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Abstract: 

Discrete nuclear y-rays following interacti6ns of relati-

12 
vistic C and alpha projectiles with Sr, Na, S and Ca targets 

were measured in-beam with Ge(Li) detectors. The observed y-

rays were mostly due to the first excited-state-to-ground tran-

sitions of target fragments produced in peripheral collisions 
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of the heavy ions. Characteristic features of the peripheral 

process consistent with the projectile-fragment studies were 

observed. The general behavior of the reactions was quali-

tatively understood with a picture of a fast-cascade followed 

by evaporation. 

tThis work was supported by the Physical Research Division 

of the U.S~ Department of Energy, the Mitsubishi Foundation 

(Japan), the Japanese Society for the Promotion of Science, 

and had the endorsement of the National Science Foundation. 

*Present address: Gesellschaft fUr Schwerionenphysik, 

Darmstadt, West Germany. 
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l. Introduction 

In-beam nuclear gamma spectroscopy has extensively been 

carried out to study medium-heavy nuclear structure. Reactions 

proceed by compound-nucleus formation with low energy projec-

tiles ( s;lO MeV /nucleon) . Nuclear reactions with medi urn and high 

energy projectiles are rather non-compound, so that de-exci~ 

tation via the pre-equilibrium process becomes important. The 

purpose of the present work is to extend in-beamgamma spectra-

scopy to high energy (relativistic) heavy ion projectiles. 

The observation of the discrete y-rays is useful to study 

the mechanism of the target fragmentation in the peripheral 

collision process with rather small energy and momentum transfer. 

The peripheral process in the relativistic heavy ion 

collision has been studied by observing projectile fragment­

ation1'2). Evidence for fragmentation includes the observ-

tions of the transferred momentum distributions and the cross 

sections for the projectile fragments. 

Similarities in the asymptotic behavior of the fragment-

ation processes between relativistic heavy ion reactions and 

2 3) 
ultra high energy hadronic reactions have been shown ' . 

Another similarity was shown for fragmentation cross sections 

between 2.1-GeV/N and 20-MeV/N 16 0 projectiles 4 ). Several 

. l k . . h ds- 9 ) theoret1ca wor s on the react1on mechan1sm ave appeare . 

The knowledge of such high- energy heavy ion reactions has, 

56 
until the very recent work of Lindstrom, et al., on Fe 

10) 
beams , been limited to results with low mass 
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projectiles (A~l6). Studies of target fragmentation give com-

plementary information on the reaction mechanism. The obser-

vation of prompt and delayed nuclear y-rays from target residues 

following reactions with relativistic projectiles is most appli-

cable for the study of the ta:t'get fragmentation in the target 

mass range from -20-40. There are not very many suitable radio-

active species for off-line counting in this region, so off-

line techniques are more applicable for heavier targets (see 

ref. ll). Furthermore, projectile fragmentation techniques 

in the mass range above 20 have difficulty in resolving isotopes. 

In-beam y-rays following light-ion projectiles with medium 

and high energies have been studied by several groups. The 

reactions with medium-energy protons and alphas have been found 

to proceed firstly through particle de-excitation at the 

pre-equilibrium stage, being followed later by the evaporation 

h . 'b . 12) f . process at t e equ1l1 r1um stage. Nuclear y-rays ollow1ng 

. . . . 13-19) 
relat1V1st1c proton,and p1on bombardments have been reported. 

However, there has been no work on in-beam y-rays with rel-

ativistic heavy ions. 

In this work we measured for the first time discrete y-rays 

from excit~d residual nuclei produced in relativistic heavy 

ion reactions. The observation of y-rays may give the following 

information: 

l) production cross sections of ta~get fragments from 

observation of characteristic Y-transitions in product nuclei, 

2) momentum transfer in target fragments from the Doppler 

broadening (or shift) of lines in y-ray spectra, 

.. 

.. 
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3) angular momentum transfer from yield ratios between 

high-spin and low-spin states in the products, and 

4) nuclear orientation effects in the reaction from ob­

servation of y-ray angular distributibns. 

These are important for understanding the reaction mechan­

isms involved. 

In this paper we report on the production cross sections 

and briefly on the transverse-momentum transfer implied by 

Doppler broadening of gamma lines. 

2. Experimental Procedure 

Relativistic carbon and alpha beams from the Bevatron at 

Lawrence Berkeley Laboratory were used on various targets. 

Low energy nuclear y-rays following nuclear reactions were 

observed with Ge(Li) detectors. A typical set-up of experiments 

lS shown in Fig. l. 

The beam spot was about 2 em in diameter. Typical time 

structures of the beam are shown in Fig.· 2. The beam spill 

was about l second in every 4-6 seconds. Depending upon the 

mode of operation during the spill, we are able to choose a 

beam either> with or without microscopic structure. When the r.f. 

power for the accelerator resonator is turned off during the 

spill, a continuous beam is available, a desirable feature for 

coincidence experiments. The extraction can be made also with the 

r. f. 

used. 

power on so that the microscopic beam structure can be 

In this case, pulsed beams, having an interval of 450-550 ns, 
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depending on the beam energy, are available. We were able 

to take three different spectra, "prompt," "delayed" (between 

the micro bursts) and "off-beam" (between spills), as shown 

1n Fig. 2. 

The beam intensity was monitored with an ion chamber 

h . h .b d b . 11 d. . . w 1c was call rate y measur1ng the C ra 1oact1v1ty 

produced in graphite targets by the 12 cCX,X'n) 11 c reaction. 

The 11C-production cross section is available for the 12 cc 12 c, 

11C)X reaction at EC 12c) = 12.6 Gev 2 ) For the other energies, 

we estimated the 11c production cross secti6n from the results 

of the 12 CCp, X) 11c 20 ), 12 cCNe, X) 11c 21 ) and 12 cc 12c, 11C)X 2 ) 

reactions. In an earlier run (Run l) the absolute cross sections 

were deterrninedrelative to the x-ray yield, since the ion chamber 

was placed behind the thick target, and it was later found that 

the current was affected by the secondary particles produced 1n 

the target. A thin gold foil was located 10 em upstream 

from the target location. Gamma-ray yields were then deter-

mined relative to the known x-ray cross section for the gold 

22) target . 

We had three major runs, Runs l, 2 and 3, following a 

few initial trial runs. The experimental conditions are 

summarized in Table 1. The first run was a survey run 1n 

which we tried to observe in-beam y-rays from various excited 

states of light, medium and heavy nuclei. In the second run, 

however, we decided to focus the measurements on light 

nuclei in order to study target-fragme~tation mechanisms. In 

this run we learned that the effect of secondary particles 

was not trivial, as discussed in a later section and the appendix. 

• 
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Based on experiencefrorn the earlier runs, we improved 

experimental conditions substantially in the third run. We 

used a PDP-11/10 computer with a CAMAC interface, which made 

it possible to take 6 x 2.048k spectra and 12-channel scaler 

counts. Using the micro- and macro-beam structure, we were 

able to take prompt, delayed and off-beam y-ray spectra with 

two Ge(Li) detectors. 

The beam intensity was adjusted to keep the average count­

lng rates of the Ge(Li) detectors about 4 kcps. The maximum 

counting rate was dependent on the uniformity of the beam 

intensity during the one-second beam spill. The fluctuation 

of the beam intensity on a millisecond time scale during 

the beam spill was sufficiently large that the dead-time 

correction was substantial in spite of the average low count­

ing rate. The dead-time correction was made by counting a 

pulser peak in the spectrum, with the pulser triggered by 

the scaled-down pulses from a Nai(Tl) detector placed at a 

different angle to the beam axis. 

Another difficulty was due to large pulses which blanked 

out the Ge(Li) detectors. Those were due to high energy 

particles from the targets or the beam halo. Though the 

beam spot on the target was about 2 ern in diameter, we ob­

served beam halo due to scattered beam or secondary particles. 

We attempted to reduce the beam halo effect by adjusting the 

target-to-detector distance, putting absorbers (Lucite) between 

them, putting beam-particle collimators upstream of the target, 

and so on. None of these methods cleaned up the pulses 
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appreciably, and we had to run with the detectors at large 

distances from the target (-15 em) and at relatively low count-

ing rates. 
• 

Since the Bevatron cave had been used for so many years, 

the radioactive background was high. Several characteristic • 

1 . f l 1" d d. . . . h 2 2N d 6 0c y- 1nes rom ong- 1ve ra 10activ1t1es sue as a, an o 

were observed. In order to improve signal-to-background 

ratios under such circumstances, we needed to use fairly 

thick targets. Then, effects of reactions 1n the target 

by secondary particles from the heavy ion reaction became 

large, and we had to co~rect for such effects. For determin-

ation of the correction we used targets with different thick-

nesses. We will discuss this in more detail in the appendix. 

3. Results 

M · f 1 · 1 · · · 12c d any d1screte y-rays o low1ng re at1v1st1c - an a-

induced nuclear reactions on various targets were success-

fully observed. Representative y-ray spectra are shown in 

Figs. 3-5. Identification of the y-rays was made by refer-

ring to known y-ray energies. The strong"continuum back-

ground" was established as largely target-associated, since 

it dropped during target-out runs. It probably arises from 
• 

Compton events from high energy gamma rays and from numerous 

weak unresolved lower energy transitions. 
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The uncertainty of the y-ray cross section 1s due to the 

uncertainties in detector efficiency, target thickness, beam 

flux, the dead-time correction, and the correction forsec­

ondary effects. The estimated uncertainty of absolute cross 

sections for Run 3 was 15-17% in addition to the statistical 

~rror, and 35% for Run 1. Only relative yields were obtained 

for Run 2. The obtained cross sections (or relative intensities) 

are summarized in Tables 2 to 5. Some target-associated y-rays 

were identified in the off-beam spectra, which were measured 

·between the one-second beam spills. These y-rays arise from 

radioactive products with half lives longer than 1 sec. From 

these y-rays we were able to determine the cross sections of a 

few parent nuclei. The results are listed in Table 6. 

We did not observe significant anisotropy of y-rays within 

error limits. 

The following observations should be mentioned: 

1) The y-ray peak-to-continuum background ratios were 

better in light-mass targets than in heavier-mass targets. 

This may be due to the fact that the number of various 

target fragments from heavy-mass targets is much larger than 

those from light-mass targets. Therefore, the y-rays from a 

heavy-mass target arise from so many kinds of fragments that 

only very intense y-rays from the fragments in the vicinity of 

the target nucleus show up above the continuum. 

Furthermore, the ratio of central collisions to 

total collisions is larger in the heavy mass target, re-

sulting 1n more unresolved y-rays from the central colli~ion. 
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2) Gamma-rays from short-lived states in light mass nuclei 

(A = 20-40) are Doppler broadened. Most of the y-rays for the 

Sr target, however, are not Doppler broadened beyond the in-

trinsic resolution because of the heavier masses and longer 

lifetimes in comparison with the sd shell nuclei. It should 

be mentioned that all y-rays observed from light mass targets come from 

the de-excitation of excited states with half lives longer 

than 250 fs. This may be due to the fact that high energy y­

~ays (>1 MeV) from very short-liv~d states (<100 fs) have large 

Doppler broadening, resulting in broader peaks which cannot be 

seen ln the spectrum. 

4. Discussion 

4.1 Q-value dependence of discrete y-rays 

The measured y-ray intensity for a particular transition 

represents a fraction of the total yield of a nuclide, depend-

ing on the pattern of y-transition feeding from higher excited 

states. In a doubly even nucleus, however,. most excited 

states below the particle separation energy de-excite through 

. + 
the flrst 2 state by y-decay. If we assume equal population 

for all excited states, we can estimate the fraction of the 

total yield for the 2+ + 0+ transition using y-ray branching 

ratios 23 ). The 2+ + 0+ gamma ray yield may collect 70 - 80% 

of the total yield for most of the measured doubly even nuclei. 

Since the evaporation process, as we discuss later, is impor-

tant at the final stage of the reaction, many excited states 

are formed after particle evaporation, and one may neglect the 
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direct formation of the ground state. Thus, we concentrate 

. + + 
our attention·here on the yields of the 2 + 0 transitions in 

doubly even products. In fig. 6, we ·show the relative yields 

for 12 c at 250 MeV/N on the Na, S, and Ca targets. We have 

taken as abscissa the negative value of the minimum Q value 

8) (the minimum excitation energy of the target nucleus) to form 

the given product among the Q values for various ways, such as 

multiple nucleon and alpha removal, two-body break-up (fission), 

etc. In Fig. 6, we see a monotonic decrease of yield with in-

creaslng. magnitude of Q .. mln In Fig. 7, we see the correspond-

ing plot for the higher bombarding energy data at 400 MeV IN. 

The slopes of the exponential decrease of the yields with I Qmin 

at 400 MeV/N are less than those at 250 MeV/N. In other vJords 

the product nuclei go further from the target mass at 400 MeV/N. 

Notable exceptions to the correlation with IO . I are the yields mln 
18 23 32 . of 0 from the Na target and Sl from the Ca target. In the 

former case the yield of 180 is unusually low, though it can 

be reached by a simple knockout or evaporation (2 p and 1 a) from 

23Na. This may be partly due to the rather small difference 

between the neutron separation energy (10.4 MeV) and the p ton 

separation energy (8 MeV) for 19 F. Thus because of the Coulomb 

barrier (-3 MeV) for proton emission, excited states above 

the neutron 

18 F by 

of the 32Si 

rather high 

separation energy in 19 F preferentially decay to 

. . h h 180 I th neutron emlSSlon rat er t an to . n e case 

residual nucleus from the Ca target the yield is 

for the simple correlation with IO . I. This is mln 

the only observed product with IT I = 2. The recent calculation z 
24) by Rasmussen, et al., · 
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fails to explain this large cross section. We cannot ex-

elude possible contaminant y-rays that would lower this 

unusually high yield. 

Note that no products with mass number greater than 

the target are ever observed. At these high energies, evi-

dently,neither compound nucleus formation nor nuclear or 

cluster transfer·proc~sses exhibit measurable cross sections. 

2 5) . 
In-beam gamJIB.measurements with 90-MeV alpha particles 

on calcium do show heavier products, such as 
42

ca. It appears 

likely that nucleon transfer in the high energy region will 

fall off with increasing projectile velocity according to the 

momentum mismatch of the nucleon in the nucleus. That is, for 

beam energies above the Fermi energy of 50 MeV/N transfer will 

become small. 

4.2 
12 . 

Comparison of y-ray yields between a and C bombardments 

The alpha bombardment data at 400 MeV/N gave relative 

yields very similar to those of the carbon~ion run at the same 

velocity. Only the absolute cross sections change somewhat; 

I F . 8 h 1 d h . f . . h 12 n lg. we ave p otte t e ratlo o cross sectlons Wlt C 

to those with alphas at 400 MeV/N. Only products where the 

error limits are not too large are shown and within error almost 

all points are consistent with a ratio of -1.2. Lindstrom, et 

2) 
al. , have shown projectile fragmentation cross sections to 

have a mass 
1/3 1/'J 

dependence of a = C (Ap + At J - 1. 6), character-

istic of a peripheral process, with C a constant. With their 
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expression we calculate 12c-to-a ratios of 1.25, 1.22, and 1.21, 

resp~ctively, for the 23Na, 32 s, and 40 ca targets. The ex-

perimental ratio appears to deviate from the expression for the 

20 40 product Ne at half the mass of its target Ca. 

4.3 Asymmetry in the proton and neutron removal probability 

We noted that the y-rays observed in the Na, S and Ca 

targets, with T = 0 or 1/2, were mostly from product nuclei z 

with T = 0, l/2 or 1. z Gamma-rays from products with T = z 

- 1/2 were rare. In other words,pr6tons are more likely to be 

removed than neutrons from these light nuclei. On the other 

hand, y-rays from the Sr target were mostly from products of neu­

tron removal reactions. We observed no y-rays in 84Kr which 

can be produced by a single a knock-out reaction. The upper 

+ + 
limit for the yield of the 2 -+ 0 transition ln 84Kr was one 

third that of the 2+ + 
-+ 0 transition in 84Sr. These facts sug-

gest the importance of the evaporation process. That is, 

the proton separation energy is smaller than the neutron sep-

aration energy for light-mass nuclei near th~ B-stability line. 

The Coulomb barrier for proton emission from the light-mass 

nucleus is even smaller than the difference between the pro-

ton and neutron separation energies in these nuclei. Thus 

proton evaporation is more favorable than neutron evaporation 

in the light targets (Na, S and Ca). On the other hand, in 

heavier nuclei, like Sr, proton emission is ~;trongly suppr'ct:;~>cd 

due to the large Coulomb barrier,resulting in dominance of 
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neutron evaporation. It should be noted that a simple direct 

knock-out process would give almost the same chance for proton 

or neutron removal, producing residual nuclei with nearly the 

same T as that of target nuclei. z 

A comparison of relat-ive yields of m1rror nuclei one mass 

number less than the T = 0 target (S and Ca) is interesting. 
z 

Available data on the yield ratios for different proj'ectiles 

with different energies are listed in Table 7. The ratios 

are larger than unity, reflecting the d~scussion above. We 

note that the ratio seems to increase as either the projectile 

d · · Grover and Coretto26 ) energy ecreases or 1ts mass 1ncreases. discus:;cd 

proton induced reactions in terms of a clean knock-out (CKO) 

process and an inelastic scattering followed by evaporation (ISE) 

process. The former predicts smaller values for the ratios 

than the latter. The ratios in Table 7 seem to be indicating 

that the ISE process becomes more dominant than the CKO at lower 

energy or with heavier-mass projectile. Recent theoretical 

12 calculations gave good agreement for the 400 MeV/N C on 

the Ca target but not for the 250 MeV/N 12c bombardment24
). 

4.4 Comparison with relativistic p1on and proton induced reactions 

40 
It is of interest to compare especially our data on Ca 

with those of other groups us1ng different projectiles. In 

Fig. 9, cross sections for theN= Z even-even products (the 

so-called alpha-particle nuclei) are compared. These product::; [ J. vc t/1<; 

most prominent gamma rays of the in-beam gamma spectra. There 

.-. 
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is a very interesting qualitative trend as one goes from light 

to heavy projectiles. The 220-MeV rr- projectile produces a 

straight exponential fall-off of cross section with decreasing 

mass of products. The protons, both at 210 MeV and at 600 MeV, 

produce a short plateau, with the yields ~f 32
s and 28si nearly 

equal, but otherwise an exponential decrease in yield with slope 

like that for pions. Our a data at 400 MeV/N show a broader 

plateau with masses 32., 28, and 24 nearly equal. Our carbon 

data show the flat plateau still broader with the 
20

Ne yield 

rising to 70% that of 24Mg. It should be noted that for all 

36" 32 . 
these experiments Ar and S polnts are subject to some ambi-

guity in that there are unresolved or partially resolved gamma 

transitions of 33 s and 30 si, respectively. From gamma feeding 

considerations and theoretical calculations we expect that the 

33 s ·b · h 36A · · 11 b h 30 s· contrl utlon to t e r polnt lS sma , ut t e l correc-

tion to 32
3 may be of the order of 40%. Thus, the plateau 

may have a reverse slope, with the 32 s yield less than 28Si 

yield, for all but the rr data. 

It is beyond the scope of this experimental paper to discuss 

in detail the reasons for :pf._ateau formation with heavier project­

iles. There is a substantial literature on cascade-evaporation 

calculations for protons on nuclei. We may,on quite general 

grounds,expect that in going from light to heavier projectiles 

an increasing number of nucleons are knocked-out in the 

ra:;t cA.:;cacle (or "ab:rasion" step in Swiatecki 's nomcnr::l ,-Jtur•(·). 

Thus, the pion yields represent mainly statistical nucleon and 
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40 alpha evaporation from intermediate excited nuclei of Ca or 

its near neighbors. The monotonic fall-off of yields reflects 

this feature. For our carbon data at the other extreme there 

must be a greater range of intermediate excited products of the 

fast initial collision process at various impact parameters. 

Thus, plateau formation in product yields results. It is not 

fruitful to c~rry the qualitative arguments much farther. In 

Ref. 24 complicated firestreak-model computer calculations 

. 12 40 of y1elds from C on Ca at 250 MeV/N and 400 MeV/N are 

presented. The theory does not give as flat a plateau region 

as the data, so the understanding of these peripheral reaction 

results is only partial. 

4.5 Momentum transfer 

From the Doppler broadening of a y-ray observed at goo 

to the beam, we can estimate the tranverse momentum transferred 

to the target fragment. We observed small (or no) broadening 

of they-lines in the spectra at goo. Analysis of the 1.67 

Mev 2+ + . . . 20 . 
~ 0 trans1t1on 1n Ne from the Na target gave a mean 

transferred momentum of the order of 250 MeV/c at both goo 

and 141° to the beam direction, and the Doppler shift is small. 

These results are consistent with the observations of projectile 

fragments 1 ) and indicate the totallinear momentum transferred 

to be of the order of the Fermi momentum. From this linear 

momentum_transfer magnitude we expect a transferred angular 

momentum of ~L ~ ~p·r ~ 5h. 

The hope of inferring much about the average sp1ns of the 
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products was not realizable in the quantitative way that isomeric 

ratios have been used at lower bombarding energies. In only 

very few nuclei was more than one gamma ray observable, and 

that one is usually from first excited state to ground. The 

failure to observe ~~ + 2 gamma rays 1n even-even products would 

seem to signify a rather small average spln of the products 

after nucleon evaporation but before the gamma cascade. \Ve 

did not observe the lf- + 3- transition in 38 Ar with the Ca 

25) 
target which the recent study of 90 MeV a bombardment on 

h 
, h . . 38A t e Ca target nas s own as a strong y -ray 1n .r. 

For 38K formed from calcium we can essentially extract an 

isomeric ratio. The off-beam radioactivity measurements of 

Table 5 give the 38K ground state yields (spin and parity 3+), 

while in Table 4 the gamma ray gives directly the yield to 

+ the 0.45 MeV 1 state. These ratios cr 3+/o
1

+ are 2.2 for both 

alpha and carbon beams at 400 MeV/N. The spins are not suffi-

ciently different to allow firm conclusions about average spins 

38 of K formed. 

For 37Ar from Ca we observed in Table 5 a population ratio 

a
712

- jcr 112 + of 3.6 and 2.8 for alphas and carbons, respec­

tively. As with 38K, there is some favoring of the higher spin 

state, but not much. 

4.6 Summary 

i) Discrete nuclear gamma rays following relativisti~ heavy 

1on projectiles are reported here for the first time. They 

arise selectively from the peripheral reaction process, where 



18 

the momentum and energy transferred to the residual target frag-

ments are small. 

ii) Doppler effects on the discrete gamma lines are small. 

The ratios of the cross-sections for producing the same target 

12 fragments by the C and a induced reactions are around 1.2. 

These observations indicate the peripheral nature of the reaction. 

They are consistent with those observed 1n the projectile frag-

. . h 1 11. . . 2 ) ments 1n per1p era co 1s1ons . 

iii) Asymmetry of the proton and neutron removal processes 

and the large yield of the inelastic gamma rays show 1mpor-

tant roles of the evaporation process after the fast abrasion 

and target excitation processes. 

iv) These reaction mechanisms with high energy (relativistic) 

projectiles are analogous to those with medium energy projectiles, 

where there is a pre-eq uilibri urn de-excitation process 

f 11 db . h .l.b . 12 ) o owe y evaporat1on at t e equ1 1 r1um stage . 

v) The cross-sections for target fragments fall off as 

exp (-Q . /a), where Q . is the minimum Q value for the frag-mln - m1n 

ment formation. The quantity~ gets larger in going from 250 ~eV/N 

to 400 MeV/N. More nucleons (clusters) are removed 1n 

the heavy-ion induced reactions than in the proto~ and pion-

mduced reactions. These features differ from those found in the 

. t"l f 2 ) proJeC 1 e ragments . We do not attach any fundamental signifi-

cance to the Q . correlation and refrain from using the term m1n 

"temperature" with a. A correlation with mass number of product 

is about as good. 
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Appendix 

. . . 
Contr1but1on from secondary particles 

2 
We used rather thick targets of 1 to 3 g/cm to get a 

good signal-to-background ratio. For such thick targets we 

cannot ignore the contribution by secondary particles produced 

in the targets. If we had used thinner targets with more 

intense beam, background by the beam halo and neutrons.would 

have become intolerable. 

To study the contribution of secondary particles, we 

2 used ~odium targets with thicknesses of 0.8 and 3.2 g/cm 

2 and sulfur targets of 1.3 and 2.7 g/cm for carbon projectiles 

of 400 MeV/N. Most of the secondary contribution comes from 

protons and neutrons because the production cross sections 

f h . f . 27) or t ese part1cles are much larger than or other part1cles . 

Since the y-rays observed are mostly due to multi-nucleon 

removal reactions, contributions come mainly from high energy 

particles (>40 MeV) except for the inelastic scattering and 

few-nucleo.n (<2) removal reactions. Thus, the ranges of the 

particles which are responsible for the contribution are larger 

than the target thicknesses. Therefore the measured cross 

section a can be expressed by a = a (l + bt), where a is m · m o o 

the net cross section, b(cm2/g) is the contribution of sec-

ondary particles, and t is the target thickness (g/cm2 ). The 

production cross sections for protons and neutrons increase 

as the mass number of the target nucleus increases, while the 

number of atoms per unit area for a given thickness (g/cm2 ) is 
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proportional to the inverse of the target mass number. There-

fore,the value b only weakly depends on the target mass nurn-

ber. The y-ray intensity ratios for various transitions with 

the targets of different thickness are given in Tables Al and 

A2. Here the yield ratios are almost constant for all transitions 

for the Na and S targets,respectively, except for the 440 keV 

23 transitions in Na produced by the inelastic scattering of the 

target nucleus. Since the obtained b values were almost the same 

2 for the Na and S targets, we took b= 0.08 ± 0.06 ern /g by aver-

aging 6oth results for the Na and S targets. We excluded the 

· · 23N . d . . h b l 440-keV 1nelast1c y-ray of a 1n · eterrn1n1ng t e va ue because the 

energy of the first excited state is so small (440 keV) that a 

tremendous number of low energy secondary neutrons contributes to 

this y-ray. We used b = 0.3 ± 0.25 cm2 /g for the 440 keV transition 

from the Na target. 

The projectile mass dependence of ·the proton yield has 

been measured for 20 Ne(400 MeV/N) and (400 MeV/N) by Gosset 

et a1. 27 ). For energetic protons (E > 60 MeV) the proton 
p 

yield ratio between the 20 Ne and a projectiles is about 5, equal 

to the rn~ss ratio of projectiles. Therefore we used the smaller 

value of l/3 of the carbon value . 

Since the b value does not depend much on the target 

mass, as was mentioned before, we used the same value for the 

Ca target. The estimated corrections to cross sections were 

0.06±0.05, 0.09±.07, and o:l9±.15 for the 12 CC400 MeV/N) born-

bardrnent and were 0.02±.02, 0.03±.02, and 0.07±.05 for the 

(400 MeV/N) bombardment' on the Na, S, and Ca targets, res-

pectively. 
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For the inelastic y-ray in the Na target, the corrections 

were 0.19 ± .17 and 0.07 ± .06 for the 12c and a projectiles, 

respectively. We got a 22% correction for the Sr target assum­

ing the same b value as the one obtained for the light mass 

targets. 
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Figure captions 

Fig. 1. Schematic drawing of experimental set-up. 

Fig. 2. Time structure of Bevatron beam and gate positions for 

Fig. 3. 

prompt-, delayed, and off-beam spectra. 

. 23 12 Gamma-ray spectrum followlng the Na( C,X)Y reaction 

at E12 = 4.8 GeV. The y-rays denoted by letters 
c 

a through fare as follows: a 511 keV, b 596 keV 

74Ge(n,n'y)~ c 690 keV 72 Ge(n,n'y), d 835 keV 54Mn, 

e 846 keV 27Al, f 1137 keV and 1332 keV 60 co. 

Fig. 4. Gamma-ray spectrum following the natsc 12 C,X)Y reaction 

at E12 = 4.8 GeV. 
c 

(See the figure caption in Fig. 3 

for they-rays denoted by a to f.) 

Fig. _5. Gamma-ray spectrum following the natCa(a,X)Y reaction 

Fig. 6. 

Fig. 7. 

at Ea. = 1.6 GeV(See the figure caption ln Fig. 3 for 

they-rays denoted by a to f.) 

The relative yield for the 2+ 7 
+ . . . 

0 transltlon ln doubly 

even nuclei produced by the 12 c bombardment at 250· 

MeV/N. 

. + + .. The absolute cross sectlons for the 2 7 0 transltlons 

12 ln doubly even nuclei produced by the C bombardment 

at 400 MeV/N. 

Fig. 8. The cross section ratios between 12c and a bombard-

ments at 400 MeV/N. Dashed lines are 1.25, 1.22, and 

1.21, respectively, for the Na, S, and Ca targets 

obtained by the expresssion a~ A~ 13 + Ai13 - 1.6. 

Fig. 9. Comparison. with pion and proton data for a-particle 
f 

nuclei. Closed triangles: 220 MeV n-(ref. 15). Open 
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circles: 12 4.8 GeV C (present work). Open squares: 

1.6 GeV a (present work). Closed squares: 600 MeV 

protons (ref. 17). 
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TABLE 2 

Relative y-ray Intensities from Sr Target 

Product E (keV) 
y 

Transition I a) 
y 

I a) 
y 

88Sr 

86Sr 

84Sr 

82Kr 

E 

1836 2 
+ 

-+ 0+ 

89 8 3 -+ 2+ 

1076 2+ -+ 0+ 

+ + 
1153 4 -+ 2 

79 3 2 
+ 

-+ 0+ 

+ + 
776 2 -+ 0 

12 c= 3. OGe V 

100 ± 2 7b ) 

65 ± 18 

49 ± 12 

38 ± 19 

35 ± 14 

27 ± 14 

E 
12c=l2.6GeV 

100 ± 36 

33 ± 21 

55 ± 23 

64 ± 24 

< 27 

a) The intensities are values for the natural Sr target. 

b) The absolute cross section for the 1836 keV is 78 ± 34mb . 



TABLE 3 Gamma-ray yields from the sodium Target 

Product E (keV) Transition a (mb) a (mb) ac (arbit:::ary) y a c 
E == 1. 6 GeV E12 = 4.8 GeV E12 = 3.0 GeV 

a c c 
23Na 4 40 5/2+-+- 3/2+ 18.9 ± 3.3 23.7 ± 5. 4 79 :i: 27 -

22Na 583 1+ -+- 3+ 14.7 ± 2.5 19. 6 ± 4.0 76 ± 10 

891 4+ -+- 3+ 4.3 ± 1.1 3. 5 ± 1.6 

22Ne 1275 2+ -+- 0+ 23. 8 ± 4.3 29.1 ± 6.2 110 ± 23 

21Ne 351 5/2+-+ 3/2+ 22.6 ± 3.6 24.7 ± 4.1 100 ± 11 
w 

20Ne 2+ 0+ 
0 

1634 -+ 19.2 ± 3.6 20.0 ± 4.1 100 ± 24 

19 Ne 238 5/2+-+ 1/2+ 1.3 ± 0.5 1.8 ± 1.3 

18F 937 3+ -+ 1+ - 4. 4 ± 1. 2 8.9 ± 2.9 

180 19 83 2 + -+- o+ 7.2 ± 2.1 4.9 ± 2. l 

• 

---· ... a . ....,~.;:or:.-. ~ ,..., .•• ···-- , ., ... _ ••• ···• ~-

~ 
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TABLE 4 Gamma-ray yields from the sulfur target 

Product E (keV) Transition a (rob) a (mb) a (arbitrary) a (arbitrary) a) 
y a c c . p 

E =1.6GeV E12 =4.8GeV E12 =3.aGeV E =218MeV a c c p 

325 +3aSi 2230 2+ .. o+ 56.6 ± 8.8 70.4 ± 12.7 100 ± 5 18.9 

319 1249 3/2+ .. l/2+ 8.5 ± 1.6 la.3 ± 2.5 1a. a ± 2.1 14.3 

31 ·. p 1266 3/2+ .. 1/2+ 21.0 ± 3.2 23.a ± 4. 6 51.6 ± 3.2 23 

30p 709 1+ -+ 1+ 5.8 ± 1.1 1a.3 ± 3. 6 8. a ± 1.6 5.3 

29Si 2a28 5/2+ .. 1/2+ 15.2 ± 3.a 15.2 ± 3.5 17.1 ± 2.0 

28Si 1779 2+ .. a+ 28.7 ± 4.6 38.5 ± 7.6 48.4 ± 4.6 19.7 

26A1 417 3+ -+ 5+ 8.6 ± 1.2 9.7 ± 2.1 7. a ± 1.5 2.9 w 
I-' 

26Mg 18a9 2+ .. a+ 9. 5 ± 1.5 14.a ± 3.2 19.5 ± 2.8 

25A1 452 1/2+ .. 5/2+ 2.4 ± a.s 3.4 ± 1.2 

24Mg 1369 2+ .. a+ 16.6 ± 2.6 22.4 ± 4.0 . 24. a ± 2.6 

24Na 472 1+ .. 4+ • 10.3 ± 2. 4 5.8 ± 1.2 9 

23 Na 44a 5/2+ .. 3/2+ 14.0 ± 2.1 15.9 ± 3.0 13.6 ± 1.8 

22Na 583 1 + -+ 3+ 9. 1 ± 2.6 8.2 ± 2. 5 14.2 ± 4.0 

22Ne 1275 2+ .. a+ 13. 1 ± 2.0 17.0 ± 3. 9 15.2 ± 5.5 

C'lll ~i :~·_cc: 1 
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Ne 

20Ne 

a) ref. 17 

351 

1634 

~ 

5/2 + -+3/2 + . 

2+-.o+ 

TABLE 4 (continued) 

10.8±1.5 12.9±2.3 

8.1±1.5 13.5±3.2 

• 

7.3±1.3 

10.7±2.7 

~ 

w 
1'0 



Product 

40Ca 

39Ca 

39K 

38K 

38Ar 

33 

TABLE 5 Grunma-ray yields fror.1 the c:-.1lci urn taryct 

E (keV) Transition a (mb) c (mlJ) ·,1 (arbitrary) 
y a c c 

\ 
c (~•b)a' 

p 

3737 

2796 

2814 

328 

2168 

1611 

1410 

1970 

2208 

789 

1763 

1570 

.2127 

2230 

1941 

1249 

1266 

709 

2235 

2028 

1779 

417 

1809 

1369 

472 

440 

583 

1275 

351 

1634 

3- ... o+ 

7/2:. 3/2+ 
- + 

7/2 ... 3/2 
1+-+ 0+ 

2~ 0+ 

7/2':3/2+ 

1/2-t. 3/2+ 

2+ -+0+ 

3 ... 2+ 

3t 2+ 

5/2 + ... 1/2 + 

1/2+ -+3/2+ 

2-!: 0+ 

2i 0+ 

2+-+0+ 

3/2+-+1/2+ 

3/2+ .. 1/2+ 

1+ .. 1+ 

2+-+0+ 

5/2+-+1/2+ 

2+-+0+ 

3+ .. 5+ 

2+ .. 0+ 

2+ .... 0+ 

1+ .... 4+ 

5/2+-+3/2+ 

1+ .. 3+ 

2+ .... 0+ 

5/2+ .... 3/2+ 

2+ .... 0+ 

7. 2:t 2. 4 

6.2±1.8 

6. 5 :tl. 8 

9,0:!1.5 

9. 1± 2. 4 

16 . 1:! 2 . 9 

4. 5:± 1. 3 

2 8. 6± 4. 6 

19.9±4.7 

11.6±2.0 

9.1±2.1 

2 • 8:± 1 • 4 

9 • 4:± 4 • 3 

16 . 4± 3 • 3 

9. 5± 2. 8 

13.2±2.3 

3. 5± 1. 0 

7. 3± 3. 5 

17. 3± 3. 3 

4 . 4± 1. 3 

11.6±2.8 

14.9±2.8 

5.1±1.2 

9. 9± 1. 9 

5. 7! 1. 8 

6.5±2.3 

7. 9± 1. 4 

5.4±1.6 

14.4~4.4 

5.7~2.7 

10.8±3.3 

11.1±2.7 

15.2~4.2 

16.9±5.9 

6.1±2.2 

38. 6±8. 6 

24.3±6.2 

14.6±2.8 

8.1±2~ 5 

5.1±2.2 

13.'2±6.3 

23.5±6.3 

7.7:!2.5 

15.1±4.0 

4.4±1.5 

6.4±2.9 

2 2. 0.:!: 5. 6 

7.4±2.0 

16.5±4.7 

20.5±6.5 

7.1±2.9 

11.9±'3.3 

5. 4± 2. 5 

7. 6.± 2. 9 

12. 7± 3. 0 

14.0±4.2 

25.6±10.3 

< 7 

38.8±12.5 

17. 3 ± 7. 1 

85.2±18.7 

66.2±10.3 

100 :: 17 

78.3±14.9 

10.9± 5.4 

10.2:± 7.3 

44.9±16.9 

100 ± 21( 32 s) 

14~3± 5.4 

76.5± 8.9 

9.5± 4.8 

32.8±13.3 

17.7.± 9.7 

53.4.±11.1 

5.2.± 4.6 

17.0± 6.7 

57.2:± 7.9 

34.5± 7.1 

19.1± 6.0 

8.4:± 6.0 

21. 7t. 8. 4 

1 J. 4 

8. 5 

9. 7 

8. 3 

10.9 

13.6 

2 8 .• 4 

16. 6 

16.7 

a) ref. 17 
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TABLE 6 

Cross Sections for Radioactivities Produced by a(400 MeV/N) and 

12 cC400 MeV/N) Bombardment 

Product Target Ey(keV) 0 (mb) 0 12 
(mb) a 

c 

20F Na '16 34 11.9 ± 2.6 16.1 ± 3.0 

28A1 s 1779 12.0 ± 2.4 15.1 ± 3.4 

38K Ca 2167 20.1 ± 3.6 24.9 ± 4.6 

34mCl Ca 2127 11.7 ± 2. 7 13.3 ± 4. 2 

28Al Ca 1779 10.5 ± 2.5 11.4 ± 2. 4 
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TABLE 7: Yield Ratios for Single-Proton to Single-Neutron Removal 

Processes. 

Ca Target 

YC 39 K)/YC
39 Ca) l.l 

S Target 

1.6 

a) From reference 17. 

a 
400 MeV 

1.1 ± 0.5 

2.5 ± 0.6 

12c 

400 Mev 

1.9 ± l.l 

2.2 ± 0.7 

12c 

250 MeV 

>5.15 

5.2 ± l.l 
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2 TABLE Al. Cross section ratios for the Na targets ~,o;ith 3.1 g/cm 

2 12 . 
and 0.8 g/cm bombarded by C(400 MeV/N). 

Product E ( keV a ( 3. 1 2 2 g/cm )/o (0.8 G/cm ) y m m 

23Na 440 1. 54 + 0.31 

22Na 583 1. 23 ± 0.30 

22Ne 1275 1.15 ± 0. 3i . 

21Ne 351 1.14 ± 0.23 

20Ne 1634 1. 22 ± 0.34 

.. 

., 
"' 
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TABLE A2. Cross section ratios for the s target with 2.7 g/ err: 
2 

and 1.3 g/crn 
2 

bombarded by 
12

c(400 HeV/N). 

"'' 2 2 
Product E ( keV a ( 2. 7 g I em ) I a ( 1. 7 g/cm ) 

y m . m 

I~ 32
8 2230 1.14 ± 0.26 

31(" ..., 1249 1. 27 ± 0.39 

31p 1266 1. 31 ± 0.33 

29Si 2028 l. 2 ·1 + 0./,7 

285. 
.1 1779 1.14 ± 0.28 

26Al 417 0.99 + 0.28 

26M . g 1809 1. 05 ± 0.32 

24Hg 1369 1.10 ± 0.26 

23Na 
.. 

440 0.99 ± 0.24 

21Ne 351 1. 00 + 0.24 
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Fig. 8 
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