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INTRODUCTION

2ince heavy shorged particles (protons, deuterons, and
slpha particles) stopping in metter lose Shelr energy by lone
ization andéd exelitation processes, charassteristic x-raye of
the shsorber m enitted, Measuwrement of the eroes aseetion
for x-ray pmﬂucﬁion, and application of eorrections for the
Auger trtoct;, allow the cross-section for lonization te be
obtained, In sdditica to the afhémtfaruno xerays & sesll
intensity of btresstrahlung is nihe profueed and hae been dew
teoted, (1) |

Chadwick, in 1912, observed the chorscteristio x-rays
emitted when alpha perticlcs were stopped in matter.(2) Se-
veral other groups of workers huve since stullied the x~rays
jn'edmad by slpha particles, deutercns, and protons,{3-12)
The soet recent iavestigation of x-raye produced by heavy
particoles wae sade at Duke University by miu, Simmons,
eand Merzbacher,{13,15) E-shell x-rays produced by protons
of Van de Urasff eueigiou on Yo, Az, Ta, ’u, and Fb were




studled, The seseursments were nmafe with a Nal selntillation

ecounter, Feshell x-ray erose-cedtions ware sbiained as a fung- |

tion of proton energy anf atomic number, Theee were sonverted

to Xe~ghell lonlzetlon croses-gections anﬁ gonpered with the none

relativistio theoretleal lonlzatlon eross-eectlone csloul ated

by Henneberg in 1933.(15) There was gquelliiatlve agreement bew

tween the experimentsl and theoretical values; however, signie

floant quentitative dlscrepancles wers noted, {
The subject of this thesls ls the seacurement of L-ghell

x=pray prnduetien and lonlzation crose-seotions produced by

protons of 1.5 to B,25 Nev energy. The teshilgues used are

glmllar to those ssployed in the Xeshell measuresents dow

seribed sbove; however, modifications in the experimentsl ar-

rengement were necessary due to the faet the L x-rays are

softer than ¥,



CRAPTSR I
EXFERTMENTAL FROUEDURE

The T, : Swray mm-mu were mmoﬁ with o mnmzanon |
mtor which eonsisted of o m {n) arrual mounted on a Due
nmt 6?92 metmltlpnar tule, DBeonuse of the low mm
(<15 xev) of the railation to be detacted, » thin window for
the -unmumn wag umtul to mm“ abtarpucn coﬂ'm
 tions, un, the use nr 8 wintulatar nbout 2 @, mm ro=
moved the bmm fue %o higher nnermv gomma and mnys. |
but was still 100% efficient for mq L 3ereys.

?ﬁpamnon of mi Hal nﬂmm, wvhieh 1s txt-ru}exi hyéro=
seopie, was ar&o m the Mativulx moleture free ltmlphﬁ”
of a drybox, rm oryatal was rodnua to tha desired dnca-
ﬂ.cnc by grmdia;g 1t in @ wizture of 2 mleron emory and sleoe
hel aguinut a glase "plate. It was thea clesned by dipping in
aloohol, The erystax was optically naltd ta the botiom of |
its luelte housing imsuro 1) with white petroleus jelly, The




houslng wes coupled to the phototube in the ssme manner.l The

phototube usef wee @arefully selected from those svallable
both for meximum signal to nolse ratloe and for naxinmam ensrgy
resolution, |

Pﬂlaos grodueed in the phototube by aingle RePRY phntons
abpsorbed in the seintillator were fod thiouph a cathode fole
lower into n linesr ssplifier (stenderd JordeneRell) and then
into a single ehsansl pulse helght analxner {Atomic Iastrun
ment Co, Mofel 510), The window width was set 2t 1 wolt .
cording to the dial on the analyger, Hessurements made with
& pulser showed that Shie selting corresponded to an aetusl
vinaai width of 0.8 volt. The amplifiep uai set on me&&um
band, Maximus galn sctting wags used at dll t&nes gince it
wae found that the Leet signnl te nolne level for a givon
phototube was obtalned when the voltaga eh the tuba vas an
low ss possible, A Tektronix Model 511 X oncilloscope was
used to monitor the nutpnt of the an91111515 A blook diaw
gram of the oxoatrnnica is given in ?1gur¢ 2.
| The 47 kevw szla gomna~-ray was used for energy callbrae
.'tien of the system, No extensive meamresents were nude
sinoe x~rsy energles €ould be determined to within 107 with
thie single ecalibration polnt, Thie nocur@cwyia suffieient
for positlive 1ﬁant1rzcdtion of Leseries x-reaye, and ldentie
flestion cr these series 1o the only demand ;ut upon the o

1 I wish to thank "r. %, A, Cox for his helpful sugoestions o
on clesning the Hal oryatal. o
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eysten so far a8 eneryy deiemxmuon is conterned, ,
The charge striking the targel was measured with en eleow
tronis eurrent integretor, {16) This integrator was colibra-
ted artificlelly by & gonctant ocurrent source for & known
time, yieléing a ealibralion mecuracy of better than 27,
| The proton pocelerztor used was, of courss, the Tuke Unie
versity b iev Van de Urasff machine; The proton encrgy was
determined by the genersting vollmeter which iaa previovaly
ealibrated by varlous znown threshelds, The ascuraey of the
proton energy is sstimeted Go be Detter then sbout 2%,

The targets were plaved at an sngle of 5% to the proten
beam, sc that with the seiniilletion counter set up at 90° te
the beam the z-reysg would hiove traveled the saxne distence from
thelr point of profuation ingide the target as the bLombarding
proton had traveled to that point, The mounting aembiy SO~
siated only of the target butting sgalnst an O-ring on the
ppen end of the beam-tube, the thick terget being held on by
ataospherie pressure when the tube wae evscuated, Again, to
pinimize sbsorption oarrwtmai, a plece of two mll myler
!oil was used oz an exit window on the target ehaober, The
arrsagenent of the target snd seliotillator is shown in Figure
3e

Pue to the high intensitles .mcauntcnd it ves necessoery
to baok the seintillsor off sbout four fuat-fm the targes,
The x-rays were collimcted by a leed dlaphragm vlsced on top
of the orystal, The portlon of the oryetel exposed to the =
redintion subtended 2 wolié angle of 2,5 x 10"'5 pteradiiane,
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The tergoels used were peleoted e glve ac wide & suresd in

stomle nuwber ss possible, OSince none of the rare earth el o
wents (2 = 59 to 7 = 72) were avellrtle for turgets, the lowe
est 7 element whose I x-rays were hard sncugh te be deteeted
wea Te, 7 = 73, Obvicusly the higheet 7 elcment was U, In
sdd1ticn to these two, the L Xereys fros Aw, 7 = 79 anf b,

7 = 82 were investip~ted, In Toble 1 are licted the waves
lengthe, enerzies, =nd relative inteneitlies of the varione
lines 1n the I series for the four elemente,(17) The welghtsd
aver:ge wave-lengthe and energles computed from the avalleble
intensities are given in eeetion F of Teble 1.



TasLy 1

fAglative intensitles Tor Ta, Au, rb& anf ! Legeries,Leg
belng token ss 100 , .

£, Ta l~geries

Line Yave=lonzth Fnerzy in Relative
in Angestrome kav Intsneity
Ly 6y 1.343 9.2 n
8 1,308 9,57 16
¥y 1.103 11,18 4.5
¥y 1,097 11,2 5.9
Lz 6 1,324 93 103
% 1.1% 1.9 0@
Ltz e 1.530 8,06 10
oty 1.519 8,12 100
6 1,282 9.6 ho

B, Mu Isgeries

Ly Bx 1.108 1l.2 1%
g} 1.965 11‘6 8.2
Liz 81 1.081 ~ 11,5 51
¥y .925 13,3 11
LIII ot 1s 285 9¢6 » lltk’
s | 1,274 v 100
pg 1.068 11.5 23
1.457 845 3,0

* Lineg whose relative intenpity are below 3 have been
neglected,
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TABLE 1 «~ Cont'd

Yave~length
in ‘ngetrome

1.00
967
980
838

1,184
1,172

1387

746
709

+T18
613

520
L9009
753
725

Energy

rev
12,3
12,8

12.6
15,7

10,8

10.5

12,6
9.16

16,5
17.%

A7.2

20,1

13.4

in

13,6

16,4
17.0

Telative
Inteneity

5.2
8.2

51
11

1,4
100
23

3ok

4.1
b2

12

11

100

28
£,.4



£, Welghteld Average Weva-lengthe and Energles for l-lines

Element

Ta
Ax
b

<

velghted Aver:ge
Wave«length
in Angstroms
1.34
1,17
1.07

JH6

Yelghted riversge
Energy ia hev

9.2
10.6

11.6
14,5




CHAPTER II
EXPFRIMENT AL RESULY S

Figures ¥,5,6, and 7 ari gome typleal eurves of ocounting
rete ageinst pulse helght, normelized te iope, Thaﬁa heve
Botn eokreatod'to give the mwber of ocounta in & one volt wine
dow, The width of the peaks la due bartxy to the presencs of
the several linee of the Leseries which are not resolved, and
partly to the finite resolution of the detestion epparstue,
Photuiuba neine overlspe slightly the low energy tall of the
Ta, Au, and Fb ourves, .Pulic helght curves sueh &p thess were
taken ot 250 kev intervals from 1.5 to 8,25 ¥ev,

The x-rays interzot with the sointillstor primarily by the
yhoteelectric effect, thereby glving pulses eorrespontiag So
the full photon energy, provided the x-rays from lodine in the
erystal are also sbmorbed, Qe.ealéalnaa the nusber I of io-
ﬂina:x~rnya which escape 1T I, photbnu ere ineldent on the ory~ |
stal, aﬁa proceeds as follows. Since the besm of incident x-

reys 1e collimsted such that 1t etrikes & gpell cres in the
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Fig.- 6
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center of the eryetasl face, and glnoe they penetrate only o
ansll persentsge of the depth of the oryetal, the H¥al orystal
ean be consldered » smldnﬂnns neCium, Then

1=, ,Yj Topy 0 % R L TR
d e 0 e

The anfle xntcgra_tma is over a co0lid angle of 2 and the sum-
mstion is over s1l the eleotron shells in the lodine atom

{3 = K,1,N,%,0}, .fs: is the fraction of ineident Xepays she
sorbed in the J'0 shell, 3 1 the ratic of j-shell xersy
emiselion to J-shell lonization (the other stoms underge Auger
trensitions), X ie the Qlstance un incident photon penetrstes
the erystal before 1t 1s sbsorbed, § 1s the angle between the
direction of the inecifent pm'm and the anuping lo@lng x-ray.
%, 1s the shsorption soefriclent of Nal for the incident X
roys; uy is the sbgorption coefficlent of the Nal for the x-
raye from the jzh ahqu of iodine, Evaluation of the integral
givess |

I= Z a : [l - ;ajlpl J?ilil + !1/"3)]

Sinee the x-prays nessured in this experiment sre of lower eners
£y than the iocdine X absorption edge, ag = 0. Alto, ginee the

sbsorption of the ineident ;shotona'lm the lefline l=-shell 1o muen

greater then the stsorption in the remaining shells, 1t cen be
agsumed thel o L:-l and o, = o, =@ %o = Ou This &u'sumpunu leads
ts an escape L;tenaity slightiy'greater than the actual o=pe,
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' Ry, = «12. Then

1= .OSIO [1 "P!,”?l /Qn(l + )"1/}‘14;}

Por Ta, which has the waximus grcape of lodlne x-rays ofkthc
elements investigsted, I = 1.5%1,. Alsa, Jue to the finite
resclution of the Cetectlon apparatus niny of the éagradadk
sulses oosused by todine E-ray ecoape are ecunted, Thus, evaﬁ’
with the assumptien node aba;a any offect due Lo ectaye oon
be neglected. | | | '

&n angular distribution of the L x~rays from o thin Au
target was taken, end found to be lsotrople %o at lauai twe
percent. (Figure #) Therefore, to obtaing I,, the total
yield of x-rays when ohe proton of inltlasl en rgy Ep.in
ctqﬁpcd in the thiek ferget, enl; the following colouleations
waet be nodes | : | .

(=) Finé the iategrsted nusber of eounis unﬂeév

the eounting rate ve blas ourve, and devide by
‘the number of current Integrator counts (1,03 ne)
per 1nsegrgtér gount), This givcc the number J
‘or shotsne eounted per ¥ = BLP 1,1013 ineident
protons, The values of J are lloted in column

5 of Teble 2.

{b) Apply the eorrsction for a ealld angle
O =295 3% 10-§ steradiana,
(6)  Correct for the sbaorption of the z=radistion

in the thin winfows and alr,
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The absorption sorregtions for the thin winfowse were deters

- mined sxperinentally by 1nenrting sfditional window materisl,

two mlle of mylar foll snd two pile of cluminum foll between
the target and the seintlllator, The alr sbworption correce
tion was caleulated, using the welghted aversge X-ray wiovee
lengthe given in Tsble 1 end known absorpiion gcefflelientas,
C, the oversll absorption sorrection factors are glven in co-
iumn 6 of Table 2,

Tohen

IF = f.‘..."..?f. {1)

OR
The esloulsted velues of I)l ere glven in solumn 7 of Table 2,
To caloulate the eroass-section for z-rsy produotion ong
must take mocount of the self-sbsorptlon of the target i‘ar ite
own padlation, =nd ths slowing down of the proten as 1% penew
trates the thiek topget, Freceeding in the sane manner ag
Refsrange 1h, the nusber of z-ray guenta emitted from a thiek
'cnrgbt into £ s5lid sagle O per ¥ incident protons of encrgy
E and range X, ig ziven by |
¢y = X mnp fx" o %o ~ %) oet=)] ez (2
1 2 '
where O [%i(x)] deaptes the cross-gection for Jonization with
x=ray esleslon, p le the sbeorption ccefficlent of the target

for lts own 'x-—mya, n denoten the number of targel ctoms pep

grem, and O 1s the Ceanity of the target,
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}rm.aa of L=fhell ¥e-Rays

TABLE 2

S — L SR 1
Flement 72 Py in £, in 3 1,
| Eor - »
| Ta | 73 9;2 i. 6.“::103 3,0:10"""
p 5 1.;7 Se
ee0 3% 2 53103
3Z§ o8 2,26
025' tg Rtg
% ﬁle
00 114 &
hgﬁ 1«2!3 hﬁ
M 79 106 1.5 0.71x10% 1.6x0~"
ltfg 1» 2.0
.00 2' ~Q7
gw% dg ;.2
2 5.2 1 i7mee3
.oo ‘9 1'5}
.% gog ‘9
a, 2,2
» n.h‘ 2-3
L0017 2y
“0% 1 .1




TARLE 2 - Cont'd

1 2. - 8 & I
¥iement z 7. in . in |
R-gli - g2
82 1.6 i.go "{‘fé’l"} 2,12 i.:i.sxm"”‘
2 i %
iE [ae
« 2 o
!25 8‘ 1;‘
10 1.8
U% lll‘s 2.1
o 00 13.; 2.4
h"es 15( 2,8
v 92 1h. b i%’ Z.gnaa 1.58 3;5310"5
2200 g.g 1’1%:1::""’
2125 L 2;0
2,75 3.1 ,2
P02 >
325 o3 8.5
30 7.9 1.07x10™°
g’og '5 .3‘




 Combining relstions (1) and (2) gives

%o
IF(:O) = n()j‘ o Plxy = "’O-'E:{xa dx (3}
@

By differentiation of (3)

o [tx] - L &z | £ 1,0x) (4)
nQ dx ne

or

(%)

x| - 4 Zax) g |
G’[E(x)] n 4% G(Qx) ne :)‘

The last oxpranslon gives the orossesectlon for x-ray pro-
duction as a function of inown parsmelore and 1}" 'Eﬁ:ﬂ vag obe

tained from the slope of the surves given in Figure 9, .3.%_...’.. ;
; o=

is the well known epecific energy loss, The wvaluee of The
nags=-abgorption occefficlents, , are rather lrportant since
ot high proton energlee the second term in Ngustion (5) pre-
dominntes over the firet, Agein, using the welighted aversge
wave-leagthe, the asbgorptlon coefflclents wers obtalned from
relations given by Sleghahn, (17) The values Shus cbtalned
were checked experimentally for Ta and Au, The somputed avers

pge nass uboorpﬂcn ecefficiente employed were:
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“lement Ta A ¥ U

.(p!e) in eailg 120 107 48 i)
eve,

In gcolusn 3 of Table 3 sre listed the cross-seetions for
L x=ray production, Oiy. 7These are plotted as & funstion of
proton energy in Figure 10, For Au the thiek Sarget resulls
wers supulemented by and found coneistent with thin Target
mesgapenente, An snalysle of the errors iavolved in the de-
terminaticn of the sbeselute values of the x~ray profuction
eross~seotions indieate ther are correct to 20f epr Letter for
all four slemente,

As was mentioned previcusly, not sll events in whiech an L
electron is removed, result in Leshell x-ray emlosion, 2 ra=-
dlationlesz {Auger) trensition con cocur, with the sjection of
an ¢leotron from the exelited atom, The Total Le-shell lonizaw
tion eross-sections Oy, listed in column 5 of Teble 3, are
obtained by ecorrecting O,y for fuger treneitlcns, The Auger
fagtors are not too vell known, those usell were the ones ob-
tailned by Lay in 19%4& and givc:i by Purbop, (18)

For cdapariaon. Table 3 inclucdes 2 few Zeghell lonlzetion
erose~sectione, Oy, taken from Neference 1%, These are smal-
ler then the L~shell eross-asectlone by geversl orders of mage
pitude, Although the Leshell cross-sections do not it simple
power lawg la either proton ensrgy cr atomic nusber dependence,

it was thought ueeful % determine the spproximste variastions



TABLE 3

! X-Ray and Ionisaticn Urogs-Seotion

i 2 o 5 .- . &
Flement  E, in Cyx 4 iuger Oy in Cyy i
Mev Barne Faptor Barns Barans
T | 1, @‘ ‘a' 5‘“
) 13(5) 36 S9t 126
g.w ;g légg 0,017
3'.@ 104 Vi | 0.10
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5 o2
+00 177 30
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.25 126 345




TARIE 3 = Cont'd

1 .2 3 B & &
Tlement Ty in Oy x tn Sager Oiyin Ogy in
Hev Barne Fastor Barns Barns
b2+ 1. : 9.1 2.5 23
lagg 1 28 ‘
2,00 2 1 0,0045
2 2 L
2:75 48 12 ,
3008 5l 1;% 0,032
g.zs 8 1 ‘
;o 76 191 |
E’ 5 a7 218
#,00 2ug x
4o 25 115 288 |
" o o 2,22 .0
2485 28 i‘?

Wbl
=
2
%ﬁ@QﬁY§Q%E§?Q:uaamu
S
SSST RS

25 & |
32?& 10 ?
1,00 12




(ASW) d3
v € 4 |

A9Y3IN3 NOLOYd
SA

NOILINAOY¥d
AVY-X 1 404 SNOILI3S -SSO¥D

ol 'oid

o¢

oSl

SNHVE NI X9

00¢

0G¢




27
. for & somparison with the Z-shell, The Jepenfence on proton
energy inereases with motouing Zs belng %1'5 for Ta and
F.p‘? for U, The atomlc aunber depentsnce is 1_/2.3. Thus, m‘;
L-snell varisticns are siower in both respects than the ape-
roximete zp‘*/zl? variotion of the K-shell,
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