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Topics	/	Challenges

• Fast	time	structure
• JLEIC	2	ns	bunch	to	bunch
• eRHIC	9	ns
• Background	rejection

• Multiple	Species
• 𝑝⃗, 𝑑, 𝑑, 𝐻𝑒( ,	Li?

• Improving	precision	to		<	2%
• Test	beam	opportunities	at	JLab	and	RHIC
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Coulomb-Nuclear	Interference:	
pC and	pH	Scattering
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RHIC	pH	Polarimeter
• Absolute
• Main	systematic	is	un-polarized	residual	H
• Slow
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moment, and the hadronic (nuclear) spin-nonflip amplitudes,
which can be related to the total cross section σtot via the op-
tical theorem (thus Coulomb nuclear interference). The CNI
asymmetry was first predicted by Schwinger in 1946 [1]. AN

reaches a predicted maximum value of about 4–5% around
−t ≃ 3 × 10−3(GeV/c)2 and decreases with increasing |t|
[2,3]. In general, the form of AN and the position of its maxi-
mum depend on the parameters describing the hadronic ampli-
tudes: σtot, the ratio ρ between the real and imaginary parts of
the forward scattering amplitude, the Bethe phase shift δC , and
the nuclear slope parameter b [4].

Several authors (see for instance [4] and references therein)
anticipated the existence of hadronic spin-flip amplitudes. The
presence of a hadronic spin-flip amplitude interfering with
the electromagnetic spin-nonflip one introduces a deviation in
shape and magnitude for AN calculated with no hadronic spin-
flip. A measurement of AN in the CNI region, therefore, can
be a sensitive probe for the hadronic spin-flip amplitude. This
effect is measured by the ratio r5 between the single spin-flip
(φhad

5 ) and the spin-nonflip (φhad
1 , φhad

3 ) hadronic amplitudes:

(1)r5 = lim
|t|→0

Mp√−t

φhad
5

Im(φhad
1 + φhad

3 )/2
,

where Mp is the proton mass. In the simplest hypothesis the
reduced spin-flip amplitude φhad

5 /
√−t is assumed to be pro-

portional to φhad
1 and φhad

1 = φhad
3 [4]. The t dependence of

the hadronic spin-flip amplitude, however, is tightly connected
with the structure of hadrons at large distances and carries in-
formation on the static properties and on the constituent quark
structure of the nucleon [5].

Within Regge phenomenology, one can probe the long stand-
ing issue of the magnitude of the pomeron spin-flip [4,6]. In a
diquark enhanced picture of the proton, for instance, the mag-
nitude of the hadronic spin-flip amplitude is associated with
the diquark separation, the smaller this separation the bigger
the effect [6]. In the impact model based on the rotating matter
picture for a polarized proton the spin-orbit coupling provides
a helicity-flip amplitude [7]. Hadronic spin-flip contributions
may also have their origins in instantons [8].

A first measurement of AN at
√

s = 19.4 GeV, though much
less precise, had been performed by the E704 experiment at
Fermilab using the 200 GeV/c polarized proton beam obtained
from the decay of Λ hyperons [9]. Recently, AN has been mea-
sured also at

√
s = 200 GeV by colliding the RHIC polarized

proton beams [10].
In this Letter we report on a precise measurement of the

analyzing power AN in the CNI region of 0.001 < |t| <

0.032 (GeV/c)2 at
√

s = 13.7 GeV using an internal polarized
atomic hydrogen gas jet target and the 100 GeV/c RHIC pro-
ton beam. The RHIC collider accelerates transversely polarized
protons in bunches of opposite polarization [11]. By averaging
over the bunch polarizations and several accelerator fills, one
obtains an unpolarized proton beam. The residual beam polar-
ization was less than 1% of the original one.

2. Experimental set-up

Fig. 1 shows the schematic layout of this experiment, lo-
cated at the 12 o’clock interaction point of RHIC. The polarized
atomic hydrogen beam crossed the RHIC proton beams from
above. The two RHIC beams were radially displaced by about
10 mm, so that only the beam circulating clockwise interacted
with the jet target. The polarization of the atomic beam was
directed vertically. In the CNI region at high energies recoil pro-
tons from pp elastic scattering emerge close to 90◦ with respect
to the incident beam direction. The scattered beam protons did
not exit the beam pipe and were not detected. In the covered
t region, however, the elastic process is fully constrained by the
recoil particle alone.

The polarized hydrogen jet is produced by an atomic beam
source in which molecular hydrogen is dissociated by a radio
frequency (RF) discharge. Hydrogen atoms emerge through a
2 mm diameter nozzle cooled to 70 K and enter a set of sex-
tupole magnets that spin separate and focus the atomic beam
according to the electron spin. Nuclear polarization of the atoms
is obtained using two RF transitions that induce spin-flips in the
hydrogen atoms. To avoid depolarization of the atoms a set of
Helmholtz coils around the interaction point provided a very
uniform vertical magnetic holding field (0.12 T).

The target polarization PT was constantly monitored with
a Breit–Rabi polarimeter located below the interaction point.
The net proton polarization was 0.958 ± 0.001. A measured
(3.5 ± 2.0)% contamination of the atomic beam by hydrogen
atoms bound into molecules resulted in a small dilution of the
target polarization. Taking into account this dilution, the tar-
get polarization PT was 0.924 ± 0.018. The proton polarization
was reversed every 600 s by turning on one or the other of
two RF coils. The efficiency of the spin-flip transitions was
above 99%. Most systematic effects associated with the spin-
asymmetry extraction thus cancel. The atomic jet achieved a
polarized beam intensity of 1.2 × 1017 H atoms/s at a speed of
(1560 ± 50) m/s, which is the highest intensity recorded to date.
At the interaction point the target profile is nearly Gaussian
with a FWHM of 6.5 mm. The areal density of the target is
(1.3 ± 0.2) × 1012 H/cm2. For more details see [12].

The recoil protons were detected using an array of silicon
detectors located to the left and to the right of the beam at a

Fig. 1. Schematic layout of this experiment.



RHIC	pC Polarimeter
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the nature of the light (black body radiation or not) and
the temperature. The glowing light spectrum at the target
tails when crossing the beam or at park position does not
consistent with black body radiation. But to make detail
spectral analysis, a spectrometer is needed.

One possible mechanism to explain the glowing target
tails is the induced electric-magnetic fields due to the beam
passing by. The target chamber is like a RF cavity and the
target frame is like an antenna. The induced high frequency
electrical fields move electrons back and forth along the
target frame as weel as targets. Heat is generated due to the
resistance of the targets, which in turn causes black body
radiation and emit lights.

At store energy(250 or 255 GeV), the high frequency
RF cavities (200 MHz) were turned on to generate shorter
bunches for luminosity gain. The high peak current associ-
ated with the short bunches should make the glowing worse.
Indeed, the 200 MHz cavity was ramped to lower value and
the glowing light disappeared. This observation is consis-
tent with the induced field hypothesis, as higher peak current
with higher 200 MHz cavity voltage is expected to induce
stronger electric fields. In run13, the 200 MHz cavity volt-
age was ramped down during the polarization measurements.
This procedure not only reduced the glowing light, but also
reduced the electronic noises in the preamp circuitry. The
ramping down 200 MHz cavity voltage only reduces the
light during measurements when the e�ect is strongest. The
target glowing at park position is still a problem. Due to the
space constraint, only half of the targets can be parked far
enough from the beam. The other half targets have to endure
the chronic e�ect of the induced electric-magnetic fields
throughout the stores. These targets indeed have shorter
lifetime compared to the other half which could be parked
further away. To prolong the target lifetime for these half
and probably to all targets, something needs to be done.

SIMULATION OF TARGET HEATING
If the problem is due to the induced electric-magnetic

fields, the e�ect should be proportional to the electric fields
along the target wire. One possible solution is to provide
surface for the field lines to “spread out”. These surface
should have smooth curvature to avoid sharp edges. One
design is to add fins to both ends of the target frame. In
general, the larger the surface, the larger the reduction, but
the fins must fit into the limited space in the tank and the
clearance from the target-beam interaction region to the Si
detectors have to be maintained, too.

The simulations were done with CST-studio [8]. The real
mechanical drawing of the polarimeter chamber (as shown
in Fig. 3) was used in the simulation. The peak current of
beam is used in the simulation. Three cases of target relative
to beam positions were simulated: the first one was when a
target crossing the beam center; the second and third ones
were when all targets were away from the beam by 2.5 cm
transversely at either inner or outer positions. There was not
much di�erence in the last two cases.

Figure 3: The 3D drawing of the polarimeter chamber. The
tape structure (5:1) is to reduce the impedance impact on the
overall RHIC ring impedance budget. The two view ports on
both tape structure are used to monitor the target operation.
The big view port on the top is for target installation. Three
cameras are mounted on these view ports to monitor the
polarimeter target operation. There are two sets of six Si
detectors ports surrounding the chamber on both sides of
the big view port. There are vertical and horizontal targets
for each set.

Figure 4: The detail of one horizontal target assembly. The
vertical target assembly(the smaller hole at the bottom) was
not included in the simulation.

Figure 5: The details of the target frame fins. The shape is
designed to have smooth curvature and enough clearance
in the chamber. The half elliptical shape allows it to be
mounted on every target, but a full elliptical shape should
reduce the electric fields further.
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Collider Specific Instrumentation

Which in turn provides the absolute beam polarization directly and in effect a calibration mechanism 
for the p-Carbon polarimeters, running simultaneously, at any energy.  
 

 
Figure 1. The Analyzing power in pp and p-Carbon elastic scattering. 

 
The RHIC p-Carbon polarimeters [3] consist of a vacuum vessel in which several thin carbon targets 
are mounted on a special target drive operated by a motor to select horizontal or vertical targets for 
scanning across the beam to measure both the beam polarization and beam polarization profile. 
Carbon targets 5-10 um wide and 5 ug/cm2 thick are mounted on ladders and surrounded by three 
pairs of silicon detectors that are mounted at approximately 18 cm away with one pair at 90 degrees in 
the horizontal plane and the other two at + /- 45 degrees above and below, Figure 2.  Each beam has a 
pair of polarimeters systems and allows redundancy and a venue to test detector upgrade concepts. 
 

 
 

Figure 2. A beam view of the silicon detectors in the RHIC polarimeters. 
 
The silicon detectors, manufactured by the BNL instrumentation division, comprise 12 strips each and 
independently measure the scattered recoil carbon energy and time of arrival. The silicon detectors 
energy response is calibrated using americium sources that emit alphas with energy of 5.5 MeV. The 
large elastic cross section provides a fast measurement of the left right asymmetry and thus the degree 
of beam polarization with 2% statistical accuracy in less than one minute. The polarized jet target is 
located within 100 meters from the polarimeters and using Hamamatsu silicon detectors calibrated 
using americium as well as gadolinium (3.2 MeV) alpha sources, alternately measures the absolute 
beam polarization to better than 5% in an 8-hour store at a beam energy of 250 GeV.  Thus it takes a 
few stores to calibrate each polarimeter. The jet measurement, on the other hand is limited by the 

• Dual	targets
• 15	inch	diameter
• 1:5	taper



pC Kinematics	~90°
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Energy-angle	correlation	washed	
out	by	recoil	C	multiple-scattering		
in	thin	C	target



Energy-Time	Correlation	
RHIC	pC

• Impossible	to	resolve	C	signal	from	p,	α,	𝜋
background	with	EIC	bunch	rep	rate	of	2	– 10	ns
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As an injector for RHIC, the AGS circulates one bunch at a time with a maximum intensity of 2x1011 
protons. In order to emulate as closely as possible to the RHIC conditions, the AGS RF system was 
reconfigured to circulate as many as 12 bunches with a maximum intensity of 1.5 x 1011 per bunch 
each. The time between bunches was 240 nsec compared to the 106 nsec in RHIC.  However and in an 
effort to stress the system rate wise, we utilized significantly thicker carbon targets.  
 
In addition, and to test the effect of the signal degradation (reduced pulse height and spread) due to the 
long cables from the tunnel to the counting house (~300 ft) we also set up a parallel readout in an 
alcove inside the AGS tunnel with cable lengths of some 40 ft. The tests provided: 

• A comparison to assure the measured polarization with all three systems yield identical results 
• A stress test and comparison between various systems 
• For the current sensitive preamplifier system, a comparison between short and long cables and 

at the same time whether one needs pulse integration or pulse height only 
• An effort to establish a T0 (start time or time for an infinite particle traversal) by having a pair 

of silicon detectors at two distances from the carbon target (32.3 and 104.9 cm respectively) 
• Test the effect of dead time on the triggered ADC/ TDC readout system 

 
Unfortunately, the ADC/TDC polarimeter set up suffered some significant RF noise problems 
primarily due to an insufficient grounding scheme on the ceramic board used to anchor the 
Hamamatsu detectors and rendering a few channels usable with full analog pulse investigation. The 
rest of the tests with this system utilized a high discrimination threshold and a scalar readout scheme. 
 
An open readout configuration without any cuts shows the relative rates seen by the detectors are 
shown in Figure 4. 
 

   
 
Figure 4. The time and energy spectrum and the relative rates of various particles detected by the 
silicon detectors with the proton beam impinging on the carbon target. It should be noted that for beam 
polarization measurements, the species of interest are the elastically scattered recoil carbons 
 
A comparison of the pulse shapes between the old charge current preamplifiers and the new current 
sensitive design is shown in Figure 5.  
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R&D	Project	1
• Understand	the	background
• RHIC	experience	says	it	is	beam-target
• p,	α	particles	semi-isotropic	

• Fermi-momentum	larger	than	momentum	transfer	at	90	deg
• p,	α,	C	stop	in	<	1	micron	of	Si-strip	detector

• Prompt	signal	is	likely	minimum	ionizing
• Punches	through	Si	detector

• Install	a	second	layer	to	tag	prompts
• Decrease	primary	detector	thickness	to	~50	μm
• Tests	do	not	require	polarized	beam

• Polarized	proton	beam	in	RHIC	2021
• AGS	also	possible

• Are	ion	beams	usefull?
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R&D	Project	2
• Improve	the	energy	and	TOF	precision
• Optimize	Si	sensor	for	low-energy	heavy-ionizing	C	recoil
• Range	is	50	– 100	nm	in	Si

• Dead	areas	are	OK,	dead-layers	are	not
• Present	energy	resolution	is	~	4%

• Poisson	statistics	limit		 234
5.2734

�
= 0.1%

• Low	Gain	Avalanche	Diode	(LGAD)	detectors	are	striving	
for	10	psec time	resolution
• C	Signal	is	large
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R&D	Project	3
• p,	α,	C	PID	from	ΔE/E	measurement
• Borrow	concepts	from	low	energy	nuclear	physics
• 5	Torr gas	detector	~	1	cm	in	front	of	Si-strip	detector
• Vacuum	window	must	be	as	thin	as	target	foil		
(5	μg/cm2).		Support	window	with	micro-mesh.

• C	energy	loss
≤	0.1	MeV/cm
in	5	Torr CO2

• ≤	3000	e–ion	pairs/cm
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Ions:		d,	3He,	...

• p+p	and	p+C kinematics,	asymmetries	similar
• Expect	d+C,	3He+C… to	have	comparable	
asymmetries
• Tagging	beam	breakup	channels	might	even	enhance	
S:N

• Absolute	polarization	measurements	possible	with	
Polarized	Atomic	Beams
• 𝑑 + 𝐷,	

• What	are	the	dD and	dC tensor	asymmetries?
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Conclusions
• R&D	needed
• Feasible	with	existing	beams	at	RHIC,	Jlab
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