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ABSTRACT

Experimertal and Theoretical Challengesin Understandingthe rp-Processon
Accreting Neutron Stars

By

Mark SidneyWallace

The rp-processs responsiblefor obsened X-ray bursts originating from accreting
neutron starsin binary systems.This explosiwe processdrivesnucleosyihesistoward
the proton drip line wherelittle experimertal data exists, making it necessaryo rely
on models.

Oneof thesemodels(GAMBLER) hasbeendewelopedin orderto study the e ects
detailed nuclear physics has on the rp-processabove *°Ni. Results from calculations
suggestthe massof ®*Ge and ®°As will have a strong e ect on the nucleosynhetic
processingtime beyond *“Ge.

The use of (p,d) transfer reactions for measuringthe massesof %4Ge and %°As
was studied by detailed Monte Carlo simulations which take into considerationsall
experimertal uncertairties. The resultsshaw this technique providesa powerful tool in
determining the masseof proton rich nuclei with high accuracy Howeer, it requires
high-resolution detectorsto achieve accuraciesof astrophysical relevance.

A high-resolution array (HiRA) of silicon strip detector and CsI(TI) crystal was
deweloped. This array consistsof 20 idertical telescos, ead consistingof a 65 m
thick single sided silicon strip detector, a 1.5 mm thick double sided silicon strip
detector, and 4 CsI(Tl) crystals read out by photo-diodes. The array utilizes a new
application speci ¢ integrated circuit (ASIC) to signal processingof the 2000signals.

In addition to HiIRA, a high-rate, high-resolution, position sensitive beamtracking

systemusing micro channel plate detectorswas deweloped.
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Chapter 1

In tro duction

1.1 Motiv ations

In 1920 Sir Arthur Eddington proposedthe fusion of hydrogeninto helium as the
sourceof the Sun's energy This idea was not taken seriouslyuntil 1939when Hans
Bethe descriled the CNO cycle as a way of producing helium from hydrogen [1].
Theseearly connectionsbetween nuclear physicsand astronorny were solidi ed by a
seriesof ewverts in the 1950's.In 1954 Fred Hoyle claimed the amourt of carbon in
the universerequiresthere to be a resonan state in *2C at around 7.7 MeV allowing
three alpha particles to form one *2C nucleus.In 1957 Cook, Fowler, Lauritsen, and
Lauritsen discovered this state at 7.654MeV [2]. With this measuremen laboratory
based nuclear astrophysics began. In 1957 Burbidge, Burbidge, Fowler, and Hoyle
(B2FH), wrote a detailed description of the syrthesis of elemeits in stars[3]. During
that sameyear, A.G.W. Cameronindependerly publishedsimilar ndings [4]. Their
works outlined nucleosyithesis processeshat are believed to occur in the cosmos,
and that are responsiblefor the syrthesis of the elemers.

Over the past 50 yearsnuclear astrophysicists have focusedmuch attention on the
elemeniary nuclear processeselewvant to elemen production. Early work focusedon

slow processeshat take placecloseto the valley of stability becausesud nuclei could



neutrons

Figure 1.1: Chart of the nuclides

be producedwith stable beamsand targets. With the advert of rare isotope beams,
explosive processeshat occur far from beta stability can be investigated.

Figure 1.1is a represetation of the nuclearlandscage. The horizortal axisis the
neutron number N, and the vertical axis is the proton number Z. Eadc isotope of a
given elemen is represeted by onesquare.The bladk squaresrepresen stable nuclei,
the yellow regionrepreseh nuclei that have beenobsened, and the greenregionis the
region where nuclei are beliewved to exist but have never beenobsened. The general
path of two important processedor explosiwe nucleosyithesis, the r-process,and the
rp-process,are shovn asbladk lines on opposite sidesof the valley of stability.

The two primary processeslescriked in the early works of (B2FH) and Cameron
to make heary elemeits were the s-processand the r-process.The s-processis an
acrorym for slow neutron capture where stable nuclei capture neutrons and then
beta decay bad to stability. Figure 1.2 shavs a detailed description of the path of
the s-processoccurring in the regionbetweenlron and Zirconium. The horizortal axis

is the neutron number N, and the vertical axis is the proton number Z. Only stable



'

proton number

neutron number

v

Figure 1.2: The generalpath of the s-process

isotopes are shavn. The lines connecting these stable isotopes represenh the path.
The greenlinesrepresen (n; ) reactions,the blue andred linesrepresed and *
decass. The path of the s-processinvolves nuclear speciesthat remain closeto the
valley of stability. In cortrast, the r-process,or rapid neutron capture process,occurs
much farther from stability on the very neutron rich side of the valley of stability as
showvn on Figure 1.1. 1t is characterizedby a rapid capture of many neutronsfollowed
by beta deca.

The timescalesand astrophysical environmerts for theseprocessesre very di er-
ent from ead other. The s-processs expectedto occur over thousandsof yearswithin
the helium burning shellsof red-giart stars. In cortrast, the r-processis expectedto
occur over time scaleson the order of seconds.The sites of the r-processare still
unknown, but could include type Il supernova or the mergerof two neutron stars.

In this dissertation, I will focus on similar phenomenathat is believed to occur
on the proton rich side of the valley of stability, the rapid proton capture, or rp-

process.The generalpath of this processs indicated by the bladk line on the neutron



de cient side of the valley of stability shavn in Figure 1.1. This processis important
to the explanation of obsened X-ray bursts. These bursts are believed to be the
consequencef thermal nuclear explosionson the surfaceof neutron stars in close
binary star systems.The rp-processn sud systemsfollows a pathway on the proton-
rich side of the valley of stability that can be studied only by using proton-rich
rare isotope beams.Key nuclei to be studied are the waiting point nuclei wherethe
burning processslovs down. From the astrophysical point of view, the mostimportant
property of sudh nuclei are their massesecausetheir in uence on the burning rate
is exponertial. Resonancesnergiesare also important for determining the pathway,

but require massedo determinethe energywhereresonancesre important.

1.2 Astroph ysics

In this section the life cycle of a star is briey described. A star is \b orn" from
a gravitationally cortracting gas.As the gascortracts the density and temperature
increase.This cortraction leadsto enhancedhermal nuclearreactionsat the certer of
the collapsingprotostar. Evertually, the energyreleasedfrom sud nuclear reactions
is su cien t to balancethe pressurefrom gravitational collapse thereby creatinga star
in quasihydrostatic equilibrium. Hydrogenburning cortinuesat the coreallowing its
sustainedexistence.

Starsthat burn hydrogenin their coresconstitute the largestfraction of obsened
stars. They display a common luminosity-temperature relationship by which they
can be identied as\Main Sequence'stars. Two basic processesortribute to this
burning: the pp chain that burns hydrogento make “He, and the CNO cycle that
usescarbon as a catalyst to make “He. The pp chain happens via the reactions
p(p;e* )d, followed by d(p; )3He, andthen primary 3He(®He; 2p)*He fusing four pro-
tons into “He. The CNO cycle is more complicated. The basic path is 2C(p; )N,

BN(e" )BC, 13C(p; )*N, ¥N(p; )0, *O(e* ¢)'°N, and °*N(p;* He)'2C. In order
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Figure 1.3: The energyproduction with respect to temperature for the pp chain and
the CNO cycle. The Sunis shovn hereas a reference
for the CNO cycleto occur there must be carbon in the star.

As little, or no carbonwasproducedin the Big Bang, it is believed that the carbon
found today in most stars originated in much heavier stars that burned quickly and
distributed their ashesin the past via stellar winds or violent explosions.

Figure 1.3 shavs the energyproduction asa function of temperature for both the
pp chain and the CNO cycle. The dependenceon energyincreasesas the 4th power
of temperature for the pp chain. In the caseof the CNO cycle, energyincreasesas
the temperature to the 17th power. The Sun synbols on Figure 1.3 represets the
cortribution to energy production from the pp and CNO chains in our Sun, which
is characterizedby a core temperature of 15 Million Kelvin. As can be seenin the
gure, the dominant energyproduction for stars with the massof the Sunis the pp
chain.

The greater the massof the star the larger the pressurefrom gravity resulting
in higher temperaturesat the core. Thereforethe internal temperature of the star is
strongly correlated with its mass.More massie stars burn hydrogen more rapidly.

Table 1.1 shawvs the Main Sequencdifetime for various massstars, expressedn units



Table 1.1: The approximate Main Sequencdifetime for stars of various mass

Mass | Time on Main Sequence
(M) (10° years)

25 3

15 15

3 500

15 3,000

1.0 10,000

0.75 15,000

0.5 200,000

of solar massesM , wherel M = 1:989 10% g.

After most of the hydrogenin the certer has beenfusedinto helium it can no
longer sustainthe original gravitation pressureand the corebeginsto cortract again.
As the core cortracts it will beginto burn helium into carbon via the triple alpha
process.The regionabove the corewill heatup and beginto burn hydrogen.The outer
layers of the star will expand dramatically. When the sun beginsburning helium it
will expandfrom its currernt sizeall the way out to the orbit of earth. This stageof
stellar burning is known asthe Red Giant phase.

For starswith a massbelow 4 M , The Red Giant phasewill last about 1C® years,
and whenthis is donenuclearburning processwithin the star ceaseThe temperature
in the corenewver becomesigh enoughto burn carbon, the star instead collapsesuntil
electron degeneracypressurestops the collapse.This compact object is held up by
electron degeneracypressureand is known as a white dwarf.

For starswith amassabove 4 M additional burning phasescan occur asthe core
collapsesand heatsup. For starswith aninitial massesbove 25M the temperature
in the core will reach a point were oxygen, neon, magnesium,and silicon can fuse
leading to an iron core. Fusion involving iron doesnot produce a net energygain as
%6Fe is the most tightly bound nucleus.lt is therefore not energeticallyfavorable to
fuseinto heavier elemerts.

Without an energyinput from burning, the Iron core will beginto collapse.As
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Figure 1.4: Sthematic view of binary star systemwith the certer of massand the
Roche Lobe showing.
the Iron core collapses,its temperature increasesand can readh 5 GK where photo-
disintegration of the Iron into protons and neutrons can occur. As the density in-
creasesegelectron capture on the protons beginsto produce a strongly neutron rich
core, a processknown as neutronization. The density in the certer increaseso 4{5
times the saturation density of nuclear matter, where the repulsive nuclear matter
equation of state at high density halts the collapse.lt is beliewved that a shack wave
then propagatesoutward. It is currertly not possibleto fully simulate sud astro-
physical everts but sud ewerts are believed to be the site of type Il supernovae.
Sud supernova have beenobsened to, and in somecasessud asthe Crab nebula,
leave behind a compactobject known as a neutron star. In principle sud explosions
could producea black hole instead, howewer this work will focuson the neutron star
remnart.

Many neutron starshave now beeniderti ed. Typically, obsenations of the masses
of neutron stars in binary systemsare consistem with a massof about 1.4 M . For
certain reasonablenuclear equationsof state, a radius of about 10 km is expected.

It is believed that about 60% of stars are born into binary systemswith another



star, basedon obsenations and our understandingof stellar creation. Naturally, the
two starswill orbit about their commoncerter of mass.Figure 1.4 shovs a shematic
view of a binary systemcortaining a neutron star and a companionstar. An equipo-
tential surfaceis shavn by the dashedline represeting the region where material is
gravitationally con ned to the neutron star or to its companionstar but cannottravel
from oneto the other. This boundary is calledits Roche Lobe. The point wherethe
lobesof eat star touch is the inner Lagrangian point, wherethe gravitational force
from one star balancesthe other.

If one of the starsin a binary systemwas a massie star with a massof 25 M
or greater, and the other was lessmassi, the heavier star could go through all its
burning stagesand explode as a supernova during the Main Sequencdifetime of the
companionstar. Thus onewould have a binary systemconsistingofa1.4M neutron
star and a Main Sequencestar. When the lower masscompanionstar completesits
Main Sequencdifetime and beginsto burn helium and expand dramatically during
its Red Giant phase,hydrogenand helium rich matter from the surfaceof the large
cool Red Giant will ow through the inner Lagrangian point and begin to orbit the
neutron star. As both starsare spinning and orbiting, the orbiting matter will initially
form a disk about the neutron star and matter in the disk will beginto accreteonto
the neutron star surface.An artistic represetation of the binary systemwith this
disk about the neutron star is shavn in Figure 1.5.

The accretedmatter, mostly hydrogen and helium, falls on the neutron star re-
leasinggravitational potential energy The gravitational energyreleasedby accreting

matter of massm, on the star of massM and radius R is given appraximately by:

_ GMm,

E
R

(1.1)

This energy releasedcorrespnds to about 200 MeV/u for a massof 1.4 M and

a radius of 10 km. This gravitational energyis believed to be responsible for the



Figure 1.5: Artist represetation of binary systemwith accretingneutron star

persistert X-ray ux from the star. The material on the crust canbecomevery proton

rich from the in ux of hydrogenfrom its companion.As this hydrogenrich matter

settles deeper into the crust of the neutron star, the temperatures and pressuresof
the crust will rise. After accunulating su cien t material, hydrogenwill ignite at some
depth in the crust, and the resulting thermal nuclear con agration will spreadand
engulfthe entire surfaceof the neutron star. This nucleosyithetic procesqrp-process)
is a\rapid" proton capture process.The rp-procesdeadsto a suddenburst of energy
which may be obsened astronomicallyasan X-ray burst. X-ray burstsfrom the source
3U 1820{30were rst discoreredby J.Grindlay et al. in 1976using the Astronomical
Netherlands Satellite (ANS) [5]. Currently there are about 40 known X-ray bursters.
These sourcesshonv a wide variety of burst characteristics. Typical bursts last for

about 10{100'ssecondswith X-ray energyoutputs of about 10°*® 108 ergs/s. To put

this in cortext, a Main Sequencetar hasan energyoutput between10®* 10°° ergs/s.
The recurrencetime is hoursto days with someoccurring regularly and others quite

irregularly.
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Figure 1.6 showns an obsened X-ray burst from GS 1826-24.The top graph is
from the SAAO optical telesco with the lower graphsfrom the RXTE satellite in

di erent frequencies.The horizontal axis ticks are in 10 secondintervals.

1.3 Nuclear Physics of the rp-pro cess

There are mary interesting propertiesabout neutron stars sud asthe rangeof masses
for which neutron stars can be stable, their possibleradii, their magnetic elds, their

rotational frequenciestheir internal compositions, and their internal structure for all

parts in the interior from the core all the way to the atmosphere.Nuclear physics
is relevant to all these issues.The density of matter in the certer of the star is

believed to be well above (s 9 ) nuclear saturation density. The equation of state

for neutron rich nuclear matter therefore governsthe internal structure and stability

of the neutron star.

In this dissertation | am concernedwith reactionsoccurring much closerto the
surface of the star where the rp-processdominates. Generally the rp-processpath
is governed by the balancebetween proton capture, photo-disintegration, and beta
decygy. Becauseof the dominanceof proton captures,the pathway occurson the proton
rich (neutron de cient) side of the valley of stability.

Figure 1.7 showns a possiblescenariofor the basicreaction network that is followed
during a simulated X-ray burst. As matter accretesonto the surfaceof the neutron
star, steadystate CNO burning occurs.Ignition may occur whenthe conditions begin
to favor the triple alpha reaction. If this occursthe temperature can rise enoughto
initiate breakout of the CNO cycle. A seriesof ( ;p), (p; ) reactions,shovn by the
greenpath in Figure 1.7, then occur starting on nuclei around **O, and cortinuing on
to #'Sc. This sequencef reactionsis known asthe p-process.The Coulonb barrier
will prevert -capture from cortinuing beyond #!Sc If there is su cient hydrogen

remaining in the stellar crust (p; ) reactionswill proceedrapidly, until ( ;p) photo-

11
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disintegration reactionratesaresigni cantly largerthan the (p; ) reactionsrate. This
will stop the rapid proton capture until a beta-decg occursthat bringsthe path closer
to stability wherethe (p; ) reactionscancortinue. The resulting proton capturesand
beta decgs shown in pink in Figure 1.7 are known as the rp-process.For nuclei on
the rp-processpathway for which the ( ;p) reaction rate is signi cantly larger then
the (p; ) reaction rate, and the beta-decy half-life is long, a buildup in abundance
will occur. Cessationof reactions at sud nuclei reducethe energy generation and
allows the environmert to cool. Sud nuclei are known as waiting point nuclei; their
propertiesdeterminethe ultimate termination or cortinuation of the rp-processSome
important rp-processwaiting point nuclei are shovn asyellow squaresin Figure 1.7.

The proton separationenergyis de ned as:
Sp= (M(Z;N)+M(Z ZLN)+ My (1.2)

where c is the speedof light and M (Z;N) is the massof the nuclei with Z protons
and N neutrons. The proton separationenergyis not only important for de ning the
limits of stability, but it plays a critical role in the rp-process At waiting point nuclei
both the (p; ) and ( ;p) reactionratesare large, which puts the nucleiinvolved in a
state of nuclear statistical equilibrium with ead other. In this situation the relative
abundancesare ertirely determined by the equilibrium massdescrited by the Saha

equation:

NN _ GG mMim, 2 kT

n; g m; 2 }2

3=2

exp( Spy=kyT) (1.3)

where n;; nj,and n, represeh the number density for the nuclei i; j and protons.
The partition functions for nucleii; j ,and p are given by g;; g;; g,. The correspnding
massesare given by m;; m;, and m,. The temperature is given by T. K, is the Boltz-
mann constart and S, is the proton separationenergy This exponertial dependence

on the proton separation energy and hencethe relevant nuclear masses,makes it
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extremely important to know sud masseso high accuracy As seenin Figure 1.7,
the rp-processoccurs away from the valley of stability, wherethe experimertal data
relating to the relevant reactionsbecomessparse.Many of the massesf key waiting
point nuclei alongthe rp-processhave not beenmeasured.Systematicerrorsin mass
model extrapolations in this regionare on the order of 300keV. It is thereforecritical

to measurethe precisemassof nuclei involved in key waiting point reactions.

1.4 Major Focuses of Dissertation

The initial plan for this thesiswasto perform massmeasuremets of the key waiting
point nucleiinvolvedin the rp-processin the massrangeA = 64 74.Unfortunately,
di culties in instrumenting sud experimerts with very high quality experimertal
toolsmadethe time neededo constructthe equipmert and perform the high precision
experimerts for massmeasuremets extend beyond the duration of one thesis. Thus
the dissertation focus becamethe dewelopmen of the necessarydetectors and the
carefuldesignof an experimert capableof performingthesemeasuremets. A separate
theoretical e ort wasundertaken to idertify the relevant nucleardata requiredto the
rp-process.

Concerningthe experimertal part of the thesis, there were two separatetasks.
The rst wasthe technical dewelopmen of a new chargedpatrticle array known asthe
High ResolutionArray (HiRA), and other devicesneededfor tracking the rare isotope
beam. The secondpart wasto gure out the optimum way to perform the experi-
merts, taking into accour the constraints on beam quality, beamrate, detector rate

capabilities, soasto adieve absolute massmeasuremets of the required accuracy

14



1.5 Organization of Dissertation

The chapters to follow this are organizedin the following way. In Chapter 2 the
astrophysical modeling of rp-processnucleosyrthesis will be descriked in detail. This
senesasthe primary motivation for the experimerts discussedater. Chapter 3 will

detail the simulations and designwork aswell as a detailed description of the various
aspectsof the measuremets and how the nal resolutionwill be a ected by them as
well as potertial systematic errors. Chapter 4 focuseson the dewelopmen of HiRA.

One of the scieri ¢ justi cations for building HIRA was the performanceof mass
measuremets for the rp-processas descrited within this thesis, howewer it was not
built solely for this reason.A description of how HiRA will be usedin the mass
measuremets is givenin Chapter5. The nal chapter, Chapter 6 discusseshe results

from test runs and presens an outlook of the future campaignof experimerts.
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Chapter 2

rp-Pro cess Calculations

2.1 Intro duction

In order to understand the details of the rp-process,which is believed to occur on
the surfaceof neutron stars in binary systems,one must rely on computer models
as a tool. Computer models are limited in what they can do and are only as good
as the physics implemerted in them. They are also limited by the computational
time required for large models. In order to make models which are computationally
feasible,yet scieni cally useful, approximations and simpli cations are madeto the
systemwhich is being modeled.

In this work GAMBLER is usedto study details of the rp-process. GAMBLER
standsfor General A bundanceM anipulator B asedon L ocal Evolution of R eactions.
It was deweloped speci cally to study the e ects detailed nuclear properties of nuclei
in the region above *®Ni, have on the rp-processor more speci cally, on X-ray bursts
which have beendiscussedn Section1.2.

In this chapter the physics implemerted in the GAMBLER model will be de-
scribed. This will be followed by a description of the results from calculations for
seeral di erent accretionrates, which leadto di erent nuclear-burningignition con-

ditions. After this additional calculationswhich demonstratethe importance of per-
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forming experimertal measuremets of key nuclear physics properties in the mass

region just above *®Ni are shavn.

2.2 Nuclear Physics in GAMBLER

Of primary interest in modeling thermal nuclear burning is the changein the abun-
dancesof all nuclei involved due to nuclear reactions. To start with, the abundance

is de ned in a way that is independer of volume or density.

(2.1)

=
1
>|

where X; is the massfraction of nuclei i and A; is the massnumber for i. This
de nition of abundanceis unit-lessand invariant under compressionThe abundance
of nucleii is consideredonly for the ground state. Resonam state abundancesare not
considered.The number density canthen be written as
X
n=— 2.2

= (22)
Where is the massdensity in (g/cm?), and m; is masswhich can be written as
m; A, my wherem, is in atomic massunit and is de ned as m:2c=12. In CGS
units my = 1=N,, where N, is Avogadro's number. With this the number density
canthen be written as

Ni=YiNa (2.3)

If oneconsidersa single binary reaction of the typei + j ! k+ I, wherei and |

are not equalto k and I, the changein abundanceof nucleusi (Y;) is

dy; .
d—tI: YiY; N ah i (2.4)

Hereh i denotesthe product of crosssectionand relative velocity averagedover the
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Maxwell Boltzmann distribution of the astrophysical plasma.The minus signis there
becausethis reaction will destroy nuclei of type i, sothe changein abundancewill
be negative. The quartity Nah i is often referredto asthe astrophysical reaction
rate. Equation 2.4 can be generalizedto apply to all nuclei and all reactions giving

the di erential equation

dy; _ X N Yoyt

(N ANFN T gy

i
dt ., N N
X yNiy N .
. il\ll—i!l\Jlj!(NA)Nl NEth
|
X In2) X In(2
vy In@ VLG (2.5)

|
t1=2j! i i ti=2;, j

whereN;, Nj, Ny, and N, are the multiplicities of the nucleii, j, k, and | respectively.
The factorials in the denominator are included to avoid double courting when the
reaction consist of like particles. The N; beforethe rst two terms of equation 2.5
accourts for the multiplicit y of the nucleusi which are producedor destroyed in the
reaction. The rst two summationsrepresen changesin abundancedue to binary
reactionsaswell asa few three body reactionslike the triple- reaction. The last two
summationsdescribe decay processeghat will respectively create, or destroy nuclei
of type i. Equation 2.5 for eat nucleusincluded in the network make up a set of
coupledordinary di erential equations.

The nuclear physicsin Equation 2.5 is cortained inside the reaction rate h i.
When available, measuredreaction rates are used, however many of the reactions
involved have not been measuredtherefore one must rely on model calculations of
theseunknown reaction rates. Thesereaction rates are largely estimatedby assuming
that the reaction proceedsthrough a compound nuclear (CN) intermediate state. We
break reaction rates into two parts, \resonant”, for which the CN state widths and
level spacingis much greaterthan k,T and the CN widths are all lessthan the level

spacing,and non-resonan for which this condition doesnot hold. The sum of these
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makes up the astrophysical reaction rate. For both cases,GAMBLER calculations
employ standard reaction rate libraries that are widely available. Details of these

rates are given in the following two sections.

2.2.1 Non-Resonan t Reaction Rates

Non-Resonah rates were calculated using SMOKER [6], and more recerly using
NON-SMOKER [7]. Both are statistical model calculations basedon the Hauser-
Festbach formalism. Reactions of the type (n; ), (n;p), (n; ), (p; ), (p; ), and
( ; ) are computed, along with their inversereactions. Reactionsof particles with
charge higher than two are not consideredto be important becausethe Coulomb
barrier strongly reducesthe chance of direct nuclear reactions at the astrophysical
temperatures under consideration.For statistical model calculations, the key inputs
are -transmissioncoe cien ts, particle transmissioncoe cien ts, the level density of
excited states, and the mass.In this formalism the crosssectionis given by:

=(k2) X
(2J; +1)(23; + 1) 5

T (E;J; B iy )T (ESd SEwidmt m)
Ttot(E;J; )

(Eij) (ZJ + l)

(2.6)

where represets the crosssection for the reactioni (j; oom from the target
state i to the excited state m . T represets the transmissioncoe cient, In this
expressiork? is the wave number for the incoming channelwherekif = 2 i Ej =2 for
massi\e particleswhereE; is the certer of massenergyand j isthe reducedmass,J
represets the spin,and E correspndsto the excitation energywith  beingthe parity
of the intermediate compound nuclear state formed in the reactions. Ty, = T,

represets the total transmissionsummedover all channels.The astrophysical cross
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section s then given by

@3, + Dol E=kT) (&)

@3, + Dexp{ E, =T ) @7)

(Ej) =

whereky is the Boltzmann constart and T is the temperature of the astrophysical
plasma.The summationsare over the , the initial states,and , the nal states.The
astrophysical reaction rate is then calculatedby integrating the crosssectionover the
Maxwell-Boltzmann velocity distribution which represets the thermal motion of the

nuclei within the astrophysical environment.

E

Using this expressionfor the stellar crosssection, the reversereaction rate can be
calculatedby usingdetailed balance.The reverseastrophysical reactionrate is de ned

as:

AA P23+ 1)@+ 1)

Nahim 1= RAn @30+ D@+ 1)
Gi(T ) ) -
ooy P( QKT INah | (2.9)

whereA; is the massof nucleii and Q is the forward reaction Q-value from the initial
ground state to the nal groundstate. G(T ) is the temperature-degendert partition

function normalizedto the ground state target spin given by

Xm

I+ DG(T) = (23 +1)e 57T
=0
Z Eimax x
+ (2 + e T (:3: H)d (2.10)
E™ g ;

where is level density and |, is the last experimertally known state.
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From Equation 2.9, onecan seethe exponertial dependenceon the Q-value, which
meansthe reactionrate dependsexponertially onthe masseskFor reactionswherethe
masshasnot beenmeasureda parameterizationof the nuclear massis used.For most
reactions of astrophysical interest this statistical model approad can give accurate

rates to within a factor of 2 [8].

2.2.2 Resonant Reaction Rates

If the level density is belov about 5{10 MeV ! in the region of the thermal peak
energydistribution and k,T is much lessthen the level spacingthen a few resonan
states can dominate the overall reaction rate. The generalform for the crosssection

cortribution dueto a singleresonances given by the Breit-Wigner formula:

2], + 1 i

®)= @ 0@ DE B (27

(2.11)

where -2 represets a geometrical crosssection, which is the maximum value the
crosssectioncan attain. J; is the spin or the resonancestate, J, and J; are the spins
of the projectile and target, ; and ; are the partial widths for decey of resonance
by emissionof initial particlesi and nal particlesj. is the total width and E, is
the resonancesnergy

The complete set of reaction rates from resonam and non-resonah calculations
and measuremets wascompiledinto a data basecalledREACLIB [6]. The REACLIB

data basecortains seen parametersfor eat reaction rates. The rate is given by:

a a
rate= expla, + 2+ 23 4 M

ot o+ aste + Aste® + aln(te)  (2.12)
t9 tg tg

where tg is the temperature in (GK) and a;{a; are t parameters.For calculating
inverserates, the input le for ead nuclei cortains its partition function asa function

of temperature. The partition function is calculated by a logarithmic interpolation.
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The REACLIB rates are then modi ed by
Q
part
rate ey = Q% ——rates o (2.13)
; part

wherethe product is taken over partition functions of all outgoing particles (o) and

incoming particles (i) for the reversereaction.

2.2.3 Screening E ects

In hot astrophysical ervironmerts the nuclei will often only be partly ionized which

a ects the astrophysical reaction rates. Screeningof the nuclear charge by electrons
can enhancethe reaction rate of the neutral or partly ionized nuclei comparedto

that of bare nuclei. The electronshave the e ect of lowering the coulonb barrier.

Therefore, models of astrophysical plasmamust take screeninge ects into accourt.

The measuredand calculated cross sectionswhich have been discussedabove are
necessarilyfor bare reactionsas screeningdependson the composition, density, and
temperature. In GAMBLER, screeninge ects are taken into accourt following the
method usedin Reference®,10by H.C.Graboslke et al. The bare reaction rates are
thereforemodi ed by:

h iscreened = FH  ipare (2.14)

wheref is the scalingfactor.

f = exp[H12(0)] (2.15)

whereH 1,(0) can be written as

1=2

H120)= Ko b b o° 0= 01188/@% 2 (2.16)
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where A represets the averagemassnumber. The value of ead of theseparameters

dependson the screeningconditions. For weak screening

b=1 kb= b= Z b= 221725 (217)

NI =

where
X X )
2= (  Z2YA+  ZiYA )F? (2.18)

where . is the electron degeneracyfactor. For intermediate screening

b= 0:860 k,= 0:380 (2.19)
hz3b 1i
b= Z3b 2,2 2 (2.20)
b= [(Zo+ Z)™P  Z,™P Z,M"] (2.21)
For strong screening
b=2=3 ky= 0624 ,=2z"3 (2.22)

b = [(Z1+ 222z, 2,9
+0:31&1B[(Z, + Z,)%B 2,4 7,49

+0:73%2 (Z1+ Z)F2 7,72 Z,58)= 2 (2.23)

The boundariesbetweenweak, intermediate and strong screeningare de ned by 1,
which is H1,(0) for weak screening.If 1, is lessthan 0.1, weak screeningis used.
If it is greaterthen 0.1 and lessthen 2 intermediate screeningis used.If it is above
5 then strong screeningis used. Between2 and 5 both strong and intermediate are
calculated and the lower of the two are used.For a detailed description of screening

e ects seereference®,10.
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2.3 Thermo dynamics in GAMBLER

The motivation for writing GAMBLER wasto better understandthe dependencyof
the rp-processon nuclear properties, howewer a reasonabledescription of the erviron-
mert in which the burning occursis necessanasthe changein abundanceasde ned
in Equation. 2.5dependsexplicitly onthe density and the astrophysical reactionrates
dependvery strongly on the temperature. In order to give a reasonabledescription of
the environmert we needto include the thermodynamical propertieslike the equation

of state of the environment and a model describingthe energytransport.

2.3.1 Equation of State (EOS)

An equation of state (EOS) relates the state variable pressure,temperature, and
density to ead other. The EOS usedin GAMBLER is taken from the web site of

Frank Timmes [11] and is comprisedof four componerts

Piot = Prad + Pion + Pele + I:)pos (2.24)
Etot = Erad + Eion + Eele + Epos (2.25)

where Py, is the scalarpressure(in ergs/cn?) and E is the speci ¢ thermal energy
(in ergs/g). The subscripts\rad”,"ion", "ele", and\p os" represen cortributions from
radiation, nuclei, electrons,and positrons.
The radiation portion is calculated assumingbladkbody radiation in local ther-
modynamic equilibrium:
aT* 3P ad

Prad = ?; Erad = (2.26)

wherea is the radiation density constart, which is related to the Stefan-Boltzmann
constart ( ) by a= 4 =cand cis the speedof light in vacuum. For the ion part the

ideal gaslaw is used:
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N 3P;
Nion = %; Pion = NionKT; Eion = 2|on;

(2.27)

wheren;q, is the number of ions per unit volume, N, is Avogadro'snumber, is the
massdensity, A is the averagenumber of nucleonsper nucleus.

For the electronsand positrons a noninteracting Fermi gasis assumedwith an
arbitrary degreeof degeneracyThe Thermodynamic potertial is the Helmholtz free
energy

F=E TS; dF= SdT+ Ezd: (2.28)

whereS is the speci ¢ ertropy (in ergs/g/K). The pressureis then given by
C
Pp= 2= 2.29
@ (2.29)

A table of Helmholtz free energy and eight of its partial derivatives are in a le.
The program has an interpolation schemeusing a bi-quintic Hermite polynomial to
determineactual valuesfrom the table. For a detailed description of the EOS and it's

interpolation shemeseeReferencel?2.

2.3.2 Energy Transp ort

During nuclearburning, energyis beinggeneratedby the nuclearreactionsand energy
is also being carried away by radiation transport, conduction and convection. The

basic equation for temperature changeis
1
= C_ nuc - (2.30)
P

where C,, is the speci ¢ heat at constart pressure, n is the energygeneratedfrom
nuclear reactions(in ergs/s/g), and F represets the ux of energyleaving the zone

(in ergs/s/icm?). The columndepthy (in g/cm?) , is usedhereinsteadof the Cartesian
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displacemen coordinate. This changeof basecomesrom the simplerelation dy = dz
were z is the Cartesian coordinate.

The ux of energycan be carried away by three forms of energytransport, ra-
diation, conduction, and corvection. This program takesinto accour radiation and
conduction while ignoring corvection, as this is a one zonemodel. The ux can be
written generallyas

F=KrT= K — (2.31)

whereT is the temperature and K is the conductivity. Hydrostatic balancewill yield
P = gywhereg GM=R?. M andR arethe neutron star massand radius. Following
Bildsten [13], we appraximate dT=dy by T=y which providesdF =dy= g>=P?K T

which alongwith Equation 2.30is written as

a_ 1 ?
G c ™ % KT (2.32)
The conductivity can be broken up with
K = Kiad + Keond (2.33)

wheretheserepresemn the conductivity from radiation and conduction. The radiative

componert is written as

16 T3 1
Krad = 2.34
rad 3 n+ i ( )

whereT isthe temperature, isthe Stefan-Boltzmannconstart, isthe massdensity,
and ; ¢ arethe opacitiesdueto Thomsonscatteringand free{freescattering. The
calculation of , opacity is outlined in Referenceld4 and ;¢ in Referencel5. The
conductivity dueto electrontransport can be written as

2nekZT
3m ( eet o t eq)

K cond = (2 . 35)
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whereng is the electronnumber density, k;, is the Boltzmann constart, m is the rela-
tivistic e ective massof an electronat the Fermi surface,and ee.ci.eq are the collision
frequenciedor electron{electron,electron{impurity, and electron{ion. Calculations of
the collision frequenciesare given in Referenced 6,17, and 18

Neutrino energylosseds not consideredn GAMBLER currertly. The interaction
of neutrinosis small can can be neglectedon the surfaceof the neutron star. The neu-

trino energyin beta decay would e ectively enhancethe cooling rate if implemerted.

2.4 Numerical Technique

Equation 2.5 described in Section 2.2 represets a highly \sti" set of ordinary dif-
ferertial equations(ODES). A set of equationsis considered\sti” when the scales
for independent variablesare very di erent. As an example,considerthe changein
abundancefrom two di erent reactions.From Equation 2.5 one can write:

dy, . In()
= Y)Y Nah Qi+ Y,
dt iTj A Lijik | j t1=2j! |

(2.36)

Here the coe cients, given by Y N ah i« and In(2)=t;=, ,, could be dierent
by 100 orders of magnitude. One has to considerthis when choosing a humerical
technique.

For GAMBLER the problem is consideredan initial value problem meaningthe
initial valuesfor all abundancesare known and a solution for the abundanceat a future
time is needed.One must approximate dY by Y, a nite step, and calculate the
abundanceat a future time by making appropriately small steps Y. This procedure

is know as Euler's methal. For a simple equation sud as:

y'= ¢y (2.37)

wherec > 0 and constart, there are two Euler methods for writing yn+1, the value of
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y after onetime step. The forward Euler method would give:

Yn+1 = Yo + hyy = (1 ch)y, (2.38)

where h is the step size.If h > 2=c this method is unstable and would lead to an
exponertial increasein jyn.+1j, to overcomesud instabilities requiresthe time steps
to be extremely small for a sti set of equationswherethe coe cient c can be very
large. One solution to this problem is to useimplicit, or badkward Euler method. In
this approad:

Yo+1 = Yo+ hyS,, = (1 + ch) 1y, (2.39)

which will remain stable even with large time step h.

The technique usedin GAMBLER for solving the set of ODEs comesfrom Bader
and Deu hard [19],and is descriked in detail in Numerical Recipesin C++ [20]. This
method is a variable-ordercalculation basedon the semi-implicit Euler methal. The

starting point is an implicit form of the midpoint rule:

Yn+l + yn 1

5 (2.40)

Yn+l Yn 1 2hf

wheref (y) is the expressiorfor the derivative given by the di erential equation.Since
there are many yields involved, f(y) is a function of the many yields that are coupled

to f by the di erential equation. This is linearized using a Taylor expansionto rst

order giving:
¢ hg Yoo = 8 hg Yo 1+ 20 F(yn) % Yo (2.41)
which can then be written as
1
Yo = Yo 1+ 2 € h% f(yn) % . (2.42)
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The rst time stepis doneusing the semi-implicit Euler step and the last time step

in this method is modi ed for \smoothing”. The last y, is replacedby

1
Yn é(yn+1 + Yn 1) (2.43)

This is implemerted in GAMBLER by using «  Yk+1 Yk, With h = H=m.

The rst semi-implicit Euler step is then given by

1
0= & h% hf (yo) (2.44)
Yi=Yot o (2.45)

Equation 2.42is then rewritten with k = 1,...,m-1, as

@ °

k= k1+t2 & h— [hf(yk) Kk 1] (2.46)
@

Yier = Ytk (2.47)

Finally the last \smoothing" step is computed

1

& h [Pf(ym)  m 4l (2.48)

@
Q

3
1

Ym=Ym*T m (2.49)

In order to achieve the necessaryaccuracy the dierential equation given by
Equation 2.36 is integrated numerically using the method of Bader and Deu hard
with a variable step size.In particular this procedureis done a variable number of
times for ead time step H by varying n, the number of sub steps, and then ex-
trapolation in a Richardsonextrapolation to the correct result with zerolength step
sizes.Figure 2.1 shaws the idea of the Richardson Extrapolation. Here the time step

from x to x + H is broken down into n sub steps. The calculation is performed for
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e 2 Step!
o4 Step:
o 6 Step:

Extrapolation to¢ Steps

n= 2468101214 :::;[n; = 2(G + 1)];::: until the accuracyof an polynomial
extrapolation to n = 1 has an uncertainty belov a user speci ed value. Once this
occursthe time step H is accepted.

Consideringequationssud as 2.44 one can de ne the matrices:

R= & h§ (2.50)

where & is the Jacobianmatrix, which is de ned as:

@
g=- = (2.51)
Q@
Then one hasto solwe a matrix equation of the form:
A = hf(y,) (2.52)
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As indicated above, the quartities y and f in the precedingequationsare vector
guartities. The quartity @=@ is thereforea matrix. This matrix represets the ow,
in nuclei per secondfrom the initial nuclearabundancesowardsthe nal abundances.
In principle all elemens of the Jacobianmatrix should be non zero as all reactions
are possible,however most reactions,sud as3?S+°0Ni are not consideredfor reasons
discussedin Section 2.2.1. Each non-zero elemen in this matrix represets some
reaction ow that must be calculated.

The non-zeroelemets in the Jacobianmatrix areshown in Figure 2.2.Onecansee
that the important rateslie closeto the diagonalcorrespndingto all capture/decay
and beta decas. This matrix is non-symmetric,asforward and reverserates are often
very di erent. The Jacobianchangeswith time basedon the reaction rates used.For
thesecalculationsthe Jacobianis 98.4%sparse,i.e 98.4%o0f the matrix elemens can
be neglected.This gure shows the highly sparse686 by 686 matrix. To increase
numerical stability the nal 3 elemeits are n,p, . With this exception,the elemens
of the matrix beginwith low massin the top left cornerand incresedown and left.

GAMBLER usesa math padage called UMFPACK [21] to perform the matrix
solving of Equations 2.44,2.46,and 2.48. This is a special padkage of math routines
speci cally written to solwe equationsof the form givenin Equation 2.52. This math
padkage usesthe Unisymmetric Multi-F rontal method and direct sparselLU factor-

ization [22].

2.4.1 Time Step Calculation

Oncea step hasbeenperformed GAMBLER computesa guessfor the optimum time
stepto try next. This is done by consideringthe time required to corverge after an
appropriate number of n sub step attempts. If the initial step sizeit too large it will
require too many sub steps, which increasesthe computation time. If the program
estimatesthe number of sub stepswill be excessie it will re-scaleH to a smaller

value and start over. If the value for H is chosento be too small ead step H will
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Jacobian Matrix Used in GAMBLER
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Figure 2.2: The Jacobianmatrix @=@ usedin GAMBLER
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convergequickly but the total calculation requiresexcessie stepsH to completethe
calculation. This is why the next time stepH is recomputedafter eat acceptedtime
step. When reaction rates are low, very large time stepscan be performed without
any accuracyproblems.When the temperature increasesand reactionsrates become
large, the time step must be smaller.

Oncethe abundancestep hasbeencompletedand the calculation of the next step
sizeis determined, GAMBLER calculatesexplicitly the temperature changebasedon
the Equation 2.32. The thermal time-scale,which is de ned to be the time required

to readh zerotemperature or to double the temperature, is computed by:
T
tinerm = —  taid (2.53)

wheretgq is the last time step size.If the next time step Hyy is greater then 1% of
the thermal time scale,the program replacesH y by 0:01ter m.

Figure 2.3 demonstratesthe variable time stepping.In the top gure the thermal
pro le of a X-ray burst calculation is shavn. In the lower gure the time step (H)
takenis shavn asa function of burst time. One can seethe step sizebecomesmall at
the ignition and then againwhenthere are signi cant changesin the thermal pro le.
During ignition, the step size can be as small as a millisecond. Towards the end of

the burst, whenit is cooling, the step sizeis of the order of 10's of seconds.

2.5 Inputs for GAMBLER

In order to model the rp-processa network of 686 nuclei from neutrons and protons
up to Xenonwas used.

Figure 2.4 shows a chart of the nuclei for all nuclei included in the calculations.
One can seethat for eat elemen isotopesfrom stability to the proton drip line are

included. There are 7635 nuclear reactions that link these nuclei together. For all
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Figure 2.3: Demonstration of the variable time steppingusedin GAMBLER

casesstudied the local gravity wastakento be 1:9 10 dyne/g. The column depth
is given for eat condition and is held xed during the burst. The column depth is
on the order of 2 10 g/cm3. The pressureis calculated from this and held xed
during the burst. The pressureis on the order of 5 10?2 ergs/cn?. The density is

varying during the burst but is typically on the order 10°{10® g/cm?.

2.6 Burst Conditions

A one zonemodel can be usedto study the in uence of key nuclear physicsinputs
upon the burst characteristics; howewer it can not accurately predict the conditions
for which bursts can occur on the surface of neutron stars. For this a 1-D model
is used. The key parameterin 1-D modelsis the accretionrate. The accretion rate

will determine how much material builds up on the surfacebefore ignition occurs,
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and how long this takes. Solving a 1-D model provides valuesfor the temperature,
column depth, and initial abundancesat the time of ignition. As massbuilds up on
the surface,hydrogenburning will occur and the amourt of hydrogenburned before
ignition will determinehow many of the heavier elemerts are formed. This a ects the
thermal pro le of the burst.

In this dissertation we usedthe ignition conditions given by Cummingsand Bild-
sten[23]. The ignition of the rp-processhasically occurswhen heating from the triple
alpha reaction exceedscooling from radiation and conduction. The triple alpha re-
action rate usedin GAMBLER diers from that usedin Cumming and Bildsten,
thereforeto simulate a burst with identical ignition conditions, sud asthe metallic-
ity, density, and column depth, GAMBLER requiresa higher pre-burst temperature.
This shouldnot a ect the resultsof the burst asits temperature will rise very quickly
to something greater than a billion degrees.This increaseoccurs before any sub-
stantial changeto any of the abundancescan occur. To test this, one set of ignition
conditions was used for se\eral di erent pre-burst temperatures. All of them were
large enoughto initiate ignition. Figure 2.5 shows the temperature pro le for eat of
theseburns.

From this gure one can seethat the maximum temperature and generalshape
are not e ected by the initial temperature, the only e ect is a shift of a few seconds
in the ignition time. To verify this the time axisis shifted to align the thermal pro les
of all three bursts. This is shavn in Figure 2.6. As one can seehere, the curvesare
indistinguishable. Even zoomedin to the rst 10 secondshe overlap is perfect.

The conditions for ignition depend on the local mass accretion rate. The ra-
tio of this accretion rate over the Eddingtion local massaccretion rate m=meqyq IS
usedto de ne di erent ignition conditions. The Eddingtion local massaccretionrate
Meqa=8.8 10° gcm 2s !, isequivalert to a globalrate Megq=1.7 10 8M yr ! when
integrated over the stellar surface. GAMBLER was run with four di erent ignition

conditions correspnding to four di erent accretionrates. Table 2.1 givesthe initial
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Figure 2.5: Temperature during an X-ray burst for three di erent initial temperatures
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Table 2.1: The ignition conditions usedby GAMBLER

M=Medd Zcno X Y T y
(1*K) (10®gcm 2) (10°gcm 3)
0.01 0.005 0.01 0985 1.73 2.05 1.16
0.03 0.005 0.31 0.685 1.86 2.35 0.94
0.10 0.005 0.57 0.425 2.05 2.70 0.84
0.30 0.005 0.67 0.325 2.24 2.62 0.76

conditions provided in Ref. 23. Givenin this table is the accretionrate asde ned by
M=Meqq, the massfraction of CNO elemerts (Zcno), the massfraction of hydrogen
(X), the massfraction of helium (Y), the temperature, the column depth, and the

density at the time of ignition.

2.7 Results from GAMBLER

The goal of this project was to study the nuclear physics inputs which are impor-
tant in the region of ®*Ge. We therefore look more closelyat the results from these
calculations. For all calculations performed, a minimum accuracyof 1 10 ° was
required. This meansthat the uncertainly in the abundanceof ewvery nucleus, after
extrapolation to in nite sub step number, waslessthan 1 10 ° of the current abun-
dance. This is true for all nuclei with abundancesabove 1 10 °. For nuclei with
abundancesbelov 1 10 8, this requiresthe uncertairty in the abundanceto be less
than 1 10 L. Higher accuracieswere not required for sud low abundancesbecause
one is not concernedabout the uncertainties in abundancesthat are 10{30 orders
of magnitude below the most abundart nuclei. With this accuracystipulated, bursts
were calculated for the ignition conditions givenin Table 2.1. For all of thesecalcu-
lations the total number of steps(H) taken was around 350{600. Thesecalculations
were done on a dual processorintel madine running Linux. The computation time
was between 15{20 minutes for ead X-ray burst calculation.

Figure 2.7 shaws the temperature pro le for bursts assumingthe massaccretion
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Figure 2.7: Temperature pro le of X-Ray burst for di erent massaccretion

and ignition conditions given in Table 2.1. The ignition time has beenlined up for
all bursts as discussedin the preceding section. One can seethat the duration of
the burst and its generalshape are determined by the initial composition, which is
dictated by the massaccretionrate. The rise time is slover and the burst extendsto
longer times for large hydrogen abundancescharacteristic of high accretionrates. A
description of eat of thesebursts follows.

As stated earlier, the massaccretionwill determinethe composition and ignition
conditions before the burst, sowe shall look rst at the lowest massaccretionrate.
For an accretionrate m=meqq = 0:01, CNO burning cornverts almost all the hydrogen
is corverted into helium before ignition, leaving only 1% hydrogen at the time of
ignition.

Figure 2.8 shows this burst. The top graph is the temperature as a function of

time. Below this is a plot of the massfraction of the most abundart nuclei during the
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Figure 2.8: Burst description for an accretionrate m=meqq = 0:01

burst. From this we can seethe hydrogen fuel is usedup almost immediately. The
burst proceedsfrom the hot CNO cycle to more massie nuclei via the p-process
descrited in Section 1.3. Large abundancesof 39-32S and 3*3¢Ar occur within the
rst second,followed by the dominart production of “°Ca. For this burst the peak
temperatureis about 1.6 GK. This temperature is achieved in lessthan 1 secondafter
ignition. The star rapidly cools for about 10 seconds,and then more slowly for an
additional minute. At this low massaccretion rate we seethat the rp-processdoes
not really play an important role asthe fuel runs out beforethe rp-processnuclei are
made.

Figure 2.9 shaws a burst with a slightly higher accretionrate of m=meqq = 0:03.
At this accretionrate the initial composition cortains 31 % hydrogen.From the gure
onecanseethat the initial distrobution is similar to that for the lower accreationrate

of 0.01.Howeer, with the higher accretionrate, there is still hydrogenfuel remaining
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Figure 2.10: Burst description for m=megq = 0:10

after the p-processcompletes,and one obsenes an rp-processthat ends at *°Ni.
The burst peaks5 secondsafter ignition with a peak temperature of 1.6 GK. The
rp-processusesall the hydrogen fuel in about 6-7 secondsyfesulting in most of the
masscorverted to *°Ni. Very little of the ®®Ni is burned in the rp-processto make
heavier nuclei.

Figure 2.10shows a burst with an even higher accretionrate of m=meggyq = 0:10. At
this accretionrate the initial composition of hydrogenis 57%. Like the calculations
with the lower accretion rates, the early stagesare dominated by the p-process.
Then the rp-processoccursthat processesnaterial through *°Ni. Howeer, there is
still hydrogenremaining at this accretionrate, which causeghe *¢Ni to be corverted
quickly into ®*Ge after a few secondsof additional burning. The hydrogen fuel runs
out after a burn of 20-25seconds.The burst cools in about 30 secondsAt the time

the hydrogenis consumedmost of the massis corverted to 54Ge. The half life of ®*Ge
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Figure 2.11:Burst description for m=meggq = 0:30

is about 64 secondsAfter sometime beta decg corverts this %4Ge into %4Zn.

The largest massaccretion rate we simulated was m=meqq = 0:30, which is still
only 30% of the Eddington rate. Hereoneobsenessomeinteresting things. The burst
beginslike all the otherswith an p-processfollowed by the rp-processrapidly up to
64Ge. At this point, howewer, the hydrogen fuel is not usedup. The burst cortinues
for seweral hundred secondsand after about 60 secondsgcorrespnding to one half-life
of ®4Ge, the abundancehas shifted to ®Se as shovn at the bottom of Figure 2.11.
After about 1000secondshe distribution peaksat ®Ge and there is somesigni cant
yield of "2Sefrom the deca of "?Kr. Someproduction of nuclei with massesip to 82Zr
occurs, but this yield is very small. There is still a fraction of hydrogen remaining
after the burst.

Why doesthe hydrogenburning not cortinue?This can be understood by looking
at the blue curve addedto the top panelof this gure which showsthe nuclearenergy

generation as a function of time. There are large bursts of energy during the p-

43



Table 2.2: Half-livesfor waiting point nuclei

Nuclei | Half-Life (Sec)
®4Ge 63.7
%8Se 35.5
2Kr 17.2

processand during the rp-processas it burns nuclei up to ®Ge. Then the nuclear
energy generationgoesway down, becausemuch of the massis sitting at the %Ge
waiting point. Then, after beta deca of %4Ge, nuclei are burned up to the 88Sewaiting
point. If somenucleiburn past®Sethe burning cortinuesup to the "2Kr waiting point.
This demonstratesthat there is enoughhydrogen fuel for the burst to cortinue well
beyond the %4Ge, 58Sg and "?Kr waiting points, if the time spert at these waiting
points were shorter. Given the time spent at thesewaiting points, it is necessaryto
investigate the various nuclear physicsaspects which play a role in this massregion,

and how accuratedata can changeour predictions for the rp-process.

2.8 Key Nuclear Physics

From the last section, one can obsene that bursts can occur at su ciently high
accretionrates, which terminate with unburned hydrogen. This is due to the waiting
point nuclei %*Ge, %8Se,and ?Kr. The half-livesof thesenuclei are givenin Table 2.2.

From this table one can seethat %Ge has the longest half-life. As it is also the
lowest massof the 3 waiting points it is the mostimportant oneto study.

There are two ways to go beyond ®“Ge, the rst is to beta decay producing #*Ga.
The secondway is by proton capture via the %*Ge(p; )®°As reaction. The resulting
®SAs can beta deca to °Ge or capture a proton via the °As(p; )®¢Sereaction, and
then beta deca to %°As.

We calculatethe %*Ge(p; )%°As reactionrate assumingit proceedsthrough 3 nar-
row resonancesn %°As that have beenobsened in the mirror nucleus, ®°Ge [24].

We calculate the ®As(p; )®®Se reaction rate assumingthat it proceedsthrough 3
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Figure 2.12: Abundancesof nuclei in the ®*Ge region

narrow resonanceshat have beenobsened in the mirror nucleus,®Ge. The photo-
disintegration reaction rate, into %°As or %4Ge is calculated using detailed balance.f
both the forward and badkwards rates are su cien tly high, then nuclear statistical
equilibrium will occur between®As and %4Ge, or %¢Seand %°As. Under these condi-
tions there will be an equilibrium abundancethat dependsstrongly on the Q-value
of the (p; ) reaction rate.

If equilibrium is not achieved the Q-value still strongly governsthe time spent at
the waiting point. The key property for understandingthe o w through ®*Getherefore
is the Q-value of the ®*Ge(p; )®°As reaction. Of lesserimportance s the structure of
66Se,or its mirror ®6Ge. The Q-valueis just the di erence in mass;thus measuremets
of the relevant massesare critical. Recerly the massof 8*Ge was measuredto be

M = 54343 30keV [25]. The massof °As hasnewer beenmeasured.The mass
of ®Asisgivenas M = 46981 302KeV in the atomic massewaluation table of

2003[26]. Combining theseresults, the Q-value should be -73keV  303keV.
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Figure 2.13: Ratio of the %*Ge(p; )%°As to the ®°As( ;p)®*Ge rate as a function of
the Q-value

Figure 2.13shows the ratio of ®*Ge(p; )%°As to the %°As( ; p)®*Ge rate asa func-
tion of the Q-value within this currernt uncertainty for the Q-value. From this we
seethe ratio, which de nes the abundanceof ®°As, can vary by up to seen orders
of magnitude. To look at this e ect the calculation was done again for an accretion
rate of m=meqq = 0:30, where nothing is changedin the network other than the
®SAs( ; p)®*Ge reaction rate by changingthe Q-valueto the minimum and maximum
value within the current error bars. The results of this are shovn in Figure 2.14and
Figure 2.15. Figure 2.14is a plot of the temperature as a function of time for ead
of thesecasesThe solid black line represets the casewherethe Q-valueis the mini-
mum and the dashedline expresseshe casewherethe Q-valueis the maximum (The
beginningis exactly the sameas this is wherethe burning is below 5*Ge). There are
clear distinctions between these two calculations later in the burst. Once burning
passes*Ge the higher Q-value calculations de nes a higher burst temperature and

then eventually cools about 100 secondsearlier than the lower Q-value calculation.
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Figure 2.14: Temperature pro le for burst with di erent extreme ®As( ;p)%4Ge re-
action rates from the Q-value

Figure 2.15shaws the massfraction of the waiting point nuclei. The top gure is
for the casewherethe Q-value is a minimum and the lower gure is for the largest
possibleQ-value within the current uncertainty. From this we can seethe abundance
of ®5As is about 3 ordersof magnitude larger in the caseof maximum Q-value which
causeghe abundanceto go very quickly past %*Ge up to ®8Se In the top gure there
is appraximately 100 secondsbetweenthe time when 4Ge peaksin abundanceuntil
%8Sepeaks.For the lower gure with high Q-valuethis occursin only 10 secondsThe
overall abundancepattern is not signi cantly changedfrom this alone as there are
still potential waiting points at ®8Seand "?Kr. It should be noted that the massesof
%Br and °Ru are also very uncertain. If the massof %°As is measuredand results
in a Q-value that is on the larger end, then measuremets of theseother massewwill
becomecritical. But if the Q-value is closerto the lower end then this will always
stall the energygenerationand limit the production of heavier elemelts, regardless
of the availability of fuel.

A study wasdoneby Brown et.al [27],in which the in uence of the proton separa-
tion energieswere calculatedfor ead of the key waiting point nuclei. This was done

using maximal and minimal massmodel predictions in addition to new calculations
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Figure 2.15: Mass fraction of waiting point nuclei for two extreme %°As( ;p)%4Ge
reaction rates

of the separationenergy The conclusionsof their work is similar to this asthey also
point to the needfor massmeasuremets in the rangeof A = 64 74 on the rp-
processpath. There are di erences in the burst characteristics between GAMBLER

and the work of Reference27, the burning occursall the way up to the SnSbTe cycle
whereasthe GAMBLER calculationssuggestthat the star cools and preverts all the
fuel from being consumed|t is not clearwhy thesetwo calculatedresultsdi er. More
detailed investigationsof the di erences betweenthe cooling in both programswould

be required to better understandthis.

2.9 Conclusions

Using a 1-zonemodel which incorporates a large nuclear network, it is shavn that
for a massaccretion rate of m=meqq = 0:01 or higher there will be nuclear burning

up to %Ge. How far beyond this dependscritically on nuclear physics inputs. The
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most critical of theseis the massof °As and the recerly measuredmassof %*Ge.
It is alsoshown that production to heaver rp-processnuclei is not determined solely
by the abundanceof hydrogen. Indeed, the burst will stall at the 54Ge waiting point
regardlessof the amourt of hydrogenfuel remaining if the Q-value for 54Ge(p; )%°As
issu cien tly negative. If the Q-valueis onthe high sideof the currerntly allowedrange,
burning through %°As can proceedan order morerapidly and the network canproceed
to %8Sewherethe massof unbound °Br will becomecritical. Other properties, su
aslevelsin %Sg could play a role in theselatter processedecausenuclear statistical
equilibrium is not attained betweentheseabundancesln this casethe reaction rate
for 8°As(p; )%0Se could speed up the processfrom %°As to %8Se The temperature
pro le and the luminosity alsodepend on the Q-value for proton capture on ®*Ge and
the correspnding massof 6°As. In summarythere are arangeof accretionrateswhere
a measuremen of the massof ®As can be critical to understandingX-ray bursts on

the surfaceof accreting neutron stars.
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Chapter 3

Exp erimen tal Design

3.1 Intro duction

It was shawvn in Chapter 2 that the rp-processbeyond *Ni will be a ected by the
masse®f 4Ge and %°As, and possibly by their energylevelswhennot in equilibrium.
An experimertal program is therefore necessaryto measurethese important prop-
erties. This will reducethe uncertainty in network calculationsand achieve a better
understanding of the rp-processoccurring on the surfaceof neutron stars in binary
systems.

There are seeral methods to measurenuclear massesand energylevels for these
nuclei. It is important to determine which method will give the necessaryesolution
to addressthe nucleosyrhesis problemsof Chapter 2.

The temperature on the surfaceof a neutron star during the rp-processX-ray burst
wascalculatedto be between0.3{1.6 GK, which translatesto a thermal kinetic energy
of 25{137keV. The photo-disintegration reactionrate is proportional to exp(Q=Kk,T);
the required Q-value resolution will be on the order of k,T. If onerecallsFigure 2.13
in Chapter 2, an uncertainty in the Q-value of 25 keV would reducea 7 order of
magnitude uncertainty in the reaction rate down to about a factor of 2{3 uncertainty.

The goalis thereforeto measurethe massof °As and ®4Ge to 25 keV. For resonart
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state information the required accuracyin Q is not that easyto characterizebecause
the location of the Gamowv window, and the width of the Gamow peak is rather
broad. It is newerthelessimportant to determine the existenceof states within the
Gamow window. The massof ®“Ge hasrecerilly beenmeasuredusing the Canadian
Penning Trap (CPT) [25], howewer at this time the results have not beenpublished.
The unpublished results suggesta nal measuredmassvalue accuracyof 40 keV.

We will alsomeasure®*Ge, alongwith ®°As as part of our measuremen program.

3.2 Choice of measurement technique

There are seeral di erent techniques for measuring nuclear masses,ead with its
advantagesand disadwantages.The techniquescan be divided into two categoriesdi-
rect and indirect methods. Direct methods imply the massis the measuredquartit y.
(However, all methods are somewhatindirect as they rely on calibrations.) Indirect
methods are those where the massis calculated from measuremets of other quarti-

ties. Someexamplesare given below that clarify thesedistinctions. .

3.2.1 Direct Metho ds

Time of ight techniques have been widely usedin the past for measuremen of
ground state masses[28,29]. This is a direct method in which one measuresthe
time, distance,and energyand then calculatesthe mass.It hasbeenperformedusing
cyclotrons [30], massspectrometers[31], and storagerings [32]. The resolution one
can adhieve by time of ight is usually limited by the ight path. Typically one can
obtain resolutionson the order of 100'sof keV. This resolutionis thereforeunsuitable
for massmeasuremets relevant to the rp-process.

Penningtraps are very powerful tools for precisionmassmeasuremen They pro-
vide direct measuremets of the massand are capable of massresolution of about

10 keV [33,34]. These measuremets are typically quick and fairly straightforward.
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This is probably the best currertly explored technique for measuringthe mass.In
order to achieve the optimum resolutiona trappedion must be excited for a su cien t
amourt of time beforeextraction. This conmbined with the time requiredto produce
the rare isotope and capture within the trap make massmeasuremets of short lived
nuclei di cult. Penningtrap measuremets are also limited to ground state or long
lived isomeric states. Information about short lived excited states is not accessible

using this method.

3.2.2 Indirect Metho ds

The beta endpoint technique is an indirect method. In this technique, one measures
the beta deca energyspectrum from a beta unstable nucleusand extrapolates the
beta spectrum to the beta endpoint where the neutrino is at zero energy[35]. This
gives a measureof the Q value of the reaction that is directly related to the mass
di erence betweenthe parert and the daugher nucleus.The main di cult y with this
technique is determination the endpoint of the spectrum. For the speci c casesof
64Ge and %°As this requires production of, and implantation of, these nuclei into a
detector system.Typically onemay hopeto achieve a massresolutionof about 50 keV
for beta endpoint measuremets.

Transfer reactionsare another indirect measuremen Here again, the Q-value of
a reaction is measured from which onecan calculate the massof the nucleusof inter-
est, provided the nuclear other particles involved in the reaction have well measured
massesTransferreactionscan have large crosssectionssuitable for measuremets at
low beamintensities. The useof hydrogenand deuterium targets can allow high reso-
lution measuremets of reactionssud as(p,d), (p,t), and (d,p) in inversekinematics.
For example,one can bombard a hydrogentarget with a neutron de cient ®’As rare
isotope beamand usethe (p,d) or (p,t) reactionto producethe more exotic °As or

65As nuclei and measuretheir masses.
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Figure 3.1: Lab Vs. Certer of MassAngle

3.2.3 Using (p,d) in Inverse Kinematics

The (p,d) reactionin inversekinematicsis well suited for fragmertation facilities sut
asthe NSCL. Historically reactionsof the type (p,d) were performedwith a proton
beamimpinging on a heavy target. The target nucleuswould then transfer a neutron
to the proton to form a deuteron.In inversekinematics, a heary beamimpingeson a
proton target. In the certer of mass,the reactionis the samehowe\er, the kinematics
are quite di erent.

Figure 3.1 shows the certer of massangle ., versethe lab angle 5, for a
deuteron from the reaction ®6As(p,d)®°As in inversekinematics with a beam energy
of 60 MeV/u . As one can see,there is a maximum lab angle around 40 degrees At
smaller lab anglesthere are two di erent anglesfor eat certer of massangle. This
can be understood by looking at a velocity diagram for the deuteron.

Figure 3.2 shaws this view for the velocity of the deuteron. The circle represets
the velocities of the deuteron correspnding with energyin the certer of mass.The
velocity of the certer of massis represeted by the certer of massvelocity vector.
With beamenergiesaround 60 MeV/u the velocity of the deuteronin the lab frameis
always at forward angles.This can be understood by summingthe deuteron velocity

vector in the certer of massand the certer of massvelocity vector. One can also
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Figure 3.2: Lab frame kinematics

understandwhy there will be two di erent deuteronenergiesat a singleanglein the
lab. One comesfrom emissionto forward anglesin the certer of massframe, and the
other from emissionto backward anglesin the certer of massframe.

The crosssectionin the lab is also quite di erent in inversekinematics. A com-
parisonbetweenthe crosssectionfor the °Ge(p,d)**Ge reactionin the certer of mass
frame andits valuein the lab frameis shavn in Figure 3.3. The top graphis the cross
sectionin the certer of massframe. It decreasesapidly with certer of massangle.
The lower graph s the correspnding crosssectionin the lab frame. The crosssection
is almost constart at small certer of massangles.The solid line represets the the
anglesbetween0{90 in the certer of mass,and the dashed-dottedline represets the
anglesbetween90{180in the certer or mass.

Figure 3.4 shows the deuteron energyin the lab frame versusthe lab angle in
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degrees.The low energy deuteronsare from the small valuesof ., anglesin the
certer of masswherethe crosssectionis largest. The very high energydeuteronsare
emitted at large angles ., in the certer of massframe.

In order to calculate the massusing a (p,d) reaction one implemerts the conser-
vation of energyand conseration of momertum. Considera binary reaction of the

form A+ p! B + d, then onecan write:
Pl + PL=Pg+ P} (3.1)

where

. 1
Po=(EpPp) (3.2)
is the 4-vector momertum. SolvingP; P' for M2 will result in:
Mg = MZ+MZ+ MG+

q q
2 EaM, EgM, EaxMg+ E2 M2 E2+M2cos  (3.3)

whereM,, My, Mg, and My represen the masseof A, p, B, and d respectively. Ea,
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and Eq4 are the energiesof A and d respectively. The angle is the anglebetweenPa
and Py in the laboratory referenceframe. From this one can seethe quartities that
must be measuredin order to calculate the massof B are the energiesof the beam

particle A and the deuterond and the angle( ) betweenthe beamand deuteron.

3.3 Beam Characteristics

The experimerts will take place at the National Superconducting Cyclotron Lab-
oratory, which is a fast fragmertation facility. Secondarybeamsare produced by
fragmerntation of fast stable beamsimpinging on a beryllium target. The A1900frag-
mert separatoris usedto separatethe beam of interest from other fragmerts. The
A1900is not capableof producing a pure beam of %6As or %°Ge.

Figure 3.5is a LISE++ Monte Carlo simulation of the fragmertation beam pro-
duced from the A1900 [36]. This comesfrom fragmenation of "®Kr at 140 MeV/u
impinging on a 768 mg/cm? beryllium production target. There is a 170 mg/cm?
aluminum degraderat the dispersive intermediate image of the A1900. Both 6As
and ®°Ge are producedin addition to many lower massfragmerts that have the same
magnetic rigidity as the ®°As within the momentum acceptanceof 0.5% de ned by
slits at the dispersive intermediate image of the A1900. The additional lower mass
nuclei can help in the measuremenof ®As and %4Ge asthey will sere as calibration
nuclei, reducing systematice ects.

Beyond the A1900fragmert separatorthe beamis transported to the S800spec-
trometer. There are two modes of operating the S800ion optics system, focusedor
dispersion matched. In focusedmode the beamis transmitted to the target position
with a focus at this location. The beam on target should be an image of the beam
at the entrance to the S800.This allows the full momertum acceptanceof the A1900
to be transmitted to the target position. In dispersion matching mode, the focusis

at the focal plane of the S800instead of the target. At the target position the beam
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Figure 3.5: DE vs. TOF histogram shaving simulated fragmertation beamsfor ¢6As
and %°Ge

is dispersedin the vertical direction basedsolely on the the particle momerium. The
dispersion at the target position is 10 cm/%dp/p i.e. two beam particles with mo-
mertum di erences of 0.5%would be physically separatedat the target by 5 cm. The
beamlineis limited to 0.5%momertum acceptanceA measureof the vertical position
of the beam particle at the target position would then translate to a measureof the

momertum and henceenergyof the particle.

3.4 Exp erimen tal Resolution

A Monte Carlo simulation of the experimert wasdonein C++ using ROOT random
number generators.The output was recordedin a root le which can be analyzed
using the ROOT analysispadkage.

The program determineshow many ewerts to generatebasedon two input les.
One le contains the di erential crosssectionin the lab frame, the other is the angular

distribution of chargedparticle detectorsaround the target, usedfor collection of the

58



deuterons.The crosssectionis calculatedusinga DWBA program. The crosssection
and angular coverageare then folded together to produce a probability distribution

for outgoing deuterons.The particle beamrate and beamtime are given as inputs,
as well as the target thickness.All of this is usedto determine how many reactions
will occur and how many will be detectedin our system.The simulations takesinto
accourt interactions in the target, the position and energy resolution of the HIRA

detector, which is usedto measurethe deuteron, and the properties of two micro

channel plate detectorsusedto measurethe beam characteristics.

3.41 Beam Energy E ects

In focusedmode one can accept more beam, up to 1.3% basedon particle ID con-
straints in the S800focal plane. In order to measurethe beam energyin this mode
one must rely on timing information. The uncertainty in energyfrom timing can be
estimated classicallyby E = (1=2)M V2, sothe uncertaity E=E = 2 V=V. The
uncertainty in V comesfrom the uncertainty in ight time, and ight path. Estimat-
ing the ight path variations involves optics calculationsand a good measureof the
trajectory of ead ion. If oneignoresthis and calculatesan uncertainty assuminga
timing resolution of 600 ps for the MCP and 200 ps for the plastic, the energyreso-
lution is 0.54%,which will cortribute 71 keV to the FWHM of a masspeak. As this
estimate ignoresthe e ects from the ight path, it only represets a lower limit on
the resolution.

In dispersionmatching modethe energyis measuredoy relating the position at the
target to momertum. Thereforea measureof the vertical position of the ion will give
onethe energy The uncertainty in energyfrom this method can be estimated based
on the dispersion matching of 10 cm/%dp/p which correspndsto 5 cm/%dE/E. A
measureof the position to 1 mm would give 0.02%in energy This would cortribute
lessthen 10 keV to the FWHM of the masspeak.

A systematicshift of 1 mm on the position measuremenwill only shift the mass
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peakby 2.5 keV due to the shift in beam energycalculated.

3.4.2 Target E ects

The target nuclei we are using is hydrogen. We have 2 choicesfor the target, the
rst is somesort of plastic target, sud as polyethylene, which is readily available in
many di erent thickness.The disadwantage of plastic is the cortamination of carbon.
Polyethyleneis only 1=7 hydrogenby mass.The alternative is to usepure hydrogenin
the solid, liquid, or gasform. Gaswill not work asthe e ectiv e thicknessis too small,
even with an extendedlength target. Liquid and solid hydrogen can work, however
they must be cooled usingliquid helium. It is alsodi cult to producea solid or liquid
target that is thin enoughand uniform enoughin thickness.If one hasenrance and
exit foil then onehasto dealwith cortamination again. It was decidedthe technical
di culties of producing a thin windowless uniform solid hydrogen target was not
feasiblefor the purpose here. We will therefore look into the e ects on resolution
from the polyethylene target.

The target thicknessa ects the resolutionin seeral ways, the rst over all statis-
tics. A thicker target generatemore reactionsgiving more statistics. Thicker targets
can have adverse e ects on the resolution in seweral ways. When the heary beam
particle hits the target it will travel somedistanceinto the target beforeinteracting
with a proton, causinga (p,d) reaction. The beam particle will looseenergyprior to
the reaction. The generateddeuteronwill then transversethe rest of the way out with
somenewangle.There are potertially 4 e ects to considerwithin the target. The rst
two are the changein energyand angle of the incoming particle before interaction,
the other two are the energyand angle of the deuteron after interaction.

The energylossof a chargedparticle traveling through a medium is characterized

by the Bethe formula given by

E 4 2 2mqVv? 2
dE _ e“zNZIn oV v

dx ~ mov2 I 2 (3.4)

YN
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wheredE=dx represets the speci c energyloss,v is the velocity of the beam,z is the
charge of the beam particle, N is the number density of the target, Z is the atomic
number of the target, mq is the rest massof an electron, e is the chargeof the electron,
and | represets the averageexcitation and ionization potertial of the target.

The averageenergylossin Equation 3.4is dueto interactionswith electronsin the
target. This is treated as a statistical process,thereforethe energylossdistribution
can also be calculated. It will have somestatistical distribution in energy which is
called the energy loss straggling. This is typically given in terms of the standard
deviation, sigma, of a Gaussiandistribution peaked at the expectedenergyloss.The
interactions in the target can also causethe trajectory of the particle to vary, which
is called angular straggling.

To give somesensedor thesee ects we note that the energylossof a60MeV/u ®As
nuclei in a CH, target of thickness1 mg/cm? is about 11.8 MeV, with a straggling
width of 273keV. The interaction depth in the target is random, thereforethe energy
lossdueto the variation in the interaction depth will provide the main cortribution to
the uncertainty in energy and the cortribution from energylossstragglingwill not be
signi cant in comparison.The angular straggling of the beamis only 0.22mrad and as
we seelater, this angular stragglingwill not signi cantly cortribute to the resolution.
Thereforein the simulation, the energylossof the beam patrticle is considered,but
the energyand angular straggling are ignored.

The outgoing deuteron of interest for massmeasuremets will have an energybe-
tween 14{21 MeV. The energylossin the sameCH, target of thickness1 mg/cm?
will be 64 keV with a straggling of 8 keV. The angular straggling is 1.9 mrad. The
pitch of silicon strip detectorsin the HIRA telescoms de ne the detector angular
resolutionfor the deuteron.With HiRA 50 cm away from the target, this correspnds
to a standard deviation angular uncertainty in the detection angleof 1 mrad. Angu-
lar straggling is comparableto this cortribution in angular uncertainty. When one

considersthe position measuremets at the target and upstreamfrom the target, one
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nds the total angular resolutionis between3.2{4.8 mrad.

Figure 3.6 demonstratesthe e ect the target thicknesshason the massresolution.
Shawvn hereis the massspectrum simulated with all numbersmeasuredperfectly. The
only e ect consideredhereis the nite thicknessof the target. The statistics increases
linearly with target thickness howeer the width increasesimultaneously Shavn here
arethe resultsfor thicknesse®f 0.5, 1.0, and 1.5 mg/cm?. Table 3.1 givesthe value of
the FWHM and the uncertainty in the certroid for ead target thicknessconsidered.

The actual simulations randomly choosean interaction point in the target. This is
donewith a uniform probability though the ertire thicknessof the target. The energy
lossof the beamfrom ertrance to interaction point is calculated. This is followed by
the calculation of the energyof a deuteron coming out with an angle basedon the
weighted distribution of crosssection and angular coverage.The energyloss of the
deuteronis then calculatedfor the remainderof the target alongthe trajectory of the
deuteron. All of this is done using a large table look up routine that comefrom the
program LISE++. The masscalculation is doneby assumingthe interaction point is

at the certer of the target for eat ever.
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Table 3.1: The e ect on massresolution for di erent thicknessCH, targets

Thickness| Number of Everts | FWHM | Error
mg=cn¥ keV keV
0.5 99 35.7 3.5
1.0 201 73.9 5.2
1.5 303 107.4 6.1
2.0 404 142.2 7.1
2.5 513 179.2 7.9
3.0 617 213.7 8.6

Table 3.1 shaw the resolution e ects the target hason the nal calculation of the
mass.The thicknessgiven is the actual thicknessof the target, the e ectiv e thickness
is twice this, asthe target will be rotated by 60 degreeswith respect to the beam
axis for reasonsdiscussedater. The FWHM is 2235 RM S for the spectrum and
the error is calculatedby FWHM =p N. It shouldalsobe noted that the distribution
from the target is not a Gaussian,but more like a squaredistribution basedon the
random interaction point. From this one can seethat the target itself will not cause
a problem in terms of the statistical error in the mass,however the FWHM of the
masspeakwill beimportant. Minimizing the FWHM will allow oneto separatestates
that are closeto the ground state, or separatestatesthat are in the relevant energy
for the rp-process.With this in mind the results would suggesta target thicknessof
1.0 mg/cm? or lessfor this experimert.

There are two systematice ects to considerin the target. The rst isthe absolute
thickness.If the thicknessis 10%di erent than the expected value the FWHM will
not change, howewer it masspeak will shift by 3 keV. For thin targets a thickness
measuremen can be done using an alpha source.There can also be problemsif the
uniformity is not good asthe thicknesswill depend on the target position. As it will
be discusedlater, the position on the target will be known for eat ewvert and the

sametechnique using the energylosscan be usedto measurethis e ect and correct

for it.
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Table 3.2: Simulated resolution e ect from deuteronenergymeasuremen

FWHM resolutionin | FWHM resolutionin
Deuteron Energy (keV) Mass (keV)

30 56

40 75

50 91

60 112

70 131

80 150

90 169

100 188

3.4.3 Deuteron Energy

The Deuteron Energy will also cortribute to the massresolution. The resolution of
the deuteron will depend on the energyresolution of the HiRA detector, where the
deuteronis stopped. It will alsodepend on the target as previously descriked.

Table 3.2shonvsthe FWHM resolution of the massfor di erent FWHM resolutions
on the deuteron energy Above 50 keV FWHM this becomesa problem. There are
potertial systematic problemsif the energy calibration is not good enough.If the
calibration of HIRA is 0 by 20 keV this will shift the masspeak by 35 keV which
would be beyond the uncertainty with which we intend to measurethe massto. We
must be able to calibrate the deuteron energyto better than 10 keV, ideally better
then 5 keV.

The energycalibration can be donewith a ??Th sourcewhich hasseral energy

's. The highestenergyis 8.7 MeV, which is not too far from the expected energyof
the deuteron.The pulsehight defectbetweendeuteronsand alpha particlesshouldnot
be to di erent allowing a calibration with alpha particles. There are also systematic
e ects from the dead layer on the silicon. Measuremets using a sourcesuggestthe
energylossin the layer will be around 10 keV which can be correctedfor.

Figure 3.7 shaws the linear relationship betweenthe resolution in HIRA and the

resolutionin mass.The slope of this line is 1.88. This meansan increaseof 10 keV in
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Figure 3.7: Deuteron energyresolution vs massresolution

HiRA will increasethe massresolution by about 19 keV.

3.4.4 Reaction Angle

The overall massresolution dependson the angular resolution, this stemsfrom the
fact that we use the measureddeuteron energyto determine the mass.There is a
strong dependencebetween energy and angle at large anglesbut not as much at
small angles.This is known as kinematic broadening. Figure 3.8 is a graph of the
deuteron energyvs the lab angle,as shavn in Figure 3.4. This gure shows only the
angleswherethe deuteronenergyis belowv 50 MeV. The slope of this curve represets
the kinematic broadening.Thus it is important to understandthe various sourcesof
the uncertainty in the scattering angle. Becauseof the large kinematic broadening
at large angles,one expects a greater sensitivity to the angular uncertainty at large
angles.

Figure 3.9 is a histogram of the masscalculated assumingno target e ects but
including deuteronenergy beamenergy and reaction anglee ects. Shavn in black is

the full setof data covering anglesup to 24 degreesBecausedhe kinematic broadening
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Figure 3.8: Deuteron energyVs. lab angleat low energy

is lessat smaller angles,we might expect a better resolution if the detected angles
are limited to smaller angles.The red line is the samehistogram, only considering
ewvents with reaction anglesbelov 13 degrees.The greenpeakis alsothe same,only
consideringeverts with reaction anglesbelowv 7 degrees.The statistics becomevery
low for smallerand smallerangular cuts however the FWHM of a Gaussiant to eat
peak shows the resolution decreasdrom 120keV to 112keV, nally to 96 keV.

The reactionanglee ects arethe mostdi cult aspectto simulate asthe measure-
merts depend on three di erent position measuremets with many variations on the
experimertal setupthat will a ect the reaction angle. There are also e ects sud as
kinematic broadeningwherethe overall resolutionwill be di erent at di erent angles.

The reaction angleis measureddirectly by measuringthe position of the incoming
beam particle after the last magnetic elemen followed by a measuremen at the
target itself. The outgoing deuteron is measuredwith a position sensitive silicon
strip detector. Thereforethe FWHM resolution on anglewill depend on the position
resolution of all three detectors as well as the physical distance betweenthem. To
begin with we look at the e ect the silicon detector position resolution has. The

detector, which is discussedn great detail in Chapter 4, has a position uncertainty
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Figure 3.9: Demonstration of kinematic broadeninge ect

Table 3.3: Simulated resolution e ect from position resolution in HIRA

Distance | FWHM resolution | Error in FWHM
(cm) (keV) (keV)
35 77 4.0
40 63 3.6
45 52 3.3
50 44 3.2

of 0.9 mm in both the X and Y direction. This comesfrom the fact that the detector
is a double sided silicon strip detector with a strip pitch of 1.8 mm.

Table 3.3 shows the FWHM resolution and error in the FWHM as a function
of the distance betweenthe target and the HIRA silicon strip detectors. The range
of 35{50 cm is xed becausethe chamber is not large enoughto allow the distance
greaterthan 50 cm. Below 35 cm the detectorscan lose particles that erter the Csl
with too large of an angle. The numberssuggestthat all distanceswould be ne with
the additional courts compensatingfor the lossin resolution. There are other factors
to consider.

The maximum lab angle for emissionof a deuteronis 39 degreesat 60 MeV/u,
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Table 3.4: Simulated resolution e ect from position resolution of MCPs

FWHM MCP res| MassFWHM res
(mm) (keV)
0.5 35
1.0 73
1.5 108
2.0 145
2.5 180
3.0 218

howeer the energyof the deuteronat sud large angleswill be high enoughto punch

through the silicon detectorsin HiRA and stop in the CsI(Tl) detectors. This will

reducethe energyresolutionsigni cantly asthe energyresolutionof the Csl areworse
than that of the silicon detectorsand would completely dominate the overall energy
resolution making it much worse. Thus the practical maximum angle is where the
deuteroncanbe stoppedin the silicon detector. For the 1.5mm thick silicon detectors
this is about 24 degreesWith the full HIRA array certered around the beamand at

50 cm from the target the coverageis almost completeup to 24 degrees.Therefore
the HIRA array was setat 50 cm from the target, with a 44 keV cortribution to the
massresolution, basedon its angular resolution.

The incoming angleand position of interaction in the target are measuredby two
micro channelplate detectors.One s located at the target position while the other is
placedupstreamat a distance50 cm from the target. This is the maximum distance
that will t within the scattering chamber.

Table 3.4shownsthe e ect the position resolution of the two MCPs will have onthe
massresolution. To look at the total e ect the measuredreaction anglewill have the
simulation was run assumingHiRA is 50 cm from the target and the upstream MCP
was also 50 cm from target. This takesinto accourt the resolution of both MCPs
which have a Gaussiandistribution in X and Y, and the Silicon detector, which has
a squaredistribution in X and Y.

Table 3.5 shaws the overall resolution e ect on the massbasedon the angular
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Table 3.5: Simulated resolution e ect from total reaction angle

FWHM MCP res | FWHM angle | MassFWHM res
(mm) (mrad) (keV)
0.5 3.2 56
1.0 4.8 82
15 6.8 115
2.0 8.9 148

resolution which is de ned by the position resolution of the MCPs, and the position
resolution of HIRA. An MCP resolution better then 1.5 mm will be important for
separatinglow lying states. The systematice ects are alsovery important sincethe
reaction angleis calculated by three measuredpoints in space.

In order to measurethe absolute positions, a new position measuringsystemhas
beendeweloped. The systemis called the Laser BasedAlignment System(LBAS). It
works by mourting a distance measuringlaser on two computer cortrolled perpen-
dicular rotation stages.Both MCPs and the HiRA silicon detectorsare mourted on
the sametable so LBAS can be mounted on the sameplatform and position mea-
suremeits can be donerelative to ead other. This should be su cient to calibrate
to better than 1 mm. A systematicshift of 1 mm will result in a shift of 4 keV in the

massspectrum.

3.45 Total Resolution

The cortributions for eat of the three measuredquartities, deuteronenergy beam
angle, and beam energy have beeninvestigatedindividually basedon the resolution
of the detectors and methods usedto measurethem. The e ects of a nite target
thicknesshasalsobeeninvestigated.How do they all add up is now the question.First
considerthe resolution basedon the best estimate of the experimertal resolutions.
With the HIRA array and upstreamMCP at 50 cm from target, assumingan energy
resolution in HIRA of 50 keV, an MCP position resolution of 1 mm, a target of

0.5 mg/cm?, one estimatesa FWHM massresolution of 180keV. With the expected
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statistics this should give a statistical uncertainty in massof 18 keV. Any levelsthat
are lessthen 200 keV apart will be dicult to separateand must be analyzed as
overlapping states. If one hasenoughstatistics to limit measuremets to small angle

(< 10degrees)he resolution improves, but doesnot drop belov 110keV.

3.4.6 Background

The discussionof resolution prior to this assumegshe badiground from other reac-
tions is small. It was stated earlier that the beamwould not be pure. This has the
advantage of having calibration reactionsoccurring at the sametime. This is the case
if they can be cleanly be separated.Simulations of the beam using Lise++ suggest
the cortaminations will bein the form of an isotonechain. This will work well asthe
lower Z nuclei have measuredmassesThe time of ight of ead of thesenuclei will
alsobe di erent, with the timing resolution descriked earlier it should be reasonable
to determinewhich nuclei hit the target basedon the timing alone.The S800will be
usedto measurereacted products and can give both A and Z identi cation. When
the (p,d) reaction occursin the target, the remaining residual nucleuswill lose one
neutron and no protons. The particles will bend into the focal plane basedon the

magneticrigidity
mv

= 7 3.
B J (3.5)

where B is the magnetic eld, is the radius of curvature, m is the mass,v is the
velocity, and q is the charge. From this one can seethat reaction particles, whose
velocity will not be dramatically a ected will the have a changein B of 65/64 or
1.5%.The S800hasa beamblocker that canbe placedto block the unreactedbeam.
This will allow only the reaction products to arrive at the focal plane. There will

also be reactions on the carbon in the target. Earlier test runs suggestedthat the
rate of deuteron production from carbon break up and the (p,d) reactionto be very

similar. Measuringthe incoming beam particle by two MCP's and upstream plastic
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scirtilators, along with a single deuteron and no other particles measuredin HiRA,
and the expected heavy fragmert in the focal plane should eliminate any signi cant
cortamination in the mass peak. Additional cuts can also be imposedby looking
at the Energy vs. Angle spectrum of the deuteron. All of these work to make the

experimert nearly free from badground and cortamination.

3.5 Final Results

Basedon the detailed study using this simulation, an experimertal massresolution
of 25 keV is possiblefor ground state massesf all systematic e ects are carefully
calibrated, the energyresolution of the HIRA detector is around 50 keV and MCP
positions resolution around 1 mm. Clearly theseare possibleand care must be taken

on all calibrations.
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Chapter 4

The High Resolution Array, HIRA

4.1 Intro duction

In 1996the Nuclear ScienceAdvisory Committee (NSAC) published the long range
plan which identi ed as one of the frontiers, the exploration of nuclei far from sta-
bility. The study of rare nuclei is critical in understandingnot only the astrophysical
processe®f nucleosyihesis, but alsofor understandingbasicnuclear structure. Most
of what is known (experimertally) about nuclear structure comesfrom experimerts
involving stable nuclei. The questionof how structure ewlveswith isospincannot be
understood without corntinuing sudh studies towards the neutron and proton drip-
lines. Advancesin radioactive beam facility sud asthe currerntly running Coupled
Cyclotron Project (CCP) at the NSCL, and future projects suc as RIKEN's BIG
RIPS project, GSI's upgrade,and RIA, the next generationUS facility, are making
it possibleto study more exotic and short lived nuclei.

Using projectile fragmertation, asis doneat the NSCL and other places,the rate
of production typically drops by an order of magnitude for ead additional neutron
removed as one approadiesthe end of an isotope chain. In order to study the most
exotic nuclei it is therefore critical to use detectorsthat will cover most, if not all

of the interesting crosssection. The High Resolution Array (HiRA), was proposed
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Beam

Figure 4.1: Two con gurations for HIRA. On the left HIRA is con gured at forward
anglesfor transfer reactionsor breakup reactions. On the right HiRA is con gured
for elastic scattering near 90 in the lab.

to ful ll this needof the scieric comnunity for a highly granular, large solid angle
charge particle detector.

HiRA is a multi-institute collaboration betweenthe NSCL at Michigan State Uni-
versity, WashingtonUniversity of St.Louis, The Indiana University Cyclotron Facility
(IUCF) at Indiana University, and Instituo Nazionaledi Fisica Nucleare (INFN) in
Milano, Italy. HIRA is a secondgenerationdetector. Many of its featuresare basedon
the Large Area Silicon Strip Array (LASSA) [37]. HIRA consistsof twernty idertical
detector telescogswhich canbe setupin many di erent con gurations dependingon
the experimertal requiremerts.

Figure 4.1 shavs two possiblecon gurations of the telescogs. Someexperimerts,
sud as(p,d) transferreactionsin inversekinematics,require particle detectionat very
forward anglesin the lab frame, while other experimerts sud as elastic scattering,
require particle detection around 90 in the lab. HiRA's modular designfacilitates

the recon guring of detectorsasthe sciencedictates.
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Figure 4.2is arepresemation of the detectorswithin a HiRA telesco. A telescoe
consistsof two silicon strip detectorsfollowed by four CsI(TI) crystals, ead covering
one quadrart behind the silicons. Also cortained within the telesco are the pre-
ampli ers for the photo-diodesusedto readoutthe CsI(Tl). The silicon detectorswill
be discussedn detail in Section4.2 and the CsI(TI) detectorswill be descriked in
Section4.3.

Ead telesco has100independert electronicchannelsfor energyand 96 channels
for time. The CsI(Tl) are not usedfor timing. These electronic channelsadd up to
almost 4000 signalsto processfor the ertire array. Traditional electronics, which
consistsof pre-ampli ers for ead channel, 16 channel CAMA C shaper discriminator
units, all goinginto CAMAC or VME ADCs and TDCs costabout $400per channel.
For HIRA this would add up to 1.6 million dollars. It is clear that a new lower
cost electronic readout sheme is neededfor this array and for any future detector
arrays that implemert large area highly segmeted silicon strip detectors. A major
componert of the HiIRA project, led by the Washington University group, is the
dewelopmen of high density relatively low costelectronicsdesignedor silicon detector
signals,in the form of an Application Speci c Integrated Circuit, or ASIC called the

HINP16 chip. This will be discussedn detail in Section4.4.

4.2 Silicon strip detectors

Silicon detectors have beenwidely usedfor charge particle detection over the past
40-50years,giventhe relatively low meanenergyfor electron-holeproduction, 3.6eV.
The energyresolutionis far superior to scirtillators. For comparisonatypical scirtilla-
tor detector with photomultiplier readouttakesv 100eV to produce oneinformation
carrier (photo-electron). Silicon detectorsalsoproducevery linear energyresponseto
signalsover a large dynamic range of deposition energywith relatively little Z depen-

dence,for Z < 15, on the energyresponse.By segmeting the cortacts into strips or
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Figure 4.2: Each HIRA telesco cortains 2 silicon strip detectors and 4 CsI(TI)
crystals as showvn here
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Figure 4.3: The silicon DE frame for HIRA

pads, excellen position resolution can also be adchieved. Typical collection times on
fully depletedsilicon detectorsare 50 ns, giving excellen timing properties aswell.
Drawbadks to silicon detectorsare the limitations to the sizeand thicknessthat can

be fabricated, and they are prone to radiation damage.

4.2.1 Silicon detector design

The designfor the silicon detectorsin HIRA was managedby the Indiana University
group who worked closelywith the manufacture, Micron Semiconductor[38]. There
are seeral componerts that make up the HiRA silicon detectors:the silicon wafer, its
frame, which supports the silicon, and the cabling from the silicon waferto an external
connector.As with its predecessoL ASSA [37], the designfor HIRA is optimized for
closepadking of silicon detectorssoasto cover large solid angle.For this reasonit was
necessaryto designa special frame for the silicon detector. Commercially available
frameshad bulky support structures that prevented closepading.

A framefor the singlesidedHIiRA silicon strip detectoris shavn in Figure 4.3. The
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Figure 4.4: The silicon DE frame for HIRA

frameis constructedout of G-10 material with an outer dimensionof 7.236cm. There

is an inner ridge wherethe silicon wafer is epoxied into place. This ridge is recessed
into the frame, protecting the silicon and also allowing detectorsto be stadked on

top of ead other. The outer ridge is 2 mm wide and has four through holes, one

in ead corner, for alignmert dowel pins. There is a recessededge on one side of

the frame and can be seenon the left in Fig. 4.3 wherethe cableis attached and is

recesseanoughfor wire bondsto stay below the upper surfaceof the frame. For the

frame of the double sided detector another ridge, this one from the bottom, is used
for attaching a secondcablefor the 32 strips on the bad side.

In order to readout the signalsfrom the detector, a exible polyimide cable is
used.Figure 4.4 is a picture of a HIRA cable with connector. This cableis epoxied
with a sharp90 bendto the recessedidge. This allows the cableto go straight back.
On the top of the cablethere are gold cortact padswhich allow wire bonding to the
silicon surface.HIRA usesthree wire bonds from ead strip to the cable pad. These
wires are very small and can be broken by accidertal corntact. The cableis 0.246mm
thick, which is thicker than the LASSA cable for more durability. At the other end

of the cablethere is a small printed circuit board which connectsto a standard 0.1"
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spacing34 pin femaleheader.The cableis epoxied to the PC board and the traces
are solderedon. There are 32 strips on a surfacewhich connectto tracesgoingto pins
2 through 33 of the connector.Pins 1 and 34 are usedto connectthe bad plane of
the single sided detector to the ground. On the double sided detector these pins do
not connectto the silicon wafer.

There are two di erent types of silicon detector for HIRA. One is a single sided
thin (65 m) detector and the other is a thick (1.5 mm) double sided detector. The
thin detectoris denoted\DE" asit is usedto measurethe energylossby the particle
passingthrough the detector. This energylossis usedin E vs.E or E vs. Time
of Flight particle iderti cation techniques.The other thicker silicon detector, will be
denotedasthe \E" detector. It is combined with E to get total energylossor with
the E to cortribute in E vs. E particle iderti cation plots.

Both the E and DE detectors were built by Micron and carry the catalog des-
ignation BB7-65 and BB7-1500respectfully. The detectorsare made of bulk n-type
silicon with P+ implantation to form the junction nearthe front. The surfaceof both
detectors have an active area of 62.3 62.3 mm?. There are 32 strips on the front
(junction) side of the DE and E with a strip pitch of 1.95 mm. There is a gap of
25 m betweenactive strips and between active strips and the outlying guard ring
structure. The guard ring structure consistof ten concertric rings around the strips
taking up 2 mm on all sides.The ten rings are all left oating with respect to the
front or bad voltages.This structure wasaddedin an attempt to reducethe surface
leakagecurrent, particularly on the end strips.

Leakage current can occur in two primary ways on a silicon detector and can
strongly a ect the energyresolution [39]. The rst is through the bulk of the wafer
dueto the impurities and defectsof the silicon and through the thermal generationof
electron-holepairs within the depletion region. This e ect is strongly dependen on
temperature and can be reducedby active cooling. The HiRA silicon detectorsrun

with leakagecurrents belov 1 A for DEs and on the order of 1 A for the E's at
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room temperature typically.

The secondsourceof leakagecurrert comesfrom surfacecurrents. This canresult
in breakdavn of the detector. With the thick E detectorsa relatively large reverse-
bias voltage must be applied in order to fully depletethe full 1.5 mm thick silicon
detector. This can create a large potertial di erence betweenthe edgeof strips and
the outer edgeof the silicon wafer which is epoxied into the frame. The oating guard
ring structure allows the voltageto drop from strip edgesgradually from ring to ring
reading zerovoltage by the outer mostring. This reducesthe surfaceleakagecurren
and prevens discharge betweenstrips and grounds.

On the badk (ohmic) side of the DE is a singlealuminum electrode. . The E has
32 strips on the badk (ohmic) side. Thesestrips are perpendicular to the strips on
the front side. The pitch on the bad of the E detectoris also1.95mm but it hasan
inter-strip gap of 40 m as opposedto the 25 m on the front. With strips on both
sidesthis createsan e ectiv e pixel basedon the strips hit on the front and the badk.
If the detectoris mounted 35 cm from the target, which is the designeddistance,the
angular resolutionis  0.15. There is no guard ring structure on the bad which is
at ground while voltage is applied to the front during typical experimertal setups.
Figures 4.5 and 4.6 shav the front and bad of the E detector. Figures 4.7 and 4.8
shaw the front and bad of the DE detector.

The bid requiremerts for the HIRA silicon detectorsspeci ed that all strips on a
detector work with no strip resolution above 100keV and an averagestrip resolution
of 40 keV or less.Additionally, the voltage for full depletion on the E detector must
be below 400 Volts. The depletion voltage for thin DE detectorsis typically 7{10 V
and doesnot createany problems.Howewer when dealingwith voltagesabove 500V
di culties arisewith the cable and the connectorbecausesud voltagesmay exceed

the voltage rating for thesecomponerts.
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Figure 4.5: Picture of the front side of an E detector
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Figure 4.6: Picture of the bad side of an E detector

Figure 4.7: Picture of the front side of a DE detector
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Figure 4.8: Picture of the bad side of a DE detector
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4.2.2 Testing of silicon detectors

Upon receiving detectors from Micron, the detectors were subjected to a seriesof
test at Indiana University and then Michigan State University. The rst test wasa
visual inspection of the silicon, wire bonds, and cable. After that, the detectorswere
testedin vacuumwherethe bias voltage and leakagecurrernt were measured.As this
was donefor all strip integrated together, no information is known about the leakage
current per strip. The full depletion bias voltage was measuredby irradiating the
badk side of the detectorswith an ?*!Am  sourceand measuringthe amplitude and
FWHM of the signal as a function of the negative bias voltage applied to the front
of the detector. As the bias voltage increasesthe measured particle energyrises
and plateaus oncethe detector is fully depleted. These numbers are taken at room
temperature and documerted. The sourceis also usedto measurethe approximate
resolution for eat strip to make sure there are no bad strips.

At this point the detectorsarereadyto be mourted into the HiRA telescopes.The
E detectoris mounted rst. It isthen testedto verify full functionality and the energy
resolutionis measured.The procedurefor measuringthe resolutionis asfollows. The
detector is placedinside a vacuum chamber with no foil betweenthe detector surface
and the source.The ??2Th sourcehas a thin 50 g/cm? gold layer as a window.
The alpha activity is 1.2 C. The 2?Th sourceis a very nice calibration sourceasit
cortains eight di erent energyalpha particles with substartial branchings. Of these,
v e are separatedby more than 100 keV making them very easyto t and extract
the peaklocation and full width half maximum (FWHM). The highestalpha energy
is 8.7 MeV giving a larger signal than the 2**Am sourcewhich hasthe most intense
peakat 5.5 MeV.

The sourcewas placedappraximately 20 cm's from the detector, illuminating all
strips. The source-detectordistancewas lessthan the 35 cm from target to detector
distancewhich meansthat the collimation of the guard ring was not e ective. When

particles strike the guard ring they generatesignalswith reducedenergyon the edge
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strips.

The E detector is connectedto a feed-through ange via two 34 pin cableswith
the 1st and 34th wires removed. They are removed to reducethe chanceof shorting
out the outer conductorson the ribbon cableswhich can be carrying a bias voltage
up to 400 Volts. Thesetracesare not neededto ground the detectors. The front 32
strips are biasedwith a negative voltage and the bad strips are held at ground.

On the other side of the ange are small printed circuit boardsthat take the 32
signalsand split them into two 34 pin connectorswith groundson every other pin.
This circuit board hasan input for the bias voltage with bias resistorsand decoupling
capacitorsfor ead strip onit in orderto protect the input to the pre-ampli ers from
this high voltage. The two 34 pin connectorsare then connectedto PC boards that
contain 16 individual pre-ampli ers. (These pre-ampli ers were originally built for
LASSA and are discussedin Reference37.) The pre-ampli ers are mourted to the
top of the vacuumchamber to reducenoiseand cablecapacitancebetweenthe detector
and pre-ampli ers, both of which adverselya ect the energyresolution.

The output of the pre-ampli ers are then routed to CAMA C doublewide modules
that cortain 16 channelshapingampli ers and 16 channelleadingedgediscriminators
made by Pico Systems[40]. The OR of the discriminators is usedto setup a gate for
the ADC and trigger the computer for data acquisition. The outputs of the shapers
gointo 32 channel CAEN VME ADCs. We pulseall the pre-ampli ers with a BNC
PB-5 precision pulser in order to monitor drifts and accoun for electronic noisein
the system.The data was then exported into a ROOT le for analysis.

Figure 4.9is a histogram for an averageEF strip. There are red triangles indicat-
ing the peak nding algorithm peak locations. The FWHM is then measuredand a
Gaussiant is performedexcluding the low energytail which is non-Gaussianfor
particles. Thereis alsoa pulserpeak(not displayed) which is usedto measurethe elec-
tronic componert of the overall resolution. Table 4.1 givesthe FWHM resolution for

eadt of the alpha peaksasthey were measuredand the intrinsic value (FWHM ¢ ),
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Figure 4.9: Energy spectrum of the 22Th alpha sourceon a single strip on the front
of an E detector. The red triangles are locations of peaksfound by the peak nding
function. The coloredlines on 5 of the eight peaksare Gaussian ts.

Table 4.1: The energyresolution for eat peakin 4.9 givenraw and after subtracting
electronicnoise.The energyis givenin MeV and the FWHM are givenin keV

Peak Color | Energy | FWHM | FWHM (o,
green 5.423 31.6 26.6
blue 5.685 33.4 28.7
black 6.288 33.2 28.4
pink 6.778 35.2 30.7
red 8.784 33.8 29.1

wherethe electronic noisecortribution is subtracted in quadrature. The overall res-
olution is then taken to be the averageresolution of the 5 strongestalpha peaks.For
strip showvn in Figure 4.9 the intrinsic energyresolution is 28.6 keV FWHM.

This procedureis performed for ewery strip of all E detectors. After that the
DE detector can be mounted and tested in the samefashion. A histogram of energy
resolution for all EF, EB, and DE strips is shavn in Fig.4.10. Theseare the FWHM

correctedfor electronicsnoise. From this the absolute resolution of the ertire HiRA
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Figure 4.10: Histogram of energyresolution for all strips on all E an DE detectors

detector is determined.

4.3 CsI(Tl) crystals

Ead HiRA telescop cortains four Csl(Tl) crystalsarrangedin quadrarts behind the
1.5 mm silicon detector. The crystals are 4 cm deep.The 4 cm thicknessis su cien t
to stop protons up to v 115MeV, alphasup to v 465MeV, and *°C up to v 2.7 GeV.
Figure 4.11 show a side and front view of the CsI(TIl) crystals. The crystals are cut
sothe front of eat oneis 3.5 3.5cm and the bad is 3.9 3.9 cm. Two of the sides
are cut straight badk and the other two are cut at 5.3 . This allows all four to be
tightly paded behind the silicon detectorsand all particles that hit the silicon will
stay in the crystal assumingthe target is located 35 cm from the detector. Behind
ead crystal is a 1.3 cm thick light guidethat coversthe ertire crystal. A photo-diode
is attached to the bad of the light guide. The photo-diode hasa thicknessof 0.3 mm

and an active areaof 18 18 mmZ.
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Light Guide Photo Diode

CsI(TI) Crystal

Figure 4.11: Sideview and front view of a HIRA crystal, light guide and photo-diode
asserbly. The two inner sidesof the crystal are cut perpendicular to the front and
the rear facesof the crystal and the two outer sidesof the crystal are cut at an angle
of 5.3 from the perpendicularin orderto bad the active areaof the silicon detectors
when the telescom are placedat a distanceof 35 cm.
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Scirtillators fabricated from thallium doped Csl (Cesium-ladide) crystals have
been extensiwely usedfor the detection of energeticcharged particles [41{46]. This
wide spreadusestemsfrom the facts that CsI(Tl) crystals can be readily madined,
perform satisfactorily at room temperature, are not ashygroscopicasNa(TI) crystals,
and produce light with a spectrum that is well suited for readout via silicon photo-

diodes[41,43,45].

4.3.1 Crystal selection

While excellen resolution is achievable for highly uniform crystals, the resolutionsof
actual crystals are negatively impacted by local and global non-uniformities in the

light output of the crystal [41,44,45]. Variations in the light output of the order of
0.5%have beenobsened betweenionization trajectoriesthrough the crystal that are
separatedby aslittle as3 mm [45]. Theseobsenations suggestedhat better resolu-
tion would be achieved if sud local light output variations could be cortrolled [45].
Light output variations within scirtillators have beenexploredin a variety of con-
texts becausethey are important for many scirtillator applications. The corrections
for light output variations vary from application to application, howewver. When scin-
tillators are used for energetic -ray detection [47] or within large-scalesampling
calorimeters[48], large volumesof thesescirtillators of the order of 102{104cm? can
be excited by a cascadeof particles producedby the interaction of the incidert par-

ticle with the scirtillator. In sud casesthe resolutionis in uenced by light output

variations over distancesof the order of certimeters, by statistics and by the degree
to which the produced particles are con ned to the scirtillator volume. In cortrast,

charged particles with energiesof 20{150 MeV/u activate comparatively small vol-

umesalongtheir trajectoriesin the crystal characterizedby transversedimensionsof
the order of millimeters; the major deposition occursnearthe end of ead trajectory
wherethe stopping power attains maximum valuescharacteristic of the Bragg peak.

For sud particles, the cascadeof ionized electronsremainswithin the detector, the
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statistical accuracycan be very high; however, the light output uniformity over much
smaller lateral dimensionsof order of millimeters becomescritical. If a high degree
of uniformity can be adhieved or if the non-uniformity can be well characterizedand
the trajectory of ead track de ned by another detector, the energyresolution can
be remarkable. To achieve sud resolutions,it is important to cortrol or characterize
the light output uniformity and to understandhow it dependson the chargeor mass
of the incidert particle. Only then can the potential resolution of sud deviceshy
realized.
To investigate how the optimum resolution might be obtained, tests with eight

samplecrystals were undertaken along with surfacescanningwith an alpha source.
Basedon thesetest, the HIRA crystal order speci cations were set, and testing pro-

ceduresfor all HIRA crystals were de ned.

4.3.2 Crystal preparation

Light output in thallium doped Csl occurs through the transfer of a small fraction
(<10 %) of the energylost in the crystal by the incident ion to the excitation and
subsequenradiative decg of thallium dopart ions. The thallium isincorporatedinto
the Csl lattice in molar concertrations of the order of 0.1 % during crystal growth [49].
In general,while the light output is causedby the competition betweenthe radiative
deexcitationsof the thallium dopart ionsin the CsI(Tl) crystal and the non-radiative
deexcitation of the crystal by other decy modes[50,51], the ionization density of a
speci ¢ ion dictatesthe amourt of light produced.The competition betweenradiative
and non-radiative deexcitationsdependson the thallium doping concetration, the
temperature and, possibly other chemical or physical properties of the crystal.

The obsenations of local non-uniformitiesin light output by Reference45 suggest
that changesin the growth proceduresfor the CsI(TI) crystals, an accuratecompen-
sation of the obsened non-uniformities, or a conbination of thesetechniques might

lead to an improved energyresolution. The origins of the non-uniformities obsened
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Table 4.2: Crystals usedin testing

crystal # | Crystal Type
Normal
Annealed
Normal
Annealed
Normal
Annealed
Super-doped
Super-doped
HiRA Crystal
HiRA Crystal

©oooo~NOoOOUh~wWDNEFO

in Reference45, howewer, are not understood. They may include local variations in
the thallium doping concetrations and possibly the presenceof crystal defectsor
cortaminants [50].

Ten crystals, numberedO through 9, were studied usingtwo beamtests and alpha
sourcescansacrossthe crystal surface.Becausethe averagelight output of CsI(TI)
increasesstrongly with molar doping concertration below about 0.1 % and then re-
mains roughly constart above this concenration, the sensitivity to local variations in
doping concertration may be minimized by maintaining a high averagethallium con-
certration. To addressthis possibility, two (30 30 40 mm?) test crystals (crystals 6
& 7 in Table 4.2) were preparedwith higher nominal thallium concetrations (about
0.5{0.6 % molar concenration or 1000{1200ppm TI ascomparedto the typical dop-
ing concetration of 0.15%{0.35% molar concetration or 300{700ppm TI). We label
these crystals here as \superdoped”, even though the doping level of these crystals
may not lie far outside of the typical range of doping levels available commercially
Alternativ ely, an attempt was made to modify the local relative conceitrations of
thallium dopart ions and defectsitesby thermally annealingthe crystalsin vacuum,
a processthat hasmodi ed the light outputs of somescirtillators [52,53]. To address
this possibility, six (30 30 30mm?®) test crystals (crystals 0{5) wereprepared.Three

of thesewere annealed(crystals 1, 3, & 5) and three were not annealed(crystals 0, 2,
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& 4). No speci cations or pre-selectioncriteria regarding the overall non-uniformity
were imposedon the test crystals. Consequetly, someof the test crystals displayed
larger variations in the light output acrossthe faceof the crystal than would be desir-
able for many applications. We beliewe this did not negatively impact tests for local
non-uniformities that depend non-linearly on the position of the ionization trajectory
through the crystal. We did not attempt to di erentiate betweenthe non-uniformities
along the growth axis and the non-uniformities along the other two Cartesian coor-
dinates of ead crystal becausethe orientation of the growth axis with respect to the
nal crystal surfaceswas not recordedand retained.

An acceptancecriterion that the light output variesby lessthan 0.5 % across
the faceof the detector was placedupon the HiRA crystals. The HiRA crystals, with
square3:5 3:5cn? front and 3:9  3:9 cn? rear surfacesand a length of 4 cm, were
somewhatlarger than the test crystals. Figure 4.11 shaws side and front views (for
a HiRA detector) of the scirtillator and photodiode padkage. Both test and HIRA
crystals were preparedby ne polishing the front and rear surfaces,and sandingthe
four sideswith 400grit paper in the direction from the front surfaceto the light-guide.
Light-guidesof 1.3 cm thicknesswere gluedto the HiRA crystalswith BC 600optical
cemen and to the six smaller test crystals with GE Bayer SiliconesRTV615 silicon
rubber glue.The larger (30 30 40mm?q) test crystalswereusedwithout light guides.
Silicon photodiodeswith a thicknessof 0.3mm and an active areaof 18 18 mm? were
glued to the rear of the light guide with GE Bayer SiliconesRTV615 silicon rubber
glue. The sidesof the test crystals were wrapped using one layer of cellulosenitrate
menbrane Iter paper and then one layer of Te on tape. The sidesof the HIRA
crystals were wrapped with two layers of cellulosenitrate Iter paper and one layer
of aluminized Mylar. The front facesof all crystals were coveredwith an aluminized

Mylar foil. The light guideswere painted with BC-620re ectiv e paint.
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Photodiodes
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Alpha Source

Figure 4.12:Testcon guration for the HIRA Csl crystalsinside the scanningchamber
with a collimated ?**Am  source

4.3.3 Alpha scanning

In order to test the position dependenceof the response of the Csl crystals to
5.486 MeV alpha particles from a 2**Am source,a test apparatus was built, which
allows oneto move a collimated alpha sourceand a CsI(Tl) crystal in perpendicular
directions inside a vacuum chamber. The con guration was automated sud that an
energy spectrum was obtained for points separatedby a spacingof 3 mm on a 10
by 10 Cartesiangrid on the front surfaceof the test crystals. This grid was certered
on the crystals and avoided the edges.At ead grid point, the collimated sourceir-

radiated a 3 mm diameter area of the crystal surfacefor 5 minutes before moving
to the next grid point. The sourcetest con guration is diagrammedin Figure 4.12.
Usingthe information from the linear drivesusedto move the crystalsand the source,
discrete grids in the xy coordinate plane are mapped onto the scirtillation crystals.
At the coordinate x = i, y = j, the non-uniformity S; of light output for scirtillation

crystals is expresseds:

SO LD (4.1)
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S. for Crystal 4 S. for Crystal 6
J 1)

S (%)
S (%)

Figure 4.13: The variation of the light output over the face of the detector is show
here as a percert deviation from the mean (S; as de ned in Equation. 4.1). Here
neighboring pixels are separatedfrom ead other by 3 mm in both x andy directions.
This result is obtained using 5.5 MeV alphasfrom a ?**Amsource.

whereLj is the certroid of the energyspectrum at positioni, j andhLi is the average
over the entire crystal. In the caseof a crystal with a perfectly uniform response,the
varianceof S§; would be dictated only by the statistical uncertainty of the certroids
of the peaks.In practice, the varianceof S; can be dominated by the light output
non-uniformity in ead crystal.

The certroid of the light output peakwas calculatedfor ead of the Cartesiangrid
points. Figure 4.13shavs the S; calculated from Equation 4.1 for two test crystals.
(In order to minimize sensitivity to edge e ects, the outside points are excluded
(pixels 0,9) from this gure and for all subsequen plots of the alpha sourceand the
various beam scans.) Somecrystals, sud as crystal 4 shav large global changesin

the light output while others sud ascrystal 6 have relatively small non-uniformities.

The overall non-uniformitiesin light output for the nal HiRA crystals werespeci ed
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Table 4.3: S, s from alpha scanson all 8 test crystals

crystal # | Sims (%)
0.5915
0.3396
0.6328
0.6349
0.5395
0.4679
0.2712
0.2204

~N~No oo bh~owdNDEO

to belessthen 0.5%; plots of the overall light output uniformities of HIRA crystals
weretherefore more similar to crystal 6 then crystal 4. Table 4.3 givesthe rms value
of S from alpha scanningof the 8 test crystals.

Clearly there are global trends that can be corrected for or minimized by the
required speci cations for HiIRA, howewer there are small scale uctuations on the
order of mm's that cannot be easily correctedfor. In order to investigatethesesmall
scale uctuations two methods are usedto correct for non-uniformities in the light
output. The rst characterizesthe non-uniformities using a two-dimensionallinear t

to the non-uniformity. The resulting non-linearity parameterF; is calculated as:

Fy = A+ Bi+ Cj (4.2)

wherethe parametersA, B, and C are determinedfrom tting Equation (4.2) to the
non-uniformity acrossthe faceof the crystal.

Using Equations 4.1, 4.2, the residual non-uniformity, which could be due to sta-
tistical variations in the light output, is de ned by subtracting the tting function

from the measurednon-uniformity:

Dij = Sij Fij (43)

In caseswvherehigher-ordercorrectionsare desireddue to non-linear non-uniformities
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Table4.4: Linear t parametersfor the test crystals determinedfrom  sourcescan-
ning, beammeasuremets, and deuteron beammeasuremets.

crystal # Type Source | A (%) | B (%/mm) | C (%/mm)
scan | 1.496 -0.128 -0.146
0 Normal beam - - -
°H beam - - -
scan | 0.832 -0.049 0.0621
1 Annealed beam | -0.028 -0.024 -0.010
°H peam| 0.158 -0.048 0.029
scan | -0.736 -0.090 0.275
2 Normal beam | 0.017 -0.055 0.058
°H peam| 0.471 -0.088 0.048
scan | 0.580 -0.258 0.012
3 Annealed beam | 0.220 -0.132 0.067
’H beam | 0.153 -0.110 0.071
scan | -0.516 -0.086 0.218
4 Normal beam | -0.028 -0.051 0.043
°H beam | -0.097 -0.048 0.082
scan | 1.342 -0.099 -0.149
5 Annealed beam | 1.194 -0.113 -0.107
°’H pbeam| 0.892 -0.063 -0.061
scan | -0.136 -0.023 0.015
6 Super-doped beam | -0.124 0.013 -0.003
°H pbeam | -0.145 -0.001 0.034
scan | -0.229 0.000 0.040
7 Super-doped beam | -0.011 0.018 -0.037
°H peam| 0.333 -0.027 0.019

or wherethe statistics is much lower, smoothed non-uniformities are calculatedusing
a3 3 at smaothing function:
1 kxi+1 Ix’ +1

SMij = Sk| (4.4)
Npoints ._, 11=j 1

where the summation includesonly the valueswithin theselimits for k and | at
which values of S; were measured.Consequetly, Nyoins = 9, 6, and 4 for points
(i,j) in the certer, edge,or corner of the detector, respectively. This increasespy a
multiplicativ e factor of Npgints . the e ective number of courts in the grid map and

thereby reducesthe statistical uctuations. Table 4.4 give the t parametersA, B,
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Figure 4.14: Test con guration for the HIRA Csl crystals. In the caseof the test at
the TexasA&M facility, the silicon detector was stationary with respect to the beam
line and the crystals were wrapped separately In the caseof the tests performed at
the NSCL, the silicon detector moved with the crystalsand the crystalswerewrapped
as shown.

and C for the sourcescan as well as the direct beam measuremets described in
section4.3.4.For referencea value of 0.1 (0.05) for B or C implies an increaseof 1%

(0.5%) in the light output acrossthe 3 cm wide crystal.

4.3.4 Direct primary beam measurements

While alpha source measuremets are practical for pre-scanninglarge numbers of
crystals prior to fabrications into an experimertal device, sud a test probes only
the rst 30 microns of the crystal or less.As large doping gradierts tend to persist
throughout a crystal [41,44,45], sud tests can sene to reject crystals with large
gradierts of order 1% or more, but many be insi cient to provide information about
the persistenceof small non-uniformities of the order 0.1%.

In order to measurethe variation of sud small non-uniformities throughout the

test crystals, the eight test crystals were scannedwith primary beamsof 220 MeV
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alpha particles and 110 MeV deuteron'sfrom the K500 cyclotron at the TexasA&M

cyclotron facility. The experimertal con guration was placed in air at the end of
the Single-Eert E ect (SEE) beam-line.A 500 m thick double-sidedsilicon strip
detector was xed in position near the exit foil of the beam pipe in front of the
crystals. The beam illuminated a circular spot of 2.5 cm diameter on the silicon
detector; the 3 mm wide horizontal and vertical strips of this detector divided the
beamspot into 100pixels, eah having asizeof 3 3 mm?. The 8 CsI(Tl) crystalswere
placedbehind the silicon detector on a movable computer cortrolled platform. Thus
the light output uniformity was measuredover a Cartesiangrid for both the 220MeV
alpha and 110 MeV deuteron beams.Figure 4.14 shavs a sthematic diagram for the
beamtest con guration.

A relative comparisonof the averagelight output of the eight test crystals from
this beam test is shovn in Fig. 4.15 (here the data was arbitrarily normalized to
that of crystal 6). Somewhathigher than averagelight outputs were obsened for the
\super-doped” crystals 6 & 7; howewer, the range of light outputs is large. On the
average,the light output of the annealedand non-annealedcrystals was comparable.
Becausdight output prior to annealingwas not measured this comparisondoesnot
probe whether annealingenhanceghe light output of a speci ¢ crystal.

With beamenergiesof 220MeV for the alphabeam,and 110MeV for the deuteron
beam,the penetration depth for the alpha beamis about 11 mm, and the penetration
depth for the deuteron beamis about 22 mm, which are both much larger than the
penetration depth 30 m for the ?*!Am source.The 3 3 mm? spots de ned by
the silicon detector de ned the trajectories of the alphasand deuteronsthrough the
crystals. The transverse straggling of 0.5 mm for the alpha beam and 1.3 mm for
the deuteron beam did no exceedthe pixel spatial resolution. Valuesfor S; were
calculated at eat grid point for ead detector for both alpha and deuteron runs.
Figure 4.16shovs S; obtained with the alpha beamand deuteronbeamfor crystals

4 and 6. Again for the beam scans,one obsenes a roughly linear dependenceof S;
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Figure 4.15: Relative comparisonsof the light outputs from the eigh test crystals.
The light output of the HIRA crystals were selectedto be within 15% of the light
output of test crystal 6. These results were obtained with the 220 MeV
the sameresults are obtained for the deuteron beam. The error bars are estimated
from the reproducibility in the relative light output obsened after recouplingthe test
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crystals to the photo-diode and its assaiated electronics.
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Figure 4.16:S; obtained for the alpha and deuteron beamsfor Csl 4 and 6.
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Figure 4.17:Correlation betweenthe slope parametersobtained via the alpha source
test and those obtained via the 220 MeV alpha beam test (solid points) and the
110 MeV deuteron beam test (open points). The diagonal dashedline represets
a trend-line with a slope of 0.5. The region between the two vertical dotted lines
represets the acceptancecriteria for HIRA crystals.

on the displacemen acrossthe faceof crystal 4, while no strong linear dependenceof
the form given by Equation 4.2. Valuesfor the t parametersA, B, and C are given
in Table4.4.

Figure 4.17 shaws the correlation betweenthe parametersB and C obtained from
the alpha source ts and thoseobtained from the 220MeV alpha beam(solid points)
or the 110 MeV deuteron beam (open points). The slope of the dashedtrend-line
shown in the gure hasa value of 0.5. Thus the alpha sourcescanis twice as sensitive
to the crystal non-uniformity than are the alpha and deuteronbeamsscansihe alpha
source sensitivity is actually more comparableto that for beam particles of much

higher Z sud as lithium, see4.3.6 for a discussionof this. Someof the di erence

between the linear t parametersof the alpha scan and the beam scansmay be
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due to non-zerogradierts along the beam direction; the 2*!Am alpha-scanparticles,
the 220 MeV alpha beam particles, and the 110 MeV 2H beam particles have very
di erent penetration depths. Howewer, it will be shovn that the light output non-
uniformity is larger for particles with larger averagestopping powers in the crystal;
these average stopping powers are greater for the alpha sourcethan for the alpha
beam and both alpha sourceand beam have a larger averagestopping powers than
that of the deuteronbeam.This is probably the main reasonwhy the non-uniformities
obsened for the alpha sourceexceedthose for the alpha and deuteronbeams.

The correlation between the various scansshovs why one can use the alpha
sourcemeasuremets to pre-selectthe crystals and reject crystals with large non-
uniformities. The vertical linesin Figure 4.17indicate the acceptancecriterion alpha
sourceparameter< 0.1;crystalsto the left of the leftmost line and to the right of the
rightmost line, which displayed large non-uniformities in both the beam and alpha
sourcetests, are rejected under this criterion.

Residual non-uniformities calculated with Equation 4.3 are shavn in Figure 4.18
for the samecrystals 4 and 6. The residual non-uniformities are zeroon the average,
but there are regionsin which all the neighboring pixels have positive residualsand
other regionswhere all the neighboring pixels have negative residuals. This suggests
that a much higher order t or a pixel-by-pixel correctionto the light output unifor-
mity might be a better approad. This is particularly true for crystal 6, which displays
someridges of higher light output for both alphasand deuterons.

By combining the energydepositedin the silicon with the energydepositedin the
CsI(TI) crystal one obtains measuremets of the total beam energy of the incident
deuteron and alpha beams. These are shavn in Fig. 4.19 for alpha particles (top
panels) and deuteron's (bottom panels). The left panels are for the less uniform
CsI(TI) crystal 4 and the right panelsare for the more uniform CsI(TI) crystal 6.
The dotted lines are the overall crystal energyspectra without correctionfor the light

output non-uniformity. The dashedlines are the crystal spectra correctedwith the
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Figure 4.18:D;; for crystals 4 & 6 from alpha and deuteronbeams
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Figure 4.19: Left panels:crystal 4 with large non-uniformity. Right panels: crystal
6 with small non-uniformity. Bottom panels: Results for 110 MeV deuterons. Top
panels: Results for 220 MeV alpha particles. In all panels,the dotted lines are the
uncorrectedenergyspectra. The dashedlines are the spectra correctedwith the lin-
ear correction for the light output non-uniformities. The solid lines are spectra for
particles that erter into one randomly chosenpixel in the detectors. The dot-dash
line is the crystal spectra correctedusing the smaothing algorithm.
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linear t for the light output non-uniformities. The solid lines are spectra for particles
that erter into one randomly chosenpixel in the detectors. This latter spectrum has
the sameresolution (e.g. crystal 6: 0:15% or 0.16 MeV for deuterons,0.15% or
0.33MeV for alphas)asonewould achieve by a pixel-by-pixel correction for the light
output non-uniformity acrossthe crystal. The di erence betweenthe solid histograms
and dashedlinesre ect the degreeto which the non-uniformities can be modeled by
a linear dependence.Crystal 4 is more linear in its non-uniformity then crystal 6;
the corrected non-uniformity of crystal 4 showvn in gure 4.18is smaller than the
correspnding corrected non-uniformity of crystal 6. Thus, the corrected resolution
for crystal 4, shavn by the dashedline in the left panel of gure 4.19,is smaller
that that of crystal 6, shavn in the right pannel. The dot-dash line comesfrom a
correction done using the smaothing function given by Equation 4.4 It is concluded
that the non-uniformity varieslinearly acrossthe faceof crystal 4, while the variation
is more complexacrosscrystal 6.

The energyresolution of the beam makesa negligible cortribution to the resolu-
tion of a single pixel given by the solid histograms. The electronic noise (determined
by a precisionpulser) cortributes e 0.1 MeV to the single pixel resolution. This
correspndsto rms cortributions of 0.1 % for deuteronsand 0.05 % for alphas. Sub-
racting this electronicsnoisecortribution, oneobtains rms intrinsic (noisecorrected)
resolutions of about 0.11% ( 0.1 MeV) for deuteronsand 0.14% ( 0.3 MeV) for

alphas.

4.3.5 HIRA crystals

There was no obvious superior manufacturing method for suppressingthe local vari-
ations of the light output that occur over distance scalesof the order of a few mm,
and local variations are always presen. Basedon the resultswith these8 test crystals
the order was placedfor the 80+ crystals neededfor the full HIRA array. When the

crystals were received ead one was visually inspected for crads or faults and then
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measured.The physical dimensionsof ead crystal are important for a few reasons.
First, in orderto mount properly with 3 other crystalsin the support structure they
must be very closein size.Secondly particles that punch through the crystal can be
usedto calibrate the energy but only if the depth is known precisely The surfaces
were also studied as the sidesmust be sandedand the front and badk ne polished.
Enough of s 100crystals received were of incorrect thickness,or with polishing blem-
ishes,that it becamenecessaryto work on them. A lapping macine apparatus was
built to sandthe bad side of all crystals to the samethicknessand also to polish
surfacesthat were sandeddown or that neededadditional polishing. The light guides
and photo-diodes were attached in the same fashion descrilked previously Surface
scansusing the same?*Am  sourceoccurredon all test crystals. Crystals that did

not meet our speci cations were sert badk and replaced.

4.3.6 HIRA beam tests

A test using a similar con guration to that of the TexasA&M experimert, and de-
scribed in Figure 4.14, was usedto test 4 of the new HIRA CsI(Tl) crystals. This
experimert was performed using secondaryprojectile fragmertation beamsfrom the
CCF at Michigan State University. Secondarybeamsof 53 MeV protons, 48 MeV 3He,
40 MeV deuterons,105MeV 3He, 158 MeV bLi, and 243 MeV "Be were produced by
fragmerting a primary “°Ar beamat 140MeV/A on a Be target and selectedby mag-
netic rigidity with the A1900 separator.For ead beam, a 1% separatormomerium
acceptancewas usedcorrespnding to an energyresolution of 2 %. The experimertal
con guration was placedin air in the N3 vault. A 1.5 mm thick double-sidedHiRA
silicon strip detector was xed in position in front of the four CsI(Tl) detectorsto
form an energylosstelesco. This telesco@ was mounted on a movable platform
in front of the exit foil of the beam pipe. Computer cortrolled stepping motors were
usedto move ead crystal to illuminate uniformly most of its surfaceareawith the

beam.In this fashion,the light output for eath HIRA crystal wasmeasuredover a 256
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pixel cartesiangrid with a pixel sizeof 2 2 mm? for all fragmertation beams.This
2 % beamenergyis not as good asthe primary beam resolution from TexasA&M,
howeer this test provided information from many more nuclei and multiple energies
for some,aswell asa ner grid sizebasedon the 1.95mm pitch of the HiRA silicon
detector in front of the CslI(TI) crystals. The statistics for many of thesebeamswas
quite low.

Figures4.20and 4.21shov S;; obtained for two HiRA crystals (8 & 9) for proton,
deuteron,®He, °Li, and "Be fragmentation beams.Unlike the casefor the test crystals
with largerthallium doping gradierts, S; doesnot display a strong linear dependence
acrossthe face of eat detector. In fact, the obsened non-uniformities are rather
complexand would require rather high order polynomials or Fourier componerts to
achieve a satisfactory t. On the other hand, the trends for the di erent particle types
are similar in form. The magnitudesof the non-uniformities are larger for more highly
charged particles such as ‘Be or ®Li than for protons or deuterons.After applying
the smoothing function, given in Equation 4.4, to the HiRA crystals a similarity
betweenthe smaothed non-uniformities for particles with di erent chargeZ, massA,
or energyE wasobsened. This similarity was probed by determining a scalingfactor

(Z;A;E):
SM; (Z;AE) = (Z;A;E) SMj (Zo; Ao Eo) (4.5)

whereZy = 3, Ag = 6, and Eq = 158 MeV was taken for all comparisonsbetween
HiRA detectorstestedat the coupledcyclotron facility (CCF). The valueof isthen
determined by tting the non-uniformity obtained for particles with Z, A, and E
using Equation 4.5 and the referencescanfor particles with Z,, Ag, and Eo.
Someinsights into the charge dependenceof the non-uniformities can be obtained

if one considersan appraximate formula for the light output given by Birks [50,51]

d. __dE 1

ax 2 dx 1+b & (4.6)
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Figure 4.20:Non-uniformity valuesS; for HIRA crystals 8 (left side) & 9 (right side)
for the indicated beam particles from the CCF at the NSCL. Each pixel is separated

in both x and y directions from its neighbor by 2 mm.
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Figure 4.21: Non-uniformity valuesS; for HIRA crystals #8 (left side) & 9 (right

side) for 5Li and "Be
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where a is a charge independen constart describing the corversion of energy loss
into light and bis a chargeindependen constart describinghow the light is quented
in regionsof higher energylossdue to a saturation of the Csl(Tl) activation certers
near the region of high ionization density. This later factor is responsible for the
obsened fact that ‘j—; decreasesvith charge [44,45,49{51]. It explainsthe stronger
non-linearities in the energy calibrations for heavily ionizing particles and, in the
context of this simple model, is the likely origin of the charge dependenceof the

non-uniformities shovn in Figs. 4.20and 4.21. Approximating the stopping power by

dE Z?2

ax c? 4.7)

wherec is a constart and v is the velocity of the particle and integrating Equation

4.6 over the ion's rangein the CsI(Tl) detector, yields

" !#
bcAZ? beAZ®
L ateE 1+ £ In [+ beAz? (4.8)

E

Both the constarts a and b in Equations 4.6 and 4.8 may depend on the position
wherethe ion traversesthe crystal; of thesetwo, only the position dependenceof b
cangive rise to the non-uniformities displayed in Figures4.20and 4.21.According to
Equation 4.8, the sensitivity to bis proportional to the stopping power; this suggests
that the scalingfactors (Z;A; E) may alsobe proportional to the stopping power. A
plot of (Z;A; E) asa function of AZ ?=E is examinedin Figure 4.22.Error bars are
derived by consideringthe increasein  necessaryo changethe 2 valuefor the t by
one.A monotonic dependenceof (Z;A; E) on AZ?=E is obsened in support of this
ansatz. There may exist a more accuratescalingrelationship that this one depending
on AZ2=E, but a more complete set of data would be required to demonstrateit.
This scaling behavior suggeststhat a practical correction to these non-uniformities
may be obtained by measuringthem for highly ionizing particles and scaling them

down to obtain the correspnding correctionsfor more weakly ionizing particles. This
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Figure 4.22: Scalingfactor , which descrikesthe non-uniformity of speci ¢ isotopes
with respect to that for 5Li at E = 26 MeV/A for various particles and energies By
construction, we have a value of = 1 at AZ?=E = 0:34 correspnding to the SLi
fragmertation beam.The line isthe t to the non-linearterm in Equation 4.8.

information canbe usedto designa full scalecalibration for the full HIRA array when

experimerts demandthe highest precisionenergyresolutionin the Csl(Tl) detectors.

4.4 Electronics

With advancesin silicon detector technology, larger detectors are being fabricated
with smaller strips or pixels. These improvemers are helping to advance nuclear,
particle, and spacebasedphysics, howeer better resolution generally requiresmore
electronicsto processthe signals. This cost for electronicscan far exceedthe cost
of the silicon detector. Additional problems arise when size constraints exist. The

power consumption for processingsignalscan also be quite high. For thesereasons
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marny of the larger projects in high energy physics or in spacebasedphysics have
turned to Application Specic Integrated Circuits, (ASIC's) for signal processing.
For the intermediate energy nuclear physics comnunity, the complexity of devices
have readed the threshold for discrete electronic signal processing.For the HIRA
project a full setof high density electronicshas beendeweloped including the HIRA

ASIC called HINP16. The supporting electronicswill be discussedn detail below.

4.4.1 Application Specic Integrated Circuit (ASIC)

The HIRA detectoris designedo be a versatiledevicethat canbe usedin a variety of
ways for a number of di erent typesof experimerts. For someexperimerts the energy
deposited in the silicon detector is of the order of 50 MeV with particle multiplici-
ties of the order of 1 per evert. Somerequire timing resolutionsaround 1 ns, others
require energydepositions around 500 MeV with particle multiplicities greaterthen
20. This makesdesigninga single ASIC di cult asthe namesuggestghey are appli-
cation speci c. The HIRA ASIC cortains chargesensitive ampli ers, pseudoconstart
fraction discriminators, shapingampli ers, time to analog corverters, and a sample
and hold circuit along with the digital logic necessaryfor commnunication and mul-
tiplexing the signalsout. There are 16 individual channelswithin ead chip. Figure
4.23is a block diagram represetation of the functionality of the HIRA ASIC chip.
The ASIC is fabricated in the AMIS 0.5 m, N-well CMOS, double-poly, triple-metal
high-resistanceprocessthrough MOSIS [54].

The rst elemen of the ASIC, the chargesensitive ampli er (CSA) consistsof two
di erent ampli ers aswell asthe option to bypassit completely The choice of CSAs
allow for high gain and low gain settings depending on the experimert or detector
connectedto the ASIC. The low gain CSA givesa dynamic rangeof v 500MeV. The
high gain setting allows particlesup to v 100MeV. The CSA takesup a large physical
areaon the chip asthe large gain requiresa large resistancefor the load resistorand

this is donewith a large volume on the chip. If a larger gainis requiredthen the chip

111



HiRA ASIC block diagram for one channel
CSA
Shaper @+ HP! Filter | Peak Find [—{ Peak Hold
OR[E Hi
Pseudo CFD
Lo —L SIT}/C .
External Stop | Stg; Peak Find Peak Hold
@ Inspedion Points

Figure 4.23:Block diagram of the HIRA ASIC.

can accommalate an external pre-ampli er, by bypassingthe on-board CSAs.

After the signalis ampli ed by the CSA or external pre-ampli ers it is split with
part of the signalgoinginto the pseudoCFD after passingthrough a high pass lter.
The pseudoCFD is a leadingedgediscriminator triggering a zero-crossliscriminator.
The other part is going to a shaping ampli er which will shape the signal into an
appraximate Gaussianshape, with a shapingtime of about 1 s. The signalscan be
positive or negative. The shaper is a unity gain ampli er soall the chip gain comes
from the CSA.

The discriminator hasa computer cortrollable trigger threshold which can be set
both positive and negative for either input level andis cortrolled by an external DAC,
for ead of the 16 channelsindividually. The discriminator output hastwo functions.
There is a hit register which can be usedto determine trigger criteria. If the hit
registerfor a channelis triggered the shaped signalwill gothrough a peak nd circuit
and the peakvalue will be held until it is read out or forced clear. The discriminator
will alsostart a Time to Amplitude Converter (TAC) which hastwo time settings of
v 150nsandv 1 s.This is stopped by an external commonstop signal. The peak of
the analogtime is then determinedby a peak nding circuit and then stored until it
is read or forcedclear.

The chip also has a computer cortrolled external display of the signal after the
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Figure 4.24: Picture of the HIRA chipboard. There are two ASICs on this board in
the middle of the board. Below the board is a 4 channel prototype ASIC with the
cover o exposing the actual chip inside the padkaging. A US quarter is displayed
next to it for sizereference.
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CSA, after the shaper, and the discriminator logic signal as denoted by solid bladk
circleson Fig. 4.24. There are also 3 computer cortrolled Or signalswhich can be
set to have any number of the chipboard Or signals. There are three Sum signals,
which are also cortrolled by computer. The Sum signal represetts an analog level
basedon the multiplicit y. There are 6 linear inputs for pulsers.They are divided into
3 for even channelsand 3 for odd channels.Theseare con gured by jumperson the

motherboard.

4.4.2 HIiRA electronics

The HIiRA silicon detectors have 32 strips per surface,so two ASICs are used per
surface. The ASICs are mounted on chipboards in pairs along with seweral other
componerts. Figure 4.24 showns one of the chipboards with two ASIC chips on it.
Below the chipboard is a 4 channel prototype chip with the cover o exposing the
actual ASIC. A US quarter is placed next to it for size comparison. Additionally
on the chipboard are bias resistors and decoupling capacitors for the bias voltage
going to the detectors as well as a computer programmable logic device (CPLD)
which was addedto correct somecommnunication problemswith the chip. There is
a di erential amplier on ead chipboard for the Energy and Time signals. These
signalsare multiplexed out of the chips and into the di erential ampli er generating
a di erential signalbetween-1V and +1 V.

Ead surfaceof silicon on a detector requires one chipboard therefore three are
usedfor ead telescope. An additional circuit board calledthe \motherb oard" is used
to organizese\eral chipboardsand mergethe input and output signals.The rst set
of experimerts with HiRA utilize detectorsalignedin towers, aswill be described in
Section4.5, which allow up to 5 detectorsto connecttogether. A motherboard was
built that canaccept15 chipboards, which are neededfor a tower.

The motherboard cortains a eld programmablegatearray (FPGA) circuit. There

aremary level translators betweenthe FPGA and the other circuits on the chipboards
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becausehe logic usedby the FPGA is TTL and the comnunication with the moth-
erboard goesvia low voltage di erential signals.The FPGA is usedto comnunicate
with up to 30 chips on the 15 chipboardsthat the motherboard can service.For eah
motherboard there are two linear outputs. One cortains the sequencef energyvalues
for all channelsthat have a valid hit registerevent. The other carriesthe correspnd-
ing time valuesfrom the TV Cs. In addition to this, there is logic information coming
out on a high density logic cortrol cableto communicate the addressof eat energy
and time value sernt out from the motherboard.

Outside of the motherboard, one only needstwo VME modules to handle all
information with the electronics.The rst is a SIS3301105 MHz sequencingADC
that cortains 4 pairs of sampling ADCs. Each motherboard usesone pair from the
sampling ADC. The connection from the motherboard to the ADC is via a dual
lemo cable. There is an external clock input that tells the ADC when to sample
eadt of the four pairs. The cortrol of the readout and the storing of addressedrom
eat motherboard along with the ADC clock, is handled by an XLM80 universal
logic module made by JTEC. The XLM80 cortains an additional FPGA which is
programedwith the trigger logic sequencesor the silicon detectors.

Figure 4.25is an oscilloscop trace of the energysignalsof one motherboard. The
two componerts of the di erential signalare shovn in dark blue and pink. The light
blue trace on the top is a NIM signal which senes as the trigger for digitization of
the ADC samples.The energyis determinedby measuringthe di erence betweenthe
dark blue and pink traces at the time the light blue logic signal is true. This trace
is for a motherboard with 8 channelsread. The vertical scaleis 500 mV per division
and the horizontal scaleis 4 s per division.

The ASICs were designedto run in sparsereadout, where the discriminator for
a speci ¢ channel is required for readout of that channel to occur. This is highly
desirableasthe readouttime for an ertire tower canbe quite long. There aresituations

where one might want to force read electronic channelsthat did not trigger their
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Figure 4.25: Oscillosco trace of motherboard energysignals

discriminators. For this reasonsoftware was dewloped to force the discriminators
on all channelsto trigger, initiating a full read of all detectors connectedto this
motherboard.

While the silicon signalsare all being processedy ASICs, XLM80, and SISADC,
the photo-diodes usedto readout the CsI(Tl) are processedin a more traditional
system. There are individual pre-ampli ers housedwithin the HIRA telescopsthat
are connectedto Pico Systemsl16 channel CAMA C shaper discriminator units housed
in a CAMA C crate outsideof the chamber. The shapedsignalsare processedy CAEN
32 channel VME peak sensingADCs, also mourted in a rack outside the chamber.

Both are read and controlled by the VME basedData Acquisition System.

4.5 Mechanical

The medanical designfor HIRA was primarily done at Michigan State University,

with important cortributions from INFN Milan. Figure 4.26 shaws a 3-d rendering

116



Figure 4.26: Tednical drawing of a HIRA detector box
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of the detector structure. Shown in red are two frames. The front frame with a foll
attachesby 4 dowel holesand is usedto enclosethe box, electronically shielding the
detectorsin the box. Moreover, if the foil is to be a high Z material, it shieldsthe
detector from soft X-rays and electrons.Behind that is a collimator frame which can
prevert low energyparticles from entering the silicon frame or deadareaof the silicon
wafer. This frame hasdowel pins epoxied in the corners.On the front sideof the frame
the pins insert into holesin the front frame and on the badk they stick into holesin
the frame of the DE detector, providing alignmert. The frame for the DE detector
is shavn in greenand was descrilked in Section4.2. Behind the DE there is a small
frame that can be usedto hold an  sourceas descrilked in Section 4.5.3. Behind
the sourceframe is the frame to the detector descriked in Section4.2. This stadk of
frames mounts to the orangeframe in Fig.4.26, which has dowel pins on the front
which insert into the E frame for alignmert.

This frame alsoacts asa mourt for the CsI(TI) crystals asthere is a ridge on the
inside which is slightly smallerthan the crystals. The 4 crystals, shovn in green,are
wrapped together and sit in the front frame. A support piecefor the crystals, shovn
in blue is behind the crystals. It screwsinto the side plate and pushesthe crystals
againstthe orangefront frame. Behind the crystal box, there is a smaller copper box
shown in blue that cortains CsI(Tl) pre-ampli ers. This copper box is connectedto
cooling bars. This area of the box in the bad is also usedfor the silicon cable to
mourt to a PC board that is not shavn here. This board is usedto re-align all three
cablesto comeout of the telescog horizontally, simplifying cable routing between

telesco and chip electronics.

45.1 Electronics structure

The detectorsare mounted within the unit of telescog as previously descriked, how-
ewer the electronicsalsoneedto be mourted within the chamber in order to optimize

the energyresolution. A box was designedto mount one motherboard with 15 chip-
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Figure 4.27: Image of a motherboard inside its shielding box. Also shavn are the
cooling bar con guration designedto keepthe ASICs cool in vacuum.

boardson it. Each chip needsactive cooling in vacuumasthey draw about 1.5 Watts
per chipboard. Figure 4.27 shavs a picture of one of these boxes open. There is a
copper bar on the bad side of the box with copper ngers attaching ead chipboard
to the copper bar. Thesecopper ngers are attachedto the chipboard with thermally
conductive, electrically insulating foam padding betweenthe top of the ASClIs and
the copper nger. The copper bar in the rear is thermally isolated from the box by
a plastic connectionat the bottom. This is doneto reducethe thermal load on the
colling system. The whole systemis cooled by water ow from a refrigerator unit

outside of the vacuum chamber.

4.5.2 Supporting structure

While the individual HiRA telescoms can be mounted in many dierent con gu-

rations somework has goneinto standardizing how telescogs will be mounted for
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Figure 4.28: 3-D rendering of a HIRA tower unit

most experimerts. This is necessaryas telescopes must have cooling for the CsI(TI)
pre-amps.The electronicsbox alsoneedsto be mounted in closeproximity to the de-
tectors. Figure 4.28shows a 3-D renderingof a tower unit. In the gure, v etelescopes
are shovn mounted using keysalong the sides.There is a copper cooling bar that is
shown in blue here which attachesto the CsI(TI) pre-ampboxeson the badk of the
telescoges. The silicon electronicsbox is mourted to the tower behind the detectors
which will minimize the length of cable betweenthe detector and the electronics.
For experimerts where HiRA is placed at forward angles,around the beam, a
mourting systemfor towers has beendesignedand built. Ead tower is placedon a
rail systemallowing accessy sliding along the rail. There are dowel pins to lock a
tower into position during an experimert. The whole systemresideson a large plate.

Figure 4.29is a 3-D rendering of this full system. Also shavn here are the micro
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Figure 4.29: 3-D rendering of the ertire HIRA system

channel plate detectorswhich are descrilked in Chapter 5.

4.5.3 Pin source design

Figure 4.30shows the front areaof a HIRA detector. Thereis a slot on oneside of the
silicon box. This is designedto t a calibration sourcebetweenthe silicon detectors.
The telescops were designedsud that they can be mounted together using \k eys"
which connectthe sidesof two telescops. The keys t along the ridge show in Fig.
4.30nearthe badk. The keysusetwo screwsand can alsotake two dowel pins aswell.
Ead telesco of HIRA hastwo silicon detectors,the secondonebeing completely
behindthe rst. This makesaccesdo the seconddetectordi cult in orderto calibrate
using sources.For every experimert using the silicon detectorsan calibration is
required. Any time silicon detectorsare handledthere is a risk of accidenal damage.
Minimizing the number of times detectorsare mounted and unmourted is advisable.

Therefore,in the designingof HIRA a small slotted frame is mournted betweenthe DE
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Figure 4.30: Image of the front part of a HIRA telescom

and E detector. The framethicknessis 1.7 mm, which doesnot a ect the experimertal
designhowewer it is enoughto slide a thin frame, with an  sourceon it, between
the silicon detectors. The mourting frame has dowel pins epoxied in eat of the
four cornerswith both endssticking out for alignmert and mourting of the silicon
detectors.

Figure 4.31is a picture of one of these sourceframes. The pin isa 0.5" dowel
pin. This pin is activated by electroplating the tip with daugrter nuclei from a 222Th
source. The sourcecan be generatedin 24 hours or lessand then glued into the
frame. There are three strong alpha lines from this sourceat 8.785MeV, 6.050MeV,
and 6.089MeV. The primary deposition on the pin is ?*?Pb which has a half-life of
10.6 hours. There is a small amourt of ?>Ra deposited on the pin aswell. It hasa
half-life of 3.62 days. This adds three more alphaswith energyof 5.685,6.288,and
6.778MeV. As there is no additional material betweenthe radioactive nuclei and the
surfacethis sourcecan produce very sharp energyspectra.

The pin sourceis capableof hitting all pixelson the E detectorasshown in Figure
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Figure 4.31:Image of the  sourceframe usedto calibrate the E detector without
removing the DE detector. Extra pins are shavn on the right.

4.32.Due to the closeproximity to the silicon surface,afewmm, the particle strikes
the surfacewill large anglesfor pixels that are not near the certer. The dead layer
on the surfaceof the silicon will shift the energyof the alpha particles and diminish
the energyresolution. If there is enoughdata from reactionswith the beam, one can
calibrate usingonly the pixel or pixelsdirectly in front of the pin source thusavoiding

problemswith angleand deadlayer measuremets.

4.6 Calibrations using pin source

Giventhe nature of double sidedsilicon detectorsit is possibleto calibrate the energy
for all strips if one can accurately calibrate a singlestrip on the front surfaceand the
bad surface.Using the pin source,Strip 16 on the front and bad are calibrated.
Figure 4.33is a histogram of strip 16 on the front surfaceof a E detector taken with

a pin sourceinserted betweenthe DE and E detector. This histogram is gated on
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Figure 4.32:2-D hit pattern for  particles from a pin sourceinserted betweenthe
DE and E detectors.

multiplicit y 1 everts on both front and badk, requiring a signal in strip 16 on the
bad. This e ectively selects particles that hit the certral pixel, 16-16.This pixel
should have zeroincident angle giving the most accurate energy measuremen The
two high intensity alphapeaksare tted, andalinear calibrationsis donefor thesetwo
strips. New parametersare then generatedwith strips 16 on EF and EB calibrated
in MeV.

For ewery particle incidert on the silicon, the energyis measuredin one strip on
the front, and onestrip on the bad regardlessof wherethe particle hits the surfaceof
the detector. The energymeasuredfor ead should be exactly the same.All particles
that areincident on EF,5 canbe usedto calibrate the correspnding EB strip. Figure
4.34shawvs the pro le in X from a 2D histogram of courts vs the energydepositedin
EF,; or EF,9 and in EBy6, wherethe latter hasbeencalibrated usingthe pin source.
The vertical lines represem the error bars from the pro le. Larger errors are due to

a small number of particles with that particular energy The slope for eat of these
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Figure 4.33: Raw energyspectrum for strip EF,5 gated on pixel 16-16

linesis di erent. A linear t of the form:

EBis=M EF +B (4.9)

is donewhereM is the slope of the linesshonvn in gure 4.34andB isthe Y -intercept.
EF,3 and EF,9 are then calibrated using theseparameters.
After applying thesecorrections,EF,3; and EF,g when plotted againstEB5 shawv

the samecalibrated relationship. This is shavn in Figure 4.35.

4.7 Particle identi cation

Of critical importance in HiRA is the ability to identify the massesand charges
of particle, in addition to energy To do this HiRA relies on the technique of E
vs E iderti cation. The principle of this is the Bethe Formula given in Equation

3.4. It shows that the energyloss E is proportional to AZ?/E. Therefore a plot
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Figure 4.34:Pro le histogram for two strips on the front surface,EF,; and EF,g Vs
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Figure 4.35: Pro le histogram for two strips on the front surface,EF,; and EF,g Vs
the calibrated EB4¢ strip after crosscalibrations from badk strip
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Particle ID using Csl vs EF
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Figure 4.36: Particle identi cation plot using EF vs Csl

of E vs E will identify AZ2. There are two typesof E vs E plots that are used
to identify particles detectedwith HiRA depending on the incidert energy For high
energyparticles that penetrate into the Csl detectorsthe EF or EB is usedasa E
detector, with the particle stopping in the Csl, which is labeled as the E detector.
Figure 4.36is a E-E plot for particles produced by a 4°Ca beam impinging on a
plastic target. One can seelines correspnding to p, d, t hydrogenisotopesaswell as
lines correspnding to *He and “He, with little above this.

If the energyof particlesis lower, then the particles can stop in the secondsilicon
detector. In this casethe DE detector measuresE and EF or EB givesthe residual
energy Figure 4.37 represets the correspnding E-E plot obtained in the beam
descriked above. Clearly HIRA can identify both the charge number (Z), and the

massnumber (A) for sud light charged particles. No data was measuredfor heavier
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Figure 4.37: Particle identi cation plot using DE vs EF

fragmerts howewver HiRA is expectedto allow identi cation up to oxygen isotopes.
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Chapter 5

Beam trac king detectors and the

full experimen tal setup

5.1 Intro duction

The HiRA detector is only onecomponent neededto perform (p,d) transfer reaction
massmeasuremets. Beamtracking is required for the determination of the reaction
angleand the beamenergyrequired to reconstructthe mass.This chapter will cover
the detectorsusedfor this purpose.A full description of the experimertal setup will

then follow.

5.2 Beam measurements using Parallel Plate Av-

alanche Counters (PP ACs)

Using the simulations descrited in Chapter 3, it was determinedthat a measureof
the incidert beam angle striking the experimertal target has a dramatic e ect on
the massresolution. Initially , Parallel Plate Avalande Cournters (PPACSs) were going
to be usedto determine this beam angle. PPACs have beenusedat the NSCL for

position sensitive particle detectorsfor quite sometime, making it the natural choice.
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The traditional PPACs usedat the NSCL consistof an ertrance foil, with aluminum
strips evaporated on the surfacein the horizontal direction, a certer foil, and an exit
foil, with strips evaporated on the surfacein the vertical direction. Isobutanegas lIs
the region betweenthesefoils. The strips are connectedby a chain of resistors. The
signalsare measuredon both sidesof the resistor chain. The voltage di erence across
the resistor chain provides a measureof the X;Y coordinates for the beam particle
trajectory through the gas.This method givesposition resolution better than 1 mm,
howewer it is limited in overall beam particle rate acceptance.

The PPAC signal hastwo componerts. The rst componert, which is quite fast,
comesfrom the electron signal. The secondcomponert comesfrom the drifting ions.
The fast signal is a few nanosecondsvide, while the slow ion signal is about a mi-
crosecondong. The slow ion signalis larger in total signalamplitude. When using a
resistive chain, the signal to noiseratio is low, requiring oneto usethe ion signals.
Onemust operate at voltagesnearthe breakdavn point. The useof slow signalslimits
the acceptablerate as pileup of the signalswill occur at modestbeamrates. The high
voltagerequiredto amplify the signaladequatelyabove the noisewill prevert the de-
tector from being usedabove 1 10* particles per second(pps). For the experimerts
of interest in this thesisbeamratesof 1  1(° pps are anticipated.

To improve the rate limits of a PPAC oneneedsto operate with lower voltagesto
reducethe possibility of sparking. One alsoneedsto reducethe likelihood of pileup on
electronic channels. Individual strip readout will simultaneously solve both of these
problems,or at leastimprove them. Individual strip readoutwill reducepileup asthe
beam rate on ead strip is signi cantly lower then the overall beam rate. Without
a resistive chain connectingall strips, the noiseis lower, therefore the detector can
be operated at a lower bias voltage while still providing an adequatesignal to noise
ratio.

The strip pitch is about 1.25mm, which requiresa large number of electronicmod-

ulesto processall signalsusing traditional electronics.To avoid using large amourts
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of CAMAC and NIM electronicsthe PPACs signals are processedwith Front End
Electronics (FEE) boards designedfor the STAR Time Projection Chamber (TPC)
at the Relativistic Heavy lon Collider (RHIC) at Brookhaven National Lab.

These FEE boards contain ASIC chips that have charge sensitive ampli ers,
shapers, a switched-capacitorarray (SCA), and a 10 bit ADC for eat strip. The
SCA is an analogstoragedevicethat savesthe wave form from ead strip. The SCA
is constartly samplingand storing until a trigger is givenfrom someexternal detector.
The FEE boardsthen digitize the waveform for eadt strip. The SCA has32 elemeitts,
with an elemen width that can be programedbetween25{100ns ead. This requires
a trigger decisionto be madewithin 3.2 s after the evert. After this time the SCA
will overwrite the existing data with current data.

Beam tests were performed to measurethe resolution and rate capabilities on
thesedetectors. The multiplicit y of strips with signalsabove threshold was about 5.
Onecancalculatea certroid peakto better than the width of a singlestrip (1.25mm)
with this multiplicit y. The beamrate thesedetectorscan handlewill vary with beam
species,in the initial beamtest with a "®Kr beamat 60 MeV/u the PPACs courted at
arateupto 5 1 pps, but then they beganto spark. This was signi cantly better
than with the original PPACs, howewer it was not su ciently stableto allow the use
of the modi ed detectorsfor experimerts descrited within this thesis. Moreover, one
would not placethesePPACs nearthe target becausethey have a thicknessof about
10 mg/cm? of plastic, which is ten times aslarge asthe thicknessof the actual target.
If placednear the target, thesedetectorscould produce a high badkground.

By placing the PPACs in the intermediate image of the S800, the magnetic
elemens betweenthe PPACs and the target largely eliminate the PPAC induced
badground from the experimert. Howewer, this placemeim hasse\eral disadwantages.
First, ion optics calculations are necessaryto determine the position at the target.
It is not clear how accurately this can be done, or how stable the result might be.

Second,somelossesf beamfrom charge exchangeoccur whenewer one puts material
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sud asa PPAC in the beam.This reducesthe actual beamtransmitted to the target.
Basedon thesecomplicationsa new tracking systemusing micro channel plates was

pursued.

5.3 Micro Channel Plate detectors

Micro ChannelPlate detectors(MCPs) areextensiwely beingusedfor particle tracking
at Oak Ridge National Laboratory (ORNL) [55{57]. They have the advantage over
PPACs of requiring lessmaterial to be inserted in the beam. In collaboration with
Dan Shapira of ORNL, a tracking systemusing MCPs was deeloped at the NSCL.
A description of the designof this systemwill follow. The results of initial tests will

alsobe given.

5.3.1 MCP design

A micro channel plate is a thin plate made by padking many small glasstubesvery
closetogether and coating them with material having a low work function for electron
emission. Figure 5.1 shows a graphic illustration of an MCP. The horizortal lines
represen the inner surfacesof an electrontube. The dimension of the tube are not
drawn to scale.Typically, the diameter of a tube is about 10 micronswhile the length
is typically about 1 mm. When an electric eld is applied betweenthe front and bad
of the plate, eat glasstube acts like a small cortinuous channel photomultiplier. An
electronthat strikesthe inner surfaceof a tube will causethe emissionof additional
secondaryelectrons,thus generatingan avalande of electronsthat emergeson the
other end of the tube.

The MCPs in our system have an outer diameter of 50.05mm with an active
diameter of 40 mm. The channeldiameteris 10 m with a certer to certer distance
betweenadjacert channelsof 12 m. The thicknessof the plate is 0.46mm. The plate

is cut with the glasstubesat an angleof 8 degreefrom normal. Two plates are used
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Figure 5.1: Sthematic designof a Micro Channel Plate

Figure 5.2: View of chevron style MCPs

in our MCP system,with the secondplate oriented sothat the 8 degreeslant of its
channelsare oriented in the opposite direction, asshown in Figure 5.2. This is doneto
avoid electronspassingthrough without cortact with the walls, and to prevent ions
from traveling in the opposite direction and generatingadditional delayed secondary
electrons.The electron gain from ead plate at 1000V biasis 10* correspnding to
atotal gain of between107{108 through the pair of plates.

Behind the MCPs is an anode which collectsthe charge emitted from the MCPs.
The anode is made of a thin resistive layer. The chargefrom the electronscascading

out of the secondMCP is collectedon the anode and collectedat four cornerson the
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anode. The position is determinedfrom relative signal amplitudes of these4 signals.

Figure 5.3 shawvs a schematic view of the MCP detector system. When a beam
particle strikesthe foil, secondaryelectronsare emitted. The foil is at a voltage of
-1000V with respect to the front surfaceof the MCP. This voltage accelerateshe
electronsfrom the foil to the MCP. The magnetic eld created by the permanert
magnets, behind the target and MCP, con ne electronsalong a narrow trajectory
to the MCP. The position where the electronsare emitted from the folil is strongly
correlatedwith the position on the MCP.

In orderto usethe MCPs for measuringthe incoming angleand position on target
they must achieve position resolution consistem with the requiremerts detailed in
Chapter 3. In addition to position resolution, they must function at a beamrate of
1 1P pps and have a high e ciency for detection of heary massbeamsat sud
rates. Timing resolution su cient to identify beam particles within an isotone chain
would also be ideal. Most of these properties can be tested using alpha sources.A
cyclotron beamis required however to determinethe e ciency for heavy particles at
high rates.

In the traditional design of the detectors, signals from the corners would go
through chargesensitive ampli ers, shapingampli ers, andinto ADCs. The di erence
in the amplitude of the digitized pulseswas usedto determine the position. Sud a
readout givesvery good resolution, typically better then 1 mm. The time it takesto
processshapers and ADCs is on the order of seweral microsecondsPileup in sud
electronicswould limit the rate to about 10* pps.

The electronicreadout systemthereforerequired changesin order to achieve rates
upto 1 1P pps. In the revised systemthe four corner signals are amplied by
fast ampli ers, and digitized by QDCs. The ampli ed signalshave a total width of
lessthan 30 ns. This preverts signi cant pileup from occurring in the electronicsat
ratesbelov 1 1P pps. A QDC gate of 50 ns is usedfor the corner signals, which

correspndsto a probability of about 5% at 1 MHz.
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Figure 5.3: Sthematic designof MCP setup
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5.3.2 Position resolution

When a chargedparticle strikesthe foil, secondaryelectronsare emitted. The number
of electronswill depend on the work function of the target material and the energy
lossnear the surface.For 8.7 MeV alpha particles the number of secondaryelectrons
emitted is typically 1, with*°Ca at 47 MeV/u, 10 secondaryelectronsare emitted.
Increasingthe number of emitted electronsimprovesthe position resolution because
it increaseghe signal amplitude.

The electronsemitted from the target foil have an energythat is typically lessthen
10eV. They are emitted in random directions so somemomertum is in the direction
towards the MCP and someis perpendicular. There initial transversemomenum is
non-zero. The magnetic eld created between the two permanernn magnetsacts to
con ne the trajectory of an electronin a helical orbit asit travelstowards the MCP.
The radius of curvature of the electron trajectory is de ned by the magnetic eld

betweenthe target and MCP. For low energyelectronsthe radius is given by:
r 3:37IO E=B (5.1)

where E is the initial electron energy perpendicular to the MCP. E is givenin eV,
and B is the magnetic eld in Gauss.For electronswith a transverseenergyof 3 keV
acceleratedin a 100G eld, the helical con ning radius is 0.6 mm, i.e. the diameter
is 1.2 mm. If the magnetic eld is increasedto 500 gauss,the diameter decreaseso
0.24mm. Thus, the useof very strong permanen magnetsleadsto improved position
resolution. In our MCPs the eld at the target has beenmeasuredto be 300G and
the magnetic eld is 500G at the MCP. A resolution of 0.25{0.5mm could therefore
be achieved. The exact value dependson the radial trajectory of the electron. The
distance between the certers of neighboring channelsin the MCP is about 12 m.
This is much smaller than the diameter of the helical electron orbit. This spacingof

channelstherefore has a negligiblein uence on the position resolution.
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In addition to the magnetic eld thereis an electric eld which is mostly parallel
to the magnetic eld. Increasingthe strength of the electric eld decreaseshe drift
time from foil to MCP and improvesthe timing resolution, but doesnot in uence the
position resolution.

The resistive layer can be non-uniform and these non-uniformities can not be
adjusted. The fast ampli er alsohasno gain adjustmert. Therefore position spectra
must be calibrated o ine. The fast ampli ers usedfor the cornersof the anode are
ORTEC FTA820A which have arisetime 1 nsanda gainof 200 10%. The anode
signalsare then integrated by a CAEN V792 QDC.

A pedestalsubtraction is done for ead of the four corner signals. The position
is then calculated by taking the di erence betweentwo signalson ead side over the
total signal. The spectrum is rotated and a linear calibration is done to display a
mask calibration in units of mm. The cornershave non-linear e ects which can be

correctedfor by a global 2-D t usingthe function:

Xea = X  ag+ aX + agY + auX2+ agY?

+agX 3+ a; Y3+ agX Y + agX 2Y + ayY 2X (5.2)

wherea; are t parametersand X ;Y are the measuredcoordinates. Y. is also cali-
brated this way.

In order to calibrate the position of the MCPs a thin plate is attached to the
target. Holesare drilled in this plate at known positions. The target foil is attached
directly on this plate. The plate is thick enoughto stop alpha particles. A plastic
scirtillator is placed behind the target. -particles that hit the foil where there is
a hole in the plate are stopped in the plastic. A MCP 2-D spectrum in coincidence
with the plastic is shovn in Figure 5.4. The holesare 3 mm apart, most holeshave
diametersof .75 mm but v e larger holeswere drilled with 1 mm diameter so as to

provide a cleariderti cation of the orientation for the mask. From this histogramthe
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Figure 5.4: Spectrum of MCP mask calibration

deducedresolutionis 0.35mm in the X direction and 0.7 mm in the Y direction. The
X resolution is better than the Y resolution becausethe folil is rotated around the
vertical axis by 60 degreesthus oneis measuringX cos60, not X.

The resolutionis not as good near the corners.This is likely causedby the small
signal amplitudes of the corners.Note that this data wastaken using 5.5 MeV alpha
particles from an ?*!Am source.Typically sud alphaswill generatel secondaryelec-
tron per alpha particle. During our experimerts with heavy rare isotope beamsone
expect 10{20 secondaryelectronsper beamion. This should make the signalslarger,
and consequetty, the signalto noiseratio at the edgesshouldbe much larger. During

the experimerts the beamwill be 5 cm wide vertically and 1 cm wide horizontally.
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Figure 5.5: Time of ight spectrum betweena MCP and a surfacebarrier detector

The resolution measuredin this region with the alpha sourceis already su cient to

do the experimerts.

5.3.3 Timing resolution

Timing resolution was also measuredusing a ??6Th alpha source.An MCP was setup
in coincidencewith a surfacebarrier silicon detector. Time of igh t wasthen measured
betweenthe two detectors.

Figure 5.5 shows the time spectrum of one MCP in coincidencewith a surface
barrier silicon detector. The total resolution is shovn in this gure to be 830 ps
FWHM. This is a conmbination of the uncertainty of both detectors.The risetime on
the MCP signalwasmeasuredo be about 3 nsandthe risetime onthe silicondetector
wasmeasuredo be about 50 ns after the chargesensitive ampli er. Both signalsused
constart fraction discriminators followed by a singleTDC with an intrinsic resolution
of 30 ps. If one assumeghe timing resolutionsof the MCP and silicon detector are
equalthe MCP resolutionwould be 580ps. If oneassumeghe timing resolution of the

silicondetectoris excellem, perhaps300ps,thenthe MCP resolutionwould be 770ps.
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Figure 5.6: Simulated time spectrum for a cocktail beam cortaining %¢As

This is probably an upper limit on the resolution of the MCP. Figure 5.6 shows a
simulated time spectrum for a cocktail beamcortaining %6As, 55Ge, 84Ga, 2Zn, 6!Cu,
%8Co, *°Co, and *’Fe. This calculation was performed with the program LISE++

assumingthe timing was measuredbetweenthe extendedfocal plane of the A1900
and the target position in the S800.The thin plastic scirtillator at the extendedfocal
plane was assumedto have 200 ps timing resolution, which is the typical resolution
for the actual detector. From this, onecan seethat %¢As can be reasonablyiderti ed,

as well as %°Ge and ®'Cu. The other beamshave similar ight times, and would
require the S800'senergyloss calculationsto separatethem. Identi cation prior to
the target is not crucial asthe S800should be able to idertify the outgoing particle
in coincidencewith the deuteronin the HIRA array. This is simply an additional

parameterthat canbe usedto cleanup any badkground cortamination.

534 Eciency & counting rate

In orderto measurethe e ciency for heary beamsat high energyan experimert using

the CCF at the NSCL wasperformed.A 4°Cabeamat 47 MeV/u was producedusing
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Figure 5.7: Image of the MCP setupin the 92" chamber

the A1900fragmert separator.Two MCPs were placedin the 92" scattering chamber
in the N3 vault. A plastic scirtillator was placeddown stream.

Figure 5.7 is an image of the experimertal con guration within the 92" chamber.
Eadh of the MCPs wasin its own copper cage.This wasdoneto reducepickup on the
MCP signals.There is an entrance hole and an exit holein ead cagefor the beamto
travel. Downstream of the MCPs is a copper maskthat can stop the beam, followed
by a plastic scirtillator. The copper maskis mounted on a target drive allowing it to
be moved in and out of the beam.

The plastic scirtillator placeddownstream of the two MCPs sened asthe trigger
for the data acquisition. The e ciency wasthereforemeasuredat various beamrates
by looking at the coincidencebetween MCP and plastic. The results are showvn in

Table5.1.
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Table 5.1: MCP e ciency resultsfor various beamrates

BeamRate | MCP1 | MCP2
(Pps) (%) (%)
9100 99 95
64000 99 95

930000 90 89

From this, one can seethat for a beam of 4°Ca at 47 MeV/u the e ciency of
eathh MCP ead is 89 % or higher for a beamrate near1 10° pps. This assumes
a 100% e ency for the plastic. The mask placed between the two MCPs and the
plastic limited the rate of particles stiking the plastic to lessthen 1 10* pps. At this
rate the plastic should be very e cient. The e ency for higher Z particles with the
sameenergyshould only increasewith increasingenergylossin the foils, becausdhat
increaseghe secondaryelectron emission.

Basedon the results of beamtestsand sourcetests, the MCP tracking detector
systemwill provide the requiredresolution,beamrate, and e ciency neededfor (p,d)
transfer reaction massmeasuremets. It alsohasa timing resolutionsu cient enough

to allow incoming beamidenti cation for many of the beamsconsidered.

5.4 The full experimen tal setup

A description of HIRA and the MCPs has beengiven, at this point a description of
the beamand full con guration of the (p,d) reaction hardware setup will be given for
a measureof the massof °As and %Ge.

Figure 5.8 showvs the K500 and K1200cyclotrons,and the A1900fragmert separa-
tor with a personshown to represen the scaleof the gure. The beamstarts as "8Kr
in the ion source.The ion sourceionizes’®Kr to a low charge. It is then injected into
the K500 cyclotron whereit is acceleratedand transmitted to the K1200 cyclotron.
In the certer of this cyclotron it strikesa striper foil which will remove the remaining

electrons. The "8Kr is then acceleratedto 140 MeV/u. The beam impinges upon a
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beryllium production target at the beginning of the A1900. The "8Kr is fragmerted
by the beryllium target. This producesnuclei with massesranging from ®Kr down
to protons. The rst half of the A1900 Iters out all particles that don't have the
samemassto chargeratio as®0As. At the intermediateimageof the A1900,the beam
is dispersedin the horizontal direction basedon momerium. Slits are placed here
to allow 0:25 % momertum distribution about the certral ray to transmit through
the seperator. There is a wedgein the intermediate image that will slov the beam
down. The energylossin the wedgeis descriled by the Bethe Equation 3.4. Particles
with di erent chargeand masswill consequetly losedi erent amourts of energy The
secondhalf of the A1900fragmert separatoris then usedto remove particles that do
not have energylosseshat leave them in the momertum acceptanceof the A1900.

In this mode, the A1900 basically transmits an isotone chain. This means®Ge
will be transmitted, along with %6As. The rate of °Ge will be as large or slightly
larger then ®6As. Additional nuclei with lower masswill also be transmitted. These
will sene ascalibration massessthey are closerto stability and have experimertally
determinedmassesThis will allow a simultaneousmeasuremenof the °As and ®4Ge
masse®ndthe calibration masseat the samesetting of the beamline. The calibration
massesallow oneto absolutely calibrate the B setting of the beam line. Using sud
calibrations one obtains the massof ®As and %*Ge which gives one the Q-value for
the %Ge(p; )%°As reaction.

After the A1900the beamwill travel to the extendedfocal plane wherethere is a
thin plastic scirtillator. This will sere asthe start detector for a TOF measuremen
of the beam. Beyond the extendedfocal plane is the transfer hall and following that
the S800beam-line. Figure 5.9 is a 3-D rendering of the S800spectrograph, with a
personshown for scale.The beamwill travel through the analysisline in dispersion
matched mode to the target position inside the large (green) chamber at the ground
level. The personin Figure 5.9 is standing next to this chamber. This chamber was

designedand built to accommalate the HIRA detector system.
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Figure 5.8: The NSCL cyclotrons and the A1900fragmert separator
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Figure 5.9: The S800Spectrograph

In dispersion matched mode the vertical position at the target will be directly
correlated with the momenium of the beam particle, relative to the certerline mo-
mertum. The beamwill focusto a point in the focal plane in this ion optics mode.
lons that undergo(p,d) reactionsin the target will loseoneneutron in the target and
thereforerigidity will be reduced.Theseparticleswill strike the focal plane detectors.
Beam particles that do not react in the target will maintain their original rigidity,
bend lessthen the reacted beam, and strike a beam dump in the secondbending
dipole of the S800.

The inside of the S800scattering chamber is shovn in Figure 5.10.1t will cortain
two MCPs. The rst one will be at the entrance of the chamber. This will give
a position and time for the beam. The MCP electron emissionfoil will consistof a
150 g/cm? aluminizedmylar foil placedin the beam-line.The reactiontarget will also
sene asthe emissionfoil of the secondMCP, and will be located 50 cm downstream
from the rst MCP. The target will be 0.5{1 mg/cm? polypropylene foil with about

1.5 nm of aluminum evaporated on the ertrance side. This aluminum is necessaryto
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Figure 5.10: S800Target Chamber with HIRA and MCPs in it

apply a voltageto the target, which accelerateghe secondaryelectronsto the MCP.
HiRA will be mounted at a distanceof 50 cm downstreamfrom the target MCP. This
will allow coverageup to about 25 degreesn the lab. The energyof the deuteronsat
the angleare high enoughthat they can punch through the 1.5 mm silicon detector.
The energyresolution from the Csl is not good enough,thereforethe coverageof hira
at a distance of 50 cm from the target will cover nearly all deuteronsof interest for

massmeasuremets.
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Chapter 6

Summary and future work

This chapter is broken down into two componerts, the rst will be a discussionof
the key points in this dissertation and the correspnding results from. The second
componert is a discussionof the presen experimertal program and an outlook for

future experimerts utilizing the results of the work of this dissertation.

6.1 Summary

The rst goalstatedin the introduction wasto de ne what arethe key nuclearphysics
propertiesthat cane ect our understandingof X-ray bursts on the surfaceof neutron
stars. The secondgoalwasto determine how to measuretheseproperties taking into
considerationthe accuracythat would be required to do so. The third goal was to
dewelop the requiredtools to perform the measuremets to the required accuracy
Chapter 2 descrited the dewelopmen of the program GAMBLER, and the re-
sults of GAMBLER calculations.Thesecalculationsindicate that the mostimportant
propertiesto determineexperimertally arethe masse®f ®*Ge and %°As becausdhese
massegyovernthe rst, and longestwaiting point in the rp-processabove *6Ni. It was
shown that the time it takesto processfrom %4Ge to the next potential waiting point

%8Se can vary between 10sto 100sof secondsdepending on the massesof %Ge and
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®As. It was also pointed out that reaction rates in this region are calculated based
on narrow resonancesn states determined from studies of mirror nuclei. At lower
temperature towards the end of the burst, the abundancesof nuclei beyond the ®°As,
are not in nuclear statistical equilibrium and are therefore sensitive to the existence
of and energiesof stateswithin the Gamow window.

The calculationsin Chapter 3 indicated the masseof ®*Ge and ®°As, along with
level information could be measuredto an accuracybetter then 25keV if su cien tly
high resolution detectorsare usedin the appropriate con guration. The three mea-
sured quartities required to calculatethe massesare the energyof the deuteron, the
energyof the beam, and the reaction angle. The energyof the deuteron can be mea-
suredto 50 keV or better with a thick enoughsilicon detector. The beamenergycan
be measuredwith relatively modest position resolution of a few millimeters, utilizing
the dispersion matching ion optics setting of the S800analysisline and a position
sensitive channel plate detector. The reaction angle can be determinedto su cient
accuracyif thereis 50cm betweentwo position measuremets usingtwo micro channel
plate detectorssitting in the scattering chamber.

Chapter 4 descriked the design,construction, and testing of the High Resolution
Array (HiRA), which will be usedto measurethe deuterons.Initial measuremets
suggestthe energyresolutionsof the silicon detectorsare better then 40keV. Howewer
the presen electronicsfor processinghe signalsof the thick silicon detectorswill limit
the energyresolution. Current tests indicate the resolution is about 50 keV which
should still be su cient, howeer this is an areawhereimprovemen can be made.

The reaction angle measuremen s strongly dependert on the position measure-
mert of the beam. It was shovn in Chapter 5 that the initial plan to use PPACs
might be insu cient for this purposeand this led to the dewlopmen of the MCP
tracking system.Testswith theseMCPs show that a resolution better than 1 mm is
possible.This is critical asonemust masterall of the componerts of the measuremen

simultaneously in order to achieve the accuracyof 25 keV that wasiderti ed here.
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Basedon the work of this thesis an experimertal program is underway to make
the experiment a reality. At this time, the rst setof experimerts is planned and is

thereforediscussedn the following section.

6.2 Future work

6.2.1 ©55As Measuremen t

In the nearfuture, therewill bea nal experimertal test with the full detector system
to verify all detectorsfunctions to there full capabilities. After this is done, a mea-
suremen of the massand level structure of *As and ®*Ge aswell asmany calibration
nuclei will be done. This will be the rst attempt for precision massmeasuremets

far from stability using a transfer reaction.

6.2.2 Measuremen ts beyond the proton drip-line

Depending on the actual massesof ®*Ge and ®°As and hencethe Q-value for the
%4Ge(p; )®As reaction, additional measuremets may be required. The next waiting
point in the processis the 8Se ®°Br region. %°Br is proton unbound, however proton
capture leading the rp-processthrough successig proton capturesto °Kr may be
possible,depending on the massand structure of unbound ®°Br. The massof %°Br
can obviously not be measuredby a Penningtrap because®Br is particle unbound
and "°Kr hasa half life around 50 ms. This would be the next logical measuremen
Beyond that is the "?Kr waiting point. This would require a measuremenof ?Kr and

®Rb.

6.2.3 Other reactions

The work of this thesis has beenfocusedon using the (p,d) reaction for studies of

massand level structure. The detectors deweloped could also be usedto do other
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direct reactionssud as (d,p), (d,3He), (t,p), proton elastic and inelastic scattering,

and knockout to measureproperties of neutron rich nuclei.
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