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A. Marcinkowski
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Abstract:
A three-crystal pair spectrometer has been used to study

the 50Ti(p,Y)51V reaction for E - 2.1 - 2.S MeV and 2.6 - 3.1
MeV. The gamma-ray spectra were measured throughout the proton
energy interval in steps of about IS keV. These spectra were
added to get only one averaged spectrum. The intensities of
high-energy gamma transitions populating the low-excited states
of V have been determined. The intensities of the gamma rays
to final states with known j"-values were tested against
theoretical calculations based on the Hauser-Feshbach theory
with good results. The gamma-ray strength function for energies
lower than 11 MeV has been evaluated from the measured average
intenrities of primary gamma rays.

50,NUCLEAR REACTIONS "wTi(pfY),
51measured E ,

function, J*

y - 2.1-2.5, 2.6-3.1 MeV;
I . JXV deduced levels, deduced y-r&y strength
Enriched target, Ge(Li) detector.



1. INTRODUCTION

The validity of the average resonance spectroscopy method

for proton capture has been shown for masses around A»90 ~ )

but also for »asses as low as A«65 ). it has been shown that

the intensities of high energy primary gamma-ray transitions

fro» the capture state, when averaged over many neighbouring

resonances of the, compound nucleus, depend on the transition

energy and on the spin and parity of the final state. This

makes it possible to assign spin and parity to excited levels.

These assignments however rarely appear to be unique because

of the experimental errors and the variety of partial waves

contributing to the capture process. However it has also been

shown that, when knowing the spins and parities of the excited

states the procedure can be inversed and valuable information

on the energy dependence of the gamma-ray strength function in

an interesting low energy region can be extracted from the

measured average intensities of the primary gamma rays.

To extend this method to nuclei with even lower masses

than those mentioned above one might come in conflict with

the demands to include enough resonances and also to avoid

isobaric analogue states. In order to test the validity of

the method for lower masses a study of the Ti(p,^) V

reaction has been undertaken in the proton energy range

2.1 - 3.1 MeV. Working with proton energies less than 3.05

MeV ensured that the neutron channel was closed. The (p,v)
7 8

Q-value is 8.056 MeV ). From the Gilbert-Cameron formula )

the density of excited states at 10 - 11 MeV excitation energy

is estimated to be of the order of 103/MeV, which is enough

to assure an effective averaging, since the standard deviation

of the radiative width averaged over 10 resonances is of the

order of S\, which is less than the experimental error of the

measured gamma-ray intensities.

of
Energies,spins and parities for the lower excited states

(3He,d>

(d,p) 1

V have been determined with the aid of several reactions;
I 8) andr4He,P)



The analogs of excited states of Ti have been studied
in several works with (p,y) 7) and (p,p') 7) reac-
tions. In order to avoid the IAS effects in the averaged
proton capture spectra the proton energy regions where the
IAS have been found were omitted in the averaging procedure.

2. EXPERIMENTAL PROCEDURE

A 110 yg/cm Ti target, on a Ta-backing, was bombarded
with a proton beam from the Pelletron Tandem Accelerator at
the University of Lund. The target, water cooled in order to
allow beam currents up to 6 u_A, was oriented at 45° to the
beam direction and in this position its thickness was about
12 keV for 2.5 MeV protons. In order to suppress secondary
electron emission a Ta-cylinder with a negative bias of 150 V
was put around the target.

The gamma-ray energies were measured with a 40 cm Ge(Li)
detector located 30 mm from the target. A 2 mm thick Ta-plate
was placed in front of the detector in order to attenuate the
low-energy background.

Secondary gamma-ray transitions up to 4.5 MeV transition
energy were studied with the Ge(Li) detector oriented at two
different angles, 90° and 55°, relative to the proton beam.
The spectrum obtained at D0° was used for energy calibration
and the 55° spectrum was used for the determination of the
relative intensities. The energy and efficiency calibration
in the low-energy range has been performed with a Ra source.

Primary gamma-ray transitions to states up to 4.5 MeV
excitation energy were studied with the Ge(Li) detectoT, in
the 55° orientation, operating in a three-crystal pair-
spectrometer arrangement. A 12.7 cm diameter x 10.4 cm and a
12.7 cm diameter * 12.7 cm Na(I) detectors were used as the
two side detectors.

Sixtytwo primary gamma-ray spectra were measured by grad-
ually varying the proton energy in 15 keV steps, covering the
2.1 - 3.1 MeV proton eneTgy range.
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In order to identify the isobaric analogue states, known
from the litterature 7) in the investigated energy
range, the yield curve has been measured and the energy
regions affected by the IAS have been localized. The spectra
where the effect of the IAS were identified were excluded
in the averaging procedure thus producing the 2.5 - 2.6 MeV
proton energy gap. The remaining spectra were shifted in a
way assuring the particular primary gamma-ray transition to
be observed in the same channel for each proton energy and
thereafter the spectra were added together in order to arrive
at an integrated average spectrum (see Fig. 1). The diffe-
rences in the Doppler shifts of the primary gamma rays at 55
did not disturb this averaging procedure as they account to
only 3.1 keV at Z.I MeV proton energy and to 3.8 keV at 3.1
MeV proton energy. These differences are negligible with
respect to the 12 keV FWHM of the gamma-ray lines resulting
from the target thickness. The intensities of the primary
gamma rays in the summed spectrum have then been used. The
error of the experimental intensities is the quadrat sum of
the following estimated errors; relative detector efficiency
(51), summing effects (51), multipole mixing and angular
distribution effects (104) and peak area determination.

The energy calibration of primary gamma-ray spectra was
made by the 6129.7±0.8 keV gamma rays from the F(p,ay) 0

reaction from fluorine contamination in the target. Ganuna
27 28rays from the Al(p,jy) Si reaction at E • 992 keV were

used for the efficiency calibration.

3. CALCULATIONS AND DISCUSSION

The measured mean intensities of the gamma rays feeding
the excited states have been analysed with use of the Hauser-
Feshbach theory with the following formula
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l-\V'\
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T • proton 1-wave transmission coefficients

IQ - target ground state spin

J - compound nucleus spin

The first term in the denominator stands for the elastic

and inelastic scattering of protons and the second term for

the decay to both discrete levels i, fed Y/ primary y-, as

well as for the continuum states above the excitation energy

E with the level density prescribed by the superconductivity
20

model ). The second term in the denominator looks like

Here E. stands for the excitation energy of the compound

nucleus state.

Only El transitions have been considered in the calcula-

tion of the final population of the excited levels in the

radiative capture. Bollinger and Thomas 21~23) and Buss and

Smither ) have shown that the contribution of Ml transitions

to the gamma-ray cascade following nucleon capture is about

lOt of the El transitions. We have therefore neglected them

in our calculations. The transmission coefficients for the

El transitions have been calculated from the formula

(3)



which has been derived, with £ » 5, by Axel 2S) when approx-
imating the strength of the El ground state transitions of
about 7 MeV, from 1* states, from the tail of the giant di-
pole resonance. By applying the Brink hypothesis 2{>) this
formula can be validated for any spin and parity value of the
decaying state. In his recent paper Koeling 2 7) discusses the
variation of jc as function of the transition energy. In many
works < has been treated as a parameter with a value around
5 3,28,29^ In this work the value of £ - 5.0 has been

assumed. A simple relation holds between K and the ratio of
the population of the 3/2" state at 928 keV and the 3/2" state
at 2411 keV r t h e Q r « (E (928)/E (2411))! as the spin and
parity values are the same for "the two levels. From Fig. 2 it

is visible that the value of calculated with K* 5.0
fits well the experimental population ratio for the two levels
in question.

The value of a « 0.95 has been obtained by fitting the
cross section for the transition to the 7/2" ground state,
calculated with the use of the CINDY code 3 0) based on for-
mula (1), to the value cr(P»Y0) = 24+5 yb, measured in the
present experiment at a proton energy of 2.6 MeV. The trans-
mission coefficients for protons entering formula (1) have
been calculated initially with use of the SCAT 3 1] program
using the optical model potential obtained by Becchetti and
Greenless ) . The Becchetti-Greenless potential describes

well the nucleon-nucleus interaction at E 410 MeV. The extra-
P

polation of this potenial into the 2 - 3 MeV energy region
could be the source of a considerable error. Therefore we
have adjusted the calculated transmission coefficients in
order to fit the population of the 3/2" state at 928 keV
relative to the ground state population, accepting the rela-
tive strength of the contributing partial waves as predicted
by the optical model. This adjustment results in a reduction
of the transmission coefficients by more than an order of
magnitude, as the correction factor is 0.045.



The results of the calculation are compared with the

experimental average intensities of primary gamma-ray tran-

sitions in Fig. 2. The theory fits well the intensities to

the remaining low-lying levels with known spin and parity,

namely the 5/2" level at 320 keV 7) , the 9/2" level at 1813

keV 7 ) , the l/2+ level at 2546 keV 7 ) , the 3/2+ level at

2677 keV 7) and the 5/2" level at 3084 keV 16'33'34).From a com-

parison of the average intensities of the transitions to the

excited levels above 3.2 MeV no conclusions can be drawn about

spin and parity as the experimental errors generally allow for

three or more possible J- values on a 2a confidence level. An

investigation of the secondary transitions between the low-

lying levels made it possible to limit the range of the J—

values. The decay scheme and the admitted spin and parity

values are shown in Fig. 3.

The evaluation of the strength function is possible only

for transitions to states with known spin and parity there-

fore we have accepted the spin and parity value which fits

the experimental average intensity best, when we calculated

the strength functions for transitions to states for which

several J- values are allowed. The scatter of the strength

function due to the remaining possible J- values is of the

order of the experimental error and is reflected in the error

bars attached to the points in Fig. 4.

The strength function has been calculated according to

the procedure outlined in ref. ). From equation (1) and

the relation between the gamma-ray transmission coefficient

TY. for El radiation and the strength function f.c1(E "j•li lti j^

T4)

the following expression holds for the strength function of

transitions to states with spin and parity equal to the ground

s^ate l£°,

v wv (5)



Here E. is the excitation energy of the i-th level and E> is
A

the total excitation energy. Equation (5) may be generalized
to include states with spin and parity different from the
ground state values by introducing a model coefficient

which can be evaluated from the Hauser-Feshbach formula (1).
The coefficient is the ratio of the cross section for popula-
tion of the I-0 ground state and a hypotetical state with
spin and parity I- lying at the ground state energy. Intro-
ducing (6) into (5) we obtain

<J(P»Y*)

which holds for all spin and parity values. The ratio of the
cross sections on the right hand side of (7) when averaged
over many resonances is just equal to the normalized average
intensity measured in the present experiment. The strength
function for the ground state transition f _,(E. « Ey ) has
been calculated by relating it to thfe photo-absörption cross
section

EJ = 11.5 106 f P 1(EJ Ev (mb) , (8)

and by assuming the Lorentzian shape for the photo-absorption
cross section

2 <*i T\ E2
O Y E 1 ( E ) - E " 1 X X . (9)

1 1 (E2EJ)+J;^E
Z

The parameters of the giant dipole resonance E, • 17,5 MeV,
r, = 3.6 MeV, a, = 41 mb, E, • 20.3 MeV,r7 « 6.5 MeV,

" 46 mb aTe taken from ref. • > : >).



The results of the calculation are shown in table 1 and
in Fig. 4. The strength function measured in thi present ex-
periment follows the giant dipole resonance energy dependence
up to 6.2 MeV. This supports the hypothesis that the strength
function for the low lying states fjri (Ej,-E^) follows the
energy dependence of the strength function for the ground
state transition *oi:j(Em) as suggested by Brink ^ 6 ) . It seems
also evident that with the present experimental errors there
is no need to call for contribution of raultipole transitions
other than of the El type in the primary spectrum of the
gamma rays accompanying the proton capture in
vestigated energy range.

50Ti in the in-
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TABLE 1

Strength function f£, values for

measured average intensities

the El primary yray transitions evaluated from the

Level Energy

(MeV)

0.000

0,320

0.928

1.813

2.411

2.S46

2.677

3.083

3.216

5.266

3.455

3.748

3.782

3.801

3.874

4.030

4.200

4.240

4.265

Average transition

energy (MeY}

10.53

10.21

9.60

8.72

8.12

7.99

7. 85

7.45

7.31

7.26

7.25

7*08

6.78

6.75

6.73

6.66

6.50

6.33

6.29

6.27

parity

7/2" a

5/2' a

3/2

9/2

3/2

1/2

3/2

5/2

- a

- a

- a

+ a

+ a

- b

1/2 c,e

.+ e

5/2* d

5/2* d

1/2",5/2",7/2

1/2",5/2",7/2* e

l/2±,3/2±,5/2",7/2± e

5/2",7/2* 6

3/2",5/2+ 6

3/2*,5/2* e

l/2±,3/2±,5/2",7/2± e

- c,e

ref. 7) , b ref. ".33,34)

1/2

1/2",3/2" C

ref.1Ol , d ref. 3 4) ,

fEl*££El

3.09+0.39

2.76+0.35

2.^310.32

2.92+0.97

1.96±0.25

1.81±0.26

1.80+0.24

1.8110.25

2.00±0.32

0.261.73

1.28

1.41

1.36

1.21

1.41

-0.46
+0.46
-0.19
+ 0.33
-0.31
+ 0.32
-0.30
+0.72
-0.26
+0.33

xlO

xlO

xlO

xlO

xlO

xlO

xlO

xlO

xlO

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

xlO-8

xlO

xlO

-8

-8

xlO

-0.31

1.S2+O.22

54±0.30
•0.39

16-0.35
1.24+0.22

,+0.391.49-0.69

xlO

xlO

xlO

xlO

xlO

xlO

-8

-8

-8

-8

-8

-8

-8

nresent



Figure captions

Fig. 1 The summed primary gamma-ray spectrum for V,recorded

with the three-crystal pair spectrometer at 55°,obtained
in the present experiment. Peaks proceeding from the
Ti impurities in the target are labelled with V. The

peaks proceeding from the Ti(p,^) V reaction are
labelled with the energy of the final states.

Fig. 2 The solid lines are theoretical Hauser-Feshbach calcula-
tions of relative intensities of primary gamma rays from
the proton capture states in V normalized to the in-
tensity of the transition to the ground state. The closed
circles represent the experimental intensities of levels
with well-known spin and parity.

51Fig. 3 The proposed decay scheme of V. The intensities of the
secondary gamma rays are normalized so that the intensity
of the 320 keV ground state transition is 1000. Transi-
tions which we have not been able to resolve are marked
with question marks. Spin and parity values marked with
a are taken from ), with b from ' ) , with c from

), with d from ) and with e from the present experi-
ment.

Fig. 4 Gamma-ray strength function for V. The solid line is

obtained from the giant dipole resonance parameters in
re
35
ref. ). The closed circles are also taken from ref.

). Open circles represent present experiment norma~
lized to the giant dipole resonance at 10.5 MeV as men-
tioned in the text.
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RELATIVE INTENSITY OF GAMMA RAY!
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