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SYNOPSIS 
   

 Nuclear fission is one of the most important discoveries of the 20th century and in 

this context, the fission dynamics of highly excited fissile and superheavy nuclei has a 

special significance. The timescale of the nuclear fission process is one of the basic 

characteristics of the fission dynamics. However, the experimental measurements of 

fission time by the atomic and nuclear techniques give two very different timescales. On 

the one hand, very long fission times (on the order of 10
-18

 sec) for the highly excited 

uranium and transuranium nuclei have been measured by the atomic techniques (K x-ray-

fission fragment coincidence and crystal blocking techniques) [1,2], whereas much 

shorter (10
-20

 sec) fission times had been obtained using nuclear techniques [3,4]. It was 

argued [5] that the two fission timescales are due to the sensitivity of the nuclear and 

atomic techniques in short and long timescales and the long fission times could provide 

information about the viscosity [5] of the nuclear medium and might be used as probes 

[1,2] for studying the production of long-lived superheavy nuclei. It was recently shown 

[6] that the observed long fission time for the majority of the fissioning events as 

obtained by the atomic techniques cannot be reconciled with the short fission time 

obtained by the nuclear techniques and the observation of long fission time (10
-18

 sec) 

for the highly excited fissile nuclei appears to be in disagreement with nuclear 

calculations [7]. The fission time measurements by the atomic techniques are relatively 

new and only a few datasets are available. So, it is important to undertake the 

measurement of fission time of highly excited fissile nuclei by atomic techniques such as 

by the K x-ray technique. K x-ray-fission fragment coincidence technique clocks the 

fission time of the compound nucleus by the K vacancy lifetime and determines both the 



 

 

xxi 

 

fission time and the percentage of long fission time component. However, so far only 

three published measurements [1,8,9] of fission time by K x-ray technique exist and none 

of them succeeded in observing a narrow K x-ray peak (comparable to the detector 

resolution) from the atoms containing the fissioning nuclei and could not extract any 

information from the intrinsic width of K x-ray line. One of the direct evidence of long 

fission time is the observation of narrow K x-ray peak from the atoms containing 

fissioning nuclei. According to quantum uncertainty principle, the intrinsic width of K x-

ray peak from the atoms containing fissioning nuclei is a direct measure of the fission 

time given by the formula 𝜏𝑓𝑖𝑠𝑠𝑖𝑜𝑛 =
ℏ

Γ𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐
, where fission and intrinsic are fission time 

and intrinsic width of K x-ray line respectively. It would be important to demonstrate 

long fission time of highly excited fissile nuclei by combining information on both the K 

x-ray yield and intrinsic width of the x-ray line. So far, long fission times of highly 

excited uranium-like and transuranium nuclei were measured by producing such nuclei in 

high energy heavy ion collisions [1]. As a result of production of many compound nuclei 

with similar Z values and/or due to the electronic configuration mixing in heavy ion 

reactions, very broad (FWHM 25 keV) characteristic K x-ray lines from the compound 

atom/ion (containing fissioning nuclei) were seen in coincidence with the fission 

fragments in earlier K x-ray-fission fragment coincidence experiments [1]. Alpha and 

proton induced fusion reactions could produce a single fissioning compound nucleus with 

little electronic configuration mixing, however they have much smaller probability of 

creating K-vacancies of the compound atom and so there has been no attempt to see 

characteristic K x-ray from such reactions in fission reactions. To explore this dimension, 

242
Pu (EX ≈55 MeV) has been produced by bombarding a 

238
U target with a 

4
He beam at 



 

 

xxii 

 

E(
4
He)Lab =60 MeV from the Variable Energy Cyclotron Centre, Kolkata and a K x-ray-

fission fragment coincidence experiment has been performed using a very close 

geometry. A solar cell detector was used to detect the fission fragments and a four-

segmented LEPS detector was used to measure the photon spectrum. It has been found 

that the probability of creating K-vacancy in plutonium is considerably increased by the 

atomic shake-off process and so it has been possible to see a statistically significant 

narrow plutonium K x-ray peak in coincidence with the fission fragments. In Fig. 1, the 

experimental photon spectrum in coincidence with the fission fragments (random 

coincidence corrected and background subtracted) is shown. Double-humped peaks from 

the fission fragment -rays along with the corresponding GEANT3 simulations have been 

shown. The fission fragment -ray peak is double humped, because the fission fragment 

emitting the -ray could be moving either towards or away from the LEPS detector and 

the solar cell detector would correspondingly detect either the -ray emitting fission 

fragment or its complementary fragment. Plutonium K𝛼1 x-ray peak has been shown in 

Fig. 1 and it is a statistically significant peak with >99% confidence level. Plutonium K𝛼2 

peak overlaps with the uranium K𝛼1 peak and its presence has been inferred from the 

observed high yields around 98.4 keV region that cannot be understood from the 

remnants of the associated uranium K𝛼2 and K𝛽  lines. Hence, it is clear that the observed 

yield around 98.4 keV cannot be all due to the K orbital ionization of uranium atom and 

more than half of it should be coming from plutonium K𝛼2 line.  
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Fig. 1. Photon spectrum in true coincidence with fission fragments along with 

superimposed fission gamma lines at 62.3 keV (red curve ) and 88.3 keV (blue curve) 

simulated by GEANT3. 

 

The observation of a narrow peak (comparable with the detector resolution) demonstrates 

the presence of a long (10
-18

 sec) fission time component. We have found from our 

analysis that for both the plutonium K𝛼1 and K𝛼2 lines, FWHM = (1±0.3) keV. 

Combining the two results, we obtain that the FWHM of plutonium K x-ray line = 

(1±0.21) keV compared to the detector resolution of FWHM = (1.00±0.01) keV. 

Considering detector resolution and the intrinsic width (0.1 keV) of plutonium K x-ray 

line with a stable plutonium nucleus, we find that the mean fission time of the excited 

fissioning plutonium nuclei responsible for the atomic K x-ray yield is > 1×10
-18

 sec. 
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Using the measured K x-ray fluorescence yield and the estimated probability of creation 

of K-orbital vacancies in the fusion process, we obtain that most of the fission events are 

slow with a mean fission time 10
-18

 sec. Saxena et al. [10] measured prefission neutron 

multiplicity of a similarly excited 
243

Am (Z=95) nucleus and obtained very short fission 

time (~10
-20

 s) for all the detected fission events. Fission dynamics calculation could 

obtain a fission time distribution with a long tail, but are unlikely to explain the 

incompatibility between nuclear and atomic data related to the fission time.  

 It has been argued that nuclear techniques (prefission neutron multiplicity 

measurement, fission fragment angular distribution etc.) are sensitive to the short time 

components of fission time distribution whereas atomic techniques ( K x-ray and crystal 

blocking) are sensitive to long fission time component and so there is no consistency 

problem [5]. In this context, recent measurement of long fission time (10
-18

 sec) of 

Z=120 nucleus by atomic techniques [1] were interpreted as evidence for the formation of 

superheavy Z=120 nucleus, although nuclear techniques observed [3,4] very short fission 

time (10
-20

 sec) for the same nucleus at a similar excitation energy. From a detailed 

study of all relevant data concerning fission time of Z=120 nucleus, it was found from 

this work [6] that contrary to the general perception, the nuclear and atomic data related 

to fission cannot be reconciled by any plausible fission time distribution or the sensitivity 

of the atomic and nuclear techniques in different time domains. The incompatibility of 

the nuclear and atomic data arises from the fact that the atomic techniques find most of 

the fission events very slow (10
-18

 sec), thus giving prefission neutron multiplicity 

values close to the saturation limit and almost isotropic mass angle angular distribution, 

contradicting nuclear results. It was found [6] that all the fission time measurement data 
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obtained from the nuclear data and calculations are consistent among themselves, 

whereas the fission time data obtained by the atomic techniques could not be reconciled 

with the nuclear data. Although the inconsistency among the fission time data obtained 

by atomic and nuclear techniques was explicitly shown for Z=120 superheavy nucleus, it 

appears to be a general observation.  For example, Andersen et al. [11] using crystal 

blocking technique observed that all the detected fragments (100%) came from slow 

processes having long fission times (10
-18

 sec) for a large number of reactions [such as 

74
Ge+W at E(

74
Ge)Lab=390 MeV, 

58
Ni+W at E(

58
Ni)Lab=330-375 MeV, 

48
Ti+W at 

E(
48

Ti)Lab=240-255 MeV] expected to be dominated by quasifission process. On the other 

hand, using mass-angle correlation technique, R. du Rietz et al. [12] obtained 2D mass-

angle correlations plots for very similar systems (
64

Ni+W, 
48

Ti+W) at similar center of 

mass energies and deduced their exponential quasifission lifetime on the order of 10
-21

 

sec to 10
-20

 sec for the detected events. So an important conclusion of this thesis work is 

that the short fission time obtained by the nuclear techniques and the long fission time 

obtained by the atomic techniques cannot be due to sensitivity of the two techniques in 

two time domains and are inconsistent with one another, contrary to general perception 

[5].  

 The incompatibility among the measured fission times by the nuclear and atomic 

techniques could indicate new physics beyond fission dynamics and it was explored in 

this work. It is possible that quantum decoherence is playing a role here and such a 

scenario has been considered [13]. Quantum mechanics predicts that the time evolution 

of an isolated unstable state produces a superposition of initial state and decayed state at 

any finite time. Then the decay of the initial state will be non-exponential in early time 



 

 

xxvi 

 

approximately following a t
2
 law. This means that in early time (small value of t), the 

decay would be very slow. The decaying state would almost remain undecayed in early 

time as long as quantum coherence would persist [14]. According to a quantum 

decoherence model [15], the coherence between the initial undecayed state and final 

decayed state is lost by the interaction of the environment with the decaying state and we 

can only talk about a decay after the loss of this quantum coherence. Hence, according to 

quantum decoherence model, the classical exponential decay would start after a time lag 

i.e. after the loss of quantum coherence. The exponential decay rate depends on the 

properties of the decaying state. Nuclear techniques obtaining fission time from the 

measurement of nuclear decay products essentially measure the exponential decay time 

of the fission process. In a decoherence model, the atom containing the radioactive 

nucleus could act as a detector making the first observation of the nuclear decay process. 

So the survival time of the atom containing the fissioning nucleus is expected to be 

longer than the exponential fission decay time measured by the nuclear techniques. Using 

such a decoherence model, we have estimated [13] quantum decoherence time of the 

fission process on the order of 10
-18

 sec. In this model, fission has not taken place as long 

as the atom containing the fission nucleus could emit characteristic photons 

corresponding the compound element and the atom is surviving for that long. So in this 

model, atomic techniques could measure a longer fission time than nuclear techniques 

would measure. 

 The mass measurement of superheavy nuclei would provide further insight on this 

problem of fission time anomaly related to fissile and very heavy nuclei. The fission time 

depends on the binding energy of the nucleus and microscopic calculations predict high 
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fission barrier and binding energy around Z=120. One can learn about the nuclear binding 

energy from high precision nuclear mass measurements and Penning traps are presently 

being used for the mass measurements of superheavy nuclei to find out the shell 

stabilization criterion. Although such experiments are beyond the scope of my thesis, I 

have been deeply involved in the development of a Penning trap to use it in conjunction 

with the upcoming facilities at VECC, Kolkata where such experiments could be 

undertaken in the future. 

 Penning trap is a versatile tool to trap subatomic particles under the combined 

application of a weak quadrupolar electrostatic potential and strong magnetic field. 

Magnetic field confines the ions in radial direction and quadrupolar electrostatic potential 

provides axial confinement. Under this applied field, trapped particles undergo a 

complicated motion that is a superposition of three eigen-motions. In order to perform 

high precision measurements using Penning traps, it is essential to create a high quality 

quadrupolar potential near the center of the Penning trap to avoid any unwanted 

frequency shift. A five electrode cylindrical Penning Trap has been designed [16] and 

fabricated to generate a high degree of harmonicity at trap centre including the effect of 

gaps. The required electronic circuits have been developed and tested. The design and 

fabrication of the Penning trap as well as the mechanical assemblies and electrical 

circuitries have been completed and tested as a part of this work. The final 

commissioning of the Penning trap would be done by putting it in a strong (5T) magnetic 

field.  

 In summary, the fission time of highly excited plutonium nuclei produced by 

4
He+

238
U at E(

4
He)Lab=60 MeV was measured by K x-ray technique combining 
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information on the intrinsic width of the K x-ray lines and K x-ray fluorescence yield. It 

was found from the measurement of intrinsic width of K x-ray lines that the fission time 

is >1×10
-18

 sec and most of the fission events are slow. A critical analysis of available 

nuclear and atomic data related to fission time has been performed. It was found that 

contrary to general perception, nuclear and atomic data cannot be reconciled by the 

standard sensitivity argument. The apparent incompatibility between the nuclear and 

atomic data related to fission time could be explained by a quantum decoherence model 

using the atom containing the fissioning nucleus as a detector. The mass measurement of 

very heavy nuclei would provide further information on this important topic and in this 

context a Penning trap facility would be very useful. The developmental works related to 

a Penning trap including all the mechanical and electrical fabrications and testing have 

been completed  as a part of this work. 
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Chapter 1 

 

Introduction 

 
1.1 Preface 

 
Nuclear fission is a phenomenon in which a heavy nucleus predominantly splits into two light 

nuclei of nearly equal masses along with the release of free neutrons, gamma photons and a large 

amount of energy (~200 MeV per fission) that is manifested mostly as the kinetic energy of the 

fission fragments. Since its discovery by Otto Han and Fritz Strassmann on December 17, 1938 

[Mei39], it managed to engage scientists over decades for its fascinating properties. Its wide 

spread applications ranging from energy production in nuclear reactor to its application in 

devastating nuclear warheads mark it as one of the most important discoveries of the last century. 

In this context, the study of fission dynamics of highly excited fissile and very heavy nuclei 

(SuperHeavy Element) holds a special significance. The timescale of the nuclear fission process 

of these highly excited fissile nuclei is a basic characteristic of the underlying fission dynamics. 

Fission times could be obtained by both nuclear [Rie11, Hin92, Les91] (mass-angle distribution, 

prefission neutron multiplicity, prefission light charged particles multiplicity, GDR 

measurement) and atomic techniques [And08, Mor08, Fre12] (crystal blocking and K x ray-

fission fragment coincidence). Nuclear techniques infer fission time by measuring fission 

fragment angular distributions, prefission neutron multiplicities and GDR -ray yields that come 

from the fissioning nucleus, whereas atomic techniques measure the survival time of the 

atom/ion containing the fissioning nucleus. Normally, one would expect that the survival time of 

the atom/ion containing the fissioning nucleus would be the same as the fission time inferred by 
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the nuclear techniques, as the atomic structure of the parent atom cannot survive and emit 

characteristic K x-ray photons after its nucleus fissions. However, it was found that the atomic 

techniques directly measuring the survival time of the atom/ion containing the fissioning nucleus 

gave several orders of magnitude longer lifetime (10
-18

 sec) compared to the fission time 

inferred from the nuclear techniques (10
-20

 sec). It was argued by some authors [Gon02, Jac09] 

that the atomic clocks (such as x-ray clock) have a longer range of measurement and are 

sensitive only to the long time component of  the fission time distribution, whereas nuclear 

clocks (neutron clock, GDR clock) have a much shorter range and measure only the short time 

component. However, this argument still cannot resolve the central issue as to why both the 

techniques have found dominant fission contributions (>50%) in their respective time range. This 

implies that the results cannot be understood by the sensitivity argument and indicates a much 

deeper problem. Moreover, long fission time (10
-18

 sec) of highly excited Z=120 nucleus 

produced by 
238

U+
64

Ni reaction was measured recently by atomic techniques and claimed 

[Mor08, Fre12] as a signature for the formation of superheavy Z=120 nucleus, although nuclear 

techniques [Hin92, Tok85, Hof08] could not find any support for the claim. Hence, it is clear that 

further measurements of fission times of highly excited fissile nuclei by more direct means are 

required to clarify the situation. 

 

In earlier K x-ray-fission fragment coincidence experiments[Fre12, Mol93,Wil04], long fission 

times (10
-18

 sec) were so far obtained from the measured K x-ray multiplicity per fission and 

the estimated probability of creation of K orbital vacancies in the element produced by the fusion 

process. In these experiments, fissioning compound nuclei were produced in high energy heavy 

ion collisions and very broad (FWHM 25 keV) characteristic K x-ray lines were seen in 
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coincidence with the fission fragments because of the contributions from different elements with 

similar Z values due to the incomplete fusion process and /or electronic configuration mixing. 

So, it has not been possible so far to obtain direct evidence for long fission time from the 

intrinsic width of the observed K x-ray peak. However, the intrinsic width of the K x-ray lines 

from the atom/ion containing the fissioning nucleus is a direct and nuclear model independent 

measure [Anh85] of the fission time of the corresponding nucleus. Such information could 

provide a new way of looking at the fissioning nuclei.  

 

Thus, in the present thesis, we have explored this dimension by performing K x-ray-fission 

fragment coincidence experiments on highly excited 
242

Pu nucleus formed by bombarding 60 

MeV alpha particles on 
238

U target. Since 
4
He+

238
U reaction at Ec.m. = 59 MeV should undergo 

complete fusion, only plutonium should be produced and we expect to see characteristic K x-ray 

line of plutonium in coincidence with the fission fragments. If the fission time of the highly 

excited plutonium nucleus is on the order of 10
-18

 sec i.e. comparable to the K vacancy lifetime 

of plutonium atom, the atom should be long-lived and narrow characteristics K x-ray lines is 

expected. The fission time could be extracted [Anh85] from the intrinsic width of such K x-ray 

lines. In this thesis work, we have done such an experiment and compared the fission time 

obtained by this method with the earlier results obtained by the atomic and nuclear techniques.    

Moreover, given the high priority for the search for superheavy elements, we have done a critical 

analysis of the existing nuclear and atomic data related to the fission time of highly excited 

Z=120 nuclei and other transuranium nuclei/complexes to investigate whether any plausible 

fission time distribution could reconcile the apparent discrepancy. We have also studied whether 

the discrepancy might require a new idea based on quantum decoherence. 
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Since the nuclear binding energies would play a crucial role to understand the structure of 

superheavy nuclei, the precision mass measurement of superheavy nuclei in Penning trap would 

be an important tool in this research. Recently, different groups at various accelerator facilities 

[Blo10, Ram12] are involved in the mass measurement of SHE (SuperHeavy Elements) with 

Penning trap mass spectrometers. Although such measurements are beyond the scope of this 

thesis work, developmental work related to a cryogenic Penning trap facility at VECC has been 

presented here. In the future, it would be possible to undertake such high precision mass 

measurements of superheavy elements at VECC using the upcoming radioactive ion beam 

facility. 
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1.2 Outline 

 
The  thesis has been structured in the following manner. In chapter 2, we have described various 

fission time measurement techniques. The theoretical idea behind the extraction of fission 

lifetime from the intrinsic width of the characteristics K x-ray of the compound atom/ion 

containing the fissioning nucleus has been discussed in this chapter. In chapter 3, the 

experimental setup to perform K x-ray-fission fragment coincidence experiments on highly 

excited 
242

Pu nucleus has been presented. The results of the experiment has been compared with 

the fission lifetime measured by the pre-scission neutron multiplicity technique and the 

incompatibility among the measurements has been established. In chapter 4, the fission time 

anomaly among different measurement techniques has been further surveyed for the case of 

superheavy Z=120 nuclei and various other highly excited uranium/ transuranium fissioning 

nuclei/complexes. In chapter 5, we have explored whether quantum decoherence could provide 

probable answer to this apparent fission time measurement anomaly. In chapter 6, we have 

elaborated about various developmental progress and initial commissioning results of cryogenic 

Penning trap at low magnetic field and liquid nitrogen temperature. Finally in chapter 7, 

conclusion and future perspective of the present thesis has been discussed. 
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Chapter 2 

 

Overview of fission time measurement 

techniques  

 
In this chapter, various experimental techniques for measuring fission lifetime would be 

discussed. These techniques could be broadly classified into nuclear and atomic techniques. We 

shall discuss about the working principle and sensitivity of  various nuclear techniques such as  

prefission neutron multiplicity technique and mass angle distribution technique as well as various  

atomic techniques such as crystal blocking technique and K x-ray-fission fragment coincidence 

technique.  

 

2.1 Nuclear techniques 

 

2.1.1 Prefission neutron multiplicity 

 
When a neutron-rich compound nucleus is formed at a high excitation energy in a nuclear 

reaction, significant number of neutrons are usually evaporated from the hot nucleus before it 

undergoes fission. These neutrons are called prefission neutrons. It is possible to deduce fission 

time of the compound nucleus by measuring prefission neutrons per fission event i.e. prefission 

multiplicity. So, in prefission neutron multiplicity experiments, the fission fragments are 

measured in coincidence with all the neutrons evaporated both before fission and from the fission 

fragments produced after fission [Kra04]. Since the prefission neutrons emitted from the 
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compound nucleus and postfission neutrons emitted from the fission fragments would have 

considerably different angular distributions in the laboratory frame, they could be separated out 

by a multi-source fit of the angular distribution of the detected neutrons. So, both the prefission 

and postfission neutron multiplicities could be identified in this way. A statistical model code, 

such as JOANNE2 [Les93] or JULIAN [Ross89], is used to determine the fission time 

corresponding to the average prefission neutron multiplicity ( pre ). In this code, fission width is 

totally suppressed for a given time and particle evaporation is allowed from the compound 

nucleus. The delay time corresponding to the measured prefission neutron multiplicity gives the 

average fission time of excited nuclei. Thus the average fission time   is 

                                                             jj

j

j
W 






1
                                                        (2.1)   

where j  is the neutron emission time at step j and jW is the appropriate weighting factor. These 

weighting factors are determined from the measured pre . The characteristic time  j  is related to 

the decay width (j) of neutron at the corresponding excitation energy.

                                                         

           
j

j




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                                                                    (2.2)

 

The partial decay width ( i ) of particle i [Ross89] is given as 
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where i , is and l are the kinetic energy, spin and orbital angular momentum respectively of the 

particle i emitted from the initial compound nucleus with an excitation energy of *E and angular 
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momentum I. iB is the binding energy of the emitted particle. ρ and lT
 
represent spin dependent 

level density and transmission coefficient respectively. Both the fission probabilities and neutron 

emission probabilities are determined at different excitation energies. A Monte Carlo code is 

used to calculate prefission neutron multiplicity corresponding to a specific fission delay. A 

typical example of this technique is the work of Hinde et. al. [Hin92], where prefission neutron 

multiplicities for 27 fussion-fission and quassifission reactions were measured in the excitation 

energy range from 80 to 245 MeV.  

 

The pre-fission neutron multiplicity clock is a non-linear high precision clock with a relatively 

short range. Pre-fission neutron multiplicity ( pre ) saturates at a value sat  depending on the 

excitation energy of the compound nucleus. If pre  is close to its saturation value ( sat ), the 

technique loses its precision, because longer fission timescales do not yield significantly higher 

values of neutron multiplicity. Let us define a fission time max , so that for max  , satpre   . 

Hence, the measured prefission neutron multiplicity could be approximately written as [Sik16]: 

 

                                       




dfdf satprepre 




max

max

)()()(][
0

exp                                    (2.4)   

 

As a representative example, we have calculated pre-fission neutron multiplicities for the 

238
U+

64
Ni reaction at Ex(

238
U)Lab = 6.6 MeV/A using the code JOANNE2 [Les93] with similar 

statistical model parameters as used by Hinde et al. [Hin92]. The onset of fission was delayed 

and the amount of delay was an input parameter while running the code. The number of 

prefission neutrons increases with fission delay. Thus, the measured prefission neutron 
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multiplicity is a measure of the fission time. In Fig. 2.1, we present our calculations of pre using 

the code JOANNE2 [Les93] for various fission lifetimes of the composite nucleus. Following 

Hinde et al. [Hin92], the effective excitation energy of the saddle to scission emitter has been 

increased to account for the high mean kinetic energy of the pre-fission neutron spectrum.  

 

Fig. 2.1 shows pre
 
as a function of fission time indicating the saturation of pre  at a value sat

7.7 for fission time 510
-19

 sec.  It is clear from Fig. 2.1 that pre  measurements cannot 

distinguish among fission lifetimes longer than 510
-19

 sec for this system. However, the 

technique can certainly tell us without any ambiguity whether the fission time is on the order of 

10
-21

 sec or greater than 10
-18 

sec.  

 

 
 

 

 Fig. 2.1: Fission lifetime versus pre-fission neutron multiplicity ( pre ) for 
238

U+
64

Ni reaction at 

E(
238

U)Lab=6.6 MeV/A as obtained from JOANNE2 code calculations [Sik16]. 
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2.1.2 Mass Angle Distribution (MAD) technique 

 
When the projectile hits the heavy target nucleus, they form a dinuclear system which rotates and 

exchange masses between themselves. For quasifission events,  it is found that on average, mass 

flow occurs from the heavy to the light partner and mass symmetry being approached 

asymptotically with an expected [Tok85] time dependence ))/exp(1( t , where   is the mass-

equilibration time constant. If the scission occurs soon after the initial contact, projectile nucleus 

is ejected at a backward angle with the corresponding target like nucleus in the forward angle. 

An increase of lifetime results in larger rotation and more mass exchange. In the case of a very 

long lifetime, as the system rotates more than one revolution, the correlation between the mass-

ratio RM  and the fragment emission angle is lost resulting in almost symmetric mass split 

[Rie11]. In this technique, the emitted fission fragments are detected in coincidence with each 

other. The fragment velocities are determined by obtaining the position information of the fission 

fragments, together with either the measured time-of-flight [Hin96] or the time difference 

between two coincident fission fragments [Tho08]. Correcting for energy loss in the target, the 

mass ratio RM  of fragment mass to CN mass is plotted with the center-of-mass scattering angle 

cm , and thus the mass-angle distribution (MAD) is obtained. The relationship between MAD 

data and the scission lifetime is extracted by performing a Monte-Carlo simulation where quasi-

fission sticking time is parameterized by half Gaussian followed by an exponential decay. This 

exponential decay time gives the scission time of the dinuclear complex. A representative 

example of this technique is the work of R. du Rietz et al. [Rie11] who performed measurements 

of mass-angle distributions (MAD) for reactions of 
34

S (149-189 MeV) , 
48

Ti (220-260 MeV), 
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and 
58

Ni (310-341 MeV) with 
184,186

W target and measured fission lifetime ~ 10
-21

 sec for the 

dinuclear system. 

 

The lack of reflection symmetry in the angular distribution of fission fragments is observable 

when the fission time is less than or comparable to the time taken by the composite system to 

complete one rotation. Since typically the fissioning nucleus takes time (10
-20

 sec) to complete 

one rotation, this method is sensitive to the timescale of 10
-21

 sec. If the fission timescale is much 

longer than 10
-20 

sec, the composite system undergoes many rotations before fission resulting in 

essentially symmetric angular distribution of the fission fragments, implying fission time > 10
-20

 

sec. The differential cross-section (
..mcd

d




) versus ..mc  

plot generally shows a peak-like structure 

at a small angle p  and then drops following a function that could be approximated by a 

decaying exponential function [Sch84, Rie11]. Let L be the orbital angular momentum, I the 

moment of inertia of a dinuclear system and )(f  is the normalized fission time distribution. 

Then the differential cross-section at an angle ..mc  [Sik16] in the center of mass frame for 

pmc  ..  could be written as 

 

                   

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fK mc          (2.5) 

 

where K is a normalization constant and for ( max  ; max 10
-20

 sec) angular distribution could 

be considered isotropic.  
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2.2 Atomic techniques 

 

2.2.1 Crystal blocking technique 

 
In this technique, the projectile ions strike a single crystal serving as a target. Nuclear reaction 

occurs with one of the nuclei of the atoms of the crystal and fission takes place. In a crystal 

lattice, the atoms are arranged in a regular pattern. The atom that is struck by the projectile ion 

starts moving and it undergoes fission while moving. If the fission time is very short, the atom 

would hardly move from its initial position and the fission fragments would be blocked by the 

neighboring atoms and would not be able to come out. On the other hand, if the fission is on the 

order of 10
-18

 sec, the atom of the lattice would move sufficient distance so that fission would 

occur in the interstitial space and the fission fragments would come out from the lattice site and 

could be detected by the detectors. So, the angular distribution of the fission fragments coming 

out from the lattice carry a characteristic signature  of the fission time. The angular distribution 

of fission fragments exhibits dips (blocking) in the direction of crystal axes and planes. Due to 

the repulsive coulomb potential of atomic planes or rows experienced all along the fission 

fragment trajectories, these dips are formed and hence these are more pronounced when the 

scissions occur at small distances (in the interstitial space) from a row or plane of crystal atoms 

[Gol99]. However, this technique has no sensitivity for the part of fission time distributions 

corresponding to times longer than the one needed by the fissioning nucleus to reach a 

neighboring string or plane at a distance of a few Å. It is also insensitive to scissions occurring at 

times shorter than the one needed by the fissioning nucleus to move away from the thermal 
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vibration region of the crystal atoms. So, these technique measure average fission time between 

these two limits and hence sensitive to longer fission time in the range 10
-18

 sec to 10
-16

 sec. 

Andersen et al. [And08] used this technique to study reactions like 
74

Ge+W at E(
74

Ge)Lab=390 

MeV, 
58

Ni+W at E(
58

Ni)Lab=330-375 MeV, 
48

Ti+W at E(
48

Ti)Lab=240-255 MeV  and observed 

that all the detected fragments (100%) came from slow processes having long fission times (10
-

18
 sec). 

 

2.2.2 K x-ray fission fragment coincidence technique 

 
In nuclear collisions, highly excited transuranium nuclei and complexes are produced and they 

have large probabilities of undergoing fission. In these collisions, usually both the projectile and 

target nuclei have electrons in atomic orbitals. Vacancies in the atomic orbitals are created when 

a projectile ion collides with a target atom to produce a compound ion with a fused compound 

nucleus. The characteristic photons are emitted from the orbitals of the compound ions due to 

filling up of the vacancies. In this technique, the fission time of the compound nucleus is clocked 

by the vacancy fill up time of K orbital. The fission lifetime could be determined either from the 

compound element K x-ray multiplicity per fission event or from the width of the corresponding 

K x-ray lines measured in coincidence with the fission fragments. 

The number of K x-ray photons ( kN ) obtained depends on  

                                                         t

CN
k etN

dt

dN   )(
                                                           (2.6) 
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where   is the K shell hole decay rate and )(tNCN is the number of compound nucleus that 

survives fission at time t. Let )(f  be the normalized fission time distribution, then )(tNCN is 

given as 

                                                        



defPNtN
t

kfCN







0

)()(
                                              (2.7) 

where fN
 
is the number of compound nuclei produced initially and kP

 
is the K shell ionization 

probability [Sik16].. Thus, 
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                      (2.8) 

So, assuming that all the compound nuclei undergo fission with an average fission time ( ), we 

obtain [Kra04] the following relation 

                                                                







1fk

k

NP

N
                                                           (2.9) 

In atomic collisions, there are mainly three possible mechanisms for K orbital ionization: 

 

a) Direct Ionization - When the projectile ion passes through the heavy target, it knocks off 

orbital electrons by electromagnetic interactions and creates inner shell vacancies in the target 

atoms [Kra04]. K shell ionization probability for ion induced reaction has been studied 

thoroughly both in theory and experiment. There are basically two distinct approximations in 

theoretical predictions namely United Atom (UA) approximation and Separated Atom (SA) 

approximation. In UA approximation, it is assumed that when the projectile nucleus penetrates 

the inner electronic shell, these shells readjust themselves in response to the increased binding 

energy of the combined target ( TZ ) and projectile ( PZ ) nuclear charge. Whereas in SA 
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approximation, it is assumed that projectile moves too fast to effect such change. In order to 

select the appropriate approximation, the most relevant velocity is the velocity of projectile 

nucleus relative to the K shell electron velocity. This is characterized by reduced velocity K  

given as 

                                                                  
K

p

K
v

v




2
                                                              (2.10) 

 where pv  is the projectile velocity and Kv  is the velocity of K-shell orbital electron. 

RZ

E

eff

B

2)3.0( 
  is the screening parameter taking care of non-hydrogenic character of K-shell 

ionization energy with BE  is the K shell binding energy, effZ is the effective atomic number of 

the target nucleus and R=13.6 eV is the Rydberg constant. In UA approximation, Kv  and   are 

calculated with effZ = TZ + PZ  [Tra80] and in SA approximation, effZ = TZ is considered. The plot 

of various light ion induced reaction data as shown in Fig. 2.2 has been obtained from ref. 

[Kra01]. Fig. 2.2 shows how ( 2

p

k

Z

P
) varies with the corresponding reduced velocity ( K ), 

where PK is the probability of creation of K orbital vacancies in the target atom. 

 

b) Internal Conversion - When the excited nucleus interacts electromagnetically with one of the 

orbital electrons, it comes to its lower energy states with the ejection of the electrons. This 

process results in the creation of inner shell vacancies. However, this process takes relatively 

long time ~ 10
-15

 sec associated with γ-ray de-excitation time of the residual nucleus in 

comparison to the long-lived component of fission time (~10
-18

 sec). Thus, internal conversion 
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processes does not come into consideration of the K orbital ionization probability ( kP ) of the 

compound element required to extract fission lifetime. 

 

 

Fig. 2.2: The K-shell ionization probability normalized to the square of the atomic number of 

projectile with the reduced velocity for various target-projectile combinations. For details, 

please see [Kra01]. 

 

c) Shake-off Ionization - When the projectile nucleus comes within the nuclear interaction 

range of target nucleus, it fuses immediately to form compound nucleus. Due to this sudden 

change in the nuclear charge, electrons from various orbitals are ejected leading to inner shell 

vacancies. Shake-off ionization is treated in sudden approximation [Tho68] and has been 

investigated thoroughly for the beta decay process. The shake-off ionization probability is 

obtained in terms of square of the overlap integrals of initial atomic wavefunction and final 

wavefunction obtained as a result of sudden change in central potential. The shake-off 
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probability of an electron coming out of an orbital designated by n, l , j where n and l are the 

principal and angular momentum quantum number and j= 
2

1
l , is given as [Tho68] 

                                        F
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where )(znlj and )1( znlj are the single-electron wavefunctions for the initial and final states 

of a given orbital. FP are the contributions to filled states (for n=1 to x) which is 
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where nn  and N is the number of electrons in the n , l , j shell. 

Usually for heavy ion induced reaction, direct ionization is the dominant phenomenon and the 

contribution of shake-off ionization is negligible. But, in case of light ion induced reaction, the 

contribution of  shake-off ionization to the total K shell ionization probability of the compound 

element could be important compared to the direct ionization of the target atom. 

 

So, in this technique, the determination of fission time of the compound nucleus from the 

fluorescence yield of characteristic K x-ray line requires the knowledge of the ionization 

probability (PK) of the K orbital of the compound element as expressed in (eqn. 2.9). In this 

method, the lifetime of K orbital vacancy is used as a clock to determine fission time of the 

compound nucleus and the method is sensitive for measuring fission time from 10
-18

 sec to 10
-16

 

sec. 

 

However, without any information of K orbital ionization probability ( kP ), it is still possible to 

determine the fission lifetime of the compound nucleus from the width of the K x-ray line of the 



18 

 

compound element produced by the fusion process. In his review work [Anh85], Anholt showed 

from the molecular orbital calculations how the atomic K x-ray line shape would change with the 

fission time of the corresponding atomic nucleus. In Fig. 2.3, we show the dependence of the 

width of K x-ray peak on the fission lifetime calculated for Uranium atom which is obtained 

from  ref. [Kra04].  

 

Fig. 2.3: Variation of the shapes of  K x-ray spectra calculated for different compound nucleus 

(U) lifetime obtained from ref. [Kra04]. 

 

The results of the calculations can be obtained from the quantum energy-time uncertainty 

principle [Anh85]. If an atom contains a fissioning nucleus and it has a K orbital vacancy, then 

the survival time of the atom would depend on the fission time of the nucleus. Hence, the 

lifetime of the K orbital vacancy would also depend on the fission time of the nucleus. Following 

ref. [Anh85], the width of the K x-ray line E can be related to the fission time  by the relation  

                                                                      E                                                              (2.11) 
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Thus, the fission lifetime can be deduced from the observed width of the characteristic K x-ray 

lines (provided that it has approximately Gaussian shape) of the atom containing a fissioning 

nucleus by appropriately subtracting out both the detector resolution and the intrinsic width of 

the K x-ray line of the corresponding compound element. So in this technique, the intrinsic width 

of K x-ray line acts as a clock for measuring fission time and it would generally be sensitive to 

the fission time is >10
-18

 sec. However, the advantage of this method is that one only needs to 

know the intrinsic width of K x-ray lines for determining fission time and no other input 

parameter is required.  

 

In summary, the nuclear clocks are more sensitive and measure time with better precision 

compared to the atomic clocks. However, they have a relatively short range and saturate earlier 

compared to the atomic clocks. Atomic clocks (x-ray, crystal blocking) are less precise, but can 

measure longer fission times in the range of 10
-18

 sec to 10
-16

 sec. Short fission times from 10
-21

 

sec to 10
-18

 sec do not produce any observable characteristic x-ray peak and blocking ratios 

remain below the thermal vibration limit. Hence, atomic clocks put fission times from 10
-21

 sec 

to 10
-18

 sec in a single time bin designated as less than 10
-18

 sec. So, atomic clocks cannot 

distinguish between fission times on the order of 10
-21

 sec from fission times on the order of 10
-19

 

sec, but can certainly distinguish unambiguously between short fission times on the order of 10
-21

 

sec and long fission times on the order of 10
-18

 sec. Similarly, nuclear clock cannot differentiate 

between time on the order of 10
-19

 sec to 10
-17

 sec but can clearly distinguish short fission times 

(~10
-21

 sec) and long fission times (~10
-18

 sec). 
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Chapter 3 

 

Experiment 
 
3.1 Introduction 

 
Atomic techniques used to measure fission lifetimes are relatively new and only three published 

measurements [Fre12, Mol93, Wil04] of fission time by K x-ray fission fragment coincidence 

technique exist. All those K x-ray experiments used the measured K x-ray fluorescence yields 

and the estimated probabilities of production of K vacancy to determine fission time. Although, 

the intrinsic width of K x-ray line of the atom containing fissioning nucleus is a direct measure 

of the fission time as explained in section 2.2 [Anh85], none of the previous experiments 

succeeded in observing a narrow K x-ray peak (comparable to the detector resolution) from the 

fused element and could not extract any information from the intrinsic width of K x-ray lines. It 

would be important to demonstrate long fission time of highly excited fissile nuclei by 

combining information from both the K x-ray yield and intrinsic width of the x-ray line. So far, 

long fission times of highly excited uranium-like and transuranium nuclei were measured by 

producing such nuclei in high energy heavy ion collisions [Fre12, Mol93]. As a result of 

production of many compound nuclei with similar Z values and/or due to the electronic 

configuration mixing in heavy ion reactions, very broad (FWHM 25 keV) characteristic K x-ray 

lines from the compound atom/ion (containing fissioning nuclei) were seen in coincidence with 

the fission fragments [Fre12, Mol93]. Alpha and proton induced fusion reactions could produce a 

single fissioning compound nucleus with little electronic configuration mixing, however they 

have much smaller probability of creating K shell vacancies of the compound atom and so there 
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has been no attempt to see characteristic K x-ray from such reactions in fission reactions. To 

explore this dimension, 
242

Pu (EX ≈55 MeV) has been produced by bombarding a 
238

U target 

with a 
4
He beam at E(

4
He)Lab =60 MeV from the Variable Energy Cyclotron Centre, Kolkata and 

K x-ray fission fragment coincidence experiment has been performed using a very close 

geometry. Solar cell detectors were used to detect the fission fragments and a four-segmented 

LEPS detector was used to measure the photon spectrum. In this chapter, we have described 

about the various detectors used in the experiment, details of the electronic setup and the 

outcome of the experiment. The results have been compared with the fission lifetime measured 

by the pre-scission neutron multiplicity technique. It was found that the results obtained from the 

atomic and nuclear techniques are apparently incompatible. 

 

3.2 Solar cell detector 

 
Two solar cell detectors of dimensions 2.5 cm x 1.25 cm were electrically connected to give a 

single output and were used to detect fission fragments. A photograph of the solar cell detector 

mounted on PCB plate as used in the experiment is given in Fig. 3.1.  

 

 

Fig. 3.1: Photograph of two fission detectors electrically connected placed in front of 
238

U target. 
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In our experimental setup, the solar cell detectors were placed at an average distance of 2 cm 

from the target. The angular coverage was from 120° to 150° with the beam direction in the 

horizontal plane. The bare resistances of the solar cells with ambient light were 5.7 kΩ and 1.3 

kΩ respectively. In a solar cell detector, alpha particles and fission fragments lose very little 

energy in the small depletion layer that is on the order of a few micrometers. However, fission 

fragments produce an almost full energy response due to "funneling" mechanism [Aji91].  

 

 

Fig. 3.2: Pulse height spectrum obtained with solar cell detectors for 
252

Cf source . 

 

The high density of ionization produced along the fragment track locally alter the depletion 

region into a funnel shape enclosing the track which enables the collection of almost the full 

ionization charge produced by the fragments before the normal shape of depletion depth is 

restored. The funneling effect depends strongly on the dxdE / profile. So for light particles, this 

effect is relatively very small which brings down the alpha response into the detector noise level 
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and gives very efficient pile-up suppression factor in the fission region. The performance of the 

detectors was tested several times before the experiment. An Ortec 142A charge sensitive 

preamplifier was used with our solar cell detector. A nice double humped fission spectrum with a 

standard 
252

Cf source was obtained as shown in Fig. 3.2.  

 

3.3 LEPS detector 

 
A high purity planar Germinium Low Energy Photon Spectrometer (LEPS) detector (Model 

DSG PGP 4seg80-7 Planar: p-type) was used to detect low energy -rays and x-rays. The 

detector had four segments mounted in a single cryostat and operated at liquid nitrogen 

temperature. The active area was 4 x 80 mm
2
. To maximize the efficiency to detect low energy 

photons, a thin Be Window (thickness= 0.127 mm) was used which maintained a high vacuum 

inside the detector required for maintaining crystal purity. Due to high crystal quality of the 

detector, it required very low reverse bias of only -300 V for operation. This single bias voltage 

was distributed internally among four segments of the detector [Mou15]. This detector was 

placed at a distance of 10.7 cm from the target at a polar angle of 90 with the beam direction 

with each segment subtending a solid angle of about 7 msr. The target vacuum chamber in front 

of the detector was made up of 2 mm thick aluminium material. This greatly reduced 20 keV 

uranium L x-rays reaching the LEPS detector. The energy spectra of the four crystals were 

calibrated individually using various radioactive sources like 
133

Ba, 
152

Eu and 
241

Am. The 

energies of x-ray and γ-ray from various sources that were used for calibration are listed in Table 

3.1. 
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Table 3.1: List of photon energies of various radioactive sources used for energy calibration of 

LEPS detector. 

 

Source  Energy (keV) Intensity (%) 

[NuDat] 

241
Am 13.9 37 

133
Ba 30.9 96.1 

152
Eu 39.9 58.7 

241
Am 59.54 35.9 

133
Ba 80.99 32.9 

152
Eu 121.78 28.53 

152
Eu 244.69 7.55 

133
Ba 356 62.05 

 

 

The gain of each crystal of LEPS detector was adjusted to focus in the region of K x-ray energies 

of plutonium and uranium atom. The relative efficiency curve for each of the LEPS crystals was 

obtained by placing various radioactive sources at the target position. Such a curve for one of the 

crystals is shown in Fig. 3.3. The average absolute efficiency of the detector was obtained as 1.1 

x 10
-4

 at 121.78 keV with a calibrated 
152

Eu source placed at the target position. The energy 

resolution of LEPS detector as obtained from offline measurement was FWHM = 0.9 keV at 

121.78 keV. 
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Fig. 3.3: Relative efficiency curve of one of the crystals with various sources placed at target 

position. 

 

3.4 Electronics and data acquisition 

 
The scheme of the complete electronic set-up is shown in Fig. 3.4. The signal from the solar cell 

detector was first pre-amplified using ORTEC 142A preamplifier. The signal from the output of 

the preamplifier was split into two parts. One part was sent through a shaping amplifier (ORTEC 

572) with a shaping time of 3 μs and then sent to a peak sensing ADC to obtain the energy of the 

fission fragment. The other part of the signal was passed through a Canberra 2111 Timing Filter 

Amplifier (TFA) to generate a fast signal (with integration time of 500 ns) and sent to a Canberra 

2037A Single Channel Analyzer (SCA) to generate a logic signal with an appropriate delay. This 

logic signal was sent to the stop channel of ORTEC 567 Time to Amplitude Converter (TAC). 
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Fig. 3.4: The complete electronic scheme of the experimental set-up. 

 

The four signals from DSG LEPS detector were pre-amplified internally and were fed to a 

Mesytec MSCF-16 unit. This unit served two purposes i) properly shaped the four energy signals 

of the LEPS output which was further sent to the data acquisition system and ii) gave fast timing 

output which was OR of the timing output of all the four channels. This output was delayed 

using LeyCroy 222 Gate and Delay Generator (GDG). The logic signal obtained from the GDG 

was split into two parts. One part went to trigger the Start channel of the TAC. The output of the 

TAC was sent to data acquisition system. The other part of the signal was sent to a similar GDG 

to generate the master gate of 10 μs wide required to trigger the data acquisition system. The 

delays in the timing signal in both the solar cell side and the LEPS detector side were adjusted 

properly to obtain the TAC output signal at the centre of the master gate. The data were digitized 

with a MDC-32 Analog to Digital Converter and acquired using VME 64 crate with CAEN 

V2718 controller. 
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3.5 Selection of beam and target 

 
To observe narrow K x-ray peak of the compound element, it is required to produce a single 

compound nucleus (by complete fusion) with little electronic configuration mixing. Hence, 
4
He 

or proton beam should be used. The K-shell ionization probability scales as the square of the 

atomic number of the projectile ( 2

pZ ) and linearly with the velocity of the projectile. So, alpha 

particle is selected over proton. In the case of fusion reaction with alpha particles, complete 

fusion is expected because of the very high binding energy of the alpha particle. A 60 MeV alpha 

beam (with average beam current = 2 pnA) from the Variable Energy Cyclotron, Kolkata, India 

was used to bombard a natural uranium-oxide film ( 2.5 mg/cm
2
 thick) electrodeposited on a 1 

micron thick aluminum foil. The target thickness was selected judiciously to obtain a high 

coincident rate and minimize the energy loss of the fragment in the target (average energy loss of 

the fragments in the target was around 19 MeV). The target was placed at 45° with the beam axis 

to maximize the number of fission fragments reaching the solar cell detector. 

 

3.6 TAC spectrum 

 
As discussed in section 3.4, the TAC spectrum has been generated by taking start trigger from 

the LEPS detector and stop signal from the solar cell detector. The different parameters of the 

electronic setup shown in Fig. 3.4 have been optimized to obtain TAC peak with a minimum 

width. The minimum FWHM of the TAC peak was obtained as 250 ns in offline testing with
 

252
Cf source for the parameters mentioned in section 3.4. However, the FWHM of the TAC peak 

deteriorated to 683 ns in online experiment of 60 MeV 
4
He + 

238
U. The TAC peak obtained is 

shown in Fig. 3.5. 
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Fig 3.5: The TAC spectrum between LEPS detector and solar cell detector for the reaction of 60 

MeV 
4
He + 

238
U. The blue shaded area indicates the random coincident events under the TAC 

peak. 

 

In Fig. 3.5, the events within the TAC peak should contain both the true coincident events and 

random coincident events. The blue shaded region under the TAC peak should contain the 

randomly coincident events that occur stochastically with the true coincidence events.  

 

The inclusive spectrum of the solar cell detector for the reaction of 60 MeV 
4
He + 

238
U reduced 

by a factor of 500 of its initial value to fit the scale is shown in blue color in Fig. 3.6. The prompt 

gated fission fragment spectrum shown in red color in Fig. 3.6 is extracted from the inclusive 

spectrum of solar cell detector by gating on a 2.5 μs time window around the coincidence peak as 

shown in Fig 3.5. The extracted fission fragment spectrum is symmetric with a slight tailing in 
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high energy side as expected theoretically [Pal08]. A high noise peak is seen in the inclusive 

spectrum (blue curve of Fig. 3.6) of solar cell detectors at a very low energy side but its complete 

absence in prompt gated fission spectra (red curve of Fig. 3.6) clearly shows the efficient 

performance of the coincidence time window. 

 

 

Fig. 3.6: Inclusive fission spectrum reduced by a factor of 500 to fit the scale is shown in blue 

color and prompt gated fission spectra is shown in red color for the reaction of 60 MeV 
4
He + 

238
U. 

 

3.7 Analysis of low energy photon spectra 

 
i) Singles LEPS spectrum 

 

The inclusive spectrum for the reaction of 60 MeV 
4
He + 

238
U as recorded by LEPS detector is 

shown in Fig. 3.7. This spectrum is the sum of the individual spectrum of the four crystals after 
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proper gain matching. Uranium Kα1 (98.4 keV), Kα2 (94.6 keV), Kβ1 (111.2 keV), Kβ2 (114.4 

keV) and Kβ3 lines (110.4 keV) coming from the excitation of the uranium atom by the 
4
He 

particles are clearly seen in Fig. 3.7. 

 

Fig. 3.7: Singles photon spectrum resulting from the reaction of 60 MeV 
4
He + 

238
U. 

 

We see a broad hump from 100.5 keV to 105.3 keV. This hump could contain Plutonium K1 x-

ray line (103.75 keV), uranium Coulomb excitation line (103.5 keV) [War96], -ray lines (102.8 

keV) from plutonium isotopes [Ahm83] etc. The highly excited (EX ≈ 55 MeV) 
242

Pu nucleus 

produced by the fusion of 
4
He+

238
U at Ec.m. = 59 MeV undergoes de-excitation by sequential 

emissions of neutrons followed by a cascade of electromagnetic transitions leading to the 

production of K orbital vacancies by internal conversion process [Dec73] and subsequent 

emission of K x-rays (103.75 keV). However, these -rays and x-rays should not be present in 

coincidence with the fission fragments. The plutonium ion produced by the fusion of 
4
He+

238
U 
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has a small probability of having K orbital vacancies and there should be a small yield of K x-

rays from the plutonium ion containing highly excited plutonium nucleus, if the fission time is 

comparable to the lifetime (610
-18

 sec) of the plutonium K vacancy.  

 

 

Fig. 3.8: (Upper panel) Prompt gated photon spectra obtained by gating on a 2.5 μs time window 

around  the coincidence peak seen in the time spectrum between LEPS detector and solar cell 

(Fig. 3.5). Red curve shows the background. Background subtracted prompt spectrum is shown 

in the bottom panel. 
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Only these K x-rays from the plutonium ion should be seen in the coincidence spectrum. We 

have obtained the FWHM of 98.4 keV uranium K x-ray line as = (1 0.01) keV by the Gaussian 

fitting of data points from 96.9 keV to 100.5 keV in Fig. 3.7. Since the intrinsic width of uranium 

K x ray line is about 0.1 keV [Kra79], the resolution of LEPS detector for the online experiment 

has been obtained as =(10.01) keV at 98.4 keV. 

ii) LEPS spectrum in coincidence with the fission fragments  

We now discuss about the TAC gated LEPS detector spectrum. In Fig. 3.8, we show LEPS 

spectrum obtained by gating on a 2.5 μs time window around the coincidence peak shown in Fig. 

3.5. The red curve shows the background in Fig. 3.8. In the bottom panel of Fig. 3.8, we show 

the background subtracted prompt spectrum where all the uranium K x-ray lines as observed in 

singles spectrum (Fig. 3.7) are seen.  

 

Fig. 3.9: Random gated photon spectra obtained by gating on flat region on both sides of the 

TAC spectrum. 
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Since the cyclotron beam bursts were 10 ns wide and separated by about 110 ns and our master 

gate was 10 μs wide, the prompt spectrum includes random coincidence events. The photon 

spectrum in random coincidence as shown in Fig. 3.9 was extracted from the inclusive spectrum 

(Fig. 3.7) by gating on both sides of the prompt peak in the time spectrum (after suitable 

normalization) to make the number of randomly gated events same as the prompt gated events as 

shown by the blue shaded area under the TAC peak in Fig. 3.5. In the random coincidence 

spectrum (Fig. 3.9), we see all the uranium K x rays lines as expected. 

 

The random gated spectrum was subtracted out from the prompt spectrum channel by channel 

and the resulting photon spectrum in true coincidence with the fission fragments along with a red 

background curve is shown in Fig. 3.10 (upper panel). In the random corrected true coincidence 

spectrum (Fig. 3.10) small peaks are seen to ride on a large background. We have performed best 

possible fits of the data points with linear backgrounds and find that the data points around 103 

keV and 98.4 keV can be best fitted (typical reduced 
2
1) by narrow (FWHM =1 keV) 

Gaussian peaks (magenta color curves) with linear backgrounds (black lines). The fitting of the 

data points from 100.5 keV to 105.3 keV with a Gaussian peak (FWHM=1 keV) and a linear 

background gives a nice fit (reduced 
2
=0.9) and the peak is defined with >99% confidence level 

(ratio of Gaussian peak area to its statistical error 4). On the other hand, if those data points are 

fitted with a broad Gaussian peak (FWHM = 3 keV), the peak becomes statistically poorly 

defined (ratio of peak area to its statistical error 1.8). Hence, clearly a narrow Gaussian peak 

centered at 102.6 keV (FWHM=1 keV) is statistically the best description of the data points in 

the region spanning 100.5 keV to 105.3 keV. So, we have done fittings assuming narrow 

Gaussian peaks (FWHM= 1keV) at 102.6 keV and 98.4 keV with linear backgrounds shown by 
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black lines. Broad double-humped peak structures are seen around 63 keV and 88 keV. 

Considering them as γ-ray lines emitted from fission fragments (more explanation for this 

assumption can be obtained in the next section), they can be best fitted by GEANT3 [Bru86] 

simulated curves obtained by using actual experimental geometry and linear backgrounds (black 

lines). In this way, we have obtained best-fitted linear backgrounds (black lines) under different 

narrow and broad peaks. A smooth curve (solid red curve) has been drawn by joining these black 

straight lines and it has been taken as the best background curve (Fig. 3.10).  We have studied 

the effect of drawing different background curves such as dotted blue and dot-dash green 

background curves obtained by lowering the best-fitted red background curve and it has been 

elaborated vividly in section 3.13. In Fig. 3.10 (bottom panel), we show random coincidence and 

background subtracted photon spectrum. We find that all the uranium K x-ray lines have been 

suppressed by a large factor compared to their intensities in the singles and prompt spectrum as 

seen in Fig. 3.7 & Fig. 3.8 respectively. A peak around 98.4 keV is a relatively intense line in the 

true coincidence spectrum. New peaks such as double-humped broad peaks at 62.3 keV and 88.3 

keV and a narrow peak near 103 keV are seen in the coincidence spectrum.  

 

3.8 Identification of different peaks 

 
In the final coincidence spectrum [Fig. 3.10 (bottom panel)], we have to first distinguish between 

the fission fragment -rays and K x-rays from the plutonium ion. The fission fragment γ-ray line 

would be significantly Doppler broadened and double-humped, because the gamma ray emitting 

fragment could be moving either towards or away from the LEPS detector depending on whether 

the fission detector would record the gamma emitting fragment or its complementary fragment. 
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Fig. 3.10: (Upper panel) Random coincidence corrected photon spectrum with solid red 

background is shown in the upper panel. Solid red background subtracted spectrum along with 

GEANT3 simulated fission fragment -ray peaks (magenta color curves) at 62.3 keV and 88.3 

keV. The peaks at 98.4 keV and around 103 keV are also shown in magenta color. 
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Assuming the emissions of 62.3 keV and 88.3 keV γ-rays from the fission fragments, we have 

performed GEANT3 simulation [Bru86] with the actual experimental geometry and obtained two 

double humped peaks centered around 62.3 keV and 88.3 keV which resemble the experimental 

data as shown in Fig. 3.10 (bottom panel) by the superimposed magenta curves. When gated on 

high energy side of the fission fragment spectrum, 62.3 keV γ-ray went away, implying that the 

gamma ray was coming from a heavy fission fragment. So, we interpret the double humped 

broad peaks seen around 62.3 keV and 88.3 keV as fission fragment -rays. 

 

The narrow peak seen around 103 keV could be the plutonium Kα1 line with its associated Kα2 

line overlapping with the uranium Kα1 line (around 98.4 keV). Alternatively, it could be a fission 

fragment -ray whose lower energy hump is overlapping with the uranium Kα1 line. In order to 

distinguish between these two possibilities, we have first assumed that the peak near 103 keV is 

the higher energy hump of a fission fragment -ray. A GEANT3 simulation [Bru86] of a sharp 

100.8 keV γ-ray line from a fission fragment as seen by our detector setup has been done. The 

simulation produces a high energy hump and a low energy hump that overlap with the plutonium 

Kα1 and uranium Kα1 lines respectively. The GEANT3 simulated curve cannot at all fit the data 

points around 98.4 keV. However, there could be additional uranium Kα1 yield due to the 

imperfect cancellation of the random gated γ-ray photons and long-lived fission component of 

238
U excited by inelastic 

4
He collisions. So, additional uranium Kα1 yield (assuming a Gaussian 

peak shape with FWHM = 1 keV) has been added up to the best fitted simulated high energy 

hump of fission fragment γ-ray spectrum. The overall fit has been obtained by adjusting the areas 

under the added uranium Kα1 line and GEANT3 simulated spectrum simultaneously and the best 

fit as shown by the dash blue curve in Fig. 3.11 gives a reduced 
2
=1.1. However, this fit 
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considerably reduces the area under the GEANT3 simulated spectrum and increases the area of 

the added uranium Kα1 line. As a result, GEANT3 simulated high energy hump (100.8 keV to 

105.3 keV) of the fission fragment -ray becomes poorly defined (ratio of area under the 

GEANT3 simulated curve to its statistical error bar  2). So the data points in the 96.6 keV to 

105.3 keV region cannot be consistently fitted by GEANT3 simulated spectrum with an added 

98.4 keV line with a high statistical significance.   

 

Let us now consider whether the observed peak around 103 keV could be the plutonium Kα1 line 

in true coincidence with the fission fragments. The plutonium Kα1 line should be associated with 

its Kα2 line that overlaps with uranium Kα1 line. So we fit the data points in the region from 96.6 

keV to 105.3 keV by two isolated Gaussian peaks with peak positions at 102.6 keV and 98.4 keV 

(FWHM= 1keV) as shown by the red curve in Fig. 3.11  and get an excellent fit with reduced 


2
=1.0. Both the peaks at 102.6 keV(FWHM=1 keV) and 98.4 keV (FWHM=1 keV) are 

statistically significant with > 99% confidence level. Assuming that the yield near 103 keV in the 

true coincidence spectrum is due to the Kα1 line of the plutonium ion, we have subtracted out the 

expected plutonium Kα2 yield from the observed yield at 98.4 keV. The remaining yield at 98.4 

keV should be the remnant of uranium Kα1 line and tally with the observed remnant of uranium 

Kα2 line at 94.6 keV. We find that the ratio of the relative efficiency corrected yield of the 

remnants of uranium Kα2 to uranium Kα1 line is = 0.52  0.17, in good agreement with the known 

branching ratio of 0.625 [Led78].   

 

So we find that the data points from 96.6 keV to 105.3 could be best described by two isolated 

narrow Gaussian peaks (FWHM=1 keV) centered at 102.6 keV and 98.4 keV with a high 
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statistical confidence level (> 99%). The description of those data points with a GEANT3 

simulated fission fragment -ray and 98.4 keV remnant uranium Kα1 line becomes statistically 

poorly defined. Hence, narrow plutonium K x-ray lines are statistically much better description 

of the data points than a broad double-humped fission fragment -ray peak in this energy region.  

Moreover, 103 keV narrow peak exists with similar intensity when gated on different parts of the 

fission fragment kinetic energy spectrum (having equal number of fission fragments), whereas 

the intensities of the broad humps at 62.3 keV and 88.3 keV depend on the regions of gating over 

the fission fragment kinetic energy spectrum. This result provides further support to our 

interpretation that the peak around 103 keV is the plutonium Kα1 line. 

 

3.9 Determination of intrinsic width of Plutonium K x-ray 

peaks and estimation of fission time 

 

 

The Gaussian fitting of the data points around 103 keV (from 101.7 keV - 103.5 keV) in Fig. 

3.11 gives a peak at 102.6 keV (interpreted as plutonium Kα1 line) with a FWHM = (10.3) keV. 

A double Gaussian fitting of the peak around 98.4 keV (from 96.9 keV to 100.5 keV) was done 

considering that the peak comprises yield from plutonium Kα2 line (as estimated from the 

plutonium Kα1 line) and remnant of uranium Kα1 line. The best fit gives FWHM of the plutonium 

Kα2 line as = (10.4) keV.  Combining the uncertainties on the FWHM of plutonium Kα1 and Kα2  

lines in quadrature, we obtain the FWHM of plutonium K x-ray line as FPu= (10.24) keV. The 

detector resolution (𝐹𝐷) was extracted by Gaussian fitting of the singles 98.4 keV uranium Kα1 

line and using the intrinsic width of 98.4 keV line as 0.1 keV [Kra79] and we obtained it as 
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𝐹𝐷=(10.01) keV. Let 𝐹𝑖_𝑃𝑢  and 𝐹𝑖  be the intrinsic FWHM of plutonium K x-ray line containing 

a fissioning plutonium nucleus and intrinsic width of plutonium K x-ray line with a stable 

plutonium nucleus. Let 𝐹𝑃𝑢  be the experimentally observed FWHM of the K x-ray line of 

plutonium in coincidence with the fission fragments. Then 𝐹𝑃𝑢 =  𝐹𝐷
2 + 𝐹𝑖

2 + 𝐹𝑖_𝑃𝑢
2  

0.5
 i.e. 

𝐹𝑖_𝑃𝑢 =  𝐹𝑃𝑢
2 − 𝐹𝐷

2 − 𝐹𝑖
2 0.5. The quantities 𝐹𝑃𝑢 , 𝐹𝐷  were obtained from the experimental data 

and 𝐹𝑖  is known from ref. [Kra79]. So, 𝐹𝑖_𝑃𝑢  was determined from the above equation.  The 

corresponding error on 𝐹𝑖_𝑃𝑢  was obtained by adding up the errors on 𝐹𝐷 , 𝐹𝑖  and 𝐹𝑃𝑢  in 

quadrature. So, we obtain that the intrinsic width of plutonium K x-ray line in coincidence with 

the fission fragments 𝐹𝑖_𝑃𝑢  =(00.24) keV. Since the standard deviation σ=0.24 keV, FWHM= 

2.35×0.24 keV= 0.56 keV. Following ref. [Anh85] and using quantum energy-time uncertainty 

principle, we obtain the corresponding fission time of the excited plutonium nucleus from the 

measured uncertainty (0.56 keV) on the intrinsic width of the plutonium K x ray line as 

𝜏𝑓𝑖𝑠𝑠𝑖𝑜𝑛 >
ℏ

0.56 𝑘𝑒𝑉  
=1×10

-18 
sec. Of course, fast fission events would produce broader K x-ray 

lines, but their yield would also be smaller and would be cut out by our background line. So, we 

could not determine the percentage of fission events responsible for the atomic K x-ray yield 

from the analysis of the peak width.   

 

The energies of plutonium Kα1 and Kα2 lines are 103.7 keV and 99.5 keV respectively [Led78].  

However, we observed plutonium Kα1 line at 102.6 keV from the Gaussian fit. The centroid of 

the peak as obtained by taking weighted average of the channel counts is = (102.8±0.5) keV, in 

agreement with the energy of the standard plutonium Kα1 line (103.7 keV) [Led78] within two 

standard deviations. As the plutonium is produced by the fusion of 
4
He+

238
U, more than 30% of 
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the outer orbital electrons of plutonium are expected to be ejected out by the electronic shake-off 

process [Tho68] and the K x-ray lines of the plutonium ion are expected to come at lower 

energies. Moreover, K x-ray energies are expected to come at lower energies for a rotating 

deformed plutonium nucleus.  

 

 

Fig. 3.11: Data points of Fig. 3.10 (bottom panel) with statistical error bars shown in the energy 

range between 96.5 keV and 107 keV. Dash blue curve represents GEANT3 simulation of a 

sharp 100.8 keV γ-ray line from a fission fragment with an additional uranium 98.4 keV line and 

red curve shows Gaussian fitting of the data points with two isolated peaks. (see text for details) 
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3.10 Origin of various γ-rays and x-rays near 103 keV 

 
Apart from the emission of K x-rays from plutonium ion containing fissioning nucleus in 

coincidence with the fission fragments, there are several other sources of γ-rays and x-rays near 

103 keV that do not involve emission of fission fragments and could be present in the true 

coincidence spectrum (Fig. 3.10) due to the imperfect cancellation of the random gated γ-ray 

photons. As discussed in the case of singles spectrum, K x-ray and γ-ray yield near 103 keV 

could also be obtained by the creation of plutonium K vacancy [Dec73] due to the sequential 

neutron and γ emissions followed by internal K conversion process. Coulomb excitation of 
238

U 

would also give a 103.5 keV γ-ray photon. Unfortunately, the Coulomb excitation line of 
238

U 

overlaps with the plutonium Kα1 line and their relative intensities cannot be determined from the 

spectrum. So, we took singles LEPS spectrum of 
4
He+

232
Th reaction at ELab(

4
He)=60MeV (Fig. 

3.12). The Coulomb excitation line of 
232

Th is at 112.75 keV [Joh75] well separated from the 

thorium atomic excitation lines (93.3 keV and 89.9 keV). From the singles spectrum (Fig. 3.12), 

we find negligible amount of 112.75 keV yield compared to that for atomic excitation lines of 

thorium. The results for 
4
He+

238
U reaction at ELab(

4
He)=60 MeV  must be similar to that for 

4
He+

232
Th reaction at the same bombarding  energy and so the yield of Coulomb excitation line 

would be negligible. However, 98 keV K x-ray line of uranium (produced by the sequential 

neutron emissions followed by electromagnetic transitions and internal conversion process) is 

seen in Fig. 3.12 and it is much stronger than the Coulomb excitation line of 
232

Th. Since the 

reaction mechanism for 
4
He+

232
Th and 

4
He+

238
U at the same bombarding energy of 

4
He 

[E(
4
He)Lab=60 MeV] should be very similar, we expect that the K x-ray yield of plutonium 

produced by the slow process of internal conversion preceded by sequential neutron emissions 

and a cascade of electromagnetic transitions would be the dominant background near 103 keV. 
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Fig. 3.12: Singles photon spectrum resulting from the reaction of 60 MeV 
4
He + 

232
Th. 

 

We find from the prompt spectrum (Fig 3.8) that the relative efficiency corrected total yield 

around 103 keV is about 0.13 times that of the uranium Kα1 (98.4 keV) line and about 0.22 times 

that of the uranium Kα2 (94.65 keV) line, whereas in the random corrected true coincidence 

spectrum (Fig 3.10), the relative efficiency corrected yield around 103 keV is about 0.7 times 

that of the 98.4 keV line and 5 times that of the 94.65 keV line. So, the peak seen around 103 

keV in the random corrected true coincidence spectrum [Fig 3.10 (bottom panel)] should not be 

the remnant of the K x-rays produced by the slow internal conversion process without any fission 

fragment emission. It should mostly be the K x-ray photons in true coincidence with the fission 

fragments. 
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3.11 K x-ray ionization probability and cross-section 

 
K x-ray ionization probability for the fusion of 60 MeV 

4
He

2+
 on 

238
U target is required for the 

determination of percentage of long-lived fission components of the highly excited 
242

Pu 

nucleus. Kravchuk et al. [Kra04] compiled K orbital ionization probabilities (PK) of different 

targets (such as Pb, Th etc.] due to the elastic collisions with 
4
He ion of different energies 

ranging from 25 MeV to 75 MeV for zero impact parameter (atomic scale). They have plotted 

the reduced velocity 𝜉𝐾 (as defined before) versus 𝑃𝐾/𝑍2, (where Z is the atomic number of 

target atom) for various targets and energies and all the data points fell on a single curve as 

shown in Fig. 2.2. Hence, irrespective of the target used or the bombarding energy of 
4
He ion, all 

the data points fall on a specific curve, if plotted in this way [Kra04]. In the case of 
4
He+

238
U 

reaction at ELab(
4
He)=60 MeV, 𝜉𝐾 = 0.54. It is seen from Fig. 2.2 [Kra04] for the elastic 

collisions with 
4
He ions, the probability of K orbital ionization is Pel = (5.30.7 ) × 10

-4
 for 

𝜉𝐾 = 0.54. Since only the incoming part of the trajectory must be taken into account in the case 

of fusion, the probability of creation of K orbital vacancy in uranium due to elastic interaction 

with 
4
He of 60 MeV energy can be approximately taken [Fre12] as =Pel/2 = (2.650.35) × 10

-4
. 

As 
4
He would fuse with 

238
U to produce 

242
Pu, all the K orbital vacancies of uranium would be 

transferred to the plutonium and significantly more K orbital vacancies would be produced by 

the shake-off process.  

 

As 
4
He comes within the nuclear interaction region of 

238
U, we assume that fusion immediately 

takes place in a timescale much shorter than the electronic rearrangement time causing shake-off 

ionization as discussed in section 2.2.2. Following Carlson et al.’s treatment [Tho68], we use 

sudden approximation to calculate the probability of  K orbital ionization of plutonium due to the 
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shake-off process. Let )1( sU  and )1( sPu be the 1s electronic wave functions of uranium and 

plutonium atoms respectively. Then, in sudden approximation, the probability of creating K 

orbital vacancy in plutonium due to the sudden transformation from uranium to plutonium is 

given by

2

* )1()1(1)( dVssshakeoffP U

v

Puk  where the integral is over the entire volume. 

Carlson et al. [Tho68] found that for high Z atoms, wave functions obtained from self consistent 

field theories (such as Hartree-Fock) gave much better agreement with the beta decay 

experimental results than the hydrogenic wave functions. It was found [Tho68] that in the case of 

uranium atom and for beta decays, the square of the overlap integral with self consistent field 

theory wave functions was about 0.01% smaller than that with hydrogenic wave functions. Using 

hydrogenic wave functions, we obtain

2

* )1()1( dVss U

v

Pu  =0.9996531. Reducing it by 0.01%, 

we obtain 0045.0)( shakeoffPk . In the case of the overlap integral between plutonium and 

uranium wave functions, the reduction factor could be somewhat larger than 0.01%, but that has 

not been considered. So, we have taken 0045.0)( shakeoffPk . Hence, the total probability of 

creating K orbital vacancy in plutonium due to the fusion of 60 MeV 
4
He with 

238
U is 𝑃𝐾 =

𝑃𝑒𝑙

2
+

)(shakeoffPk ≥  7.2 × 10−4.  

 

We also need the absolute cross-section of uranium Kα1 line produced by the bombardment of  

60 MeV 
4
He on 

238
 U which will be required for normalization and determination of percentage 

of long lived fission components. It was obtained by scaling [Kra01] the experimentally 

measured absolute K x-ray cross-sections of Ta, Pb and Th produced by the bombardment of 
4
He 
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Fig. 3.13: Experimental reduced K x-ray cross-section is plotted with reduced velocity (ξk) taken 

from ref. [Kra01]. The red line shows the extrapolation of data for bombardment of 20 Mev/u 

4
He particles on various targets and the reduced K x-ray cross-section obtained at reduced 

velocity (ξk=0.54) is pointed in green color. 

 

particles at E(
4
He)Lab=80 MeV indicated by red line in Fig. 3.13. As indicated in green color in 

Fig. 3.13, the absolute K X-ray cross-section for reduced velocity (ξ =0.54) is 1.7 barn. The 

uncertainty on this number should be about 10%, since the uncertainties on all the data points 

were about 10% and the agreement with KXCROSS calculations were within 10%. Using the 

known branching ratio of Kα1 line for uranium, the absolute cross-section of uranium Kα1 line is 

𝜍𝑈𝐾𝛼1= (0.8 0.1) barn. 
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3.12 Determination of percentage of slow fission 

component 

 
We have determined the percentage of slow fission component from the K x-ray multiplicity per 

fission event ( fK  / ) where K is K x-ray cross-section in coincidence with the fission events 

and f
 
is the fission cross-section. The absolute fission cross-section of plutonium (EX =55 

MeV) has been taken as =(2±0.1) barn [Jai95]. The observed plutonium Kα1 yield (as obtained 

from the Gaussian fitting) in true coincidence with the fission fragments was corrected for 

contributions from the random events where the correction factor has been obtained by dividing 

the remnant yield of Kα2 (94.65 keV) observed in the coincidence spectrum (Fig. 3.10) with the 

corresponding yield in the random coincidence spectrum (Fig. 3.7). In order to obtain the 

absolute cross-section of plutonium Kα1 line in coincidence with all the fission events produced 

in the reaction, the measured coincidence yield was corrected by the coincidence efficiency of 

the fission fragment detector and relative efficiency of LEPS detectors and normalized with 

respect to the area of singles uranium Kα1 line. The cross-section of plutonium K x-ray was 

obtained as follows. Let N103 be the measured coincidence yield of plutonium Kα1 line in 

coincidence with the fission fragments and N98 be the yield of 98.4 keV line in the singles 

spectrum.  Let 𝜖𝑓  be the efficiency of the fission detector. Let 𝜖98 and 𝜖103  be the absolute 

efficiencies of the LEPS detector at 98.4 keV and 103 keV. Then normalizing with respect to the 

yield of 98.4 keV uranium Kα1 line measured simultaneously by the same LEPS detector, we 

obtain the cross-section of plutonium Kα1 line as 
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                                                    𝜍𝑃𝑢𝐾𝛼 1 =
𝜍𝑈𝐾𝛼 1× 𝑁103 ×𝜖98

𝑁98 ×𝜖𝑓×𝜖103
                                                        (3.1) 

where 𝜍𝑃𝑢𝐾𝛼 1 and 𝜍𝑈𝐾𝛼1 are the cross-sections of uranium and plutonium Kα1 lines respectively 

and 𝜍𝑈𝐾𝛼1= (0.8 0.08) barn obtained in the previous section. The ratio (𝜖98/𝜖103) is the relative 

efficiency of LEPS detector for 98.4 keV line with respect to 103 keV and obtained from our 

measured relative efficiency curve of the LEPS detector shown in Fig. 3.3. 𝜖𝑓  is obtained from 

the geometry of the fission detector using GEANT3 simulation. Hence, the cross-section 𝜍𝑃𝑢𝐾𝛼 1 

was obtained and it was corrected by the known branching ratio of plutonium K x-rays ( 1PuKB = 

2.12) to obtain plutonium K x-ray cross-section K . Thus, we obtain 𝜍𝐾/𝜍𝑓 = 5.3 × 10−4 with 

about 30% uncertainty. The uncertainty mostly comes from the statistical uncertainty on N103. 

 

Although this K x-ray multiplicity per fission is a small number, the probability of creation of a 

K orbital vacancy (PK) in the fusion process of 
4
He+

238
U is also a small number. The total 

estimated probability of creation of K vacancy in plutonium produced by 
4
He+

238
U at 

E(
4
He)Lab=60 has been estimated in the last section as ≥ 7.2×10

-4
. Taking the probability of 

creation of K-orbital vacancy PK= 7.2×10
-4

 and fluorescence yield 𝜔𝐾 ≈ 1 [Hub94], we obtain 

𝜍𝐾/(𝑃𝑘𝜍𝑓) = 0.73 . The result implies that even for a bimodal distribution with a very long 

fission component (𝜏𝑓 → ∞) and a very short fission component that does not contribute at all to 

K x-ray yield, a minimum of 73% of all fission events are very slow. Thus, we conclude that 

most of the fission events are slow with a mean fission time > 1×10
-18

 sec. For any other fission 

time distribution, the percentage of slow fission components would increase. Considering our 

uncertainties, we conclude qualitatively that most of the fission events are slow. 
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3.13 Effect of different background subtractions 

 
In this section, the effects of different background subtractions in Fig. 3.10 (upper panel) on the 

conclusions drawn from the true coincidence spectrum have been studied in detail. We have 

drawn three different background curves (solid red, dotted blue and dot-dash green) on the 

random corrected true coincidence spectrum shown in Fig. 3.14 where solid red curve is the 

background curve of Fig. 3.10 (upper panel). 

 

Solid red curve background subtraction 

Before drawing any background, we have fitted the data points around 103 keV, 98.4 keV 

regions in the random corrected coincidence spectrum Fig. 3.10 (upper panel) with Gaussian 

functions plus linear backgrounds shown by black lines. Broad double-humped peak structures 

seen around 63 keV and 88 keV are best fitted by GEANT3 [Bru86] simulated curves obtained 

by using actual experimental geometry and linear backgrounds (black lines). We have obtained 

best-fitted linear backgrounds (black lines) under different narrow and broad peaks. The best fit 

(χ
2
=0.9) for the data points around 103 keV (before drawing any background) gives a narrow 

Gaussian peak at 102.6 keV with FWHM ≈ 1keV. A smooth curve (solid red curve) has been 

drawn by joining these best fitted black straight lines and it has been taken as the best 

background curve (Fig. 3.10). We consider the red background as the most reasonable 

background and have performed our analysis for the red background. The dotted blue 

background has been drawn slightly below the red background to study the effect of small 

changes in drawing background and the dot-dash green background has been drawn far below 

the red background.  
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Fig. 3.14: Random coincidence corrected photon spectra is shown. Plausible backgrounds are 

shown by solid red, dotted blue and dot-dash green curves where solid red line is the 

background curve of Fig. 3.10 (upper panel). 

 

Dotted blue background subtraction 

We have repeated the analysis using dotted blue background of Fig. 3.14 which is lower than 

solid red background by 75 counts at each channel. We show dotted blue background drawn on 

the random corrected coincidence spectrum in Fig. 3.14 and random corrected coincidence 

spectrum after subtracting out the dotted blue background in Fig. 3.15 (upper panel). As obtained 

earlier for solid red background of Fig. 3.10, we find that all the uranium K x-ray lines have been 

suppressed by a large factor compared to their intensities in the singles spectrum. We see a 
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relatively intense peak at 98.4 keV, remnant of 94.65 keV peak and broad double-humped peaks 

at 62.3 keV and 88.3 keV in the coincidence spectrum. The broad double-humped peaks have 

been interpreted as -rays from the fission fragments and the corresponding GEANT3 simulation 

[Bru86] of the fission fragment -rays with the actual experimental geometry has been shown as 

magenta color curves [Fig. 3.15 (upper panel)]. The peak at 98.4 keV peak and near 103 keV 

have also been shown in magenta color [Fig. 3.15 (upper panel)]. Considering the suppression 

factor of the uranium atomic excitation lines in the true coincidence spectrum compared to their 

yields in the singles spectrum, the contribution of random coincidence events around 103 keV in 

the true coincidence spectrum [Fig. 3.15 (upper panel)] can account for 50%  of the Gaussian 

peak (magenta color) area (FWHM = 1keV) centered around 103 keV.  So, about half of the 

peak area seen around 103 keV in the random corrected true coincidence spectrum [Fig. 3.15 

(upper panel)] should be the K x-ray photons in true coincidence with the fission fragments. 

 

In Fig. 3.16, we show the random and background subtracted true coincidence spectrum from 

96.5 KeV to 107 keV. In order to determine whether the peak around 103 keV is due to fission 

fragment -ray or a plutonium K x-ray line, we have done GEANT3 simulation [Bru86] of a 

sharp 100.8 keV -ray line from a fission fragment as seen by our detector setup. The yield of the 

GEANT3 simulated curve was adjusted to obtain the best fit of the data points in the region from 

96.6 keV to 105.3 keV. In this process, a good fit of the data points around 103 keV (from 100.5 

keV to 105.3 keV) was obtained. It is possible to improve the overall fit in the 96.6 keV to 105.3 

keV region by adjusting the areas under the added uranium Kα1 line and GEANT3 simulated 

spectrum simultaneously and the best fit shown by the dashed blue curve gives a reduced 
2
=1.1 

as shown in Fig. 3.16. However the ratio of the relative efficiency corrected remnants of uranium 
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Kα2 to uranium Kα1 yields becomes = 0.95±0.17, in disagreement with the known branching ratio 

of 0.625 [Led78].  

 

 

Fig. 3.15: (Upper panel) Random corrected coincidence spectra for both the dotted blue (upper 

panel) background subtraction with fission γ-ray and K x-ray line in magenta color and dot-dash 

green (lower panel) background subtraction. This backgrounds are shown in Fig. 3.14. 
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Let us now analyze the spectrum assuming the peak at 103 keV as the plutonium Kα1 line and its 

associated Kα2 line is overlapping with 98.4 keV uranium Kα1 line.  In Fig. 3.16, we show by 

solid red curve fits with two isolated Gaussian peaks with the peak positions at 98.4 keV and 

102.6 keV (FWHM=1 keV) and obtain a very good fit (reduced 
2
=1.1). The estimated 

plutonium Kα2 yield (based on the observed yield at 103 keV) has been subtracted out from the 

fitted Gaussian peak area at 98.4 keV to obtain the yield of the remnant uranium Kα1 line. The 

ratio of the remnants of uranium Kα2 to uranium Kα1 yield (after relative efficiency correction) is 

= 0.64 ± 0.15, in good agreement with the known branching ratio of 0.625 [27]. So we conclude 

that two isolated Gaussian peaks (FWHM = 1keV) centered at 102.6 keV and 98.4 keV give a 

consistent description of the observed spectrum, whereas, a broad double humped fission peak 

plus an additional Gaussian peak at 98.4 keV fail to give a consistent description of the spectrum. 

Hence, the peak at 103 keV should be the Kα1 line from the plutonium ions produced by the 

fusion process. Using the procedure described earlier, we have obtained plutonium K x-ray 

multiplicity per fission event(K/f) and finally got 
𝜍𝐾

𝑃𝐾𝜍𝑓
= 0.92 implying that a minimum of 

92% of all fission events are slow even for a bimodal distribution with a very long fission 

component (𝜏𝑓 → ∞) and a very short fission component. Hence, the results obtained by using 

dotted blue and solid red backgrounds of Fig. 3.10  are similar and we conclude that most of the 

fission events are slow with fission time >10
-18

 s. 
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Fig. 3.16: Random corrected coincidence spectra for the dotted blue subtracted background  as 

shown in Fig. 3.15 (upper pannel) with statistical error bars shown in the energy range between 

96.5 keV and 107 keV. Dash blue curve represents GEANT3 simulation of a sharp 100.8 keV γ-

ray line from a fission fragment with an additional uranium 98.4 keV line and red curve shows 

Gaussian fitting of the data points with two isolated peaks. 

 

Dot-dash green background subtraction 

In Fig. 3.15 (lower panel), we show the random corrected coincidence spectrum with the dot-

dash green background subtraction. There are hardly any negative counts in this spectrum 

implying that the background was drawn too low. In Fig. 3.17, we show the dot-dash green 

background subtracted spectrum in the region from (96.5-107) keV. In this case, a Gaussian 

fitting of the data points around 103 keV from (101.7 -105.3) keV gives a broad peak with the 

peak position at 102.6 keV and FWHM = 4.4 keV as shown by the red curve in Fig. 3.17 with a 



54 

 

reduced χ2
=1.4 and a large Gaussian area. However, a linear fit (shown by dot-dash green line in 

Fig. 3.17) gives a better fit (χ2
 =1.26) for those data points indicating that if there is a peak, it is 

riding on a high background. Moreover, a large width of plutonium K x-ray would imply a short 

fission time, whereas a large yield of fluorescence K x-ray would imply a long fission time. The 

combination of a large width and large yield could be made consistent only for an unrealistically 

high value (of the order of one) of PK (probability of creation of K vacancy). This high value of 

PK looks implausible for 
4
He+

238
U reaction, because such high values of PK were obtained for 

U+U [Mol93] and Ni+U [Fre12] reactions. A GEANT3 simulation [Bru86] of a fission fragment 

γ-ray whose two humps fall on the 103 keV and 98.4 keV regions is shown by dashed blue curve 

in Fig. 3.17. As before, varying area under GEANT3 simulation and an additional yield from the 

remnant of uranium 98.4 keV (FWHM = 1 keV), we obtain a best fit of χ2
=1.65. However, the 

remnant of uranium Kα2 (94.65 keV) line is large here and the ratio of uranium Kα2 (94.65 keV) 

to Kα1 (98.4 keV) line become 2± 0.5, in disagreement with the known branching ratio of 0.63 by 

more than three standard deviations. So, clearly the dot-dash green line, background is too low. 

 

Hence, regarding the question whether the extracted width of the plutonium Kα1 line depends on 

the background drawn on Fig. 3.10 (bottom panel), we find similar results for the solid red and 

dotted blue backgrounds. However, if the background is lowered further to dot-dash green curve, 

then the width of the plutonium K x-ray could be made very large, but the area under the 

Gaussian peak also increases making the width and yield inconsistent with each other and the 

ratio of the relative efficiency corrected remnant of uranium Kα2 (94.65 keV) to Kα1 (98.4 keV) 

line becomes very implausible.   
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Fig. 3.17: Random corrected coincidence spectra for the dot-dash green subtracted background  

as shown in Fig. 3.15 (lower panel) with statistical error bars shown in the energy range 

between 96.5 keV and 107 keV. Dash blue curve represents GEANT3 simulation of a sharp 100.8 

keV γ-ray line from a fission fragment with additional yield at 98.4 keV. The red curve and dot-

dash green line shows the Gaussian fitting and the linear fitting of the data points around 102.6 

keV. Solid red curve indicates the region over which the data points has been used for Gaussian 

fitting and dotted red is the extrapolation of the obtained fit. 

 

3.14 Comparison with previous results 

 
The results obtained from our K x-ray fission fragment coincidence experiment have been 

compared with previous results obtained by atomic and nuclear techniques for similarly excited 

fissioning system. Molitoris et al. [Mol93] using an K x-ray technique observed a long fission 
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time (∼ 10
−18

 sec) for the majority of the observed fission fragments emitted by the highly 

excited (EX = 40–105 MeV) uraniumlike nuclei having low fission barriers [Mol09]. Using the 

crystal blocking technique, Goldenbaum et al. [Gol99] obtained fission time of highly excited 

(Ex ≈ 160 MeV) uraniumlike nucleus (Z = 92 ± 5) on the order of 10
−18 

sec. Wilschut and 

Kravchuk [Wil04] measured the fission time of highly excited (EX = 145 MeV) neptunium nuclei 

on the order of 10
−18

 sec using an K x-ray technique.

 
F. Barrué et al. using crystal blocking 

experiment [Bar02] obtained that the fission time of both uranium and lead nuclei is on the order 

of 10
−18

 sec for majority of the events at excitation energy (Ex < 250-300 MeV). Thus, our 

experimental results are in agreement with all the previous fission time measurements of highly 

excited 
238

U or similar fissile nucleus by the atomic methods.   

 

On the contrary, Saxena et al.[Sax94] measured fission time of 
243

Am (EX  60 MeV) produced 

by 
11

B+
232

Th reaction using prefission neutron multiplicity technique and obtained prefission 

neutron multiplicity = 2.1  0.15 corresponding to fission time  10
-20

 sec. This result differs 

from our and other atomic results by at least two orders of magnitude. To understand the 

problem in more detail, we have done JOANNE2 code [Les93] calculations for 
4
He+

238
U 

reaction at ELab(
4
He) = 60 MeV. We have determined prefission neutron multiplicities for 

different fission delay times. Fig. 3.18 shows a plot of fission delay time versus prefission 

neutron multiplicity.  We find from Fig. 3.18 that for fission delay time > 10
-18

 sec, prefission 

neutron multiplicity > 4 is obtained. However, statistical model codes (without any fission delay) 

predict that most of the fission cross-section should be exhausted after first two neutron 

emissions and the average prefission neutron multiplicity for this reaction should be  < 2 

corresponding to fission delay time on the order of  10
-20

 sec. Statistical model codes (with 
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fission delay on the order of 10
-20

 sec) predict that for this reaction, the long-lived fission 

component (fission time > 10
-18

 sec) corresponding to prefission neutron multiplicity > 4 should 

be 5% of the total fission cross-section. The results of the simple statistical model calculations 

are in agreement with Saxena et al.'s results. 

 

 

Fig. 3.18: Fission delay time versus pre-fission neutron multiplicity for 
4
He+

238
U reaction at 

ELab(
4
He)=60 MeV as obtained from JOANNE2 code calculations. 

 

However, one can increase the average fission time arbitrarily by putting in a fission delay that 

could be due to the viscosity parameter inhibiting the fission process. In the case of a large 

fission delay (>10
-18

 sec), the prefission neutron multiplicity would reach close to its saturation 

value (>4). Jacquet and Morjean [Jac09] showed from Langevin fluctuation-dissipation 
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dynamical calculations that the long-lived fission component (>10
-18

 sec) could be a very 

significant fraction of the total fission cross-section, if the viscosity parameter is increased 

substantially. However, the observation of a low average prefission neutron multiplicity of ( 2 ± 

0.1 ) [Sax94] is not consistent with the observation of a large percentage ( > 50% ) of long-lived 

fission component implying physics beyond standard fission dynamics. To support the nuclear 

measurements further, the ab initio calculation of induced fission of 
240

Pu at (EX  8 MeV) 

obtained fission time on the order of 10
−19

 sec [Bul16]. 

 

Hence, in conclusion, it is found that both the experiments and calculations determining fission 

delays from the nuclear decay products or nuclear properties generally give consistent results, 

but it gives orders of magnitude longer fission time when measured by atomic techniques which 

actually measure the survival time of the ion containing the fissioning nucleus. Thus, the atomic 

and nuclear measurements related to the fission time of highly excited plutonium or similar 

nuclei are incompatible with one another and cannot be understood by fission dynamics 

calculations. 
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Chapter 4 

 

Fission time anomaly 
 
4.1 Introduction 

 
In the last chapter, it has been found that the fission times of nuclei measured by the nuclear and 

atomic techniques differ by several orders of magnitude. The nuclear techniques (prefission 

neutron multiplicity) typically give fission time on the order of 10
-21

 to 10
-20

 sec for the highly 

excited transuranium nuclei, whereas atomic techniques (crystal blocking, atomic K x-ray) give 

the corresponding fission time on the order of 10
-18

 sec.  This different measured fission 

timescales have been attributed to the sensitivity of the nuclear technique to short timescale and 

that of atomic technique to long timescale and so it appears that there is no inconsistency among 

them.  In this chapter, we shall show that the observed long fission time for the majority of the 

fissioning events as obtained by the atomic techniques cannot be reconciled with the observed 

short fission time obtained by the nuclear techniques using sensitivity argument. We shall 

discuss our point of view in the context of the fission of highly excited Z=120 nucleus, because a 

lot of data on fission time is available for this nucleus. The fission time of Z=120 nucleus formed 

by 
64

Ni+
238

U reaction at Ec.m. ~330 MeV was measured by both the atomic and nuclear 

techniques. Recently, Morjean et al. [Mor08] and Fregue et al. [Fre12] measured fission time of 

Z=120 nucleus produced by 
64

Ni+
238

U reaction at Ec.m. = 333.9 MeV and Ec.m. = 332.9 MeV 

respectively using atomic techniques and interpreted the measured long fission time on the order 

of 10
-18

 sec as the evidence for the formation of superheavy Z=120 nucleus. On the other hand, 

Hinde et al. [Hin92] and Toke et al. [Tok85] measured fission time of the same nucleus 
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produced by the same reaction at Ec.m. = 328.6 MeV and  Ec.m. = 302.6 MeV respectively using 

nuclear techniques and obtained fission time on the order of 10
-21

 sec to 10
-20

 sec. From a 

detailed study of all the relevant data concerning fission time of Z=120 nucleus, we shall show 

[Sik16] that contrary to the general perception, the nuclear and atomic data related to fission 

cannot be reconciled by any plausible fission time distribution or the sensitivity of the atomic 

and nuclear techniques in different time domains. Although the inconsistency among the fission 

time data obtained by atomic and nuclear techniques will be explicitly shown for Z=120 

superheavy nucleus, similar inconsistencies have been observed for several other fissioning 

and/or quasifissioning nuclei far away from the island of the predicted superheavy nuclei.  All 

these inconsistencies would be discussed in this chapter.  

 

4.2 Atomic measurement of  Z=120 nuclei 

 
Fregeau et al. [Fre12] bombarded 

64
Ni target with a 

238
U beam at 6.6 MeV/A and detected fission 

fragments in the angular region 15.9
o 

< θlab< 69
o 

with respect to the beam axis. They detected 

characteristic K x-ray photons from the compound Z=120 nucleus, in coincidence with fission 

fragments and found that more than 53% of the mass-asymmetric fission fragments (70 < Z< 80) 

emitted in the angular region 15.9
o 

< θlab< 69
o
 came from a slow process of lifetime greater than 

that of the atomic K-orbital vacancy (τx= 2.8 x 10
-18

 sec), in agreement with an earlier crystal 

blocking experiment [Mor08]. On the basis of these experimental results, it was concluded 

[Mor08, Fre12] that there is a large component of the long-lived (>10
-18

 sec) asymmetric fission 

process emitting fragments in the angular region of their study (15.9
o 

< θlab< 69
o
). The observed 
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long fission time was thought [Mor08, Fre12] to be due to the high fission barrier of superheavy 

unbinilium decaying for a long time by neutron emission before undergoing predominantly 

asymmetric fission.  

 

As discussed in chapter 2, atomic clocks (x-ray, crystal blocking) are less precise, but can 

measure longer fission times in the range of 10
-18

 sec to 10
-16

 sec. Short fission times from 10
-21

 

sec to 10
-18

 sec do not produce any observable characteristic x-ray peak and blocking ratios 

remain below the thermal vibration limit. Hence, atomic clocks put fission times from 10
-21

 sec 

to 10
-18

 sec in a single time bin designated as less than 10
-18

 sec. So, atomic clocks cannot 

distinguish between fission times on the order of 10
-21

 sec from fission times on the order of 10
-19

 

sec, but can certainly distinguish unambiguously between short fission times on the order of 10
-21

 

sec from the long fission times on the order of 10
-18

 sec. It can be easily seen from (eqn. 2.8) that 

if )(f is taken as a bimodal distributionas as shown in Fig. 4.1 with a very long time component   

( x  , where x  =2.8×10
-18

 sec) and a very short time component ( x  ), one obtains the 

minimum percentage ( minf ) of long-lived fission component given by the experimentally 

obtained ratio %100min 
fk

k

NP

N
f .  
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Fig. 4.1: Bimodal fission time distribution with fraction f  having very long time component (

x  , where x  =2.8×10
-18

 sec) and ( f1 ) fraction with a very short time component (

x  ). 

      

Any other fission time distribution )(f would produce a larger percentage of long-lived fission 

component. Fregeau et al. [Fre12] found minf =53% for the emission of asymmetric fission 

fragments 70 < Z < 80, implying that they obtained experimentally 
𝑁𝐾

𝑃𝐾𝑁𝑓
 =0.53 for these 

asymmetric fission fragments. Let us assume a bimodal distribution where only )%(Lf  of total 

fission events with fission time   contribute to atomic K x-ray yield and the remaining fission 

events have short fission times and do not significantly contribute to K x-ray yield. In Fig. 4.2, 

we have shown [using (eqn. 2.8)] how )%(Lf  would decrease as a function of   in the context 

of Fregeau et al.’s result [Fre12]. It is seen that for very large values of  , )%(Lf  minf =53%, 
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as stated by Fregeau et al. [Fre12].  As   decreases, )%(Lf  must increase to reproduce the 

observed K x-ray yield. 

 

 

Fig. 4.2: Percentage of long-lived fission component ( )%(Lf ) versus fission time ( ) obtained 

from (eqn. 2.8) using Fregeau et al.'s data [Fre12].  

 

4.3 Contradiction of atomic data with pre-fission neutron 

multiplicity data 

 
Hinde et al. [Hin92]  performed mass and total kinetic energy gated pre-fission neutron 

multiplicity measurements for this reaction (
64

Ni+
238

U)  at Ec.m. = 328.6 MeV producing the 

same compound nucleus (Z=120, A=302) at the same excitation energy (T1.5 MeV) and 
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detected fission fragments at similar center of mass angles as studied by Fregeau et al. [Fre12]. 

They obtained [Hin92] pre-fission neutron multiplicity of (4.00.8) which translates to an 

average fission lifetime of (1.5 ± 0.5) 10
-20

 sec, again much shorter than the lifetime obtained in 

ref. [Mor08, Fre12]. Moreover, Hinde et al. [Hin92] stated that their measured prefission neutron 

multiplicity (40.8) for the very fast fission of Z=120 nucleus produced by 
64

Ni+
238

U reaction 

probably contained very significant contributions from the postfission neutrons emitted by the 

accelerating fragments and the true prefission neutron multiplicity could be significantly lower, 

consistent with Toke et al.'s [Tok85] measured splitting time on the order of 10
-21

 sec. Both Toke 

et al. [Tok85] and Hinde et al. [Hin92] concluded that quasifission process having very short 

lifetime (10
-21

 sec) is the dominant reaction mechanism for 
238

U+
64

Ni reaction in the same 

angular region studied by Fregeau et al. [Fre12] and Morjean et al. [Mor08]. 

 

The pre-fission neutron multiplicity clock is a non-linear high precision clock with a relatively 

short range. In Fig 2.2, we have presented our calculations of pre
 
using the code JOANNE2 

[Les93] for the 
238

U+
64

Ni reaction at Ec.m. = 328.6 MeV for various fission delay times of the 

composite nucleus. It is clear from Fig. 2.2 that pre  saturates at a value sat 7.7 for fission 

time 510
-19

 sec. Fig. 2.2 shows that  pre
 
measurements cannot distinguish among fission 

lifetimes longer than 510
-19

 sec for this system. However, the technique can certainly tell us 

without any ambiguity whether the fission time is on the order of 10
-21

 sec or greater than 10
-18 

sec. The experimental value, pre =4.0 [Hin92] for 
64

Ni+
238

U reaction has been reproduced with a 

fission delay of 210
-20

 sec.  
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Let us now see if Hinde et al.’s results [Hin92]  could be made consistent with Fregeau et al.’s x-

ray data [Fre12] assuming that the fission time distribution function )(f  for 
238

U+
64

Ni is 

similar to that shown by Cabrera et al. [Cab03] for 
20

Ne+
159

Tb reaction (E/A= 8 MeV) as shown 

in Fig. 4.3. Using (eqn. 2.9) and the fission time distribution given in ref. [Cab03], we obtain 

𝑁𝐾

𝑃𝐾𝑁𝑓
≈  0.3 rather than the experimentally obtained value of 0.53. Using the results from Fig. 

2.2, the corresponding prefission neutron multiplicity comes close to 7 rather than the 

experimentally obtained value of 4. Hence, neither the x-ray data [Fre12] nor the prescission data 

[Hin92] are consistent with a standard fission time distribution function [Cab03].  

 

Fig. 4.3: Fission time distribution predicted by GEMINI simulation for the bombardment of 8 

MeV/A 
20

Ne on 
159

Tb target taken from ref.  [Cab03]. 

 

On the one hand, Fregeau et al.’s x-ray data requires )(f  must contain a significantly large 

percentage of long-lived fission component. On the other hand, Hinde et al.’s data  [Hin92] 
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requires )(f  must contain a significantly lower percentage of long-lived component. Using Fig. 

4.2 and Fig. 2.2, we find that the only solution for these two contradictory requirements is an 

extreme bimodal distribution comprising 53% of very slow fission events with  ≥10
-16

 sec and 

47% of very fast fission events with  ≤10
-21

 sec similar to Fig. 4.1. We think such a fission time 

distribution is very implausible. If we think fast fission events (47% of total fission events) are 

due to quasifission, then also it is implausible that the time distribution of fusion-fission events 

would start from  ≥ 10
-16

 sec. If the time distribution of fusion-fission events would start from 

an early time before 10
-16 

sec, then its percentage must increase above 53% (and the quasifission 

percentage must decrease below 47%) to be consistent with x-ray data [Fre12], thus 

contradicting prefission neutron multiplicity data  [Hin92]. Even in the case of such an extreme 

bimodal distribution (47% fast fission of lifetime ≤ 10
-21

 sec and 53% slow fission of lifetime ≥ 

10
-16

 sec), x-ray data and prefission data are inconsistent, if we consider neutron emission from 

the accelerating fragments  [Hin92]. In the case of very short fission time comparable to the 

acceleration time of the fission fragments, it becomes very difficult [Hin92] to distinguish 

between prefission and postfission neutrons from the accelerated fragments and ultimately these 

postfission neutrons coming from the accelerating fragments determine the minimum fission 

time that could be measured by the technique. Following Hinde et al. [Hin92], we might consider 

that the minimum fission time that the experiment could measure for 
64

Ni+
238

U reaction was 

1.510
-20

 sec corresponding to  pre  
𝑒𝑥𝑝𝑡

= 4. Hence, even for the extreme bimodal distribution, 

we obtain from (eqn. 2.4), that the expected measured prefission neutron multiplicity should be > 

(0.47×4+0.53×7.7) = 6, thus contradicting the experimental result (40.8) by more than two 

standard deviations.  
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4.4 Contradiction of atomic data with Mass Angle 

Distribution (MAD) data and other results 

 
As discussed in Chapter 2, in Mass Angle Distribution technique the lack of reflection symmetry 

in the angular distribution of fission fragments is observable when the fission time is less than or 

comparable to the time taken by the composite system to complete one rotation. This method is 

sensitive in the timescale of 10
-21

 sec. If the fission timescale is much longer than 10
-20

 sec, the 

composite system undergoes many rotations before fission resulting in essentially symmetric 

angular distribution of the fission fragments, implying fission time > 10
-20

 sec. Considering an 

extreme bimodal distribution as discussed before, 2nd term of (eqn. 2.5) should dominate for 

large values of ..mc , contradicting the observed 2D mass-angle distribution of 
238

U+
64

Ni reaction 

that shows steep decrease of differential fission fragment cross-section at large angles. Toke et 

al. [Tok85] deduced fission time for a mass split from the corresponding average angle of 

rotation of the intermediate complex. The average angle of rotation of the intermediate complex 

was determined by taking weighted average over the entire angular distribution of the relevant 

fragment. Toke et al. [Tok85] measured a rather small average angle of rotation of the 
238

U+
64

Ni 

complex (61) for the asymmetric splits, thus ruling out the presence of a large percentage of 

reflection symmetric component in the angular distribution and deduced a short fission time of 

=

 

3.1×10
-21

 sec. Comparing with the 2D mass angle spectra of 
238

U+
27

Al (containing 30% 

compound nuclear contribution), 
238

U+
48

Ti (containing 5% compound nuclear contribution) etc., 

we conclude that 2D mass angle spectra of 
238

U+
64

Ni reaction cannot contain more than 5% 

reflection symmetric compound nuclear component. The extraction of fission delay from mass-
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angle correlation or pre-fission neutron multiplicity experiments [Tok85, Hin92] do not assume a 

priori that quasifission dominates, as apparently contended in ref. [Fre12]. Even if the transient 

composite system rapidly splits into two fission-like fragments that cannot be distinguished 

event-by-event from true fusion-fissions (FFs), the computed fission delays would be the same 

although it would arise from a different reaction mechanism. Since shorter lifetimes are reported 

in ref. [Tok85] when the data are gated with asymmetric fission, it is clear that quasifission is 

indeed distinguishable from fusion-fission. Hence, these nuclear results [Hin92, Tok85] cannot 

be reconciled with a large saturation term (𝜈𝑝𝑟𝑒 ) or isotropic term (in mass angle distributions) 

arising from the presence of a large percentage of long-lived fission component [Fre12]. 

 

Toke et al. [Tok85] performed measurements at Ec.m. = 302.6 MeV, whereas Fregeau et al. 

[Fre12] and Hinde et al. [Hin92] performed measurements at Ec.m. = 332.9 MeV & Ec.m. = 328.6 

MeV respectively. Coulomb barrier for 
64

Ni+
238

U reaction from Bass model is about 267 MeV 

[Koz10] in the center of mass frame. Kozulin et al. [Koz10] found that the total capture cross-

section (sum of quasifission and compound nucleus fission cross-sections) for 
64

Ni+
238

U reaction 

tended to saturate around Ec.m. = 300 MeV and the compound nucleus fusion cross-section was 

negligible compared to the  quasifission cross-section. The compound nucleus fusion excitation 

function generally tends to show saturation at 1.1 to 1.15 times Coulomb barrier energy in the 

center of mass frame. So, the available evidence suggests that the emitted fission fragments at 

Ec.m. =302.6 MeV and 332.9 MeV or 333.9 MeV should essentially all be from quasifission 

process. Both Toke et al. [Tok85] and Hinde et al. [Hin92] determined fission time of strongly 

damped fission fragments by cutting out the quasielastic regions and gating on strongly damped 

regions as seen from their 2D total kinetic energy versus fragment mass plots. On the other hand, 
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Fregeau et al. [Fre12] gated on Z-bin (70<Z<80) and fragment energy bin from about 300 MeV 

to 1100 MeV. Assuming detected fragments in Z-bin (70<Z<80) approximately correspond to a 

fragment mass bin in the range (160<A<200), the total kinetic energies of the fragments in the 

center of mass frame were similar to what Toke et al. [Tok85] and Hinde et al. [Hin92] had 

observed in this mass region. Hence, the fission lifetime measured by Toke et al. [Tok85] in 

asymmetric mass bin around A=180 should be consistent with the measurements of Fregeau et 

al. [Fre12]. Although Toke et al.'s [Tok85] mass-angle distribution measurements cannot rule 

out the possibility of late-chance fission (fission time 10
-18

 sec) at some low level [Hin15] 

consistent with the experimental uncertainty, they certainly contradict presence of a long-lived 

fission component for a large percentage of the fission fragments as found by Fregeau et al. 

[Fre12].  

 

The conclusion [Mor08, Fre12] that fusion-fission (rather than quasifission) dominates and that 

the fission barrier is high resulting in rapid cooling by neutron emissions, is also in conflict with 

the theoretical prediction [Mol09] of a low fission barrier of ~ 6 MeV compared to neutron 

binding energy ~7.2 MeV. Recent attempts [Uni, Hof08] to detect the Z=120 nucleus as an 

evaporation residue using the same reaction (
238

U+
64

Ni) at an energy near the Coulomb barrier 

(Ec.m.270 MeV) obtained a null result (upper limit of evaporation residue cross-section < 94 fb), 

implying the dominance of quasifission and/or low fission barrier of Z=120, contradicting the 

conclusion of ref. [Mor08, Fre12]. The compound nucleus fusion cross-section of 
64

Ni+
238

U 

(Coulomb barrier = 267 MeV [Koz10]) is expected to saturate before Ec.m. = 333 MeV increasing 

at most by a factor of 10-50 [Koz10] compared to the fusion cross-section near the Coulomb 

barrier energy. Hence, using Hofmann et al.’s results [Hof08], the fusion cross-section for 
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compound nucleus (Z=120) formation at Ec.m. =332.9 MeV should be less than (1-5) pb making 

it essentially impossible to see compound atom K x-ray yield in a fission fragment K x-ray 

coincidence experiment. So, an interpretation in terms of seeing asymmetric fission fragments 

from superheavy Z=120 nucleus and corresponding coincident x-rays would imply many orders 

of magnitude (compared to pico barn level) higher compound nucleus fusion cross-section 

contradicting the results of Hofmann et al. [Hof08]. On the other hand, both the theoretical 

calculations [Mol09] of a low fission barrier and the measurement of very short (10
-21

 sec) 

fission time by Toke et al. [Tok85] and Hinde et al. [Hin92]  are consistent with the non-

observation [Hof08] of Z=120 evaporation residues in 
64

Ni+
238

U reaction. 

 

4.5 Fission time anomaly in different systems 

 
The claim [Mor08, Fre12] of observation of superheavy Z=120 element (with a high fission 

barrier) is based on the observation of long fission lifetime (10
-18

 sec) for highly excited Z=120 

nucleus and shorter fission lifetime (<10
-18

 sec) for similarly excited neutron deficient Z=114, 

A=280 nucleus. However, the observation of long fission time using atomic techniques is a 

rather common observation [Gol99, Mor08, Fre12] seen for a large number of quasifission and 

fission processes unrelated to the formation of superheavy nuclei. For example, Andersen et al. 

[And08] using crystal blocking technique observed that all the detected fragments (100%) came 

from slow processes having long fission times (10
-18

 sec) for a large number of reactions [such 

as 
74

Ge+W at E(
74

Ge)Lab=390 MeV, 
58

Ni+W at E(
58

Ni)Lab=330-375 MeV, 
48

Ti+W at 

E(
48

Ti)Lab=240-255 MeV] expected to be dominated by quasifission process and producing 

highly excited transuranium composites (Z=102-106) far away from the predicted landscape of 

superheavy nuclei. On the other hand, using mass-angle correlation technique, R. du Rietz et al. 
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[Rie11]  obtained 2D mass-angle correlations plots for very similar systems (
64

Ni+W, 
48

Ti+W) at 

similar center of mass energies and deduced their exponential quasifission and fission lifetime on 

the order of 10
-21

 sec to 10
-20

 sec. Molitoris et al. [Mol93] using x-ray technique observed long 

fission time (10
-18

 sec) for the majority of the observed fission fragments emitted by the highly 

excited (EX= 40 – 105 MeV) 
235

U having low fission barrier (4.9 MeV) [Mol09]. Using crystal 

blocking technique, Goldenbaum et al. [Gol99] obtained fission time of highly excited (EX 200 

MeV) 
238

U on the order of 10
-18

 sec. Wilschut and Kravchuk [Wil04] measured fission time of 

highly excited (EX=145 MeV) neptunium nuclei on the order of 10
-18

 sec using x-ray technique. 

Similar kind of discrepancy has been pointed out in our experiment for the reaction of 60 MeV 

4
He + 

238
U which has been discussed in the last chapter. Several authors [And08, Gon02, Jac09] 

attempted to explain such long fission time by introducing a large viscosity parameter of the 

nuclear medium that produced very broad fission time distribution extending to 10
-15

 sec and 

shifted the mean value of fission time distribution to 10
-18

 sec. However, if nuclear medium 

indeed offers such a high viscous friction, this effect should be present in all quasifissioning 

/fissioning processes and hence, all the quasifissioning /fissioning systems should have long 

splitting time (10
-18

 sec). Hence, one cannot conclude that the observed long fission time 

[Mor08, Fre12] of Z=120 nucleus measured by atomic techniques implies high fission barrier of 

the nucleus.  

Thus, the observed large percentage of long-lived fission component as measured by atomic 

techniques and corresponding very short fission time measured by the nuclear techniques (at the 

lower end of nuclear clock's range) cannot be explained by the sensitivity argument of different 

techniques in different time domains [Sik16]. The explanation of long fission time in terms of 

large viscosity parameter of nuclear medium should be applicable to all heavy systems including 
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Z=120 nucleus. Hence, it is clearly not possible to claim the observation of Z=120 superheavy 

nucleus with a high fission barrier on the basis of observed long fission time by atomic 

techniques. 

 

In summary, the long fission lifetime measured by atomic techniques cannot be reconciled with 

the short fission lifetime measured by nuclear techniques using the sensitivity argument [Sik16]. 

Fregeau et al.'s [Fre12] x-ray data could be made consistent with Hinde et al.'s  [Hin92]  results 

only in the context of an extreme bimodal fission time distribution comprising 53% long-lived 

component ( ≥ 10
-16

 sec) and 47% short-lived component ( ≤ 10
-21

 sec), provided the neutron 

emission from the accelerating fragments could be ignored. Such an extreme bimodal 

distribution looks implausible. Even in the context of this extreme bimodal distribution, Fregeau 

et al.'s result [Fre12] is inconsistent with Toke et al.'s mass-angle distribution data [Tok85]. The 

non-observation of Z=120 evaporation residue in 
238

U+
64

Ni reaction contradicts the conclusions 

of ref. [Mor08, Fre12] regarding high fission barrier of Z=120. The fission time measurements 

[Tok08, Hin92] using nuclear techniques agree with each other and consistent with the 

theoretical calculations [Mol09] as well as with the non-observation of Z=120 evaporation 

residue [Hof08]. The atomic results [Mor08, Fre12] and the conclusion that fusion-fission 

reaction mechanism dominates the reaction 
238

U+
64

Ni at 6.6 MeV/A leading to the formation of 

superheavy nucleus Z=120 with a high fission barrier are inconsistent with the nuclear results 

[Tok85, Hin92, Hof08] and calculations [Mol09]. The incompatibility among the measured 

fission times by nuclear and atomic techniques might indicate new physics beyond the scope of 

fission physics and we would provide a quantum mechanical analysis in the next chapter to find 

out if the concept of quantum decoherence is playing any role in understanding the fission data. 
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Chapter 5 

 

A quantum mechanical interpretation of 

fission time anomaly 

 
In the last chapter, we have discussed that the average long fission time (10

-18
 sec) for most of 

the fission events as obtained by the atomic techniques cannot be reconciled with the average 

short fission time (10
-21

-10
-20

 sec) obtained by the nuclear techniques for any plausible fission 

time distribution function. It has been found that the survival time of the atom/ion containing the 

fissioning nucleus is apparently several orders of magnitude longer than the fission time deduced 

from the nuclear observables such as fission fragment angular distributions, prefission neutron 

multiplicity etc. and cannot be explained by fission dynamics calculations. Here, we present a 

plausible quantum mechanical interpretation of the observed fission time anomaly.  

 

The short time scale (10
-21

-10
-20

 sec) deduced from the nuclear observables is actually not a 

direct observation. In Mass Angle Distribution (MAD) technique, an exponential fission time 

distribution function was assumed [Rie11] and its time period (fission time) was adjusted to 

obtain the best fit of the measured mass angle distribution data. In prefission neutron multiplicity 

technique [Hin92], the average number of prefission neutrons per fission event was measured 

and the neutron emission time is taken from statistical model calculations assuming exponential 

decay. So for all these measurements, an exponential decay law is assumed and the fission time 

is deduced from the nuclear observables. On the other hand, atomic techniques measure the 
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survival time of the atom/ion containing the fissioning nucleus and could be considered as more 

direct measurement of the fission time which is independent of any nuclear model.  

 

Although exponential decay law is the hallmark of all radioactive decays, quantum mechanics 

does not predict exact exponential decay law at all times. In quantum mechanics, the time 

evolution of  an isolated unstable state produces a superposition of initial state and decayed states 

at any finite time [Fon78, Hom97] and the classical exponential decay does not emerge from 

such time evolutions. The quantum mechanical time evolution of an isolated state gives a non-

exponential decay initially, an approximate exponential decay at a much later time and a power 

law behavior (non-exponential) after a very long time. However, in practice, we never deal with 

an isolated quantum state. The environment always interacts with the quantum state. The 

coupling between the quantum system and its environment leads to a decoherence process 

[Zur02, Zur03] resulting in the loss of quantum coherence between the initial undecayed state 

and decayed state very quickly.  Before the loss of quantum coherence between the initial state 

and decayed states, a quantum system should undergo non-exponential decay and the classical 

exponential decay should occur after the loss of quantum coherence.  Decoherence timescale is 

the timescale of quantum-classical transition when non-exponential decay takes place. In this 

chapter, we shall estimate decoherence time of the decaying nuclear states produced in a nuclear 

fission reaction and discuss about the possible impact of decoherence time on the measurements. 

This could provide a probable solution of the observed fission time anomaly. 
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5.1 Theory of non-exponential decay 

 
In classical physics, it is assumed that the decay rate ( ) i.e. the number of decays per unit time 

of a unstable system is constant and does not depend on the past history of decaying nuclei or on 

the environment surrounding them. If the number of unstable systems at time t is N(t) (usually a 

very large number), the number of systems that will decay in the time interval dt is 

                                             dtNdN   or dt
dt

dN
 ,                                                        (5.1) 

which gives 

                                                             
t

oeNtN )(
                                                                (5.2)

 

where oN = N(0). One can define "non-decay" or "survival" probability as 

                                                         

t

o

e
N

tN
tP 

)(
)(

                                                             (5.3) 

 

The positive quantity   is related to the inverse of "lifetime" . It is clear from the above 

derivation that there is no memory effect between the initial and decayed state. Moreover, it is 

assumed a priori that there is no cooperative effect taking place, which makes   and )(tP

independent of the environment. 

 

Let us now consider the quantum mechanical description of the phenomenon. Let   be the 

wave function of a quantum system Q at time t = 0. The evolution of Q is governed by the 

unitary operator U(t) = exp(−iHt), where H is the Hamiltonian. We define the survival or non-

decay probability at time t as the square modulus of the survival amplitude 

                                                               
2

)()( tAtP                                                                  (5.4) 
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where 

                                                            )exp(,)( iHttA                                                     (5.5) 

When an ensemble of identical systems is considered, the number N(t) of systems which are 

found in the original state at time t is  given by 

                                                                )()0()( tPNtN                                                          (5.6) 

This equation is classical analogue of equation (5.2). Several authors [Chi77, Fon78, Lev88] has 

investigated the behavior of )(tP  in various context. It has been found that at intermediate times 

)(tP  follows an approximate exponential law, whereas both at large and small times, it deviates 

significantly from the exponential behavior.  

It is possible to comment on some properties of )(tP  which is applicable in general that is 

independent of a particular Hamiltonian H and particular state  [Fon78], 

                                                       1)0()0(  PA   &  1)( tA                                               (5.7) 

Let us consider a complete set of commutating observable which includes H and denote it as 

(H,A). The common eigen-states of these operators would be 

                                                          aEaE EH ,,                                                                (5.8) 

                                                           aEaE aA ,,                                                                 (5.9) 

Both H and A can have discrete and/or continuous spectrum. The completeness relation can be 

written as  

                                                          aEaEdEda ,,                                                         (5.10) 

We now make an assumption, which is based on the physical situation, that H has a spectrum 

which is bounded from below. Expanding  in a series of aE , , we get 
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                                                        




min

)exp()()(
E

iEtEdEtA                                               (5.11) 

where 

                                                            
2

,)(  aEdaE                                                     (5.12) 

and minE
 is the ground state energy of the spectrum. The expression (5.11) can be written 

in terms of Fourier transform as 

                                                        




 )exp()()( iEtEdEtA                                               (5.13) 

where   is given as 

                                                          









min

min

)(

0

EEE

EE


                                      (5.14) 

This is the most general expression true for any quantum system. Considering the hypothesis that 

the wave-function   is normalisable and the Hamiltonian H is bounded from below, it can be 

shown that )(tP exhibits a power law ~ 
nt where n is a positive integer in the limit of very long 

time t. If we consider that the mean energy of the system is finite i.e. 

                                                             




min

)(
E

EEdE                                                         (5.15) 

it can be shown that )(tP  varies as 
2t  at small times. This temporal behavior of unstable 

quantum systems at small time is closely related to the so-called quantum Zeno paradox or 

quantum Zeno effect in the quantum measurement problem. The quantum Zeno paradox (QZP) 

[Rus46], named after the famous Greek philosopher Zeno, states that an unstable quantum 

system becomes stable (i.e. never decays) in the limit of infinitely frequent measurements. Of 

course, in practice, we cannot observe this very limit, but can only investigate the quantum Zeno 
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effect (QZE) introduced by Misra and Sudarshan [Mis77], i.e. a milder version of the QZP, 

stating that the probability of finding the initial state is increased by a (finite) number of 

repetitions of a measurement [Kos05]. 

Now, if we consider the function )(E to be of Breit-Wigner form as 

                                                       
22 )2/()(

2/
)(






rEE
E


                                                (5.16) 

and take ground state energy as minE , then putting (5.16) in eqn. (5.13) we get   

                                                            )
2

1
exp()( ttiEtA r                                                 (5.17) 

and )(tP is given as 

                                                            )exp()()(
2

ttAtP                                                (5.18) 

and hence, we can get a pure exponential for all times.  However, there are two evident problems 

in assuming a Breit-Wigner spectrum: (i) It does not allow for the existence of a minimum of 

energy (threshold for the decay), i.e. it corresponds to a Hamiltonian unbounded from below. (ii) 

The behavior of the Breit-Wigner at large energies is such that, while the normalization can be 

imposed (and thus unitarity), all the moments of the distribution, including the average energy of 

the unstable state, diverge [Fon78]. Thus, a Breit-Wigner spectrum cannot explain the real 

physical scenario. 

So, it is clear that for any choice of the quantum state   at the initial time and of the dynamics 

of the system, described by Hamiltonian H, the non-decay probability P(t) cannot be a pure 

exponential for all times. It follows that the quantum law (eqn. 5.6) cannot be reconciled with the 

classical one (eqn. 5.2). Hence, there exists no state  which can give rise to a purely 

exponential P(t) at all times [Fon78] and one has to assert that an unstable system evolves with 
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time in such a way that the form factor  )(E  resembles as close as possible to the function 

(eqn. 5.16), so that the law (eqn. 5.18) will hold true for a time interval very large, compared 

with  /1  and one would get non-exponential decay both at small and very large times.  

Moreover, it is possible to see from the quantum mechanical time evolution of a state that, in 

general, the decay probability cannot be a pure exponential. Let us consider the time evolution of 

an unstable state  |
𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒

>  from the time t=0 to time t. Let  |
𝑑𝑒𝑐𝑎𝑦𝑒𝑑

(𝑡) >  denotes the 

decayed state at time t. The time evolution should produce the following superposition of 

undecayed and decayed states at any finite time t: 

 

            𝑒−  
𝑖𝐻𝑡

ħ  𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒
 𝑡 = 0 >= 𝛼 𝑡 |

𝑑𝑒𝑐𝑎𝑦𝑒𝑑
(𝑡) > +𝛽 𝑡  𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒

 𝑡 = 0 >                       (5.19) 

 

where H is the Hamiltonian of the system. (t) and (t) are time dependent complex coefficients. 

ħ =
ℎ

2𝜋
,where h is Planck’s constant. At any time t,  |

𝑑𝑒𝑐𝑎𝑦𝑒𝑑
(𝑡) >  satisfies 

 
𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒

(𝑡 = 0) 𝑑𝑒𝑐𝑎𝑦𝑒𝑑
(𝑡) = 0. It can be shown [Fon78, Hom97] that  

 

          𝛽 𝑡 + 𝑡′ = 𝛽 𝑡 𝛽 𝑡′ + 𝛼(𝑡)  
𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒

(𝑡 = 0) exp −𝑖𝐻𝑡′  𝑑𝑒𝑐𝑎𝑦𝑒𝑑
(𝑡)                        (5.20) 

                          

The second term in (eqn. 5.20) is the so-called memory term or reformation amplitude indicating 

the possibility of regenerating the initial state  |
𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒

(𝑡 = 0) >  from the decay products, 

which modifies the classical exponential decay represented solely by the first term. We get 

𝛽(𝑡) ∝ exp −λt  with 𝑅𝑒  > 0, only when the second term i.e. the reformation amplitude of 

the unstable state from the decayed state becomes zero. However, it can never be zero from the 
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solution of the time dependent Schrodinger equation unless the Hamiltonian H is unbounded 

from below i.e. the lowest eigenvalue would tend to - or the decay does not take place. So, the 

results imply that in quantum mechanics, a decay process is in general not time irreversible, as 

expected. Hence, the condition for the start of the exponential decay and the classical description 

of the process is the loss of the quantum coherence between  |
𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒

(𝑡 = 0) >  and  

 |
𝑑𝑒𝑐𝑎𝑦𝑒𝑑

(𝑡) >  as a result of the interaction of the system with the environment. Thus, in a 

scattering reaction involving two particles, the time evolution can produce a superposition of a 

compound unstable state and the decayed states at any finite time. The key characteristic of a 

compound state is that it consists of fragments localized within a region whose linear dimensions 

are of the order of the range of forces acting between them [Fon78]. The problem of determining 

whether at t=0 instant, an unstable compound state  |𝜓𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 >  is present reduces to that of 

extracting from the total wave function |(t=0)> a part  |𝜓𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 >  that has this localised 

character. This reduction process from |(t=0)> to  |𝜓𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 >  is performed in practice by 

switching on an interaction which is different from that responsible for the decay of the state. So, 

this reduction process cannot automatically take place by the time evolution of the wave 

functions of the interacting particles and requires interaction with the external environment 

[Fon78]. The compound state is projected out from the superposition of states when it is found in 

the process of measurement that the two fragments composing the unstable state are spatially 

close to each other i.e. contained within their interaction region. However, a decaying nuclear 

state would affect the surrounding electronic configuration of the host atom and so it should be 

considered an open system. Decoherence time of a decaying nuclear state should depend on the 

surrounding electronic configuration causing the loss of coherence between the initial state and 
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the decayed state. On the other hand, the exponential decay time would depend only on the 

properties of the decaying nuclear state. 

 

 5.2 Experiments on non-exponential decay  

 
In the previous section, we have shown that a pure exponential decay law is not obtained in 

quantum mechanics. It is found that deviations from the exponential law are present at small 

times which is very close to the initial preparation time (t=0) and at very late times, while at 

“intermediate” times the exponential law should hold approximately. R. G. Winter [Win61] and 

Duane et al. [Dua02] found in their numerical simulations that if a sinusoidal wave function is 

put in a specific type of potential well, the decay of the initial state follows a non-exponential 

function for about one exponential lifetime of the system, becomes approximately exponential in 

intermediate times and again becomes non-exponential after about 10-20 exponential lifetimes. 

In particular, at late times the decay law follows a power-law, which is however very difficult to 

observe experimentally because it occurs at times for which the survival probability is already 

vanishingly small. On the other hand, the deviations at small times occur within a very short time 

scale, for instance 10
−15

 sec for the electromagnetic decays of an excited hydrogen atom [Fac98] 

and even shorter for hadronic decays [Pag11]. It is thus experimentally very challenging to 

observe such deviations and to confirm the predictions of the theory.  

Several experimental efforts have been carried out to observe non-exponential decay in 

radioactive decay of nuclei for short and long times. The first testing of the exponential decay 

law was performed by Lord Rutherford [Rut11] in 1911 by measuring the alpha decay of 

radon, 
222

Rn (half life 3.823 days), in the time interval of 27
2

1t (half-lives). Butt and 

http://www.sciencedirect.com/science/article/pii/S0168900206013192?np=y#bib7
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Wilson [But72] have measured the same radionuclide for 40 
2

1t . The 
  decay of isotope of 

manganese, 
56

Mn (half life 2.5785 hours), was measured by Winter [Win62] up to 34 
2

1t and by 

Norman et al. [Nor88] upto 45 
2

1t . Gopych et al. [Gop84] have measured the 
 decay of 

isotope of Indium ( 
116m

In) for 33 
2

1t .  Norman et al. [Nor88, Nor95] measured 
 decay of  

60
Co (half-life 5.3 years) down to 10

-4 
t1/2 time and for 

40
K nuclei (half-life1.25 10

9
 years) 

down to 10
-10 

t1/2 time to search for short time behavior. Norman et al. did not find deviation 

from exponential behavior within 1.3 % in long time limit and in short time limit, the exponential 

decay law was found to be valid within 5.6%. Novković et al. [Nov06] carried out the 

experimental investigation of 
198

Au 
 decay (half life 2.69517 days) in the time interval from 

0.02 to 25 half-lives.  No deviation from the exponential decay law was found either at early 

times or long times within the limits of the experimental uncertainties. 

The tunneling of ultra-cold sodium atoms from a magneto-optical trap showed [Wil97] evidence 

for the non-exponential decay in early time. About 10
5
 sodium atoms were trapped and cooled in 

a periodic optical potential created by a standing wave of light. The Gaussian width of the energy 

distribution of the sodium atoms was about 3×10
-9

 eV [Wil97, Fis01]. An accelerating potential 

of the form 𝑉 = 𝑉0𝑐𝑜𝑠 2𝑘𝐿𝑥 − 𝐾𝐿𝑎𝑡2 , where V0, a, x, t, kL are well depth, acceleration, position 

in laboratory frame, time and laser wave number respectively was applied and the tunneling of 

the sodium atoms from the trapped states to the continuum took place. The survival probability 

of sodium atoms in the trap was measured as a function of the duration of the acceleration. It was 

found that the survival probability followed a non-exponential curve for about 5-6 s and then 

followed an exponential curve with an exponential lifetime on the order of several tens of s. 

The tunneling process took place as a result of exchange of energy between the reservoir and the 

http://www.sciencedirect.com/science/article/pii/S0168900206013192?np=y#bib8
http://www.sciencedirect.com/science/article/pii/S0168900206013192?np=y
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trapped atoms. The energy was taken out from the reservoir to accelerate the trapped atoms and 

the very low energy sodium atoms tunneled out and gave back the energy to the reservoir. The 

applied acceleration separated out the trapped and tunneled out sodium atoms by their energies 

and so the trapped and tunneled out sodium atoms could be distinguished.  As long as the trapped 

and tunneled out sodium atoms could not be resolved within a certain time window by their 

energy difference, even in principle (i.e. by applying the energy-time uncertainty principle), the 

coupling between the atom and the reservoir remained reversible and the decay was non-

exponential within that time window.  When an acceleration of 7000 meter/sec
2
 is applied for 1 

s, then the energy difference between the tunneled out atoms and trapped atoms would be about 

6×10
-12

 eV and from the energy-time uncertainty principle, a minimum time of about 100 s 

would be required to distinguish between the trapped atom and tunneled out atom. So, it was 

necessary to apply the acceleration for 5-6 s so that the energy difference between the trapped 

and tunneled out sodium atoms becomes sufficiently large to distinguish them within a time 

period of 5-6 s [Ray16].  Kofmann [Kof01] included the effect of external reservoir in the 

analysis of transition rate between the eigenstates of a Hamiltonian in the framework of time 

dependent Schrodinger equation and found that the decay process becomes irreversible and 

classical in a timescale when the decayed and undecayed states could be unambiguously 

distinguished as a result of interaction with the environment. Fischer et al. [Fis01] performed a 

similar experiment using ultra-cold sodium atoms in a magneto-optical trap, but interrupted the 

accelerating potential after every 1 s for a long time (of about 50 s) and found that the 

tunneling of the trapped atoms was severely inhibited (quantum Zeno effect). The results implied 

that the acceleration for 1 s was not sufficient to distinguish between the trapped atom and 

tunneled atom within this short time period and because of the long interruption time, a new t=0 
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time was defined after each interruption followed by a slow non-exponential decay. Hence, the 

results of the tunneling of ultra-cold sodium atoms from an atom trap could be understood by 

considering the interaction of the atoms with the environment and they clearly demonstrate the 

importance of such interactions for the onset of exponential decay [Ray16]. 

 Quantum Zeno effect has also been studied for various systems like in case of Rf transition 

between two states of a single trapped ion [Ita90], nuclear magnetic resonance (NMR) [Xia06],  

atomic systems [Str06, Ber08] as well as in rubidium Bose–Einstein condensate [Sch14]. C. 

Rothe et al. [Rot06] observed for the first time, deviation from exponential decay at long 

lifetimes for

 

luminescence decays of many dissolved organic materials after pulsed laser 

excitation. So, all this experiments confirm that the dynamics of a quantum system is greatly 

modified by the interaction with the surrounding external environment. 

 

5.3 Non-exponential decay in nuclear fission process 

 
In nuclear reaction, highly excited transuranium nuclei and complexes are produced and they 

have large probabilities of undergoing fission. In the case of nuclear collisions, usually both the 

projectile and target nuclei have electrons in atomic orbitals. Vacancies in the atomic orbitals are 

created when a projectile ion collides with a target atom to produce a compound ion with a fused 

compound nucleus and it has been discussed in detail in Chapter 2. The excited combined ion 

might be represented by the following coherent superposition of all the atomic orbitals: |𝐴∗ >=

 𝐶𝑖|𝐴𝑖
∗𝑖=𝑛

𝑖=1 >, where |𝐴𝑖
∗ > indicates atomic wave function with one vacancy in i

th
 orbital and n 

is the total number of orbitals. The magnitude of Ci increases rapidly for outer electronic orbitals 

[Ger78]. The characteristic photon emissions from the orbitals of the compound ions act like 
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measurement processes inhibiting the time evolution of the unstable dinuclear state and 

projecting out the unstable dinuclear state from the superposition of states.  

The quantum decoherence process for the nuclear fission might be thought as a two step process 

[Zur02, Zur03]. In the first step, the entire atom or ion whose nucleus is undergoing fission acts 

as a quantum detector observing the nuclear fission process.  As a result, after a certain time, the 

nuclear system couples with all the atomic orbitals of the atom or ion and produces a fully 

correlated pure nuclear-ion state. So, the diagonal elements of the corresponding density matrix 

will be real numbers and the off-diagonal elements will contain complex numbers expressing 

purely quantum correlations. In the second step, by considering the interaction of the 

environment with the pure nuclear-ion state, one gets a reduced density matrix by tracing over 

the environment [Zur02, Zur03] and this reduced density matrix contains only classical 

correlations, thus indicating complete loss of quantum coherence.  

Let us now consider the time evolution of an unstable compound dinuclear state 

|𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟  𝑀1, 𝑀2 , 𝑡 = 0 > (comprising two fragments M1 and M2) fissioning to M1 and M2 

fragments from time t=0 to time t [Ray15]. Let |𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 (𝑀1 , 𝑀2 , 𝑡) > denotes fissioned state at 

time t. We can write 

𝑒−  
𝑖𝐻𝑡

ħ |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟  𝑀1, 𝑀2 , 𝑡 = 0 > 

        = 𝛼 𝑡 |𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑  𝑀1 , 𝑀2 , 𝑡 > +𝛽 𝑡 |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟  𝑀1 , 𝑀2 , 𝑡 = 0 >                                     (5.21) 

 

where H is the Hamiltonian of the system,  (t) and (t) are time-dependent complex 

coefficients. At any instant t, |𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑  𝑀1 , 𝑀2 , 𝑡 > satisfies the orthogonality condition 

 

                            𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 (𝑀1, 𝑀2 , 𝑡 = 0) 𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 (𝑀1 , 𝑀2 , 𝑡) = 0                                      (5.22)     
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It is important to note that the time evolution of |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟  𝑀1 , 𝑀2 , 𝑡 = 0 > produces a 

superposition of the dinuclear state at t=0 and fissioned state at time t. So at any time, the 

superposition will contain dinuclear state at t=0 time. 

Let us now consider the interaction of the nuclear state with the ionic state |𝐴∗ >, (where 

|𝐴∗ >=  𝐶𝑖|𝐴𝑖
∗𝑖=𝑛

𝑖=1 >) producing coupled states. Here |𝐴𝑖
∗ > denotes atomic wave function with a 

vacancy in i
th

 orbital. Let us denote by |𝐴𝑖 , 𝑋𝑖 > a stable ion with no vacancy in i
th

 orbital and Xi 

denotes the corresponding characteristic photon of the compound ion due to the electronic 

transition to i
th

 orbital from a higher orbital. Characteristic photon emission due to the transition 

of an electron to i
th

 orbital should start from time t=0 (when the unstable dinuclear state was 

formed) and continue as long as M1 and M2 are close to each other compared to the diameter of 

the i
th

 orbital. At time ti, when the fragments M1 and M2 would be separated by a significant 

distance compared to the diameter of i
th

 orbital, the electronic configuration becomes so much 

altered that the overlap of the electronic wave function with the original i
th

 orbital becomes 

negligible. So for time tti, i
th

 orbital might be considered destroyed and characteristic photon 

emission (Xi) from the compound atom due to the transition to the i
th

 orbital cannot take place. 

We indicate by |𝐴𝑖
 , 𝑋𝑖

 >, the state with destroyed i
th

 orbital and no corresponding photon 

emission (Xi) due to the transition to the i
th

 orbital. We have the orthogonality conditions 

 𝐴𝑖 , 𝑋𝑖 𝐴𝑖
 , 𝑋𝑖

  = 0 and  𝐴𝑖 , 𝑋𝑖 𝐴𝑗 , 𝑋𝑗  = 0 for ij. Since |𝐴𝑖 , 𝑋𝑖 > and |𝐴𝑖
 , 𝑋𝑖

 > are time-independent 

stable states that should remain correlated with the outcome of the measurements in spite of 

interactions with the environment, they could be considered as pointer states [Zur03].  Pointer 

state |𝐴𝑖 , 𝑋𝑖 > implies the presence of either |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 > or |𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑  𝑀1 , 𝑀2 , 𝑡 > where M1 

and M2 are still sufficiently close to each other. Pointer state |𝐴𝑖
 , 𝑋𝑖

 > implies the presence of 
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|𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑  𝑀1 , 𝑀2 , 𝑡 > where M1 and M2 are sufficiently separated so that i
th

 orbital of the 

combined atom could be considered as destroyed. Let us abbreviate |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟  𝑀1 , 𝑀2 , 𝑡 = 0 > 

and |𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑  𝑀1 , 𝑀2 , 𝑡 > as |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 > and |𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑  𝑡 > respectively. At any time t, we 

get 

                                        |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 >  𝐴𝑖
∗ >→ 𝛾𝑖 𝑡  𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 > |𝐴𝑖 , 𝑋𝑖 >                                     (5.23) 

For t<<ti, we get  

                                         𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑  𝑡 > |𝐴𝑖
∗ >→ 𝛾𝑖 𝑡  𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 (𝑡) > |𝐴𝑖 , 𝑋𝑖 >                        (5.24)  

where i(t) is a time-dependent complex coefficient. 

In eqns. (5.23) and (5.24), there should also be amplitudes for the presence of |𝐴𝑖
∗ >. However, 

|𝐴𝑖
∗ >, being an unstable state, cannot be considered as a pointer state [Zur03] because it will not 

remain correlated with the outcome of the measurement throughout the process. Hence, it has not 

been considered in our analysis. 

For 𝑡 ≥ 𝑡𝑖 ,  

                                         𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑  𝑡 > |𝐴𝑖
∗ >→ 𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 (𝑡) > |𝐴𝑖

 , 𝑋𝑖
 >                                  (5.25)  

 

So for time 𝑡 ≥ 𝑡𝑛 , (where the total number of atomic orbitals =n), the combined dinuclear-ion 

state evolves [Zur02, Zur03] into a correlated state  

|𝜓𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 (𝑡) > = 𝛼(𝑡)  𝐶𝑖|𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 (𝑡) >

𝑛

𝑖=1

|𝐴𝑖
 , 𝑋𝑖

 > 

                                +𝛽(𝑡)  𝐶𝑖𝛾𝑖(𝑡)|𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 > |𝐴𝑖 , 𝑋𝑖 >            𝑛
𝑖=1                                                (5.26) 

 

where the summation is over all the atomic orbitals. The corresponding density matrix of the 

pure state |𝜓𝑐𝑜𝑟𝑟𝑒𝑙𝑎 𝑡𝑒𝑑 (𝑡) > is 𝜌𝑐(𝑡) = |𝜓𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 (𝑡) >< 𝜓𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 (𝑡)| whose diagonal elements 
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are real numbers. After tracing over the environment [Zur02, Zur03], one gets the reduced 

density matrix at time 𝑡 ≥ 𝑡𝑛  [Ray15] 

𝜌𝑟 𝑡 =  𝛼(𝑡) 2   𝐶𝑖 
2|𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 (𝑡) >< 𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 (𝑡)|

𝑛

𝑖=1

 𝐴𝑖
 , 𝑋𝑖

 >< 𝐴𝑖
 , 𝑋𝑖

   

+ 𝛽(𝑡) 2   𝐶𝑖 
2𝑛

𝑖=1  𝛾𝑖(𝑡) 2|𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 >< 𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 ||𝐴𝑖 , 𝑋𝑖 >< 𝐴𝑖 , 𝑋𝑖 |                                         (5.27) 

The reduced density matrix contains only classical correlations implying that the system would 

be either in the fissioned state or dinuclear state. Since an ion is a relatively large object, we 

might consider the time required to transform from 𝜌𝑐  to 𝜌𝑟as instantaneous and take the time 𝑡𝑛  

required to form the coupled state with all the orbitals of the ion (as given in (eqn. 5.27)) as the 

decoherence time of the fissioning nucleus. It is very important to couple with all the atomic 

orbitals, because otherwise the reduced density matrix will contain quantum correlations and 

decoherence will not be achieved. For example, at 𝑡 = 𝑡𝑖′  (𝑡𝑖′ < 𝑡𝑛 , n being the total number of 

atomic orbitals), the nuclear-ion wave function might be approximately written as 

 

|𝜓𝑐𝑜𝑟𝑟 𝑒𝑝𝑎𝑟𝑡𝑖𝑎𝑙
(𝑡) >≈ 

𝛼(𝑡)   𝐶𝑖|𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 (𝑡) > |𝐴𝑖
 , 𝑋𝑖

 > +  𝐶𝑖𝛾𝑖 𝑡 |𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑 (𝑡) > |𝐴𝑖 , 𝑋𝑖 >𝑛
𝑖=𝑖 ′

𝑖 ′

𝑖=1  +

 𝛽(𝑡)  𝐶𝑖𝛾𝑖(𝑡)|𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 > |𝐴𝑖 , 𝑋𝑖 >𝑛
𝑖=1                                                                                     (5.28) 

The diagonal elements of the corresponding density matrix 

𝜌𝑐𝑜𝑟𝑟 𝑒𝑝𝑎𝑟𝑡𝑖𝑎𝑙
(𝑡) = |𝜓𝑐𝑜𝑟𝑟 𝑒𝑝𝑎𝑟𝑡𝑖𝑎𝑙

(𝑡) >< 𝜓𝑐𝑜𝑟𝑟 𝑒𝑝𝑎𝑟𝑡𝑖𝑎𝑙
(𝑡)| are complex numbers and after tracing over 

the environment, the reduced density matrix will contain quantum correlations. However, for 

𝑡 ≥ 𝑡𝑛 , the fully correlated coupled state as given by (eqn. 5.27) would be produced and after 

tracing over the environment, the reduced density matrix will contain only classical correlations 

and quantum decoherence would be achieved. 
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So, the question is what is the estimate for 𝑡𝑛  ? The problem of two approaching atoms forming a 

united atom was reviewed by J. Reinhardt and W. Greiner [Rie84]. In our case, the nucleus of 

the united atom is breaking apart due to fission. Since the speed (10
9
 cm/sec) of the fission 

fragments is much smaller than the orbital speed of the electrons, adiabatic approximation could 

be applied. As the fission fragments start separating out, the electronic wave function is 

described in terms of molecular orbitals [Anh85] involving two separating charge centers. 

However, when the distance between the charge centers is very small compared to the diameter 

of i
th 

atomic orbital of the compound atom, the distortion of the i
th

 orbital should be very small 

and so its overlap with the original i
th

 orbital would be large. As the distance between the charge 

centers becomes comparable to the diameter of the i
th 

orbital, electrons of the i
th

 orbital would be 

so much disturbed that the overlap of its wave function with the original i
th

 orbital becomes 

negligible and the i
th 

atomic orbital of the compound atom could be considered destroyed and no 

characteristic photon (Xi) due to the transition to i
th

 orbital could be seen. Hence, when the 

distance between the charge centers is comparable to the diameter of the atom/ion, all the atomic 

orbitals could be considered destroyed and no characteristic photon of the compound ion could 

be emitted. An estimate of the upper limit of the destruction time of all the atomic orbitals might 

be done by calculating the time taken by the fission fragments to cross the atomic radius i.e. 

10−8𝑐𝑚

109𝑐𝑚 /𝑠𝑒𝑐
= 10−17  sec. So 𝑡𝑛 < 10−17 sec i.e. 𝑡𝑛  should be of the order of 10

-18
 sec. The classical 

exponential decay should start after the loss of quantum superposition in attosecond time scale 

(10
-18

 sec) and very little fission decay would occur before that because of the reformation 

amplitude of forming the dinuclear state from the decayed states. 
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A compound dinuclear state can also decay by emitting neutrons, high energy GDR gamma rays 

etc. [Van73]  in addition to undergoing fission. So, the superposition of states produced by the 

time evolution of |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 > would also include the superposition of neutron-emitted and 

GDR-emitted states in addition to the fissioned states and undecayed |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟 > state, as 

given below. 

𝑒−  
𝑖𝐻𝑡

ħ |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟  𝑀1, 𝑀2 , 𝑡 = 0 > 

= 𝛼𝑓 𝑡 |𝜓𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑  𝑀1 , 𝑀2 , 𝑡 > +𝛽 𝑡 |𝜓𝑑𝑖𝑛𝑢𝑐𝑙𝑒𝑎𝑟  𝑀1 , 𝑀2 , 𝑡 = 0 > +𝛼𝑛 𝑡  𝜓𝑛𝑒𝑢𝑡𝑟𝑜 𝑛_𝑒𝑚𝑖𝑡𝑡𝑒𝑑
 𝑡 >

+𝛼𝛾 𝑡  𝜓𝐺𝐷𝑅_𝑒𝑚𝑖𝑡𝑡𝑒𝑑
(𝑡) >                                                                                                           (5.29) 

Very little neutron, GDR emission or fission decay would take place as long as quantum 

superposition would persist because of the reformation amplitudes discussed earlier. So, the 

nuclear techniques such as mass-angle distribution [Tok85, Rie11] and pre-fission neutron 

multiplicity techniques [Hin92] detect decay products from the decaying nuclear state primarily 

after the loss of quantum coherence. Hence, the nuclear techniques cannot measure how long the 

quantum superposition of the decayed and undecayed nuclear states persisted. For example, 

prefission neutron multiplicity technique measures the ratio 𝑀𝑛 =
 |𝛼𝑛 (𝑡)|2𝑑𝑡

𝜏𝑓
0

 |𝛼𝑓(𝑡)|2𝑑𝑡
𝜏𝑓

0

 where 𝜏𝑓  is the 

fission lifetime and it tells us how many neutrons would be emitted, on the average, before 

fission takes place. Then one determines fission time knowing the exponential decay time of 

neutron emission from statistical model codes [Hin92]. So, nuclear techniques [Tok85, Rie11, 

Hin92] measure the exponential fission decay time that would only depend on the properties of 

the decaying nuclear state and cannot provide any information about the coherence time of 

undecayed and decayed nuclear states. On the other hand, atomic techniques [Gol99, Mor08, 

And08, Fre12, Wil04, Mol93] measuring the survival time of the ions hosting fissioning nuclei 
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should measure the sum of the quantum coherence time between the undecayed and decayed 

nuclear states and the exponential fission decay time. 

In the case of low excitation energy of the fissioning nucleus, the exponential fission decay time 

becomes much longer than the quantum decoherence time of the fission process (10
-18

 sec). So, 

the measured survival time of the concerned ion would be dominated by the exponential fission 

decay time and could be much longer than 10
-18

 sec. However, for highly excited (EX > 50 MeV) 

uranium and transuranium nuclei/complexes, the survival time of the concerned ion could be 

dominated by the quantum decoherence time. It was found from ref. [Gol99] that as 
238

U is 

excited to high excitation energy (above 250 MeV) by scattering from 
28

Si at a small impact 

parameter, the fission time of the excited 
238

U drops below 10
-18

 sec. The quantum decoherence 

time of such highly excited 
238

U fission process is expected to be short in this situation, because 

in the case of small impact parameter collisions (producing high excitation energy) higher ionic 

states of 
238

U having smaller ionic radii would be  produced, thus reducing destruction time of 

the ionic orbitals and the quantum decoherence time.  

Qualitatively speaking, the interaction of the dinuclear/compound state with the atomic states 

producing photons is like a measurement process projecting out the unstable dinuclear state from 

the superposition of states. The measurement process is creating quantum Zeno effect [Hom97] 

inhibiting the time evolution of the dinuclear state. We consider the timescale of creation of fully 

correlated nuclear-ion wave function as decoherence time of the quasifission/fission process and 

this is the timescale of destruction of all the atomic orbitals when no further photon emission due 

to the transitions of electrons between orbital states is possible.  
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Comment on TDHF calculations 

The time dependent Hartree-Fock calculations (TDHF) [Sek13, Wak14] apparently show that the 

quasifissioning fragments separate out in zeptosecond (10
-21

 sec) timescale. However, in TDHF 

calculations of heavy ion collisions, the relative motion between the nuclei is treated classically 

while the internal degrees of freedom of nucleons and their couplings to collective excitations are 

treated quantum mechanically on a mean field level described by a single Slater determinant. 

TDHF calculations consider time evolution of an initial state wave function that is a product of 

ground state wave functions of two nuclei boosted with a relative velocity. After collision, single 

particle wave functions extend spatially and the final stage wave function remains a 

superposition of states with different particle number distributions. TDHF calculations use 

classical trajectories and for collisions outside the fusion critical impact parameter, the fragments 

are assumed to separate out irreversibly. Hence, quantum decoherence time is not included in 

TDHF calculations and the separation time of the fragments is essentially based on classical 

considerations.  

 

Comment on Carjan et al.'s calculation 

Carjan et al. [Car94] considered sub-barrier fission as tunnelling of wave function through a one-

dimensional barrier and obtained pre-exponential decay time of the order of 10
-21

 sec. They 

assumed formation of an unstable compound state comprising two fragments contained within 

the nuclear dimension at t=0 instant and obtained a time-dependent fission decay rate by 

calculating the fraction of wave function that has tunnelled through the barrier at time t. This 

time-dependent fission decay rate shows saturation after a time of the order of 10
-21

 sec that 

depends on an arbitrary parameter. However, the coherence between the parent state and 
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fissioned state would continue indefinitely even after the fragments would tunnel through the 

barrier. Carjan et al. [Car94] assumed implicitly that the coherence between the parent state and 

fissioned state would be lost and the decay process would be irreversible as the fragments tunnel 

through the barrier and their separation becomes larger than a certain distance taken as 

comparable to the nuclear dimension. However, there is no a priori reason to assume that the 

coherence between the parent and fissioned state would be lost as the fragments come out of the 

nuclear potential well, because quantum coherence is not due to the attractive force between the 

fragments. As long as the initial compound nuclear state and the fissioned state cannot be 

distinguished, the decay should be reversible and non-exponential decay should be dominant. As 

discussed before, the time evolution of an isolated state with energy form factor )(E of the 

form of a Lorentzian multiplied by a threshold factor to take care of the low energy behaviour 

shows that the square of the amplitude of the undecayed state approximately becomes an 

exponential function of time at a time t given by 
𝜆𝑡

ħ
𝑒−𝜆𝑡/ħ ≫  

𝜆

𝐸𝑅
 

2

 [Kha58], where 𝜆 and ER are 

width and resonance energy of the state. However, this result has to be analyzed in proper 

perspective. Suppose a nuclear reaction is performed to produce a fissioning nucleus at t=0 

instant. However, this instant has no physical significance. A measurement process has to be 

performed to determine whether a compound fissioning state comprising two fragments very 

close to each other has been formed and this measurement process would define a new t=0 

instant when the time evolution of the state could be considered. Then another measurement has 

to be performed to distinguish between the initial state and fissioned state and determine whether 

a fission has occurred. Suppose the initial compound nuclear state is evolving without any 

interaction with the environment and the non-exponential timescale is on the order of 10
-21

 sec as 

obtained by Carjan et al. [Car94]. In order to see decay in such a short timescale, a measurement 
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process to distinguish between the initial compound nuclear state and fissioned state has to be 

completed in a timescale on the order of 10
-22

 -10
-21

 sec. So the energy uncertainty of the 

compound nuclear state would be on the order of 1 -10 MeV. In the case of sub-barrier fission, 

the fission time is very long and so the value of 𝜆 is very small. As a result of the large increase 

in the value of 𝜆 because of the measurement process, the onset of the exponential decay would 

be delayed by many orders of magnitude following Khalfin’s criteria [Kha58]. So the non-

exponential decay for 10
-21

 sec in the case of subbarrier fission cannot be observed even in 

principle. Hence, it is not a physically meaningful number.     

In practice, the superposition of states is lost due to the interaction with the surrounding 

environment. So, Carjan et al.’s calculation [Car94] did not consider the decoherence process 

and was based on an ad-hoc assumption that the superposition of nuclear states would be 

destroyed beyond a certain distance taken as comparable to the dimension of the nuclear 

potential well.  

 

Thus, we have estimated the quantum decoherence time of the nuclear fission processes by 

considering the interaction of the superposition of decaying and decayed nuclear states with the 

atomic electronic orbitals [Ray15]. Quantum decoherence time depends on the environment 

surrounding the decaying state because the coherence between the undecayed and decayed states 

is lost as a result of interaction with the environment. On the other hand, the exponential decay 

time depends only on the properties of the decaying state. Our calculated quantum decoherence 

time of the fission process is consistent with the fission lifetime measured by the atomic 

techniques and could provide a probable solution of the fission time anomaly between the atomic 

and nuclear measurements established in the last chapter. 
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Chapter 6 

 

Penning Trap 

 
The mass measurement of superheavy nuclei would provide further insight on this problem of 

fission time anomaly related to fissile and very heavy nuclei. The fission time depends on the 

binding energy of the nucleus and microscopic calculations predict high fission barrier and 

binding energy around Z=120 [Moe94, Ben90]. One can learn about the nuclear binding energy 

from high precision nuclear mass measurements and Penning traps are presently being used for 

the mass measurements of superheavy nuclei [Blo10, Ram12] to find out the shell stabilization 

criterion. Although such experiments are beyond the scope of my thesis, I have been deeply 

involved in the development of a Penning trap to use it in conjunction with the upcoming 

facilities at VECC, Kolkata where such experiments could be undertaken in the future. This 

chapter provides the information about the status of Penning Trap development at VECC. 

 

6.1 Theory of Penning trap 

 
According to Earnshaw's theorem, a charged particle cannot be held in stable equilibrium by 

electrostatic forces alone [Gri99]. For example, when a positive test charge is to be held in a 

fixed position in three dimensions, one need to make the resultant force acting on test charge to 

be zero from all directions. So, one should keep the test charge at the centre of a positively 

charged hollow sphere. But, it is known that there is zero potential inside a hollow sphere. So, 

the test charge will drift to the surface of the sphere and there will be no confinement. So, one 
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need to apply either magnetic field or varying electric field in addition with static electric field to 

confine the charged particle in free space.  

 

 

 

Fig. 6.1: A positive charge placed at the centre of a positively charged metal sphere will drift to 

the surface of the sphere and hence, it  cannot be confined by electrostatic force alone. 

 

The configuration in which ions/electrons are trapped under application of strong homogenous 

magnetic field and weak quadrupolar electrostatic potential is known as Penning Trap [Win73]. 

In the presence of strong homogenous magnetic field, preferably chosen along z direction, the 

charged particle is bounded in the plane perpendicular to the field but the motion along the 

applied field remain unbound. So, a weak quadrupolar potential of suitable polarity is applied 

which provides axial confinement and result in harmonic motion along z direction. The axial 

frequency ( z ) and angular frequency )( z  depend solely on the applied electric potential 

[Bro86] given as 

                                                            
2

22
md

CqU dc
zz                                                     (6.1) 
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where dcU
 
is the electrostatic trapping potential, d and 2C are related to trap geometry described 

in section 6.2. In our work, we have used the axial motion for all detection and monitoring 

purposes.  

 

 

 

 

 

 

Fig. 6.2: Trajectory of charged particles in Penning trap with magnetic field along z axis. The 

projection of the motion on x-y plane is a superposition of two radial motions: modified 

cyclotron motion with frequency   and magnetron motion with frequency   and the projection 

on x-z plane or y-z plane gives the axial motion with frequency z .  
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Due to the presence of additional quadrupolar potential that acts opposite to the confining 

magnetic force, the radial motion becomes a superposition of two independent harmonic 

motions. The free cyclotron motion c  changes slightly [Bro86] and termed as modified 

cyclotron motion (  ).  

                                                    
242

2
22

zcc 
  

                                               (6.2) 

where 
m

qB
c 

 
is the free cyclotron frequency. The presence of 



 BE  field results in a slow 

drift motion that is termed as magnetron motion (  ).  

                                                  
c

zzcc






2242
2

222

                                         (6.3) 

The magnetron frequency is independent of both the particle properties e and m, being 

determined by the electric and magnetic fields alone. Unlike the other spatial motions, the 

magnetron motion is only metastable. Any loss of energy in this motion would cause the 

magnetron orbit to grow until the trapped particle collides with the electrode surface. Typically, 

the eigen-frequencies obey the following hierarchy [Bro82] 

                                                               cz                                                        (6.4) 

It is clear from the eqns. (6.2) and (6.3) that to overcome the repulsive radial electrostatic field 

from making the ion trajectories unstable in the radial direction, the axial frequency has to be 

chosen sufficiently low and it gives the condition for applied electric and magnetic field to obtain 

stable confinement of charged particles.  
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However, the implementation of those principles for a real Penning trap is much more 

complicated due to significant deviations from ideal quadrupolar electrostatic potential, 

misalignments between the electric and magnetic fields and several other factors. The magnetic 

field inhomogeneities, electric field imperfections, misalignment of the trap axis with respect to 

the magnetic field axis etc. result in shifts of the measured eigen-frequencies as well as 

broadenings of the observed resonances. In spite of various shifts in eigen-frequencies, Brown 

and Gabrielse [Bro86, Gab09] showed that the free cyclotron frequency is given by 

                                                              2222

zc                                                          (6.6) 

where the barred quantities represent the measured frequencies that shift due to various 

imperfections, while the cyclotron frequency (c) is the ideal free cyclotron frequency in the 

absence of the electrostatic field. This is known as the Brown- Gabrielse invariance theorem 

[Bro86]. This theorem opens up the possibility of measuring the free cyclotron frequency with a 

very high accuracy in the presence of a imperfect magnetic field and realistic electrostatic field 

and makes trap useful for high precision mass measurement. 

 

6.2 Design of cylindrical Penning trap electrodes 

 
In order to perform high precision measurements using Penning traps, it is essential to create a 

high quality quadrupolar potential near the center of the Penning trap. Traditionally this was 

achieved by using hyperbolic electrodes. However, it is generally quite difficult to machine such 

hyperbolic electrodes with sufficient precision. The quadrupolar potential near the centre of the 

trap could be created by an open-ended cylindrical trap geometry with the help of suitable 

cylindrical compensation electrodes [Gab84] and usually that is sufficient for most of the 

purposes. This important result led to the use of cylindrical traps which are much easier to 
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fabricate and provide much better accessibility to the trapped particles [Gab89, Win93] and the 

use of external probes such as laser beam and microwaves [Bol03,Vin98] etc. 

                                              

Fig. 6.3: Open ended, cylindrical Penning trap with five electrodes and one pair of compensation 

electrodes, with the center of ring electrode at the origin. Special cuts are applied to the 

electrodes so that the insulators cannot see the trapped particles and charge built-up in the 

insulator is avoided.  

 

Assuming that the applied voltage between the end-caps and the ring is V0 and taking the origin 

at the center of the ring electrode where the azimuthal symmetry axis i.e. the Z = 0 plane bisects 

the ring electrode, the electrostatic potential inside the cylindrical trap can be written [Jac75, 

Bro86] in spherical polar coordinates (𝑟, 𝜃 and ) as 

                                          V 𝑟, 𝜃 =
1

2
V0  Ck  (∞

k=0
even

r

d
)k   Pk(cosθ )                                               (6.7) 
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where )2/(2/1 22

oo rzd  , where zo is the axial distance from the centre to the beginning of 

the end-cap electrode and ro is the radius of the trap shown in Fig. 6.3.                                                                                                              

Writing the result in cylindrical coordinates (𝑟,   and z) and keeping only the first two terms, 

the above equation becomes 

                                             V 𝑟, 𝑧 =
1

2
V0 C0 +V0 (

z2 −r2/2

2d2 ) C2                                                (6.8) 

The first term is a constant determined by the choice of a reference point for the potential and has 

no effect on the electric field. If all higher order coefficients (Ck  , k > 2) would vanish, then the 

potential V 𝑟, 𝜃  would present an ideal quadrupolar potential. 

 

The electrostatic potential in a cylindrical trap comprising a ring electrode and two end-caps 

departs from the quadrupolar potential as one moves away from the center of the trap. The 

cylindrical geometry introduces non-linearity in the equation of motion, resulting in amplitude-

dependent frequency shifts and instabilities [Bla06]. The use of compensation electrodes 

[Gab89] that can tune out anharmonicity to first order with the application of proper voltage has 

mostly overcome this problem. By adjusting the compensation potentials, the leading 

anharmonic C4 term can be tuned out. However, the adjustment of the compensation potential 

complicates the study of particle motion since it changes the axial-oscillation frequency of the 

trapped particles. If C2 is independent of the adjustment of compensation potentials, then the trap 

with this feature is called an orthogonalized trap.  So, the concept of orthogonalized Penning trap 

was introduced [Gab83] implying that the trapping well depth and the axial oscillation frequency 

of the trapped particle are independent of the anharmonicity compensation. Special 

configurations were required to achieve such orthogonalized traps.  
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Let V0 be the voltage applied between the end-caps and the ring electrode and V1 be the voltage 

applied on the compensation electrodes relative to the same reference ground used for V0. Then 

following ref. [Fei99], the electrostatic potential inside the trap is 

                                                               V =V00 + V1 1                                                        (6.9) 

where 

                                                   0 = 
1

2
 Ck

(0)
 (∞

k=0
even

r

d
)kPk(cos θ )                                          (6.10) 

                                                    1 = 
1

2
 Dk  (∞

k=0
even

r

d
)kPk(cosθ )                                           (6.11) 

Here Ck
(0)

and Dk  are yet to be determined coefficients and these coefficients depend on the trap 

geometry. Since the potential has cylindrical symmetry around Z-axis and reflection symmetry 

across the Z=0 plane, following ref [Fei99] 

                                                               Ck= Ck
(0)

 + 
V1

V0
Dk                                                         (6.12) 

Using the method described in ref [Gab84], it can be shown that  

                                             Ck
 0 =  

 −1 
k
2

k!

πk

2k−1  
d

L
 

k
 (2n)k Sn

(0)

L J0  ikn r0 
∞
n=1                                (6.13) 

                                             Dk =  
 −1 

k
2

k!

πk

2k−1  
d

L
 

k
 (2n)k Sn

(1)

L J0  ikn r0 
∞
n=1                                  (6.14) 

where kn =
nπ

L
, where L is the length of the trap from centre of ring to the end of end-cap 

electrodes and where 

                                                 Sn
(0)

 = 2  0(ro , z) cos  
n π z

L
 

L

0
 dz                                        (6.15)      

                                                 Sn
(1)

 = 2  1(ro , z) cos  
n π z

L
 

L

0
 dz                                         (6.16)      

In order to evaluate the integrals given by eqn. (6.15) & (6.16), the values of 0(ro , z) and 

1(ro , z) representing electrostatic potentials on the surface of the trap electrodes for different 
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values of z are required. The potentials on the electrodes are known from the boundary 

conditions. Following ref. [Far02], the potentials in the gaps have been approximated 

considering semi – infinite gap case which is applicable only when Zg  is much smaller than the 

electrode thickness and ro  >> Zg .  

 

The boundary conditions for  0(ro , z) are: 

                                
1

2
                              for Zo< z < L ( end-cap), 

                         ai
 0 5

i=0 ui                      for Zo − Zg  < z < Zo  (gap), 

    0(ro , z) =          0                             for Zo − Zc + Zg  < z < Zo − Zg  (compensation), 

                         bi
 0 5

i=0 wi                     for Zo − Zc< z < Zo − Zc + Zg  (gap). 

                             −
1

2
                             for 0 < z < Zo − Zc  (ring).                                        (6.17) 

 The boundary conditions for  1(ro , z)  are: 

                                0                             for Zo< z < L ( end-cap), 

                         ai
 1 5

i=0 ui                      for Zo − Zg  < z < Zo  (gap), 

    1(ro , z) =          1                             for Zo − Zc + Zg  < z < Zo − Zg  (compensation), 

                         bi
 1 5

i=0 wi                     for Zo − Zc< z < Zo − Zc + Zg  (gap). 

                                 0                                for 0 < z < Zo − Zc  (ring).                                    (6.18) 

where u = 
𝑍

𝑍𝑔
−

𝑍𝑜

𝑍𝑔
+ 1 and v = 

𝑍

𝑍𝑔
−

(𝑍𝑜−𝑍𝑐)

𝑍𝑔
 

The coefficients ai
 0 

, bi
 0 

,  ai
 1 

 and bi
 1 

 have been determined by fitting the gap potentials with 

a fifth order polynomial [Far02] and the values of the coefficients are given in Table 6.1. 
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Table 6.1: Values of various coefficients used in (eqn. 6.17 & 6.18) to estimate the gap potential. 

 

 

 

 

 

 

 

 

 

Finally, the coefficients Ck
(0)

 and Dk  have been evaluated and the electrostatic potential profiles 

in the trap are given by (eqn. 6.7) have been determined. Detailed expressions of coefficients 

Ck
(0)

and Dk  are given in  ref. [Far02]. 

 

Table 6.2: Trap parameters: Geometric and electrostatic properties. 

Dimension (mm) Potential parameter 

r0 3.29 V0 10 V 

Z0 3.04  Vc 4.9874 V 

d 2.7068 C0 0.57463 

Zc 2.58 C2 0.65202 

Ze 10.0 C4 1.17 x 10
-4

 

Zg 0.6 C6 0.0668 

D2 7.7 x 10
-4

 C8 -0.00934 

 

Coefficients Values Coefficients Values 

𝑎0
 0 

 0.00427 𝑎0
 1 

 0.99146 

𝑏0
(0)

 -0.49573 𝑏0
(1)

 0.00854 

𝑎1
 0 = 𝑏1

(0)
 0.79975 𝑎1

 1 = −𝑏1
(1)

 -1.5995 

𝑎2
 0 =  𝑏2

(0)
 -1.65852 𝑎2

 1 = −𝑏2
(1)

 3.31704 

𝑎3
 0 =  𝑏3

(0)
  3.55116 𝑎3

 1 =  −𝑏3
(1)

 -7.10232 

𝑎4
 0 =   𝑏4

(0)
 -3.66822 𝑎4

 1 =  −𝑏4
(1)

 7.33644 

𝑎5
 0 =  𝑏5

(0)
 1.46729 𝑎5

 1 = −𝑏5
(1)

 -2.93458 
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 In a compensated Penning trap, it is possible to achieve orthogonalization i.e. D2 = 0 and tune 

out C4 term by varying the potential at compensation electrode. The optimum dimensions have 

been achieved for a five electrode, open-ended cylindrical Penning trap which has been used for 

fabrication. The dimensions and different electrostatic coefficients for our trap are listed in Table 

6.2.  

 

Moreover, we have found that by introducing another pair of compensation electrodes, it is 

possible to tune out up to C8 terms and achieve dynamic orthogonalization [Sik13]. 

                                                           

Fig. 6.4: Open ended, cylindrical Penning trap with seven electrodes and two pairs of 

compensation electrodes, with the center of ring electrode at the origin.  
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Let V2  be the voltage applied on the outer compensation electrodes relative to the same reference 

ground used for V0. Then (eqn. 6.9) becomes,  

                                                           V =V00 + V1 1 + V2 2                                            (6.19) 

where 

                                                      2 = 
1

2
 D2k(∞

k=0
even

r

d
)k  Pk (cos θ )                                       (6.20) 

Thus, (eqn. 6.12) becomes 

                                                         Ck= Ck
(0)

 + 
V1

V0
D1k  + 

V2

V0
D2k                                               (6.21) 

Finally, the coefficients Ck
(0)

, D1k  and D2k  have been evaluated in the similar fashion as 

mentioned above and one can see [Sik13]. It is possible to make the trap dynamically 

orthogonalized i.e. C2 = C2
(0)

 (so that the axial oscillation frequency is independent of 

compensation potentials V1 and V2  ) and make C4 = 0 by adjusting the compensation potentials 

V1 and V2 satisfying the following equations  

                                                            
V1

V0
D12  + 

V2

V0
D22= D2= 0,                                               (6.22) 

and 

                                                          C4
(0)

 + 
V1

V0
D14  + 

V2

V0
D24= 0.                                              (6.23)  

Keeping the total length (L) of the Penning trap fixed, we have varied the ratios of the 

lengths 𝑍1/𝑍𝑜  versus  𝑍2/𝑍𝑜  for a given gap size to make the trap dynamically orthogonalized 

with the anharmonicity parameters 𝐶4 = 𝐶6 = 0.  In Fig. 6.5(a) the variations of the ratios of the 

lengths 𝑍1/𝑍𝑜  versus 𝑍2/𝑍𝑜  are shown for a given gap size 𝑍𝑔 /𝑍𝑜=0.1(fixed arbitrarily) and four 

different values of 𝑟𝑜 /𝑍𝑜  [Sik13]. Fig. 6.5(b) shows plots of 𝐶8 versus 𝑍2/𝑍𝑜  for different values 

of 𝑟𝑜 /𝑍𝑜 . We find that the condition 𝐶8 = 0  is achieved at a specific value of 𝑍2/𝑍𝑜  for a 
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particular value of 𝑟𝑜 /𝑍𝑜 . This value of 𝑍2/𝑍𝑜  moves towards smaller values as we increase the 

radius of the trap. 

 

Fig. 6.5: (a) Variation of 𝑍1/𝑍𝑜  with 𝑍2/𝑍𝑜  for fixed gap 𝑍𝑔 /𝑍𝑜= 0.1 and 𝑍𝑒 /𝑍𝑜 = 4.327  which 

satisfies 𝐶2 = 𝐶2
(0)

, 𝐶4 = 0  and 𝐶6 = 0 for an orthogonalized trap with four different 𝑟𝑜 /𝑍𝑜  and 

(b) respective variation of coefficients 𝐶8. 



108 

 

 

Fig. 6.6 : (a) Variation of 𝑍1/𝑍𝑜  with 𝑍2/𝑍𝑜  for fixed radius 𝑟𝑜 /𝑍𝑜  = 0.8 and 𝑍𝑒 /𝑍𝑜 = 4.327 

which satisfies the conditions 𝐶2 = 𝐶2
(0)

, 𝐶4 = 0 and 𝐶6 = 0 for an orthogonalized trap with four 

different 𝑍𝑔 /𝑍𝑜  and (b) respective variation of coefficients 𝐶8. 

 

In Fig. 6.6(a) we have plotted the ratio 𝑍1/𝑍𝑜  versus 𝑍2/𝑍𝑜  for a given radius 𝑟𝑜 /𝑍𝑜  =0.8 (fixed 

arbitrarily) and for four different values of 𝑍𝑔 /𝑍𝑜 , creating dynamically orthogonalized trap with 
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the anharmonicity parameters 𝐶4 = 𝐶6 = 0 in each case. Fig. 6.6(b) shows the corresponding 

variation of 𝐶8  with 𝑍2/𝑍𝑜  for different gap lengths.  We find from Fig. 6.6(b) that as the gap 

length between adjacent electrodes increases,  𝐶8  becomes zero for progressively smaller values 

of  𝑍2/𝑍𝑜 . This limits the range of the possible gap lengths to attain very small 𝐶8 values as it 

makes the 𝑍2/𝑍𝑜  rather unrealistic to fabricate [Sik13].  

Table 6.3: Dimensions and 𝐶2
(0)

 coefficients for a doubly compensated and dynamically 

orthogonalized Penning trap with  𝐶4 = 𝐶6 = 𝐶8 = 0 for different gap lengths. 

 

 𝑍𝑔 /𝑍𝑜  0.05 0.1 0.15 

𝑟𝑜 /𝑍𝑜  0.8 0.8 0.8 

𝑍1/𝑍𝑜  0.0995 0.0783 0.0585 

 𝑍2/𝑍𝑜  0.3953 0.343 0.2695 

 𝑍𝑒 /𝑍𝑜  4.327 4.327 4.327 

 𝑉1/𝑉𝑜  -0.4716 -0.4801 -0.5056 

 𝑉2/𝑉𝑜  -0.3293 -0.3419 -0.3629 

𝐶2
(0)

 0.6101 0.6336 0.6594 

 

Some of the best configurations for a dynamically orthogonalized Penning trap with 𝐶4 = 𝐶6 =

𝐶8 = 0 have been listed in Table 6.3 for different gap lengths [Sik13]. The values of coefficients 

obtained through analytical calculations have been compared with the results obtained from 

SIMION8 [Sim8.0] for a typical case with  Zg/Zo  =0.1, 𝑟𝑜 /Zo  = 0.8 , Z1/Zo  =0.0783, Z2/Zo  =0.343 

and 𝑍𝑒 /𝑍𝑜=4.327. The values of various coefficients obtained by SIMION8 (using mesh size 

=0.01 mm) and our analytical method are listed in Table 6.4 showing reasonable agreement 

between the two methods. The values of  𝐶2 parameter agree within 0.5% for the analytical and 

SIMION8 calculations. The values of  𝑉1/𝑉0 and 𝑉2/𝑉0 agree within 1% for the two calculations.  

Both the analytical and SIMION8 calculations predict very small values of 𝐶6 and 𝐶8. However, 

the calculated values from the analytical method are about an order of magnitude lower than the 



110 

 

values calculated from the SIMION8 code. We have done SIMION8 calculations with 0.01 mm 

and 0.02 mm mesh sizes. It has been found that  𝐶2 coefficient changes very little (only by 

0.14%) and approaches the analytical value as the mesh size is reduced to 0.01mm from 0.02 

mm. 𝐶6 and 𝐶8 coefficients that are only 0.49% and 0.94% of 𝐶2 respectively differ from their 

analytical values by 20% and 33% respectively as the mesh size is reduced to 0.01 mm from 0.02 

mm.  

 Table 6.4: Comparison of the coefficients obtained through analytical calculations and 

SIMION8 (with mesh size = 0.01 mm) for a typical case   𝑍𝑔 /𝑍𝑜= 0.1, 𝑟𝑜 /𝑍𝑜  = 0.8,  𝑍1/𝑍𝑜  = 

0.0783,   𝑍2/𝑍𝑜  = 0.343 that satisfies dynamic orthogonalization and tunes out 𝐶4, 𝐶6  and 𝐶8  

coefficients. 

 

 

Numerical fitting errors for 𝐶2 coefficient are negligible and are ~0.2% and ~8% respectively for 

𝐶6 and 𝐶8  for both the mesh sizes. SIMION8 calculates the potential in the gap using finite-

element method and hence its results are more accurate compared to our analytical expressions 

which consider the gaps as semi-infinite. However, our analytical method is much faster and in 

some cases can be more useful for designing traps.  

Coefficients and Voltage 

ratios 

Analytical results SIMION8 results 

𝐶2 0.6336 0.6302 

𝐶4 0 0 

𝐶6 -0.0001 0.0031 

𝐶8 0.0004 -0.0059 

𝐷2 0 0 

𝑉1/𝑉0 -0.4801 -0.4765 

𝑉2/𝑉0 -0.3419 -0.3410 
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In practice the limitations of mechanical fabrication and the stability of the applied voltage result 

in additional anharmonicities. Since we have two compensation electrodes we can always satisfy 

the conditions to make the trap orthogonal and tune out 𝐶4  term. Even if the mechanical tolerance 

[Sik13] for the fabrication of a symmetric Penning trap is 100 micron, we can still achieve 

orthogonalization condition with 𝐶4 = 0 and 𝐶6< 0.1. 

 

6.3 Cryogenic Penning trap setup  

 
In this section, we shall discuss about various salient features of Cryogenic Penning trap. Since 

this trap will be used for high-precision mass measurement in the future, long storage times will 

be needed for which a good vacuum is mandatory. To obtain minimum background pressure, the 

Penning trap assembly would be placed in an indium sealed vacuum chamber and dipped in the 

liquid helium filled bore of a superconducting magnet. Due to efficient cryo-pumping at liquid 

helium temperature, one would achieve very long storage times [Gab90]. Moreover, cryogenic 

temperature leads to an increase in the quality factor Q as well as a lower noise level of the 

electronic detection circuits. The mechanical setup has been designed to ensure that the trap 

would be located at the center of the superconducting solenoid magnet and would endure 

repeated thermal cycling from room temperature to cryogenic temperature.  

 

The development of the Cryogenic Penning Ion trap poses several challenges for its high 

precision fabrication and its operation at cryogenic temperature. It has been categorized in 

following sub-sections describing 

1) Detail of the superconducting magnet. 
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2) Mechanical fabrications of all the components of the trap setup and its testing in 

liquid nitrogen temperature.   

3) Development of a cryogenic multipin as well as coaxial vacuum feedthrough.  

4) Detail about cryogenic electronic circuits used for detecting the axial motion of the 

trapped particles.  

5) Finally, the initial commissioning run of the entire setup at liquid nitrogen 

temperature and low magnetic field. 

 

6.3.1 Superconducting magnet 

 
The magnetic field will be generated by a superconducting solenoid which could provide a 

maximum magnetic field of 5 Tesla at the centre of the solenoid. It is a cold bore, persistent 

mode magnet with a bore diameter of 10 cm and it has been procured from Cryomagnetics Inc. 

The magnetic field can be precisely controlled by a CS4-10V power supply and superconducting 

switch. The power supply generates current [Lap98] which is given by 

                                                                  )()( tJ
R

V
tI                                                         (6.24)                                    

where V is the voltage supplied by the power supply, R is the shunt resistance in the power 

supply provided by the superconducting switch and protection resistor and J(t) is the current 

flowing in the solenoid. Since the voltage drop across the inductor is given as, 

                                                                       
dt

dI
LV                                                             (6.25) 

So, for a solenoid with inductance L, the solenoid current is given as 

                                                                  t
L

V
JtJ  )0()(                                                     (6.26) 
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Fig. 6.7: Sectional view of superconducting magnet with Penning trap vacuum chamber placed 

inside the bore. Gray color represents the liquid nitrogen filled cryostat and liquid helium filled 

area is indicated by light green color. Photograph of superconducting magnet installed on 

vibrationally damped feet is shown in the right side.  

                                              

and the magnetic field is given as 

                                                              







 t

L

V
JgtB )0()(                                                   (6.27) 

where g is a geometry dependent parameter of the solenoid. This magnet has a spatial 

homogeneity of better than 1 ppm level over 1 cm DSV  and temporal stability of better than 
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0.01 ppm/hr at the centre of solenoid and it can be achieved by sending current through its ten 

different shim coils. This magnet has been commissioned by energizing its main 

superconducting coil to its maximum current of 96.9 Amperes which corresponds to a maximum 

field of 5T at the centre of the solenoid. 

       

6.3.2 Mechanical detail of Penning trap assembly 

 
The Ultra High Vacuum (UHV) chamber housing the Penning trap assembly has been made of 

Oxygen Free High Conductivity (OFHC) Copper. The OFHC copper has been selected because 

of its very high heat conductivity that provides efficient cooling of the trap electrodes and 

electronics reducing the thermal noise. Moreover, OFHC copper is non-magnetic and does not 

disturb the highly homogeneous magnetic field produced by the superconducting magnet. The 

top flange of UHV chamber housing the feedthrough is sealed with indium wire and the other 

end of the chamber is connected to a thin OFHC copper pinch-off tube. In the future, the vacuum 

chamber would be baked and pumped down to a pressure of ~10
-7

 mbar and then the thin OFHC 

copper tube would be pinched off forming a cold welded vacuum seal. It would be dipped in the 

liquid Helium filled bore of a superconducting magnet. At 4 K temperature, the gas inside the 

chamber would be adsorbed by the walls of the vacuum chamber that would bring down the 

pressure to < 10
−17

 mbar [Gab90] which is lower than the pressure in the space. This will 

basically eliminate any perturbing interaction between the trapped particle and the remaining gas 

molecules and allows the storage of the trapped particles for virtually infinite time.  
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Inside the vacuum chamber, the Penning trap stack is hanging from the top flange with three 

copper rods as shown in Fig. 6.11. The Penning trap stack comprises of an electron gun, 

electrodes and a Faraday cup as shown in Fig. 6.8.  

 

Electron Gun 

 The electron gun is made of a sharpened tungsten wire of tip diameter of ~1μm [called field 

emission point (FEP)] fixed to a holding plate and an acceleration electrode (C1) separated by 

insulators made up of Macor. The acceleration electrode has a central hole of diameter 1 mm. 

The tip is carefully installed under microscope to ensure that it is placed at the centre of the hole 

of acceleration electrode. When an electric potential of a few kV is applied between the holding 

plate and the acceleration electrode, electrons are emitted from the field emission point [Kre09] 

with an emission current ∝ E
2
.e

−1/E
, E being the electric field at the tip. 

                                                 

Fig. 6.8: Schematic drawing of Penning trap setup placed inside the UHV chamber. 
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Typically, an electric field of 1keV/mm is applied. If the trap assembly is dipped in liquid 

nitrogen instead of liquid helium, a pressure on the order of 10
-9

 mbar could be reached in the 

Penning trap. In that case, the keV energy electrons coming from the field emission tip would 

interact with the residual gas and produce a large number of low energy secondary electrons that 

could be trapped. The FEP tip has been tested at a pressure of 8x10
-7

 mbar at both 300 K and 77 

K. The FEP tips were always dipped in 50% concentrated Hydrofluoric acid for 2 minutes before 

each installation to remove any unwanted oxide on the tip. Initial emission of electrons from tip 

requires around 4 kV but once the emission begins, voltages around 2.5 kV is generally 

sufficient to provide few μA current at the acceleration electrode.  

 

 

Fig. 6.9: Measured current-voltage characteristics of Field Emission Point (FEP). 
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The emission properties of the tip do not vary at liquid nitrogen temperature provided one 

ensures that the tip does not slip under mechanical contraction in the cooling down process. A 

typical I-V characteristic curve of field emission current measured in our setup is shown in Fig. 

6.9. 

 

Penning Trap electrodes 

Two sets of  Penning trap electrodes with dimesions and electrostatic properties mentioned in 

Table 6.2 and Macor spacers were fabricated. One set was fabricated at VECC workshop and 

another one at MPIK, Germany with an average tolerance of 20 microns. Precision 

measurements of the fabricated electrodes had been done using Coordinate Measuring Machine 

(CMM)  and a set of five electrodes was chosen based on our simulation studies to minimize the 

anharmonic coefficients of the quadrupolar electrostatic potential created by the trap electrodes.  

 

 

Fig. 6.10:  Fabricated trap electrodes and Macor spacers on the left and Penning Trap assembly 

with laser welded pins for electrical connections on the right.  

 



118 

 

Our simulation studies using SIMION8 show that the assembled electrodes should produce a 

nearly perfect orthogonally compensated quadupolar potential over a 2 mm region around the 

center of the trap. Inside the chamber, the Penning trap has been placed in such a manner so that 

the trap centre coincides with the centre of the solenoid where the magnetic field strength would 

be maximum and most homogeneous. To provide electrical connections, OFHC copper pins 

were laser welded to the Penning trap electrodes using a Nd:YAG laser beams of diameter 2 mm 

at RRCAT, Indore. 

 

Faraday Cup 

The Faraday cup electrode is made of OFHC copper and is used to monitor the current flowing 

through the trap. The special V shaped design prevents the secondary electrons produced in the 

process of collision to escape from the cup. A OFHC copper electrode (C2) with a hole of 

diameter 2 mm is placed in front of the Faraday cup. This electrode along with the acceleration 

electrode (C1) would help to align the trap axis with the magnetic field.  

 

The UHV chamber has been placed in position from the top of the magnet with three G10 rods as 

shown in Fig. 6.11. Six radiation baffles are held on to the G10 rods by a special arrangement in 

order to reduce the radiation heat load. Special bellows have been provided to the flange sitting 

on the top of the magnet for placing the trap electrode assembly at a proper position within 1cm 

DSV inside the magnet bore. By monitoring the current in the C1, C2 electrodes and Faraday 

Cup, it would be possible to align the trap axis precisely with the magnetic field by adjusting this 

special bellows. The entire assembly has been thermal cycled several times from room 

temperature to 77 K but it never showed any sign of mechanical abrasion. 
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Fig. 6.11: Conceptual and fabricated design of mechanical assembly of Penning Trap. The 

testing of mechanical assembly at liquid nitrogen temperature is shown in the right side.  

 

6.3.3 Cryogenic vacuum feedthrough 

 
A special cryogenic, non-magnetic, multi-pin, vacuum feedthrough is required for applying 

voltages to Penning trap electrodes that would be placed on the top flange of an ultra high 

vacuum (UHV) chamber. The feedthrough system must be made of non-magnetic materials so 

that the high level of spatial uniformity of the magnetic field is not compromised in any way. 

The development and installation of such special feedthroughs has always been a challenge. We 
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have developed such a cryogenic feedthrough system (19 pin feedthrough) and tested it 

successfully down to 4 K. The pins were made of copper wires of diameter 1 mm. An aluminum 

flange and Stycast 2850 Ft (blue) were used as sealant. Many designs of the flanges and 

placements of the copper wires were tried. Finally, an optimum design using a wedged-shaped 

cylindrical aluminum flange filled with Stycast 2850 (blue) was developed [Bas08] and it 

remained leak-tight down to 4 K under many thermal cycling from room temperature to liquid 

nitrogen temperature. 

 

 

Fig. 6.12: Conceptual design and fabricated 19 pin, cryogenic, vacuum feedthrough. 

 

We have also fabricated coaxial feedthrough line with characteristic impedance of 50 Ω and 75 

Ω. The characteristics impedance of a coaxial line is given by 

                                                               









d

D
ohm

r

10log
138


                                               (6.28) 

where r  is the relative dielectric constant (5.36 for Stycast 2850 Ft Blue), D is the outer 

diameter of the wire mesh and d is the diameter of the central wire. This coaxial feedthrough line 
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would help to reduce unwanted noise pickup and prevent mixing of large amplitude excitation 

signal with the weak signal of the trapped particles. 

 

 

Fig. 6.13: Conceptual design and fabricated muti-pin  cryogenic, coaxial, vacuum feedthrough 

with one 50 Ω line and two 75Ω line. 

 

6.3.4 Detection electronics 

 
The initial commissioning of the Penning trap setup would be performed by trapping a cloud of 

electrons. The image charge induced by these trapped electrons on the electrode wall would be 

picked up for detection. This non-destructive signal detection system consists of two important 

parts: [Deh68] a resonance tank circuit (parallel LCR circuit) for selecting out the signal of 

required frequency and an ultra low-noise cryogenic solid state amplifier that amplifies the 

voltage drop across the tank circuit so that it could be transported outside the vacuum chamber 

for further analysis. The final amplified signal contains all the information regarding the motion 

of the trapped particles. Fig. 6.14 shows a simplified equivalent circuit diagram of the detection 

system: 
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Fig. 6.14: Equivalent circuit diagram of the detection system where C is the equivalent 

capacitance of trap, connecting wire and amplifier, L is the inductance, Rp is the effective 

parallel resistance. C1 = 100 nF is used for ac grounding and  C2 = 4.7 pF is used as coupling 

capacitor. The amplifier can be modeled in first approximation as ideal amplifier with input 

voltage noise density vn and current noise density in. 

 

Since the tiny induced current need to be transformed to a measurable voltage signal for 

detection, a large impedance is required at the resonance frequency of the electrons. A large 

resistance connected at the output is of little help as the impedance at this frequency (~ MHz) is 

dominated by the parasitic capacitances of the trap electrodes and connecting wires. However, 
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this could be achieved by connecting an inductor which compensates the parasitic capacitance 

and provides a large impedance at the resonance frequency. The inductor with inductance L  

along with the overall capacitance C which includes the capacitance of the trap electrodes, 

connecting wires and the other parasitic capacitances forms a parallel resonance circuit or tank 

circuit. For a tank circuit, the resonance frequency ( R ) is given as 

                                                                  
LC

R



2

1
                                                          (6.29) 

 

Table 6.5: Design parameters of helical resonator [Rez15]. 

Outer shield diameter 50 mm 

Helix diameter 27.52 mm 

Helix length 41.28 mm 

Outer shield height 66.3 mm 

Number of turns 6 

Helix wire diameter 3 mm 

Thickness of Teflon core 2.5 mm 

Unloaded Q factor 1231 @ 155.11 MHz 

 

 

Ideally, a tank circuit offers infinite parallel impedance at the resonance frequency. But, in 

reality, due to ohmic losses in the conductors and dielectric losses in the isolation of the 

conductors and surrounding material, one obtains a finite value of parallel resistance (Rp). The 

parallel resistance of a tank circuit with quality factor Q is given as 
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                                                                   QLR Rp 2                                                         (6.30) 

where Q is defined as 

                                                                      
12 




 RQ                                                         (6.31) 

where 1  and 2  are the frequencies where the power is decreased by 3 dB from its maximum 

value at R . 

 

The high Q tank circuit has been realized by a helical resonator which consists of thick copper 

coil wound over PTFE (Teflon) base placed inside closed copper cylinder acting as a High 

Frequency (HF) shield as shown in Fig. 6.15 (a). It has been designed following the work of 

Macalpine λ/4 resonator design [Mac59]. The design parameters and performance report of the 

tank circuit is listed in Table 6.5. With the resonator coupled to the amplifier and end-cap 

electrodes of Penning trap, a loaded Q factor ~ 115 is obtained at the resonant frequency of 60.97 

MHz.  

 

The second important element of the detection system is the low noise cryogenic amplifier. To 

reduce the capacitive load on the tank circuit due to the connecting wires, it is very important to 

place the amplifier very close to trap electrode inside the vacuum chamber. This imposes severe 

restrictions on the design of the cryogenic amplifier that it should be capable of working at liquid 

helium temperature and made of non-magnetic and vacuum compatible elements. In comparison 

with other semiconductors which suffer from carrier freeze-out at 4 K [Cam98], Gallium 
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Arsenide (GaAs) under doping with group III / V elements can generate carrier states with 

activation energy as low as 6 meV [Stu11] and hence, it can operate at 4K temperature. 

 

 

 

Fig. 6.15: (a) Photograph of helical resonator built at VECC, (b) Photograph of cryogenic low 

noise amplifier developed at VECC and (c) Photograph of commercial, cryogenic low noise 

amplifier from Stahl Electronics. 

 

Thus, the broadband low-noise amplifier design has been implemented, incorporating high 

impedance input stages with GaAs (gallium-arsenide) field effect transistors and a subsequent 

buffer output stage has been used for impedance matching with a 75 Ω transmission line. Since 

the image current represents a high impedance signal source, a field effect transistor input stage 

with a low capacitance, low voltage noise density and low current noise density at the axial 

frequency of the trapped electrons is required. These criteria have been achieved by the 

commercially available amplifier HFC-60 C from Stahl Electronics shown in Fig. 6.15 (c). Our 

group is also involved in the indigenous development of such an amplifier whose performance is 
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comparable with the commercial one and its photograph is shown in Fig. 6.15 (b). The 

description and performance of our indigenously developed amplifier are given in [Rez16]. The 

main characteristics of HFC-60 C from Stahl Electronics that has been used for commissioning 

trials are listed in Table 6.6. 

 

Table 6.6:  The main characteristics of each channel of dual channel HFC-60 amplifier from 

Stahl Electronics. 

Sl. No. Specifications  

1 Frequency Range (-3 dB) 160 kHz to 65 MHz 

2 Input voltage noise density (vn)  typ. 0.8 nV/ 𝐻𝑧 @ 5 MHz at 4K 

3 Input current noise density(in) typ. 30 fA/ 𝐻𝑧 @ 1 MHz at 4K 

4 Voltage amplification (w/o termination) typ. x 19.3 @ 1 MHz at 4K  

5 Power consumption typ. 13 mW @ 4K 

6  Input Impedance 10 MΩ // 5.1 pF 

7 Output Impedance 75Ω 

 

6.3.5 Initial commissioning in low magnetic field and at 

liquid nitrogen temperature 

 
The Penning trap has been tested with electrons generated from a field emission (FEP tip) source 

at liquid nitrogen temperature using a low magnetic field (0.2 T). The trap has been installed 

inside a four way cross hanging from the top flange and evacuated using a turbo molecular pump 
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and an ion pump. To keep the conductance maximum, both the pumps were coupled directly to 

the four way cross. The pressure inside the setup is measured using a combo gauge comprising 

of a Pirani gauge and a Penning gauge. A schematic picture of the trap setup is shown in Fig. 

6.16. 

 

                                   

Fig. 6.16: Schematic drawing of the vacuum setup. 

 

Initially, the turbo molecular pump is made to run till the pressure inside the chamber drops to 

1x10
-6

 mbar and then the ion pump is switched on. Both the pumps together could create a 

vacuum of the order 10
-7 

mbar after being run continuously for two days. As our home-made 
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cryogenic feedthrough cannot be baked, we use liquid nitrogen to attain ultra high vacuum. At 

background pressure of 10
-7 

mbar, water vapour give the highest partial vapour pressure and thus 

on liquid nitrogen cooling, water molecules get adsorbed on the walls of the chamber and hence, 

we could attain vacuum of the order of  5x10
-9

 mbar or better. 

 

 

Fig. 6.17: (Left side) Annular NdFeB (Grade 52) permanent magnet used in experiment & (right 

side) The Penning trap setup with two annular magnet separated by plastic spacer. 

 

Since our liquid helium cooled superconducting magnet is not immediately available because of 

non-availablity of liquid helium at this time, a low magnet field is generated using small annular 

permanent magnets. We have used two NdFeB (Grade N52) annular magnets whose inner 

diameters are 20 mm, outer diameters are 35 mm and thickness are 10 mm as shown in the left 

side of Fig. 6.17. The two magnets were kept separated by a distance of 2 mm with plastic spacer 
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as shown in the right of Fig. 6.17. The small size of the magnet allows a compact design of 

Penning trap. The position of the magnet with respect to Penning trap electrodes could be 

adjusted with three mild steel screws as shown in Fig. 6.17. The region of homogenous magnetic 

field was midway between the two annular magnets and the screw position was so adjusted that 

the magnet centre matched with the trap centre. The measured magnetic field at the trap centre 

was ~ 0.2 T.   

 

Fig. 6.18: Closed ended, cylindrical Penning trap with five electrodes with one pair of 

compensation electrodes where the center of ring electrode is taken as the origin or trap centre. 

The electrodes are abbreviated as follow, UE: Upper End-cap, UC: Upper compensation R: 

Ring , LC: Lower Compensation and LE: Lower End-cap. 
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Since cylindrical electrodes with closed endcaps offer a larger harmonic region in comparison 

with the open ended cylindrical geometry, the former arrangement has been used for initial 

commissioning trials. A larger harmonic region can trap electrons of different energies and make 

them oscillate with similar frequencies. As a result, the strength of the signal increases. A basic 

schematic diagram of the Penning trap comprising five cylindrical electrodes with close ended 

geometry is shown in Fig. 6.18 and the corresponding dimensions are listed in Table 6.7. The 

adjacent electrodes are kept separated by the cylindrical Macor spacers of thickness 0.6 mm. 

 

Table 6.7: Dimensions of flat ended, five cylindrical Penning trap electrodes where each 

parameters has been marked in Fig. 6.18. 

Dimension (mm)  

r0 3.29 Zc1 1.38  

r1 1.00  Zc2 1.89 

r2 6.50 Ze 2.00 

r3 5.20 Zg 0.60 

Zr 0.46   

 

The schematic diagram of the electronic circuit used for detection has been shown in Fig. 6.19. 

All the electrodes were AC grounded through 100 nF capacitors and 1 MΩ resistors. Both the 

compensation electrodes and the ring electrodes were connected together to the signal generator 

which provided the required ramp voltage (UC-R). The lower end-cap of the trap was connected 

to the upper end cap with a 1 MΩ resistor which ensured that both the end-cap electrodes would 

receive the same DC voltage (UE) but keep the lower end-cap electrode AC floated, thus 
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allowing pickup of the detection signal. Another line from the lower end-cap was connected 

directly to the tank circuit and then to the amplifier through a 4.7 pF coupling capacitor. The tank 

circuit was AC grounded with a 100 nF capacitor isolating the end-cap electrodes from ground. 

As the lower end cap of our trap was connected to an inductance L, it formed a tank circuit 

together with the trap electrodes and the connecting wire acting as a capacitance. The third line 

from the lower end-cap was air coupled to a different signal generator that weakly excited the 

tank circuit at its resonance frequency [Sat10].  

 

 

 

Fig. 6.19: Electronic Circuit diagram 

 

The electrons were generated inside the trap by applying high voltage (2 KV) to the FEP tip 

and the emitted electrons typically have energies  2 keV. Theses high energy electrons collided 

with the residual gas inside the trap to produce low energy secondary electrons that could be 

trapped in the trapping potential. 
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Fig. 6.20: Representative dip signal for trapped cloud of electrons in 7x10
-9

 mbar at 100 K  is 

shown in the lower panel and the upper panel shows the corresponding ramp voltage applied to 

the ring and compensation electrodes for a fixed voltage applied to end-cap electrodes(UE=        

-20 V). 

 

The trapping potential was created by applying voltage to the ring and the compensation 

electrodes (UC-R) and the applied voltage was varied from 0  to -10 V at a ramp frequency of 100 

Hz. A fixed DC voltage (UE) was applied to the end-cap electrodes. The trapped electrons saw 

the potential difference given by 

                                                                 Udc = UE - UC-R                                                        (6.32) 
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As the trapping voltage Udc between ring and endcap was varied, the axial electron frequency 

varied according to eqn. 6.1. As the applied voltage matched with the resonance frequency of the 

tank circuit,

 

the trapped electrons absorbed maximum energy from the RF signal which was 

applied to the tank circuit and the lower end-cap at the resonance frequency of the tank circuit. 

Consequently, a resonant damping in the response of the tank circuit was observed. The signal 

from the tank circuit was sent through a low noise amplifier and mixed with resonance frequency 

( R ) signal and then passed through a low pass filter as shown in Fig. 6.19. This produced a 

signal whose strength was proportional to the number of the trapped electrons. The resulting beat 

frequency spectrum showed prominent dips and a sample of such a dip is shown in the lower 

panel of Fig. 6.20 and the corresponding variation of ramp voltage (Udc) versus time is shown in 

the upper panel. The signal was produced by a cloud of trapped electrons at 7x10
-9

 mbar pressure 

and at 100 K. The voltage (UE) applied to end-cap electrodes was -20 V. The tank circuit was 

excited at its resonance frequency with RF drive power of -30 dBm. It was observed that the 

magnitude of the dip signal along with position of the ramp voltage where the dip occurred, 

varied from time to time in the experiment. This variation could be because of the variation in 

space-charge effect produced by different numbers of trapped electrons in different cycles. It has 

been observed that the ramp voltage position where the dip signal occurred, shifted with the 

change in the applied voltage to the end-cap electrodes. Moreover, as the RF excitation power 

applied to lower end-cap was varied for a fixed end-cap voltage, the magnitude of the absorption 

signal changed accordingly. In Fig. 6.21, we show the variation of the magnitude of dip signal 

for different RF drive power in the range of -15 dBm to -60 dBm. We also show the observation 

of dip signal when no RF drive was applied to the end-cap electrodes. 
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Fig. 6.21: Variation of dip signal with different RF excitation for fixed end-cap voltage (UE=-20 

V). The top panel shows the corresponding ramp voltage applied to the ring and compensation 

electrodes. 

 

It is clear from Fig. 6.21 that the magnitude of dip signal increased with the increase in RF power 

drive from -60 dBm to -30 dBm, because the trapped electrons oscillated more coherently and 

absorbed more power with increase in applied RF power. When large power ( -15 dBm) was 

applied, the electrons escaped from the trapping well leading to the disappearance of dip signal at 
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high power drive. One of the interesting observations is the occurrence of dip signal when no RF 

drive was applied. This is the attributed to the excellent performance of our low noise amplifier 

which could pick up tiny signal of trapped cloud of electrons which are oscillating coherently 

inside the trap without any RF excitation. This observation could also be termed as a different 

way to observe noise dip signal and it is a unique observation in its own sense. 

 

Thus, in conclusion, a multitude of operational tests have been performed for the realization of 

Cryogenic Penning trap at VECC. It includes commissioning of superconducting magnet, design 

and fabrication of Penning trap electrodes, fabrication and testing at 77 K of entire mechanical 

assembly, indigenous development of cryogenic coaxial vacuum feedthrough and its successful 

testing at 77 K, development of detection electronics capable of working at cryogenic 

temperature and finally the initial commissioning of the Penning trap setup at a low magnetic 

field and liquid nitrogen temperature. In future, this setup would be commissioned by putting it 

in the liquid helium filled bore of our superconducting magnet. However, due to the non-

availability of liquid helium, it could not be performed under this thesis work. However, we have 

obtained the first signal of trapped electrons in flat ended cylindrical Penning trap where the 

electrons had been generated from a field emission tip held in a low magnetic field and liquid 

nitrogen temperature.  
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Chapter 7 

 

Conclusion and future work 

 
7.1 Summary 

 
In this thesis work, we have measured fission time for the first time from the intrinsic width of K 

x-ray lines of the ion containing the fissioning nucleus. The intrinsic width of the K x-ray line is 

directly related to the fission time of the fissioning nucleus by the quantum mechanical energy-

time uncertainty principle [Anh85] and so the method does not require any other input 

parameter. The experimental challenge was to see the narrow K x-ray line of plutonium 

produced in the 
4
He+

238
U fusion reaction. In our experiment, highly excited plutonium nucleus 

(EX ≈55 MeV) has been formed by the bombardment of a 60 MeV 
4
He on 

238
U by the complete 

fusion reaction. Incomplete fusion process and the electronic configuration mixing should be 

negligible for this reaction. Hence, one expects to see sharp Kα1 and Kα2 lines of plutonium atom 

containing the fissioning plutonium nucleus in coincidence with the fission fragments, if the 

fission time of highly excited plutonium nucleus is comparable to the lifetime of atomic K 

vacancy of plutonium (6×10
-18

 sec). In earlier experiments [Fre12, Mol93, Wil04] involving 

heavy ion collisions, incomplete fusion and large electronic configuration mixing were expected 

resulting in large widths of the K x-ray lines of the fused element. Hence, it was not possible to 

extract any information of the fission time from the width of the K x-ray lines and they 

determined fission time from the K x-ray fluorescence yield and the probability of creation of K 

orbital vacancies. Of course, heavy ion collisions have a high probability of producing vacancies 

in the K orbital of the target atom that are converted to the K orbital vacancies of the fused 
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element, thus making it easier to see the K x-ray lines of the fused element. In the case of heavy 

ion collisions, it is generally sufficient to consider the probability of formation of K orbital 

vacancies in the target atom by the direct ionization process and the shake-off ionization of the 

element produced by the fusion process is comparatively small. In 
4
He+

238
U fusion reaction, the 

probability of producing K orbital vacancies in the target atom by 
4
He is very small and the 

shake-off ionization of plutonium ion due to the fusion process becomes significant compared to 

the direct ionization produced by 
4
He in 

238
U, thus somewhat increasing the total probability of 

creating K orbital vacancies in plutonium. We estimated the contribution of this shake-off 

ionization process to determine the percentage of long fission time component, but no such 

estimation is required to obtain the fission time from the intrinsic width of the K x-ray lines. We 

have found that most of the fission events for the highly excited plutonium nuclei are slow with a 

mean fission time > 110
-18

 sec, in agreement with the long fission time seen earlier in 

uraniumlike and transuranium nuclei by atomic techniques. The long survival time of the 

plutonium atom containing the highly excited nucleus appears to be inconsistent with the short 

fission delays obtained from the nuclear experiments and calculations.  

 

To probe this inconsistency problem further, we have investigated [Sik16] the fission timescale 

of highly excited Z=120 nucleus where a lot of measurements by atomic and nuclear techniques 

are available in the literature. In the analysis, we have found that the long fission lifetime  (~10
-18

 

sec) measured by atomic techniques cannot be reconciled with the short fission lifetime (~10
-20

 

sec) measured by nuclear techniques using the standard sensitivity argument of different 

techniques in different time domains. These interesting results found for the superheavy Z=120 

nuclei holds true for many different fissioning and/or quasifissioning nuclei far away from the 
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island of the predicted superheavy nuclei [Sik16]. So, this fission time measurement anomaly 

appears to be a general problem and cannot be understood by fission dynamics. 

 

We have discussed a probable solution of the fission time anomaly using a quantum decoherence 

model [Ray15]. According to this quantum decoherence model, in early time decay should be 

non-exponential and much slower [Fon78, Hom97]. The classical exponential decay would start 

when the decay could be defined due to the interaction with the environment resulting in 

complete loss of quantum coherence between the initial undecayed state and decayed state. 

Nuclear techniques relying on the measurement of nuclear decay products to obtain fission time 

cannot probe the non-exponential decay time due to the insignificant emission of fission 

observables in such early time. So, nuclear techniques essentially measure the exponential decay 

time of the fission process and measure short fission time ~10
-20

 sec for all fission events. On the 

other hand, the atomic techniques measure the survival time of the ion containing the fissioning 

nucleus and thus effectively measure the sum of non-exponential and exponential decay times. 

Using our decoherence model [Ray15], we have estimated the quantum decoherence time of the 

fission process which is the time taken by the fission fragments to cross over the radius of the 

compound ion when the parent atomic structure gets completely destroyed to generate 

orthogonal pointer states needed for monitoring the decay and it is on the order of 10
-18

 sec. 

Since the decay could be defined only after the interaction of the fissioning system with the 

environment, the atomic techniques measure fission time ~10
-18

 sec for most of the detected 

events. In this model, fission could not occur as long as the atom containing the fission nucleus 

could emit characteristic photons corresponding the compound element and the atom is surviving 

for that long. So in this model, atomic techniques could measure a longer fission time for almost 
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all recorded events for which the nuclear techniques would measure short fission time and 

provide a probable explanation of the fission time measurement anomaly. 

 

The high precision mass measurement of very heavy nuclei by Penning trap would provide 

significantly more information on this important topic. In this context, we have discussed the 

developmental work related to a Cryogenic Penning Trap facility at Variable Energy Cyclotron 

Centre, Kolkata, India. The development of a cryogenic Penning trap facility is a technically 

challenging project and a lot of progress has been made in this area as a part of this thesis work. 

The system has been designed, fabricated, assembled and tested at 77 K. High precision Penning 

trap electrodes were fabricated at VECC workshop. Cryogenic coaxial vacuum feedthroughs, 

cryo-electronics (tank circuit and low noise cryogenic amplifier) as well as the entire mechanical 

holding assembly that would be required to place the setup inside the bore of superconducting 

magnet have been fabricated. The superconducting magnet has been commissioned. An 

improved design of seven electrodes cylindrical Penning trap has been obtained which could 

generate better quadrupolar electric potential at the trap centre with higher degree of harmonicity 

[Sik13]. Since liquid helium was not available for further testing, the Penning trap setup has been 

tested at a low magnetic field and at liquid nitrogen temperature. 
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7.2 Future perspective 

 
The measurement of fission time from the intrinsic width of K x-ray lines of the ion containing a 

fissioning nucleus at a high excitation energy opens up a new way of looking at the 

characteristics of a fissioning nucleus. We propose a few probable experiments that could further 

test the fission time anomaly and the application of quantum decoherence model to the nuclear 

systems.  

 

1) New fission time data of highly excited fissile nuclei produced by the bombardment of high 

energy proton/alpha on 
232

Th or 
252

Cf  target could be obtained from the intrinsic width of K x-

ray lines of the fused element in fission fragment K x-ray coincidence experiments. The 

experiments should be done with high energy 
4
He

2+
 or proton beams to produce compound 

nucleus with a very high excitation energy (up to 250 MeV) and observe narrow characteristic K 

x-ray lines, if the fission time is on the order of 10
-18

 sec. Such experiments would provide data 

regarding the variation of the survival time of the ion containing the fissioning nucleus with 

different excitation energies. The experiments could be performed with larger arrays of detectors 

to obtain better statistical accuracy. Using the crystal blocking technique, Goldenbaum et al. 

[Gol99] obtained the fission times of highly excited uraniumlike nucleus (Z=92±5) as a function 

of excitation energy. They could probe fission time upto 310
-19

 sec and obtained that fission 

gradually becomes faster with the increasing excitation energy. Since the intrinsic width of the 

characteristic K x-ray of the compound element is a direct measure of the fission time [Anh85] 

and alpha induced reaction would produce a unique compound nucleus, it would be interesting to 

study the evolution of peak shape of the characteristic K x-ray of uranium atom with the 

excitation energy. 



141 

 

 

2) The quantum decoherence model should be applicable to all types of radioactive decays. In 

the case of α or decays, the dramatic change of the valence orbitals of the parent could be 

considered as orthogonal pointer states [Fon78, Zur03] and the decoherence time could be on the 

order of 10
-16

 sec [Ray16]. Pre-scission alpha multiplicity measurement [Les91] for fusion of 

164,167,170
Er with 

28
Si (EX>20 MeV) gives fission timescale ~ 6 x 10

-20
 sec. This suggest that the 

emitted alpha particles from the compound nucleus have lifetime ~ 10
-20

 sec. So, if one performs 

alpha particle x-ray coincidence measurement and could obtain characteristic K x-ray of 

compound element (Pb), then this would indicate long lifetime of the compound element 

supporting our conjecture. For the beta decay processes, considering repeated measurement of 

the nuclear charge by the orbiting valence electron inhibiting the time evolution of the decaying 

nuclear state, Fonda et al. [Fon78] obtained that the measured nuclear lifetime would be slightly 

longer (1%) than the theoretical lifetime. Since the theoretical lifetime is generally not known 

very accurately, it is difficult to do this comparison.  However, if the atom containing the beta 

unstable nucleus is subjected to a high pressure, it would take longer time to distinguish between 

outer orbital valence states of parent and daughter atom resulting in shorter nuclear lifetime 

under compression. So, applying high pressure (~100 GPa) on the atom containing the beta 

unstable nucleus, one might study the effect of quantum decoherence time on the beta decay 

process [Ray16].  
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