VYol. B2 (1971) ACTA PHYSICA POLONICA Fasc. 2-3

SPECTROSCOPY OF *Mn
By J. GasteBois, J. Kuimifskt® anp J. M. Lacer
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The experimental results of the 52Cr(*He, p) 5*Mn, 33Cr(*He, d) 5*Mn reactions, performed
at E(®He) = 18 MeV, and the results of the 58Fe(d, @) 5*Mn reaction, performed at E(d) =12 MeV,
are presented. The experimental data are analyzed in the frame work of the D. W. B. A. theory.
The main conclusion of this study is that the configuration mixing is important, even in the
54Mn low lying state wave functions.

1. Introduction

The spectroscopy of 5*Mn was not yet extensively studied. The exitation energies of
the 3#Mn low lying levels was deduced by Bjerregaard et al. [1] from the study of the 3Fe(d, «)
54Mn reaction at E(d) = 4 MeV. Zeidmann et al. [2] have studied the 3*Mn(d, ) **Mn
reaction at E(d) = 21.6 MeV, and Legg et al. [3] have performed the 33Mn(p, d) $*Mn re-
action at E(p) = 22 MeV. They deduce the value of the orbital momentum of the picked
neutron [2, 3] and they extract the spectroscopic factor [3] for the most intense transitions
to some low lying levels of #*Mn. The 5*Mn low lying level scheme was also studied through
the 33Cr(p, y) 3*Mn reaction [4]. On the otherh and Vervier [5] has computed the wave function
of %Mn low lying states, assuming that the active nucleons belong to the [(7f;2)% vpspl 7,
[(72f2/2)% ¥fspel s 70 [(f2/2)% #Paje) j7o configurations.

In this paper we present the result of the study of the 32Cr(He, p) 5*Mn, 53Cr(3He, d)
34Mn reactions performed at E(3He) = 18 MeV, and the results of the 36Fe(d, ) %*Mn re-
action study performed at E(d) = 12 MeV.

2. Experimental procedure and results

We have used the 18 MeV 3He beam and the 12 MeV deuteron beam of the Saclay
Tandem Van de Graaff. The targets were obtained by vacuum evaporation of 52Cr (99.9%,),
33Cr(96,49,) and 56Fe (99.99,) enriched isotopes. The 52Cr and 33Cr targets were carbon
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backed (15 pg/cm?) and were respectively 50 pg/cm? and 70 ug/cm? thick. The self support-
ing 5%Fe one was 115 pg/cm? thick.

The experimental set up has been previously described [6].

2.1. The °2Cr(3He, p) **Mn reaction

The proton spectrum obtained at 0 , = 32°is shown in Fig. 1. The overall energy reso-
lution is about 60 keV (F. W. H. M.). The energy calibration has been deduced from the
energies of protons due to target impurities (namely 12C and 180). The energies of the excited
groups are listed in Table I and they are in good agreement with the previously
known values [1]. Due to our energy resolution many of these groups may be unresolved
multiplets. The cross-sections of the (3He, p) transitions to the first three excited states are
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Fig. 1. Proton spectrum from the %2Cr(®He, p)**Mn reaction. Previously known levels [1] are labelled *““a”.

very low: the corresponding proton groups are only seen at a few angles. The absolute
cross-section values have been obtained by comparison between proton yields and the
52Cr(*He, 2He) 32Cr elastic scattering yield at 6; ;, = 20° and E(*He) = 15 MeV. They are
believed to be systematically in error by about 209%,. We have listed in Table I the values of
the absolute cross-sections integrated between 6 = 10° and 6 = 80°, and the value of the
absolute cross-section at 0, =32° The statistical errors only are given.

The proton angular distributions corresponding to 19 groups have been obtained
from 0, = 10° to 0, = 80°. They are shown in Fig. 2a¢ and Fig. 2b. The curves have
been computed, in the D. W. B. A. framework, following the Glendenning’s formalism [7],
as described in Ref. [6]. The optical potential parameters we have used are listed in Table II.
The L values obtained in this analysis are given in Table I. Most of the transitions are gov-
erned by an L = 2 transferred angular momentum. Only the transitions to the 0.387 MeV
groups (Nb 3+4) and to the 6.127 MeV level (Nb 45) are respectively characterized by
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Fig. 2a. Angular distributions of protons from the **Cr(*He, p) reaction. Solid lines are D.W.B.A. curves
Fig. 2b. See caption of Fig. 2a
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TABLE 1
Experimental results of the 32Cr(3He, p) *Mn reaction
80°
Group E,(keV) J E,(keV) L ﬁ)‘— R 2 _91_ sin 6 d6
Nb a) b) o) ) 92 |320 L)
ub/sr c) 1o°
b c)

0 0 3+ )

1 56412 d)

2 156-£12 4

3 365412 3874-30 4 22.4+2.6 6347

4 405112

5 837+12 814130 10.442.1

6 1008412 1012430 2 33.9+3.5 134414

7 1074412

8 1137412 114330 (0) 8.741.7 3446

9 1376412 1372430
10 1455412 1421 4-30 2 65.54+5.0 218417
11 1511+12
12 (1543 +12) 1574+£30 2 122+2.1 5349
13 d)
14 | 1784 +12 d)
15 1859412 d)
16 1924412 1919430 2 79.04£7.0 237421
17 2137412 2123+30 2 73.04£5.0 2894-20
18 2285-+30 2 22.343.5 94414
19 2559430 2 854+7.0 3184-50
20 2690--30 0,2)? 92.144.0 74112
21 2892430 2 37.244.2 160418
22 3008430 2 29.0+4.2 94413
23 319730 2 54.34+5.6 135+13
24 d)
25 d)
26 d)
27 369330 103 +£9.0
28 d)
29 d)
30 4197430 91.2+84
31 4395430 41.945.7
32 4555430 0) 434477 176131
33 4719430 35.44-7.0
34 4845430 56.549.1 154425
35 d)
36 5159430 42.048.5
37 d)
38 5303430 56.249.2 166427
39 d)
40 552030 20.0+1.3 487430
41 5677430 13.441.2 455--41
42 5773430 81.519.2
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Table I (continued)

80°
Group| EjkeV) | Jm E {keV) L oo ) 95 s
x x "o o 144 —-=— 81n

Nb a) b) o) o) a2 1320 20

§ &Lb/SI‘ C) i 10°

J | 10° ub <)
43 5877-:30 96.0--10.0
4 5971430 106.0-£11.0
45 6127430 0 58.7410.0 409-£69
46 668030 292.0--19.0
a7 6983 1-30 111.0.£14.0

a) previously known values, b) see Ref. [14], c¢) this work, d) transition corresponding to this level
seen in the 33Cr(3He, d) %*Mn reaction.

TABLE II
Optical potentials used in the *2Cr(3He, p) 5*Mn reaction analysis )
V W Ty r, a o a’ w Vso
MeV MeV fm fm fm fm fm MeV MeV
3He B 165 20.2 1.14 1.3 0.723 1.6 0.81 0 0
po 50.8 0 1.25 1.25 0.65 1.25 0.47 9.18 7.5
8) The optical potential used has the form
: d P 1d -
V)= —V(l4exp x)t—i | W—4W’' — |} Qtexp )+ | — | Vso — — (Hexpa)t L o+ V(r,7)
dx’ A€ r dr

where x =(r—roA'5)/a, * =(r—r'yA's)ja’ and V,(r,,r) is the Coulomb potential. b Values given in Ref. [15].
©) Values deduced from reference [16].

a L =4 and L =0 transferred angular momentum. The shape of the proton angular distri-
butions corresponding to the levels Nb 8, 20 and 32 at E, = 1.143 MeV, E, = 2.690 MeV
and E, = 4.555 MeV seems to show that the expression of the transition amplitude contains
an L = 0 component. However these levels are weakly excited, and the D. W. B. A. analysis
of the associated angular distribution is inconclusive.

The analogue state, in 54Mn, of the J* = 0t ground state of *Cr is predicted at E,
= 6.14440.045 MeV, as it can be deduced from the Coulomb displacement value AE,
= 8.305--0.040 MeV for the 34Cr—5*Mn isobaric pair [8], and from the ground state
value (Q = —2.161-£0.005 MeV) of the 5Cr(p, n) 5*Mn reaction [9]. The proton angular
distribution, associated with the state number 45, has a characteristic L = 0 pattern, and the
excitation energy E, = 6.1274-0.030 MeV leads us to identify this state with the analogue
state of the 54Cr(J” = 0%) ground state.
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2.2. The 33Cr(3He, d) 3Mn reaction

In Fig. 3 we give the experimental deuteron spectrum obtained at 6, = 32°5. The
overall energy resolution is about 60 keV (F. W. H. M.). The energy calibration has been
deduced from the known energies of the deuteron groups corresponding to the most in-
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Fig. 3. Deuteron spectrum from the %3Cr(®He, d)5*Mn reaction. Previously known levels are labelled ““a”.

tense transitions. The deduced excitation energies are listed in Table 111 (the level numbering
is the same as in Table I). Due to our energy resolution many of these groups may be un-
resolved multiplets. The values of the absolute cross-sections have been obtained by compar-
ison between the deuteron yields and the 3He elastic scattering yield at 6y, = 20° and
E(3He) = 15 MeV. They are believed to be systematically in error by about 209%,. The values
of the absolute cross-sections integrated between 6 = 10° and 6 = 50°, and those of the
absolute cross-sections at 8, = 32° are listed in Table II (only statistical errors are
given).

The deuteron angular distributions have been obtained, from 0, =10° to 8 5 = 50°,
for 24 transitions. They are shown in Figs 4a and 4b. The curves have been computed using
the Julie code [10]. The parameters of the optical potentials and those used in the computa-
tion of the captured proton wave function, are given in Table IV. The orbital momentum
values [ of the transfered proton, deduced from the D. W. B. A. analysis of the angular
distributions, are listed in Table I1I. We have also extracted spectroscopic factors from the
comparison between the experimental integrated cross-section values, and those computed
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TABLE III
Experimental results of the 33Cr(*He, d) 5*Mn reaction
50
. [ o o
Group| E,(keV) J E, (keV) L 50 | 39.5° 27 0 sin 0d8| 2J,+1 s
Nb a) b) c) c) ) 2+ 1
ub/sr
pb c)

0 0 3t

1 56412 0 3 } 120.64+10 296430 0.610
2 156412 1364-25 3 2324414 694469 1.440
z Zggii; 359425 }3 } 294.2+16 } 798+80 1.680
5 837412 809425 71.74+ 8

6 1008412 1003 425 1 194.14-12 332433 0.120

7 | 1074+12 d

8 1137412 d)

9 13764-12 d)
]1(1) Ilgi,iiis 1457425 m } 2175413 } 248.5+25 0.056
12| (1543412) d)

13 1636425 1 155.04+11 2974-30 0.092
1‘; 1;{;‘;;&:1; } 1785425 (¥)) } 151.44-11 } 220421 0.088
16 1924412 1913425 80.04-9

17 2137412 2116425 1 322.04+-19 5494 55 0.154
18 226825 1 169.74-16 2894 30 0.080
19 2559425 1 2285.84+55 34884350 0.870
20 2675-+25 1) 259.84-20 7054+ 70 0.185
21 2881 +25 1 384.74-25 6894 70 0.165
22 30134-25 1 151.54+18 3014 30 0.070
23 3213+25 1 700.04-35 1134+113 0.260
24 3337425 1 759413 230+ 23 0.050
25 3419425 1 182.8-+20 601+ 60 0.125
26 35494-25 1 460.04+-30 T+ 77 0.160
27 3670425 1 893.04-43 16544-165 0.330
28 3736425 1 390.34-32 785+ 78 0.150
29 400225 390.5+34 864+ 86

30 4197425 428.34+35 890+ 89

31 4421425 230.5+30 4064- 40

32 4554425 1 382.3434 5344 53 0.095
33 4742425 199.7 426 340+ 34

34 4851425 285.1+30 4034+ 40

35 50294-25 321.9-£32

36 d)
37 5217425 344.74-34

38 53204-25 151.54-24
39 5429425 40.54+16
40 550325 559.5+41

a) Previously known values [1].  b) See Ref. [14].
this level seen in the 32Cr(®He, p) %*Mn reaction.

c) This work. d) Transition corresponding to
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TABLE 1V
Optical potentials used in the 33Cr(®He, d) 5*Mn reaction analysis 2
V W ro T, l a o a’ w Vso
MeV MeV fm fm fm fm fm MeV MeV
{
3He b) 165 20.2 1.14 1.3 0.723 1.6 0.81 0 0
d ©) 93.3 0 1.15 1.15 0.810 1.34 0.68 16.9 0
l B H
P Y o 125 | 125 | 0650 | 0 o 0o | e

2) See footnotes of Table II.  B) Values given in Ref. [15]. ) Values deduced from Ref. [17]. 9 Value
adjusted to give proton binding energy equal to the experimental separation energy. ) The spin orbit part
of the captured proton potential is defined as

i, 2
+a(DAso <ﬁ) Vs (exp 2)(1+ exp )
2

where Agqg = 25 and a(l) = for j=I1+1/2 and a(l) = —(+1) for j= I—-1/2.

with Julie. They are listed in Table III. In this analysis we have used the following normaliza-
tion [11]:

2J5+1
2Jp+1

According to French et al. [12], for final states having the lowest isospin T; = T,—1/2,
and for the transfer of a proton in the /, j shell model orbital, the sum rule is:

2J:+1 1

This rule predicts G(3,7/2) = 4 and G(1,3/2) = 3.6 respectively for the 1f;, and the 2py,
shell model orbital. Assuming that all the =3 and all the [ ==1 observed transitions
below 4 MeV correspond to transfers in tespectively the 1f7/2 and 2])3;,2 shell model orbital,

the corresponding experimental values are 3.70 for the 1f;, orbit and 3.00 for the 2pgp
orbit.

a(l,j) = 3.84 C25(, j)opaie(ls J)-

G, j) = - C25(1, j) = {proton holes}; — {neutron holes);.

2.3. The %Fe(d,a) *Mn reaction

The alpha particle spectrum obtained at 6, = 30° is shown in Fig. 5. The overall
energy resolution is about 50 keV (F. W, H. M.). The energy calibration has been obtained
from the known energies {1] of the alpha particles corresponding to the most intense transi-
tions. The deduced excitation energies, the values of the cross-sections integrated between
6 = 20° and 6 = 80° and the values of the cross-sectionsat 8, = 30° are givenin Table V
(the level ordering is the same as in Table I and Table II). The values of the absolute cross-
sections have been obtained by weighting the target we used. The systematic error about
these values is about 309,.
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Fig. 5. Alpha particle spectrum from the 38Fe(d, &) *Mn reaction. Previously known levels are labelled *““a”.

TABLE V
Experimental results of 3¢Fe(d, ) **Mn reaction
90
. o do
L;Iv:l E, (keV) NE E, (keV) l 70 30.8° 27 0 sin 040
a) b) ¢) c) 30
ub/sr ¢)
b c)
0 0 3+ 0 174422 114412
1 56412 51420 5.9+4+1.3 294 5
2 156+12 151-4-20 32
3 3654-12 366420 92.94-5. 255+12
4 405412 2
5 837+12 835420 7.1+1.3 26+ 3
6 1008412 100820 19.2+2.6 1004-10
7 1074412
8 1137412 1122420 7.5+1.3 354+ 5
9 1376 +12 1378420 25.64+2.6 113411
10 1455412 14524-20 464 5
11 1511+12
12 | (1543+12)
13 1629420 234 5
14 1784412 1773 +20 27.8+2.6 110411
15 1859412 18424-20 14.242.0 60410
16 1924+12 1910420 44.543.5 200120
17 2137412 2113420 4.814+1.2 314 7
18 2276420 6.6441.3 40+ 7
19 2562420 27.6+2.6 116+12
20 2682 4-20 13.242 914-13

a) Previously known values [1]. b) See Ref. [14]. c¢) This work.
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As it has been shown in Ref. [6], the understanding of the (d, &) reactions induced on
medium weight nuclei at E(d) ~ 12 MeV, is not clear. So no analysis of the %Fe(d, )5Mn
data has been done, and the experimental results are presented here without comments.

2.4. Summary of the experimental data

In Fig. 6 we compare the values of the experimental integrated cross-sections of the
transitions leading to the same final state in 3*Mn. For the (*He, p) spectrum, we give the L
value of the transferred pair orbital momentum. For the (3He, d) spectrum, we give the [
value of the transferred proton orbital momentum.

53
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Fig. 6. Experimental integrated cross-section spectra for the 52Cr(3He, p) %4Mn, 53Cr(®*He, d) 5*Mn and 5¥Fe(d, o)
54Mn reaction. The scale for the 53Cr(®He, d) 3*Mn data is reduced by a factor five

It should be noted that the most intense transitions in the (3He, p) reaction correspond
to (3He, d) transitions governed by [ == 1. So the wave functions of these states in 34Mn
would contain .components involving the 2py, proton configuration.

3. Discussion

The values of the integrated cross-sections of the (3He, p) transitions to the low lying
levels in 54Mn have been computed with the wave functions proposed by Vervier [5]. We
have also computed the cross-section of the (*He, p) transition to the analogue state, assuming
that its wave function can be deduced in the same way as in Ref. [6] {rom that of the 5¢Cr
ground state (as deduced from the 3Cr(3He, ) 33Cr results [13]). These results are compared
to the experimental values in Fig. 7. We have normalized all the computed values so that
the computed cross-section of the (3He, p) transition of the analogue state be equal to the
experimental value. The normalization coefficient value is roughly the same as the value
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obtained in the same way in the 34Fe(3He, p) %8Co reaction analysis [6]. The agreement
between the computed and the experimental values is guite poor: all the theoretical cross-
-sections are too large. The (3He, d) results, presented in section 2.2., show that the wave
functions of the states lying upper E, = 1.0 MeV contain components involving the 2pg,
proton orbit. So the wave functions computed by Vervier for these levels are not correct be-
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Fig. 7. Comparison between the experimental (3He, p) integrated cross-sections and the computed values

cause the configuration space he used is restricted to configurations in which protons re-
main in the 1f;, shell. It would be interesting to compute these wave functions in a greater
configuration space.

In the framework of the pairing vibration model of Bohr {18, 19] a J*= 0% T =2
state at E, =~ 1.5 MeV is expected to be strongly excited in the (*He, p) reaction. On the
other hand is has been suggested in Ref. [6] that a J* = 0%, T = 2 state mainly of the
[(7f2)2)0x T3 W3 0) Trcps is expected al E, ~ 2.24 MeV.

No evidence for such a state is supported by our data. The only possible candidate is
the level Nb 20 at E, == 2.690 MeV, for which the corresponding proton angular distribu-
tion seems to show an L = 0 pattern, and which is reached in the (®He. d) reaction by an
I =1 transition. However our (3He, p) data, for this state, are so bad that the problem re-
mains open. A restudy of the 32Cr(3He, p) 53Mn, with a better energy resolution, would be
desirable.

We wish to thank Pr. O. Nathan for its interest to this work and Dr J. Vervier for
sending us its unpublished 3*Mn wave functions. The solid state counters were made by
Mrs Garin, and the targets by Miss Doury: they are gratefully acknowledged. One of us
(J. K.) wish to thank Professor E. Cotton for the hospitality extended to him during his
stage at C. E. N. Saclay.
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Addendum. After this paper has been written, a similar experiment, performed by
L. L. Lynn et al., has been reported in, Nuclear Physics A135, 97 (1969). Their incident
energies were not the same than ours (10.0 MeV for (3He, d) and 11.0 MeV for (3He, p)),
and their results are somewhat different. The main difference is the observation of four
L = 0 transitions, corresponding to low-lying states in 3Mn. This discrepancy is partly
explained by our poorer resolution (60 keV instead of 45 keV), in the case of two transi-
tions, corresponding respectively to states in 3Mn at 1.449 MeV and 2.497 MeV. The ob-
served L = O transition leading to the 2.117 MeV level in 34Mn is known to correspond to
a doublet in 3*Mn, and the other component, which is not necessarily an L = 0 one, may
have a different relative intensity at 18.0 MeV, so that the resulting angular distribution has
no longer an L = 0 pattern. The same explanation may be valid for the L = 0 transition
leading to the 1.917 MeV level in 54Mn. This transition may be observed in our experiment
by another one leading to the 1.857 MeV level in %Mn, and much weaker at an incident
energy of 11.0 MeV than at an energy of 18.0 MeV. This assumption (the variation with
incident energy of the intensities being not the same for different L-values) is supported by
our observation of an L = 2 transition (numbered 18 in our paper) leading to the 2.268 MeV
level in #¥Mn (a level which i populated in the (3He. d) reaction), and which is not seen at

all at 11.0 MeV.
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