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Luminosity is inversely proportional to transverse beam size (σxσy) at the 
collision point

Extreme focusing to reach small transverse beam size is limited by short 
focal length, short vertex length (hour glass effect) needing short 
bunches and high peak current and large non-linear optical effects

Full energy beam cooling gives small transverse beam size without the 
need for extreme focusing. Beam cooling can also reduce beam halo and 
reduces beam losses and detector background.

Luminosity of Storage Ring Colliders
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First high energy, bunched beam 
stochastic cooling gives record heavy ion 
collision rates

First bunched beam electron cooling for 
luminosity upgrade of “low” energy heavy 
ion collisions

Experimental demonstration of Coherent 
electron Cooling, a combination of 
stochastic and electron cooling, for fast 
cooling of high energy hadron beams

Strong high energy hadron cooling at RHIC
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Luminosity limits with hadron cooling – burn-off

Burn-off: particles are lost from beam intensity due to collision interaction 
(total cross section)
For Au-Au collisions (total cross section ~ 400 barns) maximum luminosity is 
about 1 x 1028 cm-2s-1 at RHIC
For proton-proton collisions (total cross section ~ 60 mb) maximum luminosity is 
about 1 x 1034 cm-2s-1 at RHIC

LHC and particularly HL-LHC would not benefit much from full energy 
beam cooling
For electron-ion colliders the total cross section is much smaller and 
burn-off is not a problem. This is the primary application for strong hadron 
cooling.
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First high energy, bunched beam 
stochastic cooling gives record 
heavy ion collision rates
Reached normalized emittances of
0.3 - 0.8 𝜇m

Heavy ion stochastic cooling – reaching burn-off

Figure 2: Left: collision rates (ZDC) for the STAR and PHENIX experiments for the two best 100 GeV Au-Au fills in regular
(top) and target (bottom) mode. For the latter, the STAR ZDC rates are dropped to 50 kHz 3 hours (later re-optimized
to 2.5 hours) into each store to maximize the integrated luminosity delivered to the HFT. - Right: horizontal and vertical
transverse emittances of the Blue and Yellow beams for a typical RHIC 100 GeV Au-Au store with stochastic cooling on
(main) and turned off at the end of a store (inclusion) during a dynamic β∗ squeeze experiment.

were observed, likely the result of beam scrubbing from the
high intensity proton run in the previous year.

As the run progressed, it appeared that the high colli-
sion rates were causing triggering issues for the STAR HFT.
To allow the experiment to reach both of its high and low
luminosity goals, the ZDC rates were dropped to 50 kHz
three hours into each store, which maximizes the usable
integrated luiminosity for each physics fill. Figure 2 shows
the STAR and PHENIX coincidence rates (ZDC) for the two
best physics store for each "mode". The performance of the
RHIC SC on the transverse beam emittances is also shown,
where a reduction of a factor 2.5-3 from the beginning of
store can be observed, down to about 5 π after 11 hours. Also
included is the effect of turning SC off during one of the
dynamic beta∗ squeeze test, with rapidly growing emittances
in all four planes. Figure 3 shows the cumulated delivered
luminosity to each experiment over the time during which
RHIC delivered physics.

Figure 3: Delivered integrated luminosities for STAR and
PHENIX during RHIC Au-Au 100 GeV Run14. The mini-
mum and maximum projections are also shown.

CONCLUSION

The RHIC 100 GeV Au-Au Run14 delivered record break-
ing bunch intensities and integrated luminosity to both STAR
and PHENIX experiments. Integrated luminosities exceeded
the initial design goals by nearly 50% by the end of the run
in large part due to the high performance of the injectors and
the Stochastic Cooling system. Two electron lenses and a
56 MHz superconducting RF cavity were also installed and
commissioned to keep pushing achievable luminosity and
optics even further, thus completing the RHIC-II upgrade.

REFERENCES

[1] C. Montag et al., IPAC’14, Dresden, Germany, June 2014,

TUPRO031, These Proceedings.

[2] Y. Luo et al., “RHIC Performance for FY2012 Heavy Ion

Run,” IPAC’13, Shanghai, China, May 2013, TUPFI082

(2013).

[3] J. Kapitan, “STAR Heavy Flavor Tracker Technical Design

Report,” Eur. Phys. J. C 62, 217 (2009).

[4] Y. Luo et al.,“Burn-off Dominated Uranium and Asymmetric

Copper-Gold Operation in RHIC”, PAC’13, Pasadena, CA,

USA, October 2013, TUXA1 (2013).

[5] W. Fischer et al., IPAC’14, Dresden, Germany, June 2014,

TUYA01, These Proceedings.

[6] P. Thieberger et al.,“Design of a Proton-Electron Beam Over-

lap Monitor for the New RHIC Electron Lens based on De-

tecting Energetic Backscattered Electrons,” BIW12, Newport

News, VA, USA, April 2012, MOPG025 (2012).

TUPRO032 Proceedings of IPAC2014, Dresden, Germany

ISBN 978-3-95450-132-8
1092C

op
yr

ig
ht

©
20

14
C

C
-B

Y-
3.

0
an

d
by

th
e

re
sp

ec
tiv

e
au

th
or

s

01 Circular and Linear Colliders
A01 Hadron Colliders

 0

 100

 200

 300

 400

 500

 600

 700

04/25 04/28 05/01 05/04 05/07 05/10 05/13

 I
n
te

g
ra

te
d
 L

u
m

in
o
si

ty
 [

µ
b

-1
 ]
 

 Date [ month/day ]

STAR
PHENIX

Min. Proj.
Max. Proj.

Figure 1: Integrated luminosities in 2012 RHIC U-U run.
The minimum and maximum projections are shown.

 0

 1

 2

 3

 4

 5

 6

 7

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5  5

 L
u
m

in
o
si

ty
 [
 1

0
2
6
 c

m
-2

s-1
 ]
 

 Time at store [ hour ] 

no cooling
L cooling only

L, V cooling
L, V, H cooling

Figure 2: Luminosity without and with stochastic cooling
in the 2012 RHIC U-U run. The rate drops every half hour
were caused by the automatic store orbit corrections fol-
lowed by interaction re-steering.
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Figure 3: One example of the ZDC rates, beam decays, and
burn-off contribution to the beam loss in 2012 RHIC U-U
run. The burn-off is calculated based on the analytical cross
section of 487.3 b [5].
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Figure 4: Integrated luminosities in 2012 RHIC Cu-Au run.
The minimum and maximum projections are shown.

PHENIX’s narrow vertex integrated luminosity goal. Nar-
row vertex luminosity only counts the collisions within
±10 cm of the IP.

Figure 5 shows the averaged bunch intensities at the be-
ginning of the store. To boost the bunch intensity in RHIC,
double bunch merging in the Booster and AGS was tested
and implemented. In principle, double bunch merging in
the Booster and AGS could increase the bunch intensity
in RHIC by a factor of 4. However, since double bunch
merging increased the ion beams transverse and longitu-
dinal emittances, careful tuning of the Booster, AGS, and
the AGS-to-RHIC transfer line was always required. Con-
tinuous efforts were also made to improve the transmis-
sion efficiency from RHIC injection to store by fine tuning
the working points, chromaticities, and transition loss. The
Cu bunch intensity was doubled and the Au bunch inten-
sity increased by 50% through out the course of the Cu-Au
run. We achieved the most intense ion bunch in RHIC up
to date.

In the Cu-Au run, Cu bunch intensity was more than 3
times the Au bunch intensity. The IBS emittance growth
rate of the Cu beam is half of that of the Au ion beam, while
the stochastic cooling rate of the Cu beam is one third of
the Au ion beam. In the beginning of this run, we observed
large Cu beam losses which were caused by the beam-beam
interaction between the Cu and Au bunches with different
transverse beam sizes. To maintain the Cu beam bunch in-
tensity and to maximize the integrated luminosity, we in-
tentionally reduced the Au beam’s cooling rate in the first
several hours of each store.

BURN-OFF DOMINATED BEAM

LIFETIME IN U-U COLLISION

Beam Loss in Previous Runs

In the RHIC heavy ion runs, the IBS increases the lon-
gitudinal and transverse emittances. With a smooth ring

TUXA1 Proceedings of PAC2013, Pasadena, CA USA
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Beam-beam interactions: emittance growth from collision interactions 
cannot be cooled fast enough. 

Beam-beam limitation is greatly reduced for linac (or ERL-ring) colliders 
with only a single interaction

Luminosity limits with hadron cooling – beam-beam 
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Increase bunch frequency and reduce bunch charge with constant beam 
current
Cool beam emittance at lower bunch charge to get the same beam-beam 
parameter (N/𝜀)
This results in the same luminosity
Now reduce 𝛽*, which is possible because of the smaller emittance, to 
get increased luminosity
This requires large crossing angle to avoid parasitic collisions and crab 
cavities

High bunch frequency and beam cooling

ℒ = 𝑓$
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CeC for RHIC: High Luminosity with large Piwinski angle
If head-on collisions are at beam-beam limit large 
Piwinski angle collisions of long bunches with very 
small emittance can increase luminosity (Super B 
factory)
Needs strong cooling: synchrotron rad. or CeC
Separate bunches outside high luminosity region to 
avoid beam-beam from low luminosity region.
Reducing beam emittance back to beam-beam limit
Smaller emittance and shorter overlap region allows for 
smaller beta-star
RHIC: overlap length ~ 10 cm, εn (rms) ~ 0.2 µm , 
β* ~ 10 cm gives ~ x10 luminosity increase 
( ~ 5 x1033 cm-2 s-1 !)

Head-on collisions

Collisions with 
crossing angle

Gun 1Gun 2

Beam dump 1 Beam dump 2

ERL dual-way electron linac

Modulator for Blue Modulator for YellowAmplifier for Blue

Amplifier for Yellow
Kicker for BlueKicker for Yellow
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Strong hadron beam cooling can increase collider luminosities up to the 
fundamental limit of burn-off and beam-beam interactions

Strong hadron beam cooling is particularly useful for electron-ion colliders 
because of the absence of the burn-off limit

High bunch frequency with large crossing angle or long bunches with 
large Piwinski angle can use of strongly cooled beams to increase 
luminosity

Summary


