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Abstract

The reaction 15N(n,p)I5C was studied at a neutron energy of 288 MeV using the TRI-

UMF (n,p) charge exchange facility and a high pressure gas target. The angular distributions

for spin dipole (AL=1) transitions to the states in 15C at energies 0 MeV and 0.740 MeV,

as well as for higher excitation energies, were measured and the results were compared with

DW1A calculations. The measured distribution of the spin dipole strength agrees well with

shell model predictions, indicating that a rather simple model provides a satisfactory de-

scription of the I5N ground state, and of positive parity states in 15C up to about 18 MeV

excitation. The magnitude of the peak cross sections (at ~ 7°) is described well by the cal-

culations when the theoretical cross section is renormalized by a factor 0.7. The calculated

cross sections near zero degrees are generally smaller than experimental data. If this is a

general feature of AL=1 transitions, it suggests that estimates of GT strength based on a

multipole decomposition of measured cross sections may be too high.

PACS nos.: 25.40.Fq, 24.30.Cz, 21.60.Cs, 27.20.+n.
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1 Introduction

Over the last ten years both experimental and theoreticaJ investigations of charge exchange

reactions have made major advances. In particular the transitions with orbital angular mo-

mentum transfer AL=0 (Garnow-Teller transitions), which dominate the cross section at

forward angles and low excitation energies, were extensively studied with the problems of

the proportionality between the zero degree cross section and /3-decay strength [1] and of

the missing Gamow-Teller strength [2] being the focus of interest. At the same time, other

transitions, with angular distributions peaking at larger angles and involving AL=1 have

been identified in a number of experimental spectra [3,4,5,C]. It was shown that AL=0,

isoveclor transitions at intermediate energies involve almost entirely spin flip AS=1 tran-

sitions [7]. A comparison with the energy dependence of AL=1 transitions indicates that

they also have predominantly spin flip character [4j, which justifies the "spin dipole" (SD)

term generally used for them.

Accurate information about the spin dipole cross section is important in many situations.

In particular, in order to address the question of missing Gamow-Teller (GT) strength, it

is necessary to estimate the amount of GT strength at higher excitation energies, which

requires that the spin dipole contribution to measured angular distributions be estimated

accurately. This can only be done if the shape of the experimental angular distribution is

known to be adequately described by theoretical calculations. At present, when this kind

of multipole decomposition is performed, the theoretical shape of angular distribution for

spin dipole transitions usually must be assumed, as the detailed structure factors for the

transitions are not known.

As a check of the reliability of such calculations, it is important to have experimental

data in cases where AL=1 transitions can be clearly resolved, and the nuclear structure

is simple enough to permit realistic model calculations. These requirements are satisfied

by the 15N(n,p)ISC reaction. The ground slate of 15N has predominantly single hole p~}2

character, while the lowest two states of 15C (ground state Jn- 1/2+ and 0-740 MeV JT=



5/2+) are described in first order as (p\/?)~2(sd)1 and are separated by more than 2 MeV

from higher excited states. In addition, it may be noted that, in first order, GT transitions

are forbidden in this reaction, thus permitting measurements of AL=1 strength with little

interference from this type of transitions.

The A=15 nuclei have been investigated theoretically and experimentally by many au-

thors, the earlier information being compiled in ref. [8]. The excited states of 15C presented

in Fig. 9 were studied bj means of (d,p) [9], (t,p) [10] and (7Li,p) [11] reactions. The first

forbidden 0' decay of 15C to 15N was measured by Alburger et al.[12,13] and subsequently

reanalyzed by Warburton et al. [14]. The transition matrix elements obtained from this

analysis were compared with shell model calculations, and possible meson exchange contri-

butions were discussed. The 15N nucleus was studied by means of (e,e') [15,16] and (o,d)

reactions [17] and the admixtures of (2p-3h) excitations into the ground state were investi-

gated. There have been several (p,n) experiments on 15N studying AL=0 transitions [18,19]

and low energy AL=1 transitions [20], but so far no (n,p) experiment has been reported at

energies above 1 MeV.

2 Experiment

The measurements were carried out using the (n,p) mode of the TRIUMF charge exchange

facility, described in detail in [21]. An achromatic proton beam with an energy 290 MeV and

a current of about 250 nA was incident on a 7Li (220 mg/cm2) primary target, producing

a nearly monoenergetic (288 MeV) neutron beam. The protons from the primary beam

after passing through the 7Li target, were deflected by 20 degrees using a compact sweeping

magnet and stopped in a shielded beam dump. A thin scintillation detector was placed in

front of the secondary target box to veto protons which had been scattered at small angles

in the 7Li target.

The resulting neutron flux incident on the secondary target had an intensity on the

target of about 105 particles sec^cm"2 . The high pressure gas target is the subject of a

separate public? ion [22], so that only details specific to this measurement will be described



here. The target box, presented schematically in Fig. 1, contained a single gas cell filled

with pure (99.5%) 15N gas at 20 atm (2.03 MPa) pressure. The cell had thin (5 nm) stainless

steel windows separating the target gas from the counter gas which filled the target box.

The box was 6.51 cm high, 3.02 cm wide and 9.33 cm long (total volume about 183 cm3),

containing approximately 4 liters of gas when measured at normal pressure and temperature,

with an effective thickness of 221 mg/cm2 of 15N. Two solid targets, 47.0 mg/cm2 carbon

in front of the gas cell and 44.5 mg/cm2 CIIj behind, were mounted as shown in Fig. 1.

This procedure, standard in TRIUMF (n,p) measurements, allows the normalization of the

measured cross section to the well known H(n,p) cross section, making it independent of

fluctuations of the beam intensity and wire chamber efficiencies (for chambers other than

those in the target box).

The targets were mounted between four proportional wire chambers, labelled YT, VA,

YB and YC in Fig. 1. This allowed the identification of the target layer in which the (n,p)

reaction took place. The first wire chamber served as an additional veto for protons from the

primary beam and also rejected events which originated in the 0.5 mm thick external window

of the target chamber. The efficiencies of these wire chambers (typical values ranging from

99.7 % to 98.5 %) were monitored at every change of the experimental conditions by placing

a thick block of CH? in front of the target chamber to produce a uniform flux of protons

and by requiring a signal from the veto scintillator in the trigger. The counter gas filling

the target box was a 90:10 mixture of Ar/COj at a pressure about 0.07 atm lower than that

inside the target cell in order to maintain the positive curvature of the cell windows.

The protons produced by the (n,p) reaction were momentum analysed by the TRIUMF

medium resolution spectrometer (MRS). .A detailed description of this facility can be found

elsewhere [23]. The spectra were measured at MRS angle settings of 0°,5°, 10°, 15° and

20°, and these values will be referred to in the paper. These differ somewhat from the true

scattering angles; the correspondence between these two quantities is given later.

The experimental data had to be corrected for background contributions, for differences

in the acceptance of the system for different outgoing proton momenta and for angular and



energy distributions of the incident neutron flux. In order to get the experimental values

for the appropriate correction factors some additional measurements were performed:

1. A series of measurements for the same angles as those for 15N with the gas cell filled

with counter gas Ar/CO2 at 20 atm and at 1 atm.

2. A set of measurements at 0° of the acceptance of the spectrometer with methane gas

(CH4) filling the high pressure gas cell at 20 atm pressure.

3. A series of measurements with methane gas in the cell at the 20 atm pressure for the

same angles as for the 15N measurement.

3 Data Analysis

The cross sections for the 15N(n,p) reaction were determined from measurements of the

counting rate relative to that for the ]H(n,p) peak originating from the CH2 target placed

in the last position in the target box. The absolute cross sections for the latter reaction

were obtained from a recent phase shift analysis of n-p scattering data [24] and are listed in

Table 1. Before the final cross sections could be obtained, a number of corrections had to

be applied.

At each MRS angle setting, the spectrum of the background originating from the counter

gas and solid material present in the cell was produced. The procedure consisted in sub-

tracting the Ar/COs spectrum measured at the gas pressure of 1 atm from that measured

at 20 atm in order to get a "counter gas only" spectrum without any contributions from

solid materials. This spectrum was multiplied by a factor of 20/19 to correspond to the

gas pressure used in the measurement, and the result is referred to as the "counter gas

spectrum". In the same way, by subtracting 1/20 of the "counter gas spectrum" from the

Ar/COj spectrum measured at 1 atm gas pressure the spectrum of the background coming

from solid material present in the cell ("solids background spectrum") was obtained. At

all angles the spectra were renormalized to account for the different lengths of the gas in

the high pressure gas cell and outside the cell. Next, these spectra were subtracted from



the measured spectrum to obtain a true 15N spectrum. The background from the cham-

ber gas amounted to approximately 10 % of the uncorrected spectrum. Background from

the solids in the gas box consisted of a H peak (originating from mylar foils in the target

box detectors) and of a small, rather uniform tail at lower momenta. An example of an

uncorrected 15N spectrum measured at MRS angle of 0°, together with the corresponding,

properly normalized "counter gas" and "solids" backgrounds is presented in Fig. 2.

Next, the spectra were corrected for the variation of the acceptance of the MRS with

proton momentum. As mentioned before, the acceptance measurement was performed at

the MRS angle of 0° with methane gas filling the gas cell at a pressure of 20 atm. By

changing the settings of the magnetic field of the MRS the position of the hydrogen peak

from the H(n,p) reaction was moved along the focal plane in such a way that it covered the

whole range of interest in the spectrum. The integrated charge from the Faraday cup at the

beam dump was used to normalize the peak areas from different runs.

A deconvolution procedure was used to remove the continuum contribution to the inci-

dent neutron spectrum due to many-body final slates in 7Be. The neutron spectrum from

the TLi(p,n) source reaction was obtained by subtracting the properly normalized spectrum

due to the carbon target from that for the CH2 target. The resultant spectrum, shown in

Fig. 3 consists of a peak arising from transitions to the ground and first excited states of

7Be, plus a continuum arising from many-body final slates. A deconvolution was carried

out in order to subtract the contribution to the cross section arising from the continuum.

A further angle dependent correction was required: at 0° all incoming neutrons passed

through the thin (0.5 mm) stainless steel end window of the target box, whereas at the

larger angles part of the neutron flux passed through the thick stainless steel side wall (7.9

mm), with the effective thickness dependent upon the MRS angle. Also, the combination

of the finite angular acceptance of the MRS and the angular distribution of the 7Li(p,n)

reaction, especially at larger angles, caused the gas target and the CH2 target, used for

normalization, to be illuminated by a different neutron flux. To properly account for these

effects the ratio of counts in the H peak originating from methane in the gas cell and from



the CH2 target were measured at different MRS angles. The resultant correction factor had

a value of 1.1 at 15° and 1.2 at 20°. In estimating the thickness of the gas targets, the Van

der Waals' equation of state for real gases was used in order to account for the change of

gas pressure with temperature, the Van der Waals1 constants being taken from [25].

The data from the acceptance run described above were also used to determine the

energy calibration. The peak from Ml(n,p) in the CH2 target at the back of the target box,

together with the 12C(n,p)12Bs3 peak from the carbon target placed in the first position

in the target box, were used to obtain the position corresponding to the zero excitation

energy for each spectrum. It is estimated that the uncertainty in the determination of the

zero on the energy scale combined with the uncertainty in the energy calibration results in

lota] uncertainty of about 140 keV. The overall resolution of the system, estimated using

the lineshape of the hydrogen peak from the CH2 target, was about 1.4 MeV at 0°. This

value increases at larger angles as a result of the uncertainty in the true scattering angle

due to multiple scattering of protons in the thick stainless steel exit window of the target

box. This effect was estimated to be about 0.5 degree rms, which caused significant spread

in the apparent energy1 for the H target at larger angles, but was not important for nitrogen

and carbon.

Because of the finite angular acceptance of the spectrometer and the finite extent of

the (n,p) targets, at each setting of the MRS the reaction products were measured over

a range of scattering angles of about ±2 degrees. Table 1 summarizes the information

about the relations between the nominal values of MRS angles in the laboratory system,

the corresponding CMS angles and the effective average CMS scattering angles. Also the

correction factors, noted earlier for changes in the angular acceptance of the system and in

the neutron flux, are presented in Table 1. To take the angular acceptance into account

the theoretically calculated angular distribution curves were folded at every angle with

the experimentally measured distributions of scattering angles and the results were plotted

at the effective average scattering angle. As the shape of the distribution of scattering

angle changes very smoothly with angle, the results of this procedure were interpolated



between measured points in order to obtain continuous curves. As an example, Fig. 4

presents the result of DVV1A calculations for the 1/2" — l / 2 + 15CB... transition (broken

line), the experimental angular distributions used in the folding procedure (full line), and

the resulting curve of DWIA corrected for the effect of angular acceptance (double line).

All theoretical curves presented in this paper when compared with experimental data were

similarly corrected.

4 Experimental Results

The experimental spectra obtained from the I5N(n,p)15C reaction are plotted in Fig. 5.

The peak corresponding to the sum of two spin dipole transitions to the ground and first

excited (0.740 MeV) states in 15C is seen clearly separated from the rest of the spectrum.

The broad structure present at energies above 7 MeV arises mainly from other spin dipole

transitions. Theoretical spectra for comparison with the experimental data were generated

by calculating cross sections for transitions to positive parity states predicted by shell model

calculations which are discussed in a later section. The theoretical cross section for each

state was then folded with a gaussian distribution of assumed FWHM = 1.5 MeV. The

resultant distributions were summed to give a total theoretical cross section as a function

of excitation energy and multiplied by a quenching factor of 0.7 (for further discussion see

sections 6.). The resulting calculated cross sections (shaded area) are compared with the

experimental data (single line histogram) in Fig. 5.

Since the transitions to the two lowest states in 15C could not be resolved we show in

Fig. 6 the angular distribution of the sum of the cross sections to these slates. Figures 7 and

8 present the angular distributions for the sums of the experimental cross sections within

the energy bins 2 - 6 MeV and 6 - 18 MeV respectively. In all these figures the results of

calculations, which will be discussed in later sections, are also shown.

The uncertainties of the cross sections presented in Fig. 6 were obtained by combining

several components. These are:

• statistical uncertainties for nitrogen spectra which ranged from about 8 % of the peak
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areas at angles corresponding to maximum cross section to about 23 % at 20°,

• statistical uncertainties for hydrogen spectra were from below 1 % to 3.2 % ,

• the uncertainties connected with background subtraction were below 1% in most cases.

At 10°, where the H peak lies underneath the SD peak, the background subtraction

resulted in an uncertainty of about 3 %,

• the relative acceptance correction had an uncertainty below 1 %,

• the correction for change in neutron flux at higher angles (15° and 20°) gave an extra

5 % uncertainty in these two cases.

The uncertainties connected with the H(n,p) cross section values from the phase shift anal-

ysis [24] were not included.

Similar uncertainties apply to the cross sections presented in Fig. 7 and 8, the only dif-

ference being in the statistical uncertainties of the experimental yields. Those uncertainties

are typically between 30 % - 60 % for the data for the energy region 2 - 6 MeV presented in

Fig. 7 and between 3 % - 5 % for the analysis of higher energy region presented in Fig. 8.

5 Theoretical Calculations

5.1 Shell Model Calculations

Only a few experimental energy levels in 15C [8,9] have firmly established spin and parity.

These levels are compared in Fig. 9 with the corresponding theoretical predictions obtained

using shell model approaches described below.

5.1.1 Positive Parity States

In the simplest shell model description, the 15N ground state is a lpi/2 proton hole coupled

to an inert 16O core; all states in 15C involve the excitation of at least one nucleon beyond

the lp shell. The simplest T = 3/2 configurations expected at low excitation in I5C, are the

l /2 + and 5/2+ states uniquely defined in the shell model space [jr{lpi/2)~2 ,v(2si/2, l^s/2)1]-



Transitions from the ground state of 15N to these two positive parity states can be described

in this approach as "single particle" l/>,/2 — 2s,/2 and lpi/2 —• l^s/2 transitions.

Shell model calculations were performed using the program OXBASH [26]. Two different

approximations were used, referred to as models A and B. The wave functions of the levels

predicted by these models were used to,calculate corresponding one-body transition densities

for cross section calculations.

t Model A. The calculations were performed with the model space of Zuker-Buck-

McGrory (ZBM) [27] and the effective interaction of McGrory-Wildenthal (ZWM)

[28]. The ZBM model space allows only interactions of particles in the lpjy2, 2*)/2

and lds/2 subshells, and was used here with the above mentioned "single particle"

restrictions. The ground state of 15N was assumed to be a pure lpj"/'2 state and two

positive parity states in 15C were created by allowing only one particle to move from

the lp into the 2sld shell.

• Model B. The most natural way to include more complicated shell model configurations

in the description of the low-lying positive parity states of 15C is to allow two holes

anywhere in the \p shell and 1 particle anywhere in the full 2sld shell (PSD model

space [26]). Millener and Kurath [29] have developed an effective interaction (MK)

specifically for use in the PSD model space. This model, although still restricting the

number of possible configurations, predicts several states of positive parity in 15C with

spins ranging from 1/2 to 9/2 which involve transitions with AL=1 and 3.

S.I.2 Negative Parity States

There are three negative parity states in U C at Ex < 5 MeV (see Fig. 9 and [8]). They can

be described in the simplest way in terms of (2p-3h) configurations. Gamow-Teller transi-

tions from the ) 5NS , lo these negative parity staves are forbidden in the approximation that

the ground state of 1SN is a pure lh state, but such transitions become possible through ad-

mixtures of (2p-3h) excitations into the 1SN,,. The results of l5N(e,e') [15,16] experiments

10



indicate substantial admixtures of (2p-3h) excitations in the ground state wave function of

1&N, suggesting that GT strength might be observed in the present measurement. The the-

oretical investigation of such configuration mixing has been extensive, although the results

are not very satisfactory for the closed shell nucleus 1 60 [30,31,32,33]. The most successful

model of these transitions in the analysis of Snover et aJ. [32] has been in terms of mixed

0p-0h, 2p-2h and 4p-4h states within a restricted basis [lp^?2,(2s1fildi/2)
n}. We estimate

the strength of the forbidden GT+ transitions for 15N with a restricted mixture of lh and

(2p-3h) states in the 15NSJ and (2p-3h) states in 15C. The ZBM model space was used in

shell model calculations with the effective interaction of McGrory-VVildenthal (ZWM) [28].

It has to be noted that the same effective interaction was used by Snover [32] for 16O, al-

though his model space was bigger. Altogether seven negative parity states with spins 1/2

to 5/2 were predicted in this approximation and transition densities were calculated. The

total GT strength expected from these calculations amounts to about 0.039 units.

5.1.3 AL=2 Transitions

The AL=2 transitions require involvement of the l/2p shell, which would substantially

enlarge the model space to be used in the shell model calculations. This type of calculation

was not included in our work. However, to perform a multipole decomposition of the data, as

discussed below, information about the shape of AL=2 angular distributions was needed. In

order to obtain this shape a simplest lp]/? — I/7/2 single particle transition was assumed to

calculate the AL=2 angular distribution required for the multipole decomposition analysis.

5.2 Cross Section Calculations

The transition densities obtained with the shell model were subsequently used in the dis-

torted wave impulse approximation (DWIA) calculations performed with the code DW81

[34] in order to obtain the angular distributions for transitions to the predicted states. In

these calculations the 16O optical model parameters from Ref. [35] adjusted to mass number

A = 15 and energy 290 MeV, the effective interaction of Franey and Love at 325 MeV [36]
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and the harmonic oscillator parameter b=1.70 fm [16] were used. The influence of different

factors on the calculated cross sections was investigated.

The comparison of the DWIA predictions, presented in Fig. iO, obtained with the

use of models A and B reveals that, to a very good approximation, the effect of the first

order configuration mixing on the transitions to the l /2 + and 5/2+ states is only a simple

renormalization of the predicted angular distributions by a factor of about 0.5 (0.54 for the

l /2 + and 0.46 for the 5/2+ states, respectively)

Also the influence of the choice of optical model parameters on the predicted shapes of

the cross section is minimal, as can be seen in Fig. 11 where the results of DWIA calculations

for transitions to the lowest l /2 + and 5/2+ states for three different sets of optical model

parameters are compared [35,37] Although there is a difference in the zero degree cross

sections for the l / 2 + state predicted by optical model 3 and models 1 and 2 (see Fig. l la),

this difference becomes negligible when all curves are corrected for the angular acceptance

of MRS (part b of the same figure). The parameters, presented in Table 2 [35,37], vere

obtained from the analysis of the (p,p) reaction on 16O at 200 MeV, and were extrapolated

to A = 15 and 290 MeV using expressions from Itef. [35].

6 Discussion

Before discussing the comparison between DWIA calculations and experimental results it

should be noted that all theoretical cross sections have been corrected for the finite angular

acceptance of the MRS, as discussed earlier.

The experimental cross section for the sum of the transitions to the two lowest states in

15C, the 1/2+ and 5/2+ states, is presented in Table 3. In Fig. 6 the angular distribution

of this cross section is compared with the sum of l /2+ and 5/2+ angular distributions pre-

dicted by DWIA using the nuclear structure of model B (see also Table 3 column 3). The

double line in Fig. 6 shows the sum of the two components of the theoretical cross sections.

The agreement between the calculated cross section and the experimental data is improved

if a similar quenching factor is applied to the theoretical results as is usually used for GT

12



transitions, namely if we multiply the theoretical cross section by 0.7 (single line). The

experimental value of the cross section is then well reproduced near the maximum at angles

between 5 and 7 degrees. The quenching factor required to reproduce the experimental data

is probably connected with the (2p-3h) ground-state correlations and with the coupling of

(lp-2h) states and (2p-3h) excitations, which were not included in our shell model calcula-

tions. Boucher et al. [38] recently analysed the experimental spin dipole strength in 40Ca

and found that including the above mentioned effects in the calculations gives theoretical

quenching factors in the range 0.53 - 0.69 in good agreement with the experimental vaiue

of 0.68.

It is obvious, however, that the theoretical curve does not reproduce the shape of the

experimental cross section well. The measured cross section at lowest angles exceeds the

theoretical cross section (not renormalized) by more than 20%. At larger angles the situation

is reversed: at 17.0° the theoretical cross section is more than a factor of 2 higher than the

experimental value.

The shape of the experimental data can be reproduced better if not a simple sum but

rather a linear combination of l / 2 + and 5/2+ theoretical cross sections is used. A reasonably

good fit, at all angles except 2.1°, can be obtained with factors: 2.0 for 1/2+ state and 0.4

for 5/2+ state (see Fig. 12). Table 3 in the fourth column gives the values of the total cross

section calculated in this way.

Some support for this renormalization can be found in the paper by Warburton et al.

[14]. From the shape of the spectrum for /3~ decay of 1SC they deduce the experimental

matrix elements corresponding to different operators present in the 15C(l/2+) -*I5N(l/2")

transition and compare them with the matrix elements calculated using the shell model.

The theoretical approach used in [14] is essentially similar to ours, with the same effective

interaction of Millener and Kurath [29]. It is found that the value of the square of the

experimental l / 2 + — 1/2" /3~ matrix element corresponding to the operator f x 5 is larger

by a factor of 2 than the calculated value. The same matrix element is responsible for the

J=l component of the charge exchange spin dipole 1/2" -• l / 2 + transition. In addition,

13



the reduction in the 1/2" -> 5/2+ transition strength was observed in I 5 N(JT~,7) 1 5 C [39].

Their scaling factor of 0.5 agrees quite well with 0.4 value proposed above.

A comparison similar to that for the l /2 + - 5/2+ doublet is presented in Fig. 8 for

the energy bin 6 - 18 MeV. The points represent the angular distribution of the sum of

the experimental spectra within this energy bin and the double curve is the sum of the

theoretically calculated cross sections for all positive parit; states in this energy region

corresponding to spin dipole (AL=1) and also AL=3 transitions. AH other curves: dotted,

dashed and dotled-dashed are the components of the total sum for a particular spin and

parity. They were obtained by summing up the cross sections calculated with the DW1A

program for all states predicted by shell model calculations (model B). The same tendency

as is observed in the previous figure can also be seen here. The total experimental strength

observed at angles 5 - 7 degrees is predicted very well if the same quenching factor of

0.7 is used (single curve). However, the experimental 2.1° data lie above the theory. At

small angles the main components of the cross section are spin dipole excitations, while the

AL=3 transitions, also included in the figure, start to play some role only at angles above

15 degrees. At large angles some contribution from AL=2 stales may alsc be present.

The only Gamow-Teller strength predicted by our calculations is concentrated in the

low energy region with the strongest transition to the 1/2" stat? at excitation energy 3.10

MeV in 15C. Other predicted transitions to negative parity states are about two orders of

magnitude weaker than the 3.1 MeV transition. The only other state at these energies is

a broad (T ~ 1.8 MeV) 3/2+ state at 4.78 MeV (9). The angular distribution for the sum

of the experimental spectrum in the energy bin 2 - 6 MeV is compared with these two

calculated cross sections in Fig. 7. Although the experimental data have quite big errors,

similar behavior as seen above for spin dipole transitions can be observed here too: at 2°

the experimental data lie well above the predictions. The agreement can be improved by

allowing GT strength to be greater than predicted, which would suggest more ground state

correlations in the lsN nucleus than was assumed in our calculation.

Looking back at figure 5, where the experimental spectra are plotted together with those
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from model B, it is seen that the theory predicts well the distribution of spin dipole cross

section versus excitation energy. Although the absolute value of the cross section for any

particular group of spin dipole slates is not exactly reproduced by theory, their relative

strengths are correct and the shape of the calculated spectrum reflects the shape of the

experimentally measured spectrum.

7 Multipole Decomposition Procedure

The above comparison between theory and experiment assumes only lh*i transitions of the

type (lp) —• (sd), so that only transitions to even parity states with J* < 9/2+ need to be

considered. These transitions involve AJ<4 with a change of parity, and can be excited by

spin flip transitions with AL=1 and 3.

As a lest of the adequacy of this model, a multipole analysis of the data has been

carried out to investigate the importance of transitions with AL=0 and 2. The AL=0

transitions, corresponding to GT strength, can arise as a result of (2p-3h) excitations in the

target ground state, while transitions with AL=2 are expected to arise mainly from 2ft-.>

transitions of the type (Is) —• (sd) or (lp) —• (fp).

For this analysis, the experimental data at each angle were summed into bins of width

1 MeV and the angular distribution for each bin was then fitted with a sum of theoretical

angular distributions calculated using the program DW81, to obtain the relative contribution

of different multipoles in each experimental distribution [40]. Since the data were taken only

at five angles, the number of theoretical components cannot be greater than five, and either

three or four were used in this analysis.

In spite of the apparent difficulty of characterizing the data in terms of orbital angular

momentum transfer, it is found that calculated angular distributions for the strong transi-

tions to slates of JJ = l /2+ ,3 /2+ and 5/2+ are all quite similar, and may be described by

AL=1 transitions. Similarly, strong transitions to states of Jj = 7/2+ and 9/2+ may be

considered characteristic of AL=3. For the final analysis the shapes of the angular distri-

butions corresponding to the strong transitions to 3/2+ state predicted at 9.51 MeV and
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7/2+ at 6.65 MeV for AL=1 and 3, respectively, were used.

For transitions to negative parity states in 15C, calculations were carried out for

excitations and for 2fcj excitations of the type (lp) - . (fp). For the latter, only simple single

particle configurations in the (fp) shell were considered. In general, for transitions to states

of J' = l /2" and 3/2", the angular distributions showed a peak at angles between 12° and

15°, corresponding to transitions with AL=2 and a smaller peak at 0° corresponding to a

component with AL=0. For final states with J*=5/2" and 7/2" only the AL=2 maximum

is present, while for states with J*=9/2- and 11/2" the maximum cross section occurs at

angles > 20°, corresponding to AL=4. In further analysis the AL=0 component of the

cross section was assumed to arise from 0/w GT transitions and the angular shape for the

transition to the 1/2" state at 3.1 MeV was used. The AL=2 angular distribution was

obtained assuming the single particle transition lp1 /2 — l /7 /2 with transition density equal

to 1. In all cases, the dependence of the cross section on excitation energy of the final slate

was included in the analysis.

The results of a muliipole decomposition analysis using the above calculations and as-

suming contributions from AL=0, 1, 2and 3 are shown in Fig. 13. The fit to the data

is satisfactory at all angles and excitation energies, with a large contribution to the cross

section from AL=2 transitions at large angles and high excitation energies.

At the angles 6.4° and 11.7° the main contribution to the spectrum at energies below

20 MeV comes from spin dipole AL=1 transitions, and this conclusion confirms our shell

model calculations, where several such strongly excited states were predicted in this energy

region. This fact also confirms our earlier conclusion, that the energy distribution of the

spin dipole cross section is well predicted by theory. A AL=2 component appears above 15

MeV at 2.1° and becomes dominant at the larger angles.

Five transitions with AL=3 were theoretically predicted at the excitation energies 6.7,

9.6,12.2,16.1 and 20.9 MeV for 7/2+ final stales (the first three of them 5 - 20 times stronger

than the other two) and one at 7.5 MeV for 9/2+ final state. Fig. 13 shows that indeed in

this energy region a considerable AL=3 component was found. Even peaks of approximately
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correct height are present at energies close to those calculated. No appreciable A L = 1 or

A L = 3 strength was predicted in the PSD model space (model B) at energies above 18 MeV,

however some strength was found by the multipole decomposition analysis. Additional

strength above 30 MeV may be due to some other high order excitations.

To test the sensitivity of these conclusions to the detailed shapes assumed in DVVIA

calculations further analysis was carried out using calculations for other transition densities

which gave rise to transitions with large cross sections. The result ing distribution of s trength

for each multipole was different in detail , but the total s t rength of each component and the

main features of each distribution were largely unchanged. Thus we conclude tha t the

above procedure yields a useful es t imate of the strength distribution for the spin-dipole

giant resonance.

Figure 14 compares the running sum of the L = l cross section at 6.4° predicted by the

theoretical calculations with the experimental cross section identified as L = l by mulipole

decomposition analysis. A good agreement between the experimental and theoretical cross

'I sections as a function of excitation energy is observed. T h e experimental cross section

shows some deficiency at excitation energies above 8 MeV which can be accounted for by

multiplying the theoretical cross section by the proposed quenching factor of about 0.7. The

running sum ra t io increases at highest measured excitation energies to the value of 0.85.

As the theoretically predicted strength ends at about 18 MeV, the high energy tail of the

experimental L = l distribution is responsible for the increase of this ratio.

The appearance of A L = 0 strength near 10 MeV excitation is not expected since all our

shell model calculations predict very little G T strength in this region. The analysis of the

spin dipole transitions to the two lowest stales in 1 5C discussed earlier showed tha t the

measured cross section at 2.1° was larger than predicted b.v more than 20 %. The reason

gj for this discrepancy is not understood, but we have considered the possibility tha t this is

"m a characteristic shortcoming in our calculations of spin dipole cross sections. If we assume

•p tha t the calculated cross section should be increased by about 25 % at 2.1°, the G T strength

m is reduced dramatically. This change would not affect any other aspect of the analysis. Thus
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we must conclude that a multipole analysis cannot yield a reliable estimate of GT strength

in the region of strong spin dipole transitions until the discrepancy between experimental

and DWIA angular distributions for spin dipole transitions is better understood.

8 Conclusions

Measurements of the 15N(n,p)15C reaction were performed with the use of a high pressure

gas target. The incident neutron beam energy was 288 MeV, and the spectra were measured

at the scattering angles 2.1°,6.4", 11.7°, 17.0° and 22.3°. The cross sections were obtained

for the sum of g.s and 0.740 MeV transitions, as well as for the higher excitation energy

part of the spectrum.

The experimental data were compared with the results of simple shell model calculations.

A configuration with a single particle excited into the 2sId shell and two holes anywhere

in the lp shell was assumed for excitations leading to the positive parity states (AL=1

spin dipole and AL=3), and restricted (2p-3h) excitations in calculating the forbidden GT

transitions. The angular distributions were obtained from DWIA calculations with the

Franey and Love effective interaction.

As a general feature, at all excitation energies, the experimental spin dipole cross section

at its maximum (at angles around 7 degrees) is predicted very well by theory when a

quenching factor of 0.7 is assumed, similar to those usually obtained for GT strength.

This quenching factor is .ttributed to (2p-3h) correlations and to the coupling of (lp-

2h) to (2p-3h) excitations, not included in our calculations. The theoretically generated

spectrum was also compared with the experimental data. The correspondence between

the predicted energy distribution of the cross section for AL=1 and 3 transitions and the

measured spectrum is good.

However, the comparison of shapes of a sum of predicted spin dipole angular distributions

for the two lowest states in 1SC with the experimental data shows significant discrepancies.

At 2.1° the theory underestimates the experiment by more than 20 % , while at larger angles

the situation is reversed. The same behaviour can be found when comparing the angular
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distribution for the sum of the spectrum at higher excitation energies, where spin dipole

transitions are also dominant. This could indicate that possibly the shapes for AL=1 angular

distributions are not predicted well by the theory. As a consequence, when performing the

multipole decomposition analysis, the strength for GT transitions found in the spectrum

would be probably overestimated. The tests done in order to check the influence of different

shell model configurations and different optical model parameters on the shapes of calculated

angular distributions fail to correct this problem.

As a further test, a multipole decomposition analysis was performed. The best fit to

the experimental data was obtained when transitions with AL=0,1,2,3 were assumed. At

forward angles the spin dipole component dominates the spectra, in good agreement with

theoretical expectations. At larger angles and at higher energies AL=2 transitions start to

play an important role. This analysis also finds substantial AL=3 strength at the energies

and with relative strength well predicted by theory. When the calculated shapes for spin

dipole angular distribution are used in the analysis, GT strength is found, which is not

predicted. Because of such extreme sensitivity to the detailed shape of the DVVIA prediction

away from peak cross section, it must be concluded that this GT strength is not reliably

determined.

Further measurements of spin dipole transitions, in particular an experiment with energy

resolution allowing the separation of two states at 0 MeV and 0.740 MeV in 15C, would be

useful in clarifying the interesting problem of spin dipole angular distribution.
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TABLE 1.

Relation between the nominal values of MRS angle in the LAB, corresponding CMS angle

and values of the average CMS scattering angle. Also angle dependent corrections and the

H(n,p) cross section values [2-1] used to normalize measured cross sections are listed.

Nominal
MRS angle

in LAB
0.0
5.0
10.0
15.0
20.0

Nominal
MRS angle

in CMS
0.0
5.4
10.9
16.3
21.7

MRS average
scaUering angle

in CMS
2.1
6.4
11.7
17.0
22.3

Angle dependent
correction factors

1.0
1.0
1.0
1.1
1.2

H(n,pk/»B
CTOSS section

(mb/sr)
50.9
39.0
26.8
21.3
16.3
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Table 2.

Different sets of the optical model parameters for 15C(n,p)15N reaction at 288 MeV. Set 1

was used in DWIA calculations presented in this work.

parameter (units)

V (cen.real)(MeV)
r (fm)
a (fm)

W (cen.imag.l(MeV)
r (fm)
a (fm)

V (so real) (MeV)
r(fm)
a (fm)

W (soimag.) (MeV)
r(fm)
a (fm)

optical model 1
Ref. [35]

0.234
1.454
0.554
-27.05
0.932
0.612
-4.128
0.948
0.492
4.518
0.948
0.492

optical model 2
Ref. [37]

-9.264
1.26
0.76

•24.97
0.90
0.83
-5.24
1.10
0.72
11.40
0.71
0.53

optical model 3
Ref. [37]

1.49
1.10
0.56

-15.30
1.00
0.75

-11.16
1.14
0.54
9.64
0.85
0.72

Table 3.

Cross sections for two lowest ( 0.0 MeV and 0.740 MeV) spin dipole transitions excited in

"N(n,p)15C reaction at 288 MeV.

MRS average
scattering angle

(CMS)
2.1
6.4
11.7
17.0
22.3

Experimental
cross section

(mb/sr)
0.58±0.05
1.13±0.08
0.82±0.07
0.35±0.06
0.22±0.05

DWIA calculated
cross section"

(mb/sr)
0.48
1.37
1.34
0.74
0.30

DWIA renormalized
cross section'

(mb/sr)
0.40
1.13
0.83
0.34
0.24

" The sum of calculated (using DWIA and transition densities from OXBASH) cross

sections for l / 2 + and 5/2+ states corrected for angular acceptance of the system.

'Same as in the previous column only renormalization factors in the sum have been used

(renormalized cross section = 2 * l /2 + + 0.4 * 5/2+).
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Figure Captions

1. The high pressure gas target box used in the 15K(n,p)15C experiment with the TRI-

UMF charge exchange facility. The high pressure gas tell is shown in the center. The

four wire chambers are labeled YT, YA, YB and YC. The positions of the two solid

targets: carbon in front and CH2 at the back of the box are also indicated.

2. The 15N(n,p)15C spectrum measured at 0° MRS angle at an incident neutron energy

of 288 MeV. The top part of the figure presents the raw, uncorrected spectrum, the

other two parts are "counter gas" and "solids" background spectra, as discussed in

the text. All spectra are normalized.

3. The spectrum of neutrons produced by the 7Li(p,n)7Be reaction at a proton beam

energy of 290 MeV. Please note that the bin size is 0.70 MeV and the spectrum

normalization has been determined by the known peak cross section of 35 mb [41].

4. Angular distributions for the transition to l /2 + state in 15C, resulting from the fold-

ing procedure of the theoretical DWIA curve with the experimental scattering angle

distribution. The angular acceptance curves were normalized to a common integral.

The minimum angle of the folded theoretical curve corresponds to the conditions with

the spectrometer centered at 0°.

5. The comparison of the experimental spectra for the angles 2.1°,6.4°, 11.7°, 17.0° and

22.3° with the theoretical strength distributions for excitation of positive parity states

(The theoretical curves have been folded with Gaussian curves of 1.5 MeV width

FWHM and normalized by a factor 0.7. For explanation see text).

6. Comparison with theoretical calculations of the experimental angular distribution for

the sum of the transitions to the two lowest states ( l / 2 + and 5/2+) for the reaction

15N(n,p) lsC. The double curve represents the sum of DWIA calculations for these two

states, the dashed curves are the corresponding components of the sum. The single

line is the "total" curve multiplied by a quenching factor 0.7. For further explanation

see text.
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7. Comparison of the experimental angular distribution for the total sum in the excitation

energy bin 2 - 6 MeV for the reaction I5N(n,p)15C with theoretical calculations. The

double line corresponds to the sum of the calculated angular distribution for excitation

of GT (single line) and spin dipole 3/2+ (dashed line) states which are predicted in

this energy region.

8. Comparison of the experimental angular dist.ibution for the total spectrum in the

energy bin 6 - 18 MeV from the reaction 15N(n,p)15C with theoretical calculations.

The double line is a sum of the strength of all positive parity states predicted by

model B in this energy bin. The single line represents this "total"' curve multiplied

by a quenching factor 0.7. The components of this sum, corresponding to the total

strengths for excitation of different stales are also plotted. For further explanation see

text.

9. The 1SC energy levels from previous experiments [8] and from the shell model calcula-

tions (models A and B) performed in this work. Calculation' for the negative parity

levels are also presented.

10. The results of DW1A calculations for the lowest spin dipole transitions to l / 2 + and

5/2+ states in 15C performed with models A and B. These calculations have not been

corrected for the angular acceptance of the MRS. For further explanation see text.

11. Comparison of the results a) of DW1A calculations for transitions to the lowest l /2 +

and 5/2+ states in 1SC performed with three different sets of optical model parameters

from ref.[34,36], b) the same curves folded with the angular acceptance of the MRS.

12. Comparison with theoretical calculations of the experimental angular distribution for

the sum of the transitions to the two lowest states ( l / 2 + and 5/2+) for the reaction

15N(n,p)15C. The curves have been renormalized: the 1/2+ angular distribution curve

has been multiplied by a factor 0.4, and 5/2+ by 2.0. The double line represents the

sum of these two curves.

13. The results of the multipole decomposition analysis for energies above 2 MeV with
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AL=O, 1, 2 and 3 components. For further explanation see text.

14. Comparison of the running sum of the L=l cross section at 6.4° predicted by the the-

oretical calculations with the experimental cross section identified as L=l by mulipole

decomposition analysis.
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