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Chapter 1

In tro duction

Our knowledge of how nature works is understood in terms of particles of

force interacting with particles of matter. Matter is composedof quarks and

leptons, and theseparticles interact by exchanging force particles. There are

four forces in nature, i.e. gravitational, weak, electromagnetic,and strong,

with the gravitational being the weakest by many, many ordersof magnitude.

Gaugeparticles mediate the forcesbetweenparticles of matter, that is to say,

gravitons mediate the gravitational force, W and Z bosonsthe weak force,

photons (quanta of light) the electromagnetic,and gluons the strong force.

There exist six types of quarks (up, down, strange, charm, bottom, and top)

and a corresponding number of leptons,of which the electronis a member. To

each type of quark and lepton there existsan antiparticle. Quarksand leptons

di�er in primarily three respects: whereasquarks are fractionally charged

(+2 =3 or � 1=3 of a unit charge),the leptonspossesseither unit or zerocharge.

Both kinds of matter particles interact via the three weaker forces,but only

quarks interact via the strong force. Unlike leptons, quarks always comein

groupings, never isolated. An assembly of quarks is termed a hadron and
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hadrons comein two classes:mesonsand baryons. A mesonis formed of a

quark-antiquark pair, and a baryon is composedof three quarks. Gluons are

the mediating particles of the strong forcewhich bind the quarks together.

It is now known that it is the quarks and gluonswhich form the basic

building blocks of the strong force. By way of analogy, we can view nucle-

ons as `quark atoms' { bound states of quarks held together by the strong

forceasgeneratedby gluonsand the quarks themselves. Compoundsof these

`quark atoms' form `quark molecules'(or in standard parlance, nuclei). In-

deed, the forces binding the nucleons (protons and neutrons) together are

only a weak residueof the inter-quark forces. Our understandingof exactly

how these`atoms'and `molecules'are constructedfrom their quark and gluon

constituents is rudimentary at best. Understandingthe strong forceasgener-

ated by the subatomicparticles, i.e. quarks and gluons,is oneof the greatest

intellectual challengesfacing nuclear physicists today. Since 99.95%of the

massof all visible matter in the universecomesin the form of protons and

neutrons, it behoovesus to understandthe nature of the strong force.

Sofar, we have described systemsin which the relative angularmomen-

tum quantum number of the quarks is zero. That is to say, the quarks are

not swirling, twirling and whirling within the nucleon. An energeticparticle

incident on a target nucleon can interact directly with a quark inside of the

nucleon causingthe quark to undergo a 
ip in spin or endowing the quark

with an orbital or radial excitation. This interaction then placesthe nucleon

in an excited state. By exciting the quarks to a higher energystate, the nu-

cleonbecomesmore energetic,hencemore massive. Theseexcited states are

calledbaryon resonances(N � ) and are short lived. Theseexcitedbaryonswill

immediately decay into a ground-statenucleon(proton or neutron) producing

a mesonor electromagneticradiation. For example, 
ipping the spin of the
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quark inside of a proton gives rise to Delta particle (�), which is one third

againasmassive asthe original nucleon. The � will then decay into a nucleon

and a pi meson,i.e. � ! N � . The typesof mesonsproducedand how they

are distributed in spacein the decay processprovides key information on the

internal symmetriesof the quarks in the nucleon. Only certain groupingsand

symmetriesof quarks can give rise to certain decay angular distributions of

the daughter mesons.Di�eren t discreteorderingsof the underlying quarkswill

leadto di�erent baryon resonanceswhich are the excitedstatesof the nucleon.

The study of theseexcited statesis called spectroscopy. And just as ordinary

spectroscopy proved to be the incisive tool for understanding the electronic

structure of the elements, we expect the spectroscopy of nucleonswill reveal

many of the basicfeaturesof the quark substructureof matter, and, in turn, it

will provide a critical testing ground for quark modelsattempting to describe

thesesystems.

(b) The Roleof Je�ersonLab

Semi-relativistic symmetric quark models [1] successfullydescribe the

existenceof a fairly large number of resonances.Although someof thesereso-

nanceshave beenexperimentally identi�ed, far more are predicted than have

yet beenobserved. It is expected that several of these`missingbaryons' will

decay into a ground-statenucleonand a �N or ! N meson,or they will decay

via a cascadewith intermediate particles carrying a strangequark (or anti-

quark) such as � and K + . On the other hand, diquark models [2] restrict

the internal degreesof freedomby demandingthat two quarksbe bound pair-

wise(quark-quark) inside the baryon. This restriction lowersthe level density

of baryon resonancesthereby reducingthe number of allowable excitedstates,

sincethere are fewer degreesof freedom.The predictionsof the diquark model
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are fully consistent with the world's data set, and within the framework of this

model, there is noneedfor additional baryon resonances.The symmetricquark

modelersarguethat the paucity of thesedecay modesasobserved in the data

is strictly an experimentalist's problem { the data are incomplete. Up until

now, measuringhigh multiplicities of three and more relativistic �nal-state

particles over a broad rangein polar and azimuthal anglesat high data rates

has not been technologically feasible. Therefore, many decay modes of the

excited nucleonhave beeneither not very well measuredor not measuredat

all.

The probe a�orded by a beamof linearly-polarizedphotonsallows one

to gain accessto several observablesin photon-nucleonreactions,which oth-

erwisewould not be measurable. This probe provides the meansto cleanly

measurethe absolutedirections of the outgoing particles. In essence,a beam

of linearly-polarized photons cuts down on the glare; the polarization axis

de�nes a unique direction in spacewhereby the angular distributions of the

�nal-state particles can be uniquely referenced.We can explain this in terms

of the following: the polarization axisof the photon beam,striking on a proton

target, breaksthe azimuthal symmetry of the reaction, thereby introducingan

azimuthal (� ) dependencein the di�erential crosssection. This additional in-

formation on the angular dependenceopensthe door to the measurement of a

host of observableswhich are accessibleonly with a beamof linearly-polarized

photons;consequently it providesmuch more constraining information on the

nature of the photon-nucleonreaction.

This coming together of these several disparate aspects of high tech-

nology will make possiblethe search of heretoforeunmeasurablebaryon reso-

nances.The presenceor absenceof certain resonanceswill shedconsiderable

light on the internal symmetriesand dynamicsof an assembly of three quarks,
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and will thereby further aid us in understandingthe nature of the strong force.

The experiments, \Photoproduction of ! Mesonso� Protons with Lin-

early Polarized Photons" [3] and \Photoproduction of the � Meson from the

Proton with Linearly Polarized Photons" [5] are similar in scope, in that

we will search for baryon resonancesthat decay through the � or ! mode

(i.e. N � ! VN , where V = (�; ! )). We will �nely bin the data in terms of

both the angular distributions of the decay pions and the energyof the in-

cident photon. Furthermore, employing the probe of a high-quality beam of

linearly-polarized photons is important becausethe polarization axis de�nes

a unique direction in space with respect to which the �nal-state particles can

be measured. In essence,this probe cuts down on the glare, and will allow

us to extract the individual excited states with unprecedented accuracyand

precision. Upon analyzing the g8a data set,1 we expect to collect at least 1

million � s and 250 thousand ! s in the kinematic regime where the baryon-

resonancesignature is most enhanced.Thesenumbers are to be comparedto

the world's data setof a few thousandevents for both the reactions,N � ! �N

and N � ! ! N over a coarselybinned rangeof energiesand scattering angles.

Our high-statistics measurement, coupled with a beam of linearly-polarized

photons,will enableus to garner accurateand precisespectroscopicinforma-

tion on the existenceof baryon resonanceand thereby delineatethe internal

symmetriesand dynamicsof the underlying quark degreesof freedom.

The objectivesof our experiment, \Photoproduction of � Mesonswith

Linearly Polarized Photons" [4] depart from thoseon baryon spectroscopy dis-

cussedabove. There are two primary facetsto this experiment. First, we shall

1After we �nalize our calibrations, we will commencecrunching the TeraBytesof the g8a
data. We do not expect to be ready to analyzethe completeset of g8a data until the fall of
2002,at the earliest.
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investigatehow the photon exchangesforce particles with the target nucleon

in producing � mesons.By measuringthe angular distribution of the decay

products of the � meson,we can determine unequivocally the nature of the

exchangebetweenthe photon andthe target nucleon. This is a timely measure-

ment sincewe not know how a photon interacts with a nucleonin producing �

mesonsjust at the energywherethesemesonscan be produced. Our experi-

ment will answer this questionunambiguously. Secondly, our investigationwill

be a search for signaturesof completelynewphysics. If we identify certain un-

expecteddecay angular distributions from the photoproduced� meson,it will

indicate new processesother than photon-nucleon exchange. There is much

conjectureright now that protons and neutronsalsohave a small component

of strange quarks at the few percent level. A photon could couple directly

to a strange-anti strangequark component of the nucleon. This knocked-out

strange-anti strangequark pair would then manifest itself asa � mesonwith a

very speci�c decay angular distribution. Such a `smokinggun' would provide

new insights into the structure of the nucleon.

The approval of our threeexperiments establishedthe g8running period

in Hall B (seeFig. 1.1) and sparked the needfor the Coherent Bremsstrahlung

Facility (CBF) for producing the linearly-polarized beam of photons. We

summarizethe physicsof the g8arun in Fig. 1.1 This need,in turn, generated

strong interest in the community to seekfunding for the design,construction

and installation of this new Hall-B beamlinefacility. A key component to the

CBF is the UTEP/Orsay instrumented collimator.

In following chapters of this master's thesis, we shall �rst start with

describing the underlying physics of producing a beam of linearly-polarized

photons by meansof coherent bremsstrahlungand why we need to actively

collimate this beam. We shall next discussthe designof the UTEP/Orsay in-
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strumented collimator, then detail the several phasesof our benchmark testing

and calibration of the device,and concludewith the results of our successful

collimation of the beamduring the g8arun (6/04/01 { 8/13/01). In the pro-

cessof our testing, we developed a LabVIEW-based data acquisition system,

which to our knowledge, represents the �rst time a university group in the

JLab community hassuccessfullyinterfacedLabVIEW in the Windows oper-

ating systerm through a SCSI connectionto the VME backplane to read out

CAEN QDC channels.
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Figure 1.1: Summaryof the physicsgoalsfor the g8arun of the photon tagger
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Chapter 2

Motiv ation

The set of experiments forming the g8a run took place in the summer of

2001 (6/04/01 { 8/13/01) in Hall B of Je�erson Lab. These experiments

madeuseof a beamof linearly-polarized photonsproducedthrough coherent

bremsstrahlungand represent the �rst time such a probe has beenemployed

at Je�erson Lab. Among the several new and upgradedHall-B beamlinede-

vices that were commissionedprior to the production running of g8 was the

UTEP/Orsay instrumented collimator. In this chapter we shall discussthe

the physicsbehind producing photons via the coherent bremsstrahlungfacil-

it y and the needfor actively collimating this beamof photons. This technique

of obtaining linearly polarized photons has beenemployed at both SLAC [9]

and Mainz [10]. Detailed discussionsof the underlying theory of coherent

bremsstrahlungcan be found in references[11], [12], [13], and [14].

The spectrum of a photon beam produced coherently from a crystal

radiator hasseveral distinguishing characteristicscomparedwith that of inco-

herent bremsstrahlung.The salient featuresof coherent bremsstrahlungare:

� An energyspectrum with discretepeaksdueto the varying contributions
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of di�erent reciprocal lattice vectors.

� A strong linear polarization within each of the peaks.

� A polar angle distribution which is correlated with the energy of the

photon.

� Tunable peak energiesby crystal choiceand orientation.

� The direction of the polarization can be quickly and smoothly changed

by rotating the crystal radiator.

We shall discusseach of theseabove points in turn.

For anelectronof energyE � to radiatea photonof energyk requiresthat

the moment ~q be transferredto a nucleusin the crystal lattice. The allowable

range of momenta transfers are con�ned to a volume of a pancakelike region

in momentum space,wherethe pancake conditions are given by:

� � q̀ � 2� (2.1)

0 � q? � 2x (2.2)

wherex is the fractional photon energy, k=E� , and

� = qmin
` =

1
2E �

x
1 � x

(2.3)

We will use the natural units (�h = c = me = 1) unlessspeci�cally

marked otherwise. The in
uence of the crystal structure is given by Laue

condition

~q = ~g (2.4)
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Here~g is the reciprocal lattice vector. Several reciprocal lattice vectors

can contribute simultaneously if the orientation of the crystal with respect to

the direction of the incident electronbeamis not carefully selected.This leads

to overlappingpeakswhich will smearout the direction of polarization. For the

following discussionwewill assumewehaveselectedthe well isolatedreciprocal

lattice vector with the Miller indicesof (02�2), which gives j~gj = 2�
a

p
22 + 22,

and wherea is the length of the fundamental cell. For the caseof diamond,

a = 925in dimensionlessunits. The corresponding momentum transfer to the

lattice nucleus is then j~gj = 9:85 keV/c for (02�2). Selectinga speci�c q̀ in

the rangebetween� and 2� with respect to the electronmomentum produces

coherent-bremsstrahlung photons of the corresponding fractional energy x.

Maximum linear polarization is found in the plane de�ned by the reciprocal

lattice vector and 3-momentum of the incident electron, i.e. (~g; ~p� ).

The angulardistribution of the coherent and incoherent bremsstrahlung

photons are very di�erent. Whereas the polar angular distribution of the

incoherent bremsstrahlungphotos is independent of the photon energy

dN (� )
d�

=
�

(1 + � 2)2
; (2.5)

the emissionangle of the coherent bremsstrahlungphotons decreases

with increasingphoton energy(x � xd)

� 2 =
1 � x

x
2E0q̀ � 1 =

1 � x
x

�
xd

1 � xd
� 1: (2.6)

Herexd is the maximum fractional photon energyfor a given setting of

crystal

xd =
2E � q̀

1 + 2E0ql
(2.7)
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and the � s are given in unit of characteristic angle, i.e.

� char =
mec2

E �
(2.8)

For example,for E � = 6 GeV, � char � 1=12 mrad.

We can useof the physical fact that the emissionangleof the coherent

bremsstrahlungphoton is correlatedwith its energyto enhancethe polariza-

tion of the beam of photons. We can extract the spectral peak by tightly

collimating the beam and thereby reducethe incoherent background, which

further servesto increasethe degreeof polarization. The maximum polar an-

gle is limited by the opening angleof the collimator � coll , which givesa lower

limit for coherent bremsstrahlungphoton energy

xmin =
xd

1 + � 2
coll (1 � xd)

(2.9)

Therefore a spectral line in the energyregion xmin � x � xd remains

for the collimated coherent bremsstrahlungphotons. Here,x = E 
 =E� and xd

is the maximum fractional photon energyfor a given setting of the crystal. To

achieve maximum polarizations exceeding80%, we must collimate the beam

to better then one half of the characteristic angle, where � char = 89:7 � rad

for incident electronsof energyE � = 5:7 GeV. This meansfor a collimator-

goniometerdistanceof 22.9m, the aperture of the collimator must be lessthan

2.05mm.

In Fig. 2.1 we plot the tagged coherent bremsstrahlungspectra from

the g8arun superimposedwith calculationswith and without collimation [16].

The coherent spectra are normalizedby the characteristic 1=E
 fall o� of the

incoherent bremsstrahlungspectrum obtained from a data run on an amor-

phous carbon radiator. We observe that the calculation without collimation
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�ts the data fairly well. Observe that we obtain two peakswhich re
ect two

di�erent Miller indices. The primary peakis the (02�2) and the secondarypeak

comesfrom the Miller index of (00�4). We seethat collimating the beam re-

sults in a spectral line with an enhanceddegreeof linear polarization. We just

have to make surethat the photon beamis centered on the central axis of the

collimator to within 150 � m. This requirement, of course,demandsa robust

designof the instrumentation to detect shifts in the photon beam position,

along with high-quality engineeringand methodical testing of the device so

that it is properly calibrated.
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Figure 2.1: we plot the taggedcoherent bremsstrahlungspectra from the g8a
run superimposedwith calculationswith and without collimation normalized
to 1=E
 . We seethat collimating the beam results in a spectral line with an
enhanceddegreeof linear polarization.
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Chapter 3

Design of the Collimator

In this chapter we shall discussthe designand engineeringof the UTEP/Orsay

instrumented collimator. The conceptualdesignof the collimator was based

upon the Monte-Carlo calculationsof Prof. Cole of UTEP. The instrumented

collimator was then CAD/CAM designed,engineered,machined, and assem-

bled by the Institut de Physique Nucl�eaire of the Universit�e de Paris Sud in

Orsay France. And, �nally , UTEP was responsiblefor testing and calibrating

the device,which is the subject of my thesisand will be discussedin glorious

detail in chapters 4 and 5.

3.1 Material of the Collimator

We had to respect two disparate criteria in designingthis instrumented col-

limator. We require a high-Z material of short radiation length so that the

electronsaresu�cien tly attenuated. At the sametime, wehad to minimize the

photo-neutronproduction crosssection,while possessinga collimator of man-

ageablelever arm so that we may easily align the deviceto the central orbit

18



of Hall-B beamline. A suitable arrangement of tungsten and nickel diskettes

will satisfy thesetwo conditions. Shower maximum for both nickel and tung-

sten occurs at 5 radiation lengths for an incident photon beam of E 
 = 5:5

GeV [7]. Becausetungsten is of much higher Z, this shower maximum occurs

at 1.75 cm (the radiation length for W is 0.35 cm as opposedto 1.45 cm for

Ni). After shower maximum, however, the shower is dominated by minimum

attenuated photons. Nickel is better if the thicknessis reckoned in radiation

lengths (rl). Past shower maximum, it takes3.87cm (2.6 rl) of Ni to absorb

1=eof the shower asopposedto 1.2cm (3.4 rl) for W. If both collimators were

20 rl thick, much fewer would leak out the back of the Ni collimator.

We alsomust take care to addressthe issueof the excessin photoneu-

trons (of around10MeV in energy)generatedin the tungsten. Two photoneu-

trons will be produced in the tungsten for each 5.5 GeV photon that strikes

the tungsten. At the sametime, we must reduce the overall length of the

collimator. A collimator of 40 cm length will be much more di�cult to align

with the beam than one of half that length. The di�erence in the photon-

neutron production crosssection between nickel and tungsten is a factor of

9.5. This is becausethe isotope 58Ni (68% nickel) possessesan anomalously

low photon-neutron crosssection. The absorption length in Ni is 5.7 cm (3.9

rl) as opposedto 5.1 cm (14.6 rl) for W; If measuredin radiation lengths,

nickel is clearly preferable. A suitable arrangement of tungsten and nickel

diskettes will satisfy thesecompeting requirements of highly attenuating the

photon beam with the attendant photoelectrons and photopositrons, while

minimizing the overall photo-neutron production crosssection and simulta-

neouslymaintaining a manageablecollimator length so that it may be easily

aligned to the central coreof coherent bremsstrahlungbeamof photons. The

tungstendiskettes serve to attenuate the beamand the aft arrangement of the
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nickel diskettes serve to reabsorbthe photoproduced neutrons and minimize

the photoproduction of subsequent low-energyneutrons.

3.2 Design of the Collimator

The original designof the instrumented collimator called for a bore hole of

1 mm. We shall �rst describe the original designand then will discussour

`11thhour' changesto this design.The designof the overall geometryandmass

composition of the collimator is to maximize the sensitivity of the embedded

detectorsto minute shifts in the photon beam. For further details, pleaserefer

to the UTEP Monte Carlos studies[6].

The collimator was formed of a stacking arrangement of optically-
at

5-cm diameter and 1.5-cmthick cylindrical slabsor `diskettes,' ascan be seen

in Fig 3.1. Into each diskette wasdrilled a 1-mm hole to within a toleranceof

50 � m. Here,we list the geometryof both the nickel and tungsten diskettes:

inner diameter 1.00mm

outer diameter 50.00mm

thickness 15.00mm

A stainless-steelsheath housedthe diskettes, three tungsten ones in

front followed by ten nickel diskettes. The sheathactedasa precisionmandril

allowing the central axis of thesediskettes to be alignedto within a tolerance

of 50 � m over the entire 19.5-cmlength of the collimator.

We had anticipated that the electron beam delivered to Hall B and

directed onto the diamond radiator would be stable to within 100 � m. This

was not achievable at E � = 5:7 GeV. The acceleratorwas operating at its

endpoint energyand su�ered many trips in the rf acceleratingcavities. The

beamcould be stable to within 250� m. Clearly the the 1-mm diameter holes
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Figure 3.1: Schematic of the UTEP/Orsay Instrumented Collimator
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were too small. In February, 2001,we realizedthat the designwas too tight.

This unfortunately occuredto us only two months after the devicehad been

deliveredto Je�erson Lab. It is not a trivial task to manufacture optically-
at

15-mmthick nickel disketteshaving a boreholeof 2-mm with 50 � m tolerance

over a 19.5-cm length, i.e. from the �rst to thirteenth diskette. Our very

competent and kind colleaguesat Orsay camethrough and had the diskettes

made in a record time of 10 weeks. However, it was not possibleto machine

and drill the tungsten diskettes in time, and we opted to replacethe the 1-

mm diskettes with the all new 2-mm nickel ones. In May, 2001 the French

technician, Lionel Fichenand seniorphysicist, Dr. Jean-PierreDidelez,
ew in

from France,with tools and nickel diskettes in hand. On Mother's Day, three

weeksbeforethe experiment began{ literally in the nick of time { Mr. Fichen

swapped in the new diskettes. The operation was a success.

3.3 Beam-Cen tering Monitors

Embeddedin the geometryof the collimator are the active detector elements

for measuringthe photon beam position. The beam-centering monitors are

formedof a scintillating cubeoptically coupledto a light guide/PMT assembly.

In this sectionwe discusshow thesebeampro�lers work and the propertiesof

the components of thesedevices.

3.3.1 How to Detect the Photon Beam

A beamof photonsincident upon a high-Z material will producecopiouspairs

of electronsand positrons. A photon may convert into an electron-positron

pair in the presenceof a nucleus, where this third body serves to conserve
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momentum. The �rst diskette is our converter. The photonspair convert and

the subsequent electronsand positrons will travel through the body of the

collimator. Between the �rst and secondtungsten diskettes are sandwiched

the four up-down, left-right radially-mounted scintillator + light guide+ PMT

detector elements. Someof thesechargedparticles will then passthrough the

small scintillator cube (4 mm on a side). A chargedparticle passingthrough

a plastic scintillator will loseenergyand this lost energyappearsas photons

in the scintillator. On the average,onephoton is createdfor every energyloss

100eV of the electronor positron in passingthrough the scintillator; i.e. if an

electronloses1 MeV in energywhile traversingthe scintillator, 104 photonsare

createdin its wake. Thesephotons will undergomany internal re
ections in

the scintillator and the optically coupledlightguide. The radially-mounted ge-

ometry of detector assemblyT [8] maximizesthe e�ciency of photonsstriking

the photocathode of the PMT. Due to the quantum e�ciency of the photo-

cathode, approximately one fourth of these incident photons will convert to

electronsvia the photoelectric e�ect. The chain of eight dynodesin the PMT

forms a potential ladder; the photoelectric electron is acceleratedtowards the

�rst dynode and upon striking that dynode, secondaryelectronsare emitted.

This processcontinuesfor the subsequent stagesof the dynode and a cascade

of electronsensues.At the anode, this cascadeis collectedto yield a current

which may be ampli�ed and processedby our electronics.

Relativistic charged particles passingthrough matter leave a charac-

tistic signal called a minimum-ionizing peak. We will discussthe details of

the physics in chapter 6. Most of the pair-producedelectronsand positrons

will be highly relativistic. We can use the telltale minimizing ionizing peak

to comparethe responsesof the four PMTs. Sincethe scintillating cube and

light guide assembly for the four detector elements are identical, are all lo-
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cated at the samedistancebehind the �rst diskette, and together possessan

up/down{left/righ t azimuthal symmetry, wecansafelyanticipate that the pair

production energylossdistribution through each of the scintillator cubesmust

be identical. This physical fact a�ords us a nice way to calibrate our PMTS.

It is by lining up the minimum ionizing peaksof the ADC spectra of the four

PMTs occur that we can accurately and precisely gain match these PMTs

Once we have completely calibrated the PMTs by lining up theseminimum

ionizing peaks, the PMTs will all then have the samesensitivity to signal.

We can determine the photon beampositions by measuringthe asymmetries

between two counters. For example, the generalexpressionfor determining

the asymmetry betweenthe counters i and j is

A ij =
(N i � Oi )Gi � (N j � Oj )Gj

(N i � Oi )Gi + (N j � Oj )Gj
:

Here,we de�ne

Gi Gain of counter i

Oi O�set of counter i

N i Counts in the peak for counter i

The gain and o�set parametersallow for �ne-tuning after we have gain

matched the PMTs. During our inbeamrunning, the o�sets were set to zero.

If the beam if perfectly centered, all asymmetrieswill necessarilybe zero.

Nonzero asymmetriesre
ect a shift in the position of the beam. It is by

the online monitoring of theseasymmetriesthat we may determine whether

photon beamis centered and stable. We also recordedthe ADC spectra onto

tape. We will later usethis information to �lter out bad events from the data

pool.
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3.3.2 Speci�cations of the Detector Elemen ts

The instrumentation of the collimator consistsof four radially-mounted scintil-

lator + light guide+ PMT elements possessinga left-right, up-downsymmetry.

The light guideis a passive device,which servesto transport the photonsfrom

the scintillator to the photocathodeof the PMT with minimal lossin e�ciency .

We shall discussthe properties and designissuesfor the active detector ele-

ments in turn.

Scintillator Cub e

Our Bicron BC{408 polyvinyltoluene scintillator is a cube, 4 mm on a side,of

refractive index 1.58,and hasa vapor pressuresuitablefor usein vacuum. The

designof this active element wasset to satisfy two conditions. First, we chose

to easethe demandson the data acquisition system. By minimizing the cross

sectionalareato thesechargedparticles, we could lower the count rate for the

anticipated high number of pair-producedelectronsand electrons. Secondly,

the small geometricalsize of the scintillator cube was designedto keep the

minimum ionizing peakreasonablysharp. A well-de�ned and delineatedpeak

would serve to facilitate the gain-matching of the PMTs. Someproperties of

the BC{408 plastic scintillators:

Wavelengthof Max. Emission 425nm (FWHM 40 nm)

Light Attenuation Length 210cm

RiseTime 0.9 ns

Decay Time 2.1 ns

PulseWidth (FWHM) 2.5 ns
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Photom ultiplier Tub es

Weusedthe head-on10-mmdiameterR1635Hamamatsuphotomultiplier tube

becauseof its suitabilit y for scintillator counting and its abilit y to operate in

vacuum. This PMT has eight dynode stages,where the electron tra jectories

are linearly focused.Somesalient featuresof this PMT:

Operating HV (Anode to Cathode) 1250V

Maximum HV (Anode to Cathode) 1500V

Quantum E�ciency at Peak � 23%

Gain (typical) 1:1 � 106

RiseTime (typical) 0.8 ns

Transit Time (typical) 9 ns � 0:5 ns

Maximum Spectral Response 420nm

Spectral ResponseRange 300to 650nm

Wenote that the Bicron BC{408 plastic scintillator and the HamamatsuR1635

PMT are well matched in the spectral response.Both peak at near 425nm.

3.4 Protecting the PMTs from Magnetic Fields

Most PMTs are a�ected by the presenceof magnetic �elds. Magnetic �elds

may de
ect electronsfrom their normal tra jectoriesand causea lossof gain.

The extent of the loss of gain dependson the type of the PMT and its ori-

entation with respect to the magnetic �eld. In general,a PMT having a long

path from the photocathode to the �rst dynode are very sensitive to magnetic

�elds. And it is the head-ontypes, i.e. our R1635 PMTs, that tend to be
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more adverselyin
uenced by magnetic�elds. Becauseour PMTs are situated

at four azimuthal angles: � = (0� ; 90� ; 180� ; 270� ), not shielding them from

magnetic�elds would clearly give rise to di�erential gain. We completelysur-

roundedthe PMTs with a big fat continuoussoft iron casingfor constraining

the magnetic 
ux lines away from the PMTs.

3.5 High-V oltage Distribution Net work

The eight stagesof the dynodes form a potential ladder, allowing for the

electronsto be acceleratedon up the chain to the anode. The high voltage

is distributed to the dynode stagesby meansof an arrangement of voltage

dividers. Each dedicated HV distribution network was housednext to its

assignedPMT within the soft iron casing. The voltage dividers were formed

of transistorized devicesintended to work in vacuum. And as we shall seein

chapter 6, they did indeedwork very well.

3.6 Some Commen ts on our Collimator

The synergybetweenUTEP and Orsay resultedin a world-classpieceof scien-

ti�c instrumentation. Our colleaguesat Orsay shouldbe strongly commended

on their expertise and workmanship. French engineeringis �rst rate, and

without their help, the collimator would have probably remaineda nice lit-

tle exercisein Monte-Carlo simulation. We concludethis chapter with two

photographs of our beautiful amd charming little collimator (see.Figs. 3.2

and 3.3).
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Figure 3.2: SideView of the UTEP/Orsay Instrumented Collimator.
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Figure 3.3: Front View of the UTEP/Orsay Instrumented Collimator.
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Chapter 4

Data Acquisition System

Our next step in our investigationswasto properly calibrate the instrumented

collimator. In this chapter we shall discusshow we interfacedour data acqui-

sition systemto the VME backplane. We communicate to the VME backplane

via a SCSI interfaceas provided by a special PICIAD PCI card which we in-

stalled in our PC. To our knowledgewe are the �rst group within the Je�erson

Lab community to successfullyreadout a CAEN VME module using the data

acquisition systemLabVIEW in the Windows operating system. It turns out

that this was far from trivial and we will explain the procedureand technical

details necessaryfor testing the instrumented collimator.

In order to calibrate the instrumented collimator, we employed several

VME and NIM modules1, a PC, PCIVME card (SCSI), as well as several

sources.VME and NIM Module aswell asdevicesusedare from the company

The setup for calibrating the instrumented collimator is depicted in Fig. 4.1.

The sourcewill be our yardstick. That is to say, the calibrating source

will provide vital information on the behavior of each of the four individual

1Most of our VME and NIM modulesaswell asdevicesusedare from the company VME
and NIM Line of Costuzioni Apparecchiature Electroniche Nucleare (CAEN).
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Power Supply

QDC

VEM Module NIM Stages

COMPUTER

LabView

Program

COLLIMATOR

Radioactive Source

Figure 4.1: The setup for calibrating the collimator

detecting assemblies formed of a scintillator cube, light guide, and Photomul-

tiplier Tube (PMT). We usedthree meansof calibrating the instrumentented

collimator: a pulsedLED, 207Bi source,and cosmicrays. Becauseof the small

dimensionof the scintillator cube, 4 mm on a side,the count rate from cosmic

rays is low.

We employed the 2-channel power supply, CAEN Model N 471, where

each channel can reach up to 8 kV. For our purposes,we selectednegative

polarity. We set the negative HV to the Hamamatsu R1635 PMT not to

exceed1500 Volts. The operating point of these PMTs is in the dynamic

negative HV range of 900 to 1500 V. The PMT signal was then staged to

various NIM modules.

The �rst link in the chain of moduleswas the Model 740Quad Linear

FAN-IN/F AN-OUT by Phillips Scienti�c. We found that the Phillips module
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was fast and clean; it did not distort the pulse. We now split signal into

two paths with the linear FAN-IN/F AN-OUT. Pleasenote that the signal

is split but not reducedin pulse height. One path leads to the QDC VME

module, wherewereadin the analogsignal. The other signalis stagedthrough

additional NIM modulesand processedto producea 50 ns gate to the VME

QDC. The reasonto sendonesignal through theseserial stagesof NIM is not

only to convert it into a logic signal but alsomanipulate it in order to have a

signal agreewith the QDC requirement for a good gate.

A seasonedexperimentalist experiencedin testing electronicscould well

say that we shouldhave gatedour QDC from a sourcedi�erent from the signal

itself to minimize the di�culties associated with pedestals.We tried it a few

times and found it to be not so practical in this speci�c instancebecauseit

madetiming betweenthe signal and gate wereeven harder.

The third stage concernsthe discriminator. We used MOD N415

A 8-CH AUTO-WALK Constant Fraction DISCRIMINATOR. It is a single-

width NIM module which haseight independent discriminator channels.Each

channelof this module acceptsnegative inputs pulsesand generatestwo simul-

taneousstandard NIM logic pulsesfor each channel. The variable threshold

determinesthe minimum input signal which will produce the output pulses.

The threshold of each channel can be set in the range� 10 mV to � 999mV.

We selectedthe signalaccordingto what we neededin our calibration's source

and then sent it to the next stage. The following next stagesof NIM Modules

will be explainedlater in the next chapter when particular kind of sourcebe

mentioned.

The logic pulse is then delayed appropriately (either electronically or

by laying su�cien t length of cable)and set to a width of 50 to 100ns to gate

the QDC. We usedthe CAEN V 4568-channelchargeADC standard version,
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with a full scalecharge rangeof 400 pC having a resolution of 0.1 pC. Here,

the output of the QDC are multiplexed and subsequently converted by a high

speedADC module.

To communicate with the QDC we must �nd its addresson the VME

backplane. Each QDC hasa moduleBaseAddress,and AddressModi�er. The

BaseAddressis �xed by 6 internal rotatory switcheshousedon two piggy-back

boardspluggedinto the main circuit board. The baseaddresscan be selected

in the hexadecimal(%) range:

%000000for %FF FF00 A24 mode

%00000000for %FFFF FFFF A32 mode

The BaseAddresswe selectedwas % FF FF00. In VME the various

moduleshave a speci�c addressas well asvarying data sizelimits. The QDC

module works in A24/A32 modefor the AddressModi�er and the two jumpers

inside the VIM module limit the data size. According with supplier company

of the crate, where the VEM module was store, w-i-e-N-e-r we had to work

with AM=%39 (standard userdata access)and data sizeD16 = word (2 byte).

Oncewe could enablecommunication betweenthe VME backplaneand

our PC through the PCIVME card via the SCSI interface, we neededto im-

plement a data acquisition (DAQ) systemsfor processingand analyzing the

analogsignalcomingfrom the PMTs of the instrumented collimator. Wecould

choosefrom two DAQ programminglanguagesonebeing LabVIEW from Na-

tional Instruments and the other onewasC++. We chosethe former because

the icon-driven DAQ systemLabVIEW is, by far, much easierto learn than

a line-driven programming language. In the Nuclear Detector Laboratory of

UTEP, we make use of the talents of undergraduates. It would be a heavy

burden for each undergraduateto �rst spend six months learning how to pro-
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gram in C beforehe/she could do any useful work with the DAQ systemfor

communicating with the VME backplane.

One requirement was to follow the operation sequence2 imposed by

QDC. This sequencehasa schemeas follows [17]:

The QDC outputs are multiplexed and subsequently converted

by a high precision ADC module. Pleasenote that we do not

amplify the signal from the PMT. Control Logic controls the con-

version sequence;it converts and storesin the output bu�er only

those channels, i.e. pulse height of the PMT analog signal, that

have valueslying betweenthe high and low threshold.

When the module is busy it setsthe TTL logic level to \1" on

the VME backplane. The module is set to busy during the digital

conversion of the charge (signal) and when the output bu�er is

not ready to accept data (Bu�er full). Otherwise f at least one

channel is enabledand the signal falls within the tiing window of

the gate asset by stagedprocessingof the NIM disciminator logic

the procedureensues:

� start the QDC integration of the enabledchannel.

The trailing edgeof the GATE stopsthe corresponding QDC

data acquisition and sets the BUSY output to 1 (Module

Busy). It is possibleto program a delay up to 8� s between

the endof the GATE and the start of conversionvia the Delay

Register. When the programmedDelay is over, the Control

Logic starts the conversionsequence:

2Standard Version
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� the output of all the enabledchannelsof the QDC are sam-

pled.

� the Control Logic checks if the sampledvalue are in the se-

lected range.

� If at least onevalue is lying within the range:

1. A header is store in the output bu�er; it contains the

event control value and the number of the channels in

the range.

2. The sample values in the range are converted and the

12 bit values obtained are stored in the output bu�er

together with the corresponding channel number.

� If the signal falls outside the programmedrange,the channel

is not converted and the data are not written to the output

bu�er.

� Increments the Event Counter.

� The Busy is removed and the module is ready for the next

acquisition of data.

Several operations for processingthe signalsinput to the QDC are di-

rectly programmable.We employed the following subroutinesin LabVIEW to

control the 
o w of data from the QDC.

� VME Init

This routine initiates the communication betweenthe DAQ systemand

the QDC module. It has three inputs for identifying the QDC as the

VME module which we are to use and has two outputs. One of the
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outputs is the Handle , which is a global identi�er and links the 
o w of

data from onesubroutineto the next. The other output is nError , which

servesasa debuggingtool shoulda programmingerror be introducedin

the coding.3

� VME Write

This subroutine enablesus to set a speci�c value in a speci�c register

for perform a speci�c task. For example,we can set the upper limit of

the acceptedcharge in the high threshold register. This subroutine has

�v e inputs and one output (the sameinput for every subroutine) The

inputs are formed of the two program-speci�c onesand three standard

ones,which are:

{ ucAccessWidth set to 2

{ ulElemen t count set to 1

{ Handle

� VME Read

This subroutine readsout the data stored in a register. A very useful

routine for readingout the digitized chargefrom a given PMT pulse. It

has four inputs, the sameaforementioned three standard onesand one

programspeci�c one,plus two outputs. The outputs arethe nError and

Bu�er . The latter being the value stored in the bu�er of the register.

� VME Close

It hasoneinput andoutput, Handle andnError , respectively. It is used

to closethe communication. If we do not properly closethe DAQ with

3Each subroutine has this option.
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the VME backplane, we get a bus error, which requiresus to manually

reset the VME crate.

Armed with these subroutines, we can accessthe D16-mode internal

registers,such as the Control Register,ResetRegister,THRL/THRH Regis-

ters, as well as the Output Bu�er. We may accessthe internal registersand

the output bu�ers of the QDC by appendinga hexidecimalrouting identi�er.

Herenn lies in the rangebetween00 and FF.

Base Address + %nn

We developed two programs for performing our calibration studies.

Each was designedwith a di�erent purposebut were interdependent. The

Main Program can be decomposedinto two parts:

� Acquire Program

Everything to do with the acquiring and storing of the data.

� View Program

Everything to do with readingout the stored data.
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Figure 4.2: Front Panel for the Acquisition Program

4.0.1 Acquisition Program

The way a program is designedin LabVIEW is through a front panel interface

with internal icon-driven block diagrams. The procedurewill be explain later

in this chapter. The front panel for this program is shown in Fig. 4.2

Our VME-basedQDC haseight separatechannelsfor converting eight

independent signals. As shown in the �gure above, the front panel is our

One Channel Program , which can read only one PMT signal from the

instrumented collimator.

The program has performs �v e steps in strict sequential order for ac-

quiring and storing the data as depicted in Fig. 4.3

The general structure of the logic for our multi-channel programs is

the sameas for the one-channel version. In the e�ort to keepour discussion

simple, we shall refer primarily to the One Channel Program . But please
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Figure 4.3: The schemeof the program
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bear in mind we had the necessarysoftware to read two and four channels

simultaneously as well. The �rst program reads the data collected by the

QDC, and outputs the data into a �les. The secondprogram then readsthe

�le and histogramsthe contents. The multi-channel versionsfunction in the

sameway, whereeach channel hasa dedicated�le.

Communicating with the QDC via our DAQ systemLabVIEW is done

by entering valuesinto the buttons Input and Outputs locatedon the Front

Panel4 as well as objects set in the Block Diagram. Inputs are Controls

for entering data into the program, Outputs are Indicators for displaying

output. We shall designateany tool usedby LabView in the Block Diagram

as an Ob ject .

The Acquire Program hasareseveral inputs, outputs, and objects as

is explainedin the following :

� STEP ONE

We usedthe VME In t subroutine here. The inputs are the pathname

to the driver (vicivmed.vxd). This must be exactly as it appearsin the

Front Panel in Device Name . Moreover, nVEMMM is set to 1 and

Address Mo di�er to 39 in Hexadecimalbase.

The outputs are Handle , a number generateby VME In t , andnError .

� STEP TWO

Weusedtwo VME Write sequential subroutinesfor setting the dynamic

range of the upper and lower limits the charge of the signal. The �rst

one,THRL Register , setsthe lower thresholdand is accessedvia Base

Address+ %10. The inputs in the Front Panel5 are register's address
4Constan ts are objects in the Front Panel as well.
53 standard usedby Subroutine VME Write and Read in the Block Diagram
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(%FF10 ), the number we want to set in Input T Low. It allows to set

the 8 bit value of the Low Threshold. We chose0pC in the rangefrom

0pC to 400pC.

The secondsubroutine is THRH Register , the upper threshold; it

has the samestructure and functionality as for THRL Register. The

recommendedHigh Threshold values are less than %C7. We selected

%C2.

� STEP THREE

We next enter a While Lo op, wherein several stepsare performedfor

acquiring and processingthe digitized signals.This ring will loop indef-

initely until the E X I T control is executedin the Front Panel6. We

refer to one iteration of this ring as one loop of The Big Loop. This

step has one input in VME Read. A VME accessto this subroutine

is usedas one Reset Register with BaseAddress+ %1C causesthe

following [18]

1. Event counter is set to 0.

2. The output bu�er is reset (FIF O EMPTY).

3. All the channelsare disabled.

4. Delay is set to 0 (� s).

5. Output Bu�er is set to HF mode.

6. Interrupt star condition is set to 0.

7. Interrupt level is set to 0.

8. FC bit is set to 0.
6There are two ways to perform this operation in the program
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The next VME Write/Read subroutine has two inputs, one is the

Control Register with BaseAddress+%1A usedin the Write Mode,

the other is the 8 channel enable Boolean Control. This 8-channel

Boolean Control allows the user to selectwhich channelsare to be en-

abled, i.e. 1 = enableand 0 = disable in bits 0 to 7 of 16 bits of this

register.

We kept the sameHF Mode createdby Reset Register setting bit 12

to 0. This means,the Output Bu�er is arrangedin FIFO logic and will

signal the VME backplane oncehalf the bu�er is full, i.e. half of the

full 512� 16 bits. Bits 13 to 15 are only available in Read Mode.

� STEP FOUR

In this step there is oneVME Read subroutine. Control Register is

the input. It is called again but only in Read Mode, whereonly bits 12

to 15 are accessible.

In this step, a secondring is opened and continuously loops to check

the status of the Output Bu�er. Recall that the VME backplane is

noti�ed once the Output Bu�er is at or exceedshalf full (HF mode).

We wrote a speci�c subroutinecalledOnly Last 4 for checking the half

full condition of the Output Bu�er. This subroutinewasimportant. For

our calibrations, our runs could last several hours and we would read in

the contents of the Output Bu�er, dump the digitized signal information

into a �le for later processing,and clear the Output Bu�er registersso

that we could resumeacquiring data for more statistics. Below we give

an explanation of the bit pattern for the status of theselast four bits.

[19]
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FC /FE /FF /HF

15 14 13 12

/HF = 0 Output Bu�er is half full.

/FE = 0 Output Bu�er is empty.

/FF = 0 Output Bu�er is full.

FC = 0 A pulsein the RST input acts as a RESET of the module.

We can expect three di�erent statesof the Data -R Digital Control as

the data are being acquired.

Nothing in the Output Bu�er

0 0 1 1

15 14 13 12

3 in HexadecimalBase

Somethingin the Output Bu�er (but not at half full)

0 1 1 1

15 14 13 12

7 in HexadecimalBase

Output Bu�er at half full

0 1 1 0

15 14 13 12

6 in HexadecimalBase
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The status of the Output Bu�er is checked every two secondsas set by

a delay inside the ring. A Digital Indicator shows the run time. One is

Only Last 4 subroutinethat we have mentioned before,and the Cuass

subroutine.

� STEP FIVE

Contained in the registersof the Output Bu�er (BaseAddress+ %18)

are the digitized chargeof the PMT signals,for example.All thesedata

will bewithin the dynamicrangebetweenthe setvaluesfor the lower and

upper threshold. In this step we useonly oneVME Read subroutine.

And we have two additional subroutines dedicated for speci�c tasks,

which we shall describe shortly. The output is the processeddigitized

charge from the data matrix of the Output Bu�er. We set one more

internal ring to loop over the data matrix and store the output in an

array. In this case,we discussthe methodology for reading the data

matrix from the Output Bu�er.

The First Word of the packet is the Header , it contains

the event counter valueand the number indenti�er of the chan-

nel in the range; this number also indicates the data packet

length.

In Second Word is the Channel Data , it contains the 12

bit converted charge values together with the corresponding

channel number.

The bit 15of the Word distinguishesbetweenHeader and

Channel Data like this :

Header
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1 Mult. Event Counter

15 14  12 11  0

< 15 > � ! 1 Header

< 14  12 > � ! Multiplicit y. Bits 12to 14indicate the

number of channelsin range. Mult + 1 = number of channels.

< 11  0 > � ! Event Coun ter . Bits 0 to 11counts the

pulseof the Gate input; it is inhibited if the Module is Busy.

Channel Data

0 Ch. Num. ChannelData

15 14  12 11  0

< 15 > � ! 0 ChannelData.

< 14  12 > � ! Channel Num ber. Bits 12 to 14 indi-

cate which channelwas converted.

< 11  0 > � ! Channel Data . It has 12 bit Channel

data stored in the Output Bu�er.

Bit 15 in the Output Bu�er 
ags whether the row in the data matrix

is Header or Channel Data . We accesseach row sequentially and the

Header tells us how many of the next rows will be Channel Data .

We developed two subroutineswhich decomposea 16 bit number into a

4-bit component and a 12-bit component. Thesesubroutinesare called

Only Last 4 and Cuass, respectively. The former subroutinehasbeen

discussedearlier.

In our next example,wesimulate a number in Hexadecimalbaseaswould
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be shown on the Front Panel inside the Bu�er Digital Indicator:

806D

This number in D16 (binary) representation would be :

1 000 000001101101

Where:

1 bit 15 set to 1 indicates that this row is a Header

000 0+1= One channel converted

000001101101 6D is the event counter

We extract this bit information and display it on the Front Panel in the

output of our Digital Indicators. TheseDigital Indicators are:

1. Num ber next to Bu�er Digital indicator with the last 4 bits (12

to 15). In this case,the value in base10 is 8.

2. Header .

3. Num ber of channels converted .

Wenow changebit 15from 1 to 0 to illustrate the di�erence betweenboth

Headerand Channel Data more clearly. The Bu�er Digital Indicator

shows:

6D

The D16 representation is :
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0 000 000001101101

0 indicates that this row contains data

000 the data is from channel 0

000001101101 6D is the value of the digitized signal (164pC).

The information displayed inside the boxesof the three Digital Indica-

tors, together with the last outputs in step 5:

1. number The sameindicator usedbefore, next to Bu�er Digital

indicator with the last 4 bits (12 to 15) for this caseit shows zero.

2. Channel Data 7

3. Channel Num ber

The ring is stopped at 256th iteration via a function calledComparison.

The iteration starts at 0 and every time is comparedwith the number

255until it executes256times. All data are now input into the array.

In our Acquisition Program , wehavetwo additional functionsbesides

those discussedin Steps One through Five. These function are Controls

Functions and Digital Indicator and we can seethem in the Front Panel.

� File Path & Name . We de�ne the subdirectory and �lename of where

the array of data is to be stored. For the caseof n channels,we needn

Control Functions to properly direct the data from a given channel to

the correct �le .

� E X I T It allows for exiting from the Big Loop, which iterates over the

aforementioned processesand subroutinesdiscussedin the Fiv e Steps.
7Another Digital Indicator Out Dec is shown with the number in Decimal base
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We have an addition method to exit from the Big Loop. We invoke the

Bo olean Control entitled Exit By Num ber of Lo ops and set the

desiredloop to stop in the Control Indicator by the input interogator

called # of Lo ops?.

� ABOR T This function allows for the aborting of the program at any

time.

� Big Lo op It is only a digital indicator that counts the number of inter-

ations of the Big Loop

Upon successfulcompletion of the program, a �nal operation is exe-

cuted. All the data which were stored in internal arrays from each iteration

of the Big Loop are cancatenatedinto onesequential Big Arra y, which sub-

sequently is dumped into a data �le. In the processof cancatenatingall these

internal arrays somespuriousdata is generated. We employ the �lter called

FalseData. There are two possiblereasonsto have thesefalsedata:

� When we neededdata only in a speci�c range. We set a Filter inside

the program and each datum outsidethe canonicalrangeis assignedthe

nonsensicalvalue of 5000.

� When we are analyzingmulti-channel data, we make useof the subrou-

tine called Selector , which directs the data of a given channel into the

corresponding �le for that channel. Shouldthe datum not belongto that

�le, the nonsensicalvalue of 5000is assigned.

We now are in the position to analyzethis data, which is doneby the program

View Program and is discussedin the next section.
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Figure 4.4: Front Panel for the View Program

4.0.2 View Program

The reasonto break into two programswas that it takesa lot of memory to

manipulate arrays. This program manipulatesthe Big Arra y via Subroutine

called Histogram 8.

Onemore time, this is a One Channel Program and to include more

channels we only need to call Histogram Subroutine for every additional

channel.

The basicprocedureis sent the nameof �le to Histogram subroutine.

Inside, there are all necessarytools to put the histogram into a plot. This

make easierincreasethe program to more channels.

As we did for Acquisition Program , we goingto explain every Input

and Output in the Front Panel.

The Front Panel looks like Figure 4.4

InPuts
8It was designedand usedonly in this program
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� File Name (P ath)

It contains the place inside the C drive where a speci�c File is stored,

the Path. Also, the nameof this File.

� FIL TER?

It is a Boolean Control usedto enablea processto take out the False

Data in the Block Diagram.
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OutPuts

� histogram

All data are setting in the histogram and then into a plot.

� Total Arra y Size

Total number of data inside the plot.

� Total Arra y

It contains the all data inside together with the index.

� min

the data with the minimum value inside the array.

� max

the data with the maximum value inside the array.

The Inputs are required for the Subroutine. This Subroutine takes

several LabView's tools in the Block Diagram to perform the following in this

speci�c order :

� Sort the array in ascendingorder

� Usethe FIL TER if it is necessary.

� Include two new data to the array to expandthe bin range. Usually is 0

and the biggervalue we want.

� Readout the size,maximum, and minimum valuesof the array.9

9Without 0 and the other value set in before
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� LabView performs the histogram with a VI (virtual instrument) 10. We

can control the number of interval, bin with, etc.

� The histogram is sent back to the main program and displayed in a plot

shown in Front Panel inside the histogram indicator.

These �v e step are performed for the Subroutine called Histo with

objects in the Block diagram aswell ashe Block Diagram of View Program

are shown the �gures.

10A virtual instrument is a program in the graphical programming languageG
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Figure 4.5: Block Diagramof the View Program . SubroutineHisto is called

Figure 4.6: Data into the File is set in ascendingorder

.
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Figure 4.7: Filter useswith True option (left). Falseoption usedwhen Filter
is o� (right)

Figure 4.8: Two new data is incorporate to array (left). Maximum, minimum
value, array, array size,are read out from the array (right)
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Figure 4.9: Data sent to Histogram.VI andPostProcessing.VIand then display
it into Waveform Chart. 3500is the bigger number we selectedand number
10 to reducedbin scale

Finally, we have both programsAcquire Program to store data in a

table format and View Program to display data and to summarizeinforma-

tion. Now, we are in the position to selectthe source.

We worked with 3 di�erent sourcesin order to calibrate th Collimator.

In the next chapter we will explain them as well as the devicesusedin each

testing.
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Chapter 5

Benchmark

Beforewe could install the UTEP/Orsay instrumented collimator in the Hall-

B beamline of Je�erson Lab, we �rst had to make sure the instruments on

this devicedid indeedwork. The instrumented collimator wasa critical device

for enhancingthe degreeof polarization for our dedicatedexperiments with

linearly-polarizedphotons,1 which took placein the summerof 2001(6/04/01

{ 8/13/01). It was clear from the onset that the testing of the devicewould

be an iterative process;starting from the simplest tests and converging to a

fully functioning data acquisition systemworking in concertwith several NIM

and VME modulesfor calibrating the collimator.

In this chapter, we shall discussin detail our three separatesourcesfor

testing our benchtop DAQ towards calibrating and gain-matching the PMTs

of the instrumented collimator. Theseseparatetests entailed using

1. cosmicrays

2. pulsedLED inside an integrating sphere

1From here on we shall refer to thesededicated set of experiments as g8a. Pleaserefer
to the bibliography for details [3, 4, 5]
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3. foil of 207Bi of 5 � Ci activit y

Each sourcemarked a di�erent phase. All told it took us twelve months to

conduct all of our separatetests. Each phasesharedthree commoncharacter-

istics:

1. a source

2. a detector

3. the DAQ systemLabVIEW

As we becamemore experienced,our results from the precedingphasewere

subsumedinto the next more complicatedphase. In the end we had a very

nice benchtop DAQ system and did a very creditable job in calibrating the

collimator.

The sourcefor our �rst test wascosmicrays. This turned out to beboth

the simplestand our hardestof the three tasks. It wassimplein that we didn't

have a complicatedsetupfor preparingthe source;cosmicrays arefreeand the


ux is constant. It was simple in that we neededonly to focuson interfacing

the computerwith the VME backplane. Our detectorwasa 1"-thick, 4 "-long,

and 6"-wide scintillating paddle. Plenty of cosmicrays will intersect such a

big area. We only hooked up one channel thereby requiring fewer cables,

NIM modules and VME channelsand with added bene�t of simple logic for

the DAQ. It was hard becausewe were completely inexperiencedwith VME

and LabVIEW and everything we used, made, and neededwere absolutely

new and untested. In fact, the factory settings for the QDC module was

incorrect for the data transfer word. At the factory the default was set to

D24 instead of D16. This problem set us back by several weeksbecausewe

assumedit wasa software{ not a hardware jumper-setting{ problem. Indeed,
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it took us many weeksjust to get a light to blink on a VME module. As we

discussedin the last chapter, we choseto blaze the trail and useLabVIEW

in the Windows operating system for our benchtop DAQ. No one we knew

had successfullyinterfaced LabVIEW to the VME backplane and accessa

CAEN module in this operating system. We chosethe LabVIEW in Windows

so that we could make an all-purposebenchtop DAQ systemto be useful for

noviceprogrammersand undergraduateresearchersat UTEP. It is not that we

are Windows a�cionados, per se,but like it or not, all undergraduatesknow

how to work in Windows. In the beginning all we had were somemanuals

in very succint English and a functioning driver to communicate with the

PCIVME card. Of coursewe should mention that AndreasRuben of Wiener

wasincredibly helpful in debuggingseveral problemsandprovidedusnecessary

driver software. We conductedthe �rst phaseof the testing at Je�erson Lab

in the summerof 2000and the fall semesterat UTEP.

The secondphaseof the testing employed a pulsed LED through an

integrating sphere. The optics and electronicsfor this setup were involved.

This phasemarked the beginningof our calibration work of the UTEP/Orsay

collimator. We also had to expandthe DAQ to probe four channelssimulta-

neouslyso that we could accessall four PMTs at the sametime. This phase

was to test our DAQ systemand to ensurethat the PMTs were functioning.

We spent three months in phaseII.

The �nal phaseinvolved using a foil of 207Bi for testing the scintillator

responseto 1-MeV Auger electronsand the light collection e�ciency of the

PMTs after the photons had beentransported through the radially-mounted

light guides. This was the most important test: it allowed us to verify that

the couplingof the scintillator + light guide+ PMTs detectorassemblieswere

good and it a�orded us the necessaryinformation to gain match the PMTs
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to the few percent level. By the time we cameto phaseII I, we wereseasoned

veteranswith our DAQ and electronics,and it only took usfewdays to conduct

all the necessarytests with this radioactive source.

In the following we shall delineate{ in the natural chronologicalorder

{ the three phasesof our tests, from setting up our DAQ systemLabVIEW

from scratch to gain matching the collimator to the within a few percent.

5.0.3 Phase I: Cosmic Ray Studies

The objective of this �rst phasewas limited in scope. We �rst had to get the

data acquisitionsystemworking and test the variousNIM and VME modules.

This phaselasted approximately nine months and, in our estimation, was the

mostdi�cult, for wehadto ascenda very steeplearningcurve. Beforewecould

commencecalibrating the collimator we had to successfulcompletephaseI.

We employed a big scintillator paddle (40 � 600� 100) coupled to a high-gain

PMT to maximize our count rate from cosmicrays. Beforewe could proceed

to calibrate the collimator, we �rst had to make surethe software for reading

out the VME backplane was in good shape. Besidesthe collimator did not

arrive from Orsay until December 5, 2000,and we beganour work in late May

of that year.

For phaseI of our testing we required the following:

� cosmicrays.

� a really big scintillator paddle.

� DAQ (LabVIEW).

� VME modules(VDIS and QDC)
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� NIM modules(discriminator, pulsedelayer and dual timer)

� HV power supply

One other thing that makesphaseI of our battery of tests di�erent for

the next two phasesis that we useda big scintillator paddlecoupledto a high-

gain photomultiplier tube (PMT) to detect cosmicrays. Cosmic rays result

from high-energychargedparticlesstriking the atomsof the upper atmosphere.

Many pions are created in this processand charged pions decay into muons

and antineutrinos. Even though muons have a lifetime of only 2:2 � 106s,

relativistic muonswill be time-dilated and a substantial fraction will make it

to the surfaceof the earth. It is thesemuons that we measure.The passage

of a cosmicray through a scintillator will loseenergyin the form of photons.

On the average,for every 100 eV of energylost, one photon will be created.

The scintillators are wrapped with light-tigh t tape. Due to total internal

re
ection, the majorit y of thesephotons will re
ect and be focusedonto the

photocathodeof the PMT. Therethe photonsareconverted to electronswith a

quantum e�ciency of around25%. The electronsare then acceleratedthrough

a seriesof stagesas set by the increasingpotentials on each stageor dynode.

When the electronshit a dynode, additional electronsare thrown out and a

chain reaction ensues.In this way gainson the order of 106 may be achieved.

That is to say one photoproducedelectron converted on the photocathode of

the PMT will give rise to onemillion electronsor a chargeor around 0.2 pC.

We fed the signal from the PMT directly into a discriminator channel

and not into the linear fan in/fan out module, as is shown in Fig. 5.1. The

Photonis PMT had two signaloutputs insteadof the onesignaloutput for our

HamamatsuR1635tubes. This two signal output obviated the needfor the

linear fan in/fan out.
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Figure 5.1: CosmicRays are detectedby the big scintillator paddles.We used
this set up for developing our DAQ code (LabVIEW) to communicate with
the VME backplane.
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Following the sequencementioned in the last chapter, we split the sig-

nal into two paths via a T-connector, one going directly into a discriminator

channel as an analogsignal and the other one goes to additional NIM mod-

ulesfor producing a gate into the VME QDC. The discriminator servesa �rst

line of data processing;it acceptsonly thosesignalshaving a value above the

threshold set by the discriminator. The purposeof the gate is to set the time

interval during which a signalmay be accepted.Through usingour dual timer

and delay in NIM, we could properly set the timing and width of the gate.

The input of the gate to the QDC module has the following characteristics:

1. standard NIM level

2. high impedance

3. the gate signal must precedethe analoginput by at least 6 ns

4. minimum width 50 ns

5. maximum width 10 � s

The �rst two items are satis�ed automatically becausewe used50 


cablesand the appropriateNIM Modules. For the third condition, we usedthe

the NIM ModuleC.A.E.N. Mod. N 108DUAL DELAY 3.5� 35nsto �ne tune

the delay the signalproperly. We then fed the output to the C.A.E.N. Mod. N

93B Dual Timer. This NIM Module hastwo identical pulsegenerators,which

producefast NIM and ECL pulseswith an adjustablewidth rangingfrom 50ns

to 10 s. In this way, we can set the set the width of the gate appropriately.

Using our oscilloscope, we could properly set the correct delay, position and

width so that signal would appropriately fall within the gate. The properly
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timed gate and output analog signal from the PMT were then input to the

ChargeAnalog to Digital Converter (QDC).

The wealth of signalson the VME backplane are notoriously di�cult

to disentangle without a dedicateddiagnosticdevice. It is unlikely onewould

be so lucky as to get the correct addressesand data signals right by dead

reckoning. We madeuseof the VME module VDIS. VDIS directly readsthe

bits from VME backplane and translates the plethora of signals into a nice

arrangement of LEDs, grouped in fours (i.e. 24 = 16 or hexidecimaloutput).

VDIS provides invaluable information on interrupt levels, addressmodi�ers,

and control signals(bus errors,write, data acknowledge,and word length), as

well as whether the bus has registereda systemreset or systemfail. It was

through this diagnosticmodule we were �rst able to determinethat the data

word length in the QDC module was set improperly to 24 bits at the factory,

asopposedto the correct setting of 16 bits. As wasmentioned in the previous

chapter, this incorrect setting ba�ed us for several weeks,and it wasnot until

we understood how to usethe VDIS module that we learnedof its importance

in troubleshooting our problems. Oncewe got the DAQ to properly interface

through the PCI-VME card to the VME backplane,wecouldcomparethe data

readout by the DAQ to the bitwise valueson the VME backplane monitored

by the VDIS module. If the two values did not agree,we knew we had a

problem and would investigatefurther.

After over a half year of frustration and falsestarts, we �nally did suc-

cessfullyinterfaceour LabVIEW DAQ to the VME backplanevia a SCSIcon-

nection and could acquirecosmicray data. We concludethis sectionby show-

ing the QDC spectraof cosmicraysweacquiredwith our LabVIEW/VME/NIM

setup (seeFigs. 5.2 and 5.3). This was a major milestonefor us for we were

now in the position to begin our work on calibrating the UTEP/Orsay in-
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Figure 5.2: One of our �rst plots. The high voltage set at 1554V and � t of
almost 15 hours. The little spike is not physics,it is due to glitch in the DAQ
software.

strumented collimator. In January 2001Dr. Cole and I packed up the sundry

equipment from the UTEP Nuclear Detector Laboratory, i.e. VME and NIM

crates and modules, oscilloscope, multimeters, and ancillary electronics,and

relocated to Je�erson Lab in Newport News,Virginia to continue our studies

on the collimator.
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Figure 5.3: The high voltage was set to 1750V with a � t of almost 2 hours.
We eliminated the spike and found expectedshape for cosmicrays.

5.0.4 Phase I I LED Studies

The secondphase of our tests were to expand our DAQ to read out four

channelssimultaneouslyand, more importantly, start our studieson calibrat-

ing the instrumented collimator. The instrumented collimator wasshipped to

Newport News,Virginia from Franceand arrived on December 5, 2000. The

technical division of the Institut de Physique Nucl�eaire of the Universit�e de

Paris Sud in Orsay engineered,manufactured and assembled the devicebased

upon Dr. Cole's designspeci�cations. It took a year to build the device. As

we shall see,the Orsay group did a �rst rate job!

Before we could calibrate and gain-match the four scintillator + light

guide + PMT detector assemblies, we �rst had to make sure all the PMTs

wereworking. As wasearlier discussedin chapter 3, thesedetector assemblies

we situated betweenthe �rst and secondNickel diskettes, and hencewerenot

accessible.We could not pull out the �rst diskette without running the risk
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of seriouslydamagingthe fragile detectors. During this phaseof the testing,

the bore hole was 1 mm in diameter.2 Becauseof this very tiny aperture we

could not slip in any scintillator �b er into the bore hole without risking the

�b er getting stuck. We had to check the PMTs in situ.

Je�erson Lab kindly provided us plently of lab space,a light-tigh t box

and accessto optical equipment and additional NIM modules and sundry

electronics,cables,and tools. Weemployeda violet light-emitting diode(LED)

sourcepositionedin front of the faceplate of the collimator to probethe PMTs.

The idea was that photons emitted from the LED would ricochet down the

bore hole of the collimator and somewould re
ect into the photocathode of a

PMT and causean electron cascadeto ensue,therey allowing us to obtain a

measureablesignal on the QDC. We could then track the responseof each of

the PMTs as functions of voltage.

We had onesigni�cant problem. And it took us a few months to solve

it. The light emitted from the LED sourceis not isotropic nor parallel. We

wishedto measurethe PMT responsewith a uniform sourceand if the source

werenot uniform, the re
ected rays down the boreholeof the collimator would

lead to di�erential illumination of the PMTs. We noticed that if we tapped

the LED, the position would changesu�cien tly to causeour results to change

dramatically. This of coursemade comparing data runs of the samePMT

meaningless.We tried a several arrangements of involving various di�using

lenseson an optical bench, but this approach was a deadend; it did not lead

any useful results.

We �nally hit upon the idea of employing an integrating sphere. The

2We realized that the hole diameter was too small and had new diskettes manufactured
in France. We swapped in the 2 mm diskettes on Mother's Day 2001. A French technician,
Lionel Fichen, and a seniorscientist, Dr. Jean-PierreDidelez, from Orsay 
ew in from France
to perform this di�cult operation.
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interior of this 4-inch diametersphereis coatedwith a uniform layer of di�using

material, which e�cien tly re
ects a given wavelength of light uniformly. It

behaves as a perfect di�user and has very low absorbtion of the light, i.e. a

Lambertian source. The integrating spherehas two ori�ces: entrance portal

and an exit portal, which are azimuthally situated { on the big circle { 90�

with respect to oneanother. We placedthe LED inside this sphere.The light

emitted from the LED undergoesmany bouncesbeforestriking the translucent

convexhemisphereof the exit portal. The geometryis such that all rayscoming

out of the exit portal areparallel to a very high degree.Armed with this device,

wewerethen ableto shinethe light uniformly acrossthe 1-mm boreholeof the

front face of the collimator and thereby uniformly illuminate all four PMTs

simultaneously. This optical arrangement washighly reproducibleand robust.

To �rst order, it did not dependon whetherwe moved the relative positionsof

the source+ integrating sphereand the collimator. Our only assumptionwas

that the re
ectivit y of the interior of the bore hole was uniform. That is to

say, there were no smudgesinside the collimator. We felt this was a concern

of tertiary order and proceededwith our studies on the the responseof the

PMTs. We should say that all was not lost in our falsestarts with the earlier

interations of the optical arrangements. It gave us time to shake out any

bugs in the DAQ. By the time we cameto employing the integrating sphere,

our tests went relatively smoothly. Our equipment for our LED studies (see

Fig. 5.4):

� LED (violet) source

� integrating sphere

� multichannel LabVIEW DAQ program
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� VME modules(VDIS and QDC)

� NIM modules (linear fan in/fan out, discriminator, 3-Fold Logic Unit,

delay, dual timer, and level translator)

� pulsegenerator

� potentiometer on a breadboard.

� many BNC and lemo cables

� multichannel HV power supply

Power Supply

QDC

NIM Stages

COMPUTER

LabView

Program

COLLIMATOR
LED

Bread Board
Pulse Generator

Integrating Sphere

VEM Module

Figure 5.4: Schematic of phaseII of our testing. Here we employed a pulsed
violet LED to check the PMTs of the collimator.

We pulsedthe LED with 10 � s rep rate and all the PMTs were OR'd

via logic modules to generatea 60 ns gate into the QDC. The output from
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the pulsegeneratorwasfed into a level translator to give a sharppulsehaving

a width of a few nanoseconds.We controlled the current to the LED with

an adjustable resistor, i.e. potentiometer. Becausethere was only one signal

output for each PMT, we neededto use a linear fan in/fan out to split the

signalto the signalto a QDC channeland the other branch to the discriminator

and other NIM modules for preparing a proper gate. Other than this linear

fan in/fan out, the logic of the gate manipulation in NIM is the nearly same

as for phaseI with a few di�erences required for multichannel processing.

Wemadeuseof the 3-fold logicmodule(CAEN MOD. N 405Unit/Ma jorit y

with Veto) to handle the gating for multiple signals This NIM Module is

equipped with three independent sectionsthat can be usedas an AND/OR

logic unit or a majorit y ones. Each input can in the section can be en-

abled/disabledthrough the corresponding \ON/OFF" switch. In caseof more

the onesignal pluggedin this NIM Module, we can selectwith AND/OR set-

ting in selectedlogic unit either the �rst reaching signal or onein particular.

As opposedto phaseI with the cosmicrays, wherewe neededonly one

unit for the �nal stageof gateprocessing,we usedboth units of the dual timer

NIM module for phaseII. The output from the 3-fold logic module was used

for the gate. The other unit was usedto modulate the pulseto the LED.

This arrangement allowed us to generatea 60-nsgate from any of the

OR'd PMTs. This acted as independent gates;we did not necessarilygate on

the samePMT whoseanalog signal was fed into a given QDC channel. We

should mention that for our studiesfor a given PMT, we employed the same

electronicschain to minimize any variables associated with the electronics.

The gateswould be fed through alternate pathways. This probably was not

necessary, but we choseto minimize any controllable variables.

We were now in the position to study the e�ect on the count rate as
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functions of discriminator thresholdsand high voltage settings to the PMT.

This was a preliminary attempt at plateauing the PMTs and determining

what the relative gain of each PMT was. Our focuswasto seeif all the PMTs

behaved,moreor less,similarly. Sincethe gain of two PMTs at a givenvoltage

setting canvary by asmuch as25%of oneanother, ith this simpleset of tests,

we sought to identify any bad PMTs. We varied the discriminator thresholds

to nine values (20, 25, 30, 35, 40, 45, 50, 60, and 80 mV) and varied the

high voltage settings to the PMTs in steps of 25 V. The minimum voltage

setting was determinedwhen we got signi�cant count rate. High-gain PMTs

will start counting at lower voltage setting. Each data run was 10 minutes

long. The results of thesestudies are plotted in Figs. 5.5 through 5.8. We

found that PMTs 1 and 4 had higher gain and PMTs 2 and 3 had lower gain.

From these studies the only conclusionwe could draw was that the PMTs

worked within acceptableparameters.Of course,we had the addedbene�t of

a fully functioning DAQ system!This phaselastedfrom mid February through

mid May, 2001. To properly calibrate and gain-match the PMTs requiresa

radioactive source.This leadsus to the next phase.
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Figure 5.5: PMT 1 hasa high gain.
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Figure 5.6: PMT 2 hasa low gain.
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Figure 5.7: PMT 3 hasa middling high gain.
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Figure 5.8: PMT 4 hasa high gain.
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5.0.5 Phase I I I: Gain-Matc hing with a 207Bi Source

Now that wewerecon�dent that the PMTs wereworking andthat our LabVIEW-

baseddata acquisition systemwas fully functioning, we were in the position

to gain match the PMTs. We had yet onemore di�cult problem. By Febru-

ary 2001, it becamefrighteningly clear that the electron beam conditions in

Hall B of Je�erson Lab were not su�cien tly stable to use a collimator of

1-mm aperture. The designwas too tight. It is not a trivial task to manu-

facture optically-
at 15-mmthick nickel diskettes having a bore hole of 2-mm

with 50 � m toleranceover a 19.5-cmlength, i.e. from the �rst to thirteenth

diskette. Our very competent and kind colleaguesat Orsay camethrough and

had the diskettes made in a record time of 10 weeksand the Hall-B man-

agement kindly provided the necessary$6000in funding. By mid May we

were ready to have the 1-mm diskettes replacedwith the new 2-mm ones.As

mentioned earlier, the French technician, Lionel Fichen and senior physicist,

Dr. Jean-PierreDidelez, 
ew in from France, with tools and nickel diskettes

in hand. On Mother's Day, Mr. Fichen swapped in the new diskettes. This

delicateoperation wasa successand we could proceedwith the next phaseof

testing.

We employed a thin-foil 207Bi sourceof 5-� Ci activit y for our gain-

matching studies. This sourcehas a half life of 32 yearsand has an electron

decay mode,with a 7%(2%) probability of emitting a 0.975MeV (1.047MeV)

electron through monoenergetic internal conversion (Auger electron). We

could now realistically test the scintillator (4 mm)3 cube + lightguide + PMT

detectorassemblies. The cubeof plastic scintillator is formedof Bicron BC-408

Polyvinyltonuene. The wavelength of maximum emissionis 425 nm (40 nm

FWHM), which is perfectly matched to the 420nm peak spectral responseof
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the HamamatsuR1635PMT. An energeticchargedparticle passingthrough a

scintillator will su�er energyloss. On the average,onephoton will be created

for every 100 eV in energyloss. Thesephotons will then be focusedonto the

photocathode of the PMT via complete internal re
ection in the scintillator

and the optically-matched light guide.

We �rst tried the procedureon our mock-up of the scintillator + light

guide + PMT detector assembly, which was housedin an independent little

light-tigh t plastic box. The components of our mock-up are identical to the

collimator detectingelements. In Figs. 5.9and 5.10are depictedthe resultsof

our tests with the mock-up. We seethat we can reproducethe monoenergetic

spike and that it marchesup with increasingthe high voltage from 950 V to

1000V to the PMT. The prototype works as designed.

Figure 5.9: 207Bi sourcestudies on our mock-up of the scintillator + light
guide+ PMT detector assembly. The monoenergeticpeakshifts upward with
increasingthe voltage from 950V to 1000V.

We werenow ready to gain match the PMTs of the instrumented colli-

mator. We employed the following:
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Figure 5.10: 207Bi sourcestudies on our mock-up of the scintillator + light
guide+ PMT detector assembly. The monoenergeticpeakshifts upward with
increasingthe voltage from 1000V to 1100V.

� 207Bi radioactive source.

� LabVIEW DAQ program.

� VME Modules(VDIS and QDC).

� NIM Modules(fan in/fan out, discriminator, delayer, and dual timer).

Also, in order to maintain the sameconditions for each and every data

run, we used the sameelectronic chain for each PMT. We placed the 207Bi

source in front of the collimator. The schematic of our tests is shown in

Fig. 5.11. This meansthe following:

� samecabling to NIM and VME modules

� samechannelsin each NIM, VME modules.

� samevoltage and threshold settings for all PMTs usedin the gating.
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Figure 5.11: Radioactive sourceof 207Bi wasplacedon top at the front end of
the instrumented collimator.

We up-endedthe collimator to a vertical position and placedthe 207Bi

sourcedirectly on top of the front faceplate. We did not move the collimator

for the duration of phaseII I of our tests. The emitted monoenergeticAuger

electronshad to ricochet down the bore hole and bounce into a scintillator

cube. We OR'd the PMTs to generatea gate to the QDC as we did in phase

II of our testing procedure. We set the discriminator threshold to 50 mV for

all PMTs. All PMTs, exceptfor the onebeing tested,we set to a high voltage

of 1100V.

We werenow ready to gain match the PMTs. From our earlier studies,

we knew that PMT 1 had the highest gain. We thereforeusedPMT 1 as our

referenceand set the high voltage to PMT 1 to 1000V. Becausethe gain of
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two PMTs can vary by as much as 25%from oneanother for a given voltage

setting, we methodically varied the voltage to the other three PMTs in coarse

stepsof 25 V and did 2 V �ne tuning to achieve the sameintegrated count

rate as the reference(PMT 1 at 1000V) over our ten-minute data runs. Our

test procedure:

� 10 minute data runs for each HV setting.

� PMT 1 set as the referenceand �xed with HV = 1000V.

� Disciminator threshold for all PMTs set to 50 mV.

� All other PMTs OR'd together (except for the PMT being tested) and

set to 1100V for generatingthe gate.

Our resultsareshown in Figs.5.12through 5.14. The QDC spectra line

up identically to within 4%. We found that by �xing PMT 1 to 1000V, we

could obtain the identical QDC spectra by setting:

� PMT 1: 1000V

� PMT 2: 1088V

� PMT 3: 1075V

� PMT 4: 1050V
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Figure 5.12: ADC spectra of PMT 1 superimposedwith PMT 2. The HV to
PMT 1 (PMT 2) is 1000V (1088V).

Figure 5.13: ADC spectra of PMT 1 superimposedwith PMT 3. The HV to
PMT 1 (PMT 3) is 1000V (1075V).
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Figure 5.14: ADC spectra of PMT 1 superimposedwith PMT 4. The HV to
PMT 1 (PMT 4) is 1000V (1050V).

We completedphaseII I within three days. After oneyear of work, we

had developed a benchtop data acquisition systemusing the LabVIEW soft-

ware package. We successfullyinterfaced LabVIEW in the Windows 98 op-

erating systemvia SCSI to the VME backplane to communicate with CAEN

VME modules and can boast that we know of no one elsein the JLab com-

munity who has managedthis. We calibrated the instrumented collimator

PMTs to better than 3.5%. We werenow in the position to install the instru-

mented collimator in the Hall B beamlinefor the g8a run employing a beam

of linearly-polarized photons produced from coherent bremsstrahlung. The

collimator had to reside in the harsh environment of a vacuum, PMTs, HV

distribution network to the dynodes,scintillators, and all.
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5.0.6 Additional Tests with our Benchtop-D A Q System

After we �nished our gain-matching studiesof the UTEP/Orsay instrumented

collimator, we wereasked to conduct plateau studiesof thick scintillator pad-

dles from the Catholic University of America. Thesescintillators were used

as secondarypair spectrometers in the Hall-B beamline. These tests took

us only a few days. We then conductedquality control tests and preliminary

gain-matching of over 50PMTs for the bremsstrahlungtagger. Wewill eschew

the details. We have only to say that our benchtop DAQ systemworked very

well on testing other components for the Hall-B beamline and is of general

utilit y.
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Chapter 6

Beamline

In this chapter, we shall discussour experienceswith the in-beam commis-

sioning and the operation of the instrumented collimator. The instrumented

collimator is a Hall-B beamlinedeviceand is situated in the collimator box,

located downstream of the photon tagger and approximately 15 m upstream

of the target for the CEBAF1 Large Angle Spectrometer. The collimator was

installed and cabledup two weeksprior to the start of the dedicatedrun with

linearly-polarizedpolarizedphotons (g8a data run). The devicewas surveyed

into its cradle to within a toleranceof onemil (25 � m).

We used the data acquisition system CODA to read out the analog

signalsfor the g8arun. LabVIEW is well-suitedfor benchtop testing of devices,

but is far too slow for reading data at high clips. Also CODA is the Hall-B

standardand we wishedto direct the output from the instrumented collimator

into the Hall-B data stream.
1Continuous Electron Beam Accelerator Facilit y
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6.1 In-Beam Commissioning of the Collimator

The next and �nal phaseof our testing was commissioningthe devicein the

Hall-B beamline.Fig. 6.1showsa conceptualviewof the Hall B and in Figs.6.2

and 6.3 we show schematicsof the Hall-B beamline. The GWU goniometeris

positionedjust upstreamof the M�ller polarimeter and the instrumented col-

limator is contained within a vacuumchamber just downstreamof the photon

tagger. The goniometer-collimatordistance is 22.9 m. This meanswith its

1-mm radius, the aperture of the collimator subtends44 � rad in polar angle.

Once collimated, the photon beam would travel an additional 15 m to the

liquid hydrogentarget.
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Figure 6.1: Artist's rendition of the Hall-B beamline
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Figure 6.2: Plan and elevation views of the Hall-B beamlineupstreamof the
photon tagger.
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Figure 6.3: Elevation view of the Hall-B beamlinefrom the photon tagger to
the CLAS detector.
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6.1.1 Review of Coheren t Bremsstrahlung

The 5.7-GeVelectronbeamwasdirectedupon the 50 � m-thick diamondradi-

ator. The radiator was alignedaccuratelyand preciselyby the GeorgeWash-

ington University goniometer. The crystal radiator was rotated to orient a

well-isolated lattice vector parallel to the direction of the electronbeam. For

our experiments, we selectedeither the (02�2) or (022) Miller indices. The elec-

tron properly directedalongsuch a tra jectory will coherently interact with the

periodic arrays of scattering centers and the E vector of the bremsstrahlung

photon will prefentially point in a preferred direction in space. Maximum

linear polarization is found in the plane de�ned by the reciprocal lattice vec-

tor and the 3-momentum of the incident electron. Not all bremsstrahlung

events are coherent. The scattering centers may jitter, the electronbeamcan

su�er multiple scattering, and the crystal may have mosaicspread. As we

discussedin somedetail in chapter 2, the angulardistributions of the coherent

and incoherent photons are very di�erent. Whereasthe angular distribution

for incoherent photons is independent of energy, the angleof emissionfor the

coherent photons is correlatedwith the photon energy.

The coherent component will be spiked towards � = 0. If the beam is

misalignedwith respect to the central axisof the collimator, the majorit y of the

coherent photons in the spike will strike the front faceplate. The �rst nickel

diskette serves as a 15-mm thick converter; photons convert into electron-

positron pairs. Positioned behind the �rst diskette are the four radially-

mounted detectingelements of the instrumented collimator, i.e. the scintillator

cube + light guide + PMT assemblies. Someof thesecharged particles will

then passthrough the small scintillator cube (4 mm on a side). As was in

the caseof our studieswith cosmicrays and the 207Bi source,a chargedpar-
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ticle passingthrough a plastic scintillator will loseenergyand this lost energy

appearsas photons in the scintillator. Thesephotons will undergomany re-


ections and those that strike the photocathode will convert to electronsvia

the photoelectrice�ect and will be ampli�ed by the eight dynode stagesof the

PMT to a readableanalogsignal,which then is readout and processedby our

electronics.

6.1.2 Calibrating with Minim um Ionizing Peaks

At nonrelativistic energies,the energylossdE=dx, is dominatedby an overall

1=� 2 factor and decreaseswith increasingvelocity until about � min ion = 0:96.

The relativistic rise in this dE=dx stopping power is gentle for � > � min ion

and the dE=dx lossis pretty much constant for thesehigher velocities. Parti-

cleshaving such velocities are known asminimum ionizing. In our conceptual

design [6], we set several parameters2 to optimize the capture of minimum-

ionizing chargedparticles. Most of the pair-producedelectronsand positrons

will be highly relativistic. We can use the telltale minimizing ionizing peak

to comparethe responsesof the four PMTs. Sincethe scintillating cube and

light guide assembly for the four detector elements are identical, are all lo-

cated at the samedistancebehind the �rst diskette, and together possessan

up/down{left/righ t azimuthal symmetry, wecansafelyanticipate that the pair

production energylossdistribution through each of the scintillator cubesmust

be identical. This physical fact a�ords us a nice way to calibrate our PMTS.

It is by lining up the minimum ionizing peaks of the ADC spectra of the

four PMTs that we may accuratelyand preciselygain match thesePMTs. In

2The primary factors beingsituating the detector assembliesbetweenthe �rst and second
diskettes and positioning the face of the scintillator cube to be exactly 2 mm above the
central axis. The small geometrical size (4 mm on a side) of the scintillator cube was to
make the minimum ionizing peak reasonablysharp and keepthe count rate down.
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Fig. 6.4,weplot the ADC spectra for the four PMTs of the collimator under ir-

radiation by a beamof photons. We �t a Landaudistribution to the minimum

ionizing peaks(seeFig. 6.5). The Landau distribution appropriately models

energylossin thin absorbers,wherethe distribution is highly asymmetricwith

a long high energy tail and the peak de�nes the most probable energy loss.

We seethat the averageADC channelnumber for the minimum ionizing peak

of the four PMTs is 734.8with a standard deviation of 8.4 channels. This

meansthe PMTs are gain matched to better than 1.25%. Just in the caseof

phaseII I of our studieswith the 207Bi source,we �xed the high-gain PMT 1

to the lowest acceptablevoltage so that the minimum-ionizing peak was well

separatedfrom pedestal.We set the HV to the following values:

� PMT 1 610V

� PMT 2 650V

� PMT 3 650V

� PMT 4 637V

Pleaseobserve that thesevaluestrack with our studieswith the 207Bi source.

We shouldalsonote that this �nal calibration took only two hoursto perform.

It wasa delight that the ADC spectra appearedalmost identical to Dr. Cole's

Monte-Carlo simulations in his conceptualdesignreport of the instrumented

collimator.
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Figure 6.4: Plan and elevation views of the Hall-B beamlineupstreamof the
photon tagger.
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Figure 6.5: Plan and elevation views of the Hall-B beamlineupstreamof the
photon tagger.
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6.2 Op erating Conditions for the Collimator

Becausethe instrumented collimator wasunder vacuum,much carehad to be

taken to prevent it from beingfried during operation. First we usedtransistor-

ized resistorsfor the HV distribution network to minimize the current to the

dynodesand thereby minimize the I -V Jouleheating. In vacuumheat cannot

be carried away by convection currents and excessheat will tend to melt the

resistor housing. The maximum divider current for the R1635 Hamamatsu

PMT is 410 � A. Above this value very bad and irreversible things happen to

the PMT.

For the g8arun, the nominal electronbeamcurrent deliveredonto the

diamondradiator was7 nA. This upper limit wassetby the maximum rate the

T-counters could sustain on the photon tagger. This beamcurrent generated

a 
ux of 4� 107 photonsper secondon the front faceplate.The divider current

was typically 70 � A { well below the maximum allowable value { and would

scalewith increasingelectron beam current. We did not operate the device

above divider currents of 200 � A, or electron beamcurrents of 20 nA on the

diamond radiator. Under normal operation the power to the HV distribution

network was no more than 1/20th of a Watt.

6.3 Op eration of the Instrumen ted Collimator

The UTEP conceptualdesignof the instrumented collimator was robust, the

Orsay engineering,manufacture, and assembly was �rst rate, and the testing

and calibration of the devicewasmethodical and thorough. It wasbecausewe

thoroughly studied the devicefor over four months (February { May, 2001),it

took us lessthan two hoursto calibrate the collimator in beam. In the process,
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we successfullydeveloped a benchtop data acquisition system,the icon-driven

LabVIEW softwarepackage,in the Windows 98operating system,which com-

municatesvia SCSI interfaceto the VME backplane and may accessa CAEN

QDC. To our knowledgewe are the �rst university in the JLab community to

have such a working DAQ system. We claim that this is an achievement in its

own right and we will gladly sharethe software to anyonewho is interested.

An electronstriking the goniometerwill radiate a photon via coherent

or incoherent bremsstrahlung,that is, e ! e0 + 
 . The emergingelectron

e0 and photon will travel towards the collimator. The photon tagger magnet

will de
ect the outgoingelectron,but the photon will passunscathedthrough

this �eld. Photons which strike the faceplate of the collimator will likely

convert into electron/positron pairs and passthrough the instrumentation of

the device. The four detectors of the active collimator are located PMT 1

(3� =4), PMT 2 (� =4), PMT 3 (7� =4), and PMT 4 (5� =4) with respect to

the nominal Hall-B coordinate system. The asymmetriesbetweenPMTs 1&

3 and PMTs 2&4 give the photon beamposition in the uv coordinate system.

In Figs. 6.6 and 6.7 we scatterplot the x and y components of the position

of the electron beam at the diamond radiator and of the photon beam at

the collimator. As indicated in Fig. 6.3, the goniometer-collimatordistanceis

22.9m. The beamposition monitors are located right beforethe goniometer

and have a resolution of better than 10 � m. We seethat the collimator is

sensitive to beam shifts of the order of 25 � m. This is over �v e times better

that expected!

The proof of the pudding, of course,is in the eating. And in our case,

the eating is mighty �ne! We could accurately align the central core of the

coherent beam of photons to the central axis of the collimator. This �ltered

out the incoherent component and thereby enhancedthe maximum degreeof
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Figure 6.6: Scatterplot of the x component of the beam
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Figure 6.7: Scatterplot of the y component of the beam.
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linear polarization of the photon beam. Sincethe merit function for polariza-

tion observablesgo as the ratio of the squaresof the degreeof polarization,

increasingthe degreeof maximum polarization from the uncollimated value

of 73% to the collimated value of 84% increasesthe number of events with

polarization in the data pool by 36%. The collimator performed 
a wlessly

during the g8a run (4 June through 13 August 2001) and was a resounding

success.
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