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Abstract: Lifetimes, excitation energies, decay modes and spins of %r levels with E, < 3.3 MeV, 
have been determined in the 5oTi(or, ny)53Cr reaction. Previous tentative Jn = H- assignments 
to the 1.29 and 1.54 MeV levels have been confirmed. New spins and parity assignments are 
J” = Q- and s- for the 1.97 and 2.71 MeV respectively. Multipole mixing ratios are given for 
many of the observed transitions. The measured lifetimes of 12 levels are compared with recent 
shell-model and intermediate coupling model calculations. 

E 
NUCLEAR REACTION 50Ti(Cr, ny); E = 4.9-6.0 MeV; measured o(E; EY, e,), 

E,,(O), DSA. S3Cr deduced levels, T+, y-branching ratios, J, 6. Enriched target. 

1. Iutroduction 

In the last few years, several theoretical treatments of the nucleus 53Cr have been 

published, which were mainly concerned with reproducing the level structure and spec- 

troscopic factors le3)_ Recently, a more complete study of 53Cr and 55Fe based on 

the shell model and the intermediate coupling model proved to be rather successful in 

describing the electromagnetic properties of 55Fe [refs. 4, “)I. For 53Cr, a comparison 

as extensive as for 5 5Fe was not p OS rble. Only a few mixing ratios were known from a s’ 

(d, py) experiment 6), and lifetime information was quite scarce. The lifetime of 

the 2.32 MeV state was known from nuclear resonance fluorescence 7), and lower 

limits had been obtained for the lifetimes of the first and second excited states from a 

(p, p’y) experiment 6). 

This paper describes the determination of lifetimes, spins, excitation energies and 

branching ratios of several levels of 53Cr and mixing ratios of de-excitation y-rays. 

The experimental data are compared with both shell-model and intermediate cou- 

pling model calculations. 

2. Experimental method and data analysis 

2.1. EXPERIMENTAL METHOD 

Alpha particles were accelerated with the Utrecht 6 MV tandem Van de Graaff 

generator to energies ranging from 4.9 to 6.0 MeV. The Ti target, 83.2 % enriched in 

5oTi was thick enough to stop the beam completely as well as the recoiling Cr ions. 

Two’Ge(Li) detectors were used in these measurements. In a hrst series of runs, the 
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detector had an active volume of 36 cm3 and a resolution of 4 keV FW~~ at E, = 
1.33 MeV. Later, a detector with an active volume of 60 cm3 and a resolution of 2.8 
keV was also u.sed. The detectors were placed at 14 cm from the target. 

Runs at different bombarding energies with the y-ray detector placed at 90” and 
55” yielded accurate determination of excitation energies and branching ratios. For 
the energy calibration, y-rays from 22Na, 6oCo and “Y sources were simultaneously 
recorded. 

Most of the y-ray transitions to be expected were known from previous work. 
Possible new transitions were accepted on the basis of the following criteria: appear- 
ance of the y-ray as the energy is increased above the threshold of the level under study, 
consistency in the branching ratios measured at different bombarding energies and in 
the P(z,> values if the level decays with different branches. 

For the y-ray angular distributions, spectra were recorded at angles 0 = 20”, 
30”, 45”, 55”, 60” and 90”, relative to the incoming beam direction. The y-ray intensities 
were normalized on the intensity of the strong 564 keV y-ray from the decay of the 
first excited state (J” = $-) of 53Cr. The angular distributions thus obtained were 
fitted to a Legendre polynomial expansion W(0) = a,(1 + a,P,(cos 0) + a,P,(cos S)]. 
For the Doppler-shift measurements, the peak positions of the y-ray spectra were 
determined from first-moment calculations after subtraction of a linear background. 

2.2. DATA ANALYSIS 

In order to correct for target thickness, an average bomb~ding energy, &, was 
calculated for each bombarding energy. The target was considered to be made of 
thin layers. The a-particle energy in the ith layer, Bi,‘ was determined ‘1, and & 
was calculated from the relation: 

where Ti, represents the penetrability and I the orbital angular momentum of the 
ix-particle. 

2.2.1. Lifetime measurements. The theoretical F(z,) values were computed ac- 
cording to the nuclear stopping approximation of Blaugrund 13), and the stopping 
theory of Lindhard, Scharff and Schiatt 14). The electronic stopping parameter ‘.‘) 
<,, extracted from experimental data on the slowing down of various ions in carbon 15), 
was found to be <, = 1.75 +4 v/c for Cr ions. As the results of Ormrod ef al. 27) 
indicate that 5, is independent of Z, it was assumed that this value also holds for Cr 
ions in Ti. 

There is some uncertainty in the value of the recoiling ion velocity along the Z-axis, 
Q(O), as a result of the outgoing neutron distribution in the cm. system. Following 
Warburton et al. 16), a conservative estimate can be obtained from the relationship: 

<%(O)> = &&(1+0.33 Y-‘1, 
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where y 

Angzdar distributions. The angular distributions were compared with the 

results of the compound nuclear statistical model of Sheldon ‘) for various spin 

sequences and multipolarity mixings. In this model, the population parameters of the 

decaying level are calculated with a statistical distribution for the states being pop- 

ulated in the compound nucleus. The 50Ti(a ny)53Cr reaction is endothermic 

(Q = - 1.791 MeV) and the outgoing (unobseived) neutrons have a low energy, 

i.e. they are expected to be predominantly S-wave. The states of the residual nucleus 

should therefore remain strongly aligned. All the contributing incoming partial waves 

are nevertheless taken into account in the calculations. 

The a-particle transmission coefficients needed for the program MANDY ‘) were 

extracted from the tables of Huizenga and Igo lo). These coefficients were essentially 

the same as those computed from the optical model of Davison II). The optical- 

model parameters of Rosen 12) were used to calculate the neutron transmission co- 

efficients. The proton channel was not taken into account. The “Ti(a, P)~~V re- 

action has a low Q-value (- 4.14 MeV) and, experimentally, no evidence was found 

for proton emission. This can be explained by comparing the proton and neutron 

penetrabilities for E, 2 6 MeV, the former being negligible compared to the latter. 

In some cases, it has been necessary to correct for cascade feeding competing with 

direct feeding of a given state. The resulting corrections were small. 

3. Experimental results 

3.1. EXCITATION ENERGIES AND DECAY SCHEME 

It was found that y-rays from a given 53Cr level could only be observed in the 

y-ray spectra if E, was at least 300 keV above the threshold for production of the 

level. A typical y-ray spectrum is shown in fig. 1. Most of the y-rays originate from 

53Cr, with weak contributions from competing reactions and natural background. 

The averages of excitation energies measured at different bombarding energies are 

listed in table 1 and compared with previous results. According to the previous 

(d, py) work 6), the 2.23 MeV state decays entirely to the 1.54 MeV state with a 

690 keV y-ray. This transition was masked by the broad 693 keV y-ray resulting from 

neutron inelastic scattering on 72Ge The E, = 2.77, 2.83 and 3.15 MeV states were . 

weakly excited so that the y-ray decay was not observed. 

The results of the branching ratio measurements are summarized in fig. 2. There 

is generally good agreement with previous determinations 17). In many cases, the 

present branching ratios have a smaller error. 
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TABLE I 

Excitation enerdes of TJr levels 

Present work Ref. Is) Ref. 23) Refs. 6, 17) Present work Ref. I’) 
I?, (keV) .E, (keV) -G (kev) J% (keV) EX tkev) EX (keV) 

564.0710.11 
1006.28&0.13 
1289.5 10.2 
1536.5 &0.2 
1973.6 10.2 
2172.2 &0.5 

2320.5 kO.5 
2453.1 11.0 
2657.0 f0.3 
2669.6 f0.6 

564.2*0.4 563.610.3 564.130.2 
1006.0&0.3 1006.0~0.2 
1289.1 kO.3 1287 &1 

1539 14 
1973 14 
2171 15 
2233 &5 

2320.3 f0.4 2321 k-5 
2455 $5 
2661 f5 

2669.210.4 2670.4+1.0 

2708.0*0.6 271115 
2775C.5 
282615 

2993 12 299554 
3083.2&0.8 3085&7 
3138 *2 313215 

315317 
3179.311.0 3186f4 

(3244f7) 
3261 *2 3268 +4 

326 a1 -575-----23t5-2ot4 5/2” 

056 -1ooL 1/2‘ 

0 1 3/2- 

53 Cl- 

4” 1” 
(d,p) (r,d.(p,d) 

(2) 

(1) 

(2) 

3 

Fig. 2. Level scheme for $%r below 3.3 MeV excitation. The branching ratios are from this work ex- 
cept for levels labeled (a) which are from ref. 6), and labeled (b) which are from ref. 24). Z, values are 
from ref.l’). The states not excited in this experiment are represented by a dotted line. Excitation 

energies are in MeV. For spins and parities, see text. 
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3.2. LPFETKME MEASUREMENTS 

Typical y-ray peaks obtained at _E& = 5.8 MeV are shown in fig. 3. The measured 
energy shifts of all the y-rays studied were linear in cos 0 well within the experimenti 
error. The measured atte~ua~on factors and deduced lifetimes are listed in table 2. 
As a result of the 1.54 -+ 1.29 MeV cascade feeding, only a lower limit on the mean 
life of th.e 1.29 MeV state could be obtained. As the 1.01 MeV level was excited 
through the 1.54 and 1.29 MeV states, its mean life could not be measured. 

-l-ABLE 2 

Lifetimes of Wr levels 

FW (in %) 
_ 

Eb( = 5.25 MeV E, = 5.6 MeV E, = 5.8 MeV 

0.56 0 1614 9oOf350 
I.29 0 > 4.5 “) < 3500 
1.54 1.01 < 18 <7 < 11 > 1200 
1.97 0 67+9 67k 4 67& 2b) 100325 

1.29 88419 77114 
2.17 1.29 < 17 > 800 
2.32 0 971.5 98,j, 5 96.0f 1.5 1115 
2.66 1.01 108+ 9 1031 6 < 4.5 

1.29 99+13 93* 8 
2.67 0 93* 5 9&f 2 < 10 

0.56 97110 97rt 3 
2.71 0 106&13 93+ 5 

0.56 95+ 3 14+9 
1.97 89115 

3.08 2.17 < 38 > 300 
3.18 0 IOOzt 4 < 10 

0.56 1005 4 
3.26 0 96+ 6 < 30 

“) Corrected for 8 % cascade feeding from the 1.54 MeV state. 
“) Corrected for 6.5 % cascade feeding from the 2.71 MeV state. 

3.3. ANGULAR DISTRIBUTIONS 

Gamma-ray angular distributions were measured for most of the levels below 
E, = 3.5 MeV. The resulting Legendre polynomial expansion coefficients corrected 
for finite size geometry are listed in table 3. The spin assignments and the extracted 
values of the mixing ratios d are summarized in table 4. The errors in the mixing 
ratios correspond to the standard deviation I’). The phase convention of Rose and 
Brink “) is used. For the low-lying states, it was necessary to correct for cascade 
feeding, which in the worst case (1.01 -+ 0 MeV transition) amounted to ahnost 
40 % of the total feeding. The final results were hardly affected by these corrections 
(see e.g. fig. 4). On the basis of the new information on lifetimes and branching ratios, 
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TABLE 3 
A summary of Legendre pol~orn~~ coefhcients fitted to the angular ~stributious of tr~sit~o~s ob- 

served in the s”‘Fifor, ny)s3Cr reaction at different bombarding energies 

; 

(ZV) (ZV) (ZV)z$Z%~h’ 
@2 a4 XminZ 

-- 
-1 $j % $ 

- - -- 
1.01 0 5.60 2.37 0.09 10.02 0.02f0.02 2.5 96 

5.80 2.57 O.f4+0.02 -0.01~0.02 1.4 58 
1.29 0 5.80 2.27 0.29&-0.01 ~-0.11*0.02 14 3 

1.01 5.80 2.27 -0.23 10.06 0.00f0.08 0.15 0.12 
1.54 1.01 5.25 1.45 -0.40~0.07 0.06f0.07 1.4 0.2 

5.80 2.00 --Cl.23 10.03 -0.02&0.03 2.8 2.5 
1.29 5.60 1.80 0.43 ho.04 -0.15~0.05 1.5 1.8 

5.80 2.00 8.36&0.03 0.00~0.04 5 0.1 
1.97 0 5.60 2.33 0.39+0.04 0.11+0.05 2.9 0.8 6 

5.80 1.53 0.31&0.03 0.07&0.03 3.7 1.1 21) 
1.29 5.80 1.53 -0.23 ho.06 0.02&0.08 16 0.8 1.2 

2.32 0 5.80 1.15 0.09f0.04 0.02+0.04 11.8 3.2 
2.67 0 5.80 0.78 0.00~0.05 0.02&0.06 0.1 0.1 
2.71 0 5.80 0.72 -0.21 *o-o9 -0.03&0.12 3.3 1.2 

0.56 5.80 0.72 --0.16&0.04 0.05&0.05 7.3 1.3 
3.18 0 5.80 0.22 0.47+0.13 -0.03&0.16 2.2 2.5 4.4 
3.26 0 5.80 0.14 -0.90~0.13 0.35&0.17 2.6 0.16 24 

Thevalues corresponding to the minimum x2 resulting from the fits to the angular distributions are also 
given. 

“) The Xmin2 are written in italics when they result in a unique spin assignment; the known I,values 
are taken into account if necessary. 

TABLE 4 
Summary of spin assignments and of mixing ratios as determined from the present work 

Jr J” Mixing ratio 6 

this work previous work “) 

1.01 
1.29 

1.54 

1.97 

2.32 
2.66 

2.71 

3.18 
3.26 

%- 0 %- 
.z - 0 

1.01 ;: 

Q- 1.01 *- 
1.29 f- 

it- 0 Q- 
4.29 g- 

(i-1 r.01 ;’ 

(is-) 

it:; 
1.29 g- 

;- 0 *- 
0.56 A- 

$c-t 0 9- 
8(-j 0 ;- 

-0.34+0.04 
0.00*0.04 
0.00*0.05 
0.03 10.02 

-0.08 10.09 
-0 - 4s+o * 10. -4 . 7Zl.2 f 2.5 

-0.23~0.13 
O.llf0.07 

-0.07~0.08 
-0.3810.06 
-0.35+0.12 

1.0 10.4 
0.5 < 6 < 5 

--0.13&0.10; 2.410.8 
0.00~0 07. -3 . 7::::: *, 
0.22&0.09; 1.5rtO.3 

-0.273:$; 
O.OOfii.16 

0.3&-0.3 

0.11 io.03 b); 93?13 B) 

0.06 < 6 < 1.8 

“) Ref. 6), unless indicated otherwise. 
b, Ref. 2’). 
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ahmate values of ii were discarded when yielding B(E2) strengths of more than 
50 W.U. As will be seen in sect. 4, this limit is conservative. 

Bn table 4, the present values of 6 are compared with the values previously known 
from (d, py) work 6)e All values agree within the experimental error, and in most 
cases, the range of possible values of 6 is smaller in the present work. 

Besides agreement with spin assignments determined in previous work ‘* 17, 24) 
new ~~fo~ation has been obtained. The J = 3 assignment to the 1.29 and 1.54 MeV 

1000 L 
X2 

corrected for 
cascade feeding 

-y------ 2.66 

\ 
13% 

61% j--z&--‘.54 
/ 1.29 

5/2- i ii ’ f.C! 
% 

I 

J-512 

E,= 5.8 MeV 

E,,=l.Ol MeV 

lc,L-._l-- , 1 , 

-90” -450 0” 45” 90* 0 0.25 0.5 0.75 1.0 

arctan 6 co528 

Fig. 4. Angular distributions and x2 plots for the gromd state transition from the 1.01 MeV state, 
showing the influence of multiple cascade feeding. 

states was considered as tentative, being based on the J-dependence of particle angular 
distributions in (p, d) [ref. “‘)I and (2, a) [ref. “)I ex p eriments. These assignments 
have been confirmed in the present work (see table 3). 

Prior to this work, the spin and parity of the 1.97 MeV state were unknown. 
This state decays 84 % to the ($-) ground state and 16 % to the 1.29 MeV ($-) 
state. From the angular ~str~butions of the 1974 and 685 keV y-rays a unique spin 
assignment, J = 4, was obtained (see fig. 5). 

Of particular interest is the triplet at E, = 2.7 MeV, identified as E, = 2.657 MeV 
(a = 3), 2.669 MeV (2, = 1) and 2.708 MeV (I, = 1) [ref. 17)]. On the basis of a 
large stripping strength as opposed to a small pick-up strength, a value J” = 3- 
is preferred for the lowest state ’ ‘>. In this study, it has not been possible to assign an 

~~~~biguous J-vahte to this weakly excited state. The angular ~s~~butions of the 
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2669 and 2105 keV y-rays from the decay of the 2.67 MeV state to the ground state 
and the first excited state, respectively, were isotropic within the experimental error 
which suggests J” = $- although the value J” = -$- cannot be ruled out. However, 

1 

-90” -45* 0’ 45” 9( 

arctan 6 

IL-- ! , 

-90” -450 0” 45” 90” 0 0.25 0.5 0.75 1.c 

arctan S co**?3 

9C 

ac 

7c 

6C 

5c 

4: 

1, 
0 0.25 0.5 0.75 COS28 1. 

J ---,--197 

6 

3/2=- _I- 1.29 

Fig. 5. Anguhr ~s~ri~~~~o~s and x2 plots for transitions de-exciting the 1.97 MeV state. 

from the recent (n, y) polarization work of Kopecky et al. I*), this state has definitely 
been assigned J” = _i-_ The 2.71 MeV state decays mainly to the 0.56 MeV ($-) 
state. The angular ~st~butjo~ of the 2144 keV y-ray yields a unique J = 3 assign- 
ment as shown in fig. 6. 
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, 
45” 90” 

arctan 6 

It 

-90” -45” 0” 45’ 90” 
arctan S 

A 
.e 
‘” 

1 3/2-- 0 

fii 
+.J 

f 100 

F _?_____~=‘2__ -- _ .- 
% 
z 

0 i 
0 0.25 0.5 0.75 1.0 

cos2e 

0 0.25 0.5 0.75 1.0 
C0S2Q 

Fig. 6. Angular distributions and x2 plots for transitions de-exciting the 2.71 MeV state. 

4. Discussion 

In table 5, the lifetimes measured in this work are compared with previous mea- 

surements and with the theoretical calculations of Carola and Qhnuma4). In the shell- 

model calculations, effective charges eeff = 1.0 e were used for both proton and 

neutron to calculate B(E2) values. Some lifetimes have been calculated from un- 

published intermediate coupling model wave functions obtained in these calculations. 

No effective charge was used with the intermediate coupling model. 

The 1.97 MeV state has been assigned J = 3 in the experiment. Positive parity 

would result in unrealistic strengths of z 150 W.U. for the M2 component of the ground 
state transition, and w 1500 W.U. for the M2 component of the 1.97 -+ 1.29 MeV 

transition. The 1.97 MeV state then is in fact, the J” = t- state long expected on the 

basis of theoretical calculations ’ - 4, ” ). Its lifetime is correctly calculated with 
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TABLE 5 

Comparison of calculated and measured lifetimes of %Zr levefs 

(ZV) 
J” t,(fs); experiment t,(fs); theory 

--- ---_ 
previous work this work shell model “) int. coupling ‘) 

- 

0.56 a: > 5ooY 9OOf350 300 160 
I.01 > looo*) 8500 4300 
I.29 1600&%0 b) < 3500 1500 1100 
1.54 ;- 900*400 b) > 1200 
1.97 ;- 100f25 40 94 
2.17 (Y) > 800 8000 
2.32 6zlJ “) 11&S 15 24 
2.66 < 45 30 
2.67 i: 10 31 
2.71 I4&9 33 

Ref. 6). 
Calculated from R(E2) values published in ref. I?). 
From ref. 7), corrected for the J-value of the 2.32 MeV level. 
Ref. 4). 
From ref. “), and from unpublished wave functions, see sect. 4. 

intermediate coupling model, whereas the shell-model estimate is faster by a 
factor NN 2. 

There are two possible ranges of 6 for the 1.97 -+ 0 MeV transition. 0ne yields 
B(E2) strengths of x 4 W.U., the other of x 20 W.U. If one compares with the 
theoretical calculations 4), the lower value is preferred and 6 = 0.48 L-O.10 results 
in an Ml strength of 0.030&0.015 W.LI. and in an E2 strength of 452 W.U. The 
same argtiments apply for the 2.32 + 0 MeV transition. From all the data now 
available, the preferred value of 6 is 0.1 1 & 0.03 which results in an Ml strength of 
0.23 3_ 0.10 W.U. and an E2 strength of 1.5 + 1.1 W.U. This result is in ~~eement with the 
fact that the 2.32 MeV state is weakly excited in inelastic scattering experiments”* “1. 

A tentative I,, = 2 value was assigned by Rao et htl. ‘I) to the weak stripping state 
at E, = 3.26 MeV. The lowest limit of 8 for the ground state transition would yield 
an M2 strength larger than 3 W.U. if the parity were even. This suggests odd parity 
for this state. 

Inelastic scattering experiments on 53Cr have been reported 25z 26) and they 
show that the 0.56 (+-), 1.01 (+-), 1.29 ($-) and 1.97 (s-) MeV states are strongly 
excited and decay to the ground state with enhanced E2 transitions, with strengths of 
the order of 2 20, & 4, 2 5 and M 4 W.U., respectively, estimated from previously 
published data 17) and from this work. This enhancement is explained by the impor- 
tant one-phonon amplitude in their wave functions calculated with the intermediate 
coupling model “). The theoretical values are in agreement with the experimental 
results. 
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