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AbstractThe mirror nuclei 39K and 39Ca were studied using data from a Gammasphere experiment. The4� charged-particle detector Microball and several neutron detectors were included. The fusion-evaporation reaction 28Si + 16O is forming the compound nucleus 44Ti which then decays populatinghigh-spin states in the A = 40 mass region. The level schemes for the mirror nuclei were extendedconsiderably. Tentative spins and parities were deduced by analyzing directional correlations of orientedstates (DCO ratios) for 39K.
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1 INTRODUCTION Thomas Andersson1 IntroductionThe 39K and 39Ca nuclei have, respectively, one proton and one neutron less than the N = Z = 20doubly magic nucleus 40Ca. Assuming that both protons and neutrons are nucleons with identicalbehaviour, and because of the charge-symmetry of the nuclear force, one expects the nuclei 39K and39Ca to have a similar structure with equal energies and level spacings. The only di�erence arises fromthe electromagnetic interaction: Since 39K has one proton less than 39Ca, the Coulomb energies and,consequently, the excitation schemes of the nuclei di�er slightly. By studying nuclei close to the nucleonnumbers N = Z = 20, i.e., in the vicinity of 40Ca, it is possible to deduce interesting properties for thenuclear shell model, e.g., neutron-proton interactions and single-particle energies. Furthermore, sincethe nuclei studied in this work lie only one hole away from 40Ca, the properties of this nucleus can alsobe interpreted. Even though some nuclei around 40Ca are stable, and quite easy to reach with nuclearreactions, the high-spin and high-energy states of most of these nuclei are still poorly investigated, butby using fusion-evaporation reactions these states can be reached.The aim of the analysis was to extend the known level schemes for 39K and 39Ca and, for the latterweakly populated N < Z nucleus, also to verify the assigned -ray transitions. The analysis was thenfollowed by a comparison between the nuclei in order to, as mentioned above, verify speci�c parts ofthe shell model, including various basic assumptions on single particle excitations. Basically only twodi�erent data sets were needed: one for 39K and one for 39Ca. However, to be able to produce clean�nal spectra, and also in order to deduce the DCO ratios, data for other nuclei (which can be seen inFigure 1) were used in addition.
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2 THE EXPERIMENT AT GAMMASPHERE Thomas Andersson2 The Experiment at GammasphereThe data set that was used for the analysis in this work was obtained from aGammasphere experimentcarried out in spring 1997 at the 88-inch Cyclotron at the Lawrence Berkeley National Laboratory.The original experiment used the reaction 28Si + 40Ca with a beam energy of 125 MeV (about 4.5 MeVper nucleon) to reach the compound nucleus 68Se. However, the 0:5 mg=cm2 thin self-supporting 40Catarget (enriched to 99.9%) su�ered from considerable oxidation. The large natural abundance of 16Ogave rise to an additional data set resulting from the reaction 28Si + 16O. In fact, the oxidation wasso pronounced that nearly half of the data taken during the beam time came from this reaction. Thetwo nuclei fused together to form the compound nucleus 44Ti. The compound nucleus then rapidlydecays (� 10�20s) via emission of protons, neutrons and �-particles. For example, via emission of one�-particle and one proton (the 1�1p channel) 39K nuclei are produced, or 39Ca nuclei via the 1�1nchannel (see Figure 1).2.1 Gammasphere and Microball

Figure 2: Gammasphere. Figure from the Gammasphere homepage.As the name suggests, Gammasphere was constructed to detect -rays, i.e., nuclear electromag-netic radiation. Its full implementation consists of no less than 110 high-purity germanium (HPGe)semiconductor detectors placed in a spherical shell. These HPGe crystals provide the best compromiseof properties for a -ray detector, namely moderate detection e�ciency combined with high energyresolution. Another important factor is the granularity, which provides the ability to localize individual rays and reduces the risk of detecting more than one hit in the same event in the same detector. Eachof the HPGe detectors is also enclosed in a shield of bismuth germanate (BGO) scintillator crystals.5



2 THE EXPERIMENT AT GAMMASPHERE Thomas AnderssonBy rejecting events in which Compton-scattered -rays have deposited only part of their energy in theBGO detectors, a better peak-to-total ratio (P/T) can be achieved, so-called Compton Suppression.The advantage of using this technique is illustrated in Figure 3. The peak-to-total ratio (P/T) fora 1 MeV  ray is increased from 0.25 without Compton suppression up to typically 0.60 when sup-pressed. Considering only single -rays, it may seem unnecessary to put so much e�ort into Comptonsuppression; the slight change in P/T (only about a factor of two) should not considerably improve themeasurements. But since this kind of experiment often deals with high-fold coincidence measurements,the slightly improved P/T value becomes vital. For example, in a quadruple coincidence measurement,the P/T has to be raised to the fourth power, giving a total P/T improvement of approximately afactor 30.
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Figure 3: Illustration of the advantages using the Compton Suppression Technique. Figure taken fromRef. [1].
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2 THE EXPERIMENT AT GAMMASPHERE Thomas AnderssonTo further enhance the performance of Gammasphere, several ancillary detectors can be added tothe original HPGe con�guration [1]. The experiment described in this work used Gammasphere inconjunction with Microball [2]. The Microball, which is placed in the centre of Gammasphere,consists of 95 CsI(Tl) scintillators placed in a near-spherical shell, covering 97% of the solid angle, seeFigure 4. The purpose of adding this detector array was to be able to detect light-charged particlessuch as 1;2;3H and 3;4He emitted in the early stage of the fusion-evaporation reactions. The possibilityto select di�erent charged-particle decay channels has resulted in an enormous improvement of thesensitivity of Gammasphere, especially for experiments close to the N = Z line. Reactions in thisregion often result in a high number of decay channels (see Figure 1) and thus, the possibility todistinguish between di�erent channels considerably reduces the number of -rays, making detectionof transitions belonging to a speci�c channel much easier. Also, Microball has the capability ofdetermining the directions of recoiling nuclei, and thus precise corrections for Doppler shifts can bemade.

Figure 4: Schematic drawing of the 4� charged-particle detector system Microball. The number ofdetectors and the angle coverage are shown. The beam goes from right to left, and the target is placedin the middle of ring no. 6. Figure taken from ref. [2].In addition to Microball, 15 liquid scintillator neutron detectors were used in the experiment. Tomake room for these neutron detectors, the three most forward HPGe detector rings had to be removed,leaving 83 -detectors. Table 1 shows how the germanium detectors were placed in the di�erent ringsfor the experiment. Note that the angles of the rings have a re�ection symmetry with respect to 90�relative to the beam axis. Although the use of neutron detectors implies an overall lower -ray detectione�ciency, the additional channel selectivity is vital for studies of nuclei at or beyond the N = Z line.If it were not for the neutron detectors, the 39Ca nucleus would never have been identi�ed and thus noanalysis would have been possible. Further, by looking at the predicted cross-sections in Figure 1, thechannels which are accompanied by neutron emission can be seen to have lower cross-sections. The7



3 ANALYSIS Thomas Anderssongeometrical e�ciency for detecting a neutron was about 5%, and as can be seen from the intensityaxes in Figure 5, the e�ective e�ciency is about 10%. Thus, by demanding a neutron the intensitytypically drops a factor of ten. In these reactions, the recoil of the decaying neutrons, viewed in thelaboratory system, is mainly concentrated to the forward direction. This explains why the e�ectivee�ciency can be greater than the geometrical: the distribution is anisotropic.3 AnalysisSince a master thesis project is strongly limited in time, it is not possible to perform every single step inthe data analysis of an experiment performed with such complex detector systems as Gammasphereor EUROBALL. Thorough presorting and pre-selection of the data, including calibrations, energygain matching, careful particle gating etc. of more than 100 detectors typically takes several months.Therefore, almost all data used in the analysis was already sorted beforehand, into matrices and spectrasuitable for immediate  and  coincidence analysis.3.1 The Identi�cation of 39CaOne part of the analysis was to extend the known level scheme of 39Ca [6]. The 1�0p1n gated projectionspectrum in Figure 5 (middle) together with the known energy of the 2795 keV (7=2� ! 3=2+) groundstate transition in 39Ca from previous work were used as starting points. (Since doubly magic nucleiare known to be very strongly bound, an energy of approximately 3 MeV is needed in order to exciteparticles across the N = Z = 20 shell gap.) As can be seen from the intensities of the -ray intensitiesin Figure 5 the 39Ca channel is very weak compared to other channels, as indicated by the predictedcross-sections in Figure 1.The top part of Figure 5 shows the 1�0p -ray spectrum, i.e., without demanding a neutron.Actually, 1�0p means that any number of neutrons (zero, one or two) is allowed. The only requirementis that exactly one �-particle and exactly one proton was detected. This notation is hence only apractical convention that suits the purposes for naming spectra, and will be used through-out thiswork when discussing spectra.As can be seen, the 1�0p spectrum is dominated by -rays from pure charged-particle channels,especially the 1�1p channel 39K (347, 757, 887, 1130 and 2813 keV), but also the 1�2p channel 38Ar(106, 670, 1642 and 2168 keV) and the 2�1p channel 35Cl (971, 2244 and 3163 keV). Only reasonablystrong neutron channels, like the 1�1p1n channel 38K (1296 keV), can also be seen. The occurrenceof all these channels in the 1�0p -ray spectrum is a result of the particle detection not being perfect.For example, in the case of 39K one proton was not detected. Referring to the explanation of thenotation above, what can be seen in Figure 5 (top) are channels reached by decay of one �-particle andpossible additional particles. The middle part of Figure 5 shows the same kind of spectrum as above,but in addition demanding that one neutron be detected. Here the pure charged-particle channelshave essentially disappeared. In addition to 39Ca, only the strongest neutron channels, 38K and 37Ar,occur in the spectrum. However, now we observe the 2795 keV ground state transition of 39Ca, whichwas not visible in the top spectrum. By demanding the detection of a neutron, the intensity typicallydecreases by about one or two orders of magnitude, but one gains considerably in sensitivity. Finally,the bottom part of Figure 5 shows a spectrum resulting from a coincidence gate set at 2795 keV in the1�0p1n matrix.Several peaks in the 2795 keV gated spectrum are clearly seen, and the statistics has droppedabout another two orders of magnitude. On the other hand we have now selected only events in the1�0p1n channel. The peaks seen in the bottom part of Figure 5 are strong candidates for transitionsin 39Ca. Assuming that the particle detection e�ciency does not signi�cantly depend on the particle8



3 ANALYSIS Thomas Anderssonmultiplicity, i.e., the reaction channel, the intensity for a -ray transition in di�erent particle-gatedspectra depends only on the detection e�ciency and the number and kind of emitted particles. Bytaking the intensity ratio for a speci�c  ray in two di�erently gated particle spectra, and comparingthis ratio to reference ratios from known nuclei, the transitions belonging to a certain cascade can beassigned to a speci�c reaction channel. In this case we want to prove that the lines found by gating onthe ground state transition of 39Ca belong to the 1�0p1n channel.To show that the transitions belong to a 1� channel (i.e., those nuclei produced via the decay of one�-particle), the intensities for the  rays in the 1�0p1n and the 0�0p1n spectra were determined. Thesame procedure was performed for the reference nuclei. For example, the 1�2p and the 0�2p spectrawere used to determine intensities for the transitions of the 1� channel 38Ar. Then the same ratioR� = I(1�)=I(0�) was calculated for all nuclei and plotted in Figure 6. This ratio should be thesame for all 1� channels, since all other particles involved in determining the intensities cancel eachother; the spectra di�er only in the respect that a di�erent number of �-particles are demanded. Thus,it does not matter for what kind of 1alpha-channel the ratio is calculated. The ratio for 2� channelsshould di�er from the 1� channel ratio, as should the ratio for the 0� channels (the nuclei producedvia proton and/or neutron decay only). The ratio for the 0� channels should be identical to zero, sincethese channels should not at all occur in a 1� gated spectrum.For the 39Ca nucleus, as for the 39K reference, the intensities for the � ratio were derived fromgating on a lower energy -ray transition rather than on the ground state transition. To determine theratio R� it is necessary to use -gated spectra, originating from 1�- and 0�-gated matrices. For the1� (or 2�) reaction channels, such as 39Ca and 39K, the lack of the detection of the �-particle in thelatter matrix (0�) leads to signi�cantly broader peaks, especially at higher energies. This is due to theincapability of calculating the kinematic correction, since no momentum information for the � particleis available. Thus, when a gate is set at a broadened peak, intensity may be lost if the gating width iskept constant. Consequently, the ratio I(1�)=I(0�) will take on a higher value. The solution iseither to make the gate wider, which would imply collecting a larger number of contaminating peaksin the spectrum, or to set the gate at a peak of lower energy in the cascade. The broadening is alsonoticeable at lower energies, but not as pronounced as for higher energy peaks. In addition, there arefewer peaks at E . 500keV in this mass regime, providing cleaner gating conditions (not so manycontaminating peaks). Therefore, for 39Ca, the 252 keV transition was used for gating and for 39Kthe 347 keV transition. Figure 6 proves that the transitions of interest (cf. bottom of Figure 5) canbe assigned to the 1�-0p-1n channel 39Ca. An analogous procedure was followed for the proton andneutron channels.
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3 ANALYSIS Thomas Andersson

Figure 5: Top: -ray spectrum, demanding one �-particle and zero protons to be detected in Mi-croball. Peaks from 38K, 39K, 38Ar and 35Cl are dominating. Middle: -ray spectrum demandingalso one neutron. Peaks from 39Ca, 37Ar, and 38K. Bottom: 2795 keV gate in the 1�0p1n matrix.Peaks belonging to 39Ca are totally dominating. 10
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3 ANALYSIS Thomas Andersson3.2 The Level Scheme of 39CaAfter having assigned the transitions in Figure 5 to 39Ca, they were to be placed in a level scheme.By using the RadWare program package [3], it is possible to use coincident data from -matrices or-cubes to deduce a level scheme. A -matrix contains all events with at least two -rays E1and E2 detected in Gammasphere in coincidence with the selected evaporated particles. For everysuch selection of particles a -matrix can be made. Correspondingly, a matrix in three dimensions iscalled a cube. The LEVIT8R cube analysis program also provides both -ray energies and consistencychecks of their intensities. After having con�rmed the strongest 2795 keV transition as the ground statetransition, single and double -gating both in the LEVIT8R cubes and by hand in a 1�0p1n -matrixhelped putting the other transitions that were found into the level scheme, illustrated in Figure 7.First, a gate was set in the 1�0p1n matrix on the 2795 keV ground state transition. This spectrumwas then cleaned from the weak but present 39K contamination by subtracting a fraction of the 2813keV ground state transition gated 1�0p1n spectrum. The spectrum was further cleaned by subtractingthe 2795 keV gated spectrum originating from the 1�1p1n matrix, resulting in the spectrum shownin Figure 5 (bottom). The transitions found in this clean 39Ca reference spectrum or gated on in thefollowing and cleaned in a similar manner were put into a table showing  coincidences (Table 2), toeasier see which transitions were in coincidence. Fits to the peaks in the summed spectrum from the252, 842, 1094, and 2795 keV gated spectra and in the 1�0p1n gated spectrum were performed in orderto determine the relative intensities. The �nal result is shown in Figure 7 and data for all transitionsis summarized in Table 3. A total of 7 new transitions were placed in the level scheme.
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3 ANALYSIS Thomas Andersson

Figure 7: The proposed level scheme for 39Ca, compared to the mirror states in 39K. Previously knowntransitions in 39Ca are marked with an asterisk. All shown transitions in 39K were previously known.Spin and parity assignments for the new levels in 39Ca are based on the mirror symmetry.15



3 ANALYSIS Thomas Andersson3.3 DCO ratiosThe assignment of multipolarities to the di�erent  transitions, and hence spins to the correspondingstates, require the use of angular distribution and/or angular correlation techniques. In the experimentthe multipolarities were extracted by grouping the germanium detectors into so-called `pseudo'-rings,mainly in order to increase statistics. Four of these `pseudo'-rings were created (see Table 1) : Ring�30� consists of the Ge detectors from the rings at 142:6�, 148:3�, and 162:7�, ring �53� of 50:1�, 58:3�,121:7�, and 129:9�, ring �70� of 69:8� and 110:2�, and ring �83� of the Ge detectors at 79:2�, 80:7�,90:0�, 99:3�, and 100:8�. In this work, only data from the �30� and �83� rings were used to deduce themultipolarities.In fusion-evaporation reactions, like the one employed in this work, the residual nuclei have theirinitial spins aligned in a plane orthogonal to the beam axis. Therefore, the  rays have an anisotropicangular distribution of their yields. Anisotropic emission is used for determining the angular DirectionalCorrelations of Oriented States, the so-called DCO ratios [4, 5], for subsequent -rays in a cascade.Here they are de�ned asRDCO(30 � 83; 12) = I(1 at 30�; gated with 2 at 83�)I(1 at 83�; gated with 2 at 30�): (1)In the Gammasphere detector array a total of 83 Ge detectors were present. Thus, the maximumnumber of combinations of detectors for -detection can be estimated by (832 ) � 3400. To analyzeDCO ratios, only the 15 detectors from ring �30� and the 23 detectors from ring �83� could be used, sothe number of detector combinations is 345 (only some 10% of the maximum number used to constructthe level scheme). Of course, since the detectors have been split into four pseudo-rings, it is in principlepossible to investigate all combinations of these, and not only the 30�-83� combination. In this work,only the DCO ratios from the ring-combination as de�ned in Equation 1, which provides the mostpronounced anisotropy e�ect, could be analyzed. Also, the calculations were only carried out for 39Ksince the data for 39Ca is lacking statistical accuracy. Events in the �30�-ring were sorted on the x-axisand events in the �83�-ring on the y-axis of a  matrix. Projections were made for both x and y. Bygating on a speci�c transition in both directions of the  correlation matrix, and then �tting boththe transitions present in the gated spectra, the DCO ratio could be calculated from the intensities.Corrections were also made for the slightly di�erent relative detection e�ciencies of the pseudo-rings.The DCO ratios are included in Table 4. Multipole assignments for the transitions are also shown inthis table but should rather be interpreted as probable than as proved multipole assignments (except forthe previously known transitions). However, it is still possible to make de�nite multipole assignmentsas is shown in a more in-depth discussion in Section 3.5. The multipole assignments have been derivedby studying the DCO ratios and by considerations made to transitions in parallel.The best kind of transition to make the gate on is a stretched (electric) quadrupole transition, E2.Then RDCO = 1:0 can be expected for coincident stretched quadrupole transitions. A pure stretched�I = 1 transition should have RDCO � 0:5�0:6. However, E2 admixture to a M1 transition can causeDCO ratios between � 0:2 and � 2:0. DCO ratios in excess of � 1:3 can thus be used to safely assignstretched �I = 1 transitions. A �I = 0 transition typically gives RDCO / 1:0. Especially when thecalculated values are not exactly within the ranges stated above, the multipolarity assignments are alsobased on yrast1 arguments: The larger the intensity that feeds a state, the higher is its spin value withrespect to excitation energy. For example, the 1773 keV transition is most probably a mixed (E2/M1)1An interesting story about the 'physical' ethymology of this Swedish word can be found in J. Robb Grover, Phys.Rev. Vol. 157, No. 4, May 20 1967 16



3 ANALYSIS Thomas Andersson�I = 1 transition, since the value (see Table 4) is higher than 0.5 but signi�cantly less than 1.0.(The amplitude of this mixing is given by the mixing ratio �(E2=M1).) The yrast argument excludes�I = 0. DCO ratios of di�erent combinations of rings should a) vary for �I = 0 transitions, and b)allow for the measurement of the mixing ratio �(E2=M1). More about spin assignments in Sections 4and 3.5.3.4 The Level Scheme of 39KMuch more was previously known for 39K than for 39Ca [6, 7]. This, of course, made it easier toget started with constructing the level scheme. A few low-spin transitions, for example the 2523 keVtransition from the 1=2+ state to the 3=2+ ground state, could not be found in this data set becauseof the yrast arguments mentioned in Section 3.3; fusion-evaporation reactions populate preferablyhigh-spin states along the yrast line. However, approximately 50 new transitions were found andadded to the level scheme shown in Figure 10. One major problem was to suppress transitions fromcontaminating nuclei in the spectra; in the 1�1p projection spectrum (Figure 8 top) one can easily seetransitions belonging to other nuclei, in this case mainly from the 1�2p channel 38Ar, the strongestchannel in this reaction (see Figure 1) and from the 2�1p channel 35Cl. The gate on the 2813 keVground state transition in the 1�1p matrix (Figure 8 bottom), however, provided a reference spectrumfor 39K. In principle, all peaks in that spectrum (but also only these) belong to 39K; one can see thattransitions from the other residual nuclei have disappeared.To illustrate the construction of the level scheme, three transitions from di�erent places in the levelscheme will be discussed. The selection of spectra is mainly based on the desire to show regions ofspecial interest, but also on the wish to illustrate clean gates; if every gate made were perfect, theselection of spectra would perhaps have been done slightly di�erently. Lack of intensity has playedthe most signi�cant role in discarding some interesting transitions in the level scheme. All three gatesbelow have been set in the 1�1p matrix. The resulting spectra are all illustrated in Figure 9 and thediscussion below will refer to this �gure and to the level scheme in Figure 10.The �rst example is the 3197 keV transition from the 15=2� level at 7140 keV to the 11=2� levelat 3943 keV. Since this transition is in strong coincidence with all transitions below 3943 keV, but notwith the 1773 keV line, it must somehow be feeding the 3943 keV level. Assuming that the placementof the coincident 1788 keV and 1410 keV transitions from the 7140 keV level to the 3943 keV levelis already known, a simple addition of their energies gives a value that �ts the 3197 keV transition,within the uncertainties of the -ray energies. Thus, the 3197 keV transition should be placed inparallel to these two transitions, and this is also con�rmed by looking at the spectrum; no coincidenceis seen with either the 1788 keV or the 1410 keV transition. Further veri�cation is provided by theobvious coincidences with the 887, 1881 and 2970 keV transitions, which are placed just above the1788 keV transition. When putting the 3197 keV transition into the level scheme, the placement of thetransitions above it was not known, but now it acts as a con�rmation.The next example is the 4066 keV transition feeding the same 3943 keV level as the 3197 keVtransition discussed above. The lack of coincidences with the transitions feeding the 3943 keV level(1410, 1773, 2062, 2490, 3197 keV) implies that it constitutes a branch of its own. The only othercoincident transitions are the ones situated above the 4066 keV transition, i.e., the 2256 and 2746 keVtransitions. The fact that the 2004 keV and the 2655 keV transitions also were observed �xes theplacement of the 4066 keV transition; the sum of 2062 keV and 2004 keV matches the energy of the4066 keV transition.As the last example the proposed 5105 keV high-energy transition is chosen. It illustrates thedi�culty of placing transitions high up in the level scheme. The spectrum does not show manycoincident transitions. However, the apparent increase in intensity for the 3597/3599 keV doublet peak17



3 ANALYSIS Thomas Anderssoncompared to the other gates tells us that the 5105 keV transition most probably is either fed or isfeeding the 3599 keV transition at 13506 keV. The presence of the 1881 keV coincident transition,however, excludes the �rst case. If the �rst suggestion were true, we should also see the 2302 keVtransition feeding the 9908 keV level in coincidence, which is not the case.These examples illustrate some of the complexity in placing transitions. It is mostly not satisfactorywith only one gate to place a transition; often many checks have to be done in many di�erent gatesto exclude or con�rm coincidences, especially when the intensities drop. In order to �nd (and place)the transitions at high energy (with low intensity), the gates on the transitions below 3943 keV wereadded to increase statistics and thus make it easier to �nd new peaks.3.5 Spin AssignmentsAs discussed in Section 3.3, assigning multipole orders for the transitions by only studying DCO ratiosfrom one angle combination are not straight-forward, especially when the DCO ratios lie in the rangebetween di�erent multipole orders. A quick look at Table 4 reveals that the ratios calculated fromdi�erent gates are not always consistent, if any at all could be extracted. This inconsistency or lackof calculated values is mainly a consequence of low statistics and/or of imperfect �ts or gating. Also,by using only the DCO ratios, no information about the parity of the transitions can be extracted.However, studying the level scheme for 39K in Figure 10 on page 22 o�ers a great deal of help forassigning multipole orders. By using the known multipole orders from the known transitions and thecalculated DCO ratios, we can 'walk around' in the level scheme to try to solve some puzzles. If forinstance one transition with known multipole order sits in parallel with two consecutive transitions weknow that these latter two must have the same total spin di�erence as the known transition. So if theDCO ratios suggest two di�erent multipole assignments for a transition, knowing the spin of a paralleltransition can help us make the decision. In this section we will try to explain some of the argumentsfor assigning the multipoles shown in Table 4. The discussion below will refer to this table and to thelevel scheme in Figure 10.First we will check that the DCO ratios con�rm the known multipole assignments. The 2813 keVground state transition has DCO ratios very close to 1.0 and can thus safely be assigned as a quadrupole.No conclusion can be drawn for the parity but since it was determined for both the ground state andfor the 2813 keV level we know that this is an M2 transition [6, 7]. For the transitions just above the2813 keV level the assignment is easier: the values for the 1130 keV transition are close to 1.0 and wouldthus be a �I = 2 transition. This is con�rmed since the DCO ratios are close to 0.6 for the parallel347 keV transition (implying a �I = 1 transition) and that the values for the 783 keV transition arefar enough away from 1.0 to exclude a �I = 2 or �I = 0 transition; the total spin di�erence for thisbranch is hence also �I = 2. Now the 3597 keV transition can also be assigned as an octupole.In the case of the 1410 keV transition depopulating the 5352 keV level, the ratios from the 1130keV and the 887 keV gates are consistent with each other and lie just below 1.0, implying a �I = 0transition. Here we disregard the ratio calculated for the 2813 keV transition, because of its non-negligable deviation from the other values. The 1788 keV transition on top of the 1410 keV transitionhave DCO ratios just above 1.0 and could have either �I = 1 or �I = 2 and the same is true for theparallel 3197 keV transition. Which of these is true we cannot yet say. We have to look for furtherways to reach the 7140 keV level. The 2062 keV transition feeding the 3943 keV level has relativelylow intensity, implying that the values were determined with too low statistical accuracy. Also, for the1135 keV transition situated on top of the 2062 KeV transition no ratios could be calculated, becauseof low intensity. Thus we can draw no conclusions from these values. The two consecutive transitionswith 1427 keV and 1773 keV may help us decide. The latter can quite safely be assigned as a �I = 1transition. Only one ratio is calculated for the 1427 keV transition but since it has a big uncertainty18



3 ANALYSIS Thomas Anderssonit could well be a �I = 1 transition. Thus we select the �I = 2 possibility for the 1788 keV and the3197 keV transitions. The remaining assignments were made by using the same procedure as above,however the assignments are more or less certain.As can be seen in the level scheme many of the spin assignments are made tentatively. This ismainly a consequence of having too few calculated DCO ratios and too low statistical accuracy. If thecalculations were carried out for more pseudo-rings (see Section 3.3) we would probably have a greaterconsistency for the DCO ratios. All the non-tentative spin assignments for the levels in Table 4 andFigure 10 were previously known, except for the 19=2� level at 8027 keV, the 15=2+ level at 7567 keVand the 19=2+ level at 10303 keV, which have been assigned from the DCO ratios calculated in thiswork.
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3 ANALYSIS Thomas Andersson

Figure 8: Top: -ray spectrum, demanding one �-particle and one proton to be detected. Peaks from39K (347, 757, 1130, 2813 keV) but also from the strong contaminating nuclei 38Ar (106, 493, 670,1642, 1822, 2168 keV) and 35Cl (971, 1059, 2244 keV) are seen. Bottom: Cleaned 2813 keV gate in the1�1p matrix illustrating coincident transitions in 39K. Peaks belonging to contaminating nuclei havedisappeared. 20



3 ANALYSIS Thomas Andersson

Figure 9: Gates set on the 3197, 4066 and 5105 keV transitions in the 1�1p matrix. The peaks for thestrongest coincident transitions are marked. The peak marked 3597/3599 is a doublet. The relativeintensities of these transitions can be determined by studying the number of counts, for example thetop transition is some 40 times stronger in intensity than the bottom one. Please note the di�erentenergy scales. 21



3 ANALYSIS Thomas Andersson

Figure 10: The proposed level scheme of 39K. Previously known transitions are marked with an asterisk.The widths of the arrows correspond to the relative intensities of the transitions. Tentative transitionsdrawn with dashed arrows. 22



4 DISCUSSION Thomas Andersson4 Discussion4.1 Basic Excitations Across the N = Z = 20 Shell GapBy calculating DCO ratios (see Section 3.3), spin assignments were con�rmed or proposed for a numberof levels in 39K. Now we will try to understand why the levels should have these particular angularmomenta. By exploring the di�erent con�guration possibilities that arise from the spherical shell model,one can quite easily understand most of the low-lying states in a spherical nucleus. A fundamentalassumption of the shell model is that the motion of a single nucleon is due to the potential caused byall the other nucleons. In this way the other nucleons are allowed to occupy energy levels in a seriesof subshells. In the shell model one often also talks about magic numbers (2, 8, 20, 50, 82, 126), i.e.,certain proton or neutron numbers with special properties. These numbers represent the closing ofmajor shells. When a nucleus has either a major proton or neutron shell �lled, it is considered tobe more stable, since the energy gap to the next shell is large. A shell is de�ned as several energylevels lying close together with energy gaps above and below, clearly separating these levels from otherstates. One common potential used in the shell model is the Woods-Saxon potentialVcentral(r) = �V01 + e(r�R)=a ; (2)where R and a give, respectively, the mean radius and skin thickness of the nucleus. They are usuallychosen to be R = 1:25 � A1=3 fm and a = 0:524 fm. This potential reproduces all magic numbers if aspin-orbit term is added to the total potential,V (r) = Vcentral(r) + V`s(r)h`si~2 ; (3)and this term splits the degeneracy of the n` shells. The spectroscopic nomenclature for a level is n`,where ` is the quantum number for the orbital angular momentum and n the radial quantum number.` can take on the values ` = s; p; d; f; g; h; : : : corresponding to ` = 0; 1; 2; 3; 4; 5; : : : States with ` evenhave even parity and vice versa.This `s coupling leads to the splitting of each n` state and hence the states are denoted as n`j withj = `� s = `� 1=2 except for ` = 0, in which case only j = 1=2 is allowed. Each n`j level is (2j + 1)times degenerate. A more extensive treatment of the shell model can be found in almost any text-bookon nuclear physics, e.g., Ref. [8, 9].Figure 11 illustrates some of these shell model orbits and a few possibilities of how to �ll themwith particles in 39K. Four di�erent excitation modes for 39K are shown in the �gure. Also, note inthe �gure the number of particles and holes on respective sides of the major shells de�ned by theenergy gap at nucleon number 20. For example, 1p-2h means one particle in the 1f7=2 level and twoholes in the 1d3=2 level, with no distinction made between neutrons and protons. In the �rst case(Figure 11 (A)) the experimentally known 3=2+ ground state can be easily understood, as there is oneodd particle (hole) in the 1d3=2 level (positive parity). In terms of particles, two of the protons in thatsame orbital have to couple to spin I = 0, and the unpaired proton yields 3=2+. Since a particle and ahole behave analogously, the situation could also be regarded as if there is one hole in the 1d3=2 level,giving I� = 3=2+ as the only possibility. 23



4 DISCUSSION Thomas AnderssonThe second lowest energy level arises if the pair in the 2s1=2 shell is broken, and one of the protonsis excited to the 1d3=2 level, resulting in a 1=2+ state. Since only yrast states can be seen in the datafrom this experiment, this state is not observed. It is, however, known and has an energy of 2523 keV,i.e., below the �rst excited level (2813 keV) shown in Figure 10. If instead, the odd proton in the 1d3=2orbit is excited to the 1f7=2 level, as shown in part B of Figure 11, and if at the same time, the tworemaining protons in 1d3=2 couple to spin 0, the total spin will equal the spin for the odd proton in1f7=2, giving I� = 7=2� (negative parity because f means ` = 3, odd). By looking at the level schemein Figure 10, this state is found at 2813 keV, the �rst excited high-spin state. This makes sense, sincewe cannot see the 1=2+ state arising from (A) and the 7=2� state is apparently the second excitedstate. If we break the pair left in the 1d3=2 shell, the resultant spin in this shell could take on valuesbetween 3=2 + 3=2 = 3 and 3=2 � 3=2 = 0, in integer steps. However, since the two protons must betreated as identical particles (fermions which obey the Pauli principle) they must be described by ananti-symmetrized total wave function. This restricts the possible spins to even values, i.e., 0+ or 2+.Thus, the possible total spins of the situation in part B are I� = 7=2� or 11=2�. Again, looking atthe level scheme, this 11=2� state can correspond to the 3943 keV level.If we instead of the proton excite a neutron to the 1f7=2 level, many possibilities open up to formexcited states (Figure 11, part C). The excited neutron gives rise to spin 7=2� and the odd neutronand the odd proton, both in the 1d3=2 level, couple their spins both parallel and anti-parallel sincethey are non-identical particles. Possible values from this coupling are thus I = 0+; 1+; 2+; 3+, wherethe even angular momenta correspond to the two particles having their spins anti-parallel. The totalspin can then be 7=2�; 9=2�; 11=2� or 13=2� for the excitation mode in part C. Except for the 7=2�state, possible candidates for all these total spins can be found in the level scheme. Since there aremore than one level with for example 11=2� relatively close to each other, we cannot decide which ofthe levels that actually corresponds to this 11=2� state, from only this simple reasoning.In part D of Figure 11 both a proton and a neutron are excited across the N;Z = 20 gap to the1f7=2 level, leaving us with two odd particles and an odd hole: a neutron and a proton in 1f7=2 anda neutron hole in 1d3=2. The two protons in 1d3=2 can couple their spins to a maximum of 2, like incase B above and the maximum value after coupling is thus 21=2+. The other possibility is when thetwo protons couple to 0, giving a total of 17=2+. Both these states can be found in the level schemeat 11691 keV and 7775 keV respectively.From the simple reasoning above, based on the basic assumptions of the nuclear shell model, manyof the low-lying states can be understood. The same reasoning can also be performed for 39Ca, onlyswitch neutrons with protons and vice versa.4.2 Shell Model CalculationsCompared to the naive discussion above, theoreticians have much more elaborate ways of calculatinglevels in a nucleus. With di�erent models and modi�cations of the shell model, they can reproducestates much higher up in excitation energy. Some shell model calculations for 39K have been made[10], but the results will not be presented within the realms of this work.4.3 Mirror SymmetryThe shell model is especially successful for explaining the properties of nuclei with one nucleon toomany or too few. The two nuclei studied in this work, 39K and 39Ca, are so called mirror nuclei, i.e., theneutron number of the one equals the proton number of the other and vice versa. As can be seen by thecomparison of the two nuclei in Figure 7 the nuclear structures are very similar. This is a consequenceof the nuclear force not distinguishing between neutrons and protons. The small di�erence in Figure 724



4 DISCUSSION Thomas Anderssoncan be interpreted as electromagnetic e�ects. The total di�erence in Coulomb energy between thesetwo nuclei is about 8 MeV, but if the level schemes are placed next to each other with the ground statesat the same level, like in Figure 7, plotting the di�erence of the (internal) Coulomb energies betweenthe two nuclei reveals an almost straight line; only the positive parity state deviates considerably fromthis line. The shell model still holds : : :
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 Excited States in 39K

Figure11:Fourdi�erentmodesofexcitationin 39K.Thexp-yhnotationdescribesthenumberof
particlesaboveandholesbelowtheN;Z=20gap.�and�denotesprotonsandneutrons,respectively.
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A TABLES Thomas AnderssonA TablesTable 1: The di�erent rings and pseudo-rings (see Section 3.3) for the Ge detectors in the Gammas-phere array.Ring No. Detector angle No. of detectors Pseudo-ring No. No. of detectors & 'Angle'in pseudo-ring1 17:3� 02 31:7� 03 37:4� 04 50:1� 10 1 30) `53`5 58:3� 5 16 69:8� 8 2 15) `70`7 79:2� 4 3 23) `83`8 80:7� 3 39 90:0� 7 310 99:3� 5 311 100:8� 4 312 110:2� 7 213 121:7� 5 114 129:9� 10 115 142:6� 5 4 15) `30`16 148:3� 5 417 162:7� 5 4Total: 83 Total: 83Table 2: Coincidence matrix for -ray transitions in 39Ca. 'X' notates strong coincidence, 'x' lessstrong coincidence, and '-' no coincidence. Contaminations are marked with 'c', and for unclear casesa question mark '?' is used. All energies given in keV.Coincident TransitionGate 252 842 849 1030 1094 1259 1510 1748 1872 2795 3006 3637252 - X X X - X X X x X X X842 X - x ? - x - ? - X X -849 X X - ? X x - X ? X X -1030 x x - - x - X - - X - -1094 - - X x - x x x - X X -1259 X x x - X - c x ? X c -1510 x - - X x c - - - X - -1748 x X X - X X - - - X - -1872 - - - - - - - - - - - -2795 X X X x X X X x x - X -3006 X X X - x c - - - x - -
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A TABLES Thomas AnderssonTable 3: Energies for the excited states in 39Ca, transition energies, and relative intensities.Ex E Irel(keV) (keV) (%)2795.0(15) 2795(2) 100(10)3637.0(15) 3637(2) 12(3)842(1) 34(5)3889.0(16) 252(1) 38(4)1094(1) 74(9)5147.8(18) 1259(1) 27(2)5399.0(19) 1510(1) 28(2)6429.0(21) 1030(1) 20(2)6895.7(20) 3006(2) 33(3)1748(1) 24(2)7744.7(22) 849(1) 45(6)
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A TABLES Thomas Andersson
Table 4: Energies for the excited states in 39K, transition energies, relative intensities, DCO ratioscalculated from three di�erent gates, and tentative spins and parities of the initial and �nal states.Ex E Irel RDCO (30� � 83�) Multipole I�i I�f(keV) (keV) (%) 2813 keV 1130 keV 887 keV assignment (~) (~)2813.4(10) 2813.0(7) 100(3) - 1.02(5) 0.98(5) M2 7=2� 3=2+3596.3(10) 3597.0(9) 28(1) - - ? E3 9=2� 3=2+782.7(2) 51(2) 1.14(6) - 1.18(7) E2=M1 9=2� 7=2�3943.0(10) 346.7(1) 50(2) 0.66(3) - 0.62(3) E2=M1 11=2� 9=2�1129.9(3) 72(2) 1.04(5) - 1.09(5) E2 11=2� 7=2�4518.5(17) 922 ? - - �I = 0 9=2� 9=2�5352.2(11) 1409.5(4) 28(1) 1.25(8) 0.93(6) 0.91(5) �I = 0 11=2� 11=2�834 - - - E2=M1 11=2� 9=2�5716.2(11) 1773.2(4) 59(2) 0.86(5) 0.88(5) - E2=M1 13=2� 11=2�364.1(1) 1.1(1) 0.94(22) 0.45(11) - E2=M1 13=2� 11=2�6005.1(13) 2062.1(5) 5.4(2) 1.19(19) 1.29(18) - �I = 0 11=2� 11=2�6433.5(12) 2490.0(6) 28(1) 0.66(5) 0.62(4) - E1 13=2+ 11=2�6473.3(12) 756.8(2) 42(1) 0.62(3) 0.73(3) - E1 15=2+ 13=2�7140.4(12) 3196.7(8) 35(1) 1.17(7) 1.15(7) 1.10(6) E2 15=2� 11=2�1134.6 - - - E2 15=2� 11=2�1788.2(4) 27(1) 1.26(11) 1.19(11) 1.13(6) E2 15=2� 11=2�1426.6(4) 4.2(1) 0.98(17) - - E2=M1 15=2� 13=2�7567.3(12) 1094.3(3) 5.2(2) 1.28(13) - - �I = 0 15=2+ 15=2+1849.8(5) 3.6(1) 0.71(13) - - E1 15=2+ 13=2�7775.4(12) 1341.8(3) 24(1) 1.13(7) 1.06(6) - E2 17=2+ 13=2+635.8(2) 0.8(1) 0.70(38) - - E1 17=2+ 15=2�1301.2(3) 20(1) 0.27(2) 0.35(5) - E2=M1 17=2+ 15=2+8008.5(14) 4066.1(10) 2.5(1) - 1.27(40) - E2=M1 (13=2�) 11=2�2655.0 - - - E2=M1 (13=2�) 11=2�2044.0 - - - E2=M1 (13=2�) 11=2�8018.3(22) 1545 - - - - - 15=2+8027.4(12) 886.6(2) 45(1) 1.20(6) 1.07(5) - E2 19=2� 15=2�252.1(1) 5.8(2) 0.63(5) 0.79(7) - E1 19=2� 17=2+8681.1(13) 2207.6(6) 5.2(2) - - - �I = 0 (15=2+) 15=2+1113.0 - - - �I = 0 (15=2+) 15=2+9270.7(14) 2130.4(5) 11(1) 1.40(17) 1.05(10) - E2 (19=2�) 15=2�9363.4(13) 2891.2(7) 6.0(2) 0.95(12) 1.79(31) - E2=M1 (17=2+) 15=2+682.3(2) 1.5(1) 0.78(10) E2=M1 (17=2+) (15=2+)Continued on next page.
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A TABLES Thomas Andersson
Table 4: Continued...Ex E Irel RDCO (30� � 83�) Multipole I�i I�f(keV) (keV) (%) 2813 keV 1130 keV 887 keV assignment (~) (~)9907.6(14) 1880.6(5) 16(1) 1.23(11) 1.23(9) 1.11(6) E2=M1 (21=2�) 19=2�10264.0(15) 2255.5(6) 6.2(2) 0.93(18) - - E2 (17=2�) (13=2�)3123.5(8) 4.2(1) 0.96(14) 0.97(13) - E2=M1 (17=2�) 15=2�10278.0(15) 2503 - - - E2=M1 (19=2+) 17=2+2710 - - - E2 (19=2+) 15=2+914 1.09(22) - - E2=M1 (19=2+) (17=2+)10303.2(13) 2527.2(6) 15(1) 1.54(12) 1.54(14) - E2=M1 19=2+ 17=2+939.8(2) 1.5(1) 0.69(16) - - E2=M1 19=2+ (17=2+)10383.0(14) 3908 1.18(33) - - E2 (19=2+) 15=2+2607.8(7) 6.0(2) 0.90(12) 1.39(22) - E2=M1 (19=2+) 17=2+10882.4(17) 3315.1(8) 1.8(1) - - - - - 17=2+4409.2(11) 1.2(1) - - - - - 15=2+10997.0(14) 2969.9(7) 16(1) 1.09(8) 1.20(10) 1.29(8) E2 (23=2�) 19=2�1727 - - - E2 (23=2�) (19=2�)11590.1(22) 2909 1.37(32) - - E2 (19=2+) (15=2+)11690.8(13) 3914.8(10) 2.3(1) - 1.82(60) - E2 (21=2+) 17=2+12069.1(13) 1766 - - - E2 (23=2+) 19=2+378.3(1) 1.1(1) 0.37(16) 0.36(8) - E2=M1 (23=2+) (21=2+)1685.9(4) 8.1(2) 1.16(12) 1.04(14) - E2 (23=2+) (19=2+)1790 - - - E2 (23=2+) (19=2+)12209.0(13) 2301.8(6) 4.3(1) - - 0.66(8) E2=M1 (23=2�) (21=2�)1212.3(3) 1.6(1) - - - E2=M1 (23=2�) (23=2�)4181.2(10) 3.2(1) - - - E2 (23=2�) 19=2�12355.2(20) 3084.5(8) 4.9(2) 0.84(15) 1.46(28) - - - (19=2�)12615.5(26) 4607.0(12) 0.2(1) - - - - - (13=2�)12893.0(19) 2010.6(5) 4.6(2) - - - - - -13009.5(20) 2745.5(7) 5.0(2) 1.65(26) 1.10(15) - - - (17=2�)13265.7(13) 1196.3(3) 8.4(3) 0.55(5) 0.78(5) - E2=M1 (25=2+) (23=2+)1057.1(3) 3.5(1) 0.80(13) - 0.58(7) E1 (25=2+) (23=2�)2266 - - - E1 (25=2+) (23=2�)13506.3(21) 3599 1.70(37) 1.44(22) - E2=M1 (23=2�) (21=2�)13776.4(24) 2186.3(5) 5.9(2) - - - - - (19=2+)14060.6(14) 1991.7(5) 8.7(3) 1.11(16) ? - E2 (27=2+) (23=2+)794.9(2) 7.3(2) 0.80(7) 0.78(7) 0.99(14) E2=M1 (27=2+) (25=2+)14865.3(21) 3868.0(10) 5.0(2) - 1.23(20) - - - (23=2�)16139.5(27) 3130 - - - - - -18530.9(24) 4470.3(11) 2.9(1) - - - - - (27=2+)18611.0(23) 5105.2(13) 0.7(1) - - - - - (23=2�)3745.5(9) 2.2(1) - - - - - -
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