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Role of precursor nuclei in heavy-ion induced reactions at low energies
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In heavy-ion induced reactions, generally, a large number of residues are populated through different reaction
channels. In some cases the same residue is populated via two different modes viz., (i) directly from a given
reaction and (ii) via B and/or electron capture decay of a nuclide (precursor). Separation of the two is required
for a better understanding of reaction dynamics. The procedure existing in the literature for extracting the
independent production cross section from the cumulative cross section employs the assumptions of half-life
of the daughter being much larger in comparison to the half-life of the precursor (tl”/2 < tf’/z) and require the
counting to be performed after large cooling times (; — 00). A general and more exact expression is obtained in
the present work surpassing the assumptions as well as difficulties reported earlier. Analysis of the experimental
reaction data sets covering a broader range of possibilities (tl”/2 > t]"/z; tl”/2 ~td 125 tf n < td 12) presented shows the
importance of the current formulations. The advantage of the generalized expression even when the assumptions
hold true is also discussed. A comparison of results obtained from the traditional method in the context of its
assumptions instead of the calculations from the exact expression has been made. The results obtained with the
presently derived formulations are found to give justified values of cross sections for all the cases in contrast to

the traditional formulation.
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I. INTRODUCTION

One of the most remarkable growth areas of late in nuclear
physics is the study of the interactions of heavy ions (HI’s)
[1-9]. The HI collisions facilitate the study of a wide range
of nuclear interactions—fission, scattering, evaporation-type
reactions, stripping reactions, Coulomb excitation, etc. As
such, HI reactions are a very rich, fascinating, and rewarding
field of investigation, and aptly known as “microcosm of nu-
clear reaction physics” [10,11]. The development made in the
increasingly sophisticated detection equipment for identifica-
tion and analysis of the many products of these interactions
has also played an important role in attracting the researchers
to the field. Among the important features of HI collisions,
the most important are their semiclassical nature due to short
wavelengths and ability to populate nuclear species with very
high excitation energies and high spin states as compared
to the light ion induced reactions [10]. Nuclear fusion is
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an important process in heavy-ion reactions. The HI fusion
studies were primarily motivated by the search for super-
heavy or transuranic elements predicted by the nuclear shell
model for larger but not established values of Z and N shell
closures [12]. HI fusion research nowadays is of paramount
importance for understanding many astrophysical processes
like the energy production in stars, nucleosynthesis, evolution
of massive stars [13,14]. The fusion of two heavy nuclei, in
general, populates a nucleus which is proton-rich and lies far
away from the line of stability. Such processes are one of
the major part of the HI fusion research. As such, the fusion
products generally decay towards the bottom of the valley of 8
stability via 87 and/or EC decay processes. Fission processes
occurring before and after setting in of the equilibrium in
the overall nuclear matter of the interacting ions have also
been established to occur in HI reactions [15-19]. The fission
products are mostly B~ emitters which decay towards the
bottom of the valley of B stability, populating several different
members of an isobaric series.

Fusion and fission being very dominating processes in HI
reactions even at low incident energies, the product nuclei
usually do not have appropriate n/ p ratio for them to be stable.

©2022 American Physical Society
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FIG. 1. Direct and the precursor decay contribution in the popu-
lation of '#1Ir.

As a result, the product nuclei often undergo the emission
of B-particle and/or electron-capture (EC) decay [20,21]. In
B-decay and/or EC processes, the atomic mass number of
the nucleus remains the same, but the nuclear charge (atomic
number) decreases or increases by one unit. As a result, the
nuclei populated independently from the nuclear interactions
may also be populated by the B-decay and/or EC process of
the precursor nucleus. A representative case of such a process
involving the population of '"$#Ir directly and also through the
decay BT -decay and/or EC process of higher charge precursor
184pt is shown in Fig. 1. The residues of the type '**Ir have
contribution from direct population and also from precursor
decay and needs to be separated out. The cross section of
the daughter obtained by determining its production rate will
be its cumulative cross section. It is desirable to obtain the
independent production cross section for the residues from the
nuclear reaction only in order to investigate the dynamics of
HI reactions accurately so that the predictions of any model
calculations may also be verified experimentally.

In literature there exists mathematical formulations of
extracting independent activation cross sections from the cu-
mulative ones valid for only specific cases: 7}, < t{,, when
the countings have been performed after long cooling time
(t; — 00), discussed and formulated by Cavinato er al. [22].
However, cases with 1/, > t{, [23,24] and 1}, ~ 1{ , [25]
have been encountered. The difficulties faced in and subse-
quently giving up altogether on extracting the independent
cross section with tlp/2 ~ tfl/z by Giri et al. [25] is a good case
in point.

In the present work, the precursor feeding is confronted
in a general way eliminating the assumptions [22] and dif-
ficulties reported earlier [25,26]. Three systems involving
the precursor decay feeding have been considered in the
present study: 'PLu(**N, p4n) "Ir (1, = 3.09h) with pre-
cursor feeding from 'Lu('*N, 5n) %Pt (17, = 17.3min)
and '7Yb (t]d/2 = 17.5min) with precursor feeding from
'7Lu (1], = 51.5min) in two systems '>13C + '¥Tb [23,24].
All three systems were studied for two different incident
energies for consistency. Brief experimental details and data
analysis are presented in Sec. II while the cumulative count
rate decay curves obtained for all the studied reactions along
with their interpretations are given in Sec. III. A general math-
ematical formulation for deducing the independent production

cross section of the daughter nuclei from the cumulative cross
section is presented in the Appendix. Results and discussion
regarding the application of the generalized formulation are
given in Sec. IV. The present work is summarized in Sec. V.

II. EXPERIMENTAL PROCEDURE TO DETERMINE
PRODUCTION CROSS SECTION OF REACTION
RESIDUES

The experiments for the measurement of excitation func-
tions (EF’s) were carried out using "N beam from Pelletron
accelerator facility at the Inter University Accelerator, New
Delhi, India. The ion beam is made incident normally on a
stack of alternate target and catcher ( Al) foils of thickness
~1.2-2.1 mg/cm? and 1.5-2.5 mg/cm?, respectively. The
Al foils in the stack serve the two-fold purpose of energy
degradation of the beam and stopping in them the energetic
recoiling residual nuclei produced during the interaction. The
stacked foil activation technique [27] has been used to cover
a broad energy range for the EF measurements. The energy
degradation in the target and Al foils makes possible multiple
energy incidences in single irradiation. The resulting incident
energy on each foil of the stack was estimated using the
stopping power code SRIM [28]. The irradiations were car-
ried out in the general purpose scattering chamber (GPSC)
having an in-vacuum transfer (ITF) facility for quick transfer
of the irradiated samples to the y-ray detection system. The
stacks were bombarded for ~8-10 hours each, considering
the irradiation times required for the optimum yield of most
of the desired channels (residues) at the end of the irradi-
ation. The beam current is monitored using a Faraday cup
installed downstream the beam-line behind the target catcher
foil assembly, and the beam current was maintained ~4 pnA
during the irradiations. The activities induced in the irradiated
samples were recorded using a precalibrated ORTEC HPGe
detector coupled to a CAMAC based data acquisition system
CANDLE [29]. Standard y sources of ®’Co, '**Ba, and "*Eu
of known strengths were used for the energy calibration. Ab-
solute photopeak efficiency of the spectrometer for a wide
energy range at different source-detector separations were
determined before the y-ray spectroscopic analysis of the ir-
radiated samples was carried out with it. A typical y spectrum
obtained for the '“N + Lu system for Ej,p, = 87.11 £0.89
MeV is shown in Fig. 2. The y peaks corresponding to
the characteristic y lines of '"™Ir(pdn) (E, = 263.95 and
390.37 keV), '84Pt(5n) (E, = 154.90 and 191.97 keV) and
the annihilation peak (E, =511 keV) are marked in the
spectrum. The reaction residues '®#Ir with precursor feeding
from Bt and/or EC decay of '®Pt residues populated in the
same irradiation via the reaction ”Lu(}*N, 5n) has been an-
alyzed at two beam energies (Eja,) of 87.11 £ 0.89 MeV and
79.68 £ 0.96 MeV. The half-life of the precursor '3*Pt is 17.3
min while that of the daughter '®*Ir is 3.09 h. The reactions
9T b(12C, p3n)'7Yb [23] and °Th(13C, pan)'¥7vb [24]
were studied at Ej,, = 77.77 £ 0.62 MeV, 69.15 £ 0.85 MeV
and 84.59 +0.53 MeV, 77.87 £ 0.61 MeV, respectively. In
these cases, '®’Lu (populated via 4n- and Sn-reaction chan-
nels in >C +'Tb and 3C+ '>°Tb systems, respectively)
with half-life equal to 51.5 min acts as the precursor which
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FIG. 2. A typical y-ray spectrum of the irradiated sample for
YN +!75 Lu system at Ej,, = 87.11 £ 0.89 MeV. (See text for more
details.)

undergoes EC/B7T decay populating '®’Y b residues with the
half-life of 17.5 min.

A. Formulation

In a typical binary nuclear reaction an energetic beam
of incident particles ‘a’, hit a thin foil of target particles
‘X’, producing a residual nucleus ‘Y’, and emitting lighter
particles of type ‘b’. Such a reaction may be represented as
a+ X — Y + b. The most sought after observable in nuclear
reactions is the cross section which, in general, is a measure
of the probability for a particular reaction channel, say r, to
occur [30]. In a typical experiment, the rates of production of
different nuclides in the final state are counted. Such rates, in
general, are proportional [31] to the number (initial) of nuclei
Ny in the target-foil illuminated by the beam, and the the flux
(J) of the incident beam. Thus, the rate R at which particular
nuclides may be produced is R = 0 JNx, where o is the con-
stant of proportionality and is the reaction cross section for
the reaction which results in the production of such nuclide. If
the nuclides are radioactive, the reaction rate R may be easily
determined in terms of its directly observable characteristic,
i.e., the induced activity. The cross section for the population
of the nuclide, thus, measured is referred to as the activation
production cross section [32,33]. The number of the populated
nuclides goes on increasing owing to its production at the rate
R and also decreases due to its own decay. The change in the
number of nuclei of interest may be given as

dN = Rdt — ANdt, 1)

where A is the decay constant. Solving this gives, for ¢t < 7;,
N = Z11 — exp(-20)], @
where #; is the irradiation time. For ¢ > t;, the radioactive

nuclei will decay following the simple exponential decay
with initial number being N(z;) given by Eq. (2). Therefore,

fort > t;,
R
N = X[l — exp(—At)] exp(—Aty),
where ¢, is the cooling time (time elapsed since the stop of the

irradiation). As such, the cross section may be represented by

Aexp(rt;)

=0 = ,
7 7 1 = exp(— 1)1 Ny

3

where A is the activity (decay rate) of the radioactive nuclei.
More complex scenarios than the simplest one considered
above can arise in activation analysis [32,34]. It is quite
likely that particular nuclides may be produced directly from
the primary experimental reaction and the same nuclides are
populated via the decay of another nuclide produced in the
same experiment. As already mentioned, the most common
example of the situation, which is particularly important in
the present work, is feeding of a reaction residue by its higher
charge precursor isobars via an electron capture [20] process
and/or 8% decay [21]. The deduction of the independent cross
section from the cumulative cross sections for such a case may
be carried out by solving general Bateman equations [35].
As already mentioned, the formulation provided by Cavinato
et al. [22] is valid under the stringent assumption of #/’ n <K

t{i/z and the calculations are to be performed with countings
performed after a substantially long time when the precursor
has assumed to be completely decayed to the daughter nuclei.
The mathematical procedure to determine the independent
cross sections in different scenarios (] > ’fi/z’ 1] ) A tf/z,
and 1{,, < t{,) is derived without any simplifying assump-
tions. The general expression obtained (see the Appendix)
connecting the cumulative cross section (o), independent
production cross section of daughter (o), and the precursor
cross section o, is

c . P[’)‘[’
04(t)) = [Gd + —()\‘17 — )Ld)f’p]
_ Pyraopexp((Aa — Ap)n) [1 — exp (=A,fi)]
(Ap = Aa) [1 —exp (—rqt)]

As can be seen from Eq. (4) that it connects the cumulative
and the independent production cross section of the daughter
nuclei and the cross section of the parent corresponding to
different lapse times. It turns out that independent cross sec-
tions are independent of irradiation time and cooling times.

“

III. DATA ANALYSIS

The representative cumulative decay curves for '341r(p4n)
with precursor decay feeding from ' Pt(5n) populated in the
4N + 5Ly system at Ejp, = 87.11 4 0.89 MeV and 79.68 +
0.96 MeV obtained for its characteristic y ray 263.95 keV
[36] are shown in Fig. 3(a) and (b), respectively. Since tl” <
t{, in this case, the precursor '**Pr quickly decays and the
daughter 8417 count rates rise to a maximum and then decays
with its characteristic half-life. An attempt has been made to
verify this by fitting the last cumulative count rates with a
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FIG. 3. Cumulative count rate decay curves for '®1r(p4n) residues with precursor decay feeding from ' Pt (5n) populated in "N + ' Lu
for (a) Eip = 87.11 £ 0.89 MeV and (b) Epp, = 79.68 £ 0.96 MeV. The red curves represent the exponential decay fit to the last three count

rates. (See text for more details.)
simple exponential decay function of the form
f@)=ae™, (5)

where a and b are the fitting parameters. Also, because the
minimum number of data points required to fit the two param-
eter model (ae~?) is three, the fitting has been done with the
last three cumulative count rates in Fig. 3. The fitted curves are
shown in red color. The fact that the precursor nuclei ('3*Pr)
quickly decay and the daughter nuclei ('347r) then decay with
its characteristic half-life can be readily observed from the
decay curves. The curves fitted to the last three count rates
agrees well with the count rates corresponding to the earlier
count rates also. However, as expected, the count rates for
very small #; values fall below the fitted curve as is evident
from the smaller lapse times shown in the zoomed-in decay
curves shown in the inset graphs. Comparing Eq. (5) with the
standard radioactive exponential decay function Age™*, the
half-life for the last count rates is

In(2)
=2 ©)

The values of t;,, obtained in this manner along with the
fitting errors are given in Table I. The half-life obtained via
Eq. (6) for both the incident energies (given in Table I) agrees
well with the literature value of '8¢ half-life (3.09 h).

The residues '7Yb are populated directly via the reac-
tion Tb(12C, p3n) and 'P°Th(13C, p4n) and also by the
decay of precursor 7Ly produced via "°Th(12C, 4n) and
9T h(13C, 5n) reactions, respectively. The decay curves cor-

responding to '®’Y b residues from '*Tb(12C, p3n) [23] and
9T b(13C, p4n) reactions for E, = 176.23 keV are shown in
Figs. 4 and 5, respectively. Since the half-life of the precursor
1677y G n= 51.5 min) in this case is almost three times the

half-life of the daughter 7Y b (¢!’ /» = 17.5 min), the daughter
nuclei decays with the half-life of the precursor for large
lapse times under the transient equilibrium [30] condition. An
attempt has been made to verify the setting in of the transient
equilibrium condition by fitting the last cumulative count rates
(as discussed earlier) for all the cases [Figs. 4(a)-5(b)]. The
fitted curves are shown in red color in the cumulative count
rate decay curves. The values of #;/, obtained in this manner
along with the fitting errors are given in Table 1. As can be
seen from this table, the half-life of the precursor nuclei 167y p
obtained in all the cases is in agreement with the half-life
value in literature. The smaller #; portions of the zoomed-in
decay curves have been shown in the inset graphs to highlight
the fact that the transient equilibrium is set in for large #
values only and the count rates for the counting performed
at smaller #; fall below the fitted red curve and do not vary
in accordance with the characteristic exponential decay curve.
This behavior of the early count rates shows the time during
which the daughter nuclei ('®’Yb) are being populated from
the precursor (!¢’ Lu) decay besides their radioactive decay.

IV. RESULTS AND DISCUSSION

Intensity of the y line of the parent nuclide have been used
to determine the cross section of the precursor, i.e., 0,. On

TABLE I. Half-lives obtained from the last cumulative count rate decay curves of the daughter nuclei fed by the precursor nuclei. (See text

for more details.)

System Energy (MeV) Residue Measured t, Literature ¢/, Shown in
UN 4+ 1Ly 87.11 +0.89 1847y 3.094+0.01h 3.09h Fig. 3(a)
79.68 £ 0.96 184y 3.08+£0.03 h 3.09h Fig. 3(b)
2Cc 4+ 1T 77.77 £0.62 1671y 51.66£+0.28 min 51.5m Fig. 4(a)
69.15 £0.85 17y 51.18 £0.43 min 51.5 min Fig. 4(b)
BC 4+ 9T 84.59 +0.53 1671y 51.19 +£0.24 min 51.5 min Fig. 5(a)
77.87 £0.61 1671y 51.5440.15 min 51.5 min Fig. 5(b)
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FIG. 4. Cumulative count rate decay curves for '’Y b(p3n) residues with precursor decay feeding from '®’ Lu(4n) populated in '>C + *°Tb
for (a) Eyp = 77.77 £ 0.62 MeV and (b) Ep, = 69.15 £ 0.85 MeV. The red curves represent the exponential decay fit to the last three count

rates. (See text for more details.)

the other hand, the intensity of the y line of the daughter
nuclei cumulative production cross section o was obtained
and was employed to deduce the independent production cross
section of the daughter nuclides o,. It has been observed that

it gives the independent cross section of the daughter residues
|

(04) regardless of the cooling time (#;) and the value of A,/ .
This equation can also be used for extracting the independent
cross section of daughter under the situations when 7/’ n tf/z
(problem faced in Ref. [25]).

Taking limits as #; — oo and A4/A, — 0, the limiting value of the third (unbracketed) term in Eq. (4) becomes

Pyhgopexp((hg — Ap)ty) [1 — exp (—Apt)]

lim lim
Aa/*p—>01—00

Ap —Aq)
[1 —exp (=A,t)]

=PO’ [1 _eXP( )‘Jt)]

— Po, [1 —exp (—A,z)]

It may be noted that the factors to the left of the limits in sec-
ond step are all equal to finite nonzero numbers independent
of the values of A4 and A,,. Thus, Eq. (4) under the given limits
reduces to

P,A

PP
. 8
P ®)

lim lim o, =0, +
Aa/*p—>01—00

This is the simplified equation given by Cavinato et al. [22]
and if applied for all the cases (A, > A4 and A, < A;) may
lead to erroneous results. For practical purposes, also, the
limit of #;, — co may be not be realistic as it may require
counting runs at extremely long times after irradiation unless
the half-life of the daughter nuclide is relatively small [26].
The other limit A4/, — 0 is also a relative assumption and
may vary according the precision and accuracy of the mea-
surement required. This assumption also ignores entirely the
other regime of possibilities f1/2 > tl/2 [23,24] and t{’/z A tfi/z
[25]. Thus, Eq. (4) derived in the present work is more gen-
eral that can be used in all possible cases unlike Eq. (8). A

O p m lim ————
PI1 — exp (—Agt;)] ra/rp—01—>00 (Ap — Xa)

- im
e exp (—Agt;)] ra/rp—>0n—>00 A

[1 —exp (—Agti)]

[exp((Ag — Ap)1)]

M (220 (et = )
—_ — =) [exp(—=(1 = =5)A,
P11 —exp (—rgti)] Ad/x,ﬁonﬁoo A A P Ayt !

P

A (1 xd> 1 o
_ i —o0. (1)
k) lexp((1 = 3]

(

close observation of Eq. (8) also suggests the possibility of
obtaining negative values of o, which is not realistic. The
independent cross sections of the daughter nuclides ob-
tained via the calculations performed using the more
generalized Eq. (4) (oi"‘m from now on) are shown in
Fig. 6(a) for 184 1r(p4n) N+ 175y corresponding
to Epp, =87.11 +£0.89 MeV. The cross sections calcu-
lated as such turn out to be independent of lapse time.
The cross sections shown in Fig. 6(a) deduced at differ-
ent times are found to be consistent within experimental
uncertainties as well. The dashed blue line shows the
weighted average of independent cross section of 052" val-

ues for the different counting runs (ofxa“) The red solid
line shown in Fig. 6(a) corresponds to the theoretically
predicted value of the cross section (Giheoretical frOm now on)
for the reaction 'PLu('*N, p4n)'3*1r at E,p, = 87.11 £ 0.89
MeV. The theoretical value has been taken from the model
code PACE4 [37], a statistical Monte Carlo code for evapo-
ration residue population from the compound nucleus decay
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FIG. 5. (a) Cumulative count rate decay curves for 'Y b(p4n) residues with precursor decay feeding from '®’Lu(5n) populated in
13C 4+ 159Tb for (a) Ejp = 84.59 +0.53 MeV and (b) Ep,, = 77.87 £0.61 MeV. The red curves represent the exponential decay fit to the

last three count rates. (See text for more details.)

employing the parameters which reproduce the excitation
functions of other CF channels as well. PACE4 uses the Hauser-
Feshbach formalism [38]. It involves an effective procedure
to couple angular momentum at each stage of de-excitation
of the excited compound nuclei that facilitates monitoring the
angular distribution of evaporated particles at each stage of
de-excitation. The transmission coefficients for light nuclear
particles like n, p, and o emissions are calculated using the
optical model potential [39] whereas the Bass model [40]
is used to determine the fusion cross section. The excitation
energy-dependent level density parameter from Kataria et al.
[41] and Gilbert and Cameron [42] are used. The level density
is obtained using a = A/K, where A is the compound nucleus
mass number, and K is a free parameter. K is generally varied
with values of 8, 9, and 10 to check the variation of the resid-
ual cross section with respect to K. The agreement between
the experimentally measured and theoretically predicted value
of the cross section validates the experimental methodology
presented for the determination of the independent cross sec-

LI I L I I I
sr exact P
L ® O, for daughter " Ir
L ind
4 E { 3
-~ o L
e
~ 30F b T ? ]
= 3 e
g -
©
15 -
3 (@ ]
oF ]
-.I....I....I....I....I....I....I-
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tion of the daughter nuclides. On the other hand, Fig. 6(b)
shows the independent cross sections obtained via the tradi-
tional method [22] given in Eq. (8) (Uigﬁd from now on) from
the different counting runs of the daughter '341r(p4n). As can
be seen from this figure, the independent cross sections are
found to be time dependent. Also, as mentioned earlier, the
cross sections calculated using the traditional method [22]
turn out to be negative (unrealistic) for smaller lapse times.
For the longer lapse times with tld/z > 1] /2> however, the cross
sections tend to be equal to the expected value in line with
the result of Eq. (8). Similar arguments hold for this reaction
["PLu(*N, pan)'341r] at E, = 79.68 +0.96 MeV and are
represented in Fig. 7.

The independent cross sections o deduced from
Eq. (4), derived in the present work, of 'Y b(p3n) residues in
12C 4 59T b corresponding to Ej, = 77.77 & 0.62 MeV are
shown in Fig. 8(a) for the different countings run. Similar to
the first case, the values of o&’&am are also found to be time in-
dependent within experimental uncertainties. The dashed blue
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FIG. 6. (a) Primary irradiation independent production cross sections o5 of the daughter '/r(p4n) in N + ' Lu at Ey,, = 87.11 £
0.89 MeV for different counting runs corresponding to different lapse times. The dashed blue line corresponds to the weighted average
independent cross section of o“" values for the different counting runs (624"). The solid red line represents the theoretically predicted value
of cross-section for the considered reaction at this energy. (b) Primary irradiation independent production cross sections o;%¢ of the daughter

1841 for counting runs at different lapse times.

054607-6



ROLE OF PRECURSOR NUCLEI IN HEAVY-ION INDUCED ...

PHYSICAL REVIEW C 105, 054607 (2022)

T T L B B BN B R B T T L B B BN B R B
[ 30 - trad -
40 F ] 184
[ [ G:::“ for daughter e 13 ] | b Gind for daughter “Ir i
wh ; sho-gtite 8 s 8 5 8 |
[ ] L
~ 20' ﬂii 3 —~ (]
= - 4 =2 of .
I v v er—
NS AR LR S R A
2 1l 4 £ (b)
6 - 1 6 a5t i
ok .
[ (@) ] -30—* ]
qo bt 1 PP EPEPEPEP IPEPUPIPE PEPEPEPS IPEPEPIPE IPUPPITS BPAPIPEP BT
0 15k 30k 45k 60k 75k 90k 0 15k 30k 45k 60k 75k 90k
t, (s) t, (s)
FIG. 7. (a) Primary irradiation independent production cross sections o of the daughter '/r(p4n) in N + ' Lu at Ey,, = 79.68 £

0.96 MeV for different counting runs corresponding to different lapse times. The dashed blue line corresponds to o5x*". The solid red line
represents the theoretically predicted value of cross section for the considered reaction at this energy. (b) Primary irradiation independent

production cross sections o of the daughter '8/r for counting runs at different lapse times.

T LI B B S B R B
t ] 120 exact p
° Qexac for daughter '"Yb o G,y fordaughter ) ]
60 | ind 3 100 F 3
E ] 80| ]
- 40 - —_ L ]
R ) R 30 1 2 S0 T NS R
R L e B B e D (T tatis St
T 20 T 40 3
2 [ 1] © C ]
[ ] 0F :
of 3 : ]
[ ok ]
@) - (b) ]
20 L L1 N TP PP T A PP B PP PP PP
0 5k 10k 15k 20k 0 5k 10k 15k 20k 25k

t,(s) t,(s)

FIG. 8. Primary irradiation independent production cross sections o;2% of the daughter 'Y b(p3n) in '2C + °Tb for different counting

runs corresponding to different lapse times. The dashed blue line corresponds to o55*“!. The solid red line represents the theoretically predicted

value of cross section for the considered reaction at the respective energies (see text for more details). (a) Ep, = 77.77 £ 0.62 MeV, (b)
Ep, = 69.15 £ 0.85 MeV.

S e e e e LB N I B o S S B A B L B B B
100 - exact 167 7] 75 F 7
L 4 [ t J
[ Gin a for daughter "'Yb ] [ 6:::“ for daughtermYb ]
80 |- ] 60:— -:
R TR T s B " S S
E F-THe -4 S T Seb Sk et E I }} } ! ]
E wf - I I - 'g30.‘ 5
s “F EC: ]
[ ] 15 :
wr (a) ] - (b)
[ 0F 5
olt@ o 0 a1l A B B B BT B B

0 Sk 10k 15k 20k 25k 0 5k 10k 15k 20k 25k

t (s) t, (s)

exact

FIG. 9. (a) Primary irradiation independent production cross sections o2 of the daughter '’Yb(pdn) in '*C + '°Tb for different
counting runs corresponding to different lapse times. The dashed blue line corresponds to o, 5x*". The solid red line represents the theoretically
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TABLE II. Weighted average of the deduced independent cross sections and the corresponding theoretical predictions.

System Reaction Energy (MeV) aiz’(‘;‘“ (mb) Otheoretical (Mb)

VN 4+ 1Ly BSLu("N, pdn)'$1r 87.11 £ 0.89 38.89 +£5.82 36.50
79.68 £ 0.96 16.58 +£2.68 21.2

2c 4+ 19T 9T h(2C, p3n)'Y b 77.77 £0.62 29.01 £4.71 19.7
69.15 £ 0.85 55.34 £ 8.38 33.10

BC 4+ 1Tbh 19Tp(3C, pan)'’Y b 84.59 + 0.53 53.86 +£5.45 48.40
77.87 £0.61 39.68 £5.75 50.80

and solid red lines represent similar quantities as in Fig. 6. The
values of the experimentally measured cross sections from the
countings performed at different cooling times lie close to
the theoretical cross section. This vindicates the generalized
expression Eq. (4) and procedure of obtaining the indepen-
dent production cross section of the daughter nuclide with
precursor feeding. Similar arguments hold for '7Yb(p3n)
in 2C 4+ °Tb corresponding to Epy, = 69.15 £ 0.85 MeV
and are represented in Fig. 8(b). The parent and daughter
residues being same in '*C + T also show similar behav-
ior at both the studied energies of Ej,, = 84.59 +0.53 MeV
and Ejp = 77.87 £0.61 MeV and are shown in Fig. 9(a)
and (b), respectively. The experimentally deduced cross sec-
tions using the generalized approach and the theoretical
predictions for the HI systems and energies considered are
given in Table II.

As such, the derived Eq. (4) is a general way out to separate
precursor contributions in the daughter nuclei decays to yield
its independent production cross sections in a nuclear reaction
experiment.

V. CONCLUSIONS

In the present work a general expression for separating
out the independent production cross section of the reaction
residues having feeding from precursor decay has been ob-
tained. The expression obtained has been found to give better
results in all the conditions of relative half-lives of precursor
and daughter nuclei. The anomalies in the results obtained
from the traditional method/expression have also been over-
come in the present work. The general expression presented in
the work yields the correct and lapse-time independent cross
section values and eliminates the requirement of counting to
be performed after long cooling times. The results obtained
with the new procedure will be useful for better and useful
predictions of the theoretical models.
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APPENDIX: MATHEMATICAL STRUCTURE
FOR PRECURSOR DECAY FEEDING

Suppose a radioactive nuclide, say d is populated directly
from the reaction a + X and by decay of any other nucleus, say
p (known as precursor for d) also formed in the reaction with
a branching ratio equal to P,. Therefore, for t < t; as quoted
by Cavinato et al. [22],

dN,

? ZJNXo'p—)\.pr (Al)
and
dN,
7 = JNxoy; — ANy + PpApr. (A2)
Fort > t;, we have
dN,
7 = _)"PNP (A3)
= N, = N,(t;) exp (—At;)
JNxo
= N, = L[ —exp (—Api)]exp (—hpty) (A4
P
and
dNy
? = —A4Ny + P[’)‘PNP' (AS)

Equations (Al) and (A2) are coupled differential equa-

tions and so are Eqgs. (A3) and (AS5). Multiplying Egs. (A1)
and (A3) by % and their respective addition to Egs. (A2)

and (AS) yields fort < 1,

d Nyt &M’N N Pk, e — (v + %M’N
—_ = | o (o} -
T Cap =g ) T, =
d P, P, P
= —(N, PZP_N rl N PPN ) = PP JN; A6
dl<d+kp—kd p>+ d(d‘f’kp_)Ld » Ud‘i—)\’p_)\ldo—p X (A6)
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and for ¢t > ¢;, we get

d P, P,
—(N 7PN = =24 N, PPN A7
dt<d+)\,p—)\,d p) d<d+)\’p_)\’d P ( )

P, . .
Aplffd N,) gives its solution as for t < #;,

Pphp Pphp
Ny + . . N, ) exp (Agt) = o4 + 0y | [JNx exp (Aqt)dt + C.

p— M Ap —Aa

Equation (A6) being a linear differential equation of first order in (N; +

Assuming Ny and J as constants [30], the above expression yields

Pohp Pohp
Ny + 5 N, ) exp(Agt) = | 04 + Iy . o, |JNx | exp(Agt)dt +C

Ap = hd p— Md
Py, 1 PyX,
= (N + N, )exp(Agt) = —| | 0a + op ) |JNx exp (Aqt) + C.
Ap— Ay A Ap— Ay

With initial conditions of N, = N; = 0 at t = 0, the above equation becomes

[N + Fohy N] ! ( + Foly )]JN [1 (—at)] (A8)
=—]||o o —exp (—Aqt)].
S e P ) N W W X d
Solving Eq. (A7) gives, for ¢ > t;,
P,A i P,\
N; + PP Np = |N;+ PP N[,i| x exp (—Aqt;).
Ap = hd L Ap—ra "],

Using Eq. (A8) above, we get

Y ! + Foy JNx[1 (—Agt;)] exp (—Aqaty) ol N
= —||o o —exp (—Agti)] exp (— - .
‘=5 d oy — g " X P{—=4Aq p{—=Adli ap— g "

Using Eq. (A4), we get, fort > 1;,

1 Pykp P,
Ny=—||o4s+ op | [JNx[1 —exp (—Aqt;)]exp (—Aqt;) — JNxo,[1 —exp (—A,t;)]exp (—A ).
Aa Ap—Ag Ap—Ag

Rearranging and using the terminology defined in the Introduction, we get

Avexplat) [ad T op} — L fexp(g — )] ) (A9)

[1 —exp(=Aat)UNx p = ha hp = ha [1—exp (—Aat)]’
The left-hand side (Ihs) of the above equation is in the form of the cross section as can be observed in comparison with Eq. (3).
As A, gives the cumulative decay rate of the daughter nuclei, the lhs gives the cumulative cross section of daughter at the lapse
time = #; (i.e., 04°). Thus, above equation reduces to

Pphp o | — Ppraopexp((hg — Ap)ty) [1 — exp (—Apti)]
hp—ha " hp = A [1 — exp (=Aqt;)]’

04 (t)) = [ad + (A10)

This equation connects the cumulative and the independent cross section of the daughter and the cross section of the parent.
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