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ABSTRACT 

A series of experiments, was performed in which gamma-ray spectra 

were measured, using a ,Ge(Li) detector, for incident 7 to 26-MeV 

protons on the even-even vibrational nuclei Fe, N i , Zn, Pd, 
110 r . 114-. 116 r . 116<:„ 120- •• . 206D K a . - „ *„„.,,,„„,. ,, „ Q „ Cd, Co, Cd, Sn, Sn» and Pb, and for incident 14-Hev 

neutrons on naturai Fe, N i , Zn, Cd, Sn, and Pb. These measurements 

yielded gamma-ray cross sections from which i t was inferred that 

almost a l l of the gamma,cas.cades from (p,p ' ) and (n ,n ' ) reactions 

passed down through t h e ' f i r s t 2 levels. Consequently, the strength 

of the 2 -+0 gamma transit ions were found to be an ind i rect measure 

of the (p,p ' ) or (n ,n r ) cross sections. 

Several types of nuclear model calculations were performed and 

compared with experimental resul ts . These calculations included 

coupled-channel calculations to reproduce the d i rec t , co l lect ive 

excitat ion of the low-lying levels, and s ta t i s t i ca l plus pre-equi l ibr i 

model calculations to reproduce the (p,p ' ) and the (n.n 1 ) cross 
+ + sections for comparison with the 2 -»0 gamma measurements. The 

agreement between calculation and experiment was generally good 

except at high energies, where pre-equilibrium processes dominate; 

( i . e . around 26-MeV).- Here discrepancies between calculations from 

the two di f ferent pre-equilibrium models and between the data and the 

calculations were found. Signif icant isospin mixing : of T into T^ 

states was necessary in order to have the calculations match the data 

for the (p ,p r ) reactions, up to about 18-Mev. 
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I . Introduction 

Inelast ic scattering is always an important contributor to 

nuclear reactions and can often be the most d i f f i c u l t on which to 

obtain rel iable measurements. D i f f i cu l t i es with (n,n ' ) and (p ,p ' ) 

measurements arise because of experimental problems associated with 

t ry ing to measure part ic le spectra down to low energies, where roost 

of the evaporation cross section is found. Such problems as mult iple 

scatter ing, s l i t scatter ing, and scattering from contaminants often 

make the spectra d i f f i c u l t to in terpret . At high incident par t ic le 

energies, above the nucleon separation energy, the spectra include 

mult iple par t ic le emission events as well as (n,n ' ) or (p ,p ' ) events 

and again are hard to interpret . Reliable measured values of these 

cross sectionr are needed to compare with nuclear reaction model 

calculations and (par t icu lar ly for incident neutrons) as nuclaar data 

in nuclear reactor and nuclear weapons calculations. This work 

investigates a method whereby to ta l (n,n ' ) and (p,p ' ) cross sections 

may be determined easily and without contamination by (p.pn), (p ,2p ' , 

(n,2n), etc. events, even at high energies. 

General arguments based on angular momentum conservation suggest 

that inelast ic scattering from nuclei with an even number of neutrons 

and an ever, number of protons almost always results in gamma decays 

which cascade den through the f i r s t excited state. Consequently, 

the cross section for the gamma transi t ion from the f i r s t excited 

state to the ground state is nearly equal to the inelast ic scattering 

cross section. Such an equivalence was exploited as early as 1953 by 

Day. The or iginal purpose of the present work was to investigate 



this observation both by experiment and nuclear model calculat ion, 

and.to determine i t s l im i ts of va l id i t y and app l icab i l i ty . In 

addit ion, these measurements and thei r comparison with model calcu­

lations have Provided some valuable insight into pre-equilibrium 

processes at high energies (around 26-MeV incident energy) where these 

processes dominate compound nuclear'processes, and into isospin-con-

serv ing 's ta t is t ica l reactions and thei r importance as a function of 

incident part ic le energy and target.nucleus. 

Both (n.n'v) and (p.p'y) reactions were investigated in this work, 

' the former for only 14-MeV incident neutrons and the Tatter for 7 to 

26-MoV incident protons. The (p.p'y) reactions were part icular ly 

convenient because o f the else with which the experiments could be done 

as a.function of energy. In pr inc ip le, the (p,p'y) experiments can be 

used to in fer information about ( sn 'y ) reactions using isospin-conser-

vation arguments and nuclear model calculations. Investigating the 

behavior of the (p,p'y) reactions as a function t f energy was necessary 

in: order that the reaction mechanism might be understood and that the 

l im i ts of appl icab i l i ty of the technique of using-gamma measurements 

to determine inelast ic srat ter ing cross sactions might be determined. 

This WOT was confined to spherical even-even nuclei which have 

the characterist ic low-lying level structure shown schematically in 

Fig. 1-1. Al l even-even nuclei have a 0 (spin, par i ty) ground state, 

and almost a l l have a 2 + f i r s t excited state. The 2 f i r s t excited 

state is typ ical ly 0.5 to 1.5-MeV above the ground state and can be 

described as a col lect ive, quadrupole vibration of the nucleus about 

a spherical equil ibrium shape, th is one-quadrupoie-phonon vibration 
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Fig. I-l. The typical low-lying level structure of a vibrational even-
even nucleus with relevant gamma transitions shown. These transitions 
are discussed in Section III B. 



carries two units of angular momentum. The next excitat ion is generally 

-.a'two-quadrupole-phonon vibrat ion which forffisa t r i p l e t of states, with 

spins 0, 2, and 4,; at about twice the energy of the one-quadrupole-

phonon state. In actual nuclei these states'-are not degenerate in 

energy and there is no. preferred-ordering of the three levels. The 

one-octupole-phonon vibrational*.level is also important.' I t has a 

spin-pari ty of 3" and occurs at.a somewhat higher excitat ion energy, 

generally around 4-MeV. Although the structure of actual nuclei does 

not confo'-m in a l l detai ls to a pure vibrational model, the principal 

feature that is exploited in th is work is the regulari ty of the level 

sequences which allows a systematic study of the gamma cross sections 

over a wide range of nuclear masses. 

To further introduce the ideas to be investigated in th is work, 

the general nature of a (p,p ' ) reaction on an even-even nucleus, as 

shown in Fig. 1-2, w i l l be discussed. The important feature to note 

about the level density is that i t increases rapidly with increasing 

exci tat ion energy. Level densit ies, at a f ixed excitat ion energy, 

also increase with increasing nuclear mass and are strongly influenced -

by-shell structure. The density of levels for magic or nearly magic 

nuclai is an order of magnitude smaller than for nuclei between 

shells at the same exc i ta t ion, due primari ly to the larger low 

energy level spacing. » « 

;• ' I t i s not possible to describe highly excited states as single 

par t ic le levels. Instead, many nucleon's are excited and the emission 

spectrum becomes complex due to the many di f ferent ways the energy 

may be distr ibuted among? the nucleons. In th is way,- calculating 
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Fig. 1-2. A schematic diagram of a (p.p1) reaction on an even-even 
nucleus ,, 



nuclear level densities becomes a statistical'mechanics problem 

and (with suitable assumptions) provides the basis for the Fermi 

gas model of the nucleus and the. s ta t i s t i ca l model of nuclear 

reactions. ' 

Since the nuclear reaction can be viewed in a s ta t i s t i ca l way, 

• i t . i s .easy to understand why most emitted part icles come out with low 

energy, l i ke molecules being evaporated from a hot body. The compound 

nucleus w i l l decay with highest probabi l i ty to that configuration with 

the highest density o f states, which w i l l occur at high excitation 

energies for the residual nucleus. A sketch" of a typical proton 

emission spectrum is shown in Fig; 1-2. Angular momentum is also 

treated s t a t i s t i c a l l y and the spin d is t r ibut ion is found to peak at 

3-5 units in the region of closely spaced levels relevant to the 

present work. 

After the par t ic le decay the nucleus is usually l e f t with a 

substantial amount of excitat ion energy. I f th is energy exceeds the 

hucleon separation energy, then a second nucleon emission w i l l 

usually occur. Proton emission w i l l , of course, be hindered by 

the Coulomb bar r ie r , and alpha emission is usually very small 

because of th is . I f the excitat ion energy is below the nucleon • 

separation energy (generally the neutron separation energy) then 

the nucleus w i l l decay by a gamma cascade from the highly excited 

state down to the ground state. The nature of th is cascade w i l l 

depend on the excitat ion energy and'angular momentum'of the i n i t i a l 

configuration, as well as the energies and spins of the low-lying 

levels. For the choice of energies and incident particles used in 



this work, i t is believed that the gamma decays from the region of 

closely spaced levels are predominantly e lec t r ic dipole. I f a large amount 

of angular momentum has been deposited in the nucleus by the incident 

par t ic le , the gamma decay w i l l preferent ia l ly feed low-lying levels 

with higher spins such as the 3" and 4 levels. I f very l i t t l e 

angular momentum is deposited by the incident par t ic le , the decay 

w i l l favor those levels with lower spins, such as the 0 , , 2J, 2 , 

and 0 levels. In the high angular momentum, high incident par t ic le 

energy case, the gamma cascade should nearly always pass through 

the f i r s t 2 leve l . At lower energies, decays to the ground state 

which bypass the f i r s t 2 level become more probable. 

Also shown schematically in Fig. 1-2 are peaks from high energy 

scattered protons corresponding to the low-lying levels in the f i na l 

nucleus. These are due primari ly to direct col lect ive reactions and 

are reproduced by coupled-channel calculations which are discussed fn 

Section IV-A. 

To complete the description of the reaction process i t is necessary 

to include isospin conservation and pre-equilibrium emission. 

The relat ive importance of these processes varies with incident 

par t ic le energy, and the inclusion of both processes was necessary 

in order to reproduce and understand experimental data. Isospi.n-

conserving reactions are part icular ly important for protons, with 

energies up to about 20-MeV, incident on re lat ive ly heavy (A i/100) 

nuclei . In. some cases, such as for the heavier mass isotopes, 

isospin-conserving reactions produce essential ly a l l o f the (p ,p ' ) 

cross section not accounted for by pre-equilibrium reactions. 



Conversely, pre-equilibriurn emission becomes increasingly important 

;,vas the inc ident 'par t ic le energy increases u n t i l , by 26-MeV: i t accounts 

for v i r tua l l y a l l o f the observed (p,p ' ) cross section, .The amount o f 

calculated pre-equilibriurn emission at any given energy is somewhat 

dependent on the model used. 

•The experimental techniques and the equipment used to determine 

(p.p'y)-gamma cross sections f o r 5^Fe-, 6 Z N i , 6 4 Z n , 1 0 8 P d , 1 1 0 C d , 1 1 4 C d , 
1 1 6 Cd, . 1 l 6 S n , — S n , and Z 0 6 Pb are discussed in Section I I -A . Section 

I I -B contains the discussion of the ( n , n \ ) experiments on natural Fe, 

Ni j Zn, Cd, Sn, and Pb. I t was found necessary to employ pulsed beam 

and timing or coincidence techniques in order that re l iab le measurements 

o f (p .p ' r ) and (n.n'y) cross sections might be obtained, free of ambigui­

t ies associated with beta decay, electron, capture, or background-

as.sociated gamma rays with the same energies as those' from the (p,p ' ) 

or (n,n ' ) events of in terest . 

The results of these experiments, generally in the form o f gamma 

• cross sections, are discussed in Section I I I . The (p.p'y) results 

are presented as a function of incident part ic le energy, which ranged 

from 7 to 26r̂ MeV, and the (n.n'y) results are presented at 14-MeV. 

What is observed, basical ly, is that the [2 ->0 ) gamma transi t ion does 

account for nearly a l l of the (p,p ' ) or (n.n 1 ) cross section. Because 

of "angular momentum conservation, however, this near-equality tends 

to break down at" low incident energies when very l i t t l e angular momentum 

is brought into the.nucleus and direct decay to the 0 ground state, 

. bypassing the 2 ^ f i r s t excited state, becomes more-favored. 



Section IV contains the computer model calculations. F i r s t , 

the coupled-channel calculations of the direct col lect ive exci tat ion 

of the low-Tying states in the f ina l nucleus are discussed. The-

excitations of the vibrational levels of these nuclei are very 

s ign i f icant , accounting for up to 50% of the observed (2 ->0 ) gamma 

cross sec + ' - , i . ' text, the s ta t i s t i ca l plus pre-equil ibrium model 

calculat i -. .• discussed and compared with experimental data both 

from this worK and from the work of others. These calculations were 

done essential ly in two parts. F i r s t , calculations using the.HYBRID 

code, which combines the simple Weisskopf evaporation model (which 

does not include angular momentum) with the pre-equil ibrium formulation . 

40 42 48 

due to Blann and Grimes, ' w e r e performed for almost a l l o f the 

nuclei investigated experimentally, as a function of incident proton 

energy and for neutron energies near 14-MeV. These calculations 

reproduced the data reasonably well and clearly showed how important 

isospin-conserving and pre-equilibrium reactions are in reproducing 

experimental observations. They also ver i f ied the near equali ty of 

the (p,p') and (n,n') cross sections with the (2 -*0 ) gamma cross 
CQ 

sect iop>: "Second, calculations using the STAPRE code, which consists 

of the Hauser-Feshbach s ta t i s t i ca l model (which includes angular 

momentum), the pre-equilibrium formalism due to Cline and Blann, 
69 and gamma-ray strength functions described by the Brink-Axel model, 

CO CC 

were performed for incident protons on Ni and neutrons oh Fe. 

These calculations produced details of the gamma cascade and (2+-*0+) 

cross sections which were not obtainable from the HYBRID calculat ions. 



:-Cross sections for both, the particle emission and the gamma transitions 

,were calculated and t^ey,agreed quite well with the corresponding 

measured .values';';1 Again, the near^eq'uality between the (2 ->0 ) gamma •; 

• 'cross section aijd,the'{nin') or (p,p'). cross section was demonstrated, 

but with this calculation the change in the relationship with incident 

parti die. energy could be inferred. Further.eonclusions, based on 

comparison of these calculations with experimental data, are presented 

in Section V along with recommendations for further experiments. 



I I . Experimental Methods 

The purpose of the experiments was to measure the gamma-ray spectra 

from the inelast ic scattering of both protons and neutrons by a series 

of even-even target nuclei ; The experiments focused an the gamma-rays 

from the low-lying v ibrat ion- l ike levels in these nuc le i , where energies, 

spins, and pari t ies were generally known. The gamma-rays o f interest 

had energies between 200-keV and 3-MeV. 

A. The (p.p'y) Experiments 

A . l . The Apparatus 

' ; . The experiments were performed at the Livermore-cyclograaff 
2 f a c i l i t y . This is a two-part accelerator consisting of a 76-cm, f ixed 

energy cyclotron and a 6 MV, variable energy, tandem Van de Graaff. The 

cyclotron produces 14;8-MeV negatively charged hydrogen ions. The Van de 

Graaff can be used by i t s e l f to accelerate protons to energies up to 12-

MeV, or i t can be used with cyclotron in ject ion to produce proton beams 

with energies up to 27-MeV. This is a very versati le system, but does 

leave a gap between about 12 and 15-MeV which cannot be reached by ei ther 

machine. The 25 MHz pulse rate of the cyclotron was reduced with an 

external sweeper which eliminated 6 out o f 7 beam pulses before in ject ion 

into the t?.ndem. A schematic drawing of the f a c i l i t y and the experimental 

setup is shown in Figs. I I - l and 11-2. .•• 

Data were taken at a series of proton energies, generally 

beginning at 7.5-MeV (9-MeV for the heavier elements) and moving tip, in 

steps of about 2-MeV to 26-MeV. For proton energies between 7.5 and 

12-MeV, the tandem alone was used. For the data at 14.8-HeV, the 

cyclotron alone was used and the beam was dr i f ted through the tandem 
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Fig. II-2. The top view of the experimental setup for'Ge(Li) detector 
gamma spectroscopy at the LLL Cylo-Graaff facility. 
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with the terminal shorted to ground. For energies between 16 and 26-

MeV, the combination of f ixed energy cyclotron and variable, energy . 

tandem was used, ; r Beam currents were typ ica l ly between 25 and 100 nA 

• with runs taking from.;20 to 30 minutes. . 

" The' proton beam emerging from the tandem was momentum 

analysed and bent down into the underground experiment p i t . I t was 

•then focused through two collimators (generally 3/16 and 3/3.2 inches 

in diameter) onto the target. Thin self-supporting targets (about 

2 mg/crn) were used, and the transmitted beam was collected, in an 

e lec t r i ca l l y isolated beam dump. I t is believed that th is integrated 

'current can be measured with an accuracy of better than 3%-., 

An'Ortec VIP series Ge(Li) detector was used to detect 
i 

gamma-rays. These detectors have an active volume of about 55 ec and 

a resolution of about 2.2 keV for Co -y-rays. The detector was 

oriented at 125° with "respect to the beam direct ion. Gamma angular 

distr ibut ions may be described by a series of even Legendre polynomials 

and this angle corresponds to a zero for the I = 2 polynomial, P'„, 

which describes most of the anisotropy of the angular d is t r ibu t ion . 

The P. term is generally small and somewhat uncertain. Ignoring the P. 

term w i l l introduce an error o f between 3 and 9% in the case of 
5 6 F e ( n , n ' Y / at 14-MeV28 and about ]% for 2 0 6 Pb(n,n 'Y) at 4-MeV.29 

These,values are thought to be typical of the other nuclei as we l l . 

More w i l l be said about angular distr ibut ions in Section I I I . 

I t must be kept f i rmly in mind that the ( P , P ' Y ) measure­

ments were made-only at 125° and actually represent d i f fe rent ia l cross 



sections. They can, with only a few percent error, be mult ip l ied by 

4ir and considered to be angle-integrated cross sections, however. 

The detector viewed the target.through a mylar window on 

the target chamber. I t was shielded from background radiat ion, which 

came pr inc ipal ly from collimators in the beam l i n e , by several inches 

of lead in the form of an annulus around the detector and lead bricks 

between the detector and the coll imators. For some targets the target 

i t s e l f was the source of excessive amounts of x-rays. This low energy 

radiation was reduced to acceptable levels by putt ing a 0.1-cm thick 

copper absorber between the target and the detector. 

The Ge(Li) detectors are single crystals of germanium 

with l i th ium dr i f ted into them to compensate for impuri t ies. I t is 

necessary to keep the crystal at l i qu id nitrogen temperature to avoid 

thermal exci tat ion, w,ith i t s resultant noise, and to keep the l i th ium 

immobile,within the c rysta l . A high voltage is applied across the 

c rys ta l , which causes i t to act l i ke a large diode. Gamma rays in ter­

acting with the germanium atoms create electron-hole pairs which are 

swept out by the applied e lec t r ic f i e l d . The charge collected is 

proportional to the energy deposited in the crystal by the gamma-ray. 

Gamma-rays with energies between 200-keV and 3-MeV were 

of interest in these experiments. At the end of each experiment, the 

detector was l e f t in'place and the targets replaced by several c a l i ­

brated gamma-ray sources to determine the detect1"- ef f ic iency. Figure 

I I -3 is a typical efficiency determination for- f the runs. Cross 

sections for the ( P . P ' Y ) experiments were calculated as fol lows. The 

reaction rate in the target in the region between x and x + dx is 
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Fig. I I - 3 . The eff iciency cal ibrat ion for the 55cc Ge(Li) detector at 
13.25 inches from the target. 



dR (x) = 0IN dx, 
where 

x = distance into target, 

a = cross section, 

I = beam current (protons/second), 
3 N A P 

N = nuclei/cm = -S- x. 

N A = 6.02 x 1 0 2 3 , p = density, M = mol. wt..s 

and - = isotopic abundance. 

If we assume a thin target, with I and energy constant, then 

R (x) = oINt, 

where 
t = target thickness. 

Gamma-ray photo-peak areas were measured. These can be related to the 

reaction rate for incident protons by the expression 
eAI 

where 

R p ~ef Q ' 

e = 1.602 x 10~ 1 9 Coulomb, 

e = measured detector ef f ic iency, 

f = measured l i ve fract ion for the electronics, 

0 = charge collected (Coulombs), 

and A = y-ray photo-peak area (number of counts). 

The l i ve f ract ion for the electronics, referred to above, is that f ract ion 

of the time the electronics were available to process a pulse, i . e . 

f = 1 - dead time. • • . 

The dead time is roughly proportional to count rate in the system. The TAC 

(Time-to-Amplitude Coverter) and the MCA (Multi-Channel Analyzer) both 



contributed to the system dead time, but the MCA was the dominant contr ib-

utor. The l i ve f rac t ion , and the timing gate width; were determined for 

each experiment using a pulser pulse at the high energy end of the spectrum. 

The pulser output was scaled, and the number of pulses getting into the 

spectrum was counted. Runs were made at very low count rates to define the 

zero dead time condition and the timing gate widths. Actual runs were 

compared with these to determine the l ive f rac t ion , which was generally 

..about W%, . . 

• \ . Combining the above equatibns, the total cross section 

can be expressed as. ' . , . ' , ' . 

A.2. .The.Electronics 

Figure I I - 4 i s a schematic diagram of the electronics used 

in these experiments. The power supply for the Ortec 120 preamplifier and 

the htgh voltage.power supply for the Ge{Li) detector were located in the 

.experimental p i t and.isolated from l ine noise by an isolat ion transformer. 

This substantial ly improved the resolution upstairs in the control room where 

the preamp signal was amplified by an Ortec 451 spectroscopy ampl i f ier . 

The accelerator was run in the pulsed beam mode with the 

beam bunched to a width o f about 2 ns and with.a repet i t ion rate of 2.5 MHz 

fo r the tandem alone and 3.57 MHz for . the cyclograaff. The principal reason 

fo>* doing the timing was to eliminate the background events due to (p,n) 

t ac t i ons ih the target and the subsequent'beta decay back to excited states 

in the nucleus of interest . This, was ' i n i t i a l l y a substantial problem with 

son.e of the nuclei. ' ' • .. . 



Beam T a ; 9 e t 

-Ge(Li) detector 
with Ortec 120 
preamp 

Northern 
4096 ch . 
MCA .,. 

To PDP 81 

Fig. II-4. The electronics for both the (p.p'y) and the (n.n'y)""-' 
experiments , •: 



',' " •-' • Timing pulses corresponding to beam bursts were taken 

.'.-•_ from the RF and used 'to generate stop pulses fo r an Ortec 437A T.AC, Tlie-

s ta r t signalsacame from the Ge(Li) detector. One output from the preamplifi 

...was run .through an Ortec' 454 Timing F i l t e r Amplifier.and then into an Ortec 

453 Constant Fraction discriminator. Getting re l iab le timing over a wide 

dynamic range with the Ge(Li) detectors was a d i f f i c u l t problem. Several 

d i f ferent- t iming units were^ t r i ed , including Ortec 463 and 453 Constant 

Fraction units .and "a Canberra EZS (Extrapolated Zero Strobe). The 463 and 

the' EZS did not give the,dynamic, range needed while the 453 was d i f f i c u l t 

to set up but did provide the required dynamic range. The signal from the 

453 was used to start the TAC. A typical spectrum from the TAC is shown in 

VFig. I I - 5 . Two Ortec 420A SCA's (Single- Channel Analyzers) were used to 

define gates on the TAC spectrum.' One gate was. set over the prompt peak, 

that i s , over the events occurring immediately after the beam'hurst str ikes 

the target. The other gate-was set on the f l a t background region. This 

corresponds to events which are put of time with the beam bursts. Each 

gate was approximately 25 ns wide and the TAC peak i t s e l f had a FWHM (Ful l 

Width at Half Maximum) of abou': 5 ns. The TAC output was displayed on a 

small MCA and checked after e?.ch energy ch;.nge so that the TAC peak could 

be kept within the SCA gate. The output from the SCAs went to an L1L-

designed router which was used to gate a Northern .4096. channel multichannel 

. ' ' ana.lyzer: We accumulated two 2048 channel spectra in the MCA, one corres­

ponding to events which f e l l within the prompt gate and the other to events 

which f e l l within the out-of-time or random gate. Since the prompt gate 

^also contains a random contr ibut ion, the spectrum corresponding to the 

random events was normalized for di f ferent, gate widths and'subtracted from' 
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Fig. II-5. The 5 6Fe(p,p'Y) TAC spectrum.(0.5 ns/channel). 



the :prompt data,, leaving only those counts which corresponded to beam burst 

* ,coincident events,.- The normalization was accomplished with a Berkeley 

• - Nucieonies Corp. BHI pulser.: The pulse shape from this pulser was set to 

match, as closely as possible, the signals from the Ge(Li) detector. The 

- amplitude was set such that pulses went into about channel 2000 in the MGA. 

• ' • * ' • Since the pulser output was uncorrelated with the beam, counting the pulses 

in the prompt and delayed spectra was an indi rect measurement of the gate 

,'• width,. The pulser output was scaled so that the number of pulses attempting 

: / to enter the system was known. Vary low count rate runs were made by stopping 

the'beam before i t passed through the target and far away from the experiment. 

. . •' These runs were used to define the "zero dead time" conditions. The experi­

mental dead time.was determined from the rat io of pulser counts during .the * 

; •-• ' "experiment, to those corresponding to "zero dead time". The count rate- in 

>- the Ge(Li) system was generally about-10 kHz and the dead time was less than 

. . ' • • 2 0 % . . " ; : " . , '•. • • ... . ' , . 

. • '• '•••• -' A . 3 . ; Targets 
-> 

The targets were self-supporting metall ic f o i l s with 
2 thicknesses of about 2 mg/cm except fo r the Sn and Pb targets, which were . -

2 • • • . • • • 

about 5 mg/cm . Target thicknesses were determined by weighing f o i l s w i th 
241 known areas and by measuring the energy losses of 5-MeV alphas from Am. 

The results of ohese two measurements were generally in" good agreement. 

A general series of even-even isotopes with the essential 

"simple Vibrat ion-l ike low-lying level; structure was chos.en for examination. 

Nuclei were "needed whose low-lying level structures were known, and which .had 

a 0 + ground state and a 2 + f i r s t excited state: We chose 6 Fe, N i , . Zn,-

/ - ' 1 0 §Pd , 1 1 0 C d , i l 4 C d , 1 1 6 C d , 1 1 6 S n , ^ S n * and 2 0 6 Pb as nuclei which-satisfied 



these c r i t e r i a and were available as isqtopical ly separated targets. A l l 

the targets had isotopic puri t ies of more than 95%; most were nearly 99%. 

There are. many other nuclei which sat isfy our c r i t e r i a , but the ones chosen 

allowed us to look at the gamma decay over a range of nuclear masses and over 

a range of isotopic masses for individual elements. This is important because 

neutron emission becomes more favored as the isotopic mass increases. Accord­

ing to Cohen et a l . , the inelast ic protor scattering from the heavier, more 

neutron rich isotopes w i l l be almost ent i re ly d i rec t , since almost a l l com­

pound nuclear events w i l l decay .by neutron emission. The l igh te r , less 

neutron rich isotopes w i l l undergo a combination of compound and direct 

processes. These arguments neglect isospin considerations-and pre-equil ibrium 

processes. The level structure of the low-lying levels in the nuclei of 
25 ' interest is summarized in Fig. II-6. . 

B. The (n.^ 'y) Experiments ', .• 

B . l . The Apparatus 

These experiments were performed at the Livermore ICT 

(Insulated-Core Transformer)-neutron ge erator. This is a 400 kV dc, high 

current machine used to accelerate a deuteron beam onto a sol id t r i t i um-

titaniuni target , producing copious quantities c f D-T fusion neutrons. 

Schematic drawings of the f a c i l i t y and our experimental setup are shown 

in Figs. I I - 7 and I I - 8 . The deuteran beam was bunched to a width of 4.5 ns 

.with a repeti t ion rate of 500 kHz and a beam current of about 6.5 uA.. 

Neutron production was determined by counting alpha 

part icles from the H(d,n) He reaction with a s i l i con surface-barrier 

detector viewing the target at a backward angle (174°) about 13 inches 

away.' The, alpha spectrum was viewed on a MCA, and a single channel'analyzer 
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wlndpiif-wa's set up on'the'alpha-peak. The events fal l ing within this window 

were scaled and, after calibration,.were used to determine neutron production. 

'The abs'biute neutron source strength was determined using a proton-recoil 

detector, with an efficiency known to about +_ 5%,-.temporarily-set up a t / 

about 100 cni from the target. The count rate in the alpha counter was then 
•' v J .• g 

compared with this, detector. The neutron production rate-was typically 10 

•:• ' s e c " . "' 

...,'_' ' •'•••-. An o l d e r ' N u c l e a r Diodes 35 cc Ge(Li ) d e t e c t o r , w i t h a 
'" 60 r 

resolution.6f about 3:2-keV for the Co lines and an efficiency about two 

(thirds that of the Ortec'VIP- detectors, was used for the neutron experiments. 

the dbtector-was: placed on a piece of plywood on the.thin aluminum floor and 

,-, -lead brick shielding was stacked around i t to try to reduce the rather high 

•". .background:from room-scattered neutrons and activation. A large copper slug, 

'" , , 46. cm l.ong, was placed between'the tr i t i t f t i target and the Ge(Li) detector to 

sh.ipld i t from radiation coming directly from the source /see Fig. I I -8) . 

The scattering rings were mounted with their axes along 

the line from target to detector with the target close to the center of the 

ring and the copper slug close to the target. The en'ergies of the neutrons 

emitted from the target vary with the angle "esin, the manner shown in Fig. ! I -9 . 

.''• Changing the ring angle 8:{see Fig. II-8) from 55° to 125° changed the 

incident neutron energy from 13.6-HeV to 14.8-MeV. The neutron source 

•' ; intensity also varies with angle as is shown in Fig. 11-10. As with the 

(p.P'y) experiments, these measurements are differential cross sections at 

, a particular angle. Unlike the (p.p'y) experiments, however, the (n,n'-y) 

measurements were generally made at several.angles. They are in substantial 

, ''''agreement-with published data.28>29,30,3.1,32 

f 
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Fig. II-9. Variation of the raost probable energy with angle of the 
Ttd.n^He source neutrons. 
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At the end of the experiment, several calibrated gamma-

ray sources were placed on one of the rings and counted overnight to deter­

mine detector ef f ic iency. Background contributions to the standard l ines 

were so strong^that this method fa i led and the eff ic iency cal ibrat ion had 

to be repeated la ter . 

B.2. The Electronics 

The electronics setup was essential ly the same as shown 

in Fig. I I - 4 , including an Ortec 120 preamp for the Ge(Li) detector. A 

minor difference was that the timing f i l t e r ampli f ier and pulser were l e f t 

in the experimental p i t to minimize noise pickup during the long transmission 

of low level signals. 

The accelerator beam was pulsed, and timing signals were 

taken from a eapacitive time pickoff near the target and used to stop the 

TAC. Start signals came from the Ge(Li) as in the fp .p ' ) work. The timing 

was doubly necessary in th is case, both to eliminate the beta decay con t r i ­

bution and to reduce the very high background contribution from neutron 

activation in the experimental p i t . Without the timing we could not have 

obtained rel iable data. Figure I I - l l a is the output of the TAC with the 

r ing in place. The f i r s t peak is due to gamma rays from neutron interactions 

in the r ing , and the larger second peak is due to room and equipment-scattered 

neutrons and gamma rays produced by these neutrons. Short runs with the 

r ing in and out were done, and the f i r s t peak was not present when the ring 

was not there, as can be seen in Fig. I I - l l b . Single channel analyzer gates 

were set. on the prompt, ring-associated f i r s t peak and on the f l a t , delayed, 

or random background region. The gates were each aociit 50 ns wide and were 

used to gate the MCA to take two simultaneous 2048 channel gamma-ray spectra 

in exactly the :same way as was done in the (p.p'y) experiments. 
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Count rates in the'Ge(Li) system were generally about 
5 kHz with "an associated dead time of about 10%. The runs generally 
took two to three hours,and were done with the rings in three dif­
ferent positions which corresponded to neutron energies of about 13.5, • 
14.3 and 14.8 MeV, and angles of about 125°, 30°, and'50°. 

B.3. Targets and Cross Section Calculation 
The targets for the neutron experiments were large rings 

of the elements, in metallic form and their naturally occurring 
isotopic abundance. TaM? H-i > s summary of the rings used, 
including the weight, size, and isotopic abundances. Cross sections ' 
for the (n,n'-y) experiments were calculated as follows. Consider the 
geometry shown in Fig. 11-12. The interaction rate of the source neutrons 
in the volume element dv is 

dRn = - ^ e - f f T N ( r - r 1 ) a N x d V ) 

4irr 

where e" aT N» " r l ' describes the source attenuation by the ring, and where 
X = isotopic abundance of isotope of interest, 
r, = distance to ring surface, 
r, = distance to volume element dv, 

. , SQ'..= source strength, 
a, = total cross section, *-• 
a = cross section for reaction of interest,' • 

and N = nuclei per unit volume. 



?u$-

'Table 11—1 Ring Targets for (n,n'-y) Experiments 

Outside Inside t w , , , 
Diameter Diameter Thickness Weight a, " a \ n > n v> a + „ l l o Isotopic 

T r.ieas. 5 
(cm) (cm) (cm) (gm) (bam) (barn) meas. Abundance. 

Fe 24.0 20.0 0.98 1074 2.5 0.69 0.90 56-91.7? 

!

58-68.3% 
60-26.1% 
62-3.6% 

Zn •.* 24.0 • ̂ 20.0 ; 1.00 978 • 2.9 0.69 ''•' 0.93 • i ' 6 4 - 4 8 : O T 

•'" - . ;\A''••:':••'. "" •• ••. '•: "•..;• - ', .' ' (66-27.8%; 

!

n'0-12.4% 
112-24:0% 
T14-28.8* 
116-7.6% 

!

116-14.4% 
118-24.1% 
120.-32.8%-

Pb>'.' .22.82 .17.74 1.28 2324 , 5.5'.' 0.66 0.8,1 (206-24.1% 
.'.••...' '-, .|208-52.4% 
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Fig. 11-12. The ring geometry used for the (n.n'y) experiments. 



•'An exact "analytical evaluation of the'integral of this expression is 
difficult. Since the ring's cross sectional dimensions are relatively 
small 'compared'to the source-torring distance, it is reasonable to 
make certain helpful assumptions. First, it is assumed that the source 
J? ' ..•-"•'. '. •• ,-.,. . - , , ••;,.•- . •'";•. . .-.• . -

to ring distance is constant, i.e. .that 

• • / " ' • "''• 1 ~ 1 " ' ' 

... " T - "~Z » f 

r <r> 
where <r> is the distance from the source to the center Of the ring's 
cross-sectional area. ;fhe reaction rate will then be 

S„ r' -aTN(r-r,} . . 
K;•-'•—r-o I e ' !• oN xdv, 

«• \ " ^ J - ^ - O - e - T N t e f f ) , 
4Tr<r> t e f f a T 

where t . . equals the oath lenqth through the r ing. For small cr,Nt „ , 

e "°T N t ef f % l - o T N t e f f ; e.g. o T N t e f f = 0.2 for the more or less typical Zn 

r ing. The reaction rate then becomes ' - ' 

S 0 

Next, consider gamma-ray production.in the r ing and 

detection in the Ge(Li) detector, correcting,for gamma-ray se l f absorpt­

ion in the r ing. We assume that the gamma production occurs.uniformly ' 

throughout the r ing . The rate of detection of gamma-rpys in the Ge(Li) 

detector is ^ . 



. R Y = R neJ Q f e-ux, 
where 

u = y-ray attenuation coefficient 
and e = Ge(Li) detector efficiency. 

Then 

Y 4ir<r> lit 

and 

0 = 4TT<r>2Ry 

S 0VeN X 

The cross sections for (n.n'y) events were calculated from this expression, 
with multiple scattering corrections applied later. Multiple scattering 
contributions due to neutrons scattered from the copper shadow bar back 
into the ring were calculated (see Appendix I) and account for 3%, at most, 
of the neutrons interacting in the ring. Tr-nr contribution is probably 
less than this because of our timing requirements. The scattered neutrons 
would be delayed and produce gammas which would fall outside piir prompt 
time window. Monte Carlo calculations with the copper shield in and out 
indicate that its effect, without the timing requirement, is of the order 
of 3%, supporting the analytical calculation. 

Multiple scattering in the ring itself is a more difficult problem. 
Day demonstrated experimentally that a multiple scattering contribution 
exists even for relatively small rings and becomes increasingly 
important with increasing ring size. He did Monte Carlo calculations 
and found that, in'general, multiple scattering and neutron attenuation 
balanced each other. He found that neglecting both produced results 
which differed by only 3.5% from.thdse results which Had been corrected , 



for both phenomena". These were low energy neutrons* however, well, 
below the (n,2n) threshold., Kammerdiener investigated multiple ' 
scattering, for 14-MeV incident neutrons on rings in a geometry identical 
to ours" (indeed, some of the rings were"the same) and found the effect 
to be small. He measured (n,n') cross sections and used a„Honte Carlo 
code, iterstively,. to correct the data. 
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The TART Monte Carlo code was used for calculations with a geometry 

which exactly reproduced the important aspects of the experimental geometry. 

I t was "found that-the effects were indeed small.but not ignorable. After 

the (n,2n) threshold is crossed, at about 10-MeV, the mult iple scattering is 

no longer balanced by the attenuation. Table I I - l gives the rat io of 

"true-to-measured (r i ,n') cross sections and i t can be seen that the net 

correction is generally less than 10% except for Pb where i t is 19%. The 
•measured cross section, a m „ , , is the sum of the 2 -* 0 gamma t ransi t ion mens. 

cross sections for the major isotopic constituants of the r ings, at 14 MeV. 

The " t rue" cross, section., a. , comes from the Monte Carlo calculation 

in the following way •<,„ 

V m e a s . - ^ ^ S k , i ° i ^ . " .. 
a t rue ~ r^c •' 

T k ' 1 4 . - , . : • . : , - . 

where '- •' : ' : 

S = mean path length in the ring with no Interactions* • 

£ s = neutron path length in the ring, at energy i, summed 
k k' - • ' '" 

over k contributions. . . . 
and CJ.(2 ) = cross section for 2 ->• 0 gamma production at neutron' 

energy i. ..'.'.. 
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The measured-cross section, a , was subsequently mult ip l ied by 

the r a t i o , "true^meas' w n i c n corrected for multiple scattering 

events-from reactions induced by lower energy neutrons from ( n . n 1 ) , 

(n,2h), and (n,np) events. 
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I I I . Data ̂ Analysis and Results.; ,-, 

, A. The Data Analysis Computer Programs 

V The data Were taken in a Northern Sc ient i f i c 4096 channel 

iiiu.ltichannel analyzer, examined fat the end of eaqh run, and dumped onto 

• . small DEC magnetic tapes through a PDP-8I computer. The data was then 

transferred to large magnetic tapes and printed and plotted via a CDC-6600 

tiKa-sharing computer, system. Data analysis was performed on a PDP-15 

computer system with a 32 K memory, a scope and l i gh t pen, and a Versatac 

pr in ter -p lo t te r . This proved to be a very versat i le and useful system 

although a b i t slow for some' of the more involved calculat ions. 

The data analysis was done almost ent i re ly with a program called 

GRASP which originated at Stanford-and has been altered for our use. I t 

is based on a nonlinear leastrsquares algorithm called CURFIT by P; R. 
o 4 

Bevington, which uses the Marquardt method. The program w i l l f i t a 

. selected region of experimental data with up to four superimposed 

-Gaussian l ine shapes plus a background polynomial of up to second order. 

I t is designed to allow the operator maximum control of and interaction 

with the data being analyzed*. I t is designed for f inding and analyzing 

part icular peaks in a spectrum consisting of many peaks, most of which 

are not of interest . Thq program is divided into three main loops, the 

I/O or. input/output loop, the PEAK loop where peak and background regions 

' • . are defined,and the FIT loop'where the actual f i t t i n g is done.. 

s, . % In the I/O loop, data are read into the computer and the asychron-

ous background spectrum i s mult ip l ied by a previously determined normal- • 

izatiori constant and subtracted fronrthe prompt spectrumrwith care being 
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taken to calculate the correct standard deviation for each data point. 
The operator can then input previously determined parameters which 
describe peak width variation "aV a function of channel number, energy 
variation as a function of channel number, detector efficiency variation 
as a.function of gammaTray energy, and a target parameter which includes 
target thickness, molecular weight, integrated beam current, and instru­
mental live time. 

In the PEAK loop the data is examined on the scope and, using 
a light pen, the peak region and the stable background regions on each 
side of it are chosen. Estimates for the locations of the peak centroids 
are also marked with the light pen. The user has the additional option 
of entering particular values for any of the peak parameters and fixing 
them so that they are not varied in the fitting process. 

The user then goes on to the FIT loop and fits a polynomial 
through the two stable background regions on either side of the peak region. 
This determines the background under the peak region which will be subtracted 
to yield peak areas. From one to four Gaussian functions are then fit to the 
peak region. The parameters of the Gaussian plus quadratic background function, 

y(x..) = c-^xp 

which are varied to obtain the best fit to the data, y., are the centroid 
or mean, x, the full width at half maximum, r = 2.354cr, where cr- is the- : 

standard deviation, and the peak area,which is related to c,. The param­
eters c«, c, and c. have already been determined from fitting the stable 

x-2 

+ c 2 + c 3 *i + c4 xi 
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background' regions:" The .best f i t is defined as the minimum x"" where. 
2 ' ~ ' ' ' 2 '• "' '' ' ' • 

X = x [(y,- ". y(*4)/o"..] ' T h e program iterates unt i l two successive 
1 \ . 1 : . . . . . ••' 

va lues 'ofx d i f f e r by less than a predetermined quantity (5 x 10" 

fo r this work) or for a maximum of 15 i terat ions. An example of a f i t 

to;severa1 overlapping peaks plus a quadratic background is shown in 

, Fig. I I - l . Very l i t t l e low energy t a i l i n g was observed, consequently 

a simple Gaussian peak shape was adequate. 

" B. The Results - General Comment? 

The idealized-picture of the low-lying level structure of a 

vibrational nucleus was shown in Fig". 1-1. The results presented 

here are an ?ttempt to measure the cross sections for the production 

of those gamma-rays shown in Fig. i-1 for 7 to 26-MeV proton bombardment 

and 14-.MeV neutron bombardment of a number of even-even target-nuclei . 
"' cc "I no 

The nuclei investigated are Fe, isotopes of Ni and Zn, Pd, isotopes 
~ on/:.. 

of Cd and Sn, and Pb. Before discussing the results for the individual 
nuclei, we will indicate .the general features observed in the present 
work and their systematic behavior'with incident energy and target mass. 

When nuclei, with the characteristic level structure shown in 
Fig.. ,1-1,.undergo gamma decay from sufficiently highly excited states, 
the result is-generally a cascade of gamma transitions down'to.the ground 
state. What-is observed is that virtually alf of the gamma decay funnels 
down.through the first 2 level followed by decay to the, ground state. 

,•'"••' The 2* -* 0*. transition, labeled (T) in Fig. 1-1, is usually the 
• + ' • ' . • ' • 

strongest-transition 1*0 the spectrum. The first 2 level is fed primarily 
by the by the^4*> 2* transition, labeled (2) in Fig. 1-1, which generally 
accounts for about one half of the strength of the 2 • + 0 transition. 
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Fig. III-l. A GRASP calculated fit (-•-) to an experimental gamma 
triplet of about 430 keV (-•-). 



The-formation of the 4 level requires that more angular momentum be 
brought,into the nucleus than does the formation of 2 or 0 + levels. 
Consequently,the 4,^-2 transition is relatively less important at low 
incident particle energies than it is at high energies. In some nuclei 
the 3y.-» 2 transition., labeled (?) in Fig 1-1, is more important than the 
+ + • 4 * 2 transition. 

The 2,-.+ 2 transition, labeled Q) , and the 2, •+ 0 transition, 
labeled (§) , are also investigated. The 2, + 0 transition is important 
because it bypasses the first 2 leve and decays directly to the ground 
state. This transition is observed to be always very weak compared to 
the 2 -*• 0 transition.. 

The 0, •+ 2 transition, labeled [A) , is also of interest because 
it gives an indication of.the amount f feeding of the 0 ground state from 
higher lying states other than the fi^st 2 . This is important because it 
indicates the amount of gamma decay b passing the first 2 state. The 
feediig of these two 0 levels Will be similar only if the configurational 
details of the final 0 state are not important because of averaging over 
many possibfe initial configurations and intermediate transitions. These 
arguments require the qualitative validity of a statistical picture for 
the-'gamma cascades. This transition is always weak but it is relatively 
strongest at low incident particle energies where very little angular 
momentum is' brought into the nucleus and decay to low spin states is 
favored. 

B.'l The, (p,p') Results 
The gamma cascades geierally start from"high energy states 

(Ex = 5-8 MeV) in the.final nucleus. This can be seen by examining the 
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Fig. IH.-2. The 6 4Zn(p,p') and 6 2Ni(p,p') spectra of Sprinzak et al. 5 

for 14 MeV incident protons. 
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difference between incoming and outgoing proton energies. Fig. III-2 
5 shows the scattered proton spectra of Sprinzak et al. for 14-MeV protons 

on . Zn and , Ni. The (p,p')part of the spectra peaks around 5-MeV. 
Hence the final nucleus is left with 9-MeV excitation, on the average. 
The nucleus is also left with several units, of angular momentum, as can be 
inferred from Table III—1. This table lists the most probable angular 

34 momentum transfer to the compound nucleus, as calculated by the LOKI 
optical model code. The scattered particles will be emitted with much 
less energy and angular momentum; s-wave (fc=0) and p-wave (n=1) events 
are favored. Consequently, the final nucleus will be left with most of 
the angular momentum.deposited by the incident particle. For the nuclei 
investigated, over the range of incident proton energies from 8 to 26-MeV, 
the most probable-angular momentum transferred varies from 2 to 6 units. 
The [/-edominant feeding of high angular momentum final states (e.g., the 
4 rather than the 0 ),can be qualitatively understood in terms of the 
difficulty of getting rid of large amounts of initial angular momentum 
during the.cascade. ..'"•. 

.. Also important in understanding/the behavior of the gamma 
cascades and the relative feeding of the.various low-lying states is the 
spin dependence of the. level density, which typically peaks at 3 to 4 units 
in the region of closely-spaced levels at 5-8 MeV excitation. 

If the final.nucleus is left With'enough energy to emit. 
another particle, it will usually do so. States above the neutron separation 
•energy dfefay predominantly by neutron emission: A coiroilation of neutron, 
proton, a.ncj>alpha separation energies for the nuclei investigated is given 
Jn fable 4 n - 2 . . Looking again'at the5 6 2Ni proton data in Fig. III-2,-
a. substantial lower energy peak is apparent just below the neutron separation 



Table III - 1 
46 

Most Probable Angular Momentum Transferred to the 
Compound Nucleus as a Function of Incident Proton 
Energy - from LOKI3*" Optical Model Calculations 

Nucleus 
Energy 
(MeV) 

Angular Momentum Transfer 
10 12 14 17 20 23 26 

5 6 F e 2.5 3.0. 3.2 3.6 4.0 4.6 5.0 

2.7 3.1 3.3 3.7 4.3 4.6 5.0 

2.8 3.0 3.2 3,5 4.3 4.5 5.0 

2,3 2.7 3.5 3.8 4.6 4.8 5.5 

2.3 2.8 3.5 4.1 ' 5.0 5.0 5;6 

2.4 2.8 3.5 4.2 5.0 5.2 6.0 

2.3 2.6 3.5 4.2 4.8 5.3 5.5 

2.4 2.8 3.5 4.1 .5.0 .5.4 5.6 

1.5 . 215 3.5 4.0 4.5 5.5 6.0 
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TABLE I I I - 2 

Part icle .Separation* Energies (MeV) 

Sn • Sp Sa 

5 f i Fe 11.20" 10.19 7.62 

: S 8 Ni ' . 

6 0 N i 

6 2 N i 

6 4 Zn 

6 6 Zn 

1 0 8 P d • 9.23 9.95 3.86 

1 1 0 Cd 

. 1 1 2 Cd 

1 1 4 Cd 

" 6 C d ' 

1 M S n , -

1 2 °Sn , ' 

2 0 6 P b . . . 8.08 '7.25 -1,15 

47. 

12.20 8.18 6.41 

11.39 • 9.53" •• 6.30 

10.60 11.12 ' 7.02 

11.,86 7.71 3.95 

11.05 8.92 4.57 

9.88 8.91 2.86 

9.40 9.64' 3.48 

9.04 10.27 4.10 

8.70 11.09' 4.87 

9.56 9/27 3.37 

9.33. 10,01,. . 4:06 

9.10 10.66:-. 4.80 



energy at 10.6-MeV. This comes from (p,np) protons which have energies 

below E - Sn = 3.2-MeV. In this part icular case i t is re la t ive ly easy 

to separate the.protons due, to (p,np) events from those due to (p .p 1 ) 

events. At higher energies the si tuat ion becomes more ambiguous, i t 

may be necessary to use gamma data, such as those presented here, i f 

one is interested in separating the (p,p ' ) or (n,n ' ) cross sections 

from the to ta l ine last ic cross sections. 

When the f ina l nucleus is l e f t below the par t ic le emission 

threshold, i t w i l l gamma decay. Degnan et a l . have determined the 

mu l t ip l i c i t i es of the gamma- cascade following (p.p 1 ) reactions on nuclei 

over the mass range 59 to 122. They have observed a strong s im i la r i t y 

between gamma mu l t ip l i c i t i es from a l l of the di f ferent nuclei. ' For an 

incident energy of T7-MeV, they observe the mu l t i p l i c i t y to vary smoothly 

with i n i t i a l - excitat ion energy from about 4 at 10-MeV to about 1 at 2-MeV. 

The col lect ive vibrational levels of s*pherical even-even 

nuclei are also strongly excited by direct reactions. In the (p,p ' ) 

spectra, the d i rect excitat ion manifests i t s e l f as strong high energy 

peaks Which were not included in.the integration of the (p.p.1) data. -In 

the gamma spectra i t is simply another contributor to the various low-., 

ly ing transit ions shown in Fig. 1-1, most of which go into the 2 + 40 + 

t rans i t ion. Therefore, i f one desires to compare gamma cross sections 

wi.th integrated proton or neutron cross sections which do not include 

the low-lying states, i t is necessary to determine the amount of d i rect 

excitat ion contributing to the gamma cross sections. This can be 

calculated quite successfully using.the coupled-channel formalism : 
' 18 '•'' 17 ' • 

described by Tamura. The Oregon State Coupled-Channel Code was used1 • '•"-'-" 
to perform these calculations, which w i l l be described in detai l in Section IV. ' ' 



The calculated di rect excitat ion' 6+ the various col lect ive 

levels is subtracted from'the gamma;data before they are compared with 

integrated (p,p'>) data. These.calculations have been checked against 

(p,p') measurements of individual co l lect ive levels, when avai lable, 

and the agreement between data, and/calculation is generally quite good. 

A SUIT ,ary of the results of ;ne coupled-channel calculations is given in 

Table I I I - 3 The calculated di rect excitations',' along with the measured 

tota l cross sections, are l is ted in columns for each of the transit ions of 

. interest and for a l l of the nuclei studied. The sum of the. direct contr i ­

butions, ZCT d i rec t , is l i s ted in a column at the r igh t . This is subtracted 

from the total 2 •> 0 + cross isecti on with the.resul t , a^-t , l i s ted in the 

next column at the r igh t . These numbers can then be compared d i rec t ly 

with integrated (p,p') spectra, o(p,p')> some, of which are gi.venin the 

next column. The furthest, column on the r igh t l i s ts , the percentage of the 

d i rect reaction contributing to-the total measured gamma cross section. 

This is substantial in nearly a l l cases, being of the order of 40%. For 

the l ighter nuclei-there is substantial variat ion with incident proton 
64 energy. In Zn, for instance, d i rect reactions contribute 8% at 9-MeV, 

r is ing to 50% at 26-MeV. A similar summary is given in Table I I I - 4 for 

the neutron "Experiments. ' ' . . ' • ' ' 

In general, the .gamma spectra were measured with the Ge(Li) 

detector only at an angle of 125° with respect to the proton beam. The 
• 120 "• 

only exception was Sn which was measured at 90°. The to ta l gamma cross 
'sections were .calculated from the expression 

4Tr(da/dS2)i25<> > ; '" ".•.- ; ' ' 



Table III - 3 

A Sawiary of Measured (P.P'Y) Gamma Cross Sections, 
Coupled-Channel Calculations, onirect' 

and Integrated Proton Data, o(p.p') 

4n(do/dn)<|25° ( m t > ) 

Nucleus Ep *(*W) c.c. 
-Calc. °(4tv2+] 

c.c. 
Calc. W c'.c. 

Calc. 1 * * ) 
c.c. 
Calc. 

' , , ... c.c. 
[3%2'J Caic. E o di rec t 

1 * 
o 2 +* c(p,p') 

Percent 
Direct 

> e . 9 350 1 20 22.7 65 i 5 1.0 44 i 4 ' • 2 ' 7 ± 1 2.2 1.4 28.5 321 ±20 8 

14 450 i 20 41.6 190 ± 9 2.8 50 ± 4 2.3 2.5 ± 1 3.6 7.6 57.9 392 ± 20 374 13 

20 248 1 20 36.4 1)1 ± 6 . 2.2 24 4 2 1.6 1.8 ± .5 . 2.6 10.8 53.6 194 * 20 22 

26 •>,210- 32.5 A-70 1.7 •v23 1.0 •vl.5 2.0 12.3 49.5 •v.160 24 

« W 9 130 i 8 * 16.4 ,19 ± 2 1.0 9 i 1 1.4 7 ± 1 3.2 2.1 24.1 106 ± 8 19 

,1* 210 ± 10 . 33.6 5t ± 3 2.9 15 ± 2 2.7 7 ± 1 4.5 8.7 52.4 154 ± 10 190 25 

20 147 ± .8 33.4 43 ± 3 2.7 10 ± 1 1.9 3 ± 1 3.2 12.5 53.7 93 ± 7 37 

26 130 ± 8 32.1 32 ± 3 2.2 9 i 1 1.4 2.5 ± 1 2.6 14.2 52.5 •, 78 ± 8 40 

H Z n . 9 461 ± 20 26.3 68 ± 3 0.8 113 i 5 1.8 14 ± 2 2.3 3.7 34.9 426 ± 20 8 

14 500 ± 20 53.5 140 ± 5 ' 3.1 130 t.10 3.3 6 ± 1 3.4 13.9 77.2 423 ± 20 498 15 

20 219 ± 11 • 51.3 66 ± 3 2-7 40 ± 2 2.2 1 ± .5 2.2 19.6 78.0 . 14.1 ± 11 36 

': 26 x.150 47.4. -v40 1.9 • •x.26 1.3 •vO 1.6 22.3 74.5 1.76 50 
1 0 8 P d 10 43 ± 3 13.2 6 ± 1 1.3; 6 ± 1 1.6 * 4 ± 2 1.2 1.7 19.0 24 ± 3 44 

14 100,± 5 34.2 21 !± 1 3.9~- 15 ± 1 3.2 3 ± 1 2.2 6.5 50.0 50 ± 5 . 50 

20' 125" ± 6 41.3 40 ± 2 4.2 .18 i 1 2.7 .3 ± 1 1.7 . 10.4 60,3 65 t 6 50 

•r 26 133 ± 6 40.9 * 38 ± 2 3.2 '21 ± 5 ' 1.9 . 3 ± 1 1-4 11.3 58.7 74 ± 6 44 • 

, 1 0 C d . 10 34 ± 2 . 10.6 10 ± 6 0.4 4 ± 1 1.O.6 3.5,± 1 0.5 i.8 13.9 20 ± 2 41 

14 105 ± 8 28.4 37 ± 2 1.4 10 ± V 1.0 3 ± 1 " '1.1 8.3 40.2 65 ± 8 64 37, 

20/ 122 ± 8" ••'31.5 48 ± '5 1.5 11 ± 1 0.8 1 ± 1 0.9 13.8 48.5 74 t 8 40 

26 •il22\ ,-.r 30.2 •v48 1.1 •v8 o0.5 •vO' 0.7 15.4 47.9 "74 ± 8 39 •? 



Table I I I - 3 (Continued" 

E? 

10 

14 

20 

26 

io 
14 

20 

26 

10 

14 

20 

26 

° | 2 + - 0 + 
c.c. 
Cal.c. 

30 ± 5 

84 ± 8 

109 ± 8 

112 ± 8 

3 1 + 8 

"98 ± 10 

120 i 15 

120 ± 1 5 

19 ± 1 • 

5 6 ± 3 . 

75'± 5 

75 ± 5 

11.2 
27.6 
31.0* 
29.4 

,11.2 
28.2 
32.9 
31.2 

: 3-> 
10.2 
11.6 
11.2 

10 . 18 ± 7 2.8 

14 61 ± 15 ' 8.5 

20 ' 80 + 15 ' 9.8 

26 •• • A - 9.4 

14 . > 14 ± .2 . 1.7 

20 51 ± 15' 3.7 

26 ' 72 ± 15 3.7 

°[4 +-+2 +) 
c.c. 

"Calc. '°m CvC. 
Calc. >K! c.c. 

Calc. ° (3 - -2 + ) 
c c. 
Calc. ^d i rect "2+* o(p,p') 

Percent 
Direct 

5.5 ± 1 1.4 5.0 ± 1 0.9 3.5 + 1 1.2 1.6 16.3 14 ± 5 54 

19 i 2 4.6 13 ± 2 2.0 8.5 i 2 2.3 6.6 43.1 41 ± 8 47 51 

34 ± 2' 7.1 14 ± 2 2.4 9 + 2 2.5 10.7 ,53.7 55 ± 8 49. 

42 ± 2 6.5 14 ± 2 2.1 9'± 2 2".l 11.7 51.8 60 '+ 8 46 

17 ±- 5 0.6 3 ± 1 0.3 •Ft. 1 0.5 1.6 14.2 17 ± 8 46 ' 

70 ± 5 1.8 15 ± 3 0.7 10 + 2 1.0, 6.8 '38.5 ("0 ±10 49 39 

73 ± 5 * .9 25 ± 3 0.7 11 ± 2 0.9 10.7 47.1 73 ±15 • . : 39 

5 0 ± 5 1.4 19 ± 3 0.5 9 ± 2 0.6 11.7 \ 45.4 75 ±15 38 . 

1 ±:.s -* 1 ± .5 "..*' - 1 t .5 _* . , 2 ± 1 1.8 6.3* 13 ± 1 - 33 •.!. • 

•e-. ± 1 - 3 ± .5 - ; 2 i .5 - " • • • ; 
14 ± 2 . 10.0 23.7 •.... ''.'•32 ± 3 . . 42 • 

100 t 5 : 4 * . 5 - 1.5 ± .7 - 30 ± 2 17.4 '32.5 .-, 43 ± 5 ' 43 

96 i 5 - 4.5 i .5 - ° - 35-;± %'. •19.4 33.1 42 ± 5 44' . 

• 2 ± 2 ' _* 3 * 2 . -* - _* 2 ± 2 1.1 ; 5.3* 13 ± 7 
• 2 9 

10 ± 3 - 8 ± 4 | .'•'- 10 ± 3. 5.7,-. 17.7 ' 4 3 ±15 34 29 

30 ± 5 - 17 ±4 - j _- 30 ± 5 9.7 23.0 57 ±15 29 

.;- - - • - . - 10.7 • .- :' -
20 ± 3 0.3 4 ± 1 0,1 J ' M ) . 0.2 3.5 ± 1 1.8 4.1 10 4 2 29 

200 i 30 1.3 - 5.0 ±1 0.2 | M ± 1 0.4 8.5 ± 1 8.0 13.6 45 ±15 •23 . 

75 ± 10 "•* 5.5 ±1 . 0.2 ;' -V2 ± 1 0.4 .8 .5 ± 1 10.3 16.0 56 + 15 22 

Deformation parameters were not available for any level other than the 
The calculated cross sections from Cd were used for the 2], Oj, and 

2 and 3" 
4 levels, 

in these nuclei. 

°2+ " "kvj " direct 



which assumes that the P, Legendre polyncmial coeff ic ient is zero, 

which is probably not true. " The angular distr ibut ions are discussed 

in more detai l in, Section. I I I -B -2 . 

5 6 F e . 

The excitat ion functions for the various gamma transi t ions 

from Fe (p.'p'y) reactions are shown in Fig. I I I - 3 . A typical Ge(Li) 

gamma spectrum, taken.at 10.5-MeV, is shown in Fig. I I I - 4 . A l l data 
. . . . « • ' 

were taken at 125°. The behavior of the cross sections with energy 

( i . e . the shapes o f ' the curves in Fig. I I I - 3 ) can be understood.in 

terms of the angular momentum deposited in the nucleus and the spins 

of the low-lying levels. The 2 ->0 t ransi t ion strength peaks when about 

3 units of angular momentum are brought into the nucleus. The 4 •*! 

t ransi t ion peaks at higher energies, when more angular momentum is 

brought, in and the 0,-*2 t ransi t ion peaks at very low energy when less 

angular momentum is brought into the nucleus. The behavior of the 

gamma transitions.observed f o r Fe is typical of the Tighter nuclei 
6 2 N i and 6 4 Zn also. 

The 2 ->0 t ransi t ion (0.847-KeV) is the strongest l ine in 

the spectrum. I t r ises from 300 mb at 7.5-MeV, to a maximum of about 

450 mb at about 14.5-MeV. From Table I I I - l , i t can be seen, that 

this peak value corresponds to about 3 units of angular momentum 

being deposited in the nucleus. Above 15-MeV the 2 + cross section 

decreases gradually with increasing proton energy to'about 200 mbat 

24-MeV. 

In order to compare the 2 -+0 cross sections with 

measured (p,p*) data, the calculated direct excitat ion of the col lect ive 

levels was subtracted from the measured gamma cross sections. The 
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56, Fig. III-3. The Fe(p,p'Y) gamma excitation functions and the ORNL 
data" ( £ • ) " ••, . - * • • 
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results of th is; are l i s t ed in Table I I1-3, and, for the 2 -+0 cross 

section, are plotted in ,F ig . I I I - 5 . Direct reactions contribute &% 

to 24% of t h e 2 cross section for incident proton energies -of 8 to 

26-MeV.. Also plotted.are the (p.'p 1) data of Sprinzak et a l . at 

14-MeV integrated over angle and energy, the sol id l ine is simply 
+ to guide.-the eye. The 2 cross section rises from the Coulomb 

' barr ier near 5-MeV and peaks at abou.t 15-MeV. Agreement between the 

integrated (p,p-r.) data and the 2 -*0 gamma cross section is quite good. 

•The 2 cross section is also in good agreement with ( P , P ' Y ) measure­

ments from ORNL11 done at 15;7-MeV. 

The 4"l"-*2* t ransi t ion (1.239-MeV) has s l i gh t l y less than 

hal f the strength of the 2 -»0 t ransi t ion and is the principal decay 

feeding the f i r s t 2 leve l . I t rises more sharply from low energy, 

and peaks at-'a s l i gh t l y higher-energy, than does the 2 t rans i t ion . 

I t is less, l i k e l y to be populated at lower energies because the protons 

do not deposit'enough angular momentum in the nucleus. Proton energies 

of,-;17-MeV, or more are necessary before the angular .momentum dis t r ibut ion 

peaks near-4 units. 

The 2,+2 t ransi t ion (1,810-WeV) is another member of 

the two phonon. t r i p l e t which decays strongly to the one phonon 2 state. 

I t peaks at substantial ly lower^energies and is substantial ly weaker (by 

a factor of 10)' than the 2+->0+ t rans i t i on . 

The ot-*2+ t ransi t ion (2.095-MeV) peaks at very low 

energies where only 1 or 2 units of angular momentum are brought into 

the nucleus by the incident protons. Under these circumstances the 
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Ep (MeV) 

Fig. I I I - 5 . The 5 6Fe(p,p'Y) 0-847 MeV (2+-»0+) gamma excitat ion function 
minus direct at. 125°(#.); proton data ( • ) . 



conditions are most favorable for decay through a 0 state. We expect 

that the 0 ground state w i l l be fed from higher-ly.ing suites in a 

similar way. ' -

The 2J->0+ t ransi t ion (2.658-MeV) i s the decay of the two 

phonon 2 state d i rec t l y to the ground state and is very weak. I t r ises 

rapid ly, peaking at about 4.5 mb at low.energy (10-MeV) and then decreases 

to about 1 mb. The strength o f - th is t ransi t ion is an indication of the 

error involved in using the decay of the f i r s t 2 state as a measure of 

o (p .p ' ) . I t s strength i s , however, more than two orders of magnitude 

less than'that of the f i r s t 2 + . 

6 2 N i " « 
en cc 

' .r The results for Ni are very similar to those for Fe. 

The measured strengths of the various gamma transit ions are shown in 

Fig. I I I - 6 . A typical gamma spectrum is shown in Fig. I I I - 7 . A l l data 

were taken at 125°. 

The 2+->0+ t ransi t ion (1.173-MeV) peaks at about 210 mb 

for 15-MeV incident protons. As with Fe, the cross section then 

decreases to about 130 tab at 26-MeV. Fig. I I I - 8 is a plot of the 2 f-»0+ 

cross section with the direct exc i tat ion, as calculated by the coupled-

chsnnel code, subtracted. The sol id l ine is simply to guide the eye. 

Also plotted are the integrated (p .p 1 ) cross, sections of Sprinzak et a l . , 
" 1 12 

Rao et a l . , and Lu et a l . The (p,p ' ) data are systematically s l i gh t l y 

higher than the gamma data but the error bars tend to overlap. I t is 

expected that the 2 ->0V cross section w i l l s l i gh t l y underestimate the 

(p.p.1) cross section due to transi t ions bypassing the f i r s t 2 state. 
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That appears to be the case here. The underestimate is of the order 

of 74/S and.is one-of the larger differences between (p,p r ) and gamma 

data observed in th is work. 

As with 5 6 F e , the 4+->2+ t ransi t ion (1,.163-MeV) i s the 

principal level feeding the f i r s t 2 state and i t s strength peaks at 

about 15-MeV.when about 4..units of.angular momentum are brought into 

the nucleus. Also observed are the 2y+2+ t ransi t ion (1.129-MeV) and . 

the 0,-*2 t ransi t ion (0.8756-MeV) whose-strength peaks at. low energies 

and decreases to a few percent of the 2 -+0 strength at higher energies. 

The decay of the 2* d i rec t ly to the ground state, the 2 -+0 transi t ion 

(2.301 -Me,V) is weak, of the'order of 1% of the 2 ' W strength. 

CO 

As with N i , the gamma decay of the col lect ive levels of 

Zn, shown, in Fig. I i i - 9 , . .very similar, to that of Fe. There are 

substantial.'.differences in magnitude, but the variations with the energy are 
' ' • • ' • ' • ' ' • 6 4 

similar. ' . F ig. 111-10 shows a typical gamma ray spectrum from Zn. The 

measurements were "all done at 125°. 

'.- ;The Z^-tQ* t ransi t ion {0.991-MeV) peaks at about 540 mb 

for 1-3-rteV incident protons. I t then decreases with increasing energy 

to 160 mb at 24-MeV.. Fig. I I I - l l shows the variat ion of the 2 + d i f f e r ­

ent ial cross'section with energy, af ter the direct excitat ion of the 

col lect ive levels has been subtracted. The transi t ion strength rises 

sharply from the.Coulomb barr ier to, a broad peak, at about 13-HeV, 

which corresponds roughly to the neutron separation energy in the f ina l 

nucleus.. For higher energies the .decay goes "increasingly by neutron 

-".ssion.and the (p.p'y) cross section f a l l s steadily with increasing 
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energy. The iritegrated (p,p ' ) data Qf Sprinzak e t . a l . 5 and Lux and P o r i l e 1 3 

i s also plotted on th is f igure. The. gamma data is slifcjhtly lower, but 

in;general the agreement is. quite good. 

. . . . . The strengths of the ,4 +-»2 + ' transit ion (1.3135-MeV) and , 

th"e 2^2 t ransi t ion (0.8078-MeV) are nearly the same :and about 1/3 that 

'of the 2 ->0 . The (2,-»-2.) peaks lower than the (4 ->-2 ) because of angular 

momentum considerations. The (0,+2 ) t ransi t ion (0.9188-MeV) is very 

weak in th is case but behaves in the expected way. I t is maximum at 

' low energies, decreasing rapidly with increasing.proton energy and' 

angular momentum. ' , -

The 2J->0+ t ransi t ion (K799-MeV) is considerably stronger 

heice than in most other nuclei . This measurement is not in agreement with . 

published values for the brancning rat io from the 2, level at 1.799-MeV. 

The published branching rat io indicates that th is transition.should be 

only 2/3 of what we measured. This transit ion, bypasses the f i r s t 2 

level, and i t i s important to know i t s true, strength. I t could account 

for as much as 10% of the 2 + strength or as l i t t l e as 6%. This would 

be a s igni f icant source of error i f the 2 -+0 t ransi t ion were used as 

a, measure of ( the (p,p ' ) cross section. The observed difference between 

the integrated (p,p') data and the .2 ->0 gamma cross section is about 

equal to the strength of this t ransi t ion. 

' 1 0 8 p d . - • - - . . - " ,;.-. : 

This is the f i r s t of the intermediate mass spherical* nuclei 

investigated. Fig. 111-12 is a plot of the strength of the relevant gamma 
1 OR ' 

transitions for Pd (p.p'y). reactions as a function of proton energy. ' 



A typical (p,p'y) spectrum is shown in Fig. 111-13. All measurements 
were made at 125°. 

The 2+->0"'' transition (0.434-MeV) rises from the Coulomb 
barrier; at 7.9-MeV and does not appear to have reached a maximum, even 
at 26-MeV. This is shown more clearly in Fig. IIT-14,which is a plot of 
the 2 • strength with direct contributions, as calculated by the coupled-
channel code, removed. No experimental (p.p1) data were available for 
, this nucleus. 

The 4 ->2 transition (0.614-MeV) carries about 1/3 of the 
+ + • * 

strength of the 2 ->0 transition, and becomes more important as incident 
energy and angular momentum increase. The 2-.-J-2 transition (0.498-MeV) 
is as strong as the 4 +2 transition at low energy but becomes less 
important at higher energies, accounting for only 15% of the 2 strength 
at 26-MeV. The (0J+2+) transition (0,619-MeV) is weak, accounting for, 
at most, 4% of the 2 strength.' 

The 2,-*0 transition (0.931-MeV) is stronger here than 
in most of the other nuclei. A background gamma ray of exactly the 
same energy is observed in blank runs which may account for some of 
the strength. The branching ratio from the 2, level has been measured 

33 '• 
by Robinson et'al., using Coulomb excitation, with the result-

3.5 + 0.7 

Our measurements are generally no t r i n agreement with this branching rat io 

and.indicate extra strength in the 0.931-MeV t rans i t ion. The 2,-»0+ transi 

t ion is probably only about 1/2 as strong'as indicated by our measurement. 
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Fig. 111-14. The !°^Pd(p,p'Y) 0.434 MeV (2+->i0+) gamma excitation func­
t ion minus direct at 125° . ( • ) . • • • 



69 

"°Cd • 

, The excitat ion functions for the various gamma transi t ions 

from •• Cd (p.p'y) reactions are shown in Fig. 111-15. A typical Ge(Li) 

gamma spectrum is shown in Fig. 111-16. A l l data were taken at 125°. 

The 2 ->Q t ransi t ion (0.6577-MeV) rises from the Coulomb 

barr ier at 8-MeV and reaches a plateau of about 120 mb at about 16-HeV. 

The cross section remains essential ly constant through 26-MeV. Fig. 111-17 

is a p lo t of the 2 strength with d i rect contributions, as calculated by 

the coupled-channel code, removed. Also plotted in th is f igure are 

integrated measurements, of the (p,p ' ) cross section at 12-MeV by Rao 

et a l . and at 16-MeV by Lux et a l . The agreement is good} however, 

another measurement by Rao et a l . , at 17-MeV, is high by a factor of 

two (^12 mb/sr). The Rao cross section may be in error, because the Cd, 

Cd,and Sn cross sections from the same reference, at 17-MeV, are 

a l l about a factor of two high in comparison with the later results of 

Cohen et a l . 1 4 and the 1 2 0 S n results of Kalbach, 8 at 17-MeV. 

The 4+->-2+ t ransi t ion (0.8847-MeV) accounts fo r about 40% 

of the strength of the 2 -H) and behaves in a similar way. The 2,-f2 

t ransi t ion (0.8180-MeV) accounts for about 10% of the strength of the 2 + 

and. seems to reach a plateau at about 16-MeV. The 0,-»-2 t ransi t ion 

(0.8155-MeV) is quite weak except at low energies where angular momentjm 

considerations cause i t to be fed preferent ia l ly . 

The 2j-K) t ransi t ion (1.476-MeV) behaves in a way identical 

to the 2,*2 t rans i t ion. I t s strength is about 6% of the 2 s t rergth . 

One should therefore expect at least this amount of error i n using the 

2 -*0 t ransi t ion as a measure of o (p ,p 'K 
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- m c d -

The experimental gamma-ray cross sections for the various 

transitions of interest, as a function of tne proton energy, are shown in 

Fig. III-I8. A typical (P ,P 'Y) spectrum is shown in Fig. III-19-. All 

measurements were made at 125°. 

The Z*-^* transition (0.558-MeV) rises from the Coulomb 

barrier at about 8-MeV, reaches a plateau of about 100 mb at 18-MeV, and 

remains constant through 26-MeV. Fig. 111-20 is a plot of this transition 

with the calculated direct excitation removed. Its behavior is similar 

to Cd except that i t appears to reach a somewhat lower plateau at a 

somewhat higher excitation energy. Plotted also are data from Rao et a l . 

at 12-MeV and Cohen et a l . at 16-MeV. An additional data point at 

17-MeV was about a factor of two higher than we observed, and inconsistent 

with the data at 16-MeV, as was mentioned earlier . 

The 4-»2 transition (0.725-MeV) rises rapidly with proton 

energy and angular momentum deposited in the nucleus, eventually accounting 

for nearly 40% of the strength of the 2 ->0 transition. I ts strength 

does not appear to reach a plateau but continues to r ise, even at 26-MeV. 

The 2t-*2+ transition (0.651-MeV) accounts for about 15% of the 2+-*0+ 

strength and seems to reach a plateau at about 15-MeV. 

The 0,+2 transition (0,5759-MeV) accounts for somewhat 

less than. 10% of the strength of the f irs t 2 , considerably more than 

i ts countermart in Cd, and increases with proton energy rather than 

decreasing as one would expect for a .0 level. This peak is one of a 

quadruplet of peaks which are very close in energy and difficult to 

resolve accurately. I t may be that the other transitions are masking 

the behavior of the 0,->-2 transition. 
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The strength of the 2-,-»0 transi t ion is about 7% of the 

strength of the 2 -+0+, and behaves in the same way with increasing proton 

energy ; s does' the 2 -+0 t rans i t ion. One can expect at least th is much 

error i\i using the 2 -+0 t ransi t ion as a measure of the (p.p 1 ) cross 

section.• 

116, Cd 

The gamma-ray cross sections measured for this nucleus are 

shown in Fig. 111-21. A typical (p.p'y) spectrum is shown in Fig. I I1-22. 

Al l measurements were-made at 125°. 

The 2"*"->Q* t ransi t ion (0.5139-MeV) rises from the Coulomb 

barr ier , a t about 8-Me'/, to a plateau of about 100 mb . 18-MeV. The 

cross section then increases s l i gh t l y with increasing proton energy to 

about 120 mb at 26-MeV. A plot of this transi t ion alone, with the calculated 

direct excitat ion subtracted, is shown in Fig. I f I - 23 . I t behaves in much 

the same way as did the 2 t ransi t ion in Cd and Cd. Plotted also is 

the integrated (p,p ' ) data of Rao et a l . 1 at 12 and 17-MeV and Cohen et a l . 1 4 

at 16-MeV. As with 1 1 0 Cd and 1 M C d , the (p,p') data of Rao'et a l . , at 17-MeV, 

is about a factor of two higher than we observe and inconsistent with the 

data of Cohen et a l . at 16-MeV. The 0.5139-MeV transi t ion was very d i f f i c u l t 

to separate from the 0.511-MeV annihi lat ion peak, which was present in a l l 

runs. A systematic determination of the width' of the 0.511-MeV l ine and 

i t s centroid was made in other runs and t h i results were used to constrain 

the f i t t i n g parameters in the 0.511-MeV portion of the doublet. Since the 

0.511-MeV l ine was always strong and quite wide, there is substantial ly 

more error in the cross section determination for the 2 -+0 transi t ion 



78 

TOO 

50 

E—f 1 * " 6 A 
jfc^Ja--* A _ « _ A _ J K 5 1 3 9 MeV (2 + -0 + l 

K/jT0.7b63 MeV (4 +-2 +) * ~T* ~ f 
0.6997 MeV (2^-2 ) 

_^—£ B n. n I 
•§L~% -p. 0.8674 MeV (ot~2+% 

E p (MeV) 

Fig. 111-21. The Cd(p,p'y) gamma, excitation functions. 



7 9 ;.-: 

10 (iht——i 1 r 

10" 

I io3 

10' 

V*<J 

1 1 1 1 1 r 

***~<Z 

10 kV i i -J I i i i i 1 ' i .1 
1 2 2.6 

Energy (MeV) 

Fig. 111-22. The 1 1 6Cd(p,p'Y) gamma spectrum at 125° for 18 MeV 
protons 



80 

6 
• 1 . • 1 [, 1. 1 1 1 • i • i i 

T ( 

. . . . . . . - • 

^ ^" 1 > J 

5 " T ' 
i t -

ih 
— . ' ' . < i/ 1 • 

1 

1 ' . • . 
. 

• " f ' ' " 

• ~ 3 
• a 
o 

- > 

-

z 

-1 '- l\ 
n 

" • • ! 

i i / I i i i i i i i i 
8 10 12 14 16 18 20 22 24 26 

Ep (MeV) 

i g . 111-23. The 1 1 6 Cd(p ,p ' T ) 0.514 MeV (2+-»0+) gamma excitation functi 
inus direct at 125° ( $ ) ; proton data ( • ) . on 



in this nucleus than in the others. In some cases (14.8 to 20-MeV) i t 

appears that ' the sum of the strengths of the t ransi t ion known to be feeding 
+ + + 

the f i r s t 2 state actual ly exceed the measured strength of the 2 -»0 

t rans i t ion. Since th is cannot be t rue, i t is an indicat ion 'of the error 

involved in extracting the 0.514-MeV gamma from the 0.511-MeV. The upper 

l i m i t on the error bar's.plotted in Fig. 111-23 have been raised to include 

this sum. 
+ + The 4 ->-2 t ransi t ion (0.7063-MeV) is substantial ly stronger 

in this isotope than in the o.ther Cd isotopes or Pd. I t r ises more si.arply 

from the Coulomb barr ier , peaking at 18-MeV at about 80 mb, and then 

decreasing with increasing bombarding energy. I ts behavior is more l i ke 

that observed in the l ighter elements, Fe, Ni , and Zn,than in the heavier 

elements Pd, Cd, and Sn where the Coulomb barr ier has more ef fect . This 

t ransi t ion accounts for aboi/t 70S of the strength of the f i r s t 2 , but as 

was mentioned ear l ie r , the errors involved in the determination of the 

strength of the 2 -+0 transi t ion make this value somewhat uncertain. For; 

18-MeV incident protons, the optimal angular momentum transferred is 

between 4 and 5 uni ts . 

The 2,-+2 transi t ion (0.6997-MeV) behaves s imi lar ly , peaking 

at about 19-MeV. This transi t ion accounts for about 20% of the strength 

of the f i r s t 2 state. The remaining 10% is accounted for by the 0,-5-2 

transi t ion (0.86 7l-MeV). This transi t ion behaves in a most unusual manner 

for a transi t ion from a 0 state. I t rises sharply from a very small value 

at low energies, to peak at about 17-MeV and then decreases with increasing 

energy, in much the same way that the 4 t ransi t ion does. From this 

behavior, one is supicious that th is transi t ion may not be from a 0 state. 
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The 2^-*0+ t ransi t ion (l;2136-MeVj is generally less than 

105$ of the strength of. the 2 -*0 t rans i t i on : . This is of the same order 

as we observe in Cd and substantial ly larger than in ' Cd. 

" 6 S n 

The gamma-ray cross sections measured for th is nucleus are 

shown in ;F ig . 111-24. A typical (p,p'v) spectrum is shown in Fig. 111-25. * 

Al l measurements were made at 125°. 

The 2 -*0 t ransi t ion (1.293,5-MeV) strength rises from the 

Coulomb barr ier at about 8-MeV to a plateau of about 75 mb at 18-MeV. 

The cross section remains constant as the proton energy increases to 26-MeV. 

The optimum angular momentum transfer a t 18-MeV'is between 4 and 5 uni ts. 

The largest single contributor to the 2 level is the decay of the 3", one-

octupole-phonon state. This 0.973-MeV transi t ion is an El t ransi t ion which 

is probably fed by at .least cine other dipole t ransi t ion from the continuum. 

The strength of the 2 transi t ion with the calculated di rect excitation 

(see Section IV-fl) subtracted from i t is plotted in Fig. 111-26. This may 

be compared d i rec t ly with the integrated (p,p') data of Rao at 12 and 

17-MeV. The gamma strength from the 2 is only about 2/3 of that of the , 

integrated (p,p ' ) cross section at 12-MeV and at 17-MeV the Rao et a l . 

cross section is. larger than our values by the usual fac tor 'o f two. 

Extracting'integrated cross sections f-om the experimental proton data is 

ambigious to the extent that (p,np) and (p,2p) reactions contribute. 

This may account for the difference between the integrated proton data 

and the gamma data. The strength of the 2 -»0 transi t ion in Sn is 

about 30% l^ss than i t is in the Cd isotopes. 
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• The 4 -»2 t ransi t ion (1.0975-MeV) in th is nucleus is less 

strong"than the 3~-*2 t rans i t ion . Transitions from the 3" and 4 + states 

account for 70% of the gammas feeding the f i r s t 2 leve l . An abrupt 

increase in the strength o f the.l.C975-MeV g-.,ima is observed, with a 

threshold around 14-MeV.. i t appears that this additional gamma strength 

i n c o m e s from the 3 / 2 ^ 5 / 2 + t ransi t ion (1.098-MeV) in 1 1 5 S b . The 1 1 6 S n (p,2n) 
' . l i e * 

, " " .Sb threshold occurs at about 13.5-MeV and the abrupt r ise in strength 

appears to come from about th is point. The 1.0975-MeV gamma l ine shows 

no "apparent widening as this threshold is crossed. We therefore conclude 

. that the difference in energy between the two gammas is much less than 

our nominal 3-keV resolut ion. 

The 2-j->-2 t ransi t ion (0.818-MeV) behaves in much the same 
; way as does the .2+-+0+ t ransi t ion but has less than-10% of the strength. 

•'.'. The.0-,-»-2 t ransi t ion (0.463-MeV) is quite weak and d i f f i c u l t to ident i fy • 

unambiguously. I t disappears ent i re ly af ter 20-MeV. The 2-,-»0 transi t ion 

(2.1.12-MeV) is very weak and d i f f i c u l t to separate from a 2.113-MeV 
- • • • • • • • 5 6 

••;. contaminant Tine believed to be from- JF'e." Measurements of i t s branching 

ratio, indicate that i t has about the same intensi ty as the 2,->-2 (0.818-MeV) 
r t rans i t ion . - ' • . . 

•;'«• •••'.:'. ,.•••"./••'", The gamma-ray cross sections measured for this nucleus are 

shown in-F ig . 111-27-'and a typical gamma spectrum is shown in Fig. 111-28. 

ATI measurements on this nucleus were made at 90°. This i s older.and 

" ,pborer-qualitydata.* than have been displayed up to this point.- No timing 

1. ^Wa*'used' and no dead time-correction was made. The dead time was estimated 
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to be about 10% or less and w i l l simply be included as a part of the 

uncertainty in the measurement. The contribution due to B decay and 
120 120 

electron capture (EC) from Sn(p,n) Sb reactions could be more 

important, however, and an attempt was made to correct for i t . 

: Essentially a l l 6 decay and EC from the ground (1 ) state 

of Sb goes to the ground state of Sn. Sb has an 8 isomeric 

state, however; which decays by EC to the 2.48-MeV (7") level in 1 2 0 S n . * 

This level then decays by a gamma cascade down through the f i r s t 2 l eve l . 

One of the l inks in the cascade chain is a 197-keV gamma t rans i t ion which 

could be used as a measure of this mode of decay. Unfortunately there was 

also a contaminant 197-keV gamma-ray observed in runs without the target. 

In addit ion, there was a low energy electronic cutoff in some of the runs 

so that the 197-keV t ransi t ion could not be observed. The corrections 

were very d i f f i c u l t to make under these circumstances, and highly uncer­

ta in . I t was decided that about 5 mb could be attr ibuted to the EC,and 
+ + + + 

this was subsequently subtracted from both the 2 ->0 and the 4 -+2 t rans i - : 

t ion cross sections for incident proton energies of 10-MeV and greater. 

The problems which beset.the analysis of this data are a good indicat ion 

of why timing and pulsed beam techniques were employed in subsequent 

experiments. • 

The 2-*0 t ransi t ion (1.1715-MeV) rises from the Coulomb 

barr ier at about 8-MeV to a plateau of about 75 mb at 18-MeV. This behavior 

is identical to that of Sn. As with Sn, the largest contributor to ' 

the 2 + is the decay of the 3 " . . About 4 units of angular momentum are 

brought in at 18-MeV. The strength of the 2 t rans i t ion, with the calculated . 

d i rect excitat ion subtracted from i t , is plotted in Fig. I l l - 2 9 . This • 
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Fig.-111-29. The 1 2 0Sn(pjp fY) 1.1?2 MeV (2+->0+) gamma excitation function 
minus direct at'90°'(•); integrated proton data at;75° (•) 



may be compared with the integrated (p,p ' ) data of KaTbach and Rao et a l . . . 

a t 12, 14, 16, 17 and 17.8-MeV. The agreement between the (p,p ' ) ano the 

gamma data is excellent except for the Rao data at T7-MeV. 

The 4"l'->-2+ t ransi t ion (1.0231-MeV) is essential ly equal 

to the 3%2 + (1.228-MeV) t ransi t ion at a l l energies-. The 4 + and 3" 

transit ions account for about 80% of the 2 strength a t 19-MeV. At low 

energies (near the Coulomb barr ier) the 4 state is excited only by EC and 

d i rect reactions and was used to help estimate the (p,n) contribution to 

the 2 ->0 .cross section. 

The 2,->-2 t ransi t ion (0.926-MeV) behaves in much the same 

way as does the 2 -+0 transi t ion but has only 10-20% o f the strength. The 

0,-*2 t ransi t ion (0.7035-MeV) is-very weak and somewhat obscured by ah 

intruding neutron peak as well as having a possible contribution from EC 

from the 1 state in Sb. Consequently.it is not shown on Fig. 111-27. 

2 0 6 Pb ' 

This was the heaviest nucleus examined. The ganroa-ray cross 

sections measured for th is nucleus are shown in Fig. 111-30. A typical 

gamma spectrum is shown in Fig. 111-31. A l l measurements were made a t 

125°. 

The 2+->0+ t ransi t ion (0.803-MeV) rises from the Coulomb 

barr ier at about 12-MeV to a plateau of about 70 tub. There i s considerable 

scatter in the data, however, and the data from the two runs at 22-MeV 

do not overlap for th is t rans i t ion, though they generally do for the other 

t ransi t ions. Examination of the target showed that a crack had developed 

in the region of the beam spot. I t is believed that th is crack accounts 

for the scatter in the data. The low points would then be from the beam , 

wane<3ring oyer the crack. The cross section for the 2 ->0 t ransi t ion with 

http://Consequently.it
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the calculated d i rect excitat ion subtracted from i t is plotted in Fig. I l l - 3 2 . 

A thorough searc'i of the l i te ra ture fa i led to produce any complete (p,p') 

.spectra or integrated cross sections for comparison with the ganma-ray. 

data. The most apparent problem with the data is that the 4 ->2 t ransi t ion 

(0.881-MeV) appears to be twice as strong as the 2 t rans i t ion . The 

shape of the excitation function suggests that the problem may be an intruding 

gammarray of the same energy whose threshold is about coincident with 

that o f the Z 0 6 Pb (p,2n) reaction at 11.6-MeV. A l i te ra ture search of 
205 gamma-rays from Bi fa i led to turn up any of exactly 0.881-MeV, how-

ever. The closest was a strong t ransi t ion of 0.872-MeV, which we do observe. 
one 

Bi is also suspect since a l l of the data in the l i te ra ture appear to 

have come from the B decay of the 0 ground state of Po. This does 

not excite the higher spin states in B i . Since the ground state of 

Bi is a 6 state, high spin states excited-by (p,n) reactions would decay 
one 

in a much d i f ferent way than was observed in the 6 decay of Po. A 

satisfactory explanation of the extra strength in the 0.881-MeV gamma-

ray has yet to be found. 

The two-phonon states do not stand-out cl.early in Pb as they 

have in the l ighter nuclei. The next most s igni f icant transit ions are the 

3"*2 + (1.8446-MeV) t ransi t ion and the 3+-+2+ (0.537-MeV) t rans i t ion. The 

2J->2+ (0.664-MeV) transi t ion is somewhat lower yet . The o|-+2+^(0.362-MeV) 

t ransi t ion is very weak, with a cross section of 1 mb or less. The 

2J->0 (1.467-'MeV) t ransi t ion is also weak, about 3 mb, and quite er ra t ic . 

Neither of these last two transit ions is plotted in Fig. ITI-29 becaur? of, 

the uncertainty in . the i r measurement. Fig- III-33a is a summary f igure showing 

the.relat ive strengths of the 2+-+0 t ransi t ions, as a function of energy, for 
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all of the nuclei investigated. . Fig. Ill—33b is similar except that the 
direct excitation calculated by the coupled channel code has been subtracted. 
The strength of "the .transitions systematically decreases with increasing 
mass of the'nucleus. Because of the .effect of the Coulomb barrier, the 
'differences are greatest at low incident proton energy and become substan­
tially smaller at high energy. 



B.2 The (n .n ' f ) Results 

The (n.n'y) reaction is simi lar to the (p.p'-r) react ion, 

and the discussion of the systematics, of the reaction giyen at the 

beginning of Section I I I - B . l is also pertinent here. The principal 

difference arises /from the fact that the neutrons are not charged. The 

inelast ic proton spectrum is cut o f f at low energies by the Coulbmb 

barrier while the neutron spectrum is not, as can be seen from the 
24 57 5fl 

data of Kammerdiener and others ' in Fig. 111-34. Consequently, 

i t is possible to observe rather clean (p,p ' ) spectra, substant ial ly 

uncontaminated by (p,2p) and (p,np) events, even when the incident 

energy is several HeV hight. than the par t ic le separation energy. This 

is not true for neutrons. When the incident neutron energy is several 

MeV above the neutron separation energy, as i t was in these experiments, 

low energy neutrons from both (n,2n) events and (n,n ' ) events are 

present. Consequently, the gamma data cannot be compared 

d i rec t ly with the par t ic le spectra as was done for the proton-induced 

reactions. Neutron, proton, and alpha separation energies are l i s ted 

in Table I I I T 2 for the relevant f ina l nuclei . Neutron separation 

energies vary between 8 and 12-MeV for the nuclei investigated. 

As was indicated by the proton experiments, the 2 ->0' • 

gamma cross,,..section is expected to be a good estimate o f ' t ha t portion 

of the inelast ic neutron spectrum due to (n,n ' ) events alone. For 

incident neutrons with energies below the neutron separation energy th is 

would be essentially a l l o f the inelast ic cross section, but at 14-MeV 
. . . . jre 

i t i s only a" part of i t . For Fe, for example, measurements o f the 
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(n,2n) cross section (see Table I I I -5 ) indicate that about 60% of the 

non-elastic neutron production cross section is due to (n,n ' ) events, 

at 14-MeV. This percentage varies considerably from nucleus to nucleus 

and with isotopic mass. A summary of the (n.n'y) data taken is given in 

Table 111-4. Data were taken for a l l of the rings at about 50" and for 

some of them at about 80° and 124°. The data, at the various angles, are 

plotted in Fig. 111-36, 111-39, 111-41, and 111-43, along with experi­

mental data from other sources. Table II-I-4 contains measured cross 

sections for a l l of the transit ions of interest as well as coupled-channel 

calculations of the direct excitat ion of the various levels. A l l of the 

data in the table have been corrected for mult iple scatter ing. These 

corrections ranged from \% for Ni to 19% for Pb (see Table I I - l ) . 

Because of the r ing geometry, changing the angle from 

50° to 125° also changes the incident neutron energy from 14.8 to 13.6-MeV. 

In addit ion, there is some energy variat ion across the r ing i t s e l f (about 

+_ 50-keV) due to i t s f i n i t e angular dimension of about.3°.. 

I f the incident par t ic le energy is above the (n,2n) thres­

hold, the (n.n 1 ) cross section w i l l be reduced by the (n,2n) competition. 

This competition causes the (n,n') cross section to decrease rapidly 

with energy, jus t above this threshold, as the (n,2n) cross section'r ises 
eg 

rapidly. At 14-MeV, the (n,n') cross section for Fe is s t i l l decreasing 

rapidly with increasing energy because of the (n,2n) threshold at 11.4 HeV. 

The Zn(n.,n') cross section behaves s imi lar ly due to an (n,2n)"thres­

hold at 12-MeV. The heavier nuclei , however, have somewhat lower (n,2n)" 

thresholds, arid i t appears that the (n,2n) cross section has reached a 



plateau by 1'4-MeV, leaving the ( t i ,n ' ) cross section also quite f l a t , at 

• :>•- least over the few MeV of interest here. Consequently, i f angular d i s t r i -

'"'. buttons are-desired, i t is necessary .to correct the Fe and Zn data, at 

• d i f f e r e n t angles, to a-common energy, but the Sn and Pb data do not . 

need such'a correction .for incident.neutron energies around 14-MeV. The 

las t few'columns in Table 11*1-4 give 2 ->0+ d i f fe rent ia l cross sections 
..... r 

" " . . • ' 

:•'corrected, to 14.8-MeV,.02+, and minus the direct contributions ( s ta t i s t i ca l 

r ' i alone), CTO+". The las t column contains the estimated percentage of direct 

, reaction contribution, to the various 2 ^0 t ransi t ions. The direct 

•.'-. contribution has been calculated with the Oregon State coupied-channel 

code and w i l l bediscussed in detai l in Section IV. 

Measurements of the. 2,->0 transit ions were attempted, but 

these transit ions were found, to be very weak which, when combined with 

the low eff ic iency of the Ge(Li) de*ector for gammas of about.2-MeV, 

made these cross-sections very d i f f i c u l t to determine. , I t appears that 

these cross sections are a l l less than 5 mb/sr. 
' ' . * ' " • • f S - • ' ' • 

*-. ' Data, for Fe were taken at about 50°, 80°, and 124°. A 

' typical Fe (n.n'v) spectrum for 6 = 52° and 14.7-MeV incident neutrons is 

shown in Fig:• 111-35. As mentioned above, i t was necessary to correct 
• ' • • • " . • 3 2 

• the angular d ist r ibut ions to a common energy. Dickens e t a l . have 

made extensive (nin'-y) measurements.on Fe for 1 to 20-MeV incident 

'A-neutrons.;* Using their data, the change in cross section as a function of 

neutron energy between 13.6 and 14.8-MeVwas determined to be.about 

, ;-,-5.7 mb/sr MeV., This was used to Gbrrect our data to a common energy, 

/ 14.2-MeV. The cdfrected data were then-plotted in Fig. I l l - 3 6 , as" a 
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Table III - 4 

A Summary of Measured (n.n'y) Gamma Cross Sectlon; 
Corrected for Multiple Scattering, and Coupled-Channel Calculations* 

dn/dn (mb/sr) 

Nucleus 6 , En 
(MeV) °[2 + ^ + ] c.c 

Calc. °(l+->2+) 
c.c. 
Calc. •M c.c. 

Calc. °(oJ-*2+J C a l l -•M c.c. 
Calc. •^"direct* °2 + + 

" t t 
°2 + 

Percent 
Direct 

5 6 F e 124° 13.6 65. ± 3 32 ± 2 3.4 ± 1 0 - 58 t 4 48 ± 5 

80° 14.3 43 ± 3 6.9 21 ± 2 0.6 ., 2.6 ± 1 0.4 0 0.3 - 1.6 9 .8± 2 40 t 4 30 t 5 

50° 14.76 
52° 14.73 

5 0 ± 3 50 * ^ 
25 , 
24 * l 

4 J + 1 
3.8 * ' 

0 - 50 ± 4 40 ± 5 20 

5 8 N1 47° 14.8 23 ± 2 9.5 ± 1 1.7 t 1 0 - 23 ± 2 12 ± 3 48 

6 0 N i 47° 14.8 56 ± 3 5.4 ± 1 2.8 ± 1 • -
56 i 3 45 t 4 20 

<% 47° 14.8 >71 6.6 71 ± 8 0.6 O i l 0.4 0 0.3 - 3.2 11.1 ± 2 >71 >60 <16 

6 4 Zn 123° 13.6 48 ± 2 16 ± 1 11 ± 1 0 - 44 ± 3 29 t 4 

49° 14.8 4 0 + 2 8.4 13 ± 1 0.9 7 t 1 0.7 .5 ± .3 0.5 - 4.3 14.8 ± 2 40 ± 2 25 ± 3 37 

6 6 Zn 123"! 13.6 80 ± 3 30 ± 2 20 ± 2 5.2 ± 2 7.6 ± 2 / 7 6 t 4 61 * 5 

49.°- 14.8 70 ± 3 25 ± 2 15 ± 2 11 ± 2 5.6 ± 2 70 i 3 55 ± 4 21 

'V°U 49° 14.8 149 ± 6 75 ± 4 8.6 ± 2 0 - • 149 ± 6 131 ± 7 12 

" Z C d 49° 14.8 114 ± 6 59 ± 3 7.4 ± 2 7.9 ± 1 - 114 ± 6 96 ± 4 16 
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Table I IL- 4 (continued) 

Nucleus "V En V ( 2

+ i o + ) - c.c, 1 
Calc. "[^tj c.c, 

Calc. °M c.c. 
Calc. 

:M4 c.c. 
Calc. •jar*)" 'c.c. 

Calc. ^ d i r e c t * 
1 't 

• • ; * * ; - ; -

'/Percent, 
• .Direct ' ' 

" y 490: 14.8 45 ± 3 - 10.7 12 i . 2 2.0 '• 10 ± 1 . . 0.7 7.0 * 2 0.4 ' - / 4.3 18.1 i 2 45 i.,3 27 ± 4 .'40 

1 1 6 C d 49° 14.8 '38 ±12 
4" •35 A.7 1.8 ± 6 0 " ' • - • 38 J12 20±13 • 48 "' 

"V •123° 13.6 79 ± 5 ' 31 i 4 O i l 0 23 ± 4 ' 80 i 5 v 68 'i,C \ 

78° 14.3 55 ± 5 4 ,1 ' ' 26.± 4 6.1 * 4 b 30 ± 4 . 5.8 M Z * J3 55 4 5 ' 43-± 6 

51° 1418 87 i 5 32 ± 4 0 ± 1 0 r 20 ± 4 • 87 i 5 75 ± 6 14 

, , 8 S n 123° 13.6 62 ± 4 20 t 4 .3.6 i 4 0 0-± 2 62 i, 4 50 1 5 .5 

76° 14.3 55 + 4 17 ± 3 6.9 ± 2 0 2..5 ± 2 ; '. ;. 55 ± 3 43 i .4 

51° 14.8 .64 ± 4 22 ± 2 •0 ± 1 2 ,6 ' t 1 3;6 i 2 65 t 3 •5-3 ± 4 18 

1 Z 0 S n 123° 13.6 28 ± 3 18 t 2 0 ± 1 3.6 ± 2 12 1 3 28 i 3 16 ± 4 

78° 14.3 24 ± 3 13 ± 2 6.3 ± 2 4.2 ± 2 8.0 i 2 24 i 2 12 ± 3 

51° 14.84 
1 

'31 ± 3 14 1 2 3.3 t 1 1.1 ± 2 | 8.7 ± 2 30 i 3 18 ± 4 40 

206 p b 126° 13.6 88 ± 5 15 ± 1 9.5 t 1 0 ± 1 | '., 88 t 5 80 i 6 

78° 14.3 69 ± 5 2.1 ; 14 ± 1 0.5 7.8 ± 1 0.1 0 t 1 0.1 - 5.7 • . 8 . 5 ± 2 69 1 5 61 ± 6 

46° 14.8 82 ± 5 17 1 5.7 ± 1 0 ± 1 - 82 i 5 74 ± 6 • 10 

*Thec.c. calculated direct differential cross section, doj/dn, i s actually oj/4n 
* <j,+ = 0,+ corrected to 14.8 HeV 

t t 02+ = 4 + - £ ° d j r e c t 

o 
en 
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function of angle, along with data from a number of other investiga-
28 30 31 32 to rs ; There are substantial variations in both the angular 

d i f t r ibut ions ^nd the absolute cross sections determined by the various • 

experimenters for the 0.847-MeV, 2 -+0 t rans i t ion. Our data seem to 
30 agree quite well with those of Abbondanno et a l . and to be in substantial 

28 31 

disagreement with the data of Lachkar et a l . and Martin and Stewart. 

I t appears that our correction to the cross section for energy var iat ion 

with angle is not quite large enough, in that symmetry about 90° has been 

only marginally achieved, and our data point a t 124° is somewhat higher 
32 than that of Dickens at a l . 

, The angular d is t r ibut ion of the 1.238-MeV, 4 +2 t ransi t ion 

appear? to be somewhat f l a t t e r than that for the 0.847-MeV, 2+->0+ t rans i t i on . 
+ + 30 28 

The 4 ->2 data agree with those of Abbondanno et a l . and Lachkar. 
32 

Dickens point at 125° is also in excellent agreement with our data. 

The data have been corrected for mult iple scatter ing, which is about a 

10% effect for the Fe r ing . 

To obtain the total cross section from an angular d i s t r i ­

bution, one can least-squares-f i t a series of Legendre polynomials to the 

data and integrate the resul t ing series over angle. For nuclear reactions 

which proceed through a state of well-defined pari ty, the angular d i s t r i ­

bution w i l l be symmetric about 90° and w i l l consequently be described by 
29 30 

even Legendre polynomials. I f such a f i t is made to the Abbondanno 
data, the' nesult is 

&-\ = 57.21 (1 + 0.313 P, - 0.230 P,) 
°" !0.847 * 



', This : is/s6mewhat*different than the f i t they make and yields a lower chi -

square, I f " this function is integrated over so l id angle,- the P, and P, 

terms integrate to zero leaving only the constant term. The result is 

• : " o 0 < 8 4 7 = V.x 57.21 = 719 irfa 

A t e - 1 2 5 ° , the d i f fe rent ia l cross sgetion is 

• , - . " . . I 1 2 5 " • ' 

..'.-*' d¥ • = 57.21 x 1.09 = 62.1 mb/sr 

" • . . , ' ' . ' 0.347 

Thus i f the d i f fe rent ia l cross section measured at 125" were to simply be 

mult ip l ied by 4ir to y ie ld an "integrated" cross section, the result would 

be 9% too large, because of the P. term. At 125" the P2 term is essential ly 

zero and the P. term is the only angle dependent contributor to the-cross 

• section. This termo's small and somewhat uncertain at this angle, since 

the-angular d is t r ibut ion tends to be dominated'by the P2 term. The P̂  co-
pa- 31 

ef f ic ients determined by Lachkar et a l . and Martin and Stewart are 
30 substantial ly less than that determined by Abboudanno et a l . and would 

. induce errors of 4% or less in a cross section determined at 125°. 

' Although a complete statistical-model analysis of the 

angular d is t r ibu t ion , which includes the effects of unobserved gammas in 

the cascade, has not been carried out, the overall shapes of these d i s t r i ­

butions are expected to be related to those observed at low energies without 

unobserved intermediate t ransi t ions. The review a r t i c l e by E. Sheldon and 

D..M. Van Patter contains examples of these and sets for th a means of 

calculating them. The anisqjtropy at 14-MeV is in fact smaller than that 

observed at lower bombarding energies, probably because of the intermediate, 

, . unobserved radiat ions. 
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In general, then, one would not anticipate-a large error 

(greater than 10%) from using 4ir(d<i/df2)i25o « a n estimate of the integrated 

cross section at 14-MeV. I t should be noted that the differentia"! cross 

section at 55° should be ident ical , to that at 125° for angular .distr ibut ions, 

which are symmetric about 90". Most of our data was taken at about 50°, 

however, which introduces a s l igh t additional error (not exceeding,5%) 

i f this value is mult ip l ied by 4n and used as a total cross section. 

Ni 
Ni data were taken only at 47°. A summary of the measured 

gamma cross sections is given in Table 111-4 for the isotopes N i , N i , 

and N i , which constitute 67.9%, 26.2%, and 3.7%, respectively, of natural 

n ickel . A typical (n.n'Y) spectrum from Ni is shown in Fig. IV-37. The 
+ + fi? 

1.173-MeV (2 -*0 ) t ransi t ion in Ni forms an unresolved doublet with 

the 1.173-MeV (4 -+2 ) transit ion in , N i . According to a previous measure-
on ep 

ment , the Ni (n,n ' ) cross section at 15.1-MeV is 75 +_ 19 mb/sr. This 
+ + is consistent with our observation that the 4 ->-2 t ransi t ion cross section 

en 
in Ni is about 71 mb/sr and is generally the principal contributor to 

+ + + + 
the 2 -K) strength. I t can be concluded only that the 2 -*0 cross' section 

fi? in Ni is larger than 71 mb/sr." 

The 2 cross section increases from 23 mb/sr for Ni to 
ep 

about 75 mb/sr for Ni at 14.8-MeV. This ef fect is probably due to 

differences in neutron and proton separation energies among the various 

isotopes. From Table I I I - 2 we sec that the proton separation e r^oy for 
58 - . ' '< '.' 

Ni is only 8.2rMeV, some 4-MeV lower than the neutron sepai »' 

energy. As the isotopic mass increases, the proton separation energy 

increases to 11.1-MeV, nearly equal to the neutron separation 
CO , 

energy for N i . This increase in proton separation energy causes more 
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of the non-elastic events to be (n,n ' ) rather than (n.n'p) and hence 

the increasing (n,n'y) cross section with increasing A. The same ef fect 

is observed for the Zn isotopes. For incident protons on the same nuc le i , 

Rao et a l . have observed that the (p,p ' ) cross sections go down with 

increasing isotopic mass, in contrast to the (n,n ' } cross sections. 

The Ni data have been corrected for mult iple scat ter ing, 

which is only a 2% ef fect for the Ni r ing. Zn shows the same behavior 

with isotopic mass as does Ni. Hence the 2 cross section at 14.8-MeV 

increases from 40 mb/sr for Zn to 70 mb/sr for In. As with Ni the 
fid proton separation energy for Zn is small, only 7.7-MeV, substantial ly 

less than the neutron separation energy. The \:rat-->t separation energy 

increases with isotopic mass, and we presume that th is causes a larger 

(n .n ' r ) contribution to the non-elastic cross section. 

Zn 

A typical (n,n'y) spectrum for Zn is shown in Fig. 111-38. 

The tn data are'plotted in Fig. 111-39. Since the data were taken only 

at 49° and 123°, i t is not possible to get any idea of what the angular 

d is t r ibut ion is l i k e . The data do show that the cross section is changing 

rapidly with energy around 14-MeV, however. The cross section drops 

8-10 mb/sr as the neutron energy changes from 13.6 to 14.8-MeV, assuming 

that the angular d is t r ibut ion is symmetric about 90°. The Zn data have 

been corrected for mult iple scatter ing, which is about a 7% ef fect . 

Cd 

The Cd data were taken only at 49°. A summary of the measured 

gamma cross sections is given in Table I I I - 4 for the. isotopes Cd, Cd, 
1 1 4 C d , and 1 1 6Cd.which constitute 12.4%, 24.09%, 28.8%, and 7.6%, respectively, 
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Of natural cadmium. A typical Cd(n,n'Y) spectrum is shown in Fig. III-40> 

- The 2 -*0 cross section decreases from 149 mb/sr fo r Cd 

[ to 30 mb/sr for : 1 1 5 C d atT4.8vMeV. I f only that part of the d i f fe rent ia l 

cross section which we estimate to be due. to s ta t i s t i ca l processes, o 2 +, 

is considered, then the ef fect is even more s ign i f i cant , decreasing from 

131 mb/sr fo r 1 1 0 C d to only 20 mb/sr for 1 1 6 C d . The cross section 

at tr ibutable to d i rect processes, given in the las t column of Table I I I - 4 

. •' as a percentage of the' tota l (n,n') cross section, increases to about one-
116 1 

• hal f of the to ta l (n,n') cross section for Cd. Rao et a l . have 

at t r ibuted a l l of the (p,p ' } cross section for Cd and other heavy 

isotopes, which decay predominantly by/neutron emission, to direct re­

actions. The coupled-channel approach puts most of the d i rect reaction 

•" strength into the one-quadrupole-phonon and one-octup'ole-phonon vibrational 

excitations (see Section IV-A). These have been included in our calcula-

\ t ions along with the two-quadrupole-phonon excitat ions. I f the col lect ive 

picture c f d i rec t excitat ion is correct th is should account fo r most 

of the direct excitat ion cross section. ' Thus, i t would appear that 

even the heavy isotopes make a s igni f icant amount of s ta t is t ica l - type 

(compound plus pre-equilibrium) reaction contribution to the total (n,n') 

cross section a t 14-MeV. The (p,p ' ) results support tl.,'s conclusion. 

The direct processes make up an increasingly 1 argnr .percentage of the • 

total (n,n') cross section as the isotopic mass .increases, but do not . 
account for a l l , o f i t . 

Sn 
The Sn data were taken at three.angles, 51°..,78°, and 123°. 

The data are l is ted in Table I I I - 4 and plotted in Fig. 11.1-41'. A typical 

- Sn(n,n'.v) spectrum for 14.8-MeV incident neutrons at 51° is shewn in 
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Fig. 111-42. As with Cd, the Sn(n,n'y) cross section decreases rapidly 

with isotopic mass, from 87 mb/sr f o r . 1 1 6 S n to 31 mb/sr for 1 2 0 S n . The. 

estimated fract ion of the cross section due to direct excitat ion increases 

with :sotopic mass, r is ing from about 14% for 1 1 6 S n to 40% for 1 2 0 S n . 

The angular d is t r ibut ion of the Sn data is more anisotropic 

than that of the other isotopes, Sn and 1 2 0 S n , or any of the other nuclei 

investigated. A l l of the angular distr ibut ions are consistent wi th symmetry 

about 90°, and there is no indication from either the (n.n'y) or; the 

( P . P ' Y ) , data that the cross section varies by more than 10% between 13.6 

to 14.8-MeV. The data have been corrected for multiple scat ter ing, which 

is about a 5% effect for the Sn r ing . 

Pb 

( The 2 0 6 Pb data are plotted in Fig. I I I - 4 3 . As with Sn, 

there is no indicat ion, from either the (p,p ' ) or (n,n ' ) data, of a large 

change in the (n.n 1 ) cross section in the energy region between 13.6 and 

14.8-MeV. Consequently, no correction for energy was made to the data. 

A typical (n,n'Y) ipectrum for 14.8-MeV and e = 46° is shown in Fig. 111-44. 

Since the Pb r ing was larger than the others and because of the high density 

of Pb, multiple scattering was a more s igni f icant problem. Monte Carlo 

calculations indicated that a 19% multiple scattering correction was 

necessary. Sheldon.and Van Patter present Pb(n.n.'Y) data with an 

angu1ar"""distribution, at 4.1-MeV, given by 

do 
dn '= C (1 + 0.1431 P2 - 0.0368 P4) 

This d ist r ibut ion is plotted in Fig. 111-43 with arbi trary normalization, 

and though i t appears^ to be somewhat less anisoptropic than our data, the 

two are not.real ly inconsistent. The P̂  term contributes .only .1% to the ' 
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cross section at 125° for this angular d is t r ibu t ion . Direct excitat ion 

is not very s ign i f icant , contributing only about 10% at 14.8-MeV, 

according to coupled-channel calculations - , 

The (2 -+0 ) gamma cross sections are also interest ing 

"because of- the information that maybe inferred from them about (n.h 1 ) 

cross sections. Table I I I - 5 l i s t s the (2 ->0 ) gamma cross sections, 

o(2 -+0 ) =-4Tt(da/dn)g0o, and a series of neutron cross sections compiled 

from UCRL-50400, Vol. 8, Rev. 1 and ANL/NDM-11. These cross sections were 

evaluated at 14.8-MeV, when possible, except for Fe, which was evaluated 

at 14.2-MeV. The intent of the table is to compare the gamma cross 

section, o(2 ->0 ), with an estimate of the (n,n ' ) cross section drawn 

from the neutron measurements. In a few cases, other estimates of the" 

(n,n') cross section have been maJe or inferred from gamma measurements 

or neutron data. These are l i s ted in the th i rd column under a(n,n').. 

The agreement with our gamma data is f a i r l y good except in the case of Cd. 

In order to estimate the (n,n ' ) cross sections for comparison 

with the gamma data, i t is necessary to extract the ncn-elastic scattering 

cross section, a •,, and subtract the cross sections for a l l competing 

reactions from i t . This can be done only i f a l l s ign i f icant competing 

reactions and their cross sections are known accurately. The non-elast ic 

cross sections compare favorably with the compound nucleus formation 

cross sections, <rz , calculated with, the optical model code- LOKI, 
' ? 20 ' ' 

using WiTmore-Hodgson neutron parameters. At 14-MeV, the (n,2n) reaction 

is generally the only s igni f icant competitor with the (n,n ' ) reaction, 

exce'pt,*for the l ighter nuclei , especially N i , where the production of 

charged particles is also s ign i f icant . 
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'• .Values for the cross sections for the production of 

protons and alpha's';" also taken from UCRL-50400, are listed under the 

headings o(n,x)p and a(n,x)a, respectively, in,Table I I I -5. in the , 

' las t column, the cross sections for al l competing reactions are 

subtracted from a _• •,, leaving an estimate of o(n,n'-) which can be 

compared with.the gamma cross sections, o(2->0 ). Within the uncertainties 

of the cross sections, the (n,n') estimates and the. gamma measurements 

•generally agree. However, the uncertainties are often large, and there 

are a few significant exceptions. The agreement is good for Fe, Ni, Zn 

and Sn, but Cd, particularly .' Cd, and Pb show serious discrepancies. 

' Since the (ri,2n) reaction is the only significant competitor with the 

Cn,n-r) reaction at-this energy and for these nuclei, the. observed 

discrepancy indicates a problem'with either "the (n,2n) cross section 

. o r the gamma, data. I t is our conclusion that the (n,2n) cross sections 

for natural Cd, Cd, natural Pb, and' Pp.should b'e re-examined. 



Table III 

with Available Experimental Neutron D a t a 5 9 , 6 0 at 14-MeV 

o(mb) 

Nucleus izy) c ( n , n ' ) "non el 
LOKI 

. "CN °(n,2n) °(n,x)p °(n,x)a a non E o i 

5 6 F e 720 ± 60 660 ± 80 1396 440 ± 90 144 ± 12 2 774 j 95 

Nat Fe •>720 527 ± 53 1360 ± 30 1396 460 ± 40 754 * 50 

s % i • 290 t -25 360 1 60 1409 35 ± 10 840 ± 60 125 .'. 60 380 ± 90 

6 0 N 1 700 ± 38 880 ±130 1435 380 180 ± 12 78 742 ± 50 „ 

«N1 >890 940 1240 1465 MOO 18 1 2 17 ± 4 945 * 60 

Nat Ni i420 i400 1380 ± 30 1418 140 ± 10 • 670 ± 50 . 139 431 t 60 

<*Zn 500 t 25 1484 225 ± 25 590 ± 75 168 ± 16 597 ± 90 

6 6 Z n 860 ± 25 1505 580 ± 50 117 ± .12 - 883 ± 60 

Nat Zn •v640 4 70 ±220 1580 ± 30 1492 550 ± 50 "420 a.80 530 ± 70 

, 1 0 C d ' " 1870 ± 75 1861 998 ±115 27 ± 5 - 885 j . 120 

" ? C d 1430 ± 75 1870 650 ± 40 19 4 1237 t 60 

V*v • 565 ± 38 1880 - •W " 1 . -
• • " « c d 477 ± 1 5 0 1890 1650 ±100 2 1 257 ± 110 



Table "III - 5 (continued) 

Nucleus "(zWl ° (n .n ' ) °iion el ". 
10KI 

°CN 

1.1063 •250 , "1910 ± 40 187,5 

1090 ± D3 1890 

800 ± 50 • 1901 

390 ± 38 1913 

•v670 .2030 i 80 1904 

1030 ± 6 3 '••• 2500 

MOO* 2509 

•v600 460 ± 70 

721 ± 94 

2500 i 50 2506 

Nat Cd 

1 2 ?Sn 

Nat Sn 

NatPb 

'(3%0+} n o t ° ( 2 V 

: ; < ; (n ,2n) 

866 ± 77 

°(n,x)D 

, , ,1530' • 14 

- ' 22 f 5 

976 ± 120 • . 12 i 1" 

1444 ± 210̂ -"\ 5 ' i 1 

1500 15 

990 ± 120 

2240 ± 170 

"(n.xla "non-^i 

316 ± 200' 

1 

' 2 

•v.2 

1040 i T45 

581 t' 225 

. 515 i 200 

1633 ± 90 

1507 * 130 

258 ± 180 
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IV. Computer Calculations and Models 

A. Coupled-Channel Calculations 

The d i rec t , col lect ive excitat ion of the spherical, even-even 

nuclei studied constitutes an important part of the nuclear reaction 

process and affects the gamria spectra in a fundamentally d i f ferent way 

than i t does the part ic le spectra. Direct, col lect ive excitat ion is 

most important for the simple, low-lying col lect ive levels found in 

vibrational and rotational nuclei . The scattered proton and neutron 

spectra from these direct reactions consist of strong, high energy peaks 

which are, in general, easily separable from the continuous, smoothly 

varying, and lower energy part of the spectrum due primari ly ,to s ta t i s t i ca l 

reactions. These direct reactions were not included in the integrated 

proton spectra which were compared with the gamma data. 

In the gamma spectra, direct excitat ion of the low-lying col lect ive 

levels generally results in a decay of the f i r s t 2 level and contributes 
+ + s ign i f icant ly to the total 2 0 gamma cross section. The coupled-channel 

calculations were performed to determine the direct contribution to the 

gamma cross section, so that i t might be compared d i rect ly with the 

integrated part ic le spectra, and also to examine the contribution of the 

.direct, col lect ive reaction to the total inelast ic scattering cross 

section as a function of incident par t ic le energy. 

The coupled-channel calculations were performed with the Oregon 
1 7 *ifi 

State Coupled-CMannel Code. ' This code is based on the coupled-channel 

formalism discussed by Tamura and Madsen. The strongly col lect ive 

nature of the low-lying levels in even-even nuclei implies a strong 

coupling between the excited state and ground state channels in the reaction 
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process. The collective motions can be described'by a hy'drodynamic 
vibrating-drop model, with the coupl i rig -between' the different channels 
derived explicitly in ,terms of an optical mode? with-deformations which 
follow the shape vibrations of the liquid drop. Such a collective-model 
description of the interaction is assumed in the present work; however, 
the code also contains a microscopic model description of the nuclear 
levels and the interaction in terms of.single particle states-

Because of the oupling of the various levels, the Schrodinger 
equation, which describes the scattering, becomes a set of coupled 
differential equations. The interaction is described by an optical model 
potential which is complex and includes the spin-orbit interaction as well 
as the^Coulomb interaction. The radial dependence of the nuclear potential 
is described by the Saxon-Woods form and its derivative.. The potential 
is 

Vopt. = - '<VR + 1 W
V ) TT-el^pTrF^T/J] 

4l-M exp[(r-R)/a] 
S F {1 + exp[(r-R)/a]}2 

- V Ca • 1) \Z J- exp[(r-R)/a]- „ 

19 The Becchetti-Greenlees global parameters for protons and the 
20 " 

Wilmore-Hodgson parameters for neutrons were used. The Becchetti-Greenlees 
parameters are .,.'.' 



VR = 54.0 -- 0.32E + 0A-JJJ+ 24.0 ^ MeV, the. real potent ia l , 

where r R = 1.17 fm, the radius, and a R = 0.75 fm, the 

"diffuseness"; 

Wy = G.22E - 2.7 MeV or zero, the imaginary Volume potent ia l ; 
WSF = 1 1 - 8 " 0 - 2 5 E + 1 2 - ° ^ MeV, the imaginary surface po ten t ia l , 

Where r x = 1.32 fm, and.aj = 0.51 + 0.7 ^ p f m ; 

and VSQ = 6,2 Mev, the spin-orbi t po tent ia l , 

The' Wilmore-Hodgson parameters are 

where r s o = 1.01 fm, and a s o = 0.75 fm. 

VR =47.01 - 0.267E - O.OOllgE2 MeV, 

where r R = 1.322-7.6A x 10" 4 + 4A2 x 10" 6 - 8A3 x 10" 9 fm, 

and a^ = 0.66 fm. 

WS F = 9T52 - 0.053E Mev, 

' where r j = 1.266 - 3.7A x 1 0 ' 4 + 2A2 x 10" 6 - 4A3 x 10" 9 fm, 

and a j = 0.48 fm. , • 

In order to describe the deformation of the optical potential fo r 

a spherically symmetric target nucleus which vibrates about a spherical 

equilibrium shape, R and R are expanded as a sura of spherical harmonics, 

R = R 0 ( l + £ % Y A ) i { e ,# ) j 

and R = R Q (1 + r <* A u Y X i i ( e , ^ . ) ) , 
Ay 

where R = r„A ». the real radius, and 

1 ' - "\ii • ' '•' ' 
R = r A " " , the imaginary radius. 
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If these are inserted into the expression for the potential a..d . ie„. 
•Tatter expanded in powers of - i a'' Y. , one obtains an expression which 
consists of.the'usual optical-model potential plus the coupling potential 
between channels, V.- . (see Tamura ). 

The Hamiltonian. ,is 

•' ; ;n = T + Ho + V +:: vcoupi.' 
,where the coupling between channels may be expressed as • 

ft) 
The first term in this equation, v.* , is,-in the present case, 
proportional to the radial derivative of the optical potential. 
•: , When the coupled equations are written out in detail, the 
strength of the coupling between the channels can be expressed in terms 
of reduced matrix elements, < 111Q , l|I'*> taken between the states of 
the target nucleus which are described by the sets of quantum numbers 
represented by I and I'. In the case considered, here, the general 
nuclear operator. Q, is simply related to the deformation operator 
a. introduced above'.. The superscript t,refers to the order in the • 
expansion in terms of a*. 

It is customary to further express these reduced matrix elements 
in. terms of a set of deformation parameters, B, which must be supplied to. 
the'calculation and which contain all of the necessary structural infor­
mation about the target states.,, Coupling the ground state to a one-
phonon state of angular momentum I, in the vibrational nucleus gives 

\ . ; --;:<flso(iQ»^iij; i>;.« x -(- '5 0 x 



Coupling theone-quadrupole-phonon state/to the two-quadrapole-phonon 

states gives . . 

<l;2| |Qp , | |2;I> = HQ2 V2(2I + D / 5 : . 

Coupling the ground state to the two-quadrupple phonon states gives ' 

<0j0fjQ^2)(A1 = A2 = 2)||2;I> = 6g 2 6 I A (2200|I0)/^T , 

where g Q . is-the deformation parameter for the Z\ - p o l e state with 

respect to the ground state, and (2200|I0) is a Clebsch-Gordon coef f ic ient . 

F inal ly , coupling the one-quadrupole-phonon state to the one-octupole-

phonon state gives 

"'"•io\ (Sn?(S?,(2300|A0) 
<-\',Z\\^H^ = 2, X 2 = 3)||1S3> =-°2_2J , 

where e 2 , 1 s the deformation parameter of the one-octupole phonon state 

with respect to the one quadnupole phonon state. Fig. VI-1 shows a l l of 

the deformation parameters relevant to th is analysis. 

The deformation parameters, B, are of central importance in these 
2 

calculations because the cross sections are proportional to p . These 
parameters can be determined in a number of different ways, including 
fitting coupled-channel calculations to angular distributions of inelastic 
scattering data. In> the past, they have been most commonly determined by 
DWBA calculations fitted to experimental angular distributions; and by 
measurements of the electric quadrupol° transition probability, B(E2),- . 
from Coulomb excitation experiments. In DWBA calculations,' the coupling 
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"between the d i f ferent channels is treated only to f i r s t order in the 

interact ion. To understand the Coulomb excitat ion measurements, consider 

the nucleus to be a spheroid with semi-major and semi-minor axes a and b, 
' ~ ' 21 

respectively, and with an average radius R , then, 

3 0 2 = 1.06(a-b)/Ro . 

Assuming a uniform charge d is t r i bu t ion , and in the l i m i t of small 
21 deformations, then 

i ! em 
. VB(E2,OV") 

3ZR Z /4TT 

where RQ = 1 .2A 7 / > 3 fm . 

In general 

N- _ VB(EX,O ++A) „ 

3ZR*/4TT 

where B(E2) = 4.08 x 10" 6 1 

exp E

3(MeV)T(sec)(l+o) 

E is the energy of the gamma ray, 

T is the mean l i f e , and a is the internal conversion 

coef f ic ient . 

Values of $Q2'and'@Q,, determined from these relations by SteVson and 

Grodzins, are l i s ted in Table IV-I as B„_. Quadrupole t r a n s i t i o n , 

probabi l i t ies for pne-quadrupole'transitions' from a lower state to an 

upper state can be wri t ten as 



B<E2) = ^ ( n u i u l | Q 2 0 j | n L i L r : ; ; ; ; 

'where Q 2 0 = ^ f - ' ( a ^ o * " 2 0 ) . 

- Here Bo is jus t B(E2) fo r the 2+->0T t ransi t ion and thea 's are raising 

and lowering operators. The resu l t of. evaluating this expression for the. 

one-phonon to two-phonon transit ions in a pure vibrational model i s : 

B(E2, 0+2 +)' » Bo, 

B(E2, 2 + W") = - ^ Bo 

B(E2, 2>2J) = | Bo 

B(E2, 2 + -4 + ) = . | |Bo 

Also tabulated i n Table IV-1 are values of e Q 2 and e Q 3 , extracted 

from the l i teraj ture, which were obtained from f i t t i n g angular distr ibutions 

(p.p')> (or.a-1.). (d»d') 5 and (n,n ' ) data. ' According to Madsen et a l . , 

a-microscopic'description, with isospin included properly, shows that 6 

is actual ly a function of the external f i e l d producing the t rans i t ion. 

Differences of as.much as 205! are expected between e(n,n'} and e(p,p') 

with e(n,n') being closer to-. . . I f values for a and $(p,p') are 

known, i t is then possible to estimate a value for s(n,n ' } from the 

expression . .:-• 

n,n' p,p' 
, ; M ^ - ' 

which was derived "by Hansen et a l . from the expressions in Table" I I of 
op . • 

Madsen et al. Values for e„ •i calculated from this expression are 
* n»n - . 

l i s ted in Table -IV-1 and were used to calculate the. d i rec t , collective.;. 



Table IV - 1 

Deformation Parameters from Various Reactions 

Nucleus 
em %sBL 

p d , d ' 
" n ,n ' 

(calc.) (exp.) 
e6i . l Hi r 

56_ Fe. f5, 

6 2 N i B 

64 Zn e. 

108, Pb B. 

no'; Cd B 

1.14, td B 

02 

03 

02 

03 

02' 
S03 

02 

03 

02 

03 

02 

03 
116^ Cd B, 

• 6, 

02 

03. 

0.22 

0.17 

0.193 

0.20 

0.250 

0.23 

0.243 

0.15 

0.183 

0.15 ' 

. 0.193 

6.14 

0.201 

0.12 

0.25 

0.19 

0.24 s 

0.21. 

0.29 

0.24 

0.24 

O.J 4 

0.19, 

0.17 

0.19 

0.16 

0.20 

0.15 

0.16 

0.12 

0.25 

0.20. 

0.17 

0.21 

0.16 

0.24 

0.20 

0.22 

0.175 

0.19 

0.23 

0.18 

0.21 

0.20 

0.26 

0.23 

0.24 

0.15 

0.19 

0.16 

0.19 

0.15 

0.20 

0.13 

0.19 

0.13 

0.23 

0,10 0,2,4 

0.11 0,2,4 

0.06 . 0,2,4 

0.06 0,2,4 

0.04 0,2,4 

0.12 0 
0.14 2 
0.16 4 

0.04 • 0,2,4 

0.24 0,2,4 

0.24 0,2,4 

0.25 0,2,4 

0.16 0 
0.22 2 
0.24 4 

0.13'i. 0,2 

.0.16 4 

.09 

.10 

.14 

0.13 
0.11 
0.1.8 

0 
2 
4 

0 
2-
4 



Table IV - 1 (continued) 

^ •-e Nucleus • em '• Vp'* V a ' "cM' 

1 1 6 S n 3 0 2 o .n3 % 4 0.14' • 0.115. 

803 0.196' 0.185 0.130 

1 2 % ^ "0.112 0.12 0.11 0.12 , 

- B 03 0.14 0.14 0.12 0.14 

2 0 6 P b s 0.04 0.06 .0.052 

303 o.n 6.12 

. . ' - ' • . - • • f 5 n , h ' . 
(calc.)- (exn.) *0 I ... I '• *2V- . " I 

. 0.12 ; 0'.12 

0.19 

0.11 0.12 

0.14 0.17 

0.05 0.07 .02 0,2 .04 0,2,4 

o.n .04 • -4 

; * 
• ' " •: 
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contribution to the (n,n ' ) gamma cross sections. The values for e n i 
• • p » p 

l i s ted in the table were used to make similar calculations for the 

(p,p ' ) experiments. In general, the differences between experimental 

values of B were greater than any differences due to.reaction type. 

Also tabulated in Table IV—1- are deformation parameters describing 

the coupling of the one-phonon vibrational state to the two-phonon 

vibrational states. Experimental values were used when avai lable, 

otherwise i t was assumed that 

i 2 
3 0I = $ 02 x e 2I ^ B 02 ' 

where the subscript refers to the level spin, I,a member of the 
-?3 two-phonon t r i p l e t , 0, 2, or 4. Curtis et a l . " have found that 

6 2 I ^ B02 t o w l t n ' ' n ^ i " t n e e v e n G e isotopes: 

The absorptive, imaginary part of the global optical potentials 

used in these calculations were determined without regard to exp l i c i t l y 

described inelast ic scattering channels. The coupled-channel formalism 

consists of such an exp l i c i t description of these channels; consequently, 

i t is necessary to reduce the global imaginary potential by an amount 

which jus t compensates for the ef fect of these coupled-channels. Curtis 
23 et a l . found that the imaginary potential should be reduced by about 

< 
0.5-HeV for each 10 mb of inelast ic cross section exp l i c i t l y described 

by the coupled-channels formalism. Following the perscription of Madseni 

coupled-channel calculations were performed with the coupling constants 

(e) reduced by a factor of 10 . This was the "weak coupling" approximation' 

and was equivalent to a DWBA calculat ion. The calculation was then repeated 

with the coupling constants at their nominal values and a ra t io formed • 
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between, the^'weak coupling" inelast ic cross section mult ipl ied by 10 

.and this inelast ic cross section., The imaginary potential was then 

, reduced by th is r a t i o , which was about 0.79 for the couplings considered 

here, and'al l further-calculations were performed with this reduced potent ial . 

• The standard calculation included the one-phonon coupling of 

the ground state to the f i r s t excited state, $ Q 2 , the one-phonon coupling 

of the f i r s t excited state to the two-phonon t r i p l e t of states, $ 2 i> 

and the two-phonon coupling of the ground state d i rec t ly to the two-phoi.jn 

•states; SQJ'. 'The one-phonon contribution to the two-phonon states, Bgj, 

was ignored. A separate calculation'was done including the coupling between 

the ground state, the one-quadrupole-phonon 2 state, and the „one-octupole-

phonon'3" state, BQ?, Bp3'and B 0 , , with the appropriate reduction in the 

imaginary potent ia l . The contributions from the one-quadrupole-phonon and 

one-octupple-phonon excitations together accounted for. most of the direct 

excitat ion cross, section calculated. ; The contribution from the two-phonon 

states was re lat ively unimportant. 

Experimental measurements, performed by other workers, of (p,p') 

angular distr ibutions- for the strong col lect ive levels in the nuclei of 

interest were generally avai lable, Whenever possible, the calculations 

were compared .with, the experimental dp.ta and sdjustments in the deformation 
- • • • * . . > . . . , 

parameters were'made to minimize the-difference between the data and the 
: calculat ion. -In general, th is allowed us to select the best value of 6 

•'.from among ^several -published values, although .many of the B's l i s ted i n ' 

Table IV-1-are averages of several published values. Figs. IV-2 through 

1V-4 show comparisons between data and coupled-channel calculations for 

" 5 6 F ^ 6 2 N V , ^ 
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Fig. IV-2. Coupled-channel calculations for 5 6 Fe(p,p ' ) at 20 MeV and 
5 6 Fe (n.n 1 ) at 12 MeV for 2 + (0.847 MeV) and 3- (4.45 MeV)'levels; data 
of Eccles et a l . 7 (0) and Beiieveniste36 (f). 
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I • I 1 i I i I , I i 1 
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" . • 9 

Fig. IV-3. Coupled-channel calculations for 20 MeV protons on ^2Ni for 2 + 

(1.173 MeV) and 3" (3.750 MeV)' levels, data of Eccles et al.' (•, o );-
&4zn for"'2* (0.991 MeV) and 3" (2;99 MeV) levels, data from Taraural8 («); 

' ancl:206pb for 2+ (0.803 TsV) and 3" (2.648 MeV) levels, data of 
—Glashausser et al>38 (*). 
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i — i — i — r 

e02 = °.2<^?\ 
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Fig. IV-4. Coupled-channel calculations for 14 MeV protons on Cd for 
2+ (0.658 MeV) and 3" (2.079 MeV) levels; H4cd for 2+ (0.558 MeV) and 
3" (1.957 MeV) levels; and H6cd for 2+ (0.514 MeV) and 3" (1.920 MeV) 
level's; data of Lutz et al.37 (•). 
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:... The results of these calculations, the cross sections for the 

d i rect excitat ion of the col lect ive vibrational levels, are summarized 

in Tables I I I - 3 and I I I r 4 . One can see that direct excitat ion of the 

' col lect ive- levels accounts for a s igni f icant percentage of their strength. 
+ + • Up to about 50% of the strength of the.2 *̂0 t ransi t ion is due to direct 

exc i tat ion, and for transit ions from some of the two-phonon levels 

_(0 in par t i cu la r ) , essential ly a i l of their strength, at some energies, 

may be due to d i rect exci tat ion. 
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B. S ta t is t ica l and Pre-Equilibrium Model Calculations 

I t has been known since the 1930's that most part ic les from' 

nuclear reactions are emitted with low energies arid with spectra resem­

bl ing those of molecules evaporated from a hot body. This observation . 

formed the basis for the s ta t i s t i ca l model of the nucleus, two versions 

of which have been used in this.work. F i r s t , the simple Weisskopf ' 

evaporation model, wihich constitutes the compound nuclear, or equilibrium,-" 

part of the HYBRID calculation was considered, followed by the Hauser-
65 

Feshbach model, used in the STAPRE calculations. 
CO 

The Weisskopf model produces emitted particle spectra of the form 
S(E) ^o(E)E P(U-B-E), 

where p(U-B-E) is the level density of the residual nucleus and U is the 

excitat ion energy jus t before part ic le emission. The quantit ies B and E 

are the binding and kinet ic energies Of the emitted par t i c le . The cross 

section, <j(E) is that which the excited nucleus would present to the 

emitted par t ic le for forming a compound nucleus, i . e . , the inverse cross 

section. Values of this quantity for the nucleus in i t s ground state 

are generally used in these calculations. At i t s simplest, the level 

density, p, can be characterized by a single'parameter, U, such that 

p(U) •vexpfU/T) ,. . . 

where T is the nuclear temperature arid U the exci tat ion energy. This 

characteristic tempera ure may be extracted from the slope of par t ic le 

emission spectra and'is commonly used to describe level densities at 
4 3 * • • ' • ' • ' • " ' - ' . . •'' • 

low exci tat ion. At higher excitat ion energies, the Fermi, gas descfip-
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t ipn of the" nuclear level. dens r t y r "9+ v e n _ c y 

becomes moreSapp'licable. Here a is the level density parameter, which 

.has been determined to be about A/8 MeV'1,. from f i t t i n g evaporation spectra 

from heavy nuclei . In general, the level density parameter is more 

• complicated than,A/8, and shows str ik ing, nuclear shell e f fects, even 
• •~ - « " : • 43 ' " 

after, the pair ing energy sh i f t determined by Gilbert and Cameron is 

applied, o*r thef"back shi f ted" :'-$'. formalism, is used. 

the inverse cross sections necessary for this model can be 

determined.by optical model calculations. These calculations depend 

onvpptical potentials.which are largely determined by f i t t i n g elast ic 

scattering data over, a wide range of nuclei . The compilation by Perey 
-' ' " 84 . . . 

"and Perey l i s t s many of these sets of potentials and the conditions 

' for which they, are appropriate. Among the more successful "global" 

.potential *sets are those of Becchetti and Greenlees for incident 

pro.tons and of Wilmore and.Hodgson for incident neutrons. These poten­

t i a l sets are l i s ted in Section IV-A. 

' \ i A major shortcoming o f the Weisskopf model is that i t does not 

include angular momentum. Angular momentum related effects become 

increasingly important as the bombarding energy increases and as the mass 

of ' the: pro ject i le increases.,.,They are important i f one is interested in 

the emissibn.of gamma radiation-. Angular momentum Values influence the 

emission, probabi l i t ies Of. the various particles, relat ive to gamma radiation 
•• : ' " " " • - • ' " ' ' ' - . • > . •• • ' 6 5 ' ' 

at the end of the evaporation cascade. The Hauser-F.eshbach model is 



basically the evaporation model with conservation of angular momentum 

and parity added. The compound nuclear scattering cross section for 

an. entrance channel 6 and an exit channel a can be written schematic^ 

ally as 6 6 ' 

y Y 

where the T's are transmission coefficients for the entrance and exit 

channels. The sum over Y is over all possible exit channels. The trans­

mission coefficients are related to the collision iratrix elements, U . , 

which are determined from solving the radial part of the Schrodinger 

equation with' the complex optical potential, by the expression 

V 1 ' - £|ortf •-. . 
The transmission coefficients not only vary with energy but depend upon 

channel characteristics such as the nature of the particle and i ts 

orbital angular "momentum, v., and total angular momentum, j = \t„ + s. . 

When this is taken'into account, the angular momentum and parity conser­

vation restrictions applied, and provision made for spin-orbit 

coupling, the result is : ' ' 

1 B- B S. i E '-' 

W L Y ' 
where J- is the spinjjf the target nucleus and J. is the spin of the 

compound state formed via channel P . . ' ' • • , 



The ef fect of iscspin conservation in- the entrance channel 

jnay be included by fol lowij ig tlie -procedure detailed by Grimes et a l . 

For incident protons"this involves.considering the formation of 

1^' = TQ '+".1/2 and 7< = TQ -1 /2 ' s t a tes in the incoming channel s. 

whereTg = (N-Z)/2 is the isospin of the ground state of the target 

nucleus. The:compound nucleus formation cross section can then be 

expressed as •".• 

, y ?T0..+ i u s 2T0 + i ue 

- • • ' • • ; • •'•'.' " • - • . • . ' ' " 

where c£ and a*' are each, calculated via the Hauser-Feshbach formalism 
.' V P • • p * / • .. ,..'•• 

using transmission coefficients which are assumed to be independent of . 
the isospin channel.; .. • • 

, B.l The HYBRID Model andI Calculations • 
•. •;•" " 40 

•'. , The hybrid pre-equilibrium model of Blann together 
' " ' • - ' 41 • 

with the Weisskopf evaporation model constitute the HYBRID code of 

Blann and Grimes et a l . , which was used to perform these calcula­

t ions. As was mentioned above, the Weisskopf formalism does not include 

angular momentum. The optical model Rroton parameters of Becchetti and 
19 ' 2 0 

Greenlees and the neutron parameters of Wilmore and Hodgson were 

used in the optical model code, LOKI, to calculate the inverse cross 

sections needpd by HYBRID. The leve l densities used in the calculation 

corresponded to the Fermi gas model of the nucleus, with a pairing energy 

correct ion, given by . 

1 2 a 1 / 4 [ U - 6 ] 3 / 2 •:-.-



A value for the level density parameter a of (A/8) 4 ' 6 2 was used, and 

the pairing energy 6 was taken from Gilbert and Cameron. At low 

energies, 0 .< U < 4-MeV, the level density was assumed to have a 

constant temperature form with the magnitude and slope obtained by 

matching the magnitude and slope of the Fermi.gas level density at 

4-MeV. Because the Weisskopf formalism does not include angular -

momentum, gamma-ray competition cannot be included in a sat isfactory 

manner. 

The pre-equilibrium part of. the calculation was based 

on the exciton model (where exciton refers to a par t ic le or hole) of 
45 40 

Gr i f f i n as modified by Blann. < This approach assumes that the 

compound nucleus reaches equil ibrium through a series of two-body 

interact ions. At each stage a small but f i n i t e width for par t ic le 

decay is assumed in addition to the width for decay to more complicated 

states. This adds a non-equilibrium component to the spectrum. The 

fract ion of states, containing n-excitons, with one par t ic le unbound 

is a rapidly decreasing function of n. Part icle decay occurs either 

early in the equi l ibrat ion process, or af ter equil ibrium has been 

reached, but not in between. Pre-equilibrium emission is nearly 

independent of target nucleus. I t does, however, depend on the type 

of pro ject i le and i t s energy. 

For the hybrid model, the probabi l i ty, P (E)dE, of 

emission of a par t ic le of type x with energy between. E and E+dE is 

given by . " . ' . • 

n=no . n 

An=2 

»C.(E) • 
' X I E J - + X + (E) D r 



In th is expression pP is. the number of. part ic les of type x in an.. 

, n-exciton state;. p n(E*) is r.the density of n-exciton states at 

;. excitat ion energy. E * ; P ' ( U ; E ) is the density of n-exciton states 

such'that a; par t i c le , i f emitted into the.continuum, would have 

channal energy E arid the remaining (n - l ) excitons would share an. 

. energy.uY where E* =-E + B + U.with B v being the binding energy 

., of the'emitted-part ic le; and g is the density of single par t ic le 

states per HeV. And A (E) and X+(E) are the rates at which part icles 

- of energy. B x + E are emitted into the continuum or scattered with the 

..formation of an additional part icle-hole state, respectively. Blann 

has suggested that th is damping'width, A +(E), be determined from the 

imaginary component of the .optical potent ia l . Hence 

X +(E) _ 2W " 'ft 

The conti nuum 'decay width is. given by 
• 

A C ( E ) ; 

P C(E) 

where a is the inverse cross section, v is. the velocity of a par t ic le 

having p states in the continuum. The parameter V is a'ri arbi trary 

volume and cancels the same volume in p . D is a depletion factor, 

whi,ch gives-the relat ive f lux reaching an' n-exciton state'before 

decay occurs , -

The cross section is obtained by summing PV(E) over 
•» • . v . . ' - x 

angular momentum z with the result ' -

- da (E) o •r 
-£— = */d L (2*+l)T P {E) 
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where T i s the transmission coeff ic ient for angular momentum i 

in the entrance channel. The emission probabi l i ty , P„(E), i s 

imp l i c i t l y dependent on angular momentum through X+(E), which is 

determined by the opt ica l model potent ia l , W, and x ,which is 

angular momentum dependent through the inverse cross sections which 
34 42 49 

are determined by LOKI optical model calculations. Grimes ' 

has modified the code to include a pairing correction and isospin. 

The inclusion of isospin is par t icu lar ly important for the (p ,p ' ) 

reactions. 

Calculations done with th is model have been compared 

with (p.p. 1). (o .n) , and- (n.n') spectra in a number of papers, ' ' ' 

and the agreement has been reasonably good considering the s impl i f ied 

nature of the model. In the present work, calculations were performed 

to t ry to reproduce a selected set of (p,p ' ) and (n,n ' ) spectra as' 

well as the gamma cross sections. For the protons, the data consist 

of f u l l (p ,p ' ) spectra for most of the nuclei investigated but at only 

a few energies, generally around' 14-MeV. For the neutrons, complete 

spectra a t 14-MeV for Fe, Ni.'and Pb were available. After evidence 

was obtained that the calculations could reasonably, reproduce the 

(p.p 1 ) data at a few energies, they were then performed over the 

energy range 9 to 26-MeV and compared with the (2 .-+0') gamma cross 

:. sections. - . , 
Inelastic proton scattering is strongly influenced-by ••> 

isojspin considerations. Fig.. IV-5 is a schematic representation of 
' -' -co 

the reaction processes involved for 14-MeV protons incident on N i , 

with the isospin poss ib i l i t ies shown! The isosp'in o f t h e ground state 
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T^.5/2 T > = 7/2 

Neutron, 
emission 

, AT pha 
emission 

'F ig ; ! IV-5. A schematic representation of. isospln details for 14 MeV 
' protons incident,on 62Nf, 
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of the target nucleus, T Q , is equal to 3 for N i . The incident proton 

carries isospin 1/2 with z component -1 /2, and can couple to the target 

nucleus isbspin to form either a T< = TQ" - 1/2 = 5/2 or a T> = ,TQ + 1/2 

7/2 state with probabi l i ty 2T Q/(2T 0 + 1 ) = 6/7 or 1/(2TQ+ 1} = 1/7, 

respectively, in the compound system. The reaction cross section can 

be expressed as 

: - - • - . l - ^ - 2 T o . 
'0 ' n " 0 

in terms of the reaction cross sections for the T and T- states. 
The energy of the T < state, in the compound system, is equal to the 

kinetic energy of the proton plus the proton binding energy. The 
ground state of the T compound nucleus is shifted with respect to 

CO 

the T by the symmetry energy, AT T , which for Cu is 8.85-MeV. 

This means that the effective excitat ion in the T channel is 8.58-MeV 

less than i t is in the T < channel. 

Isospin selection rules help determine how the compound 

system w i l l decay. For nucleon emission the change in isospin, AT, 

must be + 1/2,while for alpha emission AT = 0. The T states can 

decay by proton emission back to the target nucleus with a-weight 

factor of 2TQ/(2TA + 1) , by neutron emission to the T^ states in the 

(p,n) nucleus with weight factor 1/(2T + 1), Or by neutron emission 

to the T states in the (p,n) nucleus with weight factor 1. These 

decays are shown by dotted lines, in Fig. IV-5. The T states can 

decay by proton emission back to the target nucleus with a weight 

factor 1/(2TQ + 1), or to the T states in the (p,n) nucleus w i th .a . 

Weight.factor 2T 0/(2TQ + 1) but not to the T^ states in the (p,n) 
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• nucleus* These decays are shown.by dashed l ines in Fig. IV-5. The 

fact that (p,n) decay fromthe T^ compound states to the T < states, 

is isospin forbidden ef fect ive ly forces these states to decay by 

proton emission. .For many of the nuclei examined, the decay of the 

T^.compound states was the dominant source o f scattered protons. The 

1< states, can o-decay only to 1< states in the (p,a) nucleus, and the 

T states cari decay only to J> states. The HYBRID calculations do 

not presently include alpha decay) so.these channels were ignored. 

Comparison with (p.p 1 ) Data 
' ' ' 5 

The scattered proton data of Sprinzak et a ! . , 

integrated over angle, for 14-MeV incident protons on Fe, N i , and 

Zh'is shown in Fig. IV-6. Superimposed on these data are the HYBRID 

calculations. These calculations were done with the Fermi gas level 

density parameter, a, equal to A/8. The imaginary potential of 
19' BeechettirGreenlees was b u i l t into the code and used to calculate 

the pre-equilibrium damping width. The calculations were done i n i t i a l l y 

with pair ing energies from Gilb'ert and Cameron, which were then 

changed s l igh t l y in la ter calculations in order to get better agree­

ment between calculation and measurements. I t is thought that th is was nec-
i ' 

essary part ly because the alpha decay channel was neglected in the 

calculations and-alpha competition is s igni f icant in these nuclei. 

In addition there-are uncertainties in the values of the pair ing 

energies and uncertainties as to the extent to which "shell sh i f ts " 

Should be included in the energy shi f ts of the level densities around 
' • ' • " ' - " . • • ' • - ' •• 5 ' n 

closed shel ls. The pair ing energies of Nemirovsky and Adamchuk are 
s l i gh t l y larger, in "general, than those of Gilbert and Cameron and 
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Fig. IV-6. The (p;p") data of Sprinzaks at 14 MeV and the HYBRID 
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1 

consequently give better agreement between measurement and calculation 
64 for the l ighter nuclei . For Zn at 14-MeV, i t i s estimated that the 

inclusion of an alpha channel would reduce the strength in the (p,p ' ) 

chamel by about 10-20%, which is not enough for agreement between 

calculation and measurement without adjusting the pairing energy. 

The calculation for i'sospin conserved is given by 

the sol id l ine and for no isospin by the dashed l ine in Fig. IV-6. 

The importance of isospin in describing the (p,p ' ) reaction is not 

so apparent for the l ighter nuclei, Fe^ N i , and Zn, but wi I I be for 

the heavier nuclei . 

The 1 1 0 C d (p,p') proton data, at 16-MeV, of Lux, 

Porile, and Grimes are shown in Fig. IV-7, along with the HYBRID 

calculations for isospin conserved, no isospin (isospin mixed) and 

pre-equilibrium events alone. As was f i r s t demonst i ted by Fluss 
51 et a l . , . isospin conservation leads to a re lat ive enhancement in the 

(p,p ' ) cross section,since this is the only reaction that can proceed 

via the T state in the compound nucleus. This may be seen in Fig. IV-7 

where the HYBRID calculation without isospin produces too few (p,p ' ) 

events. I f the calculation is done with isospin completely conserved, 

too maiiy (p,p') events are predicted. The decay of the isospin conser­

ved T. states competes with the mixing of these states into the l < 

states of the compound nucleus by the Coulomb interact ion. Lux 

et a l . have determined the isospin mixing f rac t ion, for Cd(p.p') 

at 16-MeV,v to be 0.68 j^O.15, using a formalism developed by Grimes 

e.t a l . Mixing the two HYBRID calculations by this amount produces 

cood agreement with the data, as can be seen in Fig. IV-7. I t should 
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be pointed but that the isospin mixing fraction was not determined 

• simply by fitting the (p,p') spectrum, since there are too many 

relatively uncertain parameters, suchas the pairing energy, 6, and 

the Jevel density parameter, 3, involved in the calculation. Rather, 

a series of experiments, involving formation of the same compound 

nucleus, In, with protons and alpha particles, was performed. 

These data were used to determine 6 and,a,which were then used to 

calculate, the • Cd(p.p') spectra. The actual mixing fraction was 

determined from the quantity 

R - o(P .P ' ) P ( a ,g ' ) 
exp <j(p,cO a{a,p) . -

which,in .the absence of isospin conservation,would be equal to unity. 
It was necessary to 'apply an angular momentum correction since the 
angular momentum distributions in the proton and alpha entrance 
channels were different." the-maximum possible value of R, cor-• 
responding to conserved isospin, was determined from statistical 
model calculations. Comparison of R„„„ and R„ 'yields v, the mixing 

6Xp maX 

fraction. . • ! * • * • • 
Isospin mixing fractions have been determined only 

in a few isolated instances; ? Values from Lux,'Porile, and Grimes 
for the nuclei of interest are plotted in Fig. IV-8, and are seen to 
scatter between 0.3 and 0.7 for a compound nuclear excitation ranging 
from 17 to 24-MeV. If one looks' at the values for 6 4Zn and 6 9Ga, 
which were determined at several energies, it appears that in this 
energy range, at least, u is decreasing with energy." It has been 
predicted that isospin mixing should be minimal at both low and high 
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u c n (MeV) 

Fig. IV-8. Isospin mixing fract ion vs. compound nuclear excitat ion 
energy f o r ' l U l n (•§), 69Ga ( J ) , ^ln ( { ) , 63 C u ( § ) , 5 6 F e ( * ) -



excitation-energies of the compound nucleus, Out substantial at in ter -
.'•'• ': . -.' 52'54 55 

mediate,energies. '•/,'. One-therefore expects to see changes with 

energy in the intermediate energy(.region. 

the 1 2 0 Sn(p ,p ' ) proton data, at 17.8-MeV and 90°, 

of Ralbacb-Cline, Huizenga,-and Vonach are shown in Fig. IV-9 along 

with the HYBRID calculation for isospin conserved, no isospin, and-

68% isosp.in,mixing. The'calculation adequately reproduces the low 

energy evaporation peak at about 7-MeV, but f a i l s to reproduce the 
8 • sizable strength above 9-iMeV. • Angular distr ibut ions of .the events . 

in th is region show them to be forward peaked as would be.expected in 

pre-equilibriurn events. Kalbach9 does in fact reproduce the spectral 

shape by including much more of a pre-equi l ibr i urn contribution than • 

that obtained from HYBRID. " 

• Comparison With (n,n ' ) Data' 

Inelastic.neutron scattering reactions have also 

been calculated and compared"with data. Isospih effects do not 

play a ' ro le in these reactions. The 14-MeV Fe(n,n'.) da tao f Kammer-

diemer and severafothers, ' plus the HYBRID calculat ion, with, 

d i rect contributions to the low energy discrete states added, are 

shown in 'F ig . IV-10. The agreement between measurement and calculation is 

quitegood although i t appears that the coupled-channel calculations 

y ie ld s l i gh t l y too much di rect col lect ive strength for the f i r s t 2 

level and not_ quite enough for some of the higher-lying levels. 

Similar 'calculations were performed ;for 14-MeV neutrons on. Ni and- Pb. 
' • '.'.. ' 2 4 

The results are compared with the inelast ic neutron data of Kaiwnerdiemer •• 
and others : ' ' . i n Fig. I M 1 and IV-12, respectively. Again, the direct 
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Fig. IV-9. The 1 2 QSn(p,p') data of Kalbach at 17.8 MeV and 90° plus the 
HYBRID calculations .for isospih conserved (—-), no isospin ( — ) , and 
68 ! isospin mixing (»"") with 5 = 1.2 MeV. 



158 

En, (MeV) 

FigVlV^'lO. The Fe(n,n') data of Kammerdiener24 ( $ ) , Mathur 5 8(»), and 
Clayeaiix-' & Voignier5 7 ( <$) and HVBRID calculations with'direct (from 
coupled-channel calculations) added, for 14 MeV neutrons. 
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Fig. IV-11. The Ni(n,n') data of Kammerdiener24 ( $ ) , MatHur58 ( , • ) , and 
Clayeaux & Voignier57 ( £ ) a n d HYBRID calculations with direct (from 
coupled-channel calculations) added, for 14 MeV neutrons. 
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E n, (MeV) 

Fig. IV-12-. the Pb(n,n') data of Kammerdiener24 ( A ) , Clayeaux & 
. Voigneir57 ( § ) , and HYBRID calculations with direct (from coupled-
channeV calculations) added, for' 14 MeV neutron's. 



contr ibut ion, as'calculated by the coupled-channel code for the 

discrete low-lying col lect ive levels, has been added to the HYBRID 

calculat ion. . The agreement between calculation and data is quite 

good for Ni and f a i r for Pb. The' Pb data are systematically higher 

than the calculation at high energies. Since the calculations were 

done for the isotopes Ni and •Pb and the spectra were obtained 

from .natural targets, i t is possible that the discrepancies between 

data and calculation are due to our fa i lu re to make the calculations 

for a l l the isotopes present and to take into account thei r d i f ferent 

par t ic le separation energies. More l i ke l y , however, is the poss ib i l i t y 

that mult iple scattering events have contributed tp the experimental 

spectrum. * 

Comparison with ( P , P ' Y ) Data . .' . 

the HYBRID calculations relevant to the gamma measure­

ments in the present work are best summarized by presenting them, as a 

function of incident par t ic le energy, in comparison with the 2 -*0 

gamma cross sections. Fig. IV-13 shows the calculations and data for < 

Fefp.p ' r ) . The upper curve is the calculation for isospin conserved 

and the lower curve for no isospin- (isospin mixed). The calculated 

curves converge as incident proton energy increases. After the (p,pn) 

threshold i s passed, at 11.4-MeV, protons from this reaction become i n ­

creasingly important™ the calculated spectrum unt i l i t becomes necessaryi 

above 14-MeV, to cut the spectrum o f f at the neutron, separation energy 

(B ') plus l̂ MeV (on.e bin above the separation energy), to estimate, 

that part due to (p,p') events alone. This is indicated by the dashed 
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L l i n e in Fig-.'IV-13, and. is equivalent to assuming that the gamma-ray 

widths are such that neutron decay does' riot occur i f only l.-MeV o r . 

less is available. Also, as energy increases-,'..the pre-equiiibrium 

contributiQn to the total,'proton spectrum, shown in the lower r i g h t , 

; in 'F ig . IV-13, becomes increasingly :impqrtant. Isospin'effects do not 

strongly influence the reaction cross" section for this nucleus, since 

proton decay from V. 's tates is s ign i f icant . ' ' • . 

•.'•'-.-, The HYBRID calculations and (P,P'Y).datai for 6 Z N i 

are shown inFig.~'IV-14. For this nucleus, the calculations with isospin 

conserved (upper curve) y ie ld substantial ly larger values for the 

integrated cross section than do the calculations for isospin mixed 

(lower curve)', probably due to a re lat ive ly small (p,n) Q value. The 

.gamma data and the integrated proton data l i e between the extremes of 

complete isospin conservation andimxing, indicating that there is 1 net 

damping of T^ states into T. states during the reaction process. The 

average mixing for the three integrated (p,p') cross sections shown is 

32%, and a curve representing 32% mixing is shown by the-dotted l i ne . 

I t - i s not expected that the amount of mixing remains constant with 

incident energy, but neither the data nor the calculations are precise 

enough to determine changes in the amount of mixing with energy. Above 

T4-MeV, the spectra are cut o f f at the neutron separation energy, B n , 

plus 1-MeV, With the result shown by the dashed curve in Fig. IV- 14. 

As'with the ' -Fe calculations; i t is clear that ^at high energies, simply 

cutt ing the: spectrum at B +1 .MeV is an oversimplif ication and results 

invcross sections .which are too- low. There is possibly a t a i l of (p,p ' ) '•• 
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E p (MeV) 

Fig., IV-13. The FeCp.p'y) 0-847 MeV (2 -*0+) gamma, cross section minus 
direct ($) and HYBRID calculations.( ), cutoff at Bn+1 ( )., and 
integrated proton data (•); 6 =1.5 MeV. 
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Ep (MeV) 

Fig. IV-14. The- Ni (pip'Y) 1-173 MeV (2+->0+) gamma cross section minus 
direct ( f J and HYBRID calculations ( -—) , cut off at Bn+1 ( ) , and 
integrated proton. ; d a t a ( * ) 5 & = 1.8 MeV. 
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events extending substantial ly above the (p,np) threshold which is 

being cut o f f - by th is procedure. This would bs expected i f the ra t io 

of par t ic le width to gamma width decreases with increasing angular 

momentum, since at higher bombarding energier the (p,p ' ) reaction 

would tend to populate higher angular momentum states. 
- 4 - 4 -

The (2 +0 ) gamma cross sections, integrated 

(p,p ' ) data, and HYBRID calculations for Zn(p.p') are shown in 

Fig. IV-75. The f i r s t calculation is shown at 12.5-McV, since the 

low energy calculations show anomalies due to the omission of the 

alpha decay channel in the calculat ion. This nucleus has unusually 

high (p,n) and (p.p'n) thresholds, and neglecting alpha decay 

forces too much strength into the (p,p ' ) channel at low energies. 

Isospin effects are pract ical ly non-existent, consistent with the 

high (p,n) Q value. I f the alpha decay channel is important, however, 

i t would decrease the proton f lux from the T< channel much more than 

from the T > channel, thus increasing the effect of isospin conservatirn. 

The calculation very closely tracks the data with increasing proton 

energy. Pre-equilibrium events are important only at the highest 

energies. As in the other calculations, i t became necessary, ?bo i 

14-MeV, to cut the emitted proton spectrum of f at B + 1-MeV to 

eliminate protons from (p,p'n) events! 

Fig. IV-16 shows the {2->0 ) gamma cross sections 

for 1 1 0 Cd with the integrated (p.p'J data and the HYBRID calculations 

as a function of incident proton energy. The upper curve •> > the 

calculation wi th isospin conserved in the reaction, while the lower* 

curve is for isospin completely mixed (no isospin). Lux et ah• 
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F,ig. IV-15. The.64Zn(p,p'y) 0.991 MeV (2+->0+) 
direct ' ($) and HYBRID calculations ( ), c 
integrated proton data (•); 6 = 2.1 MeV. 
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F 1 g . IV-16. The 1 1 0 Cd(p ,p ' Y ) 0.658 (2+->0+) gamma cross section minus 
direct ( ? ) and HYBRID calculations ( ) , cut o f f at Bn+2-( ) and 
integrated proton data ( • ) ; S = 1.3 MeV. 



have determined the isbspin mixing to be 68% at 16-MeV, and the dotted 

curve represents'68% mixing for the HYBRID.calculations. I t is in 

reasonably good agreement with the gamma data. The pre-equilibrium 

contribution to the calculation is shown by the lowest curve. I t 

rises' from essential ly zero around 12-MeV to account for most of the 

calculated cross section above •24-MeV. For incident proton energies 

of 16-MeV and above, i t was necessary to .cut o f f the emitted proton 

spectrum at, the neutron binding energy plus 2-MeV, for the heavier 

nuclei . This assumes that above B + 2-MeV, a l l protons come from 

the (p,np) reaction, which-is obviously an oversimplif ication for 

Cd. The calculated curves converge to a cross section, at 

24-MeV, which is about hal f of the measured value. 

The measured (2 -*0 ) gamma, cross sections for 

Cd(p,p'y) reactions (with d i rect subtracted), the integrated {p,p ' ) 

proton cross sections, and the HYBRID calculations, as a function of 

inc-ident proton energy, are shown in Fig. IV-17 1 he upper curve 

is the calculation for isospin conserved and the lower curv_ is for 

isospin mixed (no isnspin) reactions. The calculated proton emission 

spectra are cut .o f f at B + 2-MeV for proton energies of 16-MeV and 

above and are shown by the dashed curve. The dotted l ine represents 

about 40% isospin mixing 'and appears to agree quite well with the 

data._ The pre-equilibrium cpntribution is shown by the lowest curve. 

Essentially a l l o f the no i.sospin (isospin completely mixed) cross 

section is due to pre-equilibrium processes. As with Cd, the cut­

o f f calculations converge to a cross section a t 26-MeV which is too 

low, indicating that some of the low energy protons (below B n + 2 MeV) 

are probably due to (p,p') events. 
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The_mCd(p,p'Y) 0.558 MeV (2++ +) gamma cross section Fig. IV-17. 
minus direct [\), HYBRIDcalculations't )', cut of f at Bn+2"(-—), 
and integrated proton data ( • ) ; 6 = 1.3 MeV. 



Fig. - IV-T8 shows the HYBRID calculations superimposed 
on the 2-+0„- gamma cross sections for Cd(p.p'y). The results are 
very similar to those observed for Cd in Fig. IV-17 except that, 
in this case, the"calculation with isospin conserved is somewhat 
• ..' . • • " • . . • n o 

, closer to the data. .Looking back at Cd in Fig. IV-16, one can see 

what appears to be a systematic decrease in isospin mixing with increas­

ing isotopic mass.. This may simply re f lec t the systematic decrease in 

(p,'n) Q values with increasing isotopic mass or the increase in symmetry 

energy.. Al ternat ively, i t might simply be a consequence of the global 

parameters (par t icu lar ly the level density parameter) not being sensi­

t ive enough to changes in isotopic mass. 
116 " Gamma data and HYBRID calculations for Snfp.p'-y) 

11 fi 
are shown in Figs. IV-19 and IV-20, respectively, The calculated Sn 

(p,p ' ) spectra were cut o f f at B + 1 MeV rather than B + 2 MeV 
120 as was done for Sn and the other heavy nuclei. The calculations 

bracket the data at low energies, where mixing is important, and show 

good agreement with ' the data at high energies, where the procedure of 

cutt ing o f f the spectra at one or two MeV above the separation energy 
11 fi has fa i led for the other reactions considered. For Sn, the data 

l i e very close to the no-isospin calculat ion, substantial ly closer 
120 than do the Sn data, 

as did the Cd isotopes. 

120 than do the Sn data, showing the same behavior with isotopic mass 

The (2 ->0 ) gamma cross sections and HYBRID 

calculations for. 0 6Pb(p,p'Y) reactions, as functions of proton 

energy, are shown in Fig. IV-21. The data generally l i e between the 

isospin conserved and the isospin mixed calculat ion. No attempt was 
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Fig. IV-18. The 1 1 6 Cd(p ,p ' Y ) 0.514 MeV (2 -»0 ) gamma cross section 
minus direct ( $ ) , HYBRID calculations ( ), cut o f f at Bn+2 { ) , 
and integrated proton data ( • ) ; 6 = 1.3 MeV. 
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Fig. IV-19. T n e

 1 1 6Sn(p,p'Y) 1.293 MeV (2 -»0+) gamma cross section 
minus direct ( i )', HYBRID calculations ( ), cut off at Bn+1 ( ), 
and integrated, proton data {•) ; 6 = 1.3 MeV. 
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Fig. IV-20. The 1 2 0Sn(p,p' Y) 1.172 MeV (2+-K)+) gamma cross section 
minus direct (4),'HYBRID calculation ( ), cut off at Bn+2 ( ), 
and integrated proton data (*); S = 1.2 MeV. 
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Fig. IV-21. The/"bPb(p sp*Y) 0.803 MeV (2 -»0 ) gamma cross section 
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made to cut o f f the spectra above the neutron separation energy 

because of the l imi ted appl icab i l i ty of the approach and the l imi ted .. 

range'of the data. . • ' • , ' 

Comparison with (n.n'y) Data • , 

A comparison between (n-.n'y) 2 -+0" gamma cross -

sections and HYBRID calculations is made for .Fe, N i , Sn, and Pb in 

Table IV-1 , for 14.8 incident neutrons. The table l i s t s the HYBRID 

calcu^atecjcfoss section as a function of the energy above the 

neutron separation threshold at which the spectrum was cut o f f . 

Cutting the spectrum o f f at B + 1-MeV is a reasonable approximation 

to the Fe cross section while for Ni , a better approximation would be 

B + 2 MeV. For Sn, B + 3 MeV looks good while for Pb i t is necessary 

to go a l l the way to B + 5 MeV. This behavior is identical to that 

observed with the (p,p') reactions. Clearly, t ry ing to cut o f f the emission 

spectrum sharply just above the neutron separation threshold, i .e . 

the (n,2n) threshold in this case, does not y ie ld very consistent or 

easily understood results. I t is too much of a s impl i f i ca t ion , and 

one must actual ly calculate the two part ic le emission contribution 

to the tota l spectrum i f accurate results are required. 
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TABLE .IV - • ! 

.HYBRID Calculations of (n.'n1.) Reactions Compared With 
(2 ->0 ) ( Gamma Cross Sections a t 14.8-MeV, Minus Direct 

Nucleus 
<y(2 + V) 

• (mb) B + 1 .. n . 
HYBRID Calculation Cut Off At(MeV) 

B„ + 2 B + 3 B„ + 4 B + 5 n n n n 

• 5 6 F e ''503 443 737. 1316 2054 -

" 6 2 N i >750 473 809 1464/ 2333 '- . 
1 l 6 S n • 942 227 441 910 1932 3517 

206 p b 930 154 204 295 511 1116 



B.2. The STAPRE Model and Calculations 

The computer code- STAPRE^8 is designed to calculate 

energy-averaged cross sections for particle-induced nuclear reactions 

with several, emitted part icles and gamma rays, under the assumption 

of sequential evaporation. Each evaporation step is treated wi th in 

the framework of the s ta t i s t i ca l model and, unlike the HYBRID code, 

includes angular momentum and par i ty conservation e x p l i c i t l y . Pre-

equil ibrium emission is considered only in the f i r s t stage of the 

reaction. For that fract ion of the population of the composite system 
65 that survives pre-equil ibrium decay, the Hauser-Feshbach formalism 

is applied, combined with the Brink-Axel model of the gamma-ray 

strength functions. 

The pre-equilibrium calculation is based on the exciton 
45 46 

model of Gr i f f i n as modified by Cline and Blann. This is the 

master equation approach to pre-equilibrium calculations. Start ing 

from a single i n i t i a l configuration, the system approaches equil ibrium 

through a series of two-body co l l i s ions , with a chance for par t ic le 

emission occurring at each step in the equi l ibrat ion process. From 

perturbation theory, the t ransi t ion rate between states may be 

writ ten as 

where W. (p,h,E) is the part ic le-hole state density for a state with 

p part ic les, h holes, and energy E. The quantity Ap refers to the 

change in par t ic le number of the system during the interaction and 

takes on values of +1, 0, - 1 . The parameter M is the average effect ive 



two-body "matrix-element. I.t has been evaluated from a global search by 

. Kaluach-Cline andUalbach e t . a l . 7 1 The result of tbi's search 

is ' th 'at |M| is found to have the form 

FM • A" -̂ •1 

where A is. the mass number, E is the excitation energy and FM has 
been determined to be 

FM = / 

95 + 30 (ref . 70) 

190 {ref . 71) > 

150 + 50 ( ref . 72) 

725 + 260 ( ref . 70) 

for nu.cleon induced reactions 

for alpha induced reactions 

\ 
The basic difference between the pre-equilibrium calculations in HYBRID 

and STAPfiE is simply that the optical model is .used to determine \ 

in HYBRID and the parameter |M| is used in STAPRE. The decays are 

treated s imi lar ly by the two methods. 
65 The Hauser-Feshbach evaporation model is applied to 

that f ract ion of reactions which survive pre-equilibrium emission. 

This f ract ion decreases with increasing incident part ic le energy. 

I f a par t ic le is emitted in a pre-equilibrium event, i t is added to 
73 the Hauser-Feshbach cross section later . Moldauer level width 

f luctuat ion corrections are also available for calculations at low 

energies, but were not used in this work. Gamma decay forms an 

additional emission channel and may be included at each step in the 

sequence of part ic le deca^j, start ing with the compound system. In 

the calculations done for this work, the ->mma cascade was calculated 



only after the first par t ic le emission. Since this pre-equil ibrium 

model does not consider angular momentum and par i ty , i t is assumed 

that the pre-equilibrium population is distr ibuted among the levels 

with d i f ferent spin and par i ty in the same proportion as the e q u i l i ­

brium contr ibut ion. This is undoubtedly a poor assumption and might 

be important i n those cases in wnich pre-equilibrium emission is 

dominant. 

The population of levels ( £ ' , I ' , TT1) by gamma emission 

from levels {E, I , n) , where E, I and 7r represent energy, spin, and 

par i ty , respectively, is determined by the rat io of the par t ia l width, 

r (E,E ' ) , to the total decay width r(E), given by the expression 

r(E) = N ^ T Y X L ( E " E ' } ' 

where N is the Hanser-Feshbach denominator wh.'ch consists of a sum of 

transmission coeff icients for a l l open channels consistent with angular 

momentum and par i ty selection rules. The sum over XL is restr ic ted by 

the multipole selection rules. The gamma-ray transmission coeff ic ients, 

T „ . , are related to the strength functions, f „, , by 

T y . (E ) = 2- E 2 L + 1 f „, (E ) , •yXL* y y YXL Y 

where the e lec t r ic dipole strength function, f .-, may be expressed in 

terms of El giant resonance parameters with an energy dependence given 

by the Lorentz form (Brink-Axel model). 

Two level densi ty formulations were t r i e d , both based on 

the Fermi gas model. These were the "back shif ted" formalism with 
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parameters determined'by Oilq and by Lu et al., and the Gilbert 

s 43 • 

and Cameron, formalism with the constant temperature approximation 

at low energies. , 

Isospin-conserving (p,p') ' reactions to analog states 

have been found to be very important contributors to (p,p ' ) cross 

sections. The STAPRE code was designed primari ly for neutron induced 

reactions and consequently does not treat isospin conservation. Iso-

spin conservation has been added to the Hauser-Fesnbach formalism by 

Gardner, following the perscription of Grimes et a l . , so that 

these calculations, might be performed. 
co 

The STAPRE calculations for protons incident on Ni 
were done with the "back shifted" level density parameters of Lu 

12 et al., which were determined from fitting experimental data in the 
A = 62 region. Gamma cascades were considered in the final nucleus, 
CO CO 

Mi, only. Some 12 discrete levels in Ni , up to about 4-MeV of 

exci tat ion, were included in the calculat ion, and experimentally 

determined gamma branching rat i - ; were used in this region. The 

i n i t i a l state in the pre-equilibriura calculation was a two-part ic le, 

one-hole state and the effective two-body matrix element was FM = 195. 

Comparison with (p,p') and ( n n 1 ) Data 

F i rs t the calculated (p.p 1 ) and (n,n') spectra w i l l 

be compared with experimental (p,p') and (n,n'J spectra to see i f the cal 

culated results are reasonable. This is done in Fig. Ii/-22 and IV-23 for 

Ni(p,p') spectra, where the Rao et a l . data (the Ni cross sections 

appear to be a l l r ight) at 12 and 17-MeV and the Sprinzak et a l . data 
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at 14-MeV, are shown with the superimposed STAPRE calculations for the 

isospin conserved and no isospin (isospin mixed) cases. As the HYBRID 

calculations, the indication is that soi.ie isospin mixing occurs, but un­

certaint ies in level density parameters do not permit a good estimate of 

the amount. The calculations are in reasonable agreement with the data. 

For 14-MeV incident protons, substantial numbers of (p,np) and (p,pn) 

protons can be seen appearing below 3-MeV. For 17-MeV incident protons, 

in Fig. IV-23 the spectrum is dominated by these protons, which appear 

below 6-ffeV. The STAPRE calculation includes (p,p') and (p,pn) but not 

(p,np) events. I t appears that (p,np) is the dominant proton contributor 

at low energies. The HYBRID calculation is also shown in this f igure 

with the cut o f f a t B + 1 = 7-MeV indicated. At this energy and for this 

nucleus this results in an overestimate of the (p,p') spectrum. Sharply 

cutt ing o f f the HYBRID calculation is an oversimplif ication £nd i t appears 

that the f a l l o f f may actually occur over several MeV. This becomes a 

more severe problem as the energy increases and may account for the d is­

agreement between cut o f f HYBRID calculations and the gamma data. A l ter ­

nat ively, the HYBRID calculation simply may not be producing enough pre-

equil ibrium emission. 

Fig. IV-24 shows the Fe(n.n') data of Kammerdiener 

and others ' with the STAPRE calculations superimposed. The direct 

col lect ive contribution to this spectrum, as calculated by the coupled-

channel code, has been added to the STAPRE calculation. The agreement 

between the measurement and the calculation is good, although mult iple 

scattering cor- 'ct ions or better coupled-channel calculations might irrprove 

the agreement, since there is an indication that some cross section has been 
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missed at high energies. This could mean that i t is necessary to include 

more levels than jus t the f i r s t one and two-phonon levels in the coupled-

channel calculations. 

Comparison with ( P . P ' Y ) and (n.n'y) Data 

Since STAPRE calculates the gamma cascades, i t is 

possible to compare measured gamma- cross sections d i rect ly with calculated 
CO 

gamma cross sections.. The NiCp.p'y) gamma data from this work, with 

the STAPRE calculations superimposed, are shown in Fig. IV-25. The 

direct col lect ive contribution to these t rans i t ions, as calculated by the 

coupled-channel code, has been added to the STAPRE calculations for tta 

isospin conserved and isc-; i>- mixed (no isospin) cases. The agreement 

between measurement and calculation i s , in general, quite good. Certainly 

the agreement is very good for the 1.173-MeV (2 ->0 ) and the 1.163-MeV 

(4+2 ) t ransi t ions, while i t is only f a i r for the weaker 1.129-MeV 

(2J+2 +), 0.876-MeV (Cy>-2+), and 2.301-MeV (2J-+0+) t ransi t ions. The 

calculation puts more strength into these weak transit ions than was 

actually observed. Because only a very l imited number of levels were 

included in the calculational .description of the nucleus, i t seems 

probable that the calculation has forced additional strength into 

these levels that would otherwise have been distr ibuted among othsr 

weak t ransi t ions. 

Fig. IV-26 shows the 1.173-MeV (2+->0+) gamma 

t rans i t ion , with the direct col lect ive contribution subtracted, and 

the STAPRE calculation for isospin conserved and isospin mixed (no 

isospin). Between about 8 and 16-MeV, isospin mixing is c lear ly 

important and the data indicate a mixing fract ion of about 50% would . 

be appropriate. Above 16-MeV, the calculation without isospin gives ."-

a s l igh t ly ,bet ter approximation to the data. /Also shown are the 
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-: calculated pfoton cross sections.. The dashed curves represent the 

' to ta l cross sect ion; the dot-dash curve is the pre-equilibriu.m part, 

•and the.'dotted curve represents the pre-equiliBrium proton emission 

. cross section cut-of f at B n + 1-MeV. This may be compared with the 

; HYBRID calculations shown in Fig. IV-T4 From 8 to 14-MeV, the proton 

emission cross sections calculated by the two codes are in good agree­

ment. Above 14-MaV, f t is necessary to cut o f f the proton emission > 

spectra 1-MeV above the neutron separation energy (B n + 1 MeV).' In Fig. 

/ . IV-26 only the pre-equilibrium par t 'o f the inelast ic proton cross 

" section"is shown above 16-MeV. F i r s t , i t - i s apparent that the Cline-

Blann formalism used in STAPRE predicts substantial ly more pre- . 

equil ibrium emission for . Ni(p,p',) than doe's the HYBRID calculat ion. 

:""";•' ••'Second,' the cut o f f pre-equilibrium proton cross sections are in good 

agreement with the gamma data and the gamma calculations, fo r incident 

protons with energies of 18-MeV and above,' and account for a l l of the 

observed cross section going into. (p,p.'y) ..events. The difference between 
" . • ' ' ' • • . . - - • • * « ' . • • • . . ' + + 

the- integrated\proton spectra and the (2 ->0 ) strength is due primari ly 

to gamma transit ions which bypass the f i r s t 2 + state and decay d i rect ly 

to the ground state. Estimates of- the strength of these transit ions 

can best be obtained from the STAPRE calculations, once i t has been 

determined that the calculations are reproducing the experimental data 

reasonably we l l . 

Fig. IV-27'shows the amount of gamma decay bypassing 

the f i r s t 2 and going di rect ly to the ground state, as a percentage of 

the total gamma decay cross sect ion, for both Ni(p,p') and Cd(p,p'). 

As was indicated indi rect ly by our'(0,-9-2.) gamma data, this is important 

' -at low energies. For Ni above T0TMeV and for Cd above 16-MeV,-less 
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than 10% of the to ta l gamma decay, or (p.p'y) cross section, bypasses 

the f i r s t 2 leve l . The displacement between these two calculated 

curves is probably due to Coulomb effects. 

The Fe(n,n'y) tota l gamma cross section at 13.6-MeV 

was calculated to be 670 mb. Our measurement of the 2 ->0 gamma cross 

section yields 790 mb at about the same energy, which is in excellent 

agreement with the calculat ion. The to ta l calculated neutron emission 

cross section i s about 1065, however. I f the (n,2n) cross section 
cq ' 

(MOO rob ) is subtracted from t h i s , the resul t is 665 mb which is i i i 

good agreement with both the gamma data and the calculat ion. This 

indicates that l i t t l e gamma strength bypasses the f i r s t 2 level for 

(n,n ' ) reactions at about 14-MeV. 



V. Conclusions and Recommendations 

A. Conclusions About Experimental Methods 

1. I f one is to obtain rel iable gamma cross sections from 

(p,p ' ) or (n ,n ' ) experiments, i t is necessary, in most cases, to employ 

pulsed beam and timing or coincidence techniques so that the spectra 

w i l l not be contaminated by gammas from electron capture or beta 

decay from the products or (p,n) or (n,p) reactions, or from general 

background. 

2. I f very accurate absolute cross sections are desired, 

angular distr ibut ions of the gammas, for at least one energy, would be 

desirable, since i t appears that errors of up to 9% are involved in 

neglecting the P. Legendre polynomial in the angular d is t r ibut ion by 

simply mult iplying the measurement at 55° or 125° (where P~ £ 0) by 

Ait. 

3. For the (n,n'Y) experiments with large ring samples, 

i t was found that the mult iple scattering corrections could be 

s ign i f icant {19% for Pb), at least above the (n,2n) threshold. 

B. Conclusions Based on Experimentally Observed Systematics 

1. When nuclei with the characterist ic level structure 

shown in Fig. 1-1 undergo gamma decay from highly excited states, 

the resul t is a cascade of gamma transit ions down to the ground state. 

What is observed is that , for su f f ic ient ly high incident energies, 
+ nearly a l l of these decay cascades pass through the f i r s t 2 level-, 

so that the (2+-»0+) t ransi t ion is very nearly a measure of the (n,n ' ) 

or (p,p ' ) part o f the inelast ic cross section. This conclusion is 



based on comparisons with integrated experimental (p,p ' ) spectra, 

. inferences about transit ions bypassing the f i r s t 2 + le'vel and feeding 
• + " ' • * + 

the; 0 groun'd state based on the population of the 0, leve l , and 

model calculations. 

The integrated (p,p ' ) spectra generally agcged with 

the (2>0 ) cross sections. Unfortunately the data were sparse and 

generally only available at re la t ive ly low.energies, i .e . below 15-MeV. 

The (p.p 1 ) measurements often had experimental problems which were 

associated with t ry ing to measure par t ic le spectra down to low energies. 

For incident proton energies of 16 and 17-MeV,"the spectra were 

dominated by low energy protons from (p,np) reactions which make 

the (p ,p ' j cross section d i f f i c u l t to extract. 

•The feeding of 0 levels from the continuum becomes 

more important at low energies because l i t t l e angular momentum is 

being brought into the nucleus. Hence transit ions from the continuum 

d i rec t ly to the ground s ta te , not passing through the f i r s t 2 leve l , 

are more l i ke l y at low energies. This conclusion is based on obser­

vations of• the population of the 0\ level as a function of-.incident 

part ic le energy, tind supported by STAPRE nuclear reaction model 

calculations.which include a detailed model for the gamma-ray 
' ' ft? 

•cascades. . These calculations indicate that for Ni(p,p') reactions, 

more^than 90% of the gamma decay passes through the f i r s t 2 level 

for incident proton energies of more than 10-MeV; for Cd(p,p') 

reactions, more, than 90% passes through the f i r s t 2 level for 

incident proton energies of more than 16-MeV. The difference is 

;,probably{due.tp the larger Coulombttyarrier for Cd and implies 
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t h a t a l a r g e r percentage o f decays through the 2 X l eve l would be 

obta ined f o r neutron induced reac t i ons . At low energies," the amount 

o f gamma decay bypassing the 2 and going d i r e c t l y to the ground 

state appears to be s ign i f icant . 

2. Our measurements indicate that the cross sections for both 

the (2 ->C ) and the (4 ->-2 ) transit ions r ise with increasing incident 

proton energy to a maximum around 15-MeV. The (4 -*2 ) t rans i t ion 

generally accounts for about hal f of the strength of the (2 -*0 ) 

t rans i t ion , although in some nuclei the (3~-*-2+) t rans i t ion is stronger. 

Angular momentum effects cause the (4 -*l ) cross section to peak at 

higher energies than does the (2 +0 ) t rans i t ion , while the (0-.-*-2 ) 

t ransi t ion is maximum at very lew energies and decreases steadily 

with increasing energy. 

3. The strengths of the various gamma transit ions for 
CO 

Ni(p,p') reactions as functions of incident proton ene*-py are 

reproduced reasonably well by the STAPRE calculations. The (2 -*0 ) 

and the (4 -*-2 ) t ransi t ion cross sections, which are by far the 

strongest, are reproduced very w e l l , while the weaker (2,+2 ) , 

(0,-8-2 ) , and (2-|->0 ) transit ions are somewhat overestimated by the 

calculation. I t is believed that the extra strength calculated for 

the weak transit ions would be divided up among other weak transit ions 

i f a more complete description of the levels had been available and 

had been used in the calculat ion. 

4. Estimates of (n,n') cross sections at 14-MeV, obtained 
59 by subtracting cross sections for a l l competing reactions from'the 
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•non-elastic cross Sections, generally agree with our*(n,n'Y) data, -

within; the uncertainties of the various measurements. The agree­

ment is g'oqd for Fe, N i , Zn, and Sn, but Cd, par t icu lar ly Cd, 

and Pb show serious discrepancies. Since the (n,2n) reaction 

is the only serious competitor to ' the (n,n') reaction for these nuclei 

and at th is energy, we suggest that the (n,2n) cross sections for 

these nuclei may not be re l iab le. 

C. Implications for Reaction Mechanisms 

1. Coupled-channel calculations have been used quite success­

fu l l y to reproduce the d i rect , col lect ive excitat ion of the low-lying 

levels in even-even nuclei as observed in (p ,p ' ) and-(n'n') data. 

These calculations indicate that d i rect , col lect ive reactions account 

for up to 50% of the (2 ->6 ) gamma cross section. For (p.p'-y) reactions 

on the l igh ter elements Fe, Ni , and Zn, this percentage varies consider­

ably with energy... For the- heavier elements Pd, Cd, Sn, and Pb, the 

percentage remains essential ly constant over the energy range of 10 

to 26-MeV, For theCn.n'y) reactions at 14-MeV, the percentage of 

direct :coliective strength varied from 12% for 1 1 0 C d to 48% for 1 1 6 C d , 

ref lect ing the substantial decrease in (n,n') cross section with 

ine'reasing.isotopic mass.- The. d i rect , col lect ive cross section i t s e l f 

remained re la t ive ly constant; 

2. The (n,n') and (p,p\) cross sections'decrease rapidly ' 

with increasing isotopic mass, as has been observed from the (2 -*0 ) 

cross sections in this work and by Cohen et a l . ' However, even 

for the heavy-isotopes, calculations indicate that below about 20-MeV, 



there is s t i l l some contribution from equil ibrium compound nuclear 

processes, although only for isospin conserved reactions. The 

importance of these processes decreases with increasing energy, due 

to the onset of pre-equilibrium reactions, u n t i l , for energies exceed­

ing 20-MeV, one can say that d i rect processes such as pre-equil ibrium 

and di rect , col lect ive excitat ion account for essential ly a l l of the 

(n,n ' ) or (p,p ' ) cross section. 

3. Part ial isospin conservation has been shown to be important 

in describing (p,p ' ) reactions, at least for proton energies up to 

13-MeV. Exp l ic i t inclusion of isospin in the calculations is important 

for the heavier nuclei Cd, Sn, and Pb, where.in some cases HYBRID 

calculations indicate that a l l of the observed (p,p ' ) cross section, 

other than that due to pre-equilibrium events, comes from T states. 

For the l ighter nuclei Fe and Ni, xhere is less difference between 

the isospin conserved and the iscspin mixed calculations and for Zn 

they are nearly ident ica l . 

Substantial amounts of mixing of the T > states into the* 

T states are, in general, required to reproduce the data. Uncertainties 

in the parameters used to describe nuclear level densities and reactions 

do not allow an accurate determination of the amount of mixing, but i t 

does*seem to f a l l within the range of 0.3 to 0.7 (where 1.0 means 

complete isospin mixing). 

Comparison of HYBRID calculations with the experimental 

data gives the impression that a systematic decrease in iscspin mixing 

occurs with increasing mass in an isotopic sequence such as the Cd or 

Sn isotopes. This may jus t re f lec t the systematic decrease in (p,n) 
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Q values with increasing-isotopic mass or tfie increase .in, symmetry 

energy. Alternatively, i t might simply be a consequence of the 

global parameters (particularly the level density parameter) not 

•' being sensitive enough to" changes in isotopic mass. 

4. An attempt was made to compare HYBRID and STAPRE' (p.p 1) 

"calculations with (2 -+0 ) gamma cross sections above the neutron 

separation energies (6 •) of the Various nuclei by cutting off the 

emission spectra at B + 1, or B + 2 MeV. This was done in an attempt 

to eliminate,low energy protons from (p.np) and (p,pn) reactions, 

which ten.ded to:'dominate the emission spectra as the incident energy 

increased above B . In general, this failed at high energies for the 

HYBRID calculations. The cut off cross.section was only about half 
CO 

.of what was observed. Cutting off the STAPRE Ni(p,p') spectrum at 

B + 1 was consistent with the calculated (2 -+0 ) gamma strength and 

agreed'with our measured (2 ->0 ) gamma cross sections. Between 8 and 

14-MeV the STAPRE and HYBRID calculations agree at least in the case 

of Ni for which a complete STAPRE calculation" was made. The Cline-

Blann pre-equilibrium formalism used in STAPRE calculates substan­

t ia l ly more pre-equilibrium emission at all energies than does HYBRID, 

and for energies above 18-MeV, the STAPRE calculated .pre-equilibrium 

emission accounts for essentially all. of.the observed cross section. 

. . - Because of the ambiguities involved in cutting qff the 

calculated emission spectra, and because (n,2n) reactions are such 

strong competitors with (n,n J ) reactions once the neutron separation 

energy (B) is exceeded, i t i s difficult'-to compare the (n,h'-r) data 

at 14-MeV with the HYBRID'calculatiohs. The appropriate effective 



cut o f f appears to increase from B + 1 for Fe to B + 5 for Pb, 

which t e l l s us that something, is amiss in eithei the calculation for 

heavier nuclei or in the procedure of sharply cutt ing o f f the spectra 

. above the neutron binding energy. 

5. HYBRID calculations reproduce experimental (p ,p ' ) spectra 

of Fe, N i , Zn, and the Cd and Sn isotopes at low energies (below 

15-MeV), and the 1 1 0 Cd(p ,p ' ) data of Lux et a l . at 16-MeV,but f a i l 

to reproduce the other Cd and Sn data at 16 and 17-MeV. The calcula­

t ion appears to f a i l to produce enough pre-equilibrium emission at 

high incident par t ic le energies, a conclusion which is supported by 

the fa i lu re .o f the cut o f f emission spectra to reproduce the gamma 

data. 

The HYBRID calculations for (n,n ' ) reactions on Fe, N i , 

and Pb reproduce the data quite wel l . The Pb data are systematically 

s l i gh t l y high, perhaps because of uncorrected mult iple scattering 

ef fects. ' . 

D. Recommendations for Future Experiments 

In the course of doing the work described here, certain ideas 

and experimental techniques evolved which might be of value to someone 

doing related work in the future. F i r s t , i f more accurate absolute '. 

cross sections are desired, i t would be worthwhile to measure the 

angular distr ibut ions of the gammas for at least one energy. Next, 

a series of proton-gamma coincidence experiments for (p.p'v) reactions 

on some of the nuclei discussed in this work could y ie ld some valuable 

information on pre-equilibrium reactions and the behavior of other 

reaction mechanisms with changes in incident par t ic le energy. 



*.' ' '. For instance, i f the scattered proton spectra in coincidence 

". with the2; ->0 gamma;transition'were determined, i t would be due 

' e n t i r e l y to (p,p ' ) events.. I f this: were'compared with the singles 

'. , ( p , p ' ) . spectra as a'function of energy . i t would be possible to separate 

the"(p,np) and (p ,p ' ) reactions'and to examine thei r behavior as a 

' f u n c t i o n of energy. At high energy (above 24-MeV) this work has 

: indicated that the (p.p 1 ) reaction is due almost ent i re ly to .pre-

equil ibrium reactions. These coincidence measurements would allow 

• the experimental determination of a nearly pure pre-equilibrium (p,p') 

spectrum which could be very valuable for comparison with pre-equi l i ­

brium model calculations,especially i f the measurements,were done over 

a range of nuclei and for several nuclei, in an isptopic sequence. ., 

I f gamma spectra were taken in coincidence with a series of 

energy windows placed on the scattered proton spectrum,' i t would be 

possible to examine the change in intensi ty of the gammas, from,the 

..various levels of in terest , as a function of the energy of the out­

going, particle.- Th.is could provide valuable information on the behavior 

of the gamma cascac'e under changing energy and angular momentum condi­

t ions. In addit ion, the various portions of. the proton spectra can 

nominally be ident i f ied with di f ferent reaction mechanisms, i .e . the 

evaporation peak, the pre-equilibrium region, and "the (p,np) peak, 

etc. More information about these reactions and their contributions 

. to the gamma cascade could be obtained by doing these coincidence 

experiments. 



Appendix I - Multiple Scattering from the Copper Shadow Shield 
Since the copper shadow shield is massive and quite close to both 

the tritium target and the scattering ring, neutrons scattered from it 
back onto the ring might be imp.ortant. Figure A-I-1 shows the con­
figuration to be calculated. 

The flux of source neutrons at the front face of the slug is 
S_ 

b o 4rocf 
0 

The reaction rate at position x in the slug is 

dRn(x) = <f>s7r --- e " a N x aNdx 

The f lux of scattered neutrons on the ring is (assuming the slug to 

be a l ine source of neutrons) 

• dR (x) 

K 477/ 

• , fl d R " ( x ) -
K Ja i-nr£ 

r '•• 

A2 A 
- h ~- [ ^0 16ir Jc 

a N e - a N x dx 

We assume t h a t 

x Q = 10 cm, 

yQ ? 10 cm, 

and r = 10 cm, 0 
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Fig. A-I-l. The scattering ring and shadow bar for the multiple 
scattering calculation. ;. 
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and we know t h a t 

S Q = 1.1 x 1 0 9 ri/s, 
N a p 22 

N = -4- = 8.45 x l o " nuclei/cc, 

d = 6.2 cm, A - 46 cm, 

a n c ' c„„r, „ i .+,•„ = 1.5 b for 14-MeV neutrons, non elast ic 

The result ing integral cannot be solved analyt ical ly but can be estimated fay 

assuming . -

r l „,.-ax j „ fS. „„-ax 4 r* a p " a x rix f * a p " a x 4 
> D = A I ^e g£ d x = A I ae d x = 2 x 1 0 < » 

R Jo bl + x Z - J o b^ 
2 cm -sec 

where 

A = 2.09 x 10 6 , 

a = 0.127, 

and b = 10. 

Integrating numerically.yields 

„4 n 1.4 x 10" 
cm 'sec 

The flux directly from the source on the ring is 

- - - ° 4.4 x 10 5--J5 vc 2 2 2 
4ir(y' + O cm -sec • 

The scattered contribution is only 3% of the direct source contribution. 
Monte carlo calculations indicate that the neutrons scattered.from 

the.copper shield-have an energy distribution peaked near 14 MeV, since 
elastic scatterino is the dominant reaction mechanism. These calculations 
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support the,analytical calculation and.indicate that the copper shield 
* ' • - • • : ' . . . 

adds about 3% to the (ri,rif) cross section. 
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