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ABSTRACT 

The 4 He({,pt) reaction has been measured at E1 = 167 - 209 MeV, using the tagged 

bremsstrahlung photon beam of the Saskatchewan Accelerator Laboratory (SAL). Cross 

sections were obtained for the four centre-of-mass proton angles 87°, 104°, 120° and 137°. 

The experimental apparatus consisted of a liquid helium target and two arms of plastic 

scintillator ~E-E detectors, arranged on opposite sides of the target. Coincident hits in 

both detector arms were required to generate a trigger. In order to quantify the low detection 

efficiency for tritons, the experiment was simulated by using the GEANT detector simulation 

system. The extracted cross sections were compared to previous measurements. 
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Chapter 1 

INTRODUCTION 

In this chapter, a brief introduction to the theoretical background is given, as well as the 

motivation for the data analysis described in this thesis. 

1.1 Theoretical background 

1.1.1 Transition amplitudes 

In nuclear and particle physics, cross sections are measured to investigate the properties of 

three of the four fundamental forces of nature, which are the electromagnetic, strong nuclear, 

and weak nuclear interactions. Cross sections are the probability of a certain interaction 

taking place within a given time interval, between two types of particles, divided by the flux 

of the incoming particles. Differential cross sections are cross sections measured only in a 

restricted area of the phase space of the reaction products, such as a certain angle or energy 

of one of the outgoing particles. Angle dependent differential cross sections are defined as 

(1.1) 

where lr (B) is the outgoing flux (current density) of one of the reaction products at distance 

r from the reaction vertex, Jo the incident flux, and dfl the solid angle element containing 

the current lr(B) (compare Eqn. 3.12). 

In Quantum Electrodynamics (QED), the field theory describing the electromagnetic 

interaction, as well as the other field theories, cross sections are calculated by use of rela-

tivistic field operators acting on quantum rnechanical states. 

The photodisintegration of 4 He into proton (p) and triton (>H, abbreviated t), 
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can be described by its unpolarized cross section (in the centre-of-mass (CM) system and 

with fi c = 1 units) 

(1.2) 

where Pp, Pt, P4 and k are the 4-momenta of the proton, triton, 4He-nucleus and photon 

in the CM-system, respectively; Sp and St the magnetic quantum numbers of the particles' 

spins; A the (transverse) photon polarization; E4 and I k I the eM-energies of the 4He 

nucleus and the photon; tip and Pt the 3-momenta of proton and triton. Since the photon 

beam was unpolarized and particles of all spin states were detected, the cross section has 

been averaged over the incoming photons' polarizations and summed over the outgoing 

particles' spins. The physics behind the reaction amplitude is contained in the S-matrix 

element 

Sji = < f I s I i > 

where I i > is the initial state characterized by the 4He nucleus (momentum, spin and 

isospin) and the real photon (momentum and polarization), and I f > the final state de-

scribed by the proton and triton momenta, spins and isospins. S is a quantum mechanical 

operator (scattering operator) connecting the two states, thus quantifying the transition 

probability between I i > and I f >. In the non-relativistic limit, it is a solution of the 

time-dependent Schrodinger equation 

a 
at U(t, to) = Hint(t) U(t, to) (1.3) 

where U(t, to) is a unitary operator transforming the particle states at the time to into states 

at the time t, satisfying U(t0 , t0 ) =1 (identity). Since the scattering operator S connects 

initial and final states, it is 

S = lim U(t, to) (1.4) 
t 0 -t-oo 

t----roo 
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To find an expression for U(t, to), and therefore S, Eqn. 1.3 is written in its integral form 

t 

U(t, to) 1 - i .! dt' Hint(t') U(t, t') (1.5) 

to 

where 1 is the unity operator U(t0 , t0 ). Eqn. 1.5 cannot be solved exactly, but by itera

tive substitutions, the exact solution can (theoretically) be approximated to any degree of 

accuracy: 

t t f 

U(t, to) = 1 - i I dt' Hint(t') + i 2 I dt' Hint(t') I dt" Hint(t") + . . . (1.6) 

~ ~ ~ 

The Hamiltonian Hint ( t) contains all the information on the force that is acting on the 

particle wave functions. How many terms are included to describe a process depends on 

the nature of the interaction, and on the strengths of the coupling constants. Photodisin

tegration is initiated through an electromagnetic process, meaning the coupling constant 

a = e2 / (lie) ~ 1/137 for the photon-nucleon vertex is small. The amplitude of the nth term 

in Eqn. 1. 6 is proportional to an, therefore the expression converges and only the first few 

orders of a are needed to qualitatively describe the electromagnetic part of the interaction. 

Since the 4He nucleus represents a four-nucleon system, strong interactions are likely to 

take place after the excitation of the nucleus, dominating the shape of the cross section at 

almost all energies. Combinations of different processes can be expressed in terms of the 

amplitudes described in Sec. 1.1.2. 

1.1.2 Contributing amplitudes 

The basic interaction mechanisms which contribute to the total invariant amplitude of the 

4He( ')',pt) reaction are described in the following, each of which is represented by a Feynman 

diagrmn. In the diagrams, particle lines (propagators) as well as vertices (containing the 

coupling strengths) represent factors which need to be combined in the proper way in order 

to yield an expression for the S-matrix. The total arnplitude is sirnply the sum of all 

contributions. Generally, the higher the photon energy, the more dmninant becon1e higher 
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order amplitudes. For a detailed description and mathematical formulation, see [Lag94]. 

One-body mechanisms 

The first ("direct") term is represented by the direct interaction of the photon wave function 

with one of the two protons, knocking it out of the 4He nucleus. The wave functions of 

the spectator nuclei (2 neutrons and the other proton) do not participate. Since the four 

nucleons in the final state are antisymmetric, the exchange of a triton (pnn) is possible as 

well. In this case, the photon couples to the tri-nucleon wave-function and the remaining 

proton does not interact. The proton exchange is dominant in most parts of the phase 

space, except for at large backward triton angles. Except for at very low energies, one

body contributions represent only a small percentage of the total amplitude. An exception 

is the region of very backward triton angles, at photon energies above rv350 MeV, where 

the triton exchange becomes dominant. In the energy range of this experiment, one-body 

contributions are negligible. The one-body contribution is also called one-nucleon exchange 

amplitude. 

p 
y 

Figure 1.1: One-body mechanisms. 

Two-body mechanisms 

Two-body contributions include meson exchanges ('rr, p) between the nucleon to which the 

incident photon coupled, and one of the rernaining nuclei. Either of the two participating 

nucleons is separated in the final state, which is a proton in the case of ( 1 ,pt) (a neutron for 

the (1,nf3 He reaction). The other nucleon recon1bines with the two spectator nuclei to form 
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the triton (or 3He in ('y,nj3 He). This process is also called two nucleon meson exchange. 

The two-body meson exchange amplitude dominates the cross section at energies below 

and around the pion threshold (E1 = 140 MeV). Also classified as two-body processes 

are nucleon-nucleon rescattering final state interactions, which occur when the photon-

absorbing nucleon interacts directly with one of the other nuclei, without intermediate 

meson exchange. 

y 

~ 
p 

y~/ 
p 

_/ '',,,~,,: ' n, P'-
' 3H 4 He 3H 4 He 

Figure 1.2: Two-body mechanisms: Meson exchange currents (top) and nucleon-nucleon 
rescattering (bottom). 

Three-body mechanisms 

In three-body processes, only one nucleon is not directly participating in the reaction. The 

incoming photon couples to one of the nucleons, which subsequently interacts with another 

nucleon via pion exchange. After absorbing the pion, the second nucleon couples to a third 

nucleon by exchange of a second pion. Essentially, the 4He nucleus is broken up into its 

four nuclei, three of which recombine (including the spectator nucleon) to form a triton. 

(In the ('f',nr3He case, the emitted nucleon is a neutron and the other three recombine to 
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form a 3He nucleus.) This mechanism is also called meson double scattering. Three-body 

contributions are almost nonexistent at energies below the pion threshold, but become 

dominant at higher energies (rvl90 MeV at 90° and 120° centre-of-mass proton angles). At 

the photon energy of the present measurement, three-body processes dominate at proton 

angles above rvll0°, while at more forward measured proton angles, two- and three-body 

amplitudes are of roughly equal strength. 

p 

Figure 1.3: Three-body mechanisms. 

1.2 Motivation 

By measuring cross sections and their distribution in angle and energy (differential cross sec-

tions), information about the contributing reaction mechanisms, contained in the S-matrix, 

can be obtained. The four-nucleon system serves as a critical testing ground for few-body 

calculations. Using 4He or other light nuclei as targets has the advantage that their ground 

states can be calculated with high accuracy [Fri86]. Bombarding the target nucleons with 

real photons as opposed to virtual photons (from electron scattering experiments) eliminates 

longitudinal polarization components and therefore simplifies the numerous models that ex

ist to describe the reaction amplitudes. Recent calculations of the 4He(,,pt) cross section 

amplitudes were performed by .J. M. Laget [Lag94], reproducing current experimental data 

quite well in many phase space regions, while lacking the ability to explain measured cross 

sections in others. Nevertheless, nwre experirnental data is needed, either to confinn exisit-

ing cross sections, or to open up new kinernatical areas in which the theoretical predictions 

can be tested. 
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When B. Rice performed his 4He(')',dd) measurement at SAL [Ric98], the opportunity 

arose to investigate the 4He((,pt) channel in the same experiment. Since the photodisin

tegration into two deuterons has a very low reaction amplitude ( rv nb), the majority of 

the beam time available for this experiment was run in untagged mode, i.e. without tag

ging the bremsstrahlung photons, which allowed for rv7 times higher photon fluxes and 

thus higher dd -production rates. Therefore, besides confirming former measurements of the 

( r ,pt) channel, extracting ( r ,pt) cross sections could be used as a normalization check for 

the ((,dd) measurement. This possibility arose from the fact that although the latter was 

- for the most part - done in untagged mode, the flux was determined with respect to 

the tagger counters by means of two single, narrow scintillator counters [Ric98]. A (')',pt) 

result which agreed with former measurements of the proton-triton channel would confirm 

that the photon flux in the helium target was consistent with the tagger channel counts 

(see Sec. 3.9). 

Present data on the cross section of 4 He((,pt) in the photon energy region above 100 

MeV and below 300 MeV is quite sparse. Only the two most investigated angles of the 

emitted proton, 90° and 120°, have been addressed by a few experiments, most of which 

are older. The results of measurements at 90° are shown in Fig. 1.4, for the 120° data 

see Fig. 4.4. The photoemission of protons from 4He has been measured inclusively as 

well, but since these included a number of reactions, they are of no direct interest for this 

measurement. 
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2.1 Introduction 

Chapter 2 

EXPERIMENTAL METHOD 

The experiment described was performed at the Saskatchewan Accelerator Laboratory 

(SAL). A 300 MeV linear accelerator produced a pulsed electron beam of 273 MeV, which 

then was injected into a pulse-stretcher ring (PSR) where the pulsed beam was converted 

into a continuous-wave (CW) electron beam. The continuous beam was then used to pro

duce a beam of photons with known energy (tagged photons) in the electron tagging facility 

( tagger). The experimental setup was located downstream of the tagger, behind a system 

of collimators, and consisted of a liquid helium target and a system of scintillator detectors 

laterally on both sides of it. 

This chapter gives an overview of the experimental setup used to obtain the data, 

including accelerator, photon tagger, target, detectors and electronics. 

2.2 The accelerator facility 

The SAL linear accelerator (LINAC) consisted of an electron gun, used to generate free 

electrons, and six accelerating sections (see Fig. 2.1). The electron gun produced electrons 

with an energy of 220 keV, which were then bunched with the help of two radio frequency 

(RF) cavities. Subsequently, the electron bunches entered the actual accelerator, where 

their energy was increased at a rate of up to 50 MeV per section, or 15 MeV jm. Each 

section consisted of RF cavities, containing travelling microwaves of 2856 MHz produced 

by the klystrons and, via electromagnetic energy transfer, accelerating the electrons. 

After they exited the accelerator, the electron bunches passed through an energy com

pression system (ECS) which was needed to reduce the energy spread of the bunches from 

initially 1% to about 0.1 %, low enough for the requirernents of the pulse-stretcher ring. 

The electrons were then injected into the pulse-stretcher ring (PSR), which was essen-
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tially an electron storage ring where the pulsed electron beam was converted into a nearly 

continuous beam (Fig. 2.1). This is desirable because, when directing a pulsed beam onto 

a target, the high instantaneous rates, followed by periods of no beam, force the detectors 

to register a high number of events in a short time while there will be no events in the time 

following. Due to the finite dead times and processing times of the detectors and electronics, 

running in a pulsed-beam mode would not make effective use of the average beam current, 

and also greatly increase the number of accidental triggers. 

Extraction from the pulse-stretcher ring was done with the help of an extraction septum, 

an electrostatic device that directs only a part of the beam to the extraction lines. Extrac

tion was performed in between injection cycles, ensuring a nearly continuous, monoenergetic 

beam. For detailed information on the pulse-stretcher ring, see [Dal90]. Extraction from 

the pulse-stretcher ring further reduced the energy spread to about 0.01 %. 

From the extraction point at the end of the LINAC hall, the beam could be directed 

into either of two expermental areas, EA2 or EA3, via a switchyard consisting of dipole 

magnets. The experiment described was carried out in EA2 (see Fig. 2.2), where the SAL 

photon tagger was located. 

2.3 The photon tagger 

In order to produce the gamma rays needed for photon experiments, the extracted electron 

beam was directed onto a 115 p,m thick aluminum foil which served as a radiator. A 

fraction of about 0.1% of the electrons interacted with the aluminum nuclei, producing 

bremsstrahlung photons radiating away in the direction of the original electron beam. 

The photon tagger (Fig. 2.4) was a magnetic spectrometer which indirectly allows a 

measurement of the energies of these photons [Vog93]. The clam-shell type dipole magnet, 

acting on the electron beam just downstrean1 of the radiator foil, deflected the (slower) 

electrons that produced bremsstrahlung photons onto an array of 63 focal-plane scintillator 

detectors. Under the influence of the Lorentz force, the deflected electrons described a path 

whose curvature was proportional to their mornentunL The 63 focal-plane detectors were 

10 



BEAM TRANSPORT 
LINE 

EXPERIMENTAL 
AREA3 (EA3) 

QDD 

0 1 5 

SCALE 
lOrn 

EXPERIMENTAL 
AREA 1 (EAl) 

LINAC 

Figure 2.1: The Saskatchewan Accelerator Laboratory. 
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arranged in a way that each channel corresponded to a different electron radius. Due to the 

fact that the 63 scintillators were set up in two overlapping rows and only a coincidence be

tween two neighboring counters (one in the front and the other in the back row) constituted 

a hit in a channel, there were 62 tagger channels in total. The recoil electron energies could 

be readily obtained by reading out the tagger channels and checking which ones registered a 

hit. The corresponding photon energies could be deduced by subtraction of the focal-plane 

electron energy from the (known) incident beam energy. The energy regime covered by the 

tagger channels was called the tagger energy range. Electrons with energies higher or lower 

than those corresponding to the first and last tagger channels were not detected, so only 

a window of energies within the bremsstrahlung spectrum were actually tagged. Fig. 2.3 

shows the thin radiator bremsstrahlung spectrum calculated according to [Sch51] for an 

electron beam energy of 273.4 MeV and aluminum radiator. The energy range covered by 

the tagger in this experiment is indicated. 

(/) 
c: 
0 
0 
.c: 
0.. 

0 
03 
.0 
E 
::l 
c: 

50.0 

I !agger energy range 

100.0 150.0 200.0 250.0 
photon energy [MeV) 

300.0 

Figure 2.3: Brernsstrahlung spectrurn for the current experiment, according to Schiff's 
relativistic thin radiator forrnula. The window is depicting the tagged energy range. 
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With the tagger setting used, and an incident electron beam energy of 273.4 MeV, the 

tagged range was 167 to 209 MeV. Table 2.1 lists the central photon energies corresponding 

to each tagger channel. 

Table 2.1: Tagger energies and energy spread per channel for tagger setting 640, a tag-shift 
of -12 channels, and an electron beam energy of 273.4 MeV. 

Channel E1 [MeV] ~E, [MeV] Channel E1 [MeV] ~E, [MeV] 
1 209.29 0.30 32 189.38 0.34 
2 208.69 0.30 33 188.69 0.34 
3 208.09 0.30 34 188.00 0.35 
4 207.49 0.30 35 187.30 0.35 
5 206.88 0.30 36 186.60 0.35 
6 206.28 0.30 37 185.90 0.35 
7 205.66 0.30 38 185.19 0.35 
8 205.05 0.31 39 184.49 0.35 
9 204.43 0.31 40 183.77 0.35 

10 203.81 0.31 41 183.06 0.36 
11 203.19 0.31 42 182.34 0.36 
12 202.56 0.31 43 181.62 0.36 
13 201.93 0.31 44 180.90 0.36 
14 201.30 0.32 45 180.17 0.36 
15 200.66 0.32 46 179.44 0.36 
16 200.02 0.32 47 178.71 0.36 
17 199.38 0.32 48 177.97 0.37 
18 198.73 0.32 49 177.23 0.37 
19 198.08 0.32 50 176.49 0.37 
20 197.43 0.32 51 175.74 0.37 
21 196.78 0.33 52 175.00 0.37 
22 196.12 0.33 53 174.24 0.37 
23 195.46 0.33 54 173.49 0.38 
24 194.80 0.33 55 172.73 0.38 
25 194.13 0.33 56 171.97 0.38 
26 193.46 0.33 57 171.21 0.38 
27 192.79 0.33 58 170.44 0.38 
28 192.11 0.34 59 169.67 0.38 
29 191.44 0.34 60 168.90 0.39 
30 190.75 0.34 61 168.13 0.39 
31 190.07 0.34 62 167.35 0.39 

It should be n1entioned that the nominal tagger focal-plane shift, which determined the 

assignment of electron radii to tagger channels, was -16 channels. As it turned out in the 
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analysis, however, the resulting tagger energies were about 2 to 3 MeV too high for the 

calculated vs. measured light output spectra (see Sec. 3.5.2) to look as expected, more than 

could be explained merely by energy losses in materials (Sec. 3.4.2). The analysis of other 

recent experiments making use of the electron tagger suggested a possible tagger calibration 

error as well [Iga99]. Therefore it was assumed, by comparison to the analysis histograms 

mentioned above, that the tagger focal-plane shift actually corresponded to -12 channels. 

The tagger rate was expressed in terms of the count rate of tagger channel 29 (which 

was approximately in the centre of the focal-plane). In this experiment, the e-29 rate was 

kept around 1 MHz for tagged production runs. 

The majority of the electrons, which did not produce bremsstrahlung photons, were 

further deflected by a second dipole magnet, called the dump magnet, directing them away 

from the photon beam into a beam dump. 

The bremsstrahlung photon beam was directed through a pair of lead collimators onto 

the target, forming a cone whose diameter was determined by the collimator size. For the 

runs used in this analysis, the collimator diameters were selected to be either 10 mm/15 mm 

or 15 mm/20 mm (front/back), which translated into beam spot diameters at target location 

of 2.53 em and 3.80 em, respectively. For a detailed description of the photon tagger, see 

[Vog93]. 

2.3.1 Tagging efficiency 

Besides determining the photon energy, the tagger was used to measure the incident photon 

flux at the target location. This was done with the help of scalers that counted the hits 

on the focal-plane and tagging efficiency measurements. The purpose of the latter was to 

determine how many of the tagged photons actually reached the target, i.e. the fraction 

of the number of bremsstrahlung photons travelling through the collimators to the target, 

cmnpared to the total number of bremsstrahlung electrons incident on the focal-plane. In 

order to do this, tagging efficiency runs were recorded at lower bean1 current (at an e-29 

rate of 50 to 100 Hz compared to 1 MHz for production runs) with a lead-glass detector 

in the beamline downstream of the target. The lead glass detector was thick enough to 
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register virtually all photons that made it through the collimators and the target. From 

previous measurements it was known that the number of photons absorbed or scattered 

by the (full) target was negligibly small compared to the total photon flux, so no major 

error was introduced by placing the lead glass detector downstream of the target. Using the 

number of hits in the tagger focal-plane detectors and the number of time-coincident hits 

in the lead glass detector, tagging efficiencies could be calculated for each tagger channel: 

Tagging Efficiency (i) 
= hits in lead glass (i) x 

100
o/c 

hits in tagger channel (i) 
0 (2.1) 

where i = 1 ... 62. The average tagging efficiency could be obtained by dividing the number 

of lead glass hits which were coincident with a hit on the focal-plane by the total number 

of hits on the focal-plane, and correcting for multiple hits on the focal-plane. In first order, 

the average tagging efficiency was calculated through 

Average Tagging Efficiency = (1 + d~ubles) hits in lead glass x 100% 
singles hits on focal plane 

(2.2) 

where singles and doubles are the number of single (one channel fired) and double (two 

channels fired) hits on the focal-plane, respectively. The correction for the double hits was 

necessary because the lead glass detector could not resolve the photons from two or more 

electrons during the short time of the focal-plane coincidence signal, which were therefore 

counted as one. At the low tagger rates of the tagging efficiency runs, coincident hits in 

more than two tagger channels were extremely rare and could therefore be neglected. In 

this experiment, both individual and average tagging efficiencies were calculated at the end 

of each tagging efficiency run, and written to a file. 

Some of the particles detected in the focal-plane were not actually electrons originating 

frorn the radiator, but were room background radiation. In order to correct for these 

contributions, the radiator was moved out of the bean1 and radiator otd runs were recorded, 

both for production and tagging efficiency run configurations. "Correcting" the tagging 

efficiencies rneasured in the radiator-in runs by subtracting the radiator-out contributions 
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increased the tagging efficiencies by in average 5% of their values. A typical corrected 

tagging efficiency plot is shown in Fig. 2.5. 

Tagging Efficiency Per Channel 
0. 7 r-----,--,---,--,---,--,---,--,---,--,---.,.--,----. 

0.68 1-

run~ 677 & 678 ave = 65
1
44 +1- 0.09 % 

odd-even asym = 0.70 +- 0.14% 

:.:: arr!niit111Hlt¥1V1thrb)11/H#1~1F t/ t¥!
1 

0.62 - 1 1 
0.6 -

0.58 -

0.56 r-
I I I I I I 

0 10 20 30 40 50 60 

-

-

-

-

-

-

-

70 

Figure 2.5: Corrected tagging efficiency versus tagger channel. 

2.4 The cryogenic target 

In order to obtain sufficiently high reaction rates, a liquid helium target was used. (In liquid 

form, helium (4He) has a density of 0.125 g/cm3 compared to 0.000178 g/cm3 for helium 

gas at 20°C.) The liquid helium was contained in a 150 pm thick, vertically arranged mylar 

(CsH402) cylinder of (inside) diameter 5 em and height 7.6 em. A 36 p,m thick layer of 

aluminized mylar foil was wrapped around the target cylinder as a heat shield. The cell 

was suspended from a liquid-helium dewar, around which a liquid-nitrogen jacket (hollow 

cylindrical dewar) was located. The target cell assembly was located in the vacuum (~ 

10-6 Torr) of the cryostat, thermally shielded by a cylindrical aluminum radiation shield 

at radius 7.5 em, wrapped in alun1inized mylar foil, and thermally connected to the liquid 

nitrogen jacket. The radiation shield had openings (windows) for the photon beam as well 
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as the reaction particles produced in the direction of the detectors. A steel can with 250 J-Lm 

thick kapton (C22H15N20s) windows separated the vacuum from the outside air. The can 

had 4 windows: one long window of height 3 em on each side, facing the two detector arn1s, 

and circular beam entrance and beam exit windows of diameter 5 em. Figs. 2.6 and 2.7 

show the target cell and the lower portion of the cryostat. 

The helium level in the dewar was monitored by a level sensor. The refill periods for 

liquid helium and nitrogen turned out to be about 5 days and 10 to 12 hours, respectively. 

The effective target length, a measure needed for the calculation of cross sections, was 

determined to be (47.3 ± l.O)mm by B. Rice [Ric98), using a Monte-Carlo routine, which 

simulated the geometrical interaction between the photon beam, whose known beam profile 

and diameter were simulated in a similar way as described in Sec. 3.8, and the target 

cylinder. The figure for the error was determined by moving the beam spot centre 3 mm 

off the target centre. This result was obtained without taking into account any material 

contractions due to operation at liquid helium temperature ( 4.22 Kelvin). Assuming the 

mylar of the target cell contracted uniformly according to its thermal contraction coefficient 

[Han86), the corrected target length at 4.22 K was calculated to be (46.2 ± l.O)mm. 

2.5 The X-arm detectors 

2.5.1 Detection technique 

The experimental detectors which were not part of the tagger setup were referred to as 

X-arm detectors. They consisted of scintillator-photomultiplier detectors located around 

the target, with the purpose of detecting particles produced in a photon induced reaction 

inside the target. Particle detection by use of scintillating materials is based on the trans

fornlation of particle kinetic energy into light, and light into electric current. The incoming 

particle loses energy partially by exciting atorns of the scintillator material. After a rel

atively short period of tirne, the excited electrons transfer back into their original states, 

and a photon of the wavelength corresponding to the energy difference is en1itted. This 

wavelength falls into the range of visible light. and because the scintillator rnaterial itself 

19 



Radiation 
Chamber 

Target Chamber 

Cryostat Assembly 

t::::::::::,;:::::::::::::::::::!:::::::::::::::::::;;:::::::::J 
II 11 ,, ,, 

0 10cm 

Figure 2.6: Front view of the target cell, radiation shield and cryostat assembly. 

20 



Beam 
Direct1on 

Target Chamber 

Radiation Shield 
Chamber 

0 10cm 

Figure 2.7: Top view of the target chamber. 

is transparent to light in the visible range, it can be collected and transported by means 

of a lucite light guide, and directed onto the photocathode of a photomultiplier. A pho-

tomultiplier tube consists of a series of dynodes, which are electrodes at increasing electric 

potential; the infalling photons knock out electrons from the cathode (photoelectric effect), 

which are subsequently accelerated towards the first dynode by the potential difference. By 

impact they create a larger number of electrons which again are accelerated towards the 

next dynode and so on. The result is a large number of electrons causing a measurable 

signal at the output anode. During the whole process described, the number of electrons 

produced is directly dependent on the energy that a particle lost in the scintillating mate-
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rial, because the light output (a term which describes the energy in light produced in the 

flourescence process, see Sec. 3.3.2) is a function of the energy lost in the scintillator as well 

as particle type, and the number of electrons produced by the photomultiplier is linear with 

respect to the number of impinging scintillator photons. The last statement, however, does 

not hold true if the voltage applied to the PMT falls beyond its linear operating range. If 

it exceeds a certain upper limit (which is dependent on the incident light flux), saturation 

effects occur, which cause a non-linear response characteristic (see Sec. 3.5). 

Since the relationship between energy lost and light output is well known for a given 

particle type (compare Fig. 3.3), the energy loss to a given light output can be calculated, 

and vice versa [ 0 'R96]. Once the PMT gains are determined, it is therefore straight forward 

to reconstruct the energy lost by a particle, as long as the PMT operating voltage does not 

exceed the linear response range. 

The setup of the scintillator detectors made use of the fact that each particle type, 

characterized by charge and mass, has its own specific energy loss at a given particle energy 

(Eqn. 3.1). By arranging thin scintillators (in this context referred to as !:lE-detectors) 

in front of thick scintillator blocks (called E-detectors), signals proportional to the specific 

energy loss and to the total energy were obtained, respectively. Thus, plotting the outputs 

of the !:lE-E pair in a two-dimensional histogram is a convenient way of determining the 

identity of a particle (see Section 3.2). Fig. 2.8 shows such a plot for a telescope detector, 

including the particle bands caused by protons, deuterons and tritons. 

2.5.2 The telescope arm 

The X-arm detectors were separated into two groups, one group on either side of the tar

get. The telescope arm, on the left side when looking downstream, consisted of 6 !:lE-E 

telescopes, each at a different polar angle () with respect to the photon beam direction (see 

Figs. 2.9 and 2.10). Each telescope was a combination of a 2 mm thin NE102 plastic 

scintillator paddle, acting as f:lE detector, and, set up immediately behind it, a 7.63 em 

thick scintillator block of the same material, serving as E detector. The lateral dimensions 

of both seintillators were 10 em x 10 em. In front of the f:lE component was a 3.5 ern thick 
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lead collimator which covered all of the scintillator except for a conical opening, of front 

edge diameter 6.6 em and rear edge diameter 7.28 em, in the centre. The collimators, whose 

front edge was 33.45 em from the target centre, defined a half-angle of 5.9° with respect 

to the target centre. Both types of scintillators were glued to lightguides which in turn 

were attached to 5 em photomultiplier tubes (PMT). The complete assemblies, scintillator-

lightguide-PMT, were tested before the experiment to ensure that proper output signals 

and no light leaks were present. The (central) laboratory frame polar angles Bzab of the six 

telescopes throughout the experiment were 38.8°, 55.0°, 81.0°, 98.1°, 115.1° and 132.2°. 
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2.5.3 The recoil arm 

The detector arrangement on the other side of the target was called the recoil arm, because 

its purpose was to detect the recoil particle from a 2-body reaction which caused the primary 

particle to trigger a hit in one of the telescopes. In contrast to the discrete detectors on 

the telescope side, it consisted of a single, 1.5 m long plastic scintillator bar combined 

with 14 discrete scintillator paddles, arranged in a single row in front of the bar (Figs. 2.9 

and 2.10). The central angles of the paddles with respect to the target centre are listed in 

Table 3.1. The paddles served as .6.E detectors, while the bar functioned as E detector for 

all 14 paddles. A bar and paddle height of 15 em at a bar distance from the target centre 

of 30.8 em guaranteed a large enough solid angle to detect virtually all recoil particles from 

coplanar (two-body) reactions. The bar had been taken from SAL's 10 bar neutron detector 

array [Hel95], and was read out through one light guide and a 12.5 em phototube on each 

end. The thickness of the bar was identical to that of a telescope-E scintillator (7.63 em). 

The 14 .6.E paddles and their PMTs were identical in makeup to the telescope-.6.E counters, 

except for a curved lightguide which facilitated them being mounted on the rack supporting 

the bar. Also, the paddles were 2 mm thick, 10 em wide and 15 em high. The paddles 

served as .6.E-detectors for the bar, and their discrete character could be used to determine 

the lab frame polar angle of the recoil particle within the resolution given by their width 

and their position compared to the target. Behind the bar was a 2 mm thin veto counter, 

so called because of its veto function in the neutron array that it was borrowed from. In 

the setup for this experiment, it was used to identify particles, in particular protons, which 

punched through the back side of the bar. The veto counter consisted of the same scintillator 

material as the rest of the X-arm detectors, and was read out through one PMT on each 

end. 

2. 6 Electronics 

The electronics used to read out the X-ann detectors consisted of CAMA C modules, but 

son1e of the logic units were NIM standard. (See [Leo94] for descriptions of CAMAC and 
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NIM standards.) The components used were ADCs, TDCs, discriminators, fan-outs, logic 

units, scalers and coincidence registers, each of which will be described in the following. 

Both telescope and recoil arm electronics are described in the following subsections, as well 

as the trigger electronics. For a detailed description of the tagger electronics, see [Vog93). 

2.6.1 Telescope arm electronics 

The electronics for the telescope-E and telescope-D.E detectors were identical (Fig. 2.11). 

For each single detector, the analog output of the photomultiplier tube was sent through an 

adjustable attenuator (not shown on Fig. 2.11), a module designed to reduce the amplitude 

of an analog pulse without changing its shape. Then it was sent through a passive splitter, 

dividing the signal in three. One "copy" of the signal was sent via a delay to an analog

to-digital converter (ADC), transforming the pulse height into a digital number from 0 

to 1023 and storing it in a register. The second pulse was sent to a constant-fraction 

discriminator ( CFD), which compared it to a reference voltage called threshold. If the 

pulse height exceeded the threshold voltage, the CFD generated a logic pulse, if it was 

below threshold then the module did not have any output signal (or a logical ZERO). 

Constant-fraction discriminators are discriminators that trigger (i.e. generate leading 

edge of the output signal) at the time of a defined fraction of the incoming analog pulse 

height. This makes the timing of the output signal independent of the input pulse height, 

greatly eliminating time walk (i.e. output signal time dependence on input pulse height), 

compared to leading-edge discriminators (LED), which trigger as soon as the analog pulse 

crosses the set threshold voltage. For further details on discriminators and other electronics 

modules, see [Leo94]. 

The CFDs fulfilled two functions: the analog pulses from the PMTs were converted into 

digital pulses, which served as logic signals for the following logic circuits, and as timing 

signals for the corresponding TDCs. Also, by using its discriminator function, noise and 

low energy (e.g. electron) events were prevented from causing a trigger signal, reducing 

detection dead time and data acquisition rate. 

If the CFD had an output, it was said that the corresponding detector fir·ed, meaning a 
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particle deposited a detectable arnount of energy in the scintillator. The logic signal from 

the CFD was used as an input for four different modules: a scaler (which is essentially a 

counter that is incremented each time the input potential is a logical ONE) and a coincidence 

register, both to indicate to the data stream that the detector fired. Via a delay, it was 

sent to a time-to-digital converter (TDC), which was gated by the main trigger logic. The 

TDC transformed the time between the main trigger and arriving detector signal into a 

digital value. On the software level, this served as a means to reject uncorrelated events, 

i.e. particles that were not produced in the same nuclear reaction. Finally, the CFD pulses 

of the E and the corresponding D.E circuits were fed into a 3-fold logic AND together with 

the sum-threshold signal (which will be defined below). The output of this AND module 

was called the telescope trigger signal, and was used as a logic pulse for the main trigger. 

The aforementioned sum threshold consisted of a linear fan-in and a leading-edge dis

criminator. The third copies of the analog pulses from both E- and D.E- PMTs of each 

telescope were fed into the fan-in, which provided an analog output signal proportional to 

the sum of the two inputs. This output was translated into a logic pulse by the discrimi

nator, in the same way as the analog pulse of a single detector. The purpose of the sum 

threshold was to prevent electrons, and to a certain extent pions, from triggering the main 

trigger and therefore reducing the time that the system was busy processing and record

ing unwanted events. Electron events are very common in photon-induced reactions and 

populate the lower channels of both E- and D.E- ADC's, because their kinetic energy as 

well as their differential energy loss, or stopping power, is low compared to the protons and 

other particles of interest in this experiment (Sec. 3.2). Therefore, they do not pass the 

sum-threshold cut and no telescope trigger signal is generated. See Fig. 2.8 for a typical 

telescope-.6.E-E scatter plot with the sum-threshold "triangle" at the lower left. The few 

data points recorded below the sum-threshold cut are due to hits in more than one telescope 

with another telescope generating the trigger signal. 
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Figure 2.11: Telescope arm electronics. E and dE are the analog signals from the PMTs of 
the E- and ~E-detectors, respectively. X-ref is the reference pulse from the X-arm trigger 
used to gate ADCs, TDCs and coincidence registers (G-Reg). The circuits for the other 5 
telescopes are identical. 

2.6.2 Recoil arm electronics 

The recoil side electronics (Fig. 2.12) differed from the telescope side electronics mainly in 

the way that the logic signals from its detectors were handled. A valid bar trigger required 

a signal from both ends of the bar and one of the 14 paddles. The individual detectors 

were connected to ADCs and TDCs in the same way as the telescope detectors, except that 

no sum-threshold was implemented, so the splitters only needed to produce two outputs. 

The reason for the lack of a sum-threshold was that it would have required more electronics 

modules than were available at the time. The length of the bar scintillator caused large 

differences in the timing of both bar ADC signals, which therefore would have required one 

sum-threshold circuit for each of the paddles. Also, a simple fan-in would only add the two 

bar ADC signals, the result of which would not be proportional to the energy deposited in 

the bar scintillator. 
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Figure 2.12: Recoil arm electronics. BAR(UP) is the analog signal from the upstream end 
of the bar. The circuit for the downstream end of the bar (BAR(DOWN)) is identical to 
the upstream circuit. X-ref is the gate signal from the X-arm trigger. 

2.6.3 Trigger electronics 

In order to record the "good" data for the two-body reactions of interest ( dd and pt), 

the data acquisition was run in double-arm mode, meaning the trigger conditions were a 

valid telescope trigger AND a valid bar trigger, which is the same as a hit in one or more 

telescopes (both E and 6.E detectors), a hit in one or more of the paddles, and a hit in 

the bar. This task was accomplished by coincidence logic consisting of a logic AND with 

a veto input for a master inhibit signal (Fig. 2.13). The AND output was sent to two fan

outs and from there to the gates of all X-arm ADCs and TDCs. These signals were called 

X-arm reference signals, short X-ref. One copy of the AND output signal was used as main 

trigger signal (JY-trigger). A logical ONE from the AND was called a valid X-trigger. The 

X- trigger signal was used as a trigger for the electron tagger. 

All data used for this work was recorded in tagged mode. When running in tagged 

rnode, the trigger conditions required a hit in one or rnore of the 62 focal-plane detectors of 

the tagger. in coincidence with an X-trigger signal. The tagger interface, which contained 
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the logic circuit for this condition, had two other functions as well. One was sending auto 

clear signals to the X-arm ADCs and TDCs whenever there was an X-arm trigger but 

no hit on the tagger focal-plane, promptly resetting the ADC/TDC modules. The other 

was to send inhibit signals to all ADC and TDC gates as well as the scalers during the 

short interval between arrival of a valid X-trigger and completion of the module readouts, 

preventing subsequent triggers from altering the contents of the module registers. 

For every triggered event, a 32-bit coincidence register was used to store a code to 

identify which telescope number and paddle number caused the trigger, and whether the 

veto bar PMTs fired or not. 

Finally, an output register was used to enable software controlled switching between 

trigger modes (single arm or double arm) and to inhibit or clear all modules. 

telescope t 

bart 

rigger 

trigger disab/in 

telescope 

bar 

rigger 

g: 
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double 
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trigger 

! l t 
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X-trigger 

inhibit out 

inhibit in 
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OR 
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to gates of 
ADCs, TDCs 
and Co-Reg.s 

accelerator 
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X-arm 
clear 
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Figure 2.13: Trigger electronics. The telescope trigger and bar trigger signals are the logic 
pulses generated in the telescope and recoil arm circuits, respectively. 

2. 7 Data acquisition 

At SAL, data was acquired via CAMAC crates, a lvfotorola 161 computer in a VME crate, 

and a SUJV workstation. The SUN station was running the data acquisition and analysis 
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software LUCID [Wri93], which was developed at SAL. Using LUCID, the experimenter 

could control the data taking as well as perform online analysis of the incoming data. The 

SUN station was connected to the MVME 167 computer via ethernet, and the VME in turn 

controlled the CAMAC crates which contained the X-arm and tagger electronics. 

The LUCID software package consists of three parts, which are called READER, LOOK

ER and WRITER. The READER and LOOKER components are controlled via user-written 

description files, which are tailored to the hardware used in each particular experiment. 

The READER description file defines what modules are used, identifies their location to 

the VME computer, and tells it what operations to perform on them (reading, clearing, 

and writing their outputs to the data stream). The LOOKER file enables the experimenter 

to perform online analysis, i.e. to specify how to monitor the incoming data, including the 

scalers, by means of histograms. In offiine analysis, the LOOKER file can be used for further 

analysis. Both description files have to be written in their own LUCID programming code, 

but routines written in Fortran and C can also be called. The WRITER controls recording 

of the raw data to a device specified in the WRITER window. Data is saved in LUCID 

format. In this experiment, data were written to hard disk first. When a run was complete, 

the data file was compressed and copied to an IBM compatible PC. For compression, the 

UNIX program gzip was used, yielding compression ratios of about 1 : 3.2 for tagged runs. 

The PC was running the operating system LINUX. When the total amount of data on 

the secondary disk reached 650 Mbytes, the files were written to CD (primary as well as 

backup). After the writing process, the CDs were checked for errors. 

2.8 Run summary 

The SAL ExpeTiment 055 was run from Novernber 12 to December 23, 1996. A total of 

approximately 22 gigabytes of data, containing about 1.8 gigabytes of good quality tagged 

data, were recorded. Only tagged runs were used for the analysis of the 4 He( r, pt) channel. 

This rneans the photon energy of recorded events was known which facilitated the kinematic 

selection. Because of frequent changes in the detector response (gains and linearity), ei-
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ther caused by changes to the voltages applied to the PMTs and corresponding attenuator 

adjustments, or by inherent gain drifting, the analysis procedure grouped runs together 

into sets of similar response characteristics. Yields were extracted separately for each set 

of runs. Consequently, some tagged runs, recorded as a flux check in between a series of 

untagged runs for the dd analysis, did not fit into any of the major groups of tagged runs, 

and therefore could not be used for the pt analysis due to insufficient statistics for gain 

determination and background subtractions. The 4 groups of tagged runs used to obtain 

4 He('"'(, pt) cross sections are given in Table 2.2. 

Table 2.2: Tagged production runs used for 4 He('"'(, pt) cross section measurement 

Run numbers date recorded runs X-triggers Mbytes 
303-323 23-24/11/96 12 696513 275.34 
515-536 10-12/12/96 13 1019505 401.59 
584-604 16-18/12/96 7 466790 184.16 
608-621 18-19/12/96 4 356305 140.34 

total - 36 2539113 1001.43 

In order to correct for contributions arising from the target cell and vacuum can, as well 

as room background, data with an emptied target were recorded and later subtracted from 

the production run data. The tagged empty target runs used to perform the subtraction 

are listed in Table 2.3. 

Table 2. 3: Tagged empty target runs used for 4 He ( '"Y, pt) cross section measurement 

Run numbers date recorded runs X-triggers Mbytes 
286-299 21-22/11/96 3 51730 25.6 
676-684 23-24/12/96 2 96933 37.3 

total - 5 148663 62.9 
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Chapter 3 

DATA ANALYSIS 

3.1 Introduction 

This chapter gives an overview of the data analysis. Processing of the tagged data of inter-

est involved the following steps: detector calibrations, kinematic reconstruction, detector 

response corrections, subtraction of backgrounds, obtaining effective solid angles and accep

tance factors from G EANT Monte-Carlo simulations, extracting the yields, normalization 

and calculation of the cross sections. Systematic errors are discussed in Chapter 4. 

3.2 Particle Identification 

The particle type identification ( P ID) method used in this experiment was based on the 

fact that a particle's mean energy loss per distance travelled in a given material (-dE/ dx , 

also called stopping power), is dependent on its charge and mass. For charged particles, the 

energy loss mechanism is dominated by ionization and excitation of the medium's atoms. If 

the particle velocity is high compared to the orbital velocities of the atomic electrons, but 

below the energy range where energy loss through radiation becomes dominant [PDG94), 

the stopping power is quite accurately described by the Bethe-Bloch equation [Leo94], 

where NA is Avogadro's number (6.022·1023 mol- 1), re the classical electron radius (re = 
2 

41l"~oc2 = 2.818 fm), me the electron rest mass ('rnec2 = 0.5110 MeV), A and Z the atomic 

rnass and atomic number of the medium, ze the charge of the particle, j3 the particle velocity 

({3 = ~), r the relativistic factor ( r = ( 1 - {32 ) -1), I the mean excitation and ionization 

potential of the rneclium, Tmax the rnaximun1 kinetic energy which an electron can receive 

in a single collision (Tmax ~ 2mec2 f32r 2 for nucleon rnass of the mediurn M >> me), 5 the 
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density correction and C the shell correction. For v << c, Eqn. 3.1 can be approximated to 

(3.2) 

where m is the particle mass and E its kinetic energy. This means that for kinetic energies 

low enough to be dominated by the 1/v2 term rather than the relativistic terms, the stopping 

powers fall off "' 1/ E, and the relative magnitudes of the stopping powers for different 

particle types are determined. by m z2 . 

In this experiment, each detector consisted of a thin (~E) and a thick (E) scintillator 

in sequence (see Section 2.5). This arrangement made it possible to record an ADC value 

for both energy loss and total energy of a traversing particle, as described in Section 2.5.1. 

Because of the particle type dependence of stopping powers (Eqns. 3.1 and 3.2), the energies 

(and thus light outputs) deposited by particles of the same type in the ~E component 

of a detector were directly dependent only on the energy of the particle, which in turn 

corresponded to a certain light output in the E component. In a ~E-E plot therefore, 

particles of the same type populated a band whose width was determined by the resolution 

of both detector components. Since each particle type has a different stopping power, the 

data points defined by their energy depositions fell into a different band (PID band) for 

each particle type. 

The width of the bands was determined by the resolutions of the detectors, which 

in turn were restricted by the following factors. The finite solid angles of all detectors 

.caused an uncertainty in the particles' incident angles, causing them to deposit more or less 

energy than if they were incident at the detectors' central angles. Multiple scattering and 

secondary interactions changed the amount of energy deposited in the scintillators. Finally, 

the intrinsic resolutions of the scintillators, the PMTs and the ADCs contributed to the 

overall detector resolution. 

The energy information from the ~E and E detectors was extracted through 10-bit 

ADCs. Fig. 2.8 shows a typical ~E-E scatter plot for a telescope detector, with proton, 

deuteron and triton bands labeled. Pions, as well as electrons, would have been located in 
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the lower left corner of the plots, but their ADC outputs were below the sum-threshold and 

therefore not recorded (see Section 2. 6.1). One can see that for increasing particle energy, 

the energy loss experienced in the 2 mm thin /::).E -detector decreases in agreement with the 

Bethe-Bloch formula (Eqn. 3.1). The proton band, however, bends back at high E-ADC 

channels, and from there on the energy deposited in the E -detector decreases along with the 

energy lost in the /:).E detector. This bend back was caused by high energy protons that were 

not stopped in the E -detector, but punched through its back. For these bend back protons, 

theE-scintillator acted like another /:).E-detector, with the energy lost in it decreasing with 

increasing particle energy. In this case, the E -detectors no longer provided a measure of 

the total energy of the particle. 

Just like for the telescopes, a plot of paddle ADC value versus bar energy shows PID 

bands for the recoil detectors. For an explanation of the term bar energy, see Section 3.3.1. 

Fig. 3.2 shows a paddle-bar ADC spectrum. 

Using these particle bands in the plot, the basic particle identification procedure was 

straight forward. Using a large number of events, PID regions were defined for each particle 

type of interest (protons, deuterons and tritons). The data analysis software LUCID allowed 

the definition of such two-dimensional regions and their use as cuts. Fig. 3.1 shows a typical 

PID region for protons, Fig. 3.2 one for tritons. In order to identify what kind of particle 

was produced in an event, it was determined where in the /::).E-E plot the corresponding 

data point (consisting of the E and /::).E ADC values) was located. If it fell within one of 

the particle regions, it was considered to be of the type associated with the region. 

Detector gains and linearity changed during the course of the experiment, so runs were 

grouped together into sets that showed the same characteristics in the PID plots. A different 

set of PID regions was defined for each of these run sets. 

3.3 Detector Calibration 

In order to extract information about the energy which a particle lost in a scintillator, the 

detectors needed to be calibrated. While the raw ADC values provided relative energy in-
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Figure 3.1: Typical proton PID region in a ,6.E-E ADC spectrum for a telescope detector. 

formation, sufficient, e.g., for identifying particles as described in Sec. 3.2, absolute numbers 

were required for the kinematic selection in the analysis, as well as the detector threshold 

determination. 

3.3.1 Refining of ADC outputs 

Before the calibration procedure, pedestals had to be subtracted from all raw ADC values. 

Pedestals are ADC offsets, i.e. the ADC channels that get incremented whenever there is 

no input signal apart from noise, and appear as tall peaks at the lower edge of the raw ADC 

spectra. Under the operating conditions of this experiment, pedestals for the ADCs used 

were located between channel 10 and channel 60. The pedestals were determined for each 

run to account for changes in the ADC responses, and subtracted from all raw ADC values. 
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Figure 3.2: Typical recoil arm PID spectrum, and particle identification region for tritons. 

In the following, the term ADC value refers to the pedestal-subtracted ADC outputs. 

In order to obtain global energy information for the bar, which had one PMT on each 

end, the two ADC values needed to be combined into one number which did not depend 

on the location of the hit within the bar. The scintillator light intensity can, to a good 

approximation, be assumed to decrease exponentially with increasing distance from the hit 

point in the bar ('i.e. the light-emitting atoms excited by the particle). If A is the light 

attenuation coefficient, l the length of the bar and x the distance of the particle hit from 

the left end of the bar, then the light intensities at the ends of the bar (h left, 12 right) can 

be written as 

I _ T -A (l-:c:) 
2- .10 e (3.3) 
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To retain a value proportional to I 0 while getting rid of the x dependence, one can simply 

take the square root of the product: 

I= .;r;J; = Io~ (3.4) 

The above defined quantity I is independent of the location of the hit, and proportional 

to the initial light intensity Io. This was applied to the bar ADC values (after pedestal 

subtraction), and the square root of their product is referred to as bar energy. 

3.3.2 Light output 

As described in Sec. 3.2, the energy loss of a charged particle in a material depends on 

particle type (characterized by charge and mass), its energy, and the material type. In 

order to calibrate a scintillator detector, it is not adequate to simply record the ADC 

outputs for stopping particles of known type and energy, because only a part of the total 

energy lost in the scintillator is transformed into light of frequencies to which the PMTs 

are sensitive. This fraction is dependent on particle type and particle energy (Fig. 3.3), 

and is called light output. It is measured in MeV ee (MeV electron equivalent), which is the 

energy (in MeV) that an electron would have which produced the same amount of light. 

By definition, light output of an electron is equal to its kinetic energy. 

Because of the particle and energy dependence of the light outputs, the gains of scintil

lator detectors need to be expressed in terms of light output, not energy. These gains are 

then independent of particle type, and, provided the PMTs are not saturating, independent 

of particle energy. The detector gains were defined as 

garn = 
ADC-value 

Lo 
(3.5) 

where Lois the light output in units of Me Vee which corresponds to the (pedestal subtracted, 

see Sec. 3.3.1) ADC channel in the nurnerator. 

The conversion of particle energies into light outputs and vice versa was done with the 
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fortran routine ElighLcorrect, which made use of light output tables generated with the 

parametrization of O'Rielly et al. [O'R96]. Care had to be taken when it was necessary 

to convert an energy deposition of a particle that did not stop in the scintillator into light 

output. The light tables used were only correct for particles that lost all their energy in the 

scintillator, i.e. were stopped. If they did not, it was necessary to subtract the light output 

that a particle would cause after it left the scintillator from the light output obtained under 

the assumption it stopped. 
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Figure 3.3: Scintillator light output as a function of deposited energy, for protons and 
tritons. 

3.3.3 Calibration using the proton-triton channel 

There were several ways to calibrate the detectors. One would have been to use the proton-

triton channel and the fact that it is kinematically overdetermined, since the photon energy 

is known frmn the tagger. By using the photon energy and one of the angles (e.g. the proton 

angle), the energy (and light output) of the proton or triton could be calculated, and the 
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detector gain would have followed from Eqn. 3.5. The main drawbacks of this method were 

that most gain peaks were not very sharp, even for protons. (For tritons, this method was 

unusable because of the large effect that the exact vertex location within the target had 

on the energy loss experienced by the triton on the way to the detectors. See Sec. 3.4.3.) 

The main reasons for the poor resolution in most detectors were, the high backgrounds 

from random coincidences from the tagger and from competing reaction channels, as well 

as the fact that, due to kinematical restrictions, no proton-triton events were registered 

for approximately half the detectors. Another factor might have been the finite angular 

resolution of the detectors (±5.9° for the telescopes, ±1.5° to 9.5° for the paddles), causing 

uncertainties in the angle used for the kinematics calculation, and, on the recoil side, also 

in the angle used as an input for the light-output calculation. 

3.3.4 Calibration with high energy protons 

An easier and more direct way of determining the gains was to use the proton bendback 

point in both telescopes and bar-paddle detectors. The bendback point is the point in the 

proton PID band (see Sec. 3.2), where the band reaches its maximum on the E-ADC axis 

and starts to move back towards lower ADC values, i.e. where it bends back. This point 

corresponds to protons that just barely stopped in the scintillator, after having lost all their 

kinetic energy. In other words, these protons stopped after having traversed the full length 

of the E -scintillator. Since the thickness of the scintillator was known, this kinetic energy 

(punch-through energy) could be looked up in the energy loss tables for protons in NE102 

plastic scintillator. Using the light output tables, the corresponding light outputs Lo could 

be determined, and from there the gains could be calculated using Eqn. 3.5. 

For the bar and the paddles, the mean scintillator length traversed by a particle coming 

from the centre of the target was the scintillator thickness multiplied with the angular 

thickness correction 1/ sin 8, where 8 is the polar angle of the particle trajectory with respect 

to the target centre. Thus, the punch-through energies and corresponding light outputs Lo 

were larger for paddle positions further away frorn the 8 = 90° position. Paddle number 9 

was centered at 90°, therefore its thickness correction is equal to one. The consequence of 
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this geometrical effect in the bar is that the proton bendback point moved to higher proton 

energies for paddles other than paddle number 9. At small incident angles, no bendback 

was visible at all. Because the effective paddle thicknesses increased as well, paddles away 

from 90° registered a higher light output for a given particle type and energy, than paddle 

9 for the same energy. Table 3.1 lists the proton punch-through energies for the different 

D..E-E-detectors, as well as the corresponding light outputs in theE and D..E components. 

The calibration procedure involved the following steps. The bendback energies and light 

outputs were determined for the telescopes and for the central angles of all paddles. Using 

the energy loss routines described in Sec. 3.4.2 below, the corresponding energy losses and 

light outputs in the D..E -detectors ( telescope-D..E's and paddles) were determined. This set 

of light outputs, combined with the E- and D..E- ADC channels for the bend back point 

for each detector, allowed the calculation of the gains for both E- and ~E- detectors 

simultaneously. 

Since automated procedures did not seem to be able to identify the shapes of the proton 

bands in the bendback region well enough, determining the punch-through points was done 

visually for each run set. Fig. 3.4 shows a proton band in the bendback region, and the 

point in the band that was typically picked as the punch-through point. 

Table 3.1: Punch-through energies for protons and resulting light outputs for all detectors. 

detector angle Epunch [MeV] Lo(D..E) [MeVee] Lo(E) [MeVee] 
telescope - 100.8 1.35 85.10 
paddle 1 20.1° 185.3 2.64 166.0 
paddle 2 22.7° 173.4 2.45 154.4 
paddle 3 26.0° 161.1 2.26 142.6 
paddle 4 30.3° 148.5 2.07 130.5 
paddle 5 36.2° 135.8 1.87 118.4 
paddle 6 44.3° 123.5 1.69 106.6 
paddle 7 55.6° 112.3 1.52 95.97 
paddle 8 71.1° 104.0 1.40 88.11 
paddle 9 90.0° 100.8 1.35 85.10 
paddle 10 108.9° 104.0 1.40 88.11 
paddle 11 124.4° 112.3 1.52 95.97 
paddle 12 135.7° 123.5 1.69 106.6 
paddle 13 143.8° 135.8 1.87 118.4 
paddle 14 149.7° 148.5 2.07 130.5 
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Figure 3.4: Proton bendback in a t6..E-E ADC spectrum for a telescope detector. The 
crosshairs indicate which channels were assumed to be the center of the bendback, and used 
to determine the gains. 

3.4 Data Selection 

3.4.1 Cuts 

In order to isolate events that produced a proton and a triton, certain cuts were made on 

the data, in the following order: 

• Events which caused hits in more than one telescope and one paddle-bar combination 

were rejected. Any pt-events that were rejected in this manner were corrected for by 

the factors obtained through the GEANT simulation (Sec. 3.8). 

• Randon1 coincidence events were filtered out by applying cuts around the prompt 

peaks (peaks containing true coincidence events) of all X-arm detector TDCs. A 
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correction for the background included in the timing peaks was made (Sec. 3.6.3). 

• PID region cuts were made to select proton-triton events. Due to the better angular 

and energy resolution of the telescope detectors, and the fact that the kinematic 

selection was done using protons only (Sec. 3.4.2), it was decided to use only events 

which recorded the proton on the telescope side and the triton on the recoil side. The 

PID regions used for the final selection were quite generous (inclusive) and guaranteed 

that virtually no pt-events were excluded (see Fig. 3.5 for a PID-plot with an inclusive 

triton region in place). The background events included by using loose p- and t-regions 

were later subtracted from the resulting spectra (Sec. 3.6.2). 

In addition to the proton region cuts, a software sum-threshold cut was made on the 

protons, to avoid contamination by pions from the pion PID-band which operlapped with 

the proton band in the very high enegetic proton area. Fig. 3.6 shows such a typical cut in 

a telescope light output spectrum. Events which were included by the proton regions but 

fell within the software sum-threshold area, were rejected. Since protons from pt-reactions 

generally had lower energies than the ones that fell into the area of this cut (and thus into 

the pion band), the cut did not severely interfere with the proton acceptance. Pions that 

were not eliminated by the cut rarely passed the combined proton and triton region cuts, 

and thus did not contribute significantly to the background. The possible loss of some high 

energy protons due to the cut was corrected for in the GEANT simulation by implementing 

identical software sum-threshold cuts (Sec. 3.8.1). 

3.4.2 Kinematic reconstruction 

The pt-candidate events which passed the cuts described in Sec. 3.4.1 were analyzed kine

matically. This was done by checking if one or both of the recorded hits, each characterized 

by polar angle and energy depositions, satisfied the kinematic predictions for pt-events. 

Since the photon energy was known, only one angle (either proton or triton) was neces

sary to co1npletely describe the kinematics of the reaction, the other quantities (energies of 

both reaction particles and polar angle of the other particle) could be calculated by using 
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Figure 3.5: Typical inclusive particle identification region for tritons in a recoil arm PID 
spectrum. 

relativistic two-body kinematics. 

Since both particles lost energy in the different materials on the way from the vertex in 

the helium target to the detectors, the energies measured by the detectors were lower than 

the vertex energies of the particles. The energy loss calculations required to convert vertex 

energies into energy losses in scintillators and vice versa was performed by fortran routines 

utilizing range tables. The range tables used were particle- and material-specific, and had 

a kinetic energy resolution of 0.1 MeV in the particle energy range up to 10 MeV, and 1 

MeV for particles of more than 10 MeV kinetic energy. The material layers included in the 

energy loss calculations are listed in Table 3.2. 

The material thicknesses given were for a 90° angle of incidence of the particle on the 
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Figure 3.6: Typical software sum-threshold cut in a telescope 11E vs.E- light output spec
trum. The end of the pion band not eliminated by the hardware sum-threshold is located 
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material layer. Thus, all thicknesses past the mylar target windows had to be corrected by 

a thickness factor 1/ sin B if the particle was to be traced to the recoil arm detectors. 

As can be seen from the table, the energy loss calculation traced particles through 

a thickness of liquid helium corresponding to the radius of the target cylinder, meaning it 

"assumed" they were produced at the exact centre. Since the real vertices were distributed in 

a cylinder defined by the beam spot (radius 1.9 c1n), a systematic error was introduced. For 

protons with energies of at least 90 MeV, as the ones expected from a photodisintegration 

into proton and triton, this error was never greater than about 0.5 MeV. The tritons, 

however, which had only about a third of the proton's kinetic energy and a much higher 
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Table 3.2: Types, thicknesses and distances from target centre of materials as in the energy 
loss calculation routine. 

material density thickness distance description 
[g/cm3

] [mm] [em] 
helium 0.125 25.0 0.0 target material 
mylar 1.39 0.186 2.50 cell wall and superinsulation 
mylar 1.39 0.250 12.73 target windows 

air 0.001165 217.3 13.65 air 
PVC 1.30 0.25 35.38 wrapping 

scintillator 1.032 1.95 35.45 .Dt.E-scintillator 
PVC 1.30 0.50 36.00 wrapping 

scintillator 1.032 76.3 36.09 E-scintillator 

stopping power, suffered a significant energy loss, and for this reason (see Sec. 3.4.3) only 

the kinematic reconstruction for protons produced sufficiently accurate results. 

Rather than reconstructing the proton vertex energy from the proton energy depositions 

and comparing it to the (kinematically) calculated vertex energy, it was decided to compare 

the proton energies at the detector level, i.e. measured and calculated light outputs in the 

detectors. From the photon energy (provided by the tagger) and the proton angle (central 

angle of the telescope that detected the proton), the vertex energies of proton and triton 

were calculated. Both particles were traced forward through the material layers using the 

energy loss routine mentioned earlier, and the energy depositions in both E- and .Dt.E

detectors were calculated. From the energy depositions, light outputs were obtained via 

appropriate calls of the routine described in Sec. 3.3.2. 

These calculated light outputs (Lcalc) were compared to the measured light outputs 

( Lmeas = AD~~~lue) by histogramming the difference between the two quantities 

Ldiff = Lcalc - Lmeas (3.6) 

in light output difference (Ldiff) spectra. The kinematic restrictions on the emitted particle 

angles of the 4He(-y,pt) reaction predicted a proton-triton opening angle of roughly 160°, 

which reflected in pt-events being detected only in certain detector combinations. For exam-

ple, for a proton in telescope number 3, only paddles 8 and 9 recorded a significant number 
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of hits that passed the PID cuts for pt-events. Therefore, the analysis procedures could be 

concentrated on certain telescope-paddle combinations. Each combination was assigned its 

own set of Ldiff spectra, because, even for the same telescope detector, certain characteris

tics such as mean vertex location and thresholds changed from paddle to paddle, resulting 

in slightly different Lmeas light output ranges, and thus different Ldiff distributions. 

All the data for the tagged energy range from 167 to 209 MeV were analysed together, 

i.e. no further energy binning was performed. The use of one single energy bin of width 42 

MeV was necessary because of the low number of pt-events in some detectors, although for 

selected detector combinations a finer energy classification would have been possible. 

Fig. 3. 7 shows a typical raw Ldiff spectrum for protons, Fig. 3.8 for tritons. The 

peaks correspond to protons (or tritons, respectively) from pt-events, which, obeying the 

kinematical laws for the pt-reaction, deposited the expected amount of energy in the detec

tors. The broad distributions underneath the peaks came from various backgrounds, which 

were mainly tagger randoms background (Sec. 3.6.1), but also competing reaction channels 

(Sec. 3.6.2). 

The widths of the pt-peaks were determined by: 

• The resolutions of the detectors, as described in Sec. 3.2. 

• The finite size of the target, causing a spectrum of different energy loss magnitudes 

in the target as well as a slight variation of particle emission angles, both not taken 

into account in the energy loss calculation. 

• Rescattering of the particles from the vacuum can surrounding the target windows, 

or other materials outside the target. 

• The finite stepsize of the energy loss calculation (range tables). 

• The tagger resolution. 

For tritons, the finite target size was the dominating reason for the triton peak to be 

quite wide with FWHM of up to 10 MeVee (see Sec. 3.4.3). The reason for the proton peaks 
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Figure 3.7: Raw proton light output difference spectrum for telescope 3/paddle 8. 

not being at zero, but up to 20 MeV off to the left, i.e. Lmeas > Lcalc, has to do with a 

non-linearity in the detector gains and will be described in Section 3.5. 

3.4.3 Triton energy loss 

Just like the proton peaks, the triton peaks in the Ldiff spectra for the E -detector (the 

bar) were off to the left of zero. The bar did not suffer from non-linearity in the detector 

response, unlike the telescopes, which will be dealt with in Sec. 3.5. The reason for the 

triton peaks to be off centre was the finite target size. Tritons produced at the target centre 

with a kinetic energy of less than 28 MeV lost all their energy in the liquid helium, thus 

were unable to leave the target. Tritons with the same vertex location did not reach the 

.6.E-detectors if they had an energy of less than 32 MeV, and needed between 42 and 49 

NieV to reach the bar, depending on the polar angle under which they were emitted. For 

forward proton angles (i.e. forward telescopes, nun1ber 1 and 2), the recoil tritons were 

49 



90 

80 

70 

60 

50 

40 

30 

20 

10 

0 
-60 -50 -40 

tele 3 
pod 8 

-30 -20 -10 0 10 

L(colc) - L(meas) / MeVee 

Figure 3.8: Raw triton light output difference spectrum for telescope 3/paddle 8. 

emitted at backward angles between 100 and 120 degrees. At these angles, most tritons did 

not have enough energy to leave the target, and the ones that did had too low an energy to 

proceed through the paddles and reach the bar, or did not have enough energy remaining 

to trigger it. Therefore, virtually no pt-events were registered for telescope 1 (8 = 38.8°) 

and only few for telescope 2 (8 = 55.9°). For the other telescopes, the tritons produced 

by photons in the energy range of 170 to 210 MeV had a kinetic energy of between 40 

and 73 MeV. With the significant energy loss experienced by them, tritons produced on 

the far side of the target (on the side facing the telescopes) did not in all cases reach the 

detectors, or trigger them. This effect was especially noticeable for telescope-3 events. For 

telescopes 4, 5 and 6, the "triton horizon", rneaning the area inside the target from which a 

locally produced pt-triton had just barely enough energy to travel to the bar and trigger it, 

gradually rnoved towards the far edge of the target. For telescope 6, tritons from all points 

within the target were energetic enough to reach the paddle-detectors. 
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Due to the angle-dependent fraction of undetected tritons from the far side of the target, 

the measured triton energies deposited in the E -detector were, on average, higher than the 

calculated energies, shifting the pt-peaks to the left of zero. This follows from the fact that 

the energy loss calculation "assumed" the triton was produced at the centre of the target, 

while the majority of the detected tritons were actually produced on the side of the target 

facing the recoil arm, causing the measured energies to be greater than the calculated ones. 

For increasing proton angle and thus decreasing triton angle, more and more tritons from 

beyond the target centre were able to trigger the recoil detectors, and consequently the 

Ldiff spectra peaks moved closer towards the expected position at zero. 

Besides causing the peaks to be off centre, the high triton energy losses caused a large 

triton energy spread at the detector location, dependent on vertex location, which altered 

the shape of the pt-peaks in the triton difference spectra - both E and !::::.E. Not only 

were they significantly wider than the proton peaks, but also their shapes were no longer 

describeable by a Gaussian. For these reasons, triton difference spectra were not used to 

discriminate against background events. 

3.5 Gain Corrections 

None of the proton B-light output difference spectra peaks fell within 5 Me Vee of zero. A 

typical example being the peak in Fig. 3.7, offsets ranged from 6 MeVee (telescope 6) to 

20 MeV ee (telescope 2). The reason for the calculated light outputs being so much higher 

than the measured ones was a non-linear response of the PMTs used in the telescope-£ 

detectors. For higher light fluxes from the scintillator, the number of electrons produced 

by the PMT dynodes was no longer proportional to the incident light flux. In other words, 

the photmnultiplier tubes were saturating. The voltages applied to the telescope E- and 

f::::.E -PMTs lay between 1700 and 1800 Volts, which was, as it turned out later, beyond 

the linear operating range of the E -detector PMTs for the photon fluxes produced by the 

scintillator blocks ernployed in this experiment. 

There was no definite indication as to whether the telescope !J.E -P"tv1Ts were saturating 
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as well. Although the applied voltages fell into the same range, saturation of the .6.Es 

was less likely due to the low light outputs produced by the thin scintillators. Even if 

saturation was present, it was of no interest to this analysis, because not only did the .6.E

light outputs of protons produced in pt-reactions populate the lowest 200 ADC-channels 

and thus fell almost certainly into the linear range, but also the corresponding light output 

difference spectra were not used for determining background contributions (the reason for 

which is explained in Sec. 3.6). 

On the recoil side, detector responses seemed to be, within reasonable limits, linear. 

The bar had two large 12.5 em PMTs, and the voltages applied were around 1830 V, most 

likely within linear limits as suggested by the data. The paddle voltages were about 100 V 

lower than the ones supplied to the telescopes, and the incoming light flux was low, making 

saturation effects very unlikely. 

The problem arising from the telescope E-detector non-linearity was not the pt-peak 

position in the Ldiff spectra, which was unimportant for background subtractions because 

the background spectra were affected in the same way. Also, the peaks could be moved by 

matching the gains in a straight forward manner (Sec. 3.5.1). The difficulty arising from the 

non-linear detector responses for the further analysis lay in the fact that the peak shapes, 

expected to be Gaussian for constant gains, were altered, and thus hard to separate from 

the background. In order to correct for the saturation effects, non-linear gain corrections 

had to be made (Sec. 3.5.2). 

3.5.1 Constant gain corrections 

Determining the detector gains had been done for protons at the bendback point. Protons 

from pt-events, however, generally deposited less energy in the E-scintillator, because the 

majority of then1 had well over 100.8 MeV of kinetic energy and thus punched through 

the back of the scintillator. Since the gains were energy dependent, the gains obtained by 

using bendback protons did not apply to the mean pt-proton light outputs, therefore the 

rneasured light outputs seemed too high and the Ldiff spectra peaks were to the left of 

zero. Fig. 3.9 illustrates the dependence of n1easured light outputs and their offset from the 
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actual light outputs on the gains chosen. 
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Figure 3.9: Relationship between actual gain (telescope E-detector response curve, solid 
line) and linear gains obtained from the bendback point (original gain, dashed line) as well 
as from light outputs of pt-event protons (corrected gain, dash-dotted line). 

To center the proton Ldiff spectra peaks, gains were changed accordingly, i.e. the new 

gains were correct for the mean proton light outputs (dash-dotted line in Fig. 3.9). This 

was done within LUCID by using the equation 

9n 
ADC · 9o 

ADC + g0 d 
(3.7) 

where g0 and Y·n are the old and new gains, respectively, ADC is the ADC-value correspond-

ing to the proton light output for which the gains were to be Ina.tched, and d is the (visually 

obtained) proton peak offset. Since pt-protons did not have one distinct light output but 
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covered a whole range of ADC-values, their mean ADC output had to be used in Eqn. 3. 7. 

In order to get a clean sample of pt-events for this purpose, all events within small windows 

(± 2.0 MeVee) around the centres of the Ldiff-peaks were used for the calculation. The 

mean value of the resulting gain peak for each telescope was taken to be the corrected gain. 

For more forward proton angles, the kinetic energies of protons increased and energy 

depositions as well as light outputs decreased. Therefore, the mean pt -proton light outputs 

were closer to the bendback point for backward proton angles than for forward angles, so 

the gain corrections were smaller for increasing telescope number. 

3.5.2 Polynomial gain corrections 

Even with the proton peaks centered, the effects of the non-linear telescope E -detector 

responses were not corrected for yet; the reason being that even for a single telescope, the 

energies deposited by pt-protons covered a finite range of light outputs. Thus, protons at 

the lower end of the light output spectrum seemed to deposit more energy in the scintillator 

than they actually did, while protons at the upper end of the spectrum seemed to deposit 

less (Fig. 3.9). 

In order to obtain an ADC-channel dependent parametrization for converting the ADC

channel numbers into "corrected" measured light outputs, i.e. energy-dependent gains, 

calculated light outputs were plotted over "raw" measured light outputs, which were simply 

the ADC-channel values divided by the corrected gains that were determined as described 

in Sec. 3.5.1. This was done for each telescope, and only events which passed the tight 

pt -identification cuts were used. For simplicity, define C = Lcalc and M = Lmeas . 

Fig. 3.10 shows a typical C vs.M (calculated vs. measured light output) plot. The band is 

formed by correctly identified pt-events. One can see that it is not a diagonal (C = M), 

as would be the case for constant gains. As a result of the PMT saturation, it is slightly 

curved, and intersects the diagonal roughly at the centre of the band. When plotting M 

versus the difference Ldiff = C - !vi, histogran1s were obtained whose projections on the 

Ldiff axis were the difference spectra that were needed for the further analysis. On these 

plots, the problen1 arising fron1 non-diagonal/viC -bands became very obvious, because they 
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translated into bands that were not vertical, but slanted, like the one in Fig. 3.11. Thus, the 

projection on the Ldiff axis did not create sharp pt-peaks, but widened distributions and, 

since the proton energy levels from the calculation (which only depended on the discrete 

photon energies from the tagger and the discrete telescope central angles) were discrete, it 

in some cases caused a splitting of the peak into two or more peaks. The band in Figs. 3.10 

and 3.11, for example, produced the proton Ldiff spectrum shown in Fig. 3.12. 

To correct the calculated light outputs so that they agreed with the measured values, 

a third order polynomial was fitted to each band, with the condition that CJit = 0 when 

C=O: 

(3.8) 

where CJit = M in order to straighten the MC-bands. The data points for each band 

were picked visually and represented the centres of the bands. The polynomial fits were 

done by using the x2-minimization method. The fitted curves for the 4 telescopes with 

sufficient data (for one of the 4 run sets) are shown on Fig. 3.13, together with the data 

points representing the MC-bands. 

The bands could now be straightened by plotting C fit instead of C versus the measured 

light outputs M. The result for one telescope is shown in Fig. 3.14, which is the data of 

Fig. 3.11 when using CJit instead of C. The effect on the corresponding Ldiff spectrum 

(Fig. 3.12) is shown in Fig. 3.15. The band in Fig. 3.14, now vertical, caused the double 

peak to merge into one comparably sharp pt-peak. 

3.6 Background Subtraction 

The next step in the analysis procedure was to quantify the contaminating backgrounds 

included in the selected set of pt -candidate events. These contan1inations consisted of events 

fi·om different nuclear reactions originating fron1 n1isidentified particles during the particle 

identification process (Sec. 3.2), and of randorn coincidences from the tagger (Sec. 3.6.1) 

as well as fron1 the X-trigger (Sec. 3.6.3). Finally, events triggered by particles which 
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Figure 3.10: Calculated vs. measured E light outputs using the original calculated light 
outputs, for telescope 5. 

were not produced in the helium target but in surrounding materials (e.g. vacuum can 

assembly, target windows, air) had to be taken into account. Once their magnitudes and 

distributions were known, all backgrounds were subtracted from the proton Ldiff spectra 

(see the following Sections). 

3.6.1 Tagger random coincidences 

Due to the finite coincidence resolving time, caused by finite gate widths of the coincidence 

logic: there were normally more than one electron hit on the tagger focal-plane for each 

valid X-trigger. The number of tagger channels which fired for one X-trigger was called the 

tagger multiplicity. For the high beam rates used in this experiment ( rv 1 MHz per tagger 

channel), the tagger multiplicities were typically peaked around 5 or 6 (Fig. 3.16). 
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Figure 3.11: Measured light outputs plotted over the difference between original calculated 
and measured light outputs Ldiff using constant gains. The "segment" of data points at 
the upper right comes from events where the proton did not punch through theE-detector, 
while the events at the lower left are punchthroughs. 

All tagger energy related calculations were performed for each of the photon energies 

indicated by the hits on the focal-plane, and the pt-light output difference spectra were 

incremented accordingly. This means that they contained a large number of focal-plane 

triggers which did not correspond to the energies of the tagged photons that caused the 

nuclear reaction in the target. These focal-plane triggers were called tagger random coinci

dence events, and had to be subtracted from the total counts in the Ldiff spectra in order 

to get the real nurnber of events. The focal-plane electrons corresponding to the photons 

which actually induced nuclear reactions that were responsible for X-trigger signals in the 
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Figure 3.12: Proton light output difference spectrum (telescope 5/paddle 7) with constant 
gains. 

detectors were called true coincidences. 

In order to discriminate between accidental and true coincidences, timing cuts were made 

in the tagger TDC spectra. The tagger TDC transformed the time between the arrival of 

an X-trigger signal and each of the focal-plane hits associated with it into a digital value. 

The tagger trigger signals from true tagged photons and the X-trigger signals always had 

a constant time difference. This time difference was reflected in the prompt peaks in the 

tagger-TDC spectra, like the one in Fig. 3.17. The plateaus underneath the peaks were 

caused by tagger random coincidences. 

The spectra from individual tagger channels were summed up into one global tagger-

TDC spectrum, after their prornpt peaks had been aligned. The main factor that determined 

the widths of the peaks was the different tirne-of-fiights ( TOF) of the particles causing the 

X-trigger frmn the vertex to the detectors. The X-ann logic was set up in such a way that 
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Figure 3.13: Calculated vs. measured E light output fits for telescopes 3, 4, 5 and 6. 

the timings of the X-trigger signals were always determined by the logic pulses from the 

telescope-~E detectors. Thus, the TOF of the particle detected in the telescope arm (in 

this analysis~ the proton), influenced the tagger TDC output. 

In order to correct for different time-of-flights and thus narrow down the prompt peaks, 

the following corrections were made. Since the speed of the proton depended highly on 

the polar angle under which it was en1itted, the tagger-TDC spectrum was separated into 

6 spectra, one for each telescope. The second factor determining the reaction kinematics, 

the photon energy, was taken into account by calculating the TOFs of the emitted protons 

and adding this nurnber to the tagger-TDC value. This correction reduced the FWHM of 

the prornpt peaks from on average 25 channels (corresponding to 2.5 ns) to 15 channels 

(1.5 ns). Cmnpare Figs. 3.17 and 3.18 to see the effects of the TOF-correction, as well as 
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Figure 3.14: Measured light outputs plotted over the difference between modified calculated 
and measured light outputs Ldiff using energy-dependent gains. 

a proton-triton cut (mainly reflected in a reduced background), on a typical tagger-TDC 

spectrum. 

Although the TOF inclusion corrected for the different proton angles as well, a separate 

spectrum for each telescope was used because of effects not originating from kinematics, such 

as possible time differences between the individual telescopes' logic circuits, and different 

vertex distributions of p t -events responsible for a trigger. 

For subtracting the tagger random coincidences, pron1pt and random regions were de-

fined for each TDC histogran1. Figure 3.18 shows these regions for a typical TOP-corrected 

tagger-TDC spectrum. The prompt regions were wide enough to include all true tagger 
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Figure 3.15: Proton light output difference spectrum (telescope 5/paddle 7) using energy
dependent gains. 

events, and therefore a fair amount of random background. To get higher statistics, the 

random regions chosen were wider than the prompt regions, in most cases three times as 

wide. Using identical kinematics and energy loss calculations, Ldiff spectra were filled for 

both prompt and random events. A typical random Ldifrspectrum, corresponding to the 

prompt spectrum in Fig. 3.15, is shown in Fig. 3.19. 

In order to subtract the difference spectra contributions arising from tagger randoms, 

the random Ldiff histograms had to be scaled down by a factor a determined by the ratios of 

the widths of prompt and random gates. However, since the random backgrounds were not 

flat but rather convex (Fig. 3.18) for reasons explained in Sec. 3.9.2, the scale factors to be 

used were slightly larger than the ratios of the gate widths. Rather than directly subtracting 

the random Ldiff spectra from the prompt peak spectra, the randorn histograms were fitted 

to the prompt peak histograms under variation of a as described in Sec. 3.6.5. 
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Figure 3.16: Typical tagger multiplicity plot after proton-triton PID cuts. 

3.6.2 Competing reaction channels 

There are a number of alternative 4He-photodisintegration amplitudes which needed to be 

considered in the energy regime of this experiment. Total cross sections for these chan-

nels according to [Ark74] are given in Table 3.3. Although for a lower photon energy 

(E'Y = 70 MeV) and from older measurements, these numbers are sufficient to provide a 

measure of the relative strengths of the reactions. 

Table 3.3: Total cross sections of 4He-photodisintegration channels at E'Y=70 MeV according 
to [Ark74]. 

Reaction a [mb] 
(1', nr3He 0.25 
( ')', pt) 0.20 
(')', pd)n 0.12 
( ')', pp )nn 0.04 
( ')', dd) <0.001 
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Figure 3.17: Tagger TDC spectrum. 

Due to the relatively large overlap of the triton and deuteron PID bands, and the re-

suiting unavoidable inclusion of a considerable number of deuterons in the generous triton 

region cuts (compare Fig. 3.5), the proton-triton candidate pool contained a certain amount 

of proton-deuteron (pd) events. With the 4He(1,pd)n and 4He(,,pt) channels having similar 

amplitudes (Table 3.3), most of the included deuterons were in coincidence with a proton 

detected in one of the telescopes. Since these pd -events originated from a three-body re-

action involving a neutron, i.e. the kinematics contained an additional degree of freedom, 

the phase space of protons and deuterons included the proton-triton phase space which 

is constricted by two-body kinematics. Therefore, detecting protons and deuterons from 

npd-reactions with the same opening angles as protons and tritons from pt-reactions was 

to be expected. Reaction channels other than npd, however, were very unlikely to make a 

significant contribution to the background: 

The neutrons fron1 n:3 He, being uncharged particles, do not interact electron1agnetically, 
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Figure 3.18: Tagger TDC spectrum with TOF correction for protons hits in telescope 4. 
Prompt and random regions are indicated. 

and therefore the likelihood of neutrons firing the E- and especially the thin D..E -detectors 

was very low. In the unlikely case of a trigger (which required a hit in both detector 

components), the resulting energy loss signature would be different from that of a proton. 

Also, 3He nuclei have a much higher energy loss than tritons due to their double positive 

charge, and were unlikely to reach the detectors. The ones that managed to generate a 

trigger would have filled a PID band quite far from the triton band. 

In order for nnpp-events to pass the pt-PID cuts, one of the protons would have had 

to be misidentified as a triton, which was very unlikely due to the separation between the 

proton and triton bands. Also, the 4-body kinematics made an emission of both protons 

at the pt-opening angle C-,_,160°) and azirnuthal angle ¢ = 0 very unlikely. Finally, the 

ppnn-arnplitude is less than a fifth of the pt-an1plitude. 

The dd -cross section is too low to have any significant influence on the pt-identification 
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Figure 3.19: Proton light output difference spectrum (telescope 5/paddle 7) using energy
dependent gains, for tagger random coincidences. 

process. Besides, both deuterons would have needed to be misidentified, the probability of 

which is very low. 

Thus only the pd-background needed to be considered. In order to obtain the shape of 

the pd-background in the proton-triton Ldiff spectra, events which passed PID cuts for pd

events, i.e. events where a proton was detected on the telescope side and a deuteron on the 

recoil side, were subjected to the same kinematics and energy loss procedures as pt-events. 

From the resulting Ldiff spectra, an example of which is shown in Fig. 3.20, the tagger 

randorn background had to be subtracted in the same way as for the pi-spectra (Sec. 3.6.1). 

Since the inclusion of another fit parameter would have complicated the background fitting 

procedure (Sec. 3.6.5), the random histograms for the pd-difference spectra were subtracted 

before the fit. The prornpt to random window width~ in the corresponding tagger TDC 

hi~tograms were chosen to be in a ratio of 1:4, rneaning the scaling factor for the random 
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subtraction would have been 0.25 for an even background distribution. Due to the slightly 

rising randoms background to the left of the prompt peaks in all tagger-TDC spectra, a 

higher fraction than 0.25 needed to be subtracted. From linear extrapolation of the randoms 

shoulder into the prompt peak region, the scaling factors were estimated to lie between 0.27 

and 0.28. Since the results of the background fitting procedure (Sec. 3.6.5) did not change 

by choosing either 0.27 or 0.28 (within a small fraction of the statistical errors), the global 

random subtraction factor for pd-background events was chosen to be 0.28 for all spectra. 

The selection of pd -events was done by use of tight proton and deuteron PID regions 

in the !:1E-E spectra, to avoid misidentified tritons from being included and altering the 

shapes of the pd -spectra. It could not be totally excluded, however, that some tritons did 

contribute to the pd-spectra, since both particle bands overlapped to a great extent and 

thus the lower edges of the triton bands remained invisible (Fig. 3.2). Comparing with the 

widths of the deuteron and proton bands, the upper edges of the tight deuteron PID regions 

were chosen in a way so that they remained clear of the estimated lower edges of the triton 

bands. This should have assured that only a very low fraction of tritons was included in 

the pd -spectra. 

Only telescope-E-Ldiff spectra were used to determine the pd- and tagger random back

grounds, the reason being that for all !:1E-spectra, the shapes and positions of background 

spectra peaks were very similar to the ones of the pt -peaks, thus background subtractions 

were not feasible. 

3.6.3 X-trigger random coincidences 

Just like the tagger trigger, the X-trigger was subject to random coincidences, although they 

were orders of magnitude lower than for the tagger. To filter out those random events, a cut 

around the bar prompt timing peak was made. Since the telescope side defined the timing of 

the gate signals for all X-arm TDCs, the TDCs on the recoil side could be used to investigate 

whether an event was true or accidental, because their read-outs were proportional to the 

time difference between telescope arm and recoil arm trigger signals. Since the time spread 

was more pronounced in the bar than in the paddles, the bar TDCs were used for the timing 
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Figure 3.20: Proton light output difference spectrum (telescope 5/paddle 7) using energy
dependent gains, using proton-deuteron particle ID cuts. 

cuts. The bar time was taken to be the average value of the two bar-TDC outputs. A bar 

time spectrum for events satisfying all the other pt-candidate criteria is shown in Fig. 3.21, 

with the prompt cut indicated. It demonstrates that the X-trigger random background was 

extremely small, in the order of 0.1% to 1.0%, depending on the paddle number. X-trigger 

random events that passed the pt-cuts were treated like the prompt data and displayed in 

Ldifrspectra, but due to the very poor statistics it could not be determined whether the 

resulting pulse shapes were identical to the shapes of the prompt spectra or not, although 

they suggested apt-peak at roughly the same positions (±1.0 MeVee) as the "good" data. 

Therefore it was decided to treat X-trigger randoms as if they had the same characteristics 

as true coincidences, and subtract a constant fraction from the pt -yields. This fraction 

was found by cmnparing the density of randmn events outside of the prompt gates, which 

appeared to be constant throughout most of the spectra, to the widths of the prompt gates. 

67 



The results are presented in Table 3.4. 
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Figure 3.21: Bar timing spectrum for pt-events, with prompt gate shown. 

Table 3.4: X-trigger random contributions with statistical errors, in% for each run set. 

Paddle number 303-323 515-536 584-604 608-621 
4 1.32±0.38 0.23±0.15 0.00±0.00 0.80±0.40 
5 0.93±0.23 0.37±0.12 0.30±0.18 0.27±0.15 
6 0.70±0.15 0.43±0.11 0.46±0.16 0.46±0.16 
7 0.86±0.13 0.48±0.09 0.67±0.15 0.57±0.14 
8 0.86±0.11 0.52±0.07 0.48±0.11 0.38±0.09 
9 1.17±0.16 0.34±0.07 0.69±0.16 1.28±0.22 
10 1.41±0.20 1.25±0.17 1.40±0.29 0.97±0.20 

3.6.4 Empty target background 

To take into account contributions due to nuclear interactions in materials other than the 

liquid heliurn target, as for example caused by beam fragments hitting the vacuum can, 

target windows or cryostat assen1bly, runs with en1ptied target cell were recorded. To 
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empty the target cell, the liquid helium reservoir was allowed to run empty and the liquid 

nitrogen to boil off, warming up the cryostat and evaporating the liquid helium in the target 

cell. Although the target cell was strictly speaking not empty but contained helium gas, 

the density of the gas under atmospheric pressure was so low (0.178 g/1) that it could be 

neglected. 

Unfortunately, the number of tagged empty target runs performed for this experiment 

was very limited, namely only 5 runs with a total of 40649 sec beam time and 148663 

X-triggers (see Table 2.3). Consequently, the resulting Ldiff spectra suffered from low 

statistics. Another difficulty in being able to compare the empty target run results to the 

production runs lay in the fact that separate gain corrections had to be used, because the 

telescope detector responses in the two sets of empty target runs proved to be different, in 

amplitude and linearity, from the ones in any of the major production run sets. Fortunately, 

there was one (short) production run recorded just before the target was emptied for the 

first time, i.e. before empty target runs 286, 287 and 299, and two short production runs 

before the target ran empty in the end of the run period, i.e. before empty target runs 676 

and 684. These production runs had the same detector responses as the following empty 

target runs, and therefore could be used to extract the gains. Since the runs were so short, 

however, the statistical uncertainties for the extracted gains were high. 

Using these gains, the empty target runs were processed in the same way as the produc

tion runs. The empty target contributions to the pt-spectra were found to be in the range of 

1.5% to 3.4%, and the contribution to the pt-peaks was of the same order. Before subtract

ing the empty target Ldiff-spectra from the (target full) production run histograms, the 

pd tagger-random histograms were subtracted from the associated pd -prompt histograms 

(Sec. 3.6.1). Likewise, the production runs for the pd-background (Sec. 3.6.2) were random 

subtracted before they were subjected to the empty target subtraction. 

The gain-corrected histograms from both ernpty target run sets were added together, 

and so were their tagging-efficiency corrected fluxes (for a description of flux normalization, 

see Sec. 3.9.1). The scale factors ai for the ernpty target subtractions for production run 
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set i was then given by 

Eavg,i Ne,i (3.9) 
Eavg,l Ne,l + Eavg,2 Ne,2 

where indices 1 and 2 stand for the two sets of empty target runs, Eavg are the average 

tagging efficiencies, and Ne are the corresponding total tagger channel counts. 

Empty target subtractions were made for the following Ldiff histograms of each run set: 

pt(prompt), pt(randoms), and pd(random-subtracted). 

3.6.5 Background subtraction fits 

Having extracted the gain-corrected and empty-target subtracted background histograms 

for the tagger rand oms and the pd -background, the next step was to subtract these back

grounds from the Ldiff histograms for prompt-pt-events. Since neither the magnitude of 

the pd-events included in the proton-triton cuts nor the exact random contributions to 

the prompt peaks were known, the two background spectra plus a Gaussian distribution 

were fitted to the pt-prompt spectrum. For each detector combination, the x2 method was 

used to minimize the difference between the pt -prompt spectrum and the two background 

distributions plus Gaussian, i.e. 

(3.10) 

where a, b, c, d and a were the fit parameters, x the Ldiff bin values of the histograms 

in units of Me Vee, Npt(x) the channel contents of the pt-prompt histograms, Nrnd(x) the 

channel contents of the tagger random histograms, and Npd ( x) the channel contents of 

the pd-histograms. The histograms had 512 bins and ranged from D7Ji}j = -70 MeVee to 

L'JijJ = 70 MeVee, resulting in a bin width of 6.x = 0.273 MeVee· The fitting results for 

one of the four run sets are listed in Table 3.5. 

The fits were quite good, with reduced x2 in the range of 0.2 to 3.0, in most cases 

less than 1.0. As can be seen in Table 3.5 as well, the randorn background subtraction 
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Table 3.5: Results of background fits for runs 515-636. 

tele paddle open angle a b c d a X~ -~ X reduced 

3 8 152.1° 0.353 0.321 114.3 0.067 1.132 12190 2.49 
3 9 171.0° 0.344 0.405 45.8 -0.151 1.327 11120 2.15 
4 7 153.7° 0.387 0.224 73.5 0.087 1.325 7260 1.71 
4 8 169.2° 0.370 0.410 159.4 -0.023 1.223 9660 1.78 
5 6 159.4° 0.393 0.376 59.7 -0.120 1.133 5450 1.25 
5 7 170.7° 0.402 0.302 81.1 0.320 1.526 7590 2.57 
6 4 162.5° 0.334 0.366 14.3 -0.184 1.376 1670 1.02 
6 5 168.4° 0.388 0.442 46.0 0.116 1.285 4330 1.50 
6 6 176.5° 0.365 0.405 9.8 2.137 2.942 3010 1.26 

factors a were all between 0.33 and 0.41, which was the expected range due to the ratios 

of prompt and random gates (Sec. 3.6.1), another indicator for the validity of the fitting 

procedure. The pd-contributions b to the pt-spectra ranged from 20% to 50%, which are 

realistic numbers with the inclusive triton regions used in the PID process. Fig. 3.22 shows 

a typical pt-spectrum and the corresponding fitted distribution, and Fig. 3.23 displays the 

contributing background shapes using the fitted scale factors. As can be seen from both 

diagrams, the two backgrounds were sufficient to explain the shape of the pt -spectra, and 

the proton-triton peaks could be described by Gaussians. 

3. 7 Extraction of yields 

Using the background scale factors a and b obtained in the fitting procedure, the two back-

grounds were subtracted from the pt -difference spectra. The resulting peaks, resembling 

Gaussians, were the proton-triton yields for the different detector combinations. Fig. 3.24 

shows the yield for one detector combination including its statistical errors, and the Gaus-

sian that was assigned to it in the fitting process. The fact that the channel contents 

on both sides of the peak in the subtracted spectrum average out to zero for all detector 

cornbinations confirms that the background subtractions were correct. 

The yields were extracted by putting gates around the peaks whose widths were deter

ruined by the channels where the fitted Gaussians dropped off to zero (or strictly speaking, 

to a value in the order of 0.001% of their peak heights). The nurnber of counts that fell into 
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Figure 3.22: Light output difference spectra fit for telescope 4/paddle 8. The statistical er
rors of the original distribution are indicated, the dashed line is the result of the background 
fit. 

the gates were summed up and constituted the yields. The statistical errors were calculated 

by taking the square root of the sum of the peak's individual channel's squared errors. Ta-

ble 3.6 lists the yields obtained for all detector combinations of the four run sets, and the 

yields for each telescope, which were the sums of their constituting detector combinations. 

3.8 GEANT simulation 

The yields obtained in the previous Section 3.7 only give information on how many pt-

events were detected, but not how many proton-triton pairs were actually produced in the 

helium target. Some of the particles did not reach the detectors due to energy losses on the 

way fron1 the vertex through the various rnaterials to the detectors, or they did not retain 
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Figure 3.23: Light output difference spectra background contributions for telescope 4/pad
dle 8. The dashed line represents the random background, the solid line the proton-deuteron 
contribution, and the dotted curve the fitted Gaussian. Statistical errors are indicated for 
the original distribution. 

enough energy to trigger both E- and ~E-detectors. While negligible for the protons due to 

their high kinetic energies and low energy losses, the amount of tritons lost in this way was 

substantial (see Sec. 3.4.3). At more backward recoil-detector angles, no tritons could be 

detected at all. Other, smaller effects that infl. uenced the detection efficiency were secondary 

nuclear interactions of the emitted particles, and rescattering processes. 

On the other hand, the extended target made it necessary to sin1ulate a realistic vertex 

distribution within the target in order to obtain the effective solid angles for the telescope 

detectors, which were different from the geometrical solid angle defined by the openings of 

the collimators and their distance to the target centre. 
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Figure 3.24: Proton-triton peak after subtraction of the backgrounds, including statistical 
errors and fitted Gaussian (telescope 4/paddle 8). 

Both tasks could be accomplished by the CERN simulation software package GEANT, 

which allows the definition of quite complicated experimental setups, and to process the 

detector outputs in essentially the same way as it would be done during online analysis. 

For a detailed description of the GEANT system, see [GEA94]. 

3.8.1 Simulating the pt-channel 

To extract the triton detection efficiencies, GEANT was used to define the principal geom-

etry of the experirnental setup, and to simulate proton-triton events by populating a beam 

spot defined region inside the heliurn target with pt -vertices. The geometrical components 

simulated included the helium target, the cylindrical mylar target cell, mylar superinsu-

lation, cryostat vacuum, kapton target windows, vacuum can, surrounding air, and the 
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Table 3.6: Proton-triton yields !:1N, with statistical errors. 

tele paddle Runs 303-323 Runs 515-536 Runs 584-604 Runs 608-621 
3 8 727 ± 45 1221 ± 64 467 ± 35 557 ± 40 
3 9 342 ± 34 575 ± 53 197 ± 30 259 ± 31 
4 7 735 ± 45 909 ± 53 431 ± 33 350 ± 32 
4 8 1023 ± 52 1804 ± 69 807 ± 45 634 ± 42 
5 6 464 ± 36 614 ± 47 358 ± 31 248 ± 28 
5 7 757 ± 45 1135 ± 59 462 ± 35 502 ± 37 
6 4 119 ± 18 198 ± 24 73 ± 14 81 ± 13 
6 5 392 ± 32 553 ± 42 267 ± 26 183 ± 22 
6 6 179 ± 23 263 ± 30 169 ± 19 82 ± 16 
3 all 1069 ± 56 1796 ± 83 664 ± 46 816± 51 
4 all 1758 ± 68 2713 ± 87 1239 ± 55 983 ±53 
5 all 1221 ± 58 1750 ± 75 820 ± 47 749 ± 47 
6 all 689 ± 43 1015 ± 57 510 ± 35 345 ± 30 

two groups of X-arm detector. The lead collimators in front of the telescope detectors 

(Sec. 2.5.2) were included as well. 

The beam profile, determining the density distribution of the pt-vertices, was taken to be 

a double Gaussian whose width was defined by the angular distribution of a bremsstrahlung 

spectrum originating from one single point, according to Schiff's thin radiator formula [Sch51 ). 

For a mean photon energy of 191 MeV, the corresponding Gaussian had an angular width 

cr of 2.6 mrad, translating into a width of 1.32 em at a distance of 5.06 metres from the 

radiator, which is where the target centre was located. This beam profile, however, was 

cut off outside of the beam radius determined by the collimator sizes used. The beam radii 

at target location were 1.27 em for 10/15 collimators, and 1.90 em for 15/20 collimators 

(Sec. 2.3). The vertex distribution was independent of the coordinate parallel to the beam 

direction, because the beam attenuation due to interactions inside the target was negligible. 

The polar (Bp) and azimuthal (¢p) angles under which the protons were emitted, were 

randmnized uniformly within the populated solid angle. The photon energy was random-

ized within the tagged enery range of the experiment, i.e. between 167 and 209 MeV. The 

photon energy randorn sampling was not done uniformly, but according to the expected 

bremsstrahlung spectrum, folded with the He4 (I' ,pt) differential cross section energy depen-
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dence observed in the three previous measurements [Arg75], [Sch85] and [Sch93]. Fig. 3.25 

shows the two distributions (scaled to 1) and their folding, which was used as a weight 

function for the random generator. 
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Figure 3.25: Photon energy dependences of bremsstrahlung spectrum according to [Sch51], 
He4 ( {,pt) differential cross sections at Bp = 90° and 120° from [Arg75], [Sch85] and [Sch93], 
and their product (folded) curve. 

The other kinematic parameters (triton angle, vertex energies and momenta of both par

ticles) were calculated from the proton angle and photon energy using relativistic two-body 

kinematics. Both proton and triton were subsequently traced through the materials of the 

experimental setup. Their energy losses in the scintillator detectors were converted into light 

outputs, and these light outputs were compared to detector specific thresholds. In addition, 

stun-thresholds were implemented to account for the corresponding sum-thresholds (both 

hard ware and software) in the experiment (Sections 2. 6.1 and 3 .4.1). Detector thresholds 

and sun1-thresholds were different for each run set, requiring separate simulations for each 

group of runs. Thresholds were found to be 2 to 5 MeVee for the telescope-£ and around 
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0.5 MeV ee for the telescope-~E detectors, while the bar thresholds were significantly higher 

("-' 9 to 10 MeVee)· The paddle thresholds ranged from 0.5 to 1.2 MeVee· 

Using the same trigger conditions as the experiment, the simulation recorded the num

ber of identified pt-events compared to the number of detected protons in the telescope 

detectors, as a function of telescope number and photon energy or, optionally, triton vertex 

energy. For the triton acceptance simulation, the proton detection efficiency was assumed 

to be 100%. The proton detection efficiency, expressed in terms of effective solid angles 

for the telescope detectors, was obtained through the solid angle simulation described in 

Sec. 3.8.2. 

Events that generated a trigger were kinematically analyzed in the same way as the 

experimental data. The telescope-E detector saturation was simulated by applying the 

fitted polynomials (Sec. 3.5.2) to the proton light outputs. Triton and "modified" proton 

light output differences were plotted in Ldiff spectra and compared to the experimental 

histograms. Peak shapes and positions in all spectra agreed within the range of simula

tion accuracy and statistical uncertainties. A detailed comparison with the unsubtracted 

experimental spectra was not possible due to the fact that these contained background con

tributions. A comparison with the background subtracted proton E-Ldiff spectra, however, 

showed agreement between these and the corresponding simulation spectra. A typical ex

ample is shown in Fig. 3.26. The background subtracted spectrum is displayed with error 

bars (obtained through the background subtraction procedure). The statistical errors for 

the simulation data (square roots of number of counts) are shown on Fig. 3.27, along with 

the Gaussian fitted to the experimental data during the background fitting (Sec. 3.6.5). 

As can be seen on both plots, the only major disagreement between the simulated and 

the background subtracted spectra was the fact that the peaks in the simulation spectra 

were narrower than the peaks in the data histograms, consistently throughout all detectors. 

The FWHJVI of simulation peaks were in the order of 1.4 to 2.2 Me Vee, while the background 

subtracted data histograms showed peaks between 1.5 and 2 times wider (Figs. 3.26 and 

3.27). It is assurned that this difference is entirely a result of the finite intrinsic resolutions 

of the telescope detectors (i.e. of the scintilla tors and PMTs), which were not accounted 
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for in the simulation, as well as possible minor gain shifts throughout the duration of data 

taking for one run set. 

As Fig. 3.27 shows, not all pt-events deposited the expected amount of energy in the 

telescope E -scintillators. To both sides of the peak, there are tails extending towards lower 

and higher light outputs. Some detector combinations produced a significant tail on only 

one side, while others caused more symmetric distributions, depending on the position of 

the paddles with respect to the mean recoil triton angles for the protons detected under the 

telescope angles. To account for these tails, which due to their low amplitudes could not 

be separated from the background contributions (and naturally could not be reproduced 

by the Gaussians), cuts were made around the peaks in the simulation spectra in order to 

exclude the events that produced the tails. The gates were usually chosen to include the 

range of Ldiff values underneath the Gaussians that were assigned to the spectra during 

the fit. Since the simulation peak and subtracted data peak widths differed significantly, 

it was not feasible to use the same cuts in both spectra, without modifying the simulation 

spectra. Obviously, the gates in Fig. 3.27, which were defined on the experimental data, 

were too wide for the simulated peak in as far as they included events from the tails which 

were not included in the experimental data cut. To account for this, the simulation spectra 

were "smeared out" in a region around the peak, which was done by redistributing the 

contents of each channel into a normalized Gaussian, and summing up these Gaussians for 

all channels to get the new spectrum. By doing so, the finite resolutions of the detectors 

were simulated. The widths a of the Gaussians were fitted to minimize the x2 between 

the smeared simulation spectra and the experimental data. The resulting peaks had the 

same widths as the experimental peaks, and thus the same cuts could be used for both. 

Fig. 3.28 shows such a smeared simulation spectrum, along with the experimental data and 

the chosen cut. 

Practically, it was easier to use different gate widths for simulation and experimental 

data in order to match the different widths of the peaks. As long as the cuts were placed 

at the san1e points (where the Gaussians fell off to ,-....,Q), this was essentially the same as 

widening the simulated peaks and using the sarne cuts. It was verified that the results 
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obtained through both methods were identical within statistical errors. 

For an estimate on the systematic errors introduced by the placement of these cuts, see 

Chapter 4. 

200 
tele 4 
pod 8 

175 

150 

125 

100 

75 

50 

25 

0 

-15 -10 -5 0 5 10 15 20 

L(colc) - L(meos) / MeVee 

Figure 3.26: Proton-triton peak after subtraction of the backgrounds, including statistical 
errors, and the result of the simulation (solid line), for telescope 4/paddle 8. 

A typical triton acceptance plot is shown in Fig. 3.29. As expected, the acceptances in-

creased with increasing telescope number (i.e. decreasing triton angles), and with increasing 

photon energy. Theoretically, the triton detection efficiency should increase continuously 

with increasing photon energies, since more tritons were able to leave the target. As can be 

seen in Fig. 3.29, this was not the case for telescopes 5 and 6. 

The main reason for the leveling out of the acceptance curves for these telescopes (likely 

even dropping for telescope 6) with photon energies increasing beyond rvl90 MeV were the 

low angles of incidence of the corresponding tritons on the paddles and the bar. Since the 
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Figure 3.27: Proton-triton peak from the simulation, including statistical errors, and the 
Gaussian from the background fit (dashed line), for telescope 4/paddle 8. A typical cut 
around apt-peak in the proton Ldiff spectra of the subtracted experimental data is indi
cated. 

triton path length inside the paddles increased like 1/ sin et ' tritons emitted in very forward 

directions (low et) lost most of their energy in the paddles without retaining enough kinetic 

energy to cause a trigger in the bar. For a given proton angle (i.e. the same telescope), 

the triton angles decreased with increasing photon energy, meaning that tritons produced 

by higher energy photons suffered the most energy loss in the paddles, causing a decrease 

in the detection efficiency with increasing photon energy. Another factor that contributed 

to the acceptance drop for telescope 6 was that some tritons corresponding to telescope-6 

protons, emitted under very low angles, did not Inanage to escape through the recoil arm 

side target window, but were stopped by the forward segment of the aluminum vacuum can 
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Figure 3.28: Proton-triton peak after subtraction of the backgrounds, including statistical 
errors, and the result of smearing the corresponding simulation spectrum (solid line). A 
typical cut is indicated. 

containing the target. 

Since only one energy bin was used in the yield extraction process, the (weighted) 

average of the triton acceptances for each telescope was used in the cross section calculation 

(Sec. 3.10). Table 3.7 lists the obtained triton acceptances for each run set. 

3.8.2 Solid angle 

The solid angle simulation required only the tracing of protons on the telescope side. No 

detector response sirnulation was necessary, a proton reaching the telescope-.6.E detector 

was the only required hit-information. The protons vertex locations were random generated 

as in the acceptance sirnulation (Sec. 3.8.1), as were the proton rnomenta. The proton angles 
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Figure 3.29: GEANT triton acceptances as a function of photon energy and telescope 
number (2 - 6 shown). 

were randomized to uniformly populate a solid angle of 3.084 srad, which corresponds to 

the angular ranges 11 o :=; Bp :=; 169° and -45° :=; ¢p ::; 45°. The effective solid angles were 

calculated for each telescope by dividing the number of protons reaching the corresponding 

Table 3.7: Average triton acceptances as a function of telescope number, with statistical 
errors. 

Run set: Runs 303-323 Runs 515-536 Runs 584-604 Runs 608-621 
telescope Ept f1Ept Ept f1Ept Ept f1Ept Ept f1Ept 

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 0.003 0.001 0.003 0.001 0.001 0.001 0.003 0.001 
3 0.270 0.002 0.249 0.002 0.209 0.002 0.265 0.002 
4 0.607 0.004 0.505 0.003 0.536 0.004 0.591 0.004 
5 0.760 0.005 0.623 0.004 0.717 0.004 0.760 0.005 
6 0.763 0.005 0.610 0.004 0.726 0.004 0.763 0.005 
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fl.E -detector by the total number of protons generated, multiplied by the solid angle defined 

by the angular range of the generated protons. 

The geometric solid angles of all telescope detectors, defined by the conical openings 

in the lead collimators and their distance to the target centre, was 0.0338 srad. The av

erage solid angles for collimator sizes 15/20 obtained through the simulation are listed in 

Table 3.8. The fact that their magnitudes are larger than the geometric solid angle for 

protons produced at the target centre is a result of the finite target size, and also suggests 

that the proton detection efficiencies were very close to 100%. 

Table 3.8: Effective solid angles of the telescope detectors, and statistical errors. (15/20 
collimators.) 

telescope fl.fl [srad] 8(fl.f2) [srad] 
1 0.0346 0.0001 
2 0.0344 0.0001 
3 0.0344 0.0001 
4 0.0341 0.0001 
5 0.0340 0.0001 
6 0.0340 0.0001 

3.9 Normalization 

Normalization of the total pt-events produced in a certain time required knowledge of the 

incident photon flux. The flux was monitored by the tagger scalers, which were incremented 

each time an electron hit the tagger focal-plane. Each tagger channel was assigned a separate 

scaler, and an additional sum-scaler was used to count the total number of hits on the focal-

plane. 

3.9.1 Photon flux corrections 

Since not all bremsstrahlung photons were able to reach the target, the tagger scaler values 

had to be corrected by multiplication with the tagging efficiencies (Sec. 2.3.1). This was 

done channel by channel (Eqn. 3.11). The tagging efficiencies were in the order of 61% to 

65% (49% in the beginning of data-taking) for collirnator sizes 15/20, and around 35% for 
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collimator sizes 10/15. 

As mentioned in Section 2.3.1, tagging efficiency and production runs without radia

tor were recorded in order to correct for room background radiation. However, since the 

beam was quite unstable at the low beam currents used for the tagging efficiency runs, the 

likelihood that the beam characteristics were exactly the same during the radiator out run 

as they were during the radiator in run was very low. Therefore, the error introduced by 

subtracting radiator out contributions from the tagging efficiency runs would likely have 

been greater than the error due to ignoring these contributions. Consequently, the tagging 

efficiency runs were used as is and no radiator out background was subtracted. Also, pro

duction runs were not corrected for any radiator out contributions either, which, if it is 

assumed that the fraction of radiator-out hits was independent of the tagger rate, canceled 

out the error from using uncorrected tagging efficiency runs. 

3.9.2 Tagger corrections 

There were three tagger-related effects that could cause the tagger to produce a wrong 

tagger-TDC output and/or a wrong focal-plane hit, most of which were rate dependent and 

therefore only had a measurable effect at higher tagger rates (2:: 1 MHz/channel). These 

effects are described below. 

• Stolen coincidences: Since the tagger-TDC could only stop once for each tagger chan

nel, random electron hits in the same channels as the prompt electrons, which occured 

before the latter, "stole" the prompt electrons by causing the TDCs to stop too soon, 

and the TDC-values to fall into the random background on the left side of the prompt 

peaks. A clear indicator for stolen coincidences making up a relevant portion of the 

tagger-TDC spectra are the convex shapes of the random backgrounds in Figs. 3.17 

and 3.18, which are falling off towards higher TDC-channels. A spectrum not suffering 

frorn stolen coincidences would show a perfectly flat background. This effect reduced 

the prornpt-yields, thus a correction factor applied to the tagger scalers would need 

to be < 1. 
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• Ghosts: Due to the overlapping focal-plane scintillator counters (Sec. 2.3), hits in 

two tagger channels separated only by one other channel caused the channel in the 

middle to fire as well, producing a false hit, or "ghost". This made the number of 

tagger channel hits (also within the prompt region) seem higher than they actually 

were (flux correction factor > 1). 

• Adjacent doubles: A random electron hitting a tagger channel adjacent to the channel 

of a prompt electron could cause the tagger-TDC value for the prompt channel to 

be shifted outside of the prompt peak, the reason being, once again, the overlapping 

tagger counter layout. Since the affected prompt events were lost to the yields, the 

fl. ux correction factor would need to be < 1. 

All three cases are dealt with in detail in the Ph.D. thesis of D. Hornidge (Hor99], for 

an experiment run at a similar tagger rate as the one described in this thesis. The overall 

tagger scaler corrections obtained in (Hor99] for runs with tagger rates of rvl MHz were just 

below 2%. Therefore, no tagger corrections were included in the present analysis. 

3.9.3 Photon flux 

The tagger fluxes for the four production run sets are listed in Table 3.9. Tagging efficiencies 

were applied on a run by run and channel by channel basis, i.e. the total flux was calculated 

via 

~N,- E ~Q (3.11) 

where Ei are the tagging efficiencies and ~Qi the tagger scaler values of the individual tagger 

channels. 
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Table 3.9: Photon fluxes t:,.N1 and statistical errors o(t:,.N1 ) per run set. 

Run numbers t:,.N1 (10 1 ~] o ( t:,.N1 ) (1012] 

303-323 3.7462 0.0012 
515-536 7.0427 0.0016 
584-604 3.1791 0.0011 
608-621 2.3442 0.0011 

3.10 Cross sections 

The differential nuclear cross sections for the 4 He( 1 ,pt) reaction in the laboratory frame of 

reference (LAB system) as a function of the proton LAB angle Bp are given by 

(3.12) 

with the symbols as explained in Table 3.10. 

Table 3.10: Explanation of the symbols in Eqn. 3.12. 

symbol value unit explanation 
A 4 none atomic mass number of target material (4He) 

mu 1.661·10-24 g atomic mass unit 
t:,.N(Bp) va'rzes none pt-yield for detector at angle ep 

(} 0.125 g/cm3 target density (liquid helium) 
d 4.62 em effective target length 

t:,.N, varzes none number of photons incident on the target 
Ept ( Bp) varzes none triton detection efficiency (angle dependent) 
t:,.n( ep) varzes srad effective solid angle for detector at angle Bp 

The yields t:,.N were determined for each telescope number and run set, see Sec. 3. 7. 

The effective target length (thickness) was determined as described in Sec. 2.4. The photon 

fluxes t:,.N1 = E1 t:,.Q are dealt with in Sec. 3.9.3, and are listed in Table 3.9. The triton 

acceptances Ept were determined in the simulation and are listed, for each telescope and run 

set, in Table 3. 7. The effective solid angles were obtained by simulation as well and are 

listed in Table 3.8. Cross sections are usually expressed in units of barn, 1 barn = 10-28 m2
. 

Since differential cross sections are usually quoted in the centre-of-mass (CM) frame-of-
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reference, the numbers obtained in Eqn. 3.12, which refer to the LAB frame-of-reference, 

have to be converted into CM-frame cross sections. The quantities that change by doing 

so are the angles under which the proton was detected, and the corresponding solid angles. 

The calculation of the centre-of-mass proton angles using relativistic kinematics is straight 

forward. The Jacobian is the factor needed for the transformation of the solid angle elements 

dO. so that 

da 

dO.* 
du 

J(B) dO. (3.13) 

where J(B) is the Jacobian, dO. the solid angle element in the LAB-frame, and dO.* in the 

CM-frame. There are different ways of deriving and writing J. In order to calculate the 

present cross sections, the equation 

J(B) (3.14) 

was used. Here e;, the proton angle in the centre-of-mass frame, can be derived from the 

LAB-frame angle and the photon energy. f3 = E1 j(E1 +m4He) is the velocity of the centre

of-mass in the LAB-frame, and {3* = Pp/ Ep the velocity of the proton with respect to the 

centre-of-mass. The Jacobians and CM-angles of the detected protons were calculated for 

the mean photon energy (weighted average of tagger energies), which was 188.1 MeV, and 

are listed in Table 3.11. 

Table 3.11: Centre-of-mass proton angles e; and corresponding Jacobians J(Bp)· 

telescope ep [0] e; [0] J(Bp) 
3 81.0 86.9 0.974 
4 98.1 104.0 1.037 
5 115.1 120.4 1.100 
6 132.2 136.6 1.158 

The differential cross sections calculated with Eq ns. 3.12 and 3 .13, as well as an estimate 

for the systematic errors, are presented in Chapter 4. 

87 



Chapter 4 

RESULTS 

In this chapter, the differential cross sections are presented and systematic errors discussed. 

The results are then compared to the existing previous measurements in the energy range 

of this experiment. 

4.1 Differential cross sections 

4.1.1 Results 

The results of the cross section calculations for all four sets of data are presented in Table 4.1, 

along with statistical errors. The averaging process weighted the individual run sets' cross 

sections according to their reciprocal statistical error figures. Fig. 4.1 shows the mean cross 

sections plotted as a function of the centre-of-mass angle. Cross section were measured for 

a mean photon energy of 188 MeV, in a range from 167 to 209 MeV. 

Table 4.1: Differential cross sections dt:"* (e;) per run set, given in the centre-of-mass frame, 
including statistical errors, in units of [nb/srad]. 

B* 'p Runs 303-323 Runs 515-536 Runs 584-604 Runs 608-621 weighted mean 
86.9° 330 ± 15 304 ± 12 325 ± 13 421 ± 17 340 ± 7 
104.0° 266 ± 12 221 ± 9 252 ± 11 247 ± 9 245 ± 5 
120.4° 157 ± 7 121 ± 5 133 ± 6 156 ± 7 140 ± 3 
136.6° 93 ± 5 73 ± 3 85 ± 3 75 ± 2 80 ± 1 

4.1.2 Systematic errors 

Many systematic errors contributed to the n1easurement, most of which were negligibly 

small, but others need to be mentioned in order to give the measured cross sections meaning. 

By far the largest source of error were the low triton detection efficiencies, which were a 

result of tritons stopping in the target or in the paddles, or their remaining energy being 
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Figure 4.1: The results of this measurement: 4He([,pt) differential cross sections in the 
CM-system as a function of the proton angle, for an incident photon energy of 188 MeV. 

so low that the energies deposited in the bar were below threshold. The target, as well 

as the detector setup, were designed to measure the 4He([,dd) reaction, not to detect low 

energy tritons. These triton losses were simulated (Sec. 3.8.1), and although the results 

could be used to correct for the lost tritons, the dependence of these correction factors on 

the detector thresholds and geometric parameters (beam spot size, beam spot offset, slight 

mismatch of materials used in simulation versus experiment) was considerable, especially 

for telescope number 3 (low detection efficiency due to tritons emitted at more backward 

angles). 

In order to get an estirnate for the uncertainties connected to the acceptance factors 

Ept, sirnulations were run with the bean1 spot centre shifted ±3rnm towards either side of 

the target centre. The corresponding results are listed in Table 4.2. Clearly the effect on 

telescope 3 acceptances ("' 15%) was quite large. Due to the large percentage, and the fact 
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that Ept is in the denominator of Eqn. 3.12, the effect of the error on the cross section was 

asymmetric ( +17 %, -14%). 

To obtain a figure for the dependence of Ept on the bar thresholds, simulations were run 

with the bar thresholds raised and lowered by 2% and 4%. An uncertainty of 2% in the 

threshold determination was likely, 4% was taken as a limit. The error in the bar thresholds 

included the uncertainty associated with the bar gain determination via punch-through 

protons (Sec. 3.3.4). For the 2% threshold change, acceptances changed by 3% to 4% for 

telescopes 3 and 4, while the other two angles were only affected to about 1%. 

Another source of error was the uncertainty in the exact thicknesses of the absorbing 

materials (PVC, aluminum foil, cardboard) which made up the wrappings of the scintilla

tors. This uncertainty is a result of the fact that some parts of the scintillator-lightguide 

elements had only one, others had two layers of aluminum foil wrapped around them (as 

a scintillator light reflector as well as screening against ambient light). Also, the exact 

· thickness of the bar wrapping was unknown. To account for this, the absorber thicknesses 

in the simulation were varied by ±25%, which resulted in an efficiency change of up to 14% 

(telescope 3), but typically around 7% (Table 4.2). 

The dependence of Ept on the location of the cuts in the proton Ldiff spectra of the 

simulation (Sec. 3.8.1) was probed by narrowing and widening the gates around the pi-peaks 

within limits that seemed reasonable in comparing with the experimental Ldiff spectra. This 

error ranged from 1.5 to 4% (see Table 4.2). The cross sections were affected by the same 

amount. 

The systematic uncertainties associated with the yields mainly originated from the par

ticle identification procedure combined with the background fits. The inclusion of deuterons 

into the triton region cut was not quantifiable, in a reliable way, by linearizing the deuteron 

and triton particle bands and fitting Gaussians to the projections of the two bands, because 

of their large overlap, and because the deuteron bands were populated with much higher 

density than the triton bands. Thus, eliminating the deuteron contributions relied on the 

background fitting procedure, whose results were affected by factors such as the fact that the 

shapes of the true pi-distributions in the proton-Ldiff spectra were not exclusively Gaus-
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sian (Sec. 3.8.1), and the presence of other backgrounds. To investigate the influence of the 

positioning of the triton PID region cuts on the final yields, the inclusive triton regions used 

in the final event selection were enlarged so that they included even more deuterons. The 

yields obtained in this way (for one set of runs) were compared to the yields utilizing the 

original regions, and the resulting errors are quoted in Table 4.2. It needs to be mentioned 

that the yields did not generally increase with the use of larger triton regions, actually 

the yields were lower for the majority of the spectra. This was taken as an indication for 

virtually no tritons being excluded by the original triton regions. However, the errors give 

an indication of the uncertainties associated with the placement of the PID region cuts. 

The widths of the yield extraction gates around the pt-peaks in the Ldiff spectra did 

not introduce a significant error. Reasonable variation of the gate widths produced slight 

differences in the extracted yields which were below the 1% mark (Table 4.2). 

Another possible source of error in the yield determination was the empty target back

ground. The low number of events in the full target runs which were used to determine 

the gains of the empty target runs (Sec. 3.6.4) caused the gain determination to be quite 

unreliable, possibly resulting in the pt-peaks being at different positions, and with different 

widths, than in the production run spectra. Also, it cannot be excluded that the target 

cell contained some liquid helium during the first empty target run, which was recorded 

just after the target was assumed to have emptied. To get an idea of the possible error 

caused by improper empty target subtractions, background fits and yield extractions were 

performed on a set of data without empty-target background subtracted, and compared to 

the empty-target corrected yields. The only significant discrepancies were found in telescope 

number 6, which was most sensitive to background subtractions since the 3 contributing 

Ldiff spectra had below average counts (Table 4.2). 

The fact that tagger rate related effects were neglected in this analysis (Sec. 3.9.2) 

introduced a systematic error of up to +2% in the yields (Sec. 3.9.2). 

From the variation of the tagging efficiencies from one tagging efficiency run to the next, 

a systernatic uncertainty of 1% in the tagging efficiencies was assumed. 

The uncertainty in the solid angles .6n was detern1ined by running a solid angle simula-
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tion which populated the target with discrete pt-vertex positions, yielding vertex location 

dependences of the solid angles in all three dimensions. From these distributions, the change 

in solid angles corresponding to a vertex movement of 3mm to each side of the target centre 

was estimated to be 1%. 

While no uncertainty in the helium density was assumed, the combined errors of target 

length measurement and thermal contraction of the mylar cell were a little more than 2% 

of the effective target length (Sec. 2.4). 

Table 4.2: Systematic errors contributing to the measured 4 He(1,pt) cross sections, in[%] 
(averaged). 

cause of error quantity affected tele 3 tele 4 tele 5 tele 6 
movement of beam spot Ept 16 8 4 2.5 
bar thresholds Ept 5 2 1 1 
absorber thicknesses Ept 14 8 7 7 
yield gates in simulation Ept 4 2 1.5 3 
PID region cuts ~N 1 1.5 2 4 
yield extraction gate widths ~N 1 1 <1 <1 
empty target subtractions ~N 2 0 1 6 
tagger rate effects ~N +2 +2 +2 +2 
tagging efficiencies ~N-y 1 1 1 1 
movement of beam spot ~n 1 1 1 1 
target density variation Q <1 <1 <1 <1 
target length d 2 2 2 2 
total Cz:i errori) !!:_a +53 +35 +25 +33 dO 

-40 -25 -19 -26 

total ( I:i errorT) da +25 +16 +11 +13 dO 
-18 -11 -7 -10 

The individual errors can be combined in two ways: by simply summing them up, or 

by adding them in quadrature (i.e. taking the square root of the sum of their squares). 

Both figures are quoted in Table 4.2. The second method is the one that is commonly 

used, for it takes into account that the individual errors usually do not contribute in the 

same direction. The simple sum, however, can serve as an estimate on the worst possible 

case. The rneasured cross sections with both statistical and systematic errors are quoted in 

Table 4.3. 
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Table 4.3: 4He(--y,pt) differential cross sections including statistical (first) and systematic 
(second) error figures. 

tele B* 'p ~~* [nb/srad] 
3 86.go 340 ±7 +~b -61 
4 104.0° 245 ±5 +39 

-27 
5 120.4° 140 ±3 + 15 

-10 

6 136.6° 80 ±1 + 10 
-8 

4.2 Comparison with previous measurements 

Figs. 4.2, 4.3 and 4.4 show the previous measurements of the 4He(--y,pt) cross section in the 

photon energy range between rv130 and rv300 MeV, at nominal photon angles of goo, 105° 

and 120°, respectively. The results of this analysis, for mean photon energies of 187 to 1go 

MeV, are indicated by a filled circle, along with error bars for the statistical errors. 

For proton angles of 105° and 120°, they were in very good agreement with the previous 

measurements. Most measurements were made at goo and 120° CM-angles, thus there is not 

much data to compare with at angles in between. This measurement helped to narrow the 

gap between the Mainz (energies up to 154 MeV) and Bonn measurements (energies above 

1g7 MeV) at proton angles around 105° (Fig. 4.3), suggesting that both are consistent. As 

the Mainz data was taken at 110° proton angle, the corresponding figures for 105° would 

be slightly higher, since the cross section drops with increasing angles. Due to the small 

difference between the two angles, a comparison with the 105° data is considered justifiable. 

At 137°, there is no data at the present time to which the obtained cross section can be 

directly compared. In the light of the observed dropoffs of the cross section with increasing 

angles observed in other experiments ([Kie73], [Sch85]), the magnitude of the measured 

value (80 nb/srad) seems reasonable when compared to the numbers measured at 105° and 

120° (Fig. 4.1). 

The result for the goo nominal centre-of-mass proton angle (Fig. 4.2) does not agree 

very well with the previous experiments, except for the Frascati data [Pic70] which deviates 

frmn the "rnainstream" of measurements. Due to the unsettled and theory-contradicting 

(see [Lagg4]) energy dependence of that rneasuren1ent, however, it is not considered reliable. 
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Figure 4.2: 4 He(,,pt) differential cross sections at e; = goo. The data point from this 
analysis is labeled SAL, and corresponds to a proton angle of e; = 87°. The other measure
ments were MIT [Sch85], Saclay [Arg75], Urbana (Kie73], Frascati [Pic70], Mainz [Schg3], 
and Bonn [Are7g]. 

The disagreement of this measurement with the Urbana [Kie73] data is 34%, while the 

values of MIT [Sch85] and Saclay [Arg75] are about 70% higher. Taking into account that 

the mean centre-of-mass angle for this experiment was actually 87°, and the fact that the 

slope of the cross section curve was observed to be quite steep around e; = goo [Kie73], the 

deduced cross section value needs to be scaled down between 5% and 10% when compared 

to rneasuren1ents at goo, increasing the discrepancy with the other rneasurements. For this 

angle, the error bars of the present measurement in Fig. 4.2 represent the added statistical 

and systen1atic uncertainties, added in quadrature. 

The reason for the disagreement were most likely the systen1atic nwasurement errors, 
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Figure 4.3: 4He(')',pt) differential cross sections ate;= 105°. SAL is this measurement, the 
others are Mainz [Sch93] and Bonn [Are79]. The nominal proton detection angle for the 
Mainz experiment was 110°. 

which were especially high for telescope 3 at e; = 87° (See Table 4.3). However, it cannot 

be excluded that it is the result of systematic errors in all experiments. The fact that there 

are three experiments ([Sch85], [Arg75] and [Are79]) for 90° that mutually agree very well 

across the entire region of measurement, seems to suggest that the observed discrepancy 

originated from systematic errors in this experiment. 

In spite of the large systematic uncertainties affecting it (at some angles more than at 

others), there are factors that speak for the validity of the present measurement. Except for 

the experiment performed at MAMI in :rviainz [Sch93], which n1easured at a lower photon 

energy range, all reference measurements were done without tagging the photon beam. 

The tagger used in this measurement allowed for proper flux normalization and minimized 
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Figure 4.4: 4 He( 1 ,pt) differential cross sections at e; = 120°. SAL is this measurement, the 
others are MIT [Sch85), Mainz [Sch93], Bonn [Are79], and Urbana [Kie73). The Urbana 
measurements were actually taken at 114° proton angle. 

the systematic error associated with it. Data obtained in untagged photon experiments 

usually have high uncertainties in the flux of the incoming photons. Also, most of the 

quoted measurements were quite old: the most recent one was carried out in 1985, and the 

others in the 1970s, which reflected in the employed instrumentation and computing power 

(low statistics). The most recent experiment in the energy region of interest, which was 

performed at MIT [Sch85], did not include a sweeping magnet to clean the photon beam 

frorn electrons, requiring a separation of photoproduced pt-events from events caused by 

electrodisintegration. According to the authors, secondary bremsstrahlung processes in the 

target were also thought to be a significant source of error. 
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4.3 Conclusion 

The analysis of the 4He({,pt) channel from data taken in SAL experiment 055 confirmed 

previous measurements at emitted proton angles of 105° and 120°. As the number of 

rneasurements undertaken in the photon energy range between 150 and 300 MeV were quite 

low, and none of them were able to use a tagged photon beam, the results obtained provide 

a valuable contribution to the world data. The cross section found at 137° fell into a phase 

space region where no previous measurements exist. By confirming previous measurements 

at 105° and 120°, this analysis also provided evidence that the normalization of B. Rice's 

4He(7,dd) measurement [Ricg8] was correct. A disagreement with older measurements at 

goo can, at least partially, be attributed to the high systematic errors present at this angle. 

Given the magnitude (70%) of the discrepancy to measurements [Sch85] and [Arg75], it 

might also be an indicator of a systematic error in the latter. 

Finally, the cross section deduced for 120° agrees well with the theoretical predictions by 

means of excitation functions including three-body contributions, as calculated and plotted 

in [Lagg4]. Surprisingly, the cross section value found for e; = goo also agrees very well 

with the mentioned calculations, while the results of the other measurements are about 60% 

to 80% too high. Detailed comparisons to the theoretical calculations - under inclusion of 

the other two angles- were not part of this thesis, and are left for the future. More, newer, 

measurements would certainly help to overcome the present shortage of reliable data. 
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