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Abstract

The principles of the Double Difference (DD) method, applied to the neutron spectrometer VESUVIO, are discussed.

VESUVIO, an inverse geometry spectrometer operating at the ISIS pulsed neutron source in the eV energy region, has

been specifically designed to measure the single particle dynamical properties in condensed matter. The width of the

nuclear resonance of the absorbing filter, used for the neutron energy analysis, provides the most important

contribution to the energy resolution of the inverse geometry instruments. In this paper, the DD method, which is based

on a linear combination of two measurements recorded with filter foils of the same resonance material but of different

thickness, is shown to improve significantly the instrumental energy resolution, as compared with the Single Difference

(SD) method. The asymptotic response functions, derived through Monte-Carlo simulations for polycrystalline Pb and

ZrH2 samples, are analysed in both DD and SD methods, and compared with the experimental ones for Pb sample. The

response functions have been modelled for two distinct experimental configurations of the VESUVIO spectrometer,

employing 6Li-glass neutron detectors and NaI g detectors revealing the g-ray cascade from the ðn; gÞ reaction,
respectively. The DD method appears to be an effective experimental procedure for Deep Inelastic Neutron Scattering

measurements on VESUVIO spectrometer, since it reduces the experimental resolution of the instrument in both
6Li-glass neutron detector and g detector configurations.
r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the last 20 years the experimental technique
for eV neutron spectroscopy, known as Deep

Inelastic Neutron Scattering (DINS) or Neutron

Compton Scattering (NCS), has been proved
successful in determining single particle physical
quantities, such as atomic momentum distribu-
tions, nðpÞ; and mean kinetic energies, /EKS; for a
number of elements, for example, solid and fluid
helium (3He and 4He) [1], other noble gases in both
solid and fluid phases [2], molecular systems [3],
metals [4], fluid and solid hydrogen [5], glasses [6],
graphite [7] and various metal hydrides [8]. These
results have been obtained using the eV Spectro-
meter (eVS), a Resonance Filter Spectrometer

(RFS) [9,10], operating at the ISIS pulsed neutron
source [11], an instrument which pioneered neu-
tron scattering research at the electron–volt
energies in the last decade. This spectrometer was
an inverse geometry instrument, [10] specifically
designed to make use of the high neutron flux in
the eV energy region, produced by the ISIS
spallation source at the Rutherford Appleton
Laboratory (UK).
The DINS technique exploits the idea, first

proposed by Hohenberg and Platzman [12] nearly
30 years ago. According to Hohenberg and Platz-
man, when the momentum, _q; and energy, _o;
transferred from the neutron to a particle (nucleus)
are sufficiently large, the dynamic scattering
function can be directly related, using the Impulse
Approximation (IA) [13], to the single particle
momentum distribution of the recoiling particle in
its initial state.
In this respect, it is possible to find in DINS

conceptual elements and calculation approaches
common to other experimental techniques, namely
Compton scattering of X-rays and g-rays, em-
ployed to determine the electron momentum
distributions in solids [14], and quasi-elastic
electron scattering off nuclei, used to determine
nucleon momentum distributions in nuclei [15]. In
all the above-mentioned cases, the mathematical
formalism for the interpretation of experimental
data assumes that the IA is applicable in the
description of the scattering process [13]. Devia-
tions from the IA, possibly present at the finite

momentum transfer of the neutron scattering
experimental set-up, are known as Final State
Effects (FSE). These effects appear as an asym-
metry in the experimental response function and a
shift in the peak position [13,16].
Recently a novel instrument for DINS measure-

ments, the VESUVIO spectrometer, has been
installed at the ISIS source [17], upgrading the
eVS spectrometer. It has to be stressed that this
instrument allows to exploit the ideas originally
proposed by Seeger et al. [18] regarding the
instrumental energy resolution improvements. As
eVS, VESUVIO is an RFS, where the final energy
of the scattered neutrons is selected by resonant
absorbing filter foils, such as 197Au or 238U: It
exploits both the intense epithermal neutron flux
and the pulsed nature of the source in order to
derive nðpÞ and /EKS quantities. Neutrons with
energy matching the resonance energy, E0; of the
filtering material [18] are strongly captured by the
foil over a narrow energy range. The absorbing
foils are cycled in and out of the scattered neutron
beam and two spectra are recorded: the first
with the foil between sample and detectors
(6Li-glass scintillatorsÞ and the second with the
foil removed [9]. The difference between these two
data sets, that is the number of neutrons absorbed
by the analysing foil, is the experimental signal
which is proportional to the intensity of scattered
neutrons at the final energy E0: This procedure is
known as SD method [19]. The measured total
neutron time of flight is used to determine the
energy and momentum transfer in the scattering
process [9]. With respect to eVS spectrometer, the
main improvements of the VESUVIO design are
both a better experimental resolution and a wider
kinematic space accessible at high energy and
momentum transfer in the eV energy region [17].
The first improvement can be achieved by combin-
ing filter cooling at liquid N2 temperature and the
DD method [18]. In the latter case, the experi-
mental signal is obtained from the weighted
difference of two signals recorded in SD method
from foils of different thickness (actually, experi-
mental measurements on VESUVIO have been
performed so far only using the SD method). The
second improvement is achieved owing to a device,
allocating 6Li-glass detectors and covering a wide

C. Andreani et al. / Nuclear Instruments and Methods in Physics Research A 497 (2003) 535–549536



backscattering angular range [17]. Indeed high
values of _q are required to ensure experimental
conditions where IA holds with a higher degree of
accuracy. This means scattering conditions with
high values of jki j and jkf j; ki and kf being the
initial and final wave vectors. Unfortunately, the
efficiency of the 6Li-glass scintillators decreases as
the neutron kinetic energy, E; increases [20]. To
overcome this limitation, an alternative experi-
mental apparatus has been recently proposed for
neutron spectroscopy in the eV region on VESU-
VIO spectrometer: the Resonance Detector Spec-

trometer (RDS) [20]. The main features and
advantages of this apparatus are outlined in Refs.
[10,20–24]. In the RDS configuration, VESUVIO
is an inverse geometry instrument, where g-ray
detectors reveal the prompt g-ray cascade, pro-
duced via ðn; gÞ reaction, after the scattered
neutron absorption by the foil. The prompt g
detection is used, as previously the case of the
neutron detection by 6Li-glass scintillators, to
assign the total neutron time of flight and the
final neutron energy and then to determine energy
and momentum transfer. Once the g detector, the
foil area and their relative distance have been
chosen, the total detection efficiency is indepen-
dent of neutron energy in the range of interest.
Main features and advantages of this experimental
configuration have been recently outlined for eVS/
VESUVIO spectrometers, especially in terms of
efficiency and background insensitivity of the g
detectors in both SD and DD methods [20,24]. It
has to be stressed that in the RDS, the DD method
requires only one weighted difference between two
signals obtained from two foils of different
thickness.
Aim of this paper is to present an analysis of the

energy resolution function and Monte-Carlo
simulations for DINS measurements on VESU-
VIO spectrometer with SD and DD methods, in
both RFS and RDS configurations. In Section 2,
basic formulae for DINS measurements on VE-
SUVIO are shown, together with a brief presenta-
tion of the instrumental resolution function. In
Section 3, the theoretical background for SD and
DD methods applied to DINS are described and
discussed. In Section 4, Monte-Carlo simulations
for VESUVIO in both RFS and RDS configura-

tions are presented for reference systems, namely
polycrystalline Pb and ZrH2: Simulations have
been performed in both SD and DD methods. In
the case of Pb system the simulated spectra in RDS
configuration have been also compared to pre-
vious exploratory experimental results in the same
configuration, performed on eVS spectrometer.
Section 5 will be devoted to discussion and
conclusions.

2. DINS with the VESUVIO spectrometer

DINS experiments are routinely performed on
VESUVIO spectrometer in the IA regime, where
the dynamic structure factor is related to the single
particle momentum distribution, nðpÞ; by [25]

SIAðq;oÞ ¼
Z

nðpÞd o� oR �
_p � q

M

� �
dp ð1Þ

where nðpÞ is the probability distribution that a
particle has momentum _p; _oR ¼ _2q2=2M is the
recoil energy of the struck particle of mass M and
the d-function ensures that the kinetic energy is
conserved in collisions between neutrons and
individual particles. The dynamic structure factor
is usually expressed in terms of the West scaling
variable, y; which represents the component of p
along the direction of q; and is defined by [25]

y ¼
M

_q
ðo� oRÞ: ð2Þ

One can then introduce a longitudinal momentum
distribution or Compton profile, JðyÞ; for an
isotropic system in terms of SIAðq;oÞ:

JðyÞ ¼
_q

M
SIAðq;oÞ ð3Þ

where JðyÞ is the probability distribution that a
particle has a momentum component of magni-
tude _y along the direction of q; and is indepen-
dent of q at high momentum transfer. It can be
shown that, within IA, the Compton profile should
be symmetric and should have its maximum at
y ¼ 0 [25]. The single particle mean kinetic energy,
/EKS; is related to the second moment of Jðy) viaZ

N

�N

y2JðyÞ dy ¼ s2y ¼
2M

3_2
/EKS ð4Þ
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where sy is the standard deviation of the Compton
profile.
At high momentum transfers the response

function for a fixed-angle detector can be ex-
pressed, with a high degree of accuracy, by the
following convolution [19]:

FnðyÞ ¼ JðyÞ#RnðyÞ ð5Þ

where n is the detector index and RnðyÞ is the
instrument resolution function at the scattering
angle 2W: Eq. (5) represents the so-called convolu-

tion approximation [26], used so far in the data
analysis routines for the whole set of experiments
on eVS/VESUVIO spectrometers. In a recent
paper [27] the validity of the convolution approx-

imation has been reconsidered. However in the
present work, it will be shown that data generated
via a Monte-Carlo code which does not require the
use of the convolution approximation, can be
remarkably well described by Eq. (5).
The resolution function, RnðyÞ; consists of two

main parts: a geometrical component, arising from
the uncertainty in the neutron flight path from
moderator to detectors, and a filter component
due to the width of the nuclear resonance used for
the energy analysis [19,26,28]. The former compo-
nent arises from several distinct contributions
(moderator depth, beam size, distance uncertain-
ties, angular acceptance, etc.) [26] and is described
by an overall Gaussian functional form with
standard deviation, sg: The filter component, at
least for thin analyser filters, can be approximately
represented by a Voigt function, which derives
from the convolution of an intrinsic Lorentzian
line shape (i.e., the Breit–Wigner nuclear absorp-
tion profile) with a Gaussian Doppler broadening,
due to the motion of the atoms in the filter lattice
[18]. As a whole, the convolution of the geome-
trical and filter resolution components still retains
a Voigt line shape [28].
As originally suggested by Seeger et al. [18], a

significant improvement of the filter resolution can
be achieved by using the DD method. In this
method, one performs a linear combination of the
experimental signals, recorded with two absorbing
filters of the same material, but different thickness
[18]. This procedure removes almost completely
the Lorentzian wings in the filter component of the

resolution line shape. It has been suggested that,
employing this method on VESUVIO spectro-
meter at the same level of statistical accuracy of
the SD method, a significant reduction in the
width in the experimental energy resolution can be
achieved [29]. This improvement has been specifi-
cally addressed in the construction of the VESU-
VIO spectrometer and the instrument has been
equipped with a rotating device allowing a
routinely use of DD method in the backscattering
angular range [17].

3. Theoretical background for SD and DD methods

3.1. The filter component of the energy resolution

function

In a DINS experiment, the energy-dependent
transmission function of a resonant absorbing
filter is given by [30]

TðEÞ ¼ exp½�rseffx %fðEÞ	 ð6Þ

where %fðEÞ ¼ f ðEÞ=f ðE0Þ is the normalised nuclear
absorption profile, seff the effective absorption
cross-section at the peak of the resonance, x the
thickness and r the nuclear density of the filter,
respectively.
As previously shown [29] in the case of 197Au

and 238U filters, the Breit–Wigner formula can be
approximated by a Lorentzian line shape:

LðEÞ ¼
1

p
G0

G20 þ ðE � E0Þ
2

ð7Þ

with E0 being the resonance energy and G0;
independent of E; the half-width at half-maximum
(HWHM). This expression is assumed to represent
the bound-nucleus nuclear absorption profile and
it will be considered in the following analytical
approach. In the present case, the validity of this
expression is ensured by the fact that G0=E0 ratio is
lower than 0.02 (see Ref. [18]) for both 197Au and
238U filters.
As far as the Gaussian line shape (accounting

for the Doppler broadening) is concerned [18], it
can be shown that its standard deviation, sT ; is
proportional to the square root of the analyser
effective temperature, Tn; times the neutron energy
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E; i.e.,

sT ¼ 2
m

Mf
ETn

� �1=2
ð8Þ

where Mf is the nuclear mass of the material
composing the filter and m the neutron mass. The
quantity Tn is approximately related to the Debye
temperature of the filter, YD; and to its tempera-
ture, T ; through the formula [18]

TnC
3

8
YD coth

3

8

YD
T

� �
: ð9Þ

In a typical VESUVIO scattering experiment, the
energy interval of interest is much less than 1 eV;
around the resonance energy E0 (with E0 4:906 eV
for 197Au and E0 ¼ 6:671 eV for 238U). Within this
energy interval, the sT dependence on the energy
can be neglected. Therefore, as a convolution of the
two above line shapes one obtains a Voigt profile:

f ðEÞ ¼
1ffiffiffiffiffiffi
2p

p
sT

Re erfc
G0 � iE þ iE0ffiffiffi

2
p

sT

 !(


 exp½ðG0 � iE þ iE0Þ
2=2s2T 	

)

f ðE0Þ ¼
1ffiffiffiffiffiffi
2p

p
sT

erfc
G0ffiffiffi
2

p
sT

 !
expðG20=2s

2
T Þ

�
c0
pG0

: ð10Þ

In Eq. (10) the coefficient c0 defines the ratio of
Voigt profile to the corresponding Lorentzian
profile peak at E ¼ E0 . When sT-0 (i.e., in the
limit Tn-0), then c0 ¼ 1; the line shape reduces
to a simple Lorentzian:

f ðEÞ ¼LðEÞ

f ðE0Þ ¼
1

pG0
ð11Þ

and seff ¼ s0c0 becomes s0; that is the peak
absorption cross-section of a bound nucleus.

3.2. Half-widths

Defining the dimensionless parameter t ¼
rseffx; Eq. (6) can be rewritten as

TðEÞ ¼ exp½�t %fðEÞ	 ð12Þ

and then the SD transfer function of the spectro-
meter can be expressed as

XSDðEÞ ¼ 1� TðEÞ: ð13Þ

In the DD method one makes use of two filters of
thickness x1 and x2; with x2 ¼ x1b

�1 ð0pbp1Þ
and the instrument transfer function is the result of
the following linear combination (see Ref. [18]):

XDDðEÞ ¼X thin
SD ðEÞ � bX thick

SD ðEÞ

¼ f1� exp½�t %fðEÞ	g

� bf1� exp½�t %fðEÞ=b	g: ð14Þ

For b ¼ 0 one obtains XDDðEÞ ¼ XSDðEÞ; while in
the opposite limit: b ¼ 1 (i.e., two filters of
identical thickness), XDDðEÞ vanishes identically.
The HWHM for the transfer function XDDðEÞ;

namely GDDðb; tÞ; can be calculated analytically
only for b ¼ 0 (SD case) and in the zero effective-
temperature limit ðTn ¼ 0Þ; yielding [18]

lim
Tn-0

GDDð0; tÞ

¼ G0SDðtÞ ¼ G0
t

ln½2=ð1þ expð�tÞÞ	
� 1


 �1=2
ð15Þ

where the superscript 0 marks the absence of any
Doppler broadening. The growth of G0SDðtÞ with
increasing t is shown by the full line in Fig. 1.

Fig. 1. Ratio between the HWHM of the DD transfer function

in the zero temperature limit, G0DDðb; tÞ; and the Breit–Wigner
HWHM, G0; for both b ¼ 0 (full line) and b ¼ 1 (dashed line).
Notice that, in the b ¼ 0 case, G0DDðb; tÞ coincides with the SD
half-width in the absence of Doppler broadening, given by

Eq. (15).
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Values of GSDðtÞ for non-zero effective tempera-
tures have to be evaluated numerically, starting
from Eq. (13).
When ba0; the HWHM of the transfer function

XDDðEÞ must be calculated numerically, even in
the Tn-0 limit. A significant behavior of
GDDðb; tÞ can be learned in the limiting case of
very large b (namely b-1). Indeed, expanding
Eq. (14) around b ¼ 1; one obtains

XDDðEÞC ð1� bÞf1� exp½�t %fðEÞ	

� t %fðEÞ exp½�t %fðEÞ	g: ð16Þ

This transfer function, which vanishes for b ¼ 1;
has therefore a limiting line shape which is
independent of b: Its HWHM is, in the zero
effective-temperature limit, a smoothly varying
function of t; G0DDðb-1; tÞ; which can be eval-
uated numerically, using the above Eq. (16). The
ratio between G0DDðb; tÞ and G0 is reported as a
function of t in Fig. 1, for both b ¼ 0 and 1.
Intermediate b values will yield values falling
between these two curves for any given value t
of the thinner filter.
It is worth noting that the value of G0DDð1; tÞ

when tC0 represents, for a given value of G0; the
minimum attainable HWHM. This situation cor-
responds to a DD performed using two identical,
sufficiently thin filters. The corresponding transfer
function can be worked out analytically expanding
the exponential in Eq. (16) to obtain

lim
t-0;b-1

XDDðEÞ ¼ 1
2
ð1� bÞt2 %fðEÞ2: ð17Þ

In the zero effective-temperature limit the squared
Lorentzian in Eq. (17) has an HWHM given by

G0DDð1; 0Þ ¼ G0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

p
� 1

q
¼ 0:64G0: ð18Þ

In Fig. 2, we report numerical calculations of
GDDðb; tÞ=G0 ratio for 197Au and 238U filters at
room temperature, obtained in both b ¼ 0 and 1
limits. In this figure, the b ¼ 0 limit corresponds to
a SD spectrum with a filter of thickness t; while the
b ¼ 1 limit corresponds to a DD spectrum
obtained using two identical filters of thickness t:
All intermediate b values yield curves laying
between these two cases. An example of the
dependence of GDDðb; tÞ on b is shown in Fig. 3

for the aforementioned filters at the t values
reported in Table 1.
The main advantages of DD method are a

sensitive reduction of the resolution and a
significant qualitative change in the shape of the
Lorentzian wings of the transmission function.
This occurs since the wings of XSDðEÞ are

Fig. 2. Ratio between the HWHM GDDðb; tÞ and G0; calculated
for a 197Au filter foil at room temperature (circles) and for 238U

at T ¼ 77 K (squares), both for b ¼ 0 (full symbols) and b ¼ 1
(empty symbols). Lines are only eye-guides.

Fig. 3. Ratio between the HWHM GDDðb; tÞ and G0 as a
function of b for the 238U foil (squares at room temperature and
circles at liquid nitrogen temperature) and the 197Au foil at

room temperature (triangles) for the t values reported in Table
1. Lines are only a guide for eyes.
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independent of t; except for multiplication by t
(whenever %fðEÞ is small, the expansion of the
exponential yields %fðEÞ itself). As a consequence,
the terms of the DD linear combination in Eq. (14)

partially cancel out with a consistent reduction of
the XDDðEÞ wings.

3.3. Counting statistics

In the scattering experiments performed on
VESUVIO an incident flux of neutrons charac-
terised by a white energy spectrum is scattered
from a sample. The scattering peak intensity, ISDpeak;
and its corresponding statistical uncertainty, sI ;
can be easily calculated in terms of same quan-
tities, Iout and sout; measured in the absence of the
filter. We also introduce the relative statistical

uncertainties DSDI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2I=ðI

SD
peakÞ

2
q

and Dout ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2out=I2out

p
for the SD and the filter-out cases,

respectively. Assuming that two independent
measurements are performed using the same
counting time, one finds

ISDpeak ¼ Iout � Iin ¼ Ioutð1� e�tÞ ð19Þ

with an estimated statistical uncertainty given by

s2I ¼ s2out þ s2in ¼ s2outð1þ e
�2tÞ ð20Þ

Table 1

Most significant parameters for typical gold and uranium foils

in SD and DD configurations

Au @ 300 K U @ 300 K U @ 77 K

E0 ðeVÞ 4.906 6.671 6.671

G0 ðmeVÞ 70 14 14

Thickness ðmmÞ 10 30 30

c0 0.8356 0.3460 0.5036

seff ðbarnÞ 30 665 7543 10 980

t 1.8 1.1 1.6

GSDðtÞ ðmeVÞ 130 64 45

GSDðt ¼ 0Þ ðmeVÞ 90 53 34

ISDpeak 0.84 0.66 0.79

DSDI
1.2 1.6 1.3

b 0.28 0.28 0.28

GDDðb; tÞ ðmeVÞ 102 50 36

IDDpeak 0.56 0.39 0.52

DDDI
1.3 2.0 1.5

Fig. 4. (a) Time factor R as a function of b for t ¼ 1 (full line) and t ¼ 2 (dashed line); (b) relationships between the time required in
DD and SD experiments for the same statistical accuracy for three couples of t and b values.
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and, therefore, a relative statistical uncertainty
expressed by

DSDI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2I

ðISDpeakÞ
2

s
¼ Dout

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ e�2t

ð1� e�tÞ2

s
: ð21Þ

Let us now deal with the DD method, where
three independent measurements are needed. On
VESUVIO these measurements are performed
with the same counting time. The peak intensity,
IDDpeak; is then expressed by

IDDpeak ¼ Ioutð1� b� e�t þ be�t=bÞ ð22Þ

with an associate relative statistical uncertainty,
DDDI :

DDDI ¼ Dout

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� bÞ2 þ ðe�tÞ2 þ ðbe�t=bÞ2

ð1� b� e�t þ be�t=bÞ2

s
: ð23Þ

The ratio R ¼ ðDDDI =DSDI Þ2 is the time factor
required for each single measurement (under the
reasonable assumption of a Poisson counting
statistics) to obtain the same statistical accuracy
achieved in an SD spectrum. The total time factor
turns out to be 3

2
R; since DD needs three

measurements and SD only two. Fig. 4(a) shows
the ratio R as a function of b; while in Fig. 4(b) the
time required in a DD experiment to obtain the
same statistical accuracy as in an SD one is
reported for three couples of t and b values. It is
clear that larger values of b produce narrower
transmission functions at the expense of a
decreased counting rate. In Table 1 the most
important features (width, peak intensity and
statistical uncertainty) of typical filters (10 mm
thick 197Au and 30 mm thick 238U) available on
VESUVIO spectrometer are reported. Further-
more the corresponding features for the DD
method are reported for the value b ¼ 0:28; which
represents an optimized configuration, providing
the best compromise between counting time and
resolution improvement, as shown in Ref. [18].

4. Monte-Carlo simulations and experiments with

SD and DD methods

In order to test the effectiveness of a complete
VESUVIO experiment, from the instrument con-

figuration to the data acquisition and analysis,
simulations of standard reference experiments
were carried out using a Monte-Carlo approach.
The Monte-Carlo code employed for simulations
is a modification of the DINSMS code described
in Ref. [31], which was specifically developed to
simulate the performance of the eVS spectrometer
for NCS from condensed matter, and has been
successfully applied to evaluate single and
multiple scattering contributions from solid
samples in conventional SD experiments.
DINSMS code takes into account the specific
features of neutron source, filters and detectors
present on eVS/VESUVIO and assumes the
scattering process to be described within the
framework of the IA.

4.1. Simulated DINS experiments with 6Li-glass

detectors

Simulations of typical DINS measurements on
VESUVIO spectrometer using 6Li-glass detectors
on two different reference samples (Pb and ZrH2),
both employing SD and DD methods, are
presented in this section. In order to accomplish
the simulations for the DD method, the DINSMS
code has been modified to incorporate two
distinct, SD transfer functions, XSDðEÞ; for thin
ðt1 ¼ 1:8Þ and thick ðt2 ¼ 6:4Þ natural uranium
foils at room temperature. These values corre-
spond to the aforementioned optimized foil thick-
ness ratio b ¼ 0:28: The simulation has been
performed using a detector configuration such as
to simulate forward scattering experiments at a
single fixed angle of 2Wn ¼ 42:541:
Taking advantage of the dominant contribution

of the resolution to the Pb response function, Pb
calibration samples are routinely used on eVS/
VESUVIO spectrometer with the aim to determine
the geometric and filter components of the
resolution function. To this aim a Monte-Carlo
simulation with SD method for a polycrystalline
Pb sample at room temperature has been per-
formed. The corresponding scaling function, ob-
tained as explained in Ref. [31], is reported in
Fig. 5 for the 238U foil with t ¼ 1:8: The Pb
momentum distribution is very well approximated
by a Gaussian function and the reference value of
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for the standard deviation, sPb ¼ 35:3 (A
�1
; of this

distribution has been used in the simulation [19].
The simulation with DD method is also reported
in Fig. 5, where the expected resolution improve-
ment is clear.
The final simulation involves scattering from

hydrogenous sample. In this case, a room tem-
perature polycrystalline ZrH2 sample has been
chosen, which is well known theoretically and has
been the object of several measurements on eVS
[32]. The interatomic potential acting on protons
in ZrH2 is very well approximated by a harmonic
one and therefore the corresponding proton
momentum distribution has been assumed to be
a Gaussian function. A value for the standard
deviation, sH; equal to 4:14 (A

�1
has been selected

[32]. Two simulations have been performed, both
using the SD instrument transfer function, but
with thin and thick foils, respectively. The DD
spectrum was finally obtained carrying out the
linear combination of the two SD simulations,
with coefficient b (see Eq. (14)). The response
function, obtained transforming the simulated
time-of-flight spectra according to the West scal-
ing, is shown in Fig. 6 for 238U:

The analysis developed below aims to predict
the effectiveness of the DD method in deriving
information on the single particle momentum
distribution from the experimental response func-
tion. After producing the simulated data for Pb
and ZrH2; we have fitted them in order to extract
the standard deviation of the proton momentum
distribution in ZrH2; i.e., sH; which has to be
compared with the initial value inserted in the
DINSMS Monte-Carlo code used for this simula-
tion itself. The rationale behind our data analysis
is to reduce as much as possible the approxima-
tions concerning the resolution function. In this
view, we made use of the following fitting
functions in y space:

FSDPb ðyÞ ¼AfGgeomðy;sgÞ

#XSDðyÞ#JPbðy;sPbÞg ð24Þ

FDDPb ðyÞ ¼AfGgeomðy; sgÞ

#X
b
DDðyÞ#JPbðy; sPbÞg ð25Þ

FDDH ðyÞ ¼AfGgeomðy; sgÞ

#X
b
DDðyÞ#JHðy; sHÞg ð26Þ

Fig. 5. Normalised SD (full circles) and DD (open circles)

simulations of the response function F ðyÞ for polycrystalline Pb
sample, obtained employing 238U as analyser foil with t ¼ 1:8
and b ¼ 0:28 at T ¼ 300 K: The simulations refer to a

scattering angle 2WnC42:541: Full lines are the corresponding
fits, according to Eqs. (24) and (25).

Fig. 6. Simulated DD response function, F ðyÞ; for H in ZrH2
(full circles), obtained using 238U filters at room temperature

and the corresponding fit according to Eq. (26) (full line).

Simulation refers to a scattering angle 2Wn ¼ 42:541: Instrument
resolution for the SD and DD methods, is represented by

dashed and dotted lines, respectively.
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where

XSDðyÞ ¼ 1� exp½�b %fðy;G0;sT Þ	 ð27Þ

X
b
DDðyÞ ¼XSDðyÞ

� b 1� exp �
b

b
%fðy;G0;sT Þ

� �
 �
ð28Þ

are the transfer functions of the spectrometer in
the SD and in the DD case, Ggeomðy;sgÞ is the
geometrical component of the resolution function
in the y space and JHðPbÞðy;sHðPbÞÞ is the Gaussian
compton profiles for a hydrogen (lead) nucleus.
Symbols A and b denote fitting parameters.
Eqs. (24)–(26) represent a substantial refinement
with respect to the usual fitting procedure [19],
which indeed considers the transfer function of the
instrument, for a sufficiently thin foil, as the result
of the following approximation:

XSDðEÞ ¼ 1� TðEÞ

¼ 1� exp½�t %fðEÞ	Ct %fðEÞ: ð29Þ

Moreover the energy resolution function of an
infinitely thin 238U foil, which has actually a Voigt
line shape (see Eq. (10)), is often replaced by a
simple Gaussian Doppler component, neglecting
the minor contribution from the intrinsic Lorent-
zian energy component.
Eq. (24) has been used to fit the SD lead

spectrum in order to determine the G0 and sg
parameters, while the standard deviation of the
Doppler contribution, sT ; and of the lead mo-
mentum distribution, sPb; have been fixed to their
known values. The obtained resolution compo-
nents are dependent, in y space, on the mass of the
nuclei and on the momentum transfer, _q; at the
top of the inelastic peak ðy ¼ 0Þ: For instance
the quantity sg; calibrated using the Pb sample,
can be approximately expressed in the proton y

space through

sg;MH
C

MHqPb

MPbqH
sg;MPb

ð30Þ

where MH; MPb are the recoiling masses, and
qH; qPb the corresponding values of the momen-
tum transfer at y ¼ 0 [33]. Once these resolutions
components are transformed and inserted into
Eq. (26), which is the complete expression for the
response function of the proton when DD is used,

the only varying parameters in the fit are the
standard deviation sH and the two factors A and b:
The fitting procedure, accomplished by an FOR-
TRAN code, making use of the MINUIT mini-
misation routine [34] yielded a single sH value of

ð4:1070:05Þ (A
�1
; to be compared with the value

inserted in the Monte-Carlo simulation, namely
4:14 (A

�1
: The quality of the fit is shown in Fig. 6,

together with the SD and DD resolution functions
and confirms the validity of the convolution
approximation, since the Monte-Carlo code does
not involve analytic convolutions of the transfer
functions of the single components of the appara-
tus (sample, filter, detectors, etc.). In Fig. 6 the
decrease of the HWHM in the DD case is clear.
Furthermore, the DD method gives rise to a
remarkable change of the line shape of the
instrumental resolution function RnðyÞ: To make
quantitative this statement, let us define, both for
the DD case and for SD case with thin uranium
foil ðt ¼ 1:8Þ; the quantities

P ¼
Z jy1 j

0

RnðyÞ dy ð31Þ

T ¼
Z

N

jy1 j
RnðyÞ dy ð32Þ

where n labels the detectors at the scattering angle
2Wn and y1 is the value of the scaling variable
corresponding to the HWHM. The ratio z ¼ P=T

is an estimate of the weight of the area around the
peak with respect to the area of the tails. The
values, z ¼ 1:49 and 3.00 are retained for the SD
and DD methods, respectively. This means that
the DD method lowers the weight of the tails,
mainly produced as an effect of the intrinsic
Lorentzian component of the resolution, by a
factor of two with respect to SD method.

4.2. Simulated DINS experiments with g detectors

4.2.1. Resonance Detector technique principles

Very recently the Resonance Detector (RD)
technique [21] has been reconsidered for DINS
experiments [20,24], since it makes possible to
extend the accessible region of the kinematic space
ð_q; _oÞ: As a matter of fact, the efficiency of the
6Li-glass scintillation detectors presently used on
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eVS and VESUVIO, is low at high neutron
energies, En; because of the 1=

ffiffiffiffiffiffi
En

p
functional

dependence of the neutron capture cross-section.
In RD technique the detection of the scattered
neutrons, is obtained by revealing the prompt
g-ray cascade, which follows the resonant absorp-
tion of neutrons by the filters. The detection
efficiency is independent of the neutron energy
at a high degree of accuracy. Furthermore,
employing filters with a good yield for low energy
g; such as 197Au and 238U; and proper detectors, it
is possible to reach appreciable improvements of
the signal to background ratio. A detailed
description of this technique is presented in
Refs. [20,24]. A comparison between simulated
and experimental results obtained on eVS/VESU-
VIO spectrometer for a lead reference sample in
the RD technique configuration, is presented
in this section. Specifically, the experimental set-
up involved the E0 ¼ 6:671 eV resonance of the
238U filter.

4.2.2. Simulation

An RD–DINS experiment has been simulated
using a properly modified version of the DINSMS
code. As remarked above, in the RD approach the
scattered neutrons are selectively detected by
revealing the g-ray cascade, promptly produced
after neutron radiative capture by the filters foils.
In the radiative neutron capture process a neutron
with energy En interacts with a target nucleus of
mass A and a compound nucleus of mass ðA þ 1Þ is
formed, whose recoil energy EðAþ1Þ is generally
negligible. A discrete emission of photons is also
produced, the so-called g cascade. The cross-
section of this nuclear process, shown in Fig. 7
for the 238U; can be described in terms of the single
level Breit–Wigner resonance formalism (see
Eq. (7)). The energy released by the reaction is
mostly emitted in form of electromagnetic radia-
tion, so that the neutron capture event can be
effectively detected by revealing the prompt g-ray
cascade. A good absorber has to fulfill the
following conditions:

(1) the radiative capture cross-section should
have intense and well-isolated narrow peaks
in the energy range of interest (1–100 eV);

(2) the yield for the low energy g-ray emission has
to be high.

The first requirement is important both to
improve the spectrometer resolution and to insure
the validity of the approximations used in Section
3. The second requirement is related to the
possibility of enhancing the signal-to-background
ratio by using g detectors with a small effective
volume and good efficiency for low energy g
radiation. In the epithermal energy range of
interest, several materials fit the above conditions
[24], e.g., 238U and 197Au [35,36].
In the Monte-Carlo code the neutron detection

process through 6Li-glass has been substituted by
g-ray production in the absorber and g-ray
detection through NaI(Tl) scintillator.
In this simulation the filter thickness values t1 ¼

1:1; corresponding to a thin foil 30 mm thick of
238U; and t2 ¼ 4:4; corresponding to a thick foil
120 mm thick, both at T ¼ 300 K; have been
employed. These values give rise to the foil
thickness ratio b ¼ 0:28 and are the ones effec-
tively used during the experimental measurements.
As in the previous simulation (see Section 4.1),

outputs are time-of-flight spectra. As far as the
signal intensity is concerned, we assumed a unitary
and energy independent efficiency for the g
cascade production, so that the number of

Fig. 7. Radiative capture cross-section of 238U in the energy

interval 0.01–100 eV [36].
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produced cascades equals the number of scattered
neutrons absorbed in the 238U foil. This assump-
tion is reasonable, considering that the radiative
channel branching ratio is the highest around E0
and that it varies less than 5% within the width of
the resonance, G0 ¼ 55 meV at room temperature,
as shown in Fig. 8.
The correct count of the absorbed neutron

number depends on the number of g cascades
effectively revealed by the scintillator and then on
the efficiency ZðeÞ of the g detector (e being the g
energy). In this context, as no g spectroscopic
investigation was needed, the scintillator has been
considered as a calorimeter, so that the mean total
energy deposit of each cascade within the detector
volume is the important quantity for the complete
determination of the number of absorbed neu-
trons. In our simulation a constant effective
efficiency, Z ¼ 1; has been considered. In fact,
any proportional change in the number of
scintillation photons produced in the NaI(Tl),
would result in a scale factor in the final signal,
without changing the response shape. This can be
originated by a partial detection of the g cascade
energy deposit, resulting from an energy-depen-
dent detector efficiency ZðeiÞ or a finite size detector
geometrical acceptance. The neutron time of flight
from the moderator to the 238U foil has been
determined by using the g detection as stop signal,

assumed coincident with neutron absorption in the
U foil (reasonable assumption, since the g cascade
is prompt). An overall time offset toffC1 ms;
mostly due to the electromagnetic signal acquisi-
tion chain (NaI-Photomultiplier tube-transmission

Fig. 8. Branching Ratio (BR) of the radiative channel in an

energy interval centred around the 238U resonance at 6:67 eV:

Fig. 9. Simulated (full line) and experimental (open circles) SD

recoil spectra of Pb relative to the 6:67 eV resonance of a 238U
foil at room temperature. The experimental recoil spectrum has

been acquired using NaI(Tl) scintillators at the scattering angle

2W ¼ 381 [20].

Fig. 10. Simulated (full line) and experimental (open circles)

DD recoil spectra of Pb relative to the 6:67 eV resonance of a
238U foil at room temperature. The experimental recoil

spectrum has been acquired using NaI(Tl) scintillators at the

scattering angle 2Wn ¼ 381 [20].
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cables, electronic modules-computer) has been
introduced.
DINS exploratory data employing RD techni-

que with NaI detectors are available in Ref. [20].
These data were obtained at eVS spectrometer on
a polycrystalline lead sample at room temperature
for 2WC381: In Ref. [20], it has been stressed that
the DD method allows a sensible improvement of
the spectrometer resolution with respect to the SD
method. In Figs. 9 and 10 the SD and DD recoil
spectra for lead, both simulated and experimental,
obtained with a 238U foil at room temperature are
shown in the time-of-flight region corresponding
to 6:67 eV scattered neutrons. In both cases, the
simulated data have been corrected for the
estimated time offset. As it can be argued from
these figures, the agreement between experimental
data and simulations appears satisfactory, in spite
of the low data statistics.

5. Discussion and conclusions

The dependence on the parameters b and t of
the HWHM, GDDðb; tÞ; for DD transfer function is
shown in Figs. 1–3 for various filters and different
temperatures. In Fig. 1 GDDðb; tÞ is calculated in
the zero-Tn limit, i.e., without temperature effects,
and it is referred to as G0DDðb; tÞ (see Section 3.2).
Calculations are shown as a function of the
dimensionless thickness, t; for both b ¼ 0 and 1.
It is worthwhile to remind that the b ¼ 0 case
coincides with the single difference HWHM, while
b ¼ 1 corresponds to the ideal case of two filters of
identical thickness. The real cases of intermediate
b values occur in between the two lines plotted in
Fig. 1. The presence of a limiting value for the
resolution improvement using the DD method is
clearly evident when tC0 and bC1: As far as
Fig. 2 is concerned, the same quantities of Fig. 1
are reported, but the Doppler broadening being
taken into account. Since the relative influence of
the Doppler broadening is filter dependent, two
different foils have been selected: liquid nitrogen
temperature 238U (squares) and room temperature
197Au (circles), together with the two extreme
values of b; namely b ¼ 1 (empty symbols) and
b ¼ 0 (full symbols). The ratio a ¼ GDDðb ¼ 1;

t ¼ 0Þ=GDDðb ¼ 0; t ¼ 0Þ is equal to GDDðb ¼
1; t ¼ 0Þ=GSDðt ¼ 0Þ (see Fig. 2) has values of
0:69 and 0:67 for 238U at liquid nitrogen tempera-
ture, and for 197Au at room temperature, respec-
tively. It should be noted that these values of the
ratio a at room temperature are both only slightly
higher than the value at zero effective-temperature
(i.e., 0.64). The ratio between the DD HWHM,
GDDðb; tÞ; and the resonance Lorentzian HWHM,
G0; as a function of the parameter b is shown in
Fig. 3. The calculations are reported for two
different 238U filter configurations: at room
(squares) and liquid nitrogen temperature (circles),
corresponding to t ¼ 1:1 and 1.6, respectively.
Room temperature 197Au data (triangles) corre-
sponding to t ¼ 1:8 are also plotted. It is clear that
there is only little improvement in the resolution
for bX0:3; independently of the nature and the
temperature of the filter.
Another key element for assessing the applic-

ability of the DD method is the counting statistics,
i.e., the acquisition time. In Section 3.3 we have
introduced the useful dimensionless parameter R;
that is the time factor required by each separate
measurement in order to obtain the same statis-
tical accuracy achieved in an SD spectrum. In
Fig. 4(a) we have shown the ratio R as a function
of b for two values of the dimensionless thickness
t; namely t ¼ 1 (full line) and t ¼ 2 (dotted line).
It is evident that for large b; R increases quite
rapidly values towards the expected divergence at
b ¼ 1: As it has been stressed before, b ¼ 1 is the
unphysical case where the two foils have the same
thickness and no statistics in the final DD
spectrum can be built up. In Fig. 4(b) the same
concept is made even clearer. The linear relation-
ship between the duration of an experiment on
VESUVIO spectrometer employing the DD meth-
od and the one from experiment employing the SD
method, within the same statistical accuracy, is
plotted for three different couples of b and t
values: b ¼ 0:4; t ¼ 1 (circles); b ¼ 0:4; t ¼ 1:5
(triangles) and b ¼ 0:28; t ¼ 1:8 (squares). From
Figs. 1, 2 and 4 one can notice that also for the
thickness parameter t; as well as for the parameter
b; a compromise has to be found. Indeed, a smaller
value of t yields a better resolution, but increases
the collection time.
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The results of DINSMS Monte-Carlo simulated
experiments for 6Li-glass scintillators with natural
uranium filter foils at room temperature are shown
in Figs. 5 and 6. In Fig. 5, the normalised SD (full
circles) and DD (open circles) data for the
calibration polycrystalline Pb sample at room
temperature are reported. The DD method gives a
remarkable resolution improvement and a sensible
increased contrast (i.e., decreased intensity in the
tails). This occurs even for the uranium filter, as in
the present case, where the slowly decaying
Lorentzian contribution, ðE � E0Þ

�2; to the line
shape is dominated by the Doppler Gaussian one.
In Fig. 6 the DD response function for a ZrH2

sample at room temperature is reported. The best
fit of simulated data obtained according to
Eq. (26) (full dots) is represented by the full line.
The instrument resolution for SD and DD
methods, represented by dashed and dotted lines,
respectively, are also shown. The quality of the fit
confirms the validity of our approach, where: (i)
the refined expressions of Eqs. (24)–(26) are used,
instead of the approximation XSDðEÞCt %fðEÞ; as
explained in Section 2; (ii) the full Voigt line shape
is used for the energy resolution function (see
Eq. (10)), instead of the simple Gaussian Doppler
component, which neglects the contribution of the
intrinsic Lorentzian energy component. It is worth
noting that these results are also a confirm of the
applicability of the convolution approximation.
From a comparison between SD and DD lead
response functions, obtained in the RDS approach
(see Figs. 9 and 10), the resolution improvement
attainable with the DD method can be appreciated
also within the RDS detection technique.
In conclusion, we have shown that the improve-

ment of the spectrometer resolution due to the
application of DD method is quite remarkable.
The improvement of the DD method is twofold.
On one hand, the HWHM is reduced, as
illustrated in Section 3; on the other hand, the
weight of the tails in the line shape of the
instrument resolution function is lowered by a
factor of two, as compared to the SD method (see
Section 4.1), and this effect can allow a more
accurate measurement of /EkS:
We have also proved for the first time that the

DD method has an intrinsic limitation in reducing

the HWHM of the effective transfer function of an
inverse geometry spectrometer, as expressed by
Eq. (18). Indeed, the line width can be reduced at

most by a factor

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

p
� 1

q
in the zero effective-

temperature limit and in the unachievable case of
b ¼ 1: Nevertheless, we find that if the Doppler
effect due to thermal motion is taken into account
and values of b yielding an affordable expansion in
the required counting times are used, this factor is
only slightly increased so that a realistic reduction
factor of about 0:75 can be achieved, using the
most popular filters (see Figs. 3 and 4). Efforts to
get closer to the ultimate limit are, in our opinion,
not rewarding because of an excessive counting
time. However, it must be kept in mind that
another advantage of the DD method is to largely
remove the Lorentzian tails in the transfer func-
tion (increased contrast), which in the limiting case
of Eq. (17) can be described (similarly to a double
grating monochromator) by squaring the SD
transfer function.
The simulation results presented in this paper

are obtained from a completion of the DINSMS
code and confirm that this code represents an
extremely useful tool for defining the more suitable
instrumental arrangement for each experiment on
VESUVIO spectrometer in the standard RFS set-
up both within the SD and DD approaches.
It has to be mentioned that the experimental

activity for the development and improvement of
neutron detection techniques in neutron spectro-
scopy at the eV energy region is presently matter of
great interest. In particular, the advantages of the
RDS set-up, as compared to standard RFS one,
are appreciable as far as detection efficiency at
high neutron energies and signal to background
ratio are concerned [20]. In this context, the
present results demonstrate that the DINSMS
code is able to properly describe the experimental
data when both RDS approach and DD method
are employed.
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