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ABSTRACTPion Photoprodu
tion in the Energy Range betweenThreshold and the ∆-Resonan
e Regionby Kenneth A. Magno Jr.Studies of pion produ
tion rea
tions provide a way to test models of the nu
leusbased on quantum 
hromodynami
s, QCD. These tests are possible sin
e the 
reationof a pion from a nu
leon requires an expli
it rearrangement of the quarks. Due tothe nature of the intera
tions, the photoprodu
tion intera
tion is the least 
omplexto model sin
e there is no need to in
lude Coulomb for
es between the in
ident parti-
les. At energies near threshold these results 
an be used to test Chiral PerturbationTheory. The experimental data is generally interpreted through partial wave analysisof the 
ross se
tions and angular distributions. Partial wave analysis is a te
hniqueby whi
h information about the s
attering amplitudes of the intera
tion 
an be de-termined. This resear
h fo
uses on the γ + p → n + π+ rea
tion. This rea
tion limitsthe need to model 
omplex nu
leon intera
tions in the nu
leus. In the near-thresholdrange of 150 MeV to 175 MeV this rea
tion has not been extensively studied and theexisting data sets 
ontains very few points in this range. From the existing data set,partial wave analysis �ts have been made with a number of di�erent solutions. Due tosparse data in these low energy regions the existing solutions disagree. The purposeof the resear
h des
ribed in this work is to utilize the MAID and SAID solutions todetermine dete
tor pla
ement for a new experiment to be undertaken at MAX-labin Lund, Sweden. The intention is to identify the best angles to pla
e dete
tors inorder to obtain data whi
h will distinguish between the 
urrent PWA solutions in theenergy range of 150 MeV to 180 MeV.
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�Would you tell me, please, whi
h way I ought to go from here?��That depends a good deal on where you want to get to,� said the Cat.�I don't mu
h 
are where . . . � said Ali
e.�Then it doesn't matter whi
h way you go,� said the Cat.�. . . long as I get somewhere,� Ali
e added as an explanation.�Oh, you're sure to do that,� said the Cat,�if you only walk long enough.�Adventures of Ali
e in Wonderland. C.S. Lewis
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Chapter 1Introdu
tion
1.1 SynopsisThe pion is now understood to 
arry the strong nu
lear for
e within the atomi
 nu-
leus, through the ex
hange of virtual pions between the nu
leons in the nu
leus.Sin
e the pion 
an be des
ribed as a quark-antiquark pair, studies of pion produ
tionrea
tions provide a way to test models of the nu
leus based on quantum 
hromody-nami
s, QCD [1℄. These tests are possible sin
e the 
reation of a pion from a nu
leonrequires an expli
it rearrangement of the quarks. The pion 
an be observed whenit is 
reated in a number of di�erent ways; nu
leon-nu
leon, ele
tron-nu
leon, andphoton-nu
leon intera
tions. These intera
tions 
an be modeled to gain a better un-derstanding of not just the pion but the nu
leus as well. Due to the nature of theintera
tions, the photoprodu
tion intera
tion is the least 
omplex to model sin
e thereis no need to in
lude Coulomb for
es between the in
ident parti
les. Experimentalresults from su
h measurements 
an be used to test the predi
tions from QCD mod-els against measurements. At energies near threshold these results 
an be used totest Chiral Perturbation Theory [1℄. The experimental data is generally interpretedthrough partial wave analysis of the 
ross se
tions and angular distributions. Partialwave analysis is a te
hnique by whi
h information about the s
attering amplitudesof the intera
tion 
an be determined. This allows for the intera
tion to be exam-1



2ined in terms of the angular momentum and is generally restri
ted to s-wave (ℓ = 0)and p-waves (ℓ = 1) [2℄, parti
ularly at low energies sin
e their 
ontributions will bedominant.For pion photoprodu
tion the threshold energy is approximately 150 MeV, andthe photon 
an intera
t with either the proton or neutron. Consequently, there arefour 
hannels by whi
h pion photoprodu
tion 
an o

ur; neutral pion produ
tions
γ + p → π◦ + p or γ + n → π◦ + n, and 
harged pion produ
tion γ + n → π− + por γ + p → π+ + n. For the neutral 
hannels, the γ + p → p + π◦ rea
tion has beenextensively investigated [3℄ while the other rea
tion γ +n → n+π◦ is experimentallydi�
ult to perform. For the 
harged 
hannels, the γ+n → π−+p is di�
ult to performsin
e there is no neutron target available, deuteron targets have been substituted inexperiments for the rea
tion γ + d → π− + p + p, however the inverse rea
tion,
π− + p → γ + n has been studied. The fo
us of this resear
h, the γ + p → n + π+rea
tion, is relatively straightforward to study sin
e hydrogen 
an be used as a protontarget. This limits the need to model 
omplex nu
leon intera
tions in the nu
leus.Additionally, in the near-threshold range of 150 MeV to 175 MeV this rea
tion hasnot been extensively studied and the existing data sets 
ontains very few points inthis range. Between 154 MeV and 180 MeV there is no modern data for this pro
ess.From the existing data set, partial wave analysis �ts have been made with a number ofdi�erent solutions. The two major analysis are MAID [4℄, from the Mainz Universityin Germany, and SAID [5℄, from George Washington University in Virginia. However,due to sparse data in these low energy regions the existing solutions disagree.The purpose of the resear
h des
ribed in this work is to utilize the MAID and SAIDsolutions to determine dete
tor pla
ement for a new experiment to be undertaken atMAX-lab in Lund, Sweden. The re
ently upgraded tagged photon fa
ility 
an nowprovide photon energies up to 200 MeV permitting the study of pion photoprodu
tionrea
tions. The intention is to identify the best angles to pla
e dete
tors in order to



3obtain data whi
h will distinguish between the 
urrent PWA solutions in the energyrange of 150 MeV to 180 MeV. The planned pre
ision of the measurements will produ
edata at spe
i�
 angles to assist in determining whi
h of these various solutions bestdes
ribes the γ, π+ data. This data will also improve the partial wave solutions fromSAID and MAID in the energy range between threshold and the �rst resonan
e region.1.2 History of the PionHideki Yukawa was the �rst to propose the existen
e of a meson as the ex
hangeparti
le for the strong nu
lear for
e in 1935 [6℄. Originally 
alled a mesotron, from�meso� meaning middle, sin
e their mass was believed to lie between that of the knownlight parti
le su
h as ele
trons and the heavy nu
leons. Yukawa was attempting toexplain why the strong nu
lear for
e has a limited range of about 1 fm, whereas theele
tromagneti
 and gravitational for
es have an in�nite range. Using this known1 fm range, and the fa
t that the parti
le 
ould only exist if it did not violate 
on-servation of energy it 
an be determined from the Heisenberg un
ertainty prin
i-ple that x = ct = h̄c/mc2. Assuming that the range of the nu
lear for
e would be
k−1 = h̄/mc , Yukawa determined that the parti
le would have a mass of about100 MeV/
2.Parti
le a

elerators of the mid 1930's and early 1940's were not of su�
iently highenergy to generate the predi
ted mesons for experiments. Most of the early sear
hesfor these mesons 
ame from studying photographi
 emulsions at high altitudes. Thephotographi
 emulsions were lifted high in the atmosphere where it was believed thathigh energy 
osmi
 rays entering the atmosphere 
ould produ
e these mesons through
ollisions with nu
leons. Between 1936 and 1937 the �rst tentative observation of ameson using these photographi
 emulsions was made by S. H. Neddermeyer and C.Anderson [7℄. The parti
les they observed had a mass of just over 100 MeV/
2, andwas believed to be 
lose enough to the predi
tion by Yukawa to be the predi
ted



4ex
hange meson. Additional studies determined that these parti
les had a rangewhi
h was greater than would be expe
ted for the predi
ted ex
hange parti
le: if itwere the ex
hange parti
le for the nu
lear for
e it should intera
t strongly with nu
leiand should have a very short range in matter. What had been dis
overed was 
alledthe µ-meson, and is now know as a muon. Later it was determined that the muon wasnot a meson but rather a lepton 
losely related to the ele
tron. Bethe and Marshakstudied this newly dis
overed parti
le and hypothesized that the muon 
ould still be
onne
ted to the strong nu
lear for
e, resulting from the de
ay of Yukawa's ex
hangemeson [8℄.Work 
ontinued in the sear
h for Yukawa's meson, however it was not until 1947that there were 
on
lusive observations. In 1947, C.F. Powell and his 
ollaboratorsdis
overed what they identi�ed as two distin
t parti
les in emulsion tra
ks on pho-tographi
 plates [9℄. One parti
le had a mass of about 150 MeV/
2 while the se
ondparti
le had a mass of about 100 MeV/
2. The lighter parti
le was the muon whi
hhad been dis
overed a de
ade earlier. The heavier parti
le was the ex
hange mesonproposed by Yukawa. The parti
le was 
alled a π-meson or pion. From studies of thephotographi
 emulsions, it was determined that their were two di�erent pions, a pos-itively 
harged pion (π+) and a negatively 
harged pion (π−). Modern understandingof pion de
ay is that 
harged pions de
ay most 
ommonly, more than 99% of de
ays,into muons. These rea
tions, π+ → µ+ + νµ and π− → µ− + νµ, have a lifetime ofapproximately 26 ns. The hypothesis of Bethe and Marshak that the muon was infa
t the de
ay produ
t of the 
harged pion had been 
on�rmed.A year later, in 1948, the team of C.M.G. Lates at the University of Californiain Berkley were able to arti�
ially produ
e pions using a 
y
lotron. By bombardinga 
arbon target with 380 MeV alpha parti
les whi
h had been a

elerated in the
y
lotron they were able to arti�
ially 
reate and observe pions. The work at theUniversity of California in Berkley 
ontinued and in 1950 neutral pions, π◦, were



5dete
ted. Sin
e the neutral pion leaves no tra
ks in a photographi
 emulsion, to beidenti�ed the π◦ was identi�ed by its double-photon de
ay, π◦ → γγ, from whi
h thephotons will produ
e tra
ks. As syn
hro-
y
lotron fa
ilities used to produ
e pionsevolved, dedi
ated laboratories su
h as CERN near Geneva, Switzerland, LAMPFin Los Alamos, NM, and TRIUMF in Van
ouver, British Colombia were built andbe
ame known as meson fa
tories. These fa
ilities use intense high energy protonbeams to produ
e pions in su
h great quantities that beams of pions 
ould be extra
tedand used to study the intera
tions of pions with various nu
lear targets.1.3 Pion and the Quark ModelThe modern model des
ribing the nu
leus and nu
leons is the quark model, based onQCD. In the quark model, nu
leons are made up of three quarks, ea
h of whi
h 
arryfra
tional 
harge. The up quark, u, has a 
harge of +2/3 and the down quark, d, hasa 
harge of -1/3. In this model the proton, denoted uud, is made up of two up quarkswith 
harge +2/3 ea
h and one down quark with 
harge -1/3, thus the net 
hargeof the proton is + 1. Neutrons, udd, have neutral 
harge from being made from twodown quarks with 
harge -1/3 ea
h and one up quark with 
harge +2/3. In the quarkmodel, pions 
an be des
ribed as a quark anti-quark pair, qq.Pion 
reation o

urs through the 
ollision of energeti
 parti
les, where the energyof the 
ollision 
an 
reate a quark anti-quark pair, qq. From this quark anti-quarkpair, along with the three quarks of the nu
leon, a pion is formed. This pair in
ludingan anti-quark allows for the 
reation of the two quark pion as opposed to three quarksin a nu
leon. The π+ is made up of an up quark of 
harge +2/3 and an anti-downquark of 
harge + 1/3, whi
h is written as ud. This gives the π+ the same 
harge asa proton. Formation of the π−is from a down quark of 
harge -1/3 and an anti-upquark of 
harge -2/3, whi
h is written as ud. Thus a π−has the same 
harge as anele
tron. The neutral pion, π◦, is a more 
omplex situation. A π◦ 
an be formed from
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down (−1/3)

down (−1/3)

anti−down (+1/3)

up (+2/3)

up (+2/3)

up (+2/3)

anti−down (+1/3)
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p

n

π+

γ

Figure 1.1: Quark rearrangement in γ + p → π+ + n intera
tionan up quark and anti-up quark, uu, or a down quark and anti-down quark, dd. Sin
eboth arrangements 
ontribute to the stru
ture of the π◦ it is 
ommonly written asthe superposition of both possibilities, uu + dd/√2.Through the study of pion photoprodu
tion it is possible to gain understanding ofthe quark model. This is due to the fa
t that in pion produ
tion there is a rearrange-ment of the quarks whi
h o

urs sin
e nu
leons are made from three quarks, qqq, andthe pion is made up of a quark anti quark pair, qq. For the 
ase of γ + p → π+ + n,shown in Fig. 1.1, the photon 
an be viewed as a dd pair and the proton as being uud.The resulting neutron is an udd and the π+ is a ud where the photon pair has beensplit between the two produ
ts and one of the quarks from the proton has be
omepart of the π+.The π+ and π− both have a mass of 139.6 MeV/
2 and the π+ and π− are
onsidered to be a parti
le anti-parti
le pair. The π◦ has a slightly lower mass of135.0 MeV/
2, whi
h is attributed to the π◦ having no 
harge. The π◦ is 
onsideredto be its own anti-parti
le. The lifetimes of the free π+ and π− are both 2.6× 10−8s.A π◦ has a signi�
antly shorter lifetime, or half-life, of 8.4 × 10−17s. Using theselifetimes and assuming that pions move at a maximum possible speed of the speed oflight, 3×108m/s, the maximum range before de
ay 
an be 
al
ulated and explain whydire
t dete
tion of π◦ is nearly impossible. For the π+ and π− the distan
e traveledwould be 7.8 m before half of the pions de
ay. On the other hand, the π◦ would travel



7about 25 nm before half of the pions de
ay. In the distan
e it would take 
reated π◦to travel to a dete
tor, the total number of π◦ in
ident to the dete
tor would almostbe non-existent. With su
h a short range before de
ay, the π◦ is dete
ted by its de
ayprodu
ts instead of dire
tly.1.4 Pion Produ
tion and Quantum Chromodynami
sAs noted earlier, in the quark model, pion 
reation involved the rearrangement ofquarks. One of the most important 
onne
tions whi
h needs to be made by moderns
ien
e is between nu
leons and the theoreti
al framework provided by QCD [10℄.One of QCD fo
uses is des
ribing the intera
tion between quarks and gluons to formhadrons. Quarks however seem to exist only as 
ombinations of three quarks inbaryons, or as quark and anti-quark pairs in mesons [10℄. The pion is 
onsidered tobe one of the simplest quark systems available to study, whi
h makes pion photo-produ
tion a very desirable pro
ess to further the understanding of QCD and quarkmodels. It is believed that to meet this goal of modern s
ien
e, and to better un-derstand the strong nu
lear for
e, it is ne
essary to study pion photoprodu
tion aswell as other elementary parti
le rea
tions [1℄. Pion photoprodu
tion involved the ex-pli
it rearrangement of quarks in the nu
leon. The study of this rea
tion will dire
tlyaddress this needed 
onne
tion.



Chapter 2Pion Photoprodu
tion
2.1 Advantages of Photoprodu
tion MeasurementsSin
e the laboratory produ
tion of pions began in the late 1940's and early 1950'sthere have been two fundamental me
hanisms through whi
h to investigate the pion;nu
leon-nu
leon 
ollisions and photon-nu
leon 
ollisions, also known as photoprodu
-tion. Though ele
tron-nu
leon 
ollisions, ele
troprodu
tion, 
an also produ
e pionsintera
ting with the nu
leon. This pro
ess 
an be redu
ed to a photoprodu
tion witha virtual photon. Photoprodu
tion has several advantages: �rst, the photon-nu
leon
ollision involves only one nu
leon as opposed to the nu
leon-nu
leon 
ollision whi
hinvolves two nu
leons. This means the photon-nu
leon 
ollision is a �rst order pro
esswith the 
ross se
tion being related to g2, where g is the meson-nu
leon 
oupling 
on-stant [11℄. The nu
leon-nu
leon 
ollision is a third order pro
ess, whi
h 
ompli
atesthe pro
ess of pion 
reation. Thus, the un
ertainty for the photon-nu
leon 
ollisionpredi
tions is less sin
e it is a �rst order pro
ess. Se
ond, with nu
leon-nu
leon 
ol-lisions, some assumptions must be made for perturbation 
al
ulations of the pionwith respe
t to the 
hara
ter of the virtual meson �eld where the 
ollision o

urs.Basi
ally, it matters whether it is assumed that the pion alone is responsible for thestrong nu
lear for
e, or if it is assumed that other meson �elds 
ontribute along withthe pion to the nu
lear for
e. Photoprodu
tion has a saving gra
e in the lowest order8



9of perturbation theory, only the pion �eld is 
onsidered to be involved. This allowsthe higher order 
orre
tions to be negle
ted. Another advantage of photoprodu
tionover nu
leon-nu
leon 
ollision 
omes about from the fa
t that the photon is absorbedin the pro
ess. Sin
e the �nal state of photoprodu
tion only 
onsists of a nu
leonand a meson, the system is a simple two-body problem. Nu
leon-nu
leon 
ollisionsbe
ome a three-body problem sin
e the �nal state 
ontains two nu
leons and a me-son. Furthermore, the nu
leons 
an distort the high energy end of the pion spe
trumdue to strong intera
tions, with the outgoing pion distortion 
ompli
ating 
omparisonbetween the theory and experiment [11℄.2.2 Compli
ations of Photoprodu
tion MeasurementsPion photoprodu
tion 
ompared with the 
losely related pro
ess ele
troprodu
tiondoes have one disadvantage, whi
h has to do with the produ
tion of the photons.This takes into a

ount the strength of the strong intera
tion and introdu
ing nu-
lear physi
s rea
tion regime energies of a few MeV. Pion produ
tion has a thresholdenergy of about 150 MeV. Produ
ing photons of these energies is typi
ally done usinghigh energy ele
trons to produ
e bremsstrahlung photons. A detailed des
ription ofthe bremsstrahlung pro
ess 
an be found in Chapter 3. Due to the nature of thebremsstrahlung pro
ess, the photons produ
ed will have energies whi
h range fromzero up to a maximum energy equal to that of the in
ident ele
tron energy. Sin
ebremsstrahlung photons are not monoenergeti
 in experiments, whi
h ele
trons 
anbe, experimentally we deal with the un
ertainty dω
ω

where ω is the energy of thephoton. This 
omes about due to the spe
trum 
hara
teristi
s of bremsstrahlungradiation whi
h is used to produ
e the photon beams. The experimental results 
anbe expressed in terms of the photon energies whi
h are unique when the energies andangles of the pion and the re
oil nu
leon are measured [11℄. The measurement of there
oil neutron is however di�
ult sin
e it relies on the neutron getting out of the tar-



10get to be measured. This however 
annot allow for the assumption of monoenergeti
photons to be used when the individual photon energies are determined.In the past, the endpoint subtra
tion method was used to determine the 
rossse
tions for bremsstrahlung experiments. This pro
ess was done using normalizedplots of the number events per bremsstrahlung energy from two known ele
tron beamenergies, E1 and E2. From these plots, only towards the higher energy bremsstrahlungend of the plots would the two plots di�er. Considering the area under ea
h plot tobe the total 
ross se
tion for that energy, by subtra
ting the two plots it would bepossible to determine the energy di�erential 
ross se
tion of the higher energy plot.Thus, the di�eren
e
σtotal (E2) − σtotal (E1) ≃

dσ

dE
(E2)This pro
ess assumes that the �ux at the two endpoint energies E1 and E2 isthe same. The un
ertainty in the �ux determination for bremsstrahlung experimentsis typi
ally 10% � 20%. This is due to the fa
t that with any 
ounting experi-ment the un
ertainty in N is √N , and for di�eren
es ∆ (E2 − E1) =

√
E2 + E1 withthese energies. This disadvantage 
an be over
ome in some spe
i�
 situations dueto the two-body 
hara
teristi
s of photoprodu
tion. One additional 
ompli
ation ofele
troprodu
tion over photoprodu
tion is that the 
ross se
tions are smaller. Ele
-troprodu
tion 
ross se
tions are smaller by an of the �ne stru
ture 
onstant, α, in
al
ulations.



112.3 Pion Photoprodu
tion Rea
tionsFor pion photoprodu
tion there are four possible rea
tions whi
h may o

ur. Theserea
tions are:
γ + n → π◦ + n

γ + n → π− + p

γ + p → π◦ + p

γ + p → π+ + nThe �rst two rea
tions, whi
h involves a photon intera
ting with a neutron, mustbe studied indire
tly sin
e there is no free neutron target. These γ + n intera
tionsare typi
ally studied by using the deuteron as the target nu
lei [2℄ and a

ounting fornu
lear e�e
ts of the target in the rea
tion through 
al
ulations. Another way to studythe γ + n → π− + p rea
tion is through the inverse-
apture rea
tion π− + p → γ + n.Both of the γ + p intera
tions 
an be studied dire
tly sin
e proton targets 
an easilybe obtained using hydrogen. The 
ross se
tions of these intera
tions are simplest atenergies near threshold. As higher energy photons are in
ident on the nu
leons, thenu
leons 
an transition into higher energy states. This produ
es nu
leon resonan
estates whi
h 
ompli
ate the interpretation of the 
ross se
tions. Resonan
es o

urwhen a nu
leon gains enough energy to make a transition into an ex
ited state, γN →

N∗. The lowest energy resonan
e is known as the ∆(1232) resonan
e; designated asthe P33 nu
leon state it has a spin parity Jπ = 3

2

+, an isospin T = 3

2
, and an ℓπ = 1whi
h 
orresponds to a p-wave [12℄.Pion photoprodu
tion 
an be viewed as o

urring through various unique intera
-tions. These intera
tions are 
ommonly represented by the use of Feynman diagrams,shown in Figure 2.1 below. Six di�erent Feynman diagrams are shown whi
h representthe γ + p → π+ + n intera
tion.
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Figure 2.1: The Feynman diagrams of the p (γ, π+)n rea
tionIn the diagrams of Figure 2.1 :A: The photon 
ouples dire
tly to the proton and the π+ is produ
ed at the samevertex. Diagram A is sometimes 
alled the Seagull diagram or the Kroll-Rudermann term [12℄. At and near threshold this intera
tion 
ontributessolely to the s-wave photoprodu
tion of the E0+ multipole whi
h dominatesthe 
ross se
tion for 
harged pion produ
tion.B: A photon 
ouples to the 
harge of a virtual π+ without dire
t 
onta
t withthe proton. This intera
tion, designated as the t-
hannel, 
ontributes to boththe s-wave and p-wave photoprodu
tion of all multipoles.C: The s-
hannel is a photon 
oupling with a proton and generating a π+ at ase
ond vertex. This also 
ontributes to s-wave and p-wave photoprodu
tionof the E0+ and M1− multipoles.



13D: A proton emits a π+ and the photon then 
ouples with the neutron. Thisis known as the u-
hannel, whi
h 
an generally be ignored. The u-
hannel
ontribution with respe
t to the s-
hannel of Diagram C is small sin
e therea
tion o

urs via the photon intera
ting with the magneti
 moment of theneutron [12℄.E: A photon intera
ts with a proton 
ausing the proton to make a transition intothe ∆+(1232) resonan
e state. The ex
ited state then de
ays into the π+ anda neutron. The 
ontribute of this intera
tion, designated as the ∆ s-
hannel,is to the p-wave photoprodu
tion of the M1+ and E1+ multipoles.F: A proton de
ays to the ∆0(1232) resonan
e state and a π+. Then a photonintera
ts with the neutron. Called the ∆ u-
hannel, it is similar to DiagramD and its 
ontribution is 
onsidered to be small.



Chapter 3Pion Photoprodu
tion Experiments
3.1 Generating Pions via Photoprodu
tionThe most 
ommon pro
ess for performing photoprodu
tion experiments has beenthrough the use of bremsstrahlung beams. Bremsstrahlung, from the German for�braking radiation�, o

urs when an in
ident 
harged parti
le, typi
ally an ele
tron,is de�e
ted by another 
harged parti
le, 
ommonly a nu
leus. Due to the a

elerationof the ele
tron during its 
hange in dire
tion it emits ele
tromagneti
 radiation, theenergy of whi
h will depend on the energy of the in
ident ele
tron and the angle atwhi
h it is de�e
ted. With a su�
iently intense ele
tron beam, a large number ofphotons 
an be 
reated. In most photoprodu
tion experiments the in
ident parti
leis an ele
tron whi
h has been a

elerated in a linear a

elerator, LINAC, to a knownenergy. On
e the ele
tron intera
ts with the radiator, the photons 
reated will havea range of energies, thus the photon beam is not mono
hromati
. To ensure that theun
onverted in
ident ele
trons do not interfere with the experiment, a magneti
 �eld,known as a dump magnet, bends the in
ident ele
trons away from the target and intoa well shielded beam dump. Finally, the photon beam passes through the 
ollimatorto de�ne the beam size whi
h will intera
t with the target of the experiment.Bremsstrahlung photon experiments 
an have a myriad of problems. First o�,the wide range of photon energies 
an result in in
omplete kinemati
s for the exper-14
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dump magnet electron beam to dump

colliminator

bremsstrahlung photon cone
radiator

monoenergetic electron beam

Figure 3.1: Bremsstrahlung Photon Generationiment. The in
ident photon energy is not known for any single event, 
onsequentlya dete
ted low energy parti
le may have been produ
ed by a low-energy photon ora high-energy photon plus some �nal state intera
tions whi
h degraded the rea
tionprodu
t into the dete
ted low-energy parti
le [12℄. There have been some attemptsin the 1970's to extra
t the monoenergeti
 
ontribution of the photon �ux throughvarious te
hniques but, these 
al
ulations were sus
eptible to large systemati
 andstatisti
al un
ertainties. For bremsstrahlung experiments the total number of pho-tons in
ident upon the target is not easily determined. Furthermore, there is notiming for the in
ident photon when using bremsstrahlung. These 
ompli
ations ofstandard bremsstrahlung have lead to the development in photon tagging.Photon tagging begins with a standard bremsstrahlung beam being generated.However, the ele
trons are not all sent o� to a beam dump after generating photons.The magnet is used to extra
t the post-bremsstrahlung ele
trons from those whi
h didnot intera
t with the radiator target. The magnet de�e
ts the post-bremsstrahlungele
trons towards a dete
tor array lo
ated along the fo
al plane of the magnet. Thedete
tors 
ommonly are s
intillation dete
tors as these 
an handle the high ratestypi
ally required for these experiments. The position of the s
intillation 
ounter andthe magneti
 �eld strength will determine the momentum of the post-bremsstrahlungele
tron [13℄. Thus, the energy of the post-bremsstrahlung ele
tron 
an be determine



16from the momentum measurement. Consequently, through 
onservation of energy,
Eγ = Eeincident

−Eepost−brem
, so the photon energy is known. Additionally, a time signal
an be generated for the photon enabling 
oin
iden
e experiments. The �ux of photonpassing through the produ
tion target is provided dire
tly by 
ounting the numberof post-bremsstrahlung ele
trons, and the energy of the photon is known [13℄. Anyadditional ele
trons whi
h did not intera
t with the radiator material bend towardsa beam dump due to their energy being greater than that of a post-bremsstrahlungele
tron. Sin
e the post-bremsstrahlung ele
trons are 
ounted the photon in thebeam produ
ed 
an be 
onsidered to have been 
ounted at their single energy. Forthe bremsstrahlung pro
ess however, the beam passes through a 
ollimator so this
ount is not the exa
t number of photons in
ident to the target.There are many resear
h fa
ilities 
apable of performing tagged photon experi-ments. One fa
ility whi
h has performed tagged photon experiments is the Saskat
hewanA

elerator Laboratory, SAL, now part of the Canadian Light Sour
e. SAL was 
a-pable of obtaining energies photon up to 300 MeV. Another is the Mainz Mi
rotron,MAMI, at the Johannes Gutenberg University of Mainz in Germany where of energiesup to 1.5 GeV 
an be obtained. In the United States one fa
ility of interest for taggedphoton experiments is Thomas Je�erson National A

elerator Fa
ility, known as Jef-ferson Lab or JLab, in Newport News, VA. Je�erson Lab is 
urrently undergoing anupgrade to allow energies up to 12 GeV. The tagged photon fa
ility related to thisresear
h is MAX-lab at Lund University in Sweden where the proposed measurementswill take pla
e. MAX-lab is 
apable of operating at energies up to 1.5 GeV and oper-ates 14 beam lines and three storage rings, in
luding 250 MeV tagged photon fa
ilityfor nu
lear physi
s resear
h.There are other methods for generating tagged photons su
h as Compton ba
ks
attering of laser light from a high-energy ele
tron beam. The Grenoble Anneau A
-
elerateur Laser, GRAAL, at the European Syn
hrotron Radiation Fa
ility in Greno-



17ble, Fran
e has done work with Compton ba
k s
attering experiments. Other fa
ilities
apable to perform Compton ba
k s
attering experiments in
lude Spring-8 in Japanand LEGS, the Laser Ele
tron Gamma-ray Sour
e, lo
ated at Brookhaven NationalLaboratory in Upton, NY.3.2 Dete
ting PionsSin
e pion photoprodu
tion experiments began around 1950 there have been severalte
hniques developed to dete
t pions and their produ
ts. The earliest is referred toas the π+, µ+, e+method. The pion and the muon are stopped in the target. Thenthe e+ whi
h the muon de
ays into is dete
ted. Sin
e the muon has a lifetime of2.2 µs, the 
ount is made after the beam pulse whi
h helped to redu
e ba
kgroundproblems [13℄. The Sa
lay-Louvian 
ollaboration 
reated this method whi
h is onlyusable for dete
ting π+ up to 30 MeV above threshold on light nu
lei. A se
ondmethod whi
h was introdu
ed in 1957 by Hughes and Mar
h is known as the A
tivityMethod. In this 
ase, the radioa
tivity of the residual nu
leus is dete
ted. Most of the
ommon rea
tions for this method used 
arbon, lithium, boron, oxygen, or nitrogenas the target nu
lei. One of the more favorable rea
tions is 12C(γ, π−)12N sin
e itonly has one bound state. For π+ generation one possible rea
tion is multiple ex
itedbound states is 16O(γ, π+)16N. Unfortunately, ba
kground problems as well as e�e
tsof the Coulomb barrier 
ause π+ to have low 
ross se
tions. Thus, the only two majorexperiments performed by the A
tivity Method both were for π− near threshold [13℄.The most bene�
ial method of pion dete
tion has been pion spe
trometers. Thelargest bene�t of this method is that it allows for the measurement of di�erential 
rossse
tions, whi
h provide more sensitive tests of theoreti
al predi
tions than is possibleby total 
ross se
tions. Additionally, pion spe
trometers allow for the varian
e ofenergy and momentum transfer separately. Due to this fa
t various 
omponentsof the photoprodu
tion pro
ess 
an be individually tested. As previously noted,



18mono
hromati
 photon sour
es do not o

ur sin
e bremsstrahlung beams are used inphotoprodu
tion experiments. It is ne
essary to use bremsstrahlung photons in orderto obtain su�
ient 
ount rates to perform an experiment. Thus instead of dis
retelines, staggered yield 
urves are obtained, one for ea
h ex
ited state [13℄. In most
ases, resolution of states is limited by these 
urves to approximately 1 MeV, thoughup to l00 keV resolution is possible through analysis.Another 
ommon observation method for pions involves the use of s
intillatordete
tors. In s
intillator dete
tors the energeti
 parti
le enters into a material, as
intillator, where the parti
le intera
ts 
ausing the atoms of the material to be ex
iteddue to the energy deposited by the parti
le. The ex
ited atoms then rapidly emitlight and the material is said to �uores
e [12℄. The emitted light intera
ts with aphotosensitive material in a photomultiplier tube, turning the light signal into agroup of ele
trons. The photomultiplier tube ampli�es the ele
tri
 pulse 
aused by theele
trons by a

elerating them and produ
ing se
ondary ele
trons. From this ele
tri
pulse, information about the energy of the in
ident parti
le 
an be determined. Thes
intillator 
an be made of various materials su
h as inorgani
 
rystals, organi
 liquids,organi
 solids, or plasti
s. Plasti
 s
intillator material has the bene�t of be easily 
utand formed into desired shapes and sizes. Using plasti
 s
intillators, dete
tors 
an be
onstru
ted whi
h 
an aid in parti
le identi�
ation. This 
an be done by having thein
ident parti
le pass through a thin plasti
 s
intillator dete
tor, depositing a smallamount of energy, then entering a se
ond plasti
 s
intillators dete
tor large enoughto stop the parti
le 
ompletely. From the amount of energy deposited in the thindete
tor and knowing the total energy deposited in both dete
tors the parti
les 
anbe identi�ed and its energy known.



193.3 Previous ExperimentsThough pions have been arti�
ially produ
ed using 
y
lotrons sin
e 1948, it was notuntil the early 1970's that low energy pion photoprodu
tion experiments began to beperformed. The �rst experiments were performed at the Sa
lay ele
tron LINAC, by a
ollaboration from Louvian University, and at the Bates LINAC [14℄. A major moti-vation at the time for studying low energy pion photoprodu
tion was the re
ognitionthat it was a promising tool for studying spe
i�
 details in nu
lear stru
ture. By 1977enough new ele
tron LINACs were in operation su
h that a

urate experimental datawas beginning to appear. The interest in pion photoprodu
tion 
ontinued to growafter the �rst international 
onferen
e on Photopion Nu
lear Physi
s in 1978 [13℄.Experimental data for pion photoprodu
tion gained some of its greatest improve-ments around this time. Many of the new ele
tron LINACs were high duty-
y
le andhigh intensity, whi
h made it possible for the �rst time to investigate in detail thetransitions to individual levels. Fa
ilities in
luding Bates, Mainz, and Saskat
hewaninstalled magneti
 pion spe
trometers, a high resolution spe
tros
opi
 tool. Pionspe
trometers bene�ted from the improved statisti
s that the high beam 
urrentsthat the new LINACs provided. A majority of the experiments 
arried out duringthe late 1970's and into the 1980's, however, still relied on bremsstrahlung beamsof untagged photons to insure high statisti
s. The few tagged photon experimentswhi
h o

urred during the 1980's and into the 1990's generally were measured in low-statisti
s experiments and thus had large energy and angular binning. A majority ofthe tagged data was of ex
itation 
ross se
tions with no extensive angular range [3℄.



Chapter 4Pion Photoprodu
tion Theory
4.1 Chiral Perturbation TheoryIn the early 1970s pion photoprodu
tion threshold amplitudes were predi
ted usinga Low Energy Theorem (LET) whi
h was derived by de Baenst, Vainshtein, andZakharov [15℄. This LET was based on fundamental prin
iples in
luding Lorentz andGauge invarian
e, and 
hiral symmetry. The form of the LET power series in
ludes thevariable µ = mπ

mN

where mπ and mN are the mass of the pion and nu
leon, respe
tively.The dis
repan
y between the experimental data and the LET predi
tions was basedon the assumption that the amplitudes would be fun
tions of µ. Bernard, et al.eventually explained this dis
repan
y using an expli
it one-loop 
al
ulation in ChiralPerturbation Theory [15℄.Chiral Perturbation Theory (ChPT) 
an be used to solve QCD equations of nu-
lear pro
esses, espe
ially pion photoprodu
tion near threshold. ChPT, an e�e
tive�eld theory, utilizes pions and nu
leons as the appropriate degrees-of-freedom whenperforming 
al
ulations as well as making use of known symmetries in order to re-stri
t the form of a possible intera
tion [16℄. All of the symmetries of QCD 
anonly be inferred into physi
s at the energies given by ChPT [17℄. However, the re-sults yielded by ChPT are only useful at the near threshold region. When studying
harged-pion photoprodu
tion near threshold, ChPT be
omes a very useful tool in20



21performing multipole analysis. This is due to the fa
t that near threshold 
harged-pion produ
tion inelasti
ities are well removed, and multipole de
omposition and andmodel-independent predi
tions from ChPT 
onverge rapidly. This allows for experi-mental data to provided pre
ision tests of ChPT for energies from ∆(1232) down tothreshold. By using ChPT, the threshold values of the dominant s-wave term (the Eo+amplitude) for 
harged pion photoprodu
tion have been predi
ted. When 
omparedto values of the SAL and MAMI measurements 
lose to threshold, the ChPT resultsprodu
e good agreement between theory and experiment [18℄. Theoreti
al work onthe higher order terms beyond s-wave have been formulated, however, these have notbeen tested for the 
harged pion 
hannel. More a

urate data on the di�erential 
rossse
tions for 
harged pion photoprodu
tion from new experiments would be requiredto properly test these higher order terms.By 
onsidering the terms other than the Eo+ multipole, more aspe
ts of the ChPT
al
ulations 
an be tested. In the 
ase of p-wave 
ontributions, there will be a 
hangein the angular distribution. Measuring the di�erential 
ross se
tions for the pionphotoprodu
tion will provide new data to test the ChPT 
al
ulations and pla
e 
on-straints on asso
iated ChPT parameters. SAL and MAMI have investigated the
γ + p → π◦ + p 
hannel and have added extensive data to su
h ChPT 
al
ulations.The data analyzed is in agreement the ChPT predi
tions for both s- and p-wavesmultipo1es for the rea
tion. Table 4.1 below shows this agreement for E0+ ampli-tudes [13℄:For the γ + p → n + π+ 
hannel a pre
ision measurement has been performedat SAL with absolute un
ertainty of 3% (1% statisti
al and 3% systemati
). Thepurpose of the measurement at SAL, utilizing ChPT predi
tions, was to 
onstrainthe fundamental πNN 
oupling 
onstant, fπNN . The πNN 
oupling 
onstant, f 2,equals 0.079 for the ChPT 
al
ulations in Table 4.1 [5℄. This appli
ation is just oneexample of the bene�ts of ChPT when studying pion photoprodu
tion.



22Channel ChPT
(10−3m−1

π )
LET

(10−3m−1
π )

Re
ent Experimental Values
(10−3m−1

π )

γ + p → p + π◦ -1.16 -2.3 −1.32 ± 0.08

γ + p → n + π+ +28.2 ± 0.6 +27.6 ± 0.2 +28.1 ± 0.5

γ + n → p + π− −32.7 ± 0.6 −31.7 ± 0.2 −31.5 ± 0.8

γ + n → n + π◦ +2.6 -0.5 �Table 4.1: ChPT, LET, and experimental values for pion photoprodu
tion from thenu
leon4.2 Partial Wave AnalysisWhen observing pions the s
attering of the generated pion is normally measured interms of its di�erential 
ross se
tion. A di�erential 
ross se
tion, dσ
dΩ
, is the probabilityper unit solid angle that an in
ident parti
le is s
attered into the solid angle dΩ [12℄.Total 
ross se
tions, σ, give the total probability of an event being s
attered in anydire
tion at a given energy, σ =

∫
dσ
dΩ

dΩ. This allows for dσ
dΩ

to be viewed as beingvaried over the surfa
e of a sphere, or the event as being a spheri
al wave. By havingthe outgoing parti
les represented by a spheri
al wave, it makes sense to view thein
ident parti
le as a plane wave made up of the superposition of spheri
al waves. Thein
ident wave then would be Ψinc = Aeikz = A
∑

∞

ℓ=0 iℓ (2ℓ + 1) jℓ (kr)Pℓ (cos θ), whereA is a normalization 
onstant, jℓ(kr) are spheri
al Bessel fun
tions, and Pℓ (cos θ) areLegendre polynomials. The expansion of the in
ident wave is 
alled a partial waveexpansion, where ea
h partial wave 
orresponds to a spe
i�
 angular momentum ℓ.For pion photoprodu
tion near threshold only ℓ = 0 and ℓ = 1 are generally 
onsideredsin
e the s-wave and p-wave 
ontributions are dominant. At a given photon energy,photoprodu
tion events 
an o

ur at various angles. If the beam is unpolarized, thevarian
e of the pion 
ross se
tion is limited to θ only. Sin
e dσ
dΩ

= dσ2

dθdφ
and there is nodetermined varian
e in φ for unpolarized photon beams, the di�erential 
ross se
tionwill be dσ

dθ
for most photoprodu
tion data.



23Utilizing su
h partial wave expansions as a tool to interpret observed multipoleamplitudes is 
alled partial wave analysis. Partial wave analysis is performed by
reating multipole �ts to the known data points. There have been many di�erentpartial wave analyzes made to study the produ
tion of pions, ea
h of whi
h has takena di�erent approa
h to �tting the existing data.One su
h partial wave analysis (PWA) has been developed at Mainz Universityin Germany and is known as MAID or the Mainz Unitary Isobar Model. The MAIDmodel was developed in 1998 and adapted to a web-based format for easy a

ess toresear
hers. The �rst version, MAID98, used the seven most important nu
leon reso-nan
es for pion photoprodu
tion in Breit-Wigner form and a non-resonant ba
kgroundin
luding the Born terms [19℄. MAID98 was unitarized for ea
h partial wave up tothe threshold for double-pion produ
tion. The model then progressed into MAID2000with the addition of an eighth resonan
e and the Dubna-Mainz-Taipei dynami
 modelbeing used to modify the unitarization pro
edure [19℄. As of MAID2000, the modelstill had not been �tted to the entire world data set for pion photoprodu
tion andele
troprodu
tion. On
e the MAID solution was �tted, some ba
kground parame-ters were adjusted to the multipoles from the SAID partial wave analysis. Beginningin 2003 MAID be
ame a full partial wave analysis program, with all parameters�tted to experimental observables as 
ross se
tions and polarization asymmetries.Also, MAID in
luded both pion photoprodu
tion and ele
troprodu
tion data in its�ts. MAID 
ontinued to progress with the addition of analysis programs for eta andkaons. MAID2005 is the most 
urrent version of the MAID PWA pa
kage.Another PWA pa
kage is known as SAID (S
attering Analysis Intera
tive Dial-in)whi
h is 
urrently developed at the Center for Nu
lear Studies at George WashingtonUniversity, SAID began as a program whi
h allowed users to a

ess and 
omparedatabases, models, and partial wave solutions for elasti
 s
attering. Pion photopro-du
tion and 
apture (π+ + d → p + p) rea
tions were also added to the SAID program
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ode. Early versions of SAID were available as FORTRAN program downloads. The
urrent version of SAID is available through either an SSH or as an HTML form onthe Center for Nu
lear Studies website.



Chapter 5This Resear
h
5.1 Experiment OverviewThe proposed experiment, whi
h this resear
h supports, to is to performed at MAX-lab lo
ated at Lund University in Sweden. The investigators of the proposed experi-ment are from the University of Massa
husetts Dartmouth, Lund University, GeorgeWashington University, and Mainz University. The experiment is intended to be a
ommissioning experiment for the pion photoprodu
tion program at MAX-lab andrun for three weeks.The experiment will measure di�erential 
ross se
tions of the γ + p → n + π+rea
tion with photon energies from 15�30 MeV above threshold with a photon binwidth of 1 MeV. These measurements will provide new data on the pion photoprodu
-tion pro
ess at energies above threshold up to the �rst resonan
e region. Estimatesof the un
ertainties of the �nal results is 5% statisti
al un
ertainty with 
omparablesystemati
 un
ertainties. The measurements of Eγ ≈ 165�180 MeV would 
ontributegreatly to the world data set on pion photoprodu
tion whi
h is used by partial waveanalysis su
h as MAID and SAID. The experiment will utilize simple targets usingwell understood dete
tors and data analysis te
hniques.The rea
tions targets will be solid CH2 and C whi
h will be bombarded withtagged photons. The tagger will be 
on�gured to tag photons in the 145�180 MeV25



26range with 430 keV resolution. The photons will be generated using an ele
tron beamenergy of 200 MeV and the end-point tagger will be used in 
onjun
tion with theSAL fo
al-plane dete
tor array. Adja
ent tagger 
hannels will be added to improvestatisti
s, resulting in the 1 MeV photon energy bins. Pions with energies below about15 MeV will not be dete
ted due to energy loss in the target, thus data will only resultfor Eγ > 160 MeV. An additional beam energy of 250 MeV with a redu
ed magneti
�eld setting will also be used to tag photons in the 155�190 MeV range. This willbetter mat
h the tagged photon range with the kinemati
s of the experiment [1℄. Thetagged photon energy range used at both energy settings in
ludes a portion of thefo
al pla
e 
ounters tagging photons in an energeti
ally forbidden region. Data inthese forbidden regions will be used to understand the ba
kground.The targets will be mounted on a target ladder lo
ated 1 meter from the photonbeam 
ollimators. The ladders will be remote 
ontrolled and in
lude an empty posi-tion to measure the room ba
kground. The pions will be dete
ted by ∆E-E dete
torteles
opes pla
ed at various angles. The dete
tors will be pla
ed approximately 25 
mfrom the target to ensure the loss of pions due to de
ay-in-�ight is less than 5%. The
harged pions, π+, events will be identi�ed using measurements of the stopping powerusing a thin ∆E and thi
k full-E dete
tor teles
ope. When ∆E values are plottedagainst the stopping power E, the pion events are 
learly separated from ele
tronand proton events. Additionally, ba
kground events would be reje
ted based on themeasurement of the π → µ (τ ∼ 26) ns de
ay. This resear
h pertains to the angularpla
ement of these dete
tors.5.2 Resear
h OverviewThis resear
h utilized the SAID interfa
e to generate di�erential 
ross se
tion dataof various PWA. The PWA whi
h were available 
hanged during the 
ourse of thisresear
h. Initially, during July of 2005 the available PWA in
luded Born-Delta,



27SM95_2GeV, D500, and the Current SAID solution. By early 2007, MAID2003 andMAID2005 PWA had been added and the D500 and Born-Delta had been removed.This allows for data from six di�erent PWA to be 
ompared in this resear
h.Initially, data was taken at various energies from pion threshold up to 180 MeVwith the angle at ea
h energy being varied from 0 to 180 degrees. The SAID interfa
ehowever is not programmed to generate more than 60 points per run. To gain 1 degreeresolution for ea
h energy and PWA, data was 
olle
ted at 0 to 60 degrees, 61 to120 degrees, and 121 to 180 degree. The data was pla
ed into one data �le for theentire 0 to 180 degree range for ea
h energy and PWA. The energy levels whi
h wererun for ea
h PWA were 155 MeV to 180 MeV in 5 MeV in
rements.Comparisons between the di�erent PWA solutions were made by plotting thevarious solutions against ea
h other. By 
omparing the �xed energy PWA data,similarities and di�eren
es between the PWA 
ould be viewed at the 
orrespondingangles. Through this analysis of the plots, areas of interest were determined fordete
tor pla
ements. Generally, these areas of interest were those regions wheredi�eren
es between the PWA �ts 
ould be resolved with new experimental data. Atotal of four angular positions were 
hosen. At these four angles, �xed angle dataof 
ross se
tions was taken for the range of slightly above threshold (152 MeV) to180 MeV. All plots were generated using the Gra
e plotting pa
kage.The SAID interfa
e also allows a

ess to the existing experimental data points.Utilizing this feature, plots were generated showing the 
ross se
tions of all pionphotoprodu
tion data within the energy range of threshold to 180 MeV. This plot
an be seen in Fig. 5.1. Additionally, showing the data from threshold to 250 MeVallows for a visual aid of the gap in pion photoprodu
tion below 180 MeV. This gap
an be seen in Fig. 5.2. The energy-angle distribution of the known data, Fig. 5.3,also shows a 
lear gap in the data set below 180 MeV.To better understand the PWA �ts some of the re
ent data points from Ahrens
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Figure 5.1: Known pion photoprodu
tion data from threshold to 180 MeV. Generatedby the SAID interfa
e.

Figure 5.2: Known pion photoprodu
tion data from threshold to 250 MeV. Generatedby the SAID interfa
e.
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Figure 5.3: Energy-Angle distribution of known pion photoprodu
tion data fromthreshold up to 250 MeV. Generated by the SAID interfa
e.and Korkmaz were plotted against the 
urrent SAID, MAID2003, and MAID2005solutions. From the Korkmaz 1999 experiment the data plotted was at 153.390 MeVand 153.750 MeV. A plot of this data for 153.750 MeV 
an be seen in Fig. 5.4.For Ahrens the 180 MeV data was plotted and is shown in Fig. 5.5.
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(
)Figure 5.4: Current SAID, MAID2003, and MAID2005 with Korkmaz 153.750 MeVData
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(
)Figure 5.5: Current SAID, MAID2003, and MAID2005 with Ahrens 180.000 MeVData5.3 PWA ResultsOn
e data was generated for ea
h of the PWA at the energy levels between 155 MeVand 180 MeV, the PWA results for ea
h were plotted using Gra
e. Gra
e, a des
en-dant of Xmgr, is a WYSIWYG (What-You-See-Is-What-You-Get) plotting pa
kagefor Unix. Ea
h plot in
luded the Born & Delta, D500, SM95_2GeV, MAID2003,MAID2005, and 
urrent SAID PWA solutions. From these plots, areas of interestedwere noted where there were large di�eren
es, 
hanges, or other unique behaviors inthe various PWA solutions.5.3.1 155 MeVFor the 155 MeV plot, shown in Fig. 5.6, the 
ross se
tion of both the SM95_2GeVand Born & Delta drop o� fairly qui
kly. The Born & Delta begins to level o� ataround 105 degrees as well as the SM95_2GeV 
rosses below the Born & Delta value.The 
urrent said solution remains higher than the MAID2003 or MAID2005 solutionsfor the full angular range. After about 75 degrees however both the 
urrent SAIDand MAID2005 the 
ross se
tion begins to rise in value. Being the lowest energyto be investigated the 155 MeV is expe
ted to have the least 
ontribution from the
∆-resonan
e.
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Figure 5.6: All PWA solutions at 155 MeV in
ident photon energy5.3.2 160 MeVIn the plot of the 160 MeV solutions, shown in Fig. 5.7, the 
urrent SAID and D500 arevery similar in shape and behavior. The D500 however 
rosses above the 
urrent SAIDsolution at about 75 degrees. From 45 degrees to 75 degrees in all of the solutionsthere appears to be a 
hange from a de
rease in 
ross se
tion to an in
rease. Anothera angle of interest is 120 degrees whi
h is approximately where the MAID2005 
rossesabove the MAID2003 solution. Between 105 degrees and 120 degrees the SM95_2GeVbegins to de
rease as well as the Born & Delta solution rises above the SM95_2GeV.The overall shape of the Born & Delta and the MAID2003 also show similar 
hanges.The 
urrent SAID and MAID2005 both trend to have higher 
ross se
tions towards180 degrees than at 0 degrees.
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Figure 5.7: All PWA solutions at 160 MeV in
ident photon energy5.3.3 165 MeVThe 165 MeV plot, shown in Fig. 5.8, has features similar to the 160 MeV plot. Thearea of 
hange from de
reasing to in
reasing 
ross se
tion form 45 degrees to 75 degreesis more prominent. The MAID2005 solution appears to have mu
h more variationthan the MAID2003 solution did at this energy. Other than the SM95_2GeV, theother solutions show signs of in
rease in the area past 120 MeV where the Born &Delta levels o�. This 
ould be due to higher order resonan
es beginning to have ane�e
t.5.3.4 170 MeVBeginning with the 170 MeV plot; shown in Fig. 5.9; the 
urrent SAID, MAID2003,MAID2005, and D500 all begin to have 
loser 
ross se
tion values. The MAID2003also begins higher than both the 
urrent SAID and D500. Between 75 degrees and90 degrees the MAID2005 
ross se
tion goes above the MAID2003 solution. The
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Figure 5.8: All PWA solutions at 165 MeV in
ident photon energySM95_2GeV begins to 
hange from in
reasing to de
reasing between about 105 de-grees and 120 degrees. In that same range all of the other PWA solutions 
ontinueto in
rease in 
ross se
tion.5.3.5 175 MeVIn the 175 MeV plot; shown in Fig. 5.10; the MAID2005, 
urrent SAID, and D500show good agreement near 0 degrees and above 105 degrees. The largest di�eren
ebetween these three solutions o

urs at about 45 degrees, whi
h is the lowest 
rossse
tion for the MAID2005. The MAID2005 
rosses above the MAID2003 at around 75degrees. The Born & Delta beings to show signs of de
rease slightly after 120 degrees.The SM95_2GeV 
ontinues to mat
h the Born & Delta 
losely from 0 degrees up to105 degrees, after whi
h it de
reases steadily. The SM95_2GeV appears to not havetoo mu
h dependen
e on higher order resonan
es.
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Figure 5.9: All PWA solutions at 170 MeV in
ident photon energy
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Figure 5.10: All PWA solutions at 175 MeV in
ident photon energy
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Figure 5.11: All PWA solutions at 180 MeV in
ident photon energy5.3.6 180 MeVThe �nal energy plot whi
h was view was the 180 MeV, shown in Fig. 5.11. The
ross se
tions for the Born & Delta and SM95_2GeV are signi�
antly lower above105 degrees. Most of the PWA solutions appear to have their lowest values around45 degrees. Again, the MAID2003 and MAID2005 
ross at about 75 degrees, withMAID2005 having higher 
ross se
tional values above that angle. By about 120degrees, the 
urrent SAID, MAID2003, MAID2005, and the D500 have begun to levelo�. As the energy in
rease it appears that ea
h of the re
ent solutions follow similartrends with relatively 
lose values for 
ross se
tions.5.4 Dete
tor Pla
ementThe SAID interfa
e handles all angles as θcm, angles in the 
enter of mass frame.Therefore all the angles of interest would need to be 
onverted from the 
enter of mass



36frame to the laboratory frame for the proper dete
tor pla
ements in the laboratory.Transformations between the 
enter of mass frame and the laboratory frame in
ludedependen
ies on the parti
le energies. For this dis
ussion of pla
ement however it issatisfa
tory to 
onsider pla
ement in terms of θcm, 
onsidering that the pions will beprodu
ed so 
lose to threshold.The 
riteria for determining the dete
tor pla
ements in
luded �nding angles wherethe PWA solutions had large di�eren
es as well as areas where the solutions had goodagreement. Utilizing this 
riteria to determine the pla
ement of the four dete
tors,will help to gain data whi
h would aid in the evolution of the PWA solutions.5.4.1 45 degreesThe �rst angle whi
h is re
ommended for dete
tor pla
ement is 45 degrees. At about45 degrees the 
ross se
tion values begin to approa
h their lowest values. Also, thelargest di�eren
e between the MAID2005 and the 
urrent SAID o

urs around thisangle in the 175 MeV (Fig. 5.10) and 180 MeV (Fig. 5.11) plots. The 
ross se
tion at45 degrees was plotted from 152 MeV to 180 MeV in Fig. 5.12. This plot would aid invisually understanding the energies at whi
h the 
ross se
tion values are 
losest andmost separated.5.4.2 75 degreesSimilar to the 45 degree dete
tor pla
ement is the re
ommended angle of 75 degrees.At about 75 degrees the 
ross se
tion values have begun to rise from their lowestvalues. Furthermore, by pla
ing a dete
tor at 75 degrees it will allow for observationof 
ross se
tions on both sides of the 
hange from de
reasing to in
reasing values.Even in the lower energy plots, su
h as 155 MeV (Fig. 5.6), the values of MAID2005and the 
urrent SAID begin to rise. Also, around 75 degrees the MAID2005 risesabove the MAID2003 in most of the higher energy plots. The 75 degree 
ross se
tion
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Figure 5.12: Cross se
tions at 45 degrees for all PWA solutions from 152 MeV to180 MeVis shown in Fig. 5.13.5.4.3 105 degreesThe third re
ommended dete
tor pla
ement angle is at 105 degrees. Both the Born &Delta and SM95_2GeV have peaks or plateaus, a
ross most of the energies plotted,beginning at 105 degrees. Also, in the higher energy plots MAID2003, MAID2005,and the 
urrent SAID have a good agreement in 
ross se
tion values with similartrends. The 105 degree 
ross se
tion plot is shown in Fig. 5.14.5.4.4 120 degreesThe fourth and �nal re
ommended dete
tor pla
ement angle is at 120 degrees. By120 degrees most of the PWA solutions have leveled o� at the higher energies. In the180 MeV plot (Fig. 5.11) the Born & Delta begins to show signs of a shallow de
reaseat about 120 degrees. Also, around 120 degrees the SM95_2GeV 
ross se
tion drops
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Figure 5.13: Cross se
tions at 75 degrees for all PWA solutions from 152 MeV to180 MeV
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Figure 5.14: Cross se
tions at 105 degrees for all PWA solutions from 152 MeV to180 MeV
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Figure 5.15: Cross se
tion at 120 degrees for all PWA solutions from 152 MeV to180 MeVbelow the Born & Delta solution. The 120 degree 
ross se
tion is shown in Fig. 5.15.5.5 Con
lusionsThe purpose of this resear
h was to analyze the 
urrent PWA solutions to determinethe optimum dete
tor pla
ement for an up
oming experiment at MAX-lab at LundUniversity. The experiment will investigate pion photoprodu
tion from tagged pho-tons near the 
harged π+ threshold up to 180 MeV. A total of six di�erent PWAsolutions were investigated in the desired energy range in
luding the 
urrent SAID,MAID2003, MAID2005, SM95_2GeV, D500, and Born & Delta �ts. From the anal-ysis of the various PWA solutions available through the SAID interfa
e the fourre
ommended angular pla
ements for the dete
tors are 45 degrees, 75 degrees, 105degrees, and 120 degrees in the 
enter of mass frame. The pla
ement of dete
tors atthese angles will provide useful data in the desired energy range of threshold up to



40180 MeV. A
quired data points 
ould help to distinguish whi
h PWA solutions are
losest to observations.
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Figure A.1: Born & Delta PWA solution at 5 MeV in
remental energies from 155 MeVto 180 MeV
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Figure A.2: Current SAID PWA solution at 5 MeV in
remental energies from 155 MeVto 180 MeV
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Figure A.3: D500 PWA solution at 5 MeV in
remental energies from 155 MeV to180 MeV

0 15 30 45 60 75 90 105 120 135 150 165 180
Angle (center of mass)

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

D
S

G

155 MeV
160 MeV

165 MeV
170 MeV

175 MeV
180 MeV

MAID2003 from 155 MeV to 180 MeV

In 5 MeV Increments

Figure A.4: MAID2003 PWA solution at 5 MeV in
remental energies from 155 MeVto 180 MeV
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Figure A.5: MAID2005 PWA solution at 5 MeV in
remental energies from 155 MeVto 180 MeV

0 15 30 45 60 75 90 105 120 135 150 165 180
Angle (center of mass)

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

D
S

G

155 MeV
160 MeV

165 MeV
170 MeV

175 MeV
180 MeV

SM95_2GeV from 155 MeV to 180 MeV

In 5 MeV Increments

Figure A.6: SM95_2GeV PWA solution at 5 MeV in
remental energies from 155 MeVto 180 MeV
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