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The present paper proceeds wrth our work on the study of srmple nuclear reactlons on complex nucler, in partlcular,
4

o of the mfluence of the target—nucleus structure upon them. The lSc 4 nucleus close by A and z to . Ca ,
20

b Py, S
= already studled by ourselves, was used as a target. The chosen target gave also the possrbrlrty of determrmng the

": relatrve yields of rsomers from the reactron ( p, pn ).

~.2 Experimental Procedure
" 2.1, The target and the conditions of irradiatlon -

The target was pressed in the form'of a rectangular tablet ( 15x 4x1mm 1) of scandrum oxide. The couclusron on
\ the proper degree of the target material purity was drawn basing on the fact that in the sca.ndxum fractlon separated
: lafter the irradiation no isotopes wrth mass numbers = > > 44 have been found. Those 1sotopes would be lnev:tably pro-
'du/ced in the presence of heavy admixtures. ' ' T
- Targets were m‘adlated in the internal proton beam of the Joint "luclear Research Institute synchrocyclotron durmg
15-20 mmutes. The thickness of the target along the beam was = 1mm, The variation of the mcrdent proton energy
“was. achxeved by suitable chorce of target radrus. The detennmahon of the proton beam mtensrty was made by the yxeld ,
of the reaction Al " (p, 3pn) Na % . o k .
' . The contrxbutrou of the reactxon (n, 20 ) ‘to the cross-sectior of the reactiin (p, pn) was neglected the earher

estrmates/ Yy being taken into consideration.

2.2 Chemical treatment of the target .

‘The ma]or mass of the rrradrated target was drssolved in the concentrated hydrochlonc acid saturated with gaseous‘
l-lCl 15 mg of the titanium carrier being present. In order to speed up the process of the complete target dissolution
 scandium and titanium chlondes and the undissolved fraction of the scandium oxide were transl'onned into sulfate by
: evaporatmg wrth concentrated H, SO . The sulfates Sc and '1{1, thus obtained, were easily dlssolved in hot water.
Scandmm and trtanmm hydro-oxides were precxpxtated from the solution by addmg NH , OH. The preclpltatxon washed
- was dissolved in hot concentrated HCI. A small amount of 30% H , 0 , was'added to the solution and Sc was extractedj ‘A
bY mb‘-‘"lPhOSphate /2, Then radiochemical purification of sca.ndlum and trtamum fractlons was made. ‘
The purification of the scandium fraction consisted of two operatlons- the precipitation of scandxum ftonde wrth
. the aid of Na SiF and the extraction of scandium by tributilphosphate from the concentrated solution of HCl in the
presence ofH,0, and some milligramms of titaniom as holdback camer. Frnally scandium was precxpltated in the

- hydroxxde form. On completing the measurements scandium hydroxide was heated and werghed in the Se, a, form.

The punficatron of titanium fraction consisted of three operations: the precipitation of titanium hydroxlde in the
k presence of thecomplexon {Il and iron ions; the scavengmg by the iron sulfide in the presence of tartaric acld the
; extractxon of tltamum cupferronate from IN HCI by chloroform Fmally titanium was precrpxtated in the hydroxxde form.

E,Onaccomplxshmg the measurements titanium hydroxide was heated and weighed in TiO; form.
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. 2.3. Measurements of actxvxty

The measurements of the sample actl\nty were performed w1th a scmtlllatmn y - spectrometer/l/ Radloactwe

- charactenstlcs of lsotopes /3, 4 5/ used in the calculation of the,cross-sec‘tmns of the reactions under study are pven ’
in Teble 1. ‘ ’ | |
Table 1‘..
~ Nucleus v‘Half-life .  Energy of the - Number qil K
" specific y ~ - . y-rays/decay
, : line (KeV) ~ -~ %

24 ‘ : -
N&y 15,0 h ‘ 1368 IQO
o™ 59 1160 100
sc48 3,9 h . 1160 . 100
7142 3,09h° 51T 100

The decay scheme of Sc 4 (o 'shown in Fig. 1, The law of changing with time 1

1260  » the intensity of the 1160

KeV . line, is as follows:

1116“’=-.(A°‘ —AO!’.__’{__’\_‘_A__ ) e—/\‘f+ A!on —_AL e-—-,\m'

. g ~ Nm )‘g" )‘m
where A° is the activity at the end of irradiation,
A is the decay constant,
t is the time passed from the end of irradiation, and the subscripts m and g refer to the isomeric -

and ground state of Sc ** respectively.

The eetivity A° =X K N' o w'here‘N 0 s the number of Se ““" nuclei produced for the time of irradia-
tlon, i.e. the value necessary for calcslatlng the cross-section. The actw1ty A° involves also the term takmg into
account the accumulanon of Se ““¢ from Sc** dunng madlatlon. However, in our case'this contribution can be
neglected. The error introduced info the cross-section under study o ‘1 is not laeger than 0.2%.

Thus, the measurements of I - provide all the necessary information for the determination’  of o and o, '
d m. :

1160
. CR . P ’ L . ‘
. As for the detection of annihilation radiation of Ti **" one may say that under the conditions of our measurements
positron annihilation occured mainly on the crystal surface and only one 511 KeV gamma-ray per decay should have

been registered. However, due to annihilatia in the surrounding shielding ete. this number was somewhat larger than

A unity and was determined eiperimentally with the Na 27 isotope, the decay scheme of which is well known,

3. Experimental Results

The values of the cross-sections of the reactions Sc 45 (p,pn) and Sc 4%  (p,n) in mb, the ratios of the cross-

.



: se_i:tions of Sc “*¢ and Sc**™ productions and the cross-sections of the monitor reaction/6/ in the energy range of
incident protons from 120 to 670 MeV are enlisted in Table 2. For the sake of comparison the cross-sections of the

o reactions (p, pn) and (p,n) on Ca 48 taken from ref 2% are also given in the s-ame Table.

Table 2
Ep ,MeV . X120 20Q 300 400 500 600 670
se*?(p,pn) 70,1 50,4 48,5 47,7 43,1 42,0 39,4
' . +I,8 £+I1,2 +1I,2 1,0+ I,0 + 0,7 + 0,7
45 :
s¢*’(p,n) 3,80 2,29 1,82 1,40 I,I4 1,07 0,83

sc448/5044M 2 19 2,21 2
+0,06 +0,03 +0,0I +0

ca*®(p,pn) 11842 106410 10644 10144 104+l 11048 1102

48 , - R
ca"(p,n) 7,8 4,7 4,1 3,6 3,9 2,2 2,6
' t 0,3 +1,2 0,3 40,1 +0,2 0,2 10,1

2 ‘
Al 7(p,3pq)' 10,2 9,1 11,0 11,3 11,1 11,0 10,9

The above values are average from three or four determinations, with standard errors. The total accuracy of the
cross-section determination is = . 10% according to our evaluation. In our estimation as well as in calculation of the
cross-sections .and standard erfors possible systematic errors due to the inaccuracy in the decay schemes and in the

cross-section of the monitor reaction were not taken into consideration,

It is worth noting that the evaluation of the accuracy of the determination of the isomeric cross-section ratio is

‘about 5% and depends, rﬁm’nly, upon the accuracy of the decay curve resolving,

4 Discussion of the Results

4.1. Excitation functions

As is seen from Table 2 and Fig. 2, the cross-sections of the reactions under study decrease monotonously with
increasing energy of the incideﬁt proton. The cross-section of the reaction (p,n) is reduced more sharply than that of
the reaction (p,pn). ’

_ The behaviour of the excitation functions of the reactions S¢ 43 {p,pn ) and Ca ‘s (p, pn ) differ from each other.
" In the case of Ca ** the cross-section of the reaction (p,pn) beginning from 200 MeV remains practically constant.

SR T T . 8 .
This difference appears to be due to apossible contribution of the reaction Ca ¢ (p, 2 ) to the value of the re@ction

>



1 \
{(p, pn )/ / The values of the (p, 2p) reacnou, judging by the published data’T» 8/ tend to increasing with i mcreasxng

incident proton energy, which may give rise to the constancy of o, probserved.
* »

4.2, The absoute values of o

First of all, one si:_ould note a considerable difference in the velues of theeross-sections'of the reactions'(p., pn)on
- nuclei close by A and Z ( see Table 2). This circumstance directly shows the strong influence of the target-nuclens
structure.. | ’ | ’ |
At present such reactions are supbosed to take place b;v'di;ect ieterectien of the incident‘}yareton w{th the nucleons
of the nuclear diffuse surface. 'Thie'assumption was' explicitely 'discu'ssed and treated exeeﬁmentally for the CeV inci-

H/g/ ./10, v/

. dent particle energy range by Benio and a number of other authors e. g,

. Avccording to our assﬁmptions/ v .
this mechanism becomes predominating even in the proton energ} range of the order of 200 MeV. Remsberg/1%/ has
drawn the analogous conclusxon. According to his evaluation at least 90% of the (pspn) reaction occurs by the direct -~

'knock-on mechamsm at E, = 370 MeV. Then the cross-section of the (p,pn) reaction should be proportional to the
number of neutrons the knockmg on of which from the nucleus does not give rise to excltanon exceeding the nucleon
binding energy. i :

Thus, for the.A(p, pui ) reaction those neutrons are available which are in'a shell whose distance below the topnloqt
occupied level is smaller than the bindingenergy of the least bound particle in the product nucleus, The least bound )
particle in the Sc ** nucleus is a neutron with the separation energyof 9.7 MeV/S/. According to the scheme of
nucleon energy levels in the nucleus whfchﬁwas calculeted by Ress et al. /13/, in the case of Sc¢*® neutrons sitﬁ-
ated on the levels 1 f?/: @, 14,4, 251/2(2) satlsfy this condition. In brackets is given the number of neutrons

on the appropriate level, Now if one makes use of the calculation scheme and parameters, quoted in ref. /9/ then for the

proton energy of 3 GeV the cross-section of the (p,pn) reaction is determm_ed by the expression

9, pon =3 VE;NM ,
where N is the number of neutrons on the given levels and M -is their fractional availability for the (p,pn ) reaction.
Summation is performed over all the available levels. The calculation gives the value of the Sc*’ {p,pn ) reaction

crosssection to be 39.5 mb. In our celculaﬁoh we used the value of M‘v for the half density radius’paran‘leter‘ ro= 1.07f.

Taking into consideratiop weak energy dependence pn one may say that the above evaluatio{n is in good
" agreement with our data. This confirms once more the assumption on the primary role of the mechanism of direct neut-
ron knock-on process in the energy region of thé order of a magnitude of hundreds MeV.Y v ,
Tn the case of Ca **-. the same‘-levells 1f7/2 (8), ld’/'z (4), ‘ 2s,,, (2) appear to-be available. ’vrh’exlincfe‘:
“ase of the nﬁmber’of available neutrons from 10 to 14 should give rise to the propbrtionalt increase of the cljos/stectieq
of the (p,pn-) xfeaction. As is seen from Table 2, the cross-section of the reaction Ca® (pspn ) ie larger fbu it
might be expected from the above considerations. However, this excees may be explained by the contribution of the
(p,2p) reaction. Thus, for . E =- 400 MeV the cmss-sectmn of the reaction Ca® (p,pn) should have been about

70 mb. With this proton energy-the cross-sections of the reaction 51 (p, ) and Zn ¢ (p, 2 ) are about 20mb/8/
Wbi]e in the teﬂﬂion Zr’ . (p.2p) it is about 40 mb/7/ The excess of the expenmeutal cross-section of the reactlon

Ca: ° (p,pn) over the expected one is about 30-35 mb, which agrees fairly well with the quoted cross-sections of

‘coefﬂulents M for Sc and 08 are praotiocally equal.
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the reaction (p, 20). We confined ourselves to the evaluatlon of the contributior of the reaction (¢ p, 2p) only at
400 MeV since at la.rger energies of incident protons there is no information on the cross-section of the reaction (p,2p)
while at lower energies the companson would not be 80 convmcmg due to the reduction of relatlve role of the dxrect

knock-en mechanism. o [ = ) Co

4.3. Comparison of thereactions (p,‘pn Yand (p,n)

~In our previous paper/l/it has been noted that the ratio Up /g' i strongly‘. dependent ‘upon the incident proton’
energy and practncally is 1ndependent of the number of nucleons in the target-nucleus. As is seen from Fig, 3, the
correspondlng ratios for S * agree well with the previous situation.

" However, if one takes into account that g~ °  forCa ® and Th ?*? . containsa noticeable contribution

ppt C. .
from the reaction.( p, 2p ) , then one should, evidently, divide all the available data into two groups which are

somewhat different by the value of theratio - ¢ =/ Opn . One group consists of Sc ,“ and Ga*’ nuclei,
‘ . Popnt g - . » .
and the other consists of Ca ** - , Y% ., Th?%2  with smaller values of ¢ /e . - «Such a difference
. ) ppn p,n | : )

av4

is due, most likely, to the fact that the previously made assumption’ ~* on the equal number of neutrons available for-
the reactions (p, pn Yand (p,n) is justifiable only in the first approximation. Tndeed, taking into account the contri-
~ bution of the reaction (p, 2P ), it can be seen from Table 2 that O pn fromSc ¥ to Ca 4 . changes con-
siderably sharper, than - o . This may be accounted for  the fact that a smaller number of neutrons is .
available for the reaction (p,n), narnely, only neutrons of the highest level completely or partially populated. It is

natural that in future this assumption should be checked experimentally.

4Mechanism of the reaction (p, n ).

. It is natural to think that the mechamsm of the reaction ( Py D )consxsts in scattermg at a large angle of the inci-

dent proton on the neutron of the target nucleus. The neutron leaves the nucleus carrylngaway alarger fraction of energy
. and the proton is captured by the nucleus. _ / o

By assuming that this mechanlsm is valld the energy dependence of the cross-sectlon of the reactlon ( p,n)
should be analogous to the energy dependence of the dlfferentml cross-section of elementary n-p scattenng at
angles corresponding to the scattenng.partlcle energy ~ 8MeV (in the laboratory system ). It should be noted
that the change of the upper energy limit of the scattering patticle from 8 to 10 MeV influences upon the absolute
value of the differential cross-section( ~ 10 % ) and does not affect practically the character of energy depen-
dence. . . Coi _ .

Fig. 4 shows the energy dependence of the dlfferentlal cross-section of n-p scattering calculated in the above
way by the data of/17 20/. Also the relative values of Tpm for Sc and Ca *? are gwen. For the convenien-
ce of companson all the data are normalxzed to unity with E_ = 300 MeV. It is seen that at E > 300 MeV the
energy dependence of the dlfferentxal cross section of n-p scattenng and that of the cross section of the reaction
(p, n),in fact coincide. A certain spread of points for Ca*® can be accounted for, evidently, by experimental dif-
ficulties in observing the reaction ( p, n ). Thus, from the analysis of Fig. 4 one may arrive at the conclusion that

the reaction ( p, n) may proceed direct interaction beginning from E, 2 300 MeV.




4.5. pl'otlu::tlon cross-section of the isomers Sc“g and Sc 44m

The dependen ce of the xsomenc cross-section ratios upon the incident proton energy is shown in Flg. 5. From
Ep = 200 MeV the ratio o, / o becomes constant. Its average value in the energy range 200-670 MeV is
2.20 + .0.01. Tlus value is consistent with the value 2.1 obtained by Remsberg/lz/ for E = 370 MeV. At the same
ume the total cross—sectlon of the reaction Sc * (p, pn-) accordmg to his data amounts to ( 34.5 * 1.6 )'mb, while
according to our. results at this proton energy the producnon cross-section of only Sc?‘® is about 33mb The reasons
of such a divergence are not clear. |

The isomeric cross-section ratio in the reaction (.p, pn ) can be calculated by assuming the mechanism of direct

neutron knock-on as it has been done by Porile and Tanaka/ 1/ . The calculanon scheme is as follows. Asa rcsult of

45
neutron knock-on from the levels 1f 273 * 14d 5 , 25”2 ( available for the reaction ) of Sc (7/2) a
set of states is formed with the angular momenta j , ranging from |2 - il to x4+ - and the relative
2 2

weights proportional to ( 2} + 1). Here j , s the angular momentum of the ejected neutron. The de-excitation of these
states takes place as a cascade of v -rays. ‘
" Farther consideration of the process is performed in the manner of Huizenga and Vnndenbosch /21/ It is suggested

that y —radiationisofadipole character and the branching rgtio of the transition from the state with spm j to the state
with spin if =(i=1)1, (J'+’1)is given by the expression:
»
. . 2
1)(]’)~(2l1+1) exp["'(.l""%) /2 (72”

The average number of ¥ —rays emitted per cascade in the case of (n, y ) -reactions is equal to 3-4 . It may be ex-
pected that multiplicity of y -rays in neutron knocking- on in the reaction (p, pn ) is not larger than the above
number. Various spm states of the residual nucleus produced as a result of gamma-ray emission enter either into iso-
meric or ground states of Se *¢ depending on  which transition requires smaller spin change. Thus, the states
with spin j, 2 6 give rise to the production of Sc* (7 +), the states with spin j, < 4 give rise to the produc-
tion of Se “4¢ (3 +), and the state with i, = 5 is distributed between them equally.

Taking into account different contributions of the neutron levels available for the reaction, one may write the expres-

sion for the isomeric cross-section ratio in the following form:

:"INM 2’ w,p

o EII‘NM 2, w,p

’

Here p = ______Zl__._"'.__l. is the weight of the state with spin i,
7/2 . :
% §J+ 1)
1=lr/2 -] , o .
w, and are the production probabilities of the ground and the isomer states, res-
m -

pectively, calculated in the above way.

1l?lere o is a known parameter entering Into the expression for nuolear level density.
Both this parameter and the cross seotions of nuclear -reaotions are deno}.ed by 0, what is so customary, that we

considered it possible not to change them.



The results of cal culation for various values of the parameter ~ . and for various y -ray multiplicity are listed
in Table 3. It is easily seen that the experimental value o /o ., agrees best of all with calculation when the
value of the parameter' ¢ is close to 4. The assumption on the ¥ -ray multiplicity influences weakly upon z}g /o

i I ; X ; B ) . m

‘ The value of the ‘p/gféfﬁetgr o may be estimated also theoretically by the formula, suggested by “Bloéh/zz/:'

5/2' ‘

a? 0) #»Ea gn.amza (e  + e’pn’)" N
: wherl: . a-(0) is the value of the parameter with zero excitation.energy;
8n,a " 'is the number of nucleons in the given state;
m, : is the set of constants characterizing the projection of the nucleon‘angul‘a'r momentum
in the given state;
a

is obtained from the condition that e® should be equal to the ratio of the number of

nucleons at the highest level ( for the given nucleus ) to the number of the remaining

vacancies at the same level.

The summation refers only to the upper totally or partially populated level.

Table 3
Levels and the Parameter o
number of emitted
y-rays 3 4 5
153 .
ld’/2 N_y=2 2075 2007 . 1082
25142 ) ' o _ o
].f’/) ) C .
1dg,, N=3 3.16 2.10 1.74°
28,4, ‘ )
1y, , '
Mg, Ny=d 357 2.13 1.69
281/ - : '
1y, Ny=2. : 1.98 1.70
d,,, N3 o 2.74
284/4
4, ,, =3 , ‘ , o
ldJ/J N = 4 3.16 : 2.04 1166
284,32 L4 . )
The values of the sum za gﬂ’am"z up to the values which are of interest to us are gi\')en in Table 4 for

two cases. In the left hand side they are given without spin-orbital interaction being taken into account and for the to-
tal number of nucleons/22/. In the right hand side they are given for one sort of nucleons with the account of the spin-
orbital interaction. In the latter case 0?(0) has the form of the sum of similar items referring to neutrons an | protons, '

. a5 . :
respectively. The configuration of external nucleons Se . can be presented as ( 1) for the first case and as



Table 4

States s 1 P : ‘ : ‘ ‘ ‘
v 1 2 1f 1s . Iy, p,,, dg,, 28, 1d,, ify,

T,e,, 4 I2 20 4 28 )2 4 2 6 2 4 -8

T g,m I II. 45 I II9 |I/2 10/2 1I/2 35/2 1/2 10/2 84/2

pl 1{7/)‘a.nd a1 ,,, )4 for the second case, The calculated values of the pagmneter g amount to 4,2 and» 3,9
respectiVely..It is seen that the consideration of the spih-orbital interaction allows to obtain perf.ect agreement of the
calculation value with the experimental data. . |

It appears to be of interest to check the applicability of comparatively sxmple presentations which form the basis ofthe

formula for 03(0) /22 for other nuclei as well, in particular for heavier ones. - ..

In conclusion the authors wishto express ﬂlqir sincere gratitude toL.L.Lapidus and LN.Mikhailov for interest in the

present investigation and valuable discussions.
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