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Nuclear decay times of evaporation residues of 4Ti by crystal blocking method
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We have measured the lifetime for evaporation residues in the decay of **Ti at initial excitation
energies of 55.8 and 64.8 MeV from changes in the blocking dip. The lifetime information was
obtained from both minimum yield and dip volume and they give consistent results. The lifetime
for evaporation residues is found to be ~ (6 — 8) x 107® s and shows a very weak dependence on

initial excitation energy.

PACS number(s): 25.70.Bc, 29.90.+r, 21.10.Tg, 61.80.Mk

I. INTRODUCTION

The phenomenon of blocking in light ion induced re-
actions in single crystals has been used in the past to
measure the compound nuclear lifetimes. Recently the
application of this technique has been extended to mea-
sure lifetimes in heavy ion induced reactions [1,2]. Using
this technique it may be possible to study the time evo-
lution in such heavy ion induced fusion reactions, which
can provide a test for the statistical model of decay of
compound nucleus. In Refs. [1, 2] the compound nuclear
lifetime values for low mass nuclei (%0 +2C and !®0
+288i, respectively) at high excitation energies have been
reported. In order to investigate the dependence of life-
time on the excitation energy of the compound nucleus,
we have measured the lifetime in the reaction 10 428Sj
at excitation energies of 55.8 and 64.8 MeV using the
blocking method. In the present measurements we have
used, for the first time, the “time of flight” discrimina-
tion technique in conjunction with blocking to separate
the light particles emitted from the compound nucleus
and the evaporation residues. The lifetime information
is obtained from the changes in the blocking patterns of
the evaporation residues. Malaguti et al. [2] have mea-
sured the lifetime in the 0 +23Si reaction at 100 MeV
incident energy from the change in the scaled blocking
dip volume. We have shown recently [3] that both the
dip volume and the minimum yield can be used for get-
ting lifetimes from the observed blocking dips using ap-
propriate scaling. In the present studies both the above
mentioned parameters are used to obtain the lifetime in-
formation and are seen to yield consistent results.

II. EXPERIMENTAL DETAILS

Heavy ion blocking measurements have been carried
out using an %0 (Ej,c =70, 84 MeV) beam from the 14
UD BARC-TIFR pelletron accelerator at Bombay. The
divergence of the incident beam was restricted to less
than 1 mrad using a collimation system consisting of two
adjustable apertures separated by a distance of 1 m. A
1.5 pm (100) natural Si single crystal target was mounted
on a double axis goniometer kept in high vacuum (bet-
ter than 1x107¢ torr). The pumping was done using a
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cryopump to obtain a clean vacuum, thereby minimizing
the surface contamination of the target crystal during
data collection as long exposure to the beam was nec-
essary. A two-dimensional (2D) position sensitive semi-
conductor detector (active area 24 x 24 mm?) was placed
at a forward angle of 20° at a distance of 56 cm from
the target to detect the emitted charged particles and
evaporation residues. The detector gives both X and
Y position information along with the total energy (F)
of these particles. Even though the peripheral region
of the detector shows pin-cushion distortion, the central
10 x 10 mm? portion of the detector shows good linear-
ity and gives position resolution better than 1 mm [3].
This central region of the detector has been used for the
present studies. The corresponding angular resolution of
the detector is of the order of 0.1°. The details of the
preparation of the thin Si single crystal target and the
experimental setup are described in [3, 4]. We have used
the time of flight (T") discrimination method in conjunc-
tion with charged particle blocking using a pulsed beam
for separating the reaction products. The fast pulse from
the position sensitive detector was used as the start pulse
for the time-to-amplitude converter (TAC) and the stop
pulse was derived from a double drift rf buncher. The
data (XE,YE, E, and T) were recorded in list mode on
an event by event basis. X and Y positions were later
generated using a computer program. The beam current
used was less than 1 electrical nA to minimize any crystal
damage. The (100) axis of the crystal was aligned with
respect to the detector normal by monitoring the block-
ing pattern of elastically scattered oxygen ions. Figure 1
shows a (100) blocking pattern of the thin silicon crystal
obtained with the 2D detector. The (100) axis is clearly
seen as the intersection of various crystal planes. The
quality of the crystal was monitored during the exper-
iment by observing the blocking pattern for the elastic
scattering of the oxygen ions.

A separate experiment was carried out using an E-AFE
telescope for the same target-projectile combination to
identify the atomic number (Z) of the reaction products.
A 12 pm silicon surface barrier detector was used as the
AE detector and the position sensitive detector acted
as the E detector. The E-AFE telescope was kept at a
20° laboratory angle which is close to the grazing angle
(namely, 6, = 19° for 70 MeV and 15.2° for 84 MeV).
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FIG. 1. A (100) blocking pattern obtained with a 2D po-
sition sensitive detector for elastically scattered 6O of 33.6
MeV. Various crystal planes and the axis are clearly visible.
The pattern shown is in the linear region of the detector and

corresponds to an angular coverage of ~27 mrad in either
direction.

III. DATA ANALYSIS AND RESULTS
A. E-T spectrum

A typical E-T spectrum is shown in Fig. 2. Different
mass groups, that is, elastically scattered particles, reac-
tion products, alpha particles, and evaporation residues,
are identified.

The average mass (A) for the evaporation residue
group is obtained from the E vs T spectrum and is found
to be 34(+2) for both incident energies. The (Z) is as-

sumed to be ﬁ‘;—>. The average value of (1—1,3>—1 is calcu-

lated from the energy spectrum of the products. This
(%) is then used to calculate the scaled dip volume. We
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FIG. 2. A typical E vs T spectrum for Ei,c = 84 MeV,

where alpha particles, evaporation residues, and elastically
scattered particles are seen as separate groups.

have also used the statistical model code CASCADE [5] for
calculating the average masses of the residues, which are
found to be consistent with the experimental values.

B. E-AE spectrum

In Fig. 2, it can be seen that the inelastically scattered
particles in the intermediate range, i.e., products with en-
ergies higher than the residue group, have contributions
from various Z, A fragments which are not resolved in
the E vs T spectrum. The distribution in Z for these
reaction products were estimated from E-AF spectra. A
typical spectrum of the products for E;,. = 84 MeV is
shown in Fig. 3 where the separate bands for a, carbon
(Z=6), nitrogen (Z=7), etc., are clearly seen. The av-
erage value of Z was determined from this spectrum for
the scaling of the blocking dip. For inelastically scat-
tered particles blocking patterns were constructed from
the E-T spectrum for the energy range 46-55 MeV and
60-68 MeV for 70 MeV and 84 MeV incident energies,
respectively. In this energy range the contribution from
Z >11 fragments arising from the fissionlike process was
negligible. The average value of (Z) was found to be 7.25
for 70 MeV and 7.4 for 84 MeV. The evaporation residues
were stopped in the 12 yum AFE detector.

C. Blocking dips

The blocking dips are constructed for different particle
groups separately by circular integration around the dip
minimum. These particle groups were selected by putting
appropriate gates in the E-T spectrum. From the block-
ing dips thus obtained, the dip volumes () are deter-
mined. These dip volumes are scaled by E/Z in order to
get the lifetime [2]. In Ref. [3] we have shown that scaling
is valid over a wide range of E/Z for a variety of projec-
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FIG. 3. A E vs AE spectrum obtained with a 12 pm
silicon AE detector and 2D position sensitive detector as E
detector for 84 MeV °0 beam.
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tiles. We have also seen that the blocking pattern for
the evaporation residues (E ~1 MeV/Z) does not show
any difference with target crystal thickness ranging from
0.7 to 1.5 pm, which indeed shows that multiple scatter-
ing effects do not pose a serious problem in the present
measurements. Figure 4(a) shows the scaled blocking dip
for elastically scattered particles (open circles) and evap-
oration residues (solid triangles) for the energy interval
12-30 MeV obtained at 84 MeV incident energy. The
“filling in of the dip” in the case of residues is due to the
lifetime effect. In Fig. 4(b) the blocking dip for inelasti-
cally scattered particles (solid circles) ((Z)=7.4) is also
shown. The scaled dip volume for the inelastic products
is nearly same as that for the elastically scattered par-
ticles, indicating that the lifetime for these processes is
shorter than 10718 s,

The experimental ratio R = (Q)products/ () prompt 18
compared with the calculated R(v, T) to determine 7 (v
is the recoil velocity of the compound nucleus perpendic-
ular to the atomic row and is calculated from the kine-
matics of the reaction assuming complete fusion). The
ratio R(v, 7) is calculated by numerical integration using
Lindhard’s standard model [6], which assumes that the
compound nucleus follows a simple exponential decay.

The change in the minimum yield is related to the life-
time by (7]

AXmin = 2CNndv? 72, (1)

where C is a constant (C ~ 2-3), N is the atomic den-
sity of the target, and d is the interatomic distance along
the crystal axis. We have used C = 2.5 [8]. The lifetime
7 is calculated from both Q and Axmi,. The lifetimes
obtained using both the above mentioned parameters of
the blocking dip of evaporation residues are tabulated
in Table I and are seen to be in good agreement. We
have also compared the numerically calculated dip vol-
ume ratio R with the vectorized multistring Monte Carlo
calculation [2] and they seem to agree well.

From Table I it can be seen that 7 ~ 7 x 10718 s
is nearly same for both 55.8 and 64.8 MeV excitation
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FIG. 4. Normalized blocking yield x(¢) as a function

of scaled angle variable (¢/4,) for (a) evaporation residues
(solid triangles) and (b) inelastically scattered particles (solid
circles) in the energy range 60-68 MeV, at Ein.= 84 MeV.
The dip for elastically scattered oxygen ions (open circles) is
plotted for reference (FEelastic = 77.2 MeV, ;1 = 2.78 mrad).
11 is the critical angle for channeling as given by Lindhard [6].

energy. Malaguti et al. [2] have reported 7 = 12¥5x 10718
s for an excitation energy of 75 MeV. This indicates that
the values of 7 are comparable within the uncertainties
of the measurement as the excitation energy of **Ti is
varied from 56 MeV to 75 MeV.

We have tried to understand this weak dependence
of the observed lifetime on the excitation energy in the
framework of the statistical model. In the statistical
theory, the lifetime of the compound nucleus can be ex-
pressed as [9]

pc(E*,J)
Twh———————N(E*’J), (2)

where p, is the level density of the compound nucleus at
the excitation energy E* and the angular momentum J,
and N is the total number of decay channels to which the
compound nucleus can decay. Using the statistical model
code CASCADE we have estimated the most probable E*
and J at various stages of evaporation of the compound
nucleus #4Ti formed in the reaction 10 + 28Si at the ex-
citation energies mentioned above. The input parameters
for calculations were fixed by comparing the evaporation
residue yields obtained from CASCADE with those given
by Piihlhofer [5] for the 0+27Al reaction. In these
calculations we have observed that E* or J of decaying
nuclei in the intermediate stages are not very sensitive to
gamma decay parameters. We have not included fission
competition in the present calculation. As mentioned be-
fore the average mass was found to be 34(%2) from the
E-T spectra. Therefore, we have chosen the most prob-
able evaporation channel of 44Ti leading to the residue
35C1 for the excitation energies 55.8 and 64.8 MeV to ob-
tain the most probable E* and J of the residue. In order
to estimate the lifetime, the level densities p(E*, J) were
calculated using the relation [10]

_2J+1 h?\3/2exp [2val)]
Pl J) =43 \/E(ET) (U +1)2
con [0 0

where we have used A/8 for the level density parameter
a. From these relations it is seen that earlier stages of
the evaporation are very short lived, 7 ~ 10722 — 10~2!
s, which should not show any change in the observed
blocking pattern. In fact, for any observable change in
the blocking pattern the recoil distance has to be greater
than 0.106 A (two-dimensional mean-square thermal vi-
bration amplitude). In other words the lifetime has to be
greater than ~ 10718 s at these recoil velocities. There-
fore it appears that we are essentially measuring the life-
time for the later stages of the evaporation chain. We
have estimated the total level width for 3°K taking the
p,n, and a decay channels. In the case of E* = 55.8
MeV for 44Ti, the most probable values of E* and J for
39K were found to be 20 MeV and 12k, respectively, and
I' = 5.1 keV. The corresponding values for 64.8 MeV
excitation energy are 27 MeV and 13h, giving a total
width I'= 5.6 keV. This shows that the estimates based
on the statistical model for the decay of the later stages
of the evaporation chain reproduce the experimentally
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TABLE L.
residues [x=5, = 7(1.5)%).

The compound nuclear lifetime as measured from the blocking pattern of evaporation

-1

@ (3 " " Ax(%) "
(MeV) (MeV) (mrad) (10718 s) (10718 s)
55.8 17 15.4 9.1 0.47(0.06) 8.17+18 28.5(4.0) 7.2(1.8)
64.8 17 17.4 8.5 0.495(0.06) 6.6713 27.5(3.6) 6.4(1.5)

observed trend in the lifetime as a function of the ini-
tial excitation energy of the compound nucleus. In the
case of 100 MeV incident energy the present estimation
indicates that the width at the final decay stage of the
most probable evaporation channel is smaller than that
for the other two energies. We may mention here that
these approximate calculations do not reproduce the ob-
served lifetime values of ~ 8 x 10718 s and more rigorous
calculations similar to the ones given in Refs. [1] and [11]
are required to compare the absolute lifetime values. In a
recent study, DeYoung et al. [12] have measured the life-
time using a particle-particle correlation for 160 +27Al
to be ~ 10717 s for the later stages of the decay. The
present measurements are consistent with this result.

IV. CONCLUSIONS

We have measured the lifetime for evaporation residues
in the decay of #4Ti at initial excitation energies of 55.8
and 64.8 MeV from changes in the blocking dip. Both

minimum yield and the dip volume are used to get life-
time information and they give consistent results. The
lifetimes for inelastic processes like one or more nucleon
transfer are shorter than 108 s as expected, whereas
for the evaporation residues it is of the order of 10~17 s
and is nearly constant over the excitation energy range of
56-75 MeV. This weak dependence on the excitation en-
ergy indicates that the lifetimes measured in the present
experiment are due to the decay of the later stages of the
evaporation chain.
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