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The -Y-decav -following the ^^Al (T, a) , "̂''Al (T, T> and s"*Al <T, t) 

reactions has been studied using E.r = 45 MeV. For all three 

reactions a man i mum mean ^-ray multiplicity o-f <[%> » 1.8 +. C 2 

is observed, in good agreement with the Fermi gas model.The 

variation of <M^> with excitation energy -for the '̂'Al ( T, T) ̂'''Al 

reaction, however, shows considerable deviations -from the decay 

pattern expected for a statistical system. From a comparison with 

other reaction channels, we suggest that the selectivity in the 

excitation of states in the inelastic process is responsible for 

this non-stat i sti cal pattern, 

NUCLEAR REACTIONS ^ A K T , a), = " A 1 ( T , T > and ="Al<T,t) f E = 45 MeV; 

measured c?(E), E T , I ̂  ; T ? , ci.f , t if-coi n. Deduced f-ra/ multiplicity. 

Ge(Li.t, Nal (Tl > „ Si detectors. Fermi gas model analysis. 



1, Introducti on 

Recently,, the statistical and thermodynamical aspects o-f 

nuclear matter have received new interest (1-4). At low excita

tion energies the nuclear level scheme is determined by the 

specific structure of single particle orbitals. However, already 

a -few MeV above the yrast line the nuclear level density is so 

high that statistical concepts like temperature and entropy can 

be used in the description. 

Previously (4,5), it has been demonstrated that the number 

o-f if-rays participating in the decay o-f heated nuclei is overal 1 

well described by the Fermi gas model -for mass numbers A '\- 60, A 

J.20 and A -\. 160. The model reproduces both the magnitude and the 

variations in the f-ray multiplicity as a -function of excitation 

energy. In the present work these investigations have been 

extended to nuclei in the s-d shell, which may be considered as a 

limiting case far a statistical description o-f the decay process. 

In sect. 2 we describe the experimental set-up and the 

particle-gamma coincidence method used. The nuclear reaction 

mechanisms and cross-sections are discussed in sect. 3. In sect. 

4 the experimental results are compared with Fermi gas model 

calculations. Finally, concluding remarks a.r-2 given in sect. 5. 

2- Experimental method 

The experiment was performed using 45 MeV r-ions from the 

MC-35 cyclotron at the University of Oslo. A self supporting ^^Al 

fail with a thickness of 2mg/cm = ! was used as target. 
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The set-up was designed to measure f-rays in coincidence 

with outgoing charged particles -from the reaction. The particles 

were detected with four silicon £B-E telescopes ?L 9=50= with 

respect to the incident beam direction. The counters had 

thicknesses of 150 \im and 3000 (im, respectively giving a good 

separation of ct, T and t particles. In order to obtain suffici

ent count rates the telescopes were placed as close as 4 cm from 

the target. The large solid angle m this geometry resulted in a 

particle resolution Df 0.7 MeV. 

The f-rays were detected with five 5"x5" Nal counters and 

one Ge(Li) counter. Lead collimators in front of the Nal counters 

prevented ir-rays from entering the peripheral parts of the 

crystals. The probability of cross-talk between two adjacent 

counters were measured to be 0.05"^ for 1.3 MeV 7-rays. 

In the coincidence mode it was required.that one and only 

one telescope fired in coincidence with one or more 7-ray 

counters. The particle and f r a y energies were recorded event by 

event on magnetic tapes together with coincidence time informati

on. In addition, every tenth singles particle detected was 

recorded on the tape for the production of normalized singles 

particle spectra. 

3. Experimental results 

In the present work we focus Dn the gross structure of the 

nuclei =•"*• ==Mg. = &- = , ,A1 and " S i produced in the reactions. 

Information on the detailed level structure and decay properties 

can be found elsewhere <6). 

Particle spectra from the ( T , « ) , (T, T> and (T,t) reactions 

on ='i'Al are displayed in figs. 1-3. The upper part shows the 
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singles spectrum o-f the outgoing particles. The middle part shows 

the same spectrum measured in coincidence with at least one i~ray 

<E, > 0.45 MeV) detected by the Nal counters. The lower spectrum, 

named multiplicity, is constructed by dividing the coincidence 

spectrum (N =) with the singles spectrum (N„) channel by channel: 

N (E) 
< M * < E > > - n n $ T H - r ø - > <»> 

S 

where E is the particle energy and 0 = 2.6B7. is the total 

efficiency of the Nal counters. An energy threshold of 0.45 Mev" 

for the Nal counters was chosen i n order to obtai n an almost 

constant total detection probability as a function of E^„ 

The ^ A l <T,ci)a*Al and the *7AHr,t) ^ S i reactions have 

increasing cross-sections with increasing excitation energies. 

The 2^A1 (T, T J ^ A I spectrum is dominated by the elastic scattering 

and has a close to constant cross-section at higher excitation 

energies. The spectrum of inelastical ly scattered particles 

observed in coincidence with f-rays shows large variations in the 

cross-section. This is a measure of variations in the f-ray 

multiplicity and is connected to the onset of proton emission 

above the proton binding energy. 

The particle spectra can be studied by gating on specific f-

rays in residual nuclei after subsequent particle emission. 

Figures 4 and 5 show such spectra. Due to the large positive Q-

value of 7.52 MeV for the (T,CI) reaction both the proton and the 

proton-neutron evaporations are observed in this case. The ct-

particles giving rise to states in æ**Al are identified with 

energies between 42 and 47 MeV. Since the total multiplicity is 

found to be <!%> <2 (see fig. 1) and we already have utilized one 

transition (the 829 keV transition) in the gating procedure, the 

1* state in =*>A1 is essentially populated by direct t~ray 
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feeding. This f—ray transition is expected to be of statistical 

dipole type (7,8), which gives a narrow spin window of lull < 1. 

Thus, the ct-particle distribution represents states with an 

average spin <I> close to unity. Above the proton binding energy 

of the ^'Al nucleus, the neighbouring = H M g nucleus is populated, 

as seen in -fig. 4. The a—particle distribution related to the 

population o-f the 1/2*(5B5 keV) level in 3 Blig has more than a 5 

h'eV overlap with the «-particles leading to 2 A M g . This extended 

range of a-particle energies in = B M g is caused by fast protons 

leaving =-=-Al. 

With our beam energy only one proton is emitted in the (T,T) 

and <-r,t) reactions. Figure 5 shows an interesting situation 

where? the T-particles from ^^Al and ^^Mg overlap in energy. Here, 

even 5 MeV above the proton binding energy (B p = 8.27 MeV) the 

7/2"" (2163 keV) level in ="7=11 is populated. This means that the 

7-decay following inelastic scattering competes favourably with 

proton emission. 

The favoured <f-decay is also apparent for states with other 

spin assignments. Figure 6 shows x-particle spectra obtained with 

gates on prominent ^-ray transitions in ^''Al. All spectra reveal 

a significant particle yield above the proton binding energy. 

From the discussion of the particle spectra we conclude that 

the a^Al nucleus produced in the (r,r) reaction exhibits the most 

prominent peak structure in the spectra. An inspection of fig. 6 

also shows that states with the lowest spins, in particular the 

3/2"*' -+ 5/2* gate, have outstanding particle groups in the 

spectra. The = v S i mirror nucleus produced in the charge-exchange 

(T,t) reaction seems to yield a spectrum that is much closer to a 

continuum spectrum, as shown in fig. 3. Unfortunately, an 
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analysis of the data pertinent to this nucleus is difficult due 

to insufficient statistics. The odd-odd a*Al nucleus from the 

<r,a) reaction as well as the residual nuclei following particle 

emissions (see fig. 1) also yield more continuous particle 

spectra. 

4. The t-decav and comparison with the Fermi oas model 

In the following the question to what extent the f-decay 

follows statistical laws is discussed, by comparing with Fermi 

gas model predictions. 

The probability for emission of a f—ray with energy E^ from 

an excitation energy E M is given by 

P(E„,E,) K E • 0<E„ - E T) . (2) 
1 

where the level density p is computed for the excitation region 

after the if-emission. Values of the parameter n ranging from 

n = 3-6 have been suggested (9-11), where the lower limit of n 

(27i + 1 = 3) is based on general radiation theory for dipole 

tran^* • ions. However, one expects larger effective values due to 

structural overlap factors originating from the tail of the giant 

dipole resonance. In this work we have chosen n = 5. 

T D evaluate the level density the independent-particle Fermi 

gas model with pairing is used, as described by Richter (12). The 

density at an excitation energy E„ for spin I of both parities 

reads 

. ,p TI - n~'(2I + 1) 

>: ex PUa(E K - E.) 3 W 2 - L J±*-L±> ,y . 
2s 
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where the level density parameter a is estimated to be A/8 MeV - 1 

and the moment of inertia 9 to be 0.0137 A H ' 3 -ha MeV - 1. E, is 

the excitation energy and E A measures the energy difference 

between the effective and true ground band state. This parameter 

is taken to be 0 for odd-odd nuclei and <4 = 12 A - 1 ' z MeV for 

odd-even nuclei. The spin cut-off parameter s a is 9t/fi=, where 

the thermadynamical temperature t fulfills the equation 

E„ - Eo = at* - t . (4) 

For the lowest excitation region (E„ < 1 MeV) we have used a 

constant level density corresponding to experimentally known 

number af levels. 

The computational technique is based an Monte Carlo 

simulation where we evaluate at each step in the decay the 

expression 

. . E 1 . EJ . 
F f E ^ E 1 ) = J-^PtE 1^ )dE / J"'P(E1.E,)dE . (5) 

x- i Q x- f T o ir 

From a random number f between 0 små i the f-ray energy E^ 

corresponding ta F - f is chosen. The excitation energy* in eq. 

(5) is replaced by E * 1 - 1 = E«* - E^* and the procedure is 

repeated unti1 the ground stat© i s reached. The f-decsy i s then 

simulated by a series of such calculations and the f—ray energies 

are accumulated in various spectra. 

The experimental f-ray mul tipl i ei ties as a -function o-f 

excitation energy is shown in -fig. 7. The solid curves represent 

the results of the Monte Carlo simulation. In the -^Al snd ^^Si 

cases the Fermi gas model describes the observed multiplicities 
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for exci tat ion energies down to 2 MeV. At the proton binding 

energy B p both experimental curves show the same abrupt 

decrease. This deviation from the Fermi gas model is due to the 

emission of a proton. The residual nucleus is populated at low 

excitation energies and is responsible for the observed low f-ray 

multiplicity. 

The multiplicity curve for the (r,r) reaction shows a step-

like behaviour quite at variance with the predictions of the 

Fermi gas model. Dnly in the energy regi on 5 to 8 MeV is the 

value of the multiplicity in accordance with the model. The slow 

fall in multiplicity above E M = B p verifies that a substantial 

part of the decay proceeds through f—ray emi ssi on i nstead of 

proton emission. 

From the multiplicity measurements we learn that on the 

average only one or two ^-transitions participate in the decay. 

In the case of two coincident f-rays, the first one will have a 

much higher energy than the second one. This is a consequence of 

the low densities of levels in these nuclei. An estimate can be 

derived by assuming a constant level density giving a decay 

probability proportional to E n (see eq. 2 ) . For M^ = 2 events 

we calculate <n + l>/<n + 2) • E M and i/(n+2>E M as the ^-ray 

energies of the first and second emitted if—ray, respectively. 

The lower part of fig- 8 shows f-ray spectra from simula

tions of cascades starting from the region of E M - 4 . 5 - 5 . 5 

MeV. A striking feature of the calculated spectra is the low 

number of f-rays with energy around E„/2. The calculations 

predict an intensity reduction of a factor of ten compared to the 

maximum which is found around E, ••%.. 6/7 E„ = 4.3 MeV. In the 

spectra folded by the Nal response function this intensity 
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reduction remains as a -fingerprint o-f statistical T-decays in 

these low level density systems. The experimental f-ray spectra 

are shown in the upper part o-f -fig. 8. While -for "''Al there is no 

sign o-f intensity loss in the 2-3 MeV region, the ad*Al nucleus 

indeed reveal some drop in intensity. 

The low multiplicity in our- reactions can be utilized in a 

new method for producing f-ray spectra almost -free -from compton 

scattering. Table 1 shows -from a simulation at E„ = 5 MeV that 

M T = 3 events in the decay ars improbable. The multiplicity 

distribution is very narrow and centered around 1.5. Thus, if we 

require that two if-rays have been detected, it is highly probable 

that they constitute the total decay. There-fare, full-energy 

detected events can be sorted out by requiring E.,, + E ^ 2 <v E„. 

In fig.9 f-ray spectra from various excitation regions in 
= 4 >A1 and = , rAl are shown together with the Fermi gas predictions. 

A broad gate a-f 1.5 MeV was used in the sorting procedure. To 

increase the statistics the T-ray energies E, from both 

detectors are incremented in the same sp&ctrum and the spectrum 

is symmetrized around E../2 by also incrementing E« - E, for 

each E T . 

The shapes o-f the = A A 1 spectra are generally in good 

agreement with the predictions, whereas in the = : i rAl case a 

statistical behaviour is first apparent at the highest excitation 

energies. 

5. Summary and conclusions 

The f-decay -from the = , ,A1 ( r, a) =*A1 , =^A1 (T, T) ='A1 and 

="7'A1 <T, t) = T S i reactions has been studied and compared 

with the Fermi gas model. The observed f—ray multiplicities for 
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a A A i and a 7 S i are -found to be well described within the model. 

However, in the inelastic ='A1 case the multiplicity curve has a 

step-1 i le behaviour as -function of excitation energy. This 

indicates that certain groups of states Bre favoured in the ?-

decay. In regions above the proton binding these favoured -y-

transitions even compete significantly with the proton emission. 

The 7-ray Nal spectra have been examined for particle-t and 

particle-^-? events. The Fermi gas model predicts a loss in f-ray 

i nt en si ties around E^ - E.,/2. Indeed, this feature i s seen in 

the spectra for **A1, but not for a 7r,l. 

The deviation from a statistical decay pattern for ^^Al is 

due to the reaction used. The inelastic scattering is likely to 

populate vibrational states. The following -f-decay is fast and 

competes strongly with proton emission. Thus, provided that the 

f-decay occurs within the relaxation time of the system, states 

of vibrational character wi11 be populated in the proceeding f-

cascade. Such a selectivity of states both in the reaction 

channel and in the f—decay could explain the non-statistical 

behaviour found in the ^^Al (T,T) a 7 A l reaction. 
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Table 1. 

Theoretical ^-ray multiplicity distribution at E N = 5 MeV 

Probability <*/.) 
Nucleus <M,> 

M,= l 2 3 

="•«1 46 50 4 1.6 

" A l 50 48 2 1.5 
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Figure captions 
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Fig. 1. Singles a-spectrum, a-particles in coincidence with f-
rays (E, > 0.45 MeV in the Nal counters) and ?-ray 
multiplicity spectrum. 

Fig. 2. Singles T-spectrum, T—particles in coincidence with f-
rays (E, > 0.45 MeV in the Nal counters) and |-ray 
multiplicity spectrum. 

Fig. 3. Singles t-spectrum, t-particles in coincidence with f-
rays (E, > 0.45 MeV in the Nal counters) and ?-ray 
multiplicity spectrum. 

Fig. 4. Alpha-spectra obtained by gating on various f-rsy 
transitions in the residual nuclei (transitions 
indicated in level schemes). 

Fig. 5. Tau-spectra obtained by gating on various f-ray 
transitions in the residual nuclei (transitions 
indicated in level schemes). 

Fig. 6. Tau-spectra obtained by gating on various transitions 
in S7M (see level scheme). The lower spectrum 
represents the projection of r—particles in coincidence 
with all if-rays. 

Fig. 7. Gamma-ray multiplicity spectra from the =^AI(T,«^), 
^^M ( T, Tf) and =TAl<T,t7) reactions. The proton binding 
energies are indicated by arrows. 

Fig. S. Gamma-ray spectra from 4.S-5.5 MeV excitation energy. 
The theoretical unfolded spectra have been calculated 
assuming Fermi gas conditions. The spectra in the 
middle part have been folded using the Nal response 
function. The upper spectra are the experimenta1 raw 
spectra measured with the Nal counters. 

Fig. 9. Gamma—ray spectra as function of excitation energies in 
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"Al and a TAl. The solid curves represent the Fermi gas 
oredictions. 
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