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ABSTR·\CT 

If hea\y ions react with nuclei, they can be excited to high spin states. This excitation then 

usual\~' is followed by an emission of a few nucleons and ganuna-ravs. The gamma-lines 

Ii'om this hea\.y-ion nuclear reaction undergo Doppler shiH because the nuclei produced in 

the reaction experience a recoil which is capable of incurring a shift on the lines. To study 

this reature of gamma lines, which is often done in hea\·y-ion gatmna-ray works. especially 

in lltctime measurements of nuclear excited states. an analysis of ganuna-spectra hom the 

readion SlSe ( - Li ,xn'{ ) measured at 35'" 31', 90°, I·n° and 1450 with respect to the beam 
( , ( '{ "( ( [ , ( , 

direction has been done. The energy or t\1e, "I.i :ion :b('dill uSIOd, w .. ", 3.5' Me\(. ,Hoth the 
("c, ( '" ({ '-:: '" '''' ;". ''''. ' 

analysis energies and intensities of the' gan·,mi\-lraHsiti')n~ '.i!'eobtaiiied; TIie' 90° spc<,trum 

\\hieh has no Doppler shift to the [U'st order of ap'pi'oXirildtioa 'if, lls,ed:a~'a r"terence t~ lind 

out the shifted lines. \!any lines "hich Ita", ;I shift in'au'intw;al Lelween: Ike'" anl! ~.5 

ke" are found. A re"lew of literature on related topics such as the application of Doppkr 

shift in lif'Ctime measurement and the de,Cliption of single particle shell model and collective 

llIodel to describe nudear transition probabilities are included. 
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I. Introduction 

The 110<sihility that the motion of a '"urc~ of light alteet' the (,l1erT' ( tre1ncfl':,' \ of light 

\YO' pointed ont lw nOl'l'ler in 1 X4'. Hnwever, a complete treatment of the effeet in 

e1ec.tronwgnetic radiation was given later at the beginning of the 20th e'entury :lfter the 

development of the rebtivistic theory of the Doppler etfect - which is based on the Lor,'ntz 

time transfonn:ltion. According to this theOl'\', the y-r:lys emitted from the nucleus of an 

atom suffer :I ch:lnge of the fi'equency 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 possihle Doppler shift 

will be small but significant othelwise. Tn many cases of real situations the shift is so small 

that it is comparabk with the instrumental width of the ,{-ray peaks .. -\ lineshape analysis of 

the observed peak is then useless, In this situation one can only measure a shift of the pea]; 

centroid. By using heavy-ion induced reactions. however, the velocities of the recoil nuclei 

are 00 large that a detailed lilleshape analysis can be done. Obviously a complete lineshape 

analysis leads to more precise conclusions than a simple peak centroid shill 

Xowadays with the development of heavy-ion beams tltis phenomenon. the Doppler effect. 

is \\idel~' used for nuclear lifetime measurements in the range between 10 ·14 and 10 -9 s, This 

time region is experimentally covered by two methods, namely, the Doppler-shift attenuation 

method ( DS.\:\t 10.1
.' s up to 10-11 s ) and the recoil distance method ( Ill,,·! : 10·11s up to 

10-9 s ). 

I-leay-ion induced y-ray spectroscopy has been flUitful in lifetime measurement of the excited 

states of nuclei because the induced recoil velocities in heavy ion reactions are large enough 
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to introduce a detectable shilt, This is an important reason why heavy-ion beams are widely 

used in nuclear spectroscopy, With the acceleration of heavy-ioll beams beginning it'om the 

60th together I",ith the improvement of ','-ray detection it has become possible to apply the 

DS A:--I and RD:\I for lifetime measurements, 

Of course the time range covered by the methods is a small portion of the tremendous range 

of nuclear lifetimes ( to,l] s up to 10.!J S ), observed so tar. "ievertheless the lifetimes of a 

large ti'action of th" bound states happen to have lifetill1<?s within their range of applicability, 

thus the methods turn out to be vcry powerful. Hea\ y-ion '(-ray work. therefore, has been 

the potentialmeal1' in lifetime measurements of the excited states of nuclei, 

In light of this usefulness in nuclear physics, espeL'iall\' in hea\,y-ion in-beam '(-ray 

spectroscopy, it is of great interest to study the phenomenon of Doppler shift of 'I-ray lines 

and their application in lifetime measurements, 

[n this thesis the Doppler shirt of '(-ray lines is invcs'tigated lI'om the heavy-ion induced 

nuclear reaction "Se ( 'Li, Xl!'! ), The spectra inv<::stigat<::d were lkt<:cted at 35° , 31' , 90° , 

1430 and 1450 with respect to the beam direction, To tind th" Doppler shifts or broadening 

of the "I-lines in\,olvcd compalison bel\\et'o the 90') spectrum, I\hich has no Doppler shift in 

th" first order of approximation, \\ith the other ones is made, ender this lI'amcwork reviews 

of nuclear 'I-ray radialion emission and the principle and application of Doppler dTecl in 

litetimll meaSllI'emcnt are presented in section II, 

The lifetime of a nuclear state which is determined [Jotentially by employing the ptinciple of 

Doppler shili is inversely prop0l1ional to the transition probahility that can be calculakd by 
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usmg dijferent nuclcar models. Hence compatison between the theoretical result and the 

cOlTesponding expetimental mcasurement of lifetime can serve as a good stat1ing point to 

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

section III. 

The spectra arc analysed uSlllg a programmc Known as Ganuna, Actil·;ty and :':cutron 

. \ctivation Analysis System ( G.-\i'\AAS ), which was prepared by the Intel11alional Atomic 

Energy .-\gency ( LiliA ). The tlow chat1 of this program is given in appendix .\. 



4 

II. Literature !'cyiew 

1. Nuclear ,,{-radiation 

GanmJa-radiation is the spontaneous emission of 'I-quanta by the nucleus. By emitting 

'f-quanla, Ihe nucleus goes over !I'om an excited slate to 11 state with a lower energy. There 

are single radiation transilions when the nucleus emits a single quantum and at once goes 

over to th.:: ground state ( sec tig. I a ). or cascade transitions when the excitalion is removed 

by a successive emission of sc\'eral '{-quanta ( see tlg, I b ). 

E2 

'f 
2 

E E t 

0---"--- o 

0) b) 

Fig.l Nudear '(-tran-;ition from on.;;: nllcl~ar stM~ to another: a -J singi.: mdiative tr<1nsiti!"'1l 

b) cascade transition 

There are dilferenl rtilSOns for which a nucleus mil\' IUI11 OUI In be '11 an ,'\;:11<:<1 q"Ie. For 

t,::;xampk. the- hUl1lhardlllt'll1 ot ~l ntH.:kus by lOll" (:an ka\'e the lfl1111ed compotlnd IHh .. :kll".; in 
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The '{-quanta emitted by the nucleus during transition to a lower energy state may cany 

away different angular momenta I, TIIC radiation c~lying angular momenta 1= 1 is called the 

dipole radiation, for /=2 it is called the quadlUpole radiation, and so on. Each of these 

radiations is characterized by a defInite angular distribution. y-quanta of different 

multipolarities are the result of different types of "oscillations" of the nuclear fluid, viz. 

electric ( E 1 dipole radiation, E2 quadlUpole radiation, and so on ) and magnetic ( jI,.!1 dipole 

radiation. ;vI2 quadrupole radiation, and so on ). 

The frrst type of processes are caused by a redistribution of the electric charges in the 

nucleus, while the second type of processes arc due to a redisliibution of the spin and orbital 

magnetic nl0mcnts. 

:\ more ckar idea about the mechanism of 'I-transition can be fonned on the basis or 

specific models of the nucleus. Thus. in the single-pmticle model, the emission of the 

'!-multipole is associated with the transition of a nucleon between two single-particle lewIs 

differing in their angular momenta by !lI=1. However, in many cases the single-particle 

model by itself fails to cxplain the magnitude of many nuclear electromagnetic transitions. It 

is very suggestive and plausible that for transitions in which many nucleons contribute in a 

coherent ,vay ( many nucleons "jumping" simultaneously ) the transition probability will be 

different tl'om those transitions where only one nucleon changes its configuration 

(single-patticle transition). In tlus circulllstance the nuclei exhibit collective propel1ies. 
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1. t ;'\Iuclea!' models 

In general the shell model predicts single-nucleon excitations of the order of 5 to 6 "'Ie V 

which conesponds to the separation of the main shells. There can occur single patticle 

excitations between subs hells which may have lower excitation energy of the order of 1 

MeV. But according to the shell model such excitations should occur only for a few 

neighboring isotopes ami isotones. As soon as the subshell is tilled up with nucleons. the 

pat1icles have to be lifted into the next higller subshell which is usually be several1\o!e V away 

1II energy. 

There are single-particle transitions ( to be described in the shell modd ) and collective 

transitions ( to be described in the collective model ). Low-lying 2' states with ex.:itation 

energies of 0.5 to 1 i\fc V occur very systematically in even nuclei in the neigllborhood of 

closed shells. FUl1hclTIlOre, if more and more protons and neutrons are put into the shell 

modd states, so that both the proton and neutron numbers are far ii'om being magic. these 

r states quite systematically appear at energies below 100 keY. 

In order to be more specific, let us summarize the experimental observation in the following 

way. For even-even nuclei two kinds oflow-lying positive parity states arc observed. One of 

these is called vibrational. with a typical excitation spectrum as shown in tig.2a. where the 

0'. r , -1-- hiplet has nearly double the excitation energy of the tirst r state. Tlus suggests a 

type of hannollic oscillation where the oscillator quanta each can'y all angular momentum of 

2h. The observed excited states are just caused by two oscillator quanta coupled to the total 

spin 0' , 2' . or r [ 1 ). 



a) 
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b) 

Fig. 2 Typical ~xcitation energy spectrum: a ') of a quadrupole surface vibration b·) of J 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 G, =1(1+ I )h' J K 

where K is the moment of incltia. 

-' 
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1.2. "(-ray transition probabilities 

In this subsection estimates for the tratlsition probabilities of nuclear levels is presented 

using a single-particle shell model. The real nucleus, of course, does not follow this simple 

predictions. Howeycr compating the measured quantities, in particular their relative values, 

with the cOlTesponding model predictions they can quite often serve as a reasonable starting 

point for a morc refined calculation. lvloreover these model predictions are velY usenll for 

estimating the size of an effect to be expected in a proposed "I-ray experiment. The 

y-transition rate T is given by 

T = {871 ('A +1 )1! [h~, (n+I)!!ll (Ey ! he )n+l B (<Jt.) ( 1 ) 

where B ( ('iI, ) is the reduced transition probability. The equation can be derived bv using 

the pdnciples of quantum electrodynamics [1 j. The single-panicle shell model considers the 

mov<'ment of a single proton or neutron in a sphedcal potential. The reduce d transition 

probabilities for electric transitions BJD.) and magnetiC transitions Bw0Ii.,) according to the 

Weisskopf estimates are gi\'('n by the equations 

Bw ( E'A ) = { 9/ [ 471 ( t. + 3 ) 2 111.22>, A 2)../ 3 e' fm" ( 2 ) 

where I, is the order of multipolarity, A is the mass of a nucleus. e is the electron charge, IlN 

is nuclear magneton. Using these equations the ·{-transition rates T according to Weisskopf 

estimates can be expressed as indicated in table 1 [:2 .3). 
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Table 1 Transition rates in :;-1 for the lowest electric and magnetic mliltipoles~ E)o is in MeV. 
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1.3 Gamma transitions and nuclear models for medium and heavy nuclei 

A. Electric dipole transitions. A statistical examination of the vanous transitions is 

pat1icularly convenient, since it immediatel~' shows the gross propc11ies of electric transitions 

in nuclei. In fig.3 is plotted the frequency of OCCUl1'CnCe of various E 1 transition rates, 

m~asurcd in \Veisskopf units. From the figure it is seen that the ratio T , " T,\, is vel'\' small 
~ a· 

going down to the order of 10-9 
. TIllS indicates that many of the states have a much more 

complex stmclure than what the single-pat1ic1e model assumes. Besides there also exist states 
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If) 

111 nucki which h;lvc \'~ry enhanced E I transition prohahiliti~s. These ;11'C giant dipok 

resonances. The)' are t\'pically of colledive nature. The giant dipole rcsonalK~S 10nH a 

dipole motion v:ilcre all protons IllO\'C in one direction and all neutrons in Ihe opposite 

din:clion. This I,intl of molioll produces the larg~st dipolc Illolllcnts possible in the nuclcus 

;mel. thereftll'c, VCty brge '(-transition probabilities oeclIr in the decay (lr thc giant 

resonance~;. 

6 
£1 Transitions 

/. 2 

OL-~I~~~J~~~~~7-~~ 
10.9 1O~ 10-7 10-0 10-5 10....( 10-3 /0.2 

Tu IT ..... 

Fig. 3. rreqllt:flCies of T ~3 j T w' which is the ratio between the experimentHllo tilt! \V:.:is:,kopf 

"slimak oflifdime, for E I transilions lit medium and hoavy nuclei [ 31. 

B. ELeetriu~,,!~lnlll!Jl«...tEt]§itiom. The statistics i()r E2 transilions is shown in lig. 4 l()r 

medium and heavy nuclei, In conlrast 10 the dipole transitions the E2 transilions an: in 1110s1 

cases enhanced hy a tactor of 10 to 103 O\'cr the \\'eisskopf units. This enhancement 

indicates that there exisls a quadl1lpok-typc collective motion because large intrinsic 

quadrupole moments gi"e ris(' 10 nudear rotations and 10 strong transilioil probabililies 

bdwcen tho: rotationallcvcls. 
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2. Overview of Techniq ues for Lifetime Measurements 

Consider a gamma ray cascade ( Fig.6 ) passing through an intermediate state having a 

lifetime t. In other words emission of 'II follows the emission '11 after a ceI1ain lapse of time 

govemed by T. In nuclear spectroscopy. the techniques of Iifetinle measurement allow the 

detennination of the ShOIi Iifetinle T of the nuclear excited state. By ShOIi lifetime we refer 

to lifetimes in the range of 10 . 14 S " 10,6 s, which ealmot be determined by direct tinung 

mcthod. 

E I 

o 

'/ 
'2 

--------~------~---------t 

Fig, 6 Gamma-ray cascade passing through <TIl intermediate nuclear tevel of lite time T 

There are many method~ cmployed to measure tlus Sh0I1 nuclear lifetime. The most conunon 

ones being electronic metho(l~ and recoil methods, as sununarised in table 2 [6]. 
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Tabte 2 Comparison of common life time measurement techniques showing their range of applicability_ 

Method I '(-Energv ( "-leV) I Nuclear type Lifetime ( sec) 

T:L! :~~ ~j •• ,.-,!~;..:::" , 
,( mainh- cOincidence) 

1 - _ 1 

__ J_.~ _ . __ .... _~~ _______ .-! _____ _ ----

INuckar recoil 
, n .. ( RD'.l ) 

b. ( DSA:-'l) 

,-\llY 

A.ny 

: :-'-ledium and heavy 
Inudei 

" " 

, 

[0- 6 _ 10-" 

I 

i 
----, 

10.0 
_ 10.11 

lO-" - 10.1' 

--- .. ~~------ ---"--------~ ------

2.1 Electronic \Iethods 

,-\ "{-transilion ti-Olll an excited to a lower nuclear state is always preceded by another nudear 

proc,ss which produced the excited state. The measurement of the lime inkrval between the 

two processes dctennines the lifetime of the nucleus in the radiating state. We can distinguish 

two differcnt conditions under which such measurements can be made. In the first, which we 

call "coincidenc.:" method, the succession of transitions is occurring at a steady rate 

(determined for example by the radioactive decay) and the time of occun'ence of the first (as 

weU 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 regul,jr. detcnnined time intervals_ 

for example. in a nuclear reaction produced by a succession of shon pulses h·otn an 
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acceleratior so that the instant at which the excited state is produced, within limits, is knO\\'l1 

exactly. These two types of measurements have much in common as Jar as technique is 

concemed. In both cases the '/-radiation from the state being examined is detected, nonnally 

by Ge-dctectors, and the process registered as a measurable electrical signal before the timing 

measurement is made. In the coincidence technique the instant at which the radiating state is 

produced is subject to random t1uctuation, and it is detennined by detecting the preceding 

nuclear radiation in a manner which is (ssentiall\' the same as the detection of the radiation 

hom the statc being examined. 

l'umel'OUS electronic methods have been developed for measuring the time interval between 

two ,;uc..:essive dectrical pUlses. If the pulses are ideally sh;uV then time intervals as Sh0l1 as 

10.1
) ,ec can be measured with !ilir precision. With a succession of such pair of pulses the 

average time ink)"a]' whdher this is constant or subject to some distribution law. e,lIl be 

measured with much higher accurac~' of course, since with many measurements there will be 

a reduction of the random elTors associated \vith a single measurement. In the measurement 

of the time intet,,"l between two nucle"r e\'cnts ( or in the c.1se of pulse methods. bel\\'Ccn 

the pulse signal and one nuclear event ). the nuclear r"diation is convet1ed into a measurable 

pulse only after a succession of processes \\'hich introduce time delays and associated 

uncet1ainties. and it is these time delays which govem the limits and precision of the 

measurement. 

The electronic tinting 1110thods discussed aboye suffer from the lintitation that the events arc 

timed only afkr the whole complicated processes of detection. The imp0l1ance of these 

methods lies in their very general applicability for times greater than about 1O·1l s. Even 
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modest improvements in time resolution for such techniques is theretore 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 tinting of faster transitions we tum to methods in which the timing is 

done essentially before the complicated processes in the detector starts, and is not, therefore 

directly limited by the latter. Together, however. they offer the possibility tor measuring 

'I-transitions over a fairly wide range. 

2,2 Recoil :\'lethods (Time of Flight) 

There are two recoil methods. namely the Doppler shift attenuation method ( DS. \.M ) and 

the recoil distance method ( RDM ), as indicated in table 2, Both DS,·~\[ and RDJ\ [ ( or with 

oth~r name plunger technique ) arc based on the Doppler eftect. A detailed descliption of 

th~"c two methods is presented in section 3, 

2,3 Other \Iethods 

Several other methods have been suggested as possible means of measuring very short 

nuclear lifetimes. For example if we have 'I-radiation following K capture ( or a previous 

'(-transition with a high intemal conversion coefficient ), then the state of the atomic electrons 

and in pal1iclliar the K-shell electrons, ;\t the time of emission of the (second) '(-radiation 

may be quite different £i'om the normal state, That is, a K-electron level may be unfilled. 

:-. k;\Sllrement of the internal conversion coefficient of this latter 'I-ray ma\' then reveal the 
f ~' ~-
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abnonnal situation in the electronic state. The effect depends on the relative times required 

for y-emission by the nucleus and for the electronic transition fj'OlU the outer sheUs of the 

atom to the vacanc~' in the K -shell. These latter times are in the range 10.16 s- 10.17 s and can 

be deduced trom line widths in X -ray spectra. TIlls method is applicable only for heavy 

elements ( where large intemal conversion is most likely). 
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3, D~scl'i ption of the R~coil l'.lethoc\s 

I, Th~ R~coil Distal1c~ :\ trthod 

The imp0l1ant components of the apparatus used in RD:vl measurements is the stoppel' 

which is usually positioned peillendicular to the beam direction and is separakd from th~ 

target by a distance d ( see fig, 7 ), The target has to be thin enough for nuclei produced in 

the target to recoil into the vacuum, For the simplified situation depicted in fig, 7 the number 

of recoiling nuclei that emit '(-rays before readling the stopper is measured by the intensity If 

of the 'i-rays with Doppler-shilled energy 

( 4 ) 

The number of nuclei that are stopped before having emitted a '{-rayon their tlight paths are 

identified by the 'i-rays having energy E,o and Intensity I, ' For a pure radioactive decay with 

lifetime c, the intensities IF and Is are related to the path length d bv 

I,. ( d ) = 10 [ 1 - exp ( - d ! V'C ) 1 ( 5 ) 

and Is ( d ) = 10 Hp(-d ! n) ( 6 ) 

where In- ~ - I f is the total number of '{-rays, 
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( see lig. H ) ailO\\'s T tn be ddcrmint'd if '( j, of Ill" orde, of I,. If we aSSllllle, for example, '( 
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Note however that a lifetime of r approximately 1 ps is in the order of the slowing-down time 

in the stopper. Thus the '(-peak will be Doppler hroadened, In extreme situations th_e stopped 

peak might be so broadened that it cannot be reliably separated from the background, In this 

case the intensity IF should be normalised against the total intensity of ,mother ,{-ray line in 

the spectrum that is not Doppler broadened but which otigimtes !l'om the reaction, As these 

requirements are often hard to meet, the altemative way is to use a thin toil as stopper. The 

thickness of this foil should he such that the energy of '(-rays emitted after the nuclei have 

passed through the foil are sufficiently different to allow for ,1 clean separation of the two 

peaks, In this case the intensity L, in eq,6 is given hy the intensity of the less Doppler-shifted 

peal;, The major expetimental problem in RDivl measurements is the canst met ion of an 

an'engcment that allows the target and the stopper to be moved in a detined and controllahle 

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 em' , that the parallelity is not destroyed 

when the distance between target and stopper is changed, and that they Gall be brought 

togt'lher within a distance o[ approximalely I,lltn without Ihem louching each olher. 

The calibration of the dist,mce between target and stopper is dctennilled by mcasUling the 

capacitance between stopper and target. Since the magnitude of a parallel-plate capacitance 

varies as ( I,d ), the plot of the micrometer reading versus tlw inverse capacitance should 

give a straight line, This procedure is more accurate than measuring the distance between 

stopper and loil directly, 
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111e pitt:11l of RDlvl me~surelllent lies in ils failurc to be used in thc dctel1l1ination of life 

time shorter th~n 10·\0 s. The slo\\.!ng down of the recoiling nuclei in the stopper does not 

occur suddenly but during a time peliod Df 5 x 10·" S lD 5 X 10.1
] s. In this pCliocl the recoil 

velocity gradually decreases. This causes il broadening of the stoppc·d component. This 

phenomenon by itself,·an be used to de!cnnine lifdinws of the order of \0.1' s to 10.11 sand 

to I'm another method for lifetime measuremcnt KnfJlVn as DSA\\. ",hidl is discussed ill 

more detail in the next suhseclion. In RD'l-1 measurements the Doppler broa(kning .of the 

stopped peak fonus a source of systematic enors. and eon·ections havc to be applied in 

precision measurements where the effective lifetime of the levcll0 be studied is smaller than 

10.11 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 of the stopped 

(omponent. 

3.2 The Doppler-shirt attenuation method 

Nuclear litetimes of the order of 10·" s up to 10.11 s C:ll1 be dctcnnincd In· means of the 

Doppler-shift attenuation method ( DSA'II ). The method basically consists of compating 

the nuclear lifetime with the time in which a nucleus is stopped in solid matelial ( see fig. 9 ) 

or gaseous matelial. The y-rays that are emitled during the slowing-down process. i.e. at 

times smaller than the stopping time (ts ) are shifted in their energy according to eq. 4 

(considering onl~' first order tCl1l1S ill v : c). On the olher hand all nuclei decaying at time t 

greater or equal to ts will conltibute to the unshifted lines at F. = E. o· 
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The calculation of F (<1 requires knowledge of the slowing-down process at small velocities 

\\ hich is not too well known and ~lard to treat c(mectly. It is one of the main advantages of 

using heavy-ion induced reactiolts in DSA.M expeIiments that they lead to large initial recoil 

velocity \'0 where the Doppler shills are large and easy to me:lsure: and this means the 

slowing-dO\\n process is rather lYell k.tlo\l·n. Thus the extracted lifetimes ti-om the analvsis of 

the total '/-ray linc-shape obtained li'om hea\'y-ion induced f'~aetions are less subjected to 

These two methods make usc of the Doppler dkct phenomenon. Ulle of the matn 

diffen:nccOs between the RD\ [ and the DS","1 is in the time scale to which the nuckar 

Wetimcs are compared. The other is that in the RD\ [ the time scak is established by me:ll15 

01 ilw time the excited nuclei II ith speed v need to travel OWl' :I certain distance ( Ivhere thel' 

:Ire stopped in times short compared to the flight time ). In the DS.\). [ the nuclear Wetilllc i;; 

compared to the time in which the excited nucleus Ilith speed \' is slowed down iii solid 

mate.rial. In both techniques the events of 'i-emission that occur while the tluckus is still in 

tlight are separated from those that occur after stoppiilg b~' means of their '.'-ray energies 

which arc Doppkr-shilied in the lirst case according to eq, ,l, 

The RD\[ is capable of prO\ iding more intol111ation on the time dependence of the nuclear 

decay than the DS.\). I. This is so because the time scale of the RD\ r can he changed by 

increasing or decre'lsing the distance d ( distance between target and stopper) whereas in the 

DS .. \~! the change of the time scale is only possible if the slowing-down material is dl:1nged. 

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

gas pressure COI1'csponds to a c1wnge of the time scale, Howewr the technique of using 
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gases as a slowing down medium is not tl·equentl~· used. Gases cause experimental problems 

because the slowing-down function of ions in gases is not very well known. One reason for 

this ullcettainty 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 mate.tials are solids. 

The analysis of RDi\l and DSAlvl measurements is easiest and the results are most reliable if 

the excited nucleus has an initial recoil vclocity v which is large and well defined in 

magnitude and direction. It is one of the outstanding features of the heavy-ion induced 

fusion reactions that the reaction kinematics itseU'leads to well defined initial recoil velocities 

of the nuclear residues. 

In case \. is not uniquely defined. if the differential cross section can be reliably calculated 

for the reaction. then onc can calculate the distribution of recoil velocities and pett'Ot1I1 the 

analysis of RD'VI and DSA.M measurements although this analysis is more complicated than 

in the case where \' is uniquely detined. 

3.3 Identification of Doppler shifted lines 

The identification of Doppler broadened lines has been done by \isual inspedion of the 

'I-ray spectrum in Cot\jullclion with a careful observation of the form and Iddth of the 

observed structure compatible with the expected 'I-ray lineshape flO,l1]. Fig. 11 sho\\s how 

visual inspection of the lineshape is used to identify the Doppler broadened spectra. The 

p<>rti<>tl of the lines at -ISo indicate a broadening when compared to the 90° spectra signiJ~'ing 

a Doppler shift. 



The '{-lines emilled at 90° exhibit no Doppler shiD t,) Ihe Ilrsl or,"'r approximalion: 'Hid this 

the 90° measuremcnt is used ~s '" reference to invcsligntc the Doppler shili;; obl;lind li'fJll) 

other angies, In the identification of Doppler-shin only Ihos" lines I\ilh a signilic:IlII cl;an:,c 

of/incslwpc and centroid shift with a clear \ isual e\ idcnce ;no cOlisi,kred, 
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!cl'e! of ,oF [ II ]. 

Expnimentally it is found that E, is directly proportional to cosO [S], An c",lll1pic h 

shown in fig, 12, Hence E, - FpcosG , whcre p ~ Vo I C, 
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III. Data Analysis and Results 

1. Origin of thr data 

The '(-ray spectra from the reaction 'Li .,. "'Se Iyere measured at diftcrcnt detector angles 

relative to the beam direction. The target nwteriaL enriched in "'Se to 92 °0. lVas bombarded 

by 'Li ions [i'om the RossendOlf Cyclotron ( see Fig.13 ). The measurements were made by 

me;U1s of an intrinsic Gc detector of \0 pel' cent relative efliciency. The cxtemal cyclotron 

beam of 35 ~{eV lVas focussed by a slit or a system of slits and bombarded the target 

materiaL The positioned Gc detector at the prescribed angles is then used to detect the 

radiation. 

slit dc.tt:dor . 

-~··--~~-------i\ I 
' , 

Ion beam from~ __ ~_~.+I ______ ~ __ 
cvdJtron " I , . I 

1 ; 
Ii I 

-; r', ,--,--'S",· --

L! 
target 

Fig. 13 Schematic diagram of the experimentat set-up used in the data tnking. 

The data in tllis 1V0rk. spectra ti'olll the reactiOlLs "Se ( 'Li, xn ) at 350 
• 31') . 9rf • 1430 and 

1450 ha\;e been obtained tt-OI11 an e:-;periment conducted recently in the Rossendotf Research 

Center. Since the spectra received are not manageable by the ,onwarc available here. a 
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2. Description of the analysing techniques 

Illos<, tor llT1hroadehed ~'-ray spectra, Tlus is due to the difticulties in defining universal 

eliteli<l t0r recognizing Doppler brrwlcncd ','-ray peaks and tor the dctenrun<ltion of the 

underl~'ing b<lckground, For this reason an active interplay between personal judgement and 

th" computer is essential. This demand is especi<llly refkcted in the calibration procedures 

and in the identification of the Doppler broalkncd lines, 

In analysis procedures like the GA.NA-AS package ( see appendix A ) the fIrst step taken is to 

make usc of the energy and full width at half maximum ( FWI-L\ [ ) calibrations for setting 

the paramders, The calibrations arc made according to cqu<ltion 9 and 10 for energy and 

FWH\ f calibrations, respectively. 

E,\ERGY = 6.9.18 + 2.39.1 x 10 1 eh # -1.906 x 10 8 ch#' ( 9 ) 

FWffil = 2.98.1 x 10.1 + 1.841 x to-' E y ( 10 ) 

Thirken lines werc selected to pelfonl1 the parameter setup procedure II'om energy 

calibration. Some of the linc, II'om the 90" spectnllTI selected tor this purpose are shown in 

Fig, 15. A complete list of the lines selected for the other spectra is shown in appendix B, 
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For the FW1Uv[ calibration the lines lIsed are ti'om another spectrum which is prepared bv 

GANAAS manufacturer. A different spectmm 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 mainl~' developed for activation analysis purposes, where one deals with 

only a few. well isolated ,(-lines. Therefore the FWHlvl calibration curve ( see tlg.17 

belongs to another detector with similar propelties as used in the in-beam expcliment. 

.-\fier the calibrations are pelfonned the task done is to identif)' the peaks. G .\NA.\S 

pClfol1llS tlus task by inspection of the second delivative of the measured 'f-ray spcctlUm. 

The second detivative has the propelty of changing twice its sign within a peak and the 

computer is asked to search for slIch patterns. In order to <1pply this method to a spectrum 

with statistical unceltainties the second derivative is smoothed by the appropriate methods 

[ II· 

Once the peaks me found the other tasks pelfonncd are to detcl1Tline their exae! positions 

(centroid energies) and areas ( intensities ). The low-energy tails of the '[-ray lines are not 

explicitly taken into account but regarded as contlibutions to the background. A. polynonlial 

function is fitted to both sides of the peak in order to desclibe the total background 

underneath the peak. The properties of the peak are then detennincd by fitting the lines using 

a Gaussian function, which is somctincs modified to account for the small as,munetr), of the 

peak, In this way the centroid energies and the intensities of the peaks in the spectra are 

deknnined. 
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shins occlIr arc Ihe same. Tlh' Doppler ~;hincd lines !tn' all spcdra :lrc li,kd in T:lhlcs .\ ( a 

Ihe lines shape is shOl\ n in olll iniJrgcd scalc including only a slll:i11 nUlllher or pc'"hs ( scc lic\. 

I 'J ). 
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Table 3a Doppler shifted lines found in the 35° spectrum. 

E,o [keY 1 E,. ( 35" ) [ keY 1 :_lE, [ ke V 1 
151.24 153.12 

356.84 358.96 

514.21 516.92 

61-L61 _ 617.1 r---~-
r---------_ --, -----:--t------
: 616.68 I 619.44--.-1 

I 619.68 i 622.57 I -

L-- 622. 21 1 625.17 1-

1.88 

2.12 

2.71 

2.49 

2.76 

2.89 

2.96 

1.68 L 643.02 644.70 +i ____ _ 
644.47 6-l7.22 i 2.75 

------+,i---------~ 
646.19 648.57 2.38 

662.44 
, 

4.18 666.62 
------~----------~ 

724.16 
---;..----

728.59 4,43 ' 
I 

733.09 
----------------i--

748.75 
~-------i 

1,043.35 

1,055.29 

1,162.16 r--------
______ .!-.!.~3. 64-------+--

736.53 
-+--------

752.4 

1,044.35 
----'---

1,058.49 

__ I-C.,_16_3_.6_5_f ___ _ 

1,187.97 

3. 44 __ J 
3.65 I 

1 i 
I 

3.2 J 
1.49 ! 

-------I 
4.33 I 

-------;---------------, 
1.239.07 4.87 
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Table 3b Doppler shifted lines found in U,e 37' spectnlrn. 

,-------~E~)O~[-~k~CV-l---~-~I--E~/~3~7~O~) -[ k~.e~\~! l-···-r'--'-~). [keV 1 

, 
i 

I 
1 

149.981 151.33: _____ ·~--1.26J 
514.211 .. __ 5_15.55; 1.24) 

. ~'-----------c' 
6H.61. ______ ~6_1_6._5__1811---- 1.85! 
616.681 618.58

1
--·---i69! 

619.68! 621.73! 

i. __ _ 
i 

I 2.05! 

622.21 i , 624.95! 2.631 

L ___ . ____ 6.c.44_._4_7ir-__ 647.25 i 2.791 

I 

662.441 ---- 666.-02-+1- .-~- ... --3-.-58) 

f-. -------724.16! ___ . 727.6~ __ . 3.351 
1---------. -t----- --- ---
f--- ___ 7_3_3.0~4· _________ J~3_5J_2_' _~ ___ ... _ .. ___ ·_2._63--:1: 

i __ .__ U83. 64 i Ll85_.0_-ll..: _ 1.4 

1,288.3' 1,290.041 1.75 i _______ ---'-__ .L _--' __ .. _ ... _____ . ..J 
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Table 3c Doppler shifterllines fonnd in the H3' spectrum. 

i 

I 
E, ( l,no) [kcV 1 ' .'ill, [keV 1 , I , 

I E,~ [ kc'v 1 
I-----~-------" 149:981-- ", - - 14:' .(~)4-t1----'-''---------'-- 2.791 
,------_.========-15 i.2_4-,-!-_-~~~~~~_14~7-.0_-4:+-I-_-_-_-_-_-_-_-_-_-_-_-_-_-_~4-.0--151 
! 193.9: 192.77! 1.131 
~ ______ . _-_-~-, -6-3-1.6i---- ---63-0:041--_-_" -_'_' , ___ 1._5_81 

I 643.02: 640.76: 2.26: 
i 644.47:.

1 

643.3-7t-!,. ----- -~ .-' -~--.~~~- -~~~~--ll 

777.47; 775.38: 2.15 

782.57! 78l.2j 1.371 
1.014.621 --I,-0-13-.3-4+1-------~1.---I28i 

I __ ~1-,-,031.3_11+-, _____ , L029.851 ________ 1~ r-- 1,043.351 1,041.92. ~ 
~---1,064.69i 1,063.281 1..ni 

I~~~~ 

1_. 1,071.44\ 1.069,93: 1.~J 
! 1,078 1,076.61" 1.39! 
'-------- -- ---~---~~~----~'------- , 

,. ___ ~ 1,096.17~ ____ ,, ___ ~~_, ~1.'_0_94_._7L: _ 1.47j 

~~~~~--~1,'-0-99-.-88~:--~--~~~~1,-09-8-.. -31~1~~~~~·=--- 1.~~ 
c--_~~ ___ 1_,1~15~.9~5_c_' __ _~~_1~, 114.49i 1.57; 

1.174.04-,-!_~ 1,172.08; l.96i 
- - r- 1 

U77.lli 1.175.591 1.52; 
, 

U83.64: 1.182.08: 1.56: 
i-------------

.- - , ... _._-, -~~- .~-,., '~--------~---j 

1,214.05, 1,212.33: 1.72, 
--~ 

1---------

~-~ 

1,218.28, 1,216.92[ 1.36' 
.--~-~. 

I 
L_. ___ ~ __ ,., 

1,234.2' 1,232.55: 1.651 
L'--='_--_"-_'-_"=_~~ __ - _·_"_'=I,_')~-6~1_.-0_6::=------~-=-_-_. ===...:.I-'-.-25-9-.0-1-'-'f-i =_-~=_=_=_=_=_=_=_ ________ ~_2,_0-'-51 

1,274.36: 1,273.031 1.33 

1284.361 1.282.531 1.83 
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Table 3d Doppler shifted lines found in the 1450 spectnun. 
1 1--- .~~ ---.-.----.-~-- '--'---"-~--------'-

f 
..E)O [keY 1 I E,( 145°) [keY J !ill. [keV 1 I 

---~-~~------~--~--~~'---~---~I~- ) ~ 

_____ 1_75_.6_9+1 _______ 1_72_.42_~ _____ ~ _____ 3_.22j 

I 217.15\ 215.78i 1.37' 
I, _______ 619 .. 68-1-_________ 6_1_7-----t-_...!...,5 1--------·---2.-23; 
.- . ------··-----·---1 L 631.62: 630.57! 1.05\ 

643.02

1

1 640.63\ 2.3~! 
644.47 641.89 1

1

' 2.581 

I 
----------+------~ --------, 

662.44 659.66; 2.78! 
, I I ' I 708.23: 706.43j 1.81 

,
i 733.091 729.51; 3.58i 

768.97 1 __ 76---'6---'.1::..:::2+1 _______ -_~~~ 
! 771.441 7_6_8_.l_8+-1 ______ ~3.26i 
L 777.53! 775.78 1 1.75; 
I ------1-,0-14-.-62--+1----._-__ -_-_=--=--.-1,-0-11-...!-7-+!---~ ---- 3. 15 i 

1.017.531 1,014.58: 2:571 
I ...J 
, . 1 I 

1,081.9: 1,078.11 3.8
1 

1,084.631 1,082.151 2. 48 1 

[,261.061 1.257.01i 4.05: 

From the many detected lines those lines whose Doppler shift is identified are listed in 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 ti'OIl1 1 to 4.5 keY. 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 attribute to the absence of the shift. Also, the shift of closel~' spaced lines 
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could be hidden from being identified and in so doing contribute to the decrease of the total 

number of shifted lines. 

Considering a shift less than 1 keV ma~' not gJwrantce that it is lrom a Doppler shiH smce 

this order olmagnilude is of the same order of magnitude as the resolution 01 \ Je-dete<:lors. 

,)' _ .. 1·: :11. ,,::·,u llndci to be about 0.005c [ 1 j, the corl'cspcllding shift amounts ddInitelY 

to this orJeL 

The identification of the reaction product nuclei is done by comparing the analysed energy 

I'alues at 90" 1\ ith that of the nuclear decay scheme of mass region . \ RO [ 5, 1 ~ 1') I. 

:\ [ost of th~ reaction product nuclei \\'hose ,{-lines have· shown a Doppler shift arc given in 

table 4. Their level energies. spin states and lifetime of excited states are also included to give 

more infonnation about the shifted lines. Calculated values of the Weisskopf estimate of the 

variolls shifted transitions, are given in the table. The calculation is only made for the 

transitions whose lifetime measurement is published in the above mentioned publications. 
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Table ~ 0iuclei whose ,-transition experience Doppler shift together with their level energy, the corresponding 
gamma transition energy, initial and fin.a! spin SkileS, cxperimental and theoretical lifetime values and order of 
multipolanty. T~" is calculated using \Veisskopfestimate. 

iNuclci EJ<y - E., I; If T" 
- ---- -- . ---,-~----. 

, T • 1 I W ('}I. I, 

i (ps) (MeV) (lvleV) (ps) 
r------~--~--~~--~--~----+---------------+_~~ 

,"Sr 

j8JBr 

4,l42 616.68 8 -- T ,----_._- -+- ~~-
j -----

3.525 708.23 i 7' - 5' ------ ----+-- ~-----------.-!.------ -- -,- ---- ---I 
: E2 

, ' 
5.569 1,218.28 I IT - 10' : 
~ '----.---------" - --==-_:---~ ___ ~ __ 35~:8~--- ------, : ; i 

? ~60' 768 97 ---,-- "---T':'::--':--~--=--! 

:-- i:~-14-- t- 1.096:17- 2112+ - 17/2+: mn I n __ _ 

, 5 644 I 1 '1405 29/2+ .. 25/2· , 
, . : '~--' ----'-- -j- ----i------+--......, 

, 
~ 

E2 
, 
I 

E2 
I 

6.074! 1,23U 3112' - 27/2' E2 

1,177.11 I 

! 
_____ --r-=-: __ _ 

rl ~---------------, :8Jy 

1,284.36 

1,078 

',"Rb 
~~~--+-~~ ~--

151.2 151.24 3,2' - 5/2' I ----
---c----------------,------.-,-.-.... _ .... ;--~, 

51-1- 51-1-.21 
---- ~--- . " .. -. ---~--

-1-,757 622.21 25,2 - 23,2 i 0.3 0.13 ,\IJ ! 
~-----+--- -, 

, : I 

__ -1-_,1_3_5_-:-
, 

_M-1-.-t7 23:2+ - 21:2' \--__ 0_.1 ~ __ ~.lL~~ 

___ -.:l.'~L 662,44 !! J 

,_f~335_7_2_-I._16 __ , _3L'Y - 29/2+ 0.2 : 0.081"I! 

7,106 
'-- -----'--

3,--191 

2.--176 

771.44 33'2' - 31,'2.+ 0.06; 0.07 i ?vfl 
-----1------ I 

1.01-1.62 21.'2+ - 17/2' 8 0.3-1- i El i 
~_____ __~_.......J 

1.183.6-1- 17 T - lyr 1.1 16 ! E2 . 

1.26106' 1m 
I 

2,416 733.09 9- 8" 0.35 0.08 i NIl I 
--r---------t-~~-----'-- ,---I 

.. __ 1,_55_8. f---i __ 7_77_,_47 r 7' I ---- : 

. _35,_7_8 _I 1.162.16 ---+_1_0_' ~_9"~_---11_ m __ i __ Om I NIl i 
:&iSr ~ ___ ---1! __ 6_19_._68_+- -1' __ 5_' __ . I ----- --.L= __ L..J 
1"6Kr 4,-1-30 614,61 6- 5+ ~ : ----- I ---- I 

--~--. --+--- -! i ---- I i 
'1
88

:"[0 7,322 1,115.95 16+ - lr ,----- I ----- I ---- : 
L. ______ -L __ ~ ____ ~ __ ~ ________ L..__________ __ .......JI___. __ ~ 
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For S()1I1~ oj' Ill" lines \\Ilich ;)re ({Jlllld 10 show Doppler shili Ihc \-allle or Ihcir ,-[Jerri,-s "I 

622 

- ------,-----f---..,----'I ~--'I-
-1 0 -n:5 0.0 10 

2 
III 1 :132 ---

h ) 
1230 .. 

12:<8 
--.i---.--~--r_--r--,---.---' 

-1.0 -0.5 O 0 5 10 o -
cosO 



-I-J 

1~--10 ,---___ -,-___________ _ 

640 -

r-1--r---'----1 
-1.0 -0.5 00 

7~3 .... 

cosO 

I 
05 10 

• 

d ) 

10 



1018 -. 

'G 101G­
..-< 

i]) 
OJ c 10lt, 

LU 

1012 

1UIO -

-10 

·l:' 

e ) 

-.'----rl ---.----r----·rj----I,---~--_r~ 
-0.5 0.0 0.5 10' 

cosO 

1:;,08 T------------____ ~ 

;c. 
3. :26-4 

r) . 

-1.0 00 05 10 

Fig. ~(/ E I ver:'u.) L'o.<..B plnl t: If' ~ 1 10 J .J.(i! 1·_,.: \. i'-Jin.:s ti·(,m ~ ''Rh fJ 11(} 1.0 -; kc V ";,-ii!l(;-; frnm 

l~K[ nllel;:;l. ·111~ ul.::f1ici(;n! of ujknIlin;tfion li)[ the tilting ilfe O.~) 1 ::md 0.9'7. rbP,_'cli'.\;l~:. 



T!~: :;rnpbs "I"'.' linenr with good qunlit~· oftitting. Their slope being in the order of tnngnitude 

of IO·J :-deV. This slope \'nlue conesponds to a recoil nuclei speed of nbout O.Ole. The v! 

'-' "alues of the vadous reaction product nuclei during the emission of the '(-Iines calculated 

from the slope of the curve is shO\YIl in table 5. 

Table 5 (V C') valnc':'i tor various nuclei during the emission of c<3rtain D{)['pler .... hltt.:ulint':'. . 
. ~---~-, .----

Nuclei : E ( \leV ) \' ' C ( :( IO.J ) 
___ L __ ,., ____ ,J 

2.3 
----

4.2: 
,-.----

1,183.64' 

1,234.21 
~--'--, ,-~-" --'~- ,--_ .. ' , ~----'''-'--. 

80Sr 

"Kr 
5;2Sr 

, '"Rb 

619.68, 

1,261.06, 

733.09 

4.1 ' 
---- --"---- ---------.-~ 

4, 

4.9; 
--'-'--' - -, 

).Y 

The de\iation of th~ graph Ii'om being cX:lctl~' straight with cocftkient of detennination value 

ditTercnt ft'om 1 is due to the f:let that Iinc,lr relation between em'rgy and channel number in 

calibration procedures are ,:ollsidered, The real dependen<:e between channel number and 

cIl"rg' has a small magnitude quadratic tenn. Tlus telm contdoules to a colT"ction from 

0.055 kc\" to 0.115 ke\·. Th" main reason t()r this cOl1'ection is the deviation hom linealil), 

of the ,unplifier an,llyzcr sYstem. These uncertainties are ignored in the analysis, as it is 

usually done, to silTlplil~' the lifting process. 

The fad that E versus cosO plot is a straight line, to a good approximation is an imp011ant 

[.;atme' of Doppler shin because the slope of the curve makes the calculation of Doppler shift 

attenuation t:lctor F ( T ) in solids possible. an imp011ant parameter in DS"\..\ I measurements. 
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Conclusion 

The ~mi((ed "-rays il'om different reactions of "Se ( 'Li, xn ) produce a characteristic 

lincshapc; in the dcte~tor which depends on its angk of enussion relative to the inddent beam. 

and on the ilutial recoil speed, Lincshape analysis of the observed spectra using '.isual 

inspection enable the identification of the Doppler shilled lines, !\Ian)' lines h:n'e shown this 

eltect with a sluft ranging from I ke V lip to .\.5 ke V, E,'enthough there is no well defined 

and straight torward teclmiquc for ident~'ing Doppler shifted lines a combined effOlt of 

personal judgment and the use of a computer prO\ided the possibility If) tind out the shifted 



48 

REFERENCES 

[1 I \\'. Greincr and :"\/. Eisenberg, " 0iuc1ear :"\[odels ". Vol.I, NOJih Holland Publishing 

Company. ,\msterdam ( 1970 ). 

[2 10. Pelte and D. Schwalm. " In Beam Ganuna-ray Spectroscopy with Heayy lollS ". III 

Hea\} lOll Collisions: Yo!. m. '\orth-Holbnd Puhlishing Company. \mskrciam ( 1082 ). 

[ 3 I "f. T3iat1 and V. \\'{isskop( " Theoretical :\udcar Physics", John Wiley and Sons. Inc. 

(1966). 

[\ I "L\ Preston. " Physics of the :\uckus ", .-\ddison- \resIe)' Publishing Company. InC., 

London ( 1962 ). 

r 5 1 D.H. Wilkinson. " "'tlckar Spectroscopy". Pali B. " AcademiC Press. Inc .. London 

( 1970). 

[ 6 I F. A.jzcnbng-Se1oYe " Nuckar Spectroscopy" Acadcmic Pr~ss. ,,:C\\ '1'011 and 

London ( 1960 ). 

[7 I .I.helnonen. LP.Lidl .1nd I LP.f[cllmeister. '.,,'ucl. Ph),s. ,\ 376 ( [982) 2-16. 

[ 8 I ,\. Jungclaus. T. 8dgya. D.P. Diprete. \/.\'iUani. E.L. Jolmson, E.~.f. Baum, C .. -\. 

\fcGrath. S.\\', Yaks and ~".Y. Zamfir. Ph\'s.Rc\'. -18 C (1993) 1005. 

[ 9 I T. Fenycs, " "uelear Stmdurc. Reactions. and Symmetries", Vol 2 . "-orld Scientific, 

Dubromik ( 1986 ). 

[ 101 G.\Vintcr. .I. DOling. F. Donau and L. Funke. 7. Phys .. \-Atomic '\llc1ci :'3-1. ( 1989) 

H5. 

[ 11 ] h. WAllen, " !lleasurcment of ShOlt Nuclear Lifetimes with Lithium-Drifted 

Gennanium Detectors", International Atomic Energy A.gency, Vierma ( 1966 ). 

[ 12 1 S. L Tabor..l. Doring. J. W. Holcomb. G. D . .Tolmson et.a!. Ph),s. Rev., C-I9 ( 1994 ) 

730. 



49 

[ 13 ] G. Winter. R. Sehwengner, 1. Reif and H. Prade. Phys. Rev. C49 ( 1994) 2427. 

[ 14 ] S. L Tabor, 1. Doring, J. W. Holcomb. G. D. Johnson, et.a!. Phys. Rev. C49 ( 1994 ) 

730. 

[ 15 J C. A. Fields and F. \\1. N. De Boer, Nue!. Phys. A 398 ( 1983) 512. 

[ 16] K. O. Zell. J. \V. Peters. W. Gast. H. W. Schuch. and P. Von Brentano. Phys. Rev. C 

25 ( 1980 ) 1379. 

[ 171 :-'1. Weisztlog. K. P. Lieb. F. Cristaneho, C. J. Gross, A. Jungclaus. et.al.. Z. Phys. A 

Hadrons and nuclei 342, ( 1992 ) 257. 

[ 18 1 C. 1. Lister, B. J. Varley, W. Fiber, J. Heese et.al., Z. Ph),s. A- Atomic Nuclei 329, 

(1988)413. 

[ 19 1 D. Rudolph, C. J. Gross, K. P. Lieb, W. Gelletly. :-,{ A. Bently, Z. Phys. A-Hadrons 

and 'Juclei .138. ( 1989) 139. 



50 

Appendix A 

1. Ganuna Acth'ity and :-Jeutron Activation Analysis System ( GANAAS ) cOIL~ists of many 

modules ( see fig. 21 ). From all these the relevant ones in the analysis of the data arc 

Parameters Setup and Analysis Routines. 

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

which specifies all the parameters required for analysis of a spectnnn. The analysis program 

on the other hand pennits the selection of the appropliate input file, and the spectra to be 

analysed. perfonns the gamma ray spectnnll analysis, and displays the res;dts. The results of 

analysis are stored in a tile so that it could be refereed to at an~' time. 



:'1 

MCA card External MCA Extern~1 MCAl 

Spectrum reformatting I------j Spectrum tran~fer 1 
, RESUUj-S: 
,-.. .... , ., '; ':':-" ," r: ;" 

User's input Parameters setup 

Concentration calculations Activity calculations 

User's input Utilities (libraries) Efficiency calibration 



2 .. \ programme lIsed to transier the spectra inlo a f0!1ll readable by G ,\NAAS. The 

prograllllllc j:) wrillcn in l'asGlllau!J}lagt:. 

:-'l" '-., q[[\ _',-::·r :....-._:r: i' 1')\"1; 

\!::';:-~:':: c~rt; 

t 'i:-';; ,'~' r.1:'1 l":qF:--=;-:' '- (il,'~j r 71 ; 

(j: ;-. j I" (-I 'I [ 1 .. d:-: ri . i. .. 1 n I CJ f ] '-J n ~J i n t ; 
i rl f l ] & , (;! 1 -c f 1 1 (! : t e:-: t ; 

i,1.:: IntE;~l.-~r; 
SI)3ce:arr~y[l .. 101 of string7; 

flH!CI,l:.:JT! t(}r!il;-:pi3(>-.:'(t~:lod·:lirjLj:::>trih(]"/; 

beg J rl 
j-flj.,·-}.r;) ;illd (A>-1) then FOlfflSr,ace:=1 
j [(1-/]00.1 and (A>9) th(:n FOrJiiSpace:=' 

, . , , . , 

, . 

it(/-,·(J.OOO) (tncl (A>9~j) th811 Form~;pace:..c:.1 
lI(f·.<lOOr)O) and (1\>999) th'2]', FOrinSpace: 00 , 

If(A<lG0000) aIlcl (A>99991 then FOflnSpace:=' 
j.ffA<lGOOG00) and (A>99999) th8n FormSp~ce:=' 
if(A<JOOOOOOO) Cln.J (A>g,)9909) tlJ~n F{)rfilS-la.2~:~1 

f_'I-;':'; 1 fI {--j'j;l i_21- J 
d.~) ;3 i I.) n ( ~i.. n f i 1 -:' I ' C : \ ( ;) \ kJ) t (-~ 1 \ s p.=; <: L :") 7 . l:: t I ) ; 

r"j,~~t( ilifil,::); 

r ,-~ .~ ,.-1 ( j n i i 1 ~, (; [ i I 1. J ! G r i I 2 1 I G r i , 3 ] ,G [ i I 4 ] I ,-; r 1. I ~ 1 ,( ~ [ i ! t~ j ,(j [ 1 I '( .1 ' 
G f i , :.j] ; r; [ i .' 9 j ,r-; [ i : 1. 0] ) ; 
r e 2 (.1 L n ( 1. n f i 1 2 ! r; [ (") 2 0 I 1 1 ,(; r ;]:: 0 , :2 1 ) ; 
(' 1 .:> '.' ! i i, f i. 1 A.I ; 

?, S ~-_~ 1 q n ( 0 uti i 1 e . ! C : \ 1: P \ }.: c t. __ ) 1 \ ;--;; pee 3 7 . ;5 ~~; e I } ; 

c' '" ,'Ii' it", ( ,-, II t. f j 1 e ) ; 
\'lcji-E:-Ln((JlJt'fiJI:~! ':j~;:FJE(: 11): I l; 
w t- j ;- e L n { 0 u t f i 18 ) ; 
\'il'ite;~n(out.file, '$eAT2 l·tE",:' ).: 
i':ri.teLnloutfile, '10-31-1990 10:16:00'): 
\·IriteLnlollt.file) ; 
I'lriteLn(outfile, '$t-1EI'.STIH:' 1; 
\'/ritsLn(outfile,' 50400 50469'); 
I'lriteLn(outfile); 
writeLn(outfile, ':~D;:.'I'A: '); 
\-niteLn(outfile,' 0 

for i:=l to 319 ~o 
bE'~f i n 

:::;191 1 
) ; 

for k:=l 1:0 10 de Space[I~]:=~ormS~dce(G[j .1~1); 
fot: k:=l to 9 ,:10 \·.'t'ite(outfile,Space[k]"'[i.:':]); 
e'il' i. t '" 1 n ( ell tf i l8 , ;:; PCt c e [ 10 1 ,G [ i , 10 ) ) ; 

end; 
fGr k:=l to 2 do ~9dce[kJ:=FormSpac0(G[B2n.kj); 
\·'r~*=2L:l(outfi.i0,Sp.::c8[1]/G[220/11,:-::pace[~1,G[32J 2J); 

<;1c.",1 )Jjt f il'2): 
(~n·-1 . 

file-} 
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Appendix B 

Tilble 6 Lines selected from the spectra at 35 to setup parameters Hsing the energy cillihrafj,_'Il. Lilles. whost:.' 
nuclei identified are indicated. 

r j _ 1 

1 , I i 
H ! Channel # I Entered Enerov . Fitted enerov I Nuclei 

, • b.' I b.' [--_____ +--___ ~-J keV ) ___ L_(~e\') \ 

. 11 '125.62! 125.491 
1494.85 I : 

2; 795.45i 197.41'------1-9-7-.4--8r--- .... ---
.t-.--.. ------... 

3i 909.58, nHl; f--- -' --Ir --' .. • j 

22-1.67: 

350.0-l~ 
, .----- -------, 

1.-13.).)3 350.26! s'Rh 

5a 17' 513.-1-1: "Rb 
.. --... --' ----.--. .....;.1--:----

2,292.71. __ 555.56; 555.95 3Jy 

5: 2.115.13 

6 
-----------< ~----,-----

1 "C .. _. 3,226 .. 1~_ 779.5 I! _7_7_9_.-I_5.;.i __ "'_R_b __ -; 

! 8 3,655.81: 882.141 882.2: 

[--! __ . __ 9-\: _____ -I:...,9_1_6_.4_5.1.! __ 1.183.841 -1.-1-8.-1.-8-4i-[--,,-··,,-{-0 --i , 

lOt 6,089.23' 1A64.26i 1,-164.38 1 

7.703.58: l.850.ni 1.850.44: 
----------, 

I .~---

I 12: 8.043.37: 1.931.761 1.931.68: 
---- --- . -- .--~------ ----------'-------------- .. -------- --- -----_. 

Tabk -; LiJl.;'!s "cI2ct.;-c} tr.")f1l th~ "pcrtr:l tlt.r 10 "~mp parameter.::. using the ,-::-Ilcrgy c:"tiibrati0Tl. Lines \\'hos~ 
1l1lck·j i(J;ntili~d ,II...! indicakd 

.--- ... _ ... -- ._---_._--_ .. _._-_._---,-
Channel .~ : Entered energy : Fitted energy : :':ucki 

(keV ) , ( keV ) 
I ! 

I: 495.971 125.62: 
~---ri ------T-i ---.----, 

125.7i 

192.99i 
i 
, 

L. 
I 

21 777.05\ 193.09 1
1 

i ------r- I 

3! 910.29-1i ___ 225.15: 224.89[ 

---, 
, 

-Ii 1,-133.3:. 3-19.S" 350.1\ 
~--__ .4--- ------------ ---------\[----l 51 2,1l7.nL- 513.93:' __ 5_1_3_.8_3i-!';R--b ----
'----. __ 6~: ... 3,223.3_1!i--___ 77_8.5-1' . __ 77 __ S __ .55! ____ 8_'R_b___, 

7[ 3.651.16 880.95: 880.93: 
~-- 8t. ..,,-----~---- ~---

, 
-, ---_., 

/---
. .' ~J53.85: 1,001.05\ 1,001,22 1

, 
r------- I ----~ 

91 4.909.58' 1,181.691 1.182.03! "':--fo 

__ ~._. 6,075.51 L-I61.6?\ L-I60.92 

11 : 

12i 

7.691.21 

8.030A-I 

1,847.061 1.847.31 ~ .... n 

-_.. '--... ----'- ---~. _...... ----.--

1.928.-11, 1.928.41( __ 




