fl-ray spectroscopy experiments (1998)

Hyperball (14 large volume Ge detectors with BGO shields)

• KEK E419^7Li(π^+, K^+γ)^7_ΛLi

1. M1 γ ray: measurement of ground-state

6Li(1^+) ⊗ s_Λ doublet spacing H. Tamura et al., PRL 84 (2000) 5963 2. B(E2): shrinkage of hypernuclear size

K. Tanida et al., PRL 86 (2001) 1982

• BNL E930^9Be(K^−, π^−γ)^9_ΛBe 1. Splitting of^8Be(2^+) ⊗ s_Λ doublet:

ΛN spin-orbit interaction H. Akikawa et al., PRL 88 (2002) 082501

NaI arrays (72 detectors)

• BNL E929^{13}C(K^−, π^−γ)^{13}_Λ C 1.^1_2^−,^3_2^− → gs 11 MeV γ rays:^{12}C(0^+) ⊗ p_Λ splitting ΛN spin-orbit interaction S. Ajimura et al., PRL 86 (2001) 4255 H. Kohri et al., PRC 65 (2002) 034607

fl-ray spectroscopy with Hyperball (2001)

• BNL E930^{16}O(K^−, π^−)^{16}_ΛO (Ukai)

1.^{16}_ΛO 6.6 MeV γ rays to gs doublet

ΛN tensor interaction

2.^{15}_ΛN γ rays following^{16}_ΛO →^{15}_ΛN + p • BNL E930^{10}B(K^−, π^−)^{10}_ΛB

1. Search for gs doublet M1 transition 2. γ rays from^9_ΛBe and^7_ΛLi seen

Hyperball back to KEK (2002)

• KEK E509 Look for hypernuclear γ rays following stopped K^− on^7Li,^9Be,^{10}B,^{11}B, and^{12}C (Miwa) 1. No tag - use intrinsic resolution of Ge detectors • KEK E518^{11}B(π^+, K^+γ)^{11}_ΛB (Miura)

1. 6 γ transitions

ΛN (YN) interaction parameters V_{NΛ} s_N s_Λ p_N s_Λ^7_ΛLi values MeV V_0 I^e_0 V̄ =^1_2(I^e_0 + I^o_1 ) (−1.22)

V_σs_N .s_Λ I^e_0 Δ =^1_2(I^e_0 + I^o_1 ) 0.480

V_Λl_{NΛ}.s_Λ S_Λ =^1_2I^o_1 −0.010

V_N l_{NΛ}.s_N S_N =^1_2I^o_1 −0.400

V_T S_{12} T =^1_3I^o_1 0.021

Free-Space YN Interactions

• Spin-spin interaction (Δ) is basically undetermined • Similarly for odd-state central interaction • Similarly for strength of Λ − Σ coupling • NSC97 models - Th.A. Rijken, V.J.G. Stoks, and Y. Yamamoto Phys. Rev. C 59 (1999) 21 • NSC97a,b,c Δ < 0 , NSC97d,e,f Δ > 0 ; models e and f favored on these grounds

Three-body ΛNN Interactions

Dispersive • Fetisov (HYP2000) V_{ΛNN} = δ(r_Λ − r_1)δ(r_Λ − r_2) (t + t_sσ_Λ.(σ_1 + σ_2)) 1. need t for Skyrme-like fit to B_Λ 2. exploit t_s together with Δ s_N .s_Λ to fit doublet separations • Bodmer and Usmani,.. finite range...

Double–OPE ΛNN • Gal and Dalitz

1. Independent of Λ spin 2. Proportional to both σ_1 and σ_2 3. Proportional to τ_1.τ_2 • For p-shell hypernuclei

a 0s_Λ with p^2_N b 0s_Λ with s_N and p_N . Gives contributions to p_N s_Λ interaction, in particular S_N l_{NΛ}.s_N

7 ΛLi γ rays − Hyperball, KEK E419 H. Tamura et al., PRL 84 (2000) 5963 K. Tanida et al., PRL 86 (2001) 1982

E_x = 692(2) keV

E_x = 2050(1) keV

E_x = 3875(4) keV ?

?

S_N

S_N

Δ

Δ

? 6

? 6

0 692

2051

2579

3779

ΛΣ (keV)

77 6

74 0

97

1/2^+

3/2^+

5/2^+

7/2^+

1/2^+; 1

1^+; 0

3^+; 0

0^+; 1

0

2186

3563

v 96.2 v3.8 v52 v48

v ? 83 v

?

17

v100

7 ΛLi^6Li

5 ΛHe + d

3.94(4)

? ? ?

Δ = 0.432 S_Λ = −0.010 S_N = −0.380 T = 0.021

ΔE(7/2^+ − 5/2^+) = 470 keV from γγ coincidence E906 − Tamura Spacing reduced by larger S_Λ and T

0

3040

0^+

2^+

0

3004

3047

1/2^+

5/2^+

3/2^+

ΛΣ (keV)

4

2 10 ΔE = 43(5) keV

Efl = 3024(3) ? 6

8Be^9_ΛBe

Old BNL E930 - H. Akikawa et al., PRL 88 (2002) 082501 E_γ = 3029(2), 3060(2) keV, ΔE = 31(3) keV

Δ = 0.557 S_Λ = −0.013 S_N = −0.549 T = 0.038 ΛΣ Δ S_Λ S_N T ΔE −8 −20 32 −1 38 43 keV −0.037 −2.464 0.003 0.994

Order of 3/2^+, 5/2^+ not determined from this experiment. In 2001 run on^{10}B target, the upper level is seen following 10 Λ B →^9_ΛBe + p enabling us to deduce J^π = 3/2^+ for the upper member of the doublet.

L. de Bever et al., PRL 80 (1998) 3924

|^{10}B 3^+ K = 3⟩ =

r_6 /7|L = 2⟩ − r_3 /22|L = 3⟩ + r_1 /154|L = 4⟩ 92.7% K = 3 out of 93.4% [42] |^9Be 3/2^− K = 3/2⟩ =

r_{21} /26|L = 1⟩ − r_5 /26|L = 2⟩ 94.2% K = 3/2 out of 95.7% [41] Strong states are 3/2^−, 5/2^−, and 7/2^− of ground-state band, together with 7/2^−_2 at 11.28 MeV ([32] L=2 S=3/2) and 5/2^−_4 at 14.48 MeV ([32] L=2 S=3/2).

Ratio S(7/2^−_1 )/S(7/2^−_2 ) is very sensitive to mixing of [41] and [32] by the spin-orbit interaction - 0.30/1.87 = 0.16 for no mixing versus 0.51 from (e, e^′p).

Proton decay of^{10}_ΛB to^9_ΛBe

2.00

5.00

6.40

9 ΛBe + p

6 ΛLi + α

� � � � � � � � �Æ α

9 ΛBe(^3_2^+,^5_2^+) + p

� � � � � � � � � � �ff � � � �ß p p

0 0.22

2.47

2.70

3.29

3.34

6.51

6.70

10.82

11.10

1^−

2^−

2^−

3^−

0^−

1^−

3^−

4^−

3^−

4^−

[0.584]

[0.109]

[0.495]

[0.222]

[0.122]

[1.042]

[0.063]

10 ΛB [0.576]

[0.123]

[0.478]

[0.567]

[0.115]

[0.697]

[0.043]

Formation and decay of^{10}_Λ B

• Four states of^9B reached strongly by neutron removal from 10B • The two 7/2^− states give rise to 3^− and 4^− states of^{10}_ΛB above the^9_ΛBe^∗ + p threshold • 3^− is favored for the dominant p_{3/2} removal by the coupling to get ΔL = 1 and ΔS = 0. Details depend on the amplitudes for p_{1/2} and p_{3/2} • Decay arises from^9B(7/2^−) →^8Be(2^+) + p • Recouple (2^+ × p_{3/2})7/2^− × s_Λ → (2^+ × s_Λ)J_f × p_{3/2} • 4^− decays to^9_ΛBe(5/2^+) • 3^− decays to 3/2^+, 5/2^+ in ratio of 32 to 3 • Overall: 3/2^+ is strongly favored by proton emission • Caveat: uppermost 3^− state doesn’t α decay too much

The upper member of the^9_ΛBe doublet is seen following proton emission from^{10}_ΛB and from the preceding arguments it is identified as the 3/2^+ state.

R.E. Chrien et al., PRC 41 (1990) 1062 no γ ray

0

180 ΛΣ (keV)

34

49

1^−

2^−

10 Λ B Only case in which Δ and ΛΣ oppose one another ΛΣ Δ S_Λ S_N T ΔE 0.579 1.413 0.013 −1.073 −15 250 −14 −5 −32 180 keV 7 ΛLi : Δ = 0.432 S_Λ = −0.010 S_N = −0.380 T = 0.030 CK616 gives ΔE = 164 keV - larger coefficient of T

This transparency showed the^{16}O(K^−, π^−)^{16}_ΛO spectrum from W. Brückner et al., Phys. Lett. B 79 (1978) 157.

The prominant structures are the 1^− s_Λ states and the 0^+ p_Λ states based on the 0p^{−1}_{1/2} and 0p^{−1}_{3/2} states of the^{15}O core. The broad distribution of strength at higher excitation energy corresponds 0^+ s_Λ states based on the 0s^{−1}_{1/2} neutron-hole strength.

Strong 1� and 0^+ states in^{16}O(K�, π�)^{16}_ΛO

15 ΛN + p

16 ΛO

15O + Λ

∼ 7.8 10.3

12.1

12.7

1 2 +,^3_2^+

1 2 + ; 1 1 2 + 3 2 +

0

∼ 6.5

10.6

17.1

25.4

0^−, 1^−

1^−, 2^−

0^+

0^+

0^+

∼ 12.5

p�1_{1=2s1=2Λ} p�1_{3=2s1=2Λ} p�1_{1=2p1=2Λ + εs}4_p10_{(sd)sΛ} p�1_{3=2p3=2Λ + εs}4_p10_{(sd)sΛ}

s�1_{1=2s1=2Λ =} r_{4/5s}3_p12_{sΛ +} r_{1/5s}4_p10_{(02)(sd)sΛ}

Tensor Interaction

For pure p^{−1}_{1/2}s_Λ, the combination of parameters governing the doublet splitting is

E(1^−_1 ) − E(0^−) = − 1 3 Δ + 4 3 S_Λ + 8T

0

5183

5241

6176

6793

6857

1/2^−

1/2^+

5/2^+ 3/2^− 3/2^+

5/2^+

ΛΣ

27 57

87 6

0 28

6554

6873

0^−

1^−

1^−

2^− v71 v29

6554

?

6526 ? 16 ΛO 15O Δ = 0.468 S_Λ = −0.011 S_N = −0.354 T = 0.030

Ukai – Sendai03

E(1^−_2 − 0^−_1 ) = 6558.6 ± 1.4 keV (200 ± 23 counts) E(1^−_2 − 1^−_1 ) = 6532.1 ± 1.8 keV (128 ± 20 counts) ΔE = 26.5 ± 2.3 keV

The^{15}_ΛN spectrum based on the three lowest levels of the core using the (8-16)2BME interaction of Cohen and Kurath for Δ = 0.468 S_Λ = −0.011 S_N = −0.354 T = 0.030 . which fit the results of E930 for^{16}_ΛO.

0 110

2398

4071

4874

3/2^+

1/2^+

1/2^+;1

1/2^+

3/2^+

99.5

v92 v100

v8

τ ∼ 87 ps τ ∼ 0.46 ps τ ∼ 5.2 fs τ ∼ 1.6 fs

?

2398

ΛΣ

56 12

102

74 10

2476 ? 1673 ?

2288

?

E(1/2^+) − E(3/2^+) = 0.756Δ − 2.250S_Λ + 0.035S_N − 9.862T ΛΣ contribution = 44 keV

16 Λ O ΔE(1^− − 0^−) Experiment ∼ 27 keV

ΛΣ Δ S_Λ S_N T ΔE −0.382 1.378 −0.004 7.850 −30 −179 −15 1 235 28 keV 15 Λ N ΔE(1/2^+ − 3/2^+)

ΛΣ Δ S_Λ S_N T ΔE 0.756 −2.250 0.035 −9.864 44 354 25 −12 −296 110 keV

16 Λ O E(1^−_2 − 1^−_1 ) = 6176 + ΔE Experiment ∼ 6532 keV

ΛΣ Δ S_Λ S_N T ΔE −0.234 −1.257 −1.496 −0.708 −30 −110 14 530 −21 350 keV 15 Λ N E(1/2^+; 1 − 3/2^+) = 2313 + ΔE Experiment ∼ 2263 keV

ΛΣ Δ S_Λ S_N T ΔE 0.284 −0.778 −0.249 −3.197 −46 133 9 88 −96 85 keV

Δ = 0.468 S_Λ = −0.011 S_N = −0.354 T = 0.030

M1 strengths from the 1=2^+; 1 level of^{15}_ΛN

Main components of wave functions |1/2^+; 1⟩ = 0.9992(0^+_1 ; 1.s_Λ) |1/2^+; 0⟩ = 0.9980(1^+_1 .s_Λ) + 0.0619(1^+_2 .s_Λ) |3/2^+; 0⟩ = 0.9982(1^+_1 .s_Λ) + 0.0302(1^+_2 .s_Λ) + 0.0524(2^+.s_Λ) M1 matrix elements Consider just the contribution of the 1^+_2 × s_Λ components in addition to the dominant component in each wave function M(1/2^+ → 1/2^+) = − {(0.9980)(0.9992)(−0.25496) + (0.0619)(0.9992)(3.21472)} = − {−0.25427 + 0.19883} = 0.0554 where the third number in each product is the core matrix element

M(1/2^+ → 3/2^+) = {(0.9980)(0.9992)(−0.25496) + (0.0302)(0.9992)(3.21472)} = {−0.25427 + 0.09700} = −0.1573

The full result for this transition translates into a partial lifetime of 0.5 ps (for E_γ = 2263 keV).

P-shell states of^{10}B with [42] symmetry.

0.718

1.740

2.154

3.587

4.774

5.164

0

5.920

7.469 6.025

8.680

1+ 1+ 2+ 3+

3+

2+

1+

4+

3+

2+

K_L = 0 K_L = 2

L = 2

L = 2

L = 3

L = 0

0+; 1

2+; 1

2+; 1

T = 0 states have S = 1 and T = 1 states have S = 0

10B

0 0.718

1.740

2.154

3.587

4.774

5.164

5.920

?

r82 r4.4 r0.5

r19

r21

r100 ?

r18 r23 r99.5

r67

r27 r100 ?

r65

r14 ?

r7.8

? r52

3+; 0

1+; 0

0+; 1

1+; 0

2+; 0

3+; 0

2+; 1

2+; 0

10 Λ Be + p

7.72

11 ΛB 0 5/2+; 0 [1.128]

0.418 7/2+; 0 ? 1.96 ps

1.020 1/2+; 0 [0.309] ? 247 ps ∗ ? 1482

1.673 3/2+; 0 [0.128] ? 0.54 ps

2.090 1/2+; 1 [0.217] ? 11 fs

2.327 3/2+; 0 [0.422]

?

0.85 ps

2.728 1/2+; 0 [0.006] ? 0.56 ps

4.412 3/2+; 0 [0.096]

4.426 5/2+; 0 [0.051]

5.453 3/2+; 1 [0.686]

?

0.58 fs

?

2479

5.557 5/2+; 0 [0.120]

5.563 5/2+; 1 [0.087]

6.110 7/2+; 0

6.633 3/2+; 0 [0.007]

6.864 5/2+; 0 [0.078]

S τ ΛΣ

7 33 2 92 38 105

44 44

36 46 94 14 70 12 66

∗ τ (weak) ∼ 200 ps For E_γ = 1482 keV, τ (EM) ∼ 38 ps

This level serves as a collection point for γ rays

Conclusions

ffl We are making progress ffl Can look forward to finalizing the analysis of

BNL E930 and KEK E518

ffl Have had good K^− beams at BNL ffl Have had a good spectrometer at KEK ffl Hope to have both at JPARC along with Hyperball- 3

Speculations on the placement of^{11}_ΛB γ rays.

0 454

1482

1744

2046

2327

2827

5306

5/2^+

7/2^+

1/2^+

3/2^+

1/2^+;1

3/2^+

1/2^+

3/2^+; 1

?302 ? 845

τ ¸ 2 ps τ ¸ 38 ps τ ¸ 5.6 ps τ ¸ 64 fs τ ¸ 2.2 ps τ ¸ 0.4 ps τ ¸ 0.85 fs 46

43 76 65 26 55 ?

2479

?262

?

1482

? 454

? 500

? 564

• To reproduce the definitive 1482 keV line, the centroid of the lowest 1/2+, 3/2+ doublet needs to be high (small coefficient of SN) and the separation needs to be small (Δ).

• Natural to identify the 2479 keV line with the strong M1 from the 3/2+; 1 level.

• For different core wave functions, ground-state doublet and T=1 levels are quite stable while 1/2+ and 3/2+ T=0 states are volatile.