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Many experiments at Fermilab require 
understanding neutrons 

• Mu2e 
• Neutrino experiments 

Invest in neutron test facility (in addition to 
neutron irradiation facility): 

➡Appropriately designed shielded room(s?)  
➡Neutron generator: 
• commercially available 
• well defined neutron energies                      

En = 2.45 MeV(DD), 14.1 MeV(DT) 
• control flux/time structure of neutrons 

(coincidence tagging for testing detectors) 
➡New 252Cf source: 
• well defined/understood neutron energy 

spectrum 
• AmBe/PuBe En spectra depend on component 

mixture/packing factors, etc. 
• t1/2 = 2.645 years

Neutrons
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252Cf → spontaneous fission

Nn/fission = 3.7

En(mean) = 2.1 MeV
En(peak) = 740 keV

Ref NNDC Reaction Data

FNAL currently has a single 252Cf source  
Activation: 2.5 µCi  
                  1.1e4 n/s over 4π 
                  0.08 n/cm2/s @ 1m 
Desired Activation: 5,000 - 10,000 µCi 
                  (2.1 - 4.2)e7 n/s over 4π 

(160 - 320) n/cm2/s @ 1m



Thin films facility used by various divisions/users 
(coatings, mirroring, diamond polishing, etc) 

Thin Films Facility Investments: 
➡Photolithography 

• Allow for surface metallization of complex 
patterns 

• Enhance existing facilities 
➡Oxygen Plasma Etch Machine 

• Aid in surface preparation for adhesion of 
thin films 

• Supplement/enhance existing facilities 
➡Surface Materials Scientist/Chemist 

• Better understanding of processes 
• Assist with coatings, etc. 

Capability Expansion/Upgrades (1)
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Table 1 
Physical properties of diamond 

Property Diamond 

Band Gap [eV] 
Breakdown field [V/cm] 
Resistivity [R cm] 
Intrinsic carrier Density [cmm3 ] 
Electron mobility [cm’V_ ‘s- ‘1 
Hole mobility [cm’V_ ‘s- ‘1 
Saturation velocity [pm/m] 
Dielectric constant 
Cohesive energy [eV/atom] 
Energy to create e-h pair [eV] 
Mass density [g/cm’] 
Ave number of e-h pairs Created/100 pm [e] 

5.5 
10’ 
> 10” 
< 103 
1800 
1200 
220 
5.6 
7.37 
13 
3.5 
3600 

laboratory with sources used to calibrate the detector and 
the electronics. Finally, we describe the testbeam telescope 
used to collect the track data and present the first results of 
the detector’s spatial resolution and efficiency. 

2. Principles of operation 

Some of the material properties of diamond which 
make its use attractive in the hostile environment of future 
colliders are shown in Table 1 [2]. For the purposes of 
constructing high precision, radiation hard microstrip de- 
tectors, the parameters of interest are the large band gap 
and low intrinsic carrier density which imply low leakage 
currents, the large resistivity that allows ohmic contacts to 
be used to sense the charge created during ionization, the 
large breakdown voltage that gives stable operation, and 
the large cohesive energy and tightly bound structure 
which imply good radiation resistance. 

In Fig. 1 we show a schematic view of a single-sided 
diamond strip detector. The basic detector consists of a 
diamond wafer approximately 300 pm thick, a series of 
strips on one side of the diamond and a solid electrode on 
the opposite side. One applies an electric field, less than 
the breakdown field, across the thickness of the diamond. 
Under these circumstances the leakage current due to 
intrinsic carriers is extremely small on the order of a few 
pA. A charged particle traversing the diamond creates 
electron-hole pairs which separate in the applied field. 
The motion of these charges induces a current in the 
electrodes on the surface of the material; the size of this 

Fig. 1. Cross section view of the diamond microstrip detector. 

Fig. 2. Charge collection distance as a function of bias voltage 
placed across the diamond. The uncertainty on the charge col- 
lected at each voltage is smaller than the size of the plotted points. 

signal is proportional to the distance the charges separate. 
The average distance the electron-hole pairs separate is 
called the collection distance [4] and is used as a measure 
of the quality of diamond. The collection distance of the 
diamond described in this paper was - 50 pm. 

Fig. 2 shows the collection distance as a function of the 
bias voltage applied across the diamond characterised with 
a WSr source and a solid electrode [5]. In the testbeam we 
operated the diamond at 150 and 195 V where the collec- 
tion distances were 45 and 49 pm respectively. In order to 
interpret the source collection distance measurements two 
corrections are necessary. First, electrons from the ?Sr 
source were required to be almost minimum ionizing by 
demanding that they pass through the diamond and trigger 
a scintillator behind the detector. The diamond signals 
were then averaged by a digital oscilloscope. The ?Sr 
electrons actually produce 8% more charge than a mini- 
mum ionizing particle. Second, the quantity most often 
used to characterize the signal in a microstrip detector is 
the most probable charge deposited by a particle and not 
the average charge which was measured in this characteri- 
sation. This is an important difference as the most probable 
charge deposited, Qmp, is 1.6 times smaller than the 
average. Thus we have 

1 

1.08 

1 

iY6. (1) 

The largest uncertainty here comes from the energy re- 
quired to create an electron-hole pair in diamond, which 
we take conservatively to be f 10%. Thus we expect most 
probable signals of 940 k 95 electrons at 150 V and 
1020 f 100 electrons at 195 V. 

3. Diamond preparation 

The microstrip detector used in the tests was fabricated 
using diamond from a chemical vapor deposition process 
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[6]. In the CVD process [7] diamond is grown from a 
hydrocarbon gas which is mixed with hydrogen and ex- 
cited by a power source, for instance a DC arc-jet. CVD 
diamond typically grows in a polycrystalline columnar 
structure. The substrate side begins with small grains (N 1 
pm) which coalesce and increase in size with material 
thickness. As the material is deposited it develops the 
texture of the fastest growing crystal orientation. The CVD 
diamond used here had a random orientation on the sub- 
strate and a (110) texture on the growth side. It has 
recently been shown [5,8,9] that the electrical properties of 
CVD diamond improve with the thickness of the material: 
the collection distance is nearly zero on the substrate side 
and largest on the growth side. The raw CVD diamond 
material used was grown 550 pm thick of which 225 pm 
was removed from the substrate side and 25 pm was 
removed from the growth side. The removal of material 
from the substrate side increased the collection distance by 
40% over the as-produced sample. Material was removed 
from the growth side in order to obtain a flat surface. 

Before contacts were applied, the diamond was cleaned 
using two procedures. The first procedure was used to 
remove graphite, grease and residue from the thinning 
process. In this procedure the diamond was cleaned using a 
saturated solution of chromic acid; rinsed with de-ionized 
water; cleaned in dilute solutions of ammonium hydroxide 
and hydrochloric acid and finally rinsed in de-ionized 
water. The second procedure was used to remove any 
traces of chemicals, fingerprints, etc. In this procedure the 
diamond was cleaned in ammonium hydroxide; rinsed with 
de-ionized water, acetone, methanol, and de-ionized water; 
and then placed in an oxygen plasma etcher for final 
surface preparation. This processing is greatly facilitated 
by the chemical inertness of the diamond material itself. 

4. Detector design and construction 

The microstrip detector was constructed with 100 pm 
pitch and 50 pm strip width (see Fig. 1). Initial source 
tests showed that with a strip pattern covering 50% of the 
active area there was no loss of charge relative to 100% 
coverage. The overall design of the detector is shown in 
Fig. 3. The detector was constructed on an 8 mm X 8 
mm X 300 pm diamond. The 64 strips were 6.4 mm long. 
A guard ring was provided in case edge leakage currents 
became a problem and a shorting bar was used to gang 
strips into a single readout channel for initial testing. 

A metallic thermal evaporation technique was used to 
coat both sides of the diamond with successive metals: Cr 
(500 A) and Au (3000 A) [5]. This produced metal layers 
that were easily etched to make the readout strip pattern. 
Chromium was used since it easily forms a carbide struc- 
ture; Au was used to prevent oxidation of the Cr layer and 
for ease of wire bonding. The evaporations were per- 
formed successively, first Cr from a Cr coated tungsten 

8.0mm 

Ring 
(200 pm x 6.5 mm) WJwm) 

Fig. 3. Schematic view of the diamond microstrip detector. 

wire and then the gold from an alumina coated tungsten 
evaporation source boat. A shield between the two metal 
sources prevented contamination of the Au with Cr and 
vice-versa. The thickness of the metallic layers was mea- 
sured during evaporation with an in situ thickness monitor. 

After metallizing each side of the diamond, the strip 
pattern shown in Fig. 3 was created using a wet etch 
process. The sample was mounted on a silicon carrier 
wafer for ease of handling and to protect the solid metal 
side during the etching of the pattern side. Photo-resist was 
applied to one surface and baked at 90°C. The photo-resist 
was exposed using a mask of the pattern in Fig. 3. The 
patterned sample was baked at 120°C for approximately 30 
min. The unwanted metal was etched away and the photo 
resist removed with acetone. The sample was rinsed with 
de-ionized water and annealed at 580°C in an N, environ- 
ment to allow the chromium to form a carbide with the 
diamond. 

Generally, the metal in contact with the diamond deter- 
mines the electrical properties of the contact. Chromium, 
titanium and other transition metals that form carbides tend 
to produce ohmic contacts to diamond. A current-voltage 
curve from a gang of six strips is shown in Fig. 4, 
indicating high resistivity and low leakage currents (inset). 
At approximately 100 V the slope of the IV curve changes. 
This is thought to be due to a saturation of the carrier 
mobility, an increase in the number of carriers. 

In Fig. 5 we show a block diagram of how the detector 
was connected to the external electronics. The circuit 
shown in Fig. 5 was made on a 1 mm thick G10 printed 
circuit board which had a 7 X 7 mm2 hole under the active 
region of the diamond to minimize the material in the path 
of particles traversing the detector. The detector was glued 
around the edges of this hole with a silver loaded conduc- 
tive glue, Dotite [lo], to provide an electrical connection 
for the detector biasing voltage. In this design, each strip 
was DC-coupled (wire-bonded) to an individual preampli- 

Example: Diamond Microstrip Detector
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Scintillators PMT assemblies used for test 
stands and test beam (triggers) 

Scintillator Assembly/Maintenance 
Investments: 
➡(Re-)establish scintillator “shop” (Lab 6) 

• Catalog supply of PMT/bases 
• Scintillator machining, wrapping, testing 

➡Hire/Train new person to make/maintain 
scintillator detectors for test stands/
beam 
• Anatoly Ronzhin will retire someday 
• Capture/retain competence 

➡Development of radiation tolerant 
scintillators for future experiments

Capability Expansion/Upgrades (2)
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Intensity frontier experiments need access to lower energy particles to test/
characterize detector performance. 
eg: NOvA, Short Baseline Neutrino Program, Mu2e observed particles < 5,000 MeV/c 

Test Beam Investments: 
➡Add low energy beamline (capability) 

• Momentum selection 100 - 5,000 MeV/c 
• 500 - 5,000 MeV/c  short lived particles (K, π, µ) 
• 100 MeV/c  long lived particles e,p (µ) 
• Rates > 1 Hz over momentum range 

➡Irradiation Facility: 
• 100-500 MeV protons 
• Beam size few cm across (tunable) 
• Φ ~ 1e4 - 1e12 p/cm2/s (tunable) 
• Proximity of irradiation and test facilities

Capability Expansion/Upgrades (3)
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