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1. INTRODUCTION 

The interactian af high-energy particles with camplex nuclei has 
been the subject af many experimental studies in rp~pnt years. It has 
been observe4 a number of processes fram which perlpheral collisions 
such as the projectile fragmentation and spallation af target nuclei 
have been lnvestigated extensively. Whereas the projectile fragmenta
tion has been examined via kinematical praperties of 24 Na and 28Mg 
fragments fram several target nuclei/1- 3J , the spallation af t~rget 
nuclel has been investigated fram the Z and A distributian af residual 
nuclei resultlng fram the interaction. Mast af previous experimental 
studiea of this type were perfarmed on copper/4- 6/ and silver/7 10/ 

targets. 
The spallatian of copper by hlgh-energy particles is alsc the 

subject af this paper. We report here an the distribution of residual 
nuclei resulting from the interaction of copper with 9 GeV/c deuterons 

(Td • 7.3 GeV) and 9 GeV/c protons (Tp • 8.15 GeV). Our chaice of 
9 GeV/c pratons and deuterons.was simply motivated by their avallabi
11ty at the Dubrta synchraphasotran. While praton data can be compared 
with preYloue results/ 5•6/ , the spallation of capper with deuterons 
at GeV energies has not been reported up ta novo The purpose of our 
etudy was ta gain new experimental infarmatian and, by comparlson with 

--i results obtained earlier by other authors. ta contribute to the study 
..:,.f of nuclear reactions lnduced by high-energy particles • 

2. :KXPERlMENTS 

Twa target staeks cantalnlng Cu, Al and Mylar foila were lrradi
ated with 9 ~ev/c protons and 9 GeV/c deuterans in an external beam 
or the Dubna synchrophaaatron. The target discs were 3.8 em in diame
ter and their thicknessea vere aa 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 t~ achieve rv1013 

··i 
total flux particles in both experimenta. 
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Table 1 

Propertles of the target staeka
-----------------------------------------------2---------------------

Foll fila terial Thickn.eS8 ~gjcm). ThickneS8 (mgjcm2) 
__________ .. !~~_E~~~~!: __ ~~~ !~~_ ~~~~~ ~~ !! _~~~~ 

1 AI 5.8 6.2
 
2 AI 20.3 19.8
 

3 AI 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. , 82.2
 
10 My 17.5 17.2
 
11 My 17.3 17.2
 

After lrradiations, the target stacks were disassembled, and the 
individual foila were directly assayed with Ge(L~ gamma-ray spectro
meters. High-resolution Ge(Li) detectors of 30 cm3 and 50 em3 (ORTEe) 
were callbrated wlth mlxed radionuclide gamma-ray standards. Series 
of separate measurements under identieal geometry cond í tiona were per
formed ran~ing in duration from 15 minutes to 12 houra. A portlon of 
a typlcal ga.ma-ray spectrum, obtained 1.5 day after proton irradi
ations, ia shown in Fig.'. The spectra were analyzed with computer 
programs which subtractéd the background under the peaks and fitted 
the Gau8sian peaks to the data paints. Nuclidic ass~gnments were made 
on the pasia of gamma-ray energies, half-lives and fractional abundan
ees taken from Gamma-Ray Catalog/11/ . Pertinent decay characteristics 
af radionuc1ides carefully identified in bath investigations are 1i8
ted in Tab1e 2. 

3. RESULTS 

3.1. Secondary effects 

The ~ontribution of sevondary particle induced reactlons to the 
meaaured crose sections can be estimated from the ratio of activitiea 
slmultaneously meaa~red with the thin and thick Cu-targets. Cumming 
et a11/6/ have previously reported the secondary reaction contrlbuti 
one to the produets from the reaction of 28 GeV protons and 25 GeV 

2 

Table 2 

Decay propertiea of observed nuclides 

Nuclide Half-life Energy (kpV) Fractional , abundance 

24Na , 5.02 h 1368.5 1.000 

1.00028Mg 20.90 h 1778.8 

42K 12.36 h 1524.6 0.183 

372.8 0.87943K 22.30 h 617.5 0.783 

43Sc 3.89 h 372.8 0.220 

44Sc 3.93 h 1157.0 0.999 
271.2 0.77844mSc 2.44 d 1157.0 0.999 

889.2 1.00046Sc 83.80 d 1120.5 1.000 

47Sc 3.34 d 159.4 0.680 
1.000983.548Sc 43.70 h 0.975'037.5 

983.5 1.00048V 15.97 d 1312.1 . 0.975 

112.5 0.95048Cr 22.96 h 308.3 1.000 

51C 320.1 0.098 r 27.70 d 

744.2 0.900 
0.94552Mn 5.59 d 935.5 
1.0001434.1 

54M 834.8 1.000 n 312.50 d 

0.98956Mn 2.58 h 846.8 
, .000


52Fe 8.27 h 0.990
 
168.7 

143.4.1 
1099.3 0.565 

59}'e 44.50 d 0.4321291.8 

0.20355Co 17.54 h 477.2 
0.705931.5 
, .000


56Co 78.80 d 0.670
 
846.8 

1238.8 
0.856


5700 271.81 d 0.106

122.1 
136.5 

58Co 70.92 d 810.8 0.994 

-----~------------------------------------------------
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Table 2	 (continued) 
----~---------------------------------_.--------------

Nuclid"e Half-li.fe Energy (keV) Fractional 
-----------------------------------------------------~~~~~~~~~-------

60Co	 1173.2 1.0005.27 y 
1332.5 1.000
 

56Ni 158.4 0.988
6.10 d 811. 9 0.860 
57Ni 36. , O h 1377.6 0.77.9 

o o 
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Fig.1.	 Portion of a gamma-ray apectrum of a copper 
target recorded 1.5 day after proton irradiation. 
Nuclidic assignments of identified gamma-rays 
are indicated. 
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12C ions with copper. They have found that the secondary contributions 
to crose sections measured using two targets of to ta] thickness 154
 

2
mg/cm and 1158 mg/cm2 differ by factor that ran~ea trom no contribu
tion to 23~ with the proton projectiles wltn hn average second~ry cor
rection of 1.3% per 100 mg/cm2• Porile et al./10/ have reported a se
condery contribution of 2.5-2.8% per 100 mg/cm2 for thé reaction of 
25 GeV 12C ions ~ith silver. 

The weighted everage 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 "1.03~0.02 for deuteron and proton irradiation, 
respectively. For products with A~54 the secondary reaction contribu
tions were found to be substantially larger. The maximum rati~ obtai
ned for A-55 ia 1.24~0.12 and '.29:!:0.13, respectively. 

3.2. Monitor reactions 

The central aluminium fo11a (No. 2) in both target stacks were 
used as moni tora of the beam flux by means of the 27AI (p,3pn) 24Na and 
27Al (d, 3p2n) 24Na reactions, reepectively. The 27AI (p, 3pn) 24Na and 
27AI (d, 3p2n) 24Na cross sections were determined on the basis of 24Na 
induced activi t e's in these fo11s measured as descr ibed above , Theí 

data have been alsD treated in the eame manner. The weighted average 
cross sectione corrected for the secondary effect (a 2% correction 
wae applied for the production of 24Na by secondary particles) were 
found to be 8.6!0.9 mb and 14.8!'.5 mb for 27Al (p,3pn) 24Na at 8.15 
GeVand 27AI (d,3p2n) 24Na at 7.3 GeV, respectively. 

3.3. Spallation reactione 

The cross eections are listed in Table 3. For a nuclide emitting 
more than one assayed gamma-ray (see Table 2), the weighted average 
cross section ie reported. An individu~l crose section ia determined 
from counta in a aeries of gamma-ray measurementa. The uncertainty 
of an individual .cross section is based on our eatimatea of uncer
taintiea from counting statiatics, detector efficiencies, target 
thicknessea and so on. A systematic uncertainty of about 1~ resulting 
from the beam flux monitor ,is not included in the tabulated values. 

In the type of yield of Table 3, symbol I representa an indepen
dent yield. The cumulative yields C+ and C- represent the integrated 
isobaric cross section of neutron-deficient and neutron-exceasiTe pre
cursore, respect1vely. 
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---------------------------------------------------------------------

Table 3 

Crcss sections for the produetion of radionuelldes in the interaetion 
or copper with 9 GeV{c protons and deuterons 

--------------------------~-----------------------------------------

Nuclide Type of yleld ProtonEl Deuterons
 
6"(mb) 6(mb)
 

24Na c- 3.36!0.}1 

28Mg C- o.87!O. 11 

42K I 3.02!0.85 

43K C- 1.~5!0.22 

43Sc C+ 2.53!O.37 

44Se I 3.97!0.22 

44
mSc I 5.44!0.20 

46Sc I 6.22!0.21 

47Se I 2.07!0.17 

48Sc I 0.60!0.09 

48V C+ 13.11!0.37 

48Cr I 0.33!0.06 

p1 Cr I t8.02!1.38 

52Mn I 5.78!O.29 

54Mn I 13.}6!0.56 
6M5 n C- 3.05!O.31 

52pe I 0.16!O.04 

59~e C- 1.23!0.22 

55Co C+ 0.7~!0.16 
6C5 o C+· 7.12!0.30 

~7Co C+ 17.72!1.64 

58Co I 23.53!0.77 

60Co I 10.12!0.53 
'56 +Ni I 0.13-0.04 

-----~2~!------------_! 2~~!~2~!! 
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21.14~1.82 

2. 09!O. 36 

10.62!1.98 

2.38!0.27 

4.27!0.65 

5.31!O.70 

7.22!0.81 

9.56!0.83 

3.13!0.25 

1.08~0.11 

12.73!0.41 

0.59!0.09 

30.05!2.57 

8.84!0.61 

21.38!1.39 

7.42!0.88 

0.36!0.09 

2.37!0.44 

1.17!0.20 

5.93!0.22 

21.34!2.07 

28.50!1.04 

14.68=1.19 
+ 60.18-0.0 

!~º§;~~!1 _ 

3.4. Pa~metrization of nuclidic crass sections 

According to the preYious treatment./ 11 2 , 'H / , ",e have also para

nretrized the spallation czoas .sec'tlane f) (A.Z) as a functlon of a 
I' product of mass A and ato.te number Z as 

ô' (A, z) • b (A) exp{c (Z-~p(An 2} _. ~1) 

In thie parametrization Õ(A) deteI'lJlines the distribution of ieobaric 
yields (rnaBB-y~eld curve), and the function 'Of exp{c fz-zp{A)l2} re-
presente. the charge-dispersion cu~ye. ~e normalized ch~rge-d~spersion 

distribution is assumed to be independent of A "'hen measurea relative 
to tbe referenee atomic number Zp(A) at eaen A. l'or spallation, it ia 
convenlent to coneider Zp(~) 10 be t"he position ot: -a maximum yield at 
the mass number. 

We have adopted the approaeh of ~umrning et al. f5/ and ritted o-r 
data with polynomial expansions ln A Df -warying order. The best flt 
",as obtalned w1th the 6..paramet-er equa tion 

6' (A.Z) .XP{~1 +cllA + OC,A2 
+ «4{Z_Zp)2} t 

(2) 
Zp ci.5A + ~A2 • 

"It shouâd be noted ~hat tbe firet three ]>araae-ter.s<:X, -oC:~ -deteftllne 
the abape or the mass-yield distr1b~tl0•• 0(4 the width of the charge
dispersion 'Curve, which issymme'tric about the most probable charge 
Zp{A) , and theparametere aS and «6 in Zp the shape of tbe char~e
disperalon curve-, Eq. (2) ",as l'itted to the experimental data (inde-pen
dent yields only) oyer a range of 42~A~ 60. The reeul te of the para
metrisation are summarized in Table 4 in --whieh the yalues ofOC -.-t

1 6 
obtained for both the deuteroD andprotoD experimente are tabulated. 
The appr-opr-Late reduced chi-square yaiues .1~ 'aré also reported. 

In order to obtain the char~e-dispersl'On curves. ",e haye calcu
lated the fractional isobar1c yield8 ~exp and ",bich are, reeFca l c ' 
pectiyely, the experimental and calculated cross sections Õ(A.Z) re
lated to 6'fA). The isobaric yields Õ(AJ are dcelined ae 

z·Z 
z:6' (A) ~max 6(A.ZJ ' (3) 

mill 
where the values -of Zmin and Zmax are O ~nd 30. respectively, because 
the atomic number Z of epallation products from the 1nteracti~n .o~ 
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Table 4 
Fig.2. Charge-dispersion 

Parametera obta~ned from the fit oi Eq.(2) to the cross sections of curves for products over 
independent yíelds from the spallation of copper by 9 GeV/c .protons a mass range of 42:i A~ 60 

oand deuteroris	 from the apallation of Cu ---.J 
UJ

by 9 GeV/c protone and 9 
Parameter Protons Deuterons )'~	 >

GeV/c deuterona. The lower 
u.~ curve and open points are ~ 

2.06:!:1.08 2.59:!:1.230(.1 for protona: the upper cur- ~ 
()(; 2'	 - (1.80:!:3.32)X 10-2 - (:3 •15:!:4. 07)x 1p-2 

,.	 
ve and filled p01nts are ~ 

(4.54:!:3.19)x 10-4 (7. 33:!:5.91) x 10-4
OC3 for deuterone. The curves 

- 1.15:!:0.13 - 1.21:!:0.19	 ---.J<>'4 are diaplaeed vertically «+') 1(4. 90:!:0.03) x 10-,1 (4.91-0.05 x 10-	 zd 5	 by a factor o:C 10 :Cor dis o( + ) -40<.6 - 3.38-0.44 x 10 . - (3. 97:!:0. 65) x 10-4	 
i=play parposes. 
~ 
o::: 

~~ = 2.~45 J[~ .. 2.918 u,~2	 2 
o 

56Ni 
--~----------_.---------------------------------------

29cu(P,X) and 29cu(d,X) should be less than or equal to 30. When 
0.001' . '" I I

replacing the sum of Bq , (3) by the integral between + 00 and - 00 , 
-2 -1 o 2the*analytically calculated isobaric yields

+00 2p-Z 
6;nal (A) .. exp {OC1 + tX2A + ~A2}JeXP{cX4 ~z-Zp)~dZ ( 4) 

-<>O ~e charge-dispersion curves for the spallation of Cu by 9 GeV/c 
'protons and deuterona, respectively, are displayed in Fi8.2. Similarl~and the appropriate analytically calculated fracti~nal yields 
ties between thcir shape s are implicit,. ' when compar-Lng the «'5 
and 0(6 fitting parameter values (see Table 4).Paml1 (A. ~-Zp).t~. eXP{ci4 (Z_Zp;2 } (5) 

The charge-dispersion parameters cC~ and D(6 obtained from the 
analysis of ~he preeent proton data are compared with those deduced 
for the spallation of copper by 3.9 GeV/5/ and 28.0 GeV/6/ protons 
in Table 5. The parameters deduced by Porile et al./10/ and Tominaka 

, ' {0.605 eXP{«4(Z-Zp)2} for 29cu(P'x)	 ~t'al./.13/ for the spallation of silver and niobium, reapectively, by 
high-energy protons are, also i~cluded: A good agreement of alI char-ge-: 

can be determined. Ippluding parameterB 0(4 from Table 4, we obtain 

Fa nal (A,Z-Zp)" .' (6)	 v ']
dispersion parametera i6 evident. From this agreement it can be con

. o. 620 eXP{~4 (Z-ZpJ 2} tor, 29~~ (d, xJ cluded that products from the spallation of copper, niobium and ~ilver 
( by protone at GeV energies have very similar charge-dispereions.

respectively~ The fractional isobaric yields/ 101 dI\ The mass-yield distr1butions of epallation producte over a range 

Il'~na'l (A, Z:Z)J . . of 42 :; A ~ 60 from the p + Cu and d + Cu reactfons at 9 GeV/c are 
~ (A,Z-ZpJ= Fexp(A,Z-Zp1 p (7) \. shown in Fig.3. The pointa are the experimental cross sectiona corree

. FcalcCA,Z-Zp)	 i 
I ted for the unmeasured portioo of the isobaric ~ield by meaas of Eq. 

are ihdependent of maas number, and ~ll the valuea of F lie on·a (2). The curves are the cross sectioms calculated by Eq.(4).The error 

single charge-dispersion curve. bars iacorporate a 20% uncertainty in the unmeasured contributione to 
the isobaric yields. 

t 
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wlth ..tiaateso~ ml~alng yields from the fltting procedure 
~escrlbed in the texto 

Table 5 

COlIlparlsoD of the para.eters '((5 and. «6 lnS -w1th other data 
---~----------------------------~------------p------------------------

-Ref. Reaction .Energy oc 5 D(.6 

Cumming'51
et -aI. p + Cu 3.9 GeV o.457~O. 002 

thls work p + Cu 8.15GeV 0.4-90:!:0.O03 - -(3. 3S:f0. 44) x '0-4 

Cummlng/6/et alo p + Cu 2S.0 GeV O.485:!:O. 002 

TOllinaka/nl
et aI. p + n 12.0 .-GeV 0.4BS!0.004 - (4. ":!:O. 5Ü)x 10-4 

porne/10/ ,"
p + Ag	 '+ 4et aI.	 300.0 GeV o.481:!:0.000 - (2.92-0.03)x to

------------------------------------------------------ ------ --- ---- -~- i 
l .. 

lO 

3.5. Teat of Ilmlt1ng fragmentation and factorization 

The conoepte of lim1tlng fragmentation and factorization have 
been developcd!14,15/ for the lnterpretation of the reac~ion induced 
by high-energy partlcles and nuclei. It was auggested that the crn8a 
sections of products whlch could be ldentified 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 crosa aection. 
Coneider a single part1~le inclusive reaction 

P+T~F~X	 (S) 

in whlch projectile particle P interacts with target l' to produce 
fragment F. and X repreaenta anyth1ng else. Following the hypotheaie 
of facto~izatfon, th~ croae aection for the product of target frag
mentation (i.e. the product of spallation) F can be factorized to 

6' r 6' F "" T,P" T dp·	 (9) 

where 1fp ia dependent only on the projectile. To compare the present 
experimental data for deuterona to protons, we can write 

6'It (d+Cu)I 6" (p+cu} - 1dI rp .. r (10) 

In thls equatlon the ratlo '1 dI r p is defined as a relative projecti 
le factor ~. If the factor1zation hypotheaia is valid, this factor 
should be equal to that of the total reaction crose aectione €i (d+Cu) / 
V (p+Cu) /1-0,16/.

R
The total reaction cross eection ~R for the spallation procese 

can be obtained from the parametrlzed valuea of tí(A) (aee Eqe.(3) 
and (4)) by approprlate aummatlon of the isobaric yielda. Our 8umma
tion waaperformed from A-25 to A=60 becauee lighter product8 were 
asaumed to bave heavler partners and thus to have already been calcu
lated. The reaul te are 6"R(d+Cu) • 9}5 mb and ~R(p+Cu) ... 560 ab, 

The experimental rat10a of the d+Cu and p+Cu apallation cross sectione 
(aee Table 1) give an average value of 1.6S:!:0.26 for 2} meaaured ra
aionuclidee from 42K to 60co, which ia conaistent with the relative 
projectlle factor 1r · 1.67. Another evidence for the factorization 
followa from the compariaon of 1r wlth the ratio of the total croaa 

11 



I 
aections of mon1tor1ng reactions 27Al(d,3P2n)24Na and 27A1(p,3pn)24Ba
 
(aee Sect.3.2) which ls 1'.72:!0.36.
 I: 

4. CONCLUSIONSIn order to test the concept of limiting tragmentat10n, we compa_
 
re our proton resulta at 8.15 GeV with previous data/ 5,6/ at 3.9 GeV
 The spallntion of copper by high-energy protons and deuterons has 
and 28 GeV, respectively. The ratios 6"'8.15/6'3.9 and Õ8.15/G28.0 becn invcstigated by the technique of gamma-ray Ge (Li) spectrometry.
of measured 25	 cross sections (Table 6) t1uctuate about unity. The It was experimentally verified that the distribution of spallationfi I

I	 

·taverage values	 of the ratios are 
products in both interactions was well characterized by the charge

~ I: (Õe • 15/ ()3 . g) = 1.05:!0.14 and <~.15/ 028. o)'" 1. 23:!0. 15 I 
di8per8i~n and mass-yield curves derived from the general 6-parameter 

respectively. /io equation. 
The principal result of our spallation experiments~is the remar

Table ·6 
kable similarity of the mass-yield and charge-dispers,ioh ,curves for 
both projectiles. In addition, no substantial difference in the shapeeCompar1son of p+Cu cross sectlons at 8.15 GeV with previoua data at 

3.9 GeV/5/ and	 28.0 GeV/6/ of the charge-dispersion curves for products from the spallation of 
, 

copp~r, niobium and silver by high-energy protons was found. The eviI 
11

0 • 

___~~:::~~ ~ê~!2~~3.~ ~ê~!2~~~ê~Q _	 dence for tactorization and limiting fragmentàtion has also been de
monstrated.
 

24Na 0.91:!0.06 O.93:!0.04
 
28Mg 1.91!0.11 1.98!0.11
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42K	 0.84:!0.09 1.02!0.07 
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43K	 0.69!0.07 0.92!0.05 
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Ko3Ma n .• KnHMaH .H. 
fl>parMeHTaQHR H,II;ep MHWeHH Cu DpOTOHaMH H .u;efrrpoHaMH 
t: HMIJYJlbCOM 9 r3B/c 

El-86-606 

B pa60Te npaae,IJ;eHbi peaynhTaTbi accne.noaaHHH npouecca <PparMeH
TaUHH H,D;ep MHUleHH Cu DpOTOHaMH H .u;efrrpOHaMH C HMDyJlbCOM 9 r3B/c. 
CeqeHHH o6pa30BaHHH pa.nHoHyKnH,D;oa a .naana3oHe MacCOBblX qacen 
24 ~ A ~ 60 onpe.n;eneHbi no H3MepeHmo raMMa nyqeif c acnonh30BaHHeM 
Ge( Li )-cneKtpoMeTpa. TeopeTaqecKHH aHanH3 nonyqeHHbiX pe3YJtbTa
TOB npOBOJ];HJlC.R Ha OCHOBe 6-napaMeTpaqecKOH $opMyJlbl, KOTOpa.R 
onpe.u;en.ReT 3ap.R,II;OBbie H Maccoabie pacnpe.neneHH.R o6pa3oaaawaxc.R 
.RJJ:ep. HactO.RI.QHe pe3yJthTaTbi, nonyqeHHbie Ha npotoHax, cpaaHHBaeM 
C pe3yJibTaTaMH paHbWe C,IJ;eJlaHHbiX 3KCnepHMeHTOB. 

Pa6ota BhmonHeHa a Jia6oparopHH BbiCOKHX 3Hepraif OI1.HH. 

fipenpHHT 06J.e,nHHeHHOIO HHCTHTyY8 .~~,nepHbiX HCCJie,nOB8HHH. lly6Ha 1986 

Kozma P., Kliman J. El-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 ~ 
;;; 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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