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Abstract:

Discrete nuclear y-rays foilowing interactions of relati- -
vistic 12C and alpha projectiles with Sf, 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



of the_heavy ibns; - Characteristic features of the peripheral
process consistent withrthe 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. | |
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1. 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(<10 MeV/nucleon). Nuciear reactions with medium and high
energy projectilés are rather noﬁ—compdund, so that de-exci-
tation'via fhe‘pre—equilibrium process becomes important. The
purpose offthe prééent work is to extend iﬂ—beamgamma spectro-
scopy to high énergy (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-

1,2)

ation Evidence for fragmentation includes the observ-

tions of the transferred momentum distributions and the cross
sections for the projectile fragments.
Similarities in the asymptofic behavior of the fragment-

ation processes between relativistic heavy ion reactions and

ultra high energy hadronic reactions have been shownz’g).

Another similarity was shown for fragmentation cross sections

between 2.1-GeV/N and 20-MeV/N 164 projectilesu). Several

. . . -9
theoretical works on the reaction mechanism have appeared ).
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



projectiles (A<16). Studies of target fragmentatibn give com-
plementary information on the reaction mechanism. Thé obser-
vation of prompt and deiayed nuclear y-rays from target residues
following‘feactions with relativistic projectiles is most appli-
cable for the étudy of-the targetfragmentafion 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 téchniqués are more applicable for heavier targets (see
ref, li)._ Furthermore, projectile fragmentation techniques
in thé mass range above 20 have'difficultyvin resolving isotopes.
In-beam y-rays following light-ion projeétiles with medium
and high.energies héve 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, béing followed later by the evaporation

12)

process at the equilibrium stage. Nuclear y-rays following

relativistic proton and pion bombardﬁents have been reported.l3—19)
However, there has been no work on in-beam y-rays with rel-
ativistiec heavy ions. |

In this work we measured for the first time discrete y-rays
from excited fesidual nuclei produqed in relativistic = heavy
ion reactions. The observation of y-rays may give the following
information:

1) production cross sections of target 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,

v



3) angular momentum transfer from yield ratios between
high—spin and.low-spin states in the products, and

4) nﬁclear orientation effects in the reaction from ob-
éervation'of y-ray angular distributibns.

Thesé‘are‘imﬁortant for ﬁnderstanding the reaction mechan-
isms involved.
o In this papef we réport on the production cross sections
and briefly on the transverse-momentum transfer implied by

Doppler broadening of gamma lines.
2. Experimental Procedure

-Relativiétic carbon and alpha beams from the Bevatron at -
Lawrence Berkeley Laboratory were used on various targeté.
Low ehergy nuclear vy-rays following nuclear reactions were
observed with Ge(Li) detectors. A typical set-up of experiments
is shown in Fig. 1.

The beam spot was about 2 cm in diameter. Typical time
structures of the beam are shown in Fig. 2. The beam spill
was about 1 second in every 4-6 seconds. Depending upon the
mode of operation during thevspill, 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

spiil, a continuous beam is available, é desirable feature for
coincidence exﬁeriments. The extraction can be made also with the
r.f. power on so that the microscopic beam structure can be

used. In this case, pulsed beams, having an interval of 450-550 ns,



depending on the beam energy, are available. We were able
to take three different spectra, "perpt," "delayed" (between
thé micro bursts) and "off-beam" (between spills), as shown
in Fig. é. |

The beam intensity was monitored with an ion chamber

which was calibrated by measuring the Ilo radioactivity

11

produced in graphite targets by the 12C(X,-X'ri-) C reaction.

12 ,,,12

Thevllc—production cross section is available for the ~‘C( °C,

11 2)

C)X reaction-at E(lQC) = 12.6 Gev For the other enefgies,

11

- we estimated the C production cross section from the results

20) 12 11. 21) 12,12
5 a

nd C( )

of the T2c(p, x)tlc ciNe, x)1ic c, Horx ?

reactions. In an earlier run (Run 1) the absolute cross sections
were determined relative to the x-ray yield, since the ion chamber
was placed behind the thick target, and it was later found that
the current was affecfed by fhe'secondary particles produced in

the tafget. A thin goid foil was located 10 cm upstfeam
from the'tafgét location. = Gamma-ray yieldé wefe then deter-
mined relative to the known x-ray cross section for the gold
target 22).

We had three major.runs,'Runs 1, 2 and}3, following a
few initial triél runs; The experimental conditions are
summarized in Table 1. The first run was a survey run in
whichvwe tried to observe in-beam Y—réys from various excited
states of light, medium and heavy nuclei. In the ‘second fun,
however, we decided to focus the measurements on light
nuclei in order to study target-fragmentation mechanisms. In

‘this run we learned that the effect of secondary particles

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



Bésed on experience from 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 l2-channel scaler
counts. Using the micro- and maéro-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-
ing 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(T1l) 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 cm in diameter, we ob-
served beam halo due to scattefed.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



appreciably, and we had to run with the'detectors at large
distances from thé.target (~15 cm) andvat relatively low count-
ing rates.

Since the Bevatron cave had been used‘foruso many years,
the radioactive background was high. Several characteristic
y-lines from long-lived radioactivities suéh as 22Na; and 6OCo
were observed. In 6rder to improve signal-to—background
ratios under such circumstances, we needed to use fairly
thick targets. Then, effects of reactions in the target
by secondary particles from the heavy ion reaction became
large, and we had to correct 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

Many discrete y-rays following relativistic 120— and o-
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 Yy-ray energies. The strong"cohtinuum back-
ground”" was established as largely target-associated, sincé
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.

b



The ﬁncértaiﬁty oflthe Y-ray Cross section.is due to the
uncertainties in detector efficiency, target thickness, beam
flux, the dead—timé correction, and the correction for sec-
ondary effects. The éStimated uncertainty of absolute cross
sections for Rﬁn(Bwas 15-17% in addition to the statistical
érfor, énd 35% for Run 1. Only relative yields were obtained
for Run 2. The obtained cross sections (or relative intensities)
are‘éummarized in Tables 2 to 5.  Some target—associated y—rays
were identified in the off-beam Spectra, which were ﬁeasured
"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 vérious
-targe{ 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 inéenée vy-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 in more unresolved vy-rays from the central collision.
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2) Gamma-rays from short-lived states in light mass nuclei
(A = 20-40f are Doppler broadened. Most of the y-rays for the
Sr targéf? however, are not Doppier broadened beyond the in-
trinsic resolutioﬁ because of the heavier masses and longer
lifetimes iﬁ compérisqn with the sd shell nuclei. It should
be mentioned thét 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-
rays (>1 MeV)‘from_Very short-li?éd,states (<iOO fs) have large

Doppler broadening, résulting in broader peaks which cannot be

seen in the spectrum.
4. Discussion
4.1 Q-value dependence of discrete y-rays

The ﬁeasured y-ray intensity for a particular transition
representé a fraction of thé total yield of a nuclide, depend-
ing on the pattérn of y-transition feeding from highef excited
states. In a doubly even nucleus, however, most excited
states below the particlé separation energy de—excite through
the first 2+ state by Y-decay.v If we assume equal population
for all‘excited states, we can estimate the fraction of the
tétal yield for the 27 > 0+ transition using y-ray bfanching
ratioSZB). 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



>

‘of

11

direct formation of the ground state. Thus, we concentrate
' . . e + + .
our attention-here on the yields of the 2 ~» 0 transitions in

doubly even products. In fig. 6, we show the relative yields
for 12C at 250 MeV/N on the Na, S, and Ca targets. We have
taken as abscissa the negative value of the minimum Q value

)

(the minimum excitation energy of the target nucleus)8 to form
the given product among the Q values for various ways, such as

multiplé:nucléon and alpha removal, tWo—body break-up (fission),
etc.  In Fig. 6, we see a monotonic decrease of yield with in-

creasing magnitude of Q. . In Fig. 7, we see the correspond-
mi g

n*

ing plot forthe higher'bombarding energy data at 400 MeV/N.

|

The slopes of the exponential decrease of the yields with | Qin

at 400 MeV/N are less than those at 250 MeV/N. 1In other words

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

Notable exceptions to the correlation with ,Qminl are the yields

189 from the 23Na target and 32Si from the Ca target. In the

18

former case the yield of 0 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 lgF. Thus because of the Coulomb

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

the neutron separation energy in lgF preferentially decay to

18F 18O. In. the case

by neutron emission rather than to

of the 32Si residual nucleus from the Ca target the yield is

rather high for the simple correlation with |Qmin!' This is

the only observed product with ITZI = 2. The recent calculation

by Rasmussen, et'al.,zu)
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fails to explain this large cross section. We cannot ex-
Vclﬁde possible_céntaminant y-rays that would lowef this
unusually high yield.

Note that no products with mass number greater than
the target are ever.observed.f At these high energies, evi-
deﬁtly,neither compound nucleus formation nor nuclear or
ciuster transfer processes éxhibit.measufable cross sections.'

25) with 90-MeV alpha particles

on calcium:do show heavier products, such as u2Ca. It appears

In-beam gammameasurements

likely that nucleon tranéfer in the high energy region will
fall off with increasing projectile velocity according to the
momentum mismatch of thebnucleon in the nucleus. That is, for
beam eﬁergieé above the Fermi energy of 50 MeV/N transfer will

become small.

1

4.2 Comparison of Y-ray yields between a and 2C 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:

‘ 12

In Fig. 8 we have plotted the ratio of cross sections with 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
g;.,z) have shown projectile fragmentation cross sections to

_ 1/3 1/3
have a mass dependence of 0 = C(AP + At - 1.6), character-

istic of a pefipheral process, with C a constant. With their

-
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expression we calculate 12C—tofa ratios of 1.25, 1.22, and 1.21,

respectively,'for the 23Na, 32S,_anduOCa targets. The ex-

§

perimental ratio appears‘to deviate from the expression for the

product 20Ne at half the mass of its target LlOCa.

4.3 Asymmetry in the proton and neutron removal prcbability

'Wé.noted_that the y-rays observed in thelNa, S and Ca
-targeﬁs, w;th TZ = 0 or 1/2, were mostly from product ngclei‘
with TZ = 0, i/? or 1. Gamma—rays from products with TZ =
- 1/2 were rare. In other w0rds,prdtbné are more likély 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 BMKP which
- can be produced by a single o knock-out reaction. The upper
limit for the yield of the 2" & ot transition in 8“Kr was one

8uSr. These facts sug-

third that of the 2° -+ 0' transition in
gest'thé impoftance of the evaporation process. That is,

the proton separation energy 1s smaller than the neutron sep-
aration energy for light-mass nuclei near the B-stability line.
The Coulomb barrier for proton emission from the light-mass
nucleus is.even smaller than the differénce between the pro-
ton and neutron separation energies in these ﬁuclei. Thus
proton evaporation is more favorablé than neutron evaporation
in the light targets (Na, S and Ca). On the other hand, in
heavier nuclei, like Sr, proton emission 1s strongly suppresscd

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”proéesé would give almost.theisame chénce fbr proton
or neutron reméval, producing résidual nuclei with nearly the

same T~ as that of target nuclei.

A comparison of relative yields of mi}ror nuclei one mass
number less than the TZ = 0 target (S and Ca) is interesting.
AQailablé data on the yield ratios for different projectiles
with different‘enérgies are iisted in Table»7. The ratios
are larger than unity, reflecting the disdussion above-. We

nofe that the ratio seems to increase as either the projectile

26)

energy decreases or its mass increases. Grover and Coretto discussed

protonvinduced reactions in terms of a clean knock-out (CKO)
process and an inelastic scattering followed by evaporation (ISE)
process. The former prediéts smaller values for the ratios

than the latter. ' The ratios iﬁ Table 7 seem to be indicating
that-theIISE process becomes.more dominant than the CKO at lower
energy or with heavier-mass projectile. Recent theoretical‘

calculations gave good agreement for the 400 MeV/N 120 on

the Ca target but not for the 250 MeV/N 12C bombardmentzu).

4.4 Comparison with relativistic pion and proton induced reactions

It is of interest to compare especially our data on L’LOCa’

with those of other groups using different projectiles. In
Fig. 9, cross sections for the N = Z even-even products (the
so-called alpha-particle nuclei) are compared. These products give the

most prominent gamma rays of the in-beam gamma'spectra. There
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- rising to 70% that of

15

is a very interesting qualitative trend as one goés from light
to heavy brojectiles. The 220-MeV 7 projectile produces a
sfraight expoﬁentialvfall—off of cross section with decreasing
mass of products.v The protons, both at 210 MeV and at 600 MeV,
produce a short plateau, with thé yields of 328 and 28Si nearly
equal, but étherwise.an exponential decrease in yield with slope
like that for pions. bur o dafa at 400 MeV/N show a broader
plafeau with masses 32, 28, and 24 nearly equal. Our Carbon»
data show thebfiaf plateau still broader with the 20Ne yield

2L1lMg. It should be noted that for all

36

these experiments Ar and 328 points are subject to some ambi-

guity 1in that there are unresolved or partially resolved gamma
33 30

" transitions of S and Si, respectively. From gamma feeding

considerations and theoretical calculations we expect that the
333 contribution to the SPAp point is small, but the 3051 correc-
tion to 328 may be of the order of 40%. Thus, the plateau

328 yield less than 28Si

may have a reverse slope, with the
yield, for all but the w data.

It is beyond the scope of this experiﬁental paper to discuss
in detail the reasons for p;gteauformatioﬁ 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
fast cascade (or "abrésion" step in Swiatecki's nomenelaturc).

Thus, the pion yields represent mainly statistical nucleon' and
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alpha evaporation from intermediate excited nuclei of upCa or
its near neighbors. The monotonic fall-off of yields reflects
this feature. For ouf carbon_data at the othef extreme there
ﬁust be é gfeater rénge'of intermediéte excited produéts of the
fasf initial colliéion proceés at‘variousAimpact parametefs.
Thus, plateau formation in product yields resUits. It is not
fruitful‘to carry thé qualitative argumeﬁts much farther. In
Ref. 24 complicated firestreak—ﬁodel computer calculations

of yields from 12¢ on *Oca 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 90°
to the beam, we can eétimate the tranverse momentum transferred
to the target fragment. We observed small (or no) broadening
of the y-lines in the spectra ét 90°. Analysis of the 1.67.
Mev 27 > of transition in 20Ne from the Na'tafget gave a mean
transferred momentum of the order of 250 MeV/c at both 90°
and 141° to the beam direction; and the Doppler shift is small.
These results are consistent with the observations of projectile
fragmentsl) and indicate the tqtallinear momentum transferred
to be of the order of the Fermi momentum. From this linear
momentum transfer magnitude we expect a transferred angular
momentum of AL ~ Ap-.r =~ 5h,

The hope of inferring much about the average spins of the
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products was not realizable in1ﬂmaquantifatiVe way that isomeric
ratios have been used at lower bombarding energies. 1In only’
very feQ'nuclei waé more than one gamma ray observable, and
that one is usually from first excited state to ground. The
failure to observe U4 + 2 gamma rays in even-even products would
seem to signify a rather small average spin of the products
after'nucleon evapbration but before the gamma cascade. We

did hof observe the no o> 37 transifion in °%Ar with the Ca

5)

target which the recent study2 of 90 MeV a bombardment on

the Ca target has shown as a strong Y-rayvin 38An

‘ for.38K formed from calcium we can essentially extract an
isomeric fatio. . The off-beam radiocactivity measurements of
Table 5 give' the 38y 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 03+/01+ are 2.2 for both

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

clently different to allow firm conclusions about average spins

~of 38K formed.
For 37Ar from Ca we observed in Table 5 a population ratio
Oo /o /Ol/2+ of 3.6 and 2.8 for alphas and carbons, respec-

38

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

state, but not much.
4.6 Summary

i) Discrete nuclear gamma rays following relativistitc heavy
ion projectiles are reported here for the first time. They

arise selectively from the peripheral reaction process, where
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the momentum and energytransferredtathe residual target frag-
ments are small. |

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

The ratios of the cross-sections for producing the same target
frégments by the 12C and a induced reactions are around 1.2.
These observations indicate the peripheral nature of the reaction.
Théy aré consistent with those observed in the projectile frag-
mentsijiperipheral collisions? |

iii) Asymmetry of the proton and neutron removal processes

and the large yield of the inelastic gamma rays show impor-

tant roles of the evaporation process after the fast abrasion

and tafget excitation processes.

iv) These reaction mechahisms with high energy (relativistic)
projectiles are analogous to those with medium energy projectiles,
where there is a pre—equilibrium de-excitation process

followed by evaporation at the equilibrium stagelz).

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

exp (—Qmin/g), where Qmin is the minimum Q value for the frag—/
ment formation. The quaﬁtity a gets larger in going from 250 MeV/N
to 400 MeV/N. '~ More nucleons (clustefs) are removed in

the heavy—ion induced reactions than in the proton- and pion-
mnduced reactions. These features differ from those found'in the
projectile fragments2). We do not attach any fundamental signifi-
cance to the Qmin correlation and refrain from using the term

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

is about‘as'good.
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Appendix
Contribution from secondary particles

‘We used rathér thick targets of 1 to 3 g/cm2 to get a
good signal—to-background ratié. For such thick targets we
cannot ignore the contribution by secondary particles produced
'ih 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
used sodium targets with thicknesses of 0.8 and 3.2 g/cm2
and sulfur targets of 1.3 and 2.7 g/cm2 for carbon projectiles
of 400 MeV/N. Most of the secondary contribution comes from
protons and neutrons becausé the ﬁroduction cross sections
for these particles are much larger than for other particle827);
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-nucleon (<2) removal reactions. ‘Thus, the ranges of the
particles which are responsible for the coﬁtribution are larger
than the target thicknesses. Therefore the measurgd cross
section o, can be expressed by o = 00(1 + bt), where o is
the net cross section, b(cmz/g) is the contribution of sec-
ondary particles, and t is the target thickness (g/cmz). ‘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/cmz) 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 num-
ber. - The y-fay intensity ratios for various transitions with
the targets of different thickﬁess are‘giveﬁ in Tables Al'and
A2. vHere the yield ratios are almost constant for all transitions
for the Na and S targeté,réépectively, exéept for the 440 keV
‘transitions'in 23Na produéed by the inelastic scattering of the
target nucleus. Sinée the obtained b values were almost the samé
-:for the Na and~Svtargets, we took b= O.O8I£ 0.06 cmz/g by aver-
‘aging both résuits for the Na and S targets. We exéluded the |
uuo-kev‘inelastic'y—ray of 23Na in determining the b value because the
energy of the first excited state is so small (440 keV) that a
tremendous number of low energy Secdndary neutrons contributes to
this y-ray. We used b = 0.3 * 0.25 cm?/g for the 440 keV transition
from‘the Na tafget..

The projéctile.mass dependence of ‘the broton yield has

20

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

et al.27).

. For energetic protons (Ep > 60 MeV) the proton
yield ratio between the 20Ne and o projectiles is about 5, equal
to the mass ratio of projectiles. Therefore we used the smaller
value of 1/3 of the carbon value.

Since the b value does not depend much on the target
mass, aé was mentioned before; we used the same value for the
Ca targef.‘ The estimated corrections to cross sections were
0.0640.05, 0.09%.07, and 0.19%.15 for the 12C(400 MeV/N) bom-
bardment 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

lzC and o projectiles,

were 0.19 + .17 and 0.07 t .06 for the
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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Figufe captions

Fig. 1.

Fig. 2.
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"Gamma—ray spectrum following  the

Schematic drawing of experimental set-up.
Time structure of Bevatron beam and gate positions for

prompt~, delayed, and off-beam spectra.

23 1

Gamma-ray spectrum following the Na( 2C,X)Y reaction

at E12' = 4.8 GeV. The y-rays denoted by letters
C : :
a through f are as follows: a 511 keV, b 596 keV

7uGe(n,n'Y), c 690 keV 72 Sk

27

Ge(n,n'y), d 835 keV Mn,

Al, f 1137 keV and 1332 kev ©%co.

Gamma-ray spectrum following the natS(12C,X)Y reaction

e 846 keV

12C

for the y-rays denoted by a to f.)

at E = 4.8 GeV. (See the figure caption in Fig. 3
rlatCa.(a,X)Y reaction
at E;, = 1.6 GeV(See the figure caption in Fig. 3 for
the y-rays denoted by a to f.)

. . + + . . '
The relative yield for the 2 - 0 transition in doubly

12C bombardment at 250

even nuclei produéed by the
MeV/N. |

The absolute cross sections for the 2+-+v0+ transitions
in doubly even nuclei producedvby the 12C bombardment
at 400 MeV/N.

The cross section ratios between 12C and o bombard-
ments at 400 MeV/N. Dashed lineg are 1.25, 1.22, and
1.21, respectively, for the Na, S, and Ca targets

obtained by the expresssion o« A;/3 1/3

+ AT - 1.6,
Comparison. with pion and proton data for oa-particle

nuclei. Closed triangles: 220 MeV m (ref. 15). Open
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circles: 4.8 GeV 12C (present work). Open squares:
1.6 GeV o (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) Transition I a) I a)
e R Y Y
E12 =3.0cev  F12 =12.8Gev
c c
885, 1836 A 100 + 277 100 + 38
898 3~ > 27 65 + 18 33+ 21
8651 1076 ot s ot 49 + 12 55 + 23
1153 T 38 + 19 6L + 2u
sr 793 2t > o” 35 + 14 < 27
82y 776 AN 27 + 14

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

b) The absolute cross section for the 1836 keV is 78 % 3umb.



Product

23Na

'22Na

22Ne

ZlNe

ZONe

1-9Ne

18

18

TABLE

E
Y

3 Gamma-ray yields from the sodium Target

(keV)

440

583

891
1275'
351
1634
238
937

1983

Transition
527~ 3727
- 3t
4+ 37
2t + ot
ss2% + 3,2
2t + o
sz2t+ 172t
3* -~ a7
2t - ot

oa(mb)

(mb)
O'C 7
E, = 1.6 Gev Elzc =
18.9 + 3.3 . 23.7
14.7 ¢ 2.5  19.6 %
4.3 + 1.1 3.5 ¢
23.8 + 4.3 29.1 &
22.6 + 3.6 24.7 1
19.2 + 3.6  20.0 +
1.3 + 0.5 1.8 ¢
4.4 + 1.2 8.9 +
7.2 + 2.1 4.9 1

cc(arbit:ary)

4;8 GeV

E
12C
79

76

110

100

100

I+

I+

i+

I+

3.0 GeV
27

10

23
11

24

o€




Product

32

30

S+7

Si

EY(keV)

2230

1249
1266
709
é028
1779
417
1809
452

1369

472

440

583

1275

TABLE 4

Transition ou(mb)
Ea=1.6GeV
2t » o 56.6 * 8.8
32t 125 st 1.
C372% 12 2100 5 3.2
¥ -7 5.8 % 1.1
s/2%* 172%  15.2 + 3.0
2t + ot 28.7 * 4.6
3*+ 5t 8.6 + 1.2
2"+ ot 9.5 + 1.5
1725+ 5727 2.4t 0.5
2t . ot 16.6 + 2.6
1t gt 5.8 1" 1.2
s/27 ., 3727 14.0+ 2.1
R 9.1 * 2.6
2% . of 13.1 ¢ 2.0

oc(mb) |
E12C=4.8Gev
70.4 * 12.7
10.3 ¢+ 2.5
23.0 £ 4.6
10.3 * 3.6
15.2 + 3.5
38.5 + 7.6
9.7 ¢+ 2.1
14.0 ¢ 3.2
3.4 ¢ 1.2
22.4 ¢+ 4.0
10.3 ¢+ 2.4
15.9 * 3.0
8.2 * 2.5
17.0 * 3.9

oc(arbitrary)

E

Gamma-ray yields from the sulfur target

12C=3.0Gev
100 5
16.0 + 2.1
51.6+ 3.2
8.0+ 1.6
17.1+ 2.0
48.4 + 4.6
7.0+ 1.5
19.5+ 2.8
'f24.o + 2.6
13.6 + 1.8
14.2 ¢+ 4.0
15.2 ¢+ 5.5

op(arbitrary)a

E =218MeV
P
18.9
14.3

23

)

TE
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20

f ety

Ne

a)

ref.

17

351

1634

5727 .3/2%"

2+*0+

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%22.7

A
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TABLE 5 Gamma-ray yields from the calcium target
\
ya)

product EY(key)_ Transition oa(mb) cc(mb) _uc(arbitrary) cp(mb
. Ea=l.6GCV E12C=4. 8GeV El2c=3.OGCV Ep=210,’-1'ﬁ -
40c, 3737 37.0% 7.202.4  14.4%4.4  25.6:10.3 13.4
3ca 2796 772~ 3/2% 6.2:1.8 5.7:2.7 <7 .5
39y 2814 77223725 6.5:1.8  10.823.3 38.8:412.5 9.7
38y 328 ah ot g.os1.5  11.122.7  17.3: 7.1 8.3
38ar 2168 2% 0" 9.1%2.4  15.2:4.2  85.2:18.7  10.9
37Ar 1611 7/2: 3/2+ 16.1+2.9 16.9*5.9 66.2*1C.3 " 13.6
1410 172% 372 45013 6.182.2 |

362r+33s 1970 2*+0"  2g.6:4.6 38.6%8.6 100 * 17 28. 4
36ar438ca 2208 33 2% 19.9t4.7  24.3:6.2 78.3+14.9

3601 789 - 3% 2% 11.6t2.0 14.6%2.8  10.9: 5.4

35¢c1 1763 ss2¥.1/27 9.1:2.2 8.1s2.5  10.2: 7.3

354 1570 172%+3/2% 2.8t1.4 5.1:2.2

34g 2127 2% 0 9.424.3 13.2:6.3  44.9%16.9

325 3031 2230 2% 0% 16.423.3  23.5%6.3 100 = 21(°%s) 1¢.6
3255 1941 2*+0"  9.s5:2.8 7.7:2.5

31g 1249 3/2%+1/2% 14,3+ 5.4

3p 1266 372%,1/72% 13.2:2.3  15.1¢4.0  76.5: 8.9

30, 709 1ttt 3.s:1.0 4.4:1.5 9.5+ 4.8

30g; 2235 *oot = 32.8:13.3

295 2028 5/2%+172% 9.3:3.5 6.4:2.9  17.7: 9.7

285 1779 2*+0%  17.3:3.3  22.0:5.6  53.4:11.1  16.7
2621 417 S35t 442103 7.422.0 5.2: 4.6

28yg 1809 2"+0%  11.6t2.8  16.5%4.7  17.0% 6.7

244g 1369 2*+0%  14.9t2.8  20.5¢6.5  57.2: 7.9

24Na 472 1+4t 51s1.2 7.1£2.9

23Na 440 5/2%+3/2% 9.9:1.9  11.9%¥3.3  34.5: 7.1

2242 583 1%+3%  s.7:1.8 5.4:2.5  19.1% 6.0

22y 1275 2%+0"  6.522.3 7.622.9

21ne 351 s/2'-372% 7.9t1.4 12.7¢3.0 8.4+ 6.0

205e 1634 2%-0"  s.a1.6 14.004.2 21072 8.4

a) ref.

17
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TABLE 6

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

1200400 MeV/N) Bombardment

Product Target Ey(keV) oa(mb) o (mb)

12,
20 | ' |
F Na , 1634 11.9 + 2.6 16.1 * 3.0
28 .
Al S 1779 12.0 + 2.4 15.1 + 3.u
. \ _
K . Ca 2167 20.1 + 3.6 24.9 * 4.6
34m o ' .
c1 Ca 2127 11.7 + 2.7 13.3 + 4.2
28
Al Ca 1779 10.5 + 2.5 11.4 + 2.4
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TABLE 7: Yield Ratios for Single-Protoh to Single-Neutron Removal

Processes. ‘
D ) o 12c 12C
210 MeV 400 MeV . - 400 Mev 250 MeV

Ca'Target

v B rvea) 1.1 1.1+ 0.5 1.9 # 1.1  >5.15
S Target
vy 3pyv sy 1.6 2.5 + 0.6 2.2 + 0.7 5.2 £ 1.1

a) From reference 17.
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TABLE Al. Cross section ratios for the Na targets with 3.1 g/cm2

and 0.8 g/cm® bombarded by L2¢ (400 MeV/N).
Product EY( kev ) Gm(3;l g/cmz)'/om(O.B G/sz)
234a 440 1.54  0.31
225, | 583 1.23 + 0.30
220e 1275 1.15 + 0.31°
2lve | 351 ©1.14 + 0.23
200e . 1634 - 1.22 + 0.34

53
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: 2
TABLE A2. cCross section ratios for the S target with 2.7 g/cm”

and 1.3 g/cm® bombarded by -°C{400 MeV/N).

Producﬁ | EY( keV ) cm(2.7 g/cmz)/am(l.7 g/cmz)_'
325 2230 ©1.14 + 0.26
g 1249 ©1.27 + 0.39 -
31p 1266 1.31 + 0.33
2933 2028 1.24 ¢ 0.47
2851 1779 1.14 * 0.28
2671 417 0.99 ¢ 0.28
26y 1809 1.05 ¢ 0.32
2Aug 1369 1.10 * 0.26
23ya 440 0.99 * 0.24 )
2lye 351 1.00 + 0.24

o b i S e o~
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