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Search for new halo states in nuclear 
ground and excited states with fast rare 

isotope beams 

Nobuyuki Kobayashi 
RCNP, Osaka University 

プレゼンター
プレゼンテーションのノート
Thank you, chair man.
And I would like to thank organizers for giving me this opportunity.
Today I would like to talk about search for new halo states in nuclear ground and excited states.


http://www.rcnp.osaka-u.ac.jp/index.html
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Our recent studies: 
    Moderate halo formation in the ground state 
    of 29Ne 

 
 
+ New method: 
    Measurement of interaction cross sections 
    of excited states with fast rare isotope beams 

Contents 

* N. Kobayashi et al., Phys. Rev. C 93, 014613 (2016). 

* N. Kobayashi, K. Whitmore, and H. Iwasaki, NIMA 860, 67 (2016). 

プレゼンター
プレゼンテーションのノート
This is contents of my talk.
First I would like to talk about our recent spectrocopic study on 29Ne by using breakup reactions.
And then, I will introduce a new method to measure the interaction cross sections of excited states with fast rare isotope beams.
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Moderate halo formation in the ground state 
of 29Ne 

* N. Kobayashi et al., Phys. Rev. C 93, 014613 (2016). 
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Inversion 

22C: S2n = -0.14(47) MeV 
37Mg: Sn= 0.25(1.03) MeV 
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 PRL103(2009)262501 
     PRL112(2014)142501 

プレゼンター
プレゼンテーションのノート
First, the motivation of our study was finding new halo nuclei in this heavier region.
Until recently, halo nuclei were known only in light mass region.
So in the heaver region. nobody knew if halo nuclei exist or not.
So, as a first step, we tried to search for new halo nuclei and
understand the structure by using Coulomb and nuclear breakup reactions.
These nuclei were selected as candidates of halo nuclei.
But, today I would like to focus on the results for 29Ne.
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Nuclear breakup 
    to obtain orbital angular momentum l 
     s-wave and p-wave neutrons in halo nuclei 

Coulomb breakup 
    to probe soft E1 excitation 
     signature of halo via the large cross sections σ(E1) 
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Methods to probe halo nuclei 

プレゼンター
プレゼンテーションのノート
The experimental methods used in our experiment were nuclear breakup and coulomb breakup reactions.
The nuclear breakup reaction is sensitive to the orbital angular momentum l of knocked-out valence neutrons,
so this method has been used to confirm the l value of the halo neutron.
On the other hand, the coulomb breakup reaction is sensitive to the halo structure and soft E1 excitation.
So this method has been used to obtain the signature of the halo structure.
The difference between these setups is the mass of the target.
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Experiment at RIBF in 2010 

Former facility 

SRC 

BigRIPS 

ZDS 

RIBF 
(RI Beam Factory) 

 

プレゼンター
プレゼンテーションのノート
The experiment were performed at RIKEN RIBF in 2010.
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Experimental setup 
Secondary Beam 
29Ne 
Energy ~240 MeV/u 

Primary Beam 
48Ca  50 pnA 
              345 MeV/u 

Bρ 

ΔE 

Bρ 

TOF 

         ZDS 

 BigRIPS 

ΔE 

Reaction Target @ F8 
Pb  3.37 g/cm2  

C     2.54 g/cm2  

Fragments 

Fragment 
28Ne DALI2 

NaI detector array 

Production Target @ F0 
Be  15 mm 

TOF 

プレゼンター
プレゼンテーションのノート
This is the experimental setup.
The energy of the 29Ne secondary beam was around  240 MeV/u.
The reaction was observed event-by-event by measuring the tof, deltae and brho.
The Pb or C target were placed at F8 focal plane.
In addition, to detect the gamma-rays from the fragments, we located the gamma–ray detector array DALI2 surrounding the target.
.




  

8 

Analysis of Coulomb + Nuclear breakup 
 Spin parity : 3/2- 

 28Ne(0+
gs) ⊗ 2p3/2 ~ 50% 

(29Ne Sn= 0.96 (14) MeV) 

Coulomb  

Nuclear 

29Ne(3/2-) → 28Ne(0+) + 2p3/2  

Coulomb breakup Nuclear breakup 
Exp. Exp. Theo. 

Inclusive  29Ne  28Ne 222(36) mb 74(2) mb  69.0 mb  
Partial 29Ne  28Ne(0+

gs)  176(50) mb 36(7) mb  31.6 mb 

Moderate p-wave halo 
coupled with deformed core 

p-wave component in 29Ne (N=19, Z=20) 

プレゼンター
プレゼンテーションのノート
So this is the summary of the results.
The inclusive coulomb breakup cross section is obtained like this.
And the partial cross section to the ground state of 36Mg is extracted like this from the gamma-ray analysis leading to the excited states.
Similarly for nuclear break up, the cross sections are obtained like this.
By using these partial cross sections, we have estimated the separation energy as well as the spectroscopic factor as shown here.
In this figure, this red curve shows the spectroscopic factor as function of separation energy which obtained from the partial coulomb breakup cross section.
From the chi2analysis, the black area shows the allowed C2S and separation energies.
As a result, we found that p3/2 component is about 40% in the ground state, and the separation energy is small.
From this result, we concluded that the  37Ma has a loosely bound p-wave halo coupled with deformed core.
From theoretical point of view, this p-wave component is expeteded to be coupled with deformed core, which means the 37Mg is considered as a loosely-bound many body system.
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Measurement of interaction cross sections 
of excited states with fast rare isotope beams 

* N. Kobayashi, K. Whitmore, and H. Iwasaki, NIMA 860, 67 (2016). 

プレゼンター
プレゼンテーションのノート
So now, I would like to move on to my study at NSCL about new method to measurement of the interaction cross sections of excited states.
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Next step: halo in excited states 

  Halo formation in the ground states 
 How about in excited states? 
  Recoil Distance transmission method (RDTM) 

Ex 

プレゼンター
プレゼンテーションのノート
So far, we have investigated halo formation on the surface of the nuclear chart.
But, in fact, we have to think of this axis, namely excitation energy Ex.
For instance, the 1/2- state of 37Mg is a candidate of the excited p-wave halo state.
In addition, the 1/2+ first excited state of 17F is a candidate of excited s-wave proton halo state.
So, in order to measure the interaction cross section of these nuclei, we have developed a new method named recoil distance transmission method (RDTM).
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Recoil Distance Transmission Method (RDTM) 

Non-interacting 
outgoing nuclei 

Incoming nuclei 

𝑁𝑖𝑖 𝑁𝑜𝑜𝑜 

Reaction target 

𝜎𝐼
gs = −

𝐴
𝑁𝐴𝜌𝑥𝑡

ln
𝑁𝑜𝑜𝑜
 𝑁𝑖𝑖

 

𝜎𝐼
gs: interaction cross section of the ground state 

𝑥𝑡,𝜌, 𝐴: thickness, density, mass number of the target 

プレゼンター
プレゼンテーションのノート
Our method is based on the conventional transmission method, so first I would like to remind you of it.
In this method, the incoming beam interacts with reaction target, and then the non interacting nuclei go out like this.
By taking the ratio of the numbers of incoming nuclei and outgoing nuclei, we can obtain the interaction cross sections from this formula.
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Recoil Distance Transmission Method (RDTM) 

Incoming beam Non-interacting 
excited-state products 

Excited-state products 

𝑁𝑖𝑖 𝑁𝑜𝑜𝑜 

Reaction target Production target 

The number of γ rays 𝑵𝒊𝒊 & 𝑵𝒐𝒐𝒐  

Degrader 

𝜎𝐼ex = −
𝐴

𝑁𝐴𝜌𝑥𝑡
ln

𝑁𝑜𝑜𝑜
 𝑁𝑖𝑖

 

𝜎𝐼ex: interaction cross section of the excited state 

プレゼンター
プレゼンテーションのノート
In our method, the excited state of interest is produced at the production target.
Before the decay of the excited state, these states are bombarded on this reaction target.
And then, the non-interacting states go out like this.
If we count the numbers of excited-state products before the target and after the target,
we can obtained the interaction cross section of excited states from the same formula as show here.
But, you may have a question, how do we count Nin and Nout?
The answer is we can count the numbers from the de-excited gamma-rays within this region and this region.
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𝐺1 

𝑁𝑖𝑖 𝑁𝑜𝑜𝑜 

𝐺2 

Recoil Distance Transmission Method (RDTM) 
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プレゼンター
プレゼンテーションのノート
In order to count the de-excited gamma-rays properly, our method are based on the recoil distance method as shown here.
In this method, the velocities of the excited states are different for each section.
Therefore,  if we measure the gamma rays, the Doppler-corrected gamma ray spectrum has three peaks as shown here.
So fast peak corredponds to this gamma-ray, and this reduced peak corresponds to this gamma-ray.
From the area of peak, G1 and G1, we can obtain the Nin and Nout.
But we need correction by the lifetime t and the time of flight t1 and t2.
If t1 is equle to t2, the formula becomes simple like this, namely, the interaction cross section is obtained from the ratio of G2 and G1 and t1 and t.
But, in reality, we have to consider other factors in the reaction target.
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 0. reaction of the excited states 
 1. γ-decay 
 2. Production of the excited state from incoming beam 
 3. Production of the excited state from the ground state by inelastic scattering 

Excited state 
of interest 

Ground state 
of nuclei of 

interest 

Ground state 
of the incoming 

beam 

Fragments 

Additional contributions in the reaction target 
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𝐴

𝑁𝐴𝜌𝜌
1
𝑣 + 𝜎prod

ex 𝑁be 𝑥
𝑁ex 𝑥

+ 𝜎inel
𝑁gs 𝑥
𝑁ex 𝑥

 

                                                                                                                                                + … 

プレゼンター
プレゼンテーションのノート
This is a schematic view of the factors in the reaction target.
This line represents the ground state of the incoming beam,
and this line represents the ground state of nuclei of interest,
and this line represents the excited state of interest.
and, in the reaction target, the excited state of interest is broken up into the other fragments.
And we want to measure the cross section of this channel.
This blue arrow represents the gamma-decay in the reaction target.
This green arrow represents the production of the excited state of interest from the incoming beam.
This grey arrow represents the excited state of interest from the ground state by inelastic scattering.
If we take into account all factors, we finally obtain this formula.
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Error estimation 

Assumptions 
* 1% error for 𝜌, 𝑥𝑡,

𝐺2
𝐺1

, 𝜏, 1
𝑣

, 𝑡1, 𝑡2 
* 0.01-barn error for 
𝜎prod
ex 𝑁be 𝑥

𝑁ex 𝑥
 and 𝜎inel

𝑁gs 𝑥
𝑁ex 𝑥

 

* Accurate lifetime ~1% 
* Precise γ-ray yield ~1% 
* Higher energy > 100 MeV/u 

プレゼンター
プレゼンテーションのノート
Now, we have formula to extract the interaction cross section, so we can consider the error of the cross section.
This figure shows contributions from error of each observable with respect to total error in the cross section.
The x-axis represents the reaction target thickness.
From this calculation, we found that the precise lifetime are accurate gamma-ray yield important to realize our method.
And in order to thicker target, higher energy of the incoming beam is also important.
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r s f 
19Ne beam 

120 AMeV 

6-mm Be Experimental data: 
• 𝜏 = 286 6  ps (2 % error) 
 
 𝜎𝐼ex = 1.00(28) barn 
 28 % error 
 
Main contribution: 
2 % error in 𝜏 : 24% error in 𝜎𝐼ex  
 
1 % error in 𝜏 : 12% error in 𝜎𝐼ex  

Realistic experimental case: 17F(1/2+) 

17F(1/2+) 

By GRETINA 

If well-developed halo is 
suggested, we can 
confirm it. 

プレゼンター
プレゼンテーションのノート
So now I would like to move on to the realistic experimental case for the 1/2+ excited state of 17F.
This state has been suggested to have a s-wave proton-halo structure, but there is no direct evidence.
This figure shows the experimental setup.
And this figure shows the expected gamma-ray spectra for the interaction cross sections of 1.0, 1.5, and 2.0 barn.
We can see difference between these lines, which indicates that we can obtain the cross section from this spectra.
If we use the experimental error for lifetime tau, we can obtain the cross section with 28% error.
The main contributions come from the uncertainty of tau.
Therefore, in order to reduce the error, the precise measurement of the life time is important.
If the error is improved like this, the contribution becomes half.
Otherwise, the target thickness should be increased.
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Summary 

  Moderate halo formation in the ground state of 29Ne 
  RDTM to access halos in excited states 

Ex 

プレゼンター
プレゼンテーションのノート
Finally let me summarize my talk.
We have investigated the halo formation in the ground states.
And, we have developed new method to access the halo formation in the excited states.
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プレゼンター
プレゼンテーションのノート
These are Collaborators of our studies.
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Backup 

プレゼンター
プレゼンテーションのノート
That’s all. Thank you.
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Results 

σ(E1) = σ(Pb) – Γσ(C) 
Γ ~ 1.7-2.6 
Further analysis: 
K. Yoshida et al.,PTEP053D03(2014). 

Established 
Halo 
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-1n : one neutron removal 
-2n : two neutron removal 

Large σ(E1) of 22C, 31Ne, and 37Mg → halo structure 
22C: K. Tanaka et al., PRL104(2010)062701. 
31Ne : M. Takechi et al., PLB707(2012)357. 
37Mg : M. Takechi et al., PRC90(2014)061305. 

Interaction cross section  

プレゼンター
プレゼンテーションのノート
This figure shows results about cross sections for C, Ne Mg and Si isotopes.
The red points represent the Coulomb breakup cross sections.
These cross sections were obtained by this formula, namely the nuclear breakup
contribution in the cross section of the lead target was subtracted by using the cross section of the carbon target.
As you can see, the coulomb breakup cross sections for 22C, 31Ne, and 37Mg are large compared with other nuclei,
which suggests that these nuclei have halo structure.
These results are consistent with the results of interaction cross section measurements obtained by these groups.
If you look at these data carefully, you notice that the cross sections of 31Ne and 37Mg is not as large Carbon 19 and Carbon 22.
To understand the reason, we performed further analysis for the data of 37Mg.
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プレゼンター
プレゼンテーションのノート
２中性子ハロー核であるリチウム１１のソフトE1励起のE1遷移強度分布はこのようになります。
横軸が相対エネルギー、縦軸がE1遷移強度を表しています。
２中性子ハロー核のソフトE1励起のメカニズムでよくわかっていませんが、E1クラスターサムルールを用いると、E1遷移強度はZとAと２中性子の半径とその間の角オープニングアングルであらわされます。
リチウム１１の場合2中性子の半径とオープニングアングルはこのように求められました。
以上より、E1遷移強度から2中性子ハロー核の半径とオープニングアングルを導出できることがわかります。
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プレゼンター
プレゼンテーションのノート
次に結果を示します。
この図は、炭素１９、２０、２２、及びネオン３１の断面積を示した図です。
ここで、クーロン分解断面積は、この鉛標的における断面積から、炭素標的における断面積の定数倍を差し引いて導出しました。
すなわち、核力分解反応による影響を炭素標的における断面積を用いて見積りました。
緑のデータは以前の実験データを示しており、本実験とほぼ同じ値をとっています。
カーボン２２のクーロン分解断面積は０．５バーン以上となり、ネオン３１のクーロン分解断面積は0.5バーン程度と大きな値となりました。
これは、これらの核がハロー構造を持っていることを示唆しています。
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Characteristic features of Halo Nuclei 

208Pb  

1. Large radius 
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 of the core and 
valence neutron 

≈ 
11Li 

Pn 

Pcore Pcore 

Halo nuclei 

Ordinary nuclei 
             ~90MeV/c 

Spatially extended distribution 
 of one or two valence neutrons 

→ Large interaction cross section 

3. Large E1 transition strength 
→ Large coulomb breakup 

cross section  

n 

 Fourier transform of 
the wide distribution of 

the halo neutron 

 10Be 

n 
Electric Field 

 10Be 

n 

Direct breakup 
mechanism 

プレゼンター
プレゼンテーションのノート
So now, I would like to talk about characteristic features of halo nuclei.
The halo nuclei have three characteristic features.
One is that the halo nuclei have large radius due to the spatially extended distribution of one or two valence neutrons.
So if we measure the total reaction cross section, the value becomes large, which is comparable to the lead nucleus for 11Li.
The second feature is that the core and valence neutron have small momentum in the nucleus, which can be understand by 
Fourier transform of the wide distribution of the halo neutron in coordinate space.
So if we measure the momentum distribution of the core fragment by neutron knockout reaction, 
the width of the distribution becomes narrower than ordinary nuclei.
The last feature is that the nuclei have large E1 transition strength.
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Coulomb breakup has been used to extract the E1 transition strength.
This is a schematic view of the Coulomb breakup reaction.
At a heavy target like lead target, the incident nucleus is excited by a virtual photon.
And then the nucleus is broken up into a core fragment and neutron.
If we measure the momenta of all particles, we can get the excitation energy
of this intermediate state by using Invariant mass method.
So then, we can get the energy differential Coulomb breakup cross section.
This cross section can be described as the product of  an E1 virtual photon
number N E1 and E1 transition strength distribution dB(E1) over dEx.
This value can be easily calculated like this, so this value can be extracted from this value.
This is exclusive coulomb breakup method.
The required beam intensity is lager than about 10-100 cps.
On the other hand, in inclusive coulomb breakup method, we measure only a fragment, and not measure the neutron.
So, the integrated Coulomb breakup cross section can be measured.
In our study, we adopted this method.
The advantage of this method is that the experiment is feasible even with a few cps beam intensity.
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As I said, Coulomb breakup reaction is sensitive to the halo structure.
This figure shows the schematic view of the E1 transition strength.
As I said, for halo nuclei, we can see the soft E1 excitation just above the particle decay threshold.
On the other hand, this figure shows the E1 virtual photon number as a function of excitation energy.
This number becomes large at low energy,
so also this product of the N E1 and dB over dE becomes large at low energy.
By the way, the inclusive coulomb breakup cross section can be described
as the integrated value of this product.
So, for halo nuclei, the Coulomb breakup cross section becomes large, while 
for ordinary nuclei, the cross section becomes small.
So, by measuring the Coulomb breakup cross section, we can get the signature of halo structure.
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The nuclear breakup reaction has been used to extract the valence neutron orbital angular momentum l.
On the light target like carbon target, the valence neutron of the incident nucleus
is removed by nuclear interaction, and then the fragment goes out like this.
The momentum of the core fragment reflects the Fermi motion of the core and the valence neutron in the nucleus.
So if we measure the parallel momentum, the distribution becomes like this for s, p, d, f valence neutrons orbitals.
As you can see, for the low-l orbitals, the width becomes narrow.
As a result, from the parallel momentum distribution, we can estimate 
the orbital angular momentum ell of the valence neutrons.
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