
 

vi 
 

3.1 Cherenkov radiation principles ................................................................................ 106 
3.2 Experimental requirements and expectations ........................................................ 109 
3.3 Original design and detector characteristics .......................................................... 112 
3.4 Performance ............................................................................................................... 118 

3.4.1 KEK and JLab test results ..........................................................................118 
3.4.2 Gain matching ............................................................................................121 
3.4.3 Bucking coils .............................................................................................124 
3.4.4 Performance during the experiment ...........................................................132 

CHAPTER 4     DATA ANALYSIS ...............................................................................134 

4.1 Analysis overview ..................................................................................................... 134 
4.2 HKS data analysis ..................................................................................................... 138 

4.2.1 Tracking .....................................................................................................138 
4.2.2 Event reconstruction ..................................................................................140 
4.2.3 Time of flight measurements .....................................................................143 
4.2.4 Particle Identification .................................................................................145 

4.3 ENGE data analysis .................................................................................................. 173 
4.4 Coincidence events.................................................................................................... 174 
4.5 Missing mass spectrum ............................................................................................. 178 
4.6 Momentum calibration ............................................................................................. 179 

4.6.1 Kinematics calibration ...............................................................................180 
4.6.2 Momentum calibration ...............................................................................181 
4.6.3 Raster corrections.......................................................................................184 

4.7 Calibration spectra .................................................................................................... 184 

CHAPTER 5     RESULTS AND DISCUSSIONS..........................................................188 

5.1 Hypernuclear mass spectrum of 12
Λ B  ....................................................................... 188 

5.2 Spectroscopy of 12
Λ B hypernuclei ............................................................................ 200 

5.3 Spectroscopy of 7
Λ He hypernuclei ........................................................................... 215 

5.4 Spectroscopy of 28
Λ Al  hypernuclei ........................................................................... 228 

5.5 Discussion .................................................................................................................. 241 

CONCLUSIONS..............................................................................................................246 

REFERENCES ................................................................................................................248 

APPENDICES .................................................................................................................254 

VITA ................................................................................................................................260 



 

117 
 

photons to the tube. That is achieved with white Millipore paper GSWP00010 used as a 

diffuse reflector. Made of pure cellulose fibers, Millipore has 95% reflectivity in the 350 

- 450 nm region and it is commonly used in industry as a filter membrane [71]. The 

Millipore paper was attached with double-sided tape to all internal walls in each segment, 

except the aerogel surface and the round holes for the PMTs (Fig. 3.3.3). One concern 

was to keep the Millipore reflectivity as close to its manufactured value as possible. Thus, 

assembly of the detector took place in a clean room, with personnel wearing vinyl gloves. 
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Figure 3.3.3  Interior of the diffusion box (view from the PMT hole) [56]. 
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3.4 Performance 

3.4.1 KEK and JLab test results 

Within the E01-011 (HKS) collaboration, Florida International University was 

responsible for the development and construction of the aerogel Cherenkov detectors. 

The author, under supervision of his advisor and a great deal of help from his colleagues, 

was directly involved in the on-site detector fabrication and testing. Prior to the final 

detector assembly in Jefferson Lab's clean room (EEL building), a one-segment counter 

prototype was built by a graduate student at FIU and tested in the particle beam at KEK 

(Japan). A Monte-Carlo simulation of the prototype counter predicted 19.76 

photoelectrons for particles at 1.2 GeV/c. A cosmic ray test with high energy, ~ 4 GeV, 

muons averaged 25 photoelectrons [68]. The particle beam test was conducted at the 12 

GeV proton synchrotron facility at KEK. 1.2 GeV/c pions resulted in a measured number 

of 15.4 photoelectrons, which showed that the real detector efficiency is less than 

estimated by Monte-Carlo [72]. 

After we fabricated all three aerogel Cherenkov counters in the Jefferson Lab 

clean room (EEL building), quality tests were initiated. A locally arranged data 

acquisition system was triggered on one of the PMTs in order to measure the single 

photoelectron peak on the other tube. The cosmic rays were triggered by two scintillator 

bars positioned in the form of a cross and placed on top of the AC box (Fig. 3.4.1). On 

average 20 photoelectrons in AC1 and AC3, and 23 in AC2 were observed, Table 3.4.1. 
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In the following we define a gain as ADC channels per photoelectron: 

1 . .Gain p e Pedestal= − .                                          (3.4.1) 

Note, that this is related to the PMT gain, gPMT, amplifier gain, gAMP, and ADC sensitivity 

of 50 fC/channel by PMT AMP / 50fCGain g g e= ⋅ ⋅ . The 1p.e. in Equation 3.4.1 means the 

single photoelectron peak. The total number of photoelectrons, n.p.e. is therefore 

estimated as 

. . . ADCsignal Pedestaln p e
Gain

−
= .                                   (3.4.2) 

 

Figure 3.4.1  AC counter under test in EEL (JLab). 

Aluminum honeycomb container 

Foam board paper PMTs 
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Table 3.4.1  Results of AC counters performance tested in EEL clean room at JLab. 

 Segment PMT Label PMT Model PMT HV  (V) PMT Gain n.p.e. Summed n.p.e. 

A
C

  l
ay

er
 1

 
1 1T RAXX09 H. R1250 1890 139.7 8.5 19.4 1B RAXX08 H. R1250 1890 130.6 6.7 

2 2T RAXX07 H. R1250 1910 146.8 11.1 20.1 2B RA2122 H. R1250 1710 135.3 7.1 

3 3T RA2209 H. R1250 2100 146.8 7.4 18.7 3B RA2123 H. R1250 1950 150.7 7.2 

4 4T RA2140 H. R1250 1830 135.8 8.4 20.5 4B RAXX04 H. R1250 1950 139.1 8.0 

5 5T RAXX03 H. R1250 1710 158.9 7.9 18.5 5B RA2126 H. R1250 1850 169.5 7.7 

6 6T RA2202 H. R1250 2000 160.7 11.1 22.7 6B RA2143 H. R1250 1800 162.1 9.7 

7 7T RAXX02 H. R1250 1800 191.6 10.0 20.4 7B RAXX01 H. R1250 1950 134.9 8.2 

A
C

 la
ye

r 
2 

1 1T A12 Ph. XP4572B/D1 1600-1700 24.5 10-15 26.6 1B A11 Ph. XP4572B/D1 1600-1700 30.6 10-15 

2 2T B12 Ph. XP4572B/D1 1600-1700 35.3 10-15 23.4 2B B11 Ph. XP4572B/D1 1600-1700 23.9 10-15 

3 3T C12 Ph. XP4572B/D1 1600-1700 26.3 10-15 25.7 3B C11 Ph. XP4572B/D1 1600-1700 28.0 10-15 

4 4T D12 Ph. XP4572B/D1 1600-1700 21.1 10-15 23.0 4B D11 Ph. XP4572B/D1 1600-1700 22.8 10-15 

5 5T E12 Ph. XP4572B/D1 1600-1700 30.4 10-15 23.5 5B E11 Ph. XP4572B/D1 1600-1700 31.0 10-15 

6 6T F12 Ph. XP4572B/D1 1600-1700 24.1 10-15 23.7 6B F11 Ph. XP4572B/D1 1600-1700 27.4 10-15 

7 7T G12 Ph. XP4572B/D1 NA NA NA NA 7B G11 Ph. XP4572B/D1 NA NA NA 

A
C

 la
ye

r 
3 

1 1T 60326 Ph. XP4572B/D1 2000 139.7 8.5 19.4 1B 60340 Ph. XP4572B/D1 1950 130.6 6.7 

2 2T 60323 Ph. XP4572B/D1 1750 146.8 11.1 20.1 2B 60192 Ph. XP4572B/D1 2000 135.3 7.1 

3 3T 60178 Ph. XP4572B/D1 2250 146.8 7.4 18.7 3B 60322 Ph. XP4572B/D1 1800 150.7 7.2 

4 4T 60327 Ph. XP4572B/D1 1800 135.8 8.4 20.5 4B 60328 Ph. XP4572B/D1 1750 139.1 8.0 

5 5T 60324 Ph. XP4572B/D1 1950 158.9 7.9 18.5 5B 60325 Ph. XP4572B/D1 1750 169.5 7.7 

6 6T 60341 Ph. XP4572B/D1 2250 160.7 11.1 22.7 6B 60332 Ph. XP4572B/D1 1900 162.1 9.7 

7 7T 60339 Ph. XP4572B/D1 2180 191.6 10.0 20.4 7B 60331 Ph. XP4572B/D1 1950 134.9 8.2 
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An example of the single-photoelectron peak and the ADC signal distribution during the 

test is shown in Fig. 3.4.2. 

The self trigger on the PMT allows the single photoelectron peak to be visible 

with high statistics and resolution (left plot). The right plot corresponds to a cosmic test 

on high energy muons with the trigger set on the coincidences between the two 

scintillator bars. 

 

 

 

3.4.2 Gain matching 

To equalize the response of the photomultiplier tubes, the applied High Voltage (HV) had 

to be adjusted individually for each tube to provide an equal gain. The gain match 

procedure consisted of performing self trigger runs for each PMT at several HV values. 

Figure 3.4.2  Example of the single photoelectron (p.e.) peak and cosmic ADC peak during 
testing at JLab clean room. 
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An example of the gain match for two PMTs in the first segment of the AC1 layer is 

shown in the Table 3.4.2.  

The data points were fitted with exponential, exp( )Gain A B HV= ⋅ ⋅  (Fig. 3.4.3). 

Parameters A and B were extracted for all 7 2 3 42× × = PMTs and recorded in the gain 

tables that were used during the run period. During experiment commissioning, each 

PMT was adjusted to Gain = 90. If necessary, this value could be easily varied with the 

help of the CAEN HV crates installed in the CEBAF counting house. 

Table 3.4.2  Gain matching for AC1 segment 1 (1T and 1B tubes). 

PMT 1T (AC1) PMT 1B (AC1) 
Self Trigger: On 1B PMT Self Trigger: On 1T PMT 
HV (V) Pedestal 1 p.e. Gain HV (V) Pedestal 1 p.e. Gain 

1800 450.8 525.6 74.8 1800 432.3 500.3 68.0 
1850 450.7 551.6 100.9 1850 432.7 528.8 96.1 
1900 453.4 591.2 137.8 1900 434.2 563.9 129.7 
1910 456.3 609.6 153.3 1920 437.9 585.3 147.4 
1950 454.7 644.6 189.9 1950 435.4 612.6 177.2 

 

 

 

Since the AC counters are participating in the hadron trigger, the appropriate 

threshold had to be applied to the counters’ anode signals. A scan was done for all AC 

segments in each detector layer. Because the threshold had to be set only for a whole 

Figure 3.4.3  Gain dependence on applied HV for AC1 segment 1. 
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layer, the values were averaged. Figure 3.4.4 shows the threshold scan for each AC layer. 

With the knowledge of the gain values the ADC channel cutoff values were converted 

into a n.p.e. cutoff. The thresholds were set just above the single photoelectron peak, 

which allowed an effective pion selection for further veto in the hadron trigger. A linear 

fit was applied to the test data in order to provide an analytical equation for further 

adjustment of the threshold values. 
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Figure 3.4.4  AC threshold scan. (Cut is shown in Channels and mV). 
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3.4.3 Bucking coils 

As we mentioned earlier, the photons created in Cherenkov radiation were detected with 

the help of photomultiplier tubes. A primitive schematic of a PMT is shown in Fig. 3.4.5. 

The photons liberate the electrons from the photocathode by the photoelectric effect. 

These few electrons are not of sufficient number to be reliably detected by electronics. 

Thus, inside of the PMT they are attracted to positively charged electrodes, called 

dynodes. Each electron upon interaction with a dynode knocks out several more electrons 

creating an electron avalanche that moves along the dynodes in the tube. Each dynode is 

set at a more positive electrical potential than the previous. Such an arrangement allows 

amplification of the tiny current of electrons - typically by a factor of 1–10 million. 

 

 

 

 

 

 

 

Since the PMTs deal with a free electron current inside the tube, they are sensitive 

to magnetic fields. To protect the PMT, the manufacturers enclose the tube in a shield 

made of high permeability soft Nickel-Iron material (µ-metal). All of the detectors in our 

experiment used a protective shielding mounted on PMTs. 

Electrons 

Dynode 
Focusing 
electrode Anode Electrical 

connectors 

Photocathode 

Figure 3.4.5  Photomultiplier tube schematic diagram. 

Photon 
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During the experiment run period there was a significant magnetic field present in 

the ENGE and HKS huts. The powerful magnetic spectrometers served as an origin of a 

fringe magnetic field that extended beyond the confines of the magnets’ yokes. In the 

HKS bunker, a survey showed the presence of fringe fields up to 10 Gauss. At the 

position of the HKS detector platform the magnetic field was non-uniformly distributed 

ranging in strength from 3 to 6 Gauss. Out of all detectors, the aerogel Cherenkov with 

the 5'' PMTs suffered the largest impact from this fringe magnetic field. The direction of 

the magnetic field is shown schematically in Fig. 3.4.6. The shape of the fringe field 

surrounding the magnet was not a perfect circle. It rather reproduced the shape of the 

magnet with some possible anomalies on the surface. However, in the vicinity of the 

HKS detector rack the lines were directed vertically which aligns them with the central 

axis of the PMT tubes in the detectors. That allows the field lines to directly access the 

focusing area of the PMT, i.e. the space between photocathode and first dynode (Fig. 

3.4.7).  

 

 

 

 

 

 

Under the influence of the magnetic field, photoelectrons that follow electric field 

lines at an angle with respect to the magnetic field will move in spiral trajectories because 

HKS dipole 
Particles Detector 

platform 

Fringe field 

Figure 3.4.6  Schematics of the HKS setup and relative direction of fringe field lines.  
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of the magnetic Lorentz force. Such parameters as the strength of magnetic field and the 

geometry of the first PMT section (from photocathode to first dynode) are crucial for 

optimizing collection efficiency. 

 

 

 

 

 

 

 

 

There was no significant reduction in collection efficiency observed for PMTs 

with a relatively small effective photocathode area. However, the aerogel Cherenkov 

PMTs, with a 127-mm-diameter photocathode suffered serious consequences from the 

fringe field. Figure 3.4.8 shows this effect on the ADC distribution for one of the AC 

detector PMTs. The test was performed during the experiment commissioning period 

without beam. These data were obtained by pulsing an LED inside of the segment. With 

the HKS magnet powered to its operational current the ADC signal dropped by more than 

a factor of two when compared to the magnet OFF state. 

Under this condition, it is almost impossible to conduct proper particle 

identification. To minimize the field’s effect, an iron bunker was built around the detector 

Figure 3.4.7  Electron trajectories within PMT under influence of fringe field. 
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stack. The magnetic field lines were expected to be trapped in the roof and the walls of 

this bunker and to be shortened by the iron flooring installed in the HKS hut. Figure 3.4.9 

shows the metallic strips installed behind detectors. Identical strips were installed from 

top, left and right sides, resting on the iron framework constructed around the detector 

rack. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.8  Effect of the fringe magnetic field on aerogel Cherenkov ADC signal. 
 

Figure 3.4.9  View of the HKS hut interior [56]. The iron bunker is constructed around 
the detector crate to minimize the fringe field in the vicinity of the detectors.  

 



 

128 
 

This shield bunker led to a partial reduction of the magnetic field. Measurements 

with a hall probe showed a more uniform distribution of the field around the detectors 

with a strength of ≈ 2.5 Gauss. This reduction, however, unfortunately did not result in a 

complete recovery of the PMTs’ ADC signal. 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

500 600 700 800 900

N
or

m
al

iz
ed

 n
.p

.e
.

HKS dipole current (A)

AC1-7T
AC1-7B
AC2-7T
AC2-7B

0

0.2

0.4

0.6

0.8

1

1.2

500 600 700 800 900

N
or

m
al

iz
ed

 n
.p

.e
.

HKS dipole current (A)

AC1-SEG7

AC2-SEG7

AC1-SEG7 shielded

AC2-SEG7 shielded

Figure 3.4.10  Reduction of the n.p.e. with increase of the current in the HKS dipole. 

Figure 3.4.11  Improvement of n.p.e. in the presence of the iron bunker. 



 

129 
 

Figures 3.4.10 and 3.4.11 show the change of the normalized number of 

photoelectrons in selected PMTs (AC1-7 T&B and AC2-7 T&B) as a function of the 

current in the HKS dipole. As the Fig. 3.4.11 shows, there is only partial recovery of the 

signal. It is worth mentioning that these measurements were performed at currents well 

below the magnet’s nominal current of 1060 A. 

Therefore, another approach to restore the signal in the PMTs was incorporated. 

The fringe field that penetrated inside of the tube was compensated by an opposite 

magnetic field locally created by a current carrying coil. This was established by 12 

AWG wires coiled around the widest part of the PMT (Fig. 3.4.12). A photograph of the 

PMTs with these bucking coils is shown in Fig. 3.4.13. 

 

 

 

 

 

 

 

As this bucking coil system was a last minute response to a larger than anticipated fringe 

field, only three segments, one in each layer, were tested with an LED. In total three 

segments were tested: AC1-7, AC2-7 and AC3-7. 

 

 

Figure 3.4.12  Bucking coils with compensating local magnetic field. 
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Figure 3.4.14 presents the result of the change of normalized n.p.e. with increase 

of the current in the bucking coils. The first three plots show the performance of the 

“Top” (T) and “Bottom” (B) PMTs for segments AC1-7, AC2-7, and AC3-7 with the 

HKS dipole magnet powered at the operational current of 1060 A. The normalization was 

done with respect to the run with zero currents in the bucking coils and dipole magnet. 

The last plot shows the summed T and B signals. During the test runs the AC1-7B PMT 

had no protective shield installed. Therefore its recovery curve looks different from the 

rest of the tested PMTs. Based on these plots, it was decided to set the following currents 

for powering the bucking coils: 1 3.2AACI = ; 2 2.2AACI = ; 3 2.2AACI = . There were three 

power supplies installed in the HKS hut that provided the current to each layer. Each 

layer used one piece of wire which ran along the PMTs sequentially coiling around each 

tube. 

 

Figure 3.4.13  Photo of AC PMTs with bucking coils installed [56]. 
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Figure 3.4.14  Bucking coils LED test for segment 7 of AC1, AC2, and AC3. 
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3.4.4 Performance during the experiment 

After the gain match procedure, described in section 3.4.2, the photomultiplier tubes had 

roughly equal responses. Self-trigger runs were done during commissioning time with 

beam and the Gain values were recorded in the parameter files for further use in the 

analyzer routine. During the experiment production period the performance of AC 

counters was satisfactory, although the n.p.e. yield was lower than was expected. 

On average the number of photoelectrons ranged from 6 to 10 in one AC layer. 

This yield varied over time (shown in Fig. 3.4.15) as a function of run number. Such 

knowledge is important for the particle identification analysis, which we will describe in 

the next chapter. The n.p.e. signal in AC1 decreases with time, while the signals in AC2 

and AC3 show an increase. 
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CHAPTER 4 

DATA ANALYSIS 

4.1 Analysis overview 

The analysis of the E01-011 data follows the flow chart shown in Fig. 4.1.1. The front-

end electronics signals stored by the CODA DAQ system, together with scalers and 

control events are marked on the diagram as “RAW DATA”. The analysis software, 

denoted in the chart as “ANALYZER”, represents the Hall C analysis code that was 

substantially modified to include the hardware changes and the introduction of new 

experimental techniques. The routines, previously used in HNSS, had to be altered to 

account for a swap of the SOS by a new HKS spectrometer and to accommodate new 

detectors.  

 

 

 

 

 

 

 

 

 
Figure 4.1.1  E01-011 (HKS) data analysis flow chart. 
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The raw data inside of the analyzer are fed into the engine. The engine software, 

Fig. 4.1.2, decodes the electronics signals into variables, reconstructs tracks, identifies 

particles, and performs physics calculations on an event-by-event basis. The engine starts 

by reading the configuration file that specifies names of the parameter files to be used in 

the analysis process. Parameter files contain the flags and a set of variables necessary for 

calibration procedures, tracking, and PID codes and routines responsible for calculation 

of the physics quantities. 

 

 

 

 

 

 

 

 

 

 

 

 

The engine core is written in FORTRAN. There was also a C-based CEBAF Test 

Package (CTP) added to the analysis program [73]. It includes parameters required for 

Initialization routines (flags, kinematics and calibration parameters) 

Scaler events analysis 

EPICS events analysis 

o Data decoding 
o Tracking 
o Physics calculation 

o Data decoding 
o Tracking 
o Particle Identification 
o Physics calculation 

Reconstruction 
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Figure 4.1.2  ENGINE flow diagram. 
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cuts, calibrations and calculations, definitions for histograms and output files. The CTP 

defines parameters via external ASCII files and does not require any recompilation. That 

allows the CTP to be a dynamical type of software, and gives a flexibility and an 

advantage in comparison with the FORTRAN hard-coded engine. The calculation 

process of physics variables goes through several stages, pointed out in the flow diagram 

(Fig. 4.1.2). After scaler, EPICS and pedestal analysis, the event reconstruction is 

performed for both ENGE and HKS spectrometers. Both sides include data decoding, 

particle tracking, and physics calculations. In addition, the program for the HKS 

spectrometer includes a PID routine, since there is more than one type of particle in the 

hadron arm. The engine flow chart finishes by coincidence (coin) reconstruction and end-

of-run routines. The coin reconstruction calculates coincident quantities using tracking 

and PID information from ENGE and HKS reconstructions. The end-of-run routines 

consist of detector efficiency analysis, output histograms, tests, scaler reports, closing 

routines, etc. 

After the analysis procedures, the results were stored in three types of output files: 

1) Histograms; 2) Ntuples; 3) ASCII files. The histogram files, written in CERN’s 

HBook format, contain the histograms for detector performance and data integrity check. 

The Ntuple files consist of many physics and detector variables stored in event-by-event 

order. The event based representation of the data in Ntuple files makes it easy to perform 

a sophisticated analysis by introducing limiting cuts on the variables of interest. Such 

offline analysis is commonly done with the help of programming frameworks PAW and 

ROOT. The output ASCII-formatted files include the information about hardware and 

software scalers, integrated beam charge, detector efficiencies, and EPICS signals. The 


