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Abstract 

f.­ The elastic proton-helium differential cross sections have 

been determined for 5 different incident laboratory energies 

from ~O to 400 GeV in the range 0.003 < It I < 0.52 (GeV/c)2. 

, The differential cross section drops 4 - 5 orders of magnitude 

to the first dip at It I = 0.22 (GeV/c)2. A Glauber analysis 

1s performed on the data. The inelastic intermediate states 

are found to be isportant. The shrinkage of the slope of the 

differential cross section is measured. The rate of shrinkage 

is twice as large as in the p-p case. Results on the real 

part of the elastic scattering amplitude at forward angle and 

at the dip structure Cltl ; 0.22) ~re presented. 
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1.	 Introduction 

Previous measurements Qf the elastic proton-helium dif­

ferential	 cross sections have been made at low or intermediate 

1-4energies. In particular, measurements at 1.22 GeV/c > 1.37 

4 5-6 4 1GeV/ c, 1.70 - 1.75 GeV/c , and 2 GeV/c have been reported. 

An experiment on He 4 -proton elastic scattering at 1~75, 2.51, 

and 4.13 GeV/nucleon has been reported. 7 Measurements of e-He 4 

at 1.00 GeV/c8 and TI-He 4 at 7.76 GeV/c 9 are avail~ble in the 

literature. These experi~er.ts all exhibit a diffraction 

minimum or dip in the elastic scattering. Such structure is 

more pronounced at higher e~ergies. 

Theoretical models to fit these diffraction minima 

exist. 10 ,11 Czyz, Lezniak, and others12- l6 have developed the 

Glauber multiple s~attering model extensively. In mUltiple 

nucleon nucleon scattering models the first diffraction 

minimum arises from the interference between the single nucleon 

(m = 1) imaginary scattering amplitude and the mUltiple nucleon 

(rn = 2, 3, 4) fmagi~ary scattering amplitudes. At the first 

diffraction ~inimu~ the m = 1 and m = 2 imaginary amplitudes 

cancel. What remaines is a coherent sum of the single nucleon 

real scattering amplituje, multiple nucleon scattering (m > 2), 

double scattering to an in:ermediate inelastic state, spin 

nucleon effects, and possible non 2-body correlations in the 

nucleus. In principle the real part of the nucleon nucleon 

amplitUde m~y be separated from other ·terms. In this experiment 

we have investigated elastic p-He 4 scattering with high statistica~ 
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accuracy in the energy range 40 - 400 GeV and momentum transfer 

squared 0.003 < It I ~ 0.52 (GeV/c)2. The purpose of the experiment 

is to obtain the rate of the shrinkage of the diffraction cone 

and to evaluate the role of inelastic screening of the nucleons• 

in the helium nucleus. Additionally a measurement of the real 

part t dependence constituted an important goal for our experiment. 

In Sec. II we describe the experiment and details of 

analysis. At present we deal with the following set of primary 

energies: 45, 200, 259, 301 and 393 GeV. In Sec. III we discuss 

the results of the flts to the low It I region., A table with 

the list of parameters is given, including the slope b(s) and 

fraction dip. In Sec. V we su~~arize our conclusions. 

II. Experimental Procedure and Anparatus 

The expeirmental apparatus is shown in Fig.l. The Fermilab 

circulating proton beam intercepted a low density, 7 x 10- 7 g/cm 3 , 

gas target. The interaction region was ~ 10 rom. The target 

was viewed at near 90° by sets of totally depleted surface 

barrier silicon d2tectors \dth typical dimensions 5 x 30 mm 2 
'. 

The front detectors ranged from 15 ~m to 250 ~m thick and the 

back detector was from 200 ~m to 1500 ~m. The silicon 

detectors had noise of 50 KeV and energy resolutions of 50 

- 150 KeV. The detectors were 7.2 m from the target yielding 

a geometric angular resolution ~w = ± 0.7 mrad. The resulting 
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kinetic energy uncertainty 6T ~ 2T6w/w, where w 1s the recoil 

angle with respect to 9qo, was good and provid~d excellent 

separation between the elastic and inelastic reactions. Two 

permanently fixed stacks of detectors were used to monitor the 

jet-beam interaction rate. During readout of a stack the inputs 

to all other stacks were inhibited. Thus all channels had the 

same percent dead time (~ 3 %). Typical data rates were 1000 

events per bea~ spill distributed over 8 detector stacks. 

The It I values studied were .003 < Itl < 0.52 (GeV/c)2, 

corresponding to recoil angles 6 < w < 96 mrad and ranges in 

silicon 2 < R < 1800 ~m. In much of our t range multiple 

scattering of the outgoing recoil particle in the target gas 

was negligible to small. The multiple scattering effect was 

significant at our sGallest It I values; in the worst case, 

It I = .003, the sultiple scattering in the target was ~ 1 mrad. 

Multiple sc~ttering nainly affects our energy resolution but 

does introduce small < 1 %corrections to our lowest It I cross 

section value. 

-The heliur;l gas jet is shown in Fig.2. It has an areal 

density of 4 x 10- 7 g/cm 2 with a jet "ridth (Rr·iS) ± 3 rr.m. Jet 

pulse lenbths ;~ere 100 mse~. and occurred twice (at two energies) 

during the accelerator ranp cycle. Helium was injected into a 

250 i buffer volume and re@oved by a 5000 i/sec diffusion pump; 

90 %of the heliun was rerr.oved in this manner. The remainder 

was removed fr0w the accelerator vacuum by 8 diffusion pumps 

spaced at 5 m intervals upstream and down stream from the target. ~ 

~
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These pumps (4 upstream, 4 downstream) constituted a differential.r 
~umping system and reduced the helium partial p~essure to 

< 10- 9 rom Hg beyond the final upstream, downstream points. 

The detecto~s were calibrated with a 90Th23~ alpha particle 

source. The absol~te angles determined from the elastic peak 

and alpha pa~ti~~e energy calibrations, when compared with survey 

measurements, sho~ an offset difference of ~ 0.15 mrad. We 

estimate our anble uncertainty at ~ .1 mrad. 

The first step in the analysis is to separate coherent He~ 

Tecoils from H, D, .T, He 3 
• The energies from our detector 

sandwiches we~e sorted into 256 x 256 plots of the front detector 

bE vs. the back detector E-~E. The mass.of a He~ particle 

stopping in the back element is given by the empirical formula 

(1) 

= , ~ 3whe!'e a -.:>. , S = 1.73, df is the thickness of the front 

detector in 11m a.n1 .... p,(T ) energy deposited in therp B is the front 

(back) detector in Z·'!eV. In Fig.3a,b we give a mass resolution 

plot on a lcgarit:-.:;."!:ic scale for t = - 0.149, - 0.450 (GeV/c)2. 

At these t values the He 4 
, He 3 mass separation is excellent. The 

dip rebion, t ~ - 0.22 (~eV/c)2, where the He 4 elastic cross 

se~tion has dropped 5 orders of magnitude, (the He 3 background 

is relatively flat) has a background systematic uncertainty far 

greater, as ~uch as 50 %. 

The separate~ P.e~ recoils were expressed as momentum spectra.- and fitted over ~he range > ± 5a to a formula which contained 
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Gaussian plus polynomial (background) terms. The number of 

elastic events was obtained. after applying cuts. at ± 40 and 

sUbtracting the background determined from the fit. The back­

ground was ~ 2 %except at the lowest It I ~ ~ 3 %, and at the 

diffraction miminun ~ 50 %. 

III.	 Small It I Region 

Our results for p-He 4 elastic cross sections 

have been ~itted in the range 0.003 < It I < 0.07 

(GeV/c)2 to the Glauber formula 

dcr _ I ~ + f 12	 (2)dt -	 1T In c 

where the Coulonb scattering amplitude takes the form 

= 4an G (t)G (~) inf c t p He v e 

In Eq.3~ a is the fine structure constant~ Gp(t) = 1 

the proton electrowagnetic form factor, 

7tGHe(t) = [1 - (2.S7t)5]e 11 
• the He~ electromagnetic form 

factor8, n = 4a ln l'f6h , the Coulomb phase, and R =~32<r2He>1/2
RI tj 

= 1.36 fm, the He~ electromagnetic radius derived from e-He~ 

scatt erirlg. 

The proton and neutron density distribution are represented 

by 

(11 ) 

The	 form for Eq.4 assumes that there are no correlations between ~ 
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nucleons inside the nucleus. The elementary nucleon nucleon 

amplitude is written in the rorm 

bt
 

f = f = f pn = a::; (p + i)e2!
pp nn 

2
with 0tot(mb) = 50.886 - 5.2302 ~n spp + 0.5437 ~n spp an 

empirical fit to data of Carroll et ale The elementary 

nucleon nucleon amplitude is assumed to be spin, isospin 

independent. Such effects are not present collectively on an 

isospin, spin zero target nucleus such as He~.· 

The Gaussian form of Eq.4 together with Eq.5 allow a 

closed integration over nucleon configuration space. The result 
12is the scattering nucleon-helium amplitude, f n , parameterized as 

In Eq.6 we have assumed that there are no correlations between 

nucleons inside the nucleons and that the terms representing 

contributions of the inelastic intermediate states are pro­

portional to elastic ones with enhancement coefficient Km. Eq.6 

for m = 1 yields 4 single rescattering terms; m = 2, 6 doub~e 

rescattering terms; m = 3, 4 triple rescattering terms; and 

m = 4, one quadrupole rescattering term. 

Eq.2 together with defining Eqs.3 and 6 were used to fit 

our results in the small It I range, 0~003 < It I < 0.07 (GeV/c)2. 

This equation proved inadequate to give an acceptable fit over 
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the full It I range 0.003 < It I < 0.52 (GeV/c)2. The free 

parameters in the fit are b, the effective nucleon nucleon 

slope parameter, p, the ratio of the real part to imaginary 

part of the nucleon nucleon forward scattering amplitude 

(t = 0) and the overall normalization, and in another variant 

of the fit, the normalization plus the enhancement co­

efficient K2 • In Table I the results from fitting the low 

It I are given. In Fig.4 ~e plot Elab = 45, 303 GeV data in the 

It I range 0.003 < It I < 0.07, together with the curve obtained 

from our fit. The PpN values have been shown in Fig.5, the 

effective nucleon nucleon slope parameter has been shown in 

Fig.6. 

In addition \1e have sought a model-independent description 

of the energy behaviour of diffraction cone of p-He~ elastic 

scattering. For this purpose 'we used the traditional description 

of the differential cross section 

bt+ct 2 

~~ (t) = IC·e 2 + fcoulombl2 

(8) 

and have found the para~ete~s for different t-intervals. The 

result is given in Table II. 

IV.	 Full EXDeri~e~tal It I Region 

In order to analyze the data in whole available region 

0.003 ~ It\ < 0.52 (GeV/c)2, we have employed a variant of Eq.2. 
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The helium nuclear density is represented as a dual Gaussian 
. ' ­-
 distribution 

The corresponding heli~~ form-factor takes the form 

1G(q) + D·e ) (10)= l+D (e 

The parameters D, R and R are determined from appropriate1 , 2 

comparison with electron-helium elastic scattering differential 

cross t 
. 8 sec lon : 

1 
<RHe 2>2 

Gexp(eHe) = 6·ft. 

(11) 

where Gexp(eEe) is the experimentally measured electromagnetic 

form factor for el~ctron-helium scattering, F is the protonp<REe >+ 
form factor, 6·A describes in an approximate way, the e 
motion of the recoil nucleus, and A = 4 the atomic number of 

helium. Our fit to the electron-helium data gives the following 

values 

R
1 = 1.346 ± 0.603 fm 

R2 = 0.678 ± 0.014 fm 

D = - 0.033 ± 0.003 

with X2
/ D. F. = 103./68. 
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The Glauber amplitude has the form " 

1 ..",., 

<RHe 2 >2 q24·A. e x 

x fd 2b e 1q.b. {1-[1-21T\p •Jd 2 qt. e-iq.b. f ( q I ) • G( q , ) ] } 

-~ 2with f(q) = P (Po + p'q2 + 1)·e (12) 

Special care has b~en taken in the forms for the nucleon-nuc,leon 

amplitude f(q) and the forn factor G(q) in order to minimize 

the explicit calculation of the integrals in Eq.12. Eq.12 

splits into the su~ of four terms 

where f i describes the i-fold rescattering amplitude of the 

incident proton in helium. As in the previous section the 

factors Km are introduced in order to take into account in a 

semi-phenomenologic~l manner the appearance of intermediate 

inelastic processes. We assume that inelastic intermediate 

states introduce enhancement factors which alter each elastic 

rescattering a~plit~de inde~endently. The parameters Km are 

the subjects for our experi~ental study. The most general 

case would be to con~ider Km as complex functions of sand t 

(we shall not do this at present). 

The fitted parameters are: N = normalisation, p' (see 

Eq.12), K2 , K3 , K~ = enhancement coefficients of dOUble, triple 
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and four-fold rescattering terms. As a constraint the values 

ai~t and :t lnl f pp l 2 = b?p(S, t) at It\ = 0.05 are fixed. The 

function bpp(s, t) is calculated from known data on elastic 

proton proton scattering. This constrains our analysis to 

agree with availa=le direct information on nucleon nucleon 

scattering. 

With these procedures we obtain good fits to our data. In 

Figs.7 and 8 we plot the data at ELab = 45 and 300 GeV in the 

t region 0.003 ~ It I ~ 0.52 (GeV/c)2 together with fitted 

curves. The fitteo parameters are listed in Table III and IV 

(for Table III K2 = K3 = K~ = 1, and there is no constraint for 

the slope of proton proton differential cross section), The 

pHe(E) , l~"'od -<'.,.... th -<,'tt d ·t pRe0tot e.re ca .... cu_c.v~ .1.O;.I .e.l. l e parame ers, ("tot
 

= ltn 1m fn(t = 0), and are listed in Table IV. The values pI
 

given in Tables III, IV are sensitive to the model parametrization;
 

an opposite sign solution w~th higher X2 exists.
 

The coefficients K 3 4 are found to be E-dependent. In2 , , 
order to trace the energy dependence of inele.stic screening we 

calculate the value 

oHe(K - opHe(K = = 0:. .... ~2' K K)
vOl" 3' 4 tot 2 

Since in the present experiment we are able to measure only 

relative differential cross section and oi~~ is not yet kno\~n, 

the value ~ain(S) contains our normalisation uncertainty. In 

Flg.9 we plot the function 60 in (E) - 601n (E = 45 GeV), in order 

to show the enerbJ variation of the inelastic screening cross 
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section. We can again answer the question about the energy and 
....,

t-dependence of the diffrac~ion slope parameter by differentiat­

ing our fitted function 

The result is shawn in Fig.IO. 

v. Conclusions 

Within the f~aIework of the simplified Glauber model 

we find our 10\'1 It I results yield values for the ratio of 

the real part toi~aginary part of the forward scattering 

amplitude, p(t=O), which agree well with measurements in 

p-p scattering as sho~n in Fig.5. 

The effective ~ucleon-nucleon interaction slope parameter, 

b obtained from low It I analys~s (see Table I and Fig.6) 

is significantly different from that known from proton-proton 

elastic scattering. This e~fect is also observed in proton­

deuteron elastic ·scattering. 17 This may be attributed to the 

effect of inelastic scattering of nucleons in the nucleus. 

Indeed, we obtain a good description of the data by fixing the 

paraseter and allcwing the inelastic enhancementbNN = bpp 

paraneter K2 to be free. As s increases K2 becomes larger. 

This is expected since the total cross section for diffraction 

dissociation rises with energy. 

We can obtain the diffraction cone characteristics, 

avoiding the Glauber formalism, simply by using the 
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/~	 phenomenological formula Eq.7. Fitted parameters· are listed 

in the Table II. Parameter ~1 is again close to 1 at t = O. 

The point near t = 0 may be influenced by incorrectly subtracted 

Coulonb scattering. The point t = 0.07 should not contain 

this error. There is indication that the rate of shrinkage is 

higher at higher It I . 
The whole investigated t region interval comprises the 

forward diffracti0n and Coulomb interference regions, the 

Glauber mini~u~, ~~d the second maximum. It contains about 

120 - 150 data poi~ts at each primary proton energy. The 

differential cross section is measured with a typical relative 

statistical error about 1.5 to 3 %, except the region of 

minimum around It I ~ 0.22 (GeV/c)2 where errors sometimes reach 

50 %. Therefore t~is data set is very informative, and alloHs 

us to perfo~m detailed Glauber analysis using equations 9 to 

12. The results are presented in Table III and IV. 

The fits show a p' term, the linear dependent term in 

pet) = Po + p'ttl, O J. ~ -­ 4.0 independent of energy. At the 

minimum of cross section the contribution of this term becomes 

large and the real part of the amplitude turns out to be of the 

order of 100 %of imaginary one. Unfortunately at present 

state of analysis we feel that p' may be greatly changed by 

another choice of nucleon-nucleon amplitude parametrization. 

So more ~o~k rewains to be done to be certain about the value 

for p(t "f 0). 

The important feature of the present analysis is the 
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search for inelastic intermediate states in the helium 

nucleus. The fits show that- enhancement coefficients K2 , K3 , 

K~ are very important. They have dLfferent values. Surprisingly 

K~ 1s high. The fourfold rescattering is increased some 60 

times with respect to the elastic one due to inelastic inter­

mediate processes. In order to understand this result let us 

consider all possible rescattering graphs in p-He 4 collisions 

as illustrated in ?ig.ll. There is only one graph representing 

double rescatter~~g (Fig.ll(l)). According to our definition 

the enhancement due to inelastic processes comes as a factor 

Ik at each vertex, 50 the double rescattering amplitude has a 

factor 

(13) 

There are two graphs representing the triple rescattering 

(Fig.ll(2a, b)). ~~ is seen from the graphs 2a and 2b that 

there are two types o~ vertices in this case and that they may 

have different-factors which are denoted as Ik and {k r ) so the 

triple rescattering amplitude has an enhancement factor 

K3 = 1 + klk' + 2k (14) 

Similar consideration for four-fold rescattering (Fig.ll 

(3a-d» leads ~s to formula 

K4 = 1 + kk' + 3k + 2klk' + k 2 (15) 

The parameters K2 ) K3 ) and K4 are fitted independently. 
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From Eqs. 13 and 14 one can find values for k and k' and from 

Eq.15 predict the value for K~. The predicted ~alue for K~ is 

shown in Table IV together with fitted one. They are in close 

agreement with each other, which gives support for this model 

of inelastic sc~eening in proton helium interaction. 

Another characteristic of the model is the behaviour of 

the pHe total cross section. It can be easily calculated as 

0tot ~ 1m fn(O). The calculated values are listed in the Table 

IV. In Fig.9 we show the function 0 = ~crin(E) - ~crin(45 GeV) 

which visualizes the role of inelastic screening. 0pHe = (2.37 

± 0.18) In~. This is to be compared with corresponding value 
So 

for pd scattering: cpd = (0.52 ± 0.1) In. s/so. Levin and 

Strickmannll have esti@ated that the inelastic term in pHe is 

much ~ore predorni~a~t than in pd scattering, namely 0in(pHe) 

~ 10·oin(pd). We find this predic~ion qualitatively true. 

In Fig.lO we sho~ the rate of shrinkage of diffraction cone 

of pHe elastic scattering, making use of the derivative of the 

Glauber differential cross section with all parameters fitted 

(and shown in Table IV). The result obtained in this manner 

is in agreement ,~ith previously obtained parameters bpHe(E), 

b~He(t) (Pig.6 and Table III). Here we again observe the rate 

of shrinkage of pRe cone twice as large as for pp-scattering. 

At higher It I the rate of shrinkage is higher: 

biHeCltl = 0.01) = 0.74 ± 0.1 

biHe<ltl = 0.1) = 1.0 ± 0.1 

biHe(ltl = 0.13) = 1.35 ± 0.1 
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TA3LE AND FIGURE CAPTIONS 

Table I Low It I analysis -- k 2 = 1 ) k 2 t 1 

Table II Low It I analysis -- b pa:::'ameter 5, t dependence 

Table III Full It I range analysis k 2 = k 3 = k.. = 1 

Table IV Full It I range analysis ki F I 

Fig. I Experi~ental Apparatus 

Fig. 2 Helium Gas Jet 

Fig. 3a,b Mass Resoluticn Plot 

Fig. 4a,b Low Itl 
Fig. 5 Low It I -- Po 

~ 
Fig. 6 Lmli It I ­ bpn 

Fig. 7 Full It/ analysis -- 45 ~eV 

solid line k 2 -. ,­~\. ~ 
~ 

= k .. = 1 

dashed line ki 'I 1 

Fig. 8 Full It I analysis 302­ GeV 

solid line k 2 = ,­
~\. :3 = k .. = 1 

dashed line 1-:i oJ 
r 

., .... 

Fig. 9 Inelastic Screening CO~~2ction 

Fig.IO 5, t Variction -- Slope ?arameter bpHe 
Fig.ll Inelastic Rescattering J~aphs 

- 17 ­



" 
, 

ELab 
[GeV] 

44.9 

45.5 

199.6 

259.3 

301.0 

393.3 

b pN 

10.57 ± 

10.74 ± 

12.13 ± 

12.40 ± 

12.57 ± 

12.75 ± 

.16 

.18 

.13 

.14 

.12 

.16 

1st variant 

PpN 

-0.152 ± 0.037 

-0.134 ± 0.040 

-0.0'10 ± 0.025 

-0.0'10 ± 0.035 

-0.013 ± 0.026 

0.000 ± 0.040 

Table I 

X2 
/ 0 • F • bpp(fixed) 

55. /54 10.72 

42./47 10.73 

49./52 11.53 

40./42 11. 67 

44./49 11.76 

48./44 11. 90 

2nd variant 

ppp(fixed) 

-0.150 

-0.149 

-0.0110 

-0.019 

-0.008 

+0.012 

. K1 

0.998 ± 0.011 

1.017 ± 0.012 

1.102 ± 0.008 

1.132 ± 0.010 

1.139 ± 0.008 

1.136 ± 0.010 

X2
/ D.F. 

55./55 

42./48 

52./53 

37./43 

43./50 

53./45 

b pN 
PpN 

= 

= 

(6.27 ± 0.44) + (0.90 ± 0.08) x In 
(-0.045 ! 0.010) + (0.067 ± 0.017) 

s 

x In s 

Table II 

Interval of (t) 

b (t=t o) = b o + b 1 x In 

Average <t> = tobo 

s 

b l X2/D.F. 

0.003 

0.04 

0.08 

- 0.07 

- 0.11 

- 0.16 

0.03 

0.07 

0.12 

25.3 

29.1 

32.0 

± 0.5 

± 0.5 

± 0.8 

1.25 

0.94 

1.31 

± 

± 

± 

0.06 

0.07 

0.11 

1.4/4 

3.2/4 

11.1/4 

( ( ( 
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Table III 

pet) = Po + p'ltl 

Energy bpN Po (fixed) p' x2 /points 
[GeVJ 

44.9 11.13 ± 0.03 -0.150 -0.19 ± 0.04 332./136 

45.5 11.14 ± 0.03 -0.149 -0.16 ± 0.03 280./115 

199.6 12.42 ± 0.03 -0.040 -0.22 ± 0.03 634./140 

259.3 12.35 ± 0.03 -0.019 -0.16 ± 0.03 390./122 

301. 0 12.64 ± 0.03 -0.0_08 -0.22 ± 0.04 259./134 

393.3 12.76 ± 0.03 +0'.012 +0.22 ± 0.05 382./129 
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Table IV 
'l' 

'l" , , . 

" " h •••. ~.  

Energy tnput values Fitt~d  values \, ..' Calculated values 

[CcV} bpN(t-O.05) 
d da 

TIn (d) (t=0.05)
t t pp 

Po p' 1<2 K
3 K.. x2 /points aplte 

tot 1<..·f (K2 t 1(,) 

'4.9 10.90 -0.150 -3.87±0.31 1.3a±0.02 6.76iO.l8 JO.Oil.3 202./136 132.05±0.33 76.38 

1,5.5 10.90 -0.1/,9 -I, • OH±O. 32 1.3910.02 6.73iO.22 69.21:1. 7 1111./115 132.09±0.38 75.49 

199.6 11.44 -0.040 -3.91±0.15 1.57±O.0/ 7.8510.47 70.5±5.1 192./HO 129.98±0.20 70.12 

259.3 11.57 -0.019 _I, .O(l:tO .16 1. st,±O. 03 7.19±0.35 62.3±3.8 154./122 130.99±0.18 61.26 

301.0 11..65 -O.DOB -3.66!:O.15 l.C)/d.O.OJ B.Sl±0.3l 7/,.2"1:3.2 1aS./134 130. S3±O .1.7 76.45 

393.3 11.81 +0.Ol2 +J.61110.15 1./18iO.O/, G. 5/110.45 53. 9:!Jl. 6 153./129 133.29±0.25 55.53 
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