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An X-ray calorimeter hag been used to determine the total ene
bremastrahlung beams with maxlnium photon energies between 182 an

transportad by
170 Mev., The

meagurementa from two experimenta have been tsed to salibeate an alumionm iondzation
chamber for routine deterniinstions of totsl beam energy. The calibrations are sompared
with calibrations of the same chamber made with a seintillation spectrometar, and with
czlorimetrie calibrations oade in other laboratories.

1. Introduction

Several techniques for the determination of the
energy transported by s high energy X-ray beamn
have been describad in the literatura [1].! The most
direct method is calorimetry, which can be used to
determine the total heam enerpy withoui reference
to the cnergy spectrum of the mncident photons and
without knowledge of the details of the cslorimeter
energy absorption processes. High energy X.ray
calorimneter measurements have been reported by
several suthors [2-5], and some of these measure-
meonts have been used to calibrate ionization cham-
bers {or routine determination of the totul beamn
energy [3-8). This paper is a description of an X-ray
calorimeter and it use in two experiments to call-
brate an aluminan ionization chamber. The deter-
mination of the fraction of energy escaping [rom the
colotimeter is deseribed in detail.  Other salibrations
of this asme ionization chamber are reported and are
shown to be in pood agreement with the calibralions
abtained in these expenmenis.

The first calorimeter experiment was performed
with the NBS 50 Mer batatron, using bremsstrahlung
beams with maxirmim photon energies betwesn 18.2
and 42.1 Mev. The second experiment was per-
formed with the NBS 180 Mav synchrotron, covering
the ene range between 20 and 170 Mev. The
reaylts of these two experimeniz have been comnbined

to wield aw calibrations with an estimated
uncertainty of the order of 42 percont batween 20
aod 170 Mev.

2. Caleorimeter

Figure 1 i3 & schematic cross section of the X-ray
calorimeter. The sensitive elementa are tha two
cylinders, made of lead ¢covered with thin gold-plated
brass shella. The five concentric boxes and the
thermoragulator gmnde & constant temporsture
environment for the cylinders, and precautions were
taken to minimize heat exchange between the cylin-
ders and the boxes. The high Eopo]iahad gold anr-
faces of the cylinders and of box A, designad to
minimize thermal radiation, are shown in Hpoare 2,

“Bypvpinted 1 rt by ABRC.
Iqum.: in r:ng;eta invdbeste the 1Hberatoms referomces sk the and of Chis paper.

Exchange of energy by conduction snd eonvection is
ractically eliminated by evacuating boxes A, B, and
and by mounting them, along with the cylinder
with thermally inzolating plastics. The isolation o
the sensitive elemants is such that the thermal re-
laxation time of the ¢ylinders is about 20 hr, almost
an order of mapnitude larger than the correaponding
quantity reported for an earlier model [6].

Two 1,000 ohm head thermistors with temperature
coefficients of about — 3.8 percent per *C and two 500
ohmn carbon resistors are embedded in each eylinder.
The tour thermistors form the arma of & Wheatstone
bridge, as shown in fipure 3. Their characteristics
are not identical, but the bridze can be balanced by
adjusting the length of the amall external manganin
wire resistor, v, %ﬁdﬁa power is supplied by a 1.34 ¥
mercury dry cell, and the output ¥oltage hetween
pointa ¢ and & in the deteetion cireait is amplified by
a breaker amplifier and displayed on a chart recorder.
Tha circuit betwaen smplifier and recorder adds a
fixed d-c bias to the amplified signal to place the
recorder pen ot midscsle when the amplifier Input is
shorted. This bias increases the average signal-to-
noige ratio, for the noise was found to increase with
inereasing bridge unbalance,

The four cerbon resistors are connected in twe
scparate cireuits, which cen be used to heet the
eylinders individuslly. The inner end of each resis-
tor ia in electrical contact with the cylinder, which
forms an inegral part of each circuit as shown by
dashed lines in figure 3.

The detection ecireuit output wvoltage is propor-
tional to the temperature giﬁerencu between the
two ¢ylinders, and ecen bhe used ss & reletive meas-
ure of henat generated in one of the eylinders, if cor-
rectiong ars mede for heat lost to the surroundings,
Figure: 4 shows 2 chert record which was obtained
with maximom smplifier gain when the source of
heat was 8 25 Mev bremsetrablung beam with &
diameter of 4.2 om and an intensity of 12 pwjom®
The absolute temperature changes in figure 4 are
only approximate and are shown for illustrative pur-
poses only. The temperature changes are normelly
measured in chert divisiops, and are converted di-
rectly into energy units with the cslibrations de-
acribed below, after the change eatsed by irradiation
hee been corrected for the average drift during
irradiation.
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The sigual noise in figure 4 is typicsl for moasdmum
guin operntion aid disappears whon the aniplifier
mpnt s shorted.  The noise is less noticeable when
i lower gain = oused, which was fensible ot highes
onpgios where the genilable Xarav intensitics wers
lurgor, This nose limits the precision of low encrgy
eplorimeles messurenients, but thesse mensurenunis
e still reproducibli: with an ms devintion sowmller
than 4 pereent even: when the antensity is ss low
ps 2w ion’,

(o sevtion of Xeray ealommder,

The recorder pon wis rotuened too the battom of
the ehiipl wlter onell exposture o propacia b for e
next run. by beating: thoe dusomy eviinder with the
votipensation virenit of Gzure 3. This wes done in
profevenes o adjtisting the manganin’ wire, r, bo-
cose the lattor introduced spumous transionts i
the bridge ontput voltage which persisted for abont
20 win, sl also fneeensed the deilt correction [or
suceocding runs. The msngnnin wice wis obwogomd
ondy st the start of each duy, 1o minimize the initial
toengder piti deilt eate,

The vertical seale of the churt reconder was ool
lirnted alfter ench Xy EEpositry, i imiae errors
inteodpesd by chanees o onplifier gaio s by the
graclund merease of the evlinder tomperntures duor-
g the eourse of o day,  Culibeation wag performd
by heating the previousty iemdialed evlinder elée-
irienlly: with o koown power for o known time,
asttige the callbmition eivenit of fgure 3, The power
supplicd by this girenit 18 thy produet of thé vale-
nges |7y nnd Ve, whiieh were both measurod with a
potenticmetar, divided by the vesistimnee of the pre-
pigion wirs wounid resistor !, The nél power dissi-
pated in the exlinder was obtained by correating for
power lost in the calde (aboul 0,551, heat dondueted
pwny from the evlinder by the heater and thormistor
Teads (0,195, omd bent radinted from the exposed
pinls ol resistors By and B (00195, The power osed
for voch ealibration wis preselectsd o approsimate
the X-ray powier, toorodues the systemstion ereors.
This preselection was done using the resistor ' in
place of the exlinder,
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- 3. Calorimeter Measurements

Fipure 5 15 & peneralized achematic diagram of the
exporimental arrangements in the two celorimeter
experiments. In experiinent A, performed with the
betatron, the bremaslrahlung beam was filtered by
1.4 glon® of I]:nrceiain in the wall of the electron
ncwfemtion chember {the donut), and by 1.4 gfom?®
of aluminum in transmizsion monitor A. In axper-
iment B, performed with the synechroiron, the filters
were 4.1 g[’m:n’ of Pyrex in the donut wall and 0.4
giem® of sluminum in monitor B. In each experi-
ment, the main lead shisld was chogen 1o produee
a 4.2 cm diam beam &t the calocimeter cylinder
face, and the secondary icad shicld wes placed =0
that it could ahsorb extra-beam electrona and photons
generated by inleractione in the main shield and the
monitor, without interfering with the direct beam.

Baoth transmisslon monitors were jonization chom-
bers. Their stability was periodically checked, with
the calorimeter removed, by comparison with the
large ionization chamber shown in figure 5 and dis-
cuseed in seetion 5. The toinl charge collected in
cach chamber during an X-ray eXposure was Mmeas-
ured in voltsa with a Townsend balance circuit,
using & polystyrene capacitor to colleet the charge,
& potentiometer to supply and measure the I:-uckmﬁ
voltage, and & vibrating reed electrometer us a no
detector. The messurements were all corrected to
an air temperature of 20° C and & pressure of Ta0
mm of mere The small effect of humidit
changes was eliminated by using a drier in emg
chamber.

The calorimeter measurements at different peak
photon mw&ﬁj kmyz, re listed in table 1 in units of
joulea abaor by the ealorimeter par monitor-volt.

he yms deviations of these measarements va
from £ 3.6 percent at an intensity of 2Zuw/em?, whi
required 9 min exposures with maeximum ampli-
fier gain, ta 40.7 percent at an intensity of 2500w/

cm?, which required 5 min exposures with the gain
reduced by a factor of 7,

4. Calorimeter Corrections

The calibrations of monitors A and B were de-
termined in joulesfmonitor-volt hy correcting the
mumbers in teble 1 for the fraction of incident
energy which did not rontribute to the calorimetar
cylinder temperature rise. Part of this cnergy is
remnoved, from the incident beam by the calerimeter
entrapca foils, part iz lost in nuclear traneforma-
tione in the c:,r]iinder, and part escapes from the
eylinder in the form of transmitied and scaitered

5 "1 — 1

P ESPEAMENT &
o EXPERIMENT B

-

[

CALOR IMETER SORREST IFNS, %%

g —

ALK ILETTE A
[]-=9 p—
/\w
T i o
5] =0 a0 s 20
Kmon, Mew
FiGure G.  Corveclions for energy thich does nol oppear

oy koot In bthe caloremeter.

74



TasLE 1. Celorimeier meqrurenents of joules obeorbedmonitar vafi, at 20 °C and TAG mim of mercury
Experiment A Experiomnl H
Eoan (hlev)
192 | 196 | B.7 | 258 | 413 | 38T | 21| 20 | 25 | 3¢ | 35 | 40 | 45 | 0 | e | A | w0 | 1 | 180 | 160 | 1A
0 7| BNk 0L G u.aw| oomel| Iiea 1,200 1oE| LS Louss| 2 er)| sl 2
6 L 6TE| LT Jo0d| _ger| 10e2| Loies| 1.EA| Lbed| Loagi| 24| & 2| 2504
T T - - vaal| skl Toeu LzE| 2 ivL| Lopdd| LS| A0 L0H| 20
(A5G . ER0| 7O Jaon| oorel ToRL| Xz Lol Lopsr| oege| nie| 2317 25
. L[ LTI csgk| o Logo| 1a0ef 1ana) Lo6RE| 1. | L 32| A
T I e Las7| cpes LooRs| Lo Lomd| LERR| LR niel 2EE| A e
JAirL| L BEE| R LEE3| DBt 1o6N| 1233 1 o00| Lomeal 3, pdel 3018 205 5k
T T -BS| . gell Loose| 1214 i3d0| Docee{ 1ed1) 2.000) A 2 kI
el 557 L FH o oeal nnsE| 1ouue| Lo Lossd 2,004( & 187[ La#
. - T JooLl Luer| HoeL| 1l 1| Looad! 2| A1
400 SR T 1.3 1,

R Bl L wTs| LML 1.+ 1,604

LED N T BT 1. 1112

wgl o L 1.

B iBIH
LT
1

ATETR eeae.o| o FG] L LGT| CBA0A| L LWRA] I RDRO( kTR -ITBl - L T e T e B s e
Devations, Ferpt my s.al 3z 20 e 11 g rel =zsl a3 e 1,a| 1.7 o.gi 1o o wel x| v o ozl o

Tanre 2, Afaoiwfe celorimebric califrotion of PE-4 af 20 70
amd 780 mm of marcury in o 4.8 om dicm beam fAllered by
4.5 plem?® af aluminus

Brporimenut &
L™ horicles FR-f oolia Fy Cal(Fi4)
mon, vElt | ™on, volt
EE ] Jovlnifdoxtamh
g2 i 142 3442 O S LA E
1B R A AL - - iR
BLT . 1640 3l - Bbs 1T
=B . LR 4341 - Bbs i 15
3.3 _ Dl A B2 - bl 4.13
|mT _ 30K Sl - i1t
izl -3 B 2 N 14
Experiment B
21 0. 512 123 1 I A, 1l &
25 JER 14. 57 1 T
] L 17- 74 1 411
i . E53 L] 1 4. 1
ki e B 1 .04
b 1. (¥4 L} 2} 1 402
i 1. 18 bl ] k 4. 88
iy T M JE i 1 4. 84
T 1. #1 H 1 4. b
iy 1.4 . 4 1 4. B
114p 1. ¢4 A 1 4.8
13 18 1. 38 1 4.81
1My o338 . 1 482
1M o013 L 1 3.47
Avaraga
Fercant emror
Rean Cal{P2-4}
adm Tatal
Joudeal
Mes confnmb
F &, 6wl 3 ok =N }
o &, 11 A 2l
-] 4. 13 | 1.2
- 4,11 - 1.2
4] 4.l - LE
&b 4 02 - 1.3
M FR ] .- | L5
6l 404 | 1.5
il am : 14
Bl a8 K| 14
110 A5 | T4
130 241 .3 L3I
150 2 52 | 15
Ly 1] F a7 .3 1.5

photons and secondary electrons? The determi-
nation of these correctioms is described below, nnd
the corrections are plotted in figure 6 as a Tenction
of bremsstrablung peak photon energy. The cor-
rected monitor calibrations are listed in table 2 for
both experimenta.

4.1. Calenlated Corrections

The cnergy removed by the eslorimeter eotrance
foils and by nuclear tronsformsations was caleulaied

a3 & function of photon energy snd svera over
the bremsstrahlong spectra obtained from the tabu-

lations of referenca [8], corrected for filtration with
the total altenusiion coefficients of refersnce [9).

The probability of an interaction in the fails whiel
removed £ photon of energy & from tha heam incident
on the ealorimeter cylinder wasa taken to be Ma(khe,
where £ i3 the to foil thicknezs (0.1 gfem? of
aluminum}, and «(k} i the toial attenusiion co-
efficient of aluminum [9]. The factor ¥ represents
an estimate of the probability that the interaction
productzs will not strike the cylinder, The foil
correction is so small thet large errors in this estimate
are unimportant.

Only (v,n) renctions were considered in ealealati
the nuelear correction since {y,p) reactions are mueh
less prabable. The probability for a (v.n) reaction
was taken as the triple product of the atomie density
of lend {20110 atomsfg), the renction cross
geclion (em®) and the offective length of the evlinder
{(g/em?®). The cross section was taken from reference
[10] below 18 Mev and from reference [11] at bigher
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erymtal. Tl anerpy 1ot b5 the crvetal by s clectTon, It fravellyg | oD, ip Ly
thiyn 0.008 persett oF Eba 1807 De) SeIEY 1039 Fa06 Al 11 ananglea.
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energies, The effective length of the cylinder i=
{1—e /8, where L is the trua lenght.h and 2 is an
attenuation coefficient describing the decrease of
beam intansity with increasing depth in the cylinder.
In the initial caleulstions, # was taken from tabula-
tions of total attenuation coefficaents [9], whach under-
estimate tho cffective length because their use as-
gumes that sll interaction products are removed
from the beam. In a second set of caleulstions, an
average § wias taken from the slope of experitnental
transition curvea discusesd in the following seetion
(fig. @). These g overestimate the effective length
becansze they are close to the attenuation coefficient
for minimum absorption, which oecurs at zhout
4 Mev in lead. The average pheton energy for
f.m) reactions is larger than tlns and the average
g should also be larger. However, at cach energy,
the fraction of energy lost to {y,n} reactions predictad
by theas two sets of #'s differed by less than % per-
cent and the sverape effcctive length was vsed in
the final caleulations. o
Tha amount of energy removed from the incident.
beam by a (v, n) resction wus taken to be the neutron
binding £n in lead, 7.0 Mev [IIJE, plus an avernge
neutron kinctic energy of 2.6 Mev [12].

4.2, Maasured Corrections

Tha leakage of photons and electrons from the
surfaces of the calorimeter eylinder was investigated
in two gubsidisyy experiments. The first was per-
formed by replacing the calorimeter cylinder by &
large leag medium and determining the relative
amount of enerpy, e(# 2, shsorbed at different
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prints, whers 5 is radius, messored from the beam
axis, and x is dePth in tim_ mediom,  The medium
was composed of 24 em diam lead disks mounted
endiculsy to the beam axia, each 12 gfem?
thiek, e(r, x) wgs obtained {from depsitometer mess-
urements of X-ray films which had been sandwiched
between these disks and exposed to X-rays. The
snalysis assumed thet density was proportional Lo
absorhed cnergy, nn assumption which was justified
in the tests described at the end of this section.
Figure 7 shows the densitoimeter traces obtained at
170 Mev in experitnent ¥, notmalized to the same
energy ineident on the modiom,
The fraction of energy absarbed in the medium
ent=ide the eylinder volume is:

J “1, {;r:}dz—l—fw Luxdy
lenkage fraction—"" = =
f Iuiz)de
L]

Hizy= J: eir, xirdr

(1}

where:

Faz)= J;m e{r, e

and 2 and T, are the redive and length of the ¢ylinder,
respeetively. The integrals Ji{x) and [i{z) are
plotted in fi % and 9 for the data obtained in
experiment. B. The carves of fizure & are broad-
benin transition curves, showin 2 relative amount
of ene which would be absorbed at different
dopths in a lead medivum hombarded by a uniform
bremasiralduag beam of infinite disineler,

The leakage fraction predicted by eq {1) is smaller
than the fraction of cnergy leaking from the sides
sand back of tha calorimeter cylinder in vacuo
because of the enhanced backsentter of the lead
medinin gt the cylinder boundarics, However, it
was shown that the difference is neplignble by ex-
poging filme at depth L with different thicknesses
of backing. As the backing thickness was incrensed
from zero, the absorbed coergy rose to a saturaticn
valuz at a thickness of only 1 mm.

The secomd subsidiary experiment was a deter-
mination of the [ractionn of energy backscattered
from the calorimeter eylinder jtself. This experi-
mant was performed with a scintillation spectrometer,
usili:f & oylindrical sodinn iodide eryetal with an
axisl hole, mounted in froot of the celorineter
cylinder o8 shewn in figure 1. The crystal was
viswad by four photomultipliers, which penerated
an electronic pulse cach tine 8 backscattered photon
or secondary clectron intcracted with the crystal.
A 256 channel pulse height analyzer was used to
sort and display the pulses as a {unetion of pulse
height. Figure 11 ehows the pulse height distri-
butiona obtained ot 25, 50, 90, and 170 Mev, cor-
rected for backeround. In these distributions, the
large peaks at 311 kev were produced by photons
réesulting from positron ennihilation in the cylinder,
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the broad peaks around 250 kev were produced by
singly-seattered photons, and the peaks at 80 kev
h% ﬂmd K Xaays. The low level background,
which decreazes monotonically with increasing pulse
height, ¢, was presumably caused hy electrons,
multiply-scat photons, and bremsstrahlung.

Each pulse height distribution, F{s), was trans-
formed into a particle spectrum, N(k), by solving
the integral equatipn:

Pie =L*""’ NS (B Kk, Ydb 2)

where S{&) 1= the probability that & photon or eles-
tron of energy & will inleract with the crystal, and
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Kk, ¢) is the probability that'it will generatc & pulse
of helght. ter the initial interaetion. For given
k, K{k, €) is the pulae height distribution produced by
plmmns or electrons of that anergy, normalized to
unit enclosad area.

The scintillation spectrometer cannot distinguish
between incident photons and electrons, yet the
transformation feom Frled (o Nik) depends upon the
nature of the incident particles because hoth the
sensitivity, S(k), and the response function, K%, €,
differ for photona and electrons. The transforma-
tion was first made by assuming that only phoetons
were incident on the crystal snd solving eq (2) by
standard malrix methods [13]. Kk, ¢) was measpred
for k=0.51, 0.66, and 1.12 Mev by placing 31, Cs,
and Zn radionctive sources on the front surface of the
u.’lmder lllamduc'mg tha pulse height distributions

shown in re 12. Each of these distributions was
appmmmated by a one parameter function, & delta
fonction st e=% and a flat tail for 7k, The one
perameter, the relalive area under the delta fune-
tion, wes meessured from the distributions ol figure
12 at low energies and was oxtrupolated to higher
energies with the help of the theoretical predictions
of Berger and Doggett [14]. This relative aves, or
“photofraetion,” varied from 096 at 0.3 Mev o
.05 al 170 Mev. S04 was enlculnted from the
erystal geornetcy, assuming isatropic backseattering,
and vsing published total attenvation voefficienis
for sodium iodide [9]. It voried from 0.986 holow
0.1 Mev to s minmnum of 0.580 at 5 Mev. The
fraction of encrgy backscattersd was caleolated
from:

fraction baekscuttemd=fkmu ENEdE (3
1}

The fraction backscattersd was recaloulated as-
suming that only electrons wers incident on the
crystal, using Hik, e)=8(F—¢) and S{F)1=0.983 for
all £, Theee two determinations of the fraction
hackseattored wers woighted and averaged, assum-
ing that 13} percent of Lhe backecattered enerey waa
carricd by electrons.  This estitnate is onc-half of
the frection of the energy emerging from the hack
of the cylinder which ia carried by electrona, B8 re-
venled by the shape of the transition curves of hgure
0 with the help of u simple theory of energy absorp-
tionn [L5]. Tina method of eatimating the electron
rontribution iz only approximate, bot since it re-
duced the fraction calrulsted for photons by only
about 0.2 percent st all energies, the uncertainties
are relstively unimportiant.

The scintillation spectrometer was alse used to
cheek the film measurements of the waristion of
absorbed energy with position in a lead medium.
This wus done with & 9 in. diam, 8% in. jong =odiumn
irdide ervstal placed immediotely behind the medium
io look at the spectrum of tranemitied X-ravs and
electrons. Figure 14 shows the pulse helgﬁt. dis-
tnbutiens obtained with 90 Mev bremsatrablung,
uging two different medium thieknesses, These dis-
tributions, plus one at 25 Mev, were analyzed to find
the fraction of onergy transmitted by the madium,
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using thee woedytienl teehnigue ontlined above,  The
results nre listod - table 3 "hmf with the predictions
i

of the fibn messarements, which come Trome the
formnuln:
L)
fraetion of energy transmittod =% (4
Talmils
.I.I

where X ig {he medium thickness,  The rood nires.
ment between theas two deternminations of the trons-
miibbed energy was intorproted as s verification of the
film onoly=is prociogdoare,

TanLe & Comipurissn of fts il spectramoter dolirninndions
of energy deppmniltea big dooad mddi o Gf thaekiaews X

Pervttiil Trovmmsiied

LT 'y = ——— —
I | B sl r! [ilm
e —| -|
\Jve i
M iaicinananannas IE| .| A
=) | & .M 21
=t - sl &%l i3

5. lonization Chamber Calibrations

The monitér calibrgiions of telile 2 Have only o
transitory value, and were teansferred by diveot
vampiirison. Lo the  more  perosaoent  sdaoindm
tonigatton chnmber shown in e 14, This Taes
chamber 18 libeled P24 el has been desertbod
dietail  wlsewhore [16]. s ealibeition o joules)
conloml was obtuined Teom the lormal:

Ol (B2 ___|__.T_u_!g_|+~.-.-runr1.1'1nr vk ) o 5 = Fri
= 0 P2 wolts/momtor volt)

e Ll P P B L R e 4

where €5 the eapavitonce of the capueitors olurged
by P24 (0097 107" 0055 Tuemds) and F,
is nosmnll vorroption [16] wsed with tha date of ox-
periment A to change it to reler to the Glteation of
experitnent 152

'l enlibrdtions of P24 are listed o table 24
along with Fy and the chamber comparison data,

The P2 enlibrations from expechmenis A ppd
B oo to within 2 perceut oxvept Toe the 42,0 Moy
mensurement, which i o teille high.  The data from
thie two experiments were eombined, (o yield bottor
stwtistios, and  the avernge  calibitations aee olso
listed Tn fonble 2,  Data from the three lowesst ener-
wipd i experiment A were gverneod owith the 20
Mev datu in experiment B, but otherwise the energies
were pained, below 45 Mev,  This avernging intro-
tloes gime undmrtainty in the energy asslpnnients,

Yy FilEraiimg Mll:lu'rhlu'llT I B lbdfand g 'l'||I-I|'u|I;»' i ahipmibiraoe, s 4 b
ot bl s Aramobrbwer o Ll Aioremo Barfimir B ymo i nmid oo it
L4}, A

+ g, e e vl of S udibesgabore w bileh appeamod | erdenomgs | B e
[1=7 Alller hordaase ey wors peinied bebiee the Goolossntien s tion Bl beni
ateriliam

CF LTI [

lh—Alwedsinim  doviaibion  ehamwler P2-4

Fyoeriis

but 1his is ineonsequentinl beeause the calibration
varies slowly with fs bolow 45 Meve  The noinbers
listedd fis sdin in balile 2 ave the statistical standurd
devintions of the medn of vich aviorsoe:

."( e

A —. 1-:-

gl = i

where 8 3= a0 deviation from the mean and o is the
mutnber of ouses.  The nel systemalie dror was
ideerr to b (ot s e rood of i sium af the Squires
of the estimated maximum svatemptic errors listed
i table 4. The statistieal and systematic errors
wierr eorhined with the prbitrary Torouln;

Total error=1 > sdm--net systematie orror,  (7)

The statistical part of the total ervor of cach point
T _r.l.'r'|1~=1-1||l|l-nT|,'v.' considernhly more pessimistie than
. probalble error

Taonpw 4, Eabipmded wccimoem apsfemnis  errors i

cudidadinon

Pa-3

Elvstrical snorgy mmmamrmmimte i
Pl rmdiar staballbi v 4
Padll rvireiit iy 1
N nelotr sapreethon i
Laniks noy oo retlvic !
Jlm'l.::u:lrlnl' wryrped e -]

Bt ey abdmitho prioy - | f
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& Comparison With Othar Meosuremsents

The avernge P2-4 culibrations of table 2 are
plotted in figure 15 for comparison with other
calibrations of this chamber. Tha first scintillation
spectrometer calibrations [17] were assigned an un-
certainty of 4+ 3 percent and the mnore recent spectrom-
cter enlibrationz [18] an uncertainty of L2 percent.
The 34.5 Mev calorimetric calibration wss made
with chamber P28 in Frank{urt and was transferred
to F2-4 by direct comparizon [§]. The calorimetrie
calibrations based on the work of P. D. Edwards
and D. W. Herat [3] were tranaferred to P24 from
replicas of their sopper ienization chamber nt the
N3 and the University of Illinois.  The pair spec-
trometer measurements [1¥#] are not absolute, and
were normalized to a weighted average of the NB3
caloritneter and spectrometer calibration: at 170
Mev. The NBS spectromcter calibrations and
tha Frankfurt ealibration have been corrected for
differences in beam diameter and fltration [16].
No aueh corvections have boen applied to the other
points, but they are probably qute small eompared
to tha uncertainties in thess pmnta

Tho P24 ealibrations shown in figure 15 arc all
in good agreement except for the spectrometer
measurements above 48 Mev, which differ from the
calorimeter measurements by as much as 5 percent.
The source of thiz discrepancy is thought to be &
timie dependent s%stﬁm&tm ermr in the spectrometer
measurements, which were made in two asta. The
measurements shove 45 Mev predated the lower
enefgy measurements, except at 90 Mev, which
contains data from both sets. This is the high
eNeTpy  SpectToneter int in closest AgTeement
with the caloritneter calibrations.

The suthors express thelr thanks to all members
of the NBS High HEnergy Radiation Section for
their help with these experiments, and to J.

nf aluminum, ol 20° (! and Y50 mm of mercury.

MecElhinney and B. Zendle for their invaluable
plonesring worl.
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