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Project Overview 
 
1. Introduction.  All proposed detector concepts for  International Linear Collider  

experiments require a hadron calorimeter and  muon identification.  Each of these two 
subsystems must have detectors with the following common features:  

— large area 
— low cost  
— suitability for industrial mass production 
— high efficiency under actual hit rates 
— longevity  
 

So far  two major technologies have been brought forward for such applications: 
RPC’s of various types, and plastic scintillator strips.  Mainly because of their lower 
cost, RPC’s have been adopted by several large colliding-beam detectors, and have 
been operating for many years with mixed success. An extensive R&D program has 
been underway in many experiments, including  BaBar, ATLAS, and CMS, to 
understand and correct various problems and weaknesses that showed up under  high-
rate operation.  
 

Recently a new type of RPC has been developed for BESIII that appears to be a major 
improvement, making it a promising candidate detector for ILC hadron calorimetry 



and  muon ID. However, many properties must still be researched and characterized 
before one can be sure it will meet the many demanding requirements  for successful 
long-term operation under ILC conditions. 

 
2. RPC use in major HEP Experiments.  The following table gives a brief survey of 

large RPC systems in present and future experiments:  
 
Experiment 

 

Working 

mode 
# gaps 

Gap 

width 

(mm) 

Electrodes 

material,  ρ(Ωcm) 
Gas mixture (%) Readout 

BaBar Streamer 1 2 oiled bak., 1011 ~ 1012 60Ar/35C2H2F4/5C4H10 strips xy 

Belle Streamer 2 2 glass,         1012 ~ 1013 30Ar/62C2H2F4/8C4H10 strips xy 
ALICE TRI Streamer 1 2 oiled bak.,  ≈3× 109 51Ar/41C2H2F4/7C4H10/1SF6 strips xy 

ATLAS Prop. 1 2 oiled bak.,      ≈ 1010 96.7C2H2F4/3C4H10/0.3SF6 strips xy 

CMS Prop. 2 2 oiled bak.,      ≈ 1010 96C2H2F4/3.5C4H10/0.5SF6 strips x 

STAR Prop. 5 0.22 glass,              ≈ 1013 95C2H2F4/5C4H10 pads 

ALICE TOF Prop. 10 0.25 glass         1012 ~ 1013
90C2H2F4/5C4H10/5SF6

pads 

BESIII Streamer 2 2 Special Bakelite 50Ar/42C2H2F4/8C4H10
strips xy 

ARGO-YBJ Streamer 1 2 Bakelite 15Ar/75C2H2F4/10C4H10

psudo-

pad 

OPERA Streamer 1 2 Bakelite 48Ar/48C2H2F4/4C4H10
strips 

  

The failure of the BaBar RPC’s in summer 1999 prompted the international RPC 
community to devote tremendous effort on aging studies, and mainly due to the LHC 
RPC R&D work, we now have much better understanding for the mechanism of RPC 
operation,  aging, rate capability,  etc.   It has been clearly shown that RPC 
performance and degradation are determined by complex interactions among the 
operating conditions and the materials of the RPC’s, in which the current, integrated 
charge, humidity, production of hydrofluoric acid, etc. affect the linseed oil, graphite 
coating, and the bakelite itself, in complex ways that result in degraded  performance 
(increased dark current, reduced efficiency, increased resistivity, “death” by 
migration of graphite, etc.) In some ways glass RPC’s are more robust, but the high 
resistivities of inexpensive glasses make them unsuitable for high-rate operation.   

We shall continue to investigate and characterize these mechanisms as part of our 
proposed R&D project, comparing “conventional” and “new” RPC’s, with the goal of 
designing an optimal RPC configuration for the ILC. The following sections will 
explain all this in more detail.   

3. The  BESIII RPC concept and performance.  Linseed oil coating, a dominant feature 
of bakelite RPC technology, has brought both advantages and serious problems.  The 
performance of Bakelite RPC’s  with and without a linseed oil coating differs greatly, 



as can be seen in Fig. 1 and Fig. 21, which demonstrate that the dark current and 
singles rate for an oiled RPC are two orders of magnitude less than for a non-oiled 
chamber; it is therefore not surprising that most large RPC systems used oiled 
bakelite surfaces. However, the aging problems of oiled surfaces prompted the IHEP 
group to take another look at non-oiled bakelite, with great result. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

So far the BESIII group has fabricated ~1000 RPCs with non-oiled bakelite of 
extremely high surface quality. The average area for the endcap RPC’s is 1.3m2, for 
the  barrel, 1.4m2. The largest RPC they can make with their present capability is 
1.2m×2.4m. The performance of 444 barrel  RPCs is summarized in figure 3.  The 
dark currents, efficiencies, and singles rates of this sample are comparable to those of 
oil-coated Bakelite RPC’s, at least for short term operation at low rates.   

 
 

 

 

 

 

 

 
 
 

Figure 2. Dark current vs. high voltage for 
oiled and non-oiled RPC. The triangle dots 
represent a reference RPC. 

Figure 1. Singles rate vs. high voltage for oiled 
and non-oiled RPC.
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Figure 3. Statistics of the performance of BESIII RPCs: (a) Dark current; (b) Efficiency; (c) Singles 
rate. 
                                                
 M. Abbrescia et al. NIM A394(1997)13, Effect of the linseed oil surface treatment on the performance of 
esistive plate chambers. 
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Figure4. The evolution of the dark current and single’s rate plateau during the high 
voltage training for a BESIII RPC prototype.

4. Test results on BESIII RPC’s at Princeton. We have obtained a prototype RPC from 
BESIII (50×50cm2 in area) and performed various tests on it.  Measurements of dark 
current and singles rate plateau confirm the BES results, and indicate steady 
improvement during high voltage training over several weeks. Figure 4 shows the test 
results. After a month of training the dark current is approaching 0.5µA/m2 and the 
singles rate curve starts to show a plateau with HV.  The counting rate in the plateau 
region, ~ 0.075/cm2,  is only ~3 times of the cosmic ray background, approximately 
the same as for  top-quality  linseed-oiled bakelite RPC’s.  

 

 

 

 

 

 

 

 

The excellent performance of  the prototype led us to begin serious  R&D work to 
understand this superiority over the ordinary Bakelite RPC. First, we have  taken 
surface morphological images of the BESIII Bakelite and BaBar Bakelite with an 
Atomic Force Microscope. The images in Figure 5 show the BES bakelite to be 
significantly smoother.  (Note differences in vertical scale as given in the figure 
caption) 
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Figure 5. Bakelite surface morphological images: (A)(B) BaBar sample, 
(C)(D) BESIII sample. Note the vertical scale difference: (A) 996nm, (B) 
783nm, (C) 264nm, (D) 528nm. 
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5. Analysis of Test Results. The feature structure of the defects on the surface as we can 
see from figure 5 may be categorized into the four types shown in Fig. 6: “pin,” 
“ball,” “dome,” and “ridge.” We have used finite element analysis software ANSYS 
to calculate the electric field variation due to these defects. The tips of “pin” and 
“ridge” have been rounded to R = 0.5µm, and the height is the distance from the base 
to the tip (before being rounded).  
 

 

 

 

 

 

 

 

 

 

“Pin” “Ball” “Dome” 
Figure 6. Illustration of the parameters of the surface defects used in the Finite Element 
Analysis calculation. 
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The FEA results, shown in Table 2, show that the most serious defect type is the 
“pin”.  Hence one can conclude that the linseed oil coating plays an important role in 
covering this kind of surface defect, thereby avoiding regions of excessive electric 
field on the electrode, and preventing field emission, a likely  source of  high dark 
current and high singles rates.   

 

Table 2. Maximum electric field at the defect, for V = 1000V in a gap of width 2mm. 



Figure 7. Schematic view of the experimental setup for the measurement 
of fluorine production rate in the RPC.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

6. Proposed R&D program at Princeton and IHEP.   Our results so far are highly 
promising, and indicate that oil-free RPC’s could be an attractive candidate for 
hadron calorimetry and  muon ID  at the ILC. However, many more tests must be 
done before this technology can be considered sufficiently robust and stable to trust in 
an  ILC detector, which must operate with high performance for many years.  In 
particular, a recent report describes intensive studies and  presents new insights2 on 
several serious aging issues in conventional RPC’s.  The BESIII RPC’s have not yet 
been  subjected to these absolutely crucial tests; our R&D proposal is therefore aimed 
at studying these issues and others for the BESIII RPC’s under ILC conditions.  We 
are also confident the results of this work will be of interest to the  international RPC 
community. 
a.  Hydrofluoric acid damage to Bakelite surfaces. Hydrofluoric acid (HF) is 

produced in the RPC gas by the decomposition, under electrical discharge, of 
tetrafluoroethane, C2H2F4, the main component of most RPC gas mixtures. This  
very aggressive acid is expected to have a main role in damaging the RPC inner 
surface.   This issue has been studied in detail by Santonico et. al 2, in 
experiments where the significant concentration of  HF in the exhaust gas from 
RPC’s was trapped by bubbling the gas in water where the fluorine is detectable 
as F- ions.  The output gas was bubbled through a liquid mixture known as Total 
Ionic Strength Adjusting Buffer (TISAB), optimized to perform accurate F- 
measurements with electrode probes. The apparatus is shown in Fig. 7. The F- 
ions contained in the exhaust gas were trapped by the TISAB and the resulting 
concentration of F- ions was measured by an electrode probe immersed in the 
TISAB and connected to an acquisition system which monitored on line the probe 
output voltage. During the entire test, which lasted usually several hours, the 
fluorine produced inside the chamber was continuously transferred to the TISAB 
and the increase of the F- ions concentration was measured on line. In figure 8 

                                                 
2 R. Santonico, “RPC understanding and future perspectives”, NIM 533(2004)1. 



they show the amount of F- ions trapped by the TISAB vs. time for two different 
i-C4H10 concentrations, 5% and 30%, and the same working current of 15 mA. 
The slopes of the curves represent the rate at which F- ions are generated.   

 
We plan to conduct similar measurements with the BESIII RPC’s. In addition, 
and perhaps most important, we shall determine as quantitatively as possible the 
correlation between fluorine concentration and damage from aging.  
 

Figure 8. F- - ions gathered vs. time for two different isobutane concentrations: 5% and 30%. The 
operating current kept constant at about 15 µA in both cases.

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

b.   Bakelite Resistivity Studies.  Experience has shown that long-term operation of 
RPC’s at high rates results in a gradual increase in resistivity of the plates, which 
has  the  consequence of decreasing the RPC’s rate capability.  This is due to at 
least two effects – drying of the bakelite, and reduction of the thickness of the 
graphite coating.  The evolution of the electrode plate resistivity vs. the aging 
time in the course of about 15 months irradiation at X5-GIF, is shown in Fig. 9 for 
six ATLAS standard production RPCs3. The integrated charge per unit surface 
and the gas relative humidity are also reported in the figure. The gas humidity was 
set at controlled values during the test. In the last 5 months of test, as is also 
indicated in Fig. 9, the external environment was  humidified at about 50% 
relative humidity. The operation at low gas humidity during most of the first 11 
months of test produced a gradual increase of the resistivity that is mainly related 
to the integrated charge. It was found that when the relative humidity is increased 

                                                 
3 R. Santonico, “RPC understanding and future perspectives”, NIM 533(2004)1. 



at about 50% both in the working gas and in the environment, the resistivity starts 
decreasing back towards its initial value. This test suggests that the free charge 
carriers responsible for the conduction in the plastic material are produced by  
water electrolysis: the current across the plates removes the charge carriers and 
produces the observed increase of resistivity if these are not replaced by new ones. 
This mechanism of electrical conduction can be studied in the laboratory using 
small size samples of laminate that are kept under large currents. It should be 
stressed that a satisfactory understanding of the electrical conduction in all kind of 
materials used as RPC electrode plates, still remains a central task for the RPC 
scientific community. This issue also needs careful study on the BESIII electrode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another serious aging effect is the diminishing of the graphite coating after flowing 
certain amount of charge through the chamber. BaBar has observed such effect4. The 
present limit for this effect to take place is ~0.3C/cm2 5. It might depend upon the 
graphite coating technique; also may related to the electrode material, therefore the 
test for BESIII RPC is also required.  

Figure 9. Electrode plate resistivity vs. time for 6 ATLAS RPCs irradiated at X5-GIF. The 
integrated charge and the relative humidity (RH) of the working gas are also reported (right side 
scale). In the last 5 months of test (starting from the vertical dotted line) the environment RH was 
also controlled and kept around 50%. The integrated charge during 10 years working at LHC is 
expected to be 0.3 C/cm2 including a safety factor of 5.  

                                                 
4 C. Lu, “RPC experience: Belle, BaBar and BESIII”, Talk at 2005 International Linear Collider Physical 
and Detector Workshop, Snowmass, August 14-27, 2005. 
5 G. Aielli, et al., “Further advances in aging studies for RPCs”, NIM A515(2003)335. 



c.   Detailed morphological studies for BESIII Bakelite. At this time ours is the only data 
on the morphology of Bakelite surfaces, and only a very limited set of  samples have 
been tested.  We plan to assemble a comprehensive set of samples and scan them 
under our atomic force microscope. Once this data has been analysed we shall then 
study the effect of various surface treatments on the surface smoothness. As 
appropriate we may also study other types of bakelite.  

d.   Rate capability of the BESIII RPC.  To meet the various rate requirements of the real 
experiments it is advantageous to be able  to specifiy the optimal resistivity of the 
RPC electrodes. Bakelite is very attractive in this regard because the manufacturing 
process can produce plates of  well-determined resistivity over the range of interest in 
this important parameter. To determine the optimum, we shall build a series of RPC 
prototypes with different Bakelite resistivities, and then test their efficiencies vs. 
background hit rate. This test will be done at IHEP, Beijing,  where we can use a 
strong gamma source, and also use the electron test beam line to check the efficiency.  

 

e.   Overall aging performance of BESIII RPC.   We have listed various works on the 
RPC aging performed so far in the world RPC community, most of which were done 
on a very special category of RPC  based on Italian Bakelite electrodes. Since many 
of the materials in the BESIII type  differ greatly, it is critical to perform new 
independent, thorough  aging studies on the BESIII configuration. In fact this direct 
aging test is a major final criterion by which to judge the chamber.  

 

      We shall use the same setup used in the rate-capability tests to perform overall 
aging  tests. Specifically, the  test  RPC’s, while at full high voltage, will be radiated 
for long periods by a strong gamma source. The current will be recorded and 
integrated to measure the total accumulated charge, and the chamber efficiency will 
be measured periodically in the IHEP beam line.  

 

 
Facilities, Equipment and Other Resources 

 
1.   Princeton HEP group Facilities and Equipment.   

  a.  General. The Princeton Elementary Particles Laboratory  provides a comprehensive 
suite of mechanical and electronics fabrication and test facilities, including  a large 
class-100 cleanroom; electronics fabrication and test equipment;  modern CAD 
systems, FEA analysis capabilities, and  software for circuit and chip design; CNC  
and NC machining centers, lathes, and mills; 3000 sq-ft fabrication area covered by a 
2-ton crane. 

  b. Specific to RPC R&D.  Princeton has been involved in the BaBar RPC improvement 
project for 6 years, and  have accumulated a significant amount of dedicated 
equipment for our studies,  such as a CAMAC system, 10kV high voltage supplies, 
mass flow control systems, a LabVIEW data acquisition system, etc.  



c.  Princeton University Facilities.  We are very fortunate to have access to world-class 
imaging and materials-testing facilities in our Engineering School, specifically those 
housed in the  PRinceton Institute for the Science and Technology of Materials 
(PRISM). These have been, and remain essential to our studies of surface morphology, 
and to various diagnostics on the RPC materials as they age.     

  d.   Recent R&D experience. Beginning in February ‘05 our R&D has focused on the 
feasibility of switching over the second-generation BaBar  endcap RPC’s from 
streamer to avalanche (proportional) mode; the project is of utmost importance as 
without such intervention the inner regions of many layers would suffer serious aging 
and loss of efficiency  under the high-rate conditions of operation at >1034 luminosity. 
The main challenge, of course, is that neither the detector, gas mixture, power 
supplies, signal transmission lines, nor the electronics had been designed to deal with 
the tiny signals produced and other implications of avalanche mode operation. 
Fotunately, our project has been highly successful, and we are already taking data 
with 3 of the highest rate layers in avalanche mode.  The rest will be switched over 
within the next few months.  This work, all done at Princeton, is not only directly 
relevant to the research of this proposal, but has given us the added benefit that our 
test facility is  up-and-running.  

e.  Beijing Facilities and Resources. The good link between Princeton and  IHEP, Beijing, 
is essential for this project. The IHEP  scientists, who developed the Bakelite surfaces, 
and are very interested in working with us to produce an RPC system suitable for the 
ILC.  Furthermore, IHEP’s strong radioactive sources and test beam lines are very 
critical resources for the aging test. We also point out that a Princeton-IHEP 
collaboration is particularly natural because Changguo Lu had worked there from 
1982 to 1989 as the group leader of the shower-counter system for the BES barrel. 

 

FY2006 Project Activities and Deliverables 
 

In the first year of the project we plan to concentrate on aging studies for several 
prototypes.  

1. Aging tests will be performed  in summer 2006 at IHEP, Beijing, at their CO-60 
source and test beam line.  

2. In preparation for these tests we shall build several new prototypes at IHEP and 
Princeton.  

3. Lu and an undergraduate student will work on new morphological studies at 
Princeton on RPC’s with various surface treatments, and confirm our present 
appraisal of the BESIII Bakelite electrode.  

4.  A fluoride test station and gas analysis system will be set up at Princeton this 
spring to analyze the production and effects of  fluoride ions.  Results will be reported 
either at the end of FY 06 or early in FY 07. 

 

 



FY2007 Project Activities and Deliverables 
 

The main tasks and deliverables  for  FY 2007 are:  

1. Based on results from the above FY 2006 R&D, design and build full-size RPCs 
with various electrode resistivities. 

2. Use the IHEP test beam to study the rate capability and optimize the readout 
configuration.   

3. Prepare a design report for  a reliable, cheap RPC system for hadron calorimetry 
and muon ID at the ILC.   

 

Budget justification: Princeton University 
 

1. Personnel costs. We require support for one technician-month/year for making 
parts, etc. We also need to hire a undergraduate student for three months to participate 
the Bakelite morphological study in the first year and data taking for RPC testing in 
the second year.  We also request summer suppport for one graduate student in FY 
2006 and FY 2007. Engineering and additional technical support will be provided 
from the Princeton base program as needed.  

2. Apparatus. As described above, a large fraction of the necessary apparatus is 
already in hand from previous R&D. However, we need the following items to 
complete the system.    

  a. Gas Chromatograph system. and fluoride ion detection system. During the SSC 
era we assembled a very good mass-flow controller system, but it still leaves 
uncertainties in the absolute final mixing ratio. Adding a GC system is needed to 
reduce these uncertainties to the levels required for definitive results.  It is also  good 
for training the students who want to do experimental  work in our lab.  

 b.  Electronics.  We possess very small amounts of modern electronics, but have to 
rely too much on items more than 15 years old (they were granted to us for SCC 
R&D). It is still useful for the non-critical parts of the system, for which we plan to 
deploy it. We shall implement the modern  ADC’s, linear fan-in/out’s, and low-level 
discriminators requested for the most sensitive measurements.     

 c.  Fluoride-ion probe.    

 

 

 

 

 

 

 



 

Requested Apparatus (As much in  FY 2006 as  possible) 

 

 

item Use of the item Qty Unit price Total cost 

Gas Chromatograph Analyze gas for gas mix 1 set $15,000 $15,000

CAMAC ADC (peak 
sensitive) 16 channels 

Record signal peak 
amplitude  

2 $3,225 $6,450

NIM Linear fan-
in/fan-out, 16 channels 

Split the analog signal to 
multiple outputs 

4 $925 $3,700

Low threshold 
discriminator, 16 ch. 

 1 $5,800 $5,800

Fluoride probe Analyze the fluoride ions 
in the gas mix  

2 $500 $1,000

 $31,950

 
Two-year budget, in then-year  K$ 
     

 

Item FY2006 FY2007 Total 
Other professionals (1 technician/mo/yr, incl. benefits) 6.965 7.174 14.139
Graduate Student (2 mo/yr ) 7.500 7.800 15.300
Undergraduate Student (2 mo/yr) 3.520 3.650 7.170
Total Salaries, Wages and Fringe Benefits 17.985 18.624 36.609
Equipment 16.000 15.950 31.950
Travel 5.000 5.000 10.000
Materials and Supplies 5.000 3.000 8.000
Other direct costs 0 0 0
Total direct costs 43.985 44.574 88.559
Indirect costs (no indirect on  equipment) 16.231 15.441 31,671
Total direct and indirect costs 60.216 60.051 120.267
    




