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 תקציר

עבודת דוקטורט זו הוקדשה למחקר ופיתוח של קונספט גלאי חדשני להדמיה  

מערכת  מטרתנו הייתה פיתוח; גמאית של ניטרונים מהירים וקרינת זמנ-וספקטרוסקופיה בו

לסריקת מטענים ומכולות בחיפוש אחר חומרי נפץ וחומרים , יעילה ובעלת תווך גילוי יחיד, דימות

ומצומד ( Tefzel)מוכל בצינוריות טפזל , הגלאי החדש כולל נצנץ קסנון נוזלי. חבויים בקיעים

-אולטראבעל יכולת דימות ורגישות לנצנוץ ( Gaseous Photomultiplier -GPM)אור גזי -למכפל

ייחודיותו וחדשנותו של גלאי הקסנון הנוזלי שפיתחנו, לעומת טכניקות גילוי אחרות, הינם  .סגול

יכולת דימות באותו תווך עם יעילות גילוי טובה הן עבור קרינת ניטרונים מהירים והן עבור קרינת 

 המאפשרת בניית גלאי בעל שטח פנים גדול למדידת מכולות. גמה וכן יכולת הגימלון

 

המחקר התמקד בתיקוף רעיון הגלאי החדשני לגילוי בו זמנית של חומרי נפץ מוסתרים, 

מהירים  ניטרוניםתוך שימוש ב –גבוה  Zנמוך, וחומרים בקיעים בעלי  Zבעיקר חומרים בעלי 

, מסתמך על MeV 0-14, בתחום אנרגטי של , בהתאמה. הדמיה של שני סוגי הקרינהגמאוקרינת 

הקסנון ממיר סגול, הנפלט כתוצאה מאינטראקציה של הקרינה עם -האולטראאיכון אור הנצנוץ 

 cascaded) שלבי-רב מכפל אלקטרונים גזי עבה – זהאור גזי  הרגיש לאור -הנוזלי, על ידי מכפל

Thick-Gas Electron Multiplier - THGEMמצופה בפוטוקט )( ודה של צזיום יודידCsI). 

, שעברו האור נמדד באמצעות קריאת ענני אלקטרוניםפליטת  םמיקוהפוטואלקטרונים מוכפלים ו

 אלקטרודה המחולקת לפדים.המשרים אותות חשמליים על  את תהליך ההכפלה בגז,

 

ממיר ( מקיף בוצע לצורך אופטימיזציה של תצורת GEANT4ית מחשב )ימחקר סימולצ

. סימולציות בוצעו גם על מנת להעריך את הביצועים הצפויים והגאומטריה בה נמצא הנוזליהקסנון 

עם קסנון נוזלי המוכל בצינוריות טפזל לעומת נפח קסנון נוזלי  מהירים ניטרוניםושיקוף גמא עבור 

 .בגלאי הקסנון הנוזליממיר . תוצאות הסימולציה שימשו לקביעה בפועל של תצורת מלא

 

 בעל שלושה GPM, של גלאי ובטמפרטורות קריוגניותבטמפרטורת החדר מקיף  ןאפיובוצע 

הראשון. המכפל על שנודפה  CsIפוטוקטודת בעל , מ"מ 100פעיל של בקוטר  THGEM מכפלי

( בגזי מניה Weizmann Institute Liquid Xenon cryostat) WILiXבוצע בקריוסטט  האפיון

ת, נעשה וקריוגניובטמפרטורות הדימות, בטמפרטורת החדר שונים ובלחצים שונים. מחקר יכולת 

אלקטרוניקה פדים, על ידי  61 -המחולקת לועבוד אותות מאלקטרודת הגלאי  הבאמצעות קריא

הסבה לפעולה בטמפרטורה ועברה  CERN-RD51 -שפותחה ב  APV25-SRSערוצים-רבת

 קריוגנית.

 

 צעות גאומטריית גלאי לא אופטימלית,באמ נעשווגמא  ניטרוניםת וניסויי דימות עם קרינ

)שילוב  AmBe -( וMeV 1.33 -ו MeV 1.17באנרגיות של גמא )קרינת  Co60תוך שימוש במקורות 

 12±2mmת של ומרחבירזולוציות (. (MeV 4.4)גמא וקרינת ( MeV 0-11)מהירים  ניטרוניםשל 

(FWHM) 10±2 -וmm (FWHM) העשוי פת עצם מניסויי הקרנה של ש , בהתאמה,התקבלו
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לב. תוצאות הניסויים ומשהקרינה השדה  זו של ועם  גמא באנרגיות הנמוכותעם קרינת  ,עופרת

 רזולוציההודגמה  .עבור גיאומטריית גלאי זו סימולציותהמתאימות יפה לתוצאות 

 לא בוצעה במסגרת עבודה זו. ניטרוניםספקטרוסקופית לגמא אך זו ל

 

בו  עבור גלאי בגיאומטריה משופרת , על פי סימולציה, הרזולוציות המרחביות הצפויות

 2-4במדידת קרן בעלת רוחב אינפטיסימאלי, הינן קצר המרחק בין הפוטוקטודה וממיר הקרינה, 

וניטרונים  MeV 15.1 -ו 4.4לקרינת גמא באנרגיה רלוונטית של  (FWHM)מ"מ  2~ -מ"מ ו

הינה   mm 50יעילות הגילוי הצפויה עבור ממיר קרינה בעובי , בהתאמה.MeV 1-15באנרגיה של 

 , בהתאמה. 20% -ו 35%~

 

-חדשני זה, להדמיה וספקטרוסקופיה בותוצאות המחקר מצביעו על כך שקונספט גלאי 

, הינו בעל פוטנציאל לשימוש במדידות טרנסמיסיית גמאמהירים וקרינת  ניטרוניםזמנית של 

אנרגטי  -דוושיקוף גמא ( Fast-Neutron Resonant Transmission - FNRTרזוננטית ) ניטרונים

(Dual Discrete Gamma-ray Radiography - DDGR.) שר ההפרדה של גמא בשתי ובעוד שכ

של  בזמן הרזולוציהשיפור תדרוש  ניטרוניםמדידת זמן המעוף של ההאנרגיות הצפויות  הנו סביר, 

 אלקטרונים.המכפל 
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Abstract 

This Ph.D. thesis is dedicated to the design and development of a new detector 

concept for simultaneous imaging and spectroscopy of fast-neutrons and gamma 

radiation. The work was motivated by the aim of developing a single efficient 

radiographic imager for scanning cargo and containers, in the search of small, 

operationally-relevant quantities of concealed special nuclear materials (SNM), such as 

highly enriched uranium (HEU) and 239Pu and explosives. The reason to search for 

rather small quantities (500 g) of SNM is to interdict the scenario of terrorists 

smuggling small pieces of weapon grade uranium into targeted area, in order to 

assemble and deploy a crude improvised nuclear device. These requirements influence 

the design of detector parameters, such as position resolution and detection efficiency. 

 

The new detector combines a liquid-xenon (LXe) scintillator contained in 

“fiber-like” Tefzel capillaries, coupled to a UV-sensitive Gaseous Imaging 

Photomultiplier (GPM). The research focused on validating this new idea for 

simultaneously detecting hidden explosives, predominantly of low-Z materials, and 

high-Z fissile materials - utilizing fast neutrons and gamma radiation, respectively. 

Imaging of both radiations, in the energy range of 0-14MeV, relies on their induced UV 

scintillation-light localization from in a LXe converter with a UV-sensitive GPM - a 

cascaded Thick-Gas Electron Multiplier (THGEM) coated with a cesium iodide (CsI) 

photocathode and equipped with a patterned readout anode electrode. 

 

A comprehensive computer-simulation (GEANT4) study was performed 

aiming at the optimization of the LXe converter configuration and geometry. 

Simulations were also carried out in order to evaluate the expected performance for 

gamma-ray and fast-neutron radiography of the LXe in Tefzel capillaries versus a plain-

volume LXe scintillator. The simulation results were used to determine the capillary 

LXe convertor configuration. 

 

Characterization of a 100 mm in diameter triple-THGEM GPM detector, with 

CsI photocathode deposited on its first element, has been performed at room 

temperature (RT) and at LXe cryogenic conditions - in the Weizmann Institute Liquid 

Xenon cryostat (WILiX); the detector was investigated thoroughly in different counting 

gases and operation pressures. The imaging performances, at RT and at cryogenic 
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temperature, were studied with a segmented, 61-pads readout electrode and APV25-

SRS CERN-RD51 readout electronics designed to operate at cryogenic temperature, 

using a dedicated software. 

 

Gamma and neutrons imaging experiments were performed at the laboratory,  

using a 60Co gamma source (1.17 and 1.33 MeV) and a AmBe neutrons source yielding 

a mixed field of 4.4 MeV gamma and 0-11 MeV fast neutrons. 

 

The localization properties of low-energy gamma-rays (60Co) and mixed fast-

neutrons/gamma (AmBe) in the present, not optimal detector geometry, derived from 

irradiation of a Pb edge object, yielded spatial resolutions of 12±2mm (FWHM) for 

gamma and 10±2mm (FWHM) for the mixed gamma/neutron field. The experimental 

results are in good agreement with GEANT4 simulations. 

 

For preferable detector geometry, in which the photocathode is closer to the 

LXe converter, the expected ultimate pencil-beam resolutions, for the energy ranges 

foreseen for the gamma/neutron radiography, e.g. 4.43 and 15.1 MeV gamma-rays and 

1-15 MeV neutrons, are 2-4 mm and ~2 mm (FWHM), respectively. The expected 

detection efficiencies for a 50 mm thick converter would be ~35% and 20%, 

respectively. 

 

The results indicate that the novel mixed radiation-field detection concept has 

the potential of use in fast-neutron resonant transmission (FNRT) radiography and in 

dual discrete gamma-ray radiography (DDGR). While the energy resolution of the 

detector would be sufficient for gamma spectroscopy, that of neutrons, by time-of-

flight, would require further improvement of the GPM’s time resolution.  
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1 Introduction and motivation 

The general objective of this research is to develop improved screening tools in 

aviation and border crossing security for an efficient and more specific detection of 

contraband - mainly explosives and special nuclear materials (SNM) [1,2]. The 

quantities of interest of nuclear materials (e.g. Pu, or highly enriched U - HEU) are 

~500 g, in air/marine/truck cargo; that of explosives are of ~200 g in air cargo/luggage. 

The requirement to detect sub-critical quantities of SNM stems from the possibility of 

terrorists smuggling small pieces of weapon grade uranium, or plutonium, into targeted 

area, in order to assemble and deploy a crude improvised nuclear device. Regarding 

explosives, it has been unfortunately shown, that such small quantities of plastic 

explosives can down an airplane. 

 

Presently, commercial systems based on high energy X-ray or gamma-ray 

radiographic inspection methods are being applied for investigating the content of 

aviation- and marine-cargo containers, trucks and nuclear waste containers (see for 

example Ref [3]). These inspection methods provide high-resolution images of shape 

and density, but they lack the capability to distinguish between organic materials of 

similar density but of different chemical composition. Selectivity of high-Z elements 

can be achieved by Dual Energy Bremsstrahlung Gamma Radiography (DEBG), 

analyzing spectra generated by accelerated electrons at two different bombarding 

energies [4, 5, 6]. These techniques provide rather crude information on effective 

atomic composition of a material; however, discrimination between hidden fissile 

substances (like HEU or Pu) and “benign” high-Z materials (like Pb or W) are not 

possible because of the small differences in density and atomic numbers. This can be 

improved by using well defined dual-energy gamma radiation fields, like those 

originating from nuclear transitions yielding discrete gamma-emission lines. In 

particular the 11B(d,nγ)12C reaction provides well separated 4.43 and 15.1 MeV gamma 

lines. This technique is called Dual-Discrete-Energy Gamma Radiography (DDEGR) 

[7]. 

 

Fast-neutron imaging methods were extensively investigated in the US in the 90’s 

and early 2000’s [8]. These provide a sensitive probe for low-Z elements like H, C, N 

and O, which are the main constituents of explosives and narcotics. In fast-neutron 
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resonance radiography (FNRR) [9] two-dimensional (2-D) elementally-resolved 

images are obtained from fast-neutron radiographic images, taken at different neutron 

energies (1-10 MeV) chosen to cover the resonance cross-section features of those low-

Z elements. In baggage and container screening FNRR holds promise for detecting a 

broad range of explosives, determining simultaneously the identity and density 

distribution of their principal constituent elements [7]. 

 

An inspection system featuring both fast-neutron resonance- and dual-energy 

gamma radiography techniques will combine the capability of low-Z objects detection 

and substance-identification of FNRR with the high-Z selectivity of DDEG. This 

requires suitable radiation sources, emitting intense fast-neutrons and gamma-rays as 

well as an efficient imaging detector of fast-neutrons and gamma radiation. As 

mentioned above, a suitable source for both is one based on the 11B(d,nγ)12C reaction, 

with 3 to 7 MeV deuterons interacting with a thick 11B target [7, 10]. In addition to the 

two discrete gamma rays (see above), the reaction yields a broad spectrum of fast 

neutrons; e.g., a 6 MeV deuteron beam yields an almost continuous neutron spectrum, 

with energies of up to ~18 MeV [7, 10]. Narrow (ns) pulsed deuteron beam would 

permit neutron-energy selection by Time-Of-Flight (TOF) [9]. 

 

In parallel to the ongoing R&D of a fast neutron and gamma-ray radiation source, 

there have been intense ongoing developments of fast-neutron and gamma imaging 

detectors. The demands from fast-neutron and gamma detectors used for these purposes 

can be defined as follows: (a) large area (>20x160 cm2), (b) high detection efficiency 

(>10%) for both, fast-neutrons and gammas, (c) spatial resolutions of 5-10 mm, (d) 

good discrimination between gamma-rays and neutrons, (e) high counting rate 

capability (>105 counts/(sec·cm2)) and (f) neutron spectroscopy in the range of 2-

10MeV (with energy resolution of ~500 keV at 8MeV) and ability to discriminate 

between two discrete gamma-ray energies (4.43 MeV and 15.1 MeV) used in this 

application. 

 

The detectors developed to date encompass scintillation-screens viewed by fast 

gated intensified cameras; e.g. the TRION and TRECOR systems combining solid-

scintillator screens and intensified CCD cameras (developed by Soreq NRC and PTB-

Braunschweig colleagues) [11, 12] yielded promising results [13]. Such systems are 
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capable of simultaneously capturing several images, each at different neutron energy 

and in principle, by adding another high Z scintillator [14], also gamma-ray images - 

allowing for combined neutron/gamma inspection of objects with mm-size spatial 

resolution. The fast- neutron detection efficiency varies between 30%, for 2MeV 

neutrons, and 8% for 14MeV neutrons [11]. Another group uses Cherenkov detectors 

for the gamma-ray detection [15]. In the above approaches the neutron and gamma-ray 

images are taken separately, either by sequential scanning or by positioning the 

different detectors one behind the other. This approach necessitates precise positioning 

and alignment of the neutron and gamma-ray data for reconstruction. In addition, the 

high cost of large-area imagers of this type, required for an operational container 

screening system, would add significantly to the price of the system. 

 

In our research we focus on the development of a novel detector concept for 

combined imaging and spectroscopy of fast-neutrons and gamma rays, efficiently and 

simultaneously in the same detection medium. It encompasses a LXe scintillator, 

contained within “fiber-like” capillaries of a suitable bulk material (e.g. Tefzel [16]) 

(see scheme in Figure 1). The scintillation-light within the capillaries, induced by 

neutron or gamma interactions with Xe atoms (resulting in nuclear or electron recoils, 

respectively), propagates along the capillaries by total internal reflection and is detected 

by a position-sensitive gaseous photomultiplier (GPM) [17] through a UV-transparent 

window. The photoelectrons, induced by photon conversion on a CsI photocathode 

deposited on the top electrode of the GPM, are multiplied by successive gas avalanche 

multipliers, e.g. cascaded Thick Gas Electron Multiplier (THGEM) electrodes [18, 19, 

20, 21] (see Figure 1). The localization of the interacting fast-neutron or gamma-photon 

in the LXe converter is derived from the center-of-gravity (COG) of all event-emitted 

photons detected by the GPM. 
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Figure 1: Schematic drawing of the combined gamma & fast-neutron imaging detector concept. The 

interaction of radiation with LXe (plain volume or here - within capillaries) induces a fast UV 

scintillation-light flash. These UV photons are detected by a gaseous photomultiplier (GPM) having a 

reflective CsI photocathode deposited on a gas-avalanche electron multiplier – here a triple-THGEM; 

the latter has a segmented readout anode. The LXe sensitive volume and the GPM (operating in a 

“counting gas” (here Ne/5%CH4) are separated by a UV-transparent quartz window.
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2 Liquid xenon as a detection medium 

Liquid noble gases are known to be excellent detection media due their high 

density, homogeneity and large scintillation yield [22, 23, 24]. They are transparent to 

their own scintillation light, easily expanded to large detector masses and they provide 

both radiation-induced ionization and scintillation signals. The main characteristics of 

the liquid noble gases are shown in Table 1 as a general guideline only. Among liquid 

rare gases, liquid xenon has the highest stopping power for penetrating radiation, thanks 

to its high atomic number (Z = 54) and density (ρ = 2.94 g/cm3 @ 165 K). It also has 

the highest ionization and scintillation yields; the latter are comparable to that of 

NaI(Tl) but with a faster time response. It has no long-lived isotopes and has the highest 

boiling point, which make it the one of the preferred detection media. 

 

Table 1: Main characteristics of noble gases in their liquid state: atomic number, boiling point at 1atm, 

liquid density at boiling point, ionization yield, scintillation yield and scintillation wavelength. 

  

Z (A) 
BP at 1 

atm [K] 

Liquid 

Density 

at BP 

[g/cm3] 

Ionization Yield 

[electrons/keV] 

Scintillation Yield 

[photons/keV] 

Scintillation 

Wavelength 

[nm] 

He 2 (4) 4.2 0.13 39 15  

Ne 10 (20) 27.1 1.21 46 74 78 – 85 

Ar 18 (40) 87.3 1.4 42 40 125 

Kr 36 (84) 119.8 2.41 49 25 145 

Xe 54 (131) 165 3.06 64 46 178 

 

LXe is an excellent electrical insulator, having a band structure analogous to 

semi-conductors, with a band-gap of 9.22 eV, corresponding to its ionization potential 

[25]. When energy is deposited in the medium by an interacting particle the electrons 

of the valence-band cross the band-gap to the conduction band - consequently inducing 

a detectable signal. This makes this noble liquid a prime candidate for use as a detection 

medium in a large variety of detectors used in particle physics, nuclear medicine, 

astrophysics and for the direct detection of dark matter (WIMPS) [22, 23, 24]. In this 

chapter the mechanisms of ionization and scintillation signals generation in liquid 

xenon will be described. 
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2.1 Thermodynamic properties of xenon 

Figure 2 shows the phase diagram of xenon. It is in a liquid state at a relatively 

small temperature interval for pressures below 2 bar (~18 ºC, from 180 K to 162 K, at 

2 bar and ~4ºC, from 166 K to 162 K, at 1 bar). Higher pressures are not practical for 

our application due to mechanical limitations in large systems (i.e. the UV-windows of 

the photon detector). 

 

 

Figure 2: Phase diagram for xenon (taken from [22]). 

 

2.2 Interaction modes of radiation with liquid xenon 

2.2.1 Charged particles 

Charged particles interact with the electrons and nucleus of LXe atoms via 

electromagnetic coupling. The electronic and nuclear stopping powers, for incident 

alpha particles, protons or electrons, are shown in Figure 3A. The figure shows also the 

contribution of the electronic and nuclear stopping power, for alphas and protons, and 

collisional and radiative stopping power for electrons [26]. For high energy particles 

and for electrons the nuclear stopping power can be neglected when compared to the 

electronic stopping power. For incident electron interactions with the medium, the 

resulting bremsstrahlung radiation emission can be important when compared to the 

electronic stopping power. The incident charged particle will then transfer its energy 
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mainly to the electrons of xenon atoms, inducing two types of interactions: either 

ionization or excitation of the xenon atoms. The range of alpha particles, protons and 

electrons in xenon, as a function of the energy of the particle, is shown in Figure 3B. 

I.e the range for 5.5 MeV alpha particles in LXe (of liquid density 2.94 g/cm3) is ~45 

μm [27]. 

 

 

Figure 3: A- Total stopping power (in MeV.cm2/g) for alpha particles, protons and electrons in xenon 

versus energy. B- Range (in cm) for alpha particles, protons and electrons in liquid xenon for a liquid 

density of 2.94 g/cm3, versus particle energy [26]. 

 

Figure 4: A- Gamma's cross sections in natural Xe for energies up to 20 MeV. B-Mean free path of 

gamma-rays in various radiation-converter materials (LXe, Polyethylene (C2H4), Teflon (C2F4) and 

Tefzel (C4F4H4)). Calculated from data taken from [28]. 
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2.2.2 Gamma-ray and x-ray interactions 

Differently from charged particles, photons such as x-rays or gamma-rays in the 

energy range of 0-15 MeV, interact with matter mainly by photoelectric effect, 

Rayleigh (coherent scattering) effect, Compton (incoherent scattering) effect and pair 

production. 

 

The photoelectric effect is the total absorption of the incoming photon by an 

electron of the xenon atom. It results in an ejection of an electron, with a kinetic energy 

equals to the energy difference between that of the incoming photon and the electron 

binding energy, leaving the atom ionized. For low photon energies this effect is 

dominant. 

 

The Compton Effect is inelastic, incoherent, scattering of the incident photon 

on a weakly-bound electron of a xenon atom. The electron absorbs a certain amount of 

energy from the photon and is ejected from the atom. The photon is then scattered in a 

different angle with a lower energy obeying Equation 1, where Δλ is the difference 

between the photon's wavelength after and before scattering. 

 

Equation 1 

Δ𝜆 =
ℎ

𝑚𝑒𝑐
(1 − 𝑐𝑜𝑠𝜃) 

 

In the pair or triplet production interaction an electron–positron pair or an 

electron–electron–positron triplet is created in the vicinity of an atomic nucleus or 

electron, respectively. The energy threshold for pair production is at least twice the 

electron’s rest mass, or 1.022 MeV, while the energy threshold for triplet production is 

at least four times the electron’s rest mass or 2.044 MeV. 

 

Gamma-interaction cross sections in LXe are shown in Figure 4A for energies 

up to 20 MeV [28]. The dominant processes above 2 MeV are Compton scattering and 

pair production. Both produce energetic electrons or electrons/positrons. Above ~7 

MeV pair production becomes dominant. The total gamma cross section of ~15 barn, 

in the relevant energy range (0-20MeV) - assures high gamma conversion efficiency 

(>20%) in a few cm thick LXe converter. 
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Figure 4B shows the gamma-ray mean free path in LXe, as well as in optional 

capillary's materials (i.e. Teflon (C2F4), Tefzel (C4F4H4) or Polyethylene ((C2H4)nH2). 

The latter were investigated (by GEANT4 simulations) aiming at finding converter 

configurations with improved localization resolution and detection efficiency (see 

details in section 5.2). The mean free path in LXe is much shorter than in the light 

capillary-materials considered. Hence, the gamma's mean free path in the converter will 

be influenced mainly by LXe. 

 

2.2.3 Neutrons  

Neutrons interact with the target's nucleus mainly by scattering, absorption or 

production of multiple lower energy neutrons (n,2n). 

Neutron scattering (elastic or inelastic) by target's nucleus involves the change of 

velocity and direction of the neutron while the nucleus is left with the same number of 

protons and neutrons. In inelastic scattering the nucleus may recoil and may be left in 

an excited state, leading to a later emission of radiation. In single elastic events, the 

neutron-induced target nuclei recoils, with energy Er, determined by the kinematics 

according to [29]: 

Equation 2 

    θcos
A)  (1

A 4
EE 2

2nr


  

 

Where En is the incoming neutron energy, A is the mass of the target (for natural Xe 

A=~131) and θ is the scattering angle, of the recoil nucleus, in the laboratory coordinate 

system. According to Equation 2, one can infer that in general, low mass elements like 

hydrogen or helium, are more efficient at slowing down neutrons. In a single elastic 

collision with Xe nucleus the neutron can transfer not more than about 3% of its energy 

to Xe. However, neutrons may scatter more than once in the LXe volume. These 

“multiple-scattering” events have a variety of scattering angles and, therefore, deposit 

a wider range of energies than a single elastic scatter. 

 

In inelastic scattering, the nucleus undergoes an internal rearrangement into an 

excited state from which it eventually decays releasing gamma-ray radiation. The 
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energy deposited by this radiation will add to the total energy deposited by the neutron 

in the target. The total kinetic energy of the neutron and nucleus is less than the kinetic 

energy of the incoming neutron. 

 

In the neutron absorption or capture reactions, the nucleus will rearrange its 

internal structure by emitting other particles: one or more gamma rays, protons or alpha 

particles. The nucleus may also emit one, two or three excess neutrons and finally a 

fission event may occur creating two or more fission fragments and additional neutrons 

[30]. 

 

Figure 5: A- Neutron's microscopic cross sections in natural Xe for energies up to 20 MeV. In figure A, 

(n,el) stands for neutron elastic scattering, (n,inl) neutron inelastic scattering, (n,p) neutron-proton 

reaction, (n,g) neutron capture reaction, (n,2n) and (n,3n) neutron-2 neutrons and neutron-3 neutrons 

reaction and (n,tot) stands for the total cross section. B-Mean free path of neutrons in the various 

radiation-converter materials (LXe, Polyethylene (C2H4), Teflon (C2F4) and Tefzel (C4F4H4)). Calculated 

from data taken from [31]. 

 

Neutron's cross sections in natural Xe (considering the natural abundances of 

each of the main xenon isotopes: 1.91% 128Xe, 26.4% 129Xe, 4.07% 130Xe, 21.2% 131Xe, 

26.9% 132Xe, 10.4% 134Xe and 8.86% 136Xe) are shown in Figure 5A for energies up to 

20 MeV [31]. The prominent neutron interactions with Xe, in this energy range, are 

elastic and inelastic scattering. Much less probable but still important for energy 

deposition in LXe are neutron capture and (n,p) reactions. Neutron capture is followed 

by emission of energetic gamma-rays. The energy deposited by these gammas will add 

to the total energy deposited by the neutron in LXe, leading in some cases to an overall 

deposited energy higher than the incident neutron energy. Neutron capture is more 
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probable for incident neutrons in the 2 MeV range than for neutrons with energies above 

4 MeV (see (n,g) at Figure 5A)). 

 

LXe elastic scattering cross section of a few barns for fast-neutrons in the 

relevant energies (2-20MeV) - assures high neutron conversion efficiency (>20%) with 

a few cm thick LXe converter. 

 

Figure 5B shows the neutron mean free path in LXe, along with the mean free 

path in the considered Hydrogen-rich capillary's materials. Although the dimensions of 

our prototype LXe converter (∅~100 mm) are smaller than the neutron mean free path 

in LXe, there is a small probability for multiple neutron scattering within the converter 

volume. The neutron's mean free path in all of the shown light materials, is shorter than 

in LXe. Hence, incorporating capillaries made of these materials within the LXe 

converter will increase the probability of interaction and lead to an efficient energy 

deposition of neutrons closer to their impinging point. In this manner, the neutron's 

spatial resolution may improve. 

The resonances in Figure 5B occur at incident neutron energies which are close to the 

energy of an excited state of the compound nucleus [30]. 

 

2.3 Ionization and excitation 

The average energy required for creating an electron – ion pair in liquid xenon is 

higher than its ionization potential, I, of 9.22 eV. Considering E0 as the energy 

transferred to the xenon by the incident particle and Ni as the average number of 

electron-ion pairs created, the average energy W required for creation a pair can be 

defined as: 

 

Equation 3 

W =
E0

Ni
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The difference between W and I, is due to the different modes of energy transfer 

to the medium - mainly ionization and excitation. For the case of incident electrons this 

can be expressed by Equation 4 [32]. 

 

Equation 4 

E0 = Ni〈Ei〉 + Nex〈Eex〉 + Ni〈ε〉 

 

where ⟨Ei⟩ is the average energy required to ionize an atom, Ni is the average number 

of ionized atoms, ⟨Eex⟩ is the average energy required to excite an atom, Nex is the 

average number of excited atoms and ⟨ε⟩ is the average energy of sub – excitation, 

below which the incident electrons interact only through elastic collisions with the 

atoms, transferring part of their kinetic energy. Combining Equation 3 and Equation 4, 

the average energy required to create an electron – ion pair, can be written as: 

 

Equation 5 

W = 〈Ei〉 +
Nex

Ni

〈Eex〉 + 〈ε〉 

 

The value of W was determined to be 15.6eV for LXe [33, 34]. Nevertheless, the 

actual number of electron – ion pairs created per unit energy deposited in the medium 

is dependent on the type of ionizing particle and its energy and is different for gaseous 

and LXe. 

 

2.4 Scintillation – recombination and de-excitation 

The process of luminescence in liquid xenon due to the passage of radiation 

involves the formation of diatomic excited molecules formed primarily by two channels 

[23]. 

The first is through excitation of xenon atoms by the primary particle or secondary 

electrons, forming strongly bound diatomic molecules in the excited state or 

“excimers”: 

particle + Xe → Xe∗ + e−                                        impact excitation 

Xe∗ + Xe → Xe2
∗,v                                                   excimer formation 

Xe2
∗,v + Xe → Xe2

∗ + Xe                                             relaxtion 

Xe2
∗ → Xe + Xe + hν                                                  VUV emission 
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The superscript υ is used to distinguish excited states with vibrational excitation 

(Xe2
*,υ) from purely electronic excitation with υ = 0 (Xe2

*). 

 

The other channel for VUV luminescence is through ionization of xenon atoms, 

induced by the primary particles or secondary electrons, followed by recombination of 

the positive xenon ions as described by the following processes: 

 

particle + Xe → Xe+ + e−                                         ionization 

Xe+ + Xe + Xe → Xe2
+ (ionized excimer) + Xe 

Xe2
+ + e− → Xe∗∗ + Xe                                                     recombination 

Xe∗∗ + Xe → Xe∗ + Xe + heat 

Xe∗ + Xe +  Xe → Xe2
∗,v(excimer) +  Xe + heat 

Xe2
∗,v + Xe → Xe2

∗ + Xe 

Xe2
∗ → Xe + Xe + hν                                                        VUV emission 

 

The excimers formed in both processes emit VUV light of the same wavelength. 

After recombination, the formed excimer is left in either one of the two lowest 

electronic excited states Σ𝑢
+3  or Σ𝑢

+1  and emits scintillation photons due to the 

transitions to the repulsive ground state Σ𝑔
+1 . These two transitions ( Σ𝑢

+3  to Σ𝑔
+1  and 

Σ𝑢
+1  to Σ𝑔

+1 ) are spectroscopically indistinguishable but their decay times are 

significantly different as explained in the following section. 

The emission spectrum of liquid xenon is centered around λ=178 nm, 

corresponding to a photon energy of 7eV, with a full-width-half-maximum (FWHM) 

value of ±2 nm [35, 36]. 

 

2.5 Temporal components of scintillation 

The recombination process, with associated photon emission, occurs within few 

picoseconds after ionization/excitation of the atoms of the liquid. Each of the Σ𝑢
+3  

or Σ𝑢
+1  excited states has a different decay time to the ground state, making it possible 

to distinguish several components of the scintillation events: 

- A fast component due to de–excitation of the Σ𝑢
+1  state, with decay time τf. 
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- A slow component due to the de-excitation of the Σ𝑢
+3  state, with decay time τs.  

- A component due to the slower (when compared to the excimer de-excitation 

times) recombination process, with a time constant of τr.  

The decay times are summarized in table 2 for incident alpha-particles, electrons and 

fission fragments [37, 38]. 

 

Table 2 – Summary of scintillation time constants of liquid xenon induced by fast electrons, by alpha 

particles and by fission fragments. τf, τs and τr are the decay times of the fast, slow and recombination 

components, respectively. (Data taken from [37, 38]) 

Incident Particle τf (ns) τs (ns) τr (ns) 

Electrons 

(0.5MeV<E<1MeV) 
2.2±0.3 27±1 34 

Alphas 4.3 22  

Fission fragments 4.1 21  

 

The direct transition from the Σ𝑢
+3  excited state to the ground state is forbidden 

but becomes possible owing to the spin–orbital coupling with state Π𝑢
+1 . This leads to 

rather long decay times of the order the ~20 ns. For the case of incident alpha particles 

the density of the ionized and excited species along the particle track is much higher 

than with fast electrons, leading to much faster recombination. Experimentally, no ~30 

ns recombination component of scintillation has been observed in liquid xenon with 

alpha particles. Figure 6 (taken from [38]) shows the scintillation light decay curves in 

liquid xenon induced by electrons, alpha particles and fission fragments. The strong 

particle-type dependence of the decay of the scintillation light makes it possible to 

discriminate electrons from heavier particles by pulse-shape analysis. 
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Figure 6: Liquid xenon scintillation light decay curves induced by electrons, alpha particles and fission 

fragments (figure taken from [38]). 

 

2.6 Scintillation and ionization yield 

The scintillation-photons yields in the noble liquid depend on the radiation type 

and on the presence of an electric field. A comprehensive analysis of the existing data 

for γ-ray and neutron induced scintillation in LXe are presented in [39]; these authors 

also developed a simulation model consistently describing most of the available 

datasets [40]. Based on their model, Figure 7 shows the light and charge yields induced 

by electron recoil events, for a gamma-ray interacting with LXe, and for nuclear (Xe) 

recoil events, as a function of both energy and electric field within the noble-liquid 

volume. 
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Figure 7: The simulated light (photons/keV, left) and charge (electrons/keV, right) yields of electron 

recoil events for gamma ray interaction with liquid xenon (figures A and B), and of nuclear-recoil events 

(figures C and D), as a function of both energy and electric field. (Taken from [40]). 

 

Higher electric fields applied within the liquid reduce recombination, increasing 

the charge yield at the expense of light, in an anti-correlated fashion. The dip in the 

gamma-ray curves is caused by xenon K-edge x-rays that create secondary possible 

interaction sites, displaced from the initial interaction location (energy deposition). The 

turn-over in the nuclear recoil charge yield curve is caused by the decrease in the total 

number of quanta (as described by the Lindhard factor [41]) beginning to dominate over 

the increase in the charge yield resulting from the decreasing Thomas-Imel 

recombination probability [42] (a smaller total number of ions is being created). 

Discussion, and more details, of measurements of light and charge yields can be found 

in [40]. 
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3 Cesium iodide photocathodes and gaseous photomultipliers 

3.1 Cesium iodide photocathodes 

Cesium iodide (CsI) photocathodes has good quantum efficiency (typical value 

of ~25% at 175 nm [43]) in the VUV region of the electromagnetic spectrum (100 nm 

to 200 nm); although being hygroscopic its production is relatively simple and it is 

significantly more stable than other types of photocathodes such as bi-alkali or multi-

alkali ones. It is stable over time in vacuum and under dry gas circulation, when 

deposited on adequate substrates – e.g. on gold-plated printed-circuit detector readout 

boards 43,44]. 

 

The UV-photon detection with a CsI-based GPM [45] relies on the external 

photoelectric effect where photons with energy above a certain threshold interact with 

the photosensitive material (within a certain depth). This generates mobile charge 

carriers that are ejected from the photocathode surface into vacuum or gas medium in 

a so-called photoemission process. The fraction of charges extracted into a gas medium 

(dictating the effective QE value in a GPM) depends on the electric field at the CsI 

surface and on the gas type – as discussed below. The extracted charges are multiplied 

by a gas-avalanche multiplier - in this work a triple-THGEM (Figure 1), generating a 

measurable current pulse. 

 

In semiconductors, like cesium iodide, the photoelectrons resulting from the 

photoelectric effect are mostly emitted from the valence band with a maximum energy, 

Ek, given by: 

 

Equation 6 

Ek = hν − (Eg + χ) 

 

where hν is the photon energy, Eg is the energy bandgap from the top of the valence 

band to the conduction band and χ is the electron affinity of the specific material – 

which is the energy gap from the conduction band minimum to the vacuum energy 

level. From literature it can be established that for CsI, due to experimental 

uncertainties, there is quite a significant scatter around the most probable values for Eg, 

χ and the energy threshold for photoemission, Et≡ Eg+χ. Combining data from several 
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authors [46, 47, 48] it can be established that for CsI Eg=6.0 eV, χ= 0.2 eV and Et=6.2 

eV. 

 

The external photoelectric effect occurring in CsI photocathodes can be 

described by Spicer's Three-Step model [49, 50], which treats the electron 

photoemission in terms of three successive steps (see Figure 8): 

1) Optical absorption of a photon into the bulk of the photocathode leading to 

the liberation of electrons into the bulk, 

2) The motion of the electrons through the bulk of the crystalline structure of 

the photocathode towards its surface, and 

3) Escape of the electrons from the photocathode’s surface (only if their energy 

is greater than the vacuum level). 

 

 

Figure 8: Representation of Spicer's Three-Step model (taken form [50]). 

 

The Three-Step model provided the means of understanding photo-emitters, and 

more generally it has been found to describe photoemission from all solids, besides that 

it gave the possibility of estimating the photo-yield (photoelectrons per photon) as a 

function of photon energy. A more sophisticated development of this model by 

Berglund and Spicer [51] gives the energy distribution of the emitted photoelectrons.  

To determine the basic equation for the quantum yield of a photocathode in the frame 

of the Three-Step model it is necessary to recognize the excitation of photoelectrons as 

a consequence of a bulk absorption effect [49]. Photons hitting the photocathode will 

transverse a certain thickness of material before being absorbed, meaning that the light 

intensity I after traversing a thickness x of material is given by: 
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Equation 7 

I(x, hν) = I0(hν) ∙ (1 − R(hν))e−α(hν)∙x 

 

where I0(hν) is the initial intensity of photons, R(hν) is the photocathodes’ surface 

reflectivity and α(hν) is the photocathodes’ absorption coefficient, as a function of 

incident photons’ energy, hν. The amount of light absorbed at a distance x from the 

photocathodes’ surface can then be given by: 

 

Equation 8 

dI(x) = I0 ∙ (1 − R)e−α(hν)∙x ∙ α ∙ dx 

 

Some of the excited electrons induced by the absorbed light will then travel to 

the surface and escape originating from a layer x to x+dx. The contribution di(x) from 

the layer x to x+dx to the quantum efficiency or yield can then be expressed by: 

 

Equation 9 

di(x) = P0α(hν, x, dx) ∙ PT(hν, x) ∙ PE(hν) 

 

where P0α(hv, x, dx) is the probability of exciting electrons above the vacuum energy 

level in the layer x and x+dx, or the “absorption probability,”, PT(hv, x) is the probability 

that electrons reach the surface with sufficient energy to escape, or “transport 

probability” and PE(hv) is the probability of escape of electrons reaching the surface, 

or “escape probability”. Where P0α(hv, x, dx) is given by: 

 

Equation 10 

P0α(hν, x, dx) =  αPE(hν) ∙ I(x)dx =  αPE(hν) ∙ I0(1 − R)e−αxdx 

 

Where αPE represents the part of the photoelectrons that have energy higher than the 

vacuum energy level and have the possibility to escape and R is the photocathodes’ 

surface reflectivity. It can also be shown that [49]: 

Equation 11 

PT(hν, x) = e
−(

x
L(hν)

)
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Where L(hv) is the electron scattering length, since the electron scattering probability 

is proportional to the distance traveled. This way, for di(x), we have: 

 

Equation 12 

di(x) = αPE ∙ I0(1 − R)e−αx ∙ e−(
x
L
) ∙ PE(hν)dx 

 

The quantum efficiency, or photo-yield, for a given wavelength can be defined 

as the ratio between the number of emitted photoelectrons to that of impinging photons 

(by integration of Equation 12 between 0 to ∞). 

 

Equation 13 

QE =
∫ di

x=∞

x=0

I0
=

αPE

α PE

1 +
lα
L

(1 − R) 

 

where α is the photocathodes’ absorption coefficient, lα = 1 α⁄  is the absorption length, 

lα L⁄  is the ratio of absorption length to scattering length and αPE α⁄  is the fraction of 

electrons excited above the vacuum level, which normally increases monotonically as 

hv increases above the threshold for emission (Et=6.2 eV, for CsI). From this expression 

it can be observed that in order to maximize the quantum efficiency then lα ≪ L, 

meaning that a large fraction of the photo-excited electrons contribute to the yield, and 

that 𝛼𝑃𝐸 𝛼⁄  and PE should be close to unity. 

 

Evaporation and characterization of CsI photocathode are described in details in section 

8.1 of the appendices. 

 

In a GPM, after being emitted from the photocathode, there is a probability for 

the PE to backscatter by gas molecules back to the photocathode surface. This 

probability depends on the electron energy and scattering cross-sections in the specific 

gas-mixture. The probability of the PE to escape (without backscattering) is called 

photoelectron extraction efficiency. The photoelectron extraction efficiencies from CsI 

into CH4, CF4, Ne/CF4, Ne/CH4 and Ar/CH4 as function of the drift field, were 

measured by several authors, using a UV lamp (185 nm peak) [52, 53, 54], and are 

shown in Figure 9. Estimations for the extraction efficiencies as a function of the 
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electric field for Ne/CH4, Ar/CH4 and Ne/CF4 for few gold coated-THGEM electrode 

geometries are brought in section 8.2 of the appendices. 

 

Figure 9: Photoelectron extraction efficiency from CsI into CH4, CF4, Ne/CF4, Ne/CH4 and Ar/CH4 

(atmospheric pressure) as function of the drift field using a UV lamp (185 nm peak). Data taken from 

[52, 53, 54]. 

 

3.2 Gas Electron Multipliers and Thick Gas Electron Multipliers 

In gaseous photomultipliers (GPM) employing solid photocathodes, the emitted 

photoelectrons are drifted within the gas to an electron multiplier electrode, or a series 

of cascaded electrodes, where avalanche multiplication occurs due to a high applied 

electric field. The GPMs ability to operate under high magnetic fields while operating 

at atmospheric gas pressure allows constructing large-area, flat and thin detectors to 

cover large detection areas [55]. 
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A significant part of the R&D effort on gaseous photomultipliers has shifted from 

"wire chambers" towards the so-called “closed geometry” electron multipliers - more 

specifically to hole-type micro-patterned structures. Previous generations of GPMs 

with electron multipliers relying on multi-wire proportional chambers (MWPCs) [56], 

parallel-plate avalanche chambers (PPACs) [57] or resistive-plate chambers (RPCs) 

[58], in which the electron avalanches occur in an “open geometry”, suffered photon- 

and ion-mediated secondary avalanches; these resulted- in gain limitation and reduced 

photon detection efficiency and imaging properties. Hole-type electron multipliers, like 

the GEM [59, 60], the THGEM [18, 21, 61], the Micro-Hole-and-Strip Plate (MSHP) 

[62, 63] or the Thick –COBRA [64] were proposed for the charge multiplication in 

GPMs [17, 65, 66], aiming at reducing photon- and ion–feedback effects by screening 

in single and cascaded configurations. The GEM and the THGEM structures are 

represented in Figure 10, along with dimensions. The electron multiplication occurs 

within the holes. The operation principle of a GPM based on GEMs or THGEMs is also 

depicted in Figure 10: a reflective photocathode is deposited on the top electrode of the 

first element of the electron multiplier cascade, the photoelectrons are focused into the 

holes where charge multiplication occurs; the avalanche electrons drift towards the next 

multiplier elements, for further multiplication; the final avalanche-charge is recorded 

on a pixilated 2D readout electrode. 
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Figure 10: Representation of the GEM (figure A) and the THGEM (figure B) with a CsI photocathode 

for UV photon conversion. Photoelectrons are multiplied by an avalanche occurring within the holes. 

Figure C shows a picture of cascaded GPM comprises three THGEMs separated by 1.5 mm spacers and 

followed by a readout electrode. 

 

In GEM detectors the charge multiplication occurs within micro etched holes 

(usually 50 μm in diameter) on a thin double-sided metal-clad insulator (typically 50 

μm polyimide), due to a high electric field applied between both faces. Typically these 

structures are arranged in a cascaded configuration (e.g. Figure 10C); in cascaded-GEM 

GPMs, the first electrode is coated with a reflective CsI photocathode. It was shown 

that these GPMs can be operated with a single photon sensitivity regime (gains >105) 

[17, 67 and references therein]. 

 

The thick gas electron multiplier (THGEM) shown in Figure 10B is similar to  

a GEM but with ~10-fold expanded dimensions, with an hexagonal arrangement of sub-

millimeter holes, mechanically drilled through a printed-circuit board-like (PCB) 

material with a double-sided copper clad. Following the drilling process, a small rim is 

chemically etched in the copper around the holes, to reduce discharge probability. The 

holes are typically 0.4 mm in diameter and the thickness of the PCB-like material is 0.4 

or 0.8 mm. The THGEM operation principle is similar to that of a GEM; a high electric 

potential applied between both electrode faces creates a strong electric field within the 
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holes. the emerging dipole field attracts the photoelectrons, that are amplified in the 

high-field region in the hole. Signals are recorded usually on a readout anode. THGEM 

electrodes are very robust, compared to GEM, both electrically and mechanically. They 

can be mass-produced, at relatively low-cost, over large areas (presently >1m2).  

 

THGEM-based multipliers and gas photomultipliers are presently being 

intensively investigated by numerous groups for applications in room-temperature 

(calorimetry [68], neutron imaging [69], Cherenkov Ring Imaging [70, 71]) and in 

cryogenic conditions , for photons and charge detection in noble-liquid detectors [45, 

72, 73, 74, 75], for neutrino physics [76], dark matter searches [77], medical Compton 

camera [78, 79], Homeland Security [92, 80, 81 and references therein]. Except the 

large-area cryogenic LEM (THGEM-like) detectors developed for dual-phase LAr 

TPCs in neutrino experiments [76] and the large-area RT UV-GPMs for RICH [71], 

most detector prototypes have been small in size and served so far as a proof of concept 

purposes for liquid argon or liquid xenon detectors.  

 

3.2.1 Photo-detection efficiency of a GPM 

The single-photon photo-detection efficiency of a CsI-coated THGEM GPM 

(PDEGPM), operating in a gas medium depends on the CsI QE (Equation 13), the 

effective area of the photocathode (not covered by holes) (Aeff), the extraction 

efficiency of photoelectrons into the gas mixture (εextr), the single-photoelectron 

collection efficiency into the THGEM holes (εcoll) and the probability of detecting an 

incoming photon signal above electronic noise (εS/N) [52]. 

 

Equation 14 

𝑃𝐷𝐸𝐷𝑒𝑡 = 𝑄𝐸 ∙ 𝐴𝐶𝑠𝐼 ∙ 𝜀𝑒𝑥𝑡 ∙ 𝜀𝑐𝑜𝑙 ∙ 𝜀𝑆/𝑁 

 

The reference value of the CERN-RD26 collaboration for CsI QE at 175 nm is 

~25% [43]. A typical value of Aeff is 0.77 and a typical value of the overall extraction 

efficiency (εextr· εcoll) is 0.6-0.8 (see Figure 81 in appendix 8.2). Assuming 

prob(signal>noise)=0.95 for sufficiently high gain and low-noise electronic, the PDEDet 

would be 11-14%. Note that further decrease of the PDEDet occurs due to the 
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transmission of photons through the window (tW=0.90) and through the mesh (tM=0.85) 

of the GPM. 
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4 Experimental setup and methodology 

4.1 LXe cryostat 

The experiments were conducted using the Weizmann Institute Liquid Xenon 

system (WILiX) [82], comprising a super-insulated cryostat, a gas handling and 

purification system, and a 250-liter xenon gas storage/recovery reservoir (see Figure 11 

and Figure 12). The cryostat, shown schematically in Figure 13A, comprises of a 510 

mm diameter × 390 mm high outer vacuum chamber (OVC) and a 157 mm diameter × 

81 mm high stainless steel inner vacuum chamber (IVC). Experiments were carried out 

either with a plain-volume LXe radiation converter-scintillator or with a converter 

consisting of ~5500 Tefzel capillaries (outer diameter (OD)=1.6 mm, inner diameter 

(ID)=1.0 mm, length=70 mm, see Figure 13B) filled by LXe. Tefzel was selected 

because it is a highly hydrogen-enriched polymer, with good reflectivity properties in 

the UV (similar to Teflon). Hydrogen largely improves the spatial resolution for 

neutrons by more efficient transfer of the neutron energy near the point of neutron 

interaction [83], resulting in a factor of 3 better position resolution compared to plain 

LXe converter. 

 

Xenon gas introduced into the IVC condenses on the finned end of a temperature-

controlled copper cold finger, thermally connected to the Brooks Automation PCC J-T 

cryocooler (maximum cooling power 28 W at 128 K). A Cryo-con Model 24C 

temperature controller is used to control the temperature of the cold finger, with a 

control loop of a Pt100 temperature sensor and a 50 W cartridge heater. LXe droplets 

forming on the cold finger are funneled towards the IVC wall. The liquid fills the Tefzel 

capillaries from below, up to a quartz window viewed by the GPM, and siphoned out 

through a commercial parallel-plate heat exchanger (GEA model GBS100M). Xenon 

gas flowing out of the heat exchanger passes through a mass-flow controller (MKS 

model Mass-flow 1479A) to a double-diaphragm recirculation pump (KNF model 

N143SV.12E), through a SAES MonoTorr hot getter model PS4-MT3 and then returns 

to the IVC through the heat exchanger in which ∼95% is re-liquefied (see Figure 11). 

The Xe flow rate was 3.5 standard liters per minute (slpm) — the nominal flow rate of 

the getter. 
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In order to minimize the heat exchanges between the IVC and the exterior, the 

OVC is evacuated by a turbo–molecular vacuum pump followed by rotary scroll pump, 

to a vacuum of ~10-5 Torr. To improve thermal insulation, the IVC was wrapped by 

several layers (>10) of a super insulator (thin aluminized Mylar foils, sandwiched with 

insulating fabric sheets) absorbing infra-red radiation. 

 

 

Figure 11: Schematic diagram of the Xe purification and recirculation system. 
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Figure 12: 1) Outer Vacuum Chamber (OVC, shown open in the picture), 2) Inner Vacuum Chamber 

(IVC) wrapped with a super insulator, 3) Heat Exchanger, 4) PCC cryocooler housing, 5) Gas system 

control screen, 6) OVC, IVC pressure gauges and xenon flow regulator, 7) xenon gas purification system 

(SAES MonoTorr Purifier), 8) KNF double diaphragm circulation pump and 9) process variable 

acquisition and control rack. 

 

 

Figure 13: Figure A: Schema of WILiX, including the GPM assembly. Figure B: Radiation converter 

composed of ~5500 Tefzel capillaries (OD=1.6mm, ID=1.0mm, length=70mm) assembled in a Teflon 

holder. The Tefzel capillaries are immersed within LXe and viewed by the GPM. 
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Figure 14: Schematic view of the GPM setup; a cascade of 3 THGEM electrodes, the top one coated 

with a reflective CsI photocathode, followed by a 2D readout electrode. Signals from individual pads 

are transmitted through a flat cable into an APV hybrid chip, processed with SRS electronics (see text). 

 

4.2 Cryogenic GPM 

The GPM setup, shown schematically in Figure 14, consisted of a cascaded 

structure of three THGEM electrodes, with a CsI photocathode deposited on the first, 

followed by a segmented readout electrode comprising 61 hexagonal pads (see layout 

and pad dimensions in Figure 15). Details about evaporation and characterization of 

cesium iodide photocathode are brought in 8.1 in the appendices. The GPM was 

viewing the converter through a DUV-grade fused silica viewport (clear diameter 136.7 

mm, MPF part number: A0650-7-CF).  

In the current experimental setup, the CsI photocathode was located 32 mm away 

from the LXe converter. In retrospect, better resolution results would have been 
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achieved with smaller distance between the photocathode and the converter (see 

paragraph 5.3.5).   

The 0.4 mm-thick THGEM electrodes, Cu-clad and Au-plated on both sides, were 

made of FR4 with an active diameter of 100 mm; the holes were arranged in an 

hexagonal pattern, with a hole diameter d = 0.4 mm, pitch a = 0.8 mm (between hole 

centers) and an etched hole rim h = 50 μm. The Cu layer thickness (after etching) was 

64 μm. The THGEM electrodes were produced by ELTOS SpA, Italy. The final 

processing stages, including gold-plating, cleaning and baking were done in the CERN 

MPGD workshop. The THGEM electrodes were tested for leak current and discharge 

"hot-spot" prior to installation in the GPM (see 8.3 in the appendices). The transfer gaps 

between the stages, as well as the induction gap between the last THGEM and the 

segmented readout electrode were 1.5 mm wide. Each of the THGEM faces, as well as 

the mesh mounted 4.8 mm from THGEM1, had separate HV bias, provided through 

low-pass filters by CAEN type N471G HV power supplies. 

 

The GPM was operated along this study with Ne/5%CH4 at a gas flow of 20 sccm, 

at pressures ranging from 356 to 485 torr and a typical temperature of 210 K. Ne/CH4 

was chosen because it provides both a high gas gain at relatively low voltages [84] and 

high photoelectron extraction efficiencies from the CsI photocathode [52, 85]. The 

GPM pressure control was done by pumping the GPM gas output and a proportional 

valve connected to a mass flow controller (MKS model 247B) and a baratron pressure 

gauge (MKS model 121A-16303, serial: 016123793) and MKS controller (type 250). 

The relatively low operating pressure, as well as the low CH4 concentration (5%), were 

chosen as they allowed for a lower discharge rate compared to the conditions used in 

[45], namely a pressure of 356 torr with Ne/20%CH4. We attribute this change in stable 

conditions to the accumulation of discharge history on the particular THGEM 

electrodes used for the same studies. 

 

The voltage applied to the THGEM electrodes was asymmetric in all cases, with 

equal voltages across the second and third stages and with the highest possible voltage 

across THGEM1 to maximize the photoelectron extraction efficiency from the 

photocathode [52] and to improve the overall stability. The transfer and induction fields 

were kept at 0.5kV/cm in all conditions; the GPM was operated in a flow mode (20 

sccm) or in sealed mode. 
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The quantum efficiency (QE) of the particular CsI photocathode used in this study 

was measured to be 22% at 175 nm before transferring it from the evaporation system 

to the GPM, and 8% after unloading it from the GPM, seven months later. The 

degradation in QE was likely the result of water outgassing from the top part of the 

GPM chamber (Figure 13), which was at room temperature throughout the experiment 

(while the photocathode temperature was ~210 K). 

 

4.3 Readout electronics and typical signals 

The segmented readout electrode contained 61 hexagonal pads (see layout and 

dimensions in Figure 15A). Hexagonal pads, and not conventional square pads, were 

chosen since they provide the most efficient and compact division of the round surface 

available with equal sided polygons [86]. Each of the 6 mm (pad-border length) pads 

was connected to an individual channel of the front-end hybrid APV 25 chip [87], via 

a Panasonic header connector (type: AXK6SA3677YG) (see Figure 15B) mounted on 

the pad electrode. Although the APV25 chip has 130 available channels we decided to 

use only 61 pads in this prototype. The APV25 chip was not designed for cryogenic 

temperature operation (~200K); therefore, the pad signals were transferred to a 

remotely-placed APV 25 chip through a 30 cm long ribbon flat cable (3754/80 80 

conduct 0.64 mm pitch) using two dedicated PCB adaptors (see Figure 16A): 1. 

Panasonic-to-flat cable adaptor, using a PCB with Panasonic socket AXK5SA3277YG 

and SBH41-NBPB-D17-ST-BK connectors, and 2. Flat cable-to-Panasonic adaptor, 

using a PCB with Panasonic header (type: AXK6SA3677YG) and SBH41-NBPB-D17-

ST-BK connectors. The flat cable (placed inside the GPM gas vessel) was wrapped 

with a thin Cu ground-shielding foil and an Al foil. The APV25's ground was well 

connected to the electrode ground by Copper braid. The APV25 chip was connected to 

the external SRS (Scalable Readout System [88]) via a 1 m-long homemade vacuum-

rated micro-HDMI-to-HDMI cable and feedthrough. Triggers for the SRS system were 

extracted from the top THGEM3 electrode (see Figure 14) through a coaxial cable into 

a Canberra 2006 charge sensitive preamplifier located outside the GPM chamber. These 

trigger signals were shaped by a timing filter amplifier (Ortec model 474) followed by 

leading edge discriminator (PS model 730) and then fed into the SRS trigger input. 
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Figure 15: Segmented 61 pixel hexagonal-pad readout, top (A) and bottom (B). Pad side is 6 mm and its 

width is 10.4mm. The pitch between the pads is 0.2mm. 

 

 

Figure 16: A- Picture of the GPM detector (although only two THGEMs are shown here, the experiments 

were performed with three THGEMs). B- Picture of the micro-HDMI to HDMI feedthrough. 

 

The SRS electronics permits saving, for each event, the charge collected in each 

pad, enabling offline analysis. Typical charge spectra, in each of the 61 readout pads, 

are shown in Figure 17: A) electronic noise and B) 60Co gamma-rays. One can set a 

threshold on the charge (charge threshold) and check, event by event, how many pads 

exceeded this threshold. In a similar way one can set a threshold on the number of 

"firing" pads (pads threshold), and for example exclude events with lower number of 

"firing" pads (for improving resolution, but at the cost of losing some detection 

efficiency). 
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Figure 17: The charge spectrum, measured on each of the 61 readout pads. (A) Electronic noise and (B) 

gamma-rays from 60Co. The gain in this measurement was 4×104. 

 

A typical single event, as measured in the hexagonal pads electrode, is shown 

in Figure 18 for various scenarios. In these figures the color bar represents the charge 

in each pad in fC. The charge depends on the number of PEs and on the gain. Note that 

the figures were measured with different gains (~0.6-4∙104). 

 

- Figure 18A: The GPM irradiated with a narrow X-ray from 55Fe, pointing to the 

central pad. X-ray photons interacting with NeCH4 gas, yielded a few microns range 

photoelectrons; these were multiplied by the cascaded-THGEM; and as a result, only 

the central pad got a signal. 

 

- Figure 18B: The GPM irradiated by hydrogen pulsed UV-lamp through a window 

(ϕ=38mm). UV-induced photoelectrons from a ~40 mm diameter CsI area are 

multiplied by the cascaded THGEM, inducing signals in multiple pads. The number of 

pad hits is a function of the initial number of UV photons per pulse. 

 

- Figure 18C: An 241Am α-source located inside the GPM vessel; the source irradiated 

the detector perpendicularly to its axis, ionizing the NeCH4 gas within the drift gap 

(between the drift mesh and the first THGEM). The alpha-particles were stopped within 

a few centimeters in the gas, and the resulting ionization electrons were multiplied by 

the THGEM, inducing signals on several pads along the alpha track. Note the higher-

ionization Bragg peak at the end of the track. 
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- Figure 18D: An 241Am α-source immersed within the LXe volume (without 

capillaries), viewed by the GPM through a window (∅ 36mm). The large number of 

alpha-induced scintillation photons yielded ~250 photoelectrons/event - multiplied by 

the THGEM cascade and resulting in signals on most of the pads. 

 

- Figure 18E: External irradiation, with 60Co gamma source, of LXe-filled Tefzel 

capillaries. Gamma-ray induced electrons in LXe deposit only part of their energy 

within the active volume. Alternatively, gamma-ray interacting with the capillary 

material would create predominantly Compton electrons; some of them reach the active 

LXe volume, leaving there part of their energy. Total internal reflection within the 

capillaries, guides part (~15%) of the radiation-induced scintillation photons towards 

the photocathode; the extracted PEs are multiplied by the THGEM cascade. 

 

- Figure 18F: External irradiation, with 241AmBe neutron/gamma source, of LXe-filled 

Tefzel capillaries. Gamma-rays, emitted from the source may induce electrons in LXe 

or capillaries (as explained for Figure 18E). Neutrons, emitted from the source, can 

transfer small amount (>~3%) of their energy to Xe nucleus in a single elastic collision. 

Furthermore, energy transfer, up to the neutron's original energy, may occur in inelastic 

neutron collisions in which the induced gamma-rays may be absorbed and deposit their 

energy in the LXe. Alternatively, neutrons interacting with the capillary material may 

lose large fraction of their energy, in a single collision, by knocking out a proton; some 

of them reach the active LXe volume, leaving there part of their energy. Total internal 

reflection within the capillaries, guides part (~15%) of the radiation-induced 

scintillation photons towards the photocathode; the extracted PEs are multiplied by the 

THGEM cascade. 
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Figure 18: Typical single events, as measured with the hexagonal pad electrode. Color bar represents 

the charge in each pad in fC. A: Irradiating the GPM with a narrow X-ray from 55Fe, pointed to the 

central pad. B: Hydrogen UV-lamp illuminating the GPM through a window (ϕ=38mm). C: An 241Am α-

source within the GPM vessel, located on the detector’s side (red pads indicate the Braag peak at the 

tracks end). D: An 241Am α-source, immersed in the LXe volume (without capillaries) and viewed by the 

GPM through a window (ϕ=36mm). E: An external 60Co gamma source, irradiating the LXe-filled Tefzel 

capillaries. F: An external 241AmBe neutron/gamma source, irradiating the LXe-filled capillaries. The 

measurements were done with the GPM operated at different gains (~0.6-4∙104) in Ne/CH4(95:5). 

 

For imaging, the COG of the "firing" detector’s readout pads was calculated, 

event-by-event, according to Equation 15. Then, a 2D histogram of the COG values 

was plotted. In Equation 15, 𝑃𝑗⃗⃗  is a [x,y] position vector of the center of pad j and Qi,j is 

the charge collected in pad j in event i. Similar equation was used for imaging 
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simulations while in this case Qi,j denoted the number of PEs arriving to pad j in event 

i. Note that in cases, with small numbers of PEs in each pad (<~3PE/pad), calculating 

the simple un-weighted COG, by setting Qi,j=1, would avoid artifact bias of the COG 

due to the large standard deviation of the exponential distribution of the avalanche 

process. 

 

Equation 15    𝐶𝑂𝐺𝑖
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =

∑ 𝑃𝑗⃗⃗⃗⃗ ∙𝑄𝑖,𝑗
𝑗=61
𝑗=1

∑ 𝑄𝑖,𝑗
𝑗=61
𝑗=1

 

 

In addition to the COG histogram simulated with an object, another one was 

simulated without an object (flat image). The ratio image is calculated according to 

Equation 16, and indicates the transmission of the incident radiation through the object. 

The ratio image corrects for the non-homogeneity of the detector response vs. point of 

interaction. 

 

Equation 16   𝑅𝑎𝑡𝑖𝑜 =
(

𝐼𝑚𝑎𝑔𝑒𝑜𝑏𝑗𝑒𝑐𝑡

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑚𝑝𝑖𝑛𝑔𝑖𝑛𝑔𝑜𝑏𝑗𝑒𝑐𝑡
)

(
𝐼𝑚𝑎𝑔𝑒𝑓𝑙𝑎𝑡

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑚𝑝𝑖𝑛𝑔𝑖𝑛𝑔𝑓𝑙𝑎𝑡
)

 

 

4.4 Setup for point-like UV-photon imaging (GPM only) at room 

temperature 

Prior to cryogenic operation, the spatial resolution of the GPM with its pad 

readout was tested at room temperature in a dedicated chamber outside of the LXe 

cryostat. The detector was illuminated through a fused-silica window, (clear diameter 

38 mm) by a point-like UV source (spontaneous-discharge H2 lamp). The number of 

photons per pulse (from one to several thousands) was set using a series of ORIEL 

optical filters (nominal optical densities of 0-4.5) placed in front of the lamp, down to 

a single-photon level. The number of photoelectrons per UV flash was derived from the 

pulse-height spectra recorded by the GPM. The trigger to the SRS electronics was 

provided by the electrical discharge pulse of the lamp. 

 

The measurements were done twice; once with a double-THGEM GPM while not 

maintaining a constant extraction efficiency, by changing the field on the first THGEM, 

and then with a triple-THGEM GPM while maintaining a constant extraction efficiency 
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by setting Vmesh=Vtop1 (see Figure 19). The electronic setup for these measurements is 

shown in Figure 20. The lamp voltage was +3310 V and it illuminated the GPM through 

a quartz window (∅ 38mm). 

 

The measurements were compared to GEANT4 simulations of the experimental setup. 

 

 

Figure 19: Schematic view of the experimental setup for room temperature GPM studies. A UV hydrogen 

lamp is located in front of cascade of 2 or 3 THGEM electrodes, the top one coated with a reflective CsI 

photocathode, followed by a 2D readout electrode. 

 

 

Figure 20: Electronic setup for GPM response studies with different number of photons per UV-lamp 

burst. 
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4.5 Setup for gain measurements 

The gain of a THGEM is proportional to exp(E/ρ), where E is the electric field in 

the THGEM holes and ρ is the gas density. The gas density is a function of temperature 

and pressure. Decreasing gas density would increase the THGEM gain but also increase 

the discharges probability. Gain measurements in pulse mode, with 3-THGEM GPM 

installed in WILiX, were performed at room and cryogenic temperatures with 

Ne/5%CH4, aiming at finding a stabile (in terms of discharges rate), high gain, working 

point. A DC D2 lamp shined UV light through a fused silica window near the top of the 

GPM port. The lamp provided single-UV photons at a rate of a few hundred Hz that 

reached the CsI photocathode by reflection from the chamber walls. The voltage applied 

to the THGEM electrodes was asymmetric in all cases, with equal voltages across the 

second and third stages and with the highest possible voltage across THGEM1 to 

maximize the photoelectron extraction efficiency from the photocathode [52] and to 

improve the overall stability. The transfer and induction fields were kept at 0.5kV/cm 

in all conditions; the GPM was operated in a flow mode (20 sccm) or in sealed mode. 

 

Furthermore, gain curve (current mode) and extraction efficiencies in He/CF4 and 

He/CH4 mixtures were also investigated [89], only at room temperature, since they may 

present a possible alternative to Ne-based mixtures for potential higher gains, with 

lower applied voltages and lower costs. In these measurements, a 1000Å CsI 

photocathode was deposited on the top of a gold plated THGEM electrode. 

Photoelectrons were extracted from the CsI film by incident 185 nm VUV photons 

emitted by an Oriel Hg(Ar) VUV lamp. 

 

The extraction efficiency experimental setup is shown in Figure 21A. In these 

measurements the photoelectron currents were measured operating the photocathode in 

vacuum and in the gas. Then, the ratio Igas/Ivacuum was calculated for various He/CF4 and 

He/CH4 mixtures as a function of the electric field applied in the region above the 

photocathode. 

 

The experimental setup for the gain measurements is shown in Figure 21B. A 

mesh, mounted 6 mm from the THGEM top, and THGEM top had the same bias. The 

potential on the THGEM bottom set the transfer field for the avalanche electrons to 
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reach the grounded anode, mounted 2.3 mm below the THGEM bottom. The gain was 

obtained by the ratio between the current measured in the induction electrode after 

multiplication in the THGEM’s holes (using the setup presented in Figure 21B) and the 

photocurrent extracted from the photocathode to the mesh above it without gas 

multiplication (as measured with the setup presented in Figure 21A). 

 

 

Figure 21: Scheme of the experimental setups used for extraction efficiency (A) and gain measurements 

(B). 

 

4.6 Setup for gamma-ray imaging (GPM+LXe converter) 

Two types of gamma-ray imaging experiments were performed with the full 

system (GPM+LXe converter), using either a broad beam partially blocked by a Pb 

edge absorber, or a narrow collimated beam directly irradiating the detector. Both 

experiments were done using a disc-shaped 60Co source (active part: 1 mm-thick, ∅3.6 

mm, sealing: double –encapsulated 15.88 mm-thick ∅6.35 mm), emitting 3.7·107 γ/s of 

1.17 and 1.33 MeV over 4π. The detector was operated with Ne/5% CH4 at gain of 

4×104 at 485 torr and 208 K (broad-beam experiments) and 356 torr and 211 K (narrow-

beam experiments). The flow was kept at 20 sccm throughout all measurements. 

 

The broad-beam experiments comprised a 12 mm-thick Pb plate (see Figure 

22A), covering half of the detector’s active area; it was located at the OVC bottom , 

191 mm below the capillary-converter, and 822 mm above the open (uncollimated) 

60Co source (see Figure 22B). 

 

In the narrow-beam experiments the source was placed inside a Pb collimator (∅3 

mm hole, height = 150 mm, see Figure 23A), positioned on-axis 197 mm below the 
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capillary-converter bottom (Figure 23B). The calculated beam diameter at the 

capillaries bottom and top was ~7 mm and ~8 mm, respectively.  

 

Data were recorded with the SRS system, triggered by the pulses from THGEM 

top3 (see electronic scheme in Figure 24). 

 

The flat images (without an object in the beam), used for image normalization, 

were measured with an open source, located 1093 mm from the capillary-converter 

bottom. 

 

 

Figure 22: A- The Pb- edge object (thickness of 12mm). B- The measurements setup. 
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Figure 23: A- The gamma collimator is a lead cylinder (ϕ=100 mm, height=160 mm) with a hole 

(ϕ=3mm, height=150mm). B- The measurement setup. 

 

 

Figure 24: Electronic setup for imaging experiments 

 

4.7 Setup for imaging by mixed neutron and gamma field 

(GPM+LXe converter) 

On the absence of a pure neutron source, mixed-field imaging experiments were 

performed using an AmBe neutron and gamma source. The active part (∅10 mm, 

height=10 mm, 96 mCi) of the AmBe source is encapsulated (∅18 mm, height=18 mm) 

and emits 2.2·105 n/s over 4π, in a typical energy spectrum (0-11MeV, see Figure 44); 

~1.5∙105 4.4MeV γ/s are emitted over 4π, via the 9Be(α, n; γ)12C reaction [90]. The 5.4 

MeV alpha is stopped within the source's capsule. In all measurements, the AmBe 

source was wrapped with a thin Pb layer, absorbing the intense 59.5keV gamma line, 

emitted by the 241Am isotope. 
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Some TOF measurements were tempted, despite the very short neutron flight 

path, for demonstrating fast-neutron spectroscopy and neutron/gamma discrimination 

(see TOF electronic schema in Figure 25). The 4.4 MeV gammas, measured in a 

detector located close to the source (LaBr in our case), yielded the "start" (trigger) 

signal; the neutrons, detected in the GPM, provided the "stop" signal to the TAC. Since 

the LaBr detector rate is much higher than that of the GPM the actual start signal was 

taken from the GPM after a suitable delay. This reduces significantly the “busy” time 

of the Time-to-amplitude Converter (TAC). 

 

The relatively low AmBe-source activity and the low gamma/neutron 

coincidence probability (small solid angle), did not permit performing "neutron-only" 

imaging measurements in these conditions. Hence, we performed two types of 

measurements; 1. TOF measurements, in which we proved the detector ability to 

separate neutrons from gamma-rays and 2. Pb-edge imaging with mixed neutrons and 

4.4MeV gammas from the AmBe source. 

 

4.7.1 Time-of-flight measurements 

TOF measurements were done with the GPM, using a LaBr detector for 

detecting the 4.4 MeV gamma-rays emitted in coincidence with the neutrons. In a first 

step, the 511 keV and 1274 keV gamma-rays emitted simultaneously from 22Na source 

were used in order to set up the electronics and determine the time resolution of the 

system. In a second step, measurements were performed with gammas and neutrons 

from the AmBe source; it was located 83 cm from the capillaries-converter bottom and 

6 cm from the LaBr detector. The signals from the top electrode of the GPM’s 

THGEM3 (see Figure 14) and the signals of LaBr detector were preamplified, fed into 

timing filter amplifiers (TFA, Ortec model 474), constant fraction discriminator (CFD, 

Ortec model 473A) and to the TAC (Ortec model 467) (see Figure 25). The time spectra 

were measured with a Multi-Channel Analyzer (MCA, Amptek pocket MCA 8000A). 

The GPM was operated here at a gain of 7.6×104 under 365 torr Ne/5%CH4 at 212 K, 

with a flow of 3 sccm. 
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Figure 25: TOF electronic scheme. The signals from the top electrode of the GPM’s THGEM3 and of 

the LaBr detector are pre-amplified and processed by timing filter amplifiers (TFA), constant fraction 

discriminators (CFD) and a time-to-amplitude converter (TAC). The time spectrum is measured by the 

Multichannel Analyzer (MCA).  

 

4.7.2 Edge imaging with mixed neutron & gamma field 

Imaging of a 12 mm thick Pb edge (object covering half of the detector’s area) 

was performed with the object located below the OVC, 191 mm from the capillaries 

bottom, and 500 mm above the collimated AmBe source. The collimator role, in this 

case, was to reduce the neutron background created by neutrons scattered by 

surrounding materials, by irradiating only the active area of the detector. The source 

was placed within a ∅25 mm bore in a paraffin-filled barrel (∅380 mm, height=710 

mm), 300 mm from the barrel's top (see Figure 26). The barrel was covered by a 10 mm 

Pb lid, perforated at the center (∅30 mm), absorbing gamma-rays emitted by neutron 

interactions inside the barrel. The neutron-beam diameter, at the capillary-converter 

bottom, was ~60 mm. The GPM was operated here at a gain of 2.4×104 under 365 torr 

Ne/5%CH4 at 212 K, with a flow of 20 sccm. 
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Figure 26: Measurement setup of the Pb- edge imaging with mixed neutrons and 4.4MeV gammas. The 

AmBe source (ϕ=10mm, height=10mm) was placed within a hole (ϕ=25mm) in a paraffin-filled barrel 

(ϕ=380mm, height=710mm), 300mm under the barrel's top. The barrel was covered by a 10mm Pb lid. 
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5 GEANT4 simulations for converter optimization and predicted 

performance  

5.1 Methodology 

An comprehensive computer-simulation study was performed, using GEANT4 

toolkit (version 9.3.2) [91], aiming at the optimization of a large-size "general" LXe 

converter geometry (plain-volume LXe one and that of Capillaries filled with LXe) - 

adequate for future large-area radiographic detectors (see Figure 27A) [83, 92]. Another 

set of simulations was done for the specific, 100 mm in diameter detector geometry 

used in our experiments, in which the WILiX cryostat parameters were defined in 

details, with plain LXe converter and with that of Tefzel capillaries filled with LXe (see 

Figure 27B). We used the standard GEANT4 model for gamma-rays and standard 

neutron high-precision GEANT4 models for neutrons with energy below 20 MeV. A 

benchmark was done by comparing simulation results to a time of flight (TOF) 

measurement of neutrons through graphite, performed with a liquid scintillator (NE-

213). 

 

 

Figure 27: A- the "general" detector geometry for initial simulations. A 580x580x50 mm LXe sensitive 

volume with or without capillaries, viewed via a 10mm thick quartz UV-window and a photocathode 

representing a GPM (PDEGPM =20%). B- Detailed WILiX cryostat geometry. A LXe cylindrical volume 

(ϕ=153 mm, height=73 mm) with or without capillaries, viewed via a 10 mm thick quartz UV-window 

and a photocathode (PDEGPM =10%). The OVC is also defined in the simulations but not shown in the 

figure. See text for details. 

 

The calculations included all steps in the detection process, namely: gamma and neutron 

interaction probabilities; total deposited-energy distribution in LXe; total scintillation 

yields and their spatial distributions within the LXe volume; UV-photon transmission 

through the window; photon detection efficiency (on the photocathode surface); spatial 
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distribution of the photoelectrons emitted from the photocathode and their center of 

gravity (COG) calculation (defining the spatial resolution of the detector). 

 

5.2 Optimization of the LXe converter 

The first set of simulations aimed at optimizing the type and performance of 

various LXe converter types. The main interest has been the optimization of detection 

efficiency and spatial resolution, for gammas and neutrons in the relevant energy range 

of 2-15 MeV– derived from the proposed detection concept. These simulations were 

performed for the large “general” detector geometry, without surrounding materials to 

avoid effects of scattered radiation from surrounding materials into the LXe convertor. 

 

Two converter configurations were considered: 

 A large area plain 580×580×50mm LXe sensitive-volume convertor. A 

GEANT4 snapshot of this concept is depicted in Figure 28 (right).  

 An array of 50 mm long and 1 mm diameter holes, drilled with a hexagonal 

pattern with a pitch of 1.2 mm in a block of Teflon, Tefzel or Polyethylene with 

Teflon coating - filled with LXe. Hydrogen-rich capillaries, such as 

polyethylene or Tefzel, allow efficient transfer of neutron energy close to the 

point of interaction by reducing the neutron multiple scattering, and thus 

improving the spatial resolution. Teflon and Tefzel were chosen due to their low 

refractive index compared to that of LXe, at 178 nm (nLXe=1.61versus 

nTeflon=1.34 and nTefzel=1.5 [93]). A specular total internal reflection was 

assumed for the photon transmission through the capillary holes [94]. A 

GEANT4 snapshot of this concept is depicted in Figure 28 (left). 

 

The LXe volume/capillaries are viewed by a 10mm thick UV-window, followed 

by a 5mm Ne-based gas gap and a CsI photocathode.  

 

The light from the converters was viewed via a 10 mm thick quartz UV-window 

by the THGEM-GPM (see Figure 27A). The CsI photocathode is deposited on the 

THGEM’s top face, located 5 mm away from the UV-window. 
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Figure 28: Snapshots of GEANT4 simulation runs (side view): the green lines are tracks of neutral 

particles (either incident neutron/gamma or UV-photons). Left figure: LXe-filled capillaries (50 mm long 

and inner diameter of 1 mm) made of Teflon, Tefzel or Polyethylene with Teflon coating; a LXe-filled 

1mm gap; a 10mm thick UV-window; a 5mm Ne-based gas gap and a photocathode surface (of the 

GPM). (Taken from [92]). Right figure: plane 51 mm long LXe volume; a 10mm thick UV-window; a 

5mm Ne-based gas gap and a photocathode surface. (Taken from [83]). 

 

 

A UV-photon detection efficiency (PDEGPM) of 20% was assumed for the GPM. 

The scintillation light yields of 8.8 photons/keV and 20 photons/keV, for neutron-

induced nuclear recoils and gamma-induced electron recoils, respectively, used in our 

simulations were taken from [22]. The incident neutron and gamma-ray beams, of 1.4 

x 1.4 mm2, impinged at the center of detector’s active volume. For the optimization 

purpose, we used sub-millimeter pads.  

 

5.2.1 Deposited Energy Spectra 

Figure 29 and Figure 30 depict the spectra of deposited energy in the various 

LXe radiation-converter configurations, computed for gamma and neutron interactions 

in the relevant energy range 2-14 MeV. 

 

Gamma-ray spectra 

For gamma-ray interactions in plain LXe volume (Figure 29A) one can clearly 

see the photo-peak, as well as single- and double- escape photo-peaks from the 

dominant pair-production process. A small, but visible, peak at 511 keV on the low 

energy side of the gamma spectra originates from pair production and annihilation 
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processes in the 10 mm thick quartz window. In comparison to a plain LXe volume, the 

introduction of capillaries (of the geometry described above) causes the following 

effects: Only 55% of the incident beam particles interact directly with LXe. Gamma-

ray induced electrons/positrons created in LXe will deposit only part of their energy 

within the active volume. Incident particles that interact directly with the capillaries' 

material create predominantly Compton electrons, of which some reach the active LXe 

volume and deposit there part of their energy. Hence, we do not see the full or escape 

photo-peaks except in the case of low-energy gamma-rays where the probability to stop 

an electron/positron within the active LXe is still relatively high. 

 

Neutron spectra 

Figure 30A depicts energy spectra from neutron interactions in plain LXe 

volume. In a single elastic collision with Xe nucleus, the neutron can transfer not more 

than about 3% of its energy to Xe (see section 2.2.3). Thus, for a relatively small 

thickness of LXe, most of the elastic scattering events will deposit small amount of 

neutron energy per interaction. For example for 2 MeV neutrons the maximum energy 

transferred to Xe nucleus is about 60 keV. However, one can observe that there are 

small number of neutron induced events with deposited energy extending up to the 

incident neutron energy. This is due to inelastic neutron collisions, where the resulting 

gamma-rays can add their energy to Xe recoil energy. In rare cases, the neutron may 

deposit higher energy than its incident energy. This may happen when inelastic 

collisions are followed by neutron capture. In such cases the absorption of the capture 

gamma-rays will add to the energy of the neutron. 

 

The introduction of Teflon capillaries did not change significantly the absorbed 

energy spectrum. However, for capillaries made of materials that contain hydrogen, 

such as Tefzel or polyethylene, the neutron spectra extended to higher values due to the 

contribution of knock-on protons, which may receive large fraction of the neutron's 

energy in a single collision. 
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Figure 29: Computer-simulated spectra of deposited energy in 580×580×50mm LXe sensitive volume 

by gamma photons for a) plain-LXe converter, b) Teflon capillaries, c) Tefzel capillaries and d) 

Polyethylene capillaries. The simulations were made for gamma-ray beam energies of 2, 5, 8, 11 and 14 

MeV. The incident beam area of 1.4 x 1.4 mm2 was impinging at the center of detector’s active volume. 
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Figure 30: Computer-simulated spectra of deposited energy in 580×580×50mm LXe sensitive volume 

by neutrons for a) plain-LXe converter, b) Teflon capillaries, c) Tefzel capillaries and d) Polyethylene 

capillaries. The simulations were made for neutron energies of 2, 5, 8, 11 and 14 MeV. The incident 

beam area of 1.4 x 1.4 mm2 was impinging at the center of detector’s active volume. 

 

The average gamma-ray and neutron energies deposited in the active volume, 

available for light production, are shown in Table 3. It includes all possible modes by 

which the incident particle can leave its energy to scintillation in LXe. 

 

Table 3: Average deposited energy, in the various large-detector configurations (580×580×50mm), for 

selected gamma and neutron beam energies. 
Energy of 

impinging 

beam 

[MeV] 

Average deposited 

energy in LXe volume 

setup [keV] 

Average deposited 

energy in Teflon 

capillaries setup [keV] 

Average deposited energy 

in Tefzel capillaries setup 

[keV] 

Average deposited energy 

in Polyethylene capillaries 

setup [keV] 

gamma neutron gamma neutron gamma neutron gamma neutron 

2 1310 220 700 240 740 200 820 170 

5 3590 900 1820 620 1970 620 2230 620 

8 5930 1100 3020 760 3260 840 3680 1020 

11 8100 750 4150 720 4510 910 5020 1340 

14 10030 730 5170 810 5640 1120 6200 1740 
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 For gamma-rays, only the plain LXe converter exhibits peaks (full photo-peak, 

single and double escape) in the spectrum. The introduction of capillaries causes 

significant modification in the spectrum, since the gamma-ray induced 

electrons/positrons created in LXe deposit only part of their energy within the 

scintillator volume. Thus, the pulse height distribution expected with a capillary 

converter will not show peaks. In case of DDEGR, where we use only two energies 

(4.43 MeV and 15.1 MeV), this should not present a problem since the two gamma-ray 

energies are sufficiently distant from each other, as demonstrated in Figure 45C. 

 

Deposited energy neutron spectra are continuous in all converters. The addition 

of hydrogenous media in the form of Tefzel or polyethylene capillaries extends the 

spectra to larger deposited energy values. As we intend to perform neutron spectroscopy 

by TOF, the pulse height analysis of neutrons is of less relevance here. 

 

5.2.2 Detection Efficiency 

The detection efficiency is defined here as the number of particles 

(neutron/gamma) interacting in the LXe sensitive volume, resulting in at least one 

photoelectron, detected by the GPM, normalized to the total number of particles 

impinging on the detector. The detection efficiency of gammas and fast neutrons, 

computed for the different converter variants over the relevant energy range, are shown 

in Figure 31. Neutron detection efficiency of the early version of TRECOR, the TRION 

detector (30 mm thick scintillation-screen + intensified CCD) [11, 12], is also shown 

for comparison.  The detection efficiency is rather constant over the whole energy 

range, of the order of 20% and 30%-40% for fast neutrons and gammas, respectively. 

For gammas, due to the large energy deposition by Compton electrons and their 

resulting high scintillation yield (see Figure 29 and Table 3), the detection efficiency is 

equal to the conversion efficiency; namely, every gamma interacting in LXe generates 

at least one photoelectron detected by the GPM. 

 

Detection efficiencies of gammas in Teflon and Tefzel converters are roughly 

the same. The low density of polyethylene causes some reduction in gamma-ray 
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efficiency. The plain-LXe converter provided the highest detection efficiency, e.g. of 

~45-55% for 2-14MeV gammas. 

 

For neutrons, a significant number of events deposit very small amount of 

energy in LXe (see Figure 30 and Table 3). Furthermore, the small number of 

scintillation photons emitted per keV of deposited energy by neutron-induced Xe 

recoils (8.8 photons/keV) will result in a lower detection probability. Detection 

efficiencies of neutrons in the Teflon-capillaries and the plain LXe volume 

configurations are roughly the same, over the whole energy range. 

 

 

Figure 31: Detection efficiency as a function of energy of the impinging neutrons (solid lines) and 

gammas (dashed lines) simulated for the detector of Figure 27A with a plain-LXe convertor and that of 

Teflon, Tefzel and Polyethylene capillaries. Converter thickness: 50mm. Neutron detection efficiency, as 

calculated in [12] for the TRION detector, is shown for comparison.  

 

One can notice that the neutron efficiency for polyethylene capillaries is 

significantly lower for low neutron energies. It is thus interesting to investigate the 

contribution of the knock-on protons to the detection efficiency. The proton-induced 

scintillation yield is about 8-fold higher (per keV of deposited energy) compared to that 

of Xe nuclear recoils [22] In addition, due to its higher energy transfer, (see Figure 32)) 

it deposits larger energy within the LXe compared to Xe nuclei recoils. Hence, the 
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scintillation light yield per interaction and the resulting detection efficiency are 

expected to improve. For that purpose, in the analysis of the simulation results, we 

separated the deposited energy induced by proton originating from the Polyethylene 

capillary walls (and passing through 10 µm of Teflon coating), from that of the recoil 

Xe nuclei. 

 

 

Figure 32: Simulated energy distributions of protons, released from the Polyethylene wall by interacting 

neutrons (2, 5, 8, 11 and 14 MeV), penetrating into the LXe capillaries. 

 

Table 4 summarizes the efficiencies (energy integral of the distributions of 

Figure 32) due to protons only. As can be observed, most of the knock-on protons are 

trapped in the capillary wall; therefore, their contribution to the total detection 

efficiency is insignificant. Our conclusion is that the reduction of efficiency at low 

neutron energy is caused by the lower average deposited energy available for 

production of light (see Table 3). 

 

Using capillaries do not improve the detection efficiency, compared to detection 

efficiency of plain LXe, but its conspicuous advantage is in term of neutrons spatial 

resolution, as described in the following section. 
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Table 4: Calculated number of protons penetrating into LXe normalized to the number of impinging 

neutrons. 

Energy of impinging 

neutrons [MeV] 

Number of detected protons/ Number 

of impinging neutrons [%] 

2 0.08 

5 1.37 

8 2.66 

11 3.98 

14 4.94 

 

5.2.3 Spatial resolution 

As described above, the reconstruction of the original position of the impinging 

particle is obtained by calculating the COG of the cloud of photoelectrons detected by 

the position-sensitive GPM, using Equation 15. Examples of single-event snapshots, 

simulated in GEANT4 runs, are illustrated in Figure 33 from the detector’s front-side 

(as seen by the photocathode); they show the results of single neutrons and gammas 

impinging on the LXe sensitive volume, yielding nuclear and electron recoils, 

respectively, recorded through their resulting scintillation light. The examples of the 

radiation-induced recoils are shown in a plain LXe-volume and in capillaries drilled in 

Teflon and Polyethylene, filled with LXe (represented as 1 mm diameter circles). The 

initial positions of the impinging particles are indicated by white arrows. The green 

lines and spots are neutral particles (i.e. neutrons, gammas or the emitted UV-photons). 

The transport of the UV-photons, in the plain LXe volume, was suppressed, in order to 

enable better viewing. 
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Figure 33: Examples of snapshots of typical GEANT4 runs, seen from the detector’s front-side, for 

impinging neutrons and gamma-rays in a plain LXe converter (figures A, B), LXe in Teflon capillaries 

(figures C, D) and LXe in Polyethylene capillaries (figure E, F). The scintillation light (green spots) is 

created by radiation-induced recoils stopped in LXe. The Compton-electron tracks appear in red. The 

white arrows indicate the radiation-impact locations. While the UV-photon transport in confined within 

capillaries, their transport in the plain LXe volume was suppressed to enable better viewing. See text. 

Note different dimensions scale.  

 

As illustrated in Figure 33, the uncertainty of reconstructing the original 

position of the impinging gamma radiation is mostly due to the long range of Compton 

electrons. The maximum energy of the ejected Compton electron varies from 88% to 

98% of the initial gamma energy for the gamma-ray energy range of 2-15 MeV. Their 

range in LXe reaches several mm (see Figure 3B); they induce large scintillation-

photon yields in several contiguous capillaries or within a few mm of LXe volume. This 

is well illustrated in upper figures of Figure 33; the interactions of the Compton electron 

(in red) and the scintillation photons (in green) occur within the capillaries and in the 

LXe volume along the Compton-electron track. 

 

Figure 33B and Figure 33D illustrate cases in which the neutron is scattered a 

few times at distant points (three points in fig B and two capillaries in fig D). 

Reconstruction of the neutron-induced interaction position, for these multiple-

scattering processes in the LXe, are difficult due to the large spread of the scintillation 
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light. On the contrary, Figure 33F shows an ideal situation where the impinging neutron 

is directly scattered within the capillary, then scattered again few times in the 

polyethylene support, losing its energy there without scintillation. Reconstruction of 

the original position of the impinging neutron in this case is straightforward. 

 

Figure 34 illustrates the spatial distribution of the detected photoelectrons on 

the GPM’s photocathode, for three of the radiation-converter setups. The color scale 

relates to the total number of detected photoelectrons. Each of the figures depicts the 

photoelectrons cloud resulting from a particular single event, its calculated COG 

(denoted as "cg" in the figure) and the original impact location (denoted as "i" in the 

figure) (as explained below). 

 

In the case of neutrons, the geometrical spread of the detected photoelectron 

distributions in the detector with LXe in Teflon capillaries and in the plain LXe volume 

converter is larger than that with the LXe-filled Polyethylene capillaries one. This is 

due to a larger number of multiple-scattering interactions in the former configurations. 

 

In the case of gamma irradiation, the geometrical spread of the detected photoelectron 

distributions in the plain LXe converter is the largest one; nevertheless, the original 

position of the interacting particle is calculated with a rather small uncertainty due to 

the large number of photoelectrons. 
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Figure 34: Examples of 2D spatial distributions of single-event induced photoelectrons originating from 

the GPM’s photocathode (detected photoelectrons), simulated for three LXe converter geometries of 

Figure 27A, for gamma-rays (a, b and c) and neutrons (d, e and f). The color scale indicates the number 

of detected photoelectrons in each position; (i) is the original radiation-impact location; (cg) is the 

computed center-of-gravity of the detected photoelectrons cloud.  

 

The detector’s spatial resolution was obtained in each configuration by 

computing event-by-event, the COG (Equation 15) of the detected-photoelectrons 

distributions on the GPM’s photocathode surface. Sub-millimeter pad size was 

assumed. The distributions, resulting from 2-20∙106 impinging particles, are shown in 

Figure 35. The summary of the FWHM values of the COG distributions is shown in 

Figure 36. 

 

For the neutrons, the simulated photoelectrons’ spatial distributions, and 

consequently the resolutions, depend on the capillaries' substrate material; this is due 

to the large differences between the neutron total cross sections in Xe, Teflon, Tefzel 

and Polyethylene, affecting the neutron's mean-free-path in the converter and the 

amount of energy transferred to scintillation in LXe. On the other hand, the gamma-

induced spatial distributions are almost independent on the capillaries' material, since 

gamma rays interact mostly with LXe. 
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Therefore, one may conclude that, while no advantages are reached with the use 

of capillaries as scintillation-light guides in term of spatial resolution for gammas, they 

largely improve the spatial resolution for neutrons by more efficient transfer of neutron 

energy near the point of neutron interaction. 

 

As expected, for neutrons, the narrowest spatial distribution of the COG was 

obtained with the Polyethylene or Tefzel capillaries (FWHM of ~2.5mm), due to higher 

energy transfer to the capillary materials close to the point of interaction and higher 

photons statistics in case of scintillation from knock-off-protons. The broadest COG 

spatial resolution was obtained in the plain LXe Volume (FWHM of ~8mm). 

 

The large number of photoelectrons emitted in most gamma interactions, and 

the shorter Compton–electron range in LXe compared to that of the neutron's range, 

resulted in narrower COG distributions for gammas. Furthermore, the small cross 

sections for gamma interactions in Teflon, Tefzel and Polyethylene, make these 

materials “transparent” to gammas, hence similar spatial resolutions were obtained for 

gamma in all four different detector configurations (FWHM of 3-5mm). 

 

The deterioration of the spatial resolution with the gamma energy is caused by 

the increase of the Compton-electron range [95]. 
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Figure 35: Computed center-of-gravity distributions of photoelectrons from the GPM’s photocathode 

resulting from gamma- and neutron-induced scintillation light in detectors of Figure 27A with different 

radiation converter configurations. Converter thickness: 50 mm; energy range: 2-14 MeV. The 

distribution areas are normalized to 1.  
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Figure 36:  Computed FWHM values of the photoelectrons’ center-of-gravity distributions on the GPM’s 

photocathode (of Figure 35), as a function of energy of the impinging neutrons (solid lines) and gammas 

(dashed lines) for detectors of Figure 27A with different, 51 mm long radiation converter configurations 

(indicated in the figure).  

 

5.2.4 Effect of beam impinging point  

Another set of simulations was done in order to study the effect on FWHM and 

detection efficiency due to various impinging points on the Tefzel capillaries. 5 MeV 

neutrons were simulated to imping the detector, with an infinitesimal width beam. The 

simulations, were done for impinging points in various distances from the center of the 

capillary (see Figure 37), around 1∙106 neutrons in each location. 

FWHM and detection efficiency results are shown in Figure 38 as a function of the 

beam distance from capillary's center. 

 

Figure 37: Schematics of the Tefzel capillaries with line indicating the various impinging points 
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Figure 38: FWHM (fig A) and detection efficiency (fig B) as a function of the beam distance from 

capillary's center. 

 

5.2.5 Capillary - dimensions optimization 

In paragraph 5.2.2 (Figure 31) we demonstrated that detection efficiencies of 

neutrons in the Tefzel- or Polyethylene capillaries and in the plain LXe volume setups 

are roughly the same, over the whole energy spectrum. On the other hand, the spatial 

resolution, obtained for fast-neutrons in the Tefzel or Polyethylene capillaries setups is 

considerably narrower compared to that of the plain LXe configuration - due to efficient 

neutron energy losses by collisions with H atoms. 

 

The H atoms content in Polyethylene (14% H) is higher than in Tefzel (3% H). 

However, the relatively low melting temperature of Polyethylene probably prevents 

coating the inner walls of capillaries by a Teflon reflector. Hence, the best practical 

detector configuration, based on Geant4 simulations, is one with Tefzel capillaries. The 

Tefzel capillaries' dimensions (e.g. inner and outer radii) were optimized for neutron 

and gamma irradiation, by Geant4 simulations, performed on commercially available 

capillary dimensions [96]. The results of the FWHM values of the COG distributions 

of neutron- and gamma-induced photoelectrons’ position on the UV detector, and its 

detection efficiency, are shown in Figure 39 and in Table 5, respectively, for different 

capillary sizes and neutron and gamma energies. The optimal capillaries' dimensions 

(out of the commercially available existing selection in Table 5) are an inner radius of 

0.51 mm and outer radius of 0.79 mm. For these dimensions, the calculated neutrons' 

detection efficiency is ~0.18 (2-10 MeV neutrons) and that for gammas is ~0.3 (4.4 and 

15.1 MeV gamma). The calculated FWHM spatial resolution for fast-neutrons is ~1.5 
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mm (for 2-10 MeV neutrons) and that for gammas ~2.4 mm (at 4.4 MeV) and ~3.5 mm 

(at 15.1 MeV). 

 

Figure 39: FWHM of the COG distributions of photoelectrons position on the GPM (figure A) and 

detection efficiency (figure B) for different neutron energies, calculated in the detector of Figure 27A for 

different capillaries sizes. The FWHM of the COG distribution (black solid lines in Figure 36) and the 

detection efficiency (black solid lines in Figure 31) of plain LXe volume, with no capillary, are shown 

for comparison. 

 

Table 5: FWHM of COG distribution of photoelectrons position on GEM, and detection efficiency for 

the two calculated gamma energies, in the detector of Figure 27A for different capillaries sizes. The best 

commercially-available Tefzel's dimensions, in terms of detection efficiency, are in the gray line.  

Inner Radius 

[mm] 

Outer 

Radius 

[mm] 

FWHM [mm] Detection Efficiency 

4.4 MeV 15.1 MeV 4.4 MeV 15.1 MeV 

0.13 0.79 2.7 2.9 0.24 0.19 

0.25 0.79 2.6 3.1 0.25 0.21 

0.38 0.79 2.6 3.2 0.27 0.25 

0.51 0.79 2.4 3.5 0.29 0.30 

0.79 1.59 2.7 3.6 0.26 0.25 

1.18 1.59 2.9 4.3 0.29 0.33 

2.39 3.18 3.6 5.1 0.26 0.33 

0.50 3.50 2.6 3.1 0.20 0.19 

5.2.6 Simulation of radiographic images – elemental differentiation 

Simulations were also carried out in order to evaluate the expected performance, 

of large detectors (580×580×50 mm) equipped with both, the plain LXe volume 

radiation-converter and of the LX-filled Tefzel capillaries one, having the optimal 

dimensions (see section 5.2.5), for gamma and neutron radiography and elemental 
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differentiation. The plain-LXe configuration was chosen as worst case scenario since 

its spatial resolution, particularly for neutrons, is the lowest. The Tefzel capillaries 

configuration was chosen as best-case scenario since its spatial resolution, particularly 

for neutrons, is the highest. Nine objects (20×20×20 mm3 for gammas and thicker ones, 

20×20×60mm3 for neutrons) of various materials were considered: Lead, Tungsten, 

Uranium, Polyethylene, Graphite, Aluminum, PETN (an explosive), Iron and silicon; 

they were “irradiated” by uniform discrete energy gamma beams obtainable from the 

11B(d,nγ)12C reaction (4.4 MeV and 15.1 MeV, ~1600 gammas/mm2 for each energy) 

and by neutrons (continuous spectrum of 2-10MeV, ~2800 neutrons/(MeV·mm2). The 

transmitted radiation was “measured” by the GPM detector. The simulated gamma-ray 

pulse-height spectra are shown in Figure 40 for the plain LXe volume and LXe/Tefzel 

converters. One can observed that compared to the absorbed-energy gamma-ray spectra 

(see Figure 29 A and C) the peaks here are smeared due to poor light collection. 

Nevertheless, the two gamma-rays are well separated and the pulse-height spectrum 

can be used for elemental differentiation. Neutron spectra will be measured (in a real 

system) by TOF spectroscopy, which is expected to provide very good energy 

resolution.  

 

Figure 40: Simulated gamma-ray (4.4 MeV and 15.1 MeV) pulse height spectrum for A- plain LXe 

volume and B-LXe/Tefzel converters. 

 

Typical simulated-radiography results, performed with this large detector, are 

shown in Figure 41, for selected 4.4 MeV gamma and neutrons of 9-10MeV. The 

images were enhanced using Lucy-Richardson deconvolution and median filter 

algorithms, by MATLAB (version R2011b [97]).  
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The rectangular objects' shapes can be easily seen in the gamma radiography 

images with both convertors (Figure 41-A and B), and in the neutron radiography with 

the Tefzel convertor (Figure 41-D); the images simulated with the plain-LXe convertor 

(Figure 41-C) are deformed, due to the lower spatial resolution for neutrons with this 

convertor (see Figure 36).  

 

 

Figure 41: Typical simulated radiography results with a large detector with plain LXe converter (figures 

A and C) and with LXe/Tefzel-capillaries converter of the optimal geometry (figures B and D), for objects 

of various materials. The figures show images for selected gamma energy (4.4MeV, figures A and B), 

and selected neutron energy range (9-10MeV, figure C and D). See text for details.  

 

Simulations of material differentiation by dual-discrete-energy gamma 

radiography (DDEG [7]) were performed using Rvalue- defined, for each element, as the 

ratio between mass attenuation coefficients of gammas in the two selected energies 

(Equation 17): 
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Where here E1 is 15.1MeV, E2 is 4.4MeV, Iγ
0 is the impinging gamma flux, Iγ is the 

transmitted flux and µ is the mass attenuation coefficient. Materials with low, medium 

or high Z would result in different Rvalue “regions”, independently of the object density 

or thickness; hence it would enable rough material differentiation.  Table 6 shows Rvalue 

for the different materials considered here, calculated from the simulations, and the 

theoretical ones, obtained from tabulated values [28]. The Rvalue numbers calculated 

from the simulations of both converters are in good agreement with the theoretical ones, 

for the three Rvalue-regions examined (low (Rvalue ~0.6), medium (Rvalue ~0.9) and high 

Z (Rvalue ~1.35)). 

Table 6: Theoretical and calculated RValue numbers. The "error" columns relate to 

 . 

Material 

Rvalue 

Theory 
LXe volume 

simulation 
Error 

Tefzel 

capillaries 

simulation 

Error 

Pb 1.34 1.37 -1.9% 1.37 -1.9% 

W 1.33 1.32 0.4% 1.33 -0.2% 

U 1.35 1.37 -1.5% 1.33 1.4% 

Polyethylene 0.56 0.53 5.3% 0.54 2.7% 

Graphite 0.59 0.55 5.5% 0.55 6.1% 

Al 0.73 0.72 1.4% 0.79 -8.0% 

PETN 0.61 0.67 -10.5% 0.67 -10.2% 

Fe 0.96 0.98 -2.3% 0.97 -0.9% 

Si 0.75 0.75 0.0% 0.72 4.1% 

  

Fast-neutron resonance radiography (FNRR [9]) exploits the differences in neutron's  

cross-sections with energy, of different elements, to identify specific elements within 

inspected items. For example, the neutron total cross-section for carbon has resonances 
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in the energy range of 7.7-8.83 MeV and dips in the range of 6.85-7.2 MeV [31]. A 

simplistic procedure of dividing the image received with neutrons of 6.85-7.2 MeV by 

the one with neutrons of 7.7-8.83 MeV would emphasize materials containing high 

carbon concentration, e.g. graphite (see Figure 42-A for plain LXe converter and Figure 

43-A for Tefzel capillaries convertor). Similarly, the neutron cross-section for oxygen 

has resonances in the energy range of 3.26-3.79 MeV and dip in the 2.31-2.37 MeV 

range. Dividing the image recorded with neutrons of 2.31-2.37 MeV by the one with 

neutrons of 3.26-3.79 MeV would emphasize materials containing high oxygen 

concentration, e.g. a PETN explosive in our case (see Figure 42-B for plain LXe 

converter and Figure 43-B for LXe/Tefzel capillaries convertor). The Tefzel capillaries 

convertor is similar to the plain LXe converter in terms of neutron's detection efficiency 

(see Figure 39B) but provides ratio-images of better resolution. 

 

 

Figure 42: Simulation results of a detector with plain-LXe converter. Material differentiation using fast-

neutron resonance radiography. (A) ratio between two images recorded with neutrons of 6.85-7.2 MeV 

and 7.7-8.83 MeV, emphasizing the graphite object. (B) ratio between two images recorded with neutrons 

of 2.31-2.37 MeV and 3.26-3.79 MeV emphasizing the oxygen-rich (explosive) object. 
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Figure 43: Simulation results of a detector with LXe/Tefzel capillaries converter of the optimal geometry. 

Material differentiation using fast-neutron resonance radiography. (A) ratio between two images 

recorded with neutrons of 6.85-7.2 MeV and 7.7-8.83 MeV, emphasizing the graphite object. (B) ratio 

between two images recorded with neutrons of 2.31-2.37 MeV and 3.26-3.79 MeV emphasizing the 

oxygen-rich (explosive) object. 

 

 

5.3 Predicted performance of the small size laboratory detector 

prototype 

Another set of simulations was done for the specific geometry of our experiments 

with the 100 mm diameter detector, with plain LXe and with Tefzel capillaries; they 

included a detailed definition of the WILiX cryostat parameters (see 4.1) (see Figure 

27B and Figure 12). The simulations included, besides the LXe volume, all cryostat’s 

surrounding materials: A cylindrical LXe volume (diameter 153 mm, height 73 mm) 

surrounded by quartz jar (to minimize UV reflections) and copper. A large quartz 

window (diameter 155.4 mm, height 9.4 mm) is in contact with LXe (the LXe level 

above the window bottom is 5.5 mm). In these simulations we assumed the lowest 

scintillation-light yield values estimated by [40] for neutron-induced nuclear recoils 

and gamma-induced electron recoils, namely, 4 photons/keV and 20 photons/keV, 

respectively (see Figure 7). A CsI photocathode (assumed modest PDEGPM=10%) is 

located 32 mm away from the window bottom (Note that in the "general" detector 

geometry the distance between the UV-window and the CsI photocathode was only 5 

mm (see paragraph 5.2)). The IVC and OVC are made from stainless steel. The IVC 

wall thickness is 4.0 mm and its bottom (thickness of 7 mm) has a channel (25mm in 

diameter) in the center, with a residual thickness of 3.0 mm. The OVC wall thickness 



81 

 

is 4.8 mm and its bottom (thickness of 20 mm) has a 41.2 mm hole, covered by a 2 3/4'' 

CF flange (diameter 69.3 mm thickness 12.7 mm). A segmented readout electrode, was 

defined, containing 61 hexagonal pads as used in the experiment (see 4.3). 

Furthermore, neutron and gamma collimators mounted on the 60Co and AmBe 

irradiation sources were defined. The AmBe collimator (cylinder of 60 cm in height 

and 40 cm in diameter with collimator hole of ϕ=1 cm), contained mixture of Borax 

and water (Na2B4O7·14H2O) and was coated by 1cm of lead. The 60Co collimator 

(cylinder of 16 cm in height and 10 cm in diameter with collimator hole of ϕ=1 cm) 

was made out of lead. 

The continuous AmBe neutron spectrum (Figure 44), 60Co gamma spectrum and 

gamma rays with energies of 4.4MeV, 15.1MeV (for simulating the gamma spectrum 

in future Dual-Discrete-Energy Gamma Radiography [7] accelerator experiments) were 

used as radiation source input data. 

 

 

 

Figure 44: AmBe neutron spectrum (calculated from data from [98]). 

 

Figure 45 shows the deposited energy, the scintillation generated photocathode 

photoelectron spectra (PDEGPM=10%) and the charge spectra after charge amplification 

in the GPM, simulated for LXe-filled Tefzel capillaries for the relevant gamma 

energies. On the deposited energy spectrum (Figure 45A) one can clearly see the full-

energy photo-peaks, as well as single- and double- escape photo-peaks from the 

dominant pair-production process. A small, but visible, peak at 511 keV on the low 

energy side of the gamma spectra originates from pair-production and annihilation 
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processes in the 10mm thick quartz window. For the 15.1MeV gamma-ray, in LXe-

filled Tefzel capillaries, no photo-peak is detected due to the following effects: only 

55% of the incident beam particles interact directly with LXe. Gamma-ray-induced 

electrons/positrons created in LXe will deposit only part of their energy within the 

active volume. Incident particles that interact directly with the capillary material create 

predominantly Compton electrons, of which some reach the active LXe volume and 

deposit part of their energy there. Hence, we do not see the full or escape photo-peaks 

except in the case of low-energy gamma-rays where the probability to stop an 

electron/positron within the capillary active LXe volume is still relatively high. This is 

in comparison with a plain LXe volume, in which an intense full energy photo-peak, as 

well as single- and double-escape photo-peaks, are detected [83]. 

The photo-peaks in the photoelectron spectra (Figure 45B) are smeared due to a poor 

light collection. The avalanche process, which amplifies the charge (with exponential 

distribution for single PEs), further smears out the charge spectra (see the integrated 

charge spectra in Figure 45C). Nevertheless, the 4.43 MeV and 15.1 MeV gamma-rays 

relevant to our application are rather well separated and the pulse-height spectra can be 

used (with some loss of efficiency) for spectroscopic analysis of material 

differentiation. The charge spectra of 4.4MeV and 15.1MeV are shown again in Figure 

45D, now with the actual branching ratio resulting from the 11B(d,nγ)12C reaction (i.e. 

the 15.1MeV spectrum is divided by 4). One can set a lower-level threshold to measure 

only the 15.1MeV gamma-rays. The contamination due to 15.1MeV gamma of the 

4.4MeV spectrum is ~38% (ratio between B and A in Figure 45D). This large 

interference can be corrected for provided the shape of the 15.1 MeV charge spectrum 

remains constant. 

 

As mentioned above, neutron-energy selection in future radiographic elemental 

analysis experiments will be done by TOF. However, for better understanding the 

physics of the detector we show, in Figure 46, the deposited energy, the photoelectron 

spectra and the charge spectra, as simulated for the selected neutron energies in our 

specific LXe-filled Tefzel capillaries prototype, taking into account PDEGPM=10%. 

The neutron's energy deposition spectra simulated in the small LXe-filled Tefzel 

capillaries prototype (Figure 46A) is similar to that of the large 580×580×50 mm LXe 

sensitive volume (Figure 30C). See spectra description in section 5.2.1.  
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The average numbers of PEs, calculated for the relevant gamma and neutron 

energies, are listed in Table 7 and Table 8, respectively. 

 

 

Figure 45: Deposited energy (A), photoelectron spectra (B) and integrated charge spectra (C), as 

simulated for LXe-filled Tefzel capillaries taking into account PDEGPM=10% for the relevant gamma 

energies. Figure D shows again the simulated charge spectra of 4.4MeV and 15.1MeV with the actual 

branching ratios for gammas emitted from the 11B(d,nγ)12C reaction. The arrows show the area below 

the two spectra between the two dashed lines. The calculations were made for the specific, not optimal, 

geometry of our experiments where the CsI photocathode was located 32 mm away from the UV-window. 
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Figure 46: Deposited energy (A), photoelectron spectra (B) and integrated charge spectra (C), as 

simulated for LXe-filled Tefzel capillaries taking into account PDEGPM=10% for the selected neutron 

energies. The calculations were made for the specific, not optimal, geometry of our experiments where 

the CsI photocathode was located 32 mm away from the UV-window. 

 

 

Table 7: Calculated average number of PE for the relevant gamma energies (for PDEGPM=10%).The 

calculations were made for the specific, not optimal, geometry of our experiments where the CsI 

photocathode was located 32 mm away from the UV-window.  

Gamma Energy [MeV] Average number of PEs 

1.1 28 

1.3 31 

4.4 98 

15.1 297 
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Table 8: Calculated average number of PE for the relevant neutron energies (for PDEGPM=10%).The 

calculations were made for the specific geometry of our experiments where the CsI photocathode was 

located 32 mm away from the UV-window. 

Neutron energy 

range [MeV] 

Average 

number of PEs 

Neutron energy 

range [MeV] 

Average 

number of PEs 

0-1 15 6-7 40 

1-2 15 7-8 43 

2-3 20 8-9 44 

3-4 26 9-10 44 

4-5 32 10-11 44 

5-6 37 
AmBe neutron 

spectrum 
32 

 

Imaging simulations 

Simulations of the following experiments were performed for both sources that 

were available to us (60Co gamma-ray source and Am-Be neutron source) and also for 

the radiations that will be emitted in the 11B(d,nγ)12C reaction: 

 Gamma and neutrons imaging of a Pb-object-edge (~11mm in thick). 

 Gamma imaging of a narrow beam (ϕ=3mm). 

 Imaging of bare neutron or gamma source (flat image). 

 Simulations of neutron and gamma pencil beams.  

 

As described in section 4.3, COG histograms are calculated, according to Equation 

15, for simulations of imaging with and without an object and the ratio image is 

calculated according to Equation 16.  

 

5.3.1 Simulation of gamma imaging of a Pb-edge absorber 

The point spread function (PSF) of the imaging detector can be obtained by 

means of the edge spread function (ESF) evaluation technique [99]. Figure 47(A, B, C) 

shows object-to-flat COG-histogram-ratios, simulated for 1.33, 4.4 and 15.1 MeV 

gamma-rays emitted from a source positioned at a distance of 916 mm below the OVC 

bottom, as described above in section 4.6 (Figure 22). The edge Pb absorber (10.9 mm 

thick) covered half of the OVC. For demonstration purposes, the lower PE threshold in 

these figures was set to 30PEs, as increasing the threshold did not improve the FWHM 

any further (see Figure 49A). The color map indicates the transmission of the incident 

radiation, relative to the case of no object. One can clearly see the area in the detector, 

which was covered. Theoretically, the transmission of 1.33, 4.4 and 15.1 MeV gamma-
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rays through 10.9 mm thick lead plate would be 50%, 59% and 50%, respectively. In 

practice, the simulated transmissions are somewhat larger: 61%, 67% and 65%, 

respectively; this is due to gamma-ray scattering by the imaged object positioned at a 

distance of ~190mm from the sensitive detector area. 

The ESF is the average profile of the edge (see Figure 47(D,E,F)). In order to smoothen 

the statistical fluctuations, we fitted the edge profile with a logistic function (Equation 

18) [100], which models the ESF with adequate accuracy (see Figure 47(D,E,F)). 

 

Equation 18   𝐸𝑆𝐹(𝑥) = 𝑎0 +
𝑎1

1+𝑒𝑥𝑝(−𝑎2(𝑥−𝑎3))
 

 

In Equation 18, a0 is the curve's minimum value, a1 is the curve's maximum 

value above a0, a2 is the steepness of the curve, a3 is the x-value of the sigmoid's 

midpoint. 

The determination of the PSF is obtained by differentiating the logistic function fitted 

to the ESF (see Figure 48). 

 

Figure 49A summaries the FWHM of the PSF, estimated by an object edge 

imaging, for few lower PE thresholds. The FWHM improves slightly with increasing 

of the lower PE threshold, with best value of ~9mm, ~5mm and ~6mm for gamma-ray 

energies of 1.33, 4.4 and 15.1 MeV, respectively. 

 

Derivative of edge's ESF is not the exact real PSF due to 2D effects on the 1D 

ESF. In order to estimate the real PSF we performed simulations of an infinitesimally 

thin beam (pencil beam) which irradiates the detector in single point (see next section).   
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Figure 47: Simulation results of a 10.9mm thick Pb-object-edge gamma imaging, for gamma energies of 

1.33, 4.4 and 15.1 MeV. Lower PE threshold was set to 30PEs. A, B and C: 2D image of object to flat 

COG-histogram-ratios. D, E and F: average edge profiles with fit to a logistic function. 
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Figure 48: Simulated PSF distributions for 3 gamma energies obtained by irradiating 10.9mm thick Pb-

object-edge; data derived from the logistic function fitted to the ESF curves of Figure 47. 

 

 

Figure 49: FWHM values of the PSF vs lower PE threshold, for the relevant gamma energies. The PSF 

was estimated from object-edge imaging (A), imaging of a 3mm diameter collimated beam (B), imaging 

of a pencil beam in the present experimental configuration (C) and imaging of a pencil beam in the 

photocathode - LXe converter distance of 13 mm (D); PDEGPM value was estimated as10%. 
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5.3.2 Simulation of gamma imaging of a narrow beam and a pencil beam 

The gamma imaging properties were simulated with a collimated 60Co source 

("narrow beam"), in a geometry equal to that of the experiments described above; the 

CsI photocathode was located 32 mm away from the LXe converter and the source was 

located in a Pb cylinder (ϕ=100 mm, height=160 mm, with a hole ϕ=3 mm). It was 

positioned at the center of the OVC bottom, ~200 mm away from the capillaries-

converter bottom. The distance between the source and the converter’s bottom was 347 

mm, resulting in a beam diameter of ~7 mm and ~8 mm, at the converter’s bottom and 

top, respectively.  

In addition, we simulated the ultimate PSF resolution by irradiating the detector center 

with a gamma pencil beam ("infinitesimally thin beam"). The simulations were 

performed for the present experimental configuration, in which the CsI photocathode 

was located 32 mm away from the LXe converter, and for a preferable configuration 

where the photocathode - LXe converter distance was 13 mm.  

Figure 50(A, B, C) shows collimated narrow-beam to flat-image COG-histogram-

ratios, calculated for 1.33, 4.4 and 15.1 MeV gamma-rays. In these figures the lower 

PE threshold was set to 30PEs. The color map indicates the transmission of the 

incidence radiation, relative to “flat irradiation” with an un-collimated source, located 

on the floor, at ~109 cm from the converter’s bottom. Profiles through the center (y=0) 

of the distributions are shown in Figure 50(D, E, F), for narrow-beam with a Gaussian 

fit. 

Similar simulation-results for the pencil beam are shown in Figure 51 and Figure 52, 

for the present experimental configuration (photocathode - LXe converter distance is 

32 mm) and for a preferable configuration (photocathode - LXe converter distance is 

13 mm), respectively. Here, the COG-histogram was not divided by the flat irradiation 

one since for pencil beam there is no need to correct for the non-homogeneity of the 

detector. Note that in the simulation of the preferable configuration, the pencil beam 

impinging point was averaged on various points on the capillaries. 

 

Figure 49B, C and D summarizes the PSF FWHM values, estimated for narrow-

beam and pencil-beam imaging, for few lower PE thresholds. The FWHM values did 

not vary significantly with the lower PE threshold; their values, for the narrow gamma 

beam, are ~9 mm, ~7 mm and ~8 mm for gamma-ray energies of 1.33, 4.4 and 15.1 

MeV, respectively. For the gamma pencil beam, in the present experimental 



90 

 

configuration (photocathode - LXe converter distance of 32 mm), the estimated FWHM 

values are ~4 mm for 4.4 MeV and ~5 mm for the other energies (1.17, 1.33 and 15.1 

MeV).  

For the gamma pencil beam, in the preferable configuration (photocathode - 

LXe converter distance of 13 mm), the estimated FWHM values are ~3 mm for 1.33 

and 4.4 MeV and ~4 mm for 15.1 MeV. Note that in these simulations, the pencil beam 

impinging point was averaged on various points on the capillaries plane. 

 

 

Figure 50: Simulation results of gamma imaging of a narrow beam, for gamma energies of 1.33, 4.4 and 

15.1 MeV, calculated for the present experimental configuration (photocathode - LXe converter distance 

is 32 mm). Lower PE threshold was set to 30PE. A, B and C: narrow-beam to flat-image COG-histogram-

ratios. D, E and F: profiles at (y=0) with fit to a Gaussian. 
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Figure 51: Simulation results of gamma imaging of a pencil beam, for gamma energies of 1.33, 4.4 and 

15.1MeV, calculated for the present experimental configuration (photocathode - LXe converter distance 

is 32 mm). Lower PE threshold was set to 30PE. A,B and C: pencil-beam COG-histogram. D, E and F: 

profiles at (y=0) with fit to a Gaussian. 
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Figure 52: Simulation results of gamma imaging of a pencil beam, for gamma energies of 1.33, 4.4 and 

15.1MeV, calculated for the experimental configuration and photocathode - LXe converter distance of 

13 mm. Lower PE threshold was set to 30PE. A,B and C: pencil-beam COG-histogram. D, E and F: 

profiles at (y=0) with fit to a Lorentzian. Note that in these simulations, the pencil beam impinging point 

was averaged on various points on the capillaries. 
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5.3.3 Simulation of neutron imaging of a pencil beam 

We simulated the ultimate detector response to a pencil beam of AmBe 

neutron's energies (0-11 MeV), irradiating the center of the bottom flange of the OVC 

(of Figure 13). 

  

Figure 53(A, B, C) shows pencil-beam COG-histogram, calculated for few 

neutron-energy ranges. As for the gamma-rays, the COG-histograms were not 

normalized to flat irradiation since there is no need to correct for detector's non-

homogeneity. The lower PE threshold was set to 30PEs, as increasing the threshold did 

not improve the FWHM significantly (see Figure 55A). The color map indicates the 

number of counts. Profiles through the center (y=0) of the distributions are shown in 

Figure 53(D, E, F), with a Lorentzian fit. In order to learn the effect of neutron scattering 

on the stainless-steel parts of the WILiX setup, similar simulations were done, without 

these parts. 

Similar simulation-results for the pencil beam are shown in Figure 54, for a 

preferable configuration in which the photocathode - LXe converter distance is 13 mm. 

Note that in the simulation of the preferable configuration, the pencil beam impinging 

point was averaged on various points on the capillaries. 

Figure 55A summarizes the PSF FWHM values, estimated for the pencil beam 

imaging for selected neutron energy-ranges and for few lower PE thresholds, for the 

present experimental configuration (photocathode - LXe converter distance of 32 mm).  

The FWHM values did not vary significantly with the lower PE threshold; their values 

are 11-15 mm for neutron energies of 1-11 MeV. Excluding, in the simulations, the 

stainless steel parts improved the FWHM only by ~1 mm.  

The PSF FWHM values, estimated for the pencil beam imaging for selected neutron 

energy-ranges and for few lower PE thresholds, for a preferable configuration, in which 

the photocathode - LXe converter distance is 13 mm, are summarized in Figure 55C. 

Note that in these simulations, the pencil beam impinging point was averaged on 

various points on the capillaries. The FWHM values did not vary significantly for most 

energies with the lower PE threshold; their values are ~2 mm for neutron energies of 4-

14 MeV. 

The neutron pencil-beam results irradiating the present detector configuration are much 

worse than the values estimated for the "general" large detector (~2 mm, see magenta 

graph in Figure 36A). However the results of the preferable configuration are similar 
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to those estimated for the "general" large detector. The matter will be discussed in 

section 5.3.5).  

 

 

Figure 53: Simulation results of neutron imaging of a pencil beam, for selected neutron energy ranges 

of 1-2, 4-5 and 10-11 MeV, calculated for the present, not optimal, experimental configuration 

(photocathode - LXe converter distance is 32 mm). Lower PE threshold was set to 30 PE. A, B and C: 

pencil beam 2D COG-histograms. D, E and F: profiles at (y=0) with fit to a Lorentzian. 
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Figure 54: Simulation results of neutron imaging of a pencil beam, for selected neutron energy ranges 

of 1-2, 4-5 and 10-11 MeV, calculated for preferable experimental configuration (photocathode - LXe 

converter distance of 13 mm). Lower PE threshold was set to 30 PE. A, B and C: pencil beam 2D COG-

histograms. D, E and F: profiles at (y=0) with fit to a Lorentzian. Note that in these simulations, the 

pencil beam impinging point was averaged on various points on the capillaries.  
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Figure 55: FWHM of the PSF, simulated for few lower PE thresholds, assuming PDEGPM=10%. A: 

estimated by neutron pencil beam of selected neutron energy ranges for the present experimental 

configuration. B: estimated by Pb object-edge imaging with AmBe mixed spectrum of 0-11 MeV neutrons 

(63.5%) and 4.4 MeV gamma-rays (36.5%) for the present experimental configuration. C: estimated by 

neutron pencil beam of selected neutron energy ranges for photocathode - LXe converter distance of 13 

mm.   

 

 

5.3.4 Simulation of mixed neutron and 4.4MeV gamma-ray imaging of a 

Pb edge absorber 

Figure 56A shows object-to-flat irradiation COG-histogram-ratios, simulated 

for a mixed radiation field of an AmBe source (neutrons of 0-11 MeV and gamma-rays 

of 4.4 MeV; ratio gamma-to-total-neutrons: Rγ/n=0.575 [90]), irradiating a Pb-object 

edge (12 mm thick) covering half of the detector (as described in detail in section 4.7.2 

above).  

In these simulations, the lower PE threshold was set to 30PEs. The color map indicates 

the transmission of the incidence radiation, relative to case of no object. One can clearly 

see the covered area of the detector. The simulated transmission of the neutrons and 

gamma through the 12mm Pb is 0.7, in agreement with the theoretical value of ~0.69.  

 



97 

 

The average profile of the edge, the ESF, is shown in Figure 56B along with a 

fit to a logistic function (Equation 18). The PSF, obtained by differentiating the logistic 

function fitted to the ESF, is shown in Figure 55B, for few lower PE thresholds. The 

FWHM slightly improves with increasing the lower PE threshold, with best value of 

~7mm. This value is close to that expected for a combination of 63.5% of neutrons, 

with FWHM≈12 mm (see Figure 55A), and 36.5% of 4.4 MeV gamma-rays, with 

FWHM=4 mm (see Figure 49C).  

 

 

Figure 56: Simulation results of a 12mm thick Pb object-edge imaging, with mixed filed of 0-11 MeV 

neutrons and 4.4MeV gamma-rays. Lower PE threshold was set to 30PEs. A: object to flat COG-

histogram-ratios. B: average edge profiles with fit to a logistic function. 

 

 

5.3.5 Comparison between simulation FWHM results of the "general" 

large detector and the small size laboratory detector prototype 

As mentioned above (section 5.3.3), the FWHM simulation results for irradiating the 

current small experimental setup in WILiX with 1-11 MeV neutron pencil-beam (11-

15 mm, see Figure 55A) are much broad than the values estimated for the "general" 

large detector (~2 mm, see magenta graph in Figure 36A). The main reason for this 

FWHM difference is statistical effect of the PEs population. The number of the PEs in 

the small detector configuration is smaller than that in the "general" detector due to the 

following: 1. the distance between the CsI photocathode and the UV-window in small 

detector configuration is relatively large (32 mm) compared to the distance in the 

"general" detector (5 mm), reducing dramatically the number of scintillation photons 

reaching the photocathode, 2. the neutrons scintillation light yield and photon detection 

efficiency, assumed in the small detector setup simulations (neutrons scintillation light 

yield of 4 photons/keV and PDEGPM=10%) ware smaller compared to these values 
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assumed in the "general" detector simulations (neutrons scintillation light yield of 8.8 

photons/keV and PDEGPM=20%); Another reason for the FWHM broadening is the 

dependence of the FWHM on the impinging point of the gamma/neutron beam on the 

capillaries (see 5.2.4). In the "general" detector simulations, wide beam was simulated, 

while in the small detector pencil beam simulations the beam was infinitesimal and 

impinged the center of the capillary. 
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6 Results and discussion 

6.1 Point-like UV-photon imaging at room temperature 

As noted above, this experiment involved only the GPM, operated at room 

temperature with Ne/5%CH4; it was irradiated with a point-like UV-source, as 

described above (section 4.4). For different numbers of PEs (obtained by adjusting the 

UV photon-flash intensity), spectra of the total charge were recorded from all the GPM 

pads, event-by-event (i.e. for each lamp discharge) (see Figure 57). As expected the 

charge spectrum takes the shape of a Gaussian-like for large number of PEs, while for 

few PEs the shape is of a decaying exponent. 

 

Figure 57: Spectra of the total charge collected in all 61 pads of the readout electrode, for different 

numbers of photoelectrons per UV-lamp burst. In these measurements, the extraction efficiency from the 

photocathode was maintained constant. Triple-THGEM GPM; Ne/5%CH4; p=1000 mbar (flow mode); 

T=298K.  

 

COG histograms were calculated according to Equation 15, with charge 

threshold of 1.6 fC in each pad. A number of 2D COG histograms, measured with a 

double- THGEM GPM for different number of photoelectrons, are shown in Figure 58. 

Similar histograms were measured with a triple-THGEM GPM. The broadening of the 

COG distribution with the decreasing number of photoelectrons is evident. The spots 

in Figure 58F are in the hexagonal-pads' centers, representing the fact that in each event 

only single photoelectron was measured, hence only a single pad gave a signal. 
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Figure 58: 2D COG histograms, measured with a double-THGEM GPM for different numbers of 

photoelectrons, resulting of the detector irradiation with UV-photon flushes. The colors represent the 

number of events. The broadening of the distribution with the decreasing number of photoelectrons is 

significant. The spots in figure F, in the hexagonal-pads' centers, represent the fact that in each event 

only a single photoelectron was measured, illuminating a single pad.  

 

Position profiles along the center of the 2D COG histograms, determined for 

various numbers of PEs, are shown in Figure 59, for data recorded with double-

THGEM (A) and triple-THGEM (B) GPMs. The FWHM values, calculated from these 

measured profiles, versus number of PEs, are shown in Figure 60, and listed in  
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Table 9, along with GEANT4 results. Note the good agreement between 

simulation and experiment results. The results of both, verified and constant extraction 

efficiencies, are similar since only the number of PEs per event influence the profile's 

width.    

The statistics of the number of PE significantly affects the distributions widths, below 

~100 PEs per pulse.  

 

Figure 59: Profile along the x-axis of the COG histograms measured with varying extraction efficiency 

in double-THGEM GPM (figure A) and with constant extraction efficiency in triple-THGEM GPM 

(figure B) for different numbers of UV-induced photoelectrons per lamp burst. Ne:CH4; p=1000 mbar 

(flow mode); T=298K. 
 

 

Figure 60: Summary of the measured and simulated COG distribution widths (FWHM) (experimental 

data of Figure 59), versus the number of photoelectrons. Ne/5%CH4; p=1000 mbar (flow mode); 

T=298K. 
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Table 9: The measured and simulated UV-induced COG distribution widths versus the number of 

photoelectrons. Ne/5%CH4; p=1000 mbar (flow mode); T=298K. Data compilation from Figure 60. 

 

2-THGEM GPM  3-THGEM GPM  Geant4 simulations 

Number 

of PE 

FWHM 

[mm] 

 Number 

of PE 

FWHM 

[mm] 

 Number 

of PE 

FWHM 

[mm] 

~1.3·105 0.3±0.03  ~1000 1.3±0.04  ~2.8·104 0.3±0.3 

~2.3·104 0.5±0.1  ~70 4.9±0.2  ~2200 0.8±0.4 

~2000 0.9±0.1  ~6 8.7±1.3  ~190 2.7±0.1 

~160 3.1±0.1  ~5 11.9±1.0  80 4.2±2.0 

~25 7.5±0.6  ~4 13.4±1.0  ~25 7.4±2.8 

~12 11.1±0.9  ~2 20.2±1.7  8 13.6±3.7 

~2.5 17.9±4.7  1.2 22.8±5.0  2.3 28.6±2.5 

~2 17.7±19.1  1 -  ~1 - 

~1 -       

 

According to the gamma-ray simulations (see Table 7), the average numbers of 

PE, in current the experimental setup, are ~30 for 1.33 MeV, ~100 for 4.4 MeV and 

~300 for 15.1 MeV. For these numbers of PE, the broadening of the COG distribution 

width, due only to statistical effects, would be ~7mm, ~4mm and ~3mm, respectively 

(see Figure 60). On the other hand, the FWHM values, calculated from the gamma 

pencil beam simulations (with no lower PE threshold), were ~6mm, ~4mm and ~5mm, 

respectively (see Figure 49C); this indicates that further broadening, due to gamma 

scattering inside the detector, is rather significant for the 15.1MeV gamma-rays but not 

for lower gamma-ray energies. 

 

Prior to the gamma and neutron imaging described above, imaging experiments 

were also performed at cryogenic conditions with an 241Am α-source immersed within 

the LXe vessel, yielding on the average of ~400PEs/α event (see section 8.4 in the 

appendices). 
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6.2 Gain measurements 

6.2.1 Ne/CH4(5%) 

Gain measurements in pulse mode, with a triple-THGEM GPM installed in 

WILiX, were performed by shining single-UV photons from a DC D2 lamp, as 

described above (see section 4.5). The gain was estimated by fitting an exponential 

function to the resulting pulse-height distributions of the charge recorded (see Figure 

61). Figure 62 shows the measured GPM gain curves for Ne/CH4(5%) at room and 

cryogenic temperatures, at different gas pressures.  

 

Figure 61: Typical single-photoelectron charge spectrum obtained with the Triple–THGEM GPM 

configuration (blue) and an exponential fit (red). 

 

Naively, one would expect convergence of two gain curves, measured at RT 

and cryogenic temperature with the same gas density (e.g. 552 torr @294 K (blue 

circles) with 397 torr @210 K (Blue triangles), or 763 torr @294K (red squares) with 

576 torr @222 K). However, as shown in Figure 62, these gain curves do not coincide 

(in the figure, the gain curve at 763 torr @294 K converges with that of 500 torr @222 

K and not with that at 576 torr). Furthermore, the maximal stable gain achieved at RT 

is higher than that at cryogenic temperatures. Possible explanation would be the large 

temperature gradient across the GPM (~200K-to-RT across 180mm) causing 

significant gas density gradient across the GPM.  

 

At room temperature, maximal gain of ~4∙105 was measured at 756 torr and 

~4∙106 at 552 torr. At cryogenic temperatures, maximal gain of ~6∙105 was measured at 

397torr. These values assure high single-photon detection efficiency and are well 
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sufficient for gamma and neutron imaging measurements, even in cases where only a 

single photon starts an avalanche above a readout pad.   

For the gamma and neutron experiments, in which the average number of PEs per event 

is higher than single photon (see Table 7 and Table 8), detector gains of 2-4∙104 are 

sufficient. 

 

Note that during the studies described here (prolonged measurements over 

several months), the THGEM had accumulated a considerable ‘history’ of occasional 

discharges, which possibly caused some electrode "aging", thus constrained operation 

at lower bias values, hence, at lower maximal gains. 

 

 

Figure 62: Gain curves, measured in pulse-counting mode, of the triple-THGEM GPM with Ne/CH4(5%) 

at room and cryogenic temperatures and different pressures, vs. the equal voltage values ΔV2,3 applied 

across the second and third GPM stages (see Figure 14). The voltage values across the first THGEM, 

ΔV1, are given in the inset; the induction and transfer fields were 0.5kV/cm in all cases. Uncertainties 

are smaller than symbols sizes 
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6.2.2 He/CF4 and He/CH4 mixtures 

Gain curve and extraction efficiencies in Helium based mixtures were also 

investigated only at room temperature. Gain curves, measured in current mode, are 

shown in Figure 63 for a single-THGEM + CsI photocathode deposited on its top 

electrode, operated under different He/CF4 and He/CH4 mixtures. The effective gain is 

represented as a function of the voltage difference applied to the THGEM electrodes. 

As seen from Figure 63, both types of gas mixtures allow reaching very high charge-

gains, well above 105. Similar gains are obtained in both types of He-based mixtures 

but higher voltages are necessary for the He CH4 mixtures: maximum gains are obtained 

for CF4 content around the 20–30% while for CH4 the content must be above 30%. This 

trend and the achieved gains are similar to those obtained for Ne-based mixtures for 

THGEMs with similar parameters, e.g. [52, 84]; the differences in the maximum 

applied voltages needed in the different publications may result from different levels of 

gas purity, as demonstrated in [84] and [101]. On the other hand, when compared to 

Ar-based mixtures [52, 84, 102, 103], He-based mixtures allow to achieve similar gains 

but needing much lower voltages applied to the THGEM. Note that previous work [70, 

84, 102, 103] have shown that the maximum gains achieved in pulse mode, resulting 

from interactions of X-rays with energies in the keV range, are lower than those 

achieved in current mode, by a factor that can be up to one order of magnitude. 

 

 

Figure 63: Single-THGEM gain-voltage curves, measured in current mode of photoelectrons emitted 

from a CsI photocathode coating the THGEM top electrode, for the THGEM operating under several 

He/CF4 (A) and He/CH4 (B) mixtures. 

 

Figure 64 shows the measured photoelectron extraction efficiency from CsI into 

He/CF4 (figure A) and He/CH4 (figure B) mixtures as a function of the electric field above 

the photocathode. The measured photoelectron currents in gas were normalized to the 
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vacuum photoelectron current as measured from the CsI photocathode, i.e. the ratio of 

Igas/Ivacuum. The addition of CF4 to He is more effective than the addition of CH4, in 

terms of the reduction of photoelectron backscattering, similar to the behavior that 

found in Ne-based mixtures [84, 85]. This is due to the fact that CF4 presents lower 

energy thresholds for the vibrational excitations, resulting in the onset of inelastic 

collisions at lower photoelectron energies. Compared to Ne-base mixtures with the 

same molecular additive content, He-based mixtures present lower photoelectron 

extraction efficiencies. This is a consequence of the higher cross section presented by 

He for electron impact elastic collisions when compared to Ne. While for He-30%CH4 

mixture the photoelectron extraction efficiency is below 50% for electric fields lower 

than 2 kV/cm, in Ne-20%CH4 it is already above 70% for electric fields above 1 kV/cm 

[84, 85]. 

 

 

Figure 64: Photoelectron extraction efficiency from CsI into several He/CF4 (A) and He/CH4 (B) 
mixtures as a function of the applied electric field in the region above the photocathode. UV photons 

peaking at 185 nm from a Hg(Ar) VUV lamp were used. 

 

6.3 Gamma-ray imaging experiments 

The gamma-ray imaging setup is described above (section 4.6). A typical single 

gamma-induced event (PE distribution on the pads) is shown (above) in Figure 18E. 

Distributions of number of "firing" pads, with charge thresholds of 0.8 fC and above 

1.6 fC are shown, for a few detector gains, in Figure 65. The average numbers of 

"firing" pads are listed in Table 10. The average number of "firing" pads does not vary 

significantly with the gain, indicating that the gain is sufficiently high.  

 

Spectra of the total UV-photon charge induced by (60Co) gamma-interactions in the 

LXe converter/scintillator, were recorded from all the GPM pads, event-by-event, for 
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different GPM-detector gains (Figure 66). The spectra have exponential shapes, as 

expected from the simulations (see blue and black spectra in Figure 45C), due to the 

relatively small number of PEs and avalanche statistics. The low charge cut-off is not 

sharp due to noisy trigger signals fed into the leading edge discriminator from the top 

THGEM3 electrode (see 4.3). 

 

Figure 65: Distributions of number of "firing" pads with (A) charge threshold above 0.8 fC and (B) 

above 1.6 fC, for different gains, as measured with a 60Co gamma source located outside of WILiX. The 

distributions are normalized to their maximum. 

 

 

 

Table 10: Average numbers of "firing" pads, with charge above 0.8fC and above 1.6fC, as measured 

with 60Co source. 

Gain 

[∙103] 

Average numbers of 

"firing" pads with 

charge above 0.8fC 

Average numbers of 

"firing" pads with 

charge above 1.6fC 

6 16 7 

10 18 9 

16 16 10 

24 15 10 

38 15 10 

60 15 11 
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Figure 66: Gamma-ray interactions in the LXe converter (without the Pb edge object): spectra of the 

total UV-photon induced charge in all GPM pads, calculated offline event-by-event for different detector-

gain values. No charge or pad thresholds were applied for the charge spectra. 

 

According to our simulations, the average number of PE for 60Co energies is 30 

(see Table 7). On the other hand, the measured average number of "firing" pads with 

charge above 1.6 fC is 10 (see Table 10), which means that each of the 61 pads will get 

on average not more then 1-3 PE. Therefore, for each event, the unweighted center of 

gravity was calculated according to Equation 15, while setting the charge, collected in 

pad j in event i, to 1 (Qi,j=1) for all events.  

 

6.3.1 Gamma-ray imaging experiments of a Pb-object edge 

Figure 67A shows the COG histogram, measured with the open 60Co source 

irradiating a Pb-object edge covering half of the detector area (setup details are in 

section 4.6). Figure 67B shows the COG histogram, measured with no object (flat 

image). In these measurements the detector was operated at a gain of 3.8×104; the 

charge threshold was set to 1 fC and the pads threshold was set to 10 pads. The color 

map indicates the number of counts in each 1 mm2 pixel of the COG histogram. 

The resulting ratio image of the Pb edge, calculated according to Equation 19, is shown 

in Figure 68A. The color map in Figure 68A, indicates the transmission of the incident 
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radiation with the object, relative to the situation without object. One can clearly see 

the covered area of the detector. 

 

Equation 19   𝑅𝑎𝑡𝑖𝑜 =
(
𝐼𝑚𝑎𝑔𝑒𝑜𝑏𝑗𝑒𝑐𝑡

𝑇𝑖𝑚𝑒𝑜𝑏𝑗𝑒𝑐𝑡
−

𝐼𝑚𝑎𝑔𝑒𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑔

𝑇𝑖𝑚𝑒𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
)

(
𝐼𝑚𝑎𝑔𝑒𝑓𝑙𝑎𝑡

𝑇𝑖𝑚𝑒𝑓𝑙𝑎𝑡
−

𝐼𝑚𝑎𝑔𝑒𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑔

𝑇𝑖𝑚𝑒𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
)

 

 

The ESF, shown in Figure 68B, is the average profile of the edge image. The 

expected transmitted fraction of 60Co gamma-rays through the 12 mm Pb object is 45%. 

In practice, the measured transmission was 55% (see Figure 68B), due to gamma 

scattering from the detector’s uncovered area to the Pb-covered one and also by the 

object itself. This effect was validated by simulations (see Figure 47D). 

 

 

 

Figure 67: COG histogram, measured with the GPM in the setup of Figure 22B with the 60Co gamma-

rays irradiating a Pb object edge covering half of the detector area (A) and with no object (flat image, 

B). GPM operating conditions: Ne/5%CH4; p=485Torr (20 sccm flow); T=208K.  
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Figure 68: Lead object imaging by gamma-rays emitted from 60Co source in the setup of Figure 22B. A-

The 2D image showing the ratio of the object-to-flat image (Figure 67A and B, respectively), calculated 

according to Equation 19. The color map indicates the transmission of the incident radiation, relative to 

case of no object. B- Profile and fit to a logistic function (Equation 18). GPM operating conditions: 

Ne/5%CH4; p=485Torr (20 sccm flow); T=208K; gain=3.8×104. 

 

For the Pb-absorber edge irradiation measurements, the PSF was obtained for 

several pads-threshold values (Figure 69) by differentiating the average profile of the 

edge, i.e. the edge spread function (ESF) (Figure 68B). Table 11 compares the measured 

(weighted and un-weighted COG values) and simulated (see 5.3.1) spatial-resolution 

values in the present experimental geometry. The simulated values agree well with the 

experimental ones, validating the simulation tools. Note that the “% of total counts” 

represents the detection efficiency of interacting events in the LXe converter, for a 

given pads threshold (counting efficiency of converted events). The uncertainty on the 

measured spatial-resolution values was estimated as ~2mm by the logistic function fit 

(Equation 18). The PSF values, calculated with un-weighted COG are better than those 

calculated with the weighted COG, since the un-weighted COG calculation avoids 

artifact bias due to the exponential distribution of the avalanche process. The PSF 

values, calculated with un-weighted COG, was 12±2 mm (FWHM) at high detection 

efficiency (99.1%) compared to pad threshold =0; it is in good agreement to the 

simulated value for this detector size and geometry. While the PSF value did not 

improve significantly with increasing pad threshold from 5 to 10, increasing the latter 

above 5 resulted in considerable loss of efficiency. 
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Figure 69: PSF distributions of a 60Co-irradiated Pb edge, for 5, 10 and 20 pads thresholds, as 

calculated by the derivative of the ESF of the edge measurement (Figure 68B). 

 

Table 11: The measured and simulated spatial-resolution FWHM values resulting from the 60Co-

irradiated edge, calculated for three pad thresholds. The % of total counts represents the detection 

efficiency of interacting events for a given pads threshold (counting efficiency of converted events). The 

uncertainty on the measured spatial-resolution values is ~2mm. 

Pad 

threshold 

% of total 

counts 

PSF (FWHM) [mm] 

Measurement 
Simulations Weighted COG Un – weighted COG 

5 99.1 14 12 12 

10 71.6 14 11 11 

20 14.3 13 9 10 

 

 

6.3.2 Imaging of a narrow gamma beam 

For the collimated 60Co gamma-ray measurements (7 mm diameter spot at the 

converter base; setup details are in section 4.6), an un-weighted COG-histogram ratio-

image of the collimated beam to a flat-irradiation was calculated according to Equation 

19 (Figure 70). The flat image was measured with an open source, located about a meter 

below the capillaries-converter. The charge threshold was set to 1 fC and the pads 

threshold was set to 10 pads. The color map indicates the transmission of the incident 

radiation, relative to the flat one. 
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Figure 70: 60Co gamma-ray image obtained by irradiating the LXe/GPM detector with a collimated-

beam (~7mm diameter at the converter level). The image shows the ratio of the beam-to-flat irradiation 

(un-weighted COG-histogram-ratio image), as calculated according to Equation 19. GPM operating 

conditions: Ne/5%CH4; p=356Torr; T=211K. Charge threshold=1fC; Pads threshold=10 pads; 

gain=4×104. 

 

The PSF profiles were determined through the center of the image (Figure 70), 

in X and Y axes. The PSF distributions are shown in Figure 71, with Lorentz function 

fits, for charge threshold of 1 fC and pads threshold of 10 pads. Table 12 compares the 

measured (weighted and un-weighted COG) and simulated (see 5.3.2) spatial-

resolutions. The uncertainty on the measured spatial-resolution values was estimated as 

~2mm by the Lorentz function fit.  

The PSF values, calculated with the un-weighted COG, are better than those calculated 

with the weighted COG; the measured spatial resolution was 12±2 mm (FWHM) at a 

counting efficiency of 95.8% of the converted events (i.e. compared to pad threshold 

=0), in good agreement to the simulated values. While the PSF value did not improve 

significantly with increasing pad threshold from 5 to 10, increasing the latter above 5 

resulted in considerable loss of efficiency (Table 12). 

The rather large PSF value of 12±2 mm (FWHM) determined in the present conditions 

for both, edge-object and collimated-beam measurements with 60Co gamma-rays, is due 

to both the source dimensions and scattering within the detector volume. The good 

agreement between the measured and simulated spatial resolution values indicates that 

all experimental factors have been accounted for in simulations. Simulation performed 

for this detector prototype, with the same set of tools, for an infinitely thin pencil 
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gamma beam, provided expected ultimate resolutions of 6, 5, 4 and 5 mm (FWHM) for 

the respective gamma energies of 1.1, 1.3, 4.4 and 15.1 MeV (see section 5.3.2). 

 

Figure 71: X and Y profiles through the center of the histogram of Figure 70, with fit to a Lorentz 

function. 60Co; GPM: Ne/5%CH4; p=356Torr (20 sccm flow); T=211K. Charge threshold=1fC; Pads 

threshold=10 pads. 

 

Table 12: The PSF values, calculated from the X and Y profiles of the collimated 60Co gamma beam, 

with weighted and un-weighted COG. The right-most column lists the PSF values calculated from the 

simulations (see section 1). The uncertainty on the PSF values is ~2mm. 

Pad 

threshold 

% of total 

counts 

PSF (FWHM) [mm] 

Weighted COG Un – weighted COG 
Simulations 

X profile Y profile X profile Y profile 

5 95.8 16 13 12 12 10 

10 63.1 16 13 12 11 10 

20 14.4 14 13 11 11 9 

 

6.4 Measurements in mixed neutron & gamma field 

6.4.1 Time-of-flight measurements 

TOF measurements were carried out in an attempt to separate the gamma-rays 

and fast neutrons emitted from the AmBe source; the setup description is provided in 

section 4.7.1 above. While the time resolution of the reference LaBr scintillator (gamma 

detector) is of the order of 1 ns (FWHM), that of the GPM depends on THGEM 

geometry and on the number of PEs per pulse (signal-to-noise; function of the THGEM 

bias). Typical values measured in the past for a double THGEM operating in Ar/CH4 

(95:5) were: 23 ns, 9.5 ns, 2 ns and 1 ns (FWHM) for 1, 25, 100 and 1000 

photoelectrons, respectively [104, 105, 106]. The improved time-resolution with the 
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number of PE results from measuring the "first-arriving PE" (among those photo-

produced at different locations on the photocathode’s surface or arriving at different 

times due to diffusion) and from improved signal-to-noise ratio [104, 105, 106]. Further 

resolution deterioration occurs, in events with small number of PEs, due to the statistical 

pulse-height distribution of single ionization-electron pulses, affecting the trigger 

electronics. 

According to simulations, the average number of scintillation-induced PEs by 1.2MeV 

gamma, 4.4MeV gamma and AmBe neutrons, are about 30, 100 and 30, respectively 

(see Table 7 and Table 8). These PEs are distributed throughout the THGEM's area so 

that each PE would reach a single hole in this electrode. 

TOF spectra, resulting of 511keV and 1274keV gamma-rays (used here for calibration 

purposes), as measured with the GPM and the LaBr detector, are shown in Figure 72A. 

The blue graph, in Figure 72A, was measured while the CFD discrimination level of 

both, GPM and LaBr detectors, were set to enable measuring the 511keV and 1274keV. 

The green graph was measured while GPM's CFD discrimination level was set to cut 

the 511keV events. 

Time resolutions of 20 ns and 30 ns (FWHM) were measured for scintillation light from 

1274 keV and 511 keV gamma-rays, respectively. The expected numbers of PEs are 

~30 and ~20 PE, respectively, extrapolating data from Table 7. These time resolution 

values are worse than expected (~8 and ~10 ns FWHM, respectively) as based on the 

number of created PEs.  

 

For non-relativistic neutrons, the flight time is given by the following relation: 

Equation 20           

𝑇𝑂𝐹[𝑛𝑠] =  
72.3 ∙ 𝑑[𝑚]

√𝐸[𝑀𝑒𝑉]
 

 

Where TOF is the flight time in ns, d is the distance in meters and E is the neutrons 

energy in MeV.  

 

TOF spectrum, of AmBe 4.4MeV gamma and neutrons, as measured with the 

GPM and the LaBr detector, is shown in Figure 72B. The neutrons' TOF at a flight 

distance of 83 cm, ranges from ~20 ns to ~80 ns, compatible with the AmBe-source 
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neutrons energies of 11MeV to 0.75MeV, respectively (according to Equation 20). 

Although the statistics is quite poor we estimate the time resolution of the 4.43 MeV 

gamma-ray peak to be about 10 ns (FWHM).  

 

Figure 72: TOF spectra, of 511 keV and 1274 keV gamma-rays (A) and AmBe 4.4 MeV gamma and 

neutrons (B), as measured with the GPM and the LaBr detector. Flight path: 83 cm; GPM operating 

conditions: Ne/5%CH4; p=356 torr (flow of 3 sccm); T=212 K; gain=7.6×104. 

 

The time resolution obtained in these measurements is significantly poorer than 

that quoted in the literature. The reasons for that could be that the actual PDE was lower 

than the assumed 10% and our cascaded-THGEM geometry is not optimal for reaching 

good timing. In addition, our specific THGEM had occasional-sparks history, which 

probably caused its "aging" and constrained operation at relatively low biases 

(ΔV1=450V instead of ΔV1=700V) in this set of measurements - hence poorer signal-

to-noise conditions and somewhat lower overall PE extraction efficiency from the 

photocathode (58% instead of 63% [45]). 

As a result of the present experimental conditions, the TOF resolution did not 

permit separating neutrons from gamma; thus the following imaging experiments have 

been carried out in the mixed neutron and gamma field. 

 

6.4.2 Edge imaging with mixed neutron & gamma field 

The mixed-field irradiation setup with fast-neutrons and 4.4MeV gamma-rays, 

and the procedures involved, are described above (section 4.7.2).  

 

A typical spectrum recorded with the LXe/GPM detector is shown in Figure 73; 

the spectrum has an exponential shape with a long tail toward higher charge values, as 

expected from the simulations (see Figure 46C). This is due to inelastic neutron 



116 

 

collisions or neutron capture reactions, where the resulting gamma-rays can add their 

energy to the Xe recoil one [83]. Furthermore, the introduction of hydrogen atoms 

inside LXe (structure material of the Tefzel capillaries) may extend the neutron 

spectrum due to the contribution of knock-on protons, which may receive large fraction 

of neutron energy in a single collision [83]. 

 

Figure 73: Mixed neutron and gamma-ray interactions in the LXe converter: spectrum of the total UV-

photon induced charge in all GPM pads, calculated offline event-by-event. GMP: Ne/5%CH4; p=356 

torr (flow of 20 sccm); T=212K; gain=2.4×104. 

 

A typical scintillation-light distribution on the GPM pads, of a single event, is 

shown in Figure 18F. For each event, the un-weighted center of gravity was calculated 

according to Equation 15, for all events. Similar to the 60Co gamma imaging, two 

measurements were done; one with the Pb-object covering half of the detector and 

another without object (flat image). The charge threshold in both measurements was set 

to 1fC and the pads threshold was set to 5 pads. The ratio image was calculated 

according to Equation 19, and is shown in Figure 74A. The color map indicates the 

transmission of the incident radiation, relative to flat image. The average profile of the 

edge, the ESF, is shown in Figure 74B along with a fit to a logistic function (Equation 

18). One can clearly distinguish the covered area of the detector. The theoretical and 

simulated transmission of neutrons and gamma (of AmBe) through 12 mm thick Pb is 

70%. In practice, the measured transmission was 82%, probably due to scattering from 

the concrete floor and walls, which was not taken into account in the simulations. 
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Figure 74: Lead object imaging with a mixed field of neutrons and gammas emitted from the AmBe 

source. A- Ratio of the object to flat images, calculated according to Equation 15. The color map 

indicates the transmission of the incidence radiation, relative to a flat image. B- ESF, profile and fit to 

a logistic function (Equation 19). GPM operating conditions: Ne/5%CH4; p=356 torr (flow of 20 sccm); 

T=212K; gain=2.4×104. 

 

The PSF distributions shown in Figure 75 were obtained by differentiating the 

logistic function fitted to the ESF one (of Figure 74B), for 5, 10 and 20 pads thresholds. 

Table 11 summarizes the measured and simulated position-resolution values. The 

estimated error on the measured position-resolution values is ~2mm by the logistic 

function fit (Equation 19).  

Position resolution of ~ 10±2 mm (FWHM) was measured for the mixed neutrons and 

gamma-rays (with pad threshold of 5), at high detection efficiency (89%; counting 

efficiency of converted events); it is in good agreement with simulations results (for the 

present experimental conditions). 

Note that, as for the gamma-imaging described above, the estimated resolution in the 

present experimental conditions, performed with the same set of simulation tools, for a 

pencil neutron-only beam, is 11-15 mm (FWHM) for neutron energies of 1-11 MeV 

(see section 5.3.3). 
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Figure 75: Mixed field of neutrons and gammas: PSF values for pads thresholds of 5, 10 and 20 pads, 

as calculated by the derivative of the ESF of the edge measurement (Figure 74B). 

 

 

Table 13: Mixed field of neutrons and gammas: PSF values, calculated (with un-weighted COG) from 

simulation and experimental edge-irradiation results, for various pads thresholds. The % of total counts 

represents the detection efficiency of interacting events for a given pads threshold (counting efficiency 

of converted events). The estimated uncertainty on the PSF values is ~2mm. 

Pad 

threshold 

% of total 

counts 

FWHM [mm] 

Measurements  

(un-weighted COG) 
Simulations 

5 89.1 10 9 

10 56.5 11 9 

20 16.0 9 8 
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7 Summary and conclusions 

This work focused on the feasibility study of a new robust, large-area and 

potentially cost-effective, detector concept for simultaneous imaging of gamma-rays 

and fast neutrons within the same detection medium – liquid xenon. The research was 

motivated by the need of effective instrumentation for homeland security applications; 

more precisely: the detection of concealed explosives (low-Z, with fast neutrons) and 

fissile materials (high-Z, with gamma-rays) by fast-neutron resonance radiography 

(FNRR) [9] and Dual-Discrete-Energy Gamma Radiography (DDEG) [7]. Both can be 

performed using mixed neutron/gamma beams (in the range of 1-20 MeV), provided 

by the 11B(d,nγ)12C reaction [7, 10]. Imaging of both radiation types with the same 

detector (usually performed by separate systems), can have practical advantages in 

terms of cost and throughput; it further enables the use of the data without the need for 

geometrical alignments and corrections. In the proposed combined DDEG & FNRR 

imaging, gamma-ray spectroscopy is performed by pulse-height analysis, while fast-

neutron spectroscopy and neutron/gamma discrimination is done by a time-of-flight 

(TOF). The detector concept comprises an efficient, large-area, fast liquid-xenon (LXe) 

converter-scintillator contained within Tefzel capillaries, coupled to a UV-sensitive 

gaseous imaging photomultiplier (GPM); the latter incorporates a UV-sensitive CsI 

photocathode deposited on the top surface of a cascaded Thick Gas Electron Multiplier 

(THGEM).  

 

In the experimental part of this study, we focused on the development of a small-

area (100 mm in diameter) detector, its electronic readout, operation conditions and 

performances at RT and under cryogenic conditions. Its imaging performances were 

investigated with a 60Co gamma source (energies of 1.17 and 1.33 MeV) and an AmBe 

source (mixed radiation field of 0-11 MeV neutrons and 4.4 MeV gamma). The 

detector's performances for the higher relevant gamma energies (15.1 and 4.4 MeV) 

foreseen for radiography, were estimated; measurements with these higher gamma 

energies will be performed at an accelerator outside the scope of this Ph.D. work. 

 

The experimental activity was accompanied by a broad systematic computer-

simulation study, including all steps: from radiation conversion in different types (plain 

liquid and capillaries) of LXe converters, through scintillation in the liquid, to signal 
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recording with the GPM. The simulations have predicted the efficiency and imaging 

properties of gamma and neutrons in the relevant energy ranges, in a large-area 

(580×580×50 mm) detector [83, 92] and in the smaller experimental prototype 

investigated over this study.   

The simulation results of the large-area detector-response indicated that LXe-filled 

Tefzel capillaries can be considered as an optimal converter in terms of gamma and 

neutrons spatial resolutions (2-4 mm and ~2mm (FWHM), respectively) in the 2-15 

MeV energy range, with respective detection efficiencies of 35% and 20%.  

 

Following these results, a detector prototype was designed, incorporated and 

characterized in the Weizmann Institute Liquid Xenon cryostat system (WILiX). It 

consisted of LXe-filled Tefzel-capillaries radiation-converter of 133 mm diameter and 

70 mm thickness, viewed by a UV-sensitive GPM and followed by a 2D readout 

electrode with 61 pads. The APV25-SRS electronics was adjusted for this application 

for reading analog charge signals induced on the 61 pads of the readout electrode, 

located at cryogenic temperature. Dedicated readout and analysis software packages 

were prepared for our experiments.  

We characterized double- and triple-THGEM GPM detectors, with CsI photocathode 

on the first element, and studied their gain, long-term stability at RT and at cryogenic 

temperatures, under a wide range of counting rates and with different counting gases 

and pressures. Imaging properties at RT provided us with localization resolutions as 

function of number of photoelectrons per event (UV-photon flash). At room 

temperature, maximal gain values of ~4∙105 were measured with single photons at 756 

torr and ~4∙106 at 552 torr. At cryogenic temperatures, a maximal gain of ~6∙105 was 

measured at 397 torr. These values assure high single-photon detection efficiency with 

the present low-noise APV25 front-end chips and are well sufficient for gamma and 

neutron imaging measurements. Stable operation at cryogenic temperatures, with high 

single-photon detection efficiency, was also demonstrated in the presence of highly 

ionizing background, inducing thousands of photoelectrons flashes [45, 107]. 

 

The imaging experiments with gamma (60Co) and a gamma/neutron mixed 

radiation field (AmBe) were performed with the LXe/capillaries converter and a triple-

THGEM GPM detector. The detector geometry was not optimal in sense of the distance 

between the LXe converter and the photocathode, which was 32 mm.  
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Experiments with gamma-rays were carried out with both: Pb-edge imaging and 

irradiating the detector with a collimated beam. The PSF value of the detector, obtained 

by differentiating the average profile of the edge, yielded a spatial resolution of 12±2 

mm (FWHM) for the 60Co gamma-rays; it is in very good agreement with our simulated 

value in the present experimental geometry (see Table 11). 

The experiments performed with the collimated (7mm in diameter) gamma beam, 

yielded the same resolution, also in rather good agreement to the simulated value (10 

mm FWHM) (see Table 12) for the present experimental geometry. 

  

The good agreement between the measured and simulated spatial resolution values, 

validates the effectiveness of the simulation tools. Therefore the latter were used to 

simulate the “ultimate” resolution in preferable detector geometry, in which the 

photocathode is closer to the LXe converter (distance of 13 mm), in response to an 

infinitely thin pencil gamma beam. In such configuration the estimated resolutions were 

2-4 mm FWHM for all relevant (to this study) gamma energies (1.17, 1.33, 4.4 and 15.1 

MeV) (see Figure 49D).  

  

Experimental constraints (geometrical limitations at the laboratory, like short 

flight path, insufficient time resolution and the low activity of the available AmBe 

source), did not permit performing "neutron-only" imaging measurements. For that 

reason, Pb-edge object imaging was performed with the mixed gamma/neutron 

radiation field. These experiments yielded localization resolutions of ~ 10±2 mm 

(FWHM) - in good agreement with the simulation results, for the present experimental 

conditions. The estimated resolution obtained with the same set of simulation tools, for 

a pencil neutron beam and preferable detector geometry (LXe converter- photocathode 

distance of 13 mm) is ~2 mm (FWHM) for neutron energies of 1-11 MeV, respectively 

(Figure 55C). TOF spectra, of AmBe 4.4 MeV gamma and neutrons, as measured with 

the LXe detector at the short available flight-path (83 cm), showed a potential for 

separation between gamma-rays and neutrons over larger distances.  

 

As mentioned in the introduction the primary goal of this work was to develop 

a detector for detection of small quantities of SNM and explosives. A 500 g cube of 

HEU will have dimensions of about 3x3x3 cm3. A 200 g of explosive material, such as 

TNT in a shape of a cube will have dimensions of about 6x6x6 cm3. If the object is 
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positioned in midway between the radiation source and the detector, the image will be 

magnified by a factor of 2. Thus the shade created by the threat object is rather large 

(6x6 cm) and a position resolution of few millimeters obtained here appears to be 

satisfactory for the above application. 

 

Gamma energy spectroscopy will be performed through pulse-height analysis of the 

GPM signals. In measurements of 1.17 and 1.33MeV gamma-rays in the present 

detector configuration, no photo-peak was seen due to the poor light collection and the 

avalanche process in the GPM (exponential behavior for few PEs; (see Figure 66 

(measurement) and Figure 45C (simulation)). With the 11B(d,nγ)12C reaction foreseen 

for DDEGR, with two well-separated 4.4 MeV and 15.1 MeV gamma lines, the 

discrimination between the two will be easier, e.g. done by setting a lower-level 

threshold to measure only the 15.1 MeV gamma-rays (see simulation results in Figure 

45C). The estimated contamination of the 4.4 MeV spectrum by 15.1 MeV gamma 

(~38%), if not corrected for, will affect the high-Z material differentiation accuracy. 

In FNRR the fast-neutron spectroscopy and neutron/gamma discrimination are 

provided by TOF. E.g. an energy resolution of ~500 keV at neutron energy of 8 MeV 

is required for resolving neutron resonances of carbon in FNRR. For a 6 m long TOF 

facility, this energy resolution is equivalent to a time resolution of ~5 ns. 

GPM scintillation signals were recorded with a time resolution of 2.8 ns (FWHM) for 

α particles [45] and 20 ns and 30 ns (FWHM) for 1274 keV and 511 keV gamma-rays, 

respectively (in this work). The superior time-resolution with increasing number of PEs 

results from measuring pulses with the rise-time originating from the "first-arriving 

PEs" (among those photo-produced at different locations on the photocathode’s surface 

or arriving at different times due to electron diffusion in gas) and from improved signal-

to-noise ratio [104, 105, 106]. Further resolution deterioration occurs, in events with 

small number of PEs, due to the statistical pulse-height fluctuations of single-electron 

pulses, affecting the trigger electronics. Simulations (assuming photo detection 

efficiency, PDEGPM=10%) showed that the average number of PEs for 1-11 MeV 

neutrons is similar to that of PEs induced by 1.33MeV gamma-rays (about 30 PEs, see 

Table 7 and Table 8). Based on previous studies [104, 105, 106] the expected time 

resolution for 30 PE should be about ~9 ns FWHM (Double-THGEM with Ar/5%CH4 

1 bar); while we measured 20 ns (FWHM) with the gamma source. Thus, the expected 

time resolution of our small-dimensions prototype for 1-11MeV neutrons is also ~20 
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ns (FWHM). The reasons for the poor time resolution could be due to a non-optimal 

cascaded-THGEM geometry and to gain limits due to accumulated ‘history’ of 

occasional discharges, that might have caused it "aging" and thus constrained operation 

at low biases (ΔV1=450V instead of ΔV1=700V for a “fresh” detector), worse signal-

to-noise figure and somewhat lower overall PE extraction efficiency from CsI (58% 

instead of 63% [45], see also Figure 81B in appendix 8.2).  

For an operational FNRR detector the time resolution must be improved. It would 

require higher detector gains, optimized detector parameters and higher QE value of 

the photocathode. The spread in PE collection time can be reduced by optimizing the 

hole-geometry for the CsI-coated electrode (e.g. denser pattern of smaller holes), 

without effecting the PE collection efficiency into the holes. Such geometries are 

available with GEM (Gas Electron Multiplier) electrodes [108]. The standard GEM 

geometry (0.07 mm holes with 0.14 mm pitch) was already successfully used for UV-

photon detection in RICH devices [65, 109]. A cascaded-GEM GPM, operated in pure 

CF4, was demonstrated to have a single-PE time resolution of < 4 ns [110]. While this 

geometry has good timing capabilities, its PE collection efficiency into the holes 

requires high applied potentials on the CsI-coated GEM, but with a benefit of high PE 

extraction efficiency. Further optimization can be done by varying holes diameter and 

pitch values. For example, a GEM electrode with 0.15 mm diameter, single-conical, 

holes and 0.3 mm pitch was recently tested at WIS in a different project with promising 

results [111]. Further significant improvement can be achieved by increasing the CH4 

concentration in the gas mixture (e.g., to 20%, as was done in [45]), resulting in 

reduction of the electron transverse and longitudinal diffusion and an increase in the 

electron drift velocity [112]. The GPM can reach high gain values and operate in a 

stable, discharge-free way, by replacing the last THGEM element in the cascade by a 

discharge-damping Resistive Plate WELL [113, 114]. This is currently being 

investigated in our group. 

 

The detector concept investigated in this work has the potential of offering a 

robust, cost-effective, large-area solution for a combined detection and imaging of fast-

neutrons and gammas, with adequate spatial resolution and detection efficiency. Due to 

the lack of appropriate neutron and gamma beams, the experiments have been carried 

out so far only at the laboratory, with radioactive sources. Simulations indicate 

however, that the detector would fulfill the efficiency and resolution requirements of a 



124 

 

large-object screening system (e.g. efficiency >10% for neutrons and gamma and 

spatial resolution in the order of 5-10 mm FWHM). This would require further studies 

at the required DC and pulsed-neutron and gamma fields, with faster GPM detector 

configurations – that are out of this thesis-work scope. However, such studies have been 

foreseen and planned in the near future – to fully validate the concept for the proposed 

application.  

 

Among leading competing imaging techniques, are for example the TRION 

(neutrons spectroscopy) [12] and TRECOR (gamma and neutrons spectroscopy) [13] 

systems which combine solid-scintillator screens and intensified CCD cameras. 

Compared to the proposed LXe detector, they possess better spatial resolutions (~1 mm 

FWHM) for neutrons and gamma-rays in the relevant energy range; their better time 

resolution (5.1 and 9.2 ns FWHM for TRECOR and TRION, respectively [13]) results 

in good energy resolution for neutrons (by TOF). However, these techniques require 

combination of the gamma and neutron images, which are measured separately in 

different detector media. Furthermore, the very high cost of large-area imagers of this 

type, required for an operational container screening system, could be exorbitant.  
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8 Appendices 

8.1 Appendix A – Evaporation and characterization of CsI 

photocathode 

8.1.1 CsI photocathode evaporation 

The CsI photocathodes used in the GPM were vacuum-deposited at our 

laboratory (see setup in Figure 76) on one side of the THGEM electrodes by Joule 

effect. The THGEM electrode was cleaned beforehand with the standard procedure: 1) 

flushed with doubly-deionized water; 2) 30 minutes in an ultrasonic bath of iso-propyl 

alcohol; 3) drying for 1hour at 60 ºC under pure-nitrogen flow; 4) drying for 2 

additional hours at 95 ºC under pure nitrogen flow. The THGEM electrode is then 

attached within the vacuum-evaporation vessel to an aluminum heating plate for 

“annealing” before and after deposition; this was shown to enhance the QE of CsI 

photocathodes and enhance their stability at short exposures to air during their transfer 

and installation - from the evaporation chamber to the GPM [115] and [116]. The 

evaporation setup (Figure 76) comprised of an Hg(Ar) UV lamp, a monochromator and 

a monitoring calibrated photodiode for in-situ monitoring the relative QE value of the 

photocathode. A Meissner trap was recently installed improving the vacuum quality by 

approximately one order of magnitude. 

 

 

Figure 76: Scheme of the CsI evaporation setup by Joule effect. 
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Before loading the evaporation crucible with CsI, the chamber was evacuated 

down to ~1x10-7  torr and filled with argon. After opening the evaporation chamber, a 

sealed vial with CsI (purity of 99.999%) was opened at the chamber bottom; CsI powder 

was loaded on the tungsten crucible and the vial was removed. The evaporation 

chamber was evacuated down to ~1x10-7 torr; the CsI was melted by applying current 

(~100A; Tfusion = 621 ºC) for removing impurities and moisture. Following this CsI pre-

melting phase, the chamber was vented with argon and the THGEM electrode was 

assembled on the aluminum heater base, under argon atmosphere, facing the CsI 

crucible; after evacuation to ~1x10-7 torr, the CsI was gradually melted under a shutter; 

the latter was opened for the duration of the evaporation. 

The thickness and deposition rate of the CsI photocathode was monitored by a Sycon 

Thickness/Rate Monitor STM-100 with a quartz oscillator; the rate (8 to 10 Å/s) was 

manually controlled along the process by adjusting the applied current to the tungsten 

crucible; the process was stopped when reaching a thickness of ~3000 Å. After 

deposition, the photocathode’s photocurrent was monitored for 24 hours in vacuum.  

To extract the photocathode in best-possible conditions, the evaporation chamber was 

enclosed in an airtight glove-bag and the system was vented and flushed with dry 

nitrogen. The CsI-coated THGEM electrode, on its aluminum heater base, was 

transferred (in the glove-bag) to a transport chamber and sealed under nitrogen; the 

latter was removed from the glove-bag and was either transferred to the nitrogen filled 

glove-box for installation on the GPM or coupled to a McPherson 302 vacuum 

monochromators (Figure 77) for a precision measurement of the photocathodes’ 

absolute QE value. The installation process in the vacuum monochromator exposed the 

CsI to air for a few seconds. 

 

8.1.2 Photocathode characterization 

The relative QE of the photocathode was estimated, in-situ, by illuminating the 

photocathode with an Oriel Hg(Ar) calibration lamp; its 185 nm line was selected with 

an UV-monochromator (Oriel model 77250) flushed with pure nitrogen. The light 

intensity was monitored using a UV beam-splitter and a far-UV sensitive Hamamatsu 

(S1722-02) Si PIN photodiode. The quantum efficiency of the photocathode was 

estimated within ±10%, by comparing the measured CsI photocurrent, normalized to 
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that of the photodiode, with previous measurements with other photocathodes of a 

known absolute QE (determined with the McPherson 302 vacuum monochromators).  

The absolute QE value of the photocathodes was established (with the McPherson 

monochromators; Figure 77) by comparing its photocurrent (per given wavelength) to 

that measured with a NIST-calibrated Ball Aerospace far-UV vacuum photodiode (s/n: 

1-926). The photodiode (with CsTl photocathode and MgF2 window) was operated with 

+150 V bias; its absolute QE was provided within 6% error, between 1164 Å and 2000 

Å. The monochromator optics provided a quasi-parallel beam, with a (selected by us) 

diameter of ~8 mm. A side monitoring-PMT permits normalizing the photocurrents to 

the lamp intensity (usually used only in high-precision measurements). The 

photocurrents were measured by Keithley 610C pico-amperimeters.  

 

Figure 77: Simplified schematic of the CsI photocathode quantum efficiency measurement setup with the 

McPherson 302 monochromator. 

 

The QE of a CsI photocathode for a given wavelength λ, QECsI(λ), is determined 

according to Equation 21: 

 

Equation 21 

𝑄𝐸𝐶𝑠𝐼(𝜆) = 𝑄𝐸𝐵𝑎𝑙𝑙(𝜆) ∗
𝐼𝐶𝑠𝐼(𝜆)

𝐼𝐵𝑎𝑙𝑙(𝜆)
∗
𝐼𝑀𝑜𝑛𝑖𝑡𝑜𝑟𝐵𝑎𝑙𝑙(𝜆)

𝐼𝑀𝑜𝑛𝑖𝑡𝑜𝑟𝐶𝑠𝐼(𝜆)
 

 

Where QEBall(λ) is the known absolute quantum efficiency of the Ball Aerospace 

photodiode, ICsI(λ) is the measured photocurrent of the CsI photocathode, IBall(λ) is the 

current measured from the Ball Aerospace photodiode, IMonitorBall(λ) and IMonitorCsI(λ) are 

the currents from the monitoring PMT during measurements with the photodiode and 
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photocathode, respectively. Figure 78 shows the QEBall(λ) graphs, as calibrated by NIST 

in 1993, and recently recalibrated in 2015. Note that the QE value decreased over the 

years only by ~12% at the relevant 175 nm wavelength. 

 

 

Figure 78: Quantum efficiency of the Ball Aerospace photodiode QEBall(λ) from the original 1993 NIST 

calibration and from a recent 2015 calibration. 

 

 

Figure 79: Measured absolute QE values in vacuum of several CsI photocathodes as evaporated on 

freshly cleaned THGEM gold-plated electrodes. Also represented is the CERN-RD-26 reference.. 

 

Figure 79 shows typical QE distributions in vacuum of CsI photocathodes we 

deposited on gold-plated THGEM electrodes. that the QE value at the Xe-emission 

wavelength of ~175 nm ranged from 24% to 30%. The measured QE values compare 

with the CERN-RD-26 Collaboration reference value, also shown in Figure 79. To 

remind, the photocathodes used for these measurements were only exposed for a few 

seconds to air during installation in the vacuum monochromator. 
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8.2 Appendix B – Estimation of the overall extraction efficiency 

In this appendix we estimate the overall PE extraction efficiencies from CsI as a 

function of the electric field in Ne/CH4, Ar/CH4 and Ne/CF4 for few gold-plated 

THGEM geometries (A- pitch a = 0.8 mm; hole diameter d = 0.4 mm; thickness of the 

substrate t = 0.4 mm; rim around the hole h = 10 µm; thickness of the gold layer Au = 

33 µm, B- a=0.8 mm; d=0.4 mm; t=0.4 mm; h=50 µm; Au=64 µm, C- a=0.7 mm; d=0.3 

mm; t=0.4 mm; h=10 µm; Au=33 µm, D- a=0.7 mm; d=0.3 mm; t=0.4 mm; h=50 µm; 

Au=64 µm).   

The electric field on the photocathode surface, as function of the voltage applied across 

the THGEM (ΔVTHGEM), was calculated using Maxwell software [117] in resolution of 

2µm (see for example Figure 80). The extraction efficiency, in each point on the 

photocathode surface, was estimated using the calculated electric field and the data 

from Figure 9. Extraction efficiencies for electric field values larger than the maximum 

electric field in Figure 9, were evaluated by extrapolation (taking 1 as the upper limit 

for extraction efficiency). The overall extraction efficiency was defined as the average 

of extraction efficiencies over all points across the photocathode surface.  

 

Figure 80: Electric field intensity map on the THGEM surface, having the parameters: a=0.8 mm, d=0.4 

mm, t=0.4 mm, h=0.1 µm and cladding thickness of 33 μm (see text). Here, the field across the surface 

varies between 0.03-0.5 kV/cm.  

 

The overall extraction efficiencies as a function of ΔVTHGEM for Ne/CH4, 

Ar/CH4 and Ne/CF4 for four gold plated-THGEM geometries are shown in Figure 81. 

For geometry A, extraction efficiencies above 0.7 (and below 0.8) were estimated for 
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Ne/CH4 with CH4 concentration >50% or for Ne/CF4 with CF4 concentration >10% and 

ΔVTHGEM>400V. For Ar/CH4, extraction efficiencies of ~0.8 were estimated for 

ΔVTHGEM>400V.  

Enlarging the rim and the Au thickness increase the extraction efficiency by a few 

percent, for certain voltages (compare Figure 81 A to B and C to D). Reducing the pitch 

decreases the extraction efficiency by a few percent, for certain voltage (compare 

Figure 81 A to C and B to D). 

 

 

Figure 81: The overall extraction efficiencies as a function of ΔVTHGEM for Ne/CH4, Ar/CH4 and Ne/CF4 

for four gold coated-THGEM geometries; Figure A- a=0.8 mm; d=0.4 mm; t=0.4 mm; h=10 µm; Au=33 

µm; Figure B-  a=0.8 mm; d=0.4 mm; t=0.4 mm; h=50 µm; Au=64 µm; Figure C- a=0.7 mm; d=0.3 

mm; t=0.4 mm; h=10 µm; Au=33 µm; and figure D- a=0.7 mm; d=0.3 mm; t=0.4 mm; h=50 µm; Au=64 

µm. 

 

As mentioned above (section 4.2), the experiments were performed with THGEM 

electrodes of a = 0.8 mm, t=0.4 mm, d = 0.4 mm, h = 50 μm and Cu layer thickness of 

64 μm. The applied ΔV1 value were between 450 and 500 V. For these parameters the 

overall PE extraction efficiency from CsI is ~58% (see Figure 81).  
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8.3 Appendix C - Large electrode preparation and testing 

8.3.1 Leak current measurement 

In order to get some preliminary indication about the THGEM-electrode 

quality, a setup was used that permitted the biasing one face and connecting the other 

to a grounded, discharge-protected Pico ammeter. The THGEM electrode was installed 

in a closed vessel, constantly flushed with pure nitrogen. Its leakage current was 

measured versus the applied voltage, up to the discharge limit. 

The best electrodes were used in our GPM detectors, while the others, with the higher 

leakage currents, were reprocessed by standard cleaning, as described above (see 

section 8.1.1). The criteria for a “good electrode”: for applied voltage up to 1.5 kV the 

leakage current measured after 10 minutes of stabilization, should be < 0.5 nA, with no 

significant fluctuations. 

8.3.2 Optical discharge localization 

Discharges can occur sporadically over the area - due to highly-ionizing events, 

or in well-localized holes – due to defects. Each of the THGEM electrodes was scanned 

for localized discharge "hot-spots" by taking sequence pictures under high voltage in 

pure helium. The electrodes were thoroughly flushed with dry N2 gas and installed in a 

chamber with a large transparent window, viewed with a CCD camera. The chamber 

was flushed with pure helium gas – which decreased the THGEM discharge voltage to 

~500 V. A large number (~103) of individual discharge events were recorded for each 

electrode with the FLI CCD camera (512x512pixels) set for an exposure time of 0.2 

seconds, equipped with a Nikon Nikkor f/1.6 50 mm lens. The camera was cooled by 

an internal Peltier element and was set for continuous frame acquisitions, from which 

only the frames showing discharges were selected. The frames were processed in a 

MatLab code and the position of each discharge event was recorded. Figure 82A depicts 

the illuminated THGEM electrode; a typical recorded single discharge is shown in 

Figure 82B, as localized by the MatLab code. The position and occurrence frequency 

of each discharge is plotted, providing the indication of a damaged hole or area. 
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Figure 82: The optical inspection of THGEM electrodes: A) Image of a THGEM acquired by the FLI 

CCD camera. B) A typical raw image of a single discharge. C) Map of discharges recorded optically on 

a THGEM electrode, after MatLab processing. D) A detected “hot area” (probably a defect at the 

electrode edge) of repeated discharges. Scales on right indicates the numbers of overlapping discharge 

events. 

 

Figure 82C and Figure 82D show the spatial distribution of discharges for a 

“good” electrode, and for a “bad” one, respectively. In the good electrode the recorded 

sporadic discharges are well distributed throughout all the area; the circular shape of 

the electrode can clearly be inferred; here only three discharges occurred in the same 

hole during the acquiring time, identified by the color bar on the right. In the “bad” 

electrode most of the recorded discharges occurred in a much localized area at the 

electrode’s edge; more than 25 discharges occurred in one hole, and others in 

neighboring ones. In this particular case, upon close inspection of the problematic area, 

it was observed that at some point in time the electrode was handled without gloves as 

witnessed by a fingerprint. Cleaning the electrode with the procedure described above 

(see section 8.1.1) improved its condition dramatically. 
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8.4 Appendix D - α source imaging  

As a preparatory stage, before gamma and neutron imaging, we performed 

imaging measurements of an 241Am α-source, immersed within LXe (see Figure 83). 

The 5.5MeV α-particles stop in LXe within 45μm [118], emitting a large number 

(~3E5) of scintillation UV-photons over 4π [22]. Therefore, these measurements were 

expected providing the ultimate localization resolution of the GPM. The active 

geometrical shape of the open source, deposited on a stainless steel disc, has the 

dimensions of ~7 mm × ~5 mm (Figure 83A). The image of the 5.5 MeV alpha particles 

emitted into the liquid was measured by the GPM and compared to the source 

autoradiography, when placed on a digital Fuji Plate (of few-microns spatial 

resolution). 

 

The experimental setup (Figure 83B) shows the α-source, located inside LXe 

volume (without capillaries), viewed by the GPM through a quartz window (ϕ=36mm). 

A Pyrex-made cup, surrounding the LXe volume, was added to absorb the UV-

scintillation photons directed to the walls to prevent image deformation due to UV 

reflections from the walls. Some scattered UV photons (e.g. from the window) reach a 

PMT placed underneath the source (blind to the direct scintillation photons) – providing 

a trigger to the SRS electronics.  

The GPM was operated at gain of 1.3×104 with 502 torr of Ne/5%CH4 at a flow of 20 

sccm and at 222 K. 

In this setup, the GPM viewed the source-emitted scintillation photons over a solid 

angle of 0.4156 Sr, the window transmission in liquid was 0.95, the GPM mesh 

transmission was 0.84, the photocathode extraction efficiency was ~0.55 (for 

dV1=500V), the CsI coverage of the THGEM electrode was 0.77 and the photocathode 

quantum efficiency was measured as QE≈12%. 

The extracted PEs were multiplied by the THGEMs cascade, inducing charge signals 

on a large number of pads (see typical single event in Figure 18D). A typical spectrum 

of the total charge recorded in all pads, event by event, and distribution of number of 

pads with charge above 0.96fC, are shown in Figure 84. In contrast to the gamma charge 

spectrum (see Figure 66), the α one has a peaked distribution, since the α-particles 

deposit all of their energy within the LXe, yielding ~410PEs/event (NPE= 

3.06E5*(0.4156/4π)*0.95*0.84*0.55*0.77*0.12) in the GPM. 
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When the resolution is dictated only by the statistics of the avalanche process (with 

exponential distribution for single PEs), the relation  holds, where σ 

and μ are the standard deviation and mean of the peak and NPE is the number of PE. 

Fitting a Gaussian, to the measured charge spectrum, resulted in σ/μ=13%, which is 

larger than 7% (= √2/410𝑃𝐸), indicates that there are more process affecting the 

resolution, e.g. light collection statistics. 

The distribution of the number of pads with charge above 0.96fC shows that most 

events had at least 30 pads firing. 

 

For each event, the center of gravity was calculated, according to Equation 15. 

Then, a 2D histogram of the COGs was plotted.   

 

Figure 83: A- The open (~7mm X ~5mm 241Am α-source deposited on a metal disk. B- The experimental 

setup; the 241Am α-source, immersed in LXe (without capillaries), viewed by the GPM through a UV-

window (here ϕ=36mm). A surrounding Pyrex cup absorbs the UV scintillation light directed to the walls 

to prevent UV reflections. Some scattered UV photons reach the PMT, placed within the LXe under the 

source, providing a trigger to the SRS electronics. 
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Figure 84: Spectrum of the total charge integrated from all pads, event by event (A) and a distribution 

of the number of pads with charge above 0.96fC (B), as measured with an 241Am α-source located inside 

LXe (without capillaries). The red curve in figure A is a Gaussian fit to the data. (see text) 

 

Figure 85 shows the active geometrical shape of the immersed 241Am α-source 

as imaged by the GPM (A); (B) shows the source image in air, when in contact with the 

digital Fuji plate. The gray scale of the Fuji plate image is logarithmic. One can see that 

the active area is indeed elliptic with dimensions of 7.6mm X 5.5mm while most of the 

source activity is located on a thin contour (~0.7mm wide) defining its ellipsoidal shape. 

 

Figure 85: Image of the active geometrical shape of the 241Am α-source. A- Measurement by the GPM of 

the α-source immersed within LXe. B- Measurement with the Fuji plate with the α-source placed on the 

plate, in air. In B the image is not converted to local activity and the gray scale is logarithmic. Notice 

the high activity at the source contour. 

 

According to Figure 60, the GPM spatial resolution (at RT) of a point source 

emitting ~410 PEs/event is ~2 mm (FWHM). This resolution does not allow 



136 

 

differentiating the sub-millimetric active contour; however the size (8 mm × 7 mm) and 

location of the α-source are well reproduced. 
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