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The 2°Si(p, y)*°P reaction was studied for 32 resonances in the energy fapgd.0—2.5 MeV. Angular
distributions were measured for 230 primary and secondary transitions. Results from the analysis of these data
were combined with previous measurements ofA1&i(p, py) 2°Si and 2°Si(p, v)*%P reactions to determine the
spinJ, parity v, and isospiriT of many levels. Remaining ambiguities were eliminated by comparison with the
spectrum of the parent nucled&Si and with the calculated shell-model spectruinar, and T have been
assigned for 103 states up to an excitation energy of 8.0 MeV.

PACS numbgs): 27.30+t, 21.10.Hw, 25.40.Lw, 25.40.Ny

. INTRODUCTION able for only one nuclide-2°Al [8,9]. Analysis of the energy
eigenvalues in®Al showed behavior between GOE and
Following its introduction by Wignef1], random matrix  Poisson10,11].
theory (RMT) [2] was primarily used in the description of In addition to providing a complete spectrum from the
compound nuclear states. Recently there has been an explground state to about 8 MeV excitation energy, the nuclide
sion of applications of RMT in a wide variety of fields: the 2°Al has the special feature that tfie=0 and 1 states coexist
recent review by Guhr, Mler-Groeling, and Weidenniier ~ from the ground state. Although statistical limitations pre-
[3] lists over 800 references. In nuclear physics, analysis ofluded a definitive conclusion, these data provided an experi-
high quality neutron and proton resonance data from a varimental test of the effect of symmetry breaking on level sta-
ety of nuclides led to excellent agreement with the relevantistics. The data were consistent with the general prediction
version of RMT—the Gaussian orthogonal ensem{®E)  [12,13 that even a small symmetry breakifigospin sym-
[4—6]. Following the suggestion by Bohigas al. [7] that  metry is broken by about 3% irf°Al) can have a large
guantum systems whose classical analogs were chaoteaffect. A detailed theoretical study by Guhr and Weiden-
would show eigenvalue fluctuations that agree with GOEmuiler [14] analyzed the effect of breaking isospin symmetry
level statistics have been widely used as ‘“signatures obn the eigenvalue distribution. Although there have been no
chaos.” other experimental tests in a quantum system, there have
In spite of the fact that RMT originated in nuclear phys- been tests in analog systems—acoustic resonances in quartz
ics, there have been few experimental tests of RMT in thévlocks[15] and electromagnetic resonances in superconduct-
nucleus. The reason is simple—the standard measures eting microwave billiard416]. In the former case the symme-
ployed to analyze the eigenvalue distribution are extremelyry breaking was simulated by removing an octant of a
sensitive. The spectrum must be pine misassigned quan- sphere from one corner of the block. In the latter experiment
tum numbers and completgno missing levels There are two coupled billiards were employed and the symmetry
very few data sets that satisfy these stringent criteria. Théreaking was simulated by changing the strength of the cou-
only direct way to test RMT in nuclei is to measure all of the pling. In both cases the results were consistent with theoret-
states in a region and determine all of their quantum numical predictions and with our original experiment.
bers. In other words, one requires complete spectroscopy. RMT also makes an explicit prediction for the distribution
One would like to examine the statistical properties inof transition matrix elements—the amplitudes should be
different energy regions: near the ground state, in the resdsaussian distributed. As a consequence the distribution of
nance region, and at energies between these two regimese strengthsthe amplitudes squargis a x? of one degree
Ideally this information should be in a single nuclide. If one of freedom—the Porter-ThomdBT) distribution. There are
adds the requirement that the number of states is reasonaliyyimerous experimental data sets that agree with the PT dis-
large, say of order 100, then complete spectroscopy is avaitribution. However, theoretical studies concerning transition
strength distributions are much more limited than those for
eigenvalue distributions. Until very recently there was no
*Present address: Avant! Corporation, Durham, NC 27703. theoretical prediction of the effect of symmetry breaking on
Present address: U.S. Navy, Norfolk, VA 23513. the transition distribution. Our analysis of tRBAI transition
tpresent address: Upperman High School, Baxter, TN 38544. data[17] indicated that the strength distributions deviate ap-
Spresent address: Landstuhl Regional Medical Center, D-0918preciably from the Porter-Thomas distribution. Preliminary
Landstuhl, Germany. theoretical result§18,19 suggest that symmetry breaking
** Present address: Berry College, Mount Berry, GA 30149.  does change the transition strength distribution from the
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Porter-Thomas distribution, in qualitative agreement withtile to form a compound state with total angular momentum
our experimental results. There have been no corresponding These spin couplings are given Byri=s ands+[=J.

measurements with analog systems. Parity conservation requires that=mam;(—1)'.

Since the effect of symmetry breaking on statistical dis- A primary transition is ay-ray transition from the com-
tributions has been studied only f8%Al, complete spectros- pound state to a residual state. In the exit channel, the re-
copy for another nuclide would be very interesting. Wesjqual state angular momentu@nand they-ray multipolarity
chose®®P as our candidate for study because it is similar to_ couple to the compound state angular momendugiven

26 . T _ . - N >
Al In many respects: It is al=Z odd-odd nuclide, the Py C+L=J. The angular distribution for this reaction can be
two isospins coexist from the ground state, and the IeveWritten [28] as

density is comparable to that #PAl.

Previous measurements offP are summarized in the
most recent data compilatid20]. The key reactions for our —
spectroscopic studies are the, ) and (p, y) reactions. Our de
group [21] had performed a high resolution study of the — —
29Si(p,po) and 2°Si(p,p;) reactions and identified 66 reso- XZ(11311232;8K Z1(L131L 2325 CK)(Ja[118)
nances in the energy range=£1.29-3.30 MeV. We then * *
performed another high ?esolution study22] of the X(alll29)"(CLalNLN(CLA12)* QuPi(cos),
29Si(p, ), °Si(p,p1y), and 2°Si(p,p,7) reactions, prima- @
rily to identify weak resonances. Earlier measurements of the . ;
(p,y) reaction on?°Si had been performed by Reinecke %thlhe su.m.mau'on .Overl' 2, L1, Lo, Ja, Jz,.s., ar.ld 8
etal. [23] and by Camerori24]. Because of the need for The Z coefficient is given by Huby29] as a modification to
Comp|eteness and purity’ we remeasuredzﬂﬁ(p,y) reac- the Z coefficient of Blatt and Bledenhal[BO] The Zl coef-
tion with our very good beam energy resolution and goodficient is discussed by Biedenha1]. Qy is the correction
detector resolution. These results were reported by Wallaci&ctor due to the finite detector sizé,is the angle between
et al.[25] and Vavrinaet al. [26]. the beam and detector, aRy is the Legendre polynomial of

At this stage we had observed nearly every stat®fup  orderk (k satisfies the relations=1,+,, k=L, +L,, and

to 8.0 MeV, knew the spins and parities for the majority of k= j, + 3,). The notation used for the reduced matrix ele-

the statesand had placed limitations on the possible assignments[32] distinguishes between emission and absorption
ments for most of the remaining stateand had information  matrix elements. The final spins are written on the left-hand
on the isospin of many states. However, a large number ofige of the matrix element and the initial spins on the right.
uncertainties for the quantum number assignments remainegthe initial and final spins are separated by a double vertical
We report here the results frofiSi(p, y) angular distribu-  par.

tion measurements for many of the resonances. With this Bjedenharn/31] showed that in the single-level approxi-

additional information, we either have definite spin and parmation the scattering matrix element can be expressed as
ity assignments or have placed stringent limitations on the

X 2
:) 2 (_1)(57I1+I272\]2+C7L1+L2)
A

spin-parity possibilities for almost every level. We have e'fgq gL
identified essentially everj=1 state as the analog of a state Qllis)(CLI)~ —F 2
in the parent nucleud’Si and essentially every positive par- E,—E——=

ity state with the levels predicted by a shell-model calcula- 2

tion [27]..In this paper we present the expgrimental result are g. is the square root of the partial width of the reso-
and prp\éléje our final quantum number assignments for they,ce'in channad, E, is the resonance energy,is the total
states in™P. In a subsequent paper we will present an analyy g of the resonance, an is an energy-dependent phase
sis of the eigenvalue distributions and the transition strengtQp it The phase shift includes both Coulomb and hard sphere

d|s|tr|tgjt|on|:|s. he rel lar distribution f scattering and depends on kinematic parametérsyas
n Sec. Il we present the relevant angular distribution for-o, o ~+o 4 for each resonance.

malism. In Sec. Ill the experimental setup is described. The
method of analysis and an example are given in Sec. IV. The

guantum number assignments are presented in Sec. V. Sec- B. #si
tion VI is a brief summary. Since the proton has=% and the?°Si target nucleus\
=1, the channel spin is=0 or 1. The compound and re-
Il. ANGULAR DISTRIBUTIONS sidual statesJ and C) are states of%. Since the reso-

nances studied in this experiment are well isolatbgs J,
=J. With only integral values allowed for bothandl, J

We use the standard density-efficiency matrix approach tonust also be an integer. Since the parities of the proton and
describe the reaction and follow the formulation by Fergusorihe target are the samkhas the same parity as the com-
[28]. We assume compound nucleus formation and isolategound statezr;=(—1)'. Therefore if there is any mixing,
resonances. The target spincouples to projectile spinto  the two values off must have the same parity. The com-
form channel spirs. The channel spin is coupled with the pound nuclear staté decays to a final stat€, and the two
relative orbital angular momentuhof the target and projec- states may have the same or different parities. When the

A. General
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parities are the sam@liffereny, the parity of the radiation D. Secondary transitions
must be ever{odd. The parity of the radiation isr(ML)
=(—1)""1 or w(EL)=(—1)". We consider onlfE1, E2,
E3, M1, andM2 multipoles, and mixing of at most two
multipoles.

At these low energies, we assume tha¥4 and therefore . S LT,
J<5 for the compound nuclear states. Because of thé and leaves a final stat®. The coupling isC=D+L’.

Clebsch-Gordon coefficieritontained in thez(1,J1,J;sK) Thebex(';_ensmn (;fr;che f(\),(/mahsm 'S s;ra;:ghtforvzardd_anqbw!ll
term| and the fact that parity is conservéds even. TheQ, not be discussed here. We measured the angular distributions

terms are calculated for each transition using Monte Carl@f & large number of secondary transitions and included all

Secondary transitionsyfray transitions originating from
a state populated by a primary transificere treated in a
similar way to primary transitions. For secondary transitions
the residual stat€ emits a secondary ray of multipolarity

methods 33]. Equation(1) can be rewritten of them in our analysis.
d_o'_ E AQPy(COSH) I1l. EXPERIMENTAL SETUP AND PROCEDURE
dQ G346 <K

It is important that the reaction be studied with both very
good beam-energy resolution and gopday energy resolu-
=Ag| 1+ 2 aQiPy(coso) |, (3)  tion. The good beam-energy resolution is needed to resolve
k=240 close-lying resonance states. This resolution was achieved
with the KN Van de Graaff accelerator and associated feed-
where a,=A(/Aq, Ao is an overall normalization factor, pack systems of the Triangle Universities Nuclear Labora-
Qo=1, andPy=1. tory (TUNL) High Resolution LaboratoryHRL) [35]. This
The a’s are expressed most simply in terms of ratios ofsystem provides overall beam-energy resolutior-@20 eV
the g's, the square roots of the resonance partial widthswith thin solid targets.
Mixing ratios are defined as the square root of the ratio of The detector resolution is needed to resolve the large
resonance partial widths in two channels. Per 1/2 there is  number ofy rays observed at each resonance. The primary
proton entrance channel mixing for eitheor for |, but not  _ray detection system consisted of a pair of 60% efficient
both SimultaneOUS|y. The proton miXing ratio is defined with HPGe detectorS, one of which was surrounded by a |arge
the lower value of or | in the denominator; for example, the pismuth germanaté8G0O) Compton-suppression shiglde].
mixing ratio of {s=1]=3} and{s=1]=1} channels isj,  The resolution of these detectors was 1.8—2.0 keV full width
=013/911. Similarly, y-ray mixing ratios are defined with at half maximumFWHM) at the 1332-ke\y ray in °°Co. A
the lower value oL in the denominator, consistent with the sjlicon surface-barrier detector was located at 165° to detect
phase convention of Rose and Brif84]. We assume that charged particles, and a 7%62.62 cm Na(Tl) detector was
significant mixing in they-ray channel occurs only between pjaced at 140°. These two detectors were used to measure
M(L) and E(L+1) channels. They-ray mixing ratio is  excitation functions to locate the resonances of interest.
therefore defined a8,=(gg(+1)/9gm(v))- Since multipolari- All of the resonances studied in this work had been ob-
ties higher tharE3 are not considered,<3 andk<6. served previously in the capture reaction and almost all of
them in elastic scattering. For most of the resonances, de-
tailed y-ray spectra had also been measur2s,26. In the
. N present measurement the suppressed detector was located at
Consider a transition from &"=2" compound state to a 90° and used for monitoring purposes. The unsuppressed Ge
C7=1" residual state. Sincé has even parityl must be  detector was rotated to five different angles: 25°, 38°, 50°,
even. Boths values allow onlyl =2. The allowedL values  g3° and 90°. A sample Compton-suppressed spectrum is
range from 1 to 3. Since the paritiesb&ndC are the same, shown in Fig. 1.
the electromagnetic charact@L can beM1 or E2. For a The targets were thin films of Si targg&nriched to 95%
maximumL value of 2, the maximurk value is 4. ~ 29si) evaporated onto 5.pg/cn? carbon foils. The targets
For these ¢,1) and QL combinations the mixing ratios \ere either 1.5 or 3.@ug/cn? Si, corresponding to a proton
are 8,=01,/9o2 and 6,=ge,/gm. The phase shift§; can-  energy loss of about 170 or 340 eV for these energies. The
cel whena, and a, are formed. The coefficients for this thinner targets were used to study narrow resonances or

C. Example

transition are those with close neighbors. These targets were very stable;
typical proton beam currents were 6-u@\.
2 2
a,=— i (2+5p)(7+14\/557_55«/) 4) The resonances that were selected for study either had
2 28 (1+ 5§)(1+ 55) unknown or ambiguous™ values or decayed to states that

had unknown or ambiguoud™ values. In addition, some
resonances were selected for study when the determination
of a y-ray mixing ratio might aid in the isospin assignment
for either the resonance or the final state.

and

8 (3—-282)82 The first step was to locate the resonance. Although under
422[%' (5)  favorable conditions the beam energy drift is only about 6
(1+6p)(1+57) eV/h [37], some resonances were studied for as long as
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FIG. 1. Compton-suppressed detector spectrum for the
#Si(p,y) reaction. This spectrum was measuredEgt= 1.7450

MeV. 6, for a given transition. The partiaj-ray width is the

product of the totaly-ray width and the branching ratio, and
is also the sum of thé&(L+1) and M(L) widths. For a
articular partiaky-ray widthi, this relation can be written in

three days. Therefore we periodically checked to ensure th rms of the mixing ratios as

we were still on resonance. Spectra were recoKtigacally

for 50 mC integrated beam current at a t)nfier each of the

two detectors at each of the five angles. The entire process
was then repeated a number of times to provide adequate
statistics—up to 300 mC were accumulated at each angle for
the weakest resonances.

The yields of they rays of interest were determined from i . )
the spectra(Calibration details are provided by Vavriea W€ first consider these factors, then discuss the recom-
al. [26].) Several corrections were applied to the raw dataMended upper limits for transition strengths, and finally il-
First a dead time correction was applied. Then the fixedUStrate with an application of the method.

HPGe detector was used as a monitor to account for fluctua-
tions due to changes in target thickness, beam optics, etc. In A. Mixing ratios and branching ratios

addition a correction was needed for imperfect geometry— - the resonance states the measured branching ratios are
the location where the beam intersects the target is not thgsioq i previous publicationf25,26. For the bound states
exact center of the axis of rotation of the germanium detecz 4 tor states just above the proton separation energy, the

tor. The 5correction was determined by placing an isotropiG, anching ratios obtained in our measurements are listed in
source {°?Eu) on the target rod of the target chamber andraple 1.

collecting data with the two HPGe detectors at all five |, order to determine the mixing ratios we wrote a

angles. FORTRAN computer program callesiixcALc. The input for

_ The corrected ar]gular distributi_ons_ for each transition O_fthis program includes the normalized yields and angles for
interest were then fit to an expansion in Legendre polynomigach transition. The program fits all mixing ratios, both the

als. A typical angular distribution and fit are shown in Fig. 2'proton ratio and each of the-ray ratios, by performing a

Coefficients were determined for 156 primary and 74 SeCgjmjtaneous fit to all primary and secondary angular distri-

ondary transitions; to conserve space the values are not listgflions. The entire calculation is repeated for each set of
but are available from the authors. possibleJ™ values for both initial and final states.

The analysis is performed sequentially. First we consider
only the primary transitiongand the proton entrance chan-
nel) and perform a grid seardlypically 13 to 19 values per

Information from the angular distributions is used to placemixing ratio) over the entire range of possible mixing ratios
restrictions on the quantum numbeltsw, andT. One key (—« to +«). For M y-ray mixing ratios(plus the proton
approach compares the strength of the pastighy width in  entrance channgbnd N grid points this is W1+ 1)N calcu-
channelQL for a particular transition with measured transi- lations. A y? value is obtained by comparing the calculated
tion strengths in this mass region. To make this comparisogields for each set of mixing ratios and experimentg)
one needs the totay-ray width of the initial levell',,, as  values with the normalized experimental yields. This proce-
well as the branching rati8,; and multipole mixing ratio dure identifies local minima in thg? space. In the second

1
b

=Tyi(1+8). (6

LB, i=Tewty, Y

IV. RESULTS AND ANALYSIS
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TABLE I. y-ray branching ratio8,, from this work for states with, <6500 keV in3%. The numbers
in parentheses indicate the error on the last digit of the branching ratio. The number to the right of the arrow
is the excitation energy of the final state.

E; (keV) B, (%)

1454.2 95.2(8)-0, 4.76(8)—708.7

1973.3 41.5(5)-0, 58.5(7)~708.7

2539.0 96(1)-0, 3.1(1)—708.7, 0.76(5)>1973.3

2723.7 97.5(9)-0, 2.5(2)—708.7

2839.3 22.7(5)-0, 52.1(8)-708.7, 25.3(5)>1454.2

29375 17.8(2)>0, 32.4(4)~677.0, 5.40(9)-708.7, 44.0(5)>1454.2, 0.33(3)>1973.3

3019.2 100-677.0

3733.8 50(1)-0, 32(1)—677.0, 9.8(6)-1454.2, 7.5(5)>2937.5

3835.8 19.2(6)-708.7, 10.0(4)-1454.2, 71(1)>2937.5

3928.6 30(1)-1454.2, 70(1)>2937.5

4143.6 87.0(9)-0, 4.1(3)~708.7, 7.5(4)>1454.2, 1.3(1)>2937.5

4182.8 10.5(3)50, 1.2(2)—677.0, 76.1(9)>708.7, 2.5(3)-1454.2, 3.5(2)-1973.3,
6.3(3)—2539.0

4232.0 73(1)-1973.3, 24.1(7)>2539.0, 2.6(1)->2839.3

4298.6 100-1454.2

43438 95(2)+1973.3, 5.0(4)+2539.0

44228 96(1)-0, 4.1(2)—~708.7

4469.1 94(2)-0, 6.1(8)—~708.7

4502.2 40(1)-0, 3.5(3)~708.7, 56(1)-1454.2

4625.9 56(1)-1454.2, 15.0(5)-1973.3, 29.3(8)>2937.5

4736.0 11.9(5)-0, 7.5(4)~708.7, 12.2(5)>1454.2, 66(1)>2937.5, 1.9(2)>3019.2

49255 10.4(5)>1454.2, 90(3)-4232.0

4937.3 82(3)-677.0, 18(1)+2937.5

4941.4 91(4)-677.0, 9.3(6)-1973.3

5206.8 76(2)-0, 24(1)—~708.7

5230.1 50(4)-1973.3, 24(2)+2539.0, 26(2)-2839.3

5411.1 28(6)-1973.3, 41(6)-2839.3, 31(7)>2937.5

5506.4 1.6(3)-0, 96(3)—677.0, 2.4(2)+2937.5

5508.6 52(1)-1454.2, 48(1)-1973.3

5576.3 18(1)-0, 63(2)—708.7, 15(1)-1454.2, 2.0(4)>3733.8, 2.2(3)->3835.8

5701.3 7.0(7)>2539.0, 4.7(6)+2723.7, 75(4)>2937.5, 13.3(9)-4182.8

5934.0 31(1)-1973.3, 2.1(4)+2539.0, 11.9(7)>2839.3, 12.7(7)-2937.5, 42(1)-4343.8

6006.0 32(2)-1454.2, 35(2)-1972.3,9(1)—2539.0, 14(1)>2723.7, 10(1)-2839.3

6093.5 1.5(4)-2723.7, 2.8(4)>2937.5, 10.6(7)>4143.6, 35(1)-4232.0, 50(2)-4625.9

6229.0 18(3)+1973.3,7(2)—2539.0, 64(5)-3928.6, 11(2)-4298.6

step these mixing-ratio values are used as starting points fdor the primary transitions and in Table Il for the secondary

a more detailed search. & minimization procedure is used transitions.

to explore the local region in the parameter space and to find

the best possible local solutions. Since there are often several B. RUL's

initial starting points for the detailed search, there are often ,

multiple local solutions. Only those solutions within 1.0 of ~ Endt [38] tabulated experimental values of-ray

the besty? value are retained. strengths and classified them by mass region, electromag-
These solutions are then used as starting points to repeBtic radiation typeQL, and as isoscalar or isovectds or

the entire process on the secondary transition mixing ratiodV). For thisT,=0 nuclide, transitions witi;—T;=0 are

For the first step in this latter search, the values for the mixisoscalar and those withT;—T¢=1 are isovector. Endt

ing ratios for the primary transitions are held fixed. After theadopted an empirical recommended upper litRUL) for

grid search for the secondary transition mixing ratios is com-each type of transition in a given mass region. He defined the

pleted, a final minimization procedure is followed, with all RUL’s such that the probability of the logarithmic reduced

mixing ratios andAy’s varied to obtain the best solution. The transition strengths exceeding the RUL was 0.001. It is con-

mixing ratios obtained by this procedure are listed in Table liventional to express the transition strength in Weisskopf
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TABLE Il. Measured mixing ratios for primary rays. Those values marked with an astefigkrely on
an assignment af” for the initial state either from shell-model calculations or from comparison with analog
states. All other values are uniquely determined by experiment.

E; (keV) E; (keV) s, E; (keV) s,
6520.8 0 0.05°302 1454.2 —0.08+0.09
2539.0 -573 2839.3 8"3
2937.5 0.1073%8 3835.8 0.4°93
4182.8 0.080.05 4502.2 —0.03+0.02
6597.7 1973.3 —0.45+0.05 2839.3 —-0.3+0.1%
3928.6 -9
6667.8 2723.7 305 2937.5 -0.043%2
3835.8 -1.798 4182.8 0.06:0.02
5576.3 0.6:0.1
6853.9 2723.7 -1.8"%% 2937.5 0.3:0.2
4502.2 0.6:0.2
6873.4 2723.7 —-0.01°383 2937.5 0.0%0.02
5508.6 -1.453
6978.3 5508.6 673"
7045.0 6093.5 0.07°5.53
7203.0 2937.5 0.06"03
7223.3 4143.6 0.060.02 4625.9 0.00°3%3
7282.0 2539.0 0.280.08 2723.7 3.8°9¢
2839.3 -1.453 4182.8 0.07°3%3
5576.3 —0.18+0.09
7283.4 0 —0.06+0.01 708.7 —0.01+0.07
1454.2 -2.37332 2723.7 —0.01+0.02
3835.8 0.0%0.04 4422.8 0.050.01
4736.0 —0.06+0.03 4941.4 0.40.1
5206.8 —0.06+0.03
7493 2937.5 —12°10 4182.8 6%
4502.2 2t
7560.5 2937.5 —0.06+0.04 4182.8 0.08"3%2
5508.6 —-2.0+0.3 5576.3 0.04°3%3
5934.0 0.68 308 6006.0 -1.6+0.2
7562.5 0 —0.05+0.02 1454.2 —0.09+0.06
2937.5 —-360"2° 3019.2 0.%0.1
3835.8 0.09°303 3928.6 -0.1"3%
4422.8 -1.333 4736.0 —0.03+0.03
5206.8 —0.12+0.05 5701.3 -0.1+0.1
7605.0 0 -8+2 2937.5 —2.4+0.1
4182.8 -2.1+0.2 5508.6 —-0.02°9%3
7636.0 3835.8 0.040.03 4182.8 24733
4422.8 512 4736.0 0.1#0.05
7644.2 2723.7 0.080.02 2839.3 0.1%0.07
2937.5 2432 3835.8 0.0%0.02
4182.8 71 4422.8 3.60.2
7749.3 2723.7 -171 2937.5 0.6:0.2
3019.2 -1.0°93 4502.2 0.6:0.3
7752.7 1973.3 020.1 5508.6 1.20.3
5934.0 —0.05+0.07
7759.0 1454.2 0.060.02 1973.3 0.260.06
2539.0 0.40.2 2723.7 0.01°3%:
2839.3 —0.04+0.09 3928.6 0252
44228 0.07°3%8
7883.8 2539.0 0.010.03 2839.3 —-0.2470%3
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TABLE II. (Continued.

E; (keV) E; (keV) o, E; (keV) é,

4298.6 -0.752 4343.8 —0.04°353

7920.9 708.7 0.120.08 1973.3 -1.2"93
2539.0 0.06:0.08 2937.5 0.40.1
3835.8 0.2°9% 4736.0 8%

7922 2839.3 0.11°552

7996.7 0 0.2°32 3019.2 0.6:0.3
3733.8 1.0°52

8007.4 0 —-20"2° 2937.5 0.73:0.08
4182.8 1.6:0.3 5576.3 1.6°5%
5934.0 —0.20+0.07

8014.3 0 —0.30=0.06 708.7 1.40.2
4182.8 —0.02+0.05 5508.6 —0.01+0.03

units (W.u.) [39] since this factors out the mass and energyconfidence level for the appropriate number of degrees of
dependence of the varioldL transition types. We con- freedom, while they? value for the 3 assumption was well
verted our partial widths to Weisskopf units and applied thebelow the 99% confidence limit. Therefore we adopteda 3
RUL technique. This eliminated a number of ambiguities inassignment.

compound and final staté and = values. Since the RUL The reduced transition strengths for the 7282.0-keV reso-

values areTl dependent, this also eliminated possibleal-  nance are listed in Table IV. The RUL for an1(IS) tran-

ues in both initial and final states. sition is 0.05 W.u., which is exceeded by thEL transition
to the final state at 4182.8 keV. Since the final state has

C. Example =1, this suggests that the initial state must ha@we0. With

this information, one can also draw a conclusion about the
‘transition to the 5576.3-keV final state. This state Masl

and the mixing ratio analysis gave two acceptable fits. How-
Gven if the initial state ha$=0, then the transition must be
isovector. The RUL forE2(IV) is 5 W.u., thus ruling out
one of the mixing ratio solutions. Thus the angular distribu-
tion analysis for this resonance provided a parity and an isos-
pin assignment, as well as the mixing ratios for five transi-
tions.

We illustrate the use of the RUL method with an example
The E,=7282.0 keV state had a previous assignmend of
=3, with no information onw or T [26]. Six primary tran-
sitions were used in this analysis—all of the final states ha
known J, 7, and T values. The mixing ratio analysis was
repeated twice, assuming 3and 3~ for the initial state. For
the 3~ assumption they? value was far above the 99%

TABLE lll. Measured mixing ratios for secondany rays.

V. ADOPTED QUANTUM NUMBER ASSIGNMENTS

E; (keV) E; (keV) é,
2087 0 1008 The goal of the prgsesgt experiment is the complete spec-
97237 0 745;8-44 troscopy of the r_1uchde P from the ground state to 8._0
' o MeV. One must identify every state and obtain an assign-
2839.3 1454.2 —125 ment for the total angular momentuinthe paritys, and the
2937.5 0 0.x0.2
708.7 0.0"33 TABLE IV. Reduced transition strengths for thg =7282.0
1454.2 _4_1j%$79 keV resonance. The angular distributions for the 5577 andr
3835.8 708.7 3.6°08 H14.55 transitions are each consistent with two values,gfboth
20375 0.12-0.03 are listed here.
+0.1
jﬁ;:: 70(;_7 g;gg E (keV) J™T s, B(M1) (W.u) B(E2) (W.u)
0 10'2 5576.3 21 +o0 0 37.4
4502.2 0 Off{ —0.18+0.09 0.023 1.2
1454.2 0.3"9% 41828 2,1 0.07°3%; 0.082 0.17
4736.0 2937.5 —0.02+0.03 28393 3,0 —-14793 0.0023 1.0
5508.6 1454.2 0.060.05 27237 20 3.83¢ 0.00061 1.93
5576.3 708.7 0.050.05 2539.0 3:;0 0.23-0.08 0.0083 0.089
5701.3 4182.8 -1.3"%8 14542 2,0  3.7+0.3 0.0017 3.1
5934.0 1973.3 2.0°92 0.05+0.02 0.02 0.01
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TABLE V. Adopted assignments if%P.

Compilatior? Experimenft Shell modéf 30gid Adopted assignmerfts
E, (keV) J™T E, (keV) J™T Ratf E, (keV) J™T E,(keV) J7T E, (keV) J™T
0 170 0 0 170 0 1*:0
677.29(7) 01 677.01(3) 693 01 677 0;1 677.01(3) 071
709.02(6) 1*:0 708.70(3) 644 170 708.70(3) 1*:0
1454.67(7) 2%:0 1454.23(2) 1491 20 1454.23(2) 2%:0
1973.62(11) 3%:0 1973.27(4) 2061 30 1973.27(4) 30
2539.03(11) 3%:0 2538.95(5) 2510 30 2538.95(5) 30
2723.96(10) 270 2723.72(7) 2461 20 2723.72(7) 270
2839.9(2) 3%:0 2839.34(4) 2973 30 2839.34(4) 30
2937.87(6) 271 2937.46(2) 3003 251 2912 21 2937.46(2) 271
3019.39(11) 1*:0 3019.2(1) 3131 1:0 3019.2(1) 1*:0
3733.9(3) 1*:0 3733.80(7) 3737 1:0 3733.80(7) 1*:0
3835.9(2) 2%:0 3835.80(5) 4113 20 3835.80(5) 2%:0
3928.9(3) 3%:0 3928.61(5) 4285 30 3928.61(5) 370
4143.67(14) 27:0 4143.63(6) 4143.63(6) 27:0
4182.65(8) 2%:1 4182.81(6) 4243 251 4176 21 4182.81(6) 271
4232.2(4) 470 4231.97(9) 4231.97(9) 470
4298.1(10) 40 4298.6(2) 4593 4.0 4298.6(2) 4":0
4343.6(5) 5%:0 4343.8(1) 4584 50 4343.8(1) 5%:0
4422 .4(3) 2%:0 4422.8(1) 4358 20 4422.8(1) 2%:0
4468.33(7) 0";1 4469.1(2) 4778 01 4465 0:1  4469.1(2) 071
4502.32(12) 1*:1 4502.21(9) 4903 11 4447 11 4502.21(9) 1*:1
4626.55(14) 37:0 4625.92(8) 4625.92(8) 370
4736.4(2) 3%:0 4736.03(8) 4862 30 4736.03(8) 370
4926.4(2) 57:0 49255(2) 3(5)°;0 DE 4925.5(2) 37;0
493732 (1,2)9 CD 4937.3(2) 17;05A
4941.0(3) 1*:0 4941.4(3) 1*:0 CD 4931 10 4941.4(3) 1*:0
5028(3) 5(4,6) 50283) 57;0°
5206.6(4) 3" 5206.8(1) 3%:0 C 5206.8(1) 3%:0
5654 31 5508 31
5231.6(5) 4- 5230.13) (24" AC 5230.1(3) (2,4)";0"
5146 40
5411.1(5) 0(2)” 5411.1(3) 2 C 5411.1(3) 2707
5471 20
5506.1(2) 1;0 5506.4(2) 17;0 A 5506.4(2) 1°:0
5508.6(4) (2,3);1 5508.558) 3" AC 5574 30 5508.55(8)  3*;0M
5576(2) 271 5576.3(1) 2" AC 5741 201 5487 21 5576.3(1) 27;15A
5595 (3) 4+ 5455 40 5595(3) 4+:0%
5701.7(4) 1*:0 5701.3(2) 1*:0 5896 170 5701.3(2) 1*:0
5714(3) (5,7)" 5104 570 5714(3) 5708
5808(3) (3,5)" 5571 570 5808(3) 5708
5890(12) (1,2,3)";1 5888 31 5909 3:1  5890(12 37;15A
5907.7(8) 2 5907.7(17) 270"
5934.0(5) 5934.0(1) 3*:0 AC 6166 30 5934.0(1) 30
5993 (4) (0,1,2y 5993 (4) (0,1,2y
5997.1(8) 1%:0+1 170 D 6085 10 5997.1(8) 1*:0
6006.0(5) 6006.0(1) 3" AC 6310 30 6006.0(1) 370
6050(10) (0,1)";1 6218 01 6049 0;1  6050(10) 0";15A
6051 (5) (3,4,5)7(;1) 6199 41 5957 41 6051(5) 47 15A
6221 40
6094.6(5) 371 6093.5(1) 371 6165 3:1  6093.5(1) 371
6181 (4) (5,6,7)" 6377 50 6181(4) 5%:0°
6229.0(5) (3,5)" 6229.03)  (3,5)" 6377 50 6229.0(3) 5708
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TABLE V. (Continued.

Compilatior? Experimentt Shell modél 30gjd Adopted assignmerts
E, (keV) J™T E, (keV) J™T Ratf E, (keV) J™;T E,(keV) J™;T E, (keV) J™T
6289 0;0
6269.6(8) (1%,2);1 6268.7(4) 271 AD 6268.7(4) 271
6295 (5) >5 6295(5) >5
6299.3(6) 370 6299.3(2) 370 6299.3(2) 370
6361(9) (4,5,6) 6361(9)  (4,5,6) ;0"
6468 (3) 57,6 6468(3) 6~;05A
6481.4(6) 170 6481.4(16) 170
6519.4(6) (1,2)* 6520.8(5) 270 BD 6652 2°:0 6520.8(5) 270
6597.7(5) (3,5)" 6597.7(5) (3,4",5") BD 6607 41 6627 41 6597.7(5) 4+;15A
6643 40
66073) " (3,5)" 6574 50 6607(3) 5%:08
6656 (5) 1 6898 21 6291 21 6656(5) 27;15A
6667.8(5) 27,3 6667.8(5) 3" B 7066 30 6667.8(5) 3%;0%
6791(5) >5 6791(5) >5
6853.9(5) 170 6853.9(5) 170 7085 10 6853.9(5) 1%;0
6873.4(5) 3" 6873.4(5) 30 D 6873.4(5) 30
6877(1) 2 6877(1) 2 6877(1) 27;0°
6921 (1) 1;0 6921(1) 1;0 6921(1) 1;0
6978.3(5) (3,4)" 6978.3(5) (3,470 7012 40 6978.3(5) 4708
6981(5) (5,6,7)" 6945 50 6981(5) 5%:08
7014.9(5) 27:0 7014.9(5) 27:0 7014.9(5) 27:0
7045.0(5) (2,3,4);0  7045.0(5) 470 BD 7045.0(5) 470
7049.4(5) 471 7049.4(5) 471 7180 4:1  7049.4(5) 471
7119.1(5)  (17,2,3")  7119.1(5) (1*,2,3)¢ 7068 250 7119.1(5) 2%:.08
7145 0";0
7178(3) 11 7179(3) 11 7179(3) 11
7199.1(50 7%(5%,6) 7120 60 7199.1(5) 6";0°
7203.0(5) 270 7203.0(5) 270 7203.0(5) 270
7207.5(5) 0":1 7207.5(5) 0":1 7457 01 7319 01  7207.5(5) 01
7223(1) 271 7223.3(5) 271 7318 ;1 7223.3(5) 271
7282.0(5) 370 7282.0(5) 370 BD 7263 30 7282.0(5) 370
7283.4(5) 21 7283.4(5) 21 7213 21 7214 21 7283.4(5) 271
7304.9(5) 270 7304.9(5) 270 7304.9(5) 270
7306.3(5) 270 7306.3(5) 270 7306.3(5) 270
7322(3) 1 7322(3) 1 7421 11 7322(3) 117
7347 (5) (5,6,7) 7347 (5) (6,7)" SA
7370(5) 5% E 7678 5:1  7370(5) 571
7383.4(5) (1,2,3") 7383.4(5) (27,37);1 BD 7383.4(5) 37:15
7493(1) 1%:0 7493(1) 1%:1 D 7493(1) 1%:1
7560.5(5) 370 7560.5(5) 3" BD 7444 30 7560.5(5) 37; oM
7562.5(5) 21 7562.5(5) 271 7562.5(5) 21
7579.9(5) 270 7579.9(5) 270 7579.9(5) 270
7605.0(5) (1,2)":0 7605.0(5) 271 BD 7660 21 7592 2:1  7605.0(5) 271
7636.0(2) 3:1 7636.05)  3%:(0) BD 7636.0(5) 370"
7644.3(5) 3*t:1 7644.3(5) 30 D 7644.3(5) 370
7647 (5) (4,5,6)7:(1) 7721 5:1  7647(5) 57;1°
7688.2(5) 5% 7688.2(5) 47:0 BD 7688.2(5) 47:0
7742(3) 1- 7742(3) 1- 7742(3) 17;0°
7749.3(5) 1%:0 7749.3(5) 1%:0 7732 10 7749.3(5) 1%:0
7752.7(5) (3,4)" 7752.7(5)  3%(;1) D 7542 351 7752.7(5) 371
7759.0(5) 3%:1 7759.0(5) 3%:1 7895 31 7756 31 7759.05) 3%:1
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TABLE V. (Continued.

Compilatior? Experimentt Shell modél 30gid Adopted assignmerfts
E, (keV) J™T E, (keV) J™T Rat E, (keV) J™T E, (keV) J™T E, (keV) JnT
7786.4(5)  (2,34)  7786.4(5) 2(4)” B 7786.4(5) 27;0°
7803(3) (2,3,4) 7803(3) (2,3,4) 7803(3) (2,3,4)
7826.3(5) 2750 7826.3(5) 27,0 7826.3(5) 270
7873.7(5) 4~ 7873.7(5) 4~ 7873.7(5) 47:0°

7877 6";0

7883.8(5) (3,4)" 7883.8(5) 4+t BD 7691 41 7900 41 7883.8(5) 4+:15A
7892(3) 2 7892(3) 2” 8185 2:1 7892(3) 27:1A°
7920.9(5) 2+ 7920.9(5) 2*:0 D 7701 20 7920.9(5) 2*:0
7921.8(5) 3*;0 7921.8(5) 3*:0 8027 30 7921.8(5) 3*:0
79221) (3,4)* 7922(1) 4(+) BD 7765 40 7922(1) 4%:0
7931(3) o* 7932(3) o* 8117 01 7932(3) 0™:1A
7996.7(5) 0*;1 7996.7(5) 1*:1 DE 8302 ;1 8311 11 7996.7(5) 1*:1
8001(1) 170 8001(1) 1~ D 8001 (1) 17;0°
8007.4(5) (1,2)*;0 8007.4(5) 2%:1 BD 8000 251 7933 251 8007.4(5) 271
8014.3(5) 2.0 8014.3(5) 2+ D 8134 251 8300 21 8014.3(5) 2% ;M

8Data are taken from Reff20] unless noted otherwise. In the listing in the compilation, the convention is that states below 5 MeV=have

unless stated otherwigd0].

PThese energies and™;T assignments represent the overall results of the various TUNL studies op#f8Si system (Refs.
[21,22,25,26,4]land this work combined with previous experimental work. No values are listedEfoor J7; T if we did not observe the

level; no values are listed faf™; T for states below 4.8 MeV as we did not independently test those assignments.

‘Results are from Ref27].

YEnergies in%°Si are taken from Ref.20] and are shifted up by 677 keV to align the ground staté’8i with the firstT=1 state in3°P.

€)™ T assignments which depend on comparison with shell-model calculation®Foare marked with a superscript&dthose which

depend on comparison with tH8Si level scheme are marked with a superscripted@he T assignments for several states are uniquely
determined oncé is assigned for th&,=5576 keV state; those assignments are marked with a supersavipted

fRationale: We use a series of codes to indicate which opth&°Si measurements were critical in further restricting JfieT values listed

in the most recent compilation. No code is listed when we agreed with the previous assignment: A, angular distributions of feeding
transitions; B, angular distributions of decay transitions; C, RUL analysis of feeding transitions; D, RUL analysis of decay transitions; and
E, other arguments.

9The E,=4937.3 keV state must Be=1 if J™=1" orif J”=2". This state was listed in earlier compilations®P atE,=4937.9(3) keV

but was removed in the most recent listing. We find definite evidence of its existence.

"The E,=5230.1 keV state must BE=0 if J7=2".

"This state is not listed in the most recent compilation because it has been identified as corresponding to our 6597.7 keV state. It appears to
us, however, that it is not the same state, and so it is included here.

IThis state is not listed in the most recent compilation. However, it does not appear to coincide with our 6978.3 keV state and so is included
here.

KThe E,=7119.1 keV state ha=0 if J7=1".

isospinT for each state. We also wish to consider the prop-on angular distributions or transition strengths and on feed-
erties of the transition strengths. In order to perform the staing or decay transitions.

tistical analysis properly, the individu&L matrix elements These assignments result from the combination of mea-
are required, which means that the multipole mixing ratiossurements that we have performed. There are additional ar-
are needed for as many transitions as possible. guments that are valuable and that should be reliable. Each

A summary of the quantum number assignments is proT =1 state must have a corresponding state of the same spin
vided in Table V, which lists the previous statiRef. [20]), and parity in the parent nucleu$Si. The parent nuclide is
assignments based on our measurements, predictions of thather well known. The primary use of this comparison was
nuclear shell model, and comparison with the level scheméor the isospin assignment of states with a known spin and
of the parent nuclidé®Si. Below about 4.5 MeV our results parity. We also had the results of a shell-model calculation
are consistent with the unambiguous quantum number a$27]. In 2°Al extensive shell-model calculations agree very
signments provided by Endt. Therefore in the column labeledvell [42] with the experimental energy levels and quantum
“Experiment” we simply list our new value for the energy numbers. We therefore anticipated that the positive parity
without comment. In an attempt to provide some informationstates in %P would also agree well with the shell-model
concerning the origin of oul, 7, or T assignments, we use a spectrum. In practice, this is the case. For a number of states
simple code that indicates whether the assignment was basedhere the spin had been limited but not definitively deter-
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mined, we adopted the shell-model assignment. In a fewnended upper limitsRUL’s) on thevy-ray strengths. Results
cases where the parity was in question, we used the absenftem this analysis were combined with our previous mea-
of a predicted positive parity state to make a negative paritgurements of thé%Si(p, po)2°Si and 2°Si(p, y)*°P reactions
assignment. A detailed discussion of the justification for thein order to determine the spily parity 7, and isospinT of
quantum number assignments for each level is given byach level. To eliminate remaining ambiguities, we then
Grossmanr43]. compared the®P spectrum with the spectrum of states in the
In the end we had an assignment for all but a few statesparent nucleus®Si. We also compared the experimentp
For three of these states, the spin assignments ar&>fér,  spectrum with the positive parity spectrum calculated with
we can exclude these states without affecting statisticathe shell modelJ, 7, and T were assigned for 103 states up
analyses. Four other states have negative parity and a range an excitation energy of 8.0 MeV. The number of states
of possibleJ values; negative parity precludes any compari-with unassigned quantum numbers is very srifallir states
son with this set of shell-model calculations. Therefore wethat may have spins in the angular momentum range under
haveJ, 7, and T assignments for 103 states, with only four consideration Therefore the present level scheme HP
states with J<5 with unknown assignments. Statistical provides a second example of complete spectroscopy to
analyses of the eigenvalues and of the electromagnetic tragomplement the only other known case BAl.
sitions will be performed in a subsequent paper.
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