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ABSTRACT

It heavy ions react with nucler. they can be excited to high spin states. This excitation then
usually s tollowed by an emission of a tew nucleons and gamma-ravs. The camma-ines
from this heavv-ion nuclear reaction undergo Doppler shift because the nuclei produced in
the reaction experience a recoil which is capable of incurring a shift on the ines To study

e
this feature of gamma lines. which s often done m heavy=ton gamma-ray works, especialhy
m lifciime measurcments of nuclear excited states. an analysis of gamma-spectra trom the
reaction “Se (- " Li.xny ) measured at 337, 377, 90%, 143" and 1457 with respect 1o the beam
dircction has béen done. The energy of the Ti ion beam used was 33 Me\' From the
analvsis energics and intensitics of the gamma-transitions are obtained. The 207 spectrum
which has no Doppler shift to the first order of approximation is used as a reference to find
out the shifted lines. Many lines which have a shift in an interval between 1 kel and 4.5
kel are found. A review of literature on related topics such as the application of Doppler
shift in lifetime measurement and the description of single particle shell model and collective

maodel to describe nuclear transition probabilities are included.
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I. Introduction

The posatline that the motion ot q enurce of |ir-th' atorte the cnerov £ trequensy ) of hoht
woe nomnted ot by Dppnler i 1X10 However. a complete treatment nf the ettect
electromaenetic radianon was oiven fater at the beomnme ot the 20th century after the
development of the relativistic theory of the Doppler etfect — which is based on the Lorentz
time transtormation. According to this theorv, the v-rave emitted from the nucleus of an
atom <uffer a change of the trequency when the nucleus s in motion. This is especially
significant when the velocity of the nucleus 1s large enough in comparison with the speed of
light. When the recoiling nucieus has a low velocity. the maximum possible Doppler shuft
will be small but signiticant otherwise. In many cases of real siuations the shift is so small
that 1t is comparable with the instrumenial width of the -ray peahs. A lineshape analysis ot
the observed peak 1s then uscl-esa, In this situation one can onlv measure a shift of the peak
centroid. By using heavy-ion induced reactions. however. the velocities of the recoil nucle
are so large that a detailed lineshape analysis can be done. Obviously a complete lineshape

analysis leads to more precise conclusions than a simple peak centroid shuft.

Nowadayvs with the development of heavy-ion beams this phenomenon. the Doppler effect.
is widelv used for nuclear lifetime measurements in the range between 10 ** and 10 7 s. This
time region is experimentally covered by two methods. namely. the Doppler-shift attenuation
method ( DS AM: 10 5 up to 10 s ) and the recoil distance method ( RDM @ 105 up to

107 )

Heav-1on induced v-rav spectroscopy has been truitful in hifetime measurement of the excited

states of nuclei because the induced recoil velocities in heavy on reactions are faree enough



to introduce a detectable shift. This is an important reason why heavv-ion beams are widely
used in nuclear spectroscopy. With the acceleration of heavy-ion beams beginning trom the
60th together with the improvement of -~ray detection it has become possible to apply the

DS AN and RDAT tor lifetime measurements.

Of course the time range covered by the methods is a small portion of the tremendous rangc
of nuclear litetimes ( 10 s up to 107 s ). observed so far. Nevertheless the hifetimes of 2
large traction of the bound states happen to have litetimes st thar range of appheabiiiy.
thus the methods tum out 1o be very powerful. Heavv-1on “=ray work. therclore. has been

the potential means in litecime measurements of the exciied states of nucler.

In Heht of this useluiness m nuclear physies. espectally in heavy=ton in-beam -1y
spectroscopy. it 1s of great interest 1o study the phenomenon of Doppler shift ol -ray imes

and their application in ifetime measurements.

In this thesis the Doppler shift of “-rav lines is investigated from the heavy-ion induced
nuclear reaction “Se ( L xnv ). The spectra mvestigated were detected at 357 377907,
143% and 145° with respect to the beam dircction. To find the Doppler shifts or broadening
of the ~~lines involved companson beinween the 907 spectrum. which has no Doppier shiit
the first order of approximation. with the other ones is made. Under this framework ey IO
of nuclear -rav radiation emission and the principle and appheation of Doppler elicct n

litetime measurement are presented in section L

The litetime of a nuclear state which is determined potentially by emploving the principle of

Doppler shitt is inverselv proportional to the transition probability that can be caloulated by



using different nuclear models. Hence companison befween the theoretical result and the
corresponding experimental measurement of lifetime can senve as a good starting pomt to
judee the model used in the theoretical calculanon. The results ot this thesis are presented in

secnon ML

he spectra are analvsed using a programme known as (Giamma. Activity and  Ncutron
\etivation Analvsis Svstem ( GANAAS ). which was prepared by the International Atomic

Energy Agency ( LTAEA ). The flow chart of this program is given in appendix A



II. Literature review

1. Nuclear y-radiation

Gammua-radiation is the spontancous emission of J-quania by the nucleus. By emitling
7=quanta, the nucleus goes over from an excited state 10 a state with a lower enerev. There
are single radiation transitions when the nucleus emits a sinole quantum and al once soes
over 1o the ground state ( sce fig. 1a ). or cascade transitions when the escitation is removed

by a successive emission of several “-quanta ( see fig. 1b ),

E

U

Fig I Nuclear vtransttion  from one nuclear state to another: a »single radative trunsiton

bi cascade transition

There are different reasons tor which a nuclens mav mm one 1o pe moan s osred siaie
examnie. the bombardment ot a nuclens DAy ons cin jeave the tormed compound puctens n
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The “-quanta emitted by the nucleus during transition to a lower energy state may carry
away different angular momenta /. The radiation carrving angular momenta /=1 is called the
dipole radiation. for /=2 it is called the quadrupole radiation, and so on. Fach of these
radiations is characterized by a definite angular distribution. v-quanta of different
multipolaritics are the result of different tvpes of "oscillations™ of the nuclear fluid. viz.
clectric ( E1 dipole radiation. F2 quadrupole radiation. and so on ) and magnetic { M1 dipole

radiation. N2 quadrupole radiation. and so on ).

The first tvpe of processes are caused by a redistribution of the clectric charges in the
nucleus. while the second tvpe ot processes are due to a redistribution ot the spin and orbital

magnetic moments.

A more clear idea about the mechanism ol ~-tansition can be formed on the basis of

specific models of the nucleus. Thus. in the single-particle model. the emussion ot the
“=multipole is associated with the ransition of a nucleon between two single-particle levels
differing in their angular momenta by AI-L However, in many cases the single-particie
model by itself fails to explain the magnitude of many nuciear electromagnetic transitions. 1t
is verv suggestive and plausible that tor iransitions in which many nucleons contnbute i a
coherent way ( many nucleons "jumping” simultancously ) the transition probability will be
difterent from those transitions where onlv one nucleon changes its configuration

(single-particle transition). In this circumstance the nuclei exhibit collective properties.



1.1 Nuclear models

In general the shell model predicts single-nucleon excitations of the order of 5 to 6 \eV
which corresponds to the separation of the main shells. There can occur single particle
excitations between subshells which may have lower excitation energy ot the order of 1
\Me\. But according to the shell model such excitations should occur only for a tew
neighboring isotopes and isotones. As soon as the subshell is filled up with nucleons. the
particles have to be litted into the next higher subshell which 15 usually be several Med away
N Cnergy.

There are single-particle transitions ( 10 be described in the shell model 3 and collectine
transitions ( to be described in the collective model ). Low-lving 27 states w ith excitation
energies of 0.5 to 1NeV occur very systematically in even nuclei in the neighborhood of
closed shells. Furthermore, if more and more protons and neutrons are put into the shell
model states. so that both the proton and neutron numbers are far from being magic. these

2" states quite systematically appear at energies below 100 keV.

In order 1o be more specific. let us summarize the experimental observation in the following
way. For even-even nuclei two kinds of low-Iving positive panity states are observed. One of
these is called vibrational. with a tvpical excitation spectrum as shown in fie. 2a. where the
0", 2. 4 triplet has nearly double the excitation energy of the first 27 state. This suggests a
tvpe of harmonic oscillation where the oscillator quanta cach carrv an angular momentum of
2h. The observed excited states are just caused by two oscillator quanta coupled to the total

spin 07,2 _ord [ 1]
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The other type of collective states are called rotational. There the various energies of the

levels follow roughly an I(I-1) law as shown in fig. 2b. Such a spin dependence in the

position of the energy levels suggests immediatelv the rotational character of the states by

analogy to molecular physics. A svmmetric rotator will have rotational energy &, =l1=1)h «

where x is the moment of mertia,



1.2. y-ray transition probabilities

In this subsection estimates for the transition probabilities of nuclear levels 1s presented
using a single-particle shell model. The real nucleus. of course. does not tollow this simple
predictions. However comparing the measured quantitics. in particular their relatnve values.
with the corresponding model predictions they can quite often serve as a reasonable staring
point for a more refined calculation. Morcover these model predictions are very uselul for
estimating the size of an effect to be expected in a proposed “-ray expenment. The

v-transition rate T is given by

T={8n(A+1)1/ [hA {22+ }(E /he ¥ ' B(oh) (1)

where B ( o7, ) is the reduced transition probability. The equation can be derived by using
the principles of quantum electrodynamics [1]. The single-particie shell mode considers the
movement of a sinele proton or neutron in a spherical potential. The reduce d transion
probabilities for electric transitions B, (E* 1 and magnetic transitions B (N7 according to the

Weisskopt estimates are given by the equations

| B
—

By (EA)={9/ [4n(Ar+3)%]}1.22 AR & fm™ {

3

By (MA)= {90/ [m(A+32]}12 2 DA D2 fm A2 (3)

where 7 is the order of multipolarity. A is the mass of a nucleus, ¢ is the ¢lectron charge.
is nuclear magneton. Using these equations the “~transition rates T according (o Weisshopt

b Tilher |
I ‘I

cstimates can be expressed as indicated in table 120



Table 1 Transition rates in s ' for the lowest electne and magnetic multpoles, E  is in MeV

7. T(EM[s'] Mi T(ML)[s"]

F1 | 1.59 S 108 E° s BUED | M1 1.76 x 10® E’ .
| . - 'ButM1)

E2 | 1.22x 10°E° , By(E2) \2 135X 107 E'  By(M2 )

E3 N 5.67 x l(l-‘_;,li.“fh‘s) N3 6.28x 10°E B, (M3)

Ed L L69X 107 E” [ By(EH | A4 1.87 x 10°E° By (M4)

1.3 Gamma transitions and nuclear models for medium and heavy nuclei

A. Electric dipole transitions. A statistical examination of the varous wansitions is
particularly convenient. since it immediately shows the gross properties of electric transitions
in nuclei. In fig.3 is plotted the frequency of occurrence of various E1 transition rates.
measured in Weisskopf units. From the figure it is scen that the ratio T, T, is very small
voing down to the order of 107 This indicates that many of the states have a much more

complex structure than what the single-particle model assumes. Besides there also exist states
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i nuclel which have very enbanced E1 transition probabilities. These are siant dipole
resonances. They are tvpically ol collective nature. The etant dipole resonances torm a
dipole motion where all protons move in one direction and all ncetrons i the opposite
direction. This kind of motion produces the largest dipole moments possible in the nucieus

and, thercfore, very large v-transition probabilitics occur in the decay of the oiant

resonances.

2 o}
£
4 E1 Transitions
O4F
- 2F
o | | 1 L | 1

? w* w7 w0t w0t wp* w? w0?
TP.! /TH

fig. 3. Frequencaies of T/ T, , which is the ratio between the expenimentil to the Wesskopt

estimate of lifetime. for E1 transitions m medium und heavy nuclei [ 3]

B. Flectric_quadrupole_transitions. The statistics for E2 transitions is shown in fie. 4 for
medium and heavy nuclei . In contrast o the dipole transitions the E2 transilions are in most
cases enhanced by a factor of 10 to 107 over the Weisskopl units. This enhancement
indicates that there exists a quadiupole-tvpe collective motion because Tarze indrinsic
quadrupole moments give rise o nuclear rotations and 1o stionz transition probabilitics

between the rotational levels,



11

ber of transimons
3% ]

=
5
4-
l
| |
l e | | | 1 L)
10-410-210-210-* 1 10 102 103 104
T T T,
b Prequencissof T 0T aviueh as the o betvecon the expamantal to the Wesslopt

sstnate ofhfetme, tor E2 fansttions m medinm snd heavy nuelet | 1]
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2. Overview of Techniques for Lifetime Measurements

Consider a gamma rav cascade ( Fie.6 ) passing through an intermediate state having a
lifetime t. In other words emission of 7, follows the emission 7, after a certain lapse of time
governed by t. In nuclear spectroscopy. the techniques of lifetime measurement allow the

determination of the short lifetime © of the nuclear excited state. By short lifetime we reter

to litetimes in the range of 10~ "' s - 10 " * 5. which cannot be determined by direct timing
method.
Es
E, .
LY
&
0 A 4

Fig. o Gamma-ray cascade passing through an intermediate nuclear level of lifeume T

There are many methods employed to measure this short nuclear lifetime. The most common

ones being electronic methods and recoil methods, as summarised in table 2 [6].
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Table 2 Companson of common hife tme measurement techmques showing their range of apphcabbty

[ ifetime 1 sec )

Method v-Fnerav ( Me\') Nuclear hpe
Fat uctronics ! All 10°°- 10"
¢ mamiv comeidence) |
Nuglear reeonl
a. ( RDAI) Any \fedium and heavy 107 - 10"
nucle
b. ( DSAND Any » R 10t - 10"

2.1 Electronic Nethods

\ ~transition from an excited to a lower nuclear state is always preceded by another nuclear
process which produced the excited state. The measurement of the time interval between the
two processes determines the lifetime of the nucleus in the radiating state. We can distinguish
o different conditions under which such measurements can be made. In the first. which se
call “coincidence” method. the succession of transitions is occurring at a steady rate
(determined for example by the radicactive decav) and the time of occurrence of the first (as
well as the second) process is subject to the usual statistical fluctuations. In the second case
which we call the "pulse” method. the excitation occurs at regular. determined nme mntenvals

for example. in a nuclear reaction produced by a succession of short pulses trom an
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acceleratior so that the instant at which the excited state is produced. within fimits. is known
exactly. These two types of measurements have much in common as lar as technique is
concerned. In both cases the “-radiation from the state being examined is detected. normalh
by Ge-detectors. and the process revistered as a measurable clectrical signal before the timing
measurement is made. In the coincidence technique the instant at which the radiating state 1
produced is subject to random fluctuation. and it is determined by detecting the preceding
nuclear radiation in a manner which i« essentially the same as the detection of the radiation

from the state bemng examined

Numerous electronic methods have been developed tor measuring the time interval between
(wo suceessive electrical pulses. It the pulses are ideally sharp then time intervals as short as
10" sec can be measured with fair precision. With a cuccession of such pair ol pulses (he
average time interval. whether this is constant or subject to some distribution T <an be
measured with much higher accuracy of course. since with many measurements there will he
a reduction of the random errors associated with a single measurement. In the measurement
of the time interval between two nuclear events (or in the case of pulse methods, between
the pulse signal and one nuclear event ). the nuclear radiation is converted into a measurable
puise onlv after a succession of processes which introduce time delavs and associated
uncertainties. and it is these time delays which govern the hinuts and precision of the

measurement.

[he clectronic timing methods discussed above suffer from the limitation that the evenis are
timed only after the whole complicated processes ol detection. The importance of these

methods lies in their very general applicability for times greater than about 10" s Exen



modest improvements in time resolution for such techniques is therefore of a great value. It
seems very unlikely that the limits can be extended by much more than an order of
magnitude or so. For timing of faster transitions we turn to methods in which the timing is
done essentially betore the complicated processes in the detector starts. and is not. theretore
directly limited by the latter. Together. however, they offer the possibility tor measurng,

“=transitions over a fairly wide range.

2.2 Recoil Methods ( Time of Flight )

There are two recoil methods. namely the Doppler shift attienuation methed ( DSAM ) and
the recoil distance method ( RDN ). as indicated in table 2. Both DS AN and R O\ ( or with
other name plunger technique ) are based on the Doppler effect. A detailed description of

these two methods is presented in section 3

2.3 Other VMethods

Several other methods have been suggested as possible means ot measuring very short
nuclear lifetimes. For example if we have 7-radiation following K capture ( or 2 previous
“-transition with a high internal conversion coefficient ). then the state of the atomic electrons
and in particular the K-shell electrons. at the time of emission of the  ( second ) s-radiation
may be quite different from the normal state. That is. 2 K-clectron level may be unfilled.

\ feasurement of the internal conversion cosfficient of this latier 7-ra} may then reveal the
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abnormal situation in the electronic state. The effect depends on the relative times required
for v-emission by the nucleus and for the electronic transition from the outer shells of the
atom to the vacancy in the K-shell. These latter times are in the range 10"°s- 107" s and can
be deduced from line widths in X-ray spectra. This method is applicable onh for heawy

clements ( where large internal conversion is most likely ).
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3. Description of the Recoil Methods

1. The Recoil Distance Method

['he important components of the apparatus used 1 RN measurements 18 the stopper
which is usually positioned perpendicular 1o the beam direction and is separated trom the
target by a distance d € see g 7). The target has to be thin enough for nucle produced n
the tareet 1o recoil into the vacuum. For the simplificd situation depiecied in fig. 7 the number
of recoiling nuclei that emat 7=rays betore reaching the stopper is mcasured by the mtensity [
of the -ravs with Doppler-shifted energy

) I".wl 1+(V/ )OS O, ! (4)

Y

The number of nucler that are stopped betore having emitted a “=rav on their flight paths are

identified by the =ravs having energ) E . and Intensity I Fora pure radioactive decay with

lifetime T. the intensities I and 1, are related to the path length d by

L(d)=1,{1-exp(-d/vtj]

and I (d)= 1, expi-d V1) (6)

where I Lo - 1, is the total number ol “=rays.
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Note however that a lifetime of t approximately Ips is in the order of the slowing-down time
in the stopper. Thus the ~-peak will be Doppler broadened. In extreme situations the stopped
peak might be so broadened that it cannot be reliably separated from the backeround. In this
case the intensity 1 should be normalised against the total intensity of another “~rav line in
the spectrum that is not Doppler broadened but which originates from the reaction. As these
requirements are often hard to meet. the alternative way is to use a thin foil as stopper. The
thickness of this foil should be such that the encrgy of y=ravs emitted after the nuclei have
passed through the foil are sufficiently different to allow for a clean separation of the two
peaks. In this case the intensity 1, in eq 6 is given by the intensity of the less Doppler-shifted
peak. The major experimental problem in RDN measurements is the construction of an

arrengement that allows the target and the stopper tc be moved ir 2 detined and controllable

J .
¢ .

way down 1o verv small distances. The basic requirements are that the targer aed the stopper
are parallel to each other over an area of at least 1.2 ¢m” | that ine parailehty is rot destioved

when the distance between target and stoppar s changed. and that they can be brought

together within a distance of approximately 1um without them touching cach other.

Fhe calibration of the distance between target and stopper is determined by measuring the
capacitance between stopper and target. Since the magnitude of a parallel-plate capacitance
vanes as ( 1 d ). the plot of the micrometer reading versus the inverse capacitance should
give a straicht line. This procedure is more accurate than measuring the distance between

stopper and fotl directly,



The pitfall of RDN measurement lies in its failure 1o be used in the determination of life
hme shorter than 107" <. The slowing down of the recoiling nuclei in the stopper does not
oceur suddenly but duning a time period of 5 x 10" s 10 § x 10 5. In this period the recoil
velocity oradually decreases. This causes o broadening of the stopped component  This
phenomenon by stself can be used to determine lifetimes of the order of 10 < 10 107" § and
torm another method for lifetime measurement known as DS AN which s discussed
more detail i the next subsection. In RIDNT measurements the Doppler broadening ot the
stopped peak fonms a source of svstemanie errors. and corrections have o be applicd in
precision measurements where the effective lifetime of the level to be studied is smaller than
10" 5. The calculation of the correction requires cither a line-shape analvses of the stopped

peak that is shifted or at Teast a computation of the shifted intensity of the stopped

ol " .
' . A S - o *

component.

3.2 The Doppler-shift attenuation method

Nuclear lifetimes of the order of 10 s up to 107" 5 can be determined by means of the
Doppler-shift attenuation method ( DSAN ). The method basically consists of comparing
the nuclear lifetime with the nme in which a nucleus is stopped in solid material ( see fig. 9 )
or gaseous material. The v-ravs that are emitted during the slowing-down process. 1.¢ at
times smaller than the stopping time (1 ) are shifted in their energy according 10 eq. 4

(considering only first order terms in v ¢). On the other hand all nucler decayving at me 1

areater or equal to 1, will contribute to the unshatted ines at b = F

v
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The calculation of F (1) requires knowledge of the slowing-down process at small velocities
which is not too well known and hard to treat correcthy. It is one of the main advantages of
using heavyv-ion induced reactions in DSAM experiments that they lead to large initial recoil
velocity v, where the Doppler shifts are large and easy 1o measure: and this means the
slowing-down process is rather well known Thus the extracted lifetimes trom the analvss of
the total v=rav line-shape obtained trom heavv-ion induced reactions are less subjected 10

Svetematic Srrors.

These o methods make use ol the Doppler ettect phenomenon. (ne ol the mam
ditferences beiween the RDM and the DSAN 15w the nime scale 1o which the nuclea
hictimes are compared. The othor s that in the RN the time scale s established by means
ol the tme the excited nucler with speed v need to travel over a certan distance ( where they
are stopped in times short compared to the flight time ), In the DSAN the nuclear lifetime i
compared 1o the time in which the excited nucleus with speed v is slowed down in solid
material. In both techniques the events of =cmission that occur while the nucleus is sull in
thght are separated from those that occur after stopping by means of their “-ray encrgies

which are Doppler-shifted in the first case according to eq. 4.

The RDAT is capable of providing more information on the time dependence of the nuclear
decav than the DSANL This is so because the time scale of the RDAT can be changed
increasing or decreasing the distance d ( distance between target and stopper ) whereas in the

DS AN the change of the time scale is onlv possible if the slowinz-down material is changed.

The slowing down could also be achieved in a gascous medium . In this case a change of the

vas pressure corresponds 1o a change of the time scale. However the technique of using



gases as a slowing down medium is not frequenthy used. (Gases cause expenimental problems
because the slowing-down tunction of ions in gases is not very well known. One reason for
this uncertainty might be. for example, local pressure variations due to local heating of the

gas by the beam. To avoid this problem the practical slowing down matenals are solids.

The analysis of RDM and DS AM measurements is casiest and the results are most reliable if
the excited nucleus has an mitial recoil velocity v which s large and well detined
magnitude and dircction. It is one of the outstandine teatures of the heavv-ion induced
fusion reactions that the reaction kinematics itself leads 1o well defined initial recoil velocities

ol the nuclear residues.

In case v is not uniquely defined. if the differential cross section can be reliably calculated
tor the reaction. then one can calculate the distribution of recoil velocities and perform the
analvsis of RDM and DS AM measurements althoueh this analvsis is more complicated than

n the case where vis uniquely detined.

3.3 Identification of Doppler shifted lines

The identification of Doppler broadened lines has been done by visual inspection of the
C=ray spectrum in conjunction with a careful observation of the form and width of the
observed structure compatible with the expected “-rav lineshape [10.11]. Fig. 11 shows how
visual inspection of the lineshape is used to identifv the Doppler broadened spectra. The
portion of the lines at 457 indicate a broadening when compared 1o the 90" spectra signifving

a Doppler shift.
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The vlines emitted at 90° exhibit no Doppler <hift 1o the |

s & reasonable assumption in in-beani -1y

the 90" measurement 15 used

other aneles, In the identification of Doppler-shift onhy those lines with a sienificont ol

ol ineshape and centroid shift with a clear visual evidence are considered.
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[TL. Data Analysis and Results

1. Origin of the data

[he v-ray spectra from the reaction Ti + *Se were measured at ditferent detector angles
relative to the beam direction. The target material. enriched in *Se to 92 9. was bombarded
by "Li ions lrom the Rossendort Cyvclotron ( see Fig. 13 ), The measurements were made by
means of an intrinsic Ge detector of 10 per cent relative efficiency. The external cyvclotron
beam of 35 MeV was tocussed by a slit or a system of slits and bombarded the target
material. The positioned Ge detector at the prescribed angles is then used to detect the

radiation.

shit detector

lon beam from . "
- __I_ _— _’ — - ' - —
\.}'Clt_‘[_[l'ﬂ

target

Fig 13 Schemance diagram ot the expenmental set-up usad in the data taking

The data in this work . spectra from the reactions “Se ( Ti xn)at 35 37 90" . 143" and
143" have been obtained from an experiment conducted recenth in the Rossendorf Research

Center. Since the spectra received are not manageable by the sottware available here, a



Paseal program. enen in appendix: A was wiitten 0 tanstorn the data into 3 i

approprate for the analvsis, Fxamples ol the spectra e shown in lie. 14
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2. Description of the analysing technigues

00 tCuigues 1o anaivsine Donnder roauened gy siceoia e e s sab Uy UIonoag as
those: tor wnbroadehed "-T:lj\ spectra Fins s due 1o the dithiculnes in detimne umversal
entena for recognizing Doppler broadencd --ray peaks and tor the determination of the
underlving backeround. For this reason an active interplay between personal judgement and
the computer is essential. This demand is especially reflecied m the calibration procedures

and i the wdenufication of the Doppler broadenced hines.

In analysis procedures like the GANAAS package ( see appendis .\ ) the first siep taken is to
make use of the energy and full width at half maximum ( FWHN! ) calibrations for setting
the parameters. The calibrations are made according to equation 9 and 10 for energy and

AWTINT calibrations, respectively
ENFRGY = 6.948 +2394x 10" ch # 1.906 x 10" ch#’ (9)
FWIHM = 2984x 10"+ 1841 x 10* E (10)
Thirteen lines were selected to perform the parameter setup procedure from energy

calibration. Some of the lines trom the 90" spectrum selected for this purpose  are shown in

Fig.135. A complete list of the lines selected tor the other spectra is shown in appendix B,

-
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For the FWHM calibration the lines used are from another spectrum which is prepared by
GANAAS manufacturer. A different spectrum is chosen because the lines of the in-beam
measurement are not separate singles lines with good statistics, as it is required in GANAAS.
Ihis software was mainly developed for activation analvsis purposes. where one deals with
onlv a tew. well isolated v-lines. Therefore the FWHM calibration cunve ( see fig.17 )

belongs to another detector with similar properties as used in the in-beam expenment.

After the calibrations are performed the task done is to identifv the peaks  GANAAS
performs this task by inspection of the second derivative of the measured ~-rayv spectrum.
The second derivative has the property of changing twice its sign within a peak and the
computer 1s asked to search for such pattemns. In order to apply this method to a spectrum
with statistical uncertainties the second dervative 15 smoothed by the appropriate methods

[1).

Omce the peaks are found the other tasks performed are to determine ther exact positions
(centrond energies) and arcas ( intensities ). The low-energy tails of the /=rav lines are not
explictly taken mto account but regarded as contributions to the background. A poivnomual
funciion 18 litted to both sides of the peak in order to desenbe the total background
underncath the peak. The propertics of the peak are then determined by fiting the lines using
a Gaussian function. which 1s sometines modified to account for the small asvmmetry of the
peak. In this way the centroid energies and the intensitics of the peaks in the spectra are

determined.



3. Results and Discussing
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Table 3a Doppler shifted lines found in the 35° spectrum

E, [keV) ' E (35°) keV ) | AE, [ keV' ] - |
- 151.24 | 153.12 |
,_ 356.84 35896
S 51692 -
el | et |
= 61668 |« e944
| 619.68 62257 | 23
i 622 | 62517 |
64302 64470
644.47 | 64722
64619 64857 |
66243 | 666.62
= 7416 | __‘?28.59 R
733.09 73653
s s 365 |
* L0433 Loaeds
105529 Loss49
L16216 | 1,163.65 | —
 Lis3es | 118797 4B
1343 | 123907
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Table 3b Doppler shifted lines found in the 37 spectrum

, o
E,[keV ] l E,(37)[keV ] AE, [ keV |

149.98 15133 1.6

ol 51421 . s1555 1.24

i 614.61 61658 188

] 616.68 6858 e

1 619.68 621.73 2.05
- 622.21 624.95 263
644,47 64725, 2719

s S 66244 666.02 358

724.16 7168 335

733.09 = 263
 Lsedl L1850 14

o as3 129004 R




Fable 3¢ Doppler shifted lines found 1n the 113

E o[ keV ]

149.98

151,24

193.9

{131.62‘
643.02
64447
17747

782,
1.014.62

1.031.31!
1.043.35.
1.064.69

1.071.44

1.078
1.096.17
1.099.88

i

1.115.95

1.174.04
L177.11

1.183.64
1.214.05
1.218.28

1,254

1.261.06
1.274.36
1284.36

L
-]

39

spectrum

E, ( 143°)[ keV ]
147.04
147.04 |
]')3_7'.'.
630.04
640.76

64337

775.38
781.2
1.013.34

1.029.85

1.041.92
an.:g.
1.069.93
1,()?(,_(11.

1.094.7
1.098.31
1.114 19

1.172.08

1.175.59
1.182.08
1,212.33
1.216.92
1,232.55

1.259.01

1.273.03
1.282.53

\E_[keV ] -

2.79

4.05
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Table 3d Doppler shufted lines found in the 145° spectmm

_ EplkeV]  E(145°) [ keV | \E, [keV |
el 172.42 3.27
) - __117'__15__*_*_ 215.78 | 1.37
MCE Q198811 bV mwen vt o 61T48] 2.23
o e e 630.57 1.08
I 64302  610.63, 2.39
L E 6T 6489 258
. 662_.&__ . 659 66 278
10823 T 706.43! 18
st TR 12951 3.58
18891 76612 285
- 771.44 76818 3.26
o 777.53] wen o T8I 1.75
) 101462 Lo 315
Tt WM 11 | g1 9! 2.57
. Lmuleeee 10781 38
_ L8463 108219 248
126106 15700 4::{

From the many detected lines those lines whose Doppler shift is identificd are histed i Tables
3(a d). As indicated in the tables only a small portion of the total of some 300 lines
exhibit a Doppler shift by a value from 1 to 4.5 ke\'. The reason for why the majonity of the
lines do not exhibit shift may be the longer lifetime of the states. Because, if the lifetime of
the state is large nuclei could de-excite only after they are at rest or about to rest. The fact
that some of the nuclei mav not attain the required recoil speed in order that the shift appears

dominantly can also attribute to the absence of the shift. Also, the shift of closch spaced Iines
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could be hidden from being identified and in so doing contnibute to the decrease of the total

number of shifted lines.

Considering a shift less than 1 ke\' mav not guarantee that it is from 1 Dopnier s ance
this order ol magniudz s ol the <ame order ol magmiude as the resolulion o1 «se-deteton
Lie wihier Feason is ihat ihy it ’!I'll\,gdln'y CANNOL Q1ve @ Certamiiny of e it s oedos

s J1rtaes L en Yy 1 i " ' v {
LRC THEGY PROCOAdUie e el ol wive sy 0 O OF B eIl Tivrin © viiouduar s (LTS

1 bt {ie 729000
Verbiean 1 dlndUse wl Uil wiued Vi LA S

F Bivacr 1 eanoitn T railh S Rephe 18 : i § If we take the

hie skt of the B ranoine 1 I B S M deeordaine with o

- Tthe roooi! nucked to be about 0.005: [ 1 1. the corrzsponding shift amounts definitely

L

:l" thl;" -‘H‘\-‘i.ltb.

The identification of the reaction product nuclei is done by comparing the analvsed encrm
values at 90" with that of the nuclear decay scheme of mass region \ - 80 [ .12 10
\Most of the reaction product nuclei whose “-lines have shown a Doppler shift are given in
table 4. Their level energies. spin states and lifetime of excited states are also included to give
more information about the shifted lines. Calculated values ot the Weisshopt estimate of the
vanous shifted transitions. are given in the table. The calculation is onlv made for the

transitions whose lifetime measurement is published in the above mennonced pubbcations
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Table 4 Nucler whose v-transit y ;

i lIanSLtllonh:::r{ ffﬁnbllltl‘ﬂon expenence Doppler shift together with their level energy, the corresponding
ol Y, i :‘_"d final spin states, expenmental and theorencal fetume values and order of

multipolanty. T, 15 caleulated using Weisskopf estnate

Nuclei | E E [T I - =
5 _OMeV) | (Mev) T P9 (PS)

"B | AH2 | O6IEEE | T | e | =
B8 . R BNITT aF | e s s
.| 369 | 121838 | 12 100 | |- | o £
iz e L AR | e | e
2360 | 76897 | — T 12 .

| 2814 | LOB6IT | WA~ 192 | e | e 2

! spds | 12U 9900 250 | e | o F2

6074 | 12342 | 3. 277 | o o £

By st | R . SR TR
------- | 128438 [ e P Vs s

sy R i T 0 = B T Uy [Faaa [
“Rb 151.2 e | -
I B =TT I N (e SSup j—
AT oy B v 95 .2 03 013, M
A5 AR e =y O | DL | M

T 3nT | eaat e Pt
6335 | 72416 312 -297 02 0.08 M

2106 | 77143 32 -312  0.06 007 M

T 3491 | 106D Looir-rm | 8 031 El
2476 | 136t | Bz-132 | L1 16 E2
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“Rb | 2416 | 73309 9 - % 035 008 M
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Th > orarhe are Ynear with coo i : .
RAEH sood quality of fitting. Their slope being in the order of magnitude

. -3 e : B 3 B

of 107 MeV'. This slope value corresponds to 5 recoil nuclei speed of about 0.01c. The v

< values of the various reaction product nuglej during the emission of the ~lines calculated
. ) “HOCS WAl ulate

trom the slope of the curve is shown in tabje &

Jable S¢v ¢ values tor vanous nuclel during the emission of cartan Doppler shitted

_ .‘T\'u;!-_;i ) E__L;‘:Ic\" ) ¥ic(x10")

.“'!-‘.h‘_ B 11‘31—64 . 2.3
s N D) ks o 42
W b Y
Spr _ R EREIST00 4
o, T L BTE A 49
SR RS T 5.3

The dexiation of the graph trom being exactly straight with coefticient of determimnation vahue
ditferent trom 1 is due to the fact that tincar relation between energy and channef number in
cahbration procedures are conadered. The real dependence between channel number and
civrey s o small magnitude quadratic rerm. This term contributes 10 a correction from
GO3Z ReV 10 0113 keV. The main reason for this correction is the deviation from lincanty
ol the amplificr anahzer svstem. These uncertaintics are ignored in the analysis. as i i
wsually done, 1o simplifv the fitting process.

. ; Tmation i€ an important
[he fact that £ versus cost plot is a straight linc. to a good approximation 1S an imMpe

m - 1 : g .alculation of Doppler shift
feature of Doppler <hift because the slope of the curve makes the calculat PP

_ —_— : ameter in DS A\ measurements.
altenuation factor F ( 1 ) in solids possible. an important parameter in DS AXEME
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Conclusion

The emitted v=ravs from different reactions of ®S¢ ( L

: 4 A0 ) produce a charagtenistic

lineshape in the detector which depends on it angle of emission relative 1, the incident |
Ea SRV U e thadent bean,
and on the mtial recoil speed. Lineshape analysis of the obseryed Spectra using visual
inspection enable the identification of the Doppler shifted lines, \ fany lines have shown thy
v ) «3 NAS S h
eftect with a shift ranging from 1 ke

Voup to 4.5 keV'. Eventhough there i« no wel defined

and straight forward technique for identifving Doppler shifted fines a combined effort of
personal judgment and the use of a computer provided the possibility 10 find ont the chity g
lines. Sinee individual Bne mdoment 2an he subicetad to orrors. the resnlte abtamed 1 this

i zannot be free from this denvhack. However in oencral tsrme. fram Sampanenn (i

manv ot the yaents which are tound g Bteranires 31 1e TETTUN ThAT CATTALT ANATTIC Are iy

il recitlic ey o fyseen 6.5 B e
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Appendix A

I. Gamma Activity and Neutron Activation Analysis System ( GANAAS ) consists of mam

r ~ s = 2 . I
modules ( see fig. 21 ). From all these the relevant ones an the analysis of the data are

Parameters Setup and Analvsis Routines,

Parameters setup routines include different calibration procedures. and result in an mput file

which specifies all the parameters required for analvsis of » Spectrum. The analysis program
on the other hand permits the selection of the appropriate input file. and the spectra to be

analvsed. performs the gamma ray spectrum analvsis, and displays the results. The results ol

analvsis are stored in a file so that it could be refereed to at any time.
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\ programme used fo transfer the SPectia into a torm readable by GANAAS. The
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Appendix B

Table o Lines selectad from the s
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