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Abstract: The reaction ~gF(d, p•)2°F was used to measure the directional correlations of the proton 
groups in coincidence with subsequent gamma radiations produced in de-excitation of the 2.05, 
1.31, 1.06, 0.99 and 0.65 MeV levels of 2°F. The effective deuteron energy was 0.448 MeV. For 
the 2.05 MeV level, the l -2  correlation between the protons and the !.40 MeV gamma tran- 
sition to the first excited state was measured simultaneously with the 1-3 correlation between 
the same proton energy group and the 0.65 MeV gamma transition, with the intermediate 1.40 
MeV gamma radiation unobserved. These correlations were measured in two configurations: 
one with the protons being detected at an average angle of 170 ° with the beam passing through 
a centre hole in an annular-shaped detector, and the other with a disc-shaped detector at 135 ° 
and the gamma detector moving in the plane of the reaction. A plane-wave analysis of these 
data gave essentially identical correlation coefficients for these two configurations. 

Directional correlations were also measured in the 170 ° configuration between the proton energy 
groups and the subsequent ground-state gamma transitions from the 1.31, 1.06, 0.99 and 0.65 
MeV levels. A plane-wave analysis of these data is compared with a distorted-wave analysis of 
related data from a previous experiment. A thorough computational comparison between all 
of these data and the predicted correlations, based on a plane-wave analysis using postulated 
spin values which are consistent with the proton angular distribution data, did not yield a 
unique spin value for any of these levels. It was possible in some cases, however, to put rather 
stringent conditions on the ratios of the angular-momentum matrix elements associated with 
the incoming and outgoing radiations which are compatible with the postulated spins. 

E[ N U CL E A R REACTIONS. 19F(d, p y ) ,  E = 0.448 MeV; 
measured a(Ep), py-coin, py(0). 

1. Introduction 

M e a s u r e m e n t  o f  t he  sp in s  o f  t h e  v a r i o u s  l o w - l y i n g  exc i t ed  s t a t e s  o f  2 ° F  c o u l d  c o n -  

c e i v a b l y  p r o v i d e  a u se fu l  c h e c k  o f  t h e  t h e o r e t i c a l  m o d e l s  f o r m u l a t e d  fo r  t h i s  n u -  

c leus  1, 2). M e a s u r e m e n t s  o f  t h e  p r o t o n  a n g u l a r  d i s t r i b u t i o n s  f r o m  t h e  r e a c t i o n  

XgF(d, p ) 2 ° F  h a v e  c o n t r i b u t e d  s ign i f i can t ly  t o w a r d  th i s  goa l .  S u c h  m e a s u r e m e n t s  

h a v e  r e c e n t l y  b e e n  r e - i n v e s t i g a t e d  b y  m a n y  a u t h o r s  3 - s ) ,  a n d  t h e y  c o v e r  a n  e x t e n d e d  

i n c i d e n t  d e u t e r o n  e n e r g y  r a n g e  w h i c h  goes  as  l ow  as 800 keV.  T h e i r  r e su l t s  f o r  t he  

a n g u l a r - m o m e n t u m  t r a n s f e r  ( l )  fo r  t h e  l o w - l y i n g  s t a t e s  in  2 ° F  a re  in  g o o d  a g r e e m e n t ,  
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and in most cases uniquely establish the parity and limit the spin to one of three 
possible values. 

Recently the d, pT-directional correlations involving four of the low-lying states 
in 2°F were measured by Chagnon 6) in three orthogonal planes, and the resultant 
data were analysed using the distorted-wave Born-approximation 7). This work 
resulted in a unique spin assignment for the 1.31 MeV level, but did not limit the 
choice of the spins for the first excited state at 0.65 MeV. One of the primary purposes 
of  the present work was to investigate the possibility of  determining the spin of this 
0.65 MeV state via measurements of  the 1-2 and 1-3 p-y directional correlations 
which proceed from the 2.05 MeV level. The I-2 correlation involves detection of 
the 1.4 MeV gamma radiation, while for the 1-3 correlation the subsequent 0.65 MeV 
gamma radiation is detected and the intermediate 1.4 MeV gamma radiation is un- 
observed. The analysis of  the data was greatly simplified by assuming that the plane- 
wave approximation is valid when the protons are detected along the beam direc- 
tion s, 9). The question as to the validity of this assumption for this particular nucleus 
is discussed in greater detail in sect. 5. As an added check, the correlations measured 
by Chagnon were repeated in order to see if his results could be verified using this 
simplified experimental and analytical approach. 

2. Experimental Method 

A beam of 470 keV deuterons from a Van de Graaff accelerator was used to bom- 
bard thick CaF 2 targets which had been vacuum-evaporated onto copper backings. 
A yield-versus-energy measurement 6) for the reaction 19F(d, p)2°F showed that 
the effective beam energy was 448 keV. A typical beam current of  approximately 4.5 
#A on the target was found to give the best compromise between counting rate losses 
and the accumulation of relevant data. A positive voltage of approximately 50 V was 
applied to the target in order to suppress secondary electron emission. 

For  the work on the 2.05 MeV level, the beam was collimated to a diameter of 5 
mm. The copper target backing was 0.55 mm thick and could be moved vertically to 
five fresh positions without opening the vacuum chamber. For  detection of the pro- 
tons at 135 °, a circular disc-shaped Ortec surface-barrier detector with a sensitive 
area of 300 mm 2 was used. The target was 3 cm from the sensitive surface of the de- 
tector and was oriented parallel to this surface. For  detection of the protons in the 
extreme backward direction, a similar Ortec detector was used which had an 8 mm 
diam. centre hole through which the beam passed. The perpendicular distance be- 
tween the sensitive surface and the target was 4 cm. Due to the eventual failure of 
this detector, it was replaced for the work on the lower energy levels of 2°F by a simi- 
lar Ortec detector with a 4 mm diana, centre hole. The beam was then collimated to a 
diameter of  3 mm, and the sensitive-surface to target distance was reduced to 2.5 cm. 
For  this latter work, the thickness of the copper backing was reduced to 0.13 mm in 
order to reduce gamma-ray absorption. The CaF2 was vacuum-evaporated onto both 
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Fig. 1. A schematic drawing of a typical experimental arrangement. The beam enters from the left 
and passes through the centre hole in the angular detector. The NaI(T1) detector moves in the plane 

of the drawing. 
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Fig. 2. A decay scheme of the prominent gamma-transitions 6) from the low-lying states in ~°F. The 
proton groups associated with d, p stripping to the 2.05 and the 0.65 MeV levels are symbolically 

indicated by P~ and P2. 
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sides of  these backings. This provided 14 fresh target positions without opening the 
target vacuum chamber. A drawing of this latter experimental arrangement is shown 
in fig. 1. 

The various solid-state detectors were operated at voltages such that 4.4 MeV 
protons would be stopped in their depletion layers. A nickel foil 2.3 mg/cm z thick 
was used to prevent elastically scattered deuterons from entering the detectors. With 
this foil in place, the typical energy resolution was approximately 180 keV (i.e. full 
width at half maximum). 

The gamma radiation was detected in a cylindrical NaI(T1) crystal, 7.6 cm x 7.6 
cm, which was integrally mounted to a Dumont  6363 phototube. This detector moved 
in the horizontal centre plane, and its angular range of positions varied from 0 ° to 
135 ° on both sides of  the beam direction. The data were collected with the angular 
positions of  this detector spaced at 15 ° intervals. The sequence of angular positions 
was randomized, and a fresh region of the target was exposed each time the angle was 
changed. The length of time spent at each angular position was typically 40 rain. 

There was a marked increase in the gamma singles rate when the gamma detector 
was moved to angles greater than 105 ° . This increase was primarily due to background 
radiation from the beam collimators. The effect of  this radiation on the coincidence 
rate was almost negligible, however, because this background gamma radiation was 
not in coincidence with any charged particles in the energy range of interest, and also 
because the chance-coincidence rate was no more than 10 ~ of the true rate for the 
most unfavourable proton-gamma cascade. 

The relative gamma-ray absorption was measured as a function of angle at the end 
of each series of  runs. This was done by covering the target area, which had been 
burned by the beam, with a radioactive source which emitted gamma radiation of  
approximately the same energy as that under investigation. The relative singles count- 
ing-rate as a function of angle yielded the gamma-absorption factor directly. For  the 
work involving the 2.05 MeV level, this correction was typically 7 ~ ,  and for the latter 
work on the lower energy levels it was never more than 4 ~ .  

The electronic network was essentially a fast-slow coincidence arrangement which 
was used to gate a Nuclear Data  Model 150 F M  two-parameter analyser. A set of  
linear microsecond gates 1 o) was used to reduce dead time losses and pile up in the 
slow part of the coincidence logic. The fast-coincidence circuit was set at a resolving 
time 2~ of 60 m/lsec. The contribution to the chance rate from first-order effects was 
periodically monitored by inserting a sufficiently long delay in one of the inputs to 
the fast-coincidence unit. As mentioned previously, the largest chance contribution 
was only 10 ~ of the true rate, and therefore higher-order accidental rate effects were 

neglected. 
An Ortec Model 101 preamplifier was used with the solid state detectors. The out- 

put pulse for the fast-coincidence circuit, which was taken from an early stage of this 
preamplifier, had a rise time of approximately 60m/~sec. The slow output of  this pre- 
amplifier was fed to a differential discriminator which was used to monitor the high- 
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energy alpha-group (approximately 8 MeV) from the ground-state transition in the 
reaction 19F(d, e)170.  The yield-versus-energy curve of  this alpha group is similar to 
that of  the proton groups of  interest 6), and therefore the coincidence rates obtained 
at the various angular positions of  the gamma detector were normalized with this 
reference singles rate. 

3. Experimental Results 

A gamma-decay scheme 6) of  the relevant levels in 2°F is shown in fig. 2. A typical 
singles spectrum, taken with one of  the annular solid-state detectors, is shown in 
fig. 3. This spectrum was obtained with a mean proton angle of  approximately 170 ° 
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Fig. 3, A typical charged-particle singles spectrum taken with an annular-shaped detector. The lone 
Arabic numbers refer to the levels in ~°F which are listed in fig. 2. 

and an effective deuteron energy of  448 keV. The excited states in 2°F are indicated 
by the lone arabic numbers, and the corresponding excitation energies are listed in 
fig. 2. Identification of  the various peaks was made by requiring that a plot of  channel 
number versus energy fall on a straight line. The energy was obtained from the kine- 
matics of  a given reaction and was corrected for absorption in the nickel foil shield 11). 
The gamma singles spectrum was even more congested, and it possessed very few 
distinct peaks. Fortunately the coincidence spectrum was relatively unambiguous.  
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This is demonstrated in fig. 4 for the proton group which feeds the 2.05 MeV level. 
For convenience of presentation, the spectra in fig. 4 were obtained from the two- 
parameter analyser output by summing the rows and columns which respectively 
show the coincidence gamma-ray and proton profiles. The data for these plots were 
taken from a typical 40 rain run. De-excitation of the 2.05 MeV level is predominantly 
a two-step cascade. A 1.4 MeV gamma transition to the first excited state is followed 
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Fig. 4. The gamma-ray and proton coincidence profiles o f  the 2.05 M e V  level. These  data were 
taken from a typical run with the two-parameter analyser. 

by the 0.65 MeV gamma transition to the ground state. The 1.4 and 0.65 MeV gamma 
peaks therefore respectively represent the 1-2 and 1-3 coincidence cascades with the 
proton group which feeds the 2.05 MeV level. The 0.65 MeV photopeak was corrected 
for contributions from the 1.4 MeV Compton distribution by extrapolation of this 
relatively flat distribution under the 0.65 MeV photopeak. 

It was possible to resolve the proton group to the 2.20 MeV state from the group 
to the 2.05 MeV state. The 1.97 MeV level, however, could not be resolved. Recent 
high-resolution proton angular-distribution work 3, 4) indicates the relative yield of 
the 2.05 to the 1.97 MeV levels, in the angular and energy ranges of interest, is greater 
than six to one. Possible contributions from the 1.97 MeV level were therefore neg- 
lected, but any refinement of the present work would certainly require a closer exami- 
nation of  contributions from this level. 
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In fig. 5 the 1-2 and 1-3 directional correlation data are respectively presented for 
the 1.4 and the 0.65 M e V  g a m m a  rays. These  data were taken s imultaneously  with  
the disc-shaped particle detector at 135 ° . Data  were obtained at m o s t  o f  the angular 

posit ions of  the g a m m a  detector for at least four independent measurements ,  and the 
error flags represent the standard deviation from the mean  of  each set o f  such measure-  
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Fig. 5. The 1-2 and the 1-3 directional-correlation data, originating from the 2.05 MeV level, ob- 
tained via detection of the 1.4 and the 0.65 MeV v-radiations, respectively. The proton detector was 

at 135 ° . 

ments. The data in this figure have been corrected for the relative gamma absorption, 
but they have not been corrected for the finite solid angle subtended by the detectors. 
The solid curves represent a least-squares fit z2) of the data points to the following 
trigonometric series: 

I41(0) = 1 + i l l  sin (20)q-f12 COS (20)q-f13 sin (40)-1-fl4 COS (40). (3.1) 

The position of the 2°F recoil axis coincides, within the range of experimental accu- 
racy, with the symmetry axes of the data in fig. 5. This is in agreement with the pre- 
diction of the plane-wave approximation. 

These correlation measurements for the 1.4 and the 0.65 MeV y-radiation were 
repeated with an annular-shaped proton detector which had an 8 mm diam. centre hole. 
The average angle subtended by this detector was approximately 170 ° . Due to the 
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axial symmetry o f  this p ro ton  detector about  the beam axis, these data were averaged 

symmetrically about  the beam direction as shown in fig. 6. The smooth  curves through 
the data points in this figure represent least-squares fits to the first three even Legendre 
polynomials.  A quantitative compar ison between the extracted coefficients obtained 
using this Legendre-polynomial  fit with the coefficients obtained f rom the previous 
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Fig. 6. The 1-2 and the 1-3 directional-correlation data for the 2.05 MeV level obtained via detec- 
tion of the 1.4 and the 0.65 MeV 7-radiations, respectively. The mean angle subtended by the annular 

proton detector was approximately 170 ° . 

sine-cosine fits to the 135 ° data can be obtained with the following generalized Legendre 
polynomials:  

171/(0) = 1 + A 2 P  2 cos ( O - O 2 ) +  A 4 P  4 cos ( 0 - 0 4 ) .  (3.2) 

The angles 0 2 and 04 represent the angular posit ion o f  the symmetry axis, and they 
should be identical in the plane-wave approximation.  By expressing eq. (3.2) in terms 
o f  sines and cosines, the coefficients A s and the symmetry angles 0~ may be related to 
the coefficients fls in eq. (3.1). A summary  o f  the results obtained in this fashion is 
shown in table 1. Note  that  the entries in columns number  3 and 6 o f  table 1 refer to 
a least-squares sine-cosine fit o f  the 170 ° data before it was averaged about  the beam 
direction. 

The coefficients As in table 1 were corrected for  solid angle at tenuation as described 
in the appendix. The coefficients obtained with either o f  the two proton-detector  
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angular configurations agree to within the calculated accuracy of the data. It  follows 
that these results, obtained using the plane-wave approximation, are consistent over 
the angular range f rom 135 ° to 170 ° . This implies that distorted wave effects are either 
not resolved or are very slowly varying over this angular region. 
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Fig.  7. The  1-2  d irec t iona l - corre la t ion  data  for  the 1.31, 0 .99-1 .06 ,  a n d  the 0.65 M e V  levels.  T h e  
0.99 a n d  the 1.06 M e V  7 -rad ia t ions  were  n o t  resolved•  T h e  m e a n  angle  s u b t e n d e d  by the  a n n u l a r  

p r o t o n  detector  w a s  a p p r o x i m a t e l y  170 ° . 

Proton groups to the 1.31, 1.06, 0.99 and 0.65 MeV levels in coincidence with the 
subsequent ground-state gamma transitions were also investigated. A scale drawing 
of this particular experimental arrangement is shown in fig. 1. These four coincidence 
groups were recorded simultaneously with the two-parameter analyser. The separa- 
tion of the three main groups was excellent; however, it was impossible to resolve the 
1.06 and 0.99 MeV levels. The Compton distributions down to 0.6 MeV were added 
to the 1.31 and 1.06-0.99 MeV photopeaks in order to improve the statistical accuracy. 
In handling the raw data, the photopeaks and Compton continua were summed 
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separately, and they were combined when it became apparent that there was no sig- 
nificant statistical difference in their relative coincidence rates. 

The directional correlation data for the 1.31, 0.99-1.06 and 0.65 MeV levels are 
presented in fig. 7. The data in this figure have been corrected for relative gamma-ray 
absorption, but not for solid angle effects. The error flags represent the standard 
deviations from the mean of the various runs at a given angle, and the solid curves 
were obtained from a least-squares fit to the first three even Legendre polynomials. 
In table 2 the extracted coefficients from the least-squares analysis are summarized 
and compared with the corresponding coefficients which Chagnon 6) obtained. Note 
that in Chagnon's work, the directional correlations were measured in three ortho- 
gonal planes, and the coefficients r/2F z were extracted with an analysis based on the 
distorted-wave Born approximation. The data in table 2 have been corrected for the 
finite solid angles subtended by the detectors. 

4. Analysis of the Data 

The most general form of the directional correlation function for the proton and 
gamma-ray resulting from a d, p~ nuclear reaction is 9) 

14I(0, qb) = ~ ak~Ck~(O, ~), (4.1) 
kq 

where the angles (0, q~) define the direction of emission of the gamma-ray with respect 
to the proton direction in the centre-of-mass system, and the functions Ck~(O, q~) 
represent the normalized spherical harmonics. If the stripping mechanism can be 
described in the distorted-wave Born approximation with a unique l value (neglecting 
spin orbit coupling in the distorted waves), then the coefficients akq may be expressed 
a s  

akq "= gkdkq. (4.2) 

The dynamical factors dk~ contain the matrix elements obtained from the distorted- 
wave Born approximation, and the factors gk contain the dependence on the nuclear 
spins and the total angular momentum j = l+_½ of the captured neutron. 

In the Butler plane-wave theory, eq. t4.1) reduces to 

14I(0) = ~ gkPk (COS 0), (4.3) 
k 

where Pk are the Legendre polynomials, and the reference axis has been chosen along 
the recoil direction of the residual nucleus. The geometrical factors gk may be ex- 
pressed as: 

gk = (~  OjlOj'trlk(JJ ' J, J1))(~ Cr, CL' Fk(LL'J2Jt)), (4.4) 
j j ,  

where J~ is the spin of the target nucleus, J1 is the spin of the intermediate excited 
state, and J2 is the spin of the subsequent state following gamma emission. The 
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reduced width for capture with j = l+  ~ is represented by 0j~, and CL is the reduced 
matrix element for 2L-pole gamma radiation. The factors r/k and Fk represent the rele- 
vant vector-addition coefficients. Eq. (4.4) is often written in the abbreviated notation 
ok = qkFk.  In general the lowest order electric and magnetic multipoles will dominate 
the gamma transition, and therefore the mixing ratio 3 may be defined as 3 = CL,/Cj.. 
The corresponding fractional intensity Q~ is defined as Q~(3) = 32/(1+32). An 
analogous set of definitions will be utilized for the reduced widths 0jr. 

Using the previously defined notation, the 1-3 directional correlation function 
which describes the relative coincidence rate between protons, from a d, p reaction 
with a unique l value in the plane-wave approximation, and a subsequent double 
gamma cascade with the intermediate gamma ray unobserved, is given by 

W(O) = ~ (rlv(jjJJt)(1 - Qp) + 2rl~(jj'd~Jt)(Qp(l - Qp))~ 
v 

+ q~(J'J'Y~Ja)Q~} {(1 - Q~I)G~ov(L 1L 1 d2J1)(2o + 1) ~ 

+ Q~l G~o~(L'I L~ "12 J1)(2o + 1) ~} {(1 - QGz)F~(L2L2,1:.12) 

+2(Q~2(1 - QGz))~£'~(L2L'zJ:J2)+ QGzFv(L'eL'zJs-Jz)}P~(cos 0). (4.5) 

In this equation, the z-axis lies along the nuclear recoil direction, and only two distinct 
values o f j  or L are considered for each transition. The vector addition coefficients 
G,o~, q~, and Fv are defined and tabulated by Rose ~3), Satchler 14), and Ferentz and 
Rosenzweig 15) respectively. A few discrepancies were found in the table of G~o~ co- 
efficients la). They were therefore independently calculated using a table of Racah 
coefficients 16) and the formula aa) 

, F(2J+ 1)(2J' + i)7 ~ 
Gvov(LLJJ) = k - ( ~  d (-1)L-J-s 'W(JJJ'J ';vL) '  (4.6) 

where W is the well-known Racah coefficient. Note that the formula corresponding 
to a 1-2 directional correlation can be obtained from eq. (4.5) by replacing the con- 
tents in the middle curly brackets by unity. Also note that the terms in each of these 
curly brackets have been normalized with the appropriate factor 1/(1 +62). 

From proton angular distribution work a-5), the relative parities of the relevant 
levels in Z°F are known, and the spins are limited in most cases to values of either 
1, 2 or 3. For  l = 2 stripping of a spin-½ target, the total angular momentumj  of the 
captured neutron must be 3 if the spin of the excited level is 1, and ~ if the spin is 3. 
Both j values can contribute to an excited state of spin 2. 

The assignment of spin 2 for the ground state of F z 0 rests almost completely on 
the results of two beta circularly-polarized gamma directional-correlation experi- 
ments 17, ~ s). The formulae used to predict the circular polarization correlation func- 
tions associated with the three postulated spin values were based on the Konopinski- 
Uhlenbeck approximation. Although the accuracy of these predictions could un- 
doubtedly be improved by using more exact expressions for the electron wave func- 
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tions 19), there is good reason to believe that the Konopinski-Uhlenbeck approxima- 
tion will be adequate for this beta transition if there are no severe cancellations of the 
nuclear matrix elements. This is because the end point energy of this beta transition 
from the ground state of 2°F is large compared to the Coulomb energy of an electron 
at the nuclear surface; and therefore the Coulomb distortion of the electron wave 
function, which is very sensitive to the finite size of the nucleus, is probably negligible. 
The quoted value of 2 for the ground state spin of Z°F was therefore assumed to be 
correct and was used for all the calculations in the present work. 

The method used to select the most probable spins which were consistent with the 
d, py correlation data was to compare quantitatively this experimental data with the 
predictions of eq. (4.5) for a postulated spin sequence. The experimental data were 
of course first corrected for the finite solid angles subtended by the detectors as out- 
lined in the appendix. A high-speed digital computer was used to calculate the predict- 
ed correlation coefficients as a function of the fractional intensity variables Q. The 
computer then used the sum of the )~2 values associated with the Az and A 4 coeffi- 
cients as a quantitative indication of the applicability of a postulated spin sequence. 
The X z calculations were based on the equation 

Zz Itheoretical prediction - experimental result I z 
= . (4.7) 

experimental error 

The fractional intensity Q varies continuously from 0 to 1 and is always positive. 
However, the various sign combinations for the mixing ratios must be treated sep- 
arately. This follows from the sign ambiguity associated with the square-root terms 
in eq. (4.5). These terms are explicitly related to the mixing ratio 6 by the equation 

6 
- __+ [ Q ( 1 - Q ) ]  ~. (4 .8 )  

1+62 

Specifically, the computer was instructed to consider all possible combinations of 
Q values over the range from 0 to 1 and in intervals of 0.05. It was also instructed to 
consider all four possible sign combinations for the mixing ratios. The computer 
print-out consisted only of the various Q value combinations which yielded )~2 values 
below a specified upper limit. These results were further classified by the computer 
into groups which had X 2 values within specified intervals. The solutions were thus 
grouped according to how well they predicted the experimental data. The total com- 
putation and print-out time for a complete analysis of a given spin sequence was 
normally less than one minute. 

A quantitative summary of typical predictions, for the 1-3 and the 1-2 directional 
correlations involving the 2.05 and the 0.65 MeV levels, and their respective X 2 values 
for representative minima in the Z 2 surfaces is given in table 3. It is apparent that only 
four of the possible nine spin combinations can be effectively eliminated. One of the 
possible sets of  spin assignments which would be compatible with the present data 
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would be 2 and 3 for the 2.05 and the 0.65 MeV level, respectively. This particular 
spin sequence is of special interest because it agrees with the tentative assignment 
based on the n-~ experiment performed by Nadjakov 20). In fig. 8 is a detailed presen- 
tation of the projections of the minima in the X 2 surface which define the most prob- 
able range of angular momentum mixing ratios @ which are compatible with this 
set of spins. Note that each of the four quadrants in the graphs correspond to one 
of the four possible sign combinations for the two relevant mixing ratios. It is un- 
fortunate that for this particular spin sequence, the 1-3 correlation measurements 
did not place a very strong constraint on the mixing ratios. 

In table 4 the corresponding results f0r the 1-2 correlations involving the 1.31 and 
the unresolved 0.99-1.06 MeV levels are presented. A detailed summary of the pro- 
jected minima in the X 2 surface for the 1.31 MeV level is given in fig. 9, and it is ap- 
parent that it is impossible unambiguously to eliminate any of the three possible spin- 
values. The results for the unresolved 0.99-1.06 MeV levels, however, indicate that a 
spin of 3 is rather unlikely for either of these levels. 

5. Discussion 

The analysis of the experimental data in the search for a unique set of spin values 
for some of the low-lying states of 2°F was based on the use of eq. (4.5). This tacit 
assumption that the plane-waves approximation is valid in the region near 180 ° is 
somewhat substantiated by the agreement, for the 0.65 MeV level, between the results 
obtained in this fashion and the results extracted by Chagnon 6) using the distorted- 
wave Born approximation. These results are summarized in table 2. There is, however, 
a distinct discrepancy in the corresponding results for the 1.31 MeV level. Due to the 
fact that there was not enough available information to determine uniquely the dis- 
tortion parameters used in Chagnon's analysis, it may be possible to find an alternate 
set of these parameters which could resolve this discrepancy. Although the results 
presented in table 4 for the 1.31 MeV level do not allow a unique spin assignment to 
be made with an adequate margin of certainty, the smallest X 2 values do occur for a 
spin of 2 which tends to confirm Chagnon's conclusion for this level. It is important 
to note that the distorted-wave analysis employed by Chagnon 6) and the plane-wave 
analysis used in the present work are both based on the assumption that spin orbit 
corrections are negligible. The validity of this assumption for this particular reaction 
obviously requires further investigation. 

Although the spins of the levels investigated could not be uniquely determined, it 
has been possible to put rather strong conditions on the relative intensities of the 
angular-momentum matrix elements associated with the relevant radiative transitions. 
A measurement of the linear polarization of the 0.65 MeV gamma radiation would 
probably remove much of the remaining ambiguity 8). 

It is of interest to note that the shell-model calculation by Dazai 2) predicts a spin 
of 2 and 3 for the 2.05 and 0.65 MeV levels respectively. These predictions are com- 
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0atible with the results obtained from the analysis of the present data. These results 
are also in agreement with the tentative spin sequence based on the n-7 experiment 
by Nadjakov 20). 
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Mr. D. Donnelly, Mr. J. Henry, Mr. A. Miller and Mr. S. Samanders. 

Appendix 

The correction for the finite solid angle subtended by the detectors was based on 
the method outlined by Rose 12). The correlation attenuation factors for the 7.6 cm 
by 7.6 cm NaI(TI) crystal were taken from the recent work of Herskind and Yoshi- 
zawa 21) in which these factors were experimentally measured. However, the attenua- 
tion factors for the proton detector had to be calculated. 

SURFACE 

Fig. ]0. A schematic diagram for defining the angular variables employed in making the correction 
for the finite solid angles subtended by the disc-shaped proton detector. 

In the plane-wave approximation 14), the d, p stripping reaction is analogous to a 
plane wave of neutrons incident on the target along the line defined by the recoiling 
nucleus. Calculation of the attenuation coefficient for the proton detector therefore 
involves integrating the relevant Legendre polynomials over the surface swept out by 
those recoiling nuclei associated with the detected protons. For  the case in which the 
beam passes through an annular detector, the associated cylindrical symmetry makes 
the determination of the recoil surface and the subsequent integrations very easy. 
For the disc-shaped detector located at 135 ° , however, the recoil surface is distorted 
and its exact determination becomes rather involved. A schematic diagram of this 
latter case is shown in fig. 10. 
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The use of vector notation greatly simplifies the derivation of the essential equa- 
tions. With this approach it is straightforward to show that 

cos Op = (cos 01 cos 0 - s i n  01 sin 0 cos q~l), (A.1) 

and that the corresponding equation involving the recoil direction is 

cos 0 n = (cos 02 cos 0' + sin 02 sin 0' cos q~2), (A.2) 

where the recoil angles are defined as negative with respect to those for the proton 
detector. The angular notation is defined in fig. 10. The requirement that the three 
lines, defined by the incident deuteron beam direction, the proton direction and the 
direction of motion of the recoil nucleus, all lie in the same plane yields the following 
constraint equation: 

tg 01 sin ~01 ( -  sin 0' + tg 02 cos q~2 cos 0') 

-- (sin 0+ tg  01 cos ~o I cos 0)tg 02 sin q~2. (A.3) 

From eqs. (A.2) and (A.3), a quadratic equation in c o s  0 2 can be obtained by elimi- 
nating the angle q~2. Note that the angle to the centre of the proton detector 0 is fixed 
at 135 ° and that the corresponding recoil angle 0' is determined from the kinematics 
of the reaction. With 01 fixed at its maximum value, any given angle ~Pl defines a 
corresponding angle Op from eq. (A. 1). From kinematics the corresponding O R is then 
determined. The equation obtained from eqs. (A.2) and (A.3) by eliminating q~2 
then determines the angle 0 z. All solutions obtained in this manner were double- 
checked by requiring them to satisfy eqs. (A.1)-(A.3). 

Using this approach, it was found that the maximum angle 02, which is fixed by 
the perimeter of the recoil surface, did not deviate from an average constant value 
by more than half a degree. This variation of the maximum angle 0 z as a function of 
q~z was well approximated by the following expression, which was used by Yoshiki 
for a similar problem 22): 

02 ~ ~,(1 +t /s in  q~2), 0 ~_ q)2 ~ 7~, (A.4) 

where y and t/ are adjustable constants. Note that the recoil surface is symmetric 
about the line defined by the radius vector with (°2 = 0 or q~2 = n. With this approxi- 
mation, the integration of the Legendre polynomials over the recoil surface can be 
expressed in closed form in terms of zero-order Bessel functions 22). 
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