‘H NUCLEAR

TET= o INSTRUMENTS
i & METHODS
IN PHYSICS
L= RESEARCH
ELSEVIER Nuclear Instruments and Methods in Physics Research A 401 (1997) 379-384 SectonA

The unfolding procedure of the alpha particle spectra
of the *®Ni(n, o )>°Fe reaction

C. Tsabaris?, D.Vlachos?, C.A. Kalfas™*

3 National Technical University of Athens, 15773 Athens, Greece
b NCSR Demokritos, Institute of Nuclear Physics, 15310 Agia Paraskevi, Athens, Greece

Received 17 December 1996; received in revised form 16 June 1997

Abstract

The correction of the alpha particle energy spectra which is required because of the alpha particle energy loss, due to the
thickness of the sample, is described by an analytical-empirical retrospective relation. This relation can yield a spectrum as
it was pluuuu:u in the Sal‘ﬂplc from a corresponumg measured spectruim. The cupua ucua‘ys of the reaction SXNI(H OL) rc
were used as the source of the alpha particle spectra. The projectile neutrons were produced via the T(p,n) and D(d.n)
reactions in the energy range from 2 to 9 MeV. The validity of our assumption for the correctness of the alpha particle spectra
was checked by comparing the measured spectrum with the spectrum produced by folding the corrected spectrum with the
response function of the system. The calculated folded spectrum appeared to be consistent with the experimental data of the
measured spectrum. Typical results are given at the neutron energy of 8 MeV, where the measured data were accumulated
from a telescope placed at 79° relative to the neutron beam direction.
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1. Introduction S(Fy) is given by the following expression [1-3]
o @]
The alpha particles produced in a sample by a M(E)= / R(E, Eg)S(Eo) dEy, (N
nuclear reaction lose a part of their energy before es- Jo
caping from the sample. This effect distorts the spec- where R(E, Ep) is the response function of the system
trum in the sample. If S(Ey) is the number of alpha related to the foil thickness and gives the probability
particles emitted in the sample at energy Eq per unit that an emitted alpha particle with energy Ey will be
energy interval and M(E) is the number of alpha measured 1n the energy range from £ to £ + d£. The
particles detected at energy E per unit energy inter- response function of the detection system depends
val, then the equation which correlates the M(E) and on the energy of the alpha particles, the depth in the
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sample where an alpha particle is produced and the

energy resolution of the system. In the present case

* Corresponding author. Tel.: +30 1 651 8770; fax: +30 1 651 the resolution of the surface barrier detector was not
1215; e-mail: kalfas@cyclades.nreps.ariadne-t.gr. taken into account since it was small (0.8%).
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If the response function R(E, £y) 1s known, one can
either obtain M(E) from S(Ey) by performing the
integration of the Eq. (1) (folding) or, in an in-
verse procedure, try to deiermine S(F£q) from M(£)
after solving the corresponding integral equation as
explained in the next paragraph (unfolding). The un-
folding procedure can be carried out numerically by
using an appropriate code.

The aim of the proposed correction method is to
transform the experimental data of the Measured
Spectrum (MS) to calculated data of the spectrum
produced in the sample, called Calculated Source
Spectrum (CSS). This transformation requires the
knowledge of the response function of the system,

which mathematically can be achieved by introducing
\VE l?,\\ anr‘hr\n fc;aa pn l] \\
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the delta function ag an
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Since a delta function represents a monoenergetic
spectrum at energy FE, called here Assumed Source
Spectrum (ASS), one can calculate the Assumed
Measured Spectrum (AMS) by summing the various
delta functions that describe monoenergetic measured
alpha particle spectra coming from different sample
depths. Given the AMS, the R(E,Ey) is determined
according to the Eq. (1).

As stated before, the solution of the integral Eq. (1)
in order to obtain S(Fy) from M(E) (i.e. unfolding)
can be carried out numerically. This solution, how-
ever, will be provided by an approximation method
and the validity of its results must be checked. This
validity check was performed by comparing the ex-
perimental data of the MS with the Calculated Mea-
sured Spectrum (CMS), which is derived by folding

sured Spectr vhich is derived by foldin
the CSS with the R(E, Ey) function.

In summary, first the response function of the sys-
tem has to be determined, then the unfolding of the MS
has to be performed in order to calculate the CSS, and
finally the comparison of the MS with the CMS will
test the degree of Vahdlty of the unfoldmg method.
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2.1. Determination of the response function

The response function of the system is determined
by studying the probability that an alpha particle

TN

Measured \ nfoldin Sourcc folding Folded CSS
speutrum spectrum
C SS C MS

Fig. 1. Schematic drawing of the unfolding and folding procedures.

comparison

produced in the foil with energy £y will be detected
with energy £. This probability is represented by the
AMS, which can be calculated by using the stopping
power (dE/dx) of the alpha particles in a sample.
The stopping power is given numerically from the
Beth-Bloch calculations derived from the code TRIM
[4]. These values were fitted with the approximate
Beth-Bloch formulae [5] in the alpha particle energy

TN NA YT

range from 2 to 1UMECY, as it s glVCl’l in Eq \,L)

dE_ b )
dx E+¢

The function which relatesg t detected energy ()
1ne unction wnien retates t agtecica energy (L)

with the produced one (£
{

0
of the differential Eq. (2), under the condition: for

x=0=FE=E,
— = <7~z o
E=—c+\(Ey+c)? - 2bx. (3)

As mentioned above, this probability is calculated by

using a monoenergetic spectrum (ASS) as a source
spectrum represented by the o-function, i.e.

S(Eg) =0(E — Ey). (4)

If the ASS is produced in a slice of thickness w, in
depth x, then the respective AMS is yielded by the
formulae (5):

=

A
M(EY=0(E — \/(Ey+c¢)y —2bx +¢c)— (5)
w
where dx/w is the probability that an alpha particle is
produced in a depth between x and x + dx. Integrating
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is derived as follows:

M(E):‘-}/ MNE — V(Eg+c) —2bx+c)dxy.
0

(6)
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(Eo+c)/b

((Eo+¢) 2 - 2bw)** - ¢ Eo

Fig. 2. The response tunction of the system in relative units.

The above integral will be solved by applying the
following property of the delta function according to
Eq. (7):

Sy =3 2~ x)

_ 7
270 )

where x; are the roots of the function ¢(x). The root
of the function in the integral of Eq. (6) is

(Eg+ ) —(E+c)
- 2b

X0 (8)
and finally the AMS, which for monoenergetic parti-
cles is equivalent to the response function of the sys-
tem, is given from Eq. (9) and is shown in the Fig. 2.

E+c
M(E)z{ wh

0 otherwise.

if 0<xg<w,

9)

The introduction of ug,(£) function

up (E) = { 1 V(Eo+c)? —2bx — c<E<E,, (10)

0 otherwise

simplifies the mathematical description of the AMS,
which is now expressed by the formulae

E+c¢
b

Mg, (E) = ug,(E) ”

(11)
for a sole alpha particle.
2.2, Folding and unfolding

In the case that the source spectrum is not mono-
energetic, the MS is derived by using Egs. (1) and

(11) and is expressed by formulae (12):
M(E) = / M, (E)dEq
0
0 £
= M(E)= / S(EQ)LIE”(E)% dEy. (12)
0 47,

Clearly, the above integration (folding) can be easily
performed and the results of the folding procedure are
reliable.

The problem now is to obtain the CSS (S(£y)) know-
ing the MS (M (£)) and the response function, i.e. to
solve the above integral Eq. (12). The method that we
followed for this integral equation is described in the
Appendix A. This solution is provided by the follow-
ing equations:

SOAE + ¢ +2bw —¢)

_|dG(E) (E+c) +2bw
where
dG(E)  —bw bw dM(F)
dE _(E+c)2M(E)+(E+C) dE (14)

3. Unfolding of the alpha decay measurements
of the 3¥Ni(n, )*5Fe reaction

Eq. (13) gives the CSS as it was produced in the
foil. A code named UNFOLDING has been written in
C-language and is based on the algorithm described
by Eq. (13).

The code uses double differentiation and certain cri-
teria to identify the hidden peaks. One of the crite-
ria, e.g. is the minimum energy distance between each
identified peak and the experimentally determined cut-
off energy. This method, although very powerful in
peak identification, has a certain limitation: peaks at
the low energy part of the detected spectrum are super-
imposed on the tail of the higher energy peaks. This
causes a larger error in the identification process due
to the additional uncertainty introduced in the dou-
ble differentiation. It should also be noted that very
small peaks identified by this method are of limited
reliability.

The width of the identified peaks thus produced
depends mostly on the uncertainty of the method
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Fig. 3. Demonstration of the peak identification reliability of the
method.

and is usually much larger than the FWHM of the
silicon detector used (see also limitation in the next
Section 4). To demonstrate the reliability of this
method, an artificial set of random alpha peaks was
constructed (“assumed real spectrum”) and the sub-
sequent “folded spectrum” was subject to this identi-
fication method as shown in Fig. 3. The reproduction
of the original random peaks is clearly seen.

Some examples of running this code will be given
below for the correction of the alpha particle mea-
surements [5, 6] of the *¥Ni(n, 2)*Fe reaction. The
thickness of the *Ni foil was 4.0 mg/cm? and the fit
parameters for the calculation of the energy loss in the
Ni sample (see Eq. (2)) are: b =4.60 (MeV cm)?/mg,
c=4.72MeV.

Some results of running the programme UN-
FOLDING are shown in the Fig. 4. First, the mea-
sured alpha particle spectrum (M (£)) produced from
the reaction *Ni(n, o)>>Fe at neutron energy 8 MeV
is plotted (see thin line in Fig. 4). This spectrum
was accumulated for 16 h from a telescope placed
at 79° relative to the neutron beam direction. Sub-
sequently, the CSS (S(Eyp)) is shown as well (thick
line). The total number of the alpha particles (number
of counts) of the spectra M(E) and S(Ey) is equal,
as expected. This was a condition of this calculation
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Fig. 4. The measured spectrum M (E) (thin line), the calculated
source spectrum S(E) (thick line) and the folded calculated source
spectrum M’(E) (circles).

and it can be easily verified, if one integrates Eq. (12)
over all alpha particle energies from 0 to infinity (see
Appendix B).

The wvalidity of the unfolding procedure was
checked by using the inverse operation (folding). The
folding of the CSS (S( £y )} with the response function
gives the spectrum as it was measured (CMS). The
comparison of the MS and CMS shows a substan-
tial degree of similarity (see Fig. 4). This similarity
supports the reliability of our proposed method in
correcting measured alpha particle spectra with the
above unfolding procedure.

The uncertainty of the detected alpha particle en-
ergy, due to the energy resolution of the detectors,
does not cause any errors in the calculation of the
energy loss of the alpha particles, because of the
following reasons:

a. the stopping power (dE/dx) is well defined by fit-
ting (see Eq. (2)) the calculated values derived from
the Beth-Bloch formulae in the alpha particle en-
ergy range from 2 to 10 MeV [5].

b. the variation of the stopping power (dE/dx) as a

function of the alpha particle energy is very smooth,
since the energy range of the emitted alpha particles
varies from 6 to 10 MeV [5, 6].
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4. Discussion

In the past, it was impossible to present double dif-
ferential cross section data since the used foils were
thick enough for alpha particles distorting the spec-
trum as it was produced in the nucleus of the foil.
However, with the proposed correction procedure
this problem can be overcome. The double differen-
tial cross section data of the *®Ni(n, o)>Fe reaction
in the neutron energy range from 2 to 9 MeV were
corrected and presented in a previous work [5].

The unfolding of the alpha particle spectra is per-
formed by taking into account the following assump-
tions:

— The detector is a point detector.

— The alpha particles are produced in the central axis
of the sample.

— The response function of the detector is not taken
into account because the resolution of the surface
barrier was small (0.8%).

— The alpha particles have always the same direction
(the line between sample and detector) in each col-
lision with the nuclei of the Nickel sample.

In conclusion, the proposed correction method
offers a rather reliable procedure which
a. can be used to obtain the energies of the alpha

particles emitted in a reaction experiment and
b. will make it possible to obtain double differen-

tial cross section information in such experiments
involving alpha particle emission.

It should be noted that the agreement between the
MS and CMS in the high energy part starts failing and
this is an inherent problem of the method. It should
be worthwhile to achieve a more reliable correction
making a Monte Carlo simulation taking into account
all the assumptions mentioned above.

Appendix A

The integral Eq. (12) is solved by using a trans-
formation as well as the identities of the delta func-
tion. The transformation formulae is given according
to Eq. (A.1) and the identities of the delta function
were given before from Eq. (7).

. b
G(E)= -E—w_i_—cM(E) (A1)

substituting the measured spectrum from Eq. (12) the
following equation is deduced

G(E) = /0 S(Eo g, (E) dEo. (A2)

Differentiating Eq. (A.2) over measured energy (E)
and using also the identity of the theta function
(dB(x)/dx = 8(x)) we deduce the following equations:

dG(E)
dE
= / S(Eo)é[G(E- V(Ey+c):—2bx+c)
0
—O(E — E)]dE,, (A.3)
dG(E)
dE
= / S(EQSE — /(Eg + ¢)* — 2bx + )
0
—8(E — E¢)]dE. (A4)

Using now the identity of the delta function as given
from Eq. (7), Eq. (A.5) is deduced.

dG(E) _/x S(Eo)é(Eo—\/(EJrc)z + 2bx +¢)
0

dFE (E +c)? + 2bw
E+c
xdEy — S(E), (A.5)
dG(E)
dE

E+c

VI(E +c) + 2bw
XS(\/(E + ¢)* + 2bw — ¢) — S(E), (A.6)

S(V(E +c) +2bw —¢)
JETFT
_ [@ . S(E)} (Ev v o

>

dE E+c
where
dG(E)  —wb wh  dM(E)
iE GOt FEroTaE 0 WY



384 C. Tsabaris et al. | Nucl. Instr. and Meth. in Phys. Res. A 401 (1997) 379-384
Appendix B References

[17 N. Tsoulfanidis. Measurements and Detection of Radiation,
o™ .
Hemisphere.
/ M(E)dE [2] N. Tsoulfanidis, B.W. Wehring, M.E. Wyman, The use of an
0 analytical response function for unfolding beta spectra, Nucl.

oC X
E+c Instr. and Meth. 73 (1969} 98.
:/0 wb (A S(Eo )HE“(E)dEO) dE [3] W. Burrus, V.V. Verbinski, Fast-neutron spectroscopy with
. [ x g thick organic scintillators, Nucl. Instr. and Meth. 67 (1969)
‘ tc 181
= Ey)— —_— EYdE } dE :
/0 5 O)W (/O b U, ) 0 [4] J. Ziegler, J. Biersack, U. Littmark, Computer code TRIM91,

e in: J. Ziegler (Ed.), The Stopping Range of lons in Solids,
— lw S(Ep) dE, Pergamon. Press, New York, 1985. A ,
w 0 [51 C. Tsabaris, Study of (n,«) and (n,p) reactions on the isotopes

e > 27AlL %8Ni and %3Cu, Doctoral thesis.
ﬁ/ A[(’E)dE:/ S(Ey) dEy. [6] C. Tsabaris, E. Wattecamps. G. Rollin, C. Papadopoulos,
0 0 Measured and calculated differential and total yield cross
, section data of *Ni(n, xa) and 3Cu(n.xp) reaction in the
We used the result of the mmgral neutron energy range from 2.0 to 15.6 MeV, Nucl. Sci. and
Eng.. in press.
oG E+e¢ g p
ug (E)YdE
0 b
Ev E+c
= / dE =w.
VEoter—2bw—e D



