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Abstract：The construction of the future scientific facility High Intensity heavy-ion Accelerator Facility

(HIAF) in China has started. Once established, HIAF will provide excellent conditions for fundamental

investigations on both matter structure and heavy-ion applications. The booster ring (BRing) of HIAF is

designed to accelerate high-intensity protons with the maximum momentum of 11.9 GeV/c. Therefore it

will bring new opportunities for the nuclear and hadron physics in the GeV region. Polarized experiments

have been proved as a powerful tool in the explorations of the building blocks of matter. We propose to

initiate a pre-investigation for the related physics and polarization techniques, which will lay the foundation

of the spin physics at the HIAF-BRing.
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1 Introduction

The new scientific complex High Intensity Heavy-

ion Accelerator Facility (HIAF)
[1]
, which was proposed

by the Chinese nuclear community, has been approved

by the National Development and Reform Commission.

The conceptual design of HIAF is depicted in Fig. 1.

Highly-charged ions are produced by a superconduct-
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Fig. 1 (color online) Schematic drawing of HIAF.
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ing electron cyclotron resonance source (SECR); the

pre-accelerated particles from the linear accelerator

iLinac and the fast cycle ring (FRing) are injected into

the booster ring (BRing), where the beam is further

accelerated, cooled and accumulated. With the sec-

ondary beam line HIAF FRagment Separator (HFRS),

high intensity radioactive beams can be available in

the spectrometer ring (SRing). Thus properties, such

as atomic masses, structures and dynamics of various

exotic isotopes, can be investigated. The Figure “8”

ring, composed of SRing and MRing, allows the coast-

ing beam to be merged with itself at the the inter-

section point. This unique feature will enable stud-

ies of the highly-charged atomic physics. With the

maximum rigidity of Bρ = 40 Tm the BRing is able

to provide a proton beam with a momentum up to

11.9 GeV/c, which bears great potential for nuclear

and hadron physics in the GeV region. In particular,

much more abundant research programmes could be

expected if the target and/or beam at the BRing are

polarized. In this paper we propose to build a polar-

ized internal gas target for a spin-physics research at

the HIAF-BRing.

In the following, some possible physics programs

which can be carried out with polarized reactants at

HIAF-BRing are discussed first. The principle of the

internal polarized gas target is presented in section 3.

The possibility of developing a polarized ion source

based on a polarized target is discussed briefly after-

wards. A summary and an outlook is given in the last

part.

2 Physics significance

Spin is an intrinsic property of subatomic parti-

cles as mass and charge, which plays a significant rule

in generating the dynamics that drive the microscopic

processes. Consequently, most experimental spectra

contain the spin information and, therefore, one can

investigate the spin itself and how it influences the

dynamics underlying via spectroscopic studies of ex-

perimental data. For instance, the spin of a resonance

in a two-body scattering can be determined from the

characteristic structure (i.e., the number of the dips)

of the differential cross section. However, much more

information on spin dynamics are difficult (even impos-

sible) to learn merely from the unpolarized cross sec-

tion since the contributions from different spin states

are mixed. To disentangle the mixture one needs to

perform polarized experiments, where the initial states

are prepared in definite spin states, or/and the polar-

izations of the final states are measured.

One good example that highlights the significance

of the polarized experiment is the nucleon-nucleon

(NN) scattering. The main purpose of the NN scat-

tering experiment is to study the nuclear force, which

is encoded in terms of the scattering amplitudes
[2]
.

Starting from a particular theoretic model, a set of

amplitudes can be calculated; on the other hand, the

amplitudes are extracted from the experimental data

by the phase-shift analyses (PSA). In this sense, the

amplitudes connect theory and experiment. They are

the testing ground of our understanding of the nu-

clear force. In addition, the NN amplitudes are the

key input quantities in describing the nuclear many-

body system and the meson production in the NN

collision. Through decades of efforts by many labo-

ratories, a wealth of NN data have been accumulated.

Databases such as NN-Online
[3]

and SAID
[4]

were set

up to maintain and analyse these data. Fig. 2 shows

the abundance plots of the existing NN data in terms

of the beam kinetic energy and the scattering angle in
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Fig. 2 (color online) Abundance plots of the experimen-
tal data on pp (upper) and np (lower) scattering,
in terms of the nucleon kinetic energy Tlab in
laboratory reference and the scattering angle θ.
Both polarized and unpolarized observables are
plotted.
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the center-of-mass reference. Currently, the pp data

have been measured up to about 2.8 GeV, which is

far from sufficient. Due to the difficulties in preparing

neutron beams and targets, the data of neutron-proton

(np) scattering are even more rare. If an internal-target

experiment setup is developed with polarized target

and beam at the BRing, the NN scattering data can

be measured up to 11 GeV, which will dramatically

advance the study of the nuclear force. Besides, the

baryon spectrum and the dibaryon states can be inves-

tigated as well at BRing via polarized NN collisions.

The polarized experiment is an effective tool in

the symmetry studies. For example, the parity viola-

tion was experimentally verified in the beta decay of

polarized 60Co
[5]
.

A nonnegligible advantage of the polarized exper-

iment associates with the spin dynamics of the polar-

ized beams
[6]
. The correlation between the energy and

the frequency of the spin precession of a particle in a

storage ring allows to determine the beam energy with

extremely high accuracy. This application has been

proven to be very successful at both electron
[7–10]

and

hadron
[11]

accelerators.

We emphasis that the physics at the HIAF-BRing

should not be limited to these presented in this paper.

For instance the charm physics might be accessible if

the rigidity of the BRing can be increased to 40.6 Tm.

A concrete physics-program list is expected as a result

of an in-depth pre-research.

3 Principle of the polarized internal
target

A comprehensive review of the polarized internal

target has been given by E. Steffens and H. Haeberli
[12]

.

In this section the basic principle is introduced briefly

for hydrogen and can be generalized to deuterium.

Polarization is a matter of spin manipulation by

means of the electromagnetic fields. In order to take

advantages of the large magnetic moment associated

with the electron spin, the hydrogen molecules are first

dissociated into atoms through radio-frequency (rf)

discharge
[13]

. A hydrogen atom is a bound system of

one proton and one electron, whose spins are aligned

either parallel (F = 1) or antiparallel (F = 0). Corre-

sponding to these spin alignments the hydrogen atom

can be found in two different hyperfine states, whose

energy difference is ∆E =1420 MHz. In the presence

of an external magnetic field B the hyperfine states are

further split into four energy eigen states due to the

Zeeman effect. In the so-called Breit-Rabi representa-

tion |me,mI⟩ defined in terms of the spin projections

of the electron (me) and the proton (mI) along the

magnetic field, the Zeeman states are expressed as
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where the mixing angle between the energy representa-

tion and the Breit-Rabi representation is determined

by the external magnetic field as θ=
1

2
arccot(B/Bcrit),

with Bcrit = 50.7 mT being the critical magnetic field

for the hydrogen atom. In Fig. 3 the energies of the

Zeeman states are plotted as functions of the magnetic

field. The states |1⟩, |2⟩ and |3⟩ belong to the triplet

(F =1) and the state |4⟩ belongs to the singlet (F =0)

in a weak field (B ≪ Bcrit), where the spins of the

electron and the proton are coupled together hence

the total spin F is a good quantum number. With in-

creasing external magnetic field, the coupling will be

destroyed.
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Fig. 3 The Breit-Rabi diagram of the hydrogen atom.
The magnetic field and the energy are normalized
by the critic field Bcrit =50.7 mT and the hyperfine
splitting energy ∆E=5.87×10−6 eV.

Fig. 4 shows the dependence of the nuclear polar-

ization on the external magnetic field for each Zeeman

state. Note for the two superposed states |2⟩ and |4⟩,
the polarization varies with the external field. To po-

larize an ensemble of hydrogen atoms one needs to ma-

nipulate the spins of the atoms so that the four Zeeman

states are not equally populated. Two techniques are

employed for the spin manipulation in the polarized

gas target, namely Stern-Gerlach spin separation and

rf-induced spin transition.
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(
p=

n↑−n↓

n↑+n↓

)
of each

Zeeman state. Here n↑ and n↓ denote the number
of particles with spin up and down.

The Stern-Gerlach type spin separator is a set of

sextuple magnets, whose magnetic fields are cylindri-

cally symmetric but inhomogeneous with respect to

the radius. As shown in Fig. 5, in an inhomogeneous

magnetic field, a force F =−∇E will influence a parti-

cle with a magnetic moment. Therefore, when passing

through the sextuple magnets, the atoms in the states

|3⟩ and |4⟩ will be deflected out of the beam axis, while

those at states |1⟩ and |2⟩ are focused on the axis.

Fig. 5 (color online) The principle of the Stern-Gerlach
type spin separation. The magnetic field within
the aperture distributes as B = kr2, where r is
the radius and k is constant. The force on a
magnetic moment u, i.e. F =−∇E =−∇µ ·B, is
dominated by the alignment of u with respect to B.

Transitions between different Zeeman states are

realized by the adiabatic passage method
[14]

, where

one rf magnetic field Brf and one static gradient mag-

netic field Bgrad varying from B0+δB to B0−δB are

employed. Although the whole process is described

exactly by a quantum solution
[15–17]

, it is more intu-

itive to be explained in a classic scenario
[18]

. As illus-

trated in Fig. 6, the rf magnetic field Brf oscillating

with a frequency ω can be viewed as one counterclock-

wise rotating field B+ and one clockwise rotating field

B−, both with the angular velocity ω. In the refer-

ence frame, which co-rotates with B+, B+ becomes a

static homogeneous field Bhom, and B− rotates clock-

wise with an angular velocity 2ω. B− can be ignored

because it is far beyond the resonance. The static gra-

dient field Bgrad varies along the beam direction from

+δB to −δB. If the maximum value of the gradient

field δB is much larger than the homogeneous field

Bhom, the combined field (indicated in green) gets re-

versed. Suppose a particle with spin travelling through

the magnetic field. If the combined field varies with an

angular velocity much smaller than the spin precession

angular velocity, the spin will follow the external field

thus gets flipped. By adjusting the parameters ω, δB,

B, interchange between different Zeeman states can be

realized. According the strength of the magnetic field

B0 the rf transitions can be classified into three types:

Fig. 6 (color online) Classical explanation of the adia-
batic passage method.

(1) WFT (Weak-field transition, B0 ≪ Bcrit): in

very weak fields the Zeeman states within one triplet

are nearly equidistant on the Breit-Rabi diagram (refer

Fig. 3). The rf frequency is adjusted to match the en-

ergy split between the neighboring Zeeman states, so

that transitions between all the pairs of neighboring

states take place simultaneously. In this way, the tran-

sitions between non-neighboring states are realized.

Via WFT, the interchange between Zeeman states |1⟩
and |3⟩, i.e. 1↔ 3, occurs for hydrogen.

(2) MFT (Medium-field transition, B0 < Bcrit):

the MFTs are operated in magnetic fields where the

energy splits of different neighboring pairs are well dis-

tinguished, therefore transitions between neighboring

Zeeman components are induced. Typical transitions

are 1↔ 2 and 2↔ 3 for hydrogen.

(3) SFT (Strong-field transition, B0 > Bcrit):

since the electron-proton spin coupling is broken in this

case, the SFTs are able to induce transitions between

the states of different multiplets. The most commonly

used strong-field transition is 1↔ 4 for hydrogen.

By means of proper combinations of sextuple mag-

nets and rf transitions, various polarization modes can

be prepared. Fig. 7 illustrates a configuration which is

widely adopted in the existing polarized atomic beam
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sources
[19–22]

. By switching off and on the weak-field

transition (WFT) polarized atomic beams of Zeeman

states 1 and 3, which correspond respectively to nu-

clear polarizations +1 and −1, are produced. Note

the states 1 and 3 are pure states thus their polariza-

tion does not depend on external fileds. Besides, the

rf transitions do not affect the beam intensity. There-

fore, fast polarization switches between different target

modes with identical target thickness can be achieved.

These features are crucial for in-beam experiments.
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Fig. 7 (color online) An illustrative diagram for the
production of the polarized hydrogen atomic
beams. Two sets of sextuple magnets are used
to filter out the Zeeman states |3⟩ and |4⟩ with
negative electron spin. The rf transitions MFT
and WFT are adjusted to induce interchanges
2↔ 3 and 1↔ 3. Nuclear polarizations +1 and −1
can be selected by switching the WFT.

For reactions with sufficiently large cross sections

the free atomic jet can be used as a target directly
[23]

.

However in most cases a storage cell
[24]

has to be

used to increase the effective target thickness. To opti-

mize the settings of the rf transitions, a polarimeter is

needed to monitor the polarizations when tuning the

atomic beam source. The Lamb-shift type
[25]

and the

Breit-Rabi type
[26]

polarimeters are usual options.

4 From polarized target to polarized
ion-source

Double polarized experiments are favourable since

more options will be available with various beam-

target combinations. By ionizing the polarized atoms

nuclearly-polarized ions will be produced for acceler-

ation. To preserve the nuclear polarization the ion-

ization has to be performed in a magnetic field which

is strong enough to decouple the spins of the electron

and the proton (B > 200 mT for hydrogen). Positively

charged particles can be produced by removing the or-

bit electrons via impact with free electrons or the quasi-

neutral electrons in plasma
[27]

. For beam stacking in

high-energy storage rings like the HIAF-BRing a strip-

ing injection is advantageous, because it is able to over-

come the limitation on the beam intensity imposed by

the Liouville′s theorem
[28]

and, therefore, negatively-

charged ion sources are preferred. Negatively-charged

ions (H−) can be obtained through resonant charge-

exchange collisions between neutral atoms (H0) and

certain particles. Commonly used particles for such

charge-exchange collisions are D− in the deuterium

plasma
[29]

and Cs0, an atomic cesium beam
[30]

.

For the polarized beam acceleration, special care

needs to be taken to avoid any depolarization as well

as to achieve various polarization modes
[6]
.

5 Summary and outlook

The future facility HIAF will provide new oppor-

tunities for atomic, nuclear and hadronic physics. Its

boost ring (BRing) is an ideal machine to host internal-

target experiments. We propose to build a polarized

internal target at the HIAF-BRing for spin physics.

A pre-research, which aims to investigate the possible

physics studies and to set up a solid procedure to build

a polarized internal target, has been supported by the

CAS “Light of West China” program. Both interna-

tional and domestic collaborations are demanded to

promote the program.
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关于在HIAF-BRing上开展自旋物理研究的提议

勾伯兴
1,1)

, ENGELS Ralf
2

( 1. 中国科学院近代物理研究所，兰州 730000；

2. 于利希研究中心核物理研究所，于利希 52425，德国 )

摘要: 国家重大科技基础设施“强流重离子加速器装置” (High Intensity heavy-ion Accelerator Facility，

HIAF)已由国家发改委批准立项并开始建设。建成之后，HIAF将为微观物质结构和重离子应用等研究提供很

好的实验平台。HIAF的加速储存环 (Booster Ring，BRing)设计可以加速最高动量为 11.9 GeV/c的高流强质子束

流。因此，HIAF-BRing将为GeV能区的核物理和强子物理研究带来新的机遇。另一方面，极化实验是研究微观物

质及其相互作用的有力工具。我们提议启动相关物理和极化技术的预研工作，为在HIAF-BRing上开展自旋物理研

究打下基础。
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