
CROCKER NUCLEAR LABORATORY 
Universit:Y;'.ofJ~alifot~ia, Davi!$ . 

"•'\,I '',,, ' 0 '.] ' I 

'"LIL', I . ~ .flnal R~P,9.rf 
' 

•.. 
' 

to lhe ,,, 
c'a.lifg.rniso Air Re~c;,,uri'@~· 80,ard",· 

1 

• 

·· ·:•·, · :·.,\.:· · ·. a·~~f _! ·,. • 

, ,- . ' ·, I ' , 

PA.. t c1~·•·- -···A::."":1· . . ,, ', . , ..<r u .1,e t · ~ (J.irt\i ',. t!,,1( . ,, ),!:· '''. , _ , . 

':U nive.,r~s•,i ty. ~if 1 Ca I ifc;,:i ni~:.~.- 'RlYe,t::;f:c11,~:r;,(.
' '': ~: ',,, , ',,,;t: •i'j:•/ ", ' ','; . ' :' :'' ' : , I, ' ,i.;• 1•••'•11 , • ,ii •,•• ,I ' 

· on , 

-::•C:~•ritrdcl :PC:A.~!138 
"'·:,· ",. ''' .,: ~.: ·:.: ' :· ·. " " ".;·' ,,, ·: ·,' 

CYCLOTRON AN.AtYS,fs·:·· F TMOSPHERtC cOts1ri·MlNANTS
' ' • I ', I',, I ' 'I 

, .. f:t ., '', . A' ,' 111~~ ' i,.i •, I I 
. ia ncun..os , .. ~,,,,Wlonu 

'Print.lpaJ. ll'lv:e'.StigChor
1 

, , •I, , ' ,'· ,'; I , : ,::,•;,(: ~'\" ,;I • \ 1 

O!ct.:ob'er ··3.l, 1972 
,, 

LIBRARY. . , 
AfR ,RESOUR'cES BOARD . 

.rt o_.,;sox 2a-1s · •.. · 
,,, SACRAMENTO, CA 95812 

I': ·. ' .. ,, ,, , 

https://R~P,9.rf


6. 

CYCLOTRON ANALYSIS OF ATMOSPHERIC CONTAMINANTS 

7. /\utlwr(s) 

Thomas A. Cahill 
9. l'<"rlorn1in1-: (hgani:r.ation N;1m(· and /\ddrcss 

Crocker Nuclear Laboratory 
University 0f Cal:f~rnia, Davis 
Davis, CA 

12. Sponsoring Organization Name and Addrc--,, 

Air Resources Board 
Resources Agency 
1709-11th Street 
Sacramento, CA. 95814 

8. Performing Organization l{q,t. 

N° · UCD -C NL - 16 2 

11. Cont met iCrant No. 

PCA-038 

13. Type of Report & Period 
Covered 

Final 6/30/71-9/30/72 

14. 

15. Supplementary Notes 

16. Abstracts
This report summarizes the results of a one year effort to devL(op techniques to 
perform elemental analysis of atmospheric particulate samples using accelerator 
beams. ThE~ system is quantitative and absolute: every peak is compared directly 
to an elemental standard whose value is known to ~7%. The system sensitivity 
for X-ray analysis ranges between about 10 and 100 ug/cm2 for short runs, while 
values of about 10 ug/cm2 are obtained for light elements in one hour via alpha 
scattering. The system analyses elements between sodium and uranium by X-rays, 
while elements between hydrogen and calcium (excluding Be) are analyzed by elastic 
alpha-scattering. The maximum through put per day is about 2400 X-ray analyses 
(fast); plus 24 X-ray analyses (slow); plus 96 alpha scattering analyses (light 
elements). Cost ranges between about $1.56/sample and abru t $10.00/sample for 
fast analysis, with the price for alpha scattering analysis set at about $20.00/ 
sample when performed in tandem with fast analysis. The system is also applicable 
to other accelerators with heavy particle beams of 4 MEV/amu. 
17. Key Words and Document Analysis. 17a. Descriptors 

X-Ray analysis 
Chemical analysis 
X-Ray fluorescence 
Alpha irradiation 
Cyclotron 
Air pollution 
Aerosols 

Hb. Identifiers/Open-Ended Terms 

17c. COSA TI Field /Group 

18. Avail ability Statement Rel ease Unlimited 
Available from: National Technical Information 
Service, 5285 Port Royal Road, Springfield, VA 

22151 

19. Security Class (This 21. No. of Pages 
Report) 73UNCLAS~TFlED 

20. Security Class (This 22. Price 
Page 

UNCLASSIFIED 
FORM NTIS-35 (REV" 3 72) USCOMM·DC. 14952-P72HHS FORM MAY BE REPRODUCED 



CROCKER NUCLEAR LABC.l:?J\.T(;1Y 

University Df California~ fo.:i s 

FINAL RE.PORT 

to the 
.....,,_ ----· 

C.ALIFOl:1NIA AIR RESOURCES BOARD 

and 

PROJECT CLE.Al~ AIR 

Unive.rsity of California, Riversir1 e 

for 

C~fCLOTRO.N ANALYSIS !liF' ATMOSPHERIC C9NTAMINANTS 

Thomas AQ Cahill 

Principal Investigator 

October 31, 1972 

Davis, ~alifornia 



TABLE O:F CONTENTS 

INTRODUCTION 

I. BACKGROUND TO THE PROPOSAL. • 

II. DESIGN OF THE UCD-ARB AEROSOL ANALYSIS SYSTEM.. 
,,; 

1. Choice of D~t~ctor... 

2. Choice of Excitationo • o • 

3. Sample Handling 

:~. Beam Geometry • 

5. Decision to use Beam Pulsing. . 

6,. Aspects of Data Handling and Reduction. 

Ill. EVALUATION OF THE SYSTEM 

1. Sensitivi.ty .. 

2. Error Analysis .. 

3. Matrix Effects .• 

l}. Beam Damage • • 

5. Very Light Elements by Alpha Scatte.r:.lng .. 

6. Cost of Analysts,., ., 

IV. IRE ROLE OF SUCH s·'.{STii:tYl:~; IN AEROSOL i\:NALY ,,IS. 

AO<NOWLEDGENENTS • ~ 

REFERENCES. • D " 

7 

11 

11 

11 

26 

28 

31 

35 

44 

44 

49 

49 

so 

54 

56 

63 

68 

69 

https://Sensitivi.ty


INTRODUCTI ON 

This report sunnnarizes the results of a onp_ year effort to develop 

tedrniq_11'0 ~ •• c :,:rform elemental analysis of atmo::c. )hP.ric particulate':-; 

samples using accelerator beams,. 

Before going into the details of the sy2.t21::c1, the a.:3sumptions which 

have governed i.ts development should be stated:, and tbis seems to be as 

good a spot as any. 

(l) Ideally, all elements p·.resent in a sample o/ t:he atmospheric 

aerosol should be detected. 

(2) The sensitivity should be as good as possible~ 

(3) The system must be quanti~:ative~ 

(4) The cost for an analysis must be low enough so that the system 

can be extensively used to improve data on air quality and identify 

pollution sources. 

(5) The system should be able to use samples generated by presently 

used parti.culate collection systems on commonly used fi.lter and impactor 

subs trates. 

( 6) The analysis should be non--destructive. 

( 7) The system should be abh~ to handle a large number of samples 

quickly. 

In designing a system that attempts to fulfill these requirements 

for smog samples, one must ke.ep in m:tn.d the characteristics of the 

sample. Elements light2r than calciu.Illil will generally make up the greater 

part of the aerosol mass, ,;:,dth -significant amountG of mass in elements 

lighter than sodilllll. Many me tb.ese el~:!ments oc·..::u.:r in chemically active 

forms that are injurious to living systems, so that information must be 

generated on these eli:?!m.ents o If one plan.G to use x.-ray analysis for 

ele.mertts sodium. th1cough calciu:m, which r;;ives excellent sensitivity, one 

must keep the amount of material present to a minimum, or matrix effects 

will render the measurement non--quantitativ,e. This requirement for light 

loadings then results in a stringent requirement for excellent sensitivity 

for these and other elements- especially toxic meta.ls, but it does 
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simplify collection of <(~.n aerosol sa.:mple. One must also come up with 

some method for looking at el2ments lighter than sodium which (hopefully) 

is compatible with the x-ray analysis. 

Another point is that although it is rP.latively easy to obtain an 

x-ray spectrum, it is difficult to identify elenrie:cts correctly, subtract 

L1tcrf,,:··L,.::u:.··c;::.;, integrate peak.s quantitatively and :tput data on the 

amount present in a useful form. If one is seL.~ous abcut performing 

elemental analysis of t:. - large numbers of samples J::!sired by air 

quality agencies:, then one is led to the concept of a central analysis 

laboratory~ either L:1: ::i.vding a moderately large computer, or having 

access to such a comp~ter. 

An important consideration 1s that a system, once c1eveloped, should 

be able to be copied and duplicated within the state or ai mnd the 

countryo One conclusion of this report is that any accelerator that can 
7

produce proton or heavier beams with a velocity of about 3 x 10 meters/ 

second can do such an analysis equally welL Almost 100 accelerators 

exist around the country that could be used for such analysis, so this 

consideration is easily met. 

These considerations have resulted in the system summarized below. 

Each point will be treated in greater detail further in th'=!. report. 
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:3 'JJ.vfi\1ARY O:F THE SYSTEM 

The UCD--..1\RB Aerosol Analysis System_ was de.signed and built at the 

Crocker Nuclear Laboratory, University of Cai.~_fc··rnia, Davis, under 

Proj er.::.:..: ,..... 7 .c::c.· \L:c coni::ro:.1ct #PCA-038~ to perform c:. ....:2n.r-::l analysis of 

atmospheric contaminants. The syste.m is desig.· ~ i:. to .c:~ceive atmospheric 

particulate samples on r-h-~n filteT or imp,2et:0°c ::-~i'}.hs ~rqtes. Elemental 

analysis of the samples is pe.rformed u~ing alpha particlo:~ induced x-rays 

or elastic.ally scat t::::red alpha particles, with the De.vis 76" is,:,ch!"onous 

cyclotron serving as the source of the beams. Data is taken and reduced 

by an integrated hardware····sof nmre system based on a PDX" 15/ 40 computer 

with CAMAC interfacing. Results a.re prepared on standani 1BM-compatible 

tapes and are printed out on the lh1r: p·rinter and the hard··· opy un:lt of 

the interactive oscilloscope display. 

This system has the following characteristics: 

(1) It i.s quantitative and absolute, in that every peak is compared 

directly to an elemental standard whose value is known to about+ 7%. 

For routine analysis, especially for weak peaks, uncertainties in data 

reduction codes presently do not allow the system to reach these levels 

of accuracy. 

(2) It has a broad range. Elements between sodium and uranium are 

seen using x-rays, while elements between hydrogen and calcimn (excluding 

Be) are seen using elastic. alpha-scattering. For e)J:·::.nents lighter than 

sodium, a special substrate must be used,. 

(3) It is sensitive~ System sen.s1.tivity for x-ray analysis ranges 
2

between about 10 and 100 ng/ cm for short runs (~. few minutes), while 
2

values o.f about 10 i-1g/ cm ,a;:'i;;c~ obtained for t elements in one hour 
2

via alpha scattering. Using~ for exam.ple, l mg/cm mylar on a Lundgren 

impactor, run at 4 c.fm and 2l~-hour rotation speed 9 resuh:s in a value of 
3 3

between 3 ng/m and 10 ng/m for e.lements sodium and above. 

( L~) It has a large capacity. The maximum throughput that can be 

achieved in one day is presently about 2400 x-ray analyses--(fast)-plus 

24 x-ray analyses-(slow)-plm:.: 96 alpha scattering analyses (light elements). 
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This number converts to about 250,000 analyses/year within the present 

constraints, but it can be raised considerably by further tandem use of 

the beam. 

(5) It has~ generally, few correcticns, the largest being self 

absorption. Self absorption corrections, calculat-:,d for a heavy atmos

pheric ..l..02.diag of 100 µg/m 3 
of an urban character, ·11d using a Lundgren 

imp ac. tor as mentioned in sect ion ( 3) , are about .1.41~ for sodium, 10% for 

magnesium, 7% for alumir,J..1n, 5% for silican, and lesG .for other elements. 

Thus, light loadings combined with high sensitivity result in reliable 

values under normal .::.:.m..::',itions ~ 

(6) Sample handling is easy. Samples are mounte( in standard 

35 mm slide frames in Bell and Howell or universal line2r slide trays. 

(7) It has a low cost/sample. Cost ranges between , :'rnut $1. 50/ 

sample and about $10.00/sample for fast analysis, with the price for 

alpha-scattering analysis set at about $20.00/srunple when performed in 

tandem with fast analysis. 

(8) It has applicability to other accelerators. Any accelerator 

with heavy particle beams (protons or heavier) of about 4 MeV/amu 
7 

( ~ 3 x 10 m/ sec) can perform this work equivalently well. Dozens of 

such accelerators are presently operational in the USA. 

There are several negative factors concerning the system: 

(1) Beam damage. Thick samples can be damaged or destroyed by 

beam heating, which limi.ts the sensitivity that ca:11 be ,obtained. In 

addition, volatile elements may be lost unless special precautions are 

taken. These problems can be serious for some thick filters, but are 

less so for some thin f11ters and almost absent for thin plastic sub

s tratG-s-. Steps are being t::ak.en to sh.a:rply r.ech.t.ce such effects. 

(2.) Vacuum effects. Loss of volatiles can occur because the 

analysis is carried out in a vacuum. Losses do not seem to be major for 

most components of smog, and can be min::.mized by spraying plastic over 

the samples before irradiation. (Less important than effect #1). 

(3) Induced activity in the samples. This does not seem to be 

important, although activities of about 1.5 mr/hr. have been detected 
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after an intense irradic!tion of a heavily loaded filter sample. 

(4) Turn-around time" l\_lthough the analysis is performed rapidly, 

present scheduling limits normal turn-around time for analysis to about 

one week. This c.an be shortened to one cia.y if plans are firm a few 

weeks in advance. 

(_:.) For heavily loaded samples~ interferenct. ·m.ay reduce the 

sensitivity for certain elements by about a fac,:.•~H of 10 or more. 

(6) The samples rrh... dt be prepared on thin subst1ates, preferably 
2

about 1 mg/cm mylar:. Teflon, Kapton, ''polyethylene, or other such low-Z 

material. 

A detailed summary of the comparison of this tech·1 ique with other 

methods appears later in the report. However, a short ::ummary i.s given 

here. The most closely competittve method to ion-induced x-ray analysis 

appears to be x-ray fluorescence using x-ray tubes or isotopic sources. 

Although each method has its advantages and disadvantages, both appear 

to result in dramatic increases in sensitivity to applications in which 

quantitative elemental analysis of microsamples are desired. 

In the opinion of this report, ion-induced x-ray analysis is some

what superior for analysis of samples in which quantitative information 

must be obtained on light elements (Na+Ca) at the same time as heavy 

metals (Hg, Pb, etc.) for thin, lightly loaded samplP.;; on low-Z sub

strates. The ability of the UCD-ARB system to detect elements lighter 

than sodium adds another dimension to this systc::m,, It is thus suitable 

for a central analysis laborato::ry to ·handle routine monitoring, research 

and other such analys-2.s in quantity. 

X-ray fluorescence appears to hav·e better sensitivity in some regions 

of x-ray energy, and can handl.e thick sample.s ,~<thout damage, while in 

addition being able to give real time analysis in the field. It thus 

seems appropriate to ttll the roll of a n .. al-time analysis system for a 

moderate number of samples in a limited number of field locations. 

One can envtsage such a mix in California. Certainly, real-time 

x-ray fluorescence units could and should be located at several locations 

around the state that have severe aerosol problems, trained personnel, and 

computer facilities to support 3uch a program. These facilities could 
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identify problems as they occur in a smog incident, as well as being used 

for detailed field studies of localized sources. Three such stations 

might require a capital outlay of about $105,000. This limited network 

would be combined with an extensive netwo:-k '.Jf inexpensive, automatic 

remote units, generating samples that can be eas ,~ and cheaply analyzed 

by ion ,_:1(~u.c,2:d x-ray emission for a continuing Tee ,··d of air quality by 

particle size and elemental composition. A neL~ :,ork oi: 60 such remote 

units might be set up fr·" a capital outlay of arouraJ $75~000. These 

remote stations would give important information on the levels and types 

of aerosol experien :".~,-:: -;,..,y the population at large, including re.spirable 

fractions~ as well as giving reliable information on tLe sources of the 

aerosol, particularly when this information is combined ,~,rith basic 

meteorological information. 

The breakthroughs that have. occurred in this f:leld now provide the 

opportunity for the state and country to vastly improve the information 

available to atr quality agencies at small cost. 
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BACKGROUND TO THE PROPOSAL 

The atmospheric aerosol can be. defined as the solid and liquid 

components of the atmosphere. These components, although generally 

present in -,qn u~ilt.s below O.1 ppm, are important 1. 1 ~ number of ways: 

(1) They are a major cause of visibility li.miL'-,'""·ion. 

(2) They cause soiHr:cg. 

(3) They are partly trapped out and retained by the lungs. 

(4) They often contain heavy metals and other toxic substances. 

(5) They can contain carcinogens. 

However, unlike a gas which can be described in terms OL two parameters

chemical specie and prevalance- the atmospheric aerosol C"'nsists of 

individual particles possessing an infinite variety of siz,?:.~, shapes, 

masses, liquid-solid mixtures and chemical compositions. Thus, in any 

attempt to characterize the aerosol, one must rely upon a variety of 

assumptions and approximations, although these can be buttressed a bit 

by spot studies of individual particles. 

Given the inherent physical complexity of atmospheric particulates, 

it might seem foolish to also try to obtain chemical information on them. 

There are a number of reasons for doing this, however, P.specially when 

the problem at hand concerns pollution of the atmosphere. 

(1) Since part of the aerosol is retained in the lung, it is impor

tant to know its chemistry so as to evaluate the heaJ th hazards associated 

with its inhalation. This information is thus vital to formulation of air 

quality standards for acmospheric particulates. 

(2) Unlike gasses, the atmospheric aerosol often retains information 

on its sources in its chemic.al make-up. By this means., natural and 

anthropogenic contributions to the aerosol can be separated in many cases, 

and in fact, remarkably deta:Lled information can be gained on the precise 

sources of the aerosol.. This information, when combined with meteorological 

data, should enable air pollution agencies to bridge the gap between source 

inventories and air quality, and enable effective and efficient control 

strategies to be formulated. 

The difficulties inherent in performing chemical analysis of air 

i 
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samples are formidible, however. The small amount of material present 

in the air generally demands pre-·-concentration by removing the aerosol 

from the gaseous components of the atmosphere. To obtain a gram of 
3

aerosol from a reasonably loaded air sample (120 µ/m or about O.1 ppm) 

requires the efficient separation of this materi2.l from about 10,000 kgms 

: a.bout 11 tons) . Thus, a premium i ;,.la.2:2d on analysis 

of microsamples of aerosol, since this greatly _ge;; t.:.:e problem of 

aerosol collection. 

Once one has obtained a sample, on,e is immediately struck by its 

complicated chemtcal composition. While only a few eJements are 

responsible for most of the gaseous pollution of the at 'i_10sphere, an 

aerosol sample can often contain 20 or more elements in "'arious chem

ical combinations. For the purpose of this report, the fc'.lowing 

definitions will be made: very light elements, H -+ F; light .:~lements, 

Na -+ Ca; medium elements, rare earths and heavy elements. .Also, since 

many analyses techniques are destructive of the sample, the sample must 

be further subdivided if a detailed study of its composition is to be 

made. 

These difficultj_es are sufficient to explain the lack of informa

tion on the detailed chemistry of the atmospheric aerosol, despite the 

importance of this type of knowledge. Several research atudies have 
1been done, despite these difficultieso However, the most advanced and 

expensive analytical methods had to be used, thus limiting severely 

the number of samples that could be characterized. 

With the progress that was being made in x-ray techniques, several 

possible ways appeared to greatly inc1eease the sensitivity of elemental 

analysis for atmospheric aerosol samples. This i~"':: uld still not answer 

uniquely the question of the chemical form of the. aerosol,, but it would 

be a step in the right d.lrections. After consultation with many experts 

in the field of atmospheric pollution, a number of criteria was drawn up 

that should ideally be met by a system for the analysis of atmospheric 

aerosol samples: the techniques should have good sensitivity- as good as 

possible, and should certainly be an order of magnitude better than any 

existing or contemplated elemental standard; the method should be broad

ranged and non-selective.. Ideally, all components of the aerosol sh0 •1ld 



be observed. Since much of the mass of an urban aerosol will consist 

of elements lighter than sodium, this will pose a problem for x-ray 

based methods. The system must also be quantitative, absolute and thus 

reproducible, and should result in a low cost/sample, so that it could 

be widely used. 

An./ n.1et:\od that can even partially meet thts __ -Lterion will already 

be an improvement over any existing method 9 buL: in addition, the 

method should be: non-d1c_ . t..!"Uctive; fast, in turn-arc,1_1_,.1_d time between 

sample collection and data output; and·" capable of handling the large 

numbers of samples ~.. l:-~.ct could be generated by air pollution control 

agencies and atmospheric research projects. 

One could also add details like easy sample preparation, compata

bility with existing air collection methods, portability, ·•ow capital 

cost, ease of operation, etc. 

Based upon work on light element detection by scattering accelerator 

beams for smog samples (first accomplished at Davis, although there is 
2 

an alpha backscattering analysis of smog dating to 1950), and the 

results of a Swedish group at Lund Institute of Technology which excited 
3 x-rays from a smog sample using an accelerator, a proposal was sub-

mitted to Project Clean Air (PCA-038) which resulted in the following 

work statement. 
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CLCYOTRON ANALYS IS OF ATMOSPHERIC CONTAMINANTS Thomas A. Cahill 
4/21/71 

Statement of Work 

The Contractor shall within twelve (12) m::mths from the date of 

contraci_ ap-r_)i.. J./al provide the necessary personnel, faciiities, materials 

and supplies to establish a charged particle--e:i.. ited x--ray fluorescence 

l
1analysis system and to Jnstrate and report on itH -~apability for 

determining the elemental compositio.:n 9f samples of airborne particulate 

matter. 

Specific tasks to be accomplished shall consist 01 the following: 

(1) Design, construct and integrate into an operational system a 

charged particle beatn, radiation shielding, bem1 collimator, 

sample holder, necessary detection and analytical equipment, 

and data recording equipment necessary to permit rapid 

analysis of airborne particulate matter samples. 

(2) Perform enough measurements on standards to establish x-ray 

cross sections for elements of environmental interest. 

(3) Experimentally evaluate the system design and establish its 

operational capability and sensitivity. This will be done by 

the analysis of a sufficient number of samplP..; on a variety of 

commonly used filter media to insure the statistical validity 

of the results. 

( 4) Prepare and submit to the ARB technical monitor informal 

reports every three monthso Prepare and submit a Formal Final 

Report fourteen (14) months after award of contract. The Final 

Report shall include: the details of tll~ engineering design; 

systems operating procedures; sample collection and mounting 

procedures; report of the evaluation conducted under Task (3) 

above; analytical capability of the system including a matrix 

of detectable elements, associated sensitivity and standard 

deviation; and an estimate of equipment cost and operational 

cost on a per sample basis. The applicability of this type of 

analysis to other existing types of accelerators in California 

and throughout the United States shall be included in the ::.:P-port. 
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II. DESIGN OF THE UCD-ARB AEROSOL ANALYSIS SYSTEM 

1. Choice of X-ray Detector 

Since one of the above requirements was for detection of as wide a 

range of elements as possible at one time, an LN-cooled Si (Li) pulsed 

optical feedback system was chosen for the de·:::ect~r. This choice was 

based , 1:cn. ~-u..;:: use of K x-rays for elements from "'dhun through lanthanum, 

and the use of L x-rays for elements heavier ... an that. K x-rays were not 

used for heavier elemei... ~ due to the rapidly falling c.ross sections for 

these elements and interference fro.m ~oft gannnas generated in the target. 

Ge (Li) d"'t.ectors remain a possibility for this work as cheir 

resolutions continue to improve, but at the time of p~rchase, the resolution 

of the Si (Li) detectors in in-beam conditions were superior. Extensive 

detector evaluations were held in winter, 1972, and thret. systems presented 
4for evaluation proved adequate to the task. Hewever, non.1::' was able to 

properly correct for dead time (without being tuned-up on the sample in 

the beam) due to the necessity to observe low-Z x-rays, the noise generated 

by the accelerator, and the flood of light x-rays generated by bremsstrah

lung in the target. The seriousness of this problem was not properly 

appreciated until late spring, 1972, and required extensive modifications 

of our operating systems. (See below) 

2. Choice of Excitation 

The choice of beam particle and energy for exciting x-rays in 

standard aerosol samples should be ma.de upon sow..~ measure of the sensitivity 

achieved in the analysise Since beam costs rise linearly with time, and 

the throughput of samples is inversely proportional to the amount of time 

spent on each sample, sensitivity per unit time was chosen as the criteri.on. 

Secondary effects such as target damage influer.ce this judgment to some 

degree. A criterion was defined in terms of a minimally detectable peak, 

whose integrated co~Ltts were three times the error in the background under 

the peak, or 

II. 2.1 

or 
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Nx = The number of x-rays in the peak. 

Na = The nwnber of x-rays in the background under the 

peak, using average integration widths for the peak. 

This definition conforms to standard definitions for statistical signifi

cance. 

-r ;~ -, ✓ 2 1-· u..r ther define, 

SB = "'"IN (3 

then this criterion re·· ......es to: 

II. 2. 2 rt 

This criterion is used in the data reduction codes to reject peaks of 

dubious significance, despite the fact that peaks are 01=ten easily visible 

that do not satisfy this criterion. However, a very imptrtant consideration 

is that mistakes must be extremely unlikely, and, hence, a healthy conserva

tism must be a part of the whole system.. 

To investigate how this criterion governs the choice of excitation, 

one must know quite a bit about NX and NB. NX is straight forward, depend

ing on the cross section for producing an x-ray for an incident ion, or 

Nx/ = II. 2. 3 /N.
1 

NX = the number of x-rays seen in a detector 

N. = the number of incident exciting particles
1 

N = Avagadrovs number 
0 

pt the areal density in the sample of the element under study 

A = the atomic weight of the element 

[do/dn) = the cross section in cm 
2

/atom fo:r emitting an x-ray into 

the detector at the angle 0 for a specific incident 

particle and energy 

d~ = the solid angle of the detector in steradians 

8 = dead time of the system 

E = detector efficiency 

12 



To insure highly accurate and quantitative results, elemental 

standards were used to determine the product¥G. These foils were 
s ...n 

purchased from Micro Matter Corporation. The foils used are listed 

in Table 1. The target thicknesses are also given. These are quoted 

to a precision of~ 5% by the manufacturer. A schematic of the system 

is given in Figure 1. An alpha beam from the cyL • '1tron passes through 

a .6 cm diameter graphite collimator which is remotely readable and 

impinges on a thin tar
0 

~c mounted at an angle of 45n to the incoming 

beam on a remotely controlled target ••wheel. The beam is then collected 

by the Faraday cup ~nd integrated to a precision of about .2%. X-rays 

pass through a remotely controlled filter wheel, whic .. 1 was usually open. 

2
for these runs, and a 25 micron Be window of a 10 mm :~ 3 m LN cooled 

Si (Li) Detector and associated pulsed Optical Feedback ircuitry. Data 

was accumulated in a PDP-15/40 computer with ND 2200 ADC's integral to 

the system. Beam currents were kept low to minimize dead time correc

tions and the results were verified with the beam pulsing system when it 

became available. Considerable. care was taken to make certain that 

negligible amounts of beam were intercepted by the readable collimator 

directly in front of the target and to shield the Faraday cup. The 

detector resolution was approximately 170 ev during these runs. 

The following equation was used for the calculfi~_1.on. (Equation II.2.3) 

II. 2.4 ~e. 
oL..n. 

= Nr,_
ti; 

~ 

N0 ~ t -' s 
2

pt= target thickness in gm/cm • Th~ thicknesses of the targets were 

selected so that self-absorption correction would, for ·most_ ~oils, be 

only a few percent. 

The total uncertainty in the product c!f-E is on the order of + 7%. 
el.Cl. 

Figure 2 shows total K emission cross sections for 30 MeV-a beams. 

The targets were also run at 16.S MeV, 18 MeV, 25 MeV, 27.5 MeV, and some 

higher energies. In most cases the Ka and KB peaks were individually 

summed to give a total K cross section. The Ka/KB ratio is also thus 

obtained. Some typical ratios are given in Table 2. We shall see the 

importance of these ratios in the section on data reduction~ Included 
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in Table 1 is a list of the characteristic x-ray lines that were 

obtained from each foil. As seen from the total K curve it is possible 

to interpolate between data points due to the smoothness of the curve. 

Figure 3 shows a spectrum taken to obtain the L emission cross 

section for uranium. 

Figure 4 shows the cross sections for total L. ~ission. It must 

be pointed out that the term cross section here, as before, is used 

loosely. The term of course is the product of emission cross section 

and detector efficiency. Again, we were able to interpolate between 

data points for elements not run. Also given in Table 3 are typical 

L ratios. 

The determination of NB was more complex, in that i:- obviously. 

depends on the nature of the substrate upon which the sami,le occurs. 

For this purpose, spectra were taken from various thin plastic foils 

(mylar, Kapton, teflon, polyethylene) of varying thicknesses ~swell as 

connnon filter substrates (Whatman 41, teflon nucleopore, Gelman GA-1, 

and Millipore EH, TFA, and several kinds of fiberglass blanks). The 

portion of the background under each possible characteristic x-ray 

peak was integrated, which gave NB. 

One fact was immediately evident. Fiberglass filters generally 

possessed such a variety of elements that it gave very poor sensitivity 

for most elements. Such substrates must be avoided if one wishes to 

use x-ray techniques, although some information can be gained if load

ings are very heavy. In this situation, hwoever, absorption effects 

render the measurements usually non-quantitative. X-ray fluoresc.ence 

seems preferable in such cases. 

Limiting the discussion to substrates in w~..dch the heaviest element 

(in all but trace amounts), is fluorine or lighter, the background is a 

rather featureless continuum peaked at low x-ray energies, decreasing 

with increasing energy, and finally flattening at higher energies. See, 

for example, Figure 5, in which the shape of the background at 16.5 and 

30 MeV can be seen. 

This background can be explained as arising from two sources: 

(1) Bremsstrahlung produced by electrons in the stubstrate scattered 

16 



TABLE 1 

ELEMENTAL THICKNESS (TOTAL) TRANSITION 
STANDARD 

2NaCl -225 µgm/cm Na K 
Cl K 

Al 205 K" 
Si 162 K 

CaF 248 Ca Ka,KS2 
Ti .181 Ka,K(3 

V 300 Ka,KS 

Fe 325 Ka.,KB 

Ni 441 Ka,KB 

Zn 535 Ka,KB 

ZnS 257 S, K,Zn,Ka.,KS 

SrF 486 Sr Ka,KS2 
Zr 517 Ka,KB 

Rh 265 Ka,KS 

Ag 208 L ,Ka,KS 

In 275 L ,Ka,KS 

Sn 160 L ,Ka.,KB 

BaF 232 Ba,La.,L8,Ly,Ll 

CeF 375 Ce,La,LS,Ly,Ll3 
Sm 374 La. , LS , Ly , L 1 

Tm 395 La.,LB,Ly,Ll 

LuF 353 Lu,La.,Ll3,Ly,Ll3 
Ta 320 La,LB,Ly,Ll 

Au 354 M ,La,LB,Ly,Ll 

Pb 332 M ,La.,LB,Ly,Ll 

Bi 450 M ,La,LS,Ly,Ll 

ThF 400 Th M, ,La, LB .2 Ly., Ll4 1 , ' 
UF 273 u M ,La,LB 1 2 Lx,Ll4 ' ' 

17 



a::-:-' -

I (J)
I >- r~:--~I < 

...;:~ 
;...... ~ 

£ 
i -

X 

_J 
_J 
w 
I _ _r • 

CJ) ----··· m c.. ..... "·-;t==:J 
(J) 

~ 
_J ...J ~ 

_J 
~ 
:J 
~ 

z 
< CQ
er: _J 

:::> N 
c:n. 

_J 

--..; ·'=--.. 
-r-·..... 

.,,;:.> 

......... _0 
_j -'-~ _,_ 

(J) ~ z _J 
0 
I-
(/) 

z 
<l: 
er: 
t-
~ 

... n 
0 0 "' 0 -0_. ..... ..... ...... 

73NNvH:) tj3d S).NnO:) 

18 

0 
-· co 

01 

0 
0 
co 

0 
"G" 
U) 

_j 

w 
z 
z 
<( 
:r: 

oU 
OJ 
V 

0 
N 
n 

0 
lD ..... 

--



-----

,.5;ooo 

• 

• 

2.,000 

..J 

tJ 
b>c ,, ooo 

•\ 
•
\ 

soo 

19 



TABLE 2 

Ka/KS RATIO 

16.5 Mev a's 30.0 Mev a's 

Ti 7.97 7.54 

V 7.58 7.22 

Fe 7.87 7.55 

Ni 7.33 7.87 

Zn 7.63 25I 

Rb 5.25 5 • .)' 

Sr 5.00 5.44 

Zr 5.03 5.50 

Ag 4.95 5.46 

In 5.59 5.49 

( Sn 5.43 5~07 

20i( 
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TABLE 3 

La/LB 
( 
l 

16.5 Mev a.'s 30. Mev a's 

Ba 1.34 

Ce 1.26 1.24 

Sm 1.40 1. 32 

Ta 1.46 Io35 

Au 1. 76 l.52 

Pb 1.83 L l.i7 

Th 1. 63 1.4b 

u 1.51 

La/L
y 

Ba 9.05 

Ce 9.15 8.09 

( Sm 11.11 8.99 

Ta 10.86 8.25 

Au 11. 50 6.68 

Pb 10.65 7.07 

Th 10.21 7.63 

u 7.46 

La./19., 

Ba 10. 39 

Ce 12.40 13.17 

Sm 26.10 14.19 

Ta 21.34 20.87 

Au 20.73 19.58 

i 
Pb 18.07 18.13 

~ 

Th 17.02 17.66 

u [fiJ 16.30 



by the heavy incident particles. These electrons have a velocity that 

can reach twice that of the incident particle, or 

II. 2.5 E -5 
e 

where m is the mass of the electron and M. is the 111ass of the 
e i 

incident ion. This converts to an electron energy that, at its maximum, 

can attain 

II. 2. 6 

These electrons, stopping in the sample, produce a bremsi' trahlung 

continuum that, to first order, cuts off at 

~ £, (M.11.v),.....II. 2. 7 
/VI:, (~CA.) 

Note that a 16 MeV alpha particle and a 4 MeV proton both produce a 

bremsstrahlung continuum cutting off at 8 KeV, since both particles have 

the same velocity. 

( (2) The second source of background arises from rne soft gamma 

tail due to compton scattering of energetic gamma rays. Since the 

energy of gamma rays is generally for above the 30 KeV limit used for 

the Si (Li) detector, this tail appears flat in the region, above E (max)
X 

from the bremsstrahlung. 

The shape of the background continuum is somewhat modified by self

absorption of low energy x-·rays by the foil and ::;.ny loading present, by 

more energetic x-rays from bremsstrahlung of heavier elements in a loade·d 

foil, by the escape of fast electrons knocked forward in very thin samples,. 

and effects associated with the detector itself. 

From these measurements, NB was calculated, and the criterion was 

applied to find the minimum detectable amount for each element. An 

approximate set of curves was drawn, and is shown in Figure 6 for 30 MeV. 

22 
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From measurements made between alpha energies 25 MeV and 80 MeV, 

it became evident that the optimum de.tectabili ty occurred below 25 MeV 

for most elements, and, in fact, that an energy between 10 and 20 MeV 

was probably optimum. These beams were n0t ~outinely available at 

Crocker Nuclear Laboratory until summer, 1972, bui.: these energies, as 

well as protous dm..---r1 to 4 MeV, can now be obtaineL at will. 

Before these beams were obtained, a set o.L stand2.rd samples were 

sent around to several _ ....uoratories by Dr. John Cocp~r (Battelle 

Northwest), and the results showed that 4 MeV protons were superior to 
6

the ~0 MeV alpha beai:11'3 being used at this time. Since, theoretically, 

16 MeV alpha particles are about equivalent to 4 MeV p.-ot~ns, this 

encouraged us to lower the beam energy to these values. Runs were then 

performed to find Nx and NB, confinning this prediction, ·nd samples 

were run at both energies. One such comparison is shown in Figure 5. 

Sensitivity is gained in the region between potassium·and strontium, as 

well as for heavy metals, and by the criterion used in this study, a 

factor of between one and three is gained by going from 30 to 16.5 MeV. 

Would lower energies be better yet? Results at Brigham Young with 

2 MeV protons indicated that any gain in signal to noise ratio SB would 

be offset by decreased cross sections, so that detectability became 

worse. 

An approximate summary of signal to noise ratios, obtained on a 

loaded Whatman 41 filter derived from data in t~e above study are given 

in Table 4. 

TABLE !± 

SB 

Pb~ ~ 

30 MeV a 50:1 2.5:1 2.6:1 

16 MeV a 60:1 9. 5:·1 6:1 

4 MeV p 35:1 16:1 20: 1 

2 MeV p 20:1 2.5:1 2.5:1 

25 
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Recall, however, that the criterion is Nx8B :.. 9. For iron, NX decreases 

by about a factor of 2 between 30 MeV a's and 16 MeV ~'sand at least a 

further factor of 2 between 16 MeV a's and 8 MeV a's (4 MeV p's to 2 

MeV p's). A somewhat faster decline occurs for Zn and Pb. 

Therefore, 4 MeV protons or 16 MeV alphas, ,"".nrresponding to a 

velocity of about 3 x 107 m/sec., or about onP·-tentu. the speed of light, 

seem to be optimal. 

What about other particles, such as heavier ions or protons? 
14

Crocker Nuclear Lab can accelerate heavy ions such as N that have the 

optimum velocity. However, our analysis indicates thqt not much is 

gained going to heavier particles. Once the velocity Las been chosen 
7at 3 x 10 m/sec., one gains sensitivity proportional tc.· zinc, since 

II. 2.8 

so that 

II. 2. 9 

.This appears in the result that one can use less bea~. current to get the 

same limit of detectability. A detailed comparison of protons and alpha 

particles of v= 0.1 c is given in Table 5. 

This equality seems approximately satisfied when samples run at the 
7University of Colorado are compared to similar runs at Davis. 

Since generally Crocker Nuclear Lab has beam currents far in excess 

of the requirements for this work, and since t.r.cget damage may be the 

ultimate limitation to the technique, there are no present plans to use 

heavy ions at this 1 ~1ue, although evaluatLons will be done to check these 

calculations. 

3. Sample Handling 

The requirement for being able to process large numbers of 

samples through the system t-Tith minimal hassle, and the optimum sample

detector geometry, led us to decide upon the use of 35 mm slides in 

26 



TABLE 5 

Comparison of Proton and Alpha Beams (Approximate) 

Assume: Each beam has 4 MeV/amu, and that one useJ 10 µc of 

p-:coi_..:hlS and 5 µc of alphas. Values are r 1ative to 

proton values, Zi being the incident c . .,arge ai"l.d M; 

being the inci~ -~ mass. 

Factor Protons Alphas Alphas 

numbers for 
0. 00015" mylar 

1. X-ray Generation, N 1 1 
X 

2. Background, Nb 

a) Bremsstrahlung 1 1 

b) Compton 1 somewhat 
greater than 

1 

3. Detectability 1 ,v 1 
( 

4. Target Damage 

a) Energy loss rate 1 4 <z:/) 200 KeV 
(per particle) 

b) Energy loss 1 1 20 mw at 0.1 µa 

5. Multiple Scattering 1 0.5 (Z;./M.) 0.3° .. 
6. Kinematic Loss-Scattering 1 4 (M•. )

l 

Summary: 10 µc of 4 MeV protons. is rougµly equivalent to 5 µc of 16 MeV 

alpha particles. The only major differences lie in multiple 

scattering (less for alpha beams) and kinematical loss in elastic 

scattering (greater for alpha beams, and hence, easier separation 

of light elements). Similar reasoning applies to heavier ions for 

integrated beam currents reduced by 1/Zi to that for protons. 

27 



linear Bell and Howell or -,,1.niversal slide trays and a commercial slide 

changer to put the sample into the beam. The Beli and Howell mechanism 

was modified to work remotely, under computer control, while magazines 

were made to hold 108 samples at a time (.3, trays)~ Heat-sealable 

r-2rdbG::, .. 6 .:: 1 i ·1cs were used to mount the targets ,_ ~ :..:hoP:;h plastic holders 

probably present smaller out-gassing vacuum lL 1s. 

Complete plans for t-he system are available u.:ion request from 

Crocker Nuclear Lab. 

4. Beam Geometry 

The layout of the area is shown in Figures 7 1.nd 8. A.q!ladr~pole 

doublet about 30 feet upstream of the system focuses th~ beam through 

slit S-1 to slit S-2. The magnification is such that it s impossible to 

focus all the beam through S-2, and, in fact, about 1/2 the beam is lost 

at that point. This produces a somewhat uniform beam image of about 0.2" 

width x. 0.4" heighth on the target. The beam then passes through a 

Kapton isolation foil, designed to guarantee good vacutnn at the Faraday 

cup. There follows five sample locations for further use of the beam. 

All are designed to use either the elastic scattering of alpha particles 

to detect light elements or an x-ray detector. Four are designed to hold 

standard slide frames, the fifth is a gas cell for ga'"Jeous samples. 

These samples cannot be changed remotely at this ttme. Finally, the beam 

enters the Faraday cup. It is then integrated ~ya Tomlinson current 

integrator, which provides the absolute calibration of the system. 

Several options Hre available in this system. An isolation-diffusion 

foil (0.00015" Al) can be located at slit S-2, whi.ch results in more 

uniform beam intensity on the target, but H SOID'".What fuzzy edge to the 

pattern. A third slit, S-3, is being bui.lt to go directly before the 

target to clean up the edges of the pattern, provide alternative pattern 

sizes upon command, and allow normal use of the diffusion foiL 

Finally, space is available for three additional fast target changers 

on this line. This would in principle quadruple the capacity of the 

system, if demand required it. However, beam pulsing (see below) would 

not be efficient in such situations, and thus, such an extensio,.-:: cannot 
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be attempted until the dead time correction problem is resolved. If one 

were not interested in elements around Na to Si, this expansion could 

take place immediately. However, one of the advantages of accelerator

induced x-rays is exactly in the detection uf light elements, and such 

modificatJ·"n is not planned for the present. 

5. Decision to Use Beam Pulsing 

The dead time ~-- --~ection problems alluded to in section (3) 

proved very serious. The abundance of light x-rays in some samples (but 
" " not others), combin~d with accelerator-associated electrical noise, resulted 

in a target-dependent dead time correction. This is n,t the case for x-ray 

excited systems, possibly because most of the x-rays in the spectrum come 

from compton scattered exciting radiation, and cross sect·ons for low 

energy x-rays are small. 

Two alternatives were possible: 

(1) Reduce beam currents so that dead time errors were negligible, 

or 

(2) Place a source, such as 109 Cd, in each spectrum, and by 

integration of the peak, evaluate the "true°' dead time. The latter was 

done as a stop-gap until a better method could be devised- that of 

on-demand beam pulsing. 

Beam pulsing as an answer to the dead time problem and as a way 

to increase effective count rate, was suggested by the nuclear electronic 

group at the Lawrence Berkeley Laboratory, the same group that originally 

devised pulsed optical feedback. Dead time problems arise from the fact 

that, while the detector-ADC system is processing a pulse, the system must 

be protected from additional pulses piling up or the original pulse. 

Since integration times are long in x-ray Si (Li) detectors, this dead 

time becomes significant at relatively low count rates (few thousand counts 

per second). The system protects itself against this eventuality through 

use of a pulse pile-up rejector, which shuts down the electronics until 

the system is ready to accept a new pulse. Since the accelerator beam 

continues to generate x-rays from the sample during this period, the 

results of the calculations based on the Faraday cup is also incorrect 

unless it is correcte by a factor, o. Systems to correct for this Qffect 
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have been successfully built, but for the reasons given above, they do 

not work well in the rather difficult conditions associated with an 

accelerator. * 
In the alternative method suggeste.d by the Lawrence Berkeley Lab 

9 group, which they applied to x-ray tubes, the exciting source is turned 

off while the detector is dead. Thus, a monitor ba::., ,J on exciting current 

(such as a Faraday cup) reads correctly and the 1_.ead tim:'. is, in principle, 

zero. Other advantages a~rue- especially higher efLective count rates, 

and thus reduced data collection time. 

The application of tl1is idea to accelerators was suggested by the 

Lawrence Berkeley Lab group, and such a system was immed 1_ately built at 

Crocker Nuclear Lab. 

The problems of on-demand beam pulsing at an accelerat rare in 

some ways more difficult than for an x-ray tube. Pulsing the ion source 

is not useful, since too much time would elapse between a "beam-off" 

command from the detector and the time when the beam would indeed turn 

off. Therefore, it is necessary to pulse the full energy beam outside 

of the accelerator but in front of the x-ray system. This was accomplished 

at Crocker Nuclear Lab by designing and building a circuit to apply 4,000 

( volts to a pair of plates about one meter long. This voltage can be 

turned on at about 120 n seconds, left on for as long -:..s is desired, and 

turned off in about the same time. Plans for the system are shown in 

Figure 9. The dead time with this system is show~ in Figure 10. It can 

be seen up to 10,000 cps, the correction is (as predicted) negligible. 

Beam pulsing thus accomplished has a number of advantages: 

(1) Dead time correction becomes very small and is sample-independent. 

(2) Effective count rate in the computer af. a given detector resolution 

increased since the input count rate almost equals the output 

count rate. 

(3) Sample damage effects (see below) are reduced, since the beam is 

off when the detector is dead. This is more important for 

accelerators than for x-ray excited systems, in which sample 

damage is usually negligible. 

* N01~ ADDED IN PROOF: Extensive modification of the electronics has 
resulted in good dead time correction for realistic samples at high 
count rates. Beam pulsing will continue to be used for the reasons 
given here. 
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a multiplet (up to N = 4). If not, it is gaussian fitted 

as a singlet. 

(9) From the gaussian fits, the true number of counts N is 
X 

derived, and this value, with its error, is used in the 

reduction routine. The true energy, E, is also obtained 
X 

at this time. 

The operation of this code is shown ii. Figures 11 through 15 and 

Table 6. These integrat.' _.3 have been extensively c½.ecked against hand 

analysis, and the results agree within± 15%. 
"' Once one has obtained a true value for N, the number of counts 

X 

located in the peak of energy E, there still can be an ambiguity in the 
X 

element associated with the peak. The K transition of one element may
a. 

fall close to the KB transition of another, or an L transt·ion may lie on 

top of a K transition. 

The program prints out all possible interferences of this type, 

and calculates the amount of the element present under all the various 

assumptions. An example might be: (see Table 6) 

E = 10.532 KeV As. (Ka.) 1874 + 562 ng/cm
2 

X 2 or Pb (La.) 6354 + 1906 ng/cm 

The best way to discriminate between these choices is to use the 

redundancy inherent in fitting every peak. Therefore, one looks for the 

KB line of Arsenic and the LB line of lead. Thus, further down the analysis, 

one finds that: 

(1) At location expected, for the K line of arsenic, no peak is
8 2

found , thus setting a limit of 200 ng/cm on arsenic 

present. (Obtained from the sensitivity curve generated 

during each run). 

(2) At the location expected for the LB line of lead, one finds 

2
E = 12.606 Kev· Pb (L ) 5247 + 1574 ng/cm

13 

The combination of the absence of the arsenic KB and the existence and 

amount of the lead LB confirms the absence of arsenic above about a 
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TABLE 6 

An example of the form of the output from the analysis program 
as it existed in June, 1972. 

X-RAY SPECTRUM ANALYSIS 

SAMPLE - HID2 - 8 
( re, /7 ;J_) 

OiANNEL ENERGY COUNTS ELEMENT NANOGRAMS 
(KEV) PER SQUARE CM 

PEAK NO. 1 53 1.432 10493. Al. 2981. +/- 894. 

PEAK NO. 2 66 1. 722 41064. SI 7678. +/- 2303. 

PEAK NO. 3 92 2. 302 9282. s 1493. +/- 448. 

PEAK NO. 4 106 2.614 7107. CL 1229. +/- 369. 
Jl_l',,'1-? 

PEAK NO .. 5 137 3.306 7546. K 1482. +/-' 44s. ·0 Vr 
✓ /l' l',.)

PEAK NO. 6 154 3.685 9140. SN o. +/- 0. ,J -~,J-
t ry·· 

OR CA 1965. +/- 589.( 
PEAK NO. 7 190 4.488 1131. SC o. +/- o. 

OR TI 384. +/- 115. t4~;
PEAK NO. 8 253 5.893 709. 371. 111.MN +/- r _,, ~ 

/ . \ 'iJ) 
OR CR o. +/- o. ..,u --tr 

r r.J 
PEAK NO. 9 276 6.4.06 6843. '.FE 4247. +/- 1274. 

PEAK NO. 10 305 7.052 1208. FE 5320. +/- 1596. 

PEAK NO. 11 461 10.532 907. AS 1874. +/- 562. 

OR PB 6354. +/- 1906. 

PEAK NO. 12 522 11.892 1009. BR 3020. +/-' 906. 

PEAK NO. 13 554 12.606 534. PB 5247. +/- 1574. 
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FIGURE 13 
Analysis Code as.of 10/20/72 
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FIGURE 15 

Zinc peak in the same spectrum 

Note how the gauesian fit has 

compensate.~. for a· poor cut point, 

resulting in a good integration. 

Detectability for this run -

about 10 ·ng/m~ for Zinc. 
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2200 ng/cm value. If both arsenic and lead are present, one compares 

the difference in the lead values to the amount calculated using the KS 

transition to set the amount of arsenic and lead present. Obviously, good 

resolution and a high degree of presicion in peak localization assets in 

reducing such interferences. 

At this time, this calculation is still no~ left to the computer, 

since one must be certain that this operation is performed correctly. It 

is anticipated that this part of the code will be fully operational in a 

few weeks. 

III. EVALUATION OF THE SYSTEM 

1. Sensitivity 

The sensitivity of the system can be expresse~ in :erms of the 

minimum detectable amount of material that can be seen for a certain amount 
II

of excitation. 

Once the choice of alpha particle energy has been made for the 

excitation, then the criterion 

,J s ~ qII. 1.1 I "l,c IJ _. 

( 
could be applied element by element for certain assumptions regarding 

substrates. We used the alternative form of. the expression, which seemed 

easier: 

III. 1.2 

By measuring the value of the background at the location correspondin& to 

E , and using the norm~.1 integration widths for a peak, it was possible to 
X 

generate the integral of the background, NB, for a given substrate. Such 

a detectability curve for 30 MeV alphas on O. 00015" mylar is shown .in 

Figure 6. 

It can be seen that this curve is stated in terms of a given 

integrated beam charge in microcoulombs. The sensitivity then scales in 

proportion to the square root of the charge. Note that this result is 
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equivalent to only a moderately good measurement in terms of parts per 

million. 

The implicit assumptions in this graph are that one has an inter

ference free measurement, that loadings are so light that self absorp

tion is s11a ll, and that one has the exact geometry ---::::-esPn. tly used in 

the system. Since there are plans to increase ~·---2 so.L.:d angle of the 

detector, these results will change as far as the amount of charge 

necessary to obtain a given sensitivity is concerned. 

Note that no information is given 6n how long it takes to accumulate 

the integrated heron charge shown above. If the sample :is very lightly 

loaded and is layered on clean 0.00015" mylar, then one can use beam 

currents of 300 nA or more, resulting in 10 µc of beam in ,bout 30 

seconds. The limitation is set by the count rate of the det:ctor, since 

it is always possible to obtain good count rates for these samples no 

matter how lightly loaded. If, on the other hand, the sample has lots 

of iron or lead on it, the count rate may exceed present limits, and the 

beam current will have to be lowered, sometimes to as low as 0.3 nA or 

less for heavily loaded fiberglass samples. Obviously, the same charge 

could be accumulated in this latter case, but it would take a longer 

time. Therefore, the system tends to run in a variable ~ensitivity 

mode, where the sensitivity is the best for lightly loaded samples and 

poorer for heavily loaded samples. This suits this type of analysis, 

which is elemental as opposed to trace elemental. F'or, if one runs a 

heavily loaded sample to high sensitivity, one tends to be bothered by 

background generated by the big peaks, spurious effects such as small 

single escape peaks and pile up peaks, and other Pffects that confuse 

the analysis ~· 

Often, sensitivity can be gained for medium and heavy elements by 

interposing a low-Z (CH ) filter (32 mils) between the sample and the2 
detector. This cuts out the abundant low-Z elements and allows one to 

run higher beam currents for a given count rate in the detector. This 

technique is especially useful for non-smog samples. Sample calculations 

of sensitivity for some common substrates are shown in Table 7, ·and two 

typical analyses, one for 0.00015" mylar and one for Whatman.41, are Ghown 

in Figures 16 and 17. 
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TABLE 7 

Limits of Detectability for 
Aerosol Samples Collected by Several Commonly Used Techniques 

ASSUME: 10 c of 30 MeV alpha particles 

1. For a 0. 0001519 mylar (or other similar pla.Rtic) ~ubstrate, the
2 

average limit of detectability is about 20116/cm (Figure 6). 

(a) The sampling d, -4ce is a Lundgren impactor, operating at 4 cfm 
and a 24 hour rotation rate. 

2
Area of substrate is abouf 63 cm 5or 24 hours. 
Integrated air flow is about 192 m. 

2 3 2 3f = 63 cm /192 m = 0.33 cm /m 
2 2 3Limit of Detectability, D, = (20 ng/cm ) (0.~;1 cm /m ) 

or,~ng/m.3.l 
2. For a Wha2man 41 filter (or other similar material) of thickness 2

8.8 mg/cm, the average limit of detectability is about 70 ng/cm 

(a) The sampling device is a Hi-Vol run for 24 hours at 40 cfm. 
2Area of substrate is about 400 cm • 

3
Integrated air flow is about 1920 m. 

2 3 2 3f = 400 cm /1920 m = 0.21 cm /m 
2 3

D = (70 ng/ c:mh (0. 21 cm /m ) \ D = 15 ng/m
3 I 

(b) The sampling device is a "Lo-Vol" operated at 2 cfm and using 
a 47 uun diameter filter. 

2Area of substrate is about 16 cm .. 
3Integrated air flow is about 96 m .. 

2 3 2 3f = 16 cm /96 m = 0.16 cm /m 
2 2 3D = (70 ng/cm )(0.16 cm /m ) 

(c) The sampling device is a C.O.H.-type device that pulls 1000 litres 
through a 1. 2" diameter filter. 

2Area of substrate is about 6 cm • 

Integrat~d air flow is about 1 m3 • 
2 3 2 3f = 6 cm /1 m = 6. cm /m 

2 3D = (70 ng/cm )(6 cm.2Jm3) ID = 420 ng/m 1 

(d) The sampling device is a portable ae2osol monitor that runs at 
0.1 litres/sec for 8 hrs with a 1 cm filter. 

2Area of substrate is 1 cm . 
3Integrated air flow is about 0.024 m • 

2 3 2/m3f = 1 cm /0.024 m = 40 cm. 
2 2 3D = (70 ng/cm )(40 cm /m )

( 
\ 
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2. Error Analysis 

The following table indicates the sources of error present and 

their probable value for routine analysis. Referring to our formula, 

(II. 2.3) 

III. 2.1 

A atomic weight no error 

Ni integration of beam + 1%-
N 

0 
Avogadro's number no error 

0 dead time correction <. 5% 

[~~)£
X 

measured from standards + 7%-

an solid angle + 1%-
N 

X 
statistical error +N- X 

+ fitting error variable, 
5-20% 

3. Matrix Effects 

The most serious correction, and thus, the largPst possible source 

of error, depends upon the self-absorption of light x-rays due to the 

loading of the sample or due to a certain filter media. These errors have 

been estimated by using a model for the composition of an urban aerosol, 

consisting of 60% light clements (H, C, N, 0) and the remainder distributed 

among Si, S, Ca, Fe, Br and Pb roughly according to values seen in Los 
3Angeles smog. If we assume a loading of 120 µg/m in an urban atmosphere, 

with about 1/3 of this appearing on any given dru.m of a Lundgren impactor 

run at normal operating conditions (24-hr. rotation and 4 cfm), a loading 
2of about 100 µg/cm will result on a drum. These results are shown in 

Table 8. 

If we likewise assume that under the same atmospheric conditions, 
2 3 a Hi-Vol is run for 24 hours with a Whatman 41 filter (400 cm and 2000m ), 

2loadings of about 500 µg/cm will result. Assume that 2/3 of the material 

resides in the front half of the filter and 1/3 in the back half of the 
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filter, the following self absorption is calculated: 

TABLE 8 

S,2J. :~.. Absorption of i!. Standard Aerosol ol: ~Mylar !_ Whatman 

Mylar Whatman 41 ~ylar Whatman 41 

Na 14% 98.3% s 3% 70% 

Mg 10% 95.5% Ca 1.3% 35% 

Si 5% 87 % Fe <O. 5% 9.2% 

p 4% 80 % Pb <u. 5% 2.5% 

Experiments are now in progress to determine the accuracy if these 

calculations. One such experiment involved Whatman 41 filt.::c.rs analyzed 

by atomic absorption for K, Ca, Fe, Cu, Zn, and Pb. * Comparisons with 

the UC~ARB system for absolute amounts were within experimental error 

for all these elements. Other comparisons against neutron activation 

analysis and x-ray fluorescence are continuing, but early data indicates 

generally satisfactory agreement at least down to potassium on Whatman 41. 

However, as seen in the table, for the loadings normally encountered, 

these effects are generally not very significant for my1.ar foils and 

membrane-type· filters,but are quite significant for low-Z elements 

deposited on a Whatman 41 filter. 

4. Beam Damage 

The ultimate limitation for elemental analysis by ion-induced 

x-ray emission is probably set by target damage since abundant excitation1, 

is available for almost~any sample. To clarify various aspects of this 

problem, we can ident.Lfy various levels of damage. 

Level I. No changes in target composition other 
than those associated with the delay 
between sample collection and analysis, 
assuming careful handling and no contamination. 

* courtesy of Dr. Donald Gatz, Illinois State Water Survey, Urbana, Illinois. 
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Level II. Changes occur which, although they do not 
modify the results of this analysis, inter
fere with future analyses of the same sample. 

Level III. Changes occur which result in errors in the 
present analysis. ·varying levels of error 
are introduced from barel~ ?erceptible to 
extreme. 

First, there can be losses induced by the fact that the samples are 

present in a vacuum. Studies have be~n done on vacuum induced losses 

using x-ray fluorescence at Davis. The·samples were smog samples from 

the Bay Area, and were analyzed in air for elements betPeen Ca and Pb. ....._ 

Elements seen were Ca, Fe, Zn, Br, Pb. The samples were then subjected 

to vacuum for lengths of time varying from 30 minutes to 2· hours. To 

within the limit of accuracy,+ 20%, no loss was observed in any of 

these elements. 

To study the effects of beam damage, several foils were respectively 

analyzed to see if decreases were seen in the elements. The results of 

one such series is given in Table 9. This was performed on a mylar base 
2

of 0.6 mg/cm, and the integrated flux was about 60 times that normally 

used. Possible loss is observed for Si and Br, but it is not.statistically 

certain. 

Results using the substrates mylar, Kapton and teflon, were all 

similar, in that some darkening could be observed of the plastic for 

integrated fluxes above 20 µc. Nevertheless, there w~~ no indication of 

target substrate failure of major losses of elements. 

Finally, about 20 G~lman GA 1 filters were analyzed in the beam. 

These filters showed two types of damage, both sevP.re: 

(1) A darkening and embrittelment of the center occurred for 

integrated fluxes above about 5 µc. The filter often split or cracked 

after several days, and was generally hard to handle. 

(2) Two filters simply exploded after being subjected to a flux 

between 1 µc and 10 µc. Rather neat rectangular holes were created in the 

substrate, and the pieces did not appear to be charred. One possible 

explanation was that these filters had absorbed some water. The poor 

conductivity of Gelman GA 1 then allowed the water to become steam, 
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TABLE 9 

Examination of Possible Elemental Loss 

During Bombardment-Long Term Effects 

Atmospheric Aerosols on Mylar-(580 11 ~/cm 
') 

or 0.15 mil) 

I = 50 nA; P = 10 row; Normal Charge - 10 µcave ave 

(Normalized to amount in box; all measurements absolute) 

Charge (integ.) Si s K Fe Br Pb Br/Pb Ave. (all) 

20 µc 1 1. oo 1 1 1. oo 11 1. oo J 0.93 0. 98 

40 µc 0.92 0.91 

140 µc 1.00 1.12 0.81 l 1.00 11 1.001 1.00 .25 0.99 

240 µc 1.05 1.17 1.04 0.87 0.90 1.11 . 20 1.03 

340 µc 1.96 1.47 1.15 0.91 1.19 1.35 .22 1.18 

540 µc o. 79 1.21 0.92 1.02 0.84 1.19 .17 1.00 

Errors + 15% 
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fracturing the stubstrate. For whatever the reason, this substrate does not 

seem suited to this type of analysis. Reasons for these results are under 

study. 

A heavily loaded Whatman 41 filter was subject::ed to 30 µc of 30 MeV 

alpha beams, and 35 minutes later, checked with a GM 0unter for induced 

activity. Approximately 1. 5 mr/hr was recorded on conta2.t. Since most 

analyses take place at 16 MeV (where the effect is '\,1/4 that at 30 MeV) 

and for loadings and beam fluxes lower than the above values, the effect 

does not seem serious. Incidentally, decay was rapid, ~nd after a few hours, 

no detectable activity was recorded. 

Heavily loaded Whatman 41 filters were run to destru\..:t:ion (about 50 µc 

in 10 minutes) whereby the center darkened and split. The , racking of the 

foil generally resulted in a reduction of the calculated amount of material 

present, since the beam would pass through the holes without exciting the 

x-rays. Even in these extreme conditions, no evidence for consistent or 

preferential loss of certain elements was observed. Much more data must 

be gained, however, before such conclusions can be stated as certain. In 

practice, beam currents and integrated fluxes are being held well below 

such levels of damage, and the mitigating procedures mentioned below should( 
reduce the problem by a factor of about 20. 

What can be done to reduce these effects? 

(1) Use as large a detector area as possible, thus increasing the 

number of x-rays per unit beam flux. However, resolution may suffer if the 
2 2 area becomes too large. Plans are to gc from 10 mm to 30 mm when funds 

permit. 

(2) Move the detector as close to the sample as practicable. 

(3) Use as large •an area of irradiation as possible. A beam area of 
2

0. 4 cm was used for t.1.ese studies, due to special requirements of one of 
2the users, but normally an area of about 1.5 cm will be used. This reduces 

these effects (except for activation) by a factor of about 4. Eventually, 

.sample size becomes unwieldy and beam uniformity suffers if the irradiated 

area becomes too large. 

(4) Use thin substrates whenever possible. In cases where ultimate 
12sensitivity is required ('vl0- gms), thin carbon foils can be used, which 

generally are not damaged by accelerator beams. However, putting 
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a sample on thin carbon films is often difficult or impossible, thus 

this approach has limited value. 

(5) Use of beam pulsing has already reduced beam damage below the 

levels reported above. Assume the dead time for a measurement which 

results .: '1 N .. ··rays in the computer is 6, and the :L1ar;_:;2 necessary to 
X 

generate these x-rays is Q. Then, with beam pu.,~ ing, the charge neces-

sary to generate the sam,., ·umber of x-rays N · is the computer, Q is 
X p 

related to the previous amount of charge, Q, by-

9,u = 9 ( I - &~) 
Since, before pulsing, dead time was generally significqnt for all 

samples, and since abundant excitation is available for any sample no 

matter how lightly loaded, the reduction in target damage ·,as been almost 

a factor of 2. 

(6) Samples that are suspected to have such problems can be 

specially prepared by spraying the surface with clear plastic Krylon 

spray (#1301), which virtually eliminates vacuum effects and reduces loss 

of volatiles due to beam heating. In extreme cases, the sample can 

be layered with lll}tlar, which provides almost total containment of 

volatiles but does not prevent changes in the sample due to heating. 
2In summary, the use of beam pulsing and a normal 1.c cm irradiation 

area has reduced damage effects by a factor of about 8 over the results 
2

of the early studies reported here. These, plus the use of a 30 mm 

detector, will then give a net reduction of about a factor of 24 in 

beam effects, and such effects shall be unimportant in most cases. 

5. Very Light Elements by Alpha Scattering 

The detection of light elements by alp\a scattering has been 

used for decades, and, in fact, there is a measurement of elements in 

smog dating to 1950. However, most of these measurements used alpha

emitting sources and backscatter from a thick targete In summer, 1970, 

the group at UCD performed measurements on thin gas and solid targets 

using forward scattered alpha particles from a cyclotron and modern solid 

state detectors. The sensitivity proved surprisingly good, and this type 

of analysis is used in the five target stations behind the fast target 

changer. 
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The theory behind the method is elementary. If a particle 

scatters from another particle, energy is lost to the kinematic recoil of 

the struck particle. The energy loss, ~E, is (non relativisitcally)-

III. 5.1 

M = incident particle mass1 
M = target parti~le mass2 
<I> = center of mass angle of the scattered par ·icle 

cm 
Ei = incident particle energy 

The same formulas hold for the calculation of pt c? were used 

for x-rays, but the mechanism and the values are quite different (Formula 

II. 2.3). In particular, the probability of a scattering event is reduced 

by the fact that nuclear cross sections are involved rather than atomic 

cross sections, wti~h gives a probability for an event reduced by a 
2factor of about 1,000. _Thus,sensitivities are in vg/cm rather than 

2
ng/cm. This loss can be somewhat mitigated by the fact that loadings 

of material in the sample can be much higher than what is normal for 

x-ray analysis of light elements, so that a net factor of about 100 

remains. Since so much more integrated flux is required to obtain 

adequate sensitivity, five sample locations were included behind the fast 

sample changer. Samples located there are changed only when a full load 

of 100 slides are changed. The beam th.q.t passes through the slides thus 

is utilized several times before entering the Faraday cup. 

One factor must be carefully evaluated, however. If the··.beam is 

multiply scattered so that it misses the Faraday cup, the absolute values 

for the data on the fr.3t changer will be too high. These losses have 

been investigated, and for thin plastic substrates, and 0.5 mil Be 

secondary foils for the alpha scattering, the effect is< 2%. 

The most unfortunate aspect of this method lies in the fact that, 

if one wishes to observe carbon (a very important elements in urban 

particulate smog), one should not use a substrate containing carbon. In 

fact, for best sensitivity, the substrate should consist of elements lighter 

than carbon. While this is not an absolute requirement, it greatly improves 

sensitivity. Hence, beryllium substrate which, for 0.5 mil thicknesses,/ 

costs about $1. 00/ sample.. If one has heavy loadings, H is possible to 

subtract a carbon-containing substrate from the sample, but this does 
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not result in very good sensitivity. 

If one can ignore carbon and oxygen, one cL. ~ get good values 

for B, N, F, and Na, from mylar substrates, and .... n fact~ the same sample 

can be run in both system. ::;imultaneously. 

Figure 18 shows a spectrum taken from a mylar blank, while 

Figure 19 shows a smog sample impacted on a Be foil. The carbon peak 

corresponds to about 2 µg/m 3 of elemental carbon. This mrk will be 

accelerated since essentially free beam time is available in tandem 

operation. It should be also noted that this system is bei ·g more and 

more used in biological studies. 

6. Cost of Analysis 

As much as one may hope that the present concern with the 

environment will turn into increased funding for air quality agencies, 

•one has to be realistic and admit that, especially at the state and local 

level, abundant new funds will probably not be forthcom1~....g in the near 

future. Thus, since the utilization of such a system is probably inversely 

proportional to the cost per.unit useful information, a major attempt 

was made to identify those factors that could be manipulated to reduce 

the cost of analysis per sample. Very early, it was realized that costs 

of personnel are usually dominant, and, therfore, an automated system 

was built that could be operated with a minimum o: manpower. 

The assumptions made concerning the cost per analysis include 

one of overriding importance: accelerator beam time can be obtained 

routinely at a cost of X $/min. This berun time can be obtained in a number 
1 

of ways: 

(1) One could purchase an accelerator dedicated to this type of 

analysis and amortize it in the charge of X $/min. over some reasonable 
1 

period of time. This option <loes not seem viable at this time, if for no 

other reason than it is not proven t;hat this .type of analysis will be 

56 



-..., 

•Ii MEv o( s 
oN HYt.4/t12000 

~ 

8000 
Hu, 

-..J 

4000 

l<C i<,0 

100 200 300 ,. 400 500 - 600 700 



;) 

q~ -"' ?: 
()

0 () 
..J

\J - .J0:) ~ 
~ 

\I') \J.JI 

' q 

2:::0 
~~ 

\1J ILJ I "' "':t{!) ~ ~ \.I 
~ 
P-
at.... 0 

0tQ Co 
(: 

~ 

"'-u: 

~ ( 
\ ~ 

~ 0 _,,, .... ..... 

~ "' 
~ 

V) 1 
I 

\u u 
I 
I 

N ~ -

- - ---

'I 

0 
0 () 
~ 58 

>J.NOO;) 



heavily used by air quality agencies. If this were to be the case, 

however, and assuming that-

(a) this analysis would be used for a minimum of five years, 

(b) fifty remote stations would be serviced by the system, each 

g2nerating three samples/day, and 

( c) the cost of the complete system fo., luding the accelerator 

(a 4 MeV Ve. le Graaf) but excluding the cost of a computer 

(available off line at a cost of $250/hr) is $300,000.-
,, 

then the cost of amortizing the system cost (including interest) would 

be about $1.25/sample. The key assumption is, of courst, a large demand 

for such an analysis. Please note that no operating costs are included 

in this estimate. 

(2) A second possibility would be to purchase time at some pre

existing facility, either at a research laboratory or at the growing 

number of accelerators becoming associated with hospitals or private 

companies for medical isotope production. This option would, in general, 

result in a lower cost/sample for system amortization, since shared use 

splits this cost among several users. It should be noted that, at a number 

of research laboratories, accelerators have been fully amortized and/or 

written off the books. Until a major demand is proven, a11d existing facil

ities saturate, this option seems to be the least expensive. Conversion 

of an existing accelerator to this type of analysis would cost about 

$28,000, broken down as follows: (all figures approximate) 

Detector and electronics $9,000. 

Target handling systems $2,000. 

Cabling, control wi.ring $1,000. 

Beam pulsing system $ 500. 

Alpha dete~tors for light elements $ 500. 

Associated electronics $2,000. 

Beam plumbing and valves $1,300. 

Multichann Analyzer $4,000. 

Magnetic tape and interfacing $8,000. 

$28,300. 

59 



Note that most of this equipment is routinely available in research 

laboratories. 

Once we assume that beam time is available at X, $/min., then one 

can calculate the cost of analysis per sample in 2L-:her of two ways: 

(1) Figure all costs involved in each ana... ~ "is, including 

labor, under the assumption that personnel is available that can work 

part time in such work....nis avoids the necessity oi guessing very 

accurately the total number of. samples that must be handled in a year. 
' ~ 

(2) Estimate the total load and assume that personnel must be 

supported totally be this work. This results in a value that is strongly 

dependent upon the estimated utilization. 

We will use the first method, since this fits in r ,ther well with 

the assumption of shared utilization of the facility, and because this is 

the method being used at Davis. We thus have gained considerable exper

ience in this type of handling. 

Assume that: 

Each analysis run takes T min. and includes N samples.1 1 
Beam preparation takes T min.

2 
These are charged at the beam time costs of x1 $/mm, so that this cost 

is 

Pre-run preparation takes T min. by a highly trained technician
3 

and post-run wrap-up takes T min. by the same type of person. They are
4 

charged at the cost of x $/min., resulting in a cost-2 

Assuming that N samples are analyzed in Time T1 min., this gives a
1 

partial cost per sample: 

rp ~(Cl+ c2)/N1 

A number of costs are dependent totally upon the number of samples, 

so that these ·costs naturally appear in terms of a fixed cost/sample, rF • 
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These costs include the slide holders, trays, and substrates (if necessary), 

labor to mount them, catalog them, handle and record the output data, 

including magnetic tapes, off-line computation, paper for the line printer, 

hard copy paper, and costs of amortizing and repairing the components of 

the analyr::1s tJstem. The total costs will then be~ 

As an example of the above calculation, we can consider the case at Davis. 
2If a sensitivity of 10 ng/cm is used as a target value, this 

can be achieved in 40 seconds for elements arowid iron on hin plastic 

substrates. Then the parameters are (for one eight hour rut per week): 

for Tl = 8 hrs. = 480 minutes 

= 1/2 hr.= 30 minutesT2 
= 2 hrs. = 120 minutesT3 

4 hrs. = 240 minutesT4 
X = $81/hr. or $1. 35/min.1 

= $6 /hr.= $0.10/min.x2 

To find the number of samples that can be run in this time, N1 , add to the 

40 sec./sample the time to change from sample to sample, load trays, pump 

down the system, and start again. This is about 20 sec./sample. Thus, 

480 samples can be run in eight hours of run time at this sensitivity. 

The variable (s~nsitivity-dependent) cost is then: 

r = $1.60/sample
p 

Fixed costs (mostly labor) add about $0.50 per sample, so that the net 

cost under these assum1:1tions is about $2.10 per sample, if no other use is 

made of the beam. In practice, the beam is designed to be re-used for 

light element analysis and x-ray analysis to higher sensitivity, and putting 

a charge of about $20/hr., for each of these five uses almost pays for the 

beam time by itself. The details of how such calculations work out in the 

long tenn depend too strongly on the level of utilization of the system to 

warrant further comment at this time. These calculations do show, however, 

that accelerator and system-related costs are not overwhelming in certain 

situations, and that the final cost for an analysis can be most attractive 

for many applications. 
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National Labs 

TABLE 10 

Accelerators Capable of 3 MeV/amu ~ Ei 

Van de Graaffs 

Single Tandem+ 3-st~ 

9 8 

~ 8 MeV/amu . 

Cyclotrons 

4 

Total 

21 

Universities 30 ~ 24 13 67 

88 

* This list does not include accelerators located in hospitals,· 
private industry, or in countries other than the United States. 
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IV. THE ROLE OF SUCH SYSTEMS IN AEROSOL ANALYSIS 

The system described above was designed under the assumption the 

least expensive method for performing elemental analyses of large 

numbers of smog samples that was-

adequately sensitive, 

quantitative, and 

..J1..th broad elemental coverage, 

which would probably be the most useful for air quality purposes. The 

logic that favored the use of energetic ions was that light elements 

(Na ➔ Ca) had to be detected as well as heavier elemenLs. Quantitative 

analysis of light elements by x-rays demanded that loadings be kept very 

light or matrix effects could introduce major uncertainti\. 3. Light load

ings demand abundant excitation, which requirement was well filled by 

accelerator beams. 

The use of an accelerator immediately posed certain problems, the 

most important of which involved a distinct lack of portability, obtain

ing access to a facility, shared use of the beam that limits normal 

turn-around time to about one week, costs associated with the purchase 

of beam time, and possible sample damage under irradiation. While 

portability could.not be improved, access was assured oy the administra

tion of the Crocker Nuclear Laboratory; turn-around time could be reduced 

to a few hours under emergency conditions, costs could be held low through 

use of fast, automated system, and sample damage can be held to reasonable 

limits on most samples through techniques described above. Once these 

major problems have been handled, the advantages of shared use of an 

accelerator start to make themselves felt. One is making use of a great 

deal of capital; accelerators, electronic systems, computer, etc., that 

has been already pro,·ided through largely federal sources for other pur

poses, which tend to keep costs low. One has a large and highly trained 

staff available to work on a part-time basis. One can make use of the 

beam to look at very light elements, H +· F, by alpha scattering, at the 

same time one is using the system for heavier elements. Since most of 

the mass of the smog aerosol is in this region, this is a useful feature. 

The fast analysis necessary to keep costs low results in an extremely 
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large capacity for doing elemental analyses, and one that can expand to 

the load without requiring major additional capital investment. 

Now that the system exists, certain options open up for air quality 

agencies in California and elsewhere. One can envisage a proliferation 

of simple, inexpensive, reliable aerosol sampling ttt1i.ts placed around 

the state, with highest densities in problem arPaSo :hese units could 

collect samples continuously, 24 hrs/day and 365 days/year, in super

respirable, respirable, and subrespirable size ranges, to be analyzed for 

elemen~al content every two weeks ors~~ The information provided on 

the levels of particulate pollution experi~nced by the ~opulation at 

large _would be extensive. The costs of establishing sucn. a network might 

look like: 

TABLE 11 

Costs Associated with l! 60-Station Network 

Capital Costs Operating Costs 

Establishment .Qf ~ Central 
Analysis Facility* 
(assuming shared use) $28,000. Supported by sample 

charges 

Remote Stations 
(at $1000 @+parts, spares) 

$75,000. $25,000. 

Analysis of Samples 
(at $1.50 for foils, $5 for filters) 

Respirable fraction only 
All size ranges 

$33,000. 
$176,000. 

~ Compaction and Reduction 
to useful forms $10,000. $15,000. 

$113,000. 
to 

$73,000. 
$216,000. 

*Already accomplished at Davis. 

( 
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One essential problem remains that cannot be handled by an off-line 

system- namely, response to local acute smog episodes. For this purpose, 

there should be a unit located in or close to the area subject to the acute 

particulate problem. This unit has to have reasonable support in terms of 

on-site staff ,::t'fl.d, hopefully, computational facili•·--i~s. Use of x-ray 

fluorescence is highly desirable in this case dnca to ....... s broad range 

capabilities, reasonably lnw capital costs, and fast turn-around time. 

Several such units could be located around the state, and estimating a 

cost per unit of $35,000., the net capital cost might be a.bout $105,000. 

These stations probably would not be as inexpensive on ~ cost/sample 

basis as a central facility and would have a more limited throughput 

capability if one demanded analysis of all components of 1',e smog. They 

could be extremely useful for studies of limited numbers of ~lements, 

however, and could provide an analytical base for local source studies. 

Once the desirability of a central analysis laboratory so designed as 

to minimize costs has been established, the question can be asked as to 

whether such a facility could be established without the use of an acceler

ator. My feeling is that this question can be answered in the affirmative, 

through use of x-ray fluorescence, once it has been established that the 

( technique can obtain quantitative information on light e~ements at reasonable 

cost. The light loadings encountered, the problems of certain filter media 

(Table 8), and the impossibility of seeing all elements at one time as is 

done by ion-excited x-ray analysis, tend to raise the cost of analysis, 

however. Probably two and possibly more quasi-monochromatic exciting lines 

will be necessary to get good elemental coverage. The problems associated 

with simultaneous multi-line excitation have to be balanced against the 

additional cost of two separate systems with difierent exciting lines. 

Assuming that these problems can be solved, we can estimate approxi

mately the costs involved in such an analysis. Using two separate exciting 

systems, and depending on off-line computation, one can estimate a capital 

cost of about $70,900. Assuming that 15 minutes is required per analysis, 

and assuming 6 day week, 24 hour/day operation with 8 hours for maintenance/ 

repair, one can handle about 27,000 samples/year. Assuming that one can 

do this using two 1/2-time personnel, and that one uses maintenance contracts 
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or addi~ional personnel to provide major maintenance, one can estimate 

a personnel cost (at 50% overhead) of about $24,000. This is about 

$1.00/sample. Cost of system amortization~ off-line data reduction, 

supplies and expenses, secretarial help, etc. wi.. 11 probably raise this 

to perhaps $2.-o per sample or so. I hope that beL'~r figures will be 

available fairly soon, but in any case, such cob 1 are similar to the 

present estimate of ~1.se 1~~mple used.at Davis for rcurine monitoring 

purposes. (Note that many of the above costs are included in the beam 

time including amortization of all degradable items in the laboratory). 

The optimum strategy for California in the long term~~ not yet 

clear, but certain points can be proposed at this time. 

(1) The cost of total elemental analysis of an atmospheric 

particulate sample has dropped from a few hundred dollars to 

a few dollars in the past year. 

(2) The use of a capital-intensive, fully amortized system such as 

the Crocker Nuclear Laboratory has allowed such costs to be attained 

for extremely small additional capital investment by the .State of 

California. 

(3) The resulting UCD-ARB system can maintain such costs (and reduce 

them further) for almost any number of samples per year, from the 

present limit of about 250,000 to well over 1,000,000. 

(4) Based upon the low cost of analysis obtainable by the UCD-ARB 

aerosol analysis system, it is now both feasible and desirable to 

proliferate inexpense monitoring units Gcsigned to sample at least 

the respirable fraction of the smog aerosol on a continuous basis 

(24 hrs/day, 365 days/year) throughout critical areas in the state. 

(5) It is also possible to vastly expand personal aerosol monitoring 

for hazardous· oc·cupations. The same low costs/sample can be 

applied to properly designed personal monitors. 

(6) Construction of an x-ray fluorescence-based system to handle the 

throughputs that will be generated by planned monitoring activities 

would be expensive. Such a facility should not be built 1£~king 
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clear evidence that more or better information per monitoring 

dollar could be obtained by it than by the present ion-excited 

system. 

(7) Construction of a limited number of transportable, x-ray excited 

aerosol collection and analysis systems should be accomplished to 

allow fast response to acute smog episodes ~nd to allow continu

ing studies of aerosol sources. 
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