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A. GENERAL REMARKS

1. Summary

~Several prototype target counters and a veto tank have been built.

The entire veto house has been designed. The electronic system has been .

.planned.and partially ihp]gmented. Our PDP 11740 is being adapted and
programmed for CAMAC;fA : '

A1l fundamenta} technicai'pfob1ems associated with thé'abové
rientioned ltasks are reso]Qed. For example, aAneutron rejection in the

térget counter by a factor >100 has been achieved.

2. Remaining Problems

a) The most serious problem encountered in estimating backgkound,

accidentals and fake events, are the neutrons from cosmic rays. Acci-

~ dental rates due to the ]afge rate of thermalized cosmic neutrons in
the He® counter afe unacceptable. It is necesséry to improve the
shielding drastically (water tanks, more concréte, Cd inside veto, etc).
Additional experiments should be carried out - in Grenoble, using the

NE 235 C or‘NE 213 to measure the fasf neutron~f1ux behind 0.3 m of Pb
in' B42. The slow neutron rate in He® should also be measured for. a
realistic configuration, i.e., Hes’counter'éurro&nded with water equiv?
" alent of the target counters. It_appears diffi;uit fo recqnci]e the
reported slow neutron rates of 0.016 sec:"1 for a 1500 cm? He® counter
with the values taken from the work of Hess et dz.,‘(a]so qﬁotéd in
Hayakawa, p. 431) which gives 102 n per sec between 0.0T and 1 eV per
cm? and MeV interval at sea leVe]u’ The expected rate thus is

1500 x 10%/10° = 1.5 sec™'.



b) Other problems include.the mechanical aspects of mounting.and
demounting the veto house as well as the shielding aSsemb]y and mobil-

ity of the entire detector system.



B. TARGET DETECTORS

Three prototype detectors were tested and their performances are

described in this chapter.

1. Description of the Prototype Detectors

A1l three detectors use NE-235C, a liquid scinti]]atof tﬁat gives
a pulse height of 60% bf anthracene, has a trahsmission length longer -
than 3 m, aﬁd alH:C ratio of 1.67. It ié wéiT suited for n-vy discrim-
ination. |

a) MkI (Fig. 1. top). Tne tank of MKI is made from 0.6 cm thfck

UVT lucite. The external dimensions are 8x12x70 cm. The useful volume
is 52. Optimum light cO]]ection is échieved by total internal ref]ection. :
The tank ié wfapped with AL foi],.to reflect back the priméry 11§ht that
escabes. The'fwo smaller facés (Fig. ‘1) are covered by 5" XP-2041 photo;
multipliers.

b) MKII. (Fig. 1. middle). This version employes the same tank

as MKI. It has two 3" XP-2312 photomultipliers. The surface of the end
faces which is not covered by fhe PMT is coupled over air to a Ti0,
reflector?).

¢) MKIII. (Fig. 1. bottom). The tank made from ]ucite,fméasures

8x30x90 cm. The useful volume is 17 2. The tank is surrounded by
wave]enéth shifter barsl’Z), which are not optically coupled td the
tank. These bars are 1.6 cm thick and 4 cm wide. Two bars aré arranged
side by side. Each bar surrounds two adjacént sides of the tank, and
its ends are optically ﬁoup]ed to a 2“ XP-2230 PMT. Each PMT views

two bars coming from opposite sides. There are'a1together.Four PMT. In a
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Figure 1. The three tested detectors. MkI has an 8 x12 x70 cm tank made out
of 0.6 cm thick lucite. MkII uses the same tank. MkKIII has an 8 x30 x90 cm
tank, and is surrounded by wavelengtn shifter bars. _
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final version, the bars could be bent back, 450 to the short side of
the tank, so that several tanks can be stacked with a maximum of tank

volume.

2. Results
The energy resolution and the pu]seldecay'tjme spectrum, which is
relevant for the n-4f.discrimination wefe measured for,varidus energiés;
For the enérgy‘ré501ution measurements, single-line y-ray sources
were used. Oniy those events were selected, in thcﬁ the Compton
'scattered y—ray‘escaped in the backward direction. The energy of the
Compton scattered e]ectroné is then kinematica11j wé]] defined and -
monochromatic. The backscatfered Y}s were detected in a NaKI) detector
placed behing~the source. | o
~ For the decay time spectra, an Am(Be) neutron source was used, and
windows were set on the energy spectrum. |
Some of theAspectra obtained with the three tanké are presenfed
in Fig.'2; For fhe decay time spectra, the spectrum measured with a
‘pure y source is supefimposed to the one obiained with the mixed n -y
- Am(Be) source. | |
| To characterize the quality of the n -y discrimination, we define
the neutron background reductioﬁ factor (NBR). We set a threshold on
the decay time spectfﬁm so .that 96% of the y events are below it. The
NBR is the ratio of the total number of'neutronievents to the number .
of neutron évents below this threshold.
The results of the tests are given in Fig.2 and table 1. The

energy resolution (FWHM) at 0.9 MeV is given. It scales with the square
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Figure 2. (a), (d) and (g) Energy spectra obtained with MKI, MKII and MKIII

respectively, using a Zn®® source; (b), (e) and (n): Decay time spectra for the
same detectors for an equivalent electron energy of 1MeV; (c) and (d): the same’
for Q.6 MeV. - , !



TABLE 1.- Performance of Prototype Detectors

Detector AE - Number of Non-uniformity NBR ) NBR ) NBR )

(FWHM) photoelectrons at 0.6 MeV!’ at 1 Mev'” at 2 MeV!
at 0.9 MeV) at 0.9 MeV ' :
MkI 16% 215 3% > 50 > 100 > 100
MKIT 18% 170 B/ > 30 > 100 - > 100

MKIII 28% o 2% - 10 15

:I)Equivalent electron energy.



root of th2 energy. -Assuming a Poisson distribution, we also derived
the number of photée]ectrons collected. _The non—uniformfty of the
response is-given, which is.the maximum pulse height variationl for‘
a given energy when the source is at the center and néar the ends of - |
the- tank. The NSR i§ given fdr thrég.equivalent electron energies, 0.6,
1.0 and 2.0 MeV.

As one sees, the best resu]fs were obtained with MkI.. The NBR "
is almost perfect ( >100). MkII is practica]]y.és good, although
the uniformity is at the limit of the‘to]erab]e. It’sﬁows that the
ratio of the photocathode area to the area of the tank end should an
be reduced more. The‘uniformity with MKIII fs again excellent. . However
- the number of photoelectrons per 1 MeV quantﬁm 5sﬁon]y about one third
of tHét of MkI. As a consequence, the energy resolution is worse than
with MkI, but still good enough for our purpose.. The NBR at 1 MeV
however, is only 10, which does not compare well with either MkI or‘
MKII. Although MKIII is the most economical solution, it»shou]d only be

considered in case the neutron background is not severe.



3. Proposed Configurations

From the results of section 2 it is clear that a configuration

close to that of MkI or II should be an acceptable solution. However

‘the final choice will depend on

ny separation needed -

energy resolution needed

useful volume

optimum thickness (n and e efficwency)
cost of PM and labor.

~a) Final MKI. Using 5" PM for each cell (made of 0.6 cm lucite)

several dimensions can be contemplated. The maximum length -given by .

the dimension of the veto tank (130 c¢cm) and PM tubes is 66 cm. (Outside

dimensions are given).

# Cells Cell Cross Section Volume Performance

°9x9 - : ‘8 cmx 12 cm | 2N 2 Same as MkI
11.3 cm x 13.3 cm 351 ¢ Similar to MkiI
13.3 cm x 13.3 cm - 421 & Somewhat worse

than MkII

Requires: 45 cel]s, 90 5" PM ($54,000).

Note that the 5" PM is 13.3 cm wide incl. shié]d.

b) F1na1 MkII Using two 3" PM per ce]] and T1O2 reflector on

short sides. Maximum length of cell is 90 cm (the Tength of the 3" PM

with socket is 20 cm).
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# Cells Cell Croés Section - Volume - Performance
5 x 12 T 8 x 10 cm . 317 2 ~ Same as MkII

> 5x6 4 9 x 21 cm : 412 2 Same as MkII

Both versions require 120 PM ($42,000). In the version quoted on the
second line there are 4 PM per cell. This version is more economical,
saving manufacturing of cells and increasing the total volume. All four

PM are connected togethek to give one output sigﬁa]."'

c) Final MKIIL. This version is worth{considefing if a neutron

suppression of less than 10:1 is required. .

# Cells Dimension of Cell . Volume "~ Performance

5 x 4 29 x8x90 cn  340% As MKIII

Requires wave length shifter bars and 80 2" PM- ($17,000).

" 5x4 29 x 12 x 90 cm 536 £ Worse than MkIII

Requires 3" PM ($28,000).

d) Conclusion. It appears that the configuration marked ~quoted .
in b) is probably best. In this configuration the inside thickness is

7.8 cm.

~ References
'G. Keil, NIM 87 (1970) 111.

2B. Barish et al., CALTECH report .68-623 (1977).
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-C. VETO COUNTER

The veto counter consists of 6 mechanically and optically indepen- -
dent liquid scintillator planes, arranged fn such a fashion that the .
“radiation Jeaks" between p]aﬁe boundaries aré-on]y 9 mm wide. The -

inner dimension of tHe veto house is 130 x 129 x'90 cm, however the

90 cm dimension can still be altered. The tanks have an inner thickness
of 12 cm and are filled with NE 235 H. The,odter ﬂimension of the house
without tubes, is 169 x 169 x 129 cm. Forvdetai]s see drawings Fig. 1-3.
Each tank has two sides provided with Tucite windows allowing the scinti]} '
lation light to escape ihté a wave length shifter bar (ref. 2, Chapter B).
On each side, three 1.6 x 4 cm bars arranged next to eacﬁ other afe uSed.l
A single 5" PM views the light from two adjacent sides. Altogether on1yA
6 5" PM are needed for the entife veto sysfem. |

The tanks,vmade of aluminum, are provided.wiih reflectors. The
3 reflectors on the large sides are lucite pané]s sea]ed on the edgéé to
an aluminum sheet, thus taking advantage of the total reflection-of the
lucite air interface. The reflectors on the short sides opposite to the |
lucite windows are aluminum sheets painted with T10,, and covered and
sealed with a lucite sheet. (This latter versfon is the optimum‘ref1e6tor
that can be conceived). |

The volume of the'f}ont and rear tanks is 250 £, that of the other
tanks s 180 £ . |

One full size tank (the ffont panel tank) has been completed and

is being tested.
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-Cost Estimate. Fabrication of the present‘tank cost about $4,400. - Each

additional tank can probably be built for $2,000.‘ Cost.of NE235H
(1220 2 ) .is about $5,000. Cost of PM and shifter bars $5,000.. There
is a support platform needed to accommodate the target cells. Total

estimated cost is about $25,000.

Notes. If it turné out that tﬁe 9 mm cracks represent a serious
"leakageh; it will be bossib]e to cover them with st?ips,of Cerenkov
plastic. ' |

Also, to further improve the efficiencj‘of the veto (redUction'of.
néutfon background by vetoing muons stopped in'the lead shielding) a
large wire chamber umbre]la could be insta]ied. |
_ Attention should be paid to the.logistié‘prob]em‘ofAassembling
and &%sassemb]ing of‘the veto panels. This opération will héQe_to be

performed frequently in the éar]y phase of the experfment, An overhead

crane or precisfon fork 1ift will be needed.
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D. ELECTRONICS

The suggested circuit diagrém js presented in Fig. 1. It fs'
eséentia]]y self-explanatory, and only a few remarks are given in the
| following. | |

The two buffered ADC's (12'channe]s per modu]e, éharge seﬁsitive,
8 bits, dead time of 3 us) analyze all the pulses originating in the
target and veto tanks. Only fhe. events coinciding‘withllow energy veto
signals (Veto Low) aré rejected. The pulse areas and,lfor the targétA
tanks, decay times, are digitized. Up to 6 modules share thé:same
ADC channel. Tag WOrds (Attenuatori/Z...]/64 inlogic signal) are uséd to
identify the detectors which(fire. In pa}a1]ei to the pulses, the

amplitude of two continuously cycling sawtooth signals is analyzed. It

provides the time information. The first sawtooth signal has a period -
of 250 ps. Since the ADC has 8 bits, we have a time resolution of about
| 1 us. The second signal is a sawtooth

250 ps like stepfunction which switches when
—_ G ’

o !‘,/1//L/1//l// -~ the first signal ends a cycle. There

128 , and th le duration
‘Eod of are steps an e cycle duratio

cycle @. l | ] r 45 32 ms. Ambiguities may occur when

@D ——:_J__r_r—— “the ADC's try to analyze the sigha]

height when one or both sawtooth signals

end a cycle. A tag word is used to
indicate if this is the case. When the slow sawtooth ends a cycle, the
ADC's are caused to digitize, This is done to notify the data acquisition

system that a new cycle has begun.

et i b —— e b
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Circuit diagram. It is assumed that the target consists cf .

5 planes of 6 scintillation detectors, each being fitted with 4 PMT.

There are 4 He® chambers, and 6 independent veto detector panels.

PSD:

CFTD:

T:

ET:

" what combination of

Pulse shape discriminator.

Constant fraction timing discriminator .

: 3N
Pulse decay time.

Energy deposited.

Each plane of 6 ce]]s has
f a channel. ' :

Tag word. Indicates

cells fired.. J

Energy depos1ted in the veto tanks.

Tag word. veto tank. Ind1cates ‘what comb1nat1on of pane]s

fired.

Fine time given by the he1ght of the fast stepfunct1on generator
(250 us for 1 cycle).

Coarse time given by the height of the slow stepfunctlon generator
(32 ms for 1 cyc]e)

Tag word. Indicates if the He® chambers or the end of cycle of
the step function generator caused the ADC's to digitize. .
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Eaeh channel of the ADC has a 32 nord memory where the results of
the digitalization aretstored The memory fs of the ]ast—in/first—out'
typo and always conta1ns the last 32 events '

The pulses from the He? chambers are analyzed in an 8- channe]
peak sensing ADC. whenever a neutron is detected a LAM s1gna1 is
generated. The content of all the ADC buffers and reg1sters is then
transferred to the computer | |

we conclude th1s sect1on by g1v1ng a list of modu]es necessary

to build the circuit given in Fig. 1.
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Already bought

Necessary Type
Channels(# units) (# units) " Price US$

Linear fan in/out 56(14) (3) LRS 428F (675)

Discrfminator 37(5) | (2) LRS 623 (1195)

PSD - 5 (6) Canberra 2160 (1250)
_ CFTD 5 (6) Canberra 1428 (750)

Logic fan in/out 5(2) (1) LRS 429 (545)

Slow ADC 4(1) (1) Ortec ADBTT (1450)

Buffered ADC 20(2) N (2) " LRS 2250L (2250)

Coincidence | 2(1) . (2)  LRs 385AL (745)

Latch 9 - - (2) LRS222 (875)

Step function o - beihg' . Cé]tech' |
‘generator built : _

HV power supply ' 66*(3) | L (3) "2 LRS 4032p (4100)

: . : i . 1 Canberra 3002'(575)
NIM bin P LRS 108P-6 (820) |
CAMAC crate o : o NE 9503,9513 (1675)
CAMAC interface B ~ o Standard DCC-11 (1425)

In addition, several delay lines, cables, terminators have to be bought.

Total remaining cost of electronics: about $13,000

'Each channel of the LRS 32 channel unit supplying two PM.



- =21-

E. BACKGROUND AND ACCIDENTALS

Based on data discussed in Grenoble last July and handbooks on
cosmic rays, the accidental rates, cosmic related neutron rates (which
would simulate a good event) énd deaa“time of the system have been
estimated. fhe lower part of Table 1 shows the values reported in
Grenoble in July 1977. The upper part gives'fdreqasfs assuming'the,.
Grenoble +vy-ray flux data and the_literature-value‘for ui_fluges at
" sea level (Hayakawa). | |

The obvious serious problem is the large number of accidenta1§, 
caused malnly by the estimated 1arge number of cosmic orlg1nated neutron
pulses in the He3. This number is at variance with the measured Grenob]e
He background rate. ' |

The dlscrepancy can also be seen by comparing the ]1terature neutron
flux (Hayakawa) of 103 n per sec between 0.01 and 1 eV per em? and MeV,
giving rise to an expected rate of 1.5 sec™! in the 1500 cm? He? detector,

with the observed value of <0.016 sec™!.



TABLE 1. Background Events‘(Rates in Sec:!)
Flux (2m®) | = Singles Singles Accidentals Fake Veto Veto Dead Time
' He?® Target (200 us) Events (2m?)
4x90x150 cm|{ >1MeV,360 2 : (1600 &)
30 cm Pb
Cosmic 125" 100y - 100 - . 225 0.05 for 200 us
Cosmic fast n 4 : -
from u~stop in 803 0.8Y
Pb | 0.4/NBR
Cosmic slow n ) (]SOQ{NBR.
from above 40 402 08 hr™")
8 ,
v > 1 MeV 100 (3900hr ) 500 5x10-° for 100 ns
Grenable (1000 om 2) (25 %)
Input 1977 7 hr= (10 cmPb)
' 90 . .
Scaled up : : 1
by volume or 01 100 -6 hr
surface :

1) With e~ thresho]d 1 MeV (correspond1ng to En 2.5 MeV) 10% of n detected, with efficiehcy 20% ,
veto reduction 0.5, ‘ R .

2) Fast n thermalized in Liquid Sc1nt111ator

)Assume 0.3m Pb on top and bottem of veto stop 70 sec-! Take solid angle and n mu1t1p11c1ty 2.5 in

capture.

(Hayakawa, Cosmic Ray Physics).

-22-
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F. APPENDIX

Notes on Reactor antineutrino spectrum

1. The rate in the neutrino detector at distance d is giVen by
| e E /2 A : o | }
R(d) = Z?%Z"f o(E) N(E)dE - (1 -sin*(20) F(x= A%d)), (1)
EO-P/Z : '
23

where Ro.is the number of fissioning 5U/sec, ‘T.resolution of the

detector, 6 neutrino mixing angle, A? neufrino mass difference;
F(X) = J %(1-cos(2.54()/E)) G(E) N(E)dE /f o(E) N(E)dE.

The oscillation functioﬁ F()A) only weakly debends on the detai]ed
shape of the-G'spectra1 function -N(E), pkovidéd the resolution is |
sufficiently good, T < 2MeV. | |
2. . For absolute determination of the cross section, one has to know
the v spectrum N(E). There are three sources of N(E) in the 1iteraﬁure. '

2.1 Carter et al., Phys. Rev. 113, 280 (1959) measured the'B~.

spectrum and converted it approximately into a v spectrum. They obtain

- N(E) = 5.01 exp (-0.505E — 0.0544€%). (2

2.2 Nezrick and Reines, Phys. Rev. 142, 852 (1966) measured the |
B+ spectrum in the inverse neutron B'decay. Assuming that they know
the elementary cross- section

~

o(E) = 8.85 x 107** (E-1.29){[(E-1.29)%- .511%em®.  (3)




-24-

they fit the shape of N(E) to
N(E) = (19.4.21.3) exp(-1.28E +0.040E2). - (4)

The constant 19.4 +1.3 is determined from the condition that the total

number of neutrinos with energies > 1.8MeV per fission 1s given by

NwME=&1;OJ; o  . (5)

~10

1.8

The function (2) also fulfills condition (5).

2.3 Avignone and Greenwood, Phys. Rev. 16 D, Dec. 1, 1977 .
determine N(E) from-recent experimental decay data. Their N(E) also .A

_obeys eq. (5).

3. . The three distributions (2), (4) and 2.3 are compared in the
Tower part of'Fig. 1. Note that.(2) and (4) decrease considerably
faster in the relevant region between 2-6 MeV. The distributions are

up to 30% different.

4. The function o(E) N(E) using o(E) ed.z(3) and N(E) eq. (4),(dashed)
and 2.3 (fu]] curve)'are shown in the upper part of Fig. 1.. Note that
the full curve is inconsistent with the measured B+ spectrum by Nezrick
and Reines. Besides, the integrals

— S ‘ ) . )

o = [ N(E)o(E)dE I (6).

a . : B

are 65 x 107** cm® for eq.(4) and 75 x 10~** cm® for 2.3. If one

compares the total rate of Nezrick and Reines with o based on eq. (4) or

2.3 one finds



1 0.88+0.13 (Nezrick and Reines) (7)

55=<A |
exp/ th  10.75£0.13 (Avignone and Greenwood)
5. Conclusion: 1) The existing information on N(E) is inconsistent. It
would be important to use the reactor data ]ibréry, such as ENDF-IV .
(see R.E. Schentér et al., HEDL-SA-1346, Hanford (1977)) to determine

N(E) independently. 2) The result of Nezrick and Reines does not rule

out neutrino oscillations.
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NEUTRINO SPECTRA N(E)/MeV FISSION

FROM DIFFERENT SOURCES

Avignone 77 Carter and Reines 59 Nezrick

Tsoulfanidis 71

E and Reines 66
1. 2. 3. 4,
1.5 | 1.53x10° 2.08 x 10° 3.11x10° 2.70 x 10°
2.0 { 1.27x10° 1.47 x 10° 1.76 x 10° 1.89 x 10°
2.5 | 9.19x107! 1.01 x 10° 1.02x10° -1.30 x10°
3.0 | 6.57x107 6.75x107 5.99 x107! 8.64x107)
3.5 | 4.76 x107) 4.39 x 107" 3.60x107! 5.65x107} -
4.0 | 3.23x107! 2.78 x107! 2.20x107} 3.63x107!
4.5 | 2.10x107] 1.71 x107! " 1.38x107] 2.28x107]
5.0 | 1.30x107! 1.03x107! 8.80 x 1072 1.40 107!
" 5.5.] 8.48x10°2 6.01x1072 5.73x1072 - 8.50x1072
6.0 | 5.30x1072 3.42 x 1072 3.81x1072" 5.04 x 1072
6.5 | 3.27x1072 1.89'x 1072 2.58 x 1077 2.94 x 1072
7.0 | 1.79x1072 1.02x10°2 1.79 x1072 1.67 x 1072
7.5 1 1.07x107° 5.32 x1073 1.26 x1072 9.25 x 1073
8.0 | 5.58x1073 2.71x1073 9.08x1073 5.03x1073
8.5 | 3.08x1073 1.34 x1073 6.67x107° 2.64x107°
9.0 | 1.97x1073 6.49 x 107 5.00 x 1073 1.32x1073
Notes: 1. Calculated by Avignone and Greenwood, Phys. Rev. D, 1977.
' 2. Converted 8~ spectrum, Phys. Rev. 113, 280 (1959). '
3. Deduced from B measured spectrum, Phys. Rev. 142, 852 (1966).
4. Converted B spectrum, as in 2.

but using data by Tsoulfanidis et al.,
Nucl. Sci. and Eng. 43, 42 (1971). :





