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1. INTRODUCTION

The interaction of high-energy particles with complex nuclei has
been the subject of many experimental studies in recent years. It has
been observed a number of processes from which peripheral collisions
such ag the projectile fragmentation and spallation of target nuclei
have been investigated extensively. Whereas the projectile fragmenta-
tion has been examined via kinematical properties of 24Na and 28Mg
fragments from several target nuclei/1'3/. the spallation of target
nuclei has been investigated from the Z and A distribution of residual
nuclei resulting from the interaction. Most of previous experimental
/4-6/ /T7-10/

studies of this type were performed on copper and silver
targets.

The spallation of copper by high-energy particles is alsc the
subject of this paper. We report here on the distribution of residual
nuclei resulting from the interaction of copper with 9 GeV/c¢c deuterons
(T4 = 7.3 GeV) and 9 GeV/c protons (frp = 8.15 GeV). Our choice of
9 GeV/c protons and deuterons was simply motivated by their availabi-
lity at the Dubna synigrzghasotron. wWhile proton data can be compared

at GeV energies has not been reported up to now. The purpose of our

with previous results » the spallation of copper with deuterons
study was to gain new experimental information and, by comparison with
results obtained earlier by other authors, to contribute to the study
of nuclear reactions induced by high-energy particles.

2. EXPERIMENTS

Two iarget stacks containing Cu, Al and Mylar foils were irradi-
ated with 9 GeV/c protons and 9 GeV/c deuterons in an external beam
of the Dubna Eynchrophasotron. The target discs were 3.8 cm in diame-
ter and their thicknesses were as indicated in Table 1. The target
stacks were positioned so that the beam passed through the centre
from foil 1 to 11. Irradiation periods were chosen to achieve fV1013
total flux particles in both experiments,
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Table 1
Properties of the target stacks

AR I o -
1 Al 5.8 6.2
2 Al 20.3 19.8
3 A1 5.7 5.9
4 My 17.5 17.2
5 My 17.4 17.1
6 Cu 88.3 85.9
7 Cu 923.3 915.8
8 Cu 917.5 920.0
9 Cu 85.1 82.2
10 My 17.5 17.2
11 My 17.3 17.2

After irradiations, the target stacks were disassembled, and the
individual foils were directly assayed with Ge(LQ gamma-ray spectro-
meters. High-resolution Ge(Li) detectors of 30 cm’ and 50 cm’ (orTEC)
were calibrated with mixed radionuclide gamma-ray standards. Series
of separate measurements under identical geometry conditions were per
formed ranging in duration from 15 minutes to 12 hours. A portion of
a typical gasma-ray spectrum, obtained 1.5 day after proton irradi-
ationsg, 1s shown in Fig.1. The spectra were analyzed with computer
programs which subtracted the background under the peaks and fitted
the Gaussian peaks to the data points. Nuclidic assignments were made
on the basis of gamma-ray energies, half-lives and fractional abundan-~
ces taken from Gamma-Ray Catalog 11/. Pertinent decay characterigtics

of radionuclides carefully identified in both investigations are lis-
ted in Tadble 2.

3. RESULTS

3.1. Secondary effects

The contribution of segondary particle induced reactions to the
measured cross sections can be estimated from the ratio of activities
simultaneocusly measyred with the thin and thick Cu-targets. Cumming
et alq have previously reported the secondary reaction contributi-
ons to the products from the reaction of 28 GeV protons and 25 GeV

Table 2

Decay properties of observed nuclides

Nuclide Half-life Energy (keV) F;g;gégg;; __________
24Na 15.02 h 1368.5 1.000
2Byg 20.90 h 1778.8 1.000
42g 12.36 h 1524.6 0.183
s meer W3 B
#sc 3.89 h 372.8 0.220
4450 3,93 h 1157.0 0.999

e 2.44 4 1975 6:9%9
G ews o SRE VI
se 3.34 a 159.4 0.680
B oo 3 1
S
oz 2 0-550
Mer 27.70 d 320.1 0.098

744.2 0.900
229 ¢ Bt %88
54Mn 312.50 d 834.8 1.000
56mn 2.58 h 846.8 0.989
*2pe 8.27 h 143401 5:99
>9re 44.50 d Rt 0:232
e v 55 5%
o owes gED O
5760 271.81 @ 1221 0.856
58¢o 70.92 @ 810.8 0.994



Table 2 (continued)

Nuclide Half-life Energy (kev) Fractional
60 1173.2 1.000
Co 5.27y 1332.5 1.000
56 158. 4 0.988
N1 6.10 d 811.9 0.860
>y 36.10 h 1377.6 0.779

COUNTS
3
T

10

800 1000 1200 1400
ENERGY (keV)

Pig.1. Portion of a gamma-ray spectrum of a copper
target recorded 1.5 day after proton irradiation.
Nuclidic assignments of identified gamma-rays
are indicated.

—

120 ions with copper. They have found that the secondary contridbutions
to cross sections measured using two targets of total thickness 154
mg/cm2 and 1158 mg/cm2 differ by factor that ranges from no contribu~
tion to 23% with the proton projectiles witn an average secondary cor-
rection of 1.3% per 100 mg/cmz. Porile et al./10/ have reported a se-
condary contribution of 2.5-2.8% per 100 mg/cm2 for thé reaction of

25 eV '2C ions with silver. :

The weighted average value of the thick/thin Cu-targets [see
Table 1) activity ratios for products between A=24 and A=52 was found
to be 1.04:0.03 and J.O}io.oz for deuteron and proton irradiation,
respectively. For products with A% 54 the secondary reaction contridbu-
tions were found to be substantially larger. The maximum ratio obtai-
ned for A=55 is 1.2420.12 and 1.29%0.13, respectively.

3.2. Monitor reactions

The central aluminium foils (NO.ZJ in both target stacks were
uged as monitors of the beam flux by means of the 27A1[p.3pﬁ)24Na and
27A1@i.3p2n)24Na reactions, respectively. The 27A1(p,3pn324Na and
27A1(d,3p2n)24Na cross sections were determined on the basis of 24Na
induced activities in these folls measured as described above, The
data have been algo treated in the same manner. The weighted average
cross sections corrected for the secondary effect (a 2% correction
was applied for the production of 24Na by secondary particles) were
found to be 8.6%0.9 mb and 14.8%1.5 mb for 27A1(p,3pn)2*Na at 8.15
GeV and 27a1 @.,3p2n) 24Na at 7.3 GeV, respectively.

3.3. Spallation reactions

The cross sections are listed in Table 3. For a nuclide emitting
more than one assayed gamma-ray (see Table 2). the weighted average
cross section is reported. An individugl crogs section ig determined
from counts in a series of gamma-ray measurements., The uncertainty
of an individual cross section is based on ocur estimates of uncer-
tainties from counting statistics, detector efficiencies, target
thicknesses and so on. A systematic uncertainty of about 10% resulting
from the beam flux monitor is not included in the tabulated values.

In the type of yield of Table 3, symbol I represents an indepen-
dent yield. The cumulative yields ¢t and ¢~ represent the integrated
isobaric cross section of neutron-deficient and neutron-excessive pre-
cursors, respectively.



Table 3

Cross sections for the production of radionuclides in the interaction
of copper with 9 GeV/c protons and deuterons

Nuclide Type of yield Protons Deuterons
6 (v) 6'(m)
24Na ¢ 3.3620.31 21.14%1.82
28yg c” 0.87%0.11 2.09%0.36
42y 1 3.02%0.85 10.62%1.98
43¢ ¢ 1.95%0.22 2.38%0.27
43s¢ ct 2.53%0.37 4.27%0.65
4o 1 3.97%0.22 5.31%0.70
44mgq 1 5.44%0.20 7.22%0,81
465, I 6.22%0. 21 9.56%0.83
475¢ I 2.07%0.17 3.13%0.25
485¢ I 0.60%0.09 1.08%0.17
48y ct 13.1120.37 12.73%0. 41
48cp 1 0.33%0.06 0.59%0.09
Sler 1 18.02%1.38 30.05%2.57
52y 1 5.78%0.29 8.84%0.61
54Mn 1 13.36%0.56 21.38%1.39
56mn o 3.05%0.31 7.42%0.88
52pe I 0.16%0.04 0.36%0.09
29pe c 1.23%0.22 2.37%0. 44
%5¢o ct 0.75%0.16 1.17%0.20
%6co c*. 7.12%0.30 5.93%0.22
5Tco , c* 17.72%1.64 21.34%2.07
8¢, 1 23.5320.77 28.50%4.04
60¢, 1 10.12%0.53 14.68%1.19
56yg I 0.13%0.04 0.18%0.06
5Ny 1 0.61%0.11 1.0620.17

3.4. Parametrization of nuclidic cross sections

According to the previous treatments’{"z’”"/
metrized the spallation cross sections (52 (A,Z) as a function of a
preduct of mass A and atomic number Z as

6 (7)) = E@Wexe{cl-z,()%} - 10

, we have also para-

In this parametrization 6(A)determines the distribution of 1sobarj.e
yields (mass-yield curve), and the function of exp{e (z-2 '(A)) } re-
presents. the charge-dispersion curve. The normalized charge-dispersion
distridution is assumed to be independent of A when measured relative
to the referenee atomic number Z_{A) at each A. Por spallation, it is
convenient to conmsider pré) to be the position of a maximum yield at
the mass number.

We have adopted the approach of Cumming et a1.”5/ ana fitted owr
data with polynomial expansions 1n A of varying order. The best fit
was ebtained with the 6-parameter equation

6 (A.2) = exp{xX, +00,A +063A2 +0(4{Z-zp)2}, ),
@

2
zp = d5A + OGA” .

It should be noted that the first three parameters C(1 -O(3 determine
the shape of the mass-yield distridution, O(,‘4 the width of the charge-
dispersion curve, which is symmetric about the most probable charge

A j(A), and the parameters d and O in 2, the shape of the charge-
dispersion curve. Eq. (2) was Iitted to the experlmental data (indepen-
dent yields only) over a range of 42ZLA %60, The results of the para-
metrization are summarized im Table 4 in which the values of oC, xs
obtained for both the deuteron and proton experiments are tabulated.
The appropriate reduced chi-square values .Xy ‘aré also reported.

In order to obtain the charge-dispersion curves, we have calcu-
lated the fractional isobaric yields ¥, exp and F,.,.» which are, res-
pectively, the experimental and calculated cross sections 6’@ Z) re-
lated to6(A). The isobaric yields 6(a) are defined as

£ ]

60 - ™ 6wy . )
=4nin

where the values of Zmin and Zmax are O and 30, respectively, because

the atomic number Z of spallation products from the interaction of



Table 4

Parameters obtained from the fit of Eq.(z) to the cross sections of
independent yields from the spallation of copper by 9 GeV/c protons
and deuterons '

Parameter Protons Deuterons
& 2.06%1.08 2.59%1.23
oy -(1.80%3.32)x 1072 - (3.15%4.07)x 1072
o5 - (4.54%3.19)x 1074 (7.3315.91):: 1074
oy . - 1.1520.13 - 1.21%0.19
olg (4.90%0.03)x 10™"  (4.9126.05)x 107"
K - (3.38%0.44)x 107 _(3.97%0.65)x 10'4

= 2.918

2 2
jv 2.145 X5

- —-————-——- e - - ——— - — == ———— -

290u(p X) and 29Cu(d X) should be less than or equal to 30. When
replacing the sum of Eq. (3) by the integral between + 00 and -oo0 ,
the’ analytically calculated isobaric yields

lnar(4) = expfty + +0%A2}f exvfel (2, Rhar (4)

and the appropriate analytically calculated fractional yields

Foian (A z-zp) -‘/g. exp{c(4 (z-zp)2 } )

can be determined. Including parameters 0(4 from Table 4, we obtain

0.605 exp{o(4(z-zp)2} for ,gCu(p,X)

Fanach'Z'ZP)a (6
0.620 expiw, (z-2,)%} for, 290 (@,x)

respectively. The fractional 1sobaric yields/107

aual(A’Z z )

(A,z-z ) (™)

'g (A,z-zp)= exp[A %- ZID

calc

are ihdependent of mass number, and all the values of F lie on:-a
single charge-dispersion curve.

R g

- e -

Pig.2. Charge-dispersion 1.0
curves for products over

a mass range of 425 A5 60
from the spallation of Cu
by 9 GeV/c protons and 9
GeV/c deuterons. The lower
curve and open points are
for protons; the upper cur-
ve and filled points are
for deuterons. The curves
are displaced vertically
by a factor of 10 for dis-
play purposes.
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The charge-dispersion curves for the spallation of Cu by 9 GeV/c

‘protons and deuterons, respectively, are displayed in Pig.2. Similari=

ties between their shapes are implicit“ © when comparing the 065
and O, fitting parameter values (see Table 4). .

The charge-dispersion parameters ocg and 0(6 obtained from the
analysis of -the present proton data are compared with those deduced
for the spallation of copper by 3.9 Gev/s/ and 28.0 Gev/e/

protons
in Table 5. The parameters deduced by Porile et al./1o/

and Tominaka

et-al. 113/ for the spallation of silver and niobium, respectively, by

high-energy protons are also included. A good agreement of all chargea

dispersion parameters is evident. From this agreement it can be con-

cluded that products from the spallation of copper, niobium and silvqr

by protons at GeV energies have very similar charge-dispersions.

The mass-yield distributions of spallation products over a range

of 42= A & 60 from the p+ Cu and @ + Cu reactions at 9 GeV/c are

shown in Pig.3. The points are the experimental cross sections corree-

ted for the unmeasured portion of the isobaric yield by means of Eq.

(2). The curves are the cross sectioms calculated By Eq.(4).The error
bars imcorporate a 20% uncertainty in the unmeasured comtributions to

the iscbaric yields.
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Pig.3. Mass-yield curves for products In a mass region of 4254560
from the spallation of Cu by 9 GeV/c protons and deuterons.
The points are the sums of experimentally determined yields
with estimates of midsing yields from the fitting procedure

described in the text,

Tadle 5

Ref, Reactian snergy
SymnlBBr5/  p o+ cu 3.9 GeV
this work p + Cu 8.15GeV
Simningre/  p+cu 28.0 GeV
3:“:'1'?“/13/ P+ Kb 12.0 GeV
Porfile/10/ p+ Az 300.0 GeV

10

0(6 in I? with other data

o o

0. 457%0.002

0.490%0.003  -(3.38%0.44)x 107¢
0.485%0. 002

0.48820.004 -~ (4.11%0.50)x 10°%

0.481%0.000 - (2.92%0.03)x 1074

3.5. Test of limiting fragmentation and factorigzation

The concepts of limiting fragmentation and factorization have
been developad/14'15 for the interpretation of the reaction induced
by high-energy particles and nuclei. It was suggested that the crous
sections of products which could be identified as fragments of the
target (or projectile) are independent of energy for beam energies
greater than 1-2 AGeV. Moreover, single particle inclusive spectra
of target (or projectile) fragments were predicted to depend on the
nature of projectile (or target) via the total reaction cross section.
Consider a single particle inclusive reaction

P+T—=>F+X , (&)

in which projectile particle P interacts with target T to produce
fragment F, and X represents anything else. Following the hypothesis
of factorization, the cross section for the product of target frag-
mentation (i.e. the product of spallation) F can be factorized to

GT?P = Gm{? ’ )

where ’XP is dependent only on the projectile. To compare the present
experimental data for deuterons to protons, we can write

G’F(d+0u)/ G'I(IN'C“) = /Yd/ Yp = ,Y * (10)

In this equation the ratio 'Yd/Y is defined as a relative projecti-
le factor 'X'. If the factorization hypothesis is valid, this factor
should be equal to that of the total reaction cross sections 6’ (d+Cu)/
6' (p+Cu) /10, 16/

The total reaction cross section G’R for the spallation process
can be obtained from the parametrized values of & (A) (see Egs.(3)
and (4)) by appropriate summation of the isobaric yields. Our summa-
tion was performed from A=25 to A=60 because lighter products were
assumed to have heavier partners and thus to have already been calcu-
latedo The results are € (d+Cu) = 935 mb and © (p+Cu) = 560 mb.
The experimental ratios oi’ the d+Cu and p+Cu spallation cross sections
(see Table I) give an average value of 1.68%0,26 for 23 measured ra-
‘dionuclides from 42}( to 6000, which is consistent with the relative
projectile factor ’X’ = 1.67. Another evidence for the factorization
follows from the comparison of 'X‘ with the ratio of the total cross

11



sections of monitoring reactions 27A1@i,3p2n)24Na and 27A1(p,3pn)24xa
(see sect.3.2) which 1s 1.72%0.36.

In order to test the concept of limiting fragmentation, we compa-
re our proton results at 8.15 GeV with previous data/s'e/ at 3.9 GeV
and 28 GeV, respectively. The ratios 8’8.15/ 6’3.9 and %.15/ 628.0
of measured 25 cross sections (Table 6) fluctuate about unity. The
average values of the ratios are

(6’8_15/6'3.9» 1.05%0.14  ana (6 /6,5 )= 1.23%0.15
respectively.

Table -6

Comparison of p+Cu cross sections at 8.15 GeV with previous data at
3.9 Gev/%/ and 28.0 Gev

L Jwersde 8157859 Ceas/Cas0 o
245a 0.91%0.06 0.93%0.04
28y, 1.91%0.11 1.98%0,11
42y 0.84%0.09 1.02%0.07
43 0.69%0.07 0.92%0.05
4356 0.61%0.08 0.85%0.10

44mge 1.04%0.06 1.27%0.09
445c 0.90%0.07 1.18%0.06
46, 0.98%0.06 1.20%0.05
475¢ 0.87%0.09 1.10%0.08
485¢ 0.92%0.18 1.20%0.22
48y 1.44%0.13 1.70%0.14
480, 1.06%0.22 1.38%0.27
S1cr, 0.94%0.05 1.22%0.04
ginn 0.95%0.04 1.25%0.06

Mn 0.97%0.03 1.15%0.05
56w, 1.18%0.15 1.45%0.17
EEN 0.89%0.33 1.60%0.50
59pe 0.92%0.34 1.05%0.19
56y4 0.93%0.81 0.72%0.71
5Try 0.92%0.26 . 1.33%0.26
55¢o 0.77%0.17 0.93%0.18
5604 1.25%0.07 1.59%0.04
57¢o 1.05%0.04 1.25%0.05
98¢0 1.14%0.03 1.33%0.03
6Qgo 1.21%0.07 1.28%0.10
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4. CONCLUSIONS

The spallation of copper by high-energy protons and deuterons has
been investigated by the technique of gamma-ray Ge(Li) spectrometry.
It was experimentally verified that the distribution of spallation
products in both interactions was well characterized by the charge-
dispersion and mass-yield curves derived from the general 6-parameter
equation.

The principal result of our spallation experiments is the remar-
kable similarity of the mass-yield and charge-dispersioh .curves for
both projectiles. In addition, no substantial difference in the shapes
of the charge-dispersion curves for products from the spallation of
copper, niobium and silver by high-energy protons was found. The evi-
dence for factorization and limiting fragmentation has also been de-
monstrated.

We wish to acknowledge with thanks the cooperation of Yu.A.Pane-
bratsev, A.N.Khrenov,\V.G.Perevozchikov and other members of the Dubna
synchrophasotron staff, Without their help the present work would not
have been possible.
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Koama I1., Knuman f. E1-86-606

OparmenTauma aaep Muillens Cu NpoTOHaMH U AedTpPOHaMMU
¢ umnysscom 9 I'aBjc

B pabore npuBegeHbI pe3ynbTaThl UCCIENOBaHUA Hpouecca $parmex-
TaiMu Axep muutedy Cu MpoToHaMHU U gedTpoHamu ¢ umnynabscom 9 IM'aBfc.
CeyeHnuss 00pa30BaHMA pDAfMOHYKIHIOB B [OHANA30HE MaCCOBBIX YMCesn
24 £ A £ 60 ompeneneHsl 0 U3MEPEHHI0 TaMMa JIyueil C HCMOJIL3OBAHHEM
Ge(Li)-cnextpomerpa. Teoperuueckuii aHamH3 MOJNYYEHHBIX pe3yJbTa-
TOB NMPOBOMWICA Ha OCHOBe B-mapaMeTrpuyeckoil  ¢opmynasl, KoTopast
onpenensier 3apsAAOBbIE M MaccOBble pacOpelieleHHs o0pa3oBaBIIMXCA
Agep. Hacrosupe pesynbTaThl, HONYyYeHHble Ha MPOTOHAX, CPABHHBAaeM
C pe3yNbTaTaMH paHbllie CAeTaHHbIX SKCII€pHMEHTOB.

Pa6ota BrinonHeHa B JlaGoparopun Beicokux 3Hepruit OMAN.

ITpenpunt OGLenyuHEHHOro MHCTUTYTa SMEpHbIX HccaeqopaHwii. yGHa 1986

Kozma P., Kliman J. E1-86-606

Spallation of Copper by 9 GeV/c Protons and Deuterons

The spallation of copper by 9 GeV/c protons and deuterons has been
studied. Cross sections for the production of radionuclides with 24 <A <
S 60 were determined from direct gamma-ray counting of irradiated targets
with a Ge(Li)-spectrometer. The results were parametrized in terms of
a 6-parameter equation which reproduces the measured charge-dispersion
and mass-yield distributions. The proton results are compared with pre-
vious investigations.

The investigation has been performed at the Laboratory of High
Energies, JINR.
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