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        The history of the creation of sources of polarized particles is considered. A 

comparative analysis of the parameters of different sources of polarized particles used 

for production of polarized ions or for  polarized gas targets is given. The reasons for 

limiting of the atomic beam intensity in such kind of sources are analyzed. The 

parameters of polarized gas targets obtained with the use of these sources are presented. 

Other sources of polarized particles are discussed.   
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1. Introduction 

   The first quarter of the 20th century proved to be very rich in natural discoveries. This is the 

birth of quantum mechanics of Heisenberg and Dirac, the new quantum Bose-Einstein statistics, 

the birth of the Pauli exclusion principle and the hypothesis of spin. In 1925 a new fundamental 

concept of spin was introduced in physics by Uhlenbeck and Goudsmit [1]. It is essential that all 

these physicists who created the foundation of quantum mechanics were very young people. 
The concept of spin has proved to be very fruitful. Spin plays an important role in atomic, 

nuclear and particle physics and other fields. To understand the role of spin in interaction and 

formation of bound system such as nuclei and hadrons a lot of scattering experiments with 

polarized targets and polarized high energy ion or electron beams were performed.  One of the 

intriguing and still considered one of the most important unsolved problems in physics is so 

called the "proton spin puzzle".  The experiment carried out by the European  Muon 

Collaboration (EMC)  showed [2]  that the total proton spin carried by quarks is far smaller 

than 100% and these results were consistent with almost zero proton spin being carried by 

quarks. An important question, crucial to the understanding of the internal structure of the 

nucleon, of how to split the total angular momentum of a gluon into spin and orbital 

contributions is one of the most important and interesting challenges in theory [3]. Another very 

interesting and important result on the distribution of charge and magnetic moment in the proton 

was obtained at Jlab in experiment with polarization technique [4].  The ratio of electric to 

magnetic form factor of the proton strongly differs from the dipole law as was measured earlier 

using classical Rosenbluth separation method. The radiative correction, in particular a short 

range two photon exchange, is likely an origin of this discrepancy [5].  

   In this paper we will review the gas polarized targets inserted into the storage ring of high 

energy charged particles – ions or electrons. The main attention will be paid to polarized 

hydrogen and deuterium Atomic Beam Sources (ABS) which parameters of intensity and 

polarization of the beam are extremely important for the quality of the internal target.    

2. Polarization of an ensembe 

      The polarization of an ensemble of spin 1/2 particles is described by a polarization vector. 

The component of polarization along some axis (z) is defined as: Pz = n+ − n− with n± = N±/(N+ 

+ N−)  , where n+ and n− are the fractions of particles with spin I along z (mI = +1/2 ) and 

opposite to z(mI = −1/2 ), respectively.  The polarization of deuterons (spin I = 1) in an axially 

symmetric ensemble can be described in terms of the relative populations n+, n0 and n− of 

deuterons with magnetic substates mI = +1, mI = 0 and mI = −1 with respect to the symmetry 

axis (direction of uniform magnetic guide field). In the absence of polarization, n+ = n0 = n− = 

1/3. The vector polarization of a deuteron target is defined as Pz = n+ − n− , while the tensor 

polarization (alignment), Pzz = 1 − 3n0     describes to what extent the ensemble is depleted or 

enriched in particles with mI = 0. 

3. Polarized ABS 

   Apparently Wrede [6], Phipps and  Taylor  were the first who got a polarized atomic hydrogen 

beam. They observed a spatial separation of atomic hydrogen  beam with respect to the 

magnetic moment of atom in inhomogeneous magnetic field similar to well known experiment 
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of Stern and Gerlach. The intensity of the 

beam was very low. The measured split of 0.4 

mm between the two components of the 

atomic beam corresponded to the magnetic 

moment of atom of one Bohr Magneton.  In 

the early 50
th
 of the last century Friedburg  and 

Paul  [7] suggested to apply a focusing magnet 

which provides more intensive atomic beam. 

They used six wires, placed at equal distance 

from the center obtaining a focusing lense 

similar to lenses for light. In neighboring wires 

current is driven in opposite direction. 

 
Fig.1. Splitting of the hydrogen atomic beam 

from ref. [6]. 

Later Hamilton [8] with coworkers applied iron pole tips that significantly increased the 

magnetic field in the aperture. Hamilton estimated that the focusing system allows to produce a 

beam with the intensity of approximately two order of magnitude higher than the other system. 

Kantrowitz and Grey [9] suggested to use a supersonic nozzle with purpose to obtain more 

directed beam. Clausnitzer et al. [10] first got a polarized proton beam using an ABS with 

quadrupole focusing magnets. The intensity of polarized atomic beam was approximately 10
11

 

at/sec. In an inhomogeneous B-field of multipole magnet atoms are driven towards or away 

from its axis, depending on the projection of the magnetic moment of atom at this field. For 

the point source of monochromatic atoms placed at the entrance of the magnet all the atoms 

which velocity lies inside of the solid angle mag.  =  B0/kTnozzle  may be focus to the axis. B0 

is a pole tip field and Tnozzle is a temperature of atoms. In a modern ABS usually sextupole 

Table 1. 
ABS geom. (sr) = 

r
2

mag./l
2
 n-mag.

mag. (sr) =      

B/kTnozzle

av.  =

g. m./( g.+ m.) 

Intensity 

H    /   D       at/sec 

Wisconsin ABS  

NIMA336(1993)410  

2.86*10
-2

  3.74*10
-2

  1.62*10
-2

  8.6*10
16

      total        H  

6.7*10
16

      d10mm   H  

FILTEX ABS  

NIMA343(1994)334  

2.38*10
-2

  2.95*10
-2

  1.31*10
-2

  8.1*10
16

      d10mm   H  

HERMES ABS  

NIMA496(2003)277  

1.73*10
-2

  3.16*10
-2

  1.12*10
-2

  6.6*10
16

     d10mm    H  

5.0*10
16

                      D  

ETH ABS 

(NIKHEF)  

electromagnets  

NIMA378(1996)40  

2.5*10
-2

  3.31*10
-2

  1.42*10
-2

  2.6*10
16

     d 12mm   H  

1.6*10
16

                      D  

ETH ABS 

(NIKHEF)  

perm. magnets  

NIMA455(2000)769  

2.29*10
-2

  5.1*10
-2

  1.58*10
-2

  7.6*10
16

       max        H  

6.4*10
16  

d 12mm       H  

4.5*10
16

                      D  

Cryogenic ABS  

NIMA495(2002)8  

4.3*10
-2

  5.3*10
-2

  2.37*10
-2

  7.9*10
16

       total       H  

8.2*10
16

                     D                           

RHIC  ABS  

NIMA536(2005)248  

NIMA556(2006)1  

2.36*10
-2

  5.48*10
-2

  1.65*10
-2

  12*10
16

        total       H  

ANKE ABS  
arXiv:1212.1840  

3.14*10
-2

  5.8*10
-2

  2.04*10
-2

  7.5*10
16

      d 10mm  H  

3.9*10
16

                     D              

  

magnets are applied mostly based on permanent magnets while a superconducting or warm coil 

magnets are also used. The important parameter is solid angle geom. at which the magnet 

entrance is seeing from the nozzle. A product av. = mag.  geom./( mag.+ geom.) may  designate  

the quality of ABS. Race tracking calculations are usually used to optimize the intensity from 
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ABS. Table 1 presents the parameters of some ABS and intensity of a polarized beam 

achievable for given source. The intensities of sources are similar to each other except the RHIC 

ABS which demonstrate the record intensity 1.2 10
17

 at/sec for hydrogen atomic beam even 

more than it was predicted by calculation. These ABS are used in physical experiments allowing 

to obtain with implementation of storage cell technique a target thickness of about 10
14

 at/cm
2
 

with high polarization [11]. 

4. Intensity limitation 

   The intensity of polarized beam from ABS depends on many factors – flow rate of gas 

through the nozzle, temperature of the nozzle, degree of dissociation in the beam, focusing 

properties of the magnet system, vacuum conditions along the beam path. It is not easy to 

distinguish the influence of each factor on the resulted intensity. It is much easier to determine 

the influence of some factors on the intensity of molecular beam when dissociation and focusing 

out of the problem. Usually these measurements performed in ABS with magnets removed with 

the purpose to avoid additional scattering inside the magnet aperture. A lot of such 

measurements have been done [12]. Fig.2 presents some results on the intensity measurement of 

the molecular hydrogen beam at different distances from the nozzle and different nozzle 

temperature. One can see that the intensity of the beam measured versus the gas flow rate 

through the nozzle looks very similar. For large distances or low nozzle temperature the beam 
 
FILTEX  ABS, 1991 

  
 

T. Wise et al. NIMA 336(1993) 410 

  

Fig.2. Intensity of the free molecular beam measured at different distances from the nozzle (left) 

and at fixed distance for different nozzle temperature. 

 

intensity almost doesn’t depend on the flow rate. This behavior may be explained by intrabeam 

scattering [13]. In this model the flux density of molecules in the parallel beam drops with 

distance x as Q(x) = Q(0)/[1+ x Q(0)], where  = v/v
2
,  is a scattering cross section,  v 

and v is a mean velocity and a width of velocity distribution in the beam. For the case of large 

distances, low gas velocity or high flux Q(0) when  x Q(0) >> 1 Q(x) ~ x)
-1 

and doesn’t 

depend on the initial flux Q(0). For the typical operating condition of modern ABS  

cm sec and for x=100 cm one may expect the maximum flux density Q(100cm) ~ 

5*10
17

 /cm
2
/sec. Also the beam may become more divergent with increasing the gas flow when 

the freezing surface moves toward the skimmer [14]. Additional attenuation of the beam 

intensity may be caused by scattering of the beam particles by the residual gas along the beam 

path. It seems that the intensity of about ~ 10
17

 at/sec is a real limit for the ABS based on Stern 

Gerlach separation of atoms with respect of their magnetic moment.  
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5. Summary and outlook 

    The ABS discussed above were successfully used for creation of polarized hydrogen and 

deuterium gas targets which were applied in experiments in the storage ring of charged particles 

or for production of polarized ion beam. For new proposed polarized facilities [15] a filtering 

polarized proton target with much higher thickness is required to get a reasonable polarization 

time of antiproton beam. The required target thickness is more than 
 
cm

-2
. The ABS 

feeding storage cell method can’t be used in this case. Because it is impossible to inject atomic 

beam into the tube where the areal density has the same order of magnitude 1 10
15 

cm
-2

,  

whereas the cross section for H-H scattering is about  1 10
-14 

cm
2
.
  
The spin-exchange optically 

pumped sources which have demonstrated some success in the beginning were not resulted in a 

reliable source of polarized atoms [16]. The recent research [17] has shown that molecules 

retain a high fraction of initial nuclear polarization of recombined atoms from  ABS and that 

this can be used for production of more dense polarized targets. In [18] it was proposed  

 to use axisymmetric multipole magnet 

with superconducting coils to get a spatial 

separation of the hydrogen molecules with 

different projections of full moment. In 

such a magnet the magnetic field and its 

gradient are large only near the poletips. 

Therefore a ring aperture near the poletips 

can be used for a spatial separation of the 

substates. A capillary ring array source 

should provide a narrow beam of cold 

molecules. The geometry of the source is 

 
Fig.3. Suggested source of polarized molecules. 

presented at Fig.3. It is expected that such a source may provide the total flux of polarized 

molecules of about 1 10
18 

sec
-1

. Preservation of nuclei polarization in a molecule during the 

transportation into the storage cell still remains an open question.    
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