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The angular distributions of protons from the ( d, p) reactions on the chromium isotopes 
Cr50, Cr52, Cr53 , and Cr54 are studied using 13.6-MeV protons, and are compared with the 
simple Butler theory of stripping reactions. The values of ln for captured neutrons are ob­
tained for the ground state and several excited states of the final nuclei. Some conclusions 
are reached regarding possible spins and parities of states of the final nuclei Cr51, cr53, 
Cr54, and Cr55 . 

IN the present work we continue our earlier in­
vestigations [j.J of stripping reactions in targets 
containing single isotopes with A ~ 60. We have 
now studied the angular distributions from strip­
ping reactions on the four chromium isotopes 
Cr50, Cr52, Cr53, and Cr54 . 

other workers have studied ( d, p) reactions 
using deuterons up to 21 MeV.[2-s] However, ex­
cept in [s], all targets were made of natural 
chromium. Thus in one of the first investigations 
Schiffer et al [2] studied the gross structure of the 
proton spectrum from the ( d, p) reaction on 
natural chromium. The angular distributions of 
protons were compared with the simple Butler 
theory. 

Elwyn and Shull [sJ investigated the proton 
angular distributions from ( d, p) on Cr52 and 
Cr53 using 10-MeV deuterons. A comparison with 
the theory yielded values of the orbital angular 
momentum ln for neutrons captured into different 
states of the final nuclei. 

Slaus [3] studied the mechanism of the 
cr52(d, p) Cr53 reaction with 3.29- and 4.4-MeV 
deuterons. Although these deuteron energies are 
far below the Coulomb barrier, the experimental 
data indicate that direct interactions play an impor­
tant part. 

El Bedewi and Tadros [4] employed magnetic 
analysis to investigate Cr52 (d, p) Cr53 with 8.67-
MeV deuterons. They compared the angular dis­
tributions of nine proton groups with Butler's 
theory and obtained possible spins and parities for 
states of the final nucleus Cr53 . 

The ( d, p) reactions on Cr50 and Cr54 have 
not been investigated previously. It was therefore 
of interest to investigate the angular distributions 
of protons from this reaction on all four chromium 
isotopes. 

1. MEASUREMENT TECHNIQUE 

Our work was done at the cyclotron of the Insti­
tute of Physics of the Academy of Sciences of the 
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Table I 

T~· ~;cl<. Content, '7o 

t ness, 
Cr'' I Cr" I Cr" I ge gfcm2 Cr'' 

CrM 2.895 87.7 11.1 0.9 0,3 
Cr52 3.211 0.2 99.0 0. 7 0.1 
Cr53 3,790 0.2 13.8 84.3 1.7 
Cr54 2.895 0.4 10,9 10.1 78.6 

Ukrainian S.S.R., which furnished a 13.6-MeV 
deuteron beam. The apparatus and measurement 
technique have been described in [ tJ . The targets 
in the form of free thin films 20 mm in diameter 
were enriched in the chromium isotope to be in­
vestigated. Table I gives the target thicknesses 
and isotopic compositions. 

The ( d, p) proton angular distributions were 
obtained at c .m. angles from 7.5° to 100° and are 
compared with theoretical calculations based on 
the simple Butler theory .CsJ 

The indicated experimental errors in the an­
gular distributions were obtained by averaging 
several measurements, and include statistical 
errors not greater than 3%, errors of proton­
group resolution, errors associated with inaccu­
rate angular positioning, etc. All these errors 
pertain to measurements of the angular distribu­
tions in relative units. The error in the absolute 
value of the differential ( d, p) cross section was 
±50%. 

2. RESULTS AND DISCUSSION 

Figure 1 shows the ( d, p) proton spectra re­
solved into several groups whose angular distribu­
tions were obtained. The different proton groups 
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FIG. 1. Proton spectra from the (d, p) reaction 
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on chromium isotopes: a- Cr'0 ( d, p )Cr'', e = 30°; 0 
b- Cr52( d, p )Cr53 , e = 30°; c- Cr''( d, p )Cr"4 , 

J 

e = 30°; d- Cr54(d, p)Cr55 , e = 40°. 
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400 

zoo 

OJ 4 

c 

have been designated with the numerical indices 0, 
1, 2 etc. Since the inadequate resolving power of 
the spectrometer did not always permit good reso­
lution of the proton groups, in determining their 
areas we assumed Gaussian shapes (the dashed 
curves) of the spectral lines. Consequently, al­
though in certain instances some proton groups 
could not be resolved easily, very good agreement 
was obtained between the angular distributions 
from different runs in which the proton groups 
were resolved independently. The angular distri­
butions of the corresponding proton groups are 
therefore quite reliable. 

We shall now discuss briefly the separate re­
sults for each reaction. 

a) Cr50 (d, p) Cr51 • Figure 2 shows the angular 
distributions of protons. The angular distributions 
for the ground state (Fig. 2a) and for the first 
excited state (Fig. 2b) correspond to separate 
levels in good agreement with the theoretical curves. 
Table II gives the characteristics of the levels ob­
tained from an analysis of these data. On the shell 
model the most probable spin and parity are 7; 2-

for the ground state and %- for the first excited 
state. According to the Cr51 level scheme [sJ the 
first excited level at 0. 7 5 MeV is followed by a group 
of excited levels at 1.17, 1.42, and 1.53 MeV. In 
our experimental work we were unable to resolve 
these levels separately; therefore we obtained a 
combined angular distribution for all three levels. 

In Fig. 1a this proton group is designated by the 
number 2 and is seen to consist of at least two 
groups ( 2a and 2b) corresponding to the approxi­
mate excitation energies 1.2 and 1.5 MeV, respec­
tively. The corresponding angular distribution is 
shown in Fig. 2. The spectra obtained at different 
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FIG. 2. Angular distributions of protons from 
Cr"0(d, p)Cr51 • o- experimental points accompanied by 
Butler theoretical curves. a -ln = 3, r0 = 6.19 x 10"13 

em; b-ln= 1, r0 =5.8x 10"13 em; c and d-ln"' 1, 
r0 = 5.5 x 10"13 em; e -ln = 1, r0 = 5.5 x 10"13 em (con­
tinuous curve) and ln = 2, r0 = 5.5 x 10"13 em (dashed 
curve). 

Table II 

Q, Excita- Pro-
Reaction tion ener- posed 

MeV gy, MeV value 
ofln 

( 7.08 0 

t 
6.33 0. 75 
5,70 1 .. 17 

Cr•o (d, p) Cr•1 1.42 

I 
1.53 

4.16 2.92 
t 3.11 3.97 

( 5.74 0 
Cr62 ( d, p )~Cr63 1 5.16 0.58 

4.73 1.00 
t 3.41 2.33 

{ 7,55 0 
Cr53 (d, p) Cr54 6.69 0.81 

6.26 1.23 

Cr54 (d, p) Cr55 3.8 0 

angles indicate that the given proton groups re­
sulted from the capture of neutrons with different 
values of ln. Thus the proton group 2b is very 
well resolved and gives the highest yield at about 
12°, whereas the group 2a is most strongly re­
solved at 30°. It can therefore be assumed that 
the group 2a results from a transition with ln = 3, 
and the group 2b from a transition with ln = 1. 
This to some degree confirms our angular distri­
bution for both groups taken together as shown in 
Fig. 2c, where we also have the theoretical curve 
for ln = 1 and r 0 = 5.5 x 10-13 em. 
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The experimental angular distribution is seen 
to agree with theory for ln = 1. However, there is 
no perceptible experimental minimum in the range 
30-35°, as is usually found in the case of ln = 1 
(Fig. 2b). This can be due to the contribution of 

Differen- Reduced 
Radiusro, Possible spins 

tial cross width section 
10"15 em and parities at peak, (2]+1)8' 

mb/sr 

6.19 •;.-' 7/2- 1.36 0,054 
5.8 1;2-,a;2- 15.05 0,076 
5.5 112- ,a/2- 8.57 0.042 

5,5 1;2-, a;.- 14.69 0,055 
5.5 1;2-, s;.- 14.95 0.049 

5.5 );.-, 3/2- 24.90 0,122 
5.5 112-,a;2- 9.38 0.040 
6.0 •;.-,7;.- 1.92 0.054 
5.5 112-, s;2- 18.55 0.060 

6.28 o+, 1+, 2+, 3+ 1.31 0.031 
5.8 o+, 1 +, 2+, 3+ 3.76 0,07\l 
5.5 o+, 1 +, 2+, 3+ 3.38 0.072 

5.5 1;2-,a;2- 24.63 

I 
0.084 

the second proton group (2b) resulting from a 
trans it ion with ln = 3. 

For the same reaction we obtained two more 
angular distributions of the proton groups 3 and 4 
(Fig. 2d, e) corresponding to excitation energies 
of the order 2.92 and 3.97 MeV. Since a cr51 

level scheme is lacking for this energy region, we 
cannot state that the corresponding proton groups 
result from neutron capture into separate levels. 

Figure 2 shows the angular distribution for the 
2.92-MeV state and the Butler theoretical curve 
for ln = 1 and r 0 = 5.5 x 10-13 em. Taking the in­
dicated value ·ln = 1, we can assign t;2- or 3/ 2-

to this state. 
The angular distribution for the 3.97-MeV state 

is shown in Fig. 2e, together with the Butler theo­
retical curves for ln = 1 and 2. The experimental 
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points are seen to lie between the theoretical 
curves and can hardly be reconciled with either 
one. In [sJ similar difficulties have been pointed 
out regarding the choice of ln for states with low 
Q in analyzing stripping reactions on nuclei of 
medium atomic weight with 10-MeV deuterons. 
This is associated with the fact that Butler's theory 
disregards both the Coulomb and the nuclear reac­
tions between deuterons and nuclear protons. By 
using the distorted-wave theory[to] in calculating 
theoretical angular distributions we obtain consid­
erably better agreement with experiment and the 
elimination of ambiguities regarding the selection 
of ln. Thus, as Scott [s] has shown, when the ex­
perimental points lie between Butler curves for 
two adjacent values of ln, the theoretical curve 
based on the distorted-wave theory for the lower 
value of ln agrees well with the experimental dis­
tribution. 

We can take ln = 1 for the investigated 3.97-
MeV state on the basis of the foregoing discussion. 
Then the possible spins and parities will be 1; 2-

and %-. 
b) cr52 ( d, p) Cr53 . The angular distributions of 

four proton groups from this reaction are shown 
in Fig. 3 along with the corresponding theoretical 
curves. Table II gives the orbital angular momenta 
of neutrons captured into the corresponding states, 
and the spins and parities of these states. 

On the shell model the most probable spin and 
parity of the Cr53 ground state will be %-, with 
%- for the second excited state ( 1.0 MeV). These 
results are confirmed by data in [4,sJ. 

a(fl}. mb/sr 
JO.-----------~~--------

24 a b 

d 
1.6 

e0c.m. 
FIG. 3. Angular distributions of proton groups from 

Cr52(d, p)Cr'". o- experimental points; continuous lines­
Butler theoretical curves. a, b, and d -ln = 1, r0 = 5.5 x 10-13 

em; c-ln = 3, r0 = 6 x 10-13 em. 

FIG. 4. Angular distribu­
tions of protons from 
Cr'(d,p)Cr54 • o- experimental 
points; continuous lines- But­
ler theoretical curves. a-
ln = 1, r0 = 6.28 x 10-13 em; 
b -ln = 1, r0 = 5.8 x 10-13 em; 
c-ln = 1, r0 = 5.5 x 10-13 em. 
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For the first excited Cr53 state at 0.58 MeV 
the possible spin and ![arity will be 1;'2- or %-. 
Wilkinson and Sheline tt] have identified this level 
as a 2pv 2 state on the basis of relative y-ray in­
tensities in neutron capture. 

c) Cr53 ( d, p) Cr54 • Figure 4 shows the proton 
angular distributions from this reaction and the 
Butler theoretical curves; ln = 1 was obtained for 
all angular distributions. Since the target is a 
spin-3/ 2- even-odd nucleus, the investigated levels 
must have positive parity and the possible spins 
are 0, 1, 2, and 3. 

The final Cr54 nucleus has an even mass and 
must therefore have a o+ ground state. The most 
probable assignment for the first excited state of 
Cr54 is 2+. Our values of ln for all three states 
agree with those given in [7]. 

d) cr54 ( d, p) Cr55 • Figure 1d shows the proton 
spectrum from this reaction. Only two groups 
( 0 and 3) have appreciable intensities; the other 
two groups ( 1 and 2) are very weak at the given 
angle. At other angles the intensity ratio of these 
groups changes. Since it is very difficult to dis­
criminate all these proton groups and the level 

FIG. 5. Angular distribu­
tion of protons from 
Cr4(d, p)Cr'. o- experimental 
points; continuous line- But­
ler theoretical curve for ln = 1 
and r0 = 5.5 x 10-13 em. 
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scheme of Cr55 is entirely unknown, we plotted the 
angular distribution only for the ground-state group; 
this is shown in Fig. 5 in comparison with the But­
ler theoretical curve for Zn = 1. Since, according 
to the shell model, in the Cr55 ground state the 
31st neutron should be captured into the 2p3;2 

shell, the most probable spin and parity assignment 
for this state will be 3; 2-, in good agreement with 
CsJ 

Regarding the proton group 1 we can only com­
ment about the angular dependence of its intensity. 
At small angles the group is very weak and almost 
entirely imperceptible in the tail of the intense 
ground-state group. The intensity of group 1 rises 
with increase of the angle, and at 30° is comparable 
to the group 0 for the ground state. Its intensity 
again diminishes with further increase of the 
angle. It is thus suggested that the group results 
from the capture of neutrons with ln = 3. This 
agrees with the shell model, according to which 
the lf512 level should lie above the 2p312 level. 
However, final conclusions regarding this state 
will await an angular distribution based on meas­
urements in which these groups can be resolved. 

On the basis of the measured absolute values of 
the differential cross sections for the investigated 
( d, p) reactions and the analysis of the angular 
distributions we employed Butler's theory to cal­
culate the reduced widths ( 2J + 1) e2, where J is 
the spin of the final-nucleus state. An equation in 
[t2J was used to calculate ( 2J + 1) e2• Table II 
gives the reduced widths and other characteristics 
of states in the investigated nuclei. 

In conclusion we wish to thank A. P. Klyucharev 
for providing the enriched targets, and also the 
crew that was responsible for the uninterrupted 
operation of the cyclotron. 
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