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Mutually consistent measurements of elastic proton scattering and resonance absorption
show that the width of the 9.17 MeV level in ' N (I = 135+8 eV) is almost twice as

large as the accepted literature value. The positive parity is unambiguously confirmed.

The excitation energy is determined to be 9172.5+0.3 keV, based upon a cascade-

crossover technique with a Co source for calibration. The expected azimuthal asym-

metry of the resonance fluorescence of the plane-polarized photons at this resonance is

demonstrated quantitatively.

NUCLEAR REACTIONS ' C(p, y)' N, ' C (p,p)' C, ' N res. abs. ,
' N res. fluor. , E=1.75 MeV; measured o.(E,E~, O). ' N deduced levels

J, m., I, levels. Enriched target.

I. INTRODUCTION

One of the strongest known (p, y) resonances is
the Ez ——1.75 MeV resonance in the ' C(p, y)' N
reaction, leading to the 9.17 MeV level in ' N.
Spectroscopic information regarding this level and
its decay has recently been summarized. ' In order
to establish more accurate and reliable results for
several parameters, we have applied an array of ex-
perimental techniques. In Sec. II an elastic proton
scattering experiment is described, which results
unambiguously in a parity determination as well as
in a new value of I z. The excitation energy was
obtained accurately by comparing the lines occur-
ring in the cascades via the 5.69 and 6.45 MeV lev-

els in ' N with the precisely known lines from a
~ Co source (Sec. III). Resonance absorption ex-

periments were performed to obtain values for I
and I

&
. Some general features of the method are

~o

discussed. This work is contained in Sec. IV. Sec-
tion V is devoted to the description and interpreta-
tion of measurements with a new variant of the nu-

clear resonance fluorescence technique, with the
monoenergetic polarized photons emitted at this
resonance. In the last section the results of the dif-
ferent methods are discussed and compared.

II. PROTON ELASTIC SCATTERING
EXPI,RIM ENTS

The proton yield as a function of incoming beam
energy was measured in the vicinity of the
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FIG. 1. Typical spectrum of protons elastic scattered
at E~ =1.72 MeV. The target is a 4 pg/cm thick self-

supporting carbon foil (80% ' C).

Ez ——1.75 MeV resonance in the ' C(p,p)' C reac-
tion. The eA'ective energy of the incident protons
was varied by changing a positive voltage applied
to the target with respect to ground. A range of 3
keV was scanned in 25 steps. The scattered pro-
tons were detected at three angles (88', 124', and
174') by thin, high-resolution, silicon detectors
(typical value of the FWHM: 7 keV at 2 MeV).
Two types of targets were used: a self-supporting 4
pg/cm carbon foil (80% ' C) and a 1 pg/cm
thick ' C target deposited on a 10 pg/cm Form-
var backing. The beam current was about 50 nA.

A typical proton spectrum is shown in Fig. 1.
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Determination of the ' C line contents is not diAi-

cult due to the complete resolution of the ' C and
' C peaks. The resulting data points with associat-
ed standard deviations are shown in Fig. 2.

The same method of analysis was followed as in
an earlier publication. The ' C nucleus has a1—
ground-state spin of —, , so the channel spin S can

have the values 0 or 1 . The spin of the 9.17
MeV level has already been determined to be 2 by
means of angular distribution and angular correla-
tion studies.

The off-resonance differential cross section o~(P)
is larger than the calculated Rutherford value

[crt"(P)] Th. e ratio f between these quantities was

determined by measuring the proton and alpha
scattering yield at several energies in the vicinity of
1.75 MeV. The quantity f is found from these
measurements as

o~(p) o"(p)
0 (p) o~"(p)

'

where 0.~ is the experimental cross section in a
scattering and o is the calculated Rutherfdrd
cross section. The ratio f was calculated from Eq.
(1) on the assumption that the alpha scattering at
1.75 MeV is a pure Rutherford process. This as-

sumption was confirmed by separate experiments.
The values for f were about 2.6 (at 88 ), 5.1 (at
124'), and 6.8 (at 174'), the error being about 4%.

The computer code of Ref. 2 was used in order
to obtain the relevant level parameters for both
possible J assumptions. In the fitting process the
width of the gamma decay is taken to be
I

&
——7.7+0.9 eV, based upon Ref. 1. The results

are summarized in Table I and make clear that the
J =2 assumption is excluded as the associated
normalized 7 does not fall below the value corre-
sponding to the 0.1% confidence level for this fit.
Moreover, the instrumental width as obtained for
the J =2 case is nonphysical as it is 50% higher
than the value that would follow from target thick-
ness and spread in proton beam energy. A difficul-

ty in the analysis was that in all cases the results of
a fit to the 174' data were inconsistent with the
values obtained by fits to the other angles, due to
straggling eAects not incorporated in the computer
code. This is illustrated in Fig. 2, where the solid
lines are calculated with parameters from a simul-

taneous fit to the 88' and 124 data. The fit at 174'
is adequate, except in the tail, where the straggling
effects are most serious, especially for the thicker
of the two targets. A separate fit to the 174' data
results in nonphysical values of the parameters.
The parameter values obtained are not influenced

by more than the error limits by variations in the
ratio f (see above) corresponding to the experimen-
tal error in this quantity. The propagation of this
error and of the error in I

&
was taken into account

in the error stated for I z. The dashed lines in Fig.
2 indicate the best fit after omitting the hard-

sphere contribution to the interference terms.
The mean value for I

&
from both experiments is

127+8 eV, which leads with I
&
——8 eV to a value

for the total width of 135+8 eV. The amplitude
ratio for the f and p proton wave functions is cal-
culated from our experiments to be —0.73+0.06, in
agreement with the value of —0.70+0.26 found by
Prosser et al. The Huby correction is applied
here for the phase convention.

In a preliminary publication more than 20 years
ago, Strassenburg et al. reported the results of a
determination of the polarization of the 9.17 MeV
gamma rays from the Ez ——1.75 MeV resonance in
"C(p,y)' N. They concluded that their results
were consistent with 1+ or 2+. As the J=1 possi-
bility is excluded by the angular distribution mea-
surements described above, a 2+ assignment
remains. The results of our study confirm unambi-

guously the positive parity assignment to the 9.17
MeV ' N level.

III. EXCITATION ENERGIES

With the accurately determined set of energies of
gamma rays following electron capture in Co it is

TABI.E I. Results of the elastic proton scattering experiments at the E~ =1.75 MeV reso-

nance in ' C(p,p)' C.

1 pg/cm target
J assumption 1~ (eV) f/p ratio

4 pg/cm target
g'/df 1~ (eV) f/p ratio X'/&f

2+
2

128+10
55+9

—0.73+0.07 1.61
6.98

125+14
63 +13

—0.73+0.11 1.46
4.74
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FIG. 2. Proton scattering yield curves as function of the effective pro gyton ener at 1.75 MeV for (a) a 1 pg/cm
thick ' C tar et and (b) a 4 pg/cm thick ' C target measured at three angles: 813 88' 124' and 174'. The solid line is thet ic targe an a
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possible in favorable cases to determine with a
sub-keV precision the energy of gamma rays fol-
lowing a (p, y) reaction. The E =1.75 MeV reso-

13 14
P

nance in C(p, y) N has a decay scheme con-
venient for this approach, as is illustrated in Fig. 3.
Several cascades with components of energy less
than 3.5 MeV (the highest accurately known ener'-

gy in the Co decay) are shown. Relevant por-
tions of the spectrum (accumulated during 23 h)
are shown in Fig. 4 (the dispersion is about 1

keV/channel). This spectrum was peak stabilized

every minute with a precision pulser fed into the
preamplifier. This produced a peak at the high en-

ergy end of the spectrum.
The misalignment of the beam spot with respect

to the collimator axis was determined to be 0.11'
+0.17' in the forward direction, which means that
the energies found are slightly too high. The re-

sults are corrected for the influence of this
misalignment, taking level lifetimes into account.

Following the procedure described in Ref. 2 the
calibration lines were fitted with a Gaussian func-
tion and the resulting peak positions were fed into
a computer code that produced the spectrum ener-

gy calibration in the form of a polynomial of the
fifth degree. In total, 18 relations stemming from
the Co decay (13 transitions and five56

cascade/crossover relations) and five ' N*
cascade/crossover relations (indicated as 1 to 5 in

Fig. 3) were used, leading to a calibration fit with a
normalized 7 of 2.04. The results are presented in

Table II, where the components of the cascades
and the combined values are specified. Compar-

E„(mev)

9.17

aa a r
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6.45

5.11
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FIG. 3. Relevant part of the decay scheme of the
9.17 MeV resonance in ' C(p, y)' N. The transitions of
energy less than 3.5 MeV are indicated with a double ar-
row. The cascade/crossover constraints used in the cali-
bration fit are indicated as 1 to 5.
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FIG. 4. Part of the spectrum obtained by simultane-

ous measurement of the decay of the 9.l7 MeV level in
14N, the gamma rays from the Co decay, and the lines56

produced by thermal neutron capture in Cl. The na-

ture of most photopeaks is indicated. The dispersion is
—l keV/channel. Several regions are presented on a re-

duced scale.

ison with the values given in the Ajzenberg-Selove
compilation' indicates a good agreement with the
most accurate values given there and a discrepancy
with the less precisely given energies of the 5.69,
5.83, and 6.45 MeV levels. As the 5.69 and 6.45
MeV levels show a cascade with individual transi-
tion energies less than 3.5 MeV, our values must be
given more credibility than those cited in Ref. 1.
The energy of the 7.03 MeV level is determined by
subtracting the (r~7.03) transition energy from
the final value of the 9.17 MeV excitation energy.
The same procedure was followed in the case of the
5.83 MeV level. The ground-state transition of the
5.83 MeV level was identified in the spectrum, but
was omitted from the fit because extraction of an
accurate peak position (value) was prevented by an

underlying structure.
The final result for the excitation energy of the

9.17 MeV level is in good agreement with the value
given in the (p, y) compilation (Table 14.20) of Ref.
1 and is slightly higher than (although not outside
the error limits of) the energy given in Table 14.11
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TABLE II. Results of the determination of excitation energies of levels in ' N and Cl and comparison with other
work.

E„ in cascades'
(keV)

Cascade sum

(keV) (keV)
E in other work

(keV)

1635.3(2) + 2312.90(3)

2793.3(5) + 2312.90(3)

3378.64(13) + 2312.90(3)

2498.2(5) + 1635.3(2) + 2312.90(3)
1340.28(3) + 5105.9(3)'
3481.2(5) + 5691.55(13)'
2726.04(4) + 6446.3(2)'
2143.11(3)+ 7029.7(1.2)
9172.5(3)—3338.14(10)
9172.5(3)—2143.11(3)

5105.6 (5)'
5106.2 (5)
5692.1 (1.2)b

5691.54(14)
6446.8 (1.2)
6446.4 (5)
6446.2 (3)
9172.8 (5)
9172.4 (2)
9172.8 (1.2)

2312.90(3)
3948.2 (2)

5105.9 (3)

5691.55(13)

6446.3 (2)

9172.5 (3)

5834.3 (3)
7029.4 {3)

2312.87(7)
3947 8 {4)

5105.87(18)

5689.6 (1.1)"

6444.4 (1.1)d

9170.8 (1.6)

9172.5 (9)'
5832.4 (1.4)d

7027.9 (1.4)"

'The notation 1635.2(2) means 1635.2+0.2, etc. The uncertainties stated are based upon the statistical errors only (in-

cluding correlation errors). The uncertainty introduced by a 2.6 ppm error in the Au calibration level has negligibly
small influence on the results.
Gamma-ray energies above 3.5 MeV were determined by extrapolation of the calibration curve, also using

cascade/crossover relations in the decay of ' N*.
In the calculation of the error, correlation eA'ects due to multiple use of transitions were taken into account.
Table 14.11 of Ref. 1.

'Table 14.20 of Ref. 1; the error is inferred from the uncertainty stated for E~, and does not include the error in the Q
value of the (p, y) reaction.

of Ref. 1. As can be seen from Fig. 3 and Table II,
the energy of the 9.17 MeV level is precisely deter-
mined by two cascades (via the 5.69 and 6.45 MeV
levels) which have all components in the region
covered by the Co decay lines.

state transition in absorber nuclei of other ele-

ments. Some limits of the method are dis-

cussed in a recent review article, which also
shows the availability of a matching gamma ray
from a (p, y) reaction for practically any level

within the energy range from 6 to 10 MeV.

IV. RESONANCE ABSORPTION EXPERIMENTS
I

A. Introduction

In nuclear photoexcitation studies several tech-
niques have been employed. ' A method which
combines energy variability over a small range
with high resolution and a photon flux of moderate
intensity is the resonance gamma-ray absorption
technique. ' ' Several applications of the method
have been made, mostly involving experiments
where the emitting compound state and the ab-
sorber level are in nuclei of the same kind. '
In some experiments it has been shown that this
method can also be used to excite bound and un-

bound nuclear states with an appreciable ground-

B. Experimental setup

The experimental setup is described in an earlier
publication. The target consisted of 50 pg/cm
' C deposited on a 0.3 mm thick tantalum disc
which formed part of the vacuum wall of the target
holder. This chamber was connected with the
beam pipe by means of a bellows which permitted
the target to be rotated about its vertical axis over
an angular range of +20'. As the target holder
was mechanically connected with (but electrically
isolated from) the goniometer carrying the ab-

sorber, collimator, and detector, the angle between
the plane of the target and collimator slit was con-
stant during experiments. This angle was chosen
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TABLE III. Characteristic data of the resonance absorption experiments with the
E~ =1.75 MeV resonance in ' C(p, y)' N and a 1Nq absorber.

absorber length (cm)
n ()&10' ' N nuclei/cm )

number of runs
over the angular range
measuring time (h)

64.0
22.2

6
33

32.0
11.1

16.0
5.6

8.0
2.8

4
25

4.0
1.4

6
37

to be less than 35' so that the area of the beam
spot projected perpendicularly to the collimator slit
is considerably reduced in size.

The absorber was liquid nitrogen (lN2) contained
in a polystyrene reservoir of 32 cm internal length
at 77 K. In a series of experiments the absorber
length of lN2 was varied from 32 to 4 cm by in-

serting hollow blocks of iron of suitable length. In
the last experiment the 32 cm reservoir was re-

placed by a 64 cm container filled with 1N2. The
resulting number of ' N nuclei per cm are given in
Table III. In the reaction plane the collimator
aperture amounted to 0.40' for the 32 cm reservoir
and 0.34' for the 64 cm containej. , resulting in,
respectively, about 270 and 230 eV instrumental
width.

Figure 5 shows typical spectra of the resonance
absorption detector, one in the dip center and one
taken at a wing position. The window indicated by
the vertical lines is used to extract the raw data, on
which background corrections were performed.
These amounted to less than 0.05%. The resulting
transmission versus angle curves are shown in Fig.
6.

The goniometer was rotated about the target in

19 steps varying from 0.25' to 1.00' (corresponding
to about 170 to 680 eV energy change). The small-

er steps were taken near the center of the dip
(80.8 ). For each position the detector spectrum
was stored for a fixed number of counts registered

by a 7.5 X 7.5 cm NaI(T1) monitor in a window

covering the photopeak of the 9.17 MeV gamma
ray. The entire experiment was computer con-
trolled, with computerized peak stabilization of the
NaI(T1) detectors and computer positioning of the
goniometer. . In a separate experiment this position-
ing was found to be subject to a relative (random)
error of 0.05'.

The measurements were split into a number of
short runs of about 15 to 20 min duration at each
angle. In Table I some relevant information is
given. The whole experiment required about 144 h

of running time, including a background measure-
ment without the lN2 absorber at a bombarding en-
ergy just below Ez ——1.75 MeV.

C. The instrumental resolution function

The instrumental width is determined by the col-
limator slit and by the angular divergence of the
protons. In our experiments this width is of the
same order of magnitude as the level width under
consideration, so direct observation is excluded. In
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FIG. 5. Part of typical- spectra obtained with the
NaI(Tl) detector behind the collimator. The cross-
hatched area represents the spectrum at resonance,
where an appreciable amount of 9.17 MeV photons is re-
moved from the beam. The other one is taken at a wing
position with negligible resonance absorption. The ab-
sorber length is 64 cm 1N2. The vertical lines mark that
part of the spectra used for extracating the raw data.
Owing to the anticoincidence circuitry the double-escape
peak has almost disappeared.
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TABLE IV. Results of the analysis of the resonance absorption experiments with the E~ = 1.75 MeV resonance in
' C{p,y)' N and a lN2 absorber for two options in the fitting procedure.

Absorber length

(cm)

Separate fits Simultaneous fits
I (eV) I r (eV) noo A (eV) g'/df I {eV) I ~ (eV) noo A (eV) g'/df

Gaussian
instrumental
function
64
32
16
8
4
trapezoidal
instrumental
function
64
32
16
8
4

147+19
133+15
135+19
145+19
120+22

161+18
148+16
151+19
162+22
123+23

6.7+0.8
7.5+0.6
6.9+0.6
7.1+0.5
6.5+0.5

6.3+0.6
7.1+0.6
6.7+0.6
7.1+0.6
6.7+0.6

4.9+0.9
3.0+0.4
1.4+0.2
0.7+0.1

0.4+0.1

4.2+0.6
2.6+0.3
1.2+0.2
0.6+0.1

0.4+0.1

545+53
370+33
216+26
129+16
63 +12

547+47
370+32
220+25
131+17
65+13

0.69
0.72
0.85
0.15
0.55

135+11' 7.2+0.4'

0.70
0.74
0.94 152+ 11 6.8+0.4
0.18
0.53

5.8 +0.4
2.9 +0.2
1.4 +0.10
0.72+0.05
0.36+0.02

4.8 +0.3
2.4 +0.2
1.2 +0.1

0.61+0.03
0.30+0.02

547+ 19
363+14
225+ 11 0.58
129+ 7
70+ 4

558+18
365+15
222+ 10 0.57
126+ 7
66+ 3

'Adopted as the best values from this analysis.

ror in the angle a' was transformed into a
transmission error by use of a linearized'approxi-
mation to the local shape of the transmission
curve, and added in quadrature to the experimental
transmission error. This has considerable influence
in the dip region with its steep slopes.

The absorption integral' A was calculated from
the results of the separate fits to the data. In Fig.
9 these values are displayed as a function of the ab-
sorber length d. From a simultaneous fit to the
data the best parameter set is obtained and the
curve of A vs d using these parameter values in
the theoretical expression' for A (including errors
in the parameter values) is also indicated in the fig-
ure as the region between the solid lines. It can be
concluded that both fit options give internalIy con-
sistent results. This must be compared with Fig.
10, where the results of fitting the data with I =74
eV (the mean value of other experiments' ' ) are
displayed. Here consistency is clearly lacking.

The procedures described by Hanna and Meyer-
Schiitzmeister' were applied to the A~ values ob-
tained from our measurements. The resulting
values for I are consistent with the results given in
Table IV. We have also performed a reanalysis of
their data with our computer code. If this is done
with instrumental widths as specified by Hanna
and Meyer-Schiitzmeister, a wide range of I values

(20—240 eV) is found from the different experi-
ments. This is partly due to the fact that only a
limited angular range was searched, resulting in a
large uncertainty in the nonresonant transmission.
Fits with I =135 eV gave reasonable results.

In the publication of Luukko' the data were fit-
ted with a Gaussian curve. To the absorption in-

tegral obtained in this way, a correction term
(amounting to a maximum of about 40%%uo) had to
be added to account for the wing area beyond the
region of measurement. As an even more limited
angular range was scanned in Luukko's experi-
ments, no precise value for I could be obtained by
our reanalysis. Fits with I =135 eV also gave
good results.

In the absence of knowledge regarding the exact
shape of the instrumental resolution function (see
Sec. IV C), the Gaussian approximation to
h (a —a') is regarded to be the best choice; the to-
tal level width as calculated from this analysis is
therefore taken to be 135+11 eV (and I r is taken

~0

to be 7.2+0.4 eV). The value for I obtained in the
analysis in which the trapezium was used for the
instrumental function is larger than this, although
not outside the combined error margins. The con-
clusion drawn from our resonance absorption ex-
periments are in excellent agreement with the (p,p)
measurement.
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FIG. 9. The absorption integral A as a function of
absorber length d. The data points represent values ob-
tained from separate fits to the data. The dotted and
solid lines mark bands of A values resulting from
several simultaneous fits to the data, resulting in the
best set of parameters for a given fit option. The solid
lines arise from the fit option with a Gaussian instru-
mental function, while the dotted lines result from a fit
with a trapezium for h (a—a').

FIG. 10. The absorption integral A as a function of
absorber length d. The data points represent values ob-
tained from separate fits to the data with I'=74 eV.
The dotted and solid lines mark bands of possible A

values resulting from several simultaneous fits to the
data with I =74 eV. The solid lines arise from the fit
option with a Gaussian instrumental function, while the
dotted lines result from a fit with a trapezium for
h (a —a').

V. RESONANCE FLUORESCENCE

A. Introduction

The measurements described in this section were
performed to prove the feasibility of resonance
fluorescence measurements with gamma rays from

(p, y) reactions, and to confirm the theoretically
predicted azimuthal dependence of this scattering
process. In other experiments performed in this la-
boratory this technique has been used to deter-
mine the parity of electromagnetic transitions in
20sPb

Experiments based on the same principle have
been performed earlier with polarized photons aris-

ing from scattering of bremsstrahlung on a discrete
level26 —2s and also, with considerable success, by
making use of "tagged" polarized photons from
bremsstrahlung. ' The present method has the
advantage of high resolution (several hundred eV)
and of ease of background subtraction, since the
resonance condition can be destroyed by rotating
the goniometer just a few degrees. Nonresonant
scattering processes are negligible for the combina-
tion of polar angle and the transition energy used.

B. Theoretical background

We follow the standard convention ' that for photons the polarization H is unity when the electric vector
lies in the /=0 plane. The intensity distribution 8'(8,$) (as measured by a polarization insensitive detector)
of the scattering of photons of polarization 9, from a nucleus of ground-state spin b and excited-state spin

a, is
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L1L )L2L2k

I

Zi(L2aL2a 'bk)Zi(LiaL ia 'bk)Qk [Pk(cos8)+ R( —) Kk(LiL i )Pk (cos8)cos2$]

x &a IILi I
b &&a IILi lb &'&a IL2llb &&a IL~ Ilb &*

In this equation, IIi (referring to the first, i.e., excitation, transition) is zero for electric multipoles and one
for magnetic multipoles, and the Qk are the well-known angular distribution attenuation factors (assuming
cylindrical detectors). The Zi functions have been defined by Ferguson and the ak(LL') have been defined
by Fagg and Hanna.

In these measurements one determines the ratio R, defined as

W(8, 0 ) —W(8, 90')

W(8, 0 )+ W(8, 90')

which for unmixed transitions (the case here) reduces to

gkak(LL)[Z, (LaLa;bk)] QkPk (cos8)
R =~(—)" X 100%%uo .

gk[Zi(LaLa;bk)] Qi, Pk(cos8)

(4)

——,( —) AqP2(cosa)rr

I+A2P2(cosa) (7)

'

In the particular case of a 1~2~1 unmixed dipole
transition for 8 = 90'

21Q2R=H( —) )& 100% .
80—7Qp

From the angular distribution measurements of
Prosser et a/. it is known that the 9.17 MeV level
in ' N decays by pure dipole radiation. In this
case, at the polar angle a, the polarization is given
b 33

is shown schematically in Fig. 11. The photons
transmitted through the collimator are almost
monoenergetic and the azimuthal distribution of
resonantly scattered photons is measured by two
detectors at /=0' and 90', respectively. The back-
ground can be obtained by rotating the goniometer
with the collimator, scatterer, and detector over a
few degrees, enough to destroy the energy match-
ing condition.

With this technique a high resolution can be
reached, which implies the necessity of an exact
determination of the resonance angle in Fig. 11.

With the measured value of A2( —0.44+0.01) and
the resonance angle of 80.8' we find for the reso-
nance fluorescence experiment an expected value of

RESONANCE SCATTERING
~

@=90 detector

21Q2
R theor X 100% .

80—7Q2
(8)

Note that for this special case where the resonance
fluorescence excites the same (pure), transition as
that which produced the radiation, the experiment
is not sensitive to the parity of the transition, but
does permit verification of the correct functioning
of the apparatus, and the interpretation.

\

co[lima tor'-( 0

earn

&tp =0' detector

atterer

photon beam

C. Experimental setup

The polarized 9.17 MeV photons from the
Ez ——1.75 MeV resonance in C(p, y)' N were scat-
tered in a second target containing ' N. The setup

FIG. 11.Schematic drawing of the setup used for the
resonance scattering of plane-polarized photons. In the
azimuthal plane the angular distribution of the scattered
photons is measured with the two detectors indicated.
The active and passive shielding has been omitted for
clarity.
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~ V ~Mf'~~i
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4p 'i
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An~~Mrb ~
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FIG. 14. Parts of the spectra of the Nal(T1) detectors
in the azimuthal plane as function of angle a. The solid
vertical lines mark the area used for obtaining the final
values of R,„~.
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FIG. 15. Histogram of R,„~ as function of the gate
width set on the spectra shown in Fig. 15. The first
channel is Cp, and the last gate channel is channel 475.
The solid line with associated error bars results from the
first measurement. The dotted line stems from the ob-
servation after interchanging the detectors in the azimu-
thal plane.

cape lines of the 9.17 MeV gamma ray. This mon-
itor was placed at a distance of 1 m from the tar-
get. The angular range was covered many times:
30 series in the first experiment and after inter-
changing the detectors another 22 series, requiring
a total running time of 67 h. With a proton beam
of 50 pA a signal-to-background ratio of about 6
was achieved. A typical background counting rate
in the relevant part of the spectrum is 0.11
counts/min. Neutron production in the target did
not pose serious problems in these experiments be-
cause of the rather low bombarding energy and the
relatively high gamma-ray energy.

D. Results

The measured ratio R„„from the experiments
described above was —15+3 jo. In Fig. 15 this ra-
tio is plotted as function of the gate width set on
the spectra. Within the statistical accuracy ob-
tained, R,„„is constant over a wide range of gates
from below the double escape peak to the photo-
peak, indicating an internally consistent result. If
0.72 is used for the finite angle attenuation coeffi-
cients Q2 we would expect from Eq. (8) a value of
—1 1%%A. An attenuation of Q2

——0.72 is the lowest
possible value, corresponding to the "any interac-
tion" assumption. Our geometry is not properly
cylindrical (see Fig. 12) but the deviation from
cylindrical symmetry is not enough to seriously af-

feet the result. Using a value of Q2 ——1, one would
expect R = —15%%uo. The agreement is satisfying
and can be considered as a quantitative proof of
the methods used.

VI. SUMMARY AND DISCUSSION

In the preceding sections several experimental
techniques have been discussed in order to obtain
accurate and reliable values for the parameters of
the 9.17 MeV level in '"N. The results are summa-
rized and compared with those given by the compi-
lation of Ajzenberg-Selove' in Table V. The agree-
rnent between our I values obtained by elastic pro-
ton scattering and resonance absorption is convinc-
ing. The discrepancy with the stated literature
values from resonance absorption experiments can
be explained as resulting from differences in
methods of analysis (Sec. IV D). The literature
value from a (p, y) study is also given, for com-
pleteness, in Table V. This value has a large error
margin as it was obtained by inspection of the
yield curves. Our determination of I

&
is in agree-

Xp

ment with the value of 6.1+0.8 eV given in Table
V, which is the product of multiplication of the
ground-state branching ratio and the I z value
quoted from Table 14.12 of. Ref. 1.

The excitation energy of the 9.17 MeV level has
been obtained with sub-keV accuracy with a
cascade/crossover method. In this process the en-

ergies of five other ' N levels have been determined
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TABLE V. Comparison of the results of this work with the Ajzenberg-Selove compilation
(Ref. 1).

(p,p)'
This work

(y, y)' cascade/crossover Ref. 1

Ep (keV)
E„(kev)

r, /r, (%)
I (eV)

r, (eV)

J1T

135+8 135 +11

7.2+0.4

9172.5+0.3
1746.6+ 0.9
9172.5+ 09
9170.8+ 1.6'

79+4
74+ 8'
70 +50
6.1 + 0.8g

2+ deh

'The ' C(p,p) studies in Sec. II.
'The resonance absorption experiments described in Sec. IV.
'The cascade/crossover method described in Sec. III.
Cited from Table 14.20 of Ref. 1. The error is inferred from the uncertainty stated for E~,

and does not include the error in the Q value of the ip, y) reaction.
'Cited from Table 14.11 of Ref. 1.
'Cited from Table 14.20 of Ref. 1, and based upon (p, y) measurements only.
Product of multiplication of I z /I = 0.79+0.04 eV and I z

——7.7+0.9 eV as quoted in Ref. l.
Xo

"Cited from Table 14.12 of Ref. 1.

with better precision than previous literature
values. The J assignment to the 9.17 MeV level

has been placed on a solid basis by means of the
elastic proton scattering experiment described.

In the last section a nuclear resonance fluores-
cence experiment was described involving the mea-
surement of the azimuthal distribution of the elas-
tic scattering of monoenergetic partially plane-
polarized 9.17 MeV photons at the 9.17 MeV level

in ' N. The qualitative and quantitative agreement
between experiment and calculation is satisfying.
As this method utilizes only the well-established

theory of electromagnetic transitions, it is in

essence model independent. In view of the many
conflicting J assignments (based upon different

techniques), this method can be useful in the case
of investigation of the electric or magnetic nature
of the dipole transitions in such heavy nuclei as
208Pb 24
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