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ABSTRACT

It heavy ions react with nuclei. they can be excited to high spin states. This excitation then
usually is followed by an emission of a tew nucleons and gamma-ravs. The gamma-lines
from this heavy-ion nuclear reaction undergo Doppler shift because the nuclei produced in
the reaction experience a ]'CCO;[ which is capable of incurring a shift on the lines. To study
this teature of gamma lines. which is often done in heavyv-ion gamma-rav works, cspecially
i lifetime measurements of nuclear excited states, an analysis of gamma-spectra from the
reaction ¥*Se (  Li .xny ) measured at 35° 37, 90°% 143 and 145° with respect to the beam
direction has been done. The energy m‘thc, wIuon Li;e;i}';x usrdx\de;SMe\ Fiom the
apnalysis energies and intensities of the% g':\ngnzl;f’l:-i;mixs?ti’q;}! are o’olamedThe%g séeétmm

which has no Doppler shift to the first order of apptokiniatiosi is yised as a reference te find

i .
A € [

out the shifted lines. Many lines which liave a shifi in-an dnterval beiween 1 keV' andl 4.5
keV" 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 possihility that the motion of a source ot lisht affects the eneroy { trequency Y ot light
was pointed ont by Poppler in 1842 However, a complete treatment of the etfect in
electromagnetic radiation was given later at the beginning of the 20th century after the
development f:)f the refativistic theory of the Doppler etfect — which is based on the Lorentz
time transformation. According to this theorv. the v-ravs emitted from the nucleus of an
atom suffer a change of the frequency when the nucleus is in motion. This is especially
significant when the velocity of the nucleus is large enough in comparison with the speed of
light. When the recoiling nucleus has a low velocity, the maximum possible Doppler shift
will be small but significant otherwise. In many cases of real situations the shift is so small
that if 1s comparable with the instrumental width of the v-ray peaks. A lineshape analysis of
the observed peak is then useless. In this situation one can only measure a shift of the peak
centroid. By using heavy-ion induced reactions, however, the velocities ot the recoil nuclei
are 50 large that a detailed lineshape analyvsis can be done. QObviously a complele lineshape

analysis feads to more precise conclusions than a simple peak centroid shift.

Nowadayvs with the development of heavy-ion beams this phenomenon, the Doppler eftect.
is wideh used for nuclear lifetime measurements in the range between 10 ** and 10 5. This
time region is experimentally covered by two methods, namely, the Doppler-shitt attenuation
method ( DSAM: 10 s up to 10" s ) and the recoil distance method ( RDA : 10Ms up to

107 5),

Heav-ion induced y-rav spectroscopy has been fruitful in litetime measurement of the excited

states of muclei because the induced recoil velocities in heavy ion reactions are large enough




(5]

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

DS AN and RIDNM for lifetime measurements.

Of course the time range covered by the methods is a small portion of the tremendous range
of nuclear l'Lt‘ct-'Lmes ( 1072 s up to 107 s ). observed so far. Nevertheless the lifetimes of a
targe fraction of the bound states happen to have litetimes within their range of applicability,
thus the methods tum out to be very powertul. Heavv-ion w-rav work, therefore, has been

the potential means in hifetime measurements of the excited states of nuclei.

In light of this usefulness in nuelear physics, especially in heavv<ion in-bgam y-ray
spectroscopy, if is ol great inferest 1o study the phenomenon of Doppler shifl of -ray lines

and their application in lifetime measurements.

In this thesis the Doppler shift of s~rav lines is investigated fiom the heavv-ion induced
nuclear reaction ¥Se ( 'Li, xn7 ). The spectra investigated were detected at 35°, 37°, 90° ,
143% and 145" with respect to the beam direction. To find the Doppler shifts or broadening
of the y-lines involved comparison between the 90° spectrum, which has no Doppler shift in
the first order of approximation. with the other ones is made, Under this framework reviews
ol nuclear v-ray radiation emission and the principle and application of Doppler effect in

lifetime measurement are presented in section IL

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

Doppler shift is inversely proportional to the transition probability that can be calculated by




using different nuclear models. Hence comparison between the theorefical result and the
corresponding experimental measurement of lifetime can serve as a good starting point to

judge the model used in the theoretical calculation. 'The results of this thesis are presented in

section .

The specira are analvsed using a programme known as Gamma, Activily and Neutron
Activation Analvsis Systemn ( GANAAS ), which was prepared by the International Atomic

Encrgy Agency { IAEA ). The flow chart of this program is given in appendix A.




II. Literature review

1. Nuclear y-radiation

Gamma-radiation is the spontaneous emission of y-quanta by the nucleus. By emitling
7-quania, the nuclens goes over from an excited state t_o a state with a lower energy. There
are single radiation transitions when the nucleus emits a single quantum and at once goes
over {o the ground state ( sce fig.1a ), or cascade transitions when the excitation is removed

by a successive emission of several f-quanta { see tig. 1b ),

L,
v
E By
b4
i
0 b4 0
a} b)

Fig.1 Nuclear vtransition from one nuclear state to another: a ) single radiative transition

b cascade transition

There are different reasons for which a nuycleus mav urn out to be moap exoned sipte. For
exampie. the bombardment ot o nacleus by jons can feave the Formed compotnd nuclens in

an exated sate he nuckeus then de-evsites by emission of narhicles accompiames sy e




The -quanta emitted by the nucleus during transition to a lower energy state may carry
away different angular momenta /. The radiation carrying angular momenta /=1 is called the
dipole radiation, for /=2 it is called the quadru;;ole radiation, and so on. Each of these
radiations is characterized by a definitc angular distribution. 'y—‘quanta of difTerent
multipolarities are the result of different types of "oscillations" of the nuclear fuid, iz
electric ( E1 dipole radiation, E2 quadmpoig radiation, and so on ) and magnetic ( M1 dipole

radiation. M2 quadrupole radiation, and so on ).

The first type of processes are caused by a redistribution of the electric charges in the
nucleus, while the second type of processes are due to a redistribution of the spin and orbital

magnetic moments,

A more clear idea about the mechanism of y~transition can be formed on the basis of

specific models of the nucleus. Thus, in the single-patticle model, the emission of the
+-multipole is associated with the transition of a nucleon between two single-particle levels
differing in their angular momenta by Al=l }.{o‘vc\"er, in manv cases the single-particle
model by itself fails to explain the magnitude of many nuclear electromagnetic transitions. Tt
is very suggestive and plausible that for. transitions in which many nucleons contribute in a
coherent way ( many nucleons "jumping” simultancously ) the transition probability will be
different trom those fransitions where only one nucleon changes its configuration

(single-particle transition). In this circumstance the nuclei exhibif collective propertics.




1.1 Nuclear models

In general the shell model predicts single-nucleon excifations of the order of 5 to 6 MeV -
which corresponds to the separation of the main shells. There can occur single particle
excitations between subshells which may have lower excitation energy of the order of 1
MeV. But according to the shell model such excitations lshould occur only for a few
neighboring isotopes and isotones. As soon as the subshell is filled vp with micleons. the
particles have to be litted info the next higher subshell which is usually be several MeV away

in energy.

There are single-particle transitions ( to be described in the shell model ) and collective
transitions ( to be described in the collective model ). Low-lving 2° states with excitation
energies of 0.5 to 1MeV 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
madel states, so that both the proton and neutron numbers are far trom being magic. these

27 states quite systematically appear at energies below 100 keV.

In order to be more specific, let us summarize the experimental observation in the following
way. For even-even nuclei two kinds of low-lving positive parity states are observed. One of
these is called vibrational. with a tvpical excitation spectrum as shown in fig. 2a. where the
0", 27, 47 triplet has nearly double the excitation energy of the first 27 state. This suggests a
type of harmonic oscillation where the oscillator quanta cach carry an angular momentum of
2h. The observed excited states are just caused by two oscillator quanta coupled to the total

spin 0°, 2" ord [ 1]
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Fig. ? Tvpical excitation energy spactrum: a ) of @ quadrupole surface vibration b} of a rotating

nucleus.

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 immediately the rotational character of the states by
analogy to molecular physics. A symmetric rotator will have rotational energy s, =I(I+1h*/ «

where x i1s the moment of inertia,




1.2. y-ray transition probabilities

In this subsection estimates for the transition pmbabiiitie—s of nuclear levels is presented
using a single-particle shell model. The real nucleus, of course, does not follow this simple
predictions, However comparing the measured quantifies, in particular their relative values,
with the corresponding model predictions they can quite often serve as a reasonable starting
point for a more refined calculation. Moreover these model predictions are very usetul for
estimating the size of an effect to be expected in a proposed v-ray experiment. The
v-transition rate T is given by

T={8n(A+1 )1/ [ha(2A+DH]}(E, /he M 1B (o)) (1)

where B { o7, ) is the reduced trangition probabilitv. The equation can be denived by using
the principles of quantum electrodynamics [1]. The single-particle shell model considers the
movement of a single proton or neutron in a spherical potential. The reduce d transition
probabilities for electric transitions B_(E2) and magnetic transitions B_(M2.) according to the

Weisskopf estimates are given by the equations
By (BA)Y={9/ [4m(A+3)7]11.22% A3 &2 g (2)
By, (MA)={90/ [ (A+3)2]} 120020 A (2M3 2 pp(h-2) (3
where 2. is the order of multipolarity, A is the mass of a nucleus, ¢ is the electron charge, 1t

is nuclear magneton. Using these equations the y-transition rates T according to Weisskopt

estimates can be expressed as indicated in table 1 {2.3].



Table 1 Transition rates in 57! for the lowest electric and magnetic multipoles; E 15 mn MeV.

| En 1OT(EA[sY] Y T(ML)[s'] |
' i
|
|
|
| El LS9 x 108 E* | B(ED) M1 176 x 10° B
By (M1) ;
i
, | |
; | |
E2 OL22x10°E'  By(E2) M2 135 107E* | By,(M2)
| |
E3 | S6Tx10°E’ ; B(E3) M3 6.28x 10°E 4 B (M3)
| | |
3 g .
i
F4 i 1.69 X 107 E’ o B,(E4) M4 1.87 x 10° E? , By,(M+)
|
. |

1.3 Gamma transitions and nuclear models for medium and heavy nuclei

A. Electric dipole tramsitions. A statistical examination of the various fransitions 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 El transition rates,
measured in Weisskopf units. From the figure it is seen that the ratio T < T, is very small
going down to the order of 10?7 . 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 nuclei which have very enhanced L1 fransition probabilitics. These are ojant dipole
resonances, They are typically of collective natwre. The giant dipole resonances form a
dipole motion where all protons move in one dircction and all ncutrons in the opposite
divection. This Kind of motion produces the largest dipole moments possible in the nucleus

and, therefore, very large vetransition probabilitics occur in the decay of the giant

resonances,

£1 Transitions

ymber of runsitions

? wd ot ot ot ot ¥ »*

Tcz / Tw

Fig. 3. Frequencies of T, /T, which is the ratio between the experimental to the Weisskopf

estimata of lifetime, for E1 transitions m medium and heavy nuelet [ 3.

medium and heavy nuclei . In contrast 1o the dipole transitions the E2 transitions are in most
cases enhanced by a factor of 10 1o 107 over the Weisskopf units. This ¢nhancement
indicates that there exists a quadiupole-type collective motion because large  intrinsic
quadrupolc moments give rise to nuclear rotations and to strong transition probabilitics

between the: rotational levels.
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O Meongtic Dipole tansitions, .\ statistical exanunation of N transition tates ave shovwn in
ig. 5. Tt iy seen ghat the transition rates are smaller than the Weisshop! estimates, This
indicutes again that ihe states of the nucled are not simple independent-particle stales but i

invobve considerable and exsential interconligurational mixing,
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2. Overview of Techniques for Lifetime Measurements

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

determination of the short lifetime v of the nuclear excited state, By short lifetime we refer
to lifetimes in the range of 10" s - 10 "¢ s, which cannot be determined by direct timing

method.

-
b

Fig. 6 Gammna-ray cascade passing through an intermediate nuclear level of litetime 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 life time measurerent teclniques showing their range of applicability.

i Method l v-Energv ( MeV) | Nuglear tvpe © Litetime { sec )

1
_ - I
! ' : . 1 v
1 1 ! 1 |

-

|
' i
Tant 2l oreniss :' . LoAdl
t . A N P B
i( mainiv concidence) ‘

—
=
o=
R
—
=

I

INuciear recoil

' ! '
| |
I

l- a. (RDA) ; Any é?\-fedium and heavy 107 - 10
| é Inuclei |
1 i | i
i
b. ( DSAND : Any

z |
!n i ; 10-11 _ 10-1-!
i |
§ i

2.1 Flectronic NMethods

A y-transition from an excited to a lower nuclear state is alwavs preceded by another nuclear
process which produced the excited state. The measurefnem of the time interval behween the
two processes determings the lifetime of the nucleus in the radiating state. We can distinguish
two different conditions under which such measurements can be made. In the first, which we
call "coincidence” method, the succession of transitions is occurring at a steady rate
(determined for example by the radioactive decay) 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 ¢all the "pulse” method. the excitation occurs at regular, determined time intervals.

for example, in a nuclear reaction produced by a succession of short pulses from an
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acceleratior so that the instant af which the excited state is produced, within limits, is known
exactly. These hwo types of measurements have much in common as far as technique i,ﬁ
concerned. In both cases the y-radiation from the state being examined is detected, normally
by Ge-detectors, and the process registered as a measurable electrical signal betore the fiming
measurement is made. In the coincidence technique the instant at which the radiating state is
produced is subject to random fluctuation, and it is determined by detecting the preceding
nuclear radiation in a manner which 1\ essentially the same as the detection of the radiation

trom the state being examined.

Numerous elecironic methods have been developed for measuring the time interval between
two successive clectrical pulses. I the pulses are ideallv sharp then time intervals as short as
10" sec can be measured with fair precision. With a succession of such pair of pulses the
average time inferval, whether this i« constant or subjctﬁ to some distribution law. can be
measured with much higher accuracy of course, since with many measurements there will be
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 radiétion is converted into a measurable
pulse only after a succession of processes which introduce time delays and associated
uncertainties, and it is these time delays which govern the limits and precision of the

measiprement,

The electronic timing muthods discussed above sutter from the limitation that the cvents are
timed only after the whole complicated processes of detection. The importance of these

methods lies in their very general applicability for times greater than about 10! s. Even




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 fo methods in which the timing is
done essentially before the complicated processes in the deteclor starts, and is not, therefore
directlv limited by the latter. Together, however, they offer the possibility for measuring

y-transittons over a fairty wide range.

2.2 Recoil Methods ( Time of Flight )

There are two recoil methods, namely the Doppler shift aftenuation method { DSAM ) and
the recoil distance method ({ RDM ). as indicated in table 2. Both DS AM and RIDN ( or with
other name plunger technique ) are based on the Doppler effect. A detailed description of

these fwo methods is presented in section 3.

2.3 Other Methods

Several other methods have been suggested as possible means of measuring very short
nuclear lifetimes. For example if we have y-radiation following K capture ( or a 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 ) y-radiation
may be quite different from the normal state. That is, a K-electron level may be unfilled.

Measurement of the internal conversion coefficient of this latter v-ray may then reveal the
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abnormal situation in the electronic state. The eftect depends on the relative times required
for y-cmission by the nucleus and for the electronic transition from the outer shells of the
atom to the vacancy in the K-shell. These lafter times are in the range 10"s- 10" s and can
be deduced from line widths in X-ray spectra. This method is applicable only for heavy

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

1. The Recoil Distance Method

The important componenis of the apparatus used in RDM measurements is the stopper
which is usually positioned perpendicular to the beam direction and is separated from the
target by a distance d ( see tig. 7). The target has to be thin enough for nuclei produced in
the target to recoil into the vacuum. For the simplitied situation depicted in fig. 7 the number
of recoiling nuclei that emit -ravs before reaching the stopper is measured by the intensity I
of the 7-ravs with Doppler-shified encrgy

E, =B, [1+(Y¥/C)COS S (4)

The number of nuclei that are stopped before having emitted a ~~rav on their flight paths are
identified by the 7-rays having energy E, and Intensity I, . For a pure radioactive decay with

lifetime T, the intensities I, and L are related to the path length d by
L(dy=I[,[1-exp(-d/vt)] {5)
and I (d)=1I exp(-d/vr) (6)

where L, ~ I, — I is the total number of f-rays.
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TARGET STOPPER .
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DOPPLER - SHIFTED UNSHIFTED
: Y - RAY Y - RAY
|
- j
2 I \ f\ I
2 /
— \
Vo
A U 4 —
W ENERGY
AL = £, 7 cost
Fr 7 Proociple of mvasining St by the reeoil dvdance medhod.
The ratio R between the stopped intensity T, and the total intensity I, — L is
R{d)y=1¢d)/ [Ldy+T(dY]=expf-(d/v)] (7)
or
R{dy=exp|-t./1] (8)

whare i d 7 vis the Hight time. Thus the measurement of 17 (1, [, yas a function of d

{ see fig. 8 ) aflows 1t be determined i€ 1is of the order o't 1 we assume, for example, t
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Note however that a lifetime of t approximately 1ps is in the order of the slowing-down time
in the stopper. Thus the v-peak will be Doppler broadened. In extreme sifuations the stopped
peak might be s0 broadened that it cannot be reliably separated from the bﬂCkgI‘O;In(l. In this
case the infensity I, should be normalised against the total intensity of another -ray 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 energy 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 infensity L in eq.6 is given by the intensity of the less Doppler-shifted
peak. The major experimental problem in RDM measurements is the construction of an
arrengement that allows the target and the stopper to be moved in a defined and controllable
way down to very small distances. The basic requirements are that the target and the stopper
are parallel to each other over an area of at least 0.5 cm’ | that the parallelity is not destroyed

when the distance between target and stopper is changed, and that thex can be brought

together within a distance of approximately Lum without them touching each other,

The 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
varies as ( 1+ d ). the plot of the micrometer reading versus the inverse capacitance should
give a straight line. This procedure is more accurate than measuring the distance between

stopper and foil directly.
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The pitfall of RDM measurement lies in its faiture to be used in the determination of life
time shorter than 10" s, The slowing down of the recoiling nuclei in the stopper does not
occur suddenly but during a time .;-)en'od of 5 x 10" s 10 5 x 10" 5. In this period the recoil
velocity gradually decreases. This causes a broadening of the stopped component. This
phenomenon by itself can be used to determine lifetimes of the order of 10 s to 1077 s and
form another method for lifetime measurement known as TDSAML Whiuh_ is discussed in
more detail i the next subsection. In RDM measurements the Doppler broadening of the
stopped peak forms a source of svstemalic errors, and corrections have to be applied in
precision measurements where the effective lifctime of the level to be studied is smaller than
10! s. The calculation of the correction requires either a line-shape analyses of the stopped
peak that is shifted or at least a computation of the shifted intensity ot the stopped

component. . ', T4 L

¢

[ I

Nuclear lifetimes of the order ot 10 5 up to 10" s can be determined by means of the
Doppler-shift attenuation method {( DSAN ). The method basically consists of comparing
the nuclear lifetime with the time in which a nucleus is stopped in solid matenial ( sce fig. 9 )
or gaseous material. The v-ravs that are ¢emitted dwring the slowing-dowan process. te. al
times smalter than the stopping time ( t, ) are shifted in their energy according to eq. 4

(considering only first order terms in v © ¢). On the other hand all nuclei decaving at time t

greater or equal to ¢, will contribute to the upshified nes at & = F
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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 correctly. It is one of the main advantages of
using heavv-ion induced reac[ion:s in DSAM experiments that they lead to farge nitial recoil
velocity v, where the Doppler shifts are large and easy to measure: and this means the
slowing-down process is rather well known. Thus the extracted lifetimes trom the analysis of
the total v-ray line-shape obtained from heavy-ion induced reactions are Jess subjected to

SyRISMIc errors.

These two methods make use of the Doppler effect phenomenon. One of the main
differences berwveen the RDAT and the DSAAL s in the time scale to which the nuclear
titetimes are compared. The other s that in the RDM the time scale is established by means
ol the tume the exciled nucler with speed v need to travel over a certain distance ( where they
are stopped in timies short compared to the flight time ). In the DSAN the nuclear lifetime
compared fo the time in which the excited nucleus with speed v is slowed down i solid
material. In both techniques the events of y-emission that occur while the nucleus is still in
tlight are separated from those that occur after stoppiing by means of their ~ray energics

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

The RDM 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 RIDAI can be changed by
inereasing or decreasing the distance d ( distance between target and stopper ) swhereas in the

DS AN the change of the time scale is only possible i the slowing-down material is changed.

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

@as pressure corresponds 1o a change of the time scale. However the technique of using,
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gases as a slowing down medium is not frequently used. Gases cause experimental problems
because the slowing-down function 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 materials are solids.

The analvsis of RDM and DS AM measurements is easiest and the results are most reliable it
the excited nucleus has an initial recoil velocity v which is large and well defined in
magnitude and divection. It is one of the outstanding features of the heavy-ion induced
fusion reactions that the reaction kinematics itself leads to well defined inmtial recoil velocities

of the nuclear residues.

In case v is not.uniquely defined, if the differential cross section can be rehiably calculated
tor the reaction. then one can calculate the distiibution of tecoil velocities and perform the
anafvsis of RDM and DS AM measurements although this analvsis is more complicated than

in the case where v is uniquelv detined.

3.3 Identification of Doppler shifted lines

The identification of Doppler broadened lines has been done by visual inspection of the
sravospectrum in conjunction with a careful observation of the form and width of the
observed structure compatible with the expected -ray lineshape {10,11]. Fig. 11 shows how
visual inspection of the lineshape is used fo identify the Doppler broadened spectra. The
portion of the lines at 45% indicate a broadening when compared to the 90° spectra signifving

a Doppler shift.
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The ~lines emitted at 90° exhibit no Doppler shift to the frst order approximation: and this
is a reasonable asswmplion in in-beam -ray speclroscopy studics. Therclure the spectra fren
the 90 measurement is used as a reference to investigate the Doppler shifts obtained from

other angles. In the identification of Doppler-shifl only (hose lines with a significant chianze

of fineshape and centroid shift with a clear visual evidence are considered.
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Experimentally it is found that E, s dirccdly proportional to cosd [ § ]. An cxample 15

shown in fig. 12. Hence E, ~ FficosO , where = v,/ ¢
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IIL. Data Analysis and Results

1. Origin of the data

Thic ~~-ray spectra from the reaction "Li -+ Se were measured at different detector angles
relative to the beam direction. The target material, enriched in #Se to 92 %, was bombarded
by “Li ions {rom the Rossendorf Cyelotron { see Fig, 13 ). The measurements were made by
means of an intrinsic Ge detector of 10 per cent relative efficiency. The external cvelotron
beam of 35 MeV was focussed by a slit or a system of shits and bombarded the target
material. The positioned Ge detector at the prescribed angles is then used to detect the

radiation,

slit detector

lon beam from

r

1

¥ i

cyelotron '
1

i

Fig. 13 Schematic dizgram of the experiinental set-up used in the data taking,

The data in this work , spectra from the reactions ®Se ( Li, xn ) at 35° . 37°, 9¢°, 143% and
145% have been obtained from an experiment conducted recently in the Rossendort Research

Center. Since the spectra received are not manageable by the software available here, a
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Paseal program. given in appendix A, was wiitlen 1o (ranslorm the data info a form

appropitate for the analvsis, Ixamples of the spectra are shown in fieo 1-h
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2. Description of the analysing techniques

Fhe devhungues tor analvsing Donnler broadened w=rav spectra are wen ;ag wedl deveioped as
those for vnbroadebed v-ray spectra, This is due to the difticulties in defining universal
critenia for recognizing Doppler broadenced “~rav peaks and for the determination of the
underlving background. For this reasen an active interplay between personal judgement and
the computer is essential. This demand is especially reflecied in the calibration procedurcs

and in the identification of the Doppler broadened lines.

In analysis procedures like the GANAAS package ( sce appendix A ) the first step taken is fo
make use of the energy and full width at half maximum ( FWHM ) calibrations for setting
the parameters. The calibrations are made according to cquation 9 and 10 for energy and

FWHAT calibrations, respectively.

ENERGY = 6.948 + 2.394 x 107 ch # - 1.906 x 10 ch#® (9)

FWHM=2984x 10"+ 1.841 x 10 E ’ (10)

Thirteen lines were selected to perform the parameler setup procedure from energy

calibration. Some of the lines from the 90° spectium selected for this purpose are shown in

Fig.15. A corﬁpletc list of the lines selected for the other spectra is shown in appendix B.
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For the FWHM calibration the lines used are trom another spectrum which is prepared by
GANAAS manutacturer, 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.
This software was mainly developed for activation analysis purposes, where one deals with
only a few, well isolated y-lines. Therefore the FWHM calibration curve ( see fig.17 )

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

After the calibrations are performed the task done is o identify the peaks. GANAAS
performs this task by inspection of the second derivative of the measured v-ray spectrum.
The second derivative has the property of changing twice its sign within a peak and the
computer is ashed to search for such patterns. In order to apply this method to a spectrum
with statistical uncertaintics the second derivative is smoothed by the appropriate methods

[1).

Once the peaks are found the other tasks performed are to detenmine their exact positions
(centroid energies) and areas { intensities ). The low-energy tails of the -ray lines are not
explicitly taken into account but regarded as contributions to the background. A polynomial
function s fitted to both sides of the peak in order to deseribe the tfotal background
underncath the peak. The propertics of the peak are then determined by fitting the lines using
a Gaussian function, which 1s sometines modified to account for the small asviunetry of the
peak. In this way the centroid energies and the intensities of the peaks in the spectra are

determined,




3. Resulls and Discussion

The influcnce of the Doppler efivet Tound on the shape of waiy fines of the spectra s

indicated in Fig 18a and 18h in the energy interval Bevscen 60 i SO0 ke,
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Table 3a Doppler shifted lines found in the 35° spectrum.

! | ]
! 1
' E, {keV E, (35°)] keV AR [ keV |
| 0 | ]- (35°) [KeV ] JAkev]
! 151.24 153.12 1.88 |
| 356.84 35896 | 212 |
| T H
! 514.21 | 51692 271 |
614.61 | 617.1 249 |
; 616.68 619.44 | 276
619.68 | 622.57 289 |
L 622.21 ] 62517 | B 2.96
643.02 . 644.70 | 1.68 |
! ER . ] 47.22 ')7‘;_f
| 644.47 | 647.22 275
- 646.19 | 648.57 238 |
662.44 | 666.62 4.18
f 724,16 728.59 | 443
B 73309 | ) 736.53 | 3.44
' 748.75 | 752.4 [ 3.65 |
. 1,043.35 1,04435 | 1
| ;
: $2 9 ! e : 2
: 1,05529 | 1,058.49 32|
i 1,162.16 | 1,163.65 ! 1.49
— H ~
! 1,183.64 | 1,187.97 | 433
1,234.2 1.239.07 | 487
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Table 3b Doppler shifted lines found in the 37 spectrum.

— ! T
B, [keV ] E,(37°) [ keV ] | AR, [keV]
149.98 15133 - 1.26)
si21] sis.ssi 12l
| 614.61 6168 185!
B 616.68 618.58 ) 1.69!
619.68 621.73! 2.05)
622.211 624.95! 2.63]
644.47] 647.25 | 2,79
662.44 666021 ) 3.58]
724.16 B 727.68| 3.35]
733.09 s 2,63
i 1,183.64 118504 - 1.4]
] 1,288.3! 120004 1.75]
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Table 3¢ Doppler shifted lines fotind m the 143" spactrum.

| ‘
| EglkeV] B [keV] | AE, [keV]
98 147.04 2.79)
L 151.24] 147.04 405
| 193.90 192.77] 113
L 6362l 630.04/ 158
i 643.02! 6:40.76!_ 2.26,
| 644.47! 643.37 1!
| 777.47| 775.38) 215
| 782.57 781.2] 1.37,
B 1.014.62 1,013.34 1.28
1,031.31 1,029.85 1.46
1,043.35] 1,041.92 1.43
,064.69 1.063.28) 141
| 107144 L069.03 51
; ' 1,078: 1,076.61' 1.39i
1,006.17° L 1,094.7) 1.47]
j 1,099.88] 1,098.31] o 1.58
* 1,115.95] 1,114.49 1.57
a 1.174.04 1.172.08] 1.96]
L177.11) L175.591 152
| 1183.64.  1.182.08 1.56,
' 1.21405 1,212.33, L
CLuss . 1,216.92] 136
; 1,234.2 1,232.55' 1.65]
- 1.261.06, 125901 2.05|
| 1,274.36. 1,273.03] 1331
] 1284.36] 1.282.53] 1.83:
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Table 3d Doppler shifted lines found in the 145° spectrum.

- e
Eg[keV] E,(145°) [ keV | AF, | keV |

o 175.69 172.42 3.27

217.15 25.78] R

1[ 619.68| sl74si 2.23:

§ 631.62, 630.57 105

]  643.02 o 640.63 2.39!

| 644.47 641.89| 258

662.44 659.66. 2.78)]

708.23] 706.43 1.8!

733.09 729.51 3.58;

768.97 766.12 2.85]

771.44 768.18 3.26]

777.53 775.78 1.75)

1,014.62 1.011.47 RN

CLoizssl 1,014.58] 257

| 1,081.9! 10781 3.8!

| 1,084.63 1,082.15 2.48

1,261.06 125701 403!

From the many detected lines those lines whose Doppler shift is identified are listed in Tables
3 (a- d). Asindicated 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 majority 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 may not attain the required recoil speed in order that the shift appears

dominantly can also atiribute to the absence of the shift. Also, the shift of closely spaced lines
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could be hidden from being idenfitied and in so doing contribute to the decrease of the fotal

number of shifted lines.

Considering a shift less than 1 keV mav not gnarantee that it ts trom a Dopnler <hiil <ince
this order of magnitude is of the same order of magnitude as the resolution ol i se-detectons,
ihe uﬂwr teason is that the titting procedure cannot give a certainiy of more ian s orde,
The fitting proveduic by iisedl can give a siift of oiiv or Bvo channdi Hoi eabectod varos

wiiei s alinost ol the ordor ol 1 AV,

The sRH of the Moo pangivg ot Do 15 LoV &odn accendane with ¢ 4 I we take the
v 2t eronil nneled to be about 0.003¢ [ 1}, the corresponding shift amounts definitely

to this orler.

The identitication of the reaction product nuclei is done by comparing the analysed energy
values at 90° with that of the nuclear decay scheme of mass region .\ -~ 80 [ 5, 12 19 ).
Most of the reaction product nuclet 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 of the Weisskopt estimate of the
various shifted fransitions, are given in the fable. The calculation 1s only made for the

transitions whose lifetime measurement is published in the above mentioned publications.
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Table 4 Nuclel whose y-transition experience Doppler shift together with their level enesgy, the corresponding
gamuna transition energy, mital and final spin states, experimental and theoretical lifstime values and order of

multipolanty. T, is caleulatad using Weisskopt estunate.

Nucla | B, | E, 1 L, L T, [T o]
i (MeV) | (MeV) ! fo(psy 1 (ps)
i i ! ! i
=gy 4142 61668 . 8 T | e -
x 3,525 70823 | T - 5 — - P
| 5,569 L2828 | 12100 e e (E2
Yze ; T L R — e e
| 2,360 | 768.97 | wem I
; 2014 109617 | 212r- 172 | < [ B2
| 5,644 121405 | 200" 252 — e E2
6.074 12342 | 312-272 | e D e | E2 |
SEBr e L7710 1 - e el R
------- | 1,28436 | e - - | -
WY e ’ 1,078 | - - e
“Rb 1512 1 15124 | 32 - 5T 4 e e e
CsI L s L 92 - 52| e R
4757 0 62221 . 252-232 . 03:  013.MI
CLI35 1 GMAT . 2327 -212° . 01, Q11 M |
CO3T7 L 66244 | e o e I
: C6335 | 72406 312°-202° 1 02! 008 | ML |
| 7006 | Tt 3@ o317 006, 007 | M1 |
3491 ¢ 101462 1 212'-1720 § 034 El |
2476 Lasded U7 -13r 1 110 161 E2
e 1.261.06 & -eeme Sl e - |
“Rb 2416 | 73309 1 9 - 8 1 0350  0.08) Ml |
| LS8 L T L T - T e N
| 3578 0 L16216 i 10T - 9 | e e M1
TSR R 61968 | 4 - 5 | = -
SKr 0 4,430 61461 | 6 - 5° | e Lo
Mo | 7,322 | 111595 | 16 - 147 | e . e |
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The sraphs are lincar with good quality of fitting. Their slope being in the order of magnitude

ot 107 MeV. This slope value corresponds to a recoil nuclei speed of about 0.01¢. The v/

¢ values of the various reaction product nuclei during the emission of the +lines calculated

from the slope of the curve is shown in fable 5.

Tablz 3¢ v ¢) values for vanous nuclel during the emssion of certain Doppler shtted lines.

Nuclei - F E i NeV) . vig (x 107 ) ‘
SR T R TR}
57 i B 123421 4.2
st P ' 619.68. Y
CERy T weiee 4
e 49
TRy 73309 T s

‘The deviation of the graph trom being exactly straight with coefficient of determination value

different from 1 is due to the fact that lincar relation between energy and channel number in

calibration procedures ave considered. The real dependence between channel number and

encrgy has a small magpitude quadratic term. This term contributes 10 a correction from

0.053 KeV o 0.115 keV. The main reason for this correction is the deviation trom lincarity

ol the amplificr analvzer svstem. These uncertaintics are ignored in the analysis, as it is

usually done, to sunplify the fitting process.

The fact that E_ versus cos@ plot is a straight line. to a good approximation is an important

feature of Doppler shifi because the slope of the curve makes the calewlation of Doppler shift

attenuation factor F ( v ) in solids possible. an important parameter in DSAN measurements,
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Conclusion

The emitted -rays [rom ditferent reactions oi 8¢ ( "Li, xn ) produce a characteristic
lineshape in the detector which depends on its angle of emuission relative to the ncident beam,
and on the mutal recoil speed. Lineshape analvsis of the observed spectra using visual
mspection enable the identification of the Doppler shifted lines. Nany lines have showa this
effect with a shift ranging from 1 keV up to 4.5 keV. Eventhough there is no well defined
and straight forward technique for identifving Doppler shifted lines a combined effort of
personal judgment and the use of a computer provided the possibility fo find out the shifted
finee Since individual fine judament can be subjected to errors. the results r)h!:!i_m’d in this
warkcannet be free from this drawback, Howover in general torms from enmnarapn oith
many of the reendts swhich arg fonnd in literamire wae cortam that coreeet anabvere procsdines

aned peantiie foree been anbmmed
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Appendix A

1. Gamna Activily and Neutron Activation Analysis System ( GANAAS ) consists of many
modules ( see fig. 21 ). From all these the relevant ones in the analysis of the data are

Parameters Sefup and Analysis Routines.

Parameters sefup routines include different calibration procedures. and result in an input file
which specifies all the parameters required for analysis of a spectrum. The analysis program
on the other hand permits the selection of the appropriate input file, and the spectra o be
analysed. performs the gamma ray spectrum analysis, and displays the results. The resulis of

analysis are stored in a iile so that it could be refereed to at any time.
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A programme used {o transfer the spectra imto a form readable by GANAAS. The

progranung is writien in Pascal language.
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function Foraspace{A: loaiint j string’

;
Pedgin
3ITHACL0) snd (A¥—1) then FormSpace:=' '
IT{A<T0D) and {A>9) then FormSpacs:=' ;
THLACT000) sand (A299) then Formspace: =’ '
TIACIGO0G) and (A>99%9) then ForunSpacs:=' '

LITACLGOGHY ) and {A>9999%) then FormiEpace;=!

jffAfJﬁﬁGGOﬂ) and (A>99999) then FormSpace:=' '
TE{ACLGOONG0G) and (A>999G639) then FormS, ace;:=' Y
ervt: {-function FornSpace-)
lemriin {~Haiuﬁ}
Assiyn{infil U:\KW\thp?\hywcLBT.txt'); [—1nour 3 le-}
IEﬁQL{ILIllh),
for 1:=1 to 14 Ao
readiiniile, GLL,00,601,27,601,3),681,47,a0x,87,G{1,681.G01,7]
GiL.3),6G11.%].601.10]));
readaln{infils,G{320,17.60320.2));
ctanlinflla);
Aazzignioulrile, "CiVvopikotellsnealT  swe' §; {-curpuat f1le-1}

revritaloutfile);
writein{out{ile, "50PRS Ih: ")
wrivelnl{outfile);
writeln{outfile, 'STATE MEA: '),
writeln({outfile,'10-31-1990 10:16:00"'):
writelbn{outfile):
writelbn({outfile,'SMEAS TIM:');
writalLnfoutfile,' 50400 50469"' Y,
writebn{outfile);

writeLn{outfile, 'fDATA:');
writeLn{outfile,' 0 31617},

for i:=1 to 31% Ao
heain
for K:=1 to 10 do Spacelkl:=FormSpace(G[i.k1);
for k:=1 to 9 do write{outfile,Spacelk].G{i.k1}
writelnlceutfile,Space(101,6(1,101);
enid;
for K:=1 ta Zz do :_:I_')_
wrirtelm{cutiiie, opa

[ =FormSpaca2 (GLE20, ki) ;
11,G60220,17 ,Cpacel 27,6820 .21

clorsisutiile);
an,

[5 =5 R oWy
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Appendix B

Table 6 Lines selectad  from the spectra at 35 to setup parameters using the energy calibration. Lines whose

nuclen identified are indicated.

e ' ! ] ] —5
i i ; Channel # i Entered Encrgy ; Fitted energy i Nugclei l
L | AheV) oy eV
- 1 125.62] 125.49]  woeeee 5
| 1494.85 3 o ;
! 2, 79545 197.4, 197.48]  woeer
3 909.581 22167, 2480, e

] 143353 35004 350260 YRb
st 201813 51417 51344, SRb
F 6 229270 5555, Csss9st Wy
P_ 7 322647 11951 77945]  “Rb
; 8 3,655.81' 882.14 882.2]  -eee-
| 9! 1,916.45! 1.183.84! L1884 S\bo
] 10} 6,089.23! 1.464.26} 1,464.380  oeneec }
11 7,703.58! 1.850.42 1,850.44]  -eees N
RS 804337 L9376 1.931.68]  —m

Table 7 Lines salected from the spectra at 37 1o setup parameters using the snergy cadibration. Lines whose

nueler identifizd wre sudicated

N __—Chfﬁwi # " Entered energy , Fitted engfgv |\l_l&.lgl_ o
| : ; (keV) ( keV) i !
- t i j - ]
| 1 495.97! 125.62 125.7)  =eeee- 1
- ! ! ! ! o
L 2! 777.058  193.09 19299,  ¥Rb i
3 910.29 225.15) 224.89]  -oee- |
1 4] 1,433.3! 349.8) 3500 eeee- l
| J 2,117.27] 513.93 51383)  “Rb |
; 6 3223310 77854 77855 Rb |
| 7! 3,651,161 880.95' 211 R F— L
8 4,153.85: 1,001.05! 1,001.22) oo
| 3 4909.58°  1,181.69) 1L182.03]  “Mo
10! 6,075.51! 1.161.62) 1.460.920  weee-

i J R S o 4 !

i1: 7.691.21 1,847.06] L847.31; == B

12 8,030.441 1.928.41" 1928.41;  ~eeee i







