
Geant4	simula-ons	of	Macrostructures	
	

Irina	Stefanescu	
ESS	Detector	Group	

	

DG	Jamboree,	September	5,	2016		



2	

History	

Macrostructures	refers	to	a	special	geometry	of	the	Aluminum	substrate	upon	which	the	
Boron	layer	is	deposited.			
	
The	macrostructured	(textured)	substrate	was	designed	by	me	during	my	3-year	contract	in	
the	FRM2	Detector	Group	(2011-2014).		
	
Idea:	texture	the	surface	of	the	substrate	in	order	to	increase	the	area	that	can	be	covered	
with	the	B-layer,	and	thus	the	neutron	conversion	efficiency.		
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History	

	
In	the	B-based	gas	detectors,	the	neutron	converter	and	ioniza-on	media	are	separated.			

εdetec-on	≈		εconversion	x	εcharge	collec-on	
	

εconversion	depends	on	the	thickness	of	the	B-layer,	geometry	of	the	cathode	
	

εcharge	collec-on	depends	on	the	anode-cathode	distance,	wire	pitch,	HV,	gas	type,	geometry	of	the	cathode	

εconversion	inves-gated	with	GEANT4	and	experimentally		è	today‘s	topics	
	
εcharge	collec-on	inves-gated	with	Garfield	and	experimentally	
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Textured	cathodes	

Objec-ve:		
•  Find	a	3D	regular	pa\ern	that	provides	the	the	highest	increase	in	the	conversion	

efficiency	with	respect	to	a	flat	surface	of	the	same	physical	area,	and	a	charge	
collec-on	efficiency	>80%.		

	
Requirements:		
•  The	macrostructured	cathode	must	be	easy	to	handle	and	manufacture.	I	got	lods	of	

advice	from	our	technician	on	the	simplest	and	cheapest	manufacturing	op-ons.		

•  The	coa-ng	with	Boron	must	not	require	special	opera-on	condi-ons	and	handling.		
	
•  SRIM	stopping	power	calcula-ons		indicate	that	the	(n,10B)	reac-on	products	need	to	

travel	at	least	2	mm	in	the	Ar-CO2	coun-ng	gas	in	order	to	give	rise	to	a	signal	with	an	
amplitude	>	100	keV.		Thus,	the	distance	between	the	3D	features	must	be	around	2	
mm	or	higher.		

	è	Geant4	+	Garfield	simula-ons	needed	to	prove	the	validity	of	the	concept	
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GEANT4	simula-ons	of	textured	cathodes	

•  I	used	the	GEANT4	version	4.9.3	released	on	September	17,	2010.		

•  GEANT4	was	not	ready	to	handle	10B-	or	6Li-based	detectors	before	2011.		

Ø  Version	4.9.1.p01	released	in	2008	did	not	even	produce	the	(n,10B)	reac-on.	

Ø  Version	4.9.1.p02	produced	the	two	reac-on		branches	from	the	(n,10B)	reac-on	
with	50:50	ra-o	instead	of	94:6.		

Ø  In	the	early	version	4.9.3	released	in	2009,	the	kine-c	energies	of	the	charged	
par-cles	produced	in	the	(n,10B)	reac-on		were	off	by	~30	keV	and	those	produced	
in	the	(n,6Li)	reac-on	were	off	by	~1	MeV		è		fixed	in	2010.			
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GEANT4	simula-ons	of	textured	cathodes	

•  Preliminary	calcula-ons	for	several	types	of	shapes	in	order	to	understand	how	the	
geometry	of	the	3D	pa\ern	influences	the	conversion	efficiency.			

Textured	surfaces	

7	

Geant4	set-up,	curved	surface	

rinner	

router	

nth	

10	cm
	

Flat	Al-surface	coated	on	one	
side	with	1	μm	10B4C	(90%).		

Textured	surface:	surface	covered	by	a	periodic	
regular	pa\ern	in	order	to	increase	the	area.	

Textured	surfaces	

7	

Geant4	set-up,	curved	surface	

rinner	

router	

nth	

10	cm
	

Flat	Al-surface	coated	on	one	
side	with	1	μm	10B4C	(90%).		

Textured	surface:	surface	covered	by	a	periodic	
regular	pa\ern	in	order	to	increase	the	area.	

Textured	surfaces	(2)	
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d	(distance)	s	(side)	

Surface	with	small	equilateral	triangles	
of	side	s	placed	at	a	distance	d.		
In	the	calcula3ons,	the	surface	was	
considered	to	be	uniformly	coated	
with	1	μm	of	90%	10B4C.		
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Textured	surfaces	(3)	
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Surface	with	small	half-hexagons	of	
side	s	placed	at	a	distance	d.		
In	the	calcula3ons,	the	surface	was	
considered	to	be	uniformly	coated	
with	1	μm	of	90%	10B4C.		
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Textured	surfaces	(4)	
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Discriminator	threshold	=	100	keV	

r	(radius)	 l	(length)	
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Textured	 Flat		

Textured	surfaces	(5)	
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Discriminator	threshold	=	100	keV	

r	(radius)	 l	(length)	
Surface	described	on	one	side	by	the	radius	r	of	
the	half-spheres	and	length	l	of	the	flat	part.		
In	the	calcula3ons,	the	surface	was	considered	to	
be	uniformly	coated	with	1	μm	of	90%	10B4C.		
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Textured	surfaces	(6)	
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s1	

Surface	with	small	trapezoids	of	height		h	and	
parallel	sides		s1	and	s2.		
In	the	calcula3ons,	the	surface	was	considered	to	
be	uniformly	coated	with	1	μm	of	90%	10B4C.			

s2	

length	of	the	parallel	sides	

Discriminator	threshold	=	100	keV	

h	(height)	

All	ini-al	calcula-ons	were	made	with	the	naïve	
assump-on	that	the	surfaces	are	uniformly	coated.	
	
Also,	keep	in	mind	that	the	collec-on	of	low-energy	
electrons	generated	in	the	gas	is	not	a	part	of	the	
model.		
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GEANT4	simula-ons	of	textured	cathodes	

•  The	geometry	of	the	various	textured	cathodes	was	built	by		using	Boolean	opera-ons	
(union,	subtrac-on,	intersec-on)	of	simple	shapes	available	directly	as	solid	objects	
(e.g.,	trapezoid,	box,	tube,	etc.).		

•  Most	of	the	materials	selected	from	the	NIST	manager.		
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The	selected	design:	45°	grooves	

h	=	1	÷	5	mm	 Main	shape	parameters:		
	
• 	opening	angle	of	the	groove,	α	=45°;	

• 	height	of	the	groove,	h;	
	
• 	length	of	the	flat	top,	f;	
	
• 	thickness	of	the	Al-substrate	at	the	
boLom	(top)	of	the	groove,	l;		

Produc-on	of	the	substrate	test	samples	was	made	by	milling	and			
coa-ng	by	MS	in	Linköping.		

Calcula-ons	indicated	an	efficiency	that	is	
25-30%	larger	than	that	of	a	flat	surface	of	the	
same	ac-ve	area.		



GEANT4	simula-ons	of	grooved	surfaces	
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portions at 901 and portions at 22.51 with respect to the normal, it
is of crucial importance that one finds a coating technique that can
provide an uniform coverage of such a highly structured surface.
Common methods like electron-beam evaporation or RF/DC mag-
netron sputtering are known for their directional nature or “line-
of-sight” deposition, which leads to a great deal of self-shadowing
that could cause a poor coverage of the surfaces that are not
normal to the direction of the incident atom flux. Thus, when
either of these two techniques is employed to coat the grooved
cathode, only the flat top is expected to receive an uniform layer
with the desired thickness, denoted here as ttop. In the present
calculations, two different assumptions were made for the con-
formality of the coating on the sidewalls. The first scenario
corresponds to the ideal case in which the coating is uniformly
deposited on the sidewalls of the grooves, see Fig. 3a. The
thickness of the Boron layer on the sidewalls, defined here as
the orthogonal distance between the two surfaces of the layer and
denoted as tside, is then given by the relation

tside ¼ ttop " sin ðα=2Þ; ð2Þ

where α is the opening angle of the groove. With this assumption,
the effective neutron absorption film thickness, deff, is the same
everywhere on the surface of the groove. In the second scenario,
the converter is preferentially deposited on the upper half of the
sidewalls. The coating was parameterized such that the thickness
equals ttop only at the upper corner of the groove, decreases with
the depth and reaches zero at the bottom, see in Fig. 3b. The
variation of the thickness tx with the distance x from the bottom of
the groove is given by

tx ¼ x " ttop=h; x≤h: ð3Þ

In this case, the increase in efficiency with respect to a flat
cathode of the same active area arises from large absorption
probabilities for the neutrons striking the upper half of the groove
and large escape probabilities when the interaction takes place
near bottom.

Fig. 4 shows the trend of the total number of ions recorded in
the energy deposition spectra for 10%10 cm2 grooved cathodes as
a function of the height of the groove h, along with the similar
integral obtained for a flat cathode of the same size. The calcula-
tions were performed for a boron layer of enriched 10B4C with a
density of 2.34 g/cm3 [24]. The thickness of the layer on the flat
cathode and the flat portions of the grooved cathode was 3 μm,
and as given by Eqs. (2) and (3) for the sidewalls. Neutrons with an
energy of 3.63 meV (4.7 Å) struck the cathodes at normal inci-
dence. 105 neutrons were simulated for each run, which ensured
adequate statistics in the histograms for a reasonable runtime. In
the simulations, the height of the groove h was varied between
0.25 and 5 mm, and the length of the flat top f was chosen such
that h=f∼3. All calculations were made for cathodes with a size of
10%10 cm2, therefore the increase of the size of the grooves from
h¼0.25 mm to h¼5 mm led to a decrease of the number of
grooves per surface area from ∼450 down to 18, respectively. The
results presented in the top panel of Fig. 4 were obtained by
simply taking the integral of the whole calculated energy deposi-
tion spectrum, while the areas shown in the middle panel of the
figure were calculated by considering only the ions that escaped
the Boron layer with kinetic energies higher than the threshold set
at 150 keV, which would be typically applied in practice in order to
discriminate between the valid neutron events and γ-background.

The results of the simulations shown in the top panel of the
figure indicate that indeed, the 3D pattern created in the substrate
material leads to an increase of the total number of reaction
products that reaches the gas phase, which, for small grooves with
heights below 1 mm, can exceed the number of ions escaping from
a thin flat layer of the same area by more than 60%. One can notice

from the comparison of the results obtained for the two coating
scenarios that the ideal, uniform coating of the sidewalls gives
better results than the non-uniform coating. The evenly distrib-
uted converter material in the first case leads to integrals that are
up to 10% higher, see top panel of Fig. 4. The simulation predicts a
smooth decrease in the number of ions with increasing the height
h for both coating scenarios.

The trend shown by the full integrals of the energy deposition
spectra undergoes a rather drastic change in appearance when a
cut-off energy is applied, see middle panel of Fig. 4. When only the
reaction products with an energy above 150 keV are considered in
the assessment of the performance of the grooved cathode, up to
60% of the ions are lost in the case of the small grooves ðho1 mmÞ,
see bottom panel of the same figure. The number of ions that slip
below the energy threshold decreases rapidly with increasing
the height of the groove to h≈2 mm. According to the calculations,
70–80% of the total number of ions that escape the converter
deposited on the surface of a cathode exhibiting grooves with
heights larger than 2 mm have energies above 150 keV. This leads
to a sensitivity for slow neutrons that can be with up to 40% higher
than what it could be achieved with a flat cathode of the same
active area and coated with a Boron layer of roughly the same
thickness.

The trend of the curves shown in Fig. 4 could be understood by
analyzing the corresponding simulated energy deposition spectra.
The spectrum displayed in the top panel of Fig. 5 corresponds to
the cathode with 0.5 mm deep grooves, the spectrum in the
middle was collected for a cathode with 2.1 mm deep grooves
and that showed in the bottom panel of the figure was obtained
for the cathode with 4.5 mm deep grooves. The red spectra
correspond to the γ-background calculated for each investigated
design. In a real experiment, part of the γ-background is expected
to arise from low-energy electrons generated in the photoelectric
and Compton interaction of the secondary γ-rays of 0.47 MeV,
emitted in the (n,10B) reaction, with the aluminum-substrate or
detector housing. Another contribution to the background comes
in practice from the environmental γ-rays (cosmic-rays, natural
radioactivity, various beamline components). The accurate model-
ing of these events requires the precise knowledge of the specific
spectra, which are usually rather complex. In the present work, a
simplified approach has been used to calculate the contribution to
the background from the environmental γ-rays. As in the present
study one is interested in the amount of energy deposited in the

Fig. 3. Schematic representation of the Boron coating assumed in the GEANT4
simulations. The Aluminium-substrate is represented in grey, and the Boron
coating is drawn in orange. (a) Uniform coating is assumed. The thickness of the
Boron coating on the sidewalls of the groove, denoted as tside, is related to the
thickness of the coating on the flat top, ttop, by tside ¼ ttop " sin ðα=2Þ. The effective
neutron absorption film thickness, deff, is the same everywhere on the surface of
the groove. (b) Non-uniform coating is assumed. The thickness of the coating is ttop
at the upper corner of the sidewalls, decreases with depth and reaches zero at the
bottom of the groove. Note that for the clarity of the graphical presentation, the
thickness of the coating is highly exaggerated. In practice, the thickness of the
substrate material is two orders of magnitude larger than that of the Boron
converter deposited on its surface. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this article.)

I. Stefanescu et al. / Nuclear Instruments and Methods in Physics Research A 727 (2013) 109–125112

The	underlying	math	was	calculated	by	hand.		
	
The	detector	details	(setup,	materials,	etc.)	were	specified	in	
the	DetectorConstruc-on.cc	

The	shape	parameters	of	the	trapezoids	were	defined	in	terms	of	the	4	main	shape	
parameters	t10B,	tAl,	α-opening	angle	of	the	groove,	length	of	the	flat	top.		
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GEANT4	simula-ons	of	grooved	surfaces	
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Finally	the	double-sided	grooves	are	placed	
inside	the	world	volume	as	the	imprints	of	
the	assembly	volume	(MakeImprint()).	

portions at 901 and portions at 22.51 with respect to the normal, it
is of crucial importance that one finds a coating technique that can
provide an uniform coverage of such a highly structured surface.
Common methods like electron-beam evaporation or RF/DC mag-
netron sputtering are known for their directional nature or “line-
of-sight” deposition, which leads to a great deal of self-shadowing
that could cause a poor coverage of the surfaces that are not
normal to the direction of the incident atom flux. Thus, when
either of these two techniques is employed to coat the grooved
cathode, only the flat top is expected to receive an uniform layer
with the desired thickness, denoted here as ttop. In the present
calculations, two different assumptions were made for the con-
formality of the coating on the sidewalls. The first scenario
corresponds to the ideal case in which the coating is uniformly
deposited on the sidewalls of the grooves, see Fig. 3a. The
thickness of the Boron layer on the sidewalls, defined here as
the orthogonal distance between the two surfaces of the layer and
denoted as tside, is then given by the relation

tside ¼ ttop " sin ðα=2Þ; ð2Þ

where α is the opening angle of the groove. With this assumption,
the effective neutron absorption film thickness, deff, is the same
everywhere on the surface of the groove. In the second scenario,
the converter is preferentially deposited on the upper half of the
sidewalls. The coating was parameterized such that the thickness
equals ttop only at the upper corner of the groove, decreases with
the depth and reaches zero at the bottom, see in Fig. 3b. The
variation of the thickness tx with the distance x from the bottom of
the groove is given by

tx ¼ x " ttop=h; x≤h: ð3Þ

In this case, the increase in efficiency with respect to a flat
cathode of the same active area arises from large absorption
probabilities for the neutrons striking the upper half of the groove
and large escape probabilities when the interaction takes place
near bottom.

Fig. 4 shows the trend of the total number of ions recorded in
the energy deposition spectra for 10%10 cm2 grooved cathodes as
a function of the height of the groove h, along with the similar
integral obtained for a flat cathode of the same size. The calcula-
tions were performed for a boron layer of enriched 10B4C with a
density of 2.34 g/cm3 [24]. The thickness of the layer on the flat
cathode and the flat portions of the grooved cathode was 3 μm,
and as given by Eqs. (2) and (3) for the sidewalls. Neutrons with an
energy of 3.63 meV (4.7 Å) struck the cathodes at normal inci-
dence. 105 neutrons were simulated for each run, which ensured
adequate statistics in the histograms for a reasonable runtime. In
the simulations, the height of the groove h was varied between
0.25 and 5 mm, and the length of the flat top f was chosen such
that h=f∼3. All calculations were made for cathodes with a size of
10%10 cm2, therefore the increase of the size of the grooves from
h¼0.25 mm to h¼5 mm led to a decrease of the number of
grooves per surface area from ∼450 down to 18, respectively. The
results presented in the top panel of Fig. 4 were obtained by
simply taking the integral of the whole calculated energy deposi-
tion spectrum, while the areas shown in the middle panel of the
figure were calculated by considering only the ions that escaped
the Boron layer with kinetic energies higher than the threshold set
at 150 keV, which would be typically applied in practice in order to
discriminate between the valid neutron events and γ-background.

The results of the simulations shown in the top panel of the
figure indicate that indeed, the 3D pattern created in the substrate
material leads to an increase of the total number of reaction
products that reaches the gas phase, which, for small grooves with
heights below 1 mm, can exceed the number of ions escaping from
a thin flat layer of the same area by more than 60%. One can notice

from the comparison of the results obtained for the two coating
scenarios that the ideal, uniform coating of the sidewalls gives
better results than the non-uniform coating. The evenly distrib-
uted converter material in the first case leads to integrals that are
up to 10% higher, see top panel of Fig. 4. The simulation predicts a
smooth decrease in the number of ions with increasing the height
h for both coating scenarios.

The trend shown by the full integrals of the energy deposition
spectra undergoes a rather drastic change in appearance when a
cut-off energy is applied, see middle panel of Fig. 4. When only the
reaction products with an energy above 150 keV are considered in
the assessment of the performance of the grooved cathode, up to
60% of the ions are lost in the case of the small grooves ðho1 mmÞ,
see bottom panel of the same figure. The number of ions that slip
below the energy threshold decreases rapidly with increasing
the height of the groove to h≈2 mm. According to the calculations,
70–80% of the total number of ions that escape the converter
deposited on the surface of a cathode exhibiting grooves with
heights larger than 2 mm have energies above 150 keV. This leads
to a sensitivity for slow neutrons that can be with up to 40% higher
than what it could be achieved with a flat cathode of the same
active area and coated with a Boron layer of roughly the same
thickness.

The trend of the curves shown in Fig. 4 could be understood by
analyzing the corresponding simulated energy deposition spectra.
The spectrum displayed in the top panel of Fig. 5 corresponds to
the cathode with 0.5 mm deep grooves, the spectrum in the
middle was collected for a cathode with 2.1 mm deep grooves
and that showed in the bottom panel of the figure was obtained
for the cathode with 4.5 mm deep grooves. The red spectra
correspond to the γ-background calculated for each investigated
design. In a real experiment, part of the γ-background is expected
to arise from low-energy electrons generated in the photoelectric
and Compton interaction of the secondary γ-rays of 0.47 MeV,
emitted in the (n,10B) reaction, with the aluminum-substrate or
detector housing. Another contribution to the background comes
in practice from the environmental γ-rays (cosmic-rays, natural
radioactivity, various beamline components). The accurate model-
ing of these events requires the precise knowledge of the specific
spectra, which are usually rather complex. In the present work, a
simplified approach has been used to calculate the contribution to
the background from the environmental γ-rays. As in the present
study one is interested in the amount of energy deposited in the

Fig. 3. Schematic representation of the Boron coating assumed in the GEANT4
simulations. The Aluminium-substrate is represented in grey, and the Boron
coating is drawn in orange. (a) Uniform coating is assumed. The thickness of the
Boron coating on the sidewalls of the groove, denoted as tside, is related to the
thickness of the coating on the flat top, ttop, by tside ¼ ttop " sin ðα=2Þ. The effective
neutron absorption film thickness, deff, is the same everywhere on the surface of
the groove. (b) Non-uniform coating is assumed. The thickness of the coating is ttop
at the upper corner of the sidewalls, decreases with depth and reaches zero at the
bottom of the groove. Note that for the clarity of the graphical presentation, the
thickness of the coating is highly exaggerated. In practice, the thickness of the
substrate material is two orders of magnitude larger than that of the Boron
converter deposited on its surface. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this article.)

I. Stefanescu et al. / Nuclear Instruments and Methods in Physics Research A 727 (2013) 109–125112

Two	versions	of	the	
DetectorConstruc-on.cc	exists,	one	
for	uniform	and	one	of	non-uniform	
coa-ng.		



11	

Event	genera-on	with	the	
Par-cleGun()	in	
PrimaryGeneratorAc-on()	

Detector	Vessel	made	of	Aluminum	

GEANT4	simula-ons	of	grooved	surfaces	

The	detector	consists	of	a	number	of	
coated	cathodes	placed	inside	a	
detector	vessel		filled	with	the	Ar/
CO2	coun-ng	gas	at	NPT.		

Ø  I	used	the	built-in	physics	list	QGSP_BIC_HP	without	modifica-ons.	
Ø  The	laboratory	environment	was	not	included	in	the	simula-on.				
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GEANT4	simula-ons	of	grooved	surfaces	

Efficiency	extracted	from	the	integral	of	the	calculated	energy	deposi-on	spectra	which	
are	the	equivalent	of	the	measured	pulse-height-spectra	in	real	life.			
	
	

ƐGeant4	=				
Integral	energy	spectrum	>	threshold	

number	of		incident	neutrons	

εGeant4		≅	εconversion	

In this critical region, the wall-effect is substantial. According to the
calculation, over 60% of the neutron-related events have energies
below the discriminator threshold set at 150 keV. As a result, the
events that can generate a valid neutron signal and contribute to the
overall efficiency are mainly those emitted almost perpendicular to
the groove and moving towards the anode wires.

Fig. 16 shows the efficiencies extracted from the pulse-height
spectra obtained from the scans with the collimated neutron beam.
The efficiencies were determined by considering only the events
above channel 150, which the comparison of the measured and
simulated energy spectra suggests that it corresponds to an energy
∼150 keV. As it can be seen in the figure, the measured values vary
between 3% and 20%. The current position of the beam on the
surface of the groove was easily identified during the scans from the
appearance of the pulse-height spectra, which, as seen in the
examples shown in Fig. 14, exhibit very distinct spectral character-
istics. The structureless, high-gain spectra were immediately asso-
ciated with the flat top of the grooves and those showing well-
formed peaks at medium energies were linked to the sidewalls.
A reduced count rate was the indication that the neutron beamwas
striking the bottom of the groove. The conversion of the integrals of
the observed spectra into efficiencies revealed values around 9% for
the flat tops, between 9 and 20% for the sidewalls, and ∼3% for the
bottom, see Fig. 16. The efficiencies measured for the flat tops of
both investigated designs agree very well with the value measured
for the flat cathode coated with 2:45 μm of the same material and
the predictions of the GEANT4 simulations shown in Fig. 13.

Also included in Fig. 16 are the results of two sets of GEANT4
calculations, one for each coating scenario depicted in Fig. 3a and
b. The comparison between the calculation and the measurement
suggests that the simulation assuming a non-uniform coating of
the groove fits better the data obtained for the R5mm cathode. For

the R21mm cathode, the difference between the predictions of the
two coating scenarios becomes less pronounced. In this case,
the smaller size of the groove leads to a steeper decrease of
the thickness of the coating with depth when compared to the
cathode with larger grooves. The good agreement between the
results of the efficiency measurements and GEANT4 simulations
assuming 100% efficiency for charge collection suggests that the
weaker electric field inside the groove does not affect the collec-
tion of the charge significantly.

The measurements reported in this subsection showed clear
evidence that the sidewalls of the grooves are zones with
enhanced efficiency, confirming the theoretical calculations, which
predict larger neutron sensitivities for converter layers deposited
on inclined surfaces, owing to the higher probability for the
reaction products to escape the layer. The experimental data
also indicate that the low efficiencies measured at the bottom of
the groove are due to a significant wall-effect and a poor cove-
rage with Boron, both aspects being well accounted for by the
calculation.

5.2.3. Investigation of the overall efficiency of the grooved cathodes
with a monoenergetic neutron beam

The overall performance of the proposed designs was investi-
gated with the same setup used to perform the efficiency scans.
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Fig. 15. Top: simulated energy deposition spectra obtained with the neutron beam
striking the top, sidewall, and the bottom of one of the central grooves of the R5mm
cathode. Bottom: same as above, but for the R21mm cathode. In the simulation the
beam parameters, counting gas, and setup were chosen to closely resemble the
experimental conditions.
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Fig. 16. Top: simulated and measured efficiencies obtained by scanning the surface
of the cathode with 5 mm deep grooves (R5mm) coated on the flat top with
2:95 μm of enriched 10B4C by magnetron sputtering. The experimental efficiencies
were extracted by normalizing the number of counts observed in the pulse-height
spectra acquired at each position to the number of events in the spectrum of a
calibrated 3He tube mounted in the detector position. Bottom: same as above, but
for the R21mm cathode.
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GEANT4	simula-ons	of	grooved	surfaces	

The	useful	events	were	selected	and	processed	in	SteppingAc-on.cc:		
•  Selected	the	secondary	par-cle	of	interest	(alpha,	7Li);	
•  Got	the	energy	deposited	in	gas		as	the	difference	between	the	kine-c	energy	

of	the	par-cle	of	interest	at	the	first	and	last	steps	in	the	coun-ng	gas	volume.		
•  Saved	that	energy	value	in	a	root	histogram.	
	

Volume=Al	substrate	 Volume=Converter	 Volume=Coun-ng	Gas	

α	track	

Eα=0	
Eα=E	

n+10B	 Eα=0	

Volume=Converter	

Eα=E’	Eα=E	

Edep=E	

Edep=E-E’	

Ø  For	the	textured	cathode	discussed	here,	more	than	60%	of	the	reac-on	products		
will	lose	only	part	of	their	energy	in	the	coun-ng	gas.				
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Valida-on	of	the	GEANT4	results	

Ø  Valida-on	of	the	model	through	comparison	with	experimental	data	is	crucial.	

Ø  The	basic	GEANT4	model	of		a	stack	of	MWPC	with	Boron-coated	cathodes		was	
validated	first.	The	theore-cal	efficiencies	and	the	shape	of	the	PHS	were	compared	to	
experimental	data.	

SILENA 7614 amplifier with a shaping time of 1 μs and then fed to
a multichannel analyzer, which had a dynamic range of 5 V.

The layers coated with 0.28, and 1:2 μm of natB4C and 2:45 μm of
10B4C deposited onto 0.5 mm flat Aluminium substrates (labeled as
Flat-EB and Flat in Table 2) were investigated with the 4.7 Å parallel
beam, and the measured corresponding pulse-height spectra and
absolute efficiencies were used to test the predictive accuracy of the
GEANT4 calculations. These model validation measurements with
the flat cathodes are important because they establish the capability
to predict the performance of cathodes with more complex geo-
metry like those proposed in the present work. During the
measurements, the intensity of the incident neutron beam was
monitored by means of a fission chamber mounted upstream of the
test detector. The spectra were measured with the anode plane with
2 mmwire pitch. The bias voltage was adjusted in order to have the
endpoint of the pulse-height spectra around channel 1800. The
acquisition time for the pulse-height spectrum taken with the
0:28 μm sample was 1000 s, while the spectra of the 1.2, 2, and
2:45 μm thick coatings were collected for 600 s each.

Fig. 12 shows the comparison between the experimental pulse-
height spectra collected with the anode plane with the 2 mm wire
pitch size and calculated energy deposition spectra for layers coated
with 0.28 and 1:2 μm of natB4C, and 2:45 μm coating of enriched 10B4C.
For illustration purposes, the number of incident neutrons in the
calculations was chosen such that the distributions of the observed
and simulated events are similar. For the spectra displayed in the top
panel of the figure, the thickness of the Boron layer is much smaller
than the ranges of the reaction products in Boron, therefore the energy
lost in the layer is not significant. This makes the full-energy peaks at
840 and 1470 keV, corresponding to the 7Li ion and the alpha particle,
respectively, from the most intense branch of the n+10B reaction,
clearly visible in the spectra. The calculated spectrum was convoluted
with a Gaussian distribution of width 0.034 keV, in order for the
FWHM of the peak centered at 1470 keV to agree with the experi-
mental observation. The long tail at energies below 150 keV in the
experimental data arises from the γ-background. The neutron- and
γ-events are very well separated, therefore the loss in efficiency due to
the n–γ threshold is negligible.

Increasing the thickness of the coating, the charged particles
released in the reactions that take place more than several
hundreds of nanometers away from the gas interface will have
to travel large distances in order to escape the layer, thereby losing
an important amount of their kinetic energy. This leads to a
substantial smearing of the individual peaks associated with the
two reaction products. In this case the pulse-height spectra show a
step-like function continuing toward low energies, see the middle
and bottom panels of Fig. 12. Good agreement between the
measurement and the calculation is observed for both the inves-
tigated samples. The model thus reproduces well the spectral
features and tendency observed experimentally.

Fig. 13 displays the comparison between the calculated and the
measured efficiencies for all four samples. The experimental
efficiencies were obtained by normalizing the integrals of the
measured pulse-height spectra to the response of a small 3He tube
of known efficiency, obtained by removing the test detector from
its position and placing the tube instead. As seen in Fig. 13, the
calculation fits very well the experimental data. As the simulation
does not include the electric field effects, the good agreement
between the measured and the calculated efficiencies suggests
that the charge collection efficiency is close to 100%.

5.2.2. Investigation of the conformality of the Boron coating on the
surface of the grooved cathodes with a collimated neutron beam

The conformality of the boron coatings on the surface of the
grooved cathodes was investigated by mounting the cathodes in
the test detector and measuring the variation in efficiency across
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Fig. 12. Comparison between simulated energy deposition spectra (red dashed
line) and measured pulse-height spectra (full black line) for the 0:28 μm (top) and
1:2 μm (middle) coatings of natB4C, and 2:45 μm (bottom) coating of enriched 10B4C
deposited on flat aluminum-substrates. (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of this article.)
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Fig. 13. Simulated and measured efficiencies for the flat cathodes coated by
electron-beam evaporation with 0.28, 1.2, and 2 μm of natB4C and by magnetron
sputtering with 2:45 μm of enriched 10B4C.
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SILENA 7614 amplifier with a shaping time of 1 μs and then fed to
a multichannel analyzer, which had a dynamic range of 5 V.

The layers coated with 0.28, and 1:2 μm of natB4C and 2:45 μm of
10B4C deposited onto 0.5 mm flat Aluminium substrates (labeled as
Flat-EB and Flat in Table 2) were investigated with the 4.7 Å parallel
beam, and the measured corresponding pulse-height spectra and
absolute efficiencies were used to test the predictive accuracy of the
GEANT4 calculations. These model validation measurements with
the flat cathodes are important because they establish the capability
to predict the performance of cathodes with more complex geo-
metry like those proposed in the present work. During the
measurements, the intensity of the incident neutron beam was
monitored by means of a fission chamber mounted upstream of the
test detector. The spectra were measured with the anode plane with
2 mmwire pitch. The bias voltage was adjusted in order to have the
endpoint of the pulse-height spectra around channel 1800. The
acquisition time for the pulse-height spectrum taken with the
0:28 μm sample was 1000 s, while the spectra of the 1.2, 2, and
2:45 μm thick coatings were collected for 600 s each.

Fig. 12 shows the comparison between the experimental pulse-
height spectra collected with the anode plane with the 2 mm wire
pitch size and calculated energy deposition spectra for layers coated
with 0.28 and 1:2 μm of natB4C, and 2:45 μm coating of enriched 10B4C.
For illustration purposes, the number of incident neutrons in the
calculations was chosen such that the distributions of the observed
and simulated events are similar. For the spectra displayed in the top
panel of the figure, the thickness of the Boron layer is much smaller
than the ranges of the reaction products in Boron, therefore the energy
lost in the layer is not significant. This makes the full-energy peaks at
840 and 1470 keV, corresponding to the 7Li ion and the alpha particle,
respectively, from the most intense branch of the n+10B reaction,
clearly visible in the spectra. The calculated spectrum was convoluted
with a Gaussian distribution of width 0.034 keV, in order for the
FWHM of the peak centered at 1470 keV to agree with the experi-
mental observation. The long tail at energies below 150 keV in the
experimental data arises from the γ-background. The neutron- and
γ-events are very well separated, therefore the loss in efficiency due to
the n–γ threshold is negligible.

Increasing the thickness of the coating, the charged particles
released in the reactions that take place more than several
hundreds of nanometers away from the gas interface will have
to travel large distances in order to escape the layer, thereby losing
an important amount of their kinetic energy. This leads to a
substantial smearing of the individual peaks associated with the
two reaction products. In this case the pulse-height spectra show a
step-like function continuing toward low energies, see the middle
and bottom panels of Fig. 12. Good agreement between the
measurement and the calculation is observed for both the inves-
tigated samples. The model thus reproduces well the spectral
features and tendency observed experimentally.

Fig. 13 displays the comparison between the calculated and the
measured efficiencies for all four samples. The experimental
efficiencies were obtained by normalizing the integrals of the
measured pulse-height spectra to the response of a small 3He tube
of known efficiency, obtained by removing the test detector from
its position and placing the tube instead. As seen in Fig. 13, the
calculation fits very well the experimental data. As the simulation
does not include the electric field effects, the good agreement
between the measured and the calculated efficiencies suggests
that the charge collection efficiency is close to 100%.

5.2.2. Investigation of the conformality of the Boron coating on the
surface of the grooved cathodes with a collimated neutron beam

The conformality of the boron coatings on the surface of the
grooved cathodes was investigated by mounting the cathodes in
the test detector and measuring the variation in efficiency across
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Fig. 12. Comparison between simulated energy deposition spectra (red dashed
line) and measured pulse-height spectra (full black line) for the 0:28 μm (top) and
1:2 μm (middle) coatings of natB4C, and 2:45 μm (bottom) coating of enriched 10B4C
deposited on flat aluminum-substrates. (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of this article.)
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portions at 901 and portions at 22.51 with respect to the normal, it
is of crucial importance that one finds a coating technique that can
provide an uniform coverage of such a highly structured surface.
Common methods like electron-beam evaporation or RF/DC mag-
netron sputtering are known for their directional nature or “line-
of-sight” deposition, which leads to a great deal of self-shadowing
that could cause a poor coverage of the surfaces that are not
normal to the direction of the incident atom flux. Thus, when
either of these two techniques is employed to coat the grooved
cathode, only the flat top is expected to receive an uniform layer
with the desired thickness, denoted here as ttop. In the present
calculations, two different assumptions were made for the con-
formality of the coating on the sidewalls. The first scenario
corresponds to the ideal case in which the coating is uniformly
deposited on the sidewalls of the grooves, see Fig. 3a. The
thickness of the Boron layer on the sidewalls, defined here as
the orthogonal distance between the two surfaces of the layer and
denoted as tside, is then given by the relation

tside ¼ ttop " sin ðα=2Þ; ð2Þ

where α is the opening angle of the groove. With this assumption,
the effective neutron absorption film thickness, deff, is the same
everywhere on the surface of the groove. In the second scenario,
the converter is preferentially deposited on the upper half of the
sidewalls. The coating was parameterized such that the thickness
equals ttop only at the upper corner of the groove, decreases with
the depth and reaches zero at the bottom, see in Fig. 3b. The
variation of the thickness tx with the distance x from the bottom of
the groove is given by

tx ¼ x " ttop=h; x≤h: ð3Þ

In this case, the increase in efficiency with respect to a flat
cathode of the same active area arises from large absorption
probabilities for the neutrons striking the upper half of the groove
and large escape probabilities when the interaction takes place
near bottom.

Fig. 4 shows the trend of the total number of ions recorded in
the energy deposition spectra for 10%10 cm2 grooved cathodes as
a function of the height of the groove h, along with the similar
integral obtained for a flat cathode of the same size. The calcula-
tions were performed for a boron layer of enriched 10B4C with a
density of 2.34 g/cm3 [24]. The thickness of the layer on the flat
cathode and the flat portions of the grooved cathode was 3 μm,
and as given by Eqs. (2) and (3) for the sidewalls. Neutrons with an
energy of 3.63 meV (4.7 Å) struck the cathodes at normal inci-
dence. 105 neutrons were simulated for each run, which ensured
adequate statistics in the histograms for a reasonable runtime. In
the simulations, the height of the groove h was varied between
0.25 and 5 mm, and the length of the flat top f was chosen such
that h=f∼3. All calculations were made for cathodes with a size of
10%10 cm2, therefore the increase of the size of the grooves from
h¼0.25 mm to h¼5 mm led to a decrease of the number of
grooves per surface area from ∼450 down to 18, respectively. The
results presented in the top panel of Fig. 4 were obtained by
simply taking the integral of the whole calculated energy deposi-
tion spectrum, while the areas shown in the middle panel of the
figure were calculated by considering only the ions that escaped
the Boron layer with kinetic energies higher than the threshold set
at 150 keV, which would be typically applied in practice in order to
discriminate between the valid neutron events and γ-background.

The results of the simulations shown in the top panel of the
figure indicate that indeed, the 3D pattern created in the substrate
material leads to an increase of the total number of reaction
products that reaches the gas phase, which, for small grooves with
heights below 1 mm, can exceed the number of ions escaping from
a thin flat layer of the same area by more than 60%. One can notice

from the comparison of the results obtained for the two coating
scenarios that the ideal, uniform coating of the sidewalls gives
better results than the non-uniform coating. The evenly distrib-
uted converter material in the first case leads to integrals that are
up to 10% higher, see top panel of Fig. 4. The simulation predicts a
smooth decrease in the number of ions with increasing the height
h for both coating scenarios.

The trend shown by the full integrals of the energy deposition
spectra undergoes a rather drastic change in appearance when a
cut-off energy is applied, see middle panel of Fig. 4. When only the
reaction products with an energy above 150 keV are considered in
the assessment of the performance of the grooved cathode, up to
60% of the ions are lost in the case of the small grooves ðho1 mmÞ,
see bottom panel of the same figure. The number of ions that slip
below the energy threshold decreases rapidly with increasing
the height of the groove to h≈2 mm. According to the calculations,
70–80% of the total number of ions that escape the converter
deposited on the surface of a cathode exhibiting grooves with
heights larger than 2 mm have energies above 150 keV. This leads
to a sensitivity for slow neutrons that can be with up to 40% higher
than what it could be achieved with a flat cathode of the same
active area and coated with a Boron layer of roughly the same
thickness.

The trend of the curves shown in Fig. 4 could be understood by
analyzing the corresponding simulated energy deposition spectra.
The spectrum displayed in the top panel of Fig. 5 corresponds to
the cathode with 0.5 mm deep grooves, the spectrum in the
middle was collected for a cathode with 2.1 mm deep grooves
and that showed in the bottom panel of the figure was obtained
for the cathode with 4.5 mm deep grooves. The red spectra
correspond to the γ-background calculated for each investigated
design. In a real experiment, part of the γ-background is expected
to arise from low-energy electrons generated in the photoelectric
and Compton interaction of the secondary γ-rays of 0.47 MeV,
emitted in the (n,10B) reaction, with the aluminum-substrate or
detector housing. Another contribution to the background comes
in practice from the environmental γ-rays (cosmic-rays, natural
radioactivity, various beamline components). The accurate model-
ing of these events requires the precise knowledge of the specific
spectra, which are usually rather complex. In the present work, a
simplified approach has been used to calculate the contribution to
the background from the environmental γ-rays. As in the present
study one is interested in the amount of energy deposited in the

Fig. 3. Schematic representation of the Boron coating assumed in the GEANT4
simulations. The Aluminium-substrate is represented in grey, and the Boron
coating is drawn in orange. (a) Uniform coating is assumed. The thickness of the
Boron coating on the sidewalls of the groove, denoted as tside, is related to the
thickness of the coating on the flat top, ttop, by tside ¼ ttop " sin ðα=2Þ. The effective
neutron absorption film thickness, deff, is the same everywhere on the surface of
the groove. (b) Non-uniform coating is assumed. The thickness of the coating is ttop
at the upper corner of the sidewalls, decreases with depth and reaches zero at the
bottom of the groove. Note that for the clarity of the graphical presentation, the
thickness of the coating is highly exaggerated. In practice, the thickness of the
substrate material is two orders of magnitude larger than that of the Boron
converter deposited on its surface. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this article.)
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Figure 7. Calculated and measured efficiencies for stacks of up to 10 Boron layers with various thicknesses
coated on Aluminum-substrates with a flat surface (top) and double-sided macrostructured surface (bottom).
The efficiencies were extracted from the calculated and measured pulse-height spectra, respectively, with a
threshold set at 120 keV. The wavelength of the incident neutron beam was 4.7 Å.

We tested experimentally the predictions of the GEANT4 model for the efficiency of a single
Boron layer and found that the experimental and calculated data agree well with each other. Fur-
thermore, we compared the measured and calculated efficiencies of stacks of up to 10 layers coated
on grooved and flat surfaces, each group being arranged into 5 independent MWPCs enclosed in
a common housing. The comparison shows that the efficiency of the stack of grooved cathodes
is superior to that of a stack incorporating the same number of flat cathodes. Our results indicate
that the stack of layers with flat surfaces must incorporate at least 12 layers in order to reach the
efficiency of the detector comprising Boron layers deposited on grooved surfaces. Thus, the use
of coated grooved-cathodes in a neutron detector based on the MWPC technology allows one to
obtain the desired detection efficiency with a reduced number of Boron layers. This translates into
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Ø  Valida-on	of	the	macrostructure	concept	included	comparison	with	experimental	efficiencies	of	

single	and	mul--MWPCs,	efficiency	scans	across	the	groove	and	pulse-height-spectra.		

The evidence presented and discussed in the previous subsection
showed that the grooved cathodes consist of zones with variable
efficiencies, depending on the position on the surface of the
groove where the interaction takes place. Therefore, for an
accurate determination of the overall performance of the cathode,
the size of the beam spot has to be at least as large as the groove
pitch. The size of the beam spot was adjusted by opening the
collimator in the front of the detector to 3.7!2 mm (horizon-
tal! vertical), which led to a beam spot size in the horizontal
direction of 5.2 mm when the beam divergence is taken into
account. With this beam spot striking the investigated cathode,
several measurements were performed by moving the table
horizontally in steps of 1 mm. Energy deposition spectra were
recorded at each step and the efficiency was determined from the
sum of the observed events normalized to the counts measured in
the same experimental conditions by a 1 in. 3He tube of known
efficiency mounted in the detector position. The overall efficiency
of the cathode was calculated as the average of the efficiency
values measured at each step.

Fig. 17 presents the pulse-height spectra collected for equal
times and in the same experimental conditions with the R5mm
(full black line), R21mm (dashed red line) and Flat cathodes
(dashed blue line). The comparison of the three experimental
pulse-height distributions indicates that the spectra measured
with the grooved cathodes contain extra counts below 1 MeV.
These events arise from the reaction products with restricted line-
of-sight generated in the reaction of the incident neutrons with
the Boron converter inside the groove, and are responsible for the
enhancement of the overall efficiency with respect to the flat
cathode. The slope of the distribution of the sidewall events
depends on the height of the groove, which determines the
distance available in the counting gas that the charged ions
generated on one side of the groove can travel before implanting
in the opposite wall. For the cathode with large grooves, this
distance measures up to several millimeters, which is large
enough for the ions to deposit a large part of their kinetic energy
and give rise to signals as high as 1 MeV. It is worth mentioning
that the shape of the spectrum recorded with the R21mm grooved
cathode is very similar to spectrum obtained with the coated star-
shaped straws and presented in Fig. 9(a) of [16].

The results of the GEANT4 simulations corresponding to the
measurements shown in Fig. 17 are presented in Fig. 18. In order to
facilitate the comparison with the experiment, the spectrum
calculated for the flat cathode was drawn in each panel of
Fig. 18. The model describes well the spectral features observed
in all three experimental pulse-height spectra. The calculations
assuming uniform coating of the sidewalls yielded to higher
statistics at low energies, owing to the larger thickness of the
coating near the bottom of the groove.

The overall efficiencies obtained from the average of the
efficiency values measured on the surface of the cathode in several
points along the “x-axis” are plotted in Fig. 19, along with the
estimation of the GEANT4 model assuming uniform (full red line)
and non-uniform (dashed green line) coating of the sidewalls. The
efficiencies are represented as a function of the height of the
groove, h. All grooved cathodes were coated with 2:95 μm of
enriched 10B4C, as measured on the flat tops of the groove. The
dashed-dotted blue line corresponds to the efficiency value
calculated for a flat cathode of the same active area coated with
2:45 μm of enriched 10B4C, see also Fig. 13. As observed in Fig. 19,
the differences between the results obtained for the two coating
scenarios are not important for the grooves with small sizes, and
both fit well the experimental data points obtained for the
cathodes with grooves of heights 1.1, 2.1, and 3.5 mm. The
measurements with the cathodes with large groove sizes are
better fitted by the calculation assuming a non-uniform coating
of the sidewalls. This is in line with the results of the scan data
presented in the previous subsection. Besides, although the
efficiency scans showed that the electric field effects have only a
minor effect on the efficiency values, the comparison of the
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Fig. 17. Experimental pulse-height spectra for the R5mm (full black line), R21mm
(dashed red line) and a flat cathode (dashed blue line) coated with enriched 10B4C
by magnetron sputtering. The thickness of the coating on the flat tops of the
grooved cathodes was 2:95 μm, that of the layer deposited on the surface of the flat
cathode was 2:45 μm. All cathodes were measured for equal times with a λ¼4.7 Å
neutron beam at normal incidence. The signal was collected with the anode plane
with 2 mm wire pitch. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)
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Fig. 18. GEANT4 energy deposition spectra for the R5mm (full black line) and
R21mm (dashed red line) coated with 2:95 μm of enriched 10B4C. The calculation for
the grooved cathodes was performed assuming an uniform coating of the sidewalls,
see Fig. 3a. For the spectra presented in the bottom panel the thickness of the
coating was assumed to decrease with depth as sketched in Fig. 3b (non-uniform
coating). The spectrum calculated for a flat cathode coated with 2:45 μm of
enriched of 10B4C is drawn in both panels for comparison purposes. The setup
used in the simulations resembled closely the experimental conditions.
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The evidence presented and discussed in the previous subsection
showed that the grooved cathodes consist of zones with variable
efficiencies, depending on the position on the surface of the
groove where the interaction takes place. Therefore, for an
accurate determination of the overall performance of the cathode,
the size of the beam spot has to be at least as large as the groove
pitch. The size of the beam spot was adjusted by opening the
collimator in the front of the detector to 3.7!2 mm (horizon-
tal! vertical), which led to a beam spot size in the horizontal
direction of 5.2 mm when the beam divergence is taken into
account. With this beam spot striking the investigated cathode,
several measurements were performed by moving the table
horizontally in steps of 1 mm. Energy deposition spectra were
recorded at each step and the efficiency was determined from the
sum of the observed events normalized to the counts measured in
the same experimental conditions by a 1 in. 3He tube of known
efficiency mounted in the detector position. The overall efficiency
of the cathode was calculated as the average of the efficiency
values measured at each step.

Fig. 17 presents the pulse-height spectra collected for equal
times and in the same experimental conditions with the R5mm
(full black line), R21mm (dashed red line) and Flat cathodes
(dashed blue line). The comparison of the three experimental
pulse-height distributions indicates that the spectra measured
with the grooved cathodes contain extra counts below 1 MeV.
These events arise from the reaction products with restricted line-
of-sight generated in the reaction of the incident neutrons with
the Boron converter inside the groove, and are responsible for the
enhancement of the overall efficiency with respect to the flat
cathode. The slope of the distribution of the sidewall events
depends on the height of the groove, which determines the
distance available in the counting gas that the charged ions
generated on one side of the groove can travel before implanting
in the opposite wall. For the cathode with large grooves, this
distance measures up to several millimeters, which is large
enough for the ions to deposit a large part of their kinetic energy
and give rise to signals as high as 1 MeV. It is worth mentioning
that the shape of the spectrum recorded with the R21mm grooved
cathode is very similar to spectrum obtained with the coated star-
shaped straws and presented in Fig. 9(a) of [16].

The results of the GEANT4 simulations corresponding to the
measurements shown in Fig. 17 are presented in Fig. 18. In order to
facilitate the comparison with the experiment, the spectrum
calculated for the flat cathode was drawn in each panel of
Fig. 18. The model describes well the spectral features observed
in all three experimental pulse-height spectra. The calculations
assuming uniform coating of the sidewalls yielded to higher
statistics at low energies, owing to the larger thickness of the
coating near the bottom of the groove.

The overall efficiencies obtained from the average of the
efficiency values measured on the surface of the cathode in several
points along the “x-axis” are plotted in Fig. 19, along with the
estimation of the GEANT4 model assuming uniform (full red line)
and non-uniform (dashed green line) coating of the sidewalls. The
efficiencies are represented as a function of the height of the
groove, h. All grooved cathodes were coated with 2:95 μm of
enriched 10B4C, as measured on the flat tops of the groove. The
dashed-dotted blue line corresponds to the efficiency value
calculated for a flat cathode of the same active area coated with
2:45 μm of enriched 10B4C, see also Fig. 13. As observed in Fig. 19,
the differences between the results obtained for the two coating
scenarios are not important for the grooves with small sizes, and
both fit well the experimental data points obtained for the
cathodes with grooves of heights 1.1, 2.1, and 3.5 mm. The
measurements with the cathodes with large groove sizes are
better fitted by the calculation assuming a non-uniform coating
of the sidewalls. This is in line with the results of the scan data
presented in the previous subsection. Besides, although the
efficiency scans showed that the electric field effects have only a
minor effect on the efficiency values, the comparison of the
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Fig. 17. Experimental pulse-height spectra for the R5mm (full black line), R21mm
(dashed red line) and a flat cathode (dashed blue line) coated with enriched 10B4C
by magnetron sputtering. The thickness of the coating on the flat tops of the
grooved cathodes was 2:95 μm, that of the layer deposited on the surface of the flat
cathode was 2:45 μm. All cathodes were measured for equal times with a λ¼4.7 Å
neutron beam at normal incidence. The signal was collected with the anode plane
with 2 mm wire pitch. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)
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Fig. 18. GEANT4 energy deposition spectra for the R5mm (full black line) and
R21mm (dashed red line) coated with 2:95 μm of enriched 10B4C. The calculation for
the grooved cathodes was performed assuming an uniform coating of the sidewalls,
see Fig. 3a. For the spectra presented in the bottom panel the thickness of the
coating was assumed to decrease with depth as sketched in Fig. 3b (non-uniform
coating). The spectrum calculated for a flat cathode coated with 2:45 μm of
enriched of 10B4C is drawn in both panels for comparison purposes. The setup
used in the simulations resembled closely the experimental conditions.
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portions at 901 and portions at 22.51 with respect to the normal, it
is of crucial importance that one finds a coating technique that can
provide an uniform coverage of such a highly structured surface.
Common methods like electron-beam evaporation or RF/DC mag-
netron sputtering are known for their directional nature or “line-
of-sight” deposition, which leads to a great deal of self-shadowing
that could cause a poor coverage of the surfaces that are not
normal to the direction of the incident atom flux. Thus, when
either of these two techniques is employed to coat the grooved
cathode, only the flat top is expected to receive an uniform layer
with the desired thickness, denoted here as ttop. In the present
calculations, two different assumptions were made for the con-
formality of the coating on the sidewalls. The first scenario
corresponds to the ideal case in which the coating is uniformly
deposited on the sidewalls of the grooves, see Fig. 3a. The
thickness of the Boron layer on the sidewalls, defined here as
the orthogonal distance between the two surfaces of the layer and
denoted as tside, is then given by the relation

tside ¼ ttop " sin ðα=2Þ; ð2Þ

where α is the opening angle of the groove. With this assumption,
the effective neutron absorption film thickness, deff, is the same
everywhere on the surface of the groove. In the second scenario,
the converter is preferentially deposited on the upper half of the
sidewalls. The coating was parameterized such that the thickness
equals ttop only at the upper corner of the groove, decreases with
the depth and reaches zero at the bottom, see in Fig. 3b. The
variation of the thickness tx with the distance x from the bottom of
the groove is given by

tx ¼ x " ttop=h; x≤h: ð3Þ

In this case, the increase in efficiency with respect to a flat
cathode of the same active area arises from large absorption
probabilities for the neutrons striking the upper half of the groove
and large escape probabilities when the interaction takes place
near bottom.

Fig. 4 shows the trend of the total number of ions recorded in
the energy deposition spectra for 10%10 cm2 grooved cathodes as
a function of the height of the groove h, along with the similar
integral obtained for a flat cathode of the same size. The calcula-
tions were performed for a boron layer of enriched 10B4C with a
density of 2.34 g/cm3 [24]. The thickness of the layer on the flat
cathode and the flat portions of the grooved cathode was 3 μm,
and as given by Eqs. (2) and (3) for the sidewalls. Neutrons with an
energy of 3.63 meV (4.7 Å) struck the cathodes at normal inci-
dence. 105 neutrons were simulated for each run, which ensured
adequate statistics in the histograms for a reasonable runtime. In
the simulations, the height of the groove h was varied between
0.25 and 5 mm, and the length of the flat top f was chosen such
that h=f∼3. All calculations were made for cathodes with a size of
10%10 cm2, therefore the increase of the size of the grooves from
h¼0.25 mm to h¼5 mm led to a decrease of the number of
grooves per surface area from ∼450 down to 18, respectively. The
results presented in the top panel of Fig. 4 were obtained by
simply taking the integral of the whole calculated energy deposi-
tion spectrum, while the areas shown in the middle panel of the
figure were calculated by considering only the ions that escaped
the Boron layer with kinetic energies higher than the threshold set
at 150 keV, which would be typically applied in practice in order to
discriminate between the valid neutron events and γ-background.

The results of the simulations shown in the top panel of the
figure indicate that indeed, the 3D pattern created in the substrate
material leads to an increase of the total number of reaction
products that reaches the gas phase, which, for small grooves with
heights below 1 mm, can exceed the number of ions escaping from
a thin flat layer of the same area by more than 60%. One can notice

from the comparison of the results obtained for the two coating
scenarios that the ideal, uniform coating of the sidewalls gives
better results than the non-uniform coating. The evenly distrib-
uted converter material in the first case leads to integrals that are
up to 10% higher, see top panel of Fig. 4. The simulation predicts a
smooth decrease in the number of ions with increasing the height
h for both coating scenarios.

The trend shown by the full integrals of the energy deposition
spectra undergoes a rather drastic change in appearance when a
cut-off energy is applied, see middle panel of Fig. 4. When only the
reaction products with an energy above 150 keV are considered in
the assessment of the performance of the grooved cathode, up to
60% of the ions are lost in the case of the small grooves ðho1 mmÞ,
see bottom panel of the same figure. The number of ions that slip
below the energy threshold decreases rapidly with increasing
the height of the groove to h≈2 mm. According to the calculations,
70–80% of the total number of ions that escape the converter
deposited on the surface of a cathode exhibiting grooves with
heights larger than 2 mm have energies above 150 keV. This leads
to a sensitivity for slow neutrons that can be with up to 40% higher
than what it could be achieved with a flat cathode of the same
active area and coated with a Boron layer of roughly the same
thickness.

The trend of the curves shown in Fig. 4 could be understood by
analyzing the corresponding simulated energy deposition spectra.
The spectrum displayed in the top panel of Fig. 5 corresponds to
the cathode with 0.5 mm deep grooves, the spectrum in the
middle was collected for a cathode with 2.1 mm deep grooves
and that showed in the bottom panel of the figure was obtained
for the cathode with 4.5 mm deep grooves. The red spectra
correspond to the γ-background calculated for each investigated
design. In a real experiment, part of the γ-background is expected
to arise from low-energy electrons generated in the photoelectric
and Compton interaction of the secondary γ-rays of 0.47 MeV,
emitted in the (n,10B) reaction, with the aluminum-substrate or
detector housing. Another contribution to the background comes
in practice from the environmental γ-rays (cosmic-rays, natural
radioactivity, various beamline components). The accurate model-
ing of these events requires the precise knowledge of the specific
spectra, which are usually rather complex. In the present work, a
simplified approach has been used to calculate the contribution to
the background from the environmental γ-rays. As in the present
study one is interested in the amount of energy deposited in the

Fig. 3. Schematic representation of the Boron coating assumed in the GEANT4
simulations. The Aluminium-substrate is represented in grey, and the Boron
coating is drawn in orange. (a) Uniform coating is assumed. The thickness of the
Boron coating on the sidewalls of the groove, denoted as tside, is related to the
thickness of the coating on the flat top, ttop, by tside ¼ ttop " sin ðα=2Þ. The effective
neutron absorption film thickness, deff, is the same everywhere on the surface of
the groove. (b) Non-uniform coating is assumed. The thickness of the coating is ttop
at the upper corner of the sidewalls, decreases with depth and reaches zero at the
bottom of the groove. Note that for the clarity of the graphical presentation, the
thickness of the coating is highly exaggerated. In practice, the thickness of the
substrate material is two orders of magnitude larger than that of the Boron
converter deposited on its surface. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this article.)
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The evidence presented and discussed in the previous subsection
showed that the grooved cathodes consist of zones with variable
efficiencies, depending on the position on the surface of the
groove where the interaction takes place. Therefore, for an
accurate determination of the overall performance of the cathode,
the size of the beam spot has to be at least as large as the groove
pitch. The size of the beam spot was adjusted by opening the
collimator in the front of the detector to 3.7!2 mm (horizon-
tal! vertical), which led to a beam spot size in the horizontal
direction of 5.2 mm when the beam divergence is taken into
account. With this beam spot striking the investigated cathode,
several measurements were performed by moving the table
horizontally in steps of 1 mm. Energy deposition spectra were
recorded at each step and the efficiency was determined from the
sum of the observed events normalized to the counts measured in
the same experimental conditions by a 1 in. 3He tube of known
efficiency mounted in the detector position. The overall efficiency
of the cathode was calculated as the average of the efficiency
values measured at each step.

Fig. 17 presents the pulse-height spectra collected for equal
times and in the same experimental conditions with the R5mm
(full black line), R21mm (dashed red line) and Flat cathodes
(dashed blue line). The comparison of the three experimental
pulse-height distributions indicates that the spectra measured
with the grooved cathodes contain extra counts below 1 MeV.
These events arise from the reaction products with restricted line-
of-sight generated in the reaction of the incident neutrons with
the Boron converter inside the groove, and are responsible for the
enhancement of the overall efficiency with respect to the flat
cathode. The slope of the distribution of the sidewall events
depends on the height of the groove, which determines the
distance available in the counting gas that the charged ions
generated on one side of the groove can travel before implanting
in the opposite wall. For the cathode with large grooves, this
distance measures up to several millimeters, which is large
enough for the ions to deposit a large part of their kinetic energy
and give rise to signals as high as 1 MeV. It is worth mentioning
that the shape of the spectrum recorded with the R21mm grooved
cathode is very similar to spectrum obtained with the coated star-
shaped straws and presented in Fig. 9(a) of [16].

The results of the GEANT4 simulations corresponding to the
measurements shown in Fig. 17 are presented in Fig. 18. In order to
facilitate the comparison with the experiment, the spectrum
calculated for the flat cathode was drawn in each panel of
Fig. 18. The model describes well the spectral features observed
in all three experimental pulse-height spectra. The calculations
assuming uniform coating of the sidewalls yielded to higher
statistics at low energies, owing to the larger thickness of the
coating near the bottom of the groove.

The overall efficiencies obtained from the average of the
efficiency values measured on the surface of the cathode in several
points along the “x-axis” are plotted in Fig. 19, along with the
estimation of the GEANT4 model assuming uniform (full red line)
and non-uniform (dashed green line) coating of the sidewalls. The
efficiencies are represented as a function of the height of the
groove, h. All grooved cathodes were coated with 2:95 μm of
enriched 10B4C, as measured on the flat tops of the groove. The
dashed-dotted blue line corresponds to the efficiency value
calculated for a flat cathode of the same active area coated with
2:45 μm of enriched 10B4C, see also Fig. 13. As observed in Fig. 19,
the differences between the results obtained for the two coating
scenarios are not important for the grooves with small sizes, and
both fit well the experimental data points obtained for the
cathodes with grooves of heights 1.1, 2.1, and 3.5 mm. The
measurements with the cathodes with large groove sizes are
better fitted by the calculation assuming a non-uniform coating
of the sidewalls. This is in line with the results of the scan data
presented in the previous subsection. Besides, although the
efficiency scans showed that the electric field effects have only a
minor effect on the efficiency values, the comparison of the
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Fig. 17. Experimental pulse-height spectra for the R5mm (full black line), R21mm
(dashed red line) and a flat cathode (dashed blue line) coated with enriched 10B4C
by magnetron sputtering. The thickness of the coating on the flat tops of the
grooved cathodes was 2:95 μm, that of the layer deposited on the surface of the flat
cathode was 2:45 μm. All cathodes were measured for equal times with a λ¼4.7 Å
neutron beam at normal incidence. The signal was collected with the anode plane
with 2 mm wire pitch. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)
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Fig. 18. GEANT4 energy deposition spectra for the R5mm (full black line) and
R21mm (dashed red line) coated with 2:95 μm of enriched 10B4C. The calculation for
the grooved cathodes was performed assuming an uniform coating of the sidewalls,
see Fig. 3a. For the spectra presented in the bottom panel the thickness of the
coating was assumed to decrease with depth as sketched in Fig. 3b (non-uniform
coating). The spectrum calculated for a flat cathode coated with 2:45 μm of
enriched of 10B4C is drawn in both panels for comparison purposes. The setup
used in the simulations resembled closely the experimental conditions.
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Figure 7. Calculated and measured efficiencies for stacks of up to 10 Boron layers with various thicknesses
coated on Aluminum-substrates with a flat surface (top) and double-sided macrostructured surface (bottom).
The efficiencies were extracted from the calculated and measured pulse-height spectra, respectively, with a
threshold set at 120 keV. The wavelength of the incident neutron beam was 4.7 Å.

We tested experimentally the predictions of the GEANT4 model for the efficiency of a single
Boron layer and found that the experimental and calculated data agree well with each other. Fur-
thermore, we compared the measured and calculated efficiencies of stacks of up to 10 layers coated
on grooved and flat surfaces, each group being arranged into 5 independent MWPCs enclosed in
a common housing. The comparison shows that the efficiency of the stack of grooved cathodes
is superior to that of a stack incorporating the same number of flat cathodes. Our results indicate
that the stack of layers with flat surfaces must incorporate at least 12 layers in order to reach the
efficiency of the detector comprising Boron layers deposited on grooved surfaces. Thus, the use
of coated grooved-cathodes in a neutron detector based on the MWPC technology allows one to
obtain the desired detection efficiency with a reduced number of Boron layers. This translates into
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Figure 5. Left: original test detector plus the extension ring used to measure the efficiency of the stack of
five MWPCs. Right: stack incorporating five MWPCs with coated flat cathodes.
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Figure 6. Measured pulse-height spectra with MWPCs with coated parallel plates with flat (left panel) and
macrostructured surface (right panel). The thickness of the Boron layers was 0.95 µm on the flat plates and
1.1 µm on the grooved ones. All spectra were represented on the same “Y” scale in order to facilitate the
comparison. The spectra represented in red were taken with the neutron beam switched off and contain the
signal generated by the environmental neutron and g-rays as well as the electronics noise.

The spectra displayed in the right panel of figure 6 were collected with stacks of counters
incorporating the macrostructured cathodes coated with 1.1 µm of 10B4C. An additional feature
around 300 keV is present in all spectra. As already discussed in ref. [1], the events in this low-
energy bump are generated in the reaction of the incident neutron with the coating deposited on
the sidewalls of the groove, which have only a limited flight-path through the counting gas and
therefore, give rise to a low-energy signal.
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In this critical region, the wall-effect is substantial. According to the
calculation, over 60% of the neutron-related events have energies
below the discriminator threshold set at 150 keV. As a result, the
events that can generate a valid neutron signal and contribute to the
overall efficiency are mainly those emitted almost perpendicular to
the groove and moving towards the anode wires.

Fig. 16 shows the efficiencies extracted from the pulse-height
spectra obtained from the scans with the collimated neutron beam.
The efficiencies were determined by considering only the events
above channel 150, which the comparison of the measured and
simulated energy spectra suggests that it corresponds to an energy
∼150 keV. As it can be seen in the figure, the measured values vary
between 3% and 20%. The current position of the beam on the
surface of the groove was easily identified during the scans from the
appearance of the pulse-height spectra, which, as seen in the
examples shown in Fig. 14, exhibit very distinct spectral character-
istics. The structureless, high-gain spectra were immediately asso-
ciated with the flat top of the grooves and those showing well-
formed peaks at medium energies were linked to the sidewalls.
A reduced count rate was the indication that the neutron beamwas
striking the bottom of the groove. The conversion of the integrals of
the observed spectra into efficiencies revealed values around 9% for
the flat tops, between 9 and 20% for the sidewalls, and ∼3% for the
bottom, see Fig. 16. The efficiencies measured for the flat tops of
both investigated designs agree very well with the value measured
for the flat cathode coated with 2:45 μm of the same material and
the predictions of the GEANT4 simulations shown in Fig. 13.

Also included in Fig. 16 are the results of two sets of GEANT4
calculations, one for each coating scenario depicted in Fig. 3a and
b. The comparison between the calculation and the measurement
suggests that the simulation assuming a non-uniform coating of
the groove fits better the data obtained for the R5mm cathode. For

the R21mm cathode, the difference between the predictions of the
two coating scenarios becomes less pronounced. In this case,
the smaller size of the groove leads to a steeper decrease of
the thickness of the coating with depth when compared to the
cathode with larger grooves. The good agreement between the
results of the efficiency measurements and GEANT4 simulations
assuming 100% efficiency for charge collection suggests that the
weaker electric field inside the groove does not affect the collec-
tion of the charge significantly.

The measurements reported in this subsection showed clear
evidence that the sidewalls of the grooves are zones with
enhanced efficiency, confirming the theoretical calculations, which
predict larger neutron sensitivities for converter layers deposited
on inclined surfaces, owing to the higher probability for the
reaction products to escape the layer. The experimental data
also indicate that the low efficiencies measured at the bottom of
the groove are due to a significant wall-effect and a poor cove-
rage with Boron, both aspects being well accounted for by the
calculation.

5.2.3. Investigation of the overall efficiency of the grooved cathodes
with a monoenergetic neutron beam

The overall performance of the proposed designs was investi-
gated with the same setup used to perform the efficiency scans.
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Fig. 15. Top: simulated energy deposition spectra obtained with the neutron beam
striking the top, sidewall, and the bottom of one of the central grooves of the R5mm
cathode. Bottom: same as above, but for the R21mm cathode. In the simulation the
beam parameters, counting gas, and setup were chosen to closely resemble the
experimental conditions.
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Fig. 16. Top: simulated and measured efficiencies obtained by scanning the surface
of the cathode with 5 mm deep grooves (R5mm) coated on the flat top with
2:95 μm of enriched 10B4C by magnetron sputtering. The experimental efficiencies
were extracted by normalizing the number of counts observed in the pulse-height
spectra acquired at each position to the number of events in the spectrum of a
calibrated 3He tube mounted in the detector position. Bottom: same as above, but
for the R21mm cathode.
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portions at 901 and portions at 22.51 with respect to the normal, it
is of crucial importance that one finds a coating technique that can
provide an uniform coverage of such a highly structured surface.
Common methods like electron-beam evaporation or RF/DC mag-
netron sputtering are known for their directional nature or “line-
of-sight” deposition, which leads to a great deal of self-shadowing
that could cause a poor coverage of the surfaces that are not
normal to the direction of the incident atom flux. Thus, when
either of these two techniques is employed to coat the grooved
cathode, only the flat top is expected to receive an uniform layer
with the desired thickness, denoted here as ttop. In the present
calculations, two different assumptions were made for the con-
formality of the coating on the sidewalls. The first scenario
corresponds to the ideal case in which the coating is uniformly
deposited on the sidewalls of the grooves, see Fig. 3a. The
thickness of the Boron layer on the sidewalls, defined here as
the orthogonal distance between the two surfaces of the layer and
denoted as tside, is then given by the relation

tside ¼ ttop " sin ðα=2Þ; ð2Þ

where α is the opening angle of the groove. With this assumption,
the effective neutron absorption film thickness, deff, is the same
everywhere on the surface of the groove. In the second scenario,
the converter is preferentially deposited on the upper half of the
sidewalls. The coating was parameterized such that the thickness
equals ttop only at the upper corner of the groove, decreases with
the depth and reaches zero at the bottom, see in Fig. 3b. The
variation of the thickness tx with the distance x from the bottom of
the groove is given by

tx ¼ x " ttop=h; x≤h: ð3Þ

In this case, the increase in efficiency with respect to a flat
cathode of the same active area arises from large absorption
probabilities for the neutrons striking the upper half of the groove
and large escape probabilities when the interaction takes place
near bottom.

Fig. 4 shows the trend of the total number of ions recorded in
the energy deposition spectra for 10%10 cm2 grooved cathodes as
a function of the height of the groove h, along with the similar
integral obtained for a flat cathode of the same size. The calcula-
tions were performed for a boron layer of enriched 10B4C with a
density of 2.34 g/cm3 [24]. The thickness of the layer on the flat
cathode and the flat portions of the grooved cathode was 3 μm,
and as given by Eqs. (2) and (3) for the sidewalls. Neutrons with an
energy of 3.63 meV (4.7 Å) struck the cathodes at normal inci-
dence. 105 neutrons were simulated for each run, which ensured
adequate statistics in the histograms for a reasonable runtime. In
the simulations, the height of the groove h was varied between
0.25 and 5 mm, and the length of the flat top f was chosen such
that h=f∼3. All calculations were made for cathodes with a size of
10%10 cm2, therefore the increase of the size of the grooves from
h¼0.25 mm to h¼5 mm led to a decrease of the number of
grooves per surface area from ∼450 down to 18, respectively. The
results presented in the top panel of Fig. 4 were obtained by
simply taking the integral of the whole calculated energy deposi-
tion spectrum, while the areas shown in the middle panel of the
figure were calculated by considering only the ions that escaped
the Boron layer with kinetic energies higher than the threshold set
at 150 keV, which would be typically applied in practice in order to
discriminate between the valid neutron events and γ-background.

The results of the simulations shown in the top panel of the
figure indicate that indeed, the 3D pattern created in the substrate
material leads to an increase of the total number of reaction
products that reaches the gas phase, which, for small grooves with
heights below 1 mm, can exceed the number of ions escaping from
a thin flat layer of the same area by more than 60%. One can notice

from the comparison of the results obtained for the two coating
scenarios that the ideal, uniform coating of the sidewalls gives
better results than the non-uniform coating. The evenly distrib-
uted converter material in the first case leads to integrals that are
up to 10% higher, see top panel of Fig. 4. The simulation predicts a
smooth decrease in the number of ions with increasing the height
h for both coating scenarios.

The trend shown by the full integrals of the energy deposition
spectra undergoes a rather drastic change in appearance when a
cut-off energy is applied, see middle panel of Fig. 4. When only the
reaction products with an energy above 150 keV are considered in
the assessment of the performance of the grooved cathode, up to
60% of the ions are lost in the case of the small grooves ðho1 mmÞ,
see bottom panel of the same figure. The number of ions that slip
below the energy threshold decreases rapidly with increasing
the height of the groove to h≈2 mm. According to the calculations,
70–80% of the total number of ions that escape the converter
deposited on the surface of a cathode exhibiting grooves with
heights larger than 2 mm have energies above 150 keV. This leads
to a sensitivity for slow neutrons that can be with up to 40% higher
than what it could be achieved with a flat cathode of the same
active area and coated with a Boron layer of roughly the same
thickness.

The trend of the curves shown in Fig. 4 could be understood by
analyzing the corresponding simulated energy deposition spectra.
The spectrum displayed in the top panel of Fig. 5 corresponds to
the cathode with 0.5 mm deep grooves, the spectrum in the
middle was collected for a cathode with 2.1 mm deep grooves
and that showed in the bottom panel of the figure was obtained
for the cathode with 4.5 mm deep grooves. The red spectra
correspond to the γ-background calculated for each investigated
design. In a real experiment, part of the γ-background is expected
to arise from low-energy electrons generated in the photoelectric
and Compton interaction of the secondary γ-rays of 0.47 MeV,
emitted in the (n,10B) reaction, with the aluminum-substrate or
detector housing. Another contribution to the background comes
in practice from the environmental γ-rays (cosmic-rays, natural
radioactivity, various beamline components). The accurate model-
ing of these events requires the precise knowledge of the specific
spectra, which are usually rather complex. In the present work, a
simplified approach has been used to calculate the contribution to
the background from the environmental γ-rays. As in the present
study one is interested in the amount of energy deposited in the

Fig. 3. Schematic representation of the Boron coating assumed in the GEANT4
simulations. The Aluminium-substrate is represented in grey, and the Boron
coating is drawn in orange. (a) Uniform coating is assumed. The thickness of the
Boron coating on the sidewalls of the groove, denoted as tside, is related to the
thickness of the coating on the flat top, ttop, by tside ¼ ttop " sin ðα=2Þ. The effective
neutron absorption film thickness, deff, is the same everywhere on the surface of
the groove. (b) Non-uniform coating is assumed. The thickness of the coating is ttop
at the upper corner of the sidewalls, decreases with depth and reaches zero at the
bottom of the groove. Note that for the clarity of the graphical presentation, the
thickness of the coating is highly exaggerated. In practice, the thickness of the
substrate material is two orders of magnitude larger than that of the Boron
converter deposited on its surface. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this article.)
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portions at 901 and portions at 22.51 with respect to the normal, it
is of crucial importance that one finds a coating technique that can
provide an uniform coverage of such a highly structured surface.
Common methods like electron-beam evaporation or RF/DC mag-
netron sputtering are known for their directional nature or “line-
of-sight” deposition, which leads to a great deal of self-shadowing
that could cause a poor coverage of the surfaces that are not
normal to the direction of the incident atom flux. Thus, when
either of these two techniques is employed to coat the grooved
cathode, only the flat top is expected to receive an uniform layer
with the desired thickness, denoted here as ttop. In the present
calculations, two different assumptions were made for the con-
formality of the coating on the sidewalls. The first scenario
corresponds to the ideal case in which the coating is uniformly
deposited on the sidewalls of the grooves, see Fig. 3a. The
thickness of the Boron layer on the sidewalls, defined here as
the orthogonal distance between the two surfaces of the layer and
denoted as tside, is then given by the relation

tside ¼ ttop " sin ðα=2Þ; ð2Þ

where α is the opening angle of the groove. With this assumption,
the effective neutron absorption film thickness, deff, is the same
everywhere on the surface of the groove. In the second scenario,
the converter is preferentially deposited on the upper half of the
sidewalls. The coating was parameterized such that the thickness
equals ttop only at the upper corner of the groove, decreases with
the depth and reaches zero at the bottom, see in Fig. 3b. The
variation of the thickness tx with the distance x from the bottom of
the groove is given by

tx ¼ x " ttop=h; x≤h: ð3Þ

In this case, the increase in efficiency with respect to a flat
cathode of the same active area arises from large absorption
probabilities for the neutrons striking the upper half of the groove
and large escape probabilities when the interaction takes place
near bottom.

Fig. 4 shows the trend of the total number of ions recorded in
the energy deposition spectra for 10%10 cm2 grooved cathodes as
a function of the height of the groove h, along with the similar
integral obtained for a flat cathode of the same size. The calcula-
tions were performed for a boron layer of enriched 10B4C with a
density of 2.34 g/cm3 [24]. The thickness of the layer on the flat
cathode and the flat portions of the grooved cathode was 3 μm,
and as given by Eqs. (2) and (3) for the sidewalls. Neutrons with an
energy of 3.63 meV (4.7 Å) struck the cathodes at normal inci-
dence. 105 neutrons were simulated for each run, which ensured
adequate statistics in the histograms for a reasonable runtime. In
the simulations, the height of the groove h was varied between
0.25 and 5 mm, and the length of the flat top f was chosen such
that h=f∼3. All calculations were made for cathodes with a size of
10%10 cm2, therefore the increase of the size of the grooves from
h¼0.25 mm to h¼5 mm led to a decrease of the number of
grooves per surface area from ∼450 down to 18, respectively. The
results presented in the top panel of Fig. 4 were obtained by
simply taking the integral of the whole calculated energy deposi-
tion spectrum, while the areas shown in the middle panel of the
figure were calculated by considering only the ions that escaped
the Boron layer with kinetic energies higher than the threshold set
at 150 keV, which would be typically applied in practice in order to
discriminate between the valid neutron events and γ-background.

The results of the simulations shown in the top panel of the
figure indicate that indeed, the 3D pattern created in the substrate
material leads to an increase of the total number of reaction
products that reaches the gas phase, which, for small grooves with
heights below 1 mm, can exceed the number of ions escaping from
a thin flat layer of the same area by more than 60%. One can notice

from the comparison of the results obtained for the two coating
scenarios that the ideal, uniform coating of the sidewalls gives
better results than the non-uniform coating. The evenly distrib-
uted converter material in the first case leads to integrals that are
up to 10% higher, see top panel of Fig. 4. The simulation predicts a
smooth decrease in the number of ions with increasing the height
h for both coating scenarios.

The trend shown by the full integrals of the energy deposition
spectra undergoes a rather drastic change in appearance when a
cut-off energy is applied, see middle panel of Fig. 4. When only the
reaction products with an energy above 150 keV are considered in
the assessment of the performance of the grooved cathode, up to
60% of the ions are lost in the case of the small grooves ðho1 mmÞ,
see bottom panel of the same figure. The number of ions that slip
below the energy threshold decreases rapidly with increasing
the height of the groove to h≈2 mm. According to the calculations,
70–80% of the total number of ions that escape the converter
deposited on the surface of a cathode exhibiting grooves with
heights larger than 2 mm have energies above 150 keV. This leads
to a sensitivity for slow neutrons that can be with up to 40% higher
than what it could be achieved with a flat cathode of the same
active area and coated with a Boron layer of roughly the same
thickness.

The trend of the curves shown in Fig. 4 could be understood by
analyzing the corresponding simulated energy deposition spectra.
The spectrum displayed in the top panel of Fig. 5 corresponds to
the cathode with 0.5 mm deep grooves, the spectrum in the
middle was collected for a cathode with 2.1 mm deep grooves
and that showed in the bottom panel of the figure was obtained
for the cathode with 4.5 mm deep grooves. The red spectra
correspond to the γ-background calculated for each investigated
design. In a real experiment, part of the γ-background is expected
to arise from low-energy electrons generated in the photoelectric
and Compton interaction of the secondary γ-rays of 0.47 MeV,
emitted in the (n,10B) reaction, with the aluminum-substrate or
detector housing. Another contribution to the background comes
in practice from the environmental γ-rays (cosmic-rays, natural
radioactivity, various beamline components). The accurate model-
ing of these events requires the precise knowledge of the specific
spectra, which are usually rather complex. In the present work, a
simplified approach has been used to calculate the contribution to
the background from the environmental γ-rays. As in the present
study one is interested in the amount of energy deposited in the

Fig. 3. Schematic representation of the Boron coating assumed in the GEANT4
simulations. The Aluminium-substrate is represented in grey, and the Boron
coating is drawn in orange. (a) Uniform coating is assumed. The thickness of the
Boron coating on the sidewalls of the groove, denoted as tside, is related to the
thickness of the coating on the flat top, ttop, by tside ¼ ttop " sin ðα=2Þ. The effective
neutron absorption film thickness, deff, is the same everywhere on the surface of
the groove. (b) Non-uniform coating is assumed. The thickness of the coating is ttop
at the upper corner of the sidewalls, decreases with depth and reaches zero at the
bottom of the groove. Note that for the clarity of the graphical presentation, the
thickness of the coating is highly exaggerated. In practice, the thickness of the
substrate material is two orders of magnitude larger than that of the Boron
converter deposited on its surface. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this article.)
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Ø  Over	the	last	5	years	GEANT4	became	a	crucial	tool	for	the	neutron	detector	community.	
	”Exo-c”	10B-based	neutron	detectors	(“exo-c”=not	the	typical	MWPCs	😀	)	should	not	be	designed	and	
built	without	a	thorough	simula-on	of	the	detector	concept.			

Ø  GEANT4	simula-ons	without	experimental	valida-on	are	interes-ng	to	a	limited	number	of	people,	
therefore	they	add	low	value	to	the	scien-fic	community.	

Ø  The	G4	simula-ons	are	more	valuable	if	performed		before	building	the	detector	prototype.	Even	the	
simplest	detector	prototype	requires	a	budget	and	manpower.		

Conclusions	


