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SUMMARY

I. Project Title

Research of high energy radiation identification detector (II)

II. Objectives and Importance of the Project

Till now, most of radiation measurement devices in Korea have been

imported from abroad. Especially, it is more difficult to develop a particle

radiation detector, such as a - and P -rays. A high energy proton and

heavy ion detector, the target of this research, was not studied

intensively yet and has been used for academic research restrictively. The

more the integrity of semiconductor chips is increased, the higher energy

of projectile ion from ion implanters for semiconductor industry is

required. But the measurement of projectile ion characteristics was not

performed at all. To prepare the intense research of high energy charged

particle radiation, R&D of proton and heavy ion detector must be

essential.

Therefore, the present research aims to develop particle identification

detectors for high energy ions and to use them in the detection of

particle radiation and the measurement of beam characteristics of ion

implanters.

III. Scope and Contents of the Project

In the first year of present research(1997), we developed the computer

code for the fabrication of a high energy radiation detector with J E - E

telescope method. Using the code, we designed and fabricated a detector

to measure 15~50 MeV protons. The detector was successfully tested to

- 4 -



measure the energy of protons and deuterons and to identify the ions. In

the second year(1998), we designed and fabricated a detector to measure

50 — 100 MeV protons. This detector has been miniaturized using a 03cm

x3cm CsI(Tl) scintillator and a PIN photodiode relative to using a PM

tube. The test result of this detector was successful. The characteristics

of BGO, Nal(Tl), and CsI(Tl) scintillation detectors were measured and

analysed. We developed the design and fabrication technology of a higher

energy proton detector and a heavy ion detector.

IV. Results and Proposal for Application

We developed the computer code to calculate the energy loss of

energetic particle beam traveling in a matter. We also succeeded to

develop a light ion identification detector. The CsI(Tl) detector, which is

developed in this project, can be applied as other radiation detectors. The

present result will be applicable to the development of heavy ion and

higher energy particle detectors and can be used to improve the radiation

measurement technology. Recently, the array detector imaging method is

one of the most advanced measurement technology using radiation. The

detector fabrication technology of this project is the basic technology of

array detectors.

- 5 -



SL °-} & (-3-S-) • ; 2
SL <% & (<§£-) 4

^ *} 6

3. ^ *} 7

n^^> • 8
^ 1 ^- ^ ^- 9

*f| 2 # £- €• 11
*fl 1 ^ #«V QAQ l"^2!- ^-Ji^l-S- ^ ^ d ^ 3 H 11
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Dose # ^ , Radiation Monitoring, ^ HW# # ^ ^ S tfl7fl

E S , (6 MeV a-°^A^ ^r?] ^ 5 L ^ 7 ^ ^ ^ 5.03cm

GeV

7l ^ t h z/E-E Telescope ^ ^ ^ # 7 l # ^Tfl, ^ 4 § } ^ ^ ] ^ Datat- ^

^#7lS.^-Ei ^ ^ ^ i ^ Spectrum^l <^^

j#E^ Simulation!- ^ r ^ r 5 S ^ . ^ ^ 1 #
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Telescope ^ i

u]x] ^^oj] cfl*V Calibration^
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Delta-ray, X-#, Auger ^^> ^ ^ S

: ^ ^ r 4 . i * 1:<H, 5 MeV

^ 10 keV* ^^1 SHr4.

7>. s}#<g*H X\T]^(Stopping power)4 H^:'^^(Range)

(Stopping cross-section) £ ° 1 ^ , T%7§ eVQO^atoms^cm"2)

4 . ^ 4 €^l^-^-S. £:°l^r <$•£: ^ 4 ^(Stopping power)

, S=-dE/dx=energy loss per unit length of path^

keV mg"1 cm2, MeV g"1 cm2, Hfe ^>^*] MeV mm"'t

(Eq. 2.1)
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£ ^ ^ I h r (Atomic mass unit, u)°14. 5 MeV °^^}7} AH

, Tsfe lOps^Jl, 20 MeV <&^!44 AH ^ 4 ^ ^ Tsfe 57ps<>14.

50% ^ ^ r ^ l ^ ^ -^ l i SIl^Hr ^elojcf. ZL^^A^ R e ^ Extrapolated

20-30 MeV ^ ^ 4 ^ ^-ffe- Re = 1.027XR, a <%*}$] ^ - ^ Re =

1.013XR Î ^Aj-^AS ^ « t 4 . ^-^ 2.1.15] ^-ffe ^

^ ife 44
^^14^- ^ ^ «H^, °^t t £ ^ 7 ^ ^-Sl- 7Hfê llf on- Range

Straggling0!

4.

Bragg curved ^ - ^ 4 . ^^°1] ^144 ^ ^ ^ ^ 1/E^ ^

o] ^}o]^ Straggling^

2. Range ^ ^1^4 ^ ^

^ Bethe formula^
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dx mQV
2 ^ (Eq. 2.2)

2 2 2

I c2 c2

V $c ze fe }
Number density^} ^ 4 ^ ^ ° ! ^ , mo^r

. Parameter Ife nfl^s] ^ 5 #W

^.^^i tfl7l] ^ ^ J L i i l ^^slfe ^ i 1 ! ^ -^ ^ # 5Hr̂ f. y]^

« c)3 ^ - f ^ ] ^ B^ ^^%T-̂ ]̂ f i t ^o] ^ 4 . Eq.

Eq.

^ } , } ^ } 3.5L

^•(Stopping power)°1 * r ^ ^711

^ Bethe formula^ <

2.1.2°11A-] ti<y Bragg curved.

. Bethe formulal- 7l^o_S §>^, Mott, Bloch, ^
7H

^ Air, Plastic, C, CH2,

Mylar, Cu, Au, Pb, Be, Si, Li, Ta, Nal, CsH>H

^-S Coding^ ^SZL^^j List* ̂ f
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Range ^ Energy loss*

1 4 * Ziegler^l ^ ^ ^3]- Tabled «]
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Source'

| Pet
0.5

2.1.1. ^ Range, R e ^ Range^l^f.

(Fig. 2.1.1. a particle transmission experiment. The mean range Rn

and extrapolated range Re are indicated.)
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dx
\ Single particle

« Parallel beam

\

Distance of penetration

2.1.2.

(Fig. 2.1.2. The specific energy loss along incident particle track.)
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*)| 2

1. ^

^ o]

section)

%-A. ^ 0.5 eV f}Z.%r ^ ^ . 5 .

neutrons)i ^«fl^ pfl-f ^ ^ ^

^ 4 . 3He Proportional counter

7}

^ 2.2.1*11

4. °^^ ^ ^ 4 °114

ĵ (Target nucleus)^ ^ i

(Cross section)^ pfl-f HJl ZL ^ 4 ^ ] 4 ^ A ^ ^^*1 ^ v ^ ^ $14.
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4. 01144 £ s ^

4. ^^^i^i a.

2.

r 7j#7l^r 37fl (1) 7 } ^ ^

(Gas-filled detector), (2)^>S^1 ^ # 7 l (Semiconductor detector), (3)

^ # 7 ] (Scintillation detector) ^ Afl 7>x]^ ^ . ^ - ^ ^ 014.

7}. 71-^-g-SJ

ir)] ^ 7l o]

^ ^ i ^ *}*)$ ^ ^ r ^ 7l^ls. x]- $14.
3-7)7} ^ s i - 4 ^ ^1,

$14. °1 ^ ^ o °̂11 tfltt ^ £ n

(1) °1£-"Unionization chamber)
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^44 ° ] ^ #7l#
^ 1 (Charge carrier)^

(Current modeHe]- t}Ji 2\z\s>\ ^ i 7fl^l- A^\^ "§^ Pulse

Counter^JL ^ # 4 .

(2) «1̂ 1 Til ̂ 7] (Proportional counter/chamber)

^ HI] (Multiplication) SfJL t!r4. °1

t- Proportional counter^ «

^ ^ #7l3hi- ^1-71 ^ §D Proportional

chamberfe - i ? ! ^ S . ^ ^ ^ Spherical 2-<&-g- ztji

(3) Geiger Muller counter

7} # S o H f e n o]z]i£ OJ«O]]A^ A } ^ - £ ] ^ 7}^.^-^ ^%7}% GM(Geiger

Muller) counter^- ^t)-. GM counter^

Survey
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^ # 7 ] (Semiconductor detector)

4-^-4 7
E

V4. (l)
. (2) JL^H-^^1 fe^ ^£#

3.7M ^n ^ ^ ^ S ^ # 7>̂ lnf. (3) ^-^t

. (4) BB}S ^ ^ #<£Al2v§- 7}£t±. (5) ^ ^

. (6) 471

4 . ^ ^ - ^ # 7 l (Scintillation detector)

, 71̂ 1 ^Bflo) # ^ o l 4 . M%%] o].6\)X]

^ 71^-1
2.2.3)^14

-^ (l) -8

l -^ i f l^ 3:Til 3-

(l) Inorganic scintillators, (2)

Organic scintillators, (3) Gaseous scintillators ^ 1̂ 7>^lS. ^ - ^ € ^r $1
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4.

3. yo

^(Radiation dose)#

chamber)°l $14. ^ ^ " t ^ ^ 4 ^ ^ (Exposure unit) S ^ ^ S 4 ^

wfl(Gas multiplication)!-

Ammeter7>

R°] $£.<$ £x)5i\3L, ^ ^ - ^ Electrometers

2.2.4).

M-. 5.^1 £.A1P1JE1-(Pocket Dosimeter)

$14 . °1 ^ ^ ^>4fe ^ € ^ i 4O^^-SA1 ^ ^ y o ^ (Indirect reading

Gold-leaf electroscope^

^ =L o]^

- 21 -



4 . ^f-nil ^] (Film Badges)

^ ^ Light-tight papers ^ J l , ^^-*V W i ^ H ^ ^ -§-7li ^#^ ^7fl

(X ^ ^-4 #^^- ^"t) ^ 1̂1 711 (X, ^ K ^ 5 1 ^

1̂ (Emulsion)5f
-̂ 1 (Emulsion)* i^*>4. °1 ̂ ^ ^f- T T £ £ 5}#^4^i ^ 10

1800 R3 £A}tf^oilA^ ^-^-§}r}. n ^f-^ tillE}^o]]£ ^ ^ n]

X14. ^^H °H^^l7f 400

^ 1000

5 mrad°lH 500 mrad^

4 mrad^^i 10 r a d ^ l ^ l ^ r f ^ * > » ^ ^ 1 : n ' S XI4.

sf. *s ̂ -# ̂ i^7fl(Thermoluminescent Dosimeter)

Mnl: ! - £ # S 7}x]$= CaF2l- S"t^ ^ ^ 3.E)i^(Crysta

^ ^ 514.
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TT 9= 10 mrad<*M 100,000
-$.S. ^-g-ttc}. LiF 11

| «fl^-^, LiF

equivalent).
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S -
I O

3 Hetn.pl

sLi[n,alpt»l

[ J ] '°Bin, alpha]

1 X 10- 3 1 X. 10 - '
5 I 5
1 X 10' i x 1O:

Entrgy (eVI

n% 2.2.1. f ^ * }

(Fig. 2.2.1. Cross section versus neutron energy for some reactions of interest in

neutron detection)

- 24 -



Pulse
amplitude
(log scale)

I Proportional
Ion | region

I saturation

Applied voltage

n ^ 2.2.2. 7}^%-<$ ^#7]<q c^ei 7}*] ^

(Fig. 2.2.2. Operation region of Gas-filled detector)
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Photcochode
to dynode No. 1 _
electron optici

Electron
multiplier"

1-12: Dynorfe* H: Focuting «1ectrodef
13: Anodd IS: Photouthode

2.2.3.

(Fig. 2.2.3. Basic structure of photo-multiplier tube.)
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c = R S V(t)

2.2.4.

(Fig. 2.2.4. Operation principle of ion chamber.)

- 27 -



all 3 *I JE-E Telescope

1. zJE-E Telescope <a*> #

z/E-E Telescope

geiL4

^ ^ # 7 i q - tiV^xfl 7j#7l ^ O . ^ ^ ̂ * H ^E ^ #

Z/E 4t! ̂ 1 H £ IHl

Range °1# ^ ^ 1 ^ 7j#7l7> ^A^}H °1» E

E ^#71^1 Set^-S. ^^s|<H ^ ^#7151 ^ t - %•*)

?3: ^ # ^ 1 1 - ^ -^ JE-E Telescope # ^ ^ ^ 1 4 ^>^f ^ ^ # 7 1 *

7l£ «>4. /JE ^ #

B a t h e formula^^i

/JE ^#7 l£] ScintillatorM-

J E - E Telescoped Spectrum^-

zJE 7 ^ # 7 l ^ | ^^% ^^^•7\} ^7 ]1§H

] Spectrum

Noise^-^ ^ ^ r ^ l ^ 3 ^ ZJE

E ̂ #7liA^ JE 3#7lt-

Spectrum^: ^ ^ ^ 5}£S Range
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JE-E
Telescope t ^ ) A S ^7fl€r]-$4. ^ 4 ^ K r 20-50 MeV ĵ ^ i * ] * 7}

%. °^7}S. 7}^z}o]y J E 3#7lfe SiS U j ^ j ^ , E ^ #
3 £ CsKTl) Scintillatorl- ^e}<%^. CsI(Tl) Scintillator^r

. Si ^

0RTEC4 i§-o) ^

z/E 7j

Range 7̂ )̂ > 3 E f 6l^-§}^ ^ ^ ^ ^ 4 . a 2.3.1°fl 4 4 ^ ^t^ 15-50
^-*l| 150 //m^l Si

E ^ # 7 ] S ^ CsKTl) Scintillator ^2.5 cm x 3 craf 4-§-^^fecfl 50
MeV o<Hg43 CsKTl) Scintillator^]^^ Ranged 0.9

CsKTl) Scintillator^ ranged n ^ 2.3.1

2. Jl^Li*]

Z/E ^ # 7 ] ^ A>-§-^ Silicon Surface Barrier(SSB) ^
EG&G ORTEC 4^1 TB-015-050-150 S-^S.^ Depletion depth
150 ^m^l^, High Voltage Bias^r 150 V£ 4-§-§}^4. Si 1&3ESH ^#^1
» E ^#715] §J:6fl J L ^ A I ^ ^14*>^6.^ CsKTl) Scintillatoi-& ^%^
#7}2\ *\£S- 4^71 ifltt ff«1^(PMT, Photo-multiplier Tube)i
Optical EpoxyS. -̂̂ -«>JL ^ ^ «^r ^V :̂§l-fe Light shield*

Hamamatsu^ H3690-03 filt
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(-)IOOO V£] High Voltage BiasS

E ^ # 7 ] S Al-g-^ Scintillation detector^] ^ ^ ^ ^-al£-*I(W. R.

Leo, "Techniques for Nuclear and Particle Physics Experiment, A How-to

Approach", 2nd Revised Edition, Springer-Verlag, Berlin, 1994)̂ 1 ^B

Magnetic shielding ^ 1 ^f-^^1?} «];4.

3. J i ^m

A ] ^ ^ 3 ] - ^ z/E-E Telescope* Test§}7l ^ * H € ^ > ^ ^ € ^ MO50

Cyclotron^ 1̂ ^ ^ ^ ^ r 35 MeV 6<H§*> ^^r ^ i ^ ^-^7> ^ ^ « . o ]

Mylar foiHl

n ^ 2.3.2^1

B.S ZIE-E Telescoped

^ 1 - n ^ 2.3.3S1

r}. z|z]-^ ^ # 7 ] ^ 1 ^ # ^ € 1±3L^ Pre-amplifier^ Amplifier*

CAMAC ADC 2259Bi ¥9X^. Al^°ll ^"^ 3Si t - <g7l

7 l ^ Time pickoff £ f | - 7 ^ ^ 100MHz Discriminator*

«*!•€• ^1^} Logic <&S.% ̂ ^^}^1 ^ ^^I^l^r S-l-̂ fl ^7] ^sfl Gate &

Delay Generator^ 1̂ A]^]- ̂ ^ ^ A ] ^ ^ ^ - # 4 . ]£«> E

Amplifier^! Bipolar^Jl* Timing Single Channel Analyser*

# Logic ^ 1 ^ * ̂ i ° l * ^ M l - r S-lr^l Universal. Coincidence

^ 1 ^ T 1 ^ ^ ^ °a^l ^ 1 ^ 4 . d l * CAMAC ADC^H^ ^ Gate

7] ^*fl Gate generator* ^ ^ ^ f ^ 4 . °1^*> 4 ^ ^ - S . ^ ^ ^ 1 CAMAC

ADC<>1 oflî xl«q- X\7^ AJ.^. ̂ ^ . ^ DSP4^ 6001 Crate Controller^

Personal Computer^ PC-004 Interface Card*

o.^ 2.3.4 r̂ MylaH ^§><^ 12C(p, p') w>-g
Peak ^ ^ S ^ o ] 4 . Mylar^ 2]-«H C10H8O4
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3. 2.3.1.

(Table 2.3.1. Energy loss of proton in 150 ju

Calculated results.)

Si.

(MeV)

15

20

25

30

ZfE (keV)

808
672

542

483

°<M]*H1M*1
(MeV)

35

40

45

50

J E (keV)

416

383

342

320
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0 20 30
Ep (MeV)

40 50

n^ 2.3.1. CsI(Tl)3#7l<*1H3 Range ^&.

(Fig. 2.3.1. Range curve at the CsI(Tl) scintillator)
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Proton Beam ( Ep = 35 MeV)

HEPT

/ B

Mylar ( 70 /an )

6
143.3 nm\ Al foil (~lp)

CsI(Tl)
( 2.5 cmx 3 cm )

n ^ 2.3.2. ZJE-E Telescope Test ^ ^ ^ 1 Setup.

(Fig. 2.3.2. Experimental setup of zJE~E telescope test.)
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AE

Time
Pick
OFF

100

MHz
Disc.

Pre amp

Bipolar
Amp TSCA

Unipolar

Delay Amp Invert

Gate&
Delay
Gen.

Univ
Coinc.

Attenuator

Invert

Gate
Gen.

Veto

Gate
Gen.

A0

A1

Gate

ADC

Lecroy

2259B

Cont
roller

DSP
6001

CAMAC CRATE

2.3.3. JE-E Telescope $.*}

(Fig. 2.3.3. /IE-E Telescope electronics.)
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2.3.6. -E Telescope i ^ M

(Fig. 2.3.6. 2-dimensional plot of J E - E telescope spectrum)



1. 7fl -8-

• G ^ ^ ^ ^ f e 4 ^ - ^ P f l S SENSECSpace Environment Scientific

Experiments ^ f l s M ^ H ^ M H ^ &| ^ ^ ^ r ^^}7f l ^ 4 . o| SENSE

module^-c- Ji^lM^l ^ 4 ^#7l(High Energy Particle Telescope :

HEPT)7l- T£4S\°1 &4 . HEPTfe ^ 4 * H ^ I ^ H l ^ ^ ^ 4 ^ 1 4 4 ^

uix| ^^ofl tfl^: Calibration^

Scanditronix MC-50 cyclotron^: °

2. HEPT5]

(Magnetosphere)^ls]-^

n «> <̂ 7V Magnetospheric storm, S ^ Substorm6!^, °11-
) ̂ ^ O ] O J ^ ^ o j S.A1 575J ^ - ^ TgAKg- ^ 6 . ^ ^ Ol 4

X-ray ^fe

Proton event*

tb

HEPT (High Energy Particle Telescope)^

7]a.
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Anomalous cosmic ray^ ^Xfl - f r^ l tfl

3. HEPT 3

HEPTfe Particle telescope(n^ 2.41)1-

1- 22°S ^ 1 ^ > J L , Telescoped f ^ M 1-

£.£. wfl1!^ 4^-^] Surface-barrier Silicon Detector(SSDl, SSD2, SSD3

SSD4)* ^4«}S-^- ^ 1 ^ 4 . Particle telescoped HEPT^l

^\^^r Aluminum^ 4-^t!:1^. Particle telescoped T2-^

Particle flux^- ^ ^ i A ^ ^ l ^ Pitch angle accuracy*fl

l:ol SSD1, SSD2, SSD3 ^ SSD4i

Sensor4°Hl^ ^ ^ 2.4.14 tk

<=>) 0.1mm ^Tflsl o
s^nl^(Al)3i}- 0.3mm, 2.0mm ^ ^ 1 ^ ^-e|(Cu) ^ 1:

^Sr ^ - o ^ ^ } ^ °^4^}fe °H^1-1:O1 A Silicon detectoH ^i^:*>^ °flM*l

(Stopping power)7l- ^ ^ € ^r 5X^ 2:^^-$14. SSD1, SSD2, SSD3 ^

SSD4^1^ n ^ 2.4.2^^ A A Charge Sensitive Amplifier(CSA)^-

Discriminatorl-

Data*

HEPT7> #^«>fe ^ 4 ^ ^-ff-^r ^ ^ , iM^l ^ ^ ^ S 2.4.14

Si Calibration^! ̂ 1 ^ Proton 37fl ^ ^ pEl, pE2, pE3# Calibration

4. Calibration

7\. ^
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^4
5 ^ 29 °̂

5 ^ 3011

5 € 31 <H

6^ U

$}%

$\*m ^-S Cyclotron0)] Detector setting

Beam profile # ^

HEPT calibration

^4 s^ ^ -î r

4 . Test setup

HEPT^ Calibration setup£ n ^ 2.3.34

Particle telescope ^ ^ r ^ ^ ¥ 3 1

HEPT 4^1 °fl bias voltage* "S-^

*?-&, Particle identification block,

electronics box7> 9^-. °] ^ f £ ^ ^ j ^

^•AS 4^]«^4. °1 ^ ^ 1 4 ^ ^ ^ ^ Control room°ll^ PCS Monitor

v}7\} € 4 . ^ ^ ° ] *S«>^^lfe ^ 4 Control room 4 ° 1 ^ 7 ^ ^ ^ 40

meter ^£o}s .S . ^ 7 ^ !§•#£ ^sfl^ RS422

HEPT^]

2.3.24 ^ v £

^ Amplifier

i ^ Driving

4 . Calibration^!

Calibration^

Calibration^: ^ 4 . B̂

Fluxfe a 2.4.24

Beam

^ Cyclotron setting

^- Calibration^] 4-§-"t

4 . Calibration procedure

- Beam profiled # ^ t r 4 .

Cyclotron^] ̂  4 i f e 49.6 MeV^l Mylar
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Seconday

Proton

49.6 MeV Proton

AE-E g § telescope

Beam profile # 5. 2.4.221

- HEPTi

ZfE-E ^ # Telescope* ^

- HEPT1-

levels # ^

Flux* Conjugate

ufl, System^ Noise

- Test signal^ f-^^i HEPT Amplifier^!

JE-E ^ # Telescope!- Conjugate Cyclotron^!
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Seconday Proton / AE-E g § telescope

49.6 MeV Proton

HEPT Telescope

- 37fl

- HEPT*
levels #

Beam 2A}f- 4*1 JL, Test pulsed 3 tb Amplifier

, System^ Noise

5.

Ranged Stopping power^

fe S2.4H

«Vfe ^ °

^ Threshold voltage level
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discriminator^] £]*1| 2 : ^ 4 . ^ ^ t Threshold

levels <£7] ^ H i t f s ) i r °im*l 0.5 MeV - 2.1 MeV l̂]

threshold levetfH HEPT

TelescopeiH ^ ^ i H S l

-

moving

feefl c ] ^ bench

p E 2 60 Hz^- 2 Hz

^ , geometrical factor*

2.4.5°1]

frame

threshold

level 2.06 MeV°]Ji, 4 ^.2.4.34
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S. 2.4.1.

(Table 2.4.1. Energy range of HEPT channels.)

Channel#

pEl

pE2

pE3

eEl

eE2

eE3

AA

Energy Range (MeV)

6.3 ~ 15

15 ~ 29

29 ~ 38

0.25 ~ 0.7

0.7 ~ 2.0

> 2.0

15 ~ 60

Particle

Proton

Proton

Proton

Electron

Electron

Electron

Alpha Particle

Length (Bit)

16

16

32

16

16

32

16
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3. 2.4.2. HEPT calibration^ 4-§-€ <$*}*] , Flux

(Table 2.4.2. Species, energy, and flux of particles used in HEPT

calibration.)

species

proton

proton

proton

energy

10 MeV

25 MeV

35 MeV

flux

1.0 x 10b/cm2.sec

1.0 x 107cm2.sec

1.0 x 107cm2.sec
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a 2.4.3. ^ ^ H <S<H*1 HEPT Î A n^$\ <^i*]

(Table 2.4.3. The measured energy range of HEPT channels.)

Channel#

pEl

pE2

pE3

Energy Range (MeV)

7.75 - 13.50

14.60 - 19.82

26.80 - 30.74

Particle

Proton

Proton

Proton

Length (Bit)

16

16

32
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SSD2 SSD3 ,SSD4

Al(0.2mm) Cu(0.3mm) Cu(1.4mm)

3L% 2.4.1. HEPT^ 7] Til ^ ^ f

(Fig. 2.4.1. Mechanical structure of HEPT)



SSD1-

SSD2-

SSD3

Amplifier

Amplifier

Amplifier

SSD4 r Amplifier

+15V,-15V,+5V

lObit AD-conversiori
J

ZL^ 2.4.2. HEPT block diagram

(Fig. 2.4.2. HEPT block diagram)
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High Energy Particle
HEPT mechanical structure

Exp. Table L

Driving Electronics Box

n% 2A3. HEPT calibration setup

(Fig. 2.4.3. HEPT calibration setup)
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4 Silicon D
etector

C
S

A

A
M

P

Test Pulser

i k . i

C
ontroller

1

A D C

RS422

Interface

+5V,+12V,-12V

%. 2.4.4. HEPT driving electronics block diagram

(Fig. 2.4.4. HEPT driving electronics block diagram)
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50° Data before and after reduction

16000

14000

12000

•| 10000

o 8000
O

6000

4000

2000

i - f - i r - i

bofore reduction
after reduction

\
\

\
\

\ \

) i i • \ i i I » i

1 2
HEPD Channel

2.4.5. 50°<*M # ^ £ HEPT $\ geometrical factor* iL^fb € 4

(Fig. 2.4.5. HEPT geometrical factor collection data measured at 50°)
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PIN photodiode* CsI(Tl) ^ # 7 ]

1. CsKTl)

(Inorganic Scintillator)fe N a K T D ^ i 3.7] <i\-

rf. 45M NaKTl)^ ^ ^ ^ a . ^ § ^ Slxf ^
6.^, CsKTl), BGO(Bi4Ge3Oi2), CdWO4, GSO(Se)

a 5.1.H
^•«1 Bialkali photocathodel- >«•>-§-«>fe PM tube^l ^-£7} 400nm

l ^ ^ ; si PIN photodiode^r 950nm
i ^ s c ] P e a k

CsKTl)

Photo Peak

fe 54<>1 H

Peak-to-Compton

3cm, ^^1 ^ ^

5.1.1^

. CsKTl)

NaKTD^f

2. CsKTl)

CsKTl)

, CsKTl)

PIN photodiode
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3cm 4 ^ , 3cm

I"*! ^ 3 <£ # ^ photodiode4
Polishing 4 ^ # ^^^> *Vrf. n& 5.2.14 ^°1 2000«i ^ 5 . (A), SiO2 0.25
^m (B), AI2O3 0.05 tim (C)̂ 1 ^^iS. Polishing«>

. CsKTl)^ 1-4 t a ^ i S ^ ^ ^ ^ - S . ^ Gel

, Polishing^ CsI(Tl)^ tb^ #^r Optical grease* °l-g-*}^ PIN
dE^ Photomultiplier tube)4 ^ ^ - ^ ^ , Al foils. ^^11- ^ 4

CsKTl) ^fl^f0!]^ ^ !^€ ^ ^ ^

CsI(Tl)4 PIN photodiode^ 4^1 °H, -
°i ^ t ^ S.^°14. n ^ 5.2.44 ^
Wrapping tape 3- ^V^e]^]-^ 5]-T- * °
CsKTl) 4 #711- n& 5.2.5̂ 1 J££i
photodiode, ^ ^ PMT* ^-4?!: ^ - r *
^ CsI(Tl)^: §1-4 c] *ll4§}^ H]S3}5

fe °^^- Hamamatsu^ H3690-03 a f S

^.^ 5.2.3^ Optical
o] Al foils. 4 -
1 ^ H # ^ 7 M ^ 5

4. CsKTl) ^#*H
Ai^ alsS|-7l ^ ^

I 4 ( n ^ 5.2.6). ^7
LA-1 (-)IOOOV B i a s i

g r e a s e * A]~§-sl-

t 4-B-, 4 ^ ^
•^ *>4. 4 ^ ^
^ PIN silicon
H PMT* ^ ^
1̂1 A>-§-^ PMT

4 Af-g-̂ rJ-.

3. 4^& CsKTl)

CsKTl) ^#71 A)^f-3 ^ ^ - ^ ^l^^}7l ^ § H BGO
5.3.1), Nal(Tl) 3#7 l t - 4 4 ltfl^ ^yl§}^ 44^1 ̂  tflf!;
y]il§>^q-. ^#7 l Al^ ^-til(n^ 5.3.2)^ PC l̂ #*|-€ Multichannel
analyser, Amplifier, Preamp, High voltage power supplyS.
137Cs source* A>-g-§>ô  661.6 keV

5.3.3.^ 3"X3" Nal(Tl)
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4 . ^ 5.3.4.^ 3"X3" BGO ^%7}$\ Spectrumil^ NaKTD l̂ 3} 4 H]

2 f nfl, peak^l ^H ^ 1.5*11 V M ^ ^ - ^ 1 ^ r̂ XI4. ̂ 4 BGO Î -B-
SL ^xf»l^^- ^£7]- NaI(Tl)ii4 3 E £ Photo peak^l

^ BGO ^ # 7 ] ^ NaKTD l̂ til§>o^ ofluixl Resolution^

* J L photo peak^l til^o] s

5.3.5.^ ^r sf^l0!!^ 4^& 7 r i t 7 l ^ 1 CsKTl) scintillatori PMT

-. NaKTl) ^#7lS] Spectrum )̂- « 1 * ^ ^ - ^ 4 a . ° i ^ ^ ,

s.^1 ofluix] ^-*fl^ol 6.5%S^1 ^-^«l -f^§>4. =L^ 5.3.6.^ CsI(Tl)

scintillatori PIN Si photodiode Hamamatsu S2744-08^r

7£%7}«\ ^ 1 4 ° l 4 . PMT» ^ t t ^ # 7 l i a ] }

Peak# il^lJl $1^-^, ^ ^ Channel^ Noised ^ 1 € ^ ^ ] S ^ ^ r a.^14.

i | S i 2 5 £ ^^sfl ^ . ^ ^ # 7 l i 30V Bias ^ ^ - i - ^ ^ ^ < ^ £ O.lmV

Noised°1 ^"^14^ ^EflS. M-B]-4^ ^ # ^-oi^ ^ Xl^^.^, ^-5-

. PIN Si photodiodeS
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3. 5.1.1

(Table 5.1.1 Physical Properties of Common Inorganic Scintillators)

^£(g/cm")

Max. Emission
4^(nm)

Decay Constant
(fj. sec)

Photons/MeV

Radiation
Length (cm)

Refractive Index at
peak emission

Stability

Nal(Tl)

3.67

415

0.23

651

40000

2.59

1.80

Very
Hygroscopic

CsKTl)

4.51

550

0.9

621

52000

1.86

1.78

Slightly
Hygroscopic

BGO
(Bi4Ge30i2)

7.13

480

0.3

1050

8500

1.13

2.15

Stable

CdWO4

7.90

470

20.0

1325

13000

1.00

2.25

Stable

- 56 -



• ? T v • • • • • • • • ' ••• ••'••• •

o.^ 5.1.1 3 3 3cm, 236] 3cm^l Nal(Tl) ^ ^ ^ 1

Fig. 5.1.1 Nal(Tl) scintillator 3cm diameter 3cm long
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(A)

1

(B) (C)

5.2.1 CsKTl) ^ ^ ^ 1 ^ Polishing 4 3 . (A)=»(B)=»(C).

(Fig. 5.2.1 Polishing procedure of CsKTl) scintillator. (A)=»(B)=>(O.)
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»y.'f.

^ 5.2.2 CsKTl) ^ ^ - ^ 1 ^ - Hamamatsu S2744 PIN silicon photodiode.

(Fig. 5.2.2 CsKTl) and Hamamatsu S2744 PIN silicon photodiode.)
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(A)

(B)

5.2.3 CsKTl) ^ ^ ] ^ PIN photodiode ^

(Fig. 5.2.3. CsKTl) scintillator coupled to PIN photodiode.)
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mm
ify.il

5.2.4 ^ = 1 CsKTl) ^ ^ N l ^ PIN photodiodel- Al foils.

(Fig. 5.2.4. CsKTl) detector wrapped with Al foil.)
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& 5.2.5 *f|3- fe€ CsKTl) ^#7)5} Preamp.

(Fig. 5.2.5. Finished CsKTl) detector and Preamp.)
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5.2.6 PMT#

(Fig. 5.2.6 Fabricated CsKTO detector using PMT
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5.3.1. 3"X3" BGO

(Fig. 5.3.1 3"X3" BGO detector)
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5.3.2.

(Fig. 5.3.2. Detector test electronics)
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O

o

2400

1800

1200^

500.00
Energy (keV)

750.00 1000.00

5.3.3. NaKTl) 662keV

(Fig. 5.3.3. 662keV y -ray spectrum of NaKTl) detector)
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|
O
o

4000 r

3000

2000 L

r

E I
1000

1 A

0.00 250.00

/ \
! \
/ i

500.00
Energy (keV)

750.00 1000.00

5.3.4. BGO ^ # 7 ] 5] 662keV

(Fig. 5.3.4. 662keV y -ray spectrum of BGO detector)
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c

8

200 :-.

0.00 250.00 500.00
Energy (keV)

750.00 1000.00

5.3.5. PMT CsKTl) 662keV

(Fig 5.3.5. 662keV r -ray spectrum of CsKTl) detector with PMT)



12000,

9000

§ 6000 Sl-

8 E

3000

\

i
150

_L
300

Channel

450
__ j

600

5.3.6. PIN photodiode CsI(Tl) ^%7\9] 662keV

(Fig. 5.3.6. 662keV r -ray spectrum of CsI(Tl) detector with PIN

photodiode)
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^ § 4 Identification^ ^ H 7>W

Silicon Surface Barrier ^#7lf- z/E ^ # 7 l S ^-Jl, CsI(Tl) Scintillator»

E ^ # 7 l S §H ^E-E Telescope* ^ 1 ^ ^ l ^ V ^ ^ H , 35 MeV ^]^}

JE-E Telescope

E f Bethe formulâ ] e ^

Tabled &A % ^ ^ l ^ ^ ^ , JE-E Telescoped

^- ^ Test* ^*5

^ # ^ ^ - $ 1 4 . St^-S. 1 GeV

7] 7fli£3. ^r^A]

JE-E Telescoped QA 4 ^ ^ ^ ^ ^ ^#711- A ^ ^ V H I aj-ej-

^ BGO, Nal(Tl), CsI(Tl)
^5 i^ -^ , -̂«1 CsKTl) ^^-^1 ^#7 l^ r PMT ^fe PIN Si

photodiode4

CsI(Tl)
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^ Array
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Energy Loss Ji\£} £]£[ 2 E List

PROGRAM ECHANGE
C CALCULATE THE ENERGY OF A PARTICLE(P, D... ) AFTER PASSING THROUGH
C MATERIALS

DIMENSION E(20),P(20),MATHC(19))MATNAM(19),THICK(19)
DIMENSION ERANGE(20),Erange_cm(20),DDE(20)
CHARACTER*8 MATNAM
REAL MATHC
COMMON /RANGEO/ ERNG,Erng_cm, RRNG, REGY, THMAT

1 CONTINUE
OPEN (UNIT=3, F I L E = ' E l o s s o u t \ STATUS='NEW')
IT 1. A. V^T \ J / ^ ^ * - ~ — - • — -~> -M-. *_*fl •*•• M » _ • * _ _ - M •_» M * •«* **^- _« ^ M <>** >*« -«.«*. .w. ^«* v%- «t-» **« mm— ^ ^ ^-» *M> «A- _ • * *M^ •>« 4M* «M> ~W. t^, *-*«*.

PRINT *, 'Incident particle,Z(F10),A(F10),E(F10) in MeV/nucleon'
READ(*,1000) Z1,AI,E(1)

1000 FORMAT(3F10.5)
if(zi.le.0.0) go to 999

1010 F0RMAT(A8)
PRINT «,' How many of materials do you need (up to 19)?'
READ(*,1001) LAYER

1001 F0RMAT(I2)
DO 10 1=1,LAYER
PRINT 1030,1
READ(*,1010) MATNAM(I)
PRINT *,' Thickness of material in cm (F10.5)'
READ(*,1000) MATHC(I)

10 CONTINUE
1030 F0RMAT(/' NO.',12, ' Material(AIR,PLASTIC, Carbon, CH2.AL,MYLAR, '

+ , 'CU.AU.PB.BE.SI.LI.TA.NAI.CSI)')
DO 20 1=1,LAYER
E(1+1)=E(I)-ELOSS(E(I),ZI,AI,MATNAM(I),MATHC(I))
DE=DE+ELOSS(E(I),ZI,AI,MATNAM(I), MATHC(I))
DDE(I)=EL0SS(E(I),ZI,AI,MATNAM(I), MATHC(I))
ERANGE(I)=ERNG
Erange_cm(I)=Erng_cm

THICK(I)=THMAT
IF(E(I+l).LE.0.0) GO TO 30

20 CONTINUE
30 CONTINUE

DO 40 1=1,LAYER
PM0M=(E(I)+931.5)**2-867692.25
P(I)=SQRT(PMOM)

40 CONTINUE
I=LAYER+1
IF(E(I).GT.0.0) THEN
PM0M=(E(I)+931.5)**2-867892.25
P(I)=SQRT(PMOM)
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ELSE
P(I)=0.0
END IF . •
write(3,9)Zi,Ai,E(l)
write(*,9)Zi,Ai,E(l)

9 F0RMAT(///4x,'Incident particle of Z=',F4.0,' A=',F4.0,
* ' E=',F7.2, ' MeV/nucleon')
DO 99 1=1,LAYER
write(3,11)1,matnam(I),mathc(I)
wri te(*,11)I,matnam(I), mathc( I)

11 format(//2x,'Layer',13,'> Material:',A8,
* ' with the thickness of \F10.5, ' in cm',/)

write(3,*)' Old Energy = \E(I),' AMeV',E(I )*AI, ' MeV '
write(3,*)' Range = ', ERANGE(I)*le3,'in mg/cm2', ' ->',

* Erange_cm(I),'in cm'
write(3, * ) ' New Energy = \E(I+1), 'AMeV, E(I+1)*AI, 'MeV
write(3,*)' Energy Loss = ',DDE(I),'AMeV',DDE(I)*AI,'MeV'

c
PRINT *, ' Old Energy = \E(I), ' AMeV',E(I)*AI, ' MeV '
PRINT *,' Range = ',ERANGE(I)*le3, 'in mg/cm2', ' ->',
* Erange_cm(I),'in cm'
PRINT *, ' New Energy = \E(I+1), 'AMeV',E(I+l)*AI, 'MeV
PRINT *, ' Energy Loss = \DDE(I), 'AMeV',DDE(I)*AI, 'MeV'

99 CONTINUE
write(3,12)De,De*Ai
write(*,12)De,De*Ai

12 format(/3x, 'Total Energy Loss = ',F7.3, ' AMeV \F7.2, ' MeV',/)
DE=0.
go to 1

999 STOP
END

FUNCTION ELOSS(E,ZI,AI,MAT,THICK)
COMMON /RCMMN/ MIADJ,TENERG(138),TRANGE(138,20)
COMMON /RANGEO/ ERNG,Erng_cm,RRNG,REGY, THMAT
DIMENSION NAMAT(15)
DIMENSION ZM(15),AM(15),AIADJ(15),RHO(15)
CHARACTER*8 MAT,NAMAT
DATA NAMAT /'AIR', 'PLASTIC, 'C, 'CH2', 'AL', 'MYLAR', 'CU', 'AU', 'PB'
+ 'BE', 'SI', 'LI', 'TA', 'NAI', 'CSI'/
DATA ZM / 7.2,3.38,6.0,2.64,13.0,4.5,29.0,79.0,82.0,
+ 4.0,14.0,3.0, 73.0,32. ,55.5/
DATA AM /14.41,6.56,12.01,4.62,26.98,8.64,63.54,196.97,207.9,
+ 9.01,7. ,49.0,180.9,75. ,133.5/
DATA AIADJ/85.7,64.7,78.,57.4,166.0,78.7,322.,790.,823.,63.7,
+ 173. ,40. ,718.0,452. ,553.1/
DATA RHO /0. 00121,1.032, 2. 0,0.940, 2.7,1.395,8.96,19.32,11.35,
+ 1. 848,0. 534,4. 50,16.6,3.667,4.51/
DATA GFAC /0.948/
DO 10 1=1,15
IF(MAT.EQ.NAMAT(I)) GO TO 20
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10 CONTINUE
K=10
PRINT *, 'GIVE ME ZM, AM, AIADJ.RHO,IGAS,ETA (4F10.5,21)'
READ(*,1000) ZM(10),AM(10),AIADJ(10),RHO(10), IGAS, ETA

1000 FORMAT(4F10.5,215)
GO TO 30

20 CONTINUE
K=I
IGAS=O
IF(K.EQ.l) IGAS=1
ETA=1.0
IF(K.EQ.1) ETA=GFAC

30 CONTINUE
ERNG=RRANGE(E,ZI,AI,ZM(K),AM(K),AIADJ(K),1,1,1,RHO(K),IGAS,ETA)
Erng_cm = ERNG/RHO(K)

THMAT=THICK*RHO(K)
RRNG=ERNG-THMAT
IF(RRNG.GT.O.0) GO TO 40
REGY=0.0
GO TO 50

40 REGY=RNERGY(RRNG1ZI1AI,ZM(K),AM(K),AIADJ(K),1,1,1,RHO(K),IGAS,ETA)
50 ELOSS=E-REGY

RETURN
END
FUNCTION RDEDX(E1,ZO,Al,Z2,A2,IADJ,II,12,13, RHO, IGAS,ETAD)
COMMON/FLOOK/F1,F2,F3,F4, F5, F6, Zl
REAL IADJ
DIMENSION VA(4),V2FVA(4),Z1ABA(14),COSXA(14)
DATA Zl ABA, COSXA/0. 0, 0. 05, 0.1,0.15,0. 20,0. 30, 0.4,0. 5, 0. 6,
C 0.8,1.0,1.2,1.5,2.0,1.000, 0.9905, 0.9631, 0. 9208,0. 8680,
C 0.7478,0.6303,0.5290,0.4471,0.3323, 0. 2610,
C 0.2145,0.1696,0.1261/
DATA VA, V2FVA/1., 2.,3.,4.,0.33,0.30,0.26,0.23/
PI=3.14159265
ALPHA=1./137.03604
G=l.+E1/931.5016
DELT=DELTA(G,Z2,A2,IADJ,RHO, IGAS, ETAD)
BSQ=1.-1./G**2
B=SQRT(BSQ)
Zl=Z0*(l.-EXP(-130.*B/Z0**(2./3. )))
ETA=B*G
EMASS=0.5110034E+06
Fl=0.3070722*Zl**2*Z2/(BSQ*A2)
ETAM2=1./ETA**2
CADJ=1.0E-06*IADJ**2*ETAM2*(0.422377+ETAM2*(0. 0304043-ETAM2*
1 0.00038106))+l.0E-09*IADJ**3*ETAM2*(3.858019+ETAM2*(-0.1667989
2 +ETAM2*0.00157955))
F2=ALOG{2.*EMASS*BSQ/IADJ)-CADJ/Z2
F6=2.*AL0G(G)-BSQ
F3=0.0
F4=1.0
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F5=0.0
IF(I2.EQ.0)G0 TO 60
Y=Z1*ALPHA/B
Y2=Y**2
MSUM=INT(5.*Y)+1
SUMR=O.
DO 90 N=1,MSUM
FN=FLOAT(N)
FN2=FN**2

90 SUMR=SUMR+(1./(FN2+Y2)-1./FN2)/FN
F3=-Y2*(1.202+SUMR)

60 IF(I3.EQ.0)GO TO 50
V=ETA/(ALPHA*SQRT(Z2))
IF(V.GE.4.)G0 TO 25
DO 10 1=1,3
IF(V.GE.VA(I+1))GO TO 10
V2FV=V2FVA(I)+(V-VA(I))*(V2FVA(1+1)-V2FVA(I))
GO TO 30

10 CONTINUE
25 V2FV=0.45/SQRT(V)
30 F4=l.+2.*Z1*V2FV/(V**2*SQRT(Z2))
50 IF(I1.EQ.O)GO TO 70

Z1A=Z1*ALPHA
Z1AB=ABS(Z1A/B)
COSX=O.
DO 40 1=1,13
IF(Z1AB.GE.Z1ABA(I+1))GO TO 40
COSX=COSXA(I)+(ZlAB-ZlABA(I))*(COSXA(1+1)-COSXA(I))/

C (Z1ABA(I+1)-Z1ABA(I))
40 CONTINUE

F5=0.5*Z1A*(B*(1.725+0.52*PI*COSX)+Z1A*(3.246-0.451*BSQ
1 +Z1A*(1.522*B+0.987/B+ZlA*(4.569-0.494*BSQ-2. 696/BSQ
2 +ZlA*(1.254*B+0.222/B-1.170/BSQ/B)))))
IF(Z1AB.LE.100.*ALPHA)GO TO 70
IF((ZlAB**9/6.).LT.ABS(F5/(F2*F4+F3+F5+F6-DELT/2.)))G0 TO 70
F5=0.

70 RDEDX=Fl*(F2*F4+F3+F5+F6-DELT/2.)/Al
RETURN
END

FUNCTION DELTA(G,Z2,A2,FIADJ,RHO, IGAS,ETA)
IF(G.GE.1.8)G0 TO 10
DELTA=O.
RETURN

10 PLASMA=28.8*SQRT(RHO*Z2/A2)
CBAR=2.*ALOG(FIADJ/PLASMA)+1.0
B=SQRT(1.-1./G**2)
Y=2.*AL0G(B*G)+IGAS*AL0G(ETA)
IF(IGAS.EQ.1)GO TO 100
IF(FIADJ.GE.100.)G0 TO 20
Yl=9.212
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IF(CBAR.GE.3.681)G0 TO 11
Y0=0.9212
GO TO 200

11 Y0=1.502*CBAR-4.606
GO TO 200

20 Yl=13.82
IF(CBAR.GE.5.215)G0 TO 21
Y0=0.9212
GO TO 200

21 Y0=1.502*CBAR-6.909
GO TO 200

100 IF(CBAR.GE.12.25)G0 TO 110
Yl=18.42
IF(CBAR.LT.12.25)Y0=9.212
IF(CBAR.LT.11.5)Y0=8. 751
IF(CBAR.LT.11.0)Y0=8.291
IF(CBAR.LT.10. 5)Y0=7.830
IF(CBAR.LT.10.0)Y0=7. 370
GO TO 200

110 Yl=23.03
IF(CBAR.GE.13. 804)GO TO 120
Y0=9.212
GO TO 200

120 Y0=1.502*CBAR-11.52
200 A=(CBAR-Y0)/(Yl-Y0)**3

IF(Y.GT.YO)GO TO 210
DELTA=0.
RETURN

210 IF(Y.GE.Y1)GO TO 220
DELTA=Y-CBAR+A*(Yl-Y)**3
RETURN

220 DELTA=Y-CBAR
RETURN
END

FUNCTION RRANGE(E,Zl,Al,Z2,A2,IADJ, II, 12, 13, RHO, IGAS, ETAD)
REAL IADJ,IADJA(20)
C0MM0N/PARAC/Z1P,A1P,IIP,I2P,I3P,NIADJ,IADJA,Z2A(20),A2A(20)
1 ,RHOA(20),IGASA(20),ETADA(20)
COMMON/RCMMN/MIADJ,TENERG(138), TRANGE(138, 20)
DATA TENERG/1.,2.,3.,4.,5.,6.,7.,8.,9.,10.,12.,14.,16.,18.,
C 20., 22., 24.,26.,28.,30.,32.,34.,36.,38.,40.,42.,44.,46.,
C 48.,50.,55.,60.,65.,70.,75.,80.,85.,90.,95.,100.,105.,
C 110.,115.,120.,125.,130.,135.,140.,145., 150., 155.,160.,
C 165.,170.,175.,180.,185.,190.,195.,200., 210.,220.,230.,
C 240.,250.,260.,270.,280.,290.,300.,310., 320.,330.,340.,
C 350.,360.,370.,380.,390.,400.,410.,420., 430.,440.,450.,
C 460.,470.,480.,490.,500.,510.,520.,530.,540.,550.,560.,
C 570.,580.,590.,600.,610.,620.,630.,640.,650.,660.,670.,
C 680.,690.,700.,710.,720.,730.,740.,750.,760.,770.,780.,
C 790.,800.,820.,840.,860.,880.,900.,920.,940.,960.,980.,
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C 1000.,1200.,1400.,1600.,1800.,2000.,2400.,2800.,3200. /
IF((Z1.EQ.Z1P).AND. (Al.EQ. A1P). AND.

C (II.EQ.IIP). AND.
C (I2.EQ.I2P).AND.(I3.EQ.I3P))G0 TO 451
NIADJ=1
MIADJ=1
Z1P=Z1
A1P=A1

I3P=I3
IADJA(1)=IADJ
Z2A(1)=Z2
A2A(1)=A2
RHOA(1)=RHO
IGASA(1)=IGAS
ETADA(1)=ETAD
GO TO 450

451 DO 420 I=1,NIADJ
MIADJ=I
IF((IADJ.EQ.IADJA(I)).AND.(Z2. EQ. Z2A(I)). AND.

1 (A2. EQ. A2A(I)).AND.(RHO.EQ.RHOA(I)).AND.(IGAS.EQ.IGASA(I)).
2 AND.(ETAD.EQ.ETADA(I)))G0 TO 100

420 CONTINUE
NIADJ=NIADJ+1
IF(NIADJ.GE.20)NIADJ=20
MIADJ=NIADJ
IADJA(MIADJ)=IADJ
Z2A(MIADJ)=Z2
A2A(MIADJ)=A2
RHOA(MIADJ)=RHO
IGASA(MIADJ)=IGAS
ETADA(MIADJ)=ETAD

450 DO 30 1=1,8
30 TRANGE(I,MIADJ)=(A1*(931.5016/938. 213)/Z1**2)*PRNGLO(TENERG(I),

1 IADJ,Z2,A2)+BZ(TENERG(I),Z1,A1,Z2,A2, IADJ)
DO 300 1=9,138
DE2=(TENERG(I)-TENERG(1-1))/2.
DEDX1=RDEDX((TENERG(I-1)+l.33998104*DE2), Zl, Al, Z2, A2, IADJ,
C 11,12,13,RHO,IGAS,ETAD)
DEDX2=RDEDX((TENERG(1-1)+l.86113631*DE2), Zl, Al,Z2, A2, IADJ,
C 11,12,13,RHO,IGAS,ETAD)
DEDX3=RDEDX((TENERG(1-1)+0.13886369*DE2),Zl,Al, Z2,A2,IADJ,
C 11,12,13,RHO,IGAS,ETAD)
DEDX4=RDEDX((TENERG(1-1)+0.66001869*DE2),Zl,Al,Z2,A2,IADJ,
C 11,12,13,RHO,IGAS,ETAD)
DR=DE2*(0.65214515/DEDX1 + 0.34785485/DEDX2
C +0.34785485/DEDX3 + 0.65214515/DEDX4)

300 TRANGE(I,MIADJ)=TRANGE(I-1, MIADJ)+DR
100 IF(E.GT.TENERG(1))GO TO 60

RRANGE=E*TRANGE(1,MIADJ)/TENERG(1)
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RETURN
60 DO 70 1=2,138

IF(E.GT.TENERG(I))GO TO 70
RRANGE=TRANGE(I-1,MIADJ)+(E-TENERG(I-1))
C *(TRANGE(I,MIADJ)-TRANGE(I-1,MIADJ))
C /(TENERG(I)-TENERG(I-l))
GO TO 200

70 CONTINUE
200 CONTINUE

RETURN
END

FUNCTION BZ(E,Z1,A1,Z2,A2,IADJ)
REAL IADJ
G=l.+E/931.5016
B=SQRT(1.-1./G**2)
IF(B.GE.(2.*Z1/137. ))G0 TO 10
BZ=A1*(931.481/938.259)*(48.0+5.8*IADJ**(5./8. ))*
C (A2/Z2)*1.0E-05*Zl**(-l./3. )*B
GO TO 20

10 BZ=(Al*(931.481/938.259))*(7.0+0.85*IADJ**(5./8. ))*
C (A2/Z2)*1.0E-06*Zl**(2./3. )

20 CONTINUE
RETURN
END

FUNCTION PRNGLO(E,IADJ,Z2,A2)
REAL IADJ
CR=938.213/931. 5016
ELN=ALOG(E*CR)
ALN=ALOG(IADJ)
RLN=AL0G(A2/Z2)-7.5265E-01+2.5398*ELN-2. 4598E-01*ELN**2
C +7. 3736E-02*ALN-3.1200E-01*ELN*ALN
C +1.1548E-01*ALN*ELN**2+4.0556E-02*ALN**2
C +1. 8664E-02*ALN**2*ELN-9.9661E-03*ALN**2*ELN**2
PRNGLO=EXP(RLN)/1.OE+03
RETURN
END

FUNCTION RNERGY(R,Zl,Al,Z2,A2,IADJ,II,12,13, RHO,IGAS, ETAD)
REAL IADJ, IADJA(20)
C0MM0N/PARAC/Z1P,A1P,IIP,I2P,I3P.NIADJ,IADJA,Z2A(20),A2A(20)
1 ,RHOA(20),IGASA(20),ETADA(20)
COMMON/RCMMN/MIADJ,TENERG(138),TRANGE(138, 20)
E=600.
RR=RRANGE(E,Zl,Al,Z2,A2,IADJ,II,12,13,RHO,IGAS,ETAD)
IF(R.LE.TRANGE(1,MIADJ))GO TO 20
DO 10 1=2,138
K=I
IF(R.LE.TRANGE(I,MIADJ))GO TO 30

10 CONTINUE
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30 RNERGY=TENERG(K-1)+(R-TRANGE(K-1,MIADJ))*(TENERG(K)-TENERG(K-1))/
C (TRANGE(K,MIADJ)-TRANGE(K-1,MIADJ))
RETURN

20 RNERGY=TENERG(1)*R/TRANGE(1, MIADJ)
RETURN
END
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