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Abstract:

It i5 the purpose of this presentation to sketch with the

aid of some typical examples the capabilities and achievements

ofexperiments at research reactors in the field of nuclear

spectroscopy. Essentially, this research isperformed using the

radiative neutron capture reaction or neutron-induced fission.

The current techniques and approaches are described very briefly.

The following scientific topics have been selected: studies of

configuration mixing and two-quasiparticle states in nuclei with

deformed equilibrium shape, investigations of shell model confi­

gurations in even spherical nuclei and search for new regions of

stable deformation or shape-isomers. Future trends are discussed

and some recommendations for future activities are given.

Der vorliegende Vortrag soll an Hand einiger typischer Beispiele

eine kurze Darstellung der Leistungsfähigkeit und Erfolge kern­

spektroskopischer Experimente an Forschungsreaktoren geben. Solche

Forschungsarbeiten machen im wesentlichen Gebrauch von der Neu­

troneneinfangreaktion oder der Neutronen-induzierten Kernspaltung.

Der Stand der Technik und der Methoden wird kurz beschrieben.

Folgende wissenschaftliche Fragestellungen wurden für die Dis­

kussion ausgewählt: Untersuchungen von Konfigurationsmischungen

und Zwei-Quasiteilchen-Zuständen -in deformierten Kernen, Unter­

suchungen von Schalenmodell-Konfigurationen in geraden sphärischen

Kernen sowie die Suche nach neuen Massenbereichen mit stabiler De­

formation oder Gestaltisomeren. Der Beitrag schließt mit einer Dis­

kussion zukünftiger Trends und einigen Anregungen für weitere

Aktivitäten auf diesem Gebiet.
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1. Introduction

During the past few years there has been a considerable progress

in nuclear physics experiments at research reactors. Nuclear spectros­

copy studies using radiative neutron capture or neutron-induced fis­

sion now yield a degree of insight into the nucleus which could not

have been imagined some years ago. To a great extent, this progress

has become possible by the rapiddevelopment of semiconductor detec­

tor technology and associated electronics. The realization of lithium­

drifted germanium detectors has enabled high-resolution gamma-ray

spectroscopy with fairly good efficiency up to 10 MeV photon energy.

The availability of detectors with sensitive volumes up to 70 cm3

allows to perfdrm high-resolution multiparameter experiments with

these devices. Silicon detectors have made possible the spectroscopy

of heavy ions and thus the study of radiation emitted from fission

fragments of specific mass. Other important advances are the consi­

derable improvements achieved in coherent scattering process instru­

ments, in magnetic internal conversion electron spectrometers, in

magnetic mass separators for fission products and in fast radiochemi­

cal separation techniques.

It is the purpose of this presentation to describe with the aid

of some examples the scientific achievements of present techniques

and to illustrate the purpose behind this research.

2. Current Techniques and Approaches

A detailed survey on present techniques and approaches is given

in other lectures of this meeting. Therefore the di~cussion may be

here very brief and may be restricted to methods which have been used

in the research described in the following sections.
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The potential of lithium-drifted germanium counters has been

considerably increased by operating the detectors in Campton-sup­

pression mode fll+. In this technique the germanium counter is sur­

rounded by a scintillation detector and Compton events are eliminat­

ed to a large extent by means of an anticoincidence circuit. The

range of application is usually between 100 keV and 3 MeV and

accuracies of 50 eV or better in the gamma-ray energy determination

are now obtainable using computer analysis of the measured spectra.

In neutron-capture spectroscopy anti-Compton spectrometers thus

provide very powerful complementary instruments to coherent scatter­

ing spectrometers /21 which possess uncontested characteristics

below about 500 keV 11,2,37. Fig.1 shows a typical sectional display

of a gamma-ray spectrum obtained with an anti-Compton spectrometer

15J. The example clearly demonstrates both the high resolution end

the effective suppression of Compton events. This technique allows

the application of the Ritz combination principle to excitation

energies of several MeV.

Another important piece of information for establishing the cap­

ture gamma-ray transition diagram is provided by high-resolution

measurements in the upper part of the capture spectrum. The identi­

fication of levels is quite direct when one assumes that the tran­

sitions which are in energy close to the neutron separation energy

proceed from the neutron-capture state. Line widths (FWHM) of4.5 keV

at 5.5 MeV and 5.1 keV at 6.9 MeV have been achieved !4J. An example

is shown in Fig.2 •

In another class of experiments the random fluctuations in inten­

sity for the primary gamma rays are averaged out by measuring the

spectra that result from the capture of neutrons in an energy band

containing many resonances ~5,~. Such measurements reveal the parity

of low-lying nuclear states and also restriet the spin assignment in

general to two possible values.

+ The literature given in this section is certainly not exhaustive.
It is restricted to papers of recent date. As to the earlier works
we refer to the literature cited in the given refs.
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Gamma-gamma eoineidence measurements in neutron eapture speetros­

eopy have been developed to a high degree of efficieney using either

the combination Ge(Li)-NaI(Tl) or Ge(Li)-Ge(Li) l7,8,9J. The use of

on-line computers is of eonsiderable aid in these experiments, sinee

the possibility of setting digital windows in a very versatile manner

permits the systematic applieation of the window subtraetion method

jB,9,10.7. A typieal example for a quite unfavourable ease is illustra­

ted in Fig.3 • The gamma rays at 876 keV and 1173 keV in 62Ni oeeur

in eoineidenee. Aceordingly, the 1173 keVline is weIl pronouneed in

the lower spectrum of Fig.3, while the 876 keV peak clearly disappears

1"11..l.

Information on level spins and multipole mixing parameters may be

obtained by measuring the angular correlation of gamma-ray eascades

f1~. Rere also the use of on-line computers and the application of

the window subtraction method are of great advantage. A large number

of cascades can be measured simultaneously 113.7. This provides an ex­

tensive set of data whieh allows the mutually consistent determination

of many level spins and multipole mixtures. The angular correlations

ean be displayed on a CRT during the measurement so that a full eva­

luation of the state of the experiment is possible at any time (Fig.4).

Quite direct insight into the nuclear wave functions may be ob­

tained by determining the partial gamma-ray halflives 114,15J. Due to

their superior timing capabilities fast seintillators have been pre­

ferably used in halflife measurements 116,17.1.

As to other important teehniquessueh as internal eonversion elee­

tron measurements, experiments with polarized neutrons and the use of

nuclear orientation whieh have not been diseussed here we refer to the

recent articles f18,19,20.7 and the literature eited there.

In fission physics the development of magnetic mass separators

has made possible the mass separation of fission products and thus

nuelear spectroseopy on neutron-rieh nuelei far off the stability line
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L217. Sinee the flight time through the separator is in the order of

1/u sec, the instruments allow the study of isomerie gamma emission

with halflives > 1/U sec and the investigation of the fission pro­

duet beta decay. Rapid radioehemieal separation techniques have

sueeessfully attaeked separation times in the order of 1 sec 122,227.
For studying the prompt deexeitation of individual primary fission

fragments it is neeessary to perform three-parameter experiments in

which, e.g., a large-volume Ge(Li) deteetor is used for high-resolu­

tion gamma-ray spectroseopy and the eoineident fission-fragment masses

are dedueed from the eorrelated kinetie energies as measured by two

Si solid-state detectors ~2~. The observable Doppler shift in gamma­

ray energy allows the assignment of lines to single members of frag­

ment pairs.' A schematie view of an experimental set-up is shown in

Fig. 5 •

3. Nuclear Speetroscopy on Deformed Nuclei Using Radiative Neutron

Capture

Let us seleet in this field two nuelear structure problems whieh

are attraeting increasing attention: the problem of state mixing and

that of two-quasipartiele exeitations.

With increasing quantity and detail of experimental data on nue­

lear exeitations the simple picture that assumes pure nuelear states

with negleet of eonfiguration mixing leads to serious disagreement

between theoretical predietions and empirieal results. A better under­

standing of the various phenomena requires systematie experimental

and theoretical studies. On the experimental side, neutron eapture

gamma-ray speetroseopy ean provide valuable eontributions to this prob­

lem. Although level information may be obtained in a more direct manner

from other nuelear reactions, the neutron eapture process permits a

more detailed study of the level decay without restrietion to any par­

tieular mode of excitation. We shall present several examples in the
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following paragraphs. Theoretically, various attempts have been made

in the past to extend the simple picture of pure nuclear states. A

model which has proved to be very successful in interpreting the ex­

perimental results on deformed odd-mass nuclei has been described

in refs. 114,15,227. The model includes quasiparticle-phonon inter­

action, Coriolis coupling, rotation-vibration interaction and pairing

correlations. It predicts the energy and structure of individual

levels, branching ratios for gamma-ray transitions, multipole mix­

tures and partial gamma-ray halflives. We shall use this model when

comparing the experimental results with theoretical predictions.

Fig.6 shows the transition diagram of 167Er as reported in refs.

L'15,2Q7. The diagram which considerably extends our knowledge of the

nucleus 167Er is based on precision measurements in the lower and

upper part of the capture spectrum and on gamma-gamma coincidence

studies. An enriched sampIe of 166Er was used a s a target ((J =
45 : 9 b). A large number of levels have been identified and have been

assigned to specific configurations and their superimposed rotational

bands. Detailed analysis of the data suggests strong mixing between

Nilsson states and the quadrupole vibrations Q22' Q2-2 and Q20. As an

example let us select the deexcitation of the 1/2- rotational band

observed at 763 keV. The only Nilsson state with spin and parity 1/2­

near the Fermi level is the orbit 1/2-15217. This state, however, is

weIl established to occur at 208 keV excitation energy. Thus it is

reasonable to assume that the band at 763 keV corresponds to the Q2-2

gamma-vibrational band based upon the configuration 5/2-i'512j7 and,

in fact, a collective E2 transition leaving the bandhead is observed.

In other respects, however, the deexcitation shows clear anomalies.

From both the first and second member of the band transitions proceed

to the 1/2-t:5217 Nilsson band which in intensity considerably exceed

the E2 transitions to the "own" intrinsic configuration. In addition,

the branching ratio to the 3/2- and 1/2- levels is exceptional. A

reasonable explanation for these anomalies is provided by assuming a

strang admixture cf the 1/2-~51Q1 Nilsson state in the 5/2-f)1~ +

Q2-2 excitation. Though the 1/2-f510J orbit is expected at much higher
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energies, this admixture can be understood within a microscopic pic­

ture of the quadrupole vibrations. In this picture the collective

excitation has to be considered as a superposition of one-quasipar­

ticle states, three-quasiparticle states and more complex configura­

tions. Since the 1/2-L51Q1 orbit is connected with the 5/2-L'51~

state by a large E2 matrix element, one has to expect a strong ad­

mixture of the 1/2-1510-7 state in the quadrupole vibration. Calcula­

tions predict an admixture of 38 % and the branching ratios calcula­

ted with inclusion of configuration mixing are in quite good agree­

ment with the experimental observation L15,26-7. Similar considerations

can be made on other rotational bands.

Information on band mixing may also be obtained from the partial

gamma-ray halflives which in many cases (in particular K-forbidden

transitions) are very sensitive to small admixtures in the wave func­

tions L14,15J. This is demonstrated in Table 1 where the theoretical

values are compared with experimental data. H' = 0 refers to the adia­

batic model, whereas H' f 0 denotes the model described above. It is

shown in the Table that the experimental values which have been quoted

from refs. 116,17J reveal fairly good agreement with theory, when con­

figuration mixing is fully taken into account.

With regard to the investigation of two-quasiparticle excitations
168let us select the nucleus Er. The low-energy spectrum of the reac-

tion 167Er(n,y)168Er has been studied extensively by means of a bent­

crystal diffraction instrument 127-7. Using a Ge(Li) anti-Compton

spectrometer the detail and quality of the data has been considerably

improved in the energy range 500 to 2000 keV f3J. Additional informa­

tion has come from measurements of the high-energy spectrum with ther­

mal neutrons 13J and with neutrons in an energy band containing many

resonances ~5J. On the basis of these investigations a very detailed

transition diagram up to 2 MeV has been established which allows de­

finite conclusions on the spectroscopic interpretation of many excited

states~ The diagram as reported in ref. f3J is shown in Fig.7 • Of par-

ticular interest is the energy range from 1 to 2 MeV, since for most
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Table 1

Partial gamma-ray halflives j14,15J

Initial Final T1/2y (ns ec )
Nucleus configuration configuration

H'=O H':j:O Exp.

169Yb 5-
~ ["5141 1-

~ 15217 2.1.104 1028-
6302 2 320b

3- ~ 15211
103a

1.90105 1352 260b

5- ~ ["5217 603.105 84a
2 110 220b

167Er 5- ~ /512J 1-
~ [5217 8.30104

2 '2 517 c

3- ~ /5211 1.0.106
2 85 c

5- ~ [521] 507.106
2 99 c

a
Ref. ["17.1 b ReL [16J

c Experimental values not yet available.

of the nuclei in this mass region the knowledge of the high-lying

configurations is still very poor. It is beyond the scope of this

presentation to give a detailed discussion here. Let us therefore

select some interesting points.

The rotational bands at 1354 keV, 1569 keV and 1542 keV have to

be identified with the KTT = 1-, 2 and 3- octupole vibrational bands

and the 3- rotational member of the K~ = 0- octupole band most pro­

bably occurs at 1914 keV. The properties of the KTT = 1- and Ktt = 3­

states are presumably close to those of two-quasiparticle states.

These states are the neutron levels ~512JI - 6331-7 aüd [633·, - 521~-7 0

l nn nn
The energies within the K1T = 1- band do not follow the simple rota-



- 9 -

tional-energy systematics. This is due to strong Coriolis coupling

within the octupole bands, in particular with the Kff = 0- state.

We can compare the structure and excitation energies with the pre­

dictions of various microscopic models (pairing plus state-indepen­

dent octupole force, surface delta interaction, pairing plus octu­

pole force). The measurements therefore reveal significant data for

the microscopic theory of the nucleus.

Another important experimental result is the verification of a

KC~ = 0+ band at 1217 keV. Within the model of pairing plus quadru­

pole and spin-quadrupole force one obtains from this band the inter­

action constants ~ q = 5.3 and ie
t

= 8.8 (in units of A-1/3 Afvoo ) .

From the gamma-vibrational band we get oe q = 4.6 and d(t = 5.4. These

values then may be used to predict other collective two-quasiparticle

configurations and the results may be compared with the experimental

decay scheme /3}. Again we see that the measurements yield important

data for a better understanding of the nuclear many-particle problem.

Till now there are only very few nuclei where the excitation spectrum

above 1 MeV is sufficiently known. Since the levels in this energy

region are weIl populated in neutron capture, this reaction provides

a powerful tool for studying such excitations.

4. Nuclear Spectroscopy on Spherical Nuclei Using Radiative Neutron

Capture

Fig.8 shows the transition diagram of 6~i as reported in ref.

1117. The diagram is based essentiallyon coincidence relationships

and the level spins have been determined by y-y angular correlation

measurements. A highly enriched sampIe of 61Ni was used in this inve­

stigation. The capture cross section of 61Ni is only 2.0 b. Never­

theless a large number of levels have been identified with energies

up to 5 MeV. The purpose of such investigations is to check the pre-

dictions of more or less realistic nuclear mOdels in this mass region.
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62Ni is in the vicinity of doubly closed shells and is considered

to be spherical. In earlier macroscopic descriptions the low-lying

excited states have been interpreted as surface oscillations and,

indeed, some regularities in the spectra of the even nuclei in this

region together with strongly enhanced E2 transition strengths seem

to support the collective picture. However, several investigations

have shown that the success of this picture is very limited and

several attempts have been made to understand the structure of these

nuclei from the microscopic point of view. Of particular importance

within such more realistic models are various exact shell model cal­

culations L28,29,30,317. Fig.9 gives a comparison of theoretical

predictions with the experimental level scheme of 6~i. The common

basis of the calculations is to assurne a closed core of 56Ni, to

restrict the additional neutrons to the 2 p 3/2, 1 f 5/2 and 2 p 1/2

orbits and to hope to absorb the interactions with the core into

effective residual interactions between the valence neutrons. The

calculations differ in the choice of the nucleon-nucleon potential

and in the parametrization. We see that in spite of the common basis

the predictions differ remarkably and that a detailed knowledge of

the experimental level scheme is essential for checking the theoreti­

cal treatment.

Much more sensitive to the interactions used in the calculations

are the reduced transition probabilities rather than the level posi­

tions. Of particular interest is the ratio

B ( E2; 22+~ 2
1

+)
b =

B (E2; 2 +-"0 +)
2 1

In earlier decay investigations only an upper limit could be given

for this value, since the E2 content in the 22+~ 2
1+

transition was

unknown. The an~ular correlation measurements in ref. 1117 revealed
~ - - . _. - - - - - - --- - -- - - - - 6- -J - - - --

11 < b < 23. The theoretical values predicted in refs. [30J a nd 1317
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"\

are b = 33 and b = 1310, respectively. The large difference clearly

demonstrates the sensitivity to the interactions ue ed , The agreement

of the first value with the experimental result has to be considered

as quite satisfactory. The large number of branching ratios and mul­

tipole mixtur es which can be determined in neutron capture LB,11,127
allow to extend these considerations to other transitions, but there

is still a lack of theoretical predictions.

5. Nuclear Spectroscopy Using Neutron-Induced Fission

If we compare the conventional chart of the nuclides with the

lines of vanishing proton and neutron separation energies, we learn

that the number of nuclei which have not been investigated so far con­

siderably exceeds the number of nuclei which have already been studied

with some success. Therefore, it is attractive to extend the methods

of nuclear spectroscopy to regions far off the stability line. Such

investigations will certainly increase the understanding of the many­

particle problem "nucleus". A powerful means for producing neutron­

rich nuclei which are not accessible by usual nuclear reactions is

provided by the fission process. Let us select here one very interest­

ing and topical problem: the search for new regions of deformation.

There are both theoretical and experimental hints that around mass

number 110 a new region of deformation occurs. Already several years

ago a regular structure in delayed gamma-ray spectra measured with

poor resolution was observed by applying appropriate mass selection

to the fission fragments in spontaneous fission of 25
2

Cf L3~. This

structure is in good agreement with the assumption of rotational cas­

cades. Very recently in ref. 1327 gamma-ray transitions in six adjacent

Ru isotopes have been examined with Ge(Li) detectors using a recoil

chemical method in neutron-induced fission of 235U• In 106Ru, 107Ru

and 108Ru purely rotational level schemes can consistently account for

the observed transition energies, halflives and coincidence relation-
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Table 2

Tentative interpretation of the gamma rays as rotational transitions~37J

--
Ey (keV) Intensitya J. ---. J f

/f;(Most probable 2$ (keV)
nueleus a

exp. eale. Iy

104
M 191 2 191 12 4 4 ..... 2

}42 0 + +- -
296 + 2b 300 8.8 + 2.9 6 -. 4

13.6- -
e 409 8-. 6

518 3 518 15 + 7.5 10 ~ 8 ~
+ ,- -

102
M 102Z 174 2 176 7.7 + 2.6 4-. 2 ,

42 0 or 40 r +- -
275 + 2 277 7.6 + 2.6 6 -. 4- -

e 378 8 -. 6 r 12.6

e 479 10 -. 8

581 + 4 580 15 + 7.5 12 ..... 10- -

103Nb 136 2 135 7.8 2.7 11 2-

}+ + - .....41 - - 2 2 12.3

157 2 160 5.4 1.8 13 11
+ + - ........ -- - 2 2

a

b

e

Relative intensity per fission and ~ 16 mm flight path ,

Alternative interpretation: erossover transition in 1~~Nb

Possibly doublet.

Possibly obseured by eomplex struetures.

ships. However, attempts to exeite the rotational levels in 106Ru by

means of (t,p) and Coulomb exeitation teehniques revealed no indieations

for a rotational strueture i3~. Therefore, one might speeulate on the

possibility of the existenee of so-ealled shape-isomers. In this eonnec­

tion it would be interesting to look at isomerie gamma emission in this
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mass region and, indeed, isomerie gamma rays have been observed with

a gas-filled mass separator for mass numbers between 98 and 102 1357.
However, the eorrespondenee in the masses is unsatisfaetory and the

problem remains still unsettled. In ref. L2~ the teehnique of high­

resolution three-parameter experiments whieh was first used in spon­

taneous fission 13~] has been extended to neutron-indueed fission.

Very reeently detailed analysis of the data for the mass range 102

to 104 (ef. Fig.10) revealed evidence for rotational systematies in

the assoeiated gamma-ray speetra 137}. A tentative interpretation of

the observed transitions is given in Table 2. The systematie behaviour

of the energy values and the similarity of the dedueed rotational

faetors are eonspieuous. However, there are also serious objeetions

against this interpretation. In partieular, the absolute values of the

rotational factors seem to be rather low for this mass region and the

quite good following of the simple J(J+1) rule is surprising in view

of the faet that e.g. 100Mo isstill nearly spherieal (E2+ = 536 keV).

In any ease the question whether we are dealing with a deformed ground­

stateor excited state is still unsolved and further experimental data

are required.

In summary, we can eonclude from this brief discussion that quite

exciting problems ean be tackled in nuelear spectroseopy using the

fission proeess.

6. Trends and Recommendations

All the experiments sketched in the preceding sections have been

performed using research reactors with maximum thermal fluxes between

10 13 and 10 14 n/cm2 seCe Future experiments have to start from the fact

that very soon several reactors with much higher fluxes will be availa­

ble. Sueh reactors offer great advantages in particular in high-preci­

sion measurements of neutron-capture singles spectra and in multiple­

parameter fission experiments. When using smaller reaetors, it is there­

fore quite essential to put mueh effort in the intensity optimization.

Singles spectra measurements should apply internal target geometry and,

where external targets are needed, the filtered beam method or the use

of neutron guide tubes is recommended. Pure neutron beams between 108

and 10 9 n/em 2 sec can be obtained with the above thermal fluxes L3~.
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It is evident from the foregoing discussions that in general re­

liable conclusions with respect to interesting nuclear problems can

be achieved only by applying several techniques which arecomplement­

ary to each other. Therefore it is convenient either to install

several instruments at the same reactor or to coordinate the research

work with other laboratories.

It is believed that on the basis of the presently known techniques

neutron capture gamma-ray spectroscopy will continue to be an important

field of research during the next five or six years. There will be an

increasing tendency to study nuclei with smaller cross sections, to use

highly enriched isotopes and to extend the investigations to higher

excitation energies. Large volume Ge(Li) detectors will therefore play

a very important role. The use of small or medium-size computers in

two- or multiple-parameter experiments is highly recommended. This

technique not only involves great advantages for the measurements, but

also offers the possibility for a basic training of graduate students

and young scientists in the important field of computer application

and associated problems.

Nuclear spectroscopy using neutron-induced fission is still a

young field of activity and will certainly attract much effort for a

long period of time. Further investigations and improvements of the

methods in fast chemistry and other separation techniques are desirable

and a lot of data has still to be accumulated. While most of this

research can be pushed forward with moderate neutron fluxes, multiple­

parameter experiments will probably provide promising results only if

the flux is 10
14

n/cm2 sec or better. A wide field of studies is

possible in this kind of experiment. In addition to gamma rays con­

version electrons and X-rays should be studied. Different geometries

may be used and the radiation emitted should be examined in different

time intervals after fission.
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Figure Captions:

Fig.1 Sectional display of the neutron-capture spectrum from a

natural erbium sampIe as measured with an anti-Compton spectro­

meter 13.1. The inset illustrates the computer analysis for a

group of gamma rays using modified Gaussian functions.

Fig.2 High-energy capture spectrum from a sampIe of enriched 95Mo

in the energy range from 4.9 to 8.7 MeV showing 4.5 keV FWHM

energy resolution at 5.5 MeV j4J.

Fig.3 61 Ni(n,y)62Ni: Two Ge(Li) spectra in coincidence with y lines

observed with a NaI(Tl) detector. The digital window positions

in the NaI spectrum are indicated in the inset. The lower and

upper spectrum are coincident with lines at 876 keV and 1173

keV, respectively, and have been obtained by means of the

window subtraction method 1117.

Fig.4 Angular correlation of the (848 + 850) - 778 keV cascade from

95Mo(n,y)96Mo displayed on CRT L12-1.

Fig.5 Schematic view of an experimental set-up for studying the

prompt gamma rays emitted from individual fragments in neutron­

induced fission ["2~.

Fig.6 Gamma-ray transition diagram of 167Er L15,2Q7.

Fig.7 Transition diagram of 168Er as reported in ref. ~3J7.

Fig.8 T "t" d" f 62N· dranS1 10n 1agram 0 1 as propose in r ef , L11l.

Fig.9 Comparison of the 62Ni level scheme with results of exact shell

model calculations.

a)
Ref. L3V b ) Ref. 80.7 c ) Ref. ["28.1 d) Ref. L29.1
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Fig.10 Indication for regular structures in the prompt gamma-ray

spectra observed for the fragment masses A = 103 + 1 and

A = 131 + 1. The two spectra represent the cases:

(a) Light fragment moving towards the gamma-ray detector,

(b) heavy fragment travelling towards the gamma-ray

detector.

The letters Land H indicate assignments to the light and

heavy fragments, respectively.
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