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Abstract

Excitation functions for the (n,a.) reaction o~ 63CUisotope and the (n,2n) processes on.

35 . 100. I 140 I ..CJi NlO and Ce isotopes have been measured over th", neutron energy rang~

.of 13.82 - 14.71 MeY. Activation technique has been used in the measurement. The target

elements were exposed to D-T neutrons produced by bombarding a air cooled, 3.7xl0
11

Bq

copper backing tritium target with a 110 keY deuteron beam (d"') at the J-25 (AID, France)

neutron generator facility of the Institute of Nuclear Science & Technology. For

characterization of 34mC~60CO,99Mo, and 139Ceradioisotopes, high resolution gamma-ray

spectrometry was applied. Monitor reaction 93Nb(n,2n)9~ was used for the neutron flux

. f 63Cu( )60eo . hil . . 27Al( )24Al d ~measurement 0 n,a. reaction w e momtor reaction n,a.' was use .or

the flux measurement of (n,2n) processes on 3Sq 10lMo and 140Ce isotopes. The cross

section values obtained from the available literature data have been plotted as a function of

neutron energy to get the excitation functions of the reactions. Statistical model calculations

were performed to reproduce the excitation functions of 63Cu(n,a)60Co and

10lMo(n,2nlMo reactions using statistical code SINCROSS-ll . Statistical code EXIFON

was used in the case of IOlMo(n,2n)99Mo and 140Ce(n,2n)139Cereactions. In most cases the

experintental and theoretical results were found to be in good agreement.
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The series offacts tied together by the 'neutron' began in 1930 when BOdie ;;d Beaker

bornbarfed betyllium with polonium alphas and found a very. fenetrating but non-Ii

ionizing radiation; they logically assumed that it was a gamma-ray. In 1932, Chadwick I

aSsumed that the "betyllium radiation" was not a gamma-ray but was formed of neutral

particles of closely protonic mass, i.e., 'neutrons' which can not be accelerated in electric or

uniform magnetic fields. This discovery opened up a vast field for further experimental

work.

Since its discovety, neutron has been playing an important role to build up the scope

and importance of nuclear reactions, nuclear structure and in the advancement of nuclear

technology. The many nuclear reactions induced by neutron have formed a valuable source

of information about the nucleus, and have produced many new nuclear species. These

artificia11ymade nuclides yield further information about nuclei, and have applications in

other branches in science, such as chemistry, biology and medicine. The most striking use of

neutrons is in the chain reactions involving fissile materials. The development of fission

reactor was made possible by Otto Hahn et. al.I) with the discovety that heavy nuclei can be

fissioned by neutrons.

Fusion energy reactors will be based upon the T(d,n)"He reaction. In D-T fusion

almost 80% of the total energy is carried off by 14 MeV neutrons2). The accurate knowledge

of neutron interaction cross-sections around 13-15 MeV energies are of strong interest for

fusion facilities. Nowadays, neutron production from plasma is of reality, which makes the

nuclear data to have special usefulness to monitor plasma temperature and to assess D-T fuel

"bum" rates during the containment intervals. Of concern for blanket design purpose, are

tritium breeding cross-sections and neutron multiplier cross-sections for energies of about 14

MeV and below. Of1arger range concern are such matters as radiation damage by energetic

neutrons and long-lived activation of fusion structure. These are important matters which .
I
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will affect the longevity and service of facilities and decommissioning procedures.

Sophisticated accelerators, high sensitive detection system, advanced radiochemical methods

and high speed computing machines have given added impetus to research workers
);tJ' worldwide l? study these reactions. ,;!

About one third of the total elements available in nature are considered in one form

or 'another as structural materials of fusion reactor. Therefore, precise measurements of

activation cross-section as a function of neutron energy of these structural materials around

13-15 MeV neutrons are of considerable interest for validation support as well as for

practical applications, especially for calculations of nuclear transmutation rates, nuclear

heating, nuclear dosimetIy, radiation damage due to gas formation in the potential first wall

materials, radiation shielding, isotope production, energy deposition in the first wall,

superconducting magnet induced activity and so on.

AIly nuclear .transmutation process may lead to an excited state of the product

nucleus, and the decay of the excited state then gives information about energy levels and

decay schemes. Different reaction channels such as, (n,p), (n,2n), (n,a.), (n,n'), etc. open to

the interaction of neutron with target materials. The data on (n,2n) reactions are important

for calculating the neutron multiplication, (n,p) and (n,a.) reactions for evaluating the

radiation damage.

The teclmiques used in the determination of reaction cross-sections around 14 MeV

neutrons are divided into three groups; spectrwn method, gas accumulation method and

activation method. The measurements of nuclear reaction cross-sections by the use of

spectrwn method is rather difficult because it needs the study of the spectra of emitted

particle and angular distributions in a high background radiation. However, this method

provides useful information regarding the mechanism of the nuclear reactions. The spectrwn

method is not sensitive to identifY the low-abundance emitted particles. On the other hand, a

modified activation teclmique consists of accumulation and integral measurements of the
-,I

emitted particles.

2
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Since its discoveryin 1936 by G. Hevesy and H. Levi, Neutron ActivationAnalysis

(NAA) teclmique has progressed rapidly and has become today a versatile and sensitive

analytical tool in all branches of science and technology. Rapid advances in nuclear

',1 teclmiques pave enabled scientists to use this teclmique as an effe'\tive tool for activatioy.

cross sectionmeasurements.

The fundamental principles on which activation analysis is based have remain

unchanged, but the tremendous developmentwhich have taken place in the last decades in

electronic equipment in general and in detection instrumentation (such as, HPGe, Si

detector) in particular,gave impetus to this teclmique.

NAA is being used extensively for the measurements of nuclear reaction cross-

section data around 14 MeV neutron for the following advantages: high sensitivity, good

resolution, low background and the probability of automation and bulk media assay.

However, NAA is limited by the following factors: low isotopic abundance, low flux, low

reaction cross-section,short irradiationtime due to finite target life, low gamma intensity and

the interferencefrom the radiationproduced in the heavier isotopes.

Different types of neutron generator producing monoenergetic neutrons through D-

D and D-T reactions are in use around the world with a view to facilitating research on

nuclear reactor technology.A SAMES J-25 AID (France) neutron generator was installed at

the Institute of Nuclear Science & Technology (INST), Atomic Energy Research

Establishment (AERE), Savar, Dhaka under the coordinated research program with the

IAEA for the measurements of nuclear data. In J-25 neutron generator, 14 MeV

monoenergetic neutrons are produced via "H(d,ntHe reaction. The large positive Q-value

(17.6 MeV) and low atomic number make it possible to produce 14 MeV neutrons even at

low deuteron incident energies, e.g., Ed = 100-200 keV. This intense neutron source is,

therefore, being used for the investigationof the interaction of fast neutrons with potential

structuralmaterialsof nuclear reactors which are important for the design, development, safe

operation of fission and fusion reactors.

3



CHAPTER.lINTRODUCTION

Cross-section data as a function of neutron energy provide excitation function for the

reaction. Therefore, it is essential to place the samples in a well defined position with respect

to the direction of the deuteron beam which in turn corresponds to emitted neutron energy,

both for activation and prompt radiation analysis as well as for neutron nuclear data

measurements around 14 MeV. The energy of the incident nerilron depends on the

bombarding deuteron energy (Ed) and the emission angle (6). For high threshold reaction ,

the. activity depends on both on the position and dimension of the sample. The energy

distribution of neutron produced by D-T reaction in J-25 neutron generator as a function of

emission angle with respect to the direction of deuteron beam was measured by the ratio of

90Zr and 92mNJ> specific activities produced in them by (n,2n) reaction3). The (n,2n) cross-

section of 9°Zr varies rapidly with neutron energy around 14 MeV while that for

93Nb(n,2n)9~ shows negligible change and thus it permits to measure the average

neutron energy versus emission angle at different position.

Analysis of literature data shows that a large number of experimental neutron cross

section data around 14 MeV have been reported and great efforts were initiated on their

compilations and evaluations but there are often unexplained inconsistencies among the

existing experimental data4-6).

The extent of deviations in the cross-section values of a particular reaction measured

by different authors can be estimated by the following example: Prasad et al.7)measured the

cross-section for 35C1(n,2n)34mCIreaction at 14.8 MeV using the activation technique and

reported (J = 12.00 mb while Scalan et al.8) obtained (J = 5.6 mb for the same reaction using

the same technique. Similarly, in the measurement of cross-sections for l~0(n,2n)~0

reaction a cross-section value of (J = 1134:t29 was reported by Kha1da et.al.9) with the use

of activation technique but M. Lederer et.al.10) reported (J = 39O:t60 mb for the same

reaction at the same neutron energy and technique.

4



lNTRODUCTION CHAPTER.l

Benard6) has reported the compilation and evaluation of 14 MeV neutron activation

cross sections on the selected reactions. He discussed the problem and showed the useful

method to confirm the range of the accuracy in the available data. However, there is still

Wlcertainty in terms of correlations between different reaction cross section data measured at

different njutron fields. The main source of discrepancy in the' experimental data is

attributable to the difference of the experimental conditions (the neutron source

characteristics, radiation measuring tec!uJique, neutron monitoring method), standard cross-

section data and decay data (ganuna-ray branching ratio, half-life, natural abWldanee). Thus

a new systematic experiment is needed basing on the same experimental configuration

covering wider range of reaction.

From this point of view, a program of activation cross section measurements for

fusion reactor structural materia1s aroWld 14 MeV neutrons has been continuing using Fast

Neutron Source (FNS) facility since 1986 at the Institute of Nuclear Science & Technology,

Savar, Dhaka Wlder the coordinated Research Program (CRP) with IAEA In this

experimental program a large number of reaction cross section have been measured in our

laboratory on the same experimental condition 11). In the present work four reactions

3sCI(n,2n)34mCl, 63CU(n,a.)60COlo~o(n,2nrMo and 140Ce(n,2nl39Ce have been studied

experimenta1ly and model calculations have been performed for these reactions using

statistical codes EXlFON and SINCROSS-II for the first time in our laboratory.

The activation cross section for 63CU(n,a.)60Coreaction is of continuing interest in

reactor dosimetry as a long-term fast neutron fluence monitor12). The convenient residual

product decay permits accurate detector calibration for ganuna detection and sample foils are

readily available with sufficient purity. The nuclear data reqUirements for fusion energy

development summarized in a number of papers13) indicate that the measurements of

activation cross-sections for 63CU(n,a.)60COreaction have priority for dosimetry, tool4).

The (n,2n) cross-section data in the case of structural materials of a fusion reactor
i

are important for the estimation of neutron multiplication and neutron transmutation. But the

5
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data that are available for such reactions around 14 MeV are often contradictory especially

in the case of 35Cl(n,2n)34mCl, lo~o(n,2nrMo and 140Ce(n,2n)139Ce reactions.

Furthermore, activation cross section for such reactions are also needed for waste disposal

assessment of fusion reactor materials.
I \,

A general survey of the existing literature for the reactions 63Cu(n,a.)60C015.23),

35CI(n,2n)34mC17,S.24-28),l(X)MO(n,2n)~09.1 0.24,27,29-32),and 140ee(n,2n) 139ee17.19.20,2S.33.34)

show that the reaction cross-section data around 14 MeV are either sparse or, if available,

are often in disagreement with one another. To overcome these discrepancies we chose to

study the excitation functions of the reaction of 63Cu(n,a.)60CO, 35Cl(n,2nrmCl,

10~O(n,2n)9~O, and 140Ce(n,2n)139Ce in the neutron energy range 13.82-14.71 MeV

using the neutron generator facility ofINST, AERE, Savar. Dhaka.

The theoretical cross-sections as a function of neutron energy have been calculated for

the 63Cu(n,a.)60CO, 10~O(n,2n)99Mo and 140Ce(n,2n)139Ce reaction using the computer

code EXIFON35) and SINCROSS-1l36l.

6
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Theory and Experimental set up of Neutron Activation Analysis
(NAA) Technique

2.1. Theopr of Neutron Activation Analysis (NAA) ,

2.1.1. General Consideration ofNAA

Since its discovery in 1936 by G. Hevessy and H. Levy, neutron activation analysis

(NAA) has progressed rapidly and has become today iIversatile and sensitive analytical

tool in all branches of science and technolog7). Based on the highly characteristic and well

defined nuclear properties of the elements, this technique is close to an ideal non-destructive

analytical method, capable of handling samples in liquid, solid, or powder form.

The theory of NAA is based on a nuclear reaction. Nuclear reactions are used to

product radionuclides or excited states of the target nucleus as the basis for analytical

determination. When a neutron interacts with a target nucleus, a compound nucleus is

formed. The compound nucleus has a certain finite life time (10.13 - 10,15 sec) during which it

remains in a highly excited state due to the high binding energy and kinetic energy of the

neutron in the nucleus. De-excitation of the compound nucleus can occur in different ways

that are independent of the way the compound nucleus is formed. Each of these process

(figure-2.1) has a certain probability, depending on the nuclear cross-section of each mode,

which is related to the excitation energy of the compound nucleus.

x + n.----t [X+n]'"
target compound
nucleus nucleus

Elastic scattering

Non-elastic scattering

Particles emission
(n,ex), (n,2n), (n,p), etc.

Radiative capture (n,1)

Fission (n,f)

Figure.2.1. Reaction kinematics.
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In elastic scattering the resulting nucleus is identical with the target, whereas in non-

elastic scattering a radioactive isomer may be formed. In the emission of particles the

resulting nuclide is usually radioactive and differs from the target nuclide in atomic or mass

number, or both. In radiative capture the excited nucleus passes to a lower energy state by

the emission! of one or more gamma-rays. The resulting nuclide is qsually radioactive. In i.

fission the excited nucleus splits into two nuclei accompanied by the emission of neutrons

and gamma-rays. The fission process is limited to only a few elements with atomic numbers

(Z>82i8).

A radioactive nuclide has a characteristic half-life (t'l2)mode of decay and energy of

emitted radiation during the decay process. Depending on the energy considerations (Q-

value), a radionuclide can decay to a daughter product (usually stable) by various ways.

Most of the radionuclides that W1dergo decay by alpha, beta, or positron emission

and by electron capture also emit gamma-rays as a result of readjustment of energy content

in the radionuclides during their transition from excited states to more stable states. Gamma-

ray measurements have, in general, much wider applications in NAA because gamma-rays

emitted from the most radionuclides have a wider range of energies and have large

penetrating range and thus are subject to minimal loss by absorption in a sample matrix

during their measurements. This property coupled with the developments in high resolution

and high efficiency semiconductor detectors such as High Purity Germanium (HPGe)

detectors and the availability of high neutron flux reactors, neutron generator, etc., make

NAA gamma spectrometry a powerful technique in measuring activation cross-section and

multielemental determination in various type of samples.

8



Theory and Experimenta1 Set-up

2.1.2. Method of NAA

Chapter-2

NAA methods are usually divided into three categories depending on whether any

chemical separations are required during the cOlU'Seof experiment If preirradiation
I \ d

chemical separations are required, the technique is termed chemical NAA (CNAA). If post

irradiation chemical separation are performed the technique is called radiochemical NAA

~AA). If no chemical separations are needed, the process is called INAA. In the present

experiment only INAA technique was used.

NAA methods can also be grouped by the energy of neutrons used in irradiation

process. For example, if slow, or thermal neutrons are used in the irradiation process (ie,

neutrons with velocities about 2200 ms'l), the activation analysis is called thermal neutron

activation analysis. Other methods include epithermal and fast neutron activation analysis.

Epithermal neutrons have energies between 0.5 eV and 1 keV, and fast neutrons are

classified as those having energies greater than 0.5 MeV.

As stated previously, once an element is bombarded with a neutron, a compound

nucleus is formed and different reaction channel such as elastic and inelastic, (n,p), (n,2n)

and (n,t), etc. may open. The time rate of change dN*(t;}/dt, of radioactive nuclei during

activation, is dependent on the number of original parent nuclei, N, neutron flux, cp, nuclear
reaction cross-section to be determined in the present experiment, (J. The number of

activated nuclei over irradiation time , N*(1;), and the parameters described above are

expressed by the following relationship39)

..........(2.1)

where A. is the decay constant and is related to the half-life of N'" by the following formula

9
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A time dependent equation can be solved for
I

result is

N\t.) = N~ (l_e-Ai.)

Cbapler-2

............ (2.2)

by using differential equations. The
\ l

.......... (2.3)

where t; is the irradiation time. As irradiation time become increasingly longer (longer than

6-7 half.lifes), the number of radioactive nuclei, N', reaches its saturation limit due to the

constant loss of radioactive nuclei to decay. This limit is represented below by the equation

•forN (tj)

'" N,puN =-sat A
.......... (2.4)

After irradiation, the source of N'" is gone and the nuclei are left only to decay. The

number of radioactive nuclei after irradiation and decay can then be described by,

........... (2. 5)

. .
where !d is the decay time. The expression for N (ti) from equation (2.3) can be substituted

in to the equation (2.5) to get the following expression for N' (t;,td)

10
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After a decent cooling time, the sample is counted using a HPGe detector. The

change in number of radioactive elements during the decay time can be expressed by the rate

equation below

Solving this equation, the number of radioactive nuclei emitting gamma-rays during

the counting period, N.(t;,tlbte), can be described by the following relation,

The detector can not detect all the gamma-rays emitted by the sample simply due to

the fact that the detector crystal is limited in size and geometry. The reaction probability

depends on the g3nuna-ray energy, crystal size and counting geometry. The total number of

emitted gamma-rays that will actually be detected is much lower than the number actually

emitted, and is equal to

.......... (2.9)

where ly is the energy specific gamma-ray intensity and By is the detector efficiency at the

specified gamma-energy.

This equation is used for the cross-section measurements in the present experiment

II
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i.j
,':

,
2.2 Experimental Set~upof Neutron Activation Analysis (NAA)

2.2.1. Irradiation Facility
!

For the present experiment monoenergetic fast neutrons were produced by J-25 neutron

generator at the INST, AERE, Savar, through 'li(d,ntHe reaction using 110 keV

deuieron beam with a beam current of 200-300l-lA. The above reaction [ zH + 'li = [Res]*

= "He + n + 17.6 MeV] has a positive Q-value of 17.6 MeV. The incident deuteron beam

which has been accelerated to an energy of about 150 kV interacts which tritium atom in the

target to form compound nucleus [Res]", . The compound nucleus is in a highly excited state

and immediately de-excites into a helium nucleus and a neutron. The two outgoing particles (

neutron and alpha- particle) share between them an amount of energy equal to the Q-value

plus the kinetic energy of the incident particle 2H and the target particle 'H. The neutron

emitted in the forward direction carnes away about 14.7 MeV of energy. The rest of the

energy appears as the kinetic energy of the alpha-particles. The alpha-particles are absorbed

in the holder but the neutron, being very penetrating, escape into the room.

The generator is alSO keV horizontal type positive ion accelerator manufactured by

AID MEYLAN, France. It was supplied by the IAEA under the technical cooperation

program. The following are the general specification of the machine:

Maximum high voltage : 150 kV

Maximum current : 2.5 rnA

Beam diameter 10-30 rom

Power consumption 5 kVA

Neutron producing reaction : D-T reaction

Maximum neutron yield : 2 X lOll n/cm2/sec

12



Theory and El!perimenta1 Set-up Cbap!er-2

The machine is surrounded by 5 ft. thick wall made of specially dense concrete walls

which completely shield and control the hazardous radiation. A partial view of J-25 neutron

generator is shown in figure 2.2.

I \

J

Fig. 2.2. A partial viewof J-25 neutron generator.

2.2.2. Ganuna-ray Spectrometry System

Itis recommended that the spectrometry system be a fully integrated data aquisition and

computation system comprising the detector, electronics for pulse amplification and pulse

height analysis, and a computer for data processing and analysis.

13
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2.2.2.1. The Detector

Chapter-2

"
")
Perhaps we should consider the properties of an ideal detector for gamma-ray

spectrometry. The requirements which should be less deman4ing if mere detection
I 'Irather than spectrometry were the aim, can be sununarized as follows: output proportional to

'gamma-ray energy, good efficiency, i.e., high absorption coefficient, easy mechanism for

collecting the detector signal, good energy resolution, good stability, reasonable cost and

reasonable size.

First of all it is very desirable that the detector should have a high enough absorption

coefficient for gamma radiation so that there is a reasonable probability of complete

absorption. In practice the material chosen must pro\<ide complete absorption within, a

detector of available size. This consideration alone rules out gas detectors. Bearing in mind

that the absorption coefficients for all the significant interaction processes increase with

atomic number we would seek a high atomic number material. Using a solid detection

medium rather than a gas significantly decreases the time it takes for the detector to collect

the charge carners created by the deposition of radiation energy in the crystal and also

significantly decreases the detector size. This is due to the fact that some solid densities are

1000 times greater than that for a gas 40) .

From the above consideration for the utilization of a gamma-ray spectroscopy

technique in NAA, semiconductor diode detectors are the best choice. Semiconductor diode

detectors use solid semiconductor crystals to which a relatively high voltage is applied. Very

high purity levels can be achieved today in a semiconductor crystals by the use of advance

technology. This properly allows for greater depletion depths which results in less gamma

escapes and subsequently, a greater energy resolution. Detectors made with remarkably high

germanium concentrations are referred to as intrinsic germaniwn, or high purity germanium

(HPGe) detectors. In comparison with the Ge(Li) detectors manufactured in the past, they

have the advantage of not needing to be cooled when not in use. The germanium crystal is

usually cooled by inserting the cryostat in a dewar vessel filled with liquid nitrogen to reduce

14
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the 'magnitude of the leakage currents to a value that will not affect the detector's energy

resolution as shown in fig.2.3.

! \

Dewar

Insulation

Liquid Nitrogen

Dipstick

'.~.

Fig. 2.3. Cross section of a gennaniurn semiconductor diode detector.

There are two types of HPGe detectors, those made of p-type germanium (mainly

trivalent elements as residual impurities) and those made of n-type germanium (mainly

pentavalent impurities). In figure 2.4 the designations p+ and n+ for the contact materials

indicate that the materials are highly doped.

nt contact
( 300Jlm)

~

P-type Ge

p+cantact

~
n-type G. / pt ~ontact

~ (- O.3J1m )

I
n+contact

.,r

Fig. 2.4. Configurations of closed end coaxial gennaniurn p-type and n-type detectors.
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For applications that might involve low energy photons, such as the measurement of

241Am (59.5 keV) or 210pb (46.5 keV), the use of an n-type detector has considerable

advantages over a p type, not only because its peak response is higher, but also because there

is less variatif;)nin response with energy. 'This is illustrated in figure ~5., which shows the~!

typical difference in peak response at low energies for two detectors of the same size.

*'l&J1IJ 100zo
lL
1IJ
l&Ja:.
lo: 10
cl
l&J
.lL
l&J
~
~
-'l:! 10

p - type

100 1000
PHOTON ENERGY; keV

Fig. 2.5. Comparison of typical relative peak response curves for p-type versus
n-type germaniumdetectors.

The most important quantities for characterizing a detector are its relative efficiency,

energy resolution, and peak to compton ratio. Efficiency and resolution of HPGe detector

are discussed in chapter 3. It is recommended that the peak.ta-compton ratio of the detector

be greater than 46:141). The peak-to-compton ratio is defined as the ratio of the height of the

1332.51 keY full energy peak in a 60CO spectrum and the height of the flat part of the

compton distribution between 1040 keY and 1096 keY as shown in figure 2.6.
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Fig.2.6. Pulse height distribution due to 6OCo gammaradiation obtained with a germani-
um spectrometer. Conventionally the range from 1040 keV to 1096 keV is used
as the Compton plateau for the calculation of the peak/compton ratio PIC.

The peak to compton ratio is generally greater the larger the crystal and the better

the energy resolution. A large peak to compton ratio is desirable because a low compton

background from higher energy lines in the region of lower energy lines facilitates their

analysis.

I,.

One of the main problems with detectors of this type, however, is that they have a

relatively low interaction probability with ionizing radiation compared to NaI(TI) scintillation

detectors. This is an unavoidable trade-off for the high counting efficiency and low

resolution characteristics of a germanium detector. It is costly and time consuming to

manufacture these large germanium crystals with low impwity concentrations. NaI(TI)

detectors on the other hand, can be produced with larger crystal volumes due to relative ease .

in manufacturing process compared to HPGe crystals. With the added volume and density,

17
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NaI(TI) crystal yield a higher interaction probability with radiation and a higher probability

for complete absorption of gamma-ray energy. 'This implies that there are less compton

escapes resulting in a larger area underneath the photopeak in. question, and thus a higher

J .. photofracti0l) compared to germanium detectors. \ ... it
I

2.2.2.2. Electronics and Software

The detection of gamma-rays and detailed studies of the spectra were done by a High .

Purity Germanium (HPGe) detector in conjunction with the associated electronics. A

brief description of the associated electronics and software are given below:

_ The pre-amplifier is of the charge sensitive type and forms an integral unit with the

detector. 'This device converts charge into voltage pulse and the output pulse is proportional

to the energy of the incident photon. 'This is norma11yan integral part of the detector unit and

is located very near the detector in order to take advantage of the cooling which is necessary

for the operation of the detector and which aids the pre-amplifier to operate with low noise ..

A charge sensitive pre-amplifier model: Canberra nO.-2001 is used in the present experiment

to get the conversion of charge to voltage pulse.

_ A bias high voltage power supply is required to supply high voltage to the detector

through the pre-amplifier. The bias voltage across the detector may be from a few hundred

volts for a sma11detector to over 4000V for a large one. The voltage is usually automatically

switched off when the detector temperature rises, in order to avoid detector deterioration.

The optimum voltage of HPGe detector used in the present experiment is 4000 V and was

supplied from the high voltage power supply unit (model: Canberra no.: 3105).

• A spectroscopy amplifier to process the output signals from the preamplifier is

required. The important characteristics of the amplifier are the linearity, the output pulse

18
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shape, the gain stability and the noise level. The performance of modem spectroscopy

amplifiers is excellent with respect to these characteristics. These amplifiers provide a

unipolar output and include pole-zero cancellation and rapid baseline restoration after the

occurrence of a pulse. The pulse height network allows the selection of several shaping time

constants thai detemrine the pulse width. Longer time constants result In a better resolution, i!
since the system can then average the noise over a longer period of time. On the other hand,

the longer time constants lead to more losses and spectrum deterioration due to the pile-up

of subsequent pulses at high count rates. As a compromise, a shaping time constant of about

4 I-lS is frequently chosen. Canberra model- 2022 amplifier offers the resolution performance

features and flexibility than any other nuclear pulse amplifier that are available commercially

and was used in the present experiment.

_ A multichannel analyser (MCA) with a minimum of 4096 channels should be

connected to a keyboard and display screen for input and output of data and interaction with

a computer. Several kits are available for the conversion of computers (PCs) into MCAs.

Basically there are three types of conversion kits. One type makes use of a board with

analog-to digital converter (ADC) that simply clips into PC; a second type uses a clip-in

board. with an external ADC; and the third type uses a multichannel buffer (MCB)

connected to the PC. All of these PC-based MCA sYstems are relatively inexpensive and

very suitable for use in germanium and NaI gamma-ray spectrometrY. In the present gamma-

ray spectrometrY sYstem, external ADC was used.

_ A rapid data acquisition and storage sYstem is needed. For data acquisition in the

present experiment, S-100 software which is configured as 4k (4096 channels), 8k (8192

channels), or the entire 16k (16384 channels) was used. The S-100 software allows upto

four S-100 MCA boards to operate simultaneously. The S-100 master boards are handling

microprocessor bases sub-sYstems. A typical system configuration is given in fig 2.7. Data

storage sYstem consists of magnetic tape, hard disc, floppy disc, or a combination of these

media.

19
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• A high speed printer for data output is required. Useful, but not absolutely

necessary, is a plotter for archivingspectral drawing.
----_.- ..--.-,, ENHANC

COLOR
DISPLAY

.'..'

NOTE: AC POWER CONNECTIONS NOT SHOWN

Fig. 2.7. Typical system configuration of Gamma-my spectrometry system.

2.2.2.3. Detector Response

Due to the various types of interaction of gamma radiation with matter, even

monoenergetic radiation of energy E leads to a complex detector response. An

example is shown in figure 2.6 for 6OCO radiation. The measured pulse height distribution. ,.
" ,
I,
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shows the full-energy absorption peak at the high energy end, and towards lower energies a

distribution due to partial energy deposition events, consisting of a continuous part and some

times, other usually smaller peaks.

I \,1
'I

Single compton scattering processes in the detector lead to a continuous compton

distribution from zero energy to the compton edge at the energy

Eo = E [ 1 - 1/(1+2EIEo)] (2.10)

where Eo is the electron rest energy (511 keV).

Interaction in the crystal by electron positron pair production results in the single

escape peak at E-Eo, the double escape peak at E- 2Eo, and also a continuwn due to partial

energy deposition following compton scattering of annihilation photons as illustrated in

figure 2.8. The escape of bremsstrahlung and of fluorescence radiation also has an effect on

the shape of the observed spectrwn.

CHANNEL No. ( ENERGY)

"
~ 1137cs I
.3 Backscatter

I
I

511-1.--511--J

CHANNEL No. (ENERGY)

Pair I
Production IL

511 -
( Annihil-otion

Peak)

Full Energy Peak
1778.9

Double Escape

8remsstrahlung Single
Backscatter' Escope

/ 1267.9

Full Energy Peak
661.6 keY

Lptan\
c:.;f;~~um EageI

Multiple
. Campton

;
D-
O><c
"8

"cco
-'=t>

Fig. 2.8. Example spectra illustrating the various features spectral expected.

Compton scattering in the non-active parts of the detector, e.g., in the detector
!

mounting materials or in the cryostat, leads to scattered photons which can also be detectell ;.

21
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The resulting scattering distribution in the pulse height spectrwn usually exhibits a broad

backscatter maximum at an energy EI[1+(2E/Eo )).

Pair production in SIUTOundingmaterials leads to a peak at 511 keV and photoelectric ,I
I Y 1,

absorption to fluorescence radiation peaks. Even electrons produced outside the effective

detector volume can contribute directly or via bremsstrahlung to the recorded spectrwn.

2.2.2.4. Peak Position and Area

The basic task of gamma-ray analysis program is to find and identify the peaks and to

deduce the peak area.

When there are many peaks to be located in a spectrwn, automatic peak search

routines are of particular value. The peak search procedure does not need to initiate if

specific radionuclides are expected. In this case a manual setting of windows in the

corresponding energy region is preferable.

The peak position can usually be detennined with an uncertainty of less than a tenth

of a channel. For 4096 channels and a total energy range of 2 MeV, this means that the

energy can be obtained with an uncertainty of the order of 0.1 keV. If a particular

radionuclide is expected, the corresponding region of interest can be set in advance, and the

detennination of the peak position becomes unnecessary.

Somewhat more problematical is the determination of the number of counts in the

peak (peak area). The simplest method is the sunnning of all counts in the channels

containing the peak and subtracting the background from these total counts. A. typical

gamma-ray spectrwn is illustrated as in figure 2.9.
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Fig. 2.9. A typical gamma-ray spectrum of a photo peak.
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STUDY OF DETECTOR PARAMETERS

The most important parameters characterizing a detector are efficiency, energy

resolutipn, chi-square test, etc. All of these parameters are the ilfction of gamma-ray 'i
energy. The better perfonnance of the detector depends on the higher resolving power and

the higher value of efficiency. The stability of the detector depends on the chi-square value

of a' particular gamma-ray energy. High purity germanium (HPGe) detector have been used

in the present experiment and the above mentioned parameters have been studied to control

the quality and stability of the detector.

3.1. Chi-square Test of HPGe Detection System

One of the important parameters of the counting equipment in the INAA is the

stability. The instability of apparatus becomes significant for long counting times due to gain

changing and spectrum shifting. A typical theoretical temperature instability of 0.0075o/oIK

means that a 10 change in temperature may shift a peak in channel number 4096 by 0.3 of a,

channel 42). Corrosion and dust in the spectrometer parts such as the main amplifier and the

high voltage supply cannot always be avoided. Instability of the spectrometer leads to a

spectrum shift during counting time and in consequence to worse resolution (FWHM) of the

peaks. As such it is essential to perform stability test of the detection system every time

before counting.

Chi-square test have been performed for HPGe detection system used in the present

experiment. This test is based on 10 separate counts each of which have been counted for

the same period long enough to accumulate at least 10,000 counts for each count period. For

stability, chi-square must lie between 3.35 and 16.9243).

, ,
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For testing low and high energy stability 122.02 keY (emitted from point source

57CO)and 1332.51 keY (emitted from point source 6OCO)gamma ray energies were used.

57Co and 6OCOpoint sources were cowtted individua1ly for 1000 sec and 500 sec

respec1ively.pamma-ray cOwtts wtder 122.06 keY and 1332.51 keY,peaks were recorded,1,
and shown in table 3.1.

Table-3.1: Gamma-ray counts for chi-square test

NO.ofCounts y-ray emitted from"Co Source y-ray emitted from6OCOSource

122keV 1173.23keV 1332.51 keY

Counts 1 13680 14682 13350
Counts 2 13501 14370 13244
Counts 3 13472 14506 13053
Counts 4 13699 14566 13092
Counts 5 13557 14243 13218
Counts 6 13529 14602 13111
Counts 7 13273 14330 13096
Counts 8 13613 14369 13063
Counts 9 13432 14493 13128
Counts 10 13734 14381 12945

X2 1835930554 2089409140 1724085748
X 135490 144542 131300
Chi-square 13.03 11.79 8.87

The familiar equation for chi-square test is given below:

2 [X2 - {(X)2 /l0)]
X =------

X

where, X2= sum of the squares of 10 readings

X = sum of ten readings

X =mean value of ten readings

~2:.,,

Using this equation and data from table 3.1 chi-square obtained are 13.03, 11.79 and, .

8.87 for 122.06 keY, 1173.23 keY and 1332.51 keY gamma-ray energies respectively.
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From these results we concluded that the HPGe counting system used in the present

experiment is stable and the results produced using the system is reliable.

j: I \~..
,1

3.2.,Energy Resolution ofHPGe Detector

Energy resolution is one of the important parameter of a detector. The resolving

power or resolution of a detector is defined as the ability of the detector to separate two

closely spaced peaks in a gamma-ray spectrum. The resolution of the detector is affected by

the counting rate and by amplifier settings other than the time constant So detector

resolution is usually specified at low counting rate.

The resolution of the HPGe detector is measured using 6OCOpoint source and a

spectrum is accumulated by placing the source on the detector which was properly shielded

by lead and iron to minimize the background radiation. The output of the detector was

collected in a personal computer based multichannel analyser with the help of S-lOO .

software through a pre-amplifier, amplifier and an ADC (Analog to Digital Converter).

6OCOisotopes emits two cascades gamma-rays at the energies 1173.23 and 1332.51

keV. The experimental data from the spectrum is plotted by putting channel number in X-

axis and counts in Y-axis and the spectrum is shown in fig.3.l.
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Fig. 3.1. Gamma-ray spectrum for the measurement of Energy resolution of HPGe Detector.

The full width at half maxima (FWHM) is detennined from the graph and is found'

to be 5.83 channels at 1332.51 keY peak. The resolution is given by the following equation.

Difference of the gamma - ray energy peak
Resolution = FWHM(in channel) x ----------------

No. of channel between two peaks

=FWHM:x Ez -E1

Cz -C1

=5.83 x 1332.5 1-1173.23
2914 - 2565

= 2.66 keY.

The resolution is obtained to be 2.66 keY at 1332.51 keY gamma line of 6OCO point

;;. source. The 10,wervalue indicates the good resolution of the detector.
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3.3. Energy Calibration ofHPGe Detector

Cbapter-3

I
"

The objective of energy calibration is to derive a relationship between peak position

in the spectriun and the corresponding gamma-ray energy. This is \nonnally perfonnedii
)"

before measurements, if only in a preliminaIy manner, but it is usual for spectrum analysis

programs to include more sophisticated calibration options within the subsequent data

reduction.

Energy calibration is accomplished by measuring the spectrum of a source emitting

gamma-rays of precisely known energy and comparing the measured peak position with

energy. It matters not whether the source contains a single nuclide or several nuclides. In the

present experiment 152Eupoint source was used for energy calibration. Whatever source is

used it is wise to ensure that the calibration energies cover the entire range over which the

spectrometer is to be used.

In practice it is sufficient to measure the spectrum long enough to achieve good

statistical precision for the peaks to be used for the calibration. The calibration process then

involves marking the peaks to be used and their true energy. The computer can then search

for the peaks, measure the peak position to a fraction of a channel and reduce the

energy/channel relationship. Figure 3.2. shows an energy calibration using 152Eupoint

source. Ten points are plotted together with the best fit straight line. Nonnally the

spectrometer from which the data of figure 3.2 were obtained would be calibrated using only

the two points marked. The data shown appears to fit a linear relationship very well; it

cannot take into account any integral non-linearity in the system.
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Fig.3.2 Energy calibration using 152Eusource (Ten points and the best fit straight line)

The most appropriate relationship to fit the data are given below:

E(keV) = I + GC

where I and G are the intercept and gradient of the calibration line and C the channel

position. In several years of general gamma-spectrometry many authors have found no need

for other than a two point energy calibration40).

3.4. Efficiency Calibration ofHPGe Detector

The efficiency calibration of a HPGe detector should be known before use. The

efficiency of a detector is the proportionality constant that relates the activity of the source i

? being counted and the number of counts observed. By knowing the efficiency of a detector, ",
,-':
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the true activity of sources can then be calculated. The following discussions are referred to

. the different kinds of efficiency definitions that are in common use for gamma-ray detectors:

Relative efficiency is a general perfonnance measure relatjng the efficiency of
. I ,. '4

detection of the 6Oeogamma-ray at 1332.51 keV of the HPGe detector to that of a standard!

NaI(l1) scintillation detector.

In gamma spectrometIy our intention is to relate the peak area in our spectnml to the

amolJIlt of radioactivity it presents. For this we need the absoluU ejficiency. This relates the
peak area to the number of gamma-rays emitted by the source and must depend upon the

geometrical arrangement of source and detector.

AbsoluU totill efficiency relates the number of gamma-rays emitted by the source to
the number of COlJIltsdetected anywhere in the spectnml. This takes into accounts the full

energy peak and all incomplete absorptions represented by the compton continuum.

Intrinsic ejficiency (full-energy peak or total) relates the COlJIltsin the spectnml to

the number of gamma-rays incident to the detector. This efficiency is a basic parameter of

the detector and is independent of the source/detector geometIy.

Full energy peak is the most significant parameter in practical gamma spectrometIy.

In the present work only the intrinsic fuO. energy photo peak efficiency is calculated. The
calcu1ation of full-energy peak efficiency is straight forward; it is the ratio of the number of

COlJIltsdetected in a peak to the number emitted by the source.

Efficiency (s) = R / ( S X ly) ------- (3.1)

R is the full-energy peak colJIll rate in cOlJIIlsper second. S is the source strength in

disintegration per second (i.e., bacquerels) and ly

particular gamma-ray being measured.

30
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The source strength used in eqn.(3.1) need to be corrected for decay from the date

of preparation i.e, the present activity is given by:

I
;j
."

I
St = So e-At ---------- (3.2)

,
wh,?e So and St are the original and present source strength (activities) respectively, t is the

decay time, A. is the decay constant = ln2fft/2 = 0.693fT1/2 , where T1/2 is the half-life of the

source. Thus

Efficiency (%) = [R I ( S X ly )] X 100 ------- (3.3)

The known strength standard radioactive point sources of 22Na, .54Mn,57Co, 6OCO

1Daa, and 137Cs gamma-rays of different energies were used for the measurements of

detector efficiency. These sources are chosen in such a way that it covers a region of interest

with maximum number of points in between. The gamma-ray emitted from the sources are

in range of 80.99 keV to 1332.51 keV. The sources were placed individually at the mid

point of the surface of the detector. The output signal of the detector was obtained via .

preamplifier, amplifier and ADC to the PC based MCA. From the accumulated spectra the

net area under a photo peak is determined and then by using the source strength and gamma-

ray intensity, the efficiency of the HPGe detector were measured.

The sta1ldard sources used for the efficiency measurement emit more than one

gamma-rays. As such there is a certain probability of missing counts under the photo peak

by coincidence loss of cascade gamma-rays when the source remain closer to the detector#).

Coincidence loss may be e1iminated by taking counts of the sources at distant point from tlle

detecto?7). In order to correct the coincidence loss effects for two cascade gamrita-rays, the

activity ratio of60Co to the monoenergetic gamma-ray source of137Cs were measured as the

,! function of the distance between the source and the detector. The ratio is plotted in fig. 3.3. '
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The ratio at the 12 cm source to detector distance is 1.0 i.e., there is no coincidence loss for

distances greater than this.

2515105o

I 1.20

1.15

1.10
... 1.050
"0
I'll 1.00U-
s:: 0.95
~
l!! 0.90...
8 0.85

0.80

0.75

0.70

Sample Position

Fig. 3.3. Correction factor of the sum peak for a HPGe detector.

Thus, the efficiency of the thirteen gamma energy points using the standard sources

determined at 12 cm above the detector is used to detennine the efficiency at the surface of

the detector. Since 137Cs and S4Mnhas single gamma-line and do not suffer any coincidence

loss, these sources are used to detennine the efficiencies of cascade gamma-rays at the

surface of the HPGe detector. Taking the efficiency ratios of 834.81 keY gamma-ray (from

S4Mn) at surface and at 12 cm above the detector, the other efficiencies are nonna1ized at

the surface of the detector. Same procedure was applied for another single line gamma-ray

energy 661.64 keY (from 137Cs).The normalizing factors given from 834.81 keY and

661.64 keY are nearly same. Finally the average efficiency for each energy peak is taken

which are generated by normalizing with the 834.81 keY and 661.64 keY gamma-lines. The

experimental data is given in table 3.2. The data for efficiency using normalizing factors is

given in table 3.3. A graph is plotted with energy along X-axis and nonna1ized average,
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surface efficiency along Y-axis which is illustrated as in figure 3.4.

100

I

10

1

Elf. at surface using normalizing factor

o 200 400 600 800 1000 1200 1400

Gamma-ray Energy (keV)

Fig. 3.4. Efficiency curve for HPGe detector

The low efficiencies obseIVed at low energies is due to photon absorption by sample

matrix, cryostat endcap and the dead layer in the detector. The maximum efficiency obtained

at 122 keV is due to the compton absorption. The gradual decrease of efficiency at high

energies occurs because of the reduction in the interaction cross-section of the high energy

photons.
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Table 3.2. Efficiency calibration data at 12 cm above the HPGe detector surface.

Point Initial Half.life Present y.my y-my Count Efficiency
source strength T1I2 activity energy intensity per sec. E(%)

(So) S,=Soe'U (keV) L(%) (CPS), ,
wCo 37259 5.272 Y 19351 1173.23 99.88 43.86 0.227

1332.51 100.00 39.40 0.204
~7CO 42550 271.3 d 354 122.06 85.51 5.4 1.784

136.48 10.61 0.633 1.685

"MIl 40959 312.2 d 640 834.81 99.98 2.323 0.375
137Cs 33411 30.17y 30376 661.64 86.00 94.808 0.363

~a 41551 2.66y 11084 511.00 181.08 81.371 0.405
1274.55 99.94 23.510 0.212
80.99 35.40 73.001 0.810
276.40 7.30 13.181 0.709

133Ba 34965 10.5 Y 25458 302.85 18.40 30.521 0.652
356.01 61.91 95.321 0.605
383.85 8.91 12.965 0.572

Table 3.3. Efficiency at the surface ofHPGe detector using normalizing factor.

Efficiency al the swface of the deleclor
Normalizing faclor for Cs = -------------- - 0.0377 = 105141 and

Efficiency al 12 em above the deleclor swface 0.00363

EfficIency al the swface of the deleclor
Normalizing faclor for Mn = --------------- = 0.0394 - 103859

Efficiency at 12 em above the deleclor swface 0.00375 .

"(-ray energy Eff. (%) using Eff. (%) using Average
(keV) normalizing normalizing Efficiency

factor for 137Cs factor for 5~ I;(%)
80.99 8.413 8.516 8.465
122.06 18.528 18.757 18.640
136.48 17.500 17.716 17.608
276.40 7.364 7.454 7.409
302.85 6.772 6.855 6.814
356.01 6.283 6.361 6.322
383.85 5.941 6.014 5.978
511.00 4.206 4.258 4.232
661.64 3.770 3.817 3.794
834.81 3.895 3.943 3.919

1173.23 2.358 2.387 2.373

1274.55 2.202 2.229 2.216

1332.51 2.119 2.145 2.132
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Excitation Function Measurements of 63Cu(n,a,)60Co reaction in
the Neutron Energy Range 13.82-14.71 MeV

t I
4.1 Introduction

Measurementsof activation cross sections for production of long-lived radionuclides

at around 14 MeV neutron energy are of interest for testing nuclear reaction

models, determining the waste disposal and recycling aspects of fusion reactor materials.

Furthermore, the data in the case of structural materials of a fusion reactor are important for

the estimation of neutron multiplication, nuclear heating, nuclear transmutation and radiation

damage effects. Cross section data available for reactions leading to product nuclei of long

half-life are often contradictory around 14 MeV especially in the case of 63Cu(n,a.)60CO

reaction. This is due to low fluxes of monoenergetic neutrons available by accelerators which

induce only very low activities. Cross section data of (n,a.) reaction are of considerable

interest in fusion reactor technology for estimating helium production in potential

constituents of first wall and structural materials.

Copper is a significant material of magnetic coil for fusion reactorl7). Therefore the

cross sections of 63Cu(n,a.)60COreaction are very interesting for understanding irradiation

damage and the material performance under exposure to intense neutron flux. Since 6OCO

has a long half~life of 5.27 years, the activity of 6OCOis also an important factor for waste

treatment and maintenance of the facility.

Many experimental and theoretical evaluation worksI5•23• 45-49) were carried out for

the measurement of activation cross sections of 63CU(n,a.)60COreaction. But there are still

some unexplained discrepancies among the existing experimental data in the literature. The

present work aims at removing the existing discrepancies in the literature data by providing
,

precise and accurate data along with some newer points in between for the first time. Using.

"
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Excitation Function of6JCu(o.a/lOCo Reaction

the activation technique in combination with the high resolution gamma-ray spectroscopy,

high precision measurements were carried out for the reaction of 63Cu(n,lX)60Coin the

neutron energy range from 13.82 MeV to 14.71 MeV.

I ,:;!.
A computer code SINCROSS-II36) - a nuclear cross section calculation system with

simplified input format were used for the theoretical estimation of activation cross section.

The measured cross section values were compared with the recent literature data.
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4.2. Experimental Procedures

Cbaptcr-4

For the measurement of activation cross section of 63CU(n,a.)60COreaction in the neutron

energy rangd from 13.82 MeV to 14.71 MeV, the following prominbt characteristics are':

involved.

4.2.1. Neutron Source

The experiment was performed at fast neutron source, J-25 neutron generator facility

of the Institute of Nuclear Science & Technology (INST), SaYar, Dhaka. D-T neutrons were

produced by bombarding a air cooled, 3.7xlO" Bq copper backing tritium target with a 110

keV deuteron beam (d+). The diameter of the tritium target (lmm thick copper backing) is

4.9 cm with a active layer diameter 2.5 cm. The target assembly was designed in order to

reduce neutron scattering by the assembly itself as possible. The maximum neutron yield is

about 2x lO" nlcm2/sec.

4.2.2. Samples

Since four cross section values of 63Cu(n,a.)60COreaction have been measured with

respect to four neutron energies and since the neutron energy depends on the angle of

emission, four copper samples were prepared using high purity (~99.99%) metallic copper

foils of isotopic composition with the dimension of 1cmx 1cmx 1mm. Niobium foils of the

same size as the sample were then attached in front and at the back of each copper sample.

Niobium foils were used to measure the neutron flux at the sample position. Samples varied

from 1.51659gm to 1.69147gm and that of niobium foils from 0.16654gm to 0.25435gm.
i
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4.2.3. Irradiation

The prepared copper samples sandwiched with Nb foils were irradiated at 00, 400,
~J . 800, and 1201 (corresponding to neutron energies of 14.71 MeV, 14.~7 MeV, 14.21 MeV':1,

and 13.82 MeV) with respect to the deuteron (d") beam direction in a ring geomel1y .

arrangements as in figure 4.1 over a period of 11.60 hours with a 300 ).lAbeam current in

such a way that they are equidistant from the center of the beam. The distance between the

beam spot and the sample

ALUMINIUM
RING

Fig. 4.1. Ring geometry arrangement of J-25 Neutron Genemtor (AID, Fmnce).

center was 6 em. The effective neutron energies corresponding to the eruission angle were

verified by measuring the ratio of 89Zrto 920Nbspecific activities induced both in Zr and Nb ..

.!
~:.
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Excitation Function of 63Cu(n.a.)60CO Reaction

foils'by (n,2n) reactionsll),The neutron production in time was monitored by means of a

BF3 long counter calibratedearlierwith a 20 )lg252Cfneutron source.

~,
:;i I

4.2.4. Neutron Flux Monitor

,
After irradiation the neutron flux densities effective at each sample position in the

irradiation with D-T neutrons were determined via the monitor reaction ~(n,2n)~;

TI/2=10.14days, By =934.51 keY, ly =99.2%. The value 464 mb (:t4.2%) was adopted as

the standard cross section of ~(n,2n)~ reaction for neutron energies from 13.82-

14.71 MeV27). The ~(n,2n)~ dosimetry reaction was adopted as the neutron flux

monitor because the cross section is relatively large around 14 MeV and the half-life of

~ is of convenient length (10.14 days). For the four irradiationangles used, the neutron

flux densitieswere of range between 0.7531xl06 and 1.2018xl06 n/cm2/sec.

4.2.5. Gamma-ray Measurement

The decay scheme of reaction product 6OCOare shown in figure 4.2.

6OCO(5.272 Years)
~-(99.88%)

2507.7 keY

1332.5 keY

".

o
""Ni

Fig. 4.2. Decay scheme of60Co
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Many gamma transitions are involved in the decay scheme of 6OCO,where the great majority

of beta decays go to the 2505.7 keY level which falls to the ground state in two steps. Thus

Ii two gamma-rays appear:
:t I \i

'Yl= (2505.7 -1332.5) = 1173.2 keY
'Y2 = (1332.5 - 0 ) = 1332.5 keY

Two gammas are said to be in cascade.

After irradiation, the intensity of the 1173.2 keY and 1332.51 keY gamma-lines

emitted from the product nucleus of 63Cu(n,a.)60COreaction was measured for each sample

using High Purity Germanium (HPGe) detector. The gamma-ray spectra were accumulated

and analysed in Multi Channel Analyser (MCA) based IBM PC-AT computer using the

software S-IOO coupled with associated electronics (pre-amplifier, amplifier, analog to digital

converter, high voltage unit, etc.). The detector was shielded with lead and iron to reduce the

backgrouild radiation. During each measurement, the natural background counts were

periodically checked and subtracted from the total counts to obtain the real counts of the

investigated gamma-line of the same gamma-ray.

Since 6OCOhas a long half-life (5.27 yrs) and the low activity produced in the product

nuclei, each sample was counted over a long period (counting time varied from 2.75x Iff sec

_ 3.0xlff sec), The measured counts under the photo peak were subjected to usual

correction for dead time loss, pile up loss and coincidence effect.
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4.2.6. Cross Section Calculation and Error Estimation

Chapter-4

The count rate of gamma-ray emitters, corrected for background effects, were used

J' . .to calculate ~e cross sections using the well-known activation formula ~educed in chapter-2, ,I

equation number 2.9. The major sources of errors and their magnitudes are given in table I

5.4. The total error of each cross section value was obtained by taking the square root of the

sum, of squares of the individual errors in quadrature. The overall uncertainties for the

present work were in the range of 5-10%. The largest errors in cross sections of reaction

determined via gamma-ray spectrometry originated from the poor counting statistics.

In order to describe the measured excitation functions, nuclear model calculations

were performed using the computer code SINCROSS.ll.

4.3. Results and Discussion

Cross secti~ns were determined from photo .peak .co~ts by. using nuclear decay data

e.g. half-life, gamma-ray energy, gamma mtenslty, ISOtopiC abundance, etc. were

taken from Lederer'.) shown in table 4.1. For each run the cross section was determined by

averaging the values obtained by using the photo peak counts for both the 1173.23 keV and

1332.51 keY gamma-rays resulting from "Co.

The measured cross sections including errors and the neutron flux obtained from the

present experiment for 63Cu(n,cx)"Co reaction in the neutron energy range 13.82-14.71

MeV are given in table 4.2. The quoted uncertainty in cross section values includes both

statistical and systematic errors. The estimated uncertainty in the cross section values lies .

I. between 5 to 10%. Considering the long half-life and complex decay scheme of "Co, the

,I,

'l
", ,
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,

WlCertainty is satisfactory. The principal sources of the systematic errors along with their

magnitudes considered are shown in table 5.4.

The bross section obtained in the present measurements todether with the recent 1
literature values are plotted as a function of neutron energy shown in figure 4.3.

60
63 60 1~Cu(n,a.) Co

50

-"-
,....,
.c '-"S .........l ..1 '--",: ..

40 fc: .. t- "-0 -
ij
Q)
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Fig. 4.3. Excnation Function of 6'Cu(n,a.)60Co Reaction.

Compared to the present results, the measurements due to Zhao Wenrong, et.a1.17l,

and J. Csikai et. al.18) show faster rise in the cross section from 14.09 to 14.80 MeV. The
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present results agree well with experimental and evaluated data recently reported by Chikara

Konnol6) and ENDF/B-VI21). On the other hand, JENDLE_322) (which is based on the

experimenta} data of Pau1senI5) ), Bonnann23) , Bychkov et. al.20) arears to give a val,

lower than the value obtained in the present work. Therefore, it is necessary to re-evaluate

this reaction for JENDLE-3. It is also Worth mentioning that the present experimental data

given in figure 4.3. agree with the results obtained using computer code SINCROSS-n36).

The (n,a.) excitation funclion for 63Cu(n,a.)60COreaction is thus well established.

Table 4.1. Decay data of nuclear reaction product 60Co 50).

Nuclear Isotopic Q-value Half-life of the Gamma-ray Gamma-ray
reaction abundance (MeV) product nuclei energy intensity

(0,(,) (Year) (keV) (0,(,)

1173.21 100.00
63Cu(n,a.)60CO 69.2 1.656 5.27

1332.51 99.98

Table 4.2. Measured cross sections with neutron flux.

Emission Angle Corresponding Neutron Flux Measured
Neutron Energy ( n.cm.2.sec.1 ) Cross Sections

(MeV) x 106 (mb)

00 14.71 :t 0.115 1.2018 38.20:t 3.21

400 14.57:t 0.108 0.9940 40.25 :t 3.65

800 14.21 :t 0.060 0.8939 42.13:t 4.01

1200 13.82:t 0.060 0.7531 43.87 :t 4.30
.'
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ExCitation Functions of (n,2n) Processes on Some Isotopes of
Cl, Mo, and Ce in the Energy Range 13.90 - 14.71 MeV

. 5.1. Introduction

Neutron activation cross section data around 14 MeV have become important from the

view point of fusion reactor technology. Fusion energy is a vel)' important,

inexhaustible energy sOlll"cefor futlll"e generations of mankind. The most promising near-

term fusion fuel cycle is the deuterium-tritium (D-T) cycle because of its large reaction cross

sections at relatively lower plasma ternperatlll"e. Interaction of neutrons with engineering

components such as blanket and shield, which surround the fusion reacting plasma, is an

important process as far as energy extraction and radiation shielding are concerned.

Adequate knowledge of the activation cross section is necessary for the design of these

engineering components, the assessment of their nuclear performance, and radiological

characteristicsS!). They also provide the response functions required for neutron dosimetry

of fusion environment. Finally, they are useful to confirm predictions of nuclear reaction

theory.

At present, there is a bulk of experimental data on nuclear cross sections in the 14

MeV energy region. However, it is quite a typical situation, especially in the case of (n,2n)

reaction on chlorine7.s.24.2sl,molybdenum9,lo.24.27.29-32)and cerium17.19.20.2S.33-34)isotopes,

where the data scattering exceeds the errors cited by authors. This often excludes a

possibility to obtain an evaluation of high acclll"acy. To a large extent, this situation is,

probably, due to the fragmentary character of many experiments. It is a difficult problem to

select preferable data as a main sOlll"ceto estimate the quantity.

Chlorine, molybdenum, and cerium are the components of structlll"al materials for

fission and fusion reactors. The activation cross section data on (n,2n) reaction for these

,I
"
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it

il

isotopes are of practical interest especially for calculating neutron multiplication and neutron

transport calculations, in fission and fusion environment.

Thus the present work concentrates on the excitation function of 35Cl(n,2n)34mCl,

10~0(n,2n)99Mo, and 140Ce(n,2n)139ee reactions to obtain the mJ. quality experimental

and theoretical data in terms of accuracy, reproducibility and reliability. The activation

technique has been applied in combination with high resolution gamma-ray spectrometIy.

The statistical model EXIFON and SINCROSS-II have been used in the theoretical

evaluation of 10~0(n,2n)99Mo, and 140Ce(n,2n)139Ce reactions in order to compare

experimental measurements with the theoretical predictions.

The present work aims at reducing the existing discrepancies and to provide more

accurate activation cross section data of 35C1(n,2n)34mC~ 10~0(n,2n)9~0, and

140Ce(n,2n)139Cereactions in the energy range 13.90 - 14.71 MeV and presenting newer

points in between for the first time.
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5.2. Experimental Procedure

Chap •••.-s

Ji For the measurement of excitation functions of (n,2n) processes on some isotopes of

W C~ Mo, and Ce in the energy range 13.90 - 14.71 MeV, the follo~ salient characteristic;

are involved:

5.2.1. Sample Preparation and Irradiations

For the determination of (n,2n) cross section of chlorine, molybdenwn and ceriwn

isotopes, NaCI ( ;,,99% pure, Fluka Chemica), M0203 (;,,99% pure, Mark Germany) and

Ce02 (;,,99% pure, Mark Germany) in powder form were used as the target for irradiations.

The compOlUldNaq M0203• and Ce02 contain 60.66%, 79.99%, and 81.41% by weight of

chlorine, molybdenwn and ceriwn respectively, and the only other element present is oxygen

which gives no interfering backgrOlUld activity. A total of 14 samples were prepared using

these compOlUld (5 using NaC~ 4 using M020J, 5 using Ce02). Each sample was pressed at

10 tones/cm2 into pellets of 1.0 cm diameter and 2 rom thickness. They were sealed in

polyethylene cover individually to ensure the mechanical stability. During irradiation each of

the sample was sandwiched between two aluminiwn monitor foils (0.5 rom thick) of the

same size as the sample which served as neutron flux monitors. Three individual irradiation

were performed for the measurement of (n,2n) cross sections of chlorine, molybdenwn and

ceriwn isotopes.

5.2.1.1. Irradiation ofNaCl samples

For excitation function measurements of 35Cl(n,2n)34mCIreaction five samples, each

sandwiched between pair of aluminiwn monitor foils, were suspended at 0°, 40°, 70°, 90\
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and 110° with respect to the deuteron beam direction in a ring geometry arrangement as

shown in :figure 4.1. The five angles cover the neutron energies of 14.71 MeV, 14.57 MeV,

14.31 MeV, 14.10 MeV, and 13.90 MeV which were determined by measuring the ratio of
I '
.'~ the 89Zr and ~~ specific activities produced in Zr and Nb foils by (~2n) reaction by the I

I

D+T neutrons at different angular positionll). The distance between the sample and neutron

target was 6.6 cm. The operational features of neutron generator and irradiation information

were as fonows:

Deuteron energy

Reaction

Beam current

Beam diameter

Irradiation time

: 110keV.

: T(d,n)"He.

: 250 IJA.

:lcm

: 1 hour.

5.2.1.2. Irradiation ofMoz03 Samples

For the measurement of activatio~ cross section of lO~O(n,2n)99Mo reaction, the

irradiation with monoenergetic neutrons was done using a D-T neutron generator. In an four

MOzO! samples were used. These were placed at angles 20°, 50°, 70°, and 110° relative to

the deuteron beam cover the neutron energies of 14.69 MeV, 14.51 MeV, 14.31 MeV,

and 13.90 MeV. The irradiation information are given below:

Deuteron energy

Reaction

Beam current

Beam diameter

Irradiation time

: 110keV.

: T(d,n)"He.

: 300 IJA.

:1cm

: 3 hours 40 mins.
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5.2.1.3. Irradiation of Ce02 Samples

Chapter-S

A total of five CeO, samples, sandwiched with monitor foils, were used to measure
),

.~. the activatiqn cross section of 140Ce(n,2niJ9Ce reaction. The aniIes of the irradiation'. ,

position to the d+ beam were 0°, 40°, 70°, 90°, and 110° so that the neutron energies of

14.71 MeV, 14.57 MeV, 14.31 MeV, 14.10 MeV, and 13.90 MeV. Following are the

operational parameters and irradiation information of neutron generator.

Deuteron energy

Reaction

Beam current

Beam diameter

Irradiation time

5.2.2. Neutron Flux Monitor

: 110keV.

: T(d,n)'lIe.

: 250 jJA.

: 1cm

: 3 hours 52 mins.

The neutron flux densities effective at each sample in the irradiation with D-T

neutrons were determined only via the monitor reaction 27A1(n,ori"Na. Use was made of the

well known cross section for the reaction 27A1(n,ex)2"Naas standard, with a decay data, as

given from VonachS2) and shown in table 5.1. The small change in flux during the

irradiations were, however, recorded by a BF3 long counter. The average flux values were

normalized to the mid count rate at the long counter. The neutron flux densities as given in

table 5.2 varied from 0.47787xl06 to 0.73009xI06, 0.44064xI06 to 0.52271xl06, and

0.42120x106 to 0.54436xl06 for 3sCI(n,2n)34mq 10~0(n,2n)99Mo, and 140Ce(n,2n)139ee
reactions respectively .

.'"
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5.2.3. Activity Measurements

After irradiation, the induced radioactivity of the monitor foils, and the reaction
I. ,
;~ products, was determined by HPGe detector gamma-ray spectrometly. The coaxial HPGe:

detector has a volume of 98 cm3 with a resolution 2.66 keV for 1332.51 keV of 6OCO

gamma-ray source. The spectra were collected for counting times that varied between 15

minutes to several hours. The gamma-ray spectra were acquired by a PC based MCA, 8-100

master board packages. The samples were counted on the surface of the detector. The

reaction product were identified by their characteristics gamma-ray transition energies and

half-lives.

The activity at the end of counting time was found using net area option of the

MCA, with automatic subtraction of the background. The activity was subjected to

corrections for detection efficiency, dead time, summation effects due to cascade gamma-

rays, pile-up losses, and gamma-ray self absorption in the sample. The monitor foils were

measured following the measurement for the sample.

5.2..4. Cross Section Calculation and Error Estimation

After determining the disintegration rates of the reaction products at the end of

irradiation and their corresponding flux values from the monitor reactions, the cross section

values for 3sCI(n,2n)34mC~ 10~o(n,2nrMo, and 14°Ce(n,2n)139Ce reactions at different

energies were calculated using the well known activation formula.

The major sources of errors and their magnitudes are given in table 5.4. The total '

error of each cross section value was obtained by taking the square root of the sum of

;' squares of the individual errors. The overall uncertainties for all reactions studied in the
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present work were in the range of 5-10%. The largest errors in cross sections of reactions

detenDined via gamma-ray spectrometry originated from the poor counting statistics.

I

5.2.5. Nuclear Model Calculation

,

In order to describe the measured excitation functions of lo~o(n,2n)~o and

140Ce(n,2n)139Cereaction, nuclear model calculations were performed using the computer

codes EXIFON and SINCROSS-ll. The details of these codes are given in chapter 6.

5.3. Results and Discussion

The results for the (n,2n) cross sections of the investigated nuclides in the energy range

from 13.90-14.71 MeV are listed in table 5.3, together with the average neutron

energies and its uncertainties, and the spread of the energy distributions. Figures 5.1 through

5.3 display the results of the present work together with those taken from the literature. The

cross sections measured in this work are found to be in reasonably good agreement with

most recent literature values and to disagree with a few.
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Figure 5.1 represents the excitation function orJSCl(n,2n)34ffiCI reaction.

Cbapter-S

:.0.

For this reaction the results of the present work definitely confirm the measurements

of Ikeda et. al.21) and suggested that this work should be used for the whole excitation

function rather than the measurements of Paul et. aI.24) and Sca1an et. aI.8).
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In figure 5.2 is shown the excitation function of lo~0(n,2nrMo reaction.

Chapter.5

4000

100Mo(n,2n)99Mo ••~. • PRESENT WORK

.'1. 3500 (:;; KHALDA(1998) , "Io IKEDA('.")

o MlX.lA

3000 f::,. LEDERER(188O)

....... \l CUZZOCREA(lll6T)

,s:, A. KHLRANA(1981)
E
'-' 2500 •. STROHAL(1961)

C •• 'AUL('.03)
0
1$ - EXIFON fCJ) 2000

. - - .. SINCROSS~I ten
lZe 1500 .p.0 .............

1000

500 ~

13.0 13.5 14.0 14.5 15.0

Neutron Energy (MeV)

100 99
Fig. 5.2. Exdtation Function of Mo(n,2n) Mo Reaction.

For this reaction the result of the present work agree well with Ikeda et. al,z7). Most

of the other works are inconsistent with each other. These inconsistencies may be attributed

to the low isotopic abundance of l""MO. In this figure a comparison is given between the

experimental (n,2n) cross sections measured in this work and the theoretical values obtained

using the computer code EXIFON35) and SINCROSS-II36). In general, the results obtained.

via two computer codes agree and add confidence to the present measurements.
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Excitation functions ofI40Ce(n,2n)139Ce reaction are shown in figure 5.3 with

literature and theoretical values.
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Fig. 5.3. Exdtation Function of '40ce(n.2n)'39ce Reaction.

For this reaction the cross sections obtained in the present work are somewhat lower

than the results from Wenrong et. al.I7), Teng Dan et. al.33),QaimI9), and Bychkov et. al.
20
).

In the present work the theoretical values for this reaction using EXIFON are lower than the

present experimental value. The literature values from Pashchenko28) are even less than the

present theoretical values. The disagreement was observed in the case of
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14°Ce(n,2n)139Ce reaction. The difficulty with the measurement of 140Ce(n,2n)139Ce

reaction cross section may be attributed to the long half-life of the product nucleus of 137.5

days.

Ii
i;J I '.1

The excitation fimction displays an increase in cross section values with increasing ,

excitation energies above the threshold and reaches a maximum. With further increase in

excitation energy more competing reaction channels open resulting in decrease of (n,2n)

cross sections.
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Table 5.1. Decay data of nuclear reaction products studied in this work 52).

Cbapter-5

Reaction Q-value Isotopic Half-life y-energy y-intensity
(MeV) abundance (keV) (%)

(%)

35CI(n,2n)34niCI - 12.646 75.70 32.00 min 145.00' 35.80

l°~o(n,2nl~o - 8.300 9.60 66.00h 739.00 14.00

140Ce(n,2n)139Ce - 9.060 88.48 137.50 d 165.90 81.00

1369.00 100.00
27Al(n,ori"Na 100.00 15.02 h

2710.00 100.00

Table 5.2. Reference cross section for monitor reaction 27Al(n,a)2"Na with measured
neutron flux.

Emission Neutron Reference Neutron Flux
Angle Energy cr (n.cm.1.sec.1)
(Degree) (MeV) (mb) x 106

35Cl(n,2ni4'"C1 1O<Mo(n,2n)~o 140Ce(n,2n)139Ce

0 14.71:tO.115 113.1 0.50783 0.54436

20 14.69:tO.lll 0.51669

40 14.57:tO.108 114.5 0.48175 0.52373

50 14.51:tO.095 0.52271

70 14.31:tO.075 119.9 0.47787 0.49231 0.46181

90 14.10:t0.041 121.9 0.68423 0.45032

110 13.90:t0.045 123.0 0.73009 0.44064 0.42120
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Table 5.3. Measured cross sections of (n,2n) reaction on Cl, Mo, and Ce isotopes.

Chaptcr-S

k..

Neutron Energy Cross Section (mb)
(MeV)

"CUn,2n)'4IDCl lUUMo(n,2n)""Mo 14UCe(n,2ri)139Ce

I \
14.7l:t0.115 10.49:1:0.82 1701+98

14.69:1:0.111 1466+125
14.57:t0.l08 10.28+0.80 1679:1:89

14.5l:t0.095 1441+124
14.31+0.075 8.77+0.71 1407+122 1503+82

14.1O:t0.041 3.95+0.37 1472:t78

13.9O:t0.045 3.15+0.30 1388+119 1448:t70

Table 5A.Principal sources of errors in neutron induced reaction cross section
measurements.

I Source of Uncertainty 'tude (%)
I (n.a.) (n,2n)

Neutron Energy ::;1 ::;1

Irradiation time 0.1 0.1

Irradiation geometry and beam deviation 3 3

Sample weight <1 <1

Statistics of counting 10 - 15 3-8

Error in peak area analysis 4 3

Efficiency of the detector 5 5

Decay data 1 2

Error in monitor reactions 3-8 3-8

Neutron absorption and scattering with in the sample 0.5 0.5

Self absorption of gamma-ray in sample 0.5 0.5
•

Total error 13 - 19 8 -13
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Theoretical Calculation Codes for Activation Cross Section
Evaluation in the Neutron Energy Region 13 - 15 MeV

I

6.1. Introduction

Theoretical calculation of activation cross sections plays an important role in nuclear

data evaluations. Evaluation of activation cross section in the neutron energy region 13-15

MeV are necessary in a lot of applications such as accelerator shielding calculation,

production rate estimation of medical radioactive isotopes and radiation damage in fission

and fusion devices. A large number of activation cross section measurements have been

performed, and various efforts have been devoted to make comprehensive nuclear data

evaluations such as JENDLE_322), ENDFIB-y45l, _Vl21), lRDF_9053). There are however

large discrepancies for certain reactions among the experimental data measured by various

groups using different techniques, neutron sources and decay data. In some cases the data

are scarce. Although nuclear data evaluators have attempted to provide the reasonable

evaluations, it is impractical to provide reliable cross section values when the data scatter

widely or when there are few measured values. Therefore, there are still strong needs for

measured activation cross section data with uncertainties less than 10%.

Several theoretical codes are considered to be candidate for activation cross section

data evaluation in the neutron energy region 13-15 MeV. However, before performing an

intensive evaluation, it is worthwhile to make cross section calculations in order to check the.

advantages and limitations of those codes which are based on different theories,

approximations and methods of numerical calculations.

There are several theoretical codes available to calculate Nuclear Data. Selected

codes were SlNCROSS"n36) AllCE_F54) EXIFON35) MCEXCITON 55) NUCLEUS56), " , ,
and HETC-3 8TEpS7-59). The first three of these codes employ deterministic methods, while.
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the last three codes are based on the Monte-Carlo method. In the present experiment two

codes SINCROSS-II and EXIFON were used to calculate the activation cross section values

in the neutron ~nergy range 13-15 MeV. In this chapter some explanations are made for

i~' theories, m01els, assumptions and parameters on which SINCROSS-~ and EXIFON codes'i

are based. !
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~
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6.1: 1. SINCROSS- II - A - Nuclear Cross Section Calculation
System With Simplified Input-Format

l
6.1.1.1. Introduction

The SINCROSS-II is a revised version of the SINCRoss-fO). The main codes of

SINCROSS-II are the ELIESE61) - GNASIf2) joint program (EGNASH2) and the

simplified input version of DWUCKy63). To aim the efficient execution of nuclear cross.

section calculations, both the codes, ELIESE and GNASH were joined and the global optical

potentials were built into the new code EGNASH, whose input-fonnat become simpler than

that of GNASH.

EGNASH2 calculates the nuclear cross sections over the wide mass region using the

built-in optical-model potential parameters. The code EGNASH2 has a few free parameters

for the pre-equilibrium process, level density, and radiative width.

Since many of the parameters were predetermined and stored in the program, the

parameters which should be inputted are a small number. A sample unit is given in table 6.2.

6.1.1.2. Optical-Model Potential Parameters

In the statistical nuclear mode~ the angular momentum dependent particle

transmission coefficients are calculated by optical-model potential parameters. In the

SINCROSS, as a general rule, the global optical-model potentials are employed to calculate

the transmission coefficients.
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For the neutron, a modified Walter-Guss-Potential64) and the Wilmore-Hodgson65)

potential parameters are built into the EGNASH2. Walter-Guss recommend their potential to

be applied above 53 in mass-number and 10 to 80 MeV in energy range. To apply the

i~' potential bel~w 10 MeV neutron energy, the following surface abs~rption term Ws (in ii,

MeV) is assumed between 0 to 20 MeV,

W, = 7.71-14.94(N - Z)/ A ---------------(6.1.1)

6.1.1.3. Level Density and Gamma-ray Transition ParaIlleters

In the continuum level region, the Fermi-gas and the constant temperature model are .

used to represent the level density of nucleus. The Fermi-gas model formula as a function of

energy E and spin J is
1

exp{2[a(E -l1)]2}
p (E,J) = Co(E_ 1'»2 R(J,E) -------------(6.1.2)

3

where C. = 24Ji (0.146):;:a A, and the spin term is given by

1 2-(J +-)
R(J,E) = (21 + 1)eXP[-{2-cr-2-(;-)-}) ------------------(6.1.3)

where d- (E) is the spin cutoff factor defined by
1 2

cr2(E) = 0.146 [a (E - 1'»)2A3 -------------------(6.1.4)

The pairing correction I'> was quoted from the Gilbert and Cameron's paper66) •.

In the 'ower excitation, the constant tenlperature formula expressed by
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P (E,J) = P (Ex)exp[(E - Ex>! T] R(J,E), E(Ex ---------(6.1.5)

Cbapter.6

is used, where Ex is the energy at which both densities are smoothly connected, and p(Ex) is

the energy tehn oflevel density at the energy Ex. If the spin dependent\level density p(E,J) is'!

summed over the spin J, we get the density p(E) of levels of all J, which has a different form

from the constant temperature formula of Gilbert and Cameron66), as the spin cutoff factor .

cr(E) is energy dependent.

The GNASH code62) is able to automatically determine the nuclear temperature, T,

if the discrete levels in the low energy region and the Fermi-gas level density parameters "a"

were suitably inputted. Then the level density of nucleus in the continuum can be described

by the parameter "a" only. In some cases, however, the code is unable to match discrete

levels, and thus the temperature, which connects smoothly between the Fermi-gas and

discrete levels, is not determined. For those cases, the temperature is calculated with a

systematic relation between level density parameter and temperature,

T = 7.50x a -0.84 ----------(6.1.6)

At the beginning of the calculation, when the experimental value of the average

spacing Do of S-wave neutron resonances at the neutron binding energy EB is known67), the

parameter "a" was assumed to have a value which is calculated from the spacing Do by

inversely solving the equation 68) .

where I is the spin of target nucleus and a set of parameters "a" of isotopes in the nuclear

decaying processes has practically been selected through the cross section calculation to

agree with the various experimental data which could be considered to be reliable.
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The relation between the level density parameter "a" and the total shell correction S

given by Gilbert and Cameron 66) and the tentative formula,

! a = 0.008S+ 0.170---.-----(6.1.8)
A

,

,

I
.-,
~'.

is programmed to give the initial value of "a" for the undeformed nuclei for which the cross

section is not yet calculated.

In the mass region A<20, in which Gilbert and Cameron did not give !'1 and S, it is

assumed that !'1 = ~ for odd-mass nuclei, and !'1 = ~ for even-even nuclei, and the

shell correction energy S = Mexp - M1 dp.where Mexp and M1 dp.are the experimental nuclear

mass and the calculated nuclear mass using the mass formula of the liquid-drop mode~

respectively.

6.1.1.4. Determination Procedure for the Value of Parameters

In the SINCROSS, the global optical-model potential parameters are employed to

calculate the transmission coefficients, as mentioned in section 6.1.1.2 The key points of the

cross section calculation, therefore, are the determination of level density parameters of

daughter nuclei and of the rate of contribution of pre-equilibrium and direct processes to the

statistical process. In the following, the method of parameter determination of the pre-

equilibrium process and for the level density is described in detail at subsections 6.1.1.5 and

6.1.1.6 respectively.
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6.1.1.5. Parameter DeteTIDination of the Pre-equilibrium Process

Cbapter-6

J
I~ .
'f,

-

. '
'i',

In the code EGN ASH2, the pre-equilibrium and direct processes of particle emission

are treated with the code PRECO developed by Kalbach69), which is cQupled with GNASH,'\

and with the code DWUCKY for the inelastic-scattering. In the GNASH, the single particle

state density and the normalization factor for exciton model were free parameters. In

contrast with this, the single-particle state density constant is not free, but related to the level

density parameter "a" by the formula,

6
g = (-2)a -------------(6.1.9)

7l:

In the EGNASH2, in addition to the normalization factor F2, which is equal to the Kalbach

constant divided by 100, adjusting factors F3 and F4 are introduced for pick-up and knock-

out processes, respectively.

6.1.1.6. Parameter DeteTIDination of the Level Density

After the parameters for the pre-equilibrium and direct processes were selected, the

free parameter to be determined is only the level density parameter "a" in the Fermi-gas

model, because the nuclear temperature used in the constant temperature model can be

determined automatically or by the equation (6.1. 6). Since the total emission of various kinds

of particles from the compound nucleus is controlled by a set of level density parameters for

daughter nuclei, it is better that the level density parameter of each daughter nucleus is so

practically determined that the calculated cross sections for reactions, (n,2n), (n,p), and (n,d.)

agree with the experimental data. of respective reactions .
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The first step to fix the level density parameters is to calculate these using the

experimental value of mean level spacing for S-wave neutron resonances at the neutron

binding energy. The calculation was made by solving inversely equation (6.1.7), with the

spin cutoff-f'/Ctor defined by equation (6.1.4) and the pairing correctiov- quoted from Gilbert)i
I

and Cameron 66). .

The second step to determine the level density parameters is the cross section

calculation in the mass region where the reliable experimental.data exist. The level density

parameters with half-life and spin for 63Cu(n,a)60Co and lO~0(n,2n)9~0 reactions are

given in table 6.1.

6.1.1.7. Calculation of Activation Cross Section using EGNASH2 and

Comparison between Calculated and Experimental Values

The code EGNASH2 has a few parameters for the equilibrium process, level ..

density, and radiative width. Several test calculations of cross sections in the energy range

13-15 MeV were canied out referring to the experimental data for the (n,2n) and (n,a)

reactions of molybdenum and copper. The cross section of lO~0(n,2h)9~0 reaction

depends on the level density parameter and radiative width of lO~O isotope as the target

nucleus of the reaction, and that of 63CU(n,(l)60COreaction depends on level density

parameters of Cu isotope as the target nucleus.

The measurement of cross sections of molybdenum and copper isotopes, performed

by Ikeda et aI.27) and Konno et aI. 16), are very useful for the determination oflevel density

parameters. The cross section calculations for the isotopes 60COand lO~O, were performed

using the level density parameters. The results of calculations were compared with the .

experimental data and shown in figures 4.3 and 5.2. To fit well with the experimental cross
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sections for the reactions 63Cu(n,a)60Co and lO~o(n,2nrMo, the radiative widths of 60eo

and lO~O isotopes were adjusted.

I
Table 6.1. Level density parameters with half-life and spin

,
Reactions Level Density Half-life Spin "J"

Parameters "a".

63Cu(n,a)60Co 9.5 5.27y 5+

l~O(n,2n)~o 17.9 66.00h 1/2+
.

Table 6.2. Sample of input data 63Cu(n,a)60Co reaction.

+ NEUI'RON REACTION

13.5 14.0
5.
3.
I.
2.
I.
I.

14.5 15.0

(ELlESE-GNASHJOINTPROGRAM EGNASHZ)
1997 02 14 S.M. HOSSAIN

1 8 -1 1
08 01

o 0
0.5

o 11
29063.

6
I.
0.0586
5

13.0
29065.
29063.
29062
28063
28062
27060
O.
O.
O.

27060 2

Cu63n2
Cu-63
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6.1.2. EXIFON - A Statistical Multistep Direct and Multistep
Compound Reaction Model

I
6.1.2.1. Introduction

i H. Kalka has written the EXIFON3S) code based on an analytical model for the

description of excitation function of (n,a), (n,2n) and (n,p) reactions within a statistical

multistep direct and multistep compound reactions (SMD/SMC) model. The theoretical

calculations for lD<Mo(n,2n)~0 and 140Ce(n,2n)'39Ce reactions have been performed in the

neutron energy range 13-15 MeV following statistical multistep direct and statistical

multistep compound reaction model.

For the comparison of experimental values with the theoretical one, EXIFON code

was used in the energy range 13-15 MeV in step of 0.20 MeV.

The code predicts emission spectra, angular distributions and activation cross-

sections including equilibrium, pre-equilibrium, as well as direct (collective and non-

collective ) processes. Multiple particle emissions are considered up to three decay modes of

the compound system. The model is restricted to neutron, proton and a-induced reactions

with neutrons, protons, alphas, photons in the outgoing channels. The range of validity :

target mass numbers A>20, bombarding energies below 100 MeV. The cross-sections for

the reactions lD<Mo(n,2n)~o and 140Ce(n,2n)'39Ce calculated by the code EXIFON along

with the experimental cross-section values have been plotted in figures 5.2 and 5.3.
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6.1.2.2. The Statistical Multistep Reaction Models

A unique description of (a,xb) emission spectra where a,b = n,p,a. and y (neutron,

proton, alpila, and y-ray ) as well as excitation fimctions (activa~on cross-sections) is'
. . !

proposed within a pure statistical multistep reaction modeI'o-73). lbis approach is based on

many body theory (green's fimction formalism)74.77)and random matrix physics78.79).In the

statistical multistep reaction model the total emission spectrum of the process (a,xb) is

divided in three main parts: (a,xb) = (SMD)+ (SMC) + (MPE)

or

da.,Xb(E.) = da.,b SMD(E.)

dEb dEb

da.,b SMC(E.) da. XbMPE(E.)
+ ----- + --'~---

dEb dEb
............ (6.2.1)

The first term on the right hand side denotes the statistical multistep direct (SMD)

part which contains from single-step up to five-step contributions. Besides particle-hole

excitations collective phonon excitations are also considered. The second part symbolizes the

statistical multistep compound (SMC) emission which bares on a master equation. Both

terms taken together (SMD+SMC) represent the so called first-chance emission process. In

the last term, multistep particle emission (MPE) reactions which include the second-chance,

. third-chance emissions, etc. are sununarized, i.e,

da.,xbMPE(E.) _ da.,cb(E.) da •.cdb(E.)-~--- - 2:. -~-- + 2:.d -~-- + (6.2.2)
dEb dEb' dEb

6.1.2.3. Activation .Cross-sections

The following (model-independent) reactions between the optical model (OM)

reaction cross-section and the energy-integrated particle cross-sections should be satisfied (at,
each incident energy E.)
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.................................................. (6.2.3)

! CS••b = La-,bc and CS••bc = LlTa,bcd (6.2\)
c d

~.,.
. , !~j

i

, :.

with a •.b = a::f + d;f , the total first-chance emission. In this context, activation cross-.

sections are given by

CSa,by= Cl'a,b - La-,be (6.2.5)
eoy

CS•• cby = lTa.cb- La-,ebd (6.2.6)
doy

where b,c,d '" 'Y • For example, (n,a), (n,2n), and (n,p) activation cross sections can be

expressed in the following fonn:

CSn.2Ily= cs n.2n - CSn.3n - csn.2np -csn.2na ••••••••.••••••••.•• (6.2.8)

Cl'n.py= csn.p - csn.pn - csn.pa •••••••••.••••••••.••••••••••..••••• (6.2.9)
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6.1.2.4. Model Parameters ofEXIFON
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The following abbreviation have been used in the model parameters of EXIFON

code: I '.il
Excitation energies of the composite system,

E =E. +B.

Excitation energies of the residual system,

U=E.+B. -Bb-Eb

Binding energies of the ingoing (c=a) particle = Be

Kinetic energies of the outgoing (c= b) particle,

E = 11K,
c 2jJ

To keep the model tractable a simple two-body interaction first proposed by Green

and MoszkowskiSO) and then A. Faessler81),

_ Fon!-4I(rl,fz) - - 41t - [X (R)] S(rl-r2)S(rl-R) (6.2.10)
A

with Fo = 27.5 MeV taken from nuclear structure considerations. 1bis surface delta force is

separable and can be interpreted 77) as an idea1ized density dependent force. Due to the factor

[xnl(R) ]-4 , which contains the wave functions at the nuclear radius R= roA1f3
, the matrix

elements becomes state dependent. Thus the simple analytical expressions for the mean

squared matrix elements between bound configurations 73) is

I~B = 2,5 (FoIA)2 (kFRr2 ••••••••••••••••••••••••••••••••••••••••• (6.2.11)

,1,
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with nk I' and EF are the Fermi momentwn and Fermi energy respectively. All other types of

mean squared matrix elements between bOWld and lor WlboWld configurations are simply

related to lBB,

I ,

J2 (E ) = (411)" p(Ea) EI' f 2
UB. 2E BB

...................................... (6.2.13)

-2 _.1 (2Sb + 1) p(Ea) P(Eb) EI' -2luu(E.,Eb) - (411) -~- ' ' - 4 I BB •••••••••••••••• (6.2.14)
(2S.+1) 2 2 E.

The single particle state density of particles c= n,P,a. with mass J.I<is given by

p(E.) = 411v J.I<(2J.1<E.)"'I (21th)

= (4.48xlO" fin" MeyJ/2) ro' A E. III ••••••••••....••..••••••(6.2.15)

where V= 411R'/3 is the nuclearvolwne. The single particle state density ofboWld particles

(at Fermi energy ) is then defined by

g= 4p (EF) (6.2.16)

where the factor 4 considered the spin and isospin degeneracy. In equation (6.2.12) the

dependence on particle type b is explicitly shown. For a.-particles the (1,3) formation mode

is given by

F13 (E,,)= O.28144-0.01113E" + 1.34xIO"Ea.2 •••••••••••••••••••••• (6.2.17)

.i, where, E" in MeV was taken from pairing effect.
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Pairing effects are considered by using effective binding energies B.df• For a system

of A =N+Z nucleons the effective neutron (proton) binding energy is defim:d by

I B.df = B.::!:f. for (odd) N (6.2.18)\
even

,'.
.~
!'.

for (Odd) Z (6.2.19).
even

where Bn(p) is the experimental neutron (proton) binding energy. The pairing shift is f. =
12.8 A -112 MeV taken frornS2). For a.-and 'Y-ernissions B••~ B.. and Brdf = 0 were

considered. It may be noted that by definitions (6.2.18) and (6.2.19), all odd-even effects

cancel. In SMD processes effective binding energies are used in the outgoing channels only

(pairing effects are not considered for phonon excitations). In MPE we have, for example,

for the (a, cb) process,

where the effective pairing shift Ddf according to equations (18) and (19) can be -u, -Ii, 0,
f. or U depending on the reaction channel (a,cb).

6.1.2.5. Statistical Multistep Direct (SMD) Cross Sections

The SMD cross-section can be expressed as a sum over S-step direct process,

da::t(E.) = L da~~(E.) (6.2.21).
dEb $=1 dEb
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for example, the single and two step processes are defined by

du~1(Ea) _ (2:r)4 .--- - -Z-Wah(Ea,Eb) (6.2.22).
I dEb Ka ,

Chapter-6

Besides particle-hole excitations[ex] the transition probability in equations (6.2.22)

and (6.2.23) also includes collective excitations[vib],

Wah= W~"') + W.!;ib1 (6.2.24)

Thus, the SMD cross section is a sum of the following contributions denoted

according to the sequence of exciton and phonon excitations: [ex], [vib], [2ex], [ex, vib],

[V1b,ex], [2vib], [3ex], [4ex], and [Sex]. For S~3, phonon excitations are neglected, since

they are proved to be negligible. For a-particles in the outgoing channel the SMD cross .

section is multiplied by equation (6.2.17).

6.1.2.6. Statistical Multistep Compoood (SMC) Cross Section

The SMC cross section has the familiar form (b=n,p,cx,y)

I

.J where 't~) satisfies the time-integrated master equation
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-hONNo = rtl2 (E),j, TN-2(E) + rt12(E),j, TN+2(E) - r N(E)T N(E) (6.2.26)

For each exciton number N=Np+NIb the sum in equation (6.2.25) runs from No up to a

. ,\- !" ~!I
reliable maximum N' which includes the so called "equilibrium stage" N", (14gE)2. The i.

initial exciton number is No=2,3, or 6 phonon-, nucleon-, or a.-induced reactions. The

damping widths are defined by

r1aNl(E),j, = 21r I~BP<ff'J(E) (6.2.27)

with the corresponding final state densities for the two modes L\N = 2 and -2,

p~l(E) =ii E2 I (N + 1) (6.2.28)

ptl(E) =igNpNh(N - 2) (6.2.29)

The partial escape widths are given by

r1~(E,E,)t = 21r l~u(EJpCff:(E,U) (6.2.30)

With themodes for the (particle) emission (c=n,p,a.)

C+l(E _ 7(Nh 2 U N-2 UPN, U)-- -)g E(-) [(N-1)-(N-2)(-)] (6.2.31)
. 8 NEE

C-l(EU)=2-N N (N -1) (N-1)1 1 (U)N-4[1_(U)] (6232)PN., 16 p h P (N -4)1 E E E .

l
"
.,
,;, Further, the integral and the total widths are defined by
.l.
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r1<1Nl(E)t = L f dE,r1~(E,EO> t (6.2.33),

I r N(E) = L [r1<1N)(E),J,+r1<1Nl(E)t] (6.2.3;)
(<IN)

The swn in equation (6.2.33) runs over all particle-types c=n, p, IX, and 'Y.

CIulp!er-6

6.1.2.7. General Features and Standard Parameter Set ofEXIFON

General features and parameters used in the EXIFON code for the measurement of

activation cross section are swnmarized below:

General Features

Computer

Language

Characters

Memory Size

No. of Subroutines

Records

Rwming1ime

: 486, ffiM PC-AT (Model: AT/486, Speed: 33:MHz)

: FORTRAN 77

: ASCII (IBM International Graphic)

: 300KByte

:13

: about 1600

: about 15 sec per incident energy (depends on the computer speed)
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Standard Parameter Set

ChapteT-6

Strength of swface delta interaction81)

Radius Parmheter83)

Potential Depth 84)

Fenni Energy

Pairing Shift82)

Phonon (Breit-Wigner) Width

Optical Model Potential85)

: Fo = 27.5 MeV ,
: ro= 1.21 + 4.0 A.2/3 - 15 A-4/J

: Vo = 52 - 0.3 E.MeV

: EF= 33 MeV

: /).= 12.8 A.IIl MeV

: /).00 = 1.4 MeV
: For neutrons - Wilmore-Hodgson

For alphas - Huizenga-Igo

For protons - Perey et. a1.

Theoretical cross section calculations for I~O(n,2n)""Mo and I40Ce(n,2n)139Ce

reactions using EXIFON code, the following parameters were changed to obtained the better

cross 8ection values in the neutron energy range 13-15 MeV: strength of residual interaction

Fo, radius parameter ro, Fenni energy EF, phonon width WI. and the global Optical Model

parameter set for protons.
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Conc:lusion

Conclusion

Chapter-7

Activation cross section measurements have been carned out in a unified

it.. experimental,eondition at neutron energy range from 13.82-14.71 Me, using ,D-T neutr~~~

source at neutron generator facility in Atomic Energy Research Establishment, Savar in .

order to provide substantial data base supporting the nuclear design of fusion reactors.

Excitation fimctions of

140Ce(n,2n)139Cereactions have been reported from the present work.

The theoretical calculations of the excitation fimctions have been done in the neutron

energy range 13 - 15 MeV for the reactions 63Cu(n,a)60Co, 10~0(n,2n)9~0, and

140Ce(n,2n)139ee. The calculations have been done using the computer codes SINCROSS-ll

and EXIFON. In most of the cases the agreement between experiment and theory is

satisfactory. In general, the results obtained using two codes agree and add confidence to the .

present experiments.

The present experimental data showed significant improvement in accuracy in

comparison with earlier reported data. As such, the data obtained from the present work will

offer considerable nuclear data base for fusion reactor technology design, current evaluation

of neutron activation cross section, applied nuclear theory, nuclear model calculations for

nuclear technology applications, understanding irradiation damage, waste treatment and

maintenance of the facility.

",
.',1

..,'
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