance to current flow. For insulators, the band gap is > 5 eV so that thermal
energy does not typically excite electrons into the conduction band, and the resistance to
current flow is large. For semiconductors, the band gap is ~ 1 eV so that thermal energy
can excite some electrons into the conduction band so that current may also flow.

In semiconductors, charge may be carried by either electrons or holes. A hole is formed
in the valence band when an electron from the valence band is excited into the conduction
band. Such a hole can then be filled by a neighboring atom’s valence electron allowing
the hole to move to that atom. Holes in the valence band therefore act as positive charge
carriers, while electrons in the conduction band electrons are the negative charge carriers.
This form of conduction using both holes and electrons is different from the conduction in
metals where only electrons conduct charge.

For the case of a pure semiconductor, there are an equal number of holes and elec-
trons in the conduction band. The relative numbers of holes and electrons available for
conduction can be altered by doping the semiconductor with other materials.

When the dopant is an electron donor, each dopant atom adds an electron which does
not fit in the valence band. In silicon the energy level for this extra electron may be only
0.05 eV less than the minimum conduction band energy. This extra electron can therefore
easily be thermally excited into the conduction band thus enhancing the conductivity of the

semiconductor. As well these extra electrons can drop down and fill existing holes in the
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valence band thus reducing the number of holes. Such semiconductors have electrons as
their primary charge carriers and holes as their minority charge carriers and are known as

n-type semiconductors.

The alternate doping scenario occurs when the dopant accepts electrons from the va-
lence band. Such an acceptor dopant results in an excess of holes in the semiconductor.
The introduction of an acceptor dopant creates an additional energy level just above the
valence band energy, electrons excited into this new level leave behind additional holes and
reduce the number of electrons in the conduction band. Materials doped with an acceptor
material have holes as their primary charge carriers and electrons as their minority carriers
and are called p-type semiconductors.

Some common donor dopants are arsenic, phosphorus and antimony. These are used
for n-type semiconductors, whereas p-type semiconductors are usually doped with gal-
lium, boron and indium acceptor atoms. Generally the amount of dopant used is very
small, typically 10'* atoms/cm?. This value can be compared to the number atomic den-
sity of crystalline silicon which is 10?° atoms/cm?. There are however cases where heavily
doped semiconductors are used; one relevant purpose is to form electrical contacts with

semiconductor detectors.

2.3.2 Silicon as a detector of ionizing radiation

Silicon detectors are created by forming a junction between n-type and p-type materials.
For simplicity consider a piece of n-type and p-type material joined together to form a
junction as shown in Fig. 2.5. At the interface between n-type and p-type materials exists
a zone in which the extra electrons from the n-type material diffuse into the p-type and

holes from the p-type diffuse into the n-type. Initially, each material is charge neutral,
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Figure 2.5: The depletion zone in a reverse biased junction.

so the diffusion causes a net negative charge on the p-type side and a net positive charge
on the n-type side. The charge buildup induces an electric field which is responsible for
establishing an equilibrium state in which further net diffusion is halted. The resultant
voltage difference is named the contact potential and generally it is ~ 1 V. The region in
which there are no mobile charge carriers between the regions of built up charge is known
as the depletion zone. Any charge carriers which enter or are created in the depletion zone
are forced to leave by the electric field. This effect is the basis for the use of silicon as a
detector; ionizing radiation which enters the depletion zone can create electron-hole pairs
which then form a current which can be measured if electrical contacts are made on each

side of the junction.

The depletion zone can be enlarged by applying a reverse bias to the junction, e.g. by
applying a positive voltage to the n-type side and grounding the p-type side. The effect
of a reverse bias voltage is to draw the electrons and holes away from the junction, thus

widening the depletion zone size, as shown schematically in Fig. 2.5. The increase in the
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depletion zone causes the active detection volume for the detector to increase. The reverse
bias voltage is limited since at some applied voltage the detector junction breaks down and

starts conducting.

2.3.3 Large Area Silicon Detectors

In a neutron beta decay experiment where both the protons and electrons are detected,
the detector needs to detect as large as possible a range of electron energies (typically
50-782 keV), as well as the 30 keV protons. The detector must therefore be simultaneously
thick enough to stop high-energy electrons, while having a thin enough entrance window

to admit the low-energy protons.

Silicon detectors offer a combination of good timing (<ns), and good energy resolution
(~keV), with high detection efficiency, and stability. For larger detectors, thermal noise in
both the detector and the associated electronics can dominate the noise performance of the
detector. When cooled to ~LN, temperatures, the noise performance of silicon detectors
can improve. The cooling of the detectors causes a decrease in the number of charge
carriers by reducing the thermal energy available to excite electrons into the conduction
band. As a result, there is less leakage current through the reverse-biased pn-junction,
thereby reducing the detector noise.

Prototype detectors for the Nab experiment are shown in Fig. 2.6. The detectors were
fabricated by Micron Semiconductor Ltd. [32]. The detectors are segmented to provide po-
sition sensitivity. They have been fabricated to be as large area as possible, so as to provide
a large edge-free fiducial area viewing the decay region of the spectrometer. They are fab-
ricated from a monolithic disk of silicon 6” in diameter cut from a high-resisitivity ingot of

silicon. High-concentration doping for the contact electrodes is done by ion implantation,
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Figure 2.6: Prototype detector for the Nab experiment [22].

as is usual for these detectors.

The thickness of the detectors is 2 mm in order to stop the highest energy electrons at
normal incidence. The front of the detector is treated specially, presenting a very thin dead
layer to incident particles. The dead layer consists of a thin p-type implant with a thickness
of a mere 100 nm covered by a thinner layer of Al. The large 100 cm? active area is
segmented into 127 separate hexagonal pad regions. Each pad has a high-gain preamplifier
located immediately behind it. The entire setup is mounted to a cold finger which is cooled
to LN, temperature (77 K). Signals from the detector are fed to a fast data acquisition
system consisting of waveform digitizers.

The initial application of our proton accelerator will be to test these large area silicon
detectors. Key questions on the efficiency for proton detection of each pad will be addressed

by scanning either the proton beam or by moving the detectors themselves.
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Apparatus

3.1 Overview

The proton accelerator system was created by modifying the existing Manitoba II mass
spectrometer (see Fig. 3.1) with a new ion source and detector region. A detailed de-
scription of the Manitoba II mass spectrometer may be found in Ref. [29]. The principal

modifications to the basic setup were:

e A new proton source based on the Penning ion generator concept was constructed,

along with an associated new gas handling system for the source.

e A new high voltage accelerating supply capable of supplying 50 keV was installed.
With the present acceleration tube, this allowed an accelerating potential of > 30 keV

to be achieved.

e A detector region was designed and constructed to house the proton detectors, with
its own vacuum system based on a turbomolecular pump. This system could be

vented when required using a gate valve. Both a chevron-style microchannel plate

27
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(MCP) array and smaller test silicon detectors were housed in this detector region.

We now describe the overall apparatus, with somewhat more focus on the new systems

identified above.

= Detector Region

— Steering

’ Electrostatic
Analyzer

Fic. 1. Geometry of the mass
spectrometer: g,=100.00 cm; @,
—04.65°; ap =62.74 cm; Bpy=0°;
Ve=4445 cm; 1".,=1763 cm,
Vm=8249 cm; 1",=59046 em;
e =27 '=15% 2k=2.000 cm.

Figure 3.1: Overview of the proton accelerator, note the new source and detector regions
which are modified from those in this schematic

3.2 Ion Source

The ion source was based on a the Penning ion generator (PIG) source described in Ref. [26].
This style of source was chosen for its simplicity of design; there is no filament and beam
current can be controlled using the arc voltage or the gas flow. The PIG source in principle
also allows the generation of stable current of protons, as long as the source parameters are
controlled properly. We generally found this also to be true in practice; over the course of

the day, the source would require very little attention, and the current was stable.
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The principle behind the source is to create a small chamber filled with the desired gas
then apply a voltage from the anode to the cathode which will continuously discharge in a
controlled fashion, generating a plasma. Magnets are used in the source region to increase
the path length that the free ionizing electrons traverse inside the source thus maintaining
the plasma.

Our source is shown schematically in Fig. 3.2. To simplify source construction an ex-
isting ion source from the Manitoba II mass spectrometer was used as a starting point and
modified. This provided a useful housing for the ion source, which readily fit into the Mani-
toba II system. The main modifications were to attach two floating anode feedthroughs and
a floating gas feedthrough; the housing itself is the cathode. Inside the source cavity the
anode feedthroughs hold an anode ring in place isolated from the cathode walls. Also 1/4”
neodymium magnets [33] were stacked in the center of the cavity to provide a magnetic
field in the source region. The source cavity was enclosed by a faceplate which has a hole
in the center to provide the ions for the beam. When attached to the mass spectrometer it

was isolated electrically by a glass cylinder, which was used as an acceleration tube.

3.2.1 Gas supply

The gas supply system is shown in Fig. 3.3. The main reservoir is a small gas cylinder
which can be closed to the rest of the system. This allows for the same gas mixture to be
stored for longer periods of time, without worrying about the small leaks the overall system
has to the atmosphere.

Operation of the ion source required the use of an argon/hydrogen gas mixture. It was
found that a mixture of equal partial pressures of hydrogen and argon, as measured by a

spring-type pressure gauge connected to the manifold, provided an effective plasma for the
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Figure 3.2: A schematic diagram of our ion source. Gas is supplied from a reservoir (see
Fig. 3.3) to the floating gas connection through a manual needle valve. The arc voltage
is applied to the external cathode by an alligator clip connection and the anode voltage is
connected to the anode by a floating anode feedthrough. Magnets are mounted and held in
place by their field inside the anode region. A faceplate mounted by screws to the source
provides a small hole through which ions are accelerated into the mass spectrometer region.
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Figure 3.3: The ion source gas supply consists of a reservoir (bottle) which is connected
by valves to: a roughing line for evacuation, argon and hydrogen cylinders for gas filling, a
gauge to measure the pressure, a vent valve for bringing the reservoir to atmosphere and a
line to the needle valve which supplies the ion source with gas.
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source. This mixture was created in the gas reservoir using hydrogen and argon cylinders
to fill the system after evacuation to ~ 50 mTorr using a roughing pump. A needle valve
was located between the gas reservoir system and the source to provide an appropriate gas

flow to the source region.

3.2.2 Source Vacuum Connections

A schematic diagram of the source region vacuum system is provided in Fig. 3.4. The

Gate valve to ESA region

_ — Source Region
x ..r'f
: S S
"

P Roughing pump
o

Diffusion pumps |_Lﬁ_ e

Figure 3.4: The source region is pumped by two diffusion pumps (with LN, cold traps)
which can be closed off to the source region by two gate valves. The diffusion pumps are
backed by a single rotary pump. A gate valve can be used to isolate the source region from
the rest of the mass spectrometer. A needle valve attached to the ion source provides the
gas flow required to generate a plasma and a vent valve allows for the source region to be
brought up to atmosphere.

pressure in the source could be monitored by either an ion gauge in front of a diffusion
pump, or less directly via the backing pressure for the diffusion pumps which pump the
source region. We alternately use these two methods of reporting source pressures in this

thesis.
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3.2.3 Typical Source Operation Parameters

The plasma could be maintained with a anode cathode voltage difference of typically 400 V.
The voltage and needle valve could be adjusted to provide a steady arc current of ~ 1 —

4 mA.

3.3 Manitoba II mass spectrometer

We provide a basic discussion of the spectrometer. We refer the reader also to Fig. 2.3

which contains a schematic diagram of the geometry of the spectrometer.

3.3.1 Electrostatic analyzer (ESA)

The electrostatic analyzer (ESA) portion of the Manitoba II mass spectrometer permits
velocity focusing for the double focusing spectrometer. Ions leaving the ion source are
accelerated by a potential difference which defines their energy. The ions are then brought
to a focus at the object slit by the use of vertical and horizontal deflection plates and then a
quadrupole magnet.

The ions that pass through the object slit then travel into a radial electric field defined
by the voltages applied to inner and outer ESA plates. The plates are gold plated electrodes
separated by a distance of 2 cm and arranged to to define the circular ion path desired. The
electric field supplies the force which causes the ions to move in a circular path toward the
object slit. Ions exiting from the object slit have a well-defined energy and continue onward
to the magnetic spectrometer. Vacuum in the ESA region is supplied by a turbomolecular
pump and an ion pump, and is maintained at the 10”7 Torr level as read from the Ion

pump controller. Typically, for 30 keV protons, the ESA voltages are set at 618.62 V and
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-618.62 V resulting in a potential difference of 1237.24 V between the plates. The voltages

are supplied by two separate power supply channels.

3.3.2 Magnetic Spectrometer

The ions that have passed through the ESA travel a distance of 82.49 cm before entering the
sector magnet used as a magnetic spectrometer. The magnetic sector is kept to a vacuum
of 1078 Torr by an ion pump located just after the magnet in the beamline. The magnet
consists of three main sectors which are each made up of four coils, each coil consisting
of sixty turns of copper wire. The magnet power supply is a 200 A Bruker (B-MN15/200)
supply. Water cooling is supplied to both the power supply and the magnet coils. The
sector has a magnetic radius r,, = 62.74 cm and diverts ions from entrance to exit through

an angle @,, = 90°.

3.4 Detector Region

The detector region consists of an 8” Conflat (CF) cross attached to the end of the Manitoba
IT mass spectrometer and isolated by an 8” CF gate valve. The gate valve is attached to a
custom machined adapter flange which converts an indium seal flange on the exit of the
spectrometer to 8” CF, indium seals being used for most flanges in the Manitoba II system.
The adaptation to CF makes connection to a variety of equipment possible.

Figure 3.5 depicts the detector region, whose main chamber is a four-way 8” CF cross.
Mounted to the top flange of the cross was a linear motion feedthrough and electrical
feedthroughs for the MCP detector. The back flange has a BNC type feedthrough which
was used to mount a small silicon detector. The detector region could be isolated from the

mass spectrometer by a gate valve, for easy access to the detectors. The region possessed
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Figure 3.5: The detector region consists of an 8 Conflat cross mounted on a gate valve after
the magnet. The top flange of the cross has five 1.33” CF holes inscribed upon it. These
were use to mount two electrical feedthroughs for output signal and operational voltages,
a linear motion feedthrough, and an ion gauge. The linear motion feedthrough controlled
the location of the MCP detector holder. The back flange had its own centered 1.33” CF
feedthrough upon which was mounted a BNC feedthrough, and on the BNC feedthrough
a test silicon detector was mounted. The detector region was pumped by a turbomolecular
pump located on the bottom flange of the cross.
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Feedthrough Reading (mm) Description of setting
20 Minimum feedthrough setting
39.5 Hole in mounting plate is centered in cross
77.5 MCP detector is centered in cross
130 Maximum feedthrough setting

Table 3.1: Important feedthrough settings.

its own vacuum system, consisting of a turbomolecular pump backed by a roughing pump.
The vacuum in the region was maintained at typically 10~° Torr. This value would increase
to about 108 Torr upon opening the gate valve connecting the detector region to the magnet

and ESA vacuum region.

3.5 Microchannel plate (MCP) detector array

The first detector array used to detect protons consisted of two microchannel plates (MCP’s)
arranged in a chevron formation and mounted on a support arm shown in Fig. 3.7. The
location of the MCP center relative to the inside of the top flange of the cross is given in
table 3.1. These values are calculated using the designer specifications for flange thickness
(0.88 in) and feedthrough location (unextended location of the end of the feedthrough arm
is 3.18 in). The minimum feedthrough region was decided based upon observing the wires
connected to the MCPs when moving the support arm, the minimum setting was to chosen
to minimize the bending of the wire connections to the MCP array. The centering of the
hole in the support arm mounting plate is important to allow the beam to continue on to
the silicon detector further downstream. The MCP centered setting is important for making
measurements with the MCP detectors. Finally the maximum setting is the point at which
the wires are reaching the end of their extended lengths.

We provide here a brief review of the function of MCP detectors. A schematic diagram
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of an MCP is presented in Fig. 3.6. MCP’s consist of a circular surface area with thousands
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Figure 3.6: Microchannel plate (MCP) operational schematic diagram. Left: an individual
plate. Middle: electron multiplication in a single channel. Right: chevron arrangement of
two MCPs.

of tiny channels. When a particle (in this case an ion) strikes one of the channels, secondary
electrons are liberated which initiate a cascade of secondary electrons that are multiplied
by further collisions within the walls of the channel. An applied voltage difference (of
typically kV) across each plate accelerates the electrons towards the collection plate located
behind the MCPs themselves.

In our case, two MCP’s in a chevron arrangement were used, similar to the right side
of Fig. 3.6. Our collection plate is connected to a signal wire which is terminated by a
50 Q resistor, across which a voltage pulse is measured by our data acquisition (DAQ)
system. The MCP’s were mounted within a specially designed holder, which is displayed
in Fig. 3.7. High voltage and signal wires were connected via feedthroughs in the top flange
using copper wire encased with insulating beads. A high voltage (~ —1.8 kV) was provided

to a voltage divider located in an external aluminum box, which provided the voltages for



38 Chapter 3. Apparatus

0

Q
PR
)

5
(=1}
o4
)
]
iO

@1.00 P1.12 | g }.F
N

Figure 3.7: MCP Support Arm schematic and picture with MCP array mounted
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the front and back of the two MCP stages. The signal was transferred by a BNC type cable
from the flange vacuum feedthrough to the DAQ system.

The MCP’s were manufactured by Photonis [34]. Each plate provided a gain of ~ 10*
while drawing a current of 21.4 uA read from the power supply during operation. Each
plate has a quality diameter of 25 mm defining the fiducial area. Each microchannel is
nominally 10 ym in diameter, with a length to diameter ratio of 40:1, a bias angle of 12°,

an open area of 64% and a thickness of 0.43 mm.

3.6 Silicon Detector

For this experiment Ortec ULTRA (ion implanted) detectors (part number CU-012-100-
300) were used to search for ~ 30 keV protons. A picture of one of these detectors mounted
on its BNC feedthrough on a 1.33” CF flange is shown in Fig. 3.8.

The silicon detectors have a depletion depth of 300 um and an active area of 100 mm?.
They are operated with a positive bias voltage of 100 V. The dead layer for these detectors is
dominated by a region of ~ 50 nm boron-implanted silicon, according to the manufacturer’s

specifications.

3.6.1 Silicon dead layer transmission

A calculation was made of the proton transmission through the silicon dead layer for the
ORTEC silicon detectors used. The dead layer for the ion implanted silicon detectors is
created by the inactive ion implanted surface region which provided the electrical contact
properties to the entrance window. Ortec provides a dead layer value of approximately
50 nm silicon equivalent.

The mean range for 30 keV protons in silicon was found using the PSTAR database
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Figure 3.8: Ortec model CU-012-100-300 silicon detector mounted on a 1.33” CF BNC
feedthrough.
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[35]. The range from PSTAR was 7.0x107> g/cm?. The density of silicon is p = 2.33 g/cm®.
Therefore the range of a 30 keV proton in silicon is 300 nm, which is 250 nm beyond the
dead layer of these detectors.

The mean energy loss (stopping power) of a 30 keV proton from the PSTAR database is
5.0 x 10> MeV-cm?/g, or 1.2 keV/(10 nm). For a 50 nm dead layer, this would correspond
to an energy loss of ~ 6 keV. Since the energy loss is in a region where it is somewhat
dropping as the energy decreases (according to the PSTAR tables), an estimate of 5—6 keV
energy loss is reasonable. The detectable energy in the detector is therefore expected to be
24 — 25 keV for a 30 keV incident proton.

It is therefore important to ensure that the best possible noise conditions exist when

attempting to detect the protons.
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Method and Results

4.1 Gas Parameters

We begin with a general overview of accelerator operation to provide context for the exper-
imental results (for additional details on typical operating parameters and trouble shooting
see Appendix A). The source uses a 1:1 Ar:H, gas mixture which is leaked into the source
through a needle valve. The exactness of the 1:1 ratio is approximate since only rough
pressure gauge readings were used to determine the ratio. The pressure and cleanliness of
the source region was very important to effective operation. Problems with arcing due to
the acceleration potential were found to correlate with the quality of the source vacuum
prior to the introduction of gas. During operation, the pressure at the entrance to the dif-
fusion pumps as read by an ion gauge was typically 10~ Torr. This pressure is referred to
throughout this chapter as the source pressure. The exact pressure in each measurement was
decided based on the generation of a stable arc current in the source. The characteristics of

the various source operating parameters are discussed further in Section 4.6.

43
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4.2 Magnet Calibration

The magnetic field control program entitled “BORIS” provided a magnetic field reading
in units of ¢V based upon a Hall probe located inside the magnet. Calibration of the Hall
probe was required in order to determine the field value in the more useful units of Gauss.
To calibrate the Hall probe a reference Hall probe calibrated in kG was inserted next to the
existing Hall probe and measurements for various field values were recorded. The results

of the calibration are presented in Fig. 4.1. The result of a best fit to a straight line for the
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Figure 4.1: Plot of magnetic field in Gauss vs magnetic field in 4V for the purposes of hall
probe calibration

data is:

B(G) =1.314 x V(uV) - 20.37 4.1)
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where V is the Hall voltage read in 4V and B is the magnetic field in Gauss. As shall be
seen from calibration with known ions, this form of calibration against a Hall probe was

found to be good to the percent level.

4.3 Data Acquisition

Data acquisition for the microchannel plates was performed using several VME (Versa
Module Eurocard) modules driven by the MIDAS (Maximum Integrated Data Acquisition

System) software [36].

The system consisted of a CAEN [37] Universal multichannel power supply system
(model SY2527 LC), which provided the output voltage for both the ESA and for the
microchannel plates. The output signal from the microchannel plates was amplified by
a variable gain fast amplifier (CAEN model V974). The amplified signal was passed to a
quad linear fan in-fan out (CAEN model V925) used as a leading-edge discriminator. Rates
were determined by counting the number of gate signals provided by the discriminator to
the gate input of a peak-sensing analog to digital converter (ADC) (CAEN model V1785N).
The VME modules were housed in a WME 8010 CAMAC crate. Communications with
the modules occurred via fiber optic link with a computer through a CONET-VME bridge
(CAEN model V2718 VME-PCI). The custom portions of MIDAS system code were pro-
vided by P. Wang. Data from the MIDAS system were converted to ROOT format by the
MIDAS analyzer, which could subsequently be analyzed in ROOT [38]. With this setup a
wide variety of measurements are possible, however for the purpose of this thesis counting
the gates which corresponded to micro channel plate output signals were the only measure-

ments performed.
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4.4 Kinematic Calculations and Test of Field Calibration

The equations from Section 2.2.5 can be used to calculate an expected location for a peak
in terms of the magnetic field value. This expected location can be compared to the exper-
imentally observed peaks to test the calibration of the magnet and also to give confidence
in the ability to correctly identify the proton peak.

The magnetic field can be determined using Eqn. 2.12 , repeated here for convenience:

2Tm
gR

B= 4.2)

with the appropriate values from Section 2.2.5 the magnetic field values for various ion
peaks can be calculated, the following calculation is for the proton peak with an accelerat-

ing voltage setting of 27245 V:

Pproon = 93827 MC‘ZV = 1.602 x 1077 kg (4.3)
T = 27245eV (4.4)
g = 1.602x107"C 4.5)
R = 0.6274m (4.6)
B = 0.03802T =380.2G. 4.7

Observations of the various peaks were made by manually sweeping the current in
the magnet and observing the MCP count rate. Whenever a rise in the MCP signal was
detected, the reading on the Hall probe was noted. In this way the various peaks in the
proton region were found.

Table 4.1 shows the experimental peak locations, and the calculated locations for vari-

ous ions using only the acceleration voltage for to determine kinetic energy (T) (calculated
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using equation (4.2) above). The solid vertical lines in the various plots throughout this
chapter are calculated using only the HV value and the dotted lines are calculated using
the HV value with the addition of the arc voltage value. The two calculated values should
provide a sense of the energy spread due to ions being produced at various locations in the

source. The same HV setting (27245 V) was used for all values in the table below.

Table 4.1: Table of calculated (based on equation (4.2)) and experimental peak locations,
expressed in terms of magnetic field in the spectrometer magnet. The masses for the var-
ious ions were taken from Ref. [39]. A peak at the energy H;/2 is expected because of
dissociation of H7, as described in the text.

HV Ion Atomic | Experimental | Calculated

V) Species | Mass (u) Value (G) Value (G)
27425/2 | Hj/2 1.00739 268.7 268.8
27425 H* 1.00739 380.4 380.2
27425 HY 2.01533 538.1 537.8
27425 Hj 3.02327 656.3 658.5

As seen in Refs. [24, 25], a peak was expected at half the value of the magnetic field of
HJ peak. This peak results from dissociation of the HJ ion prior to entering the magnetic
spectrometer. The HJ ion dissociates into a H" and a H atom which share the kinetic energy
of the initial HJ ion. Upon dissociation the H* ion and a H atom continue through the
spectrometer giving rise to the peak labelled as the HJ dissociation peak. The calculated
peak locations for the various species are in agreement to within a fraction of a percent,
indicating both the validity of the identification of the species, and the calibration of the

spectrometer.
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4.5 Magnet spectra

Magnet spectra (count rates in the MCP as a function of the magnetic field) were acquired
by changing the magnetic field by fixed increments and counting at each field setting, re-
gardless of whether a peak was being sensed. These spectra were obtained as a means to
search for any unknown peaks or possible beam-related backgrounds which might have an
impact on the proton beam. In addition, once the peaks had been located using the broad
spectrum scan, finer scans over the individual peaks were performed. As well, spectra were

acquired for different acceleration voltages.

During acquisition of a magnet spectrum, the acceleration voltage, ESA voltages, source
pressure, source arc voltage and all other focusing parameters were held constant. The set-
tings of these parameters would have been selected by manually maximizing the MCP
counts for the proton peak. Once the appropriate settings were established, the magnetic
field was set to a small value, well below any peaks of interest, and a scan was begun. In the
scan, the magnetic field was incremented by a fixed step size, and counts in the MCP would
be acquired for a fixed amount of time at that field setting. The field would be incremented

until its value lay beyond the field setting for the H} peak.

There are two units available for magnetic field adjustment, one is the output of a Hall
probe which is located within the magnet, the other is the output of the Bruker power supply
(referred to as “Bruker units”, which correspond to a DAC setting within the power supply,
where the analog output of the DAC is proportional to current). The use of the Bruker units
is only valid when one moves consistently in one field direction change since the field is

affected by magnetic hysteresis from the magnet’s iron core.

The advantage of using Bruker units over Hall probe readings is that considerably finer

control over the magnet setting can be gained. However, due to hysteresis, the field value
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corresponding to each Bruker setting varies. Thus the Hall probe was also always recorded
for each measurement despite its worse resolution. The Hall probe reading was limited to
about 1 Gauss in stability over time and reproducibility.

A spectrum obtained using an acceleration voltage of 27245 V is shown in Fig. 4.2.

For this spectrum, the source arc voltage was 410 V, the source arc current was 4 mA, and
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Figure 4.2: MCP rate vs. magnetic field for acceleration voltage 27245 V. The x-axis steps
occur in 6.5 Gauss increments. The solid vertical lines are calculated using acceleration
voltage using Equation (4.2) in Section 4.4.

the source pressure was 3.2 X 107> Torr. The ESA voltages were +550 V and -550 V. The
MCP voltage setting was 1800 V, as supplied to the voltage divider box. The discriminator
threshold on the MCP signal was set at 0.031 V (reading from the test point on the CAEN
fan-in/fan-out module). Data were acquired in 5 uV magnetic field steps, corresponding
to steps of 6.5 Gauss, each for 60 s. Individual peaks were not studied in detail during

this particular scan. The solid vertical lines in Fig. 4.2 correspond to the calculated peak
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locations as summarized in Table 4.1.

A spectrum for an acceleration voltage of 30957 V is shown in Fig. 4.3. In this instance,
data are plotted as a function of the Bruker DAC setting (“Bruker units”), and they were
acquired in 64-step (DAC setting) intervals (corresponding to about 1 G), each for 20 s.
The source arc voltage was 441 V, the source arc current was 4.25 mA, and the source
pressure was 6.0 x 107> Torr. The ESA voltages were +626 V and -626.5 V. The MCP
voltage setting was 1800 V supplied to the voltage divider box; the discriminator threshold

was set at 0.031 V (CAEN fan-in/fan-out test point reading).
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Figure 4.3: Count rate in counts/20s at the MCP detectors vs magnetic field in “Bruker
units” with the accelerating voltage set to 30957 V. The leftmost peak corresponds to H*
and the right peak corresponds to H;

Finer scans at each observable peak in the proton region for various acceleration volt-
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ages were performed. Fig. 4.4 shows a more detailed scan of the left-most peak seen at
27245 V in Fig. 4.2, the peak which is due to the dissociation of Hj. The full width at
half maximum was found to be 8 Gauss. The somewhat broad peak is believed to be due
to the more poorly defined kinematics for the dissociation process, though no quantitative
estimate of this was attempted. Another source of broadening is dispersion in the range of
acceleration potentials available in the ion source, as will be described shortly in relation

to the proton peak.
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Figure 4.4: Count rate in the mcp detectors in counts/min vs magnetic field for the H;
dissociation peak, for an acceleration voltage of 27245V. The solid line is the calculated
peak location using the high voltage setting and the dotted line is the calculated location
for the high voltage and the source arc voltage

The peak of most interest for this thesis is of course the proton peak. A finer scan of

this shown for 27245 V in Fig. 4.5. The full width at half maximum is of order 1 Gauss,
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Figure 4.5: Count rate in the MCP detectors in counts/min vs magnetic field for the H*
peak, acceleration voltage of 27245 V. The solid line is the calculated peak location using
the high voltage setting and the dotted line is the calculated location for the high voltage
and the source arc voltage.

indicating a resolution of ~ 0.3%. Our ability to probe to better than this was partially
limited by the stability of the Hall probe. The maximum number of counts observed on
peak in one minute was 1300, while the minimum number of counts was 3 (at the highest
field setting shown in the scan). If we take the value 3 as a reasonable estimate of the
background counts beneath the proton peak, and the value 1300 as the peak number of

counts, then the background beneath the proton peak is no more than 3/1300 or 0.2%.

Our results can be compared to the typical spectrum acquired at (Fig. 4 of Ref. [24]). In
the PAFF setup, a distinct double peak is seen, where a subdominant peak at lower energy
is experienced due to ions which are emitted with small kinetic energy from their proton

source, as opposed to the full arc voltage. In our proton spectrum it is possible that a
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similar structure is seen. However, since our arc voltage is more than four times smaller
than for PAFF, the difference in peak positions is limited to the 1% level. This is found by
comparing two calculated values for the peak location, one including the arc voltage as an
additional acceleration, and one not. Both are shown by the solid and dotted vertical lines,
respectively, in Fig. 4.5. We therefore believe that the broad tail structure of the peak is in
part due to the emission of protons from different parts of the source, and therefore with
different acceleration voltages. It is therefore also difficult to discern what portion of the
FWHM of the peak is due to spectrometer resolution vs. differing emission energies from
the source itself. Unfortunately, slit settings in the spectrometer could not be recorded.

Figs. 4.6 and 4.7 show close-ups of the HJ and HJ peaks, respectively. The H peak, in
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Figure 4.6: Count rate in the MCP detectors in counts/min vs magnetic field for the H7
peak, acceleration voltage of 27245 V. The solid line is the calculated peak location using
the high voltage setting and the dotted line is the calculated location for the high voltage
and the source arc voltage.

particular, demonstrated an asymmetric shape in these measurements. While the magnitude
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Figure 4.7: Count rate in the mcp detectors in counts/min vs magnetic field for the HJ
peak, acceleration voltage of 27245V. The solid line is the calculated peak location using
the high voltage setting and the dotted line is the calculated location for the high voltage
and the source arc voltage.
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of the width is consistent with dispersion ion source emission energies (indicated again by
the vertical solid and dashed lines), it is possible that the sharpness of the drop on one
side of the peak is due to the presence of apertures. A detailed study of the optics of the
spectrometer would have to be carried out to make a more definitive statement. The HJ

peak exhibits a similar, but less pronounced, asymmetry, with poorer statistics.

Note on MCP noise and rates of accelerated protons

The MCP detectors were often subject to noise problems throughout the data acquisition
period. The result of this is that one should not take the absolute rates as stated in this
thesis to be indicative of the true rates of proton emission by the accelerator. Toward the
end of the data taking period the MCP noise was observed in more detail leading to a lower
discriminator threshold value, which though still not ideal allowed for a higher count rate.
Later runs with the adjusted threshold value yielded proton rates of about 200 Hz. Thus we

believe the proton rates to be greater than 200 Hz for the spectrometer settings studied.

4.6 Ion Source Results

Tests of ion source performance were performed as a function of various source parameters
such as pressure, arc voltage, and arc current.

A schematic graph enabling a description of the operational characteristics of the source,
and terminology, is shown in Fig. 4.8. No discharge occurs for small applied voltage and
therefore no current flows. As the voltage applied to the source is increased, a stable dis-
charge is eventually generated within the source, where increasing the voltage applied to
the source gives rise to a monotonic rise in the discharge current. The transition between

the two regions occurs at a voltage that we refer to as the “arc point”. As the voltage is
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General Current vs Arc Voltage Behaviour
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Figure 4.8: A schematic drawing of the general source behaviour in terms of current vs.
voltage. The behavior in the various regions of operation is described in the text.
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further increased an uncontrolled breakdown occurs and the arc current rises rapidly. The
transition to this region is referred to as the “breakdown point”.

The locations of the arc point and the breakdown point were characterized as a function
of backing line gas pressure by adjusting the needle valve controlling the gas flow into the

source. The results are summarized in Table 4.2. A graph of the same data displaying the

Table 4.2: Table of arc and breakdown points for source operation

Backing Pressure (mTorr) | Initial arc point (V) | Breakdown point (V)
55 440 500
60 340 400
70 310 340
80 310 350
90 290 340
100 280 325
150 270 295

trend with pressure is presented in Fig. 4.9.

This early data suffers from two drawbacks. First, only the backing pressure monitored
at the exit to the diffusion pumps in the source was monitored. The actual source pressure
for these tests varied in the 10°% — 10~> Torr range, as measured at the entrance to one
of the diffusion pumps which pumps the source region. A backing pressure of 40 mTorr
corresponded to a pressure measured at the entrance to the diffusion pumps of 3 x 10~ Torr.
The other drawback is that insufficient accuracy on the arc current was recorded due to the
use of an imprecise current meter. To improve the accuracy of the current measurement
in subsequent runs, a 164.5 Q resistor in series with the source voltage was installed. The
voltage drop across the resistor was monitored with a digital voltmeter and allowed for a
calculation of the arc current.

The reason for the inclusion of this early data is that it involves the largest range of
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Figure 4.9: Break down voltage (white circles) and initial arc voltage (black circles) as a
function of backing pressure measured before the mechanical pump backing the diffusion
pumps connected to the source region.

source parameters studied during the data acquisition period. Also, the source performed

consistently when this data was taken and provided insight into future source operation.

With the new method of measuring the source current, improved measurements could
be made. Fig. 4.10 displays a measurement of the arc current for increasing arc voltage.
The arc point is found to be at 560 V and the breakdown point is found at 770 V. The source
operating pressure, monitored at the entrance to the diffusion pump using an ion gauge, was

3 x 107> Torr. Stable source operating currents of 1 —2 mA were observed.

The level of reproducibility of the source operating parameters is apparent from these
data: the region of stable operation is considerably higher (in voltage) than for the earlier

data. The reason for this is that, in the intervening period, the source region was vented
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Figure 4.10: Source current vs. applied voltage. The operating parameters are for a source
pressure of 3 x 107> Torr, an accelerating voltage of 30947 V, ESA settings of +626 V and
a field setting of 321 uV (corresponding to 401 G).
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several times, and even had to be cleaned with organic solvents due to a vacuum pump
failure. This had an effect on the properties of the surfaces within the source and on the
general vacuum quality in the source region. Therefore it is necessary to perform source
characterization after venting, repairs to the vacuum system, or cleaning of inner surfaces
of the source region.

The source can also be characterized by the current delivered to the experiment, after
transport through the entire Manitoba-II mass spectrometer system. This is monitored by
the multichannel plate (MCP).

Fig. 4.11 displays a measurement of the MCP rates as a function of arc voltage for data
acquired simultaneously with those presented in Fig. 4.10. The ion source parameters are
therefore the same as those described in relation to Fig. 4.10. Additionally, since transport
through the mass spectrometer system was necessitated, the settings for the accelerator
(acceleration potential, ESA, and magnetic field) are reported in the figure caption.

The chief deficiency observed in Fig. 4.11 is that, although the accelerator had been
tuned to the proton peak and was operating stably, the signals from the MCP displayed a
mere < 40 counts/minute. The reason for this is not poor transport through the machine, but
poor efficiency of the MCP at this time. The MCP was suffering from large noise influence
due to poor grounding, and therefore the threshold had been raised. Steps were therefore
subsequently taken to ensure proper shielding of the MCP signal.

Fig. 4.12 displays a measurement of MCP rate as a function of arc voltage once the
noise issue with the MCP had been solved. Once the noise had been reduced, the threshold
of the detector could be reduced, and the detected rate increased substantially (to rates in
excess of 10 Hz). It is possible that the MCP noise and threshold were still not optimal
for these data. Furthermore the MCP rate is related to the true proton rate by an efficiency

factor that was not characterized. Nominally this efficiency is given by the detectors open
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Figure 4.11: MCP rate vs. arc voltage. The operating parameters are for a source pressure
of 3 x 107 Torr, an accelerating voltage of 30947 V, ESA settings of +626 V and a field
setting of 321 uV (corresponding to 401 G).
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| Counts vs Arc Voltage |
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Figure 4.12: Source current vs. arc voltage. The operating parameters are for a source
pressure of 6 x 107> Torr, an accelerating voltage of 30947 V, ESA settings of +626 V and
a field setting of 321 V (corresponding to 401 G).

area (open entrance to microchannels) which for our MCPs is 64 %, this is the area of the
detector which consists of microchannels. The MCP rate should therefore be taken as a
relative measure of the true proton beam current, or a lower bound.

The data in Fig. 4.12 were taken with slightly different machine parameters than those
in Fig. 4.11, namely that the source pressure was higher (6 x 10~> Torr as opposed to
3 x 1073 Torr). However it is not this factor that resulted in the larger MCP rate, it is
primarily the improvement of the MCP noise level and the lowering of the discriminator
threshold.

For completeness, Fig. 4.13 presents the measurement of the arc current for increasing
arc voltage for the source pressure of 6 x 107> Torr, acquired simultaneously with the data
presented in Fig. 4.11. This indicates that the overall beam current should be a factor of

~ 2 — 3 larger than for the 3 x 107> Torr source pressure (comparing with Fig. 4.10). These
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Figure 4.13: Source current vs. applied voltage. The operating parameters are for a source
pressure of 6 X 107> Torr, an accelerating voltage of 30947 V, ESA settings of + 626 V and
a field setting of 321 V (401 G).
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measurements, for a source pressure of 6 X 10~ Torr, yielded an arc point of 445 V and a
breakdown point of 490V,
It is interesting to consider the dependence of the MCP count rate with arc current for

these data, and this is shown in Fig. 4.14. Stable operating currents in the range 0.5 — 1 mA
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Figure 4.14: MCP rate vs. source arc current, for the same settings as Fig. 4.13.

as well as in the 3.5 — 4 mA range were observed. It is believed that the source is operating
stably and producing protons at both current ranges. Presumably the larger current range
has occurred when a true arc has been struck within the source. The lower current range
must be due to small arcing without full generation of a plasma. Further study would be
required to fully diagnose this.

In each current region, the MCP count rate exhibits a linear dependence with arc cur-
rent. The slope of the dependence in the higher current region is steeper but still linear, also
lending credence to its characterization of a plasma from which protons are being more

efficiently extracted.
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4.7 Silicon tests

Ortec silicon detectors were used in an attempt to identify an incident proton signal. The
detector arrangement itself was described in Sections 3.4 and 3.6. We note further that, as
a front end and data-acquisition chain, the silicon signal was amplified by an Ortec 109A
preamplifier followed by a spectroscopy amplifier. The unipolar output of the spectroscopy
amplifier was digitized by a multichannel analyzer. This system was therefore somewhat
separate from the MCP acquisition path, for simplicity not employing the MIDAS VME-

based acquisition system described in Section 4.3.

Tests of the silicon detectors were performed using an Am-241 source in a dark box
in air, which enabled a rough energy calibration of the detector. The source emits two
dominant forms of radiation that may be sensed by the silicon detector: a 59.5 keV gamma

ray, and 5.5 MeV alpha particle.

In order to select the 60 keV gamma ray, a thin plastic cap was placed over the silicon
detector, the cap effectively prevented the alpha particles from ever entering the detector.
A spectrum of Am-241 from the dark box with the plastic cap on the silicon detector is
presented in Fig. 4.15. The photopeak from the 60 keV gamma ray may be seen. The peak

is well-separated from the noise that is seen for lower pulse heights.

Without the plastic cap the alpha particle radiation from the Am 241 deposits its energy
in the silicon, this however requires the distance in air between source and detector to be
minimal. The results without the plastic cap are presented in Fig. 4.16. The energy loss
fluctuations of the alpha particles in air gives rise to the Landau-like spectrum observed by
the silicon detector. The relative gain in this case was a factor of ten smaller than the gain

for Fig. 4.15, adjusted by a dip switch on the Ortec 109A preamplifier.

The main goal of these tests was to satisfy ourselves that the 60 keV gamma ray from
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Figure 4.15: Amm-241 spectrum from silicon detector in a dark box, at atmosphere, with
a plastic cap on the detector eliminating the alpha radiation. The peak on the right is
identified as a 59.5 keV gamma. The peak observed on the left results from noise which is
clipped by the digitization threshold of the MCA.
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Figure 4.16: Americium 241 spectrum from silicon detector in a dark box, the peak is
identified as the 5.5 MeV alpha peak

Am-241 was observable above the noise, and hence that the noise qualities of the system

would be sufficient to attempt to expose the detector to 30 keV protons from our accelerator.

4.8 Protons on Silicon

The silicon detector was then mounted on a BNC feedthrough in a location downstream
relative to the MCP detector location (described in Sections 3.4 and 3.6). A search for
a proton signal on the silicon detectors was then carefully conducted by first obtaining a
signal on the MCP detectors then carefully adjusting the field with the MCP removed. An
initial signal was observed for an acceleration voltage setting of 30724 V, an arc current
of 4 mA, a source arc voltage of 385 V, a source region pressure of 3 X 107> Torr and a
magnetic field setting of 320.5 'V (400.8 G). This initial proton signal was barely visible

above the noise in the silicon detectors, though there was a distinct beam correlated signal.
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It was suspected that the beam was missing the silicon detector so beam steering in the
form of permanent magnets was used.

Beam steering using permanent magnets was done by placing the magnets next to the
beam line before the detector region and adjusting them until a signal was seen on the
silicon detectors. Using such steering a strong signal was observed with the settings of:
an acceleration voltage of 31054 V, arc current of 4mA, source arc voltage of 450 V, a
source region pressure of 5.5 x 107 Torr, ESA voltage + 625 V and a magnet setting
321.7 u V. Three separate 300 s runs were done: one with a low proton rate obtained by
closing the slit after the magnet, one with a higher rate with the after magnet slit removed
and a background with gate valves closed. Fig. 4.17 shows the proton spectrum (solid line),
higher rate proton spectrum (dotted line) and the background spectrum (finely dotted line)
for protons on silicon.

The spectra show that when the proton rate is kept small there is a well defined proton
peak located at channel number 79. When the rate was allowed to increase a second broad
peak was observed in a region centered around channel number 150, this second peak at
about double the channel number of the initial peak is thought to be cases of two protons
striking the silicon at the same time. The observation of 31 keV protons on the silicon
detectors shows that the proton accelerator achieved its design goals. However better fo-
cusing of the beam beyond the magnet will be required for more detailed silicon detector

tests.
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Figure 4.17: The 3 data sets taken were protons, higher rate protons and a background, all
three are plotted in this figure and are identified in the legend.






Chapter 5

Conclusion

Future fundamental physics experiments in neutron beta-decay aim to constrain standard
model parameters to unprecedented precision. Many of these experiments furthermore aim
to constrain parameters that are only accessible with proton detection. Crucial requirements
on the efficiency and timing properties of the detector are placed, which depend on the
experiment that is being pursued. Often, silicon detectors are selected for the detector
solution. These detectors possess a dead layer through which the low energy recoil protons
must be accelerated to > 30 keV in order to be sensed. A careful characterization of the
detector efficiency in light of the dead layer must be conducted in order to ensure highly

efficient proton detection.

A 30 keV proton accelerator was designed, created, and commissioned with this goal
in mind. Final construction and initial results on the performance of the accelerator are
presented in this thesis. The accelerator consists of an ion source, acceleration region,
mass spectrometer, and detector region. The main new features are the ion source and
detector region; the mass spectrometer is the existing Manitoba II mass spectrometer. The

ion source in particular is based on a different technology than typically used in other proton
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accelerators, being of the Penning ion generator type, as opposed to the filament type.

Ions produced by the source were analyzed by the mass spectrometer. The chief compo-
nents of the beam were found to be H", HJ, HJ, and a component arising from dissociation
of HJ in flight. All these were expected from previous results from other accelerators con-
structed elsewhere. Fortunately our excellent mass spectrometer was able easily to distin-
guish between these species with small contamination. The accelerator produced protons
with momentum resolution ~ 1%. The background beneath the proton peak from other
sources was limited to < 0.2% based on counts observed on the sidebands of the peak.

The ion source produced arc currents of order 1-4 mA with a relatively flat behavior
over a range of modest arc voltages in the range of 200-800 V. The source operated well
with a 1:1 Ar:H (by pressure) mixture, with source pressures in the 10~ Torr range. The
source was furthermore found to operate stably over long periods of time. The accelerator
achieved proton rates detected by a microchannel plate array in the detector region in excess
of 3500 counts/minute. This is sufficient current for the intended use of the accelerator,
which is to calibrate large-area silicon detectors of protons resulting from neutron decay in
future experiments at the Spallation Neutron Source or elsewhere.

Protons of 31 keV were detected on a silicon detector after beam steering was per-
formed using permanent magnets. This result confirmed that the proton accelerator achieved
its design goals and that the protons were detectable by a small silicon detector. It was also
observed that beam collimation can have a significant effect on the rate. Crude collimation
was achieved by adjusting a slit located after the mass selecting magnet.

In the future, and beyond the scope of this thesis, a variety of tasks will be completed
resulting in the use for large-area silicon detector calibration. The accelerator long-term
operational stability will be improved. A system to contain large-area silicon detectors

and their associated cooled electronics will be developed. A method to focus, collimate,
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and divert the proton beam onto different parts the detectors will be developed. A motion
mechanism for the detectors is also envisioned so that their surfaces can be scanned through
the proton beam maintaining the incident proton angle. A system to test larger proton
incident angles is envisioned. Finally, a system to detect secondary electrons emitted from
the silicon detector surface is also being considered. This would allow an independent way

to calibrate both the efficiency and timing properties of the detector.






Appendix A

Appendix A: Operation

A.1 Operation

A.1.1 Operational overview

Operation of the proton accelerator requires knowing the appropriate startup, source oper-
ation, shutdown and basic repair instructions. External to the accelerator a supply of argon
and hydrogen gas as well as liquid nitrogen are required, as well a nitrogen gas cylinder
may be required to operate the vibration isolation system. The following sections will try

to provide a practical and effective overview of the accelerator’s use.

A.1.2 Startup

The following startup procedure should be followed when the source region has been
vented. If the source region was already at vacuum then the steps for pumping down the

source region with the diffusion pump need not be followed.

1. Pressure check: Ensure proper readings for the vacuum: ESA vacuum 1 x 107 Torr
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or better, Magnet region vacuum 1x 10~ Torr or better, 8 in cross region 1x 1078 Torr

or better and the roughing line vacuum of 0.5 x 10~3 Torr or better.

. Diffusion pump check: Ensure that the ion gauge for the diffusion pumps when

turned on is reading 5 X 107> Torr or better, then fill the diffusion pump cold traps
with liquid nitrogen. If the source region is not being pumped by the diffusion pumps
then follow the instructions in the next sentences. First fill the diffusion pump cold
traps with liquid nitrogen. Next ensure the diffusion pump gate valves are closed.
Close the backing valve for the diffusion pumps and open the roughing valve to the
source to begin roughing out the source chamber. Once the chamber has reached
100 x 1073 Torr close the roughing valve and then open the diffusion pump backing
valve (there should be a brief spike in backing line pressure which will disappear
promptly). Then open the diffusion pump gate valve, there should be a spike of the
backing pressure to a few hundred mTorr then it should drop back down to about

50 mTorr or better.

. Gas reservoir check: If there is gas in the reservoir then open the reservoir cylinder

and the valve leading to the needle valve. Otherwise close the diffusion pump backing
valve, then open the roughing line to the reservoir region this requires the opening
of 2 valves. Pump the reservoir until it reaches about 50 mTorr, note that you may
have to close the roughing line and reopen the backing valve to the diffusion pumps
once the ion gauge pressure rises to above 1 X 107* Torr, then when it returns to
normal close the backing valve and open the roughing line again. Once the reservoir
is roughed then close the roughing line and open the diffusion pump backing valve.
Fill the reservoir with gas from the cylinders, start with the argon cylinder and fill

the reservoir until about 5 scale markings on the pressure gauge have passed. Then
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close the argon valve and fill the reservoir with the same amount of hydrogen, finish
by closing the hydrogen valve. This should result in there being a 1-1 hydrogen to

argon mixture, based on pressure, available to the needle valve.

4. Generate Plasma: Once there is gas supplied to the needle valve open the needle
valve carefully until the ion gauge pressure is seen to increase slightly. Then to
create a plasma turn up the arc voltage to about 700 V, once the plasma sparks adjust

the voltage and the gas flow until the usual 4 mA arc current is found to be stable.

5. Magnet and ESA: Turn on the ESA power supplies to the desired voltages, switch
from standby or input values. Turn on the magnet: Press the green power button on
the magnet supply, then press the white button and check that the cooling water is
flowing, turn the key from ”local” to “remote”, start BORIS on the control computer
and set the magnetic field as desired. If the magnet stops during operation, hit the
red button on the magnet, turn the magnet off, then twist the red button to release it,

finally start the magnet again as described above.

6. High Voltage: Once the ESA, magnet and ion source are all operating turn on the
accelerating high voltage to the desired value. Flip the main high voltage switch and
turn on the high voltage supply, the red light bulb hanging from the cabinet should
turn on. Choose set volts by turning the knob then press enter to apply the voltage,

then select adjust voltage and you can manually adjust the high voltage via the knob.

7. Maximize beam: Now that everything is on, open the gate valve between the source
and the ESA. If things are working then there should be some current being read off
of the slits after the ESA. First maximize this value by adjusting the high voltage,

the horizontal deflection knob and the vertical deflection knob. Next move the after
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magnet slit into the middle location and again adjust the deflection and high voltages
to get a maximum, then move the slit back into its open position. Finally open the

gate valve to the cross and turn on the desired detector to observe the beam.

A.1.3 Trouble Shooting

There are a large variety of issues that can occur during the operation of the machine. In

this section problems and their known best resolution are provided based upon experience.

Vacuum pump problems

There are four main types of pump involved in maintaining a good vacuum: Roughing
pumps, Diffusion pumps, Turbomolecular pumps and Ion pumps.

The roughing pumps consist of two types: an oil based pump and an oil free pump.
The oil based mechanical pump runs into issues when the oil gets dirty. This can be caused
from simple use of the pump or power outage, belt breaking, diffusion pump troubles and
more. It is a good practice to check the belt periodically (monthly) to make sure it is not
near breaking. The general solution to problems with the roughing pump is to replace the
belt if broken and/or to replace the roughing pump oil following the instruction manual for
the pump. The dry roughing pumps are more complicated and repair of them in the case of
a problem is beyond the scope of this thesis.

The diffusion pumps are fairly resilient pumps which operate in the source region using
oil jets to create a vacuum. Problems can occur with the diffusion pumps when there are
power outages, as this means that the hot pump’s backing vacuum is lost (roughing pump
turns off). This can cause overheating of the oil and exposure of hot oil to air causing

degradation. The first thing to do if a power outage occurs is check the vacuum. If the
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roughing vacuum is reasonable ( 50 mTorr) then turn the pumps back on by resetting the
power (this is done by pressing the red button below where the diffusion pump outlet power
switches are located). If the pumps do not work, follow the directions to change the oil in
the pumps. Also a wipe down of the cold trap/pump entrance region with Acetone to
remove any oil vapor can also help. Usually an oil change and acetone wipe down solves
the problem, though it usually takes at least a few days of pumping for the vacuum to be
usable without arcing issues.

Problems with the Turbomolecular pumps are beyond this section, careful operation of
these pumps is essential.

The ion pumps outgas considerably when initially turned on. It may be necessary to
restart them multiple times in order for them to stay running. A solution to this problem is
to replace the plates in which the ions are implanted. Information on how to do this should

be found elsewhere.
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