
INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to  photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.

The following explanation of techniques is provided to  help you understand 
markings or patterns which may appear on this reproduction.

1.The sign or “target" for pages apparently lacking from the document 
photographed is “Missing Page(s)". If it was possible to  obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity.

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to  begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to  the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.

University Microfilms International
300 North Z eeb  Road
Ann Arbor, M ichigan 48106 USA
St. Jo h n 's  Road, Tyler's G reen
High W ycombe, Bucks, England HP10 8HR



78-16,121

BAUMAN, Sene Ell is 
AN ANALYSIS OF THE NEW YORK CITY AEROSOL FOR 
TRACE ELEMENT CONSTITUENTS USING PROTON 
INDUCED X-RAY EMISSION SPECTROSCOPY.

City University of New York,
Ph.D., 1978
Environmental Sciences

University Microfilms International , Ann A rbor, M ichigan 48106



An Ana lys i s  o f  t he  New York C i ty  Aeroso l  For Trace Element  

C o n s t i t u e n t s  Using Proton  Induced X-Ray Emission Spec t ro scopy

by

Sene E. Bauman

A d i s s e r t a t i o n  submi t t ed  to  t he  Graduate  

Fa c u l t y  i n  Chemis t ry  i n  p a r t i a l  f u l f i l l m e n t  o f  t he  

r eq u i r e m e n t s  f o r  t he  deg ree  o f  Doctor  o f  

Ph i l o so phy ,  The Ci ty  U n i v e r s i t y  o f  New York.

1978



- i -

This  manusc r i p t  has  been read and accep t ed  for  t he  Graduate  

F a c u l t y  i n  Chemis t ry  i n  s a t i s f a c t i o n  o f  t he  d i s s e r t a t i o n  

r equ i r e men t  f o r  t he  degree  o f  Doctor  o f  Ph i l o sophy .

Icjxnll '21 \ C17^ S u T L v v  n( U J
J  ^ d a t e  Chairman o f  Examining Committee

da t e Execut ive  O f f i c e r

Su pe rv i so ry  Committee

The Ci ty  U n i v e r s i t y  o f  New York



-ii-

Acknowledgements

I wish t o  e x p re s s  my s i n c e r e s t  a p p r e c i a t i o n  t o  the  

members o f  my t h e s i s  commit tee  f o r  t h e i r  adv i ce  and en­

couragement  du r ing  t he  p r e p a r a t i o n  o f  t h i s  d i s s e r t a t i o n ,  t o  

t he  c o l l e g e  m a c h i n i s t s ,  Sol  Col tun and Marty Berman, f o r  

t h e i r  c o o p e r a t i o n  and e x p e r t  workmanship,  and to my f r i e n d s ,  

f e l l ow  g ra d u a t e  s t u d e n t s  and f a c u l t y  members,  who helped 

ease  many a t r y i n g  moment. A s p e c i a l  thanks  must  go to

P ro f .  E.T. Wi l l i ams  and P r o f .  H.L F i n s to n  fo r  t h e i r  en­

couragement  and sometimes f o r c e f u l  shoves in t he  r i g h t  

d i r e c t i o n .

To Bob L . , Tony, Bob R . , Luc ia ,  A1, Ot tmar ,  Armand, and 

P r o f .  T . I .  I s h i d a  a s p e c i a l  s p e c i a l  t hanks  fo r  t h e i r  f r i e n d ­

sh ip  and g e n e r o s i t y  and a l so  P r o f .  Richard P i z e r  f o r  proving 

you don ’ t  have t o  be good a t  b a s k e t b a l l  to en joy  i t .

But most  o f  a l l ,  I  would l i k e  t o  thank  and d e d i c a t e

t h i s  manu sc r i p t  t o  my wife  and f r i e n d ,  Susan,  who had to  en­

dure  i t  a l l  from a d i s t a n c e .



Table  o f  Cont en t s

Introduction

S e c t i on  I

C h a r a c t e r i z a t i o n

A. Atmospher ic  a e r o s o l

B. New York Ci ty  a e r o s o l

C. Problems a s s o c i a t e d  wi th a e r o s o l  

sampl ing in N.Y.C.

S e c t i on  I I .

Cascade Impac to rs

A. An H i s t o r i c a l  Development o f  Impact ion 

Techniques

B. T h e o r e t i c a l  Di scus s ion  o f  Impactor  

Ope ra t i on

C. Impactor  C a l i b r a t i o n

D. Sampling Techniques  and Requirements

Se c t i o n  I I I .

Proton Induced X-Ray F l uo re scence

A. I n t r o d u c t i o n

B. P roduc t i on  o f  X-rays  from p ro to ns  

wi th  e n e r g i e s  o f  1-4 MeV

C. Exper imental  a r rangement  

PIXE system 

Dynamitron f a c i l i t y  

Data han d l i ng  network

D. S t a nda rds  P r e p a r a t i o n



E. System C a l i b r a t i o n  and 

Maintenance

S e c t i on  IV.

A. R e su l t s  and Conc lu s ions

B. D i scu s s ion  o f  R e su l t s  and 

Recommendations

A u to b i og r aph i ca l  no t e



Section

I-A-1

I-B-1

I -B-2

I -B-3

I -B-4

Sec t i o n

II -B-1

I I - B - 2

I I -C-1

I I - C - 2

I I - C - 3

Sec t i o n

I I I -B -1  

I I I - C - 1

I I I - C - 2

I I I - D - 1

Se c t i o n

- v -

L i s t  o f  Tab l e s

I .  Ae roso l s

P a r t i c l e  S e t t l i n g  V e l o c i t i e s

D.E.P.  Es t imated  Source I n ven to ry  f o r  N.Y.C. 

% o f  TSP by Source— Kneip and Eisenbud 

Comparison o f  TSP-(1969-1976)— D.E.P.

Trace  Metal  Cone, i n  N.Y.C. A i r —

Kneip and Eisenbud

I I .  Impac to r s

J e t  Diamete r ,  P l a t e  Spac ing ,  and C u t - o f f  

Diameters  f o r  some im pac to r s  

Wall  l o s s e s  f o r  B a t e l l e  Im p a c to r - M i t c h e l l  

and P i l c h e r

DCI-6 Flow r a t e  C a l i b r a t i o n  wi th  Mylar 

R e s u l t s  o f  Wal l -Loss  and Bounce-Off  Tes t  

Using uncoated Mylar-ERDA Lab 

R e s u l t s  o f  Wal l -Loss  and Bounce-Off  Tes t  

Using Coated Mylar-ERDA Lab

I I I .  PIXE

Ca lc u l a t ed  K - s h e l l  I o n i z a t i o n  C r o s s - S e c t i o n s  

Computed Values  o f  b ,  B, and B**^ Used 

in S c a t t e r i n g  F o i l  C a l u l a t i o n s  

Ph y s i c a l  C h a r a c t e r i s t i c s  o f  Some Thin F o i l s  

A n a l y t i c a l  Methods Used fo r  Ana lys i s  o f  

S t anda rds  Used t o  C a l i b r a t e  PIXE System

IV. R es u l t s  and Conc lu s ions

7

10.1 

11 

10.1

12.1

35.1

35.1 

41

43

44

53.1

60.1 

62.1

68.1



I V —A — 1 

IV-A-2 

IV-A-3 

IV-A-H 

IV-A-5 

IV-A- 6  

IV-A-7 

IV-A- 8

IV-A-9

IV-A-1

IV-A-1

-vi-
Tota l  Element Co n c en t r a t i o n s  fo r  Aerosol  

Measured a t  Cooper Union

Element Co n c en t r a t i o n s  fo r  1s t  Floor  Cooper 

Union S t a t i o n s - il /29/77

Element  Co n c en t r a t i o n s  f o r  3rc* Floor  Cooper 

Union S t a t i o n s - 4 / 2 9 / 7 7

Element  C o n c e n t r a t i o n s  f o r  6 t h  Floor  Cooper 

Union S t a t i o n s - 4 / 2 9 / 7 7

Element  C o n c e n t r a t i o n s  o f  1s t  F loor  Cooper 

Union S t a t i o n s - 5 / 2 / 7 7

Element  C o n c e n t r a t i o n s  for  3r(* Floor  Cooper 

Union S t a t i o n s - 5 / 2 / 7 7

Element C o n c e n t r a t i o n s  fo r  6 fch Floor  Cooper

Union S t a t i o n s - 5 / 2 / 7 7

Mass D i s t r i b u t i o n s  f o r  Pb-

•jst^ and 6  t h  F loor

Cooper Union S t a t i o n s - 4 / 2 9 - 5 / 2 / 7 7

Mass D i s t r i b u t i o n s  fo r  Br-

1s t f 3r<*, and 6  t h  F loor

Cooper Union S t a t i o n s - 4 / 2 9 - 5 / 2 / 7 7

Mass D i s t r i b u t i o n s  f o r  Zn-

i s t ,  3 r d ,  and 6 t h  F loor

Cooper Union S t a t i o n s - J4 /29 -5 /2 /77

Mass D i s t r i b u t i o n s  fo r  Fe-

1s t ,  3 r d f and 6 t h  F loo r

Cooper Union S t a t i o n s - H / 2 9 - 5 / 2 / 7 7

75.1

75 .2

75 .3

75.4

5 .5

75 .6

75 .7

75 .8

75 .9

75.10

75.11



-vii-

IV-A-12 Mass D i s t r i b u t i o n s  f o r  S-

1s t , 3r d , and 6 th  F loor

Cooper Uni ion S t a t i o n s - ^ / 2 9 - 5 / 2 / 7 7  75 .12

IV-A-13 T o t a l  Element  C o n c e n t r a t i o n s  fo r

R o c k e f e l l e r  Cente r  S t a t i o n s - 7 / 1 9 -7 /30 /77  81.1

IV-A-14 T o t a l  Element  C o n c e n t r a t i o n s  f o r  R o c k e f e l l e r

Center  S t a t i o n s -  7 / 1 9 - 7 / 3 0 / 7 7  81 .2

IV-A-15 Mass D i s t r i b u t i o n s  f o r  Pb- 6 ^  Ave . -  Af t ernoon

Samples R o c k e f e l l e r  C en t e r -  J u l y  1977 81 .3

IV-A-16 Mass D i s t r i b u t i o n s  f o r  PB- Ave . -  Morning

Samples P o c k e f e l l e r  Ce n t e r -  J u l y  1977 8 1 . M

IV-A-17 Mass D i s t r i b u t i o n s  f o r  Br- 6 ^  Ave . -  Afernoon

. Samples R o c k e f e l l e r  Ce n t e r -  J u l y  1977 81 .5

IV-A-18 Mass D i s t r i b u t i o n s  f o r  Br- 6 ^  Ave . -  Morning

Samples R o c k e f e l l e r  Ce n t e r -  J u l y  1977 81 .6

IV-A-19 Mass D i s t r i b u t i o n s  f o r  Pb- 51s t  S t . -  Af t ernoon

Samples R o c k e f e l l e r  C e n t e r -  J u l y  1977 81.7

IV-A-20 Mass D i s t r i b u t i o n s  f o r  Pb- 51s t  S t . -  Morning

Samples R o c k e f e l l e r  C en t e r -  J u l y  1977 81 .8

IV-A-21 Mass D i s t r i b u t i o n s  f o r  Br-  51s t  S t . -  Af t ernoon

Samples R o c k f e l l e r  C en t e r -  J u l y  1977 81.9

IV-A-22 Mass D i s t r i b u t i o n s  f o r  Br- 51s t  S t . -  Morning

Samples R o c k e f e l l e r  Cen t e r -  J u l y  1977 81.10

IV-A-23 Mass D i s t r i b u t i o n s  f o r  Pb- 1 6 ^  F l o o r -  Af t ernoon

Samples R o c k e f e l l e r  Ce n t e r -  J u l y  1977 81.11

IV-A-24 Mass D i s t r i b u t i o n s  f o r  Pb- 1 6 ^  F l o o r -  Morning



- v i i i -

Samples R o c k e f e l l e r  C e n t e r -  J u l y  1977 

IV-A-25 Mass D i s t r i b u t i o n s  f o r  Br- 16^^ F l o o r -  Af ternoon 

Samples R o c k e f e l l e r  C e n t e r -  J u l y  1977 

IV-A-26 Mass D i s t r i b u t i o n s  fo r  Br-  16^^ F l o o r -  Morning 

Samples R o c k e f e l l e r  C e n t e r -  J u l y  1977 

IV-A-27 Average C on c en t a t i on s  fo r  Pb, B r , S and Fe fo r  

R o c k e f e l l e r  C e n t e r -  J u l y  1977 

IV-A-28 C o r r e l a t i o n  o f  P a r t i c u l a t e  S u l fu r  wi th Wind 

D i r e c t i o n



-ix-

L i s t  o f  F i g u r e s

Se c t i o n  I Ae roso l s

I-A-1 Aerosol  Dynamics 5.1

I-B-1 Seasonal  V a r i a b i l i t y  o f  Pb and V

C o n c e n t r a t i o n s  9.1

I -B-2  Local  Sources  o f  P a r t i c u l a t e  M a t e r i a l  10.2

I-C-1 Sampling Loca t i o ns  21.1

I -C-2  R o c k e f e l l e r  Center  Sampling Lo ca t i ons  23-1

Se c t i o n  I I  Impac to rs

I I -B-1 B a t t e l l e  Type Impactor  31.1

I I - B -2  E f f e c t i v e  Cut -Off  Diamete rs  f o r  6 - S t age  Impactor  32.1

I I -D-1 Var ious  S t ages  o f  Sample P r e p a r a t i o n - I  47.1

I I -D -2  Var ious  S t ages  o f  Sample P r e p a r a t i o n - I I  47.2

S e c t i on  I I I  PIXE

I I I -A-1  E f f i c i e n c y  o f  X-Ray P rodu c t i o n  Techniques  48.1

I I I - B - 1  Cr os s - Se c t i o n  v s .  Pro ton  Energy 52.1

I I I - B - 2  Produc t  o f  F l u o r e s c e n t  Yield and Cross Sec t i on

vs .  Z fo r  3-0 MeV P ro to ns  52.2

I I I - B - 3  C a l cu l a t ed  K X-Ray P roduc t i on  Cross S e c t i o n s

vs .  Z fo r  1-4 MeV P r o t on s  52 .3

I I I - C - 1  Proton  Beam Homogenizer 57.1

I I I - C - 2  1/e  Angle fo r  M u l t i p l e  S c a t t e r  58.1

I I I - C - ^ 3  R a d i a l l y  D i r ec t ed  D i s t r i b u t i o n  for  S c a t t e r e d

Pro tons  58 .2

I I I - C - 4  F in a l  Co l l i amto r  and Kapton Window Vacuum Por t  62 .2

I I I - C - 5  Data Handl ing Network 62 .3



I l l —E — 1 

I I I - E - 2  

I I I - E - 3  

I I I - E - 4

I I I - E - 5  

Sec t i on

IV-A-1

IV-A-2

IV-A-3

IV-A-4

IV-A-5

IV-A-6

IV-A-7

IV-A-8

IV-A-9

- x -

PIXE Sp e c t r a  o f  Chamber Background 

PIXE Sp e c t r a  o f  S tage -6  Air  Sample 

PIXE S p e c t r a  o f  130 ng Cu f o r  1s t  Run 

PIXE Sp e c t r a  o f  Cooper Union Sample 

Showing Improved System C a p a b i l i t y  

S t an da r ds  C a l i b r a t i o n  Curves 

IV R e s u l t s  and Conc lu s ions

Mass D i s t r i b u t i o n s  f o r  Pb and Br- Cooper Union- 

A p r i l ,  1977

Mass D i s t r i b u t i o n s  f o r  Zn and Fe- Cooper Union- 

A p r i l , 1977

Average Hourly CO C o n c e n t r a t i o n s  f o r  Weekdays 

o f  J u l y ,  1977 

Hour ly S0£ Readings  f o r  Some D.E.P.  S t a t i o n s  and 

Average Wind Speed and D i r e c t i o n  fo r  J u l y , 1977 

D iurna l  V a r i a t i o n s  i n  Fe C o n c e n t r a t i o n s -  

R o c k e f e l l e r  Ce n t e r -  J u l y  .1977 

D i u r n a l - V a r i a t i o n s  i n  Pb and Br C o n c e n t r a t i o n s  

R o c k e f e l l e r  C e n t e r -  J u l y ,  1977 

D-Train Schedule  f o r  6 ^  Ave. Subway 

Mass D i s t r i b u t i o n s  f o r  Calcium 

R o c k e f e l l e r  Ce n t e r -  J u l y ,  1977 

Mass D i s t r i b u t i o n s  fo r  Fe,  Pb, and Br- 

R o c k e f e l l e r  Ce n t e r -  J u l y ,  1977

69.1

69 . 2  

69 .3

6 9 . M 

70.1

77.1

77 .2  

80.1 

80.1 

82.1

82 .2

83.1

87.1

87 .2



Introduction

When mon i to r i ng  p o l l u t a n t s  in c i t i e s ,  i t  i s  no t  always 

p o s s i b l e  t o  l o c a t e  a c o l l e c t o r  to  g ive  a r e p r e s e n t a t i v e  sam­

p le  and t h e r e f o r e ,  i t  i s  n e c e s s a r y  t o  c o n s i d e r  t he  e f f e c t  o f  

sampling l o c a t i o n  on c o l l e c t e d  samples .  F r e q u e n t l y  s ampler s  

a r e  s i t u a t e d  a t  r o o f - t o p  l e v e l s  o r  in  l o c a t i o n s  which do not  

b e s t  r e p r e s e n t  t he  a r e a  in  q u e s t i o n ,  and,  i n  a d d i t i o n ,  24 

hour sample av e r ag ing  o f t e n  d i s g u i s e s  t he  s eve r e  c o n d i t i o n s  

e x i s t i n g  dur ing  t he  workday h o u r s .  High c o n c e n t r a t i o n s  o f  

c e r t a i n  p o l l u t a n t s  may occur  du r i ng  s h o r t  t ime i n t e r v a l s  and 

exceed t h r e s h o l d  t o l e r e n c e s ,  which may be as d e l e t e r i o u s  to  

g e n e ra l  h e a l t h  as  long t ime exposure  t o  lower c o n c e n t r a t i o n  

l e v e l s .

A s e r i e s  o f  ex pe r imen t s  was performed to  examine two 

d i f f e r e n t  and d i s t i n c t  t y p es  o f  sampl ing l o c a t i o n s  in  t he  

c i t y ,  and many d i f f e r e n t  sampl ing s i t u a t i o n s  a t  t h e s e  l o c a ­

t i o n s ,  t o  de te rmine  how t o  b e s t  i n t e r p r e t  d a t a  t ake n  a t  

v a r i o u s  l o c a t i o n s .  There a r e  c e r t a i n  advan t ages  in  sampling 

a t  r o o f - t o p  l e v e l ,  f o r  example,  s e c u r i t y  and vandal i sm are  

no t  s e r i o u s  p rob lems ,  bu t  i s  a r o o f - t o p  sample r e p r e s e n t a ­

t i v e  o f  s t r e e t - l e v e l  exposure  or  can t h e  2 t y p e s  o f  samples 

be r e l a t e d ?  Samples were t ake n  a t  bo th  s t r e e t  l e v e l  and a t  

an e l e v a t e d  l e v e l  f o r  compar ison o f  t he  e f f e c t s  o f  s t r e e t -  

l e v e l  c i r c u m s t a nc e s  and m e t e o r o l o g i c a l  c o n d i t i o n s ,  e t c .  

This  t h e s i s  d e s c r i b e s  an i n v e s t i g a t i o n  performed from Apr i l  

t o  August  1977, t h e  r e s u l t s  o f  which,  i t  i s  hoped,  w i l l  he lp



p rov ide  a b a s i s  f o r  e s t a b l i s h i n g  c r i t e r i a  from which sam­

p l i n g  l o c a t i o n s  can be chosen on a more r a t i o n a l  b a s i s .  The 

s i t e s  chosen fo r  t h i s  i n v e s t i g a t i o n  were p rov ided  by t he  

N.Y.C. Department  o f  Envi ronmenta l  P r o t e c t i o n  ( D . E . P . ) ,  t h e  

l o c a l  agency whose pr imary r e s p o n s i b i l i t y  i s  t o  mon i to r  am­

b i e n t  p o l l u t a n t  l e v e l s  t h roughou t  t h e  c i t y  on a year - round  

b a s i s .

Samples were c o l l e c t e d  us ing  cascade  impa c to r s  (Del-Ron 

model DCI-6) whose 5055 s t a g e  c o l l e c t i o n  e f f i c i e n c y  d i a m e t e r s  

were 16, 8, 4, 2, 1, and 0 . 5  pm and whose s t a g e s  were modi­

f i e d  by u s ing  Mylar i n s t e a d  o f  g l a s s  as t he  impact ion  s u r ­

f a c e .  Chemical  a n a l y s i s  was performed by Proton Induced X- 

Ray Emission Spec t ro scopy  (PIXE),  u s ing  t he  Brooklyn Col lege  

Dynamitron l i n e a r  a c c e l e r a t o r  to  g e n e r a t e  t h e  3*0 MeV p r o ­

to ns  used in t h i s  method.  The t h e s i s  a l s o  d e s c r i b e s  in  de ­

t a i l  t he  PIXE sys tem which was developed in  t he  cou r se  o f  

t h i s  work.
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S e c t i o n  I .

A. Aerosol Formation

An a e r o s o l  i s  a d i s p e r s i o n  o f  s o l i d  o r  l i q u i d  m a t e r i a l  

in a gaseous  medium which may be a consequence  o f  g a s - t o -  

p a r t i c l e  c o nv e r s i o ns  or  t h e  b reak  up o f  s o l i d s  or  l i q u i d s .  

Atmospheric  a e r o s o l s ,  which g e n e r a l l y  have  many modes of. i n ­

p u t ,  may a l s o  r e s u l t  from the  su spens ion  or  r e s u s p e ns io n  o f  

wind-blown m a t e r i a l s .  M a t e r i a l  i n t ro du c ed  i n to  t he  atmos­

phere  as  p a r t i c u l a t e  m a t t e r  i s  c a l l e d  p r ima ry ,  whereas t h a t  

which r e s u l t s  from g a s - t o - p a r t i c l e  co nv e r s io n  i s  termed 

s e c o n d a r y ^  \  The s i z e  d i s t r i b u t i o n  ( r e l a t i v e  mass o f  p a r t i ­

c u l a t e  m a t e r i a l  in  a g iven  p a r t i c l e  s i z e  range)  o f  atmos­

p he r i c  a e r o s o l s  i s  a lmos t  always mul t imoda l ,  as  shown by 

Whitby,  Husar and L i u ^ \  Wi l l eke  and W h i t b y ^ ) } anci Whitby,  

e t  a l . ^ \  and may sometimes be t r im o d a l  near  sou rce s  o f  

combus t i on .  The d i f f e r e n t  a e r o s o l  f o rma t ion  mechanisms may 

or  may no t  i n c r e a s e  t he  number o f  p a r t i c l e s ,  bu t  t hey  can 

change t h e  s i z e  d i s t r i b u t i o n .  Aerosol  sys tems a re  g e n e r a l l y  

dynamic,  i . e .  sma l l  p a r t i c l e s  (<1 pm) w i l l  c o l l i d e  as a 

r e s u l t  o f  t h e i r  Brownian motion and c o a g u l a t e  to  form l a r g e r  

p a r t i c l e s .  The r a t e  o f  c o l l i s i o n s  w i l l  depend upon t he  

number c o n c e n t r a t i o n  o f  p a r t i c l e s ,  and growth by c o a g u l a t i o n  

i s  u s u a l l y  co n s id e r e d  s i g n i f i c a n t  on ly  f o r  p a r t i c l e s  between 

.01 and 1.0 pm. (5)  o t h e r  methods o f  p a r t i c l e  a c c r e t i o n  from 

the  ga s  phase a r e  con den sa t i o n  on a l r e a d y  e x i s t i n g  n u c l e i ,  

and homogeneous n u c l e a t i o n  o f  gaseous  m a t e r i a l  t h rough  a
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complex p r oce s s  o f  mo le cu l a r  c l u s t e r i n g  fol lowed by co ag u l a ­

t i o n .  Examples o f  ga seous  m a t e r i a l s  which can r e a c t  t o  form 

a e r o s o l s  t h rough  one o f  t h e  above pathways a r e  NO2 , o r -

ga n i c s  ( o l e f i n s , e t c ) , and NH^. Condensa t ion  can r e s u l t ,  f o r  

example,  when ho t  s t a c k  g a se s  a re  e x p e l l e d  i n t o  t he  much 

c o o l e r  ambient  a i r  and t he  co o l i n g  which oc cu r s  upon mixing 

can cause  s a t u r a t i o n  o f  t h e  a i r  mass fo l lowed by condensa ­

t i o n .  D i l u t i o n  o f  t h e s e  s t a c k  ga se s  w i l l  oppose t h i s  p ro­

ce s s  s i n c e  i t  w i l l  p r ev en t  s a t u r a t i o n .  De t e rmina t i on  of  

whether  con den sa t i o n  w i l l  occur  t h u s  depends on such f a c t o r s  

as wind v e l o c i t y  ( t h i s  w i l l  a f f e c t  d i l u t i o n  t i m e ) ,  t h e  am­

b i e n t  t em p e r a tu r e  and p r e s s u r e  ( a f f e c t s  s a t u r a t i o n  c u r v e ) ,  

and t he  number c o n c e n t r a t i o n  o f  e x i s t i n g  p a r t i c l e s  which 

w i l l  encourage  s u r f a c e  a b s o r p t i o n  and chemical  r e a c t i o n .

Nuc l ea t i on  s i t e s  upon which c on den sa t i o n  can normal ly  

t a k e  p l ace  a re  d u s t  p a r t i c l e s ,  smoke, and i on i zed  sp e c i e s  

u s u a l l y  p r e s e n t  in  t h e  a tmosphe re .  . H i s t o r i c a l l y ,  p a r t i c l e s  

o f  t h i s  t y p e ,  which encourage  con den sa t i on  and a re  <0.1 pm 

in d i a m e t e r ,  a r e  c a l l e d  Ai tken n u c l e i .  In t h e  absence  o f  

such s i t e s ,  m o lecu l a r  c l u s t e r s  p l ay  an impor t an t  r o l e  i n  t he  

fo rma t ion  o f  p a r t i c l e s  from the  gas  phase .  Gas phase chemi­

ca l  r e a c t i o n s  may a l s o  g e n e r a t e  condensab le  s p e c i e s ,  and 

s i n c e  such r e a c t i o n s  a r e  o f t e n  photochemica l  t h e i r  k i n e t i c  

r a t e  o f t e n  depends  on t h e  a v a i l a b i l i t y  o f  s u n l i g h t .  Also,  

chemical  r e a c t i o n s  o f  ga se s  may be c a t a l y z e d  on p a r t i c l e  

s u r f a c e s  or  in a l i q u i d  d ro p .  Both " s e l f - n u c l e a t i o n "  and



condensa t i on  on e x i s t i n g  n u c l e i  w i l l  change t he  mass d i s t r i ­

bu t i on  o f  t he  a e r o s o l ,  whereas on ly  t h e  former w i l l  change 

t h e  number o f  p a r t i c l e s .  Usual ly  an urban a e r o s o l  w i l l  con­

t a i n  up to  105 nu c l e i / cm^  in t he  s i z e  range  o f  0.01 t o  0.1 

pm. I f  t he  s u r f a c e - a r e a  c o n c e n t r a t i o n s  ( i . e .  t o t a l  s u r f a c e  

a r e a  o f  p a r t i c l e s / c m ^  a i r )  o f  e x i s t i n g  n u c l e i  i s  < 500 

pm^/cm^ then  new n u c l e i  w i l l  be formed in t he  .01 t o  .02 pm 

s i z e  r a n g e . (6)  At s u r f a c e  a r ea  c o n c e n t r a t i o n s  above a few 

thousand pm^/cm^ con den sa t i o n  o f  ch em ic a l l y  and photochemi-  

c a l l y  produced m a t e r i a l  w i l l  t ake  p l ac e  on e x i s t i n g  p a r t i ­

c l e s  in  t he  0.1 t o  0 . 5  pm r a n g e . ( ? )

The s i z e  range  o f  suspended p a r t i c u l a t e  m a t e r i a l  i s  

from ca .  0.01 pm to  ca .  50 pm wi th  most  o f  t he  p a r t i c l e s  in  

t h e  r eg ion  from .01 t o  0 .1  pm. P a r t i c l e s  l e s s  than  1.0 pm 

g e n e r a l l y  r e s u l t  from n u c l e a t i o n ,  c o n d e n s a t i o n ,  chemical  or  

photochemica l  r e a c t i o n s ,  o r  emi s s ion s  from combust ion 

p r o c e s s e s .  These p a r t i c l e s  a re  c a l l e d  f i n e  p a r t i c l e s .  The 

c o a r se  p a r t i c l e  mode r e p r e s e n t s  p a r t i c l e s  g r e a t e r  t han  ca .  2 

pm which a re  u s u a l l y  i n t ro d uc ed  as pr imary  p a r t i c u l a t e  ma­

t e r i a l  from e r o s i o n ,  sea  s a l t  s p r a y ,  f l y  ash p a r t i c l e s ,  ab­

l a t i o n  due to  mechani ca l  p r o c e s s e s ,  v o l c a n i c  a c t i v i t y ,  e t c .  

According t o  Whitby(8)  t h e r e  seems t o  be ve ry  l i t t l e  ex­

change between c o a r se  and f i n e  p a r t i c l e s  and t he  r a t i o  o f  

t h e  two v a r i e s  from r eg io n  t o  r e g i o n .

F igu re  I-A-1^®^ i s  a s i m p l i f i e d  d e s c r i p t i o n  o f  a e r o s o l  

dynamics .  The r e l a t i v e  impor t ance  o f  any one i n pu t  .mechanism
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w i l l  depend upon t he  a e r o s o l  c h a r a c t e r i s t i c s  and l o c a t i o n .  

As e l e v a t i o n  i n c r e a s e s ,  t h e  s i z e  d i s t r i b u t i o n  w i l l  c o n s i s t  

mainly  o f  sma l l  p a r t i c l e s  and become u n i m o d a l ^ ) ^  an(j t he  

a ccumulat ion  mode w i l l  a ccount  f o r  e s s e n t i a l l y  a l l  p a r t i ­

c l e s .  (

Recent  i n v e s t i g a t i o n s ^  ^ ^ h aVe shown t h a t  a e r o s o l s  

can be t r a n s p o r t e d  over  long d i s t a n c e s  i n  p r e d i c t a b l e  

f a s h i on  and can accoun t  f o r  major  p o r t i o n s  o f  a tmospher ic  

p a r t i c l e s  in  c i t i e s  hundreds  o f  m i l e s  away. The l o s s  o f  p a r ­

t i c u l a t e  m a t e r i a l  from a tmospher ic  a e r o s o l s  occu r s  t h rough  

e i t h e r  s e d im e n ta t i o n  o f  g r a v i t a t i o n a l l y  a f f e c t e d  p a r t i c l e s  

(>ca.  2-3 pm) or by washout  from p r e c i p i t a t i o n .  Table  I -A-  

l ( 13 )  g iv e s  t he  s e t t l i n g  r a t e  (cm/sec)  f o r  some d i f f e r e n t  

s i z ed  p a r t i c l e s .

A f i n e  and c o a r s e  (bimodal )  d i s t r i b u t i o n  o f  p a r t i c l e s  

seems to  be a c h a r a c t e r i s t i c  o f  most  ana lyzed  a e r o s o l s  and 

t h e r e  seems t o  be no s i g n i f i c a n t  exchange o f  m a t e r i a l  

between t he  f i n e  and t he  c o a r s e  f r a c t i o n s  a l t hou gh  encapsu­

l a t i o n ^ 1*^, and agg lomera t i on  o f  5-10 pm p a r t i c l e s  i n t o  pa r ­

t i c l e s  r an g ing  from 20-74 pm can occur  i n  f l y  ash and s im i ­

l a r  h i g h - t e m p e r a t u r e  p a r t i c l e - f o r m i n g  mechanisms.  Encapsu­

l a t i o n  and agg lomera t i on  can account  f o r  20-30$ of  a l l  f l y  

ash p a r t i c l e s  l e s s  t han  5-10 pm produced under  power p l a n t  

c o n d i t i o n s .  ^
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Table  I-A-1 P a r t i c l e  S e t t l i n g  V e l o c i t i e s  
dp( pm.) s e t t l i n g  ve loc i t yCcm/sec )

_____________________ <Pr = 1 g/cm^)_________

0. 1 8 .62x10-5
0 .2 2 .26x10” ^
0 .5 1.0 0 x 1 0 -3
1.0 3 .52x10“ 3
2 .0 1.31x10-2
5 .0 7.80X10” 2

10.0 3 .07x10“ '
2 0 .0 1.22
50 .0 7 .58

100.0 30.3
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B. New York C i ty  Aeroso l

The a e r o s o l  o f  t he  New York M e t ro p o l i t an  a r ea  i s  a

consequence o f  t he  c o n t r i b u t i o n s  from l o c a l  p o i n t  sou rc e s  

( i n d u s t r i e s ,  power p l a n t s ,  and i n c i n e r a t o r s ) ,  v e h i c u l a r  

t r a f f i c  ( c a r s ,  b u s s e s ,  t r u c k s ) ,  p l a n e s ,  t r a i n s ,  space  h e a t ­

i ng ,  n a t u r a l  background ( l and  and o c e a n ) ,  and wind-blown 

p a r t i c l e s  from o t h e r  geog raph i c  l o c a t i o n s .  I t  i s  g e n e r a l l y  

e s t im a t e d  t h a t  t he  r e g i o n a l  n a t u r a l  background i s  on t he

average  about  35 p g / m ^ d ) .  backg round ,  o f  c o u r s e ,  w i l l

be de te rmined  by t h e  p r e v a i l i n g  winds (winds which have

blown over  land g e n e r a l l y  b r i n g  a g r e a t e r  c o n c e n t r a t i o n  o f  

p a r t i c u l a t e  m a t e r i a l  t han  winds which have blown o f f  t he  

oc ea n ) .  Since g e n e r a l  a i r - f l o w  p a t t e r n s  a re  s e a s o n a l ,  t h e  

a e r o s o l  w i l l  show se a s o n a l  v a r i a t i o n .  In a d d i t i o n ,  a tmos­

p h e r i c  s t a b i l i t y  ( i . e . ,  comparing t h e  a d i a b a t i c  l a p s e  r a t e  

wi th  t he  a c t u a l  l a p s e  r a t e  de t e rmined  by measur ing  t he  tem­

p e r a t u r e  d i f f e r e n c e  between ground l e v e l  and t he  h e i g h t  a t  

which t he  b a ro m e t r i c  p r e s s u r e  i s  350 m b a r ) , a parameter  

c l o s e l y  a s s o c i a t e d  wi th  t he  mixing dep th  and t h e r e f o r e  p a r ­

t i c u l a t e  c o n c e n t r a t i o n s ,  shows both  d i u r n a l  and s e a sona l  
(  2  }v a r i a t i o n s . '  The c h i e f  so u r c e s  o f  p a r t i c u l a t e  m a t e r i a l  by 

c l a s s i f i c a t i o n  a r e :

1. space  h e a t i n g

a) s c h o o l s ,  c o l l e g e s ,  h o s p i t a l s ,  and c i t y  hous ing

b) p r i v a t e  hous ing

c) p r i v a t e  and governmenta l  o f f i c e  b u i l d i n g s
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Fig l-B-1 Seasonal Variability of Pb and V
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d) commercial  and i n d u s t r i a l  b u s i n e s s e s

2. i n c i n e r a t i o n

3.  power g e n e r a t i o n - e l e c t r i c  and steam

4. i n d u s t r y

5. mobi le  sou rc e s

a) v e h i c u l a r  t r a f f i c

b) p l ane s  (commercial  a n d ' p a s s e n g e r )

c) t r a i n s

6. t r a n s p o r t e d  a e r o s o l

Table I-B-1 g i v e s  t h e  e s t im a t e d  source  i n v e n t o r y  fo r  some o f  

t he  p r i n c i p a l  c o n t r i b u t o r s  in t he  c i t y  f o r  t he  year  1972 . (3)  

These e s t i m a t e s  a re  based upon c a l c u l a t i o n  o f  f u e l  consump­

t i o n ,  r e f u s e  t onnage ,  e l e c t r i c a l  consumpt ion ,  e t c .  Seasonal  

v a r i a b i l i t y  o f  l o c a l  sou rc e s  a l s o  c o m p l i c a t e s  a c c u r a t e  a s ­

sessment  o f  t he  emi s s ion  o f  p a r t i c u l a t e  m a t e r i a l .  Space 

h e a t i n g  i n c r e a s e s  in  t he  w i n t e r  months whereas e l e c t r i c  

power consumption (due t o  a i r  c o n d i t i o n i n g )  i n c r e a s e s  du r ing  

t he  summer. The Na t i on a l  Air S u r v e i l l a n c e  Network (NASN) 

has  been mon i to r i ng  92 urban c e n t e r s  f o r  To ta l  Suspended 

P a r t i c u l a t e s  (TSP) s i n c e  1965. F i g .  I -B -1 ,  t ake n  from the  

NASN d a t a ,  d e m o ns t r a t e s  t he  h i g h l y  s e a s o n a l  v a r i a t i o n s  t h a t  

a r e  o f t e n  e n co u n t e r e d .  These d a t a  a r e  t ake n  from the  29 

s t a t i o n s  in t he  N o r t hea s t  s e c t o r .  The g e n e r a l  d e c l i n e  in  V 

l e v e l s  a r e  i n d i r e c t l y  r e l a t e d  to t he  s t r i c t e r  s t a n d a r d s  (1 % 

S to  0.3% S from 1968-69 t o  1973) p l aced  on r e s i d u a l  f u e l  

o i l s  impor ted i n to  t he  N o r t h e a s t .  A r e s e a r c h  group a t
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Tab le  I -B-1 Es t imat ed  Source In v en t o r y  o f  P a r t i c u l a t e  Ma te r i a l
f o r  C i t y  and Boroughs . (1972)  ( t o n s / y r )

Source Bronx Brooklyn Manh. Queens S t . I s . C i ty %

Sp .Ht . 176.2 330.9 349.4 92.3 373.4 1332. 7 .3
I n c i n . 0 . 6676. 1786. 1356. 0 . 9818. 54.8
Power 3^2. 493. 1356. 2404. 467. 5062. 28.2
I n d u s t . 270. 826.7 37 .5 403.2 184.2 1722. 9 .6

T o ta l 788 .8 8327. 3529. 4456. 1025. 17925. 100.

% 4 .4 46.5 19.5 23 .5 5 .7 100.

E s t i m a t e s
1975
1976

fo r  1975 and 1976 Power usage ( Co n Ed and LILCO) 
5751 
5690

Tab le  I-B -3 A Comparison o f  TSP f o r  t he  Calendar  
Years 1969-1976(pg/m-*)

Borough/

1969 1970 1971 1972 1973 1974 1975 1976

Bronx 101 105 105 91 80 76 75 68
B 'k lyn 89 104 110 78 78 77 77 69
Manh. 124 124 113 89 91 89 83 73
Queens 83 97 98 75 74 71 66 66
S t  . I s . 94 102 97 77 85 81 77 71

Ci ty 98 104 105 82 82 79 75 69
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N.Y.U. under  t he  d i r e c t i o n  o f  T . J .  Kneip and M e r r i l l  E i s en -  

bud have been examining t he  N.Y.C. a e r o s o l  f o r  many y e a r s  

and on t he  b a s i s  o f  c o l l e c t e d  d a t a  have t r i e d  to a s s i g n  t he  

r e l a t i v e  c o n t r i b u t i o n s  o f  some o f  t he  major  s o u r c e s .  They 

s e l e c t e d  for  each source  an e lement  which was, t o  a good ap­

p r ox im a t i on ,  a lmos t  e x c l u s i v e l y  a s s o c i a t e d  wi th i t  and t hus  

could  s e rve  as a t r a c e r .  That  i s ,  copper  i s  assumed to  be 

a lmos t  e x c l u s i v e l y  a s s o c i a t e d  wi th  i n c i n e r a t i o n ,  vanadium 

from f o s s i l  f u e l ,  l ead  and bromine from a u to s ,  e t c .  By em­

p loy ing  such a t e c h n i q ue  one can t h e o r e t i c a l l y  a s s i g n  t he  

r e l a t i v e  c o n t r i b u t i o n  o f  a p a r t i c u l a r  source  to  t he  e n t i r e  

a e r o s o l .  Based upon such a p rocedure  Kneip,  e t  a l . ,  e s t a ­

b l i s h e d  t he  v a r i o u s  a e r o s o l  c o n t r i b u t o r s  a cc o rd ing  t o  Table 

I -B-2 fo r  t he  y e a r s  1969,1972-1974.

Table  I -B-2 Pe rc e n t  o f  TSP C o n t r i b u t e d  by Sources
Kneip and E i s enbud . (1975)

Source T ^ 9  i~972 T973 W W
auto  P  J2 32 2B~

f u e l  o i l  22 9 9 1*1
i n c i n .  30 6 5 4

n a t u r a l  11 15 19 17
o t h e r  24 39 35 37

Since  any compos i t e  p i c t u r e  o f  t h e  N.Y.C. p a r t i c u l a t e  

d i s t r i b u t i o n  w i l l  show v a r i a t i o n s  due to s e a son ,  wea ther  

c o n d i t i o n s  and l o c a l  p o i n t  s o u r c e s ,  any a t t em p t  t o  c h a r a c ­

t e r i z e  t he  a e r o s o l  w i l l  i nvo lve  many y e a r s  o f  s imu l t a neo us  

sampl ing a t  many l o c a t i o n s  t h ro ughou t  t he  c i t y .  F ig u re  I -B-2 

shows some o f  t he  l o c a l  sou rc e s  f o r  t he  c i t y  and t he  s u r ­

rounding a r e a .  The suc ce s s  o f  any t e c hn iq ue  to e s t a b l i s h  a
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source  i n v e n t o r y  depends on i t s  a b i l i t y  to  i n c o r p o r a t e  

m e t e o r o l o g i c a l  as  wel l  as o t h e r  pa r ame te r s  to normal ize  

d a t a .  I f  t h e  i n v e n t o r y  i s  based on expe r ime n t a l  d a t a ,  i t  i s  

c r i t i c a l  to o b t a i n  a c c u r a t e  and r e p r e s e n t a t i v e  samples f or  

t he  a r e a  in q u e s t i o n .  The D.E.P.  has  36 sampl ing s t a t i o n s  

l o c a t e d  t h roughout  t he  g r e a t e r  New York Ci ty  a r ea  t a k i n g  24 

h r .  t o t a l  suspended p a r t i c u l a t e  samples  wi th  high-volume a i r  

samplers. (5)  Table  I -B-3  i s  a c o m p i l a t i o n  o f  d a t a  ga the r ed  

by t h e  D.E.P.  f o r  t he  c a l e n d a r  y ea r s  1969-1976.

The o v e r a l l  p i c t u r e  p r e s en t e d  in  Table  I -B-3 seems to  

i n d i c a t e  t h a t  t he  aver age  c o n c e n t r a t i o n  o f  p a r t i c u l a t e  ma­

t e r i a l  in t h e  N.Y.C. a e r o s o l  has  shown a g e ne r a l  dec r ea se  

s i n c e  ' 69 .  The g e n e r a l  t r en d  shows a y e a r l y  d e c l i n e  t o  

about  6 9  pg/m3 f a d e c l i n e  o f  a lmos t  34? s i nc e  t he  ye a r s  o f  

*70—*71• I t  i s  impor t an t  t o  compare t h e s e  r e s u l t s  wi th 

t ho se  o f  N.Y.U. as  shown in Table  I - B - 4 . ( 6 ) The N.Y.U. d a t a  

were normal ized  by f i r s t  c o r r e c t i n g  each sample u s ing  a 

" d i s p e r s i o n  f a c t o r "  de r i v e d  by t a k i n g  t he  p roduc t  o f  t he  

wind speed and t he  mixing d e p th .  Thus t he  d a t a  were 

c o r r e c t e d  fo r  changes  in t h e  r a t e  o f  a tmosphe r ic  mix ing ,  and 

then normal ized  to t he  mean d i s p e r s i o n  f a c t o r  ob t a i ned  by 

t a k i n g  t he  aver age  o f  annual  d i s p e r s i o n  f a c t o r s  from 1 9 6 7 — 

1975.

Looking to t he  normal ized  d a t a  f o r  t he  i n d i v i d u a l  e l e ­

ments ,  we see  t h a t  even though t h e  t o t a l  mass o f  t h e  a e r o s o l  

shows no c l e a r  p a t t e r n ,  t h e  Pb, C r , and V c o n c e n t r a t i o n s



Tab le  I -B-4  Average Trace  Metal  Co n c en t r a t i o n  in N.Y.C. A i r (ng /m^) .
A=ambient
N=normalized

1967 1 9 6 8 1969 1972 1973 1974
3 A A A A A A

TSPC jJg/nH ) 106 114 118 76 69 76
Pb 2400 3 6 0 0 2400 1 5 0 0 1 3 0 0 1 0 0 0
Cd 13 19 1 0 5 5 3
Zn 203 2 2 0 0 6 7 0 315 280 250
Fe - - - 1 0 0 0 1400 1 2 0 0
Mn 17 62 63 25 29 33
Cu 44 196 , 240 51 51 39
Cr 104 54 33 1 0 5 13
Ni 1 1 0 129 420 1 1 0 1 3 0 6 6
V 1040 1040 810 61 78 1 2 2

-5 N N N N N * N
TSPCpg/nr5) 99 8 8 104 6 6 76 1 1 0

Pb 2 2 0 0 2800. 2 1 0 0 1 3 0 0 1400 1500
Cd 1 2 15 9 4 6 4
Zn 190 1 7 0 0 592 2 7 0 3 1 0 280
Fe - — - 1400 1500 1500
Mn 16 48 55 2 2 32 50
Cu 41 150 2 1 0 44 56 53
Cr 97 42 29 9 6 16
Ni 1 0 2 1 0 0 3 1 0 95 140 126
V 9 2 0 800 7 1 0 53 8 6 218
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show a s t e ad y  d e c l i n e  over  t he  pe r i od  1967-1971*. The de ­

c r e a s e  in  Pb and V c o n c e n t r a t i o n s  have been a t t r i b u t e d  to 

f e d e r a l  and c i t y  r e q u i r e m e n t s  f o r  lower Pb in g a s o l i n e  and 

lower S i n  f u e l  o i l .  The N.Y.U. group seems to  have been 

very  s u c e s s f u l  in de m o ns t r a t i n g  s e a s ona l  and m e t e o r o l o g i c a l  

v a r i a t i o n s  in t h e  d a t a  and i t  appea r s  t h a t  t hey  have been 

a b l e  to  c o r r e c t  f o r  t h e s e  v a r i a t i o n s  in t h e i r  n o r m a l i z a t i o n  

p r oc e d u r e s .  The i r  sampl ing p rocedure  c o n s i s t e d  o f  t a k i n g  a i r  

samples  f o r  one week, f i l t e r i n g  a lmos t  6 , 0 0 0  m^. in a d d i ­

t i o n ,  a p a r t i c l e - s i z e  c l a s s i f i e r ,  a l s o  sampl ing fo r  one week 

d u r a t i o n ,  s e g r eg a t ed  p a r t i c l e s  in  3 . 5 ,  2 . 5 ,  1 .5 ,  0 .5  pm s i z e  

r a n g e s .  The major  focus  o f  t h e i r  r e p o r t  was " . . .  t h e  

development  o f  an a l t e r n a t i v e  approach  t o  a p p o r t i o n i n g  t he  

p o l l u t i o n  l e v e l s  amoung s o u rc e s  so t h a t  a t t e m p t s  t o  r e g u l a t e  

t h e s e  l e v e l s  by l e g i s l a t e d  emi ss ion  s t a n d a r d s  w i l l  have a 

more r a t i o n a l  b a s i s  t han  a t  p r e s e n t . " .  (7)  The a e r o s o l  was 

measured from four  r o o f - t o p  sampl ing l o c a t i o n s  in  t he  me t ro ­

p o l i t a n  a r e a .

One o t h e r  e f f e c t  which I have chosen t o  pursue  i s  t he  

"canyon" e f f e c t  t h a t  i s  a r e s u l t  o f  t he  t a l l  s k y s c r a p e r s  

which l i n e  t he  s t r e e t s  o f  Manhat tan .  These t a l l  b u i l d i n g s  

c r e a t e  c o r r i d o r s  t h rough  which t he  p r e v a i l i n g  winds may g e t  

f u n n e l l e d ,  o f t e n  producing  a i r - f l o w  p a t t e r n s  ve ry  d i f f e r e n t  

from those  expe r i en ced  a t  r o o f t o p  l e v e l s .  In a d d i t i o n ,  mix­

ing f a c t o r s  may be very  d i f f e r e n t  a t  s t r e e t  l e v e l  t han  a t  

r o o f t o p  owing t o  t h e s e  d i f f e r e n t  a i r  f l ows .
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l t  seems t h a t  i f  one wishes  to  e s t a b l i s h  c r i t e r i a  from 

which " l e g i s l a t i v e  emi s s ion  s t a n d a r d s "  could be e s t a b l i s h e d ,  

t hen  a sampl ing o f  t he  a e r o s o l  a t  t h e  l o c a t i o n  o f  most  s i g ­

n i f i c a n t  impact ,  ( i . e .  s t r e e t  l e v e l ) ,  i s  r e q u i r e d .  Gold­

s t e i n ,  e t  a l . , ( 8 ) , ( 9 )  u s ing  d a t a  o b t a in ed  by t h e  D.E.P.  

showed t h a t  very  poor c o r r e l a t i o n  was ob t a i ned  when t r y i n g  

t o  match SO^ and smokeshade l e v e l s  between p a i r s  o f  D.E.P.  

m on i to r i ng  s t a t i o n s .  The c o n c l u s i o n s  drawn from th e s e  pa­

p e r s  were t h a t  v a r i a b i l i t y  o f  l o c a l  sou rc e s  an d /o r  poor a t ­

mospher ic  mixing can d i s t o r t  d a t a  t h a t  would o t h e r w i s e  have 

been t h ough t  v a l i d .  G o l d s t e i n ' s  d a t a  i n d i c a t e d  t h a t  v a r i a ­

t i o n s  in t he  SO2  c o n c e n t r a t i o n s  and smokeshade a t  any one 

s t a t i o n  i n  t he  D.E.P.  mo n i to r i ng  system gave poor c o r r e l a ­

t i o n  wi th  any o t h e r  s t a t i o n .  There was a l s o  no c o n s i s t e n c y  

i n  t he  f i n d i n g s  from one season  t o  t he  nex t  and between t he  

same s e a sons  in d i f f e r e n t  y e a r s .

B e r n s t e i n ,  e t  a l . ^ 0 ) ,  have i n d i c a t e d  t h a t  t he  l ead  

p a r t i c l e  s i z e  d i s t r i b u t i o n  in  t he  a e r o s o l  a t  r o o f t o p  l e v e l s  

i s  bimodal  wi th a s m a l l ,  bu t  s i g n i f i c a n t  f r a c t i o n  a s s o c i a t e d  

wi th  p a r t i c l e s  >3*5 pm. He a l s o  r e p o r t e d  t h a t  70-90% o f  

a l l  Pb i s  a s s o c i a t e d  wi th  p a r t i c l e s  < 1 . 5  pm and o f  t h i s  

70-90%, 40-50% i s  a s s o c i a t e d  wi th p a r t i c l e s  < 0 .5  pm. This

i s  somewhat c o n s i s t e n t  wi th  our  g r o u n d - l e v e l  measurements  

made a t  R o c k e f e l l e r  Ce n t e r .  H a b i b i ^ ^  de te rmined t h a t  as 

much as 50-60% o f  a l l  l ead  emi t t ed  from exhaus t  o f  automo­

b i l e s  cou ld  be a s s o c i a t e d  wi th p a r t i c l e s  > 5  pm.., and a t ­
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t r i b u t e d  t h i s  e f f e c t  t o  en t r apment  o f  t he  l ead in t he  ex­

ha us t  system and subsequent  r e l e a s e  a t  a l a t e r  t ime t h rough  

some mechani ca l  p r oce s s  such as blow ou t  due t o  sudden ac ­

c e l e r a t i o n .  Habibi  a l s o  po in ted  ou t  t h a t  t h e s e  l a r g e  p a r t i ­

c l e s  should  s e t t l e  ou t  o f  t he  a e r o s o l  r a t h e r  q u i c k l y ,  w i th in  

t he  f i r s t  s e v e r a l  m e t e r s  o f  t he  e xha us t  sys tem.  This  would 

imply t h a t  much l e ad  could e n t e r  t he  a e r o s o l  t h rough  a 

r e s u sp e n s i o n  p ro ce s s  where t h e s e  s e t t l e d  p a r t i c l e s  a re  

thrown back i n t o  t he  a e r o s o l  a f t e r  an i n d e t e r m i n a t e  l i f e t i m e  

on t he  s t r e e t s .  In a d d i t i o n ,  t h e  n a t u r e  and s i z e  o f  p a r t i ­

c l e s  t h a t  a re  resuspended  w i l l  no t  be p r e d i c t a b l e .  Fragmen­

t a t i o n  o f  l a r g e  p a r t i c l e s  t h rough  ab ra s io n  could r e s u l t  in 

new p a r t i c l e s  o f  co mp le t e ly  d i f f e r e n t  n a tu r e  and composi­

t i o n ,  whi le  d i s s o l u t i o n  o f  s e t t l e d  p a r t i c l u l a t e  m a t e r i a l  

fo l lowed by e v a p o r a t i o n  and subsequen t  r e s u sp e ns io n  could 

a l s o  a l t e r  t he  s i z e  d i s t r i b u t i o n  fo r  some e l e men t s .

The kind o f  p a r t i c u l a t e  d i s t r i b u t i o n  t h a t  one can ex­

p e c t  from a g iven  urban a r ea  v a r i e s .  For New York C i ty ,  t h e  

a e r o s o l  background i s :

1) Caused by man’ s a c t i v i t i e s  in  o t he r  a r e a s ,  e . g

SOg to  S u l f a t e

2) Na tu r a l  Background

a) d us t  from land e r o s i o n

b) Condensa t i on  and n u c l e a t i o n  o f  n a t u r a l  g a se s ,

i . e .  S02  t o  S u l f a t e

c) Sea s a l t
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Suspended p a r t i c l e s  r e s u l t i n g  from the  i n t r o d u c t i o n  o f  s o i l  

or sea s a l t  i n to  t he  atmosphere tend to be > 2 pm in diame­

t e r .  The compos i t ion  o f  a e r o s o l s  c o n t a in i n g  no man-made 

p a r t i c l e s  should cor respond to the  n a t u r a l  abundance p a t ­

t e r n  fo r  t he  a rea  in q u e s t i o n .

Condensat ion and accumulat ion  p a r t i c l e s  can be t r a n ­

spor t ed  over  long d i s t a n c e s  because  o f  t h e i r  very smal l  s e t ­

t l i n g  v e l o c i t i e s  ( see  t a b l e  I - A -1 ) .  Gaseous p o l l u t a n t s  with 

long r e s id en c e  t imes  in t he  a tmosphere can be conver t ed  du r ­

ing t r a n s p o r t  to condensed sp e c i e s  which s e rve  as f u r t h e r  

n u c l e a t i o n  s i t e s  f o r  p a r t i c l e  growth.  Such i s  t he  case  for  

gaseous  SC^ to  p a r t i c u l a t e  SC>2j= conve rs ion  as shown by 

S h e i h . ( ^ )  x i me c o n s t a n t s  o f  3 to  30 hours  were r ep o r t e d  for  

1/e  conver s ion  of  gas to p a r t i c l e .  With aver age  wind speeds 

o f  5 m/sec ,  t he  co r re spond ing  d i s t a n c e s  t r a v e l l e d  a re  from 

50 t o  500 km. This  imp l i e s  t h a t  S0^= p a r t i c l e s  a r e ,  except  

under  extreme c o n d i t i o n s  o f  s t a g n a n t  a i r  mas ses ,  a lmos t  a l ­

ways t he  r e s u l t  o f  l o ng - r ange  t r a n s p o r t .  S u l f a t e s  a re  o f  

p a r t i c u l a r  impor tance  because  of  the  b e l i e f  t h a t  t hey  a re  

mos t ly  a s s o c i a t e d  wi th t he  a c i d ,  H ^ o ^ ,  making them e spe ­

c i a l l y  haza rdous .  Sheih has po in ted  out  t h a t  t he  t a l l  

s t a ck s  o r i g i n a l l y  des igned  to c a r r y  SO,, away from l o c a l  

sou rce s  a re  c h i e f l y  r e s p o n s i b l e  for  t he  g r e a t e r  photochemi­

ca l  conve rs ion  of  SO2  t o  s u l f a t e  due t o  t he  i nc r ea s ed  

r e s i d e n c e  t ime o f  SO2  in  t he  a tmosphere ,  and a l s o  t h a t  t he
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most e f f i c i e n t  mechanism fo r  t h e  removal  o f  SO2  from the  a t ­

mosphere i s  d ry  d e p o s i t i o n  on ground c o n t o u r s ,  a p r oc e s s  r e ­

duced by t a l l  s t a c k s .
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C. Problems As soc i a t ed  With Aerosol  Sampling in N.Y.C.

Inhomogenei ty  i s  a major  problem which must  be c i rcum­

vented in  o r d e r  to  c h a r a c t e r i z e  t he  N.Y.C. a e r o s o l .  A c r i ­

t i c i s m  l e v e l e d  a t  s t u d i e s  o f  a tmospher ic  a e r o s o l  i s  t h a t  t he  

e r r o r s  encount e r ed  in sampl ing s i g n i f i c a n t l y  a f f e c t  t he  i n ­

t e r p r e t a t i o n  o f  t he  d a t a . ( ^  Some s t u d i e s  have 

s h o w n ) > ( 3 ) » ( 4 ) i ( 5 ) , ( 6 ) v a r i a t i o n s  in  c o n c e n t r a t i o n s  o f  ma­

t e r i a l s  c o l l e c t e d  a t  d i f f e r e n t  l o c a t i o n s  and e l e v a t i o n s  l o ­

ca t ed  in t he  same g e n e r a l  a r e a .  These d i f f e r e n c e s ,  a t t r i ­

b u t a b l e  t o  l o c a l  p o i n t  s o u r c e s ,  and nonuniform mixing o f  t he  

a tmosphere  ( l a t e r a l  and v e r t i c a l  t u r b u l e n c e )  caused by f a c ­

t o r s  such as uneven h e a t i n g  o f  t he  a i r  mass,  g r o u n d - l e v e l  

con tou r  v a r i a t i o n s ,  l o c a l  i n v e r s i o n s ,  e t c . ,  make t he  s t udy  

o f  l o c a l  a e r o s o l s  a ve ry  complex t a s k .  A s p l u t i o n  u s u a l l y  

adopted by mon i to r i ng  a gen c i e s  in c i t i e s  such as New York, 

Boston,  Chicago,  S t .  Lou i s ,  Denver,  and Los Angeles  i s  to 

c o n s t r u c t  a network o f  sampl ing s t a t i o n s  t h roughou t  t he  c i t y  

and t o  e s t a b l i s h  long term t r e n d s .  However,  t h i s  approach 

s t i l l  i g no re s  many s i g n i f i c a n t  so u rc e s  o f  e r r o r ,  p r i n c i p a l ­

l y ,  t h e  problem o f  sampl ing s t a t i o n  l o c a t i o n .  For a w e l l -  

mixed a i r  mass c o n t a i n i n g  p a r t i c u l a t e  m a t e r i a l  from d i s t a n t  

s o u r c e s ,  t h e  c o n c e n t r a t i o n  a t  ground l e v e l  i s  t he  same a t  

h ig he r  e l e v a t i o n ,  b u t ,  f o r  s t r e e t - l e v e l  e m i s s io n s ,  t h i s  work 

and o t h e r s  have shown a d i l u t i o n  e f f e c t  wi th  h e i g h t .  

Mainwaring and H a r s h a ^ ^  have shown a d e c r e a s e  in  TSP con­

c e n t r a t i o n  wi th h e i g h t  up t o  30% on t h e  aver age  fo r  a s e r i e s
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o f  samples  c o l l e c t e d  a t  h e i g h t s  from 1 1  t o  6 6  m. from a 

b u i l d i n g  in Melbourne,  A u s t r a l i a .  Fur the rmore ,  t h ey  saw no 

d i f f e r e n c e  in t he  mass d i s t r i b u t i o n s  fo r  t he  p a r t i c l e s  l e s s  

than ca .  2 pm, i n d i c a t i n g  t h a t  a i r  t u r b u l e n c e  i s  s u f f i c i e n t  

t o  p rov ide  for  c i r c u l a t i o n  o f  m a t e r i a l  to a l l  l e v e l s  sam­

p l ed .  A second t ype  o f  e f f e c t ,  which f u r t h e r  enhances  t he  

d i l u t i o n  e f f e c t  j u s t  d i s c u s s e d ,  i s  a s s o c i a t e d  wi th  t he  

"canyon" type s i t u a t i o n s  p r e v a l e n t  i n  most  l a r g e  c i t i e s .  

The l a c k  o f  mixing to upper  l e v e l s  i s  due to  2 ba s i c  con d i ­

t i o n s .  F i r s t ,  s i n c e  t he  sun cannot  p e n e t r a t e  t o  s t r e e t - l e v e l  

t i l l  l a t e  morning ( 1 0 - 1 1  a .m. )  because  o f  t he  t a l l  b u i l d ­

i n g s ,  l o c a l  i n v e r s i o n s  can t ake  p l ace  t r a p p i n g  t he  s t a g n a n t  

a i r  mass and w i l l  p r ev e n t  t he  normal v e r t i c a l  mix ing ,  c au s ­

ing accumula t ion  o f  p o l l u t a n t s  wi th  c o n c e n t r a t i o n s  a t  s t r e e t  

l e v e l  much h i g he r  t han  t he  c o n c e n t r a t i o n s  be ing  moni tored a t  

r o o f  t o p .  This  i s  p a r t i c u l a r l y  s i g n i f i c a n t  when wind speeds  

a r e  low.  On t he  o t h e r  hand when t h e  sun does  beg in  to  hea t  

t h e  a i r  mass a t  s t r e e t - l e v e l  ( u s u a l l y  c a .  noon) t h i s  l o c a l  

i n v e r s i o n  w i l l  c ea se  and t he  a i r  w i l l  undergo normal v e r t i ­

c a l  mix ing .  Second,  because  of  t h e s e  c o r r i d o r s ,  t h e  f u n n e l -  

ing o f  winds t h rough  t he  c i t y  i s  nonuni form,  o f t e n  r e s u l t i n g  

i n  a i r  f lows fo r  uptown-downtown s t r e e t s  be ing  very  d i f ­

f e r e n t  from cross town s t r e e t s .  Th i s  i m p l i e s  t h a t  sample rs  

l o c a t e d  around t he  c o rn e r  from each o t h e r  could  p rov ide  d i f ­

f e r e n t  r e s u l t s .  The q u e s t i o n s  to  be asked a t  t h i s  p o i n t  

a r e :
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a) Can r e p r e s e n t a t i v e  samples  be o b t a i ne d ?

b) I f  a) i s  no t  p o s s i b l e  under  t he  l i m i t e d  scope o f  a 

sampl ing network t hen  what c r i t e r i a  should  be used to 

o b t a i n  t he  b e s t  p o s s i b l e  samples?

Assuming t he  f i r s t  i s  no t  p o s s i b l e  t hen  t he  mo n i to r i n g  

s t a t i o n s  should  be p l aced  a t  e l e v a t i o n s  where t he  g e n e r a l  

p o p u l a t i o n  i s  maximal ly exposed ( i . e  s t r e e t - l e v e l )  and in 

l o c a t i o n s  which " b e s t "  mon i to r  urban p o l l u t i o n  p a t t e r n s  

( i . e .  most  s eve r e  r u sh -ho u r  c o n d i t i o n s ) .  Of cou r se  t h e r e  i s  

no a p r i o r i  way o f  knowing t h e s e  c o n d i t i o n s .  Such knowledge 

must  be de te rmined  e x p e r i m e n t a l l y .  To e s t a b l i s h  such c r i ­

t e r i a ,  knowledge o f  t he  magni tude  o f  t h e s e  e r r o r s  j u s t

d e s c r i b e d  i s  n e c e s s a r y .  The fo l l o wi ng  expe r imen t s  were p e r ­

formed to  add to t he  d a t a  base  from which t h e s e  g u i d e l i n e s

w i l l  be e s t a b l i s h e d .

Sampling S t a t i o n s

Two s e p a r a t e  p r o j e c t s  were unde r t aken  du r ing  t he  s p r i n g  

and summer o f  1977. During t h e  pe r i o d  4 / 2 9 - 5 / 2  a s e r i e s  o f  

samples  were c o l l e c t e d  a t  a downtown Manhat tan l o c a t i o n ,  t h e

Cooper Union School  o f  E ng ine e r i ng ,  s i t u a t e d  between 3r<*

Ave. and Broadway and E. 8 ^  S t .  This  i s  t he  p r e s e n t  l o c a ­

t i o n  o f  t he  Air  Resources  Div.  o f  the.New York C i ty  Dept ,  

o f  Envi ronmenta l  P r o c t e c t i o n .  The second s e r i e s  o f  samples  

were c o l l e c t e d  from 7 /19  t o  7 /29  a t  R o c k e f e l l e r  Center  in 

midtown Manhat tan.  F ig .  I-C-1 shows bo th  o f  t h e s e  l o c a t i o n s .  

The purpose o f  both expe r ime n t s  was to  de t e rmine  t he  degree
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o f  v a r i a n c e  one could  exp ec t  when s i m u l t a n e o u s ly  sampl ing 

wi th  3  cascade  impa c to r s  l o c a t e d  a t  v a r i o u s  d e g re e s  o f  p rox ­

imi ty  t o  one a n o t h e r .  The Cooper Union sampl ing c o n f i g u r a ­

t i o n  was t he  1 s ^,  3 r<̂ , and 6 ^  f l o o r s  on t he  no r th  s i d e  o f  

t he  b u i l d i n g .  The R o c k e f e l l e r  Cente r  p r o j e c t  used t he  3 im­

p a c t o r s  to de t e rmine  v a r i a n c e  o f  2  s t r e e t - l e v e l  l o c a t i o n s ,

s i t u a t e d  around t he  c o rn e r  from each o t h e r ,  and a t h i r d ,

which was l o c a t e d  16 f l o o r s  above s t r e e t - l e v e l  over  one of  

t he  g round-based  i m p a c t o r s .

The g e ne r a l  t opography  and source  c h a r a c t e r i s t i c s  f or  

t h e s e  l o c a t i o n s  a r e  very  d i f f e r e n t .  In a d d i t i o n ,  samples 

t aken  i n  Apr i l  a t  one l o c a t i o n  cannot  be m ea n in g f u l l y  com­

pared to  samples t ake n  somewhere e l s e  in J u l y .  Thus t he  

r e s u l t s  from the  two sample p e r i o d s  w i l l  be con s id e r e d  i n ­

depend en t l y .

Cooper Union i s  a s i x  s t o r y  b u i l d i n g  s i t u a t e d  in  an

e s s e n t i a l l y  low p r o f i l e  a r e a .  There a re  no "canyon" en­

vi ronments  in t h e  immediate  v i c i n i t y  o f  t he  b u i l d i n g ,

a l t h o ug h  t h e r e  i s  a 2 0  s t o r y  apa r tmen t  house a c r o s s  t he

s t r e e t .  T r a f f i c  p a t t e r n s  f o r  t he  uptown-downtown s t r e e t s  

i n d i c a t e  a d e f i n i t e  r u s h - ho u r  p a t t e r n .  The s ampler s  were l o ­

cat ed  on t he  1 s ^,  3 rc*» and 6 ^  f l o o r s  o f  t he  b u i l d i n g  o ve r ­

l ook ing  W. 5th S t . ,  a c ro s s - t o wn  s t r e e t .  T r a f f i c  f low on

t h i s  s t r e e t  i s  r e l a t i v e l y  l i g h t  compared to  3rc* Ave. The 3 

impa c to r s  were s i t u a t e d  in v e r t i c a l  a l i gnmen t  on t he  window 

l ed g e s  o f  each f l o o r .  Sampling p r ob es ,  6 " d i am e te r  p o l y v i -
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n y l c h l o r i d e  p i p e ,  were a t t a c h e d  to  each impactor  and ex t e n d ­

ed ou t  t h e  window. Al l  p robes  hung wi th  t h e  opening down­

ward t o  p r ev e n t  s e t t l e a b l e  p a r t i c u l a t e s  or  r a i n  from e n t e r ­

i ng .  On 4/29 samples were c o l l e c t e d  fo r  two c o n s e c u t i v e  2 

h r .  i n t e r v a l s  from ca .  6 : 0 0  p.m.  t o  8 : 0 0  p.m. and 8 : 0 0  p.m. 

t o  10:00 p.m. On 5 /2  samples  were c o l l e c t e d  for  3 two h r .  

i n t e r v a l s  from 6 : 0 0 - 8 : 0 0 , 8 : 0 0 - 1 0 : 0 0 , and 1 0 : 0 0 - 1 2 : 0 0  p.m. 

During t h e s e  sampl ing p e r i o d s  t h e r e  were no unusual  weather  

c o n d i t i o n s ,  such as heavy r a i n s ,  a l t h o u g h  winds were s l i g h t ­

l y  h i g h e r  on 5 / 2  t h an  on 4 /29 .

In t he  second p r o j e c t ,  we dec ided  t h a t  a t h r e e - p o i n t  

p r o f i l e  wi th  r e s p e c t  t o  h e i g h t  and l o c a t i o n  would p rov ide  

i n t e r e s t i n g  i n fo r m a t i o n  on t he  c h a r a c t e r i s t i c s  o f  t he  a e r o ­

so l  a t  R o c k e f e l l e r  C e n t e r ,  l o c a t e d  in  t he  c e n t e r  o f  Manhat­

tan  and t y p i c a l  o f  t he  midtown a r e a .  The sampl ing l o c a t i o n s  

were chosen t o  e x p lo r e  both t he  e f f e c t s  o f  h e i g h t  and N-S 

v s .  E-W s t r e e t s  ( s ee  f i g .  I - C - 2 . ) .  The f i r s t  sampler  was 

l o c a t e d  in a wooden shed ap p rox im a te ly  mid-b lock  between 

5 0 ^h and 51s t  s t r e e t s  on 6 ^  Ave. The impactor  was about  

1 - 2  f e e t  from the  curb  and about  3  f e e t  above s t r e e t  l e v e l .  

The sur round ing  a rea  c o n t a i n s  t a l l  s k y s c r a p e r s  l i n i n g  both 

s i d e s  o f  t he  s t r e e t  f o r  many b locks  in e i t h e r  d i r e c t i o n .  

T r a f f i c  on 6 ^  Ave. (3000-4000 v e h i c l e s / h r .  du r ing  t he  day) 

r a r e l y  exceeds  2 0  mph and c o n s i d e r a b l e  t ime i s  sp en t  i d l i n g  

a t  t r a f f i c  l i g h t s .  We e s t im a t e d  t h a t  5056 o f  a l l  v e h i c u l a r  

t r a f f i c  in t h i s  a r ea  (and p robab ly  t r u e  o f  mid-town g e n e r a l ­
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l y)  i s  composed o f  t a x i  c a b s ,  ano the r  1 0 ? i s  due t o  bus ses  

excep t  du r ing  ru sh -hou r  when t he  number o f  e x p re s s  bus ses  

e n t e r i n g  and l e a v i n g  t he  a r e a  i n c r e a s e s .  , In a d d i t i o n ,  t he  

6 ^h Ave. subway i s  l o c a t e d  below s t r e e t  l e v e l  wi th v e n t i l a t ­

ing g r i d s  on both  s i d e s  o f  t h e  s t r e e t .  The t r a f f i c  d e n s i t y  

i n c r e a s e s  from 7 : 0 0  a .m.  t o  8 : 3 0  a .m.  and t hen  l e v e l s  o f f  

u n t i l  around ^ : 0 0  p . m. ,  when t h e  commuter bus ses  begin  a r ­

r i v i n g .  This  r u sh -ho u r  mode c o n t i n u e s  u n t i l  around 6:30 

p.m. a f t e r  which t r a f f i c  aga in  becomes very  l i g h t .  The 

p a t t e r n  i s  s i m i l a r  f o r  51s ^ S t . ,  excep t  t h a t  t h e r e  a r e  no 

b u s s e s .

The impactor  on 51s ^ S t .  was a l s o  housed in a shed as 

on 6 ^^ Ave. The "canyon” envi ronment  i s  a l s o  p r e v a l e n t  on 

51s t  S t .  w i t h  many t a l l  b u i l d i n g s  l i n i n g  each s i d e  o f  t he  

s t r e e t ;  t r a f f i c  f low i s  about  1/M t h a t  o f  6 t h  Ave. Also,  

t h e r e  was l e s s  i d l i n g  near  t he  sampl ing shed because  c r o s s ­

town b locks  a re  l on g e r  t han  avenue b locks  and s topped t r a f f ­

i c  did not  o f t e n  back up to  t he  sampl ing s i t e .  The e l e v a t e d  

sampling l o c a t i o n  was an open l edge  on t he  51s ^ S t .  s i d e  o f  

t he  t op  f l o o r  o f  50 R o c k e f e l l e r  Plaza  about  100 f e e t  e a s t  

and 16 f l o o r s  above t he  g r o u n d - l e v e l  s i t e .  Me teo ro lo g i c a l  

c o n d i t i o n s  on t h e  1 6 ^  f l o o r  were somewhat d i f f e r e n t  from 

ground l e v e l ;  t e m p e r a t u r e s  were g e n e r a l l y  somewhat c oo l e r  

( about  2  d eg ree s  on t he  aver age )  t han  ground l e v e l  and winds 

t ended to  be s t r o n g e r .  During t he  pe r i od  J u l y  19 t o  J u ly  29» 

1 9 7 7 , samples  were c o l l e c t e d  on seven weekdays fo r  3  con­



- 2 6 -

s e c u t i v e  2-hour  i n t e r v a l s  ( p r e ,  mid,  and p o s t - r u s h  hour)  e i ­

t h e r  morning or  a f t e r n o o n ,  s i m u l t a n e o u s l y  a t  each l o c a t i o n .

The above sampl ing c o n f i g u r a t i o n  a t  R o c ke f e l l e r  Center  

enabl ed  d e t e r m i n a t i o n  o f  t h e  e x t e n t  o f  a tmosphe r i c  mixing 

from ground l e v e l  to  t he  1 6 t h  f l o o r .  The two g r o u n d - l e v e l  

s t a t i o n s  al lowed t he  e x t e n t  o f  g r o u n d - l e v e l  mixing t o  be 

de t e rmined .  This  i n fo r m a t i o n  i s ,  o f  c o u r s e ,  impo r t an t  in 

answer ing t he  q u e s t i o n  o f  whether  a sample a t  a p a r t i c u l a r  

e l e v a t e d  l o c a t i o n  i s  r e p r e s e n t a t i v e .

/
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Section II»

A. H i s t o r i c a l  Development o f  Impac t i on  Techniques

Al though p u b l i c  a t t e n t i o n  has r e c e n t l y  prompted e x t e n ­

s i v e  i n v e s t i g a t i o n  i n t o  t h e  n a t u r e  o f  a i r  p o l l u t i o n  prob­

lems,  t h e  i n s t r u m e n t a t i o n  n e c e s s a r y  f o r  t h e s e  s t u d i e s  was 

‘developed many y e a r s  e a r l i e r .  H i s t o r i c a l l y ,  p a r t i c l e  sam­

p l i n g  i n s t r u m e n t a t i o n  was used fo r  i n d u s t r i a l  hygiene  and 

s a f e t y  or  l a b o r a t o r y  e x p e r i m e n t a t i o n .  P a r t i c l e  c o l l e c t i o n  

has been performed fo r  s tudy  o f  r a d i o a c t i v e  f a l l o u t ,  a s b e s ­

t o s ,  d u s t  c o l l e c t i o n ,  e t c .

The cascade  impactor  was f i r s t  de sc r i be d  as an a n a l y t i ­

c a l  t o o l  in  1945 by K.P.  M a y ^ \  Th i s  f i r s t  impactor  con­

s i s t e d  o f  4 s t a g e s  p lu s  t he  a f t e r  f i l t e r .  The s i z e  range 

c o l l e c t e d  was from 50 t o  1 .5  microns  a t  a sampl ing r a t e  o f

17.5 l i t e r s / m i n .  M o d i f i c a t i o n s  o f  May's impactor  were c a r ­

r i e d  ou t  by Las k in (2 )  ancj l a t e r  by Sonkin^3)  to  extend 

measurements  i n t o  t he  submicron r ange .

During t he  1950 ' s  t h e r e  was e x t e n s i v e  work done on t he  

expe r i men t a l  and t h e o r e t i c a l  a s p e c t s  o f  t he  cascade  impac­

t o r .  In 1952 Ranz and Wong^^»^5)  did an i n - d e p t h  a n a l y s i s  

o f  t he  t h e o r e t i c a l  f o un d a t i o n s  for  im pac t i on ,  whi le  i n  1955 

G i l l e s p i e  and J o h n s t o n e ^ )  i n v e s t i g a t e d  t he  e f f e c t s  o f  v a r i ­

ous p a r t i c l e  growth pa r a m e te r s  such as humid i t y ,  n u c l e a t i o n ,  

t ime ,  and c o n c e n t r a t i o n  on t he  mass d i s t r i b u t i o n  of  g e n e r a t ­

ed a e r o s o l s .  In 1957• M i t c h e l l  and P i l c h e r ^  developed an 

improved de s ig n  for  an impactor  c o n s i s t i n g  o f  s i x  s t a g e s
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wi th  c u t o f f s  ( p a r t i c l e  s i z e  f o r  which a p a r t i c u l a r  s t a g e  has 

a 50? e f f i c i e n c y  f o r  c o l l e c t i o n ,  i . e .  s t a g e  1 c o l l e c t s  16 

pm. p a r t i c l e s  wi th  50? e f f i c i e n c y )  a t  16, 8, 4, 2, 1, and 

0 . 5  microns .  This  new de s ig n  i s  t he  model from which the  

impac tor  we a r e  now us i ng  was t a k e n .  In 1958 J .A.  Br ink 

J r . , (12)  t hen  working fo r  Monsanto Chemical  Co. ,  p r e s e n t e d  a 

new de s i gn  fo r  an impactor  wi th  a c o l l e c t i o n  cup as  t he  im­

p a c t i o n  s u r f a c e .  The range  o f  t h i s  5 s t a g e  impactor  was 

from 3*0 t o  0 . 3  mic rons .

During t he  1960 ' s  m o d i f i c a t i o n  fo r  s p e c i f i c  a p p l i c a ­

t i o n s  o f  im pac to r s  were made by J u n g e ^ S )  ancj Manson, Ander- 

s e n ( 9 ) } L un dg r en ^ ® ) ,  C a s e l l a ^ ^ ,  and many o t h e r s .  Ander­

sen developed a m u l t i - j e t  impactor  c o n s i s t i n g  o f  ove r  four  

hundred j e t s  which impinge on a c o l l e c t i o n  s u r f a c e  o f  g l a s s  

o r  s t a i n l e s s  s t e e l .  There a r e  6 s t a g e s  and a sampl ing r a t e  

o f  approx .  1 cfm. Lundgren des igned  an impactor  employing 

r o t a t i n g  c o l l e c t i o n  s u r f a c e s  so t h a t  p a r t i c l e  b u i l d - u p  and

r e - e n t r a i n m e n t  a re  kep t  a t  a minimum. However,  due t o  the

c u r v a t u r e  o f  t h e  s u r f a c e  o f  t he  r o t a t i n g  drums,  bo un ce - o f f  

l o s s e s  seemed a s i g n i f i c a n t  problem.  C a se l l a  produced a

mod if ied  v e r s i o n  o f  May's o r i g i n a l  impactor  under t he  name 

"Mark I " .

A p a r t i a l  l i s t  o f  t h e  impac to r s  a v a i l a b l e  today  f o l ­

lows .

A)Case l l a  I m p a c t o r - (200-0 .5  microns)  4 s t a g e

17.5 l i t / m i n
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B) Unico Envi ronmenta l  I n s t r u m e n t s - 4 s t a g e

C) Hi-Vol  S i e r r a  I n s t r u m e n t s - (1 0 -1 .3  microns)

5 , ^ , 3 , 1  s t a g e s ,  20-60 cfm

D) Andersen Impac to r - 6 s t a g e s  1 cfm

E) Tag Impac to r -  Envi ronmenta l  Research Corp.  

9 s t a g e s  ( 9 - 0 . 6  microns )  0 . 5  cfm

F) Lundgren Impactor H s t a g e  3*0 cfm

G) B a t t e l l e ,  S c i e n t i f i c  Advances I n c . ,  now Deiron 

( 1 6 . 0 - 0 . 5  mic rons)  6 s t a g e s  12.5 1/min 

5 s t a g e s  1.05 1/min 

The b a s i c  t h eo r y  o f  impac t i on  fo r  a l l  o f  t he  above i s  s i m i ­

l a r  and w i l l  be d e s c r i b e d  below f o r  t he  g e n e r a l  c ase  o f  a 

c i r c u l a r  j e t  ( t h e o r i e s  f o r  c i r c u l a r  or  r e c t a n g u l a r  j e t s  a re  

a v a i l a b l e ) .
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B. Theory o f  Impac t i on :

Nomencl a tu re :

C = an e m p i r i c a l  c o r r e c t i o n  f a c t o r  for  t he  r e s i s t e n c e

o f  gas  t o  t he  movement o f  smal l  p a r t i c l e s  as

de f i n e d  by e q s .  3>4,5

Dc = d i ame te r  o f  impactor  j e t ,  cm.

Dp = d i amete r  o f  a e r o s o l  p a r t i c l e ,  microns

D = c h a r a c t e r i s t i c  d i am e te r  o f  a e r o s o l  p a r t i c l e  f o r  pc
impac tor  s t a g e ,  mic rons  

gc s 1 g / ( a t m . ) ( cm. ) ( s e c ) 2

L = mean f r e e  pa th  o f  gas  m o le cu l e s ,  cm, L = 2JL
pv

PQ s a b s o l u t e  p r e s s u r e  a t  i n l e t  to  impac to r ,  atm 

= p r e s s u r e  a f t e r  j e t ,  atm 

/^P = p r e s s u r e  drop a c r o s s  impa c to r ,  i n .  Hg 

T2  = t em p e r a tu r e  a f t e r  j e t ,  °K 

VQ s gas f low a t  i n l e t  t o  impa c to r ,  c c / s econd  

VQ = . 5 )° *440

f o r  a i r  a t  25°C and 14.7 p . s . i . a .  

v 2  = aver age  l i n e a r  v e l o c i t y  o f  a gas  t h rough 

a j e t  a t  Pg 

and Tp, cm/sec 

V = average  m o lecu l a r  v e l o c i t y  o f  g a s ,  cm/sec

«$ = d im e ns io n l e s s  i n e r t i a l  pa rameter

t  cPdv2Dp 2 
l8pDc 108
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* 5 5 0  = i n e r t i a l  pa rameter  fo r  50? impact ion  

e f f i c i e n c y  

p = gas d e n s i t y  a f t e r  j e t  a t  Tg 

an<i ?2» gnam/cc 

pp = d e n s i t y  o f  a e r o s o l  p a r t i c l e ,  gram/cc 

p = v i s c o s i t y  o f  gas  a f t e r  j e t  a t  

and ?2 , g / ( cm ) ( se c )

For a complete  d i s c u s s i o n  o f  impactor  t h eo ry  as  wel l  as 

a d e t a i l e d  d e r i v a t i o n  o f  t he  mathemat i cs  i nvolved in 

d e s c r i b i n g  such sys tems t he  r e a d e r  i s  r e f e r r e d  to  r e f e r e n c e s  

(*l) and ( 5 ) .  Only a b r i e f  d i s c u s s i o n  o f  t he  g e n e r a l  mechan­

ism fol lowed by t he  n e c e s s a r y  e q u a t i o n s  t o  develop  a s t a t e ­

ment f o r  impact ion  e f f i c i e n c y  w i l l  be d i s c u s s e d  h e r e .

M u l t i s t a g e  impac t i on  sys tems des igned  to sample a e r o s o l  

and t o  s e p a r a t e  t h e  c o l l e c t e d  p a r t i c l e s  i n to  de s i g n a t ed  s i z e  

f r a c t i o n s  a re  based upon t he  p a r t i c l e s  deve lop ing  a momentum 

p r o p o r t i o n a l  to  t h e i r  "aerodynamic  s i z e " .  Fig I I -B-1  i s  a 

schema t i c  diagram f o r  t h e  B a t t e l l e  type  impactor  developed 

by M i t ch e l l  and P i l c h e r  and i s  p r e s e n t l y  be ing  used in our  

s t ud y .  This  i s  a s i x  s t a g e  impactor  wi th  50? c u t - o f f  diame­

t e r s  o f  16, 8,  *J, 2,  1, .05 mic rons .  To o b t a i n  t h e s e  c u t o f f  

pa r ame t e r s  t he  r a t i o  o f  t he  j e t  d i ame te r  to impact i on  p l a t e  

d i s t a n c e  must  be f i xed  fo r  a g iven  f low r a t e  and p r e s s u r e  

drop a c r o s s  t he  sys tem.  Consider  an a e r o s o l  be ing  i s o k i n e t -  

i c a l l y  drawn th rough  t he  above impactor  by a vacuum o f  about  

20 i n .  Hg. The a e r o s o l  w i l l  be a c c e l e r a t e d  as i t  f u n n e l s
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down th rough  t he  f i r s t  j e t  op en ing .  P a r t i c l e s  wi th s u f f i ­

c i e n t  momentum w i l l  no t  be a b l e  to  f o l l ow  the  a i r  s t ream 

around t he  f i r s t  s t a g e  and w i l l  impact  onto t he  s u r f a c e .  

The a i r s t r e a m  w i l l  t hen  be f u r t h e r  a c c e l e r a t e d  t h rough  t he  

s l i g h t l y  s m a l l e r  j e t  o f  t h e  second s t a g e .  The d i s t a n c e  of  

t he  second p l a t e  to t he  j e t  opening w i l l  be l e s s  than  t he  

p r e v i o us  s t a g e ,  a l l ow ing  f o r  impac t ion  o f  t he  sm a l l e r  s i z e  

p a r t i c l e s .  This  p r o ce s s  w i l l  co n t i nue  u n t i l  t he  a e r o s o l  

r e a c h e s  t he  f i n a l  f i l t e r  l o c a t e d  a f t e r  t he  6 th  impact ion  

s t a g e .  Fig I I - B - 2  i s  a p l o t  o f  t he  e f f e c t i v e  c u t - o f f  diame­

t e r  f o r  each s t a g e  p l o t t e d  a g a i n s t  t he  p e r c e n t  impac t i on  e f ­

f i c i e n c y  f o r  each s i z e  p a r t i c l e  assuming t he  p a r t i c l e s  to 

have u n i t  d e n s i t y .

The e f f i c i e n c y  o f  an impac tor  f o r  c o l l e c t i n g  p a r t i c l e s  

from an a e r o s o l  was shown by Ranz and Wong^^ to  depend upon 

a s e p a r a t i o n  number,  d ,  which t hey  d e f i n e  as :

C D p c  v 2 P P

j 1 8
•’ g  D c

OOOT—

d r e p r e s e n t s  t he  r a t i o  o f  t h e  fo r ce  r e q u i r e d  to  s t o p  a p a r ­

t i c l e ,  whose s i z e  i s  Dpc f moving wi th a v e l o c i t y  v2  , in

Dc
a d i s t a n c e  -g- t o  t he  aerodynamic drag de f i ne d  fo r  t he  gas 

by i t s  v i s c o s i t y ,  The s e p a r a t i o n  number,  d ,  w i l l  vary

from 0 t o  1 and a p l o t  o f  d v s .  c o l l e c t i o n  e f f i c i e n c y  w i l l  

y i e l d  an s - shaped  cu rv e .  To de t e rmine  a c h a r a c t e r i s t i c  cu-
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t o f f  d i ame te r  f o r  a g iven  s t a g e  o f  t he  impa c to r ,  i t  i s  a 

common p r a c t i c e  t o  use t he  va lue  o f  .375 f o r  d which 

c o r r e spo nd s  to  50% c o l l e c t i o n  e f f i c i e n c y .  Solv ing  for  DpCf 

we g e t :

Dpc = 650

where :

„ IT 810 ' —7?----2--- —
\ !  c Pp V2

C = 1 + 2 x 1 0 — L 
P

- 0 . 44Dp 10-4

1.23 + 0 . 4le

for

0 . 1  < l~2 x 1 0 n L 1

L d p  J
< 134

( I I . B . 2)

( I I . B . 3)

( I I . B . 4)

C, a l s o  c a l l e d  t he  Cunningham c o r r e c t i o n  f a c t o r ,  can be 

s i m p l i f i e d  when

Dn 10-4
> 2 .7 ( I I . B . 5)

Under t h e s e  c o n d i t i o n s  t he  e x p o n e n t i a l  term in  e qu a t i o n  3 

may be ne g l e c t ed  and

1 + _2 . .x I Q— L _ 1 . 2 3 ( I I . B . 6)

I f  one c o n s i d e r s  r unning  t he  impactor  a t  room t empe r a tu r e  

and normal p r e s s u r e s  (1 atm) t hen  t he  c o r r e c t i o n  f a c t o r
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r educes  to

C = 1 + P-l.1,65. ( I I . B . 7)
P

The v e l o c i t y  o f  t he  ga s  a t  t h e  j e t  opening w i l l  depend 

on t he  p r e s s u r e  drop a c r o s s  t he  j e t ,  t h e  s u r f a c e  a r e a  o f  t he  

j e t  open ing ,  and t he  i n i t i a l  v e l o c i t y  o f  t he  gas  f low i n t o  

t he  im pa c to r .  To a good approx imat ion  t he  v e l o c i t y  can be 

g iven  by

»2 . - ^  ( I I . B . 8)
D0 2 * 2  » d|  * 2

" ~ T

I f  one now s e t s  D - d , e q u a t i o n s  2 , 7 , 8  can be combined to
P PC

g ive

D .  -15.3M ♦ , 2 ~°5 » 1° 8 M Dc P2 ( I I . B. 9)
po ^ pP2 p» v° p°

Equat ion  9 can be used t o  de t e rmine  t h e  c h a r a c t e r i s t i c  p a r ­

t i c l e  d i am e te r  f o r  each impactor  s t a g e .

Table  I I -B-1  g i v e s  t he  j e t  width  and t he  p l a t e  d i s t a n c e  

as we l l  as t he  c u t o f f  d i a m e t e r s  f o r  t h r e e  t y p es  o f  impac- 

t o r s .  Another  pa r ameter  c r i t i c a l  t o  t he  c o n s t r u c t i o n  o f  a 

r e l i a b l e  impactor  i s  t he  wal l  to  s l i d e  d i s t a n c e .  Re fe r r i ng  

back t o  f i g .  I I -B-1 one can see t h a t  i f  t he  r a d i u s  o f  cu rv a ­

t u r e  f o r  t he  t r a j e c t o r y  o f  t he  p a r t i c l e s  pa s s in g  around a 

g iven  s t a g e  i s  wide enough,  t hen  t h e  p o s s i b i l i t y  f o r  i t  h i t -
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Table I I -B-1 J e t  Diameter  

B a t t e l l e

, P l a t e Spac ing ,  and Cut 
Some Impac to r s .  

Br ink

-Of f Diameters f o r

G i l l e s p i e
d i a . space cut d i a . space cu t d i a . space cu t
( cm.) (cm.) ( P ) (cm.) (cm.) ( P ) (cm.) (cm.) ( P )

s t  1 1.364 .5115 1 6 . 0 0.249 0.747 3. 14 0.251 2.95
s t 2 0.859 • .3221 8 .0 0.178 0.533 1.63 0 . 181 1.72
s t 3 0.541 .2029 4 .0 0.140 0 . 419 1 .10 0 . 138 1.09
s t4 0.341 . 1279 2 .0 0.095 0 .282 0.57 0.095 0 .60
s t 5 0.216 .0810 1 .0 0.073 0 .220 0.33 0.077 0.38
s t6 0.  141 .0529 0 . 5

Tabl e  I I - B - 2 :  Wall  l o s s e s  as  Determined by R a d io t r a c e r  Technique_________________
P e r c e n t  Wall Loss

Tes t  Temp(°C) %Rel Hum. Wall  2 Wall  3 Wall  4 Wall  5 Wall  6
1 25 25 1 -43 0 .38  0 .09  0 .36  0 .22
2 26 46 3 .09 0.71 0 .23  0 .22  0. 14
3 28 3 0  3. 18 0 .78  0.  18 0 .30  2 .63°

a) % wa l l  l oss=100?  x wt o f  m a t e r i a l  on w a l l / w t  on wa l l  + wt on s u c e s s i v e  s t a g e s
b) w a l l s  were no t  t r e a t e d  in run #3
c) b e l i e v e d  to  be e r r oneous  r e s u l t .
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t i n g  t h e  wal l  i n c r e a s e s .  This  e f f e c t ,  c a l l e d  aerodynamic 

wal l  l o s s ,  becomes s i g n i f i c a n t  as t he  wal l  to p l a t e  d i s ­

t a n c e ,  dws f becomes s m a l l e r .  M i t c h e l l  and P i l c h e r ^ ? )  em­

p i r i c a l l y  de te rmined  t h a t  t he  impact ion  p l a t e  should  be 

about  3 . 8  cm in  d i am e te r  and t he  dwg f should  be g r e a t e r

than  1.27 cm. This  means a p l a t e  width  to d r a t i o  o f  a tw s
l e a s t  3 :1 .  To t e s t  t he  wa l l  l o s s  o f  t he  f i n a l  de s ig n  impac­

t o r  a r a d i o t r a c e r ,  phospho rus -32 ,  was used in t he  gene r a t e d  

a e r o s o l .  The s l i d e s  o f  t he  impactor  were coa t ed  wi th a 

s t i c k y  s o l u t i o n  o f  g e l a t i n - w a t e r  and f o r  two o f  t he  t h r e e  

t r i a l s  t he  w a l l s  were a l s o  coa t ed  wi th a s i m i l a r  s o l u t i o n .  

Table  I I -B -2  shows t he  r e s u l t  o f  t he  t e s t .

Also to  be co n s i d e r e d  in impactor  sampling t e c h n iq u e s  

i s  t he  problem o f  " b o u n c e - o f f ” , a phenomenqn which r e s u l t s  

from e i t h e r  t he  a e r o s o l  be ing  too dry  and c o l l i s i o n s  be ing  

very  e l a s t i c  or  impac t ion  s u r f a c e s  becoming loaded due to  

l en g th y  sampl ing p e r i o d s .  The s o l u t i o n  to  t he  l a t t e r  cause 

i s  t o  r e s t r i c t  sampl ing t imes  to  avoid ov e r l oa d in g  t he  c o l ­

l e c t i o n  s u r f a c e s .  Another  t e c hn iq u e  f r e q u e n t l y  employed i s  

t o  apply  a s t i c k y  f i lm  to t he  impact ion  s u r f a c e  to  t r a p  t he  

p a r t i c l e s .  The major  concern  wi th  bou nc e -o f f  i s  t h e  e r r o r  

t h a t  r e s u l t s  in t h e  mass d i s t r i b u t i o n ,  s i n ce  p a r t i c l e s  which 

bounce w i l l  appear  on one o f  t he  succeed ing  s t a g e s .

Another  i n t e r e s t i n g  problem a s s o c i a t e d  wi th bou nc e -o f f  

was proposed by Weslowski ,  e t  a l . ^ 3 ) | Wh0 po in ted  out  t h a t  

r e l a t i v e  humidi t y  w i l l  a f f e c t  t he  e l a s t i c i t y  o f  t he  impact ,
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t hus  bou nc e - o f f  problems should  depend on both  t he  sampl ing 

l o c a t i o n  and t he  weather  c o n d i t i o n s .  For example,  p a r t i c l e s  

ge ne r a t e d  in a d r y ,  d u s t y  envi ronment  w i l l  bour.'  More than  

p a r t i c l e s  ge n e ra t ed  in a humid or  c o a s t a l  envi ronment  (where 

sea  sp r a y  i s  r e s p o n s i b l e  f o r  a l a r g e  pe r c en t a ge  o f  t he  l a r g e  

p a r t i c l e s . ) .  This  i m p l i e s  t h a t  sampl ing e r r o r s  a s s o c i a t e d  

wi th bo u nc e - o f f  may no t  be uni form fo r  a l l  e l em en t s ,  even 

fo r  t he  same sampling l o c a t i o n .  Cons ider  f o r  example t h a t  

p a r t i c l e s  gene r a t e d  in a c o a s t a l  a r e a  can a r i s e  from s o i l  

e r o s i o n ,  sea  s a l t ,  u rb an ,  i n d u s t r i a l ,  e t c .  s o u r c e s .  P a r t i ­

c l e s  ge ne ra t ed  by s o i l  e ro s i o n  w i l l  be more s e n s i t i v e  to  

bounc e -o f f  on dry days  t han  sea s a l t  p a r t i c l e s  and hence t he  

e l e men ta l  d i s t r i b u t i o n  can be s h i f t e d  c o n s i d e r a b l y  acco rd ing  

to  t he  c o n t r i b u t i o n  o f  t he  s o i l  p a r t i c l e s  to  t he  t o t a l  a e r o ­

s o l ,  wind d i r e c t i o n  and v e l o c i t y  (wind v e l o c i t y  w i l l  i n ­

c r e a se  e r o s i o n ) . Large p a r t i c l e s  seem much more s u s c e p t i b l e  

t o  bo un c e - o f f  t han  sma l l  p a r t i c l e s .  Th i s ,  in  a s e n s e ,  i s  

p r e f e r a b l e  s i n c e  most  a e r o s o l  s t u d i e s  d e a l  wi th  combust ion 

source  p a r t i c l e s  ge n e r a t e d  by urban c e n t e r s  and o f  course  

t h e s e  p a r t i c l e s  tend t o  be sma l l  (< 2 . 0  m ic ro ns ) .
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C. Impactor Calibration

As has  been p r e v i o u s l y  ment ioned ,  t he  impactor  i n ­

h e r e n t l y  s u f f e r s  from two d i s a d v a n t a g e s ,  wa l l  l o s s  and 

bo u n c e - o f f ,  which can be minimized but  no t  e l i m i n a t e d .  The 

e f f e c t s  o f  wal l  l o s s  a re  t h a t  t he  sample w i l l  c o n t a i n  l e s s  

m a t e r i a l  t han  i f  t h e r e  were no l o s s .  Bounce-of f  e f f e c t s ,  

however ,  a r e  not  so obvious  and can r e s u l t  in m a t e r i a l  l o s s  

t o  some suceed ing  s t a g e ( s ) ,  i r r e t r i e v a b l e  l o s s  to  t he  w a l l s ,  

or  i f  bounce i s  no t  ex t r eme ,  d i s p e r s i o n  o f  t h e  sample from 

the  c e n t e r  o f  t he  sampl ing s t a g e .  In t he  case  where a n a l y s i s  

r e q u i r e s  conf inement  o f  t he  sample t o  some d e s i g n a t e d  a r e a ,  

as  i n  PIXE a n a l y s i s ,  t h i s  l a t t e r  case  i s  t an t amount  t o  wal l  

l o s s .

M o d i f i c a t i o n s  were made t o  t he  impactor  de s ig n  ( s ee  

s e c t i o n  on e xpe r i me n t a l  s e t - u p )  t o  a l l ow f o r  t h e  method o f  

a n a l y s i s ,  i . e .  Mylar impact ion  s u r f a c e s  i n s t e a d  o f  g l a s s ,  

making i t  n e ce s s a r y  t o  c a l i b r a t e  t he  impactor  to  de t e rmine  

whether  t he  m o d i f i c a t i o n  had a f f e c t e d  t he  o p e r a t i o n  o f  t he  

i n s t r u m e n t .  Arrangements were made wi th  t he  Heal th  and 

S a f e t y  D iv i s i on  o f  E.R.D.A. which p e rm i t t e d  use o f  t h e i r  

a e r o s o l  l a b o r a t o r y  f o r  c a l i b r a t i o n .

The c a l i b r a t i o n  o f  t he  impactor  i nv o lv ed ,  1) measur ing 

t he  f low r a t e ,  2) de t e rmin ing  under  s p e c i f i e d  o p e r a t i n g  con­

d i t i o n s ,  whether  wal l  l o s s  and /o r  bo un c e - o f f  were s i g n i f i ­

c an t  problems and 3 ) i f  t hey  were,  t o  see i f  we could  minim­

i ze  t h e s e  e f f e c t s  by app ly ing  a s t i c k y  medium to  t he  c o l l e c -
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tion surfaces.

Flow c a l i b r a t i o n  was checked by conn ec t i n g  t he  6 - s t a g e  

impac to r ,  loaded  wi th uncoated  Mylar on a l l  s i x  s t a g e s  and 

Gelman g l a s s  f i b e r  f i l t e r  paper  as  t he  a f t e r  f i l t e r ,  down­

s t ream from an American Meter Company dry  gas  m e t e r .  The 

meter  was c a l i b r a t e d  wi th  a s t a n d a r d  volume sou rce  and 

found to  be a c c u r a t e .  A mercury manometer was connec ted  in 

p a r a l l e l  downstream o f  t he  impactor  to  measure t h e  p r e s s u r e  

drop a p p l i ed  by t h e  vacuum pump. Manufac tu re r s  s p e c i f i c a ­

t i o n s  r e q u i r e  a vacuum o f  >17" Hg fo r  a f l o w r a t e  o f  12.5 

l i t e r s / m i n .  Under t h e s e  c o n d i t i o n s ,  t he  f low r a t e  i s  con­

t r o l l e d  by a c r i t i c a l  o r i f i c e  l o c a t e d  a t  t he  l a s t  s t a g e  o f  

t he  im pac to r .  Two s e p a r a t e  2 min.  r u ns  were performed a t  

vacuums c o r r e sp on d i ng  19" Hg and 17" Hg r e s p e c t i v e l y .  The 

r e s u l t s  shown in  t a b l e  I I -C-1  i n d i c a t e  a f low r a t e - 4.0% 

h igh e r  t han  s p e c i f i e d ,  a r e s u l t  p robab ly  due to  an o v e r s i z e d  

d i am e te r  a t  t he  c r i t i c a l  o r i f i c e .

Table  I I - C - 1 .  Flow r a t e  C a l i b r a t i o n  
Kun Time Vacuum Volume Flow Rate 

(min . )  ("Hg) ( l i t e r s )  ( 1 /m in . )
 2---------------- T9--------- Z67CJB------------ 73704—

2 17 26 .00  13.00

A s p i n n i n g - d i s k  g e n e r a t o r  was used to produce  mono- 

d i s p e r s e  8 . 5  pm methylene  b lue  sp h e r e s  f o r  t h e  second and 

t h i r d  p a r t s  o f  t he  e xp e r i me n t .  The impactor  was p l aced  i n t o  

a c l e an  p o s i t i v e  p r e s s u r e  box connec ted  v ia  c o n d u i t  t o  t he
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sp inn i ng  d i s k  g e n e r a t o r .  The impactor  was wrapped in p l a s ­

t i c  so t h a t  a l l  e x t e r n a l  s u r f a c e s  were covered excep t  f o r  

t he  i n l e t .  This  was done to  guard a g a i n s t  e x t e r n a l  contami ­

n a t i o n  by t h e  methyl ene  b lue  s p h e r e s .  According t o  t he  e f ­

f i c i e n c y  cu rv es  f o r  c o l l e c t i o n  by s t a g e ,  t he  8 .5  pm p a r t i ­

c l e s  should  have been c o l l e c t e d  wi th 5055 e f f i c i e n c y  by s t a g e  

2 .

Af ter  app rox im a te ly  h a l f  an hour  t he  impactor  was r e ­

moved from th e  chamber and d i s a s semb led  s t a ge  by s t a g e  and 

t he  Mylar r i n g s  removed.  Each s t a g e  s e c t i o n  was soaked in 

a l c o h o l  to  remove t he  methyl ene  b lue  sphe re s  adher ing  to  the  

w a l l s .  The Mylar r i n g s  were f i r s t  s e p a r a t e l y  ana lyzed 

v i s u a l l y  and wi th a m ic ro scope .  To a s c e r t a i n  t he  e x t e n t  o f  

wa l l  l o s s  and t o  de t e rmine  t he  mass d i s t r i b u t i o n  o f  the  

sphe re s  each r i n g  was s e p a r a t e l y  washed wi th a l c o h o l  to  r e ­

cover  a l l  t h e  methylene  b l ue  d e p o s i t e d .  These s o l u t i o n s  t o ­

g e t h e r  wi th  t h e  s o l u t i o n s  p r epared  by washing t he  s t a g e  

w a l l s  were measured us ing  a spe c t r o p ho to me te r  to  de t e rmine  

t h e  a b s o r p t i o n  o f  each s o l u t i o n .  The a b s o r b t i v i t i e s  were 

compared to a b s o l u t e  s t a n d a r d s  to  de t e rmine  t he  amount o f  

m a t e r i a l  c o l l e c t e d  by each s e c t i o n .  The r e s u l t s ,  summarized 

in t a b l e  I I - C - 2 ,  c l e a r l y  show both o f  t he  i n h e r e n t  problems 

wi th  t he  im pac to r .  Almost 3755 o f  t he  m a t e r i a l  e n t e r i n g  t he  

impactor  i s  l o s t  t o  t he  w a l l s .  The 6 . 2855 and 9 . 3255 l o s s e s  

a s s o c i a t e d  wi th  s t a g e  s e c t i o n s  1 and 2 a re  unavoidab l e  be­

cause  t he  p a r t i c l e s  have no t  ye t  r eached  c r i t i c a l  v e l o c i t y
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f o r  impac t i on .  However, t he  l o s s e s  a s s o c i a t e d  wi th t he  

suceeding  s t a g e s ,  19.1756, and t he  wal l  l o s s e s  on subsequent  

s t a g e s ,  21.01156, should  be ,  a t  l e a s t  i n  p a r t ,  a v o i d a b l e .

Table I I - C - 2 .  Wall Loss and Bounce-of f  f o r  Modif ied Impactor
( s l i d e s  were un c o a t ed . )

Stage v o l .  Alcohol  
m l .

S p e c t . 
Reading'  

0-100

Cone.
(g/mL)
x10~5

Tota l
Weight
x10"^g.

%
Tota l

1 12. 9b " .145 “ 1 .74 "2YtT8'
2 20. 77 1.25 25.00 41.32
3 10. 84 .840 8.40 13.88
4 10. 97 . 175 1.75 2.89

■ 5+6 10. 98 . 145 1.45 2.40
38.34 63-36

Stage s e c t i o n
Wall Losses

1 19. 96 .200 ' 3.80 6.28
2 24.5 95 . 2 3 0 5.64 9.32
3 32.0 97 .175 5.60 9.25
4 25. 98 . 145 3.63 6 .00
5 13.5 98 • . 145 1.96 3.24
6 12.5 99 . 123 1.54 2.55

22.17 36.64

Dow Corning Antifoam S i l i c o n e  spr ay  was used as a c o a t ­

ing m a t e r i a l  f o r  t he  s l i d e s  in a second run to  minimize t he  

l o s s e s  a l r e a d y  d i s c u s s e d .  The impactor  Was aga in  run for  

h a l f  an hour under  t he  same c o n d i t i o n s .  The r e s u l t s  a re  

summarized in Table  I I - C - 3 .  Of no t e  i s  t he  l a c k  o f  m a t e r i a l  

both  on t he  w a l l s  and on t he  s t a g e s  f o l l o wi ng  s t a g e  3. The 

l o s s e s  a s s o c i a t e d  wi th p r e - i m p a c t i o n  s u r f a c e s  ( a l l  impactor  

s u r f a c e s  a v a i l a b l e  t o  t he  p a r t i c l e s  b e fo r e  t hey  r e ach  c r i t i ­

c a l  v e l o c i t y  f o r  impact i on)  a re  e s s e n t i a l l y  t h e  same, bu t  we 

have r ecove red  1 656 o f  t h e  t o t a l  mass which would o th e rw i s e  

have been l o s t .  Also to  be noted i s  t h a t  t h e  5056 c o l l e c t i o n  

e f f i c i e n c y  a s s o c i a t e d  wi th  t he  second s t a g e  i s  a lmos t  r e a l ­
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i z e d .  I n c r e a s i n g  t he  c o a t i n g  t h i c k n e s s  t o  a t t emp t  t o  r e ­

t r i e v e  more m a t e r i a l  was no t  p o s s i b l e  s i n c e  we had to main­

t a i n  a t h i n  t a r g e t  f o r  a n a l y s i s .  I t  was dec ided  t h a t  a 20? 

e r r o r  in  c o l l e c t i o n  e f f i i c e n c y  would be t o l e r a t e d .

We would have l i k e d  to r e p e a t  t h i s  p rocedu re  us ing  d i f ­

f e r e n t  s i z e  sp h e re s  to  mon i to r  t he  t r e n d s  on t he  h i g he r  o rd ­

er  s t a g e s  bu t  u n f o r t u n a t e l y  n e i t h e r  t ime nor a v a i l a b l e  man­

power pe rmi t t ed  t h i s .  However,  i t  i s ,  known t h a t  l a r g e  

p a r t i c l e s  do tend to  bounce more t han  smal l  p a r t i c l e s  and so 

we a t  l e a s t  s e t  an upper  l i m i t  on t h e  r e l a t i v e  l o s s  f o r  each 

s i z e  f r a c t i o n .

Table  I I - C - 3 .  Wall  Loss and Bounce-of f  f o r  Modified Impactor  
( s t a g e s  were coa t ed  wi th Dow Corning s i l i c o n e  sp ray)

St age v o l .  a l c o h o l  
ml

S p e c t . 
Read ing 
0-100 '

Cone.
( g/mL) 
x10“ 5

Tota l
Weight
x10_t5g

?
To ta l

'1 10. 9b .2 2 .00 2.9
2 27. 77 1.2 3.24 46.8
3 11. 67 1.76 1.94 27 .9
4 8. 97 . 175 1.4 2 .0

5+6 - - - - -

St age
Wall

1

s e c t i o n
Losses

27. 96 .2

5572-ir - 

5 . 4

"  7 9 ."6 3 

7 .8
2 27. 95 .23 6.21 8 .9
3 . 20. 99 . 123 2.46 . 3 . 6
4 - - - - -
5 - - - - -
6 - - - - -

14.10 20.30
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D. Sampling Methods and Requi rements

Al l  samples were c o l l e c t e d  wi th  a B a t e l l e  type  cascade  

impactor  manufactured  by Deiron Reasearch  I n c . ,  t h e  DCI-6, 

which samples 1.5 m3 in ap p rox im a te ly  2 hou r s  a t  a flow 

r a t e  o f  13-0 l i t e r s / m i n .  and has 50? c u t - o f f  d i a m e t e r s  o f  

16, 8, 4, 2, 1, and 0 . 5  pm. I t  i s  machined o f  303 s t a i n ­

l e s s  s t e e l ,  weighs 31 l b s . ,  i s  20 i n ch es  t a l l  and i s  4 

i n ch es  in d i a m e t e r .  This  f i n a l  cho i ce  o f  impactor  was made 

because  i t  p rov ided  us wi th  a wel l  de f i ne d  sample ( < 0 .5  cm 

d i ame te r  f o r  l a r g e s t  p a r t i c l e s )  , f r a c t i o n a t e d  t he  p a r t i c l e s  

i n t o  a p p r o p r i a t e  r anges  and showed e x c e l l e n t  c o l l e c t i o n  

a b i l i t y  wi th  a r e a s o n a b l e  amount o f  bounce and w a l l - l o s s  

when impact ion  s u r f a c e s  were p r o p e r l y  p repa red  ( s ee  s e c t i o n  

I I - C ) .  In a d d i t i o n ,  i t  could  sample t he  r e q u i r e d  volume of  

a i r  (1 m3) in s l i g h t l y  l e s s  t han  two hou rs  which made i t

p o s s i b l e  to  c o l l e c t  more t han  one sample per  day.

A n a l y t i c a l  r eq u i r e me n t s  n e c e s s i t a t e d  t he  use o f  t h i n  

f i lm s  fo r  t he  impact ion  s u r f a c e  so t h a t  0.1 mil  Mylar ,  ob­

t a i n e d  from Chemplex I n d u s t r i e s ,  was u sed .  Suppor t  f o r  t he  

Mylar was ach i eved  by s t r e t c h i n g  t he  f i lm between two con­

c e n t r i c  b r a s s  r i n g s  machined t o  a t o l e r e n c e  o f  0 .25 mi l .  

The Mylar had to  be prewashed t o  remove a s u r f a c e  c o a t i n g  of  

z i n c ,  which was accompl i shed in a b a th  s p e c i a l l y  c o n s t r u c t e d  

fo r  t he  purpose .  The unwashed Mylar could  be r o l l e d  t hrough 

t he  ba th  manual ly  and wound on a t ak e - up  r e e l .  The ba th  

s o l u t i o n  was p r epa red  us ing  d o u b l y - d i s t i l l e d  de io n i ze d  water
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t o  make a 0 .1  M s o l u t i o n  o f  HNÔ  and t he  Mylar was u s u a l l y  

run t h rough  t he  ac id  ba th  a t  l e a s t  t w i c e ,  a t  a r a t e  no f a s ­

t e r  t han  6 i n . / m i n .  Since  t he  ba th  had spoo l s  on e i t h e r  

s i d e ,  once s t a r t e d ,  t he  Mylar never  had to be touched again  

which minimized t he  p o s s i b i l i t y  f o r  c o n t a m i n a t i o n .  The Mylar 

was t hen  r i n s e d  in a ba th  c o n t a i n i n g  only  t he  doub ly-  

d i s t i l l e d  de io n i ze d  wa te r  t o  remove any a dh e r en t  a c id  which 

might  weaken t he  Mylar i f  a l lowed to remain fo r  any l e n g t h  

o f  t ime .  Af t e r  t he  wa t er  wash,  wh i l e  t h e  Mylar was s t i l l  on 

t h e  s p o o l s ,  a g l a s s  p l a t e  could  be i n s e r t e d  over  t he  t op  o f  

t he  ba th  as a s u p p o r t ,  and t he  Mylar t hen  d i r e c t l y  mounted 

onto  t he  b r a s s  r i n g s .  To p r ev e n t  b o u n c e - o f f  o f  p a r t i c l e s  

( s ee  s e c t i o n  I I -C)  a t h i n  c o a t i n g  o f  Vase l i ne  was sprayed on 

t h e  Mylar s u r f a c e  p r i o r  t o  s amp l ing .  The c o a t i n g  was ap­

p l i e d  by d i s s o l v i n g  c a .  .5 gram o f  Vase l i ne  in  c a .  100 ml.  

o f  benzene and sp r ay ing  t he  s o l u t i o n  onto t he  r i n g s  and a l ­

lowing t he  s o l v e n t  to  e v a p o r a t e .  The r i n g s  were t hen  sub­

s t i t u t e d  fo r  t he  g l a s s  s l i d e s  t h a t  a re  no rmal ly  u sed .  To 

p r ev en t  d i s t o r t i o n  o f  t he  Mylar s u r f a c e  by t h e  impinging j e t  

s t ream dur ing  s ampl ing ,  s u p p o r t  back ings  machined from a 

pure  g rade  o f  nylon s t o c k  were u sed.

The r i n g s  were removed a f t e r  sampl ing and s t o r e d  in a 

sample ho ld e r  f o r  t r a n s p o r t  back to  t h e  c l e an  work a r e a  fo r  

s l i d e  mount ing .  The samples  were mounted in 2 x 2 Kodak 

s l i d e  h o l d e r s  wi th t he  use o f  a d i e - c u t ,  s e l f  a d h e s i v e ,  a ce ­

t a t e  back ing  which e x a c t l y  f i t s  t he  2 x 2  mounts .  Once in
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p l ace  t he  a c e t a t e s  were h e a t  s e a l e d  i n s i d e  t he  mounts which 

were l a b e l e d  and t he  samples  were aga in  s t o r e d  in c o n t a i n e r s  

u n t i l  t hey  were ready  t o  be a n a l y s e d .  F i g u r e s  I I -D-1  and

I I -D- 2  show t h e  v a r i o u s  s t e p s  in sample p r e p a r a t i o n .



-  4  2  -

j r - £ -  (
FIG. I I K  SLIDE M O U N T I N G  T E C H N I Q U E

h e a t  s e a l i n g
SLIDE MOUNTS

DIE-CUT ACETATE
s e l f - a d h e s i v e

BA CKIN G





-4 8 -  

S e c t i o n  I I I .

A. Introduction to Proton-Induced X-Ray Fluorescence

The p ro duc t i on  o f  c h a r a c t e r i s t i c  x - r a y s  by p ro ton  e x c i ­

t a t i o n  has been e x t e n s i v e l y  s t u d i e d  fo r  many y e a r s  and the  

t h e o r e t i c a l  f o u n d a t i o n s  a re  a l s o  wel l  unders tood  . ^ ^  

i s  on ly  r e c e n t l y ,  however ,  t h a t  such an e x o t i c  t e ch n iq ue  has 

been employed fo r  r o u t i n e  e l em en ta l  a n a l y s i s .  The i n c r e a s ­

ing need fo r  r a p i d ,  m u l t i e l e m e n t ,  u l t r a s e n s i t i v e  t e c h n iq u e s  

t o  ana lyze  fo r  env i ronmen ta l  con t aminan t s  has p r e s en t e d  t he  

c h a l l e n g e  t o  f i nd  new t o o l s  c ap ab l e  o f  han d l i ng  t he  i n ­

c r ea sed  burdens  o f  a n a l y s i s .  The t e ch n iq ue  o f  x - r ay  

f l u o r e s c e n c e  a f f o r d s  t he  o p p o r t u n i t y  t o  perform m u l t i e l em en t  

d e t e r m i n a t i o n s  r e g a r d l e s s  o f  t h e  chemical  envi ronment  o f  

samples and wi th  l i t t l e ,  o r  more o f t e n ,  no sample p r e ­

t r e a t m e n t .  In a d d i t i o n ,  t h e  method i s  e s s e n t i a l l y  non­

d e s t r u c t i v e .

There a r e  t h r e e  methods by which x - r a y s  may be g e n e r a t ­

ed from a t a r g e t  m a t e r i a l .  The most  co nv en t i o n a l  and t h e r e ­

fo r e  most  o f t e n  used method i s  photon e x c i t a t i o n .  In t h i s  

method o f  e x c i t a t i o n  a cont inuum of  pho tons ,  gene r a t e d  by 

bombarding a pr imary  t a r g e t  wi th  e l e c t r o n s ,  i s  a l lowed to 

impinge on t he  specimen t a r g e t  c au s ing  removal  o f  e l e c t r o n s  

fo l lowed by emi s s ion  o f  t he  c h a r a c t e r i s t i c  x - r a y s .  Only 

t h a t  p o r t i o n  o f  t h e  cont inuum above t he  a b s o r p t i o n  edge o f  

t he  t a r g e t  m a t e r i a l  w i l l  be e f f e c t i v e  in  producing x - r a y s .  

The o t h e r  two methods o f  e x c i t a t i o n  i nv o lv e  charged p a r t i -
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c l e s .  E l e c t ro n  beam e x c i t a t i o n  i s  p robab ly  t h e  nex t  most 

o f t e n  used t e ch n iqu e  fol lowed by p o s i t i v e  ion (H+ ,He++, 

e t c . )  beam e x c i t a t i o n .  Since  r a d i o a c t i v e  sou rc e s  do no t  p r o ­

v ide  s u f f i c i e n t  i n t e n s i t y  f o r  a n a l y s i s  o f  smal l  amounts o f  

m a t e r i a l ,  most  charged  p a r t i c l e  e x c i t a t i o n  r e q u i r e s  t h e  use 

o f  an a c c e l e r a t o r .  The ch o i c e  o f  e x c i t a t i o n  sou rce  depends 

on many c r i t e r i a ,  i n c l u d i n g  t a r g e t  t h i c k n e s s ,  beam i n t e n s i ­

t y ,  s e n s i t i v i t y  o f  a n a l y s i s  d e s i r e d  and e f f i c i e n c y  f o r  x - r ay  

p r o d u c t i o n .  The e f f i c i e n c y  f o r  x - r a y  p ro d u c t i o n  o f  f l u o r e s ­

cen t  r a d i a t i o n  i s  o f t e n  ex p re s sed  as t o t a l  y i e l d ,  t h e  p ro ­

duc t  o f  t he  p r o b a b i l i t y  f o r  i o n i z a t i o n  (©•) and t he  f l u o r e s ­

cen t  y i e l d  ( u j )  . As can be seen from F ig .  I I I - A - 1 ^ 3 )  t h e  most  

e f f i c i e n t  method fo r  producing  x - r ays /quan tum of  i n c i d e n t  

r a d i a t i o n  i s  by photon p r o d u c t i o n .  However,  f o r  e l e c t r o n  

and p ro ton  p r od uc t i o n  ( h e a v i e r  i on s  fo l l ow  the  same t r e n d s )  

t he  e f f i c i e n c y  i n c r e a s e s  wi th  i n c r e a s i n g  energy whi l e  f or  

photon p rod uc t i o n  j u s t  t he  o p p o s i t e  i s  ob se rv ed .  This  a s ­

pec t  o f  photon p r od uc t i o n  c r e a t e s  many p r a c t i c a l  problems.  

In o r d e r  t o  perform m u l t i e l e m e n t  a n a l y s i s  i t  becomes ne ce s ­

s a ry  t o  i n c r e a s e  t he  quantum energy o f  t he  i n c i d e n t  f l u x  to 

e x c i t e  t he  high-Z e l em en t s .  This  however ,  w i l l  d e c r ea se  t he  

s e n s i t i v i t y  f o r  t he  l i g h t e r  e l e m e n t s .  To compensate  fo r  

t h i s  i t  i s  o f t e n  n e c e s s a r y  t o  perform m u l t i p l e  e x c i t a t i o n s  

a t  d i f f e r e n t  photon e n e r g i e s  f o r  each sample .

The b r e m s s t r a h l u ng  produced by e l a s t i c  s c a t t e r i n g  

even t s  make e l e c t r o n s  ve ry  u n d e s i r a b l e  as an e x c i t a t i o n
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s o u r c e .  This  i s  because  t he  cont inuum in g e n e r a l  w i l l  be so 

i n t e n s e  t h a t  t he  d e t e c t a b l e  l i m i t s  w i l l  be only  about  20 t o  

100 ppm fo r  Z=19 t o  30.  In c o n t r a s t ,  t h e  b r emss t r ah lung  

cont inuum fo r  p ro ton  e x c i t a t i o n  i s  much l e s s  i n t e n s e  and 

t hus  a l l ows  f o r  g r e a t e r  s e n s i t i v i t y .  As an example c o n s i d e r  

t h a t  t h e  maximum energy t h a t  can be impar ted  to  an e l e c t r o n  

from a p ro ton  in  an e l a s t i c  c o l l i s i o n  i s  g iven  by:

Ee = * HT Ep ( H I —A—1)

This  means t h a t  f o r  a 3*0 MeV p ro ton  t he  maximum energy t h a t  

can be impar ted  i s  on ly  6 .5  keV. This  c o r r e sp on ds  to an x-  

r ay  f o r  e lement  no.  26. The i n t e n s i t y  o f  t he  s econda ry-  

e l e c t r o n  b r em ss t r ah l ung  produced by a beam o f  p r o to n s  i s  

l e s s  t han  t h a t  produced by a beam o f  e l e c t r o n s  o f  t he  same

energy by a f a c t o r  o f  (^£-)2 , = 4x106 , because  o f  t he  s m a l l -
e

e r  a c c e l e r a t i o n s  e x pe r i enc ed  by t h e  p r o t o n s  due t o  t h e i r  

g r e a t e r  m a s s . ^ ^  S i n c e ,  however ,  p ro ton  e n e r g i e s  u s u a l l y  

a r e  102 t ime s  h i g h e r  t han  most  e l e c t r o n  e n e r g i e s  f o r  t h i s  

m i c r o a n a l y t i c a l  t e c h n i q u e ,  p ro ton  produced b r emss t r ah lung  

w i l l  on ly  be ca .  10^ l e s s  than  e l e c t r o n  produced 

b r e m s s t r a h l u n g .  This  i s  s t i l l  a s i g n i f i c a n t  r e d u c t i o n  in 

background and a l l ows  fo r  much g r e a t e r  s e n s i t i v i t y  and lower 

l i m i t s  o f  d e t e c t i o n  t han  do e l e c t r o n  induced methods.  

Another  source  o f  background a s s o c i a t e d  wi th  p ro ton  e x c i t a ­

t i o n  i s  t he  p ro ton  b r em ss t r ah l ung  produced as a r e s u l t  o f
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t h e  p ro ton  undergoing  s c a t t e r i n g  ev en t s  which r e s u l t  in en­

ergy l o s s .  This  background i s  app rox im a te ly  a l i n e a r  con­

t inuum ex t end ing  ou t  t o  t he  energy  o f  t he  p ro t o n .  Thus,  f o r  

p ro ton  e x c i t a t i o n  t he  background a s s o c i a t e d  wi th t he  a c t u a l  

s c a t t e r i n g  event  i s  composed o f  two so u r ce s :

a ) e l e c t r o n  b r em ss t r ah lu n g

b ) p r o t on  b r em ss t r ah lu ng

To e l i m i n a t e  t h e s e  as a source  o f  background one t r i e s  to

minimize t he  p ro ton  energy l o s s e s  by adher ing  to  t he  r e ­

qu i r emen t s  o f  a t h i n  t a r g e t .

Thin t a r g e t s  o f  <100 micrograms/cm^ w i l l  a t t e n u a t e  t he  

p ro ton  energy by on ly  a few p e r c e n t  and produce v i r t u a l l y  no 

background.  This  o f  c o u r s e ,  w i l l  ho t  on ly  lower  d e t e c t a b l e  

l i m i t s  because  o f  improved s i g n a l  to  n o i s e  r a t i o  f o r  low Z 

e l e m e n t s ,  bu t  i t  w i l l  a l s o  r e q u i r e  s m a l l e r  sample s i z e s  so 

t h a t  coun t i ng  t ime and t h e r e f o r e  a n a l y s i s  t ime w i l l  be i n ­

c r e a s e d .  This  however ,  i s  no t  a s e r i o u s  problem as a l l  e l e ­

ments a r e  e s s e n t i a l l y  counted  s i m u l t a n e o u s ly  so t h a t  o v e r a l l

t he  method w i l l  s t i l l  r e q u i r e  l e s s  t im e / e l e m en t  t han  any

o t h e r  t e ch n iq ue  a v a i l a b l e  f o r  t r a c e - e l e m e n t  a p p l i c a t i o n s .
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B. P roduc t i on  of  F l u o r e s c e n t  X-Rays Using 1-4 MeV P ro tons

The p rodu c t i on  o f  f l u o r e s c e n t  x - r ay s  fo r  a t a r g e t  

specimen can be ex p re s sed  by t h e  fo l l owing  eq.

A = N d a k uj p [jJL q ]  ( I I I - B - 1 )

where ;

N = number o f  atoms o f  a p a r t i c u l a r  e lement  

d = f l ux  of  p r o t on s  ( p r o t o n s / s q . c m . )  h i t t i n g  t he  t a r g e t  

= i o n i z a t i o n  c r o s s  s e c t i o n  fo r  a s p e c i f i c  K s h e l l  

u j  = f l u o r e s c e n c e  y i e l d  

p = r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t y  

and t he  term in  b r a c k e t s  i s  t he  o v e r a l l  e f f i c i e n c y  o f  t he  

d e t e c t o r .  The term r e l a t e s  t he  geome t r i c  e f f i c i e n c y  o f  

t he  d e t e c t o r  whi le  q i s  t he  d e t e c t o r  e f f i c i e n c y  f o r  t he  

g iven  x - r a y s .

The c r o s s  s e c t i o n  , 0 ^ f v a r i e s  d i r e c t l y  wi th  t he  e n e r ­

gy o f  t he  impinging p ro ton  as  seen i n  F ig .  I I I - B - 1 .  Thick 

t a r g e t s  w i l l  r e s u l t  in both energy l o s s  and decr ea sed  f l ux  

as t he  beam t r a v e r s e s  t he  t a r g e t ,  and w i l l  a l so  cause  a t ­

t e n u a t i o n  o f  t he  emi t t e d  f l u o r e s c e n t  x - r a y s ;  t h e r e f o r e ,  t h i n  

t a r g e t s  o f  app rox ima te ly  40-1000 pgrams/cm2 a r e  used .  Re­

t u r n i n g  to  eq.  I I I - B - 1  t h e  p roduc t  term cy u j  p can be com­

bined t o  a reduced c r o s s  s e c t i o n  c a l l e d  f t h e  e l e men ta l

x - r a y  p ro d u c t i o n  c r o s s  s e c t i o n  for  a g iven  s h e l l .  F igu re

I I I - B - 2  shows bo th  t he  magni tude  o f  t he  c r o s s  s e c t i o n  and 

i t s  dependence on t h e  a tomic  number fo r  some middl e  Z e l e -
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ments u s ing  3 .0  MeV p r o t o n s  f o r  e x c i t a t i o n .  F igu r e  I I I - B - 3  

shows how th e  p ro ton  energy  a f f e c t s  t he  c r o s s  s e c t i o n  from 

1.5 MeV t o  4 .0  MeV. In a d d i t i o n  Table  I I I - B - 1  p r e s e n t s  t he  

c a l c u l a t e d  K i o n i z a t i o n  c r o s s - s e c t i o n s  fo r  Z=19-50.  These 

c r o s s - s e c t i o n s  a r e  o b t a i ne d  us ing  t he  Binary Encounter  Ap­

p rox ima t i on  (BEA) g iven  by eq .  I I I - B - 2 . ( 5 )

*  1  i  i=5  i i
iS i 7  e *pi ? 0 bi  ' ( I I I •B .2)

k

whe re :

10"3E. 
X = ln-

bQ = 1.8451

b 1 = 0.60365

b2 = 0.44481

b3 = 0.17481

b4 = 0.11142

b5 = 0.09141

Ep = p ro ton  ene rgy  (eV)

I k = i o n i z a t i o n  energy  (eV)

At p ro t on  e n e r g i e s  above 4 . 0  MeV the  e r r o r s  a s s o c i a t e d



- 5 3 . 1 -

Tab le  I I I - B - 1  C a l c u l a t e d  K I o n i z a t i o n  C r o s s - s e c t i o n s  f o r
P ro tons  (1-4  MeV) {Barns}

I t  .No. ’ K(eV) 1 . OMeV 1 . 5MeV 2. OMeV- 2 . 5MeV 3 . OMeV 3 . 5MeV 4. OMeV
19 3507 1052 2111 3120 3965 4630 5139 5535
20 4038 602 1273 1965 2587 3107 3527 3859
21 4496 389 854 1362 1841 2260 2612 2899
22 4965 258 585 960 1329 1665 1957 2204
23 5465 172 403 678 960 1226 1466 1674
24 5989 116 280 482 697 907 1101 1275
25 6540 79.2 196 345 509 673 829 973
26 7112 54.7 139 249 374 502 628 746
27 7709 38.1 99 181 276 377 477 574
28 8333 26.8 71 .2 133 205 284 364 442
29 8979 19.0 51.7 97.7 153 215 278 342
30 9659 13.5 37.7 72 .3 115 163 213 265
31 10368 9.7 27 .6 53 .7 86.4 123 164 205
32 11104 6.98 20 .3 40 .2 65. 4 94.6 128 160
33 11868 5 . 0 15. 1 30.2 49.7 72 .6 97.9 137
34 12658 3.70 11.2 22 .8 38 .0 55.9 76.  1 97.8
35 13474 2.69 8. 45 17.4 29 .2 43.4 59 .5 76 .9
36 14322 1.97 6.36 13.3 22 .5 33.7 46.6 60.6
37 15201 1.44 ' 4.81 10.2 17. 4 26. 3 36.6 47 .9
38 16105 1.06 3.65 7.84 13.5 20.6 28 .8 38 .0
39 17037 .78 2.78 6.06 10.6 16.2 22.8 30 .3
40 17998 .58 2 .13 4.71 8.29 12.8 18.2 24.2
41 18986 .43 1.63 3.68 6.53 10.2 14.5 19.4
42 20002 .32 1.26 2.88 5.16 8.09 11.6 15.6
43 21054 .97 2.25 4. 09 6. 45 9.30 12.6
44 22118 .75 1.78 3.26 5 .18 7.51 10.22
45 23224 .58 1.41 2.60 4. 16 6.07 8.29
46 24350 .45 1.11 2.09 3-36 4.92 6.76
47 25515 .35 .88 1.67 2 .72 4.00 5 .52
48 2671 1 .27 .70 1.35 2 .20 3.26 4.52
49 27940 .21 .56 1.08 1.79 2 .66 3.70
50 29200 .17 .45 . .87 1.45 2.  18 3.05
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wi th  t h e  BEA a r e  about  10? too h igh ;  between 4 .0  MeV and 1.0 

MeV, agreement  wi th  ex pe r i m e n t a l  v a l u e s ^ )  i s good.  Proton 

c r o s s  s e c t i o n s  f o r  K x - r ay  p r o du c t i o n  a re  maximum a t  about  

15 MeV. As bo th  o f  t he  p r ev io u s  f i g u r e s  i n d i c a t e ,  t h e  c r o s s  

s e c t i o n  dependence on bo th  a tomic  number and p ro ton  energy 

fo l l ow  smooth c u r v e s .  This  i s  s i g n i f i c a n t  f o r  q u a n t i t a t i v e  

a n a l y s i s  s i n c e  on ly  a few r e f e r e n c e  s t a n d a r d s  need be used 

to  moni tor  changes  in  p ro ton  e n e r g i e s  and t o  r e a d i l y  normal ­

i z e  t he  r e s u l t s .  T h e r e f o r e ,  by imposing t he  r eq u i r emen t  o f  

a t h i n  t a r g e t ,  eq .  1. i s  now r e w r i t t e n  as  :

A = N [*©_ q ] ( I I I . B . 2 )

and can be used fo r  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  e l ement s  

p r e s e n t  i n  specimen t a r g e t s .  In a d d i t i o n ,  f o r  a g iven  d e t e c ­

t o r  wi th a f i xed  geomet ry ,  t h e  geometry and count i ng  e f f i ­

c i ency  terms w i l l  drop  ou t  s i n c e  s t a n d a r d s  a re  counted under 

t he  same c o n d i t i o n s .  The r e fo r e  eq .  I I I . B . 2  can be even 

f u r t h e r  s i m p l i f i e d  t o :

A = N frk 8$ ( I I I . B . 3 )

This  s i m p l i f i e d  e qu a t i o n  can be used f o r  q u a n t i t a t i v e

a n a l y s i s  as long as t h e  f o l l ow ing  expe r ime n t a l  c o n d i t i o n s

a r e  met .  Since  N, t h e  number o f  atoms t h a t  t he  p ro ton  beam

i r r a d i a t e s  depends on t h e  p o s i t i o n i n g  o f  t he  sample wi th 

r e s p e c t  t o  t he  beam, a method o f  p r e c i s e  t a r g e t  p o s i t i o n i n g  

must  be main t a ined  from sample change to  sample change ,  t hu s
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en su r ing  t h a t  t he  f u l l  sample l i e s  in  t h e  beam. In a d d i ­

t i o n ,  any l o s s  o f  m a t e r i a l  e i t h e r  t h rough  f l a k e - o f f  o r  v o l a ­

t i l i z a t i o n  w i l l  r e s u l t  in e x p e r i m e n t a l  e r r o r .  V o l a t i l i z a ­

t i o n  l o s s e s  can occur  in vacuum sys tems  where beam c u r r e n t s  

w i l l  r a i s e  t he  t em p e r a t u r e  o f  t he  t a r g e t  m a t e r i a l .  The na­

t u r e  o f  t he  l o s s  o f  cou r se  depends  on t he  e lement s  in  ques­

t i o n  and t he  t e m pe r a tu r e  i n c r e a s e  (which i s  beam c u r r e n t  

d e n s i t y  d e pe n da n t ) .  Campel l ,  e t  a l . ( 7 )  have shown t h a t  f o r  

beam c u r r e n t s  o f  l e s s  t han  50 nanoamps in  vacuum sys tem,  

t h e r e  i s  no s e r i o u s  l o s s  o f  even t he  most  v o l a t i l e  m a t e r i a l s  

over  many h o u r s .  Also,  s i n c e  t he  c r o s s - s e c t i o n  i s  energy 

dependent ,  samples  must  be t h i n  and ma t r i x  e f f e c t s  f o r  s t a n ­

da rd s  should  be s i m i l a r  to  samp le s .  F i n a l l y ,  a p r e c i s e ,  

a l t hou gh  no t  n e c e s s a r i l y  a c c u r a t e  measure o f  t he  i n t e g r a t e d  

beam f l ux  must  be made t o  en s u r e  t h a t  samples  a re  counted 

f o r  a known s t a nda rd  measure .
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C. PIXE System

The PIXE system i s  composed o f  f i v e  major  f e a t u r e s ;

a] a sou rce  o f  p r o t o n s ,

b]  a de focu s ing  and c o l l i m a t i n g  s e c t i o n ,

c]  a vacuum a p e r t u r e ,

d]  a sample chamber .

e]  a d e t e c t o r

Pro tons  a r e  g e n e r a t e d  wi th  a 3*75 MeV modif ied

Cockrof t -Wal ton  type  l i n e a r  a c c e l e r a t o r  c a l l e d  a Dynamitron 

(RDI I n c . ) .  This  a c c e l e r a t o r  i s  c apa b l e  o f  a c c e l e r a t i n g  

heavy i on s  up to  n i c k e l  and has c u r r e n t  c a p a b i l i t i e s  o f  up 

to  2 m i l l i amps  fo r  p r o t o n s  ( p r o p o r t i o n a t e l y  l e s s  f or

h e av i e r  i o n s ) .  For t he  PIXE work p ro ton  c u r r e n t s  from 2 t o  

5 microamps a re  t aken  ou t  o f  t he  machine a t  e n e r g i e s  o f  3*0 

Mev +0 .1? .

To ensure  t h a t  t he  c r o s s - s e c t i o n a l  p r o f i l e  o f  t h e  p ro­

ton beam i s  un i fo rm,  t he  p r o t o n s  a r e  defocused  and r e c o l ­

l ima ted  b e fo r e  emerging from the  t r a n s p o r t  sys tem.  Defocus­

ing i s  accompl i shed by a l l ow ing  t he  beam to  s c a t t e r  through

a t h i n  met a l  f o i l  ( e i t h e r  g o l d ,  n i c k e l , o r  t u n g s t e n ) .  The

s c a t t e r e d  beam i s  c o l l i m a t e d  by t h r e e  1 cm d i ame te r  g r a p h i t e

a p e r t u r e s  l o c a t e d  downstream o f  t h e  s c a t t e r i n g  f o i l  s e p a r a t ­

ed by g r a p h i t e  sp a c e r s  5-7 cm l o n g ( F i g .  I I I - C - 1 ) .

This  "homogenizing"  system i s  c on t a i ne d  in an aluminum 

pipe  and snugly  f i t s  i n s i d e  t he  4" s t a i n l e s s  s t e e l  t r a n s p o r t  

t ube  which a c t s  as  t he  h e a t  s i n k .  Proton energy  l o s s  f or
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t h i s  p r oc e s s  i s  app rox ima t e ly  from 400-600 kev depending on 

t he  f o i l  m a t e r i a l  and t h i c k n e s s .  Al though no t  e x p e r i m e n t a l ­

l y  v e r i f i e d ,  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  beam should be 

uniform in c r o s s - s e c t i o n a l  d e n s i t y  t o  b e t t e r  than  0.156. The 

e xac t  t h eo r y  f o r  m u l t i p l e  s c a t t e r i n g  was f i r s t  p r e s en t e d  in 

1940 by Goudsmit ,  e t  a l . ^ )  i t  was l a t e r  approximated by 

Mol iere  in 1947^2 ^ , and a f u r t h e r  approx imat ion  appeared in

1959 by B.P.  Nigam, e t  a l . ^ 3 )  j n 1 9 6 6 , Marion and Zimmer- 
641man' ' p r e sen t ed  a method fo r  c a l c u l a t i n g  t he  d i s t r i b u t i o n  

f u n c t i o n  and t he  va lue  o f  t he  s c a t t e r i n g  ang le  f o r  charged 

p a r t i c l e s .  For t he  e x a c t  t h e o r y  o f  m u l t i p l e  s c a t t e r i n g  t he  

r ea d e r  i s  r e f e r r e d  to  any o f  t he  pape r s  c i t e d  above,  on ly  

t he  method fo r  o b t a i n i n g  t he  ap p rox im a te ly  g a u s s i a n  d i s t r i ­

bu t i on  f u n c t i o n  and t he  s c a t t e r i n g  angle  as de te rmined  by 

Marion and Zimmerman wi l  be p r e s en t e d  h e r e .

The angu l a r  d i s t r i b u t i o n  f u n c t i o n  fo r  p ro t o n s  s c a t t e r e d  

by a f o i l  whose a tomic number i s  Z, and whose t h i c k n e s s  i s  t  

i s  approx ima te ly  g iven  by

F ( x ) a  e x p - ( x 2 / x2) ( I I I - C - 1 )

where

x l = 0.  1569 Z(Z+1)z2.
A(pv)2

t

B -  InB = b

b= i n2730 (Z+1)Z1 /3z 2t  
Ap2

-0 .1544
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Fig 11l-C-3 R ad ia l ly  Directed Distribution of S c a t te re d  Protons

^  f o i l

f i x | = { ^ r x ^ e x p .

d l =  V t a n  e ,
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xw = angle  a t  which F(x)  has f a l l e n  to 1 /e  o f  i t s  

o r i g i n a l  va lue  a t  x = 0.  

z= atomic if o f  i n c i d e n t  p a r t i c l e  

Z = a tomic if o f  s c a t t e r e r  

t= s c a t t e r e r  t h i c k n e s s ( g / c m 2 )

(pv)= momentum-veloci ty  p r odu c t  o f  i n c i d e n t  

P a r t i c l e  (MeV)

(pv )2 =(E2+2EMc2 )jB2

p2=1- (1+ i ) " 2
Me

E = average  energy  o f  i n c i d e n t  p a r t i c l e  in 

s c a t t e r e r (Me V)

Mc^s r e s t  mass energy  o f  i n c i d e n t  p a r t i c l e ( M e V ) .

One o f  t h e  l i m i t a t i o n s  o f  t he  t h e o r y  i s  in  t he  a l l o w ­

ab l e  v a lu e s  o f  B. The q u a n t i t y  e^ roughly  app rox imate s  t he  

number o f  c o l l i s i o n s  s u f f e r e d  by t h e  p a r t i c l e  in t r a s v e r s i n g  

t he  f o i l .  In o rd e r  to  use t he  app rox imat ion  t he  number o f  

c o l l i s i o n s  must  exceed 10-20.  I f  eb=15, t hen  b=2.7 and B=4. • 

At t he  o t h e r  ex t r eme ,  t oo  many c o l l i s i o n s  ( i . e .  t a r g e t  too  

t h i c k ) , energy  l o s s  in t he  f o i l  becomes e x c e s s i v e  and t he  

t h eo r y  i s  no' l ong e r  v a l i d .  As a r e a s o n a b l e  c r i t e r i o n  t he  

p a r t i c l e  must  l o s e  < 20? o f  i t s  i n i t i a l  energy i n  t he  f o i l .  

This  g e n e r a l l y  means iKB<_15. I f  one wishes  t o  know t h e  an­

g u l a r  d i s t r i b u t i o n ,  F ( x ) ,  or  t he  wid th ,  x . 0 f  t h e  curve  a tw •
t h e  1/e  p o i n t ,  z ,  Z, A, t  and B must be known. Next b i s  

computed and B found from t a b l e  I I I - C - 1 .  The va lue  o f  xw
and t he  ang u l a r  d i s t r i b u t i o n  f u n c t i o n  can nex t  be de te rmined
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by r e a d i n g  t he  va lue  x from the  graph ( f i g .  I I I - C - 2 )  and

m u l t i p l y i n g  by X B1/2 t o  o b t a i n  G ( i n  r a d i a n s ) .  The f r a c -
1e

t i o n  o f  p a r t i c l e s  s c a t t e r e d  i n t o  a cone co r r e sp ond ing  to xw
( c a l l e d  9_j) can be computed from 

e

9 1e
^  F(0) s inGd0

f r a c t i o n  = —£--------------------  ( I I I - C - 2 )
®max

f F(9) s in0dO 
0

As an example,  t h e  c ase  o f  a 0 .1  mil  gold  f o i l  and a

3 .0  MeV p ro ton  w i l l  be c o n s i d e r e d .  The number o f  c o l l i s i o n s  

exper i enced  by t h e  ave r age  p ro ton  w i l l  be e^;

w h e r e

t=4 .83  mg/cm^

Z=79

A=197 amu

f>2 = 6 .107 x  10“3

z =  1

a n d  t h e r e f o r e

e b =  e x p [ i n 3 . 7 5 7 x 1 0 3 J -  0.1544 ( I I I - C - 3 )

e b = e x p  8.077 = 3 . 2 2  x  103c o l l i s i o n s ( I I I - C - 4 )

eb= exp ln2730 (Z+1 ) Z ^ z ‘ i d - 1544 ( I I I - C - 3 )
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Table  I I I - C - 1  Values  o f  B and

b B B1/2

2 .6 3-982 1.995
2 .8 4.246 2.061
3 .0 4.505 2. 123
3 .2 4.760 2. 182
3 .4 5 .012 2.239
3.6 5.260 2.294
3 .8 5 .506 2.  346
4 .0 5.749 2.398
4 .2 5.990 2.447
4 .4 6.229 2.496
4 .6 6. 467 2.543
4.8 6.702 2.589
5 .0 6.937 2.634
5 .2 7.170 2.678
5 .4 7.402 2.721
5 .6 7 .632 2.763
5 . 8 7 .682 2.804
6 .0 8.091 2.844
6.2 8. 318 2.884
6.4 8.545 2. 923
6 .6 8.772 2.962
6 .8 8.997 2.999
7 . 0 9.222 3.037
7 . 2 9. 446 3-073
7 .4 9.669 3.109
7 .6 9.892 3.145
7 .8 10.114 3.180
8 . 0 10.336 3.215
8 . 2 10.557 3.249

B**^ C a l c u l a t e d  from B-lnBsb

b B b 1/2

8 .4 10.777 3.283
8.6 10.998 3.316
8.8 11.217 3.349
9 .0 11.437 3.382
9 .2 11.656 3.414
9.4 11.874 3. 446
9.6 12.093 3.477
9.8 12.310 3.509

10.0 12.528 3.539
10.2 12.745 3.570
10.4 12.962 3. 600
10.6 13.179 3.630
10.8 13-395 3. 660
11.0 13.611 3.689
11.2 13.827 3'.718
11.4 14.042 3.747
11.6 14.257 3.776
11.8 14.472 3.804
12.0 14.687 3.832
12.2 14.901 3.860
12.4 15.116 3.888
12.6 15.330 3-915
12.8 15.544 3.943
1 3 . 0 15.757 3.970
13.2 15.971 3.996
13.4 16.184 4.023
13.6 16.397 4.049
13.8 16.610 4.076
14.0 16.823 4. 102
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us ing  t a b l e  I I I - C - 1 ,  B=10.336 and B1/ 2 =3.215.  Next i s
v

c a l c u l a t e d  u s ing

us ing  t he  e x p re s s io n

we can de t e rmine  x asw
xw= ( x cB1 / 2 ) =0 .0 3 8  r a d i a n s = 2 . 17°

Thus 0^ t h e  1/2 an g l e  which d e f i n e s  a cone c o n t a i n ­

ing 69 .5?  o f  t he  s c a t t e r e d  p a r t i c l e s  f o l l ow ing  a ga u s s i a n  

d i s t r i b u t i o n  de f i n e d  by F(Q) and whose width  i s  x This  

d i s t r i b u t i o n  w i l l ,  upon emerging from the  f o i l ,  be r a d i a l l y  

d i r e c t e d  in t h e  foward d i r e c t i o n  as shown in  f i g .  I I I - C - 2 .  

I f  c o l l i m a t i o n  i s  a l lowed a t  some d i s t a n c e ,  d ^ f from the  

s u r f a c e  o f  t he  f o i l ,  t h en  t he  c o l l i m a t e d  beam w i l l  c o n t a i n  a 

f r a c t i o n  o f  t he  o r i g i n a l  cone ( f i g .  2) and to en s u r e  0 . 1 ?

R?homogenei ty o f  t he  beam the  r a t i o  o f  — should  be 1 x 1 0 -1 .  I f

X2 = 0.1569 (III-C-5)

where

( p v ) 2 = 5 . 8 7 7 x 1 0 3 p 2  =  3 . 5 8 9 x 1 0 1  

B2 = 6.107x10“3
and

Xc =1 . 18*Jx10“ 2
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Rg= 0 .5  cm then R2=1.56 cm. Re f e r r i n g  aga in  to  f i g . 2 , d-j, 

t h e  d i s t a n c e  n e ce s s a r y  t o  a ch i eve  a r a d i u s  Rg, can be c a l c u ­

l a t e d  u s ing  t he  r e l a t i o n s h i p ,  d 1= R,,/ t an  0, where 0=0^.
e

For t h i s  example d^ t u r n s  ou t  t o  be c a .  41 cm. T h e r e fo r e ,  t o  

a ch i eve  a homogeneous beam o f  p ro t o n s  u s ing  a 0 .1  mil  gold 

f o i l ,  f i n a l  c o l l i m a t i o n  must  t ake  p l a c e  a t  a d i s t a n c e  ca .  41 

cm from the  p o i n t  o f  s c a t t e r .

Table  I I I - C - 2  c o n t a i n s  t h e  t h e rma l  and p h y s i c a l  c h a r a c ­

t e r i s t i c s  f o r  some o f  t h e  e l emen t s  c o n s id e r e d  fo r  t h i n  f o i l  

d e f o c u s i n g .

Because o f  t h e i r  r e l a t i v e l y  h igh  d e n s i t i e s  and high Z, 

gold  and t u n gs t en  a r e  t he  b e s t  c h o i c e s  f o r  s c a t t e r i n g  f o i l s  

( h igh  Z m a t e r i a l s  w i l l  minimize energy  l o s s e s  per  c o l l i s i o n  

and h igh  d e n s i t y  m a t e r i a l s  w i l l  a l l ow use o f  t h i n n e r  f o i l s  

t o  p rov i de  t he  same s c a t t e r i n g  an g l e ,  which means l onge r  

f o i l  l i f e t i m e s . ) .  N i c ke l ,  w i th  a m e l t i n g  p o i n t  a lmos t  400 

deg ree s  h i g he r  t han  gold but  much lower  t han  t u n g s t e n  i s  a 

f r e q u e n t  cho ice  as  a s c a t t e r i n g  f o i l .  Marion and Young^^ 

i n d i c a t e  t h a t  c u r r e n t s  between 2 .25  and 3-00 microamps o f

3 .0  MeV p r o t o n s  on a 0 .1  mil  n i c k e l  f o i l  w i l l  r a p i d l y  l e ad  

to r u p t u r e .  At c u r r e n t s  above 3 microamps t he  f o i l  w i l l  

punc tu re  immedia t e ly .  Tungsten on t he  o t h e r  hand,  has t he  

same d e n s i t y  as  go ld  and by f a r  t he  h i g h e s t  m e l t i n g  p o i n t .  

We have been very  s u c c e s s f u l  in our l a b o r a t o r y  u s ing  a 0.1 

mil  t u n g s t e n  f o i l  f o r  3 or  4 days a t  a t ime us ing  3*5 pA
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Tab le  I I I - C - 2  
Element

P h y s i c a l  and Thermal C h a r a c t e r i s t i c s  o f  Thin F o i l s
dE/dX M. P.

>C.

Dens i ty

g/cm^

Therm. 
ConcL 

wa t t s / cm

Spe c . 
Heat .

c a l / g KeV/mg/cm*
8.92

10.5
8 .9

19.3
19.3

3.98
4.27

.899
3.15
1.78

~ W
48
60
37
38

Proton 
Rang^ 

mg/cm
Copper
S i l v e r
Nickel
Gold
Tungsten

. 0 9 2  

.056 

. 106 

.031 

.032

1093
960

1453
1063
3410

42.9
32.9 
61.8 
58.5
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proton  c u r r e n t s .  This  g r e a t l y  s u r p a s s e s  t he  l i f e t i m e  and 

c u r r e n t  c a p a b i l i t i e s  o f  Ni f o i l s .  In a d d i t i o n ,  i t s  l i f e ­

t imes  a r e  comparable  wi th  gold  f o i l s  and much l e s s  expen­

s i v e .  One problem wi th t he  t u n g s t e n  f o i l s  however ,  i s  t h a t  

t hey  may no t  be l i g h t  t i g h t  a t  t h e s e  t h i c k n e s s e s  and so each 

f o i l  has  to  be checked for  pin h o l e s .  We have been f a i r l y  

s u c c e s s f u l  o b t a i n i n g  good f o i l s  from Goodfel low Meta l s  Ltd .

The c o l l i m a t e d  beam e n t e r s  t he  t a r g e t  chamber t h rough  a 

1 mil  Kapton window ( f i g  I I I - C - 4 ) ,  epoxy s e a l e d  t o  a b r a s s  

r i n g  , which i s  l o c a t e d  a t  t h e  end o f  t h e  beam t u b e .  The 

b r a s s  r i n g  i s  s e a t e d  on an o - r i n g  a t  t he  end o f  a g r a p h i t e -  

l i n e d  p o r t ,  which co n ne c t s  t o  t he  beam tu b e .  The p o r t  i s  

machined from aluminum and a c t s  as  a f i n a l  c o l l i m a t o r  f o r  

t he  emerging p roton  beam. The energy  l o s s  in  t he  Kapton i s  

a l s o  about  400 kev.  Kapton was chosen because  o f  i t s  e x c e l ­

l e n t  r e s i s t e n c e  t o  r a d i a t i o n  damage.  On t he  aver age  each 

window w i l l  l a s t  from 2 t o  3 days a t  200 nA b e fo re  r a d i a t i o n  

damage n e c e s s i t a t e s  removal  to p r ev e n t  r u p t u r i n g .

The h e l i u m - f i l l e d  t a r g e t  chamber ,  an A1 box,  18” on a 

s i d e ,  c o n t a ine d  t he  sample chang e r ,  a modi f i ed  Carouse l  p ro ­

j e c t o r  wi th l e n s ,  e t c  removed and so mounted t h a t  t he  emerg­

ing beam was 4 cm from the  t a r g e t .  The Kapton window 

mounted on t he  end o f  t he  beam tube  p r o t r u d e s  i n s i d e  t he  

chamber to a depth  o f  about  30 cm. The e n t i r e  chamber i s  

main ta ined  a t  a p o s i t i v e  He p r e s s u r e  to  d e c r ea se  t he  p ro ton  

s c a t t e r ,  e l i m i n a t e  charge  b u i l d - u p ,  p r ov id e  t a r g e t  co o l i n g
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and t o  e l i m i n a t e  argon x - r a y s  from the  c o l l e c t e d  s p e c t r a .  

The energy l o s s  in t r a s v e r s i n g  t he  He i s  about  125 kev.  

Thus t he  n e t  energy l o s s  f o r  t he  e n t i r e  system i s  about  1 

MeV and t he  be am-cu r r e n t  r a t i o  from homogenizer  to  t a r g e t  i s  

about  1H:1. The advan t ages  o f  us ing  a hel ium atmosphere 

r a t h e r  than  t he  more u sua l  vacuum in t he  t a r g e t  chamber a re  

numerous:

a) t he  chamber r e q u i r e s  no l e n g t h y  pump down t ime s  as 

do most  c o n v e n t i o n a l  vacuum sys tems cap ab l e  o f  hand l i ng  

such l a r g e  numbers o f  s amp le s .  Most s l i d e  mounted t a r ­

g e t s  r e q u i r e  up t o  s e v e r a l  days o f  o u t g a s s i n g  be fo r e  a 

t r a y  o f  s l i d e s  can be used in a vacuum sys tem.  For va­

cuum sys tems which have s h o r t  pump down t im es  ( 1/2 

hour  or  more) t he  number o f  t a r g e t s  a r e  very  smal l  

( u s u a l l y  <10) .  In our hel ium system we can change a 

t r a y  o f  80 s l i d e s  and be o p e r a t i o n a l  in l e s s  than  20 

min .

b ) t h e  hel ium p ro v i d e s  co o l i n g  fo r  t he  t a r g e t  so t h a t  

much l a r g e r  c u r r e n t s  a r e  p o s s i b l e  wi th  l i t t l e  or  no 

damage to  t he  t a r g e t  and a l s o ,  t a r g e t s  can be i r r a d i a t ­

ed for  l o n ge r  p e r i o d s  o f  t im e .  These two advan t ages  

compensate  f o r  t he  l o s s  in  s i g n a l  i n t e n s i t y  due to  a t ­

t e n u a t i o n  by t h e  He in  t h e  x - r a y  p a th .

c)  No s p e c i a l  m o d i f i c a t i o n s  had to  be made to  t he  

Carouse l  p r o j e c t o r  to  work under  vacuum c o n d i t i o n s .

d) c o n s t r u c t i o n  c o s t s  were much lower t han  fo r  a vacuum
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system s i n c e  no s p e c i a l  p r e c a u t i o n s  were needed fo r  

s i g n a l  c o n n e c t o r s ,  d e t e c t o r  mount ing,  sample i n l e t ,  

e t c .

A d i s a d v an t a g e  o f  t he  system i s  t he  l o s s  o f  s e n s i t i v i t y  f o r  

t he  l i g h t e r  e lement s  due to  a b s o r p t i o n  and s c a t t e r  o f  t he  

long wavelength  (low energy)  x - r ay s  by t h e  be ry l l i u m  window 

o f  t he  S i ( L i )  d e t e c t o r ,  by t h e  (0 .1  mi l )  Mylar window 

s e p a r a t i n g  t he  d e t e c t o r  from the  hel ium a tmosphere ,  and by 

t h e  hel ium i t s e l f .  In g e n e r a l ,  t h e  l owes t  d e t e c t a b l e  e lement  

f o r  our  system i s  aluminum. The c r i t e r i o n  we adopt  he re  f or  

d e t e c t a b i l i t y  i s  t h a t  t he  n e t  peak a r e a  (peak minus back­

ground) must be g r e a t e r  t han  10 count s  f o r  a c o l l e c t e d  

charge  o f  40 pcoulombs.

The S i ( L i )  d e t e c t o r  i s  s i t u a t e d  a t  45 deg ree s  from the  

f r o n t  s u r f a c e  o f  t h e  t a r g e t  in a f i x ed  geometry (about  8 cm. 

from t a r g e t  to b e ry l l i u m  window).  The t a r g e t s  a re  dropped 

i n to  t he  beam pa th  u s ing  t he  modi f ied  Kodak Carousel  p r o j e c ­

t o r  r emo te ly  a c t i v a t e d  from the  c o n t r o l  room a r e a .  The 

s l i d e  c o n f i g u r a t i o n  i s  moni tored  us ing  a remote t e l e v i s i o n  

camera.  Beam c u r r e n t  i s  i n t e g r a t e d  us ing  a g r a p h i t e - l i n e d  

Faraday cup,  ( t h i s  i s  a l s o  t he  beam dump) s ea l ed  a t  t he  open 

end wi th  0.1 mil  Mylar and l o c a t e d  ca .  6 cm behind the t a r ­

g e t .  Al l  s p e c t r a  a r e  r e co rded  fo r  a g iven  amount o f  c o l l e c t ­

ed charge  c o r r e c t e d  fo r  dead t ime .  This  p rocedu re  i s  p r e ­

f e r r e d  ( r a t h e r  than  coun t i ng  fo r  a p r ede t e rmined  t ime)  be­

cause  o f  f l u c t u a t i o n s  in  beam i n t e n s i t y .  F i g u re s  I I I - C - 4  and
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I I I - C - 6  show th e  ex p e r im e n t a l  s e t - u p .

The d a t a  han d l i ng  network f o r  t he  PIXE system i s  shown 

in f i g .  I I I - C - 5 .  The c u r r e n t  c o l l e c t e d  in t he  Faraday cup i s  

s e n t  v i a  s i g n a l  c ab l e  from the  a c c e l e r a t o r  v a u l t  to  t he  con­

t r o l  room where a c u r r e n t  d i g i t i z e r  (Or tec  model 439) wi th  a 

b u i l t  in  ammeter mo n i to r s  i n s t a n t a n e o u s  f l u c t u a t i o n s  in t he  

p ro ton  c u r r e n t .  The measured c u r r e n t  i s  d i g i t i z e d ,  i n v e r t e d  

and summed wi th t he  bu sy -o u t  s i g n a l  from the  a m p l i f i e r  and 

then  s e n t  t o  a mas te r  s c a l e r  which a c t s  as a beam i n t e g r a t o r  

and c o n t r o l l e r  f o r  t he  4000 channne l  a n a l y z e r .  When a busy -  

out  pu l s e  i s  summed wi th  t he  d i g i t i z e d  c u r r e n t  p u l s e  t he  

r e s u l t i n g  pu l s e  c ause s  an i n h i b i t  s i g n a l  to  be p roce s sed  

from the  s c a l e r  to t he  a n a l y z e r  s t opp ing  t he  spect rum accu­

mula t ion  u n t i l  t he  a m p l i f i e r  r e c o v e r s .

The x - r a y s  a r e  d e t e c t e d  in a 30 mm̂  KeVex S i ( l i )  d e t e c ­

t o r  which has a 1.0 mil  Be window. The s i g n a l s  a r e  shaped 

us ing  t he  a s s o c i a t e d  p r e - a m p - a m p l i f i e r  system in t he  a c ­

c e l e r a t o r  v a u l t .  Some problems d id  a r i s e  o r i g i n a l l y ,  due to  

h igh l e v e l s  o f  r a d i a t i o n  which t he  pre-amp was exposed t o ,  

bu t  adequa te  s h i e l d i n g  has a l l e v i a t e d  t he  problem.  The am­

p l i f i e r  s i g n a l s  a r e  fed to  t he  c o n t r o l  room wi th  some l o s s  

in  pu l se  shape and c h a r a c t e r i s t i c s  ( l e s s  than  10 eV l o s s  in 

r e s o l u t i o n )  due t o  t he  150’ s i g n a l  c a b l e s .  Spectrum accumu­

l a t i o n  i s  normal ly  f o r  a g iven  amount o f  c o l l e c t e d  c ha r ge ,  

a t  which p o i n t  t he  mas te r  s c a l e r  a u t o m a t i c a l l y  t e r m i n a t e s  

a c c u m u l a t i o n .
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Once t h e  run i s  co mp le t e ,  t h e  s p e c t r a  which have been 

r eco rded  on magnet ic  t ape  a r e  t r a n s p o r t e d  to  a PDP- I I / 1̂  

Unix system a v a i l a b l e  on campus.  The d a t a  a re  conve r t ed  to 

card  image format  and a l l  t he  a s s o c i a t e d  run pa r amete r s  

( i . e .  t o t a l  c o l l e c t e d  c h a r g e ,  spec t rum l a b e l ,  e t c )  a re  o r ­

ganized and submi t t ed  to t he  computer  code fo r  a n a l y s i s .  

The computer  code,  B r u t a l ,  o b t a in ed  from Brookhaven Labora­

t o r i e s  was w r i t t e n  a t  Livermore L a b o r a t o r i e s  f o r  a n a l y s i s  o f  

Ge(Li)  s p e c t r a .  M o d i f i c a t i o n s  t o  t he  code were made a t  

Brooklyn Col lege  so t h a t  i t  could  ana ly se  x - r ay  s p e c t r a  and 

be run on t h e  IBM-370 i n s t e a d  o f  t he  CDC-6600 f o r  which i t  

was o r i g i n a l l y  w r i t t e n .  Output  from the  code can produce 

hardcopy p l o t s  on a Calcomp 30" p l o t t e r ,  whi le  numer i ca l  

r e s u l t s  a re  s e n t  to  t h e  p r i n t e r .  Turn-around t ime and t he  

l a c k  o f  d i r e c t  i n t e r a c t i o n  wi th  s p e c t r a  be ing  ana lysed  make 

t h i s  method o f  d a t a  r e d u c t i o n  u n d e s i r a b l e .  The a c c e l e r a t o r  

f a c i l i t y  i s  in  t h e  p ro c e s s  o f  modi fy ing  t h e i r  e x i s t i n g  da t a  

network t o  i n c l u d e  o n - l i n e  a n a l y s i s  c a p a b i l i t y .
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D. Standards preparation

The fo l l owing  c o n s i d e r a t i o n s  were observed in e s t a b ­

l i s h i n g  an ex pe r i m e n t a l  system from which q u a n t i t a t i v e  

d e t e r m i n a t i o n s  o f  unknowns could  be made:

a) sample t h i c k n e s s  must  r es emble  t he  t h i c k n e s s  o f  

t he  s t a n d a r d

b) t he  c o n c e n t r a t i o n  r ange  must  cover  t he  range  

o f  a n a l y s i s  d e s i r e d .

c) one must  have a c a l i b r a t i o n  curve  from which 

unknown amounts o f  any d e t e c t a b l e  e lement  can be 

d e t e r m i n e d .

S o l u t i o n s  o f  c a .  0.01 M c o n c e n t r a t i o n  o f  a s a l t  o f  t he  

e lement  in q u e s t i o n  were p r epared  and analyzed by s t a nd a r d  

a n a l y t i c a l  p r o ce du r e s .  Table  I I I -D -1  g i v e s  t he  method o f  

a n a l y s i s  chosen fo r  each s o l u t i o n  and t he  e r r o r  a s s o c i a t e d  

wi th t h a t  a n a l y s i s .  App ro p r i a t e  d i l u t i o n s  o f  t h e s e  s t o ck  

s o l u t i o n s  were made t o  o b t a i n  t he  d e s i r e d  c o n c e n t r a t i o n s  o f  

t he  e l emen t ,  in  pgrams/ml ,  n e c e s s a r y  t o  p r epa re  t he  s t a n ­

dard s l i d e s .  A c a l i b r a t e d  p l i t e r  p i p e t t e  was used to  apply  

c a .  0 .05 ml o f  s o l u t i o n  to  a t h i n  (0 .1  mi l )  f i lm of. Mylar .  

The drop was t hen  a l l owed t o  e v ap o ra t e  b e fo r e  be ing  covered 

wi th a t h i n  f i lm  ( c a .  1 mg/cm^) 0 f  Krylon (a c l e a r  a c r y l i c  

p l a s t i c )  to p r even t  f l a k i n g  or  l o s s  t h rough  v o l a t i l i z a t i o n .
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Tab le  I I I - D - 1 . D e s c r i p t i o  

Element

n o f  A n a l y t i c a l  Methods used for .  P repa r ing  
PIXE S t a n d a r d s .  .

A n a l y t i c a l  Method E xp t . E r ro rCompound

S
Cl

K
Ca

Cr
Ti
V
Mn
Fe
Co
Cu
Br
Sr
Pb
Ba
Lu
Ag

Na^POjj

Na.

•2
2S0,  

BaCl„ + NaCl

K?Cr?07 
CaCl2 H^0

K2Cr2°7

Cu(NO,)p’ 2HpO 
MgBrt, oH0Cr

Pb(NOp)p
BaClp*

LOO 
AgNO

H|0

P o t e n t i o m e t r i c  
T i t r a t i o n  wi th  
HNO-,

g r a v i m e t r i c  
AgCl + AgNO.

as 
po-

t e n t i o m e t r i c J t i ­
t r a t i o n
Pr imary  S t an da r d .

asg r a v i m e t r i c  
t he  o x a l a t e  
Pr imary  S t an da r d .

1000 ppm A.A.S. S t a nda rds
ii

I d i o m e t r i c  T i t r a t i o n  
AgBr g r a v i m e t r i c  

1000 ppm A.A.S. S tanda rds  
Chromate g r a v i m e t r i c  
BaCrpOn g r a v i m e t r i c  

99.999? pu re -  Na f u s i o n  to  d i s s o v l e  
P o t e n t i o m e t r i c  
t i t r a t i o n  v s .
NaCl and Gra­
v i m e t r i c  as  AgCl 
us ing  NaCl ( p r i ­
mary s t a n d a r d )

+3 p p t .

+ 4 p p t .

+5 p p t .

<5 +
If

ft

fl
II

+ 1 . 4 p p t , 
+ 5 p p t .

+ p p t . 
+ p p t .

+1 p p t .
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E. System Calibration and Maintenance
The PIXE system i s  c a l i b r a t e d ,  as p r e v i o u s l y  ment ioned ,  

wi th  p repa red  s t a n d a r d s  ( s e c t i o n  I I I - D ) .  Since  t he  system 

i s  dynamic,  and changes  in t he  system w i l l  cause  changes  in 

t he  c a l i b r a t i o n ,  i t  i s  wise t o  c a l i b r a t e  t he  system p e r i o d i ­

c a l l y  ( f i g  I I I - C - 5 ) .

Our f i r s t  s u c c e s s f u l  use o f  t h e  PIXE sys tem was in  Au­

gus t  1976, bu t  due to  i na de qu a t e  d e t e c t o r  s h i e l d i n g ,  t he  

background r a d i a t i o n  was s eve re  and s e n s i t i v i t y  was very  

l i m i t e d .  Pro ton  and e l e c t r o n  b r em s s t r ah l u n g  were ve ry  h igh  

as i s  shown in f i g s .  I I I - E - 1 ,  I I I - E - 2 ,  and I I I - E - 3 .  F ig .  

I I I - E - 1  i s  a spect rum ob t a i ned  from the  PIXE chamber wi th 

beam, bu t  no s l i d e  in  p l ac e  and so r e p r e s e n t s  chamber back­

ground.  Not on ly  was t he  background h igh ,  bu t  t h e r e  were 

i m p u r i t i e s  due t o  a rgon,  i r o n ,  and manganese.  F ig .  I I I - E - 2  

shows t he  spect rum ob t a i ned  from 130 nanograms o f  Cu a f t e r  

be ing  r ecorded  f o r  40 pcoulombs,  which r e p r e s e n t e d  our lower 

l i m i t  o f  d e t e c t i o n .  F ig .  I I I - E - 3  sh o w s ' t h e  spect rum o f  s t a g e  

6 in a p r e l i m i n a r y  a i r  sample ,  and r e p r e s e n t s  0 . 5  pm p a r t i ­

c l e s ,  bu t  on ly  s u l f u r  and copper  peaks a re  e v i d e n t  above 

background.

Other  problems which plagued us a t  t h i s  t ime were;  

n o n - r e p r o d u c i b l e  p ro ton  beam i n t e g r a t i o n ,  a l e aky  sampl ing 

chamber and a problem o b t a i n i n g  a c o n s t a n t  c o n f i g u r a t i o n  for  

t he  d e t e c t o r .  We a l s o  ex pe r i enced  some s i g n a l  t r a n s m i s s i o n  

d i f f i c u l t i e s  which we l a t e r  found t r a c a b l e  to  c r o s s - t a l k  in
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t he  c a b l e  bund l e s  r unning  from the  a c c e l e r a t o r  v a u l t  t o  t he  

c o n t r o l  room.

Proper  s h i e l d i n g ,  bo th  i n s i d e  t he  chamber and around 

t he  d e t e c t o r ,  minimized background r a d i a t i o n  and al lowed us 

to  reduce  our minimum d e t e c t a b l e  l i m i t s  f o r  Cu t o  1 nanogram 

fo r  80 pcoulombs o f  c o l l e c t e d  c ha r ge .  The problems a s s o c i ­

a ted  wi th t he  n o n - r e p r o d u c i b i l i t y  o f  t he  p ro ton  beam i n ­

t e g r a t i o n  were a l l e v i a t e d  by p l a c i n g  a p i ece  o f  Mylar a c r o s s  

t he  f a ce  o f  t h e  Faraday cup .  This  e l i m i n a t e d  charge  b u i l d ­

up and escape  of  c o l l e c t e d  charge  from the  beam dump. 

Cur r en t  i n t e g r a t i o n s  a r e  now r e p r o d u c i b l e  t o  b e t t e r  t han  1%. 

A d i s a d v a n t a g e  to t h i s  t e c h n i q u e ,  a l t h o ug h  no t  a s e r i o u s  

one,  i s  t h a t  t he  Mylar s u f f e r s  from r a d i a t i o n  damage and 

must be r e p l a ce d  a t  t he  end o f  each day .  This  t a k e s  no more 

than  f i v e  minu t e s  t o  a ccompl i sh .

The d e t e c t o r  c o n f i g u r a t i o n  was s t a b i l i z e d  by a f f i x i n g  a 

Luc i t e  a d a p t e r  to  t he  sample chamber which accep t ed  t he  nose 

o f  t h e  d e t e c t o r ,  wi th  a t i g h t  f i t ,  t o  & d ep th  o f  about  3 

i n c h e s .  Fig I I I - E - 4  shows t h e  r e s u l t s  o f  t h e s e  m o d i f i c a ­

t i o n s .  This  f i g u r e  i s  a c o l l e c t i o n  o f  s p e c t r a  r e p r e s e n t i n g  

s t a g e s  1-6 o f  an a i r  sample c o l l e c t e d  a t  Cooper Union.  Fig 

I I I - E - 5  shows t he  c a l i b r a t i o n  cu rv es  f o r  t h r e e  PIXE runs  

du r ing  1977. The change in  s e n s i t i v i t y  from run to  run i s  

most p robab ly  caused by changes  in t he  d e t e c t o r  p o s i t i o n i n g  

r e l a t i v e  t o  t he  t a r g e t ,  and v a r i a t i o n s  in  t he  s c a t t e r i n g  

f o i l  c h a r a c t e r i s t i c s  and t h i c k n e s s e s .  These a r e  major  p rob-
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lems wi th  t he  system a t  p r e s e n t .  The t o l e r a n c e  o f  t he  l u -  

c i t e  ho l d e r  n e ce s s a r y  t o  remove and i n s e r t  t he  d e t e c t o r  a l ­

lows fo r  s u b s t a n t i a l  d e t e c t o r  movement and t hus  can change 

s e n s i t i v i t y .  This  does  n o t ,  however ,  a f f e c t  r e p r o d u c i b i l i t y ,  

as once p o s i t i o n e d ,  a c o n s t a n t  c o n f i g u r a t i o n  i s  m a i n t a i n e d .  

Degrada t i on  o f  t he  s c a t t e r i n g  f o i l  under  t he  i n f l u e n c e  o f

h igh  beam c u r r e n t s  (< 3 pA) fo r  long p e r i o d s  o f  t ime  w i l l  

change t he  r a t i o  o f  beam c u r r e n t  on Homogenizer to Faraday 

cup.  The r a t i o  ( H . / F . c )  f o r  a new t u n g s t e n  f o i l  i s  about  

14:1.  This  r a t i o  can deg rade  to  about  9:1 w i t h i n  48 t o  72 

hour s  o f  use a t  beam c u r r e n t s  above 3 pA. The r a t e  o f  f o i l  

d e t e r i o r a t i o n  i s  d i r e c t l y  r e l a t e d  to  beam i n t e n s i t y  and i t  

has  been observed t h a t  above 4 .5  pA. the  f o i l  w i l l  l a s t  on ly  

a few hou r s  a t  b e s t .  The H /F . c .  i's an a c c u r a t e  moni to r  o f

t he  f o i l  i n t e g r i t y  and should  be obse rved  as normal  p ro ­

cedure  du r ing  t he  PIXE ru n .

I t  i s  recommended t h a t ,  s i n c e  changing t he  f o i l  r e ­

q u i r e s  opening t he  beam tube  to a tmosphe re ,  t h i s  o p e r a t i o n  

be done a t  t he  comple t i on  o f  a d a y ’ s r u n .  To ta l  t ime n e c e s ­

s a ry  t o  b r i n g  t he  beam tube  vacuum down to  o p e r a t i n g  co n d i ­

t i o n s  (> 5 x10“6 t o r r )  a f t e r  f o i l  r ep l acemen t  i s  u s u a l l y  

around 2 h ou r s .  Exper ience  has  shown t h a t  a f o i l  should  be 

r ep l a ce d  every  t h r e e  days under  normal  running  c o n d i t i o n s  o r  

i f  t h e  r a t i o  d rops  below 8 . 5 : 1 .  Fo i l  l i f e t i m e  can p robab ly  

be extended i f  t he  h e a t  con duc t i on  from the  f o i l  cou ld  be

i n c r e a s e d .
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Another  p o r t i o n  o f  t he  beam t r a n s p o r t  s e c t i o n  o f  t he  

PIXE sys tem which r e q u i r e s  ma in tenance  i s  t he  Kapton window. 

Kapton,  a polyamide r e s i n  manufac tur ed  by Du Pont ,  was

chosen f o r  i t s  e x c e l l e n t  r e s i s t a n c e  t o  r a d i a t i o n  damage. 

Rupture o f  t he  Kapton window i s  t h e  s i n g l e  most  s i g n i f i c a n t  

system f a i l u r e  because  i t  exposes  t he  beam tube  to t he  h e l i ­

um atmosphere  o f  t he  t a r g e t  chamber .  F o i l  f a t i g u e  could

r e s u l t  in an implos ion  o f  t he  g l a s s  p l a t e  on t op  o f  t he  t a r ­

g e t  chamber as a r e s u l t  o f  t he  sudden reduced p r e s s u r e .  To 

p r ev e n t  major  damage to  t he  chamber ,  a s a f e t y  v a l v e ,  i n  t he  

form o f  a 1/2" d i ame te r  ho l e  covered  wi th  a t h i n  g l a s s  

p l a t e ,  was i n s t a l l e d .  In t he  ev en t  o f  a r u p t u r e  o f  t he  Kap­

ton window, t h i s  p l a t e  should  b r e a k ,  e q u a l i z i n g  t he  p r e s s u r e  

and p r e ve n t i n g  major  damage.

In g e n e r a l ,  t h e  Kapton,  which i s  1 mil  t h i c k ,  w i l l  l a s t  

f o r  t h r e e  or  four  days o f  r unn ing  under  normal  c o n d i t i o n s .  

C o n s i d e r a t i o n s  fo r  changing t he  Kapton window a r e  t he  same 

as  f o r  t he  s c a t t e r i n g  f o i l  ( i . e  l o s s  o f  beam tube  vacuum) 

and so should  be performed a f t e r  a days run t o  a l l ow f o r

o v e r n i g h t  pump-down. Usua l ly  i t  i s  good p r a c t i c e  t o  change 

bo th  t he  s c a t t e r i n g  f o i l  and t he  Kapton window eve r y  t h i r d  

day .  I t  i s  d e s i r a b l e  to  have many (8-10)  windows p r epa red  in 

advance o f  a run to  en su re  an adequa t e  supp ly .

The h igh  r a t e  o f  hel ium consumpt ion i s  a l s o  a minor

problem which should  be c o r r e c t e d .  At p r e s e n t ,  consumpt ion 

i s  app roxima te ly  one 2500 l b / i n 2 i n d u s t r i a l  g r ade  t ank  per



-73-
12-14 h r .  day ,  a t  a c o s t  per  t ank  o f  about  21 d o l l a r s .  

Reduct ion t o  1/2 t h i s  r a t e  should  be p o s s i b l e  by use o f  a 

more a c c u r a t e  f l ow -m e te r .  I t  i s  a l s o  good p r a c t i c e  to  main­

t a i n  a supp ly  o f  he l ium in e x ce s s s  o f  expec ted  needs  (a good 

r u l e  o f  thumb i s  n+2 b o t t l e s  where n i s  t he  number o f  a n t i ­

c i p a t e d  days in t he  r u n ) .
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Section IV.

A. R e su l t s  and Conc lus ions

Before p r e s e n t i n g  t he  d a t a  ob t a in ed  dur ing  t he  sampling 

p e r i o d s  d e s c r i b e d  in s e c t i o n  I . ,  I would l i k e  to  c l a r i f y  

some p o i n t s  and d e f i n i t i o n s  which w i l l  be used t o  i n t e r p r e t  

t h e  d a t a .  The m e t e o r o l o g i c a l  i n f o r m a t i o n ,  i n c l u d i n g  tem­

p e r a t u r e ,  wind speed and d i r e c t i o n  (measured a t  Cen t r a l  

Pa rk ) ,  mixing h e i g h t  (measured a t  F t .  T o t t e n ) ,  e t c  were ob­

t a i n e d  from the  Na t i ona l  Weather Service-New York Observa to ­

r y .  Al though weather  c o n d i t i o n s  a t  t he  sampling s t a t i o n s  may 

have been d i f f e r e n t  due t o  l o c a l  s i t u a t i o n s  d i s c u s s e d  e a r ­

l i e r  ( s e c .  I ) ,  i t  i s  f e l t  t h a t  t h e s e  l o c a l  s i t u a t i o n s  s t i l l  

r e f l e c t  g e n e r a l  a tmosphe r i c  weather  c o n d i t i o n s  and t h e r e f o r e  

d a t a  o b t a in ed  from C e n t r a l  Park i s  v a l i d .

Data,  f o r  o t h e r  t han  f r a t i o n a t e d  p a r t i c u l a t e  m a t e r i a l ,  

were ob t a i ned  from the  D.E.P.  To ta l  Suspended P a r t i c u l a t e s  

(TSP) da t a  a re  24 hour  samples measured a t  41 l o c a t i o n s  

t h roughou t  t h e  c i t y .  Carbon monoxide and s u l f u r  d i o x i d e  a re  

measured c o n t i n u o u s l y  wi th  h o u r l y  ave r a ge s  r e p o r t e d .  The SC^ 

r e a d i n g s  were t aken  from a l l  around t he  c i t y  and used to

moni to r  SO^  t r e n d s  on a c i t y  wide b a s i s .  CO measurements  

were t aken  only from the  t h r e e  "Ecolyzer "  sampler s  l o c a t e d  

a t  t he  t emporary  R o c k e f e l l e r  Center  sampling s i t e s  and were 

used to  moni tor  l o c a l  emi ss ion  s o u r c e s .  The p a r t i c u l a t e  ma­

t e r i a l  d a t a  i s  p r e s en t e d  in two forms,  f i r s t ,  as 

nanograms/m^ i n  t a b u l a r  form and t hen ,  f o r  s e l e c t e d  e l e ­
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ments ,  as  mass d i s t r i b u t i o n s .  I would l i k e  t o  s t r e s s  t h a t  

t he  p a r t i c u l a t e  m a t e r i a l  c o l l e c t e d  v ia  impactor  does no t  

r e p r e s e n t  t he  whole a e r o s o l ,  bu t  r a t h e r  on ly  t h a t  f r a c t i o n  

con t a ine d  in t he  s i z e  range  0 . 5  pm and above.  P a r t i c l e s  

sm a l l e r  than 0 .5  pm, and t h e r e f o r e  c o l l e c t e d  on t he  a f t e r ­

f i l t e r ,  were no t  r o u t i n e l y  measured .  Thus,  any c o n c l u s i o n s  

drawn from th e s e  d a t a  w i l l  be skewed s l i g h t l y ,  in  t he  l a r g e  

p a r t i c l e  d i r e c t i o n .  For a d e s c r i p t i o n  o f  t he  sampling l o c a ­

t i o n s  p l e a s e  r e f e r  t o  s e c .  I .

Cooper Union

This  p r e l i m i n a r y  i n v e s t i g a t i o n  was unde r t aken  to a s s e s s  

t he  magni tude  o f  e r r o r s  o f  sampl ing we could  expec t  when do­

ing a p r o f i l e  a n a l y s i s  o f  t he  a e r o s o l .  S. Mainwaring,  e t  

a l . d ) observed 1 0 - 3 0 % d i f f e r e n c e s  in t he  t o t a l  amount o f  

m a t e r i a l  c o l l e c t e d  and no d i f f e r e n c e  in  t he  s i z e  d i s t r i b u ­

t i o n s  when sampling in a non-canyon envi ronment  over  a v e r t ­

i c a l  h e i g h t  o f  67m. Tab l es  IV-A-1 t h rough  IV-A-12 show the  

d a t a  o b t a in ed  a t  Cooper Union.  Table  IV-A-1 i s  t he  t o t a l  

c o n c e n t r a t i o n  o f  each e lement  f o r  t he  sampling p e r i o d ,  

t a b l e s  IV-A-2 t h rough  IV-A-7 are  c o n c e n t r a t i o n s / s t a g e  and 

t a b l e s  IV-A-8 t h rough  IV-A-12 a r e  mass d i s t r i b u t i o n s  c a l c u ­

l a t e d  fo r  PB, B r , S, F e , and Zn.

Diurnal  f l u c t u a t i o n s  in t he  mass c o n c e n t r a t i o n  o f  ma­

t e r i a l  a re  e v i d e n t  in t a b l e  IV-A-1.  The e l e m e n t s ,  o f  t he  13 

examined,  which had t he  h i g h e s t  c o n c e n t r a t i o n s  were Pb , S, 

Fe,  and B r . S u l fu r  showed i n s t a n c e s  o f  r e l a t i v e l y  h igh  con-



-  7f. / -

Table  IV-A -1 T o t a l  Elemental C o nc en t r a t i o ns f o r  Ae 
ng/m3 

Fe

r o s o l Measured

Sample S Cl
a t  Cooper Union-4/28- 

K Ca Ti V
—5 /2 /7 7  

Cr Mn Cu Zn Br Pb

6-4A-1s J
6-4B-1

79 48 14 6 <1 <1 <1 <1 271 2 36 93 515
84 24 16 11 <1 <1 <1 32 124 2 18 147 670

6 - 4 A - 3 ^
6-4B-3

23 4 3 <1 <1 <1 <1 <1 48 <1 20 64 287
32 8 7 5 <1 <1 <1 <1 98 8 6 101 425

6 - 4 A - 6 ^
6-4B-6

48 27 9 4 <1 <1 <1 <1 147 1 28 62 335
65 20 15 11 <1 <1 <1 <1 108 3 25 109 419

6-5A-1
6-5B-1
6-5C-1

377 7 12 38 <1 <1 <1 1 189 20 32 101 491
293 <1 3 46 <1 5 <1 9 261 6 18 71 340
554 <1 10 34 9 <1 3 144 10 19 72 416

6_5A_3rd6 - 5 B - 3 ^
6-5C-3

153 _ 6 18 1 1 1 1 135 40 13 64 298
130 - 2 48 1 2 1 1 199 17 4 63 257
278 - 1 32 1 4 1 1 187 32 35 110 455

6 - 5 A - 6 ^
6-5B-6*J
6-5C-6

620 1050 23 22 <1 8' <1 2 157 21 38 97 496
207 2 10 29 <1 3 <1 5 198 10 5 78 301
395 - 6 37 <1 <1 <1 1 197 20 34 90 441

6-4A samples  were 
6-4B samples  were

from
from

6 - 8 p .
8-1 Op

m. on 
.m on

4 /29 /77
4 /29 /77

6-5A samples  were from 6-8p.m.  on 5 / 2 /7 7
6-5B samples  were from 8 - 1 0p.m. on 5 / 2 / 7 7
6-5C samples  were from 10-12p.m.  on 5 / 2 /7 7
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Table IV-A-2 Element Concentrations for 1 Floor Cooper Union Stations

Sampled 4 / 2 9 - 5 / 2 / 7 7  
( n g / n r ) .

Sample S Cl K Ca Ti V c r Mn Fe Cu Zn Br Pb

6- 4a -1s t
16 P. - - - <1 - - - - 5 — _ 4 17
8 P- - - - - - - - - 3 - - 5 17
4 P. - - - - - - - - 39 - - 7 29
2 P- - - - - - - - - 122 - — 15 40
1 P- - - - 2 <1 <1 < 1 <1 56 1 — 22 98

.5 P. 78 48 14 4 <1 <1 < 1 - 47 1 36 40 314

T o t a l  . 
6-4b-1

78 48 14 6 <1 <1 < 1 <1 271 2 36 93 515

16 P- - — - - — — — — _ — 5 15
8 P- - - - - - - - - 3 — — 5 14
4 P- - - - <1 <1 <1 < 1 <1 19 <1 — • 9 32
2 P- - - - <1 <1 <1 < 1 — 32 — - 17 69
1 P- - - <1 4 <1 <1 < 1 <1 38 <1 2 45 187

.5 P- 84 24 16 7 <1 <1 < 1 2 32 1 16 66 353

T o t a l 84 24 16 11 <1 <1 < 1 3 124 2 18 147 670
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i a b l e  IV-A-3 Element  C o n c e n t r a t i o n s  fo r  3rd F loo r  Cooper Union S t a t i o n s
Sampled 4 / 2 9 - 5 / 2 / 7 7  

( n g / n r ) .

Sample S Cl K Ca Ti V Cr Mn Fe Cu Zn Br Pb

6 - 4 a - 3 rd
16 p. - - - - - - - - 6 - — 2 13
8 p. - - - - - - - - <1 - — 3 15
4 p. - - - - - - - <1 43 - — 7 8
2 p. - - - <1 - - - - 50 <1 - 4 27
1 p. - - - - - - - - 48 <1 20 18 57

.5  p. 23 4 3 <1 <1 <1 <1 <1 49 <1 20 28 166

T o t a l  . 
6 -4b-3

23 4 3 1 <1 <1 <1 <1 192 <1 20 64 287

16 p. - - - - - - - - - — — 2 13
6 p . - - - - - - - - <1 - — . 4 14
3 P. - - - - - - - - 7 8 - 5 18
2 p . - - - - - - - - 32 - - 17 52
1 p . - - - - - - - - 33 - - 25 108

.5 p . 32 8 7 4 <1 <1 <1 <1 26 ■ - 6 48 220

T o t a l 32 8 7 5 <1 <1 <1 <1 98 8 6 101 425



Table IV-A-4 Element Concentrations for 6^^ Floor
Sampled 4 / 2 9 - 5 / 2 / 7 7  

(ng/m^) .

Sample S Cl K Ca Ti V Cr Mn

6_4a -6 t h
I6p
8p

- - - - - - - -

Up 
2p 
1M 

0. 5p 118 27 9

1
1
1

<1
<1
<1

<1

<1 <1 <1

T o t a l  . 
6-4b-6

48 27 9 3 2 2 <1 <1

16 p . 
8 p . 
4 p .  
2 p .  
1 p .

.5  p.

— — — — — — — —

65 20
<1
15

<1
2

. 3 
6

<1
<1
<1
<1

<1
<1

<1
<1

<1
<1

T o ta l 65 20 15 11 <1 <1 <1 <1

Cooper Union Stations

Fe Cu I n Br Pb

6 12
— — - 4 14
10 1 - 5 11
47 - - 9 31
55 - - 14 61
35 - 28 24 20

147 1 28 62 335

2 <1 5 12
2 - - 5 12

10 — • - 19 18
34 3 - 10 33
40 <1 <1 26 116
22 - 25 411 228

108 2 25 109 419



Table IV-A-5 Element Concentrations for 1s Floor Cooper Union Stations
Sampled 4 / 2 9 - 5 / 2 / 7 7  

( ng / mO .

Sample S Cl K Ca Ti V

6- 5a-1
16 P- — — — 1 <1 <1
8 P- - 7 6 6 <1 <1
4 P- - <1 - 8 <1 <1
2 P- - - - 11 <1 <1
1 P- 11 - — 6 <1 <1

.5 P- 366 1 6 6 <1 <1

T o ta l  . 
6—5b—1s t

377 8 12 38 3 3

16 P • - - - - — —

8 P- - — - 1 —
4 P- - - - <1 — -

2 P- - - - 15 <1 <1
1 P- 27 - <1 12 <1 1

.5 P- 266 - 3 2 <1 4

T o ta l  
6 - 5 c - 1 3

293 -  ■ 3 30 2 5

16 P- - — — — _ —

8 P- - - - <1 • — —

4 P- - - - 10 <1 ' <1
2 P- - - — 10 <1 <1
1 P- 45 — — 8 2 2

.5 P- 509 - 10 5 2 7

T o ta l 554 — 10 33 5 10

Cr Mn Fe Cu Zn Br Pb

<1 <1 4 7 1 6 22
<1 <1 7 - - 7 21
<1 <1 29 2 <1 9 32
<1 <1 61 2 1 20 57
<1 <1 54 4 6 25 130
<1 1 34 5 23 34 229

3 4 189 20 31 131 491
_ 3 <1 3 11
- - 14 1 — 4 22
- - 9 <1 — 7 22
- - 43 1 - 15 48
<1 41 73 <1 10 20 101
<1 • <1 49 4 7 22 136

<1 41 191 7 17 71 340
— — 4 <1 9 15
- - 3 3 - 4 16
<1 <1 24 - * - 7 27
<1 <1 32 3 5 13 30
<1 <1 • 42 2 - 18 88
<1 3 39 2 14 27 125

2 5 144 10 19 78 3 0 1
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Table IV-A-6 Element Concentrations for 3rd Floor Cooper Union Stations
Sampled 4 / 2 9 - 5 / 2 / 7 7  

(ng/mJ ) .

Sample S Cl K Ca Ti V Cr Mn Fe Cu Zn Br Pb

6 - 5 a - 3 rd
16 p . - - - - - - - - 2 17 3 7 22

8 p . - - - <1 <1 <1 - — 3 — — 6 21
P. - - - 2 - - - - 13 5 2 6 16

2 P. - - - 5 - - - - 38 <1 — 7 30
1 p. <1 - 3 5 <1 <1 <1 <1 49 12 4 13 81

. 5 p . 153 - 3 5 <1 <1 <1 <1 30 5 4 25 128

T o ta l  . 153 _ 6 17 3 3 1 <1 135 39 13 64 298
6-5b-3
16 p . - - - - - - - — 1 1 — 6 17

8 p . - - - <1 <1 - - - 2 1 — 4 18
4 P. - - - 9 <1 - - - 22 8 1 7 28
2 p. - - - 22 1 <1 <1 <1 55 <1 — 9 32
1 p. - - - 12 <1 <1 <1 <1 66 6 3 19 61

. 5 p . 130 - 2 5 <1 <1 2 1 53 <1 - 18 101

T o t a l  . 130 _ • 2 48 2 1 2 1 199 16 4 63 257
6 - 5 c - 3 rd
16 p . ■ - - - - - - - - - <1 <1
8 p . - - - - - - — _ • 4
4 p. - - - 6 <1 <1 - — 17 16 5
2 P. - - - 13 <1 <1 <1 — 43 11 10
1 P. 6 - - 9 <1 1 <1 1 78 2 8

.5 p. 278 - 1 4 <1 4 <1 <1 45 2 12

T o ta l 284 - 1 32 2 5 1 1 187 31 35
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Table IV-A-7 Element Concentrations for 6 ^  Floor Cooper Union Stations
Sampled 4 / 2 9 - 5 / 2 / 7 7  

(ng/m-3) .

Sample S Cl K Ca Ti V Cr Mn Fe Cu Zn Br Pb

6 - 5 a - 6 t h
16 p . - - - - <1 <1 <1 — 1 <1 - 6 16
8 p . - - - <1 <1 <1 - 3 <1 — 7 27
4 p. - - - - <1 <1 <1 <1 9 3 - 5 15
2 p. - - - 5 <1 <1 <1 <1 36 <1 — 8 27
1 p. 47 113 <1 8 <1 <1 <1 <1 65 10 8 26 119

.5 p. 573 937 23 9 <1 8 <1 2 43 8 30 45 292

T o t a l  . . 620 1050 23 22 3 10 4 2 158 22 38 97 377
6-5b-6
16 p . - - - - - - - - <1 2 _ 9 15
8 p . - - - - - - - - 2 3 <1 4 16
4 P. - - - 4 <1 <1 <1 <1 18 1 <1 7 27
2 p. - - - 10 <1 <1 <1 <1 54 1 <1 13 30
1 p. 1 - - 11 <1 <1 <1 <1 7 1 1 18 88

. 5 p . 207 2 10 4 <1 3 - 1 51 2 4 27 125

T o ta l  .. 208 2 10 29 2 5 1 2 132 10 6 78 3 0 1
6 -5c-6
16 p . - - - - - - — _ — — — 5 16
8 p . - - - - - - - - 1 2 — 5 14
4 p. - - - 7 <1 <1 — ■ - 19 6 — 8 18
2 P. - - — • 14 <1 <1 <1 <1 52 4 6 13 53
1 p. 29 - - 12 <1 <1 <1 <1 72 7 20 25 134

.5 p. 366 - 6 4 <1 <1 <1 1 53 1 8 34 206

T o ta l 395 - 6 37 2 2 1 1 197 20 34 90 441
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Tab le  IV-A-8 Mass D i s t r i b u t i o n s  f o r Pb-1s t , 3r d , and 6 th  F loo r

Sample.
6-4A-1

Stage  1 S tage  2
Cooper Union. 

S t age  3
(%)

Stage  4 S tage  5 St age  6
3.30 3.30 5.63 7.77 19.03 60.97 •

6-4B-" 2 . 2 3 2.06 4.79 10.26 27.90 52.77
6-5A-" 4.51 4.18 6.58 11.69 26.50 46.54
6-5B-" 3-13 6.15 6.50 14. 14 29.76 39.91
6-5C-" 4 .75 3.12 5.53 9.70 24.97 51.93

6-4A-3rd 4.80 5 .20 2.71 9.38 19.90 58.00
6-4B-" 3.08 3-35 4. 19 12.15 25.36 51.87
6-5A-" 7 .34 7.17 5 .22 10.11 27.34 42.83
6-5B-" 6 .43 6.94 11.03 12.61 23.58 39.41
6-5C-" - - - - - -

6-4A-6th •3*59 4 .07 3 .20 9 .26 18.23 61.64
6-4B-" 2 .85 2.93 4.35 7.93 27.64 54.31
6-5A-" 3.21 5.37 3 .08 5.43 23-99 58.93
6-5B-" 4.91 5.28 8.64 10.08 29.16 41.73
6-5C-" 3 .67 3 .15 4.11 12.06 30.36 46.64

avg 1rrt
aVg 3th  avg 6 th

3 .58+1.04 3 .76+1.53 5.81+0.75 10.71+2.38 25.63  +4.09 50.42+7.82
5 .41+1 .88 5 .67+1.78 5 .79+3.64 11.06+1.56 24.05+3.16 48.03+8.48
3.65+0.78 4 .16+1 .15 4 .72+2.37 8 ,95+2.47 25.88+4.90 52.65+8.34

T o ta l  avg 4 .21+1 .23 4 .53+1.49 5 .44+2.25 10.24+2.14 25.  19+4.05 50.37+8.21
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Tab le  IV-A-9 Mass D i s t r i b u t i o n s  f o r

Sample.
6-4A-1

6-4B-”
6-5A-"
6-5B-"
6-5C-1’

Stage  1 
4.30 
3 .33  
6 .26  
4.51 
8 .00

Stage  2 
5 .38 
3-47 
6.81 
5 .66 
8.67

Cooper Union 
S t age  3 

7 .53  
5 .93  
9 .12  
9 .68 
8.57

6-4A-3rd
6-4B-"
6-5A-"
6-5B-"
6-5C-"

6.81 
1.77 

10.63 
9 .96

5.24
3-95
9.88
6 .06

11.31 
4 .49 
8 .93 

11.26

6-4A-6th
6 -4B-1'
6-5A-"
6-5B-"
6-5C-"

9 .65
4.48
5.87

10.93
5.90

7.13  
4 .48  
7 .43  
5 .59 
5.75

7.24
17.67

5.23
9.53
8.93

, s t  
ave ’ rd
Z l  h havg b

5 .28+1.85  
7 .79+4 .04  
7 .37+2 .77

6 .00+1.92  
6 .28+2.55  
6 .08+1.21

8.17+1.48  
9 .00+3.20  
9.72+4.75

T o t a l  avg 6 .81+2.89 6 .12+1.89 8.96+3.14

Br-1 , 3 d , and 6 ^  F loo r
C%)

Stage  4 St age  5 St age  6
16.13 ' 23.66 43.01
11.71 30.51 45.05
19.47 24.51 33.83
20.61 28.09 31.45
11.08 23. 41 40.27

5.76 27.75 43.14
17. 15 25.05 47.58
11.26 19.77 39.53
13-64 29.87 29.22

14. 4 7  
9 . 5 2  
8.13 

16 .52  
13.92

22 .48  
23.52 
26.80 
23.16 
27.46

39.04 
40.32 
46.53 
34.27
38.05

15.80+4.35
11.95+4.78
12.51+3.54

13.42+4.22

26.06  +3.11 
2 5 . 61-Pi.36 
24 .68+2.28

25.45+3.25

38.72+5.87
39.87+7.82
39.64+4.46

39.41+6.05



Tab le  IV-A- 10 Mass D i s t r i b u t i o n s  fo r  
Cooper Union.

Fe-1s t , 3r d , 
<*)

and 6 ^  F loo r

s ? mplf t St age  1 St age  2 S tage  3 S t age  4 St age  5 S t ag e  6
6-4A-1 2.63 2 .22 10.33 45.39 21.44 17.80

6-4B-" 2 .13 3.89 15.42 24.50 28.97 25.09  ‘
6-5A-" 3 .32 4.90 15.51 31.16 27.55 17.57
6-5B-" 2 .22 4.62 17. 27 27.56 28.88 19.45
6-5C-" 4 .12 4.58 16.61 21.51 27.56 25.63

6-4A-3rd 5 .20 2. 06 6.99 26.44 30.07 29 .23
6-4B-" 2.33 3. 14 8.32 30.85 30.41 24.95
6-5A-" 3 .29 3.72 10.47 26.89 34.10 21.53
6-5B-" 1.81 2.59 11.40 26.80 31.93 25.58
6-5C-" - - - -

6-HA-6th 1.87 1.57 8.10 30.17 35.31 22.98
6-4B-" 4.09 4.15 10.18 28.99 33.28 19.31
6-5A-” 2 .44 3.06 6.95 22.40 39.17 25.99
6-5B-" 1.21 2. 11 9.39 26.70 35.47 25 .12
6-5C-" 1.33 1.92 10.03 25.87 34.74 26.  10

avg I r d
: ; s  s ‘ h

2.88+0.84 4 .04+1.08 15.03+2.74 30.02 +9.31 26.88+3.12 21.11+3.95
3 .16+1.49 2.88+0.71 9.30+2.01 27.72+2.10 31.63+1.84 25.32+3.15
2 .19+1.17 2 .56+1.05 8 .93+1.38 26.83+3.02 35.59+2.18 23.90+2.86

T o t a l  avg . 2 . 74+1 .17 3.14+0.95 11.09+2.04 28.19+4.81 31.37+2.38 23.44+3.32
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Table IV-A-11 Mass Distributions for Zn-1s^
Sample.

6-4A-1s t
St age  1 St age  ;2

Cooper Union. 
St age  3

(?)
S tage  4 S tage  5 St age  6

8 .95 8.22 8.51 8.51 13.55 52.27 .
6-4B-" 8 .43 10.39 10.10 10.59 17.55 42.95
6-5A-" 1M.00 9.11 11.42 12.61 20.07 32.80
6-5B-" 10.70 11.17 12. 15 16.24 24.74 25.00
6-5C-” 9 .50 11.86 10.80 19.44 22. 31 26. 10

6-4A-3rd 11.39 11.78 11. 49 11.27 14.00 40.06
6-4B-" 9 .99 10.23 18.13 10.98 12.84 37.83
6-5A-" 17.32 9.09 15.77 10.66 24. 33 22.84
6-5B-" 9.91 11.99 19.63 13.37 23-05 22.06
6-5C-" - - - - - -

6-4A-6th 8.76 8.86 12.79 9.20 13.23 47.16
6-4B-" 9.92 9.74 10.53 12.33 15.46 42.03
6-5A-" 9 .77 9.09 9.58 8.05 21.61 41.90
6-5B-" 12.34 13.20 12.49 16. 18 17.39 28.39
6-5C-" 7 .60 9.26 13.30 16.37 29.39 24.09

avg 1s ]j 
av8 avg 6

10.32+2.23 10.15+1. 49 10.60+1.39 13-48+4.39 19.64+4.32 35.82+11.64
12.15+3.51 10.77+1. 37 16.26+3.55 11.57+1.23 18.56+5.97 30.70+9.57
9 .68+1.75 10.03+1. 80 11.74+1.60 12.43+3.85 19.42+6.37 36.71+9.91

T o ta l  avg 10.72+2.50 10.32+1. 55 12.87+2.18 12.49+3.16 19.21+5.54 34.41+10.37
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c e n t r a t i o n  but  did not  show a p a t t e r n  as  r e g u l a r  as t h a t  f o r  

Pb and Br . The S c o n c e n t r a t i o n s  were very  low on F r i d a y ,  

4/29,  samples  (6-4 s e t )  ave r ag ing  we l l  below 100 ng/m3f 

whi le  t he  Monday, 5 /2 ,  samples  showed h igh e r  c o n c e n t r a t i o n s  

(between ca .  150-600 ng/m3) .  This  p a t t e r n  o f  h igh  v a r i a b i l ­

i t y  i n  S c o n c e n t r a t i o n s  was a l s o  observed  a t  t he  R o c k e f e l l e r  

Center '  s i t e s  and f u r t h e r  d i s c u s s i o n  o f  t h i s  w i l l  be de layed  

t i l l  t h e s e  d a t a  a re  p r e s e n t e d .

The Pb and Br c o n c e n t r a t i o n s ,  on t he  o t h e r  hand,  showed 

more c o n s i s t e n c y  i n  t h e i r  t r e n d s .  The ave rage  va lue  fo r  Pb 

was 410 +110 ng/m3} whi l e  f o r  Br i t  was 88 +24 ng/m3 f o r  a 

Pb/Br r a t i o  o f  4 .72  +0.6 f o r  a l l s a m p l e s  a t  Cooper Union.  

I ron v a lu e s  ranged from ca .  50 t o  275 ng/m3 wi th  no a pp a ren t  

p a t t e r n  o b s e r v a b l e .  In g e n e r a l ,  t h e  f l u c t u a t i o n s  in mass 

c o n c e n t r a t i o n s  observed  wi th  h e i g h t  r ange  as h igh  as +50$ of  

t he  ave r a ge .  The a p p a r en t  d ip  i n  c o n c e n t r a t i o n  observed  a t  

t h e  3r<1 f l o o r  occu r r ed  fo r  a l l  samples .  No e x p l a n a t i o n  has 

ye t  been found f o r  t h i s  b e h a v i o r ,  bu t  i t  i s  no t  co ns ide r ed  

due t o  a m a l f un c t i o n  o f  t he  im p a c t o r s ,  which a l l  f u nc t i oned  

normal ly  du r ing  t he  sampl ing .

The mass d i s t r i b u t i o n s  fo r  some s e l e c t e d  e lement s  a re  

shown in  f i g .  IV-A-1 t h rough  IV-A-2.  Al though t he  mass con­

c e n t r a t i o n s  do show p a t t e r n s  o f  f l u c t u a t i o n ,  t h e  mass d i s ­

t r i b u t i o n s  a r e  very  n e a r l y  c o n s t a n t .  This  o b s e r v a t i o n  i s  in

agreement  wi th t he  r e s u l t s  o b t a i ne d  by Mainwaring,  e t  a l , ( 1 )  
and our r e s u l t s  a t  R o c k e f e l l e r  Cen t e r .
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The c o n c l u s i o n s  drawn from the  p r e l i m i n a r y  sampl ing 

d a t a  t aken  a t  Cooper Union were:

a)  Over a h e i g h t  o f  c a .  19 mete r s  (6 s t o r i e s ) ,  d i f f e r ­

ences  were observed  in t he  c o n c e n t r a t i o n s  o f  e lement s  ex­

amined,  bu t  t h e s e  d i f f e r e n c e s  could  not  be a t t r i b u t e d  to 

h e i g h t .  Lead and bromine ,  con s id e r e d  good t r a c e r s  f or  

au tomot ive  s o u r c e s ,  showed r e a s o n a b l e  agreement  a t  a l l  

h e i g h t s  sampled,  i n d i c a t i n g  good v e r t i c a l  mixing from 

s t r e e t - l e v e l  to  r o o f - t o p  (6 s t o r i e s ) .

b) Mass d i s t r i b u t i o n s  fo r  e l emen ts  showed good agreement  

a t  a l l  sampl ing h e i g h t s  i n d i c a t i n g  t h a t  t u r b l e n c e ,  over  

19 m e t e r s ,  i s  s u f f i c i e n t  to  p r ev en t  f r a c t i o n a t i o n ,  by 

v i r u t e  o f  d i f f e r e n c i a l  s e t t l i n g  v e l o c i t i e s ,  o f  t he  a e r o ­

so l  in  t h i s  type  o f  l o c a l  env i ronmen t .

c)  most o f  t h e  e l emen ts  o f  i n t e r e s t  a re  con t a ine d  on p a r ­

t i c l e s  l e s s  t han  U pm.

d) Co nc en t r a t i o n  o f  e l emen t s  examined a t  Cooper Union 

seemed to  be lower  than  r e p o r t e d  previously^) f i n d i c a t ­

ing a l i g h t  i npu t  from l o c a l  so u r c e s  ( i . e  l o c a l  t r a f f i c )  

and d i f f e r e n t  m e t e o r o l o g i c a l  and s ea sona l  c o n d i t i o n s  a f ­

f e c t i n g  t r a n s p o r t  from o t h e r  s o u r c e s .

U n f o r t u n a t e ly ,  t h i s  p r e l i m i n a r y  i n v e s t i g a t i o n  was not  

s u f f i c i e n t  to  answer many o f  t he  q u e s t i o n s  posed about  

r e p r e s e n t a t i v e  samp l ing .  I t  was a n t i c i p a t e d  t h a t  f u r t h e r  

sampling a t  R o c k e f e l l e r  Cente r  would s a t i f y  some o f  t he  

r emaining  q u e r i e s ,  e . g . ,  a) what does  t he  v e r t i c a l  p r o f i l e
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o f  t h e  a e r s o l  look l i k e  in canyon env i ronmen t s ,  b) a re  sam­

p l e s  c o l l e c t e d  around t he  co rn e r  from each o t h e r  comparable  

and,  c)  can l o c a l  i np u t  so u r c e s  be used to mon i to r  d i f f e r ­

ences  in  h o r i z o n t a l  and v e r t i c a l  p r o f i l e s  o f  t he  a e r o s o l ?

Al l  samples  t aken  a t  R o c k e f e l l e r  Center  were c o l l e c t e d  

fo r  c a .  2 h o u r s ,  sampl ing ca .  1.5 m3. The 3 im pac to r s  were 

s i m u l t a n e o u s ly  run fo r  a t o t a l  o f  6  hou r s  a day,  f o r  8  week­

days du r ing  t he  pe r i od  from J u l y  1 9 t h  30t 1̂, 1977. This  

r e p r e s e n t s  about  216 m3 o f  a i r  sampled over  a pe r i od  o f  144 

t o t a l  h r s .  The sampl ing ge n e r a t e d  432 t o t a l  s t a g e s  t o  be 

analysed  fo r  p a r t i c u l a t e  m a t e r i a l ,  which,  whi le  modest  com­

pared to  some programs,  s t i l l  r e s p r e s e n t s  a problem in d a t a  

r e d u c t i o n .  I have t r i e d  t o  o rg an i z e  t he  d a t a  in  what appea rs  

t o  be t he  most  c o nv en i e n t  f o r m a t ,  a l t ho ugh  I 'm sure  many 

o t h e r s  can be found.  Tab l es  IV-A-13 t h rough  IV-A- 3 0  show

the  d a t a  in  v a r i o u s  f o r m a t s .  Where p o s s i b l e ,  f i g u r e s  have

been used t o  c l a r i f y  t he  d a t a .

The monthly h ou r l y  aver age  c o n c e n t r a t i o n s  o f  CO as 

r eco rded  by t he  D.E.P.  a t  each o f  t h e  t h r e e  l o c a t i o n s  i s

shown in  f i g .  IV-A-3.  The CO c o n c e n t r a t i o n  a t  t he  6 ^  Ave.

s i t e  c o n t i n u o u s l y  c l imbs  from e a r l y  morning (4-5 a .m. )  u n t i l  

i t  r e a c h e s  a maximum between 5-6 p .m . ,  a f t e r  which,  t h e  CO 

l e v e l  seems t o  f a l l  r a t h e r  q u i c k l y ,  so t h a t  by 1 a .m.  t h e  

nex t  day t h e  l e v e l  has r e t u r n e d  t o  b a s e l i n e .  In g e n e r a l ,  

t h e  6 ^  Ave. p a t t e r n  seems t o  be a 14 hour per i od  o f  accumu­

l a t i o n  fo l lowed by a 4-5 hour pe r i od  o f  c l e a n s i n g .  Since  CO



-79-
i s  u s u a l l y  C9nsidered  a t r a c e r  f o r  v e h i c u l a r  t r a f f i c ,  i t  can 

be used to moni tor  t he  a f f e c t  t h a t  t h i s  source  has  on t he  

a i r  mass.  The meaning o f  t h e  d a t a  f o r  6^^ Ave. seems to  be 

t h a t  t he  r a t e  o f  i n p u t  o f  p o l l u t a n t  m a t e r i a l  from v e h i c u l a r  

t r a f f i c  i s  g r e a t e r ,  du r i n g  t he  working day,  than  t he  r a t e  a t  

which t he  a i r  mass ,  a t  s t r e e t  l e v e l  can d i s p e r s e  i t .  S ince  

t he  r a t e  o f  t r a f f i c  i s  f a i r l y  c o n s t a n t  over  t he  working day 

and does  no t  ease  t i l l  e a r l y  ev en in g ,  t hen  v e n t i l a t i o n  on 

Ave. must  be poor .  On t he  o t h e r  hand,  51s ^ seems to ven­

t i l a t e  soon a f t e r  i t s  morning r u sh - hou r  peak.  There i s  a 

s l i g h t  a f t e rn o o n  r u s h - ho u r  i n c r e a s e  bu t  wi th c o n c e n t r a t i o n s  

which a r e  on ly  66? o f  t h e  morning l e v e l s  and 60? o f  t he  

a f t e rn o o n  ru sh - ho u r  l e v e l s  on 6^^ Ave. The de c r ea se  in  CO 

l e v e l s  on 51s ^ may be r e l a t e d ,  in  p a r t ,  t o  an. e a s in g  of  

t r a f f i c  f low towards  t he  i n n e r  c i t y  du r ing  t he  day.  A CO 

a n a l y s e r  l o c a t e d  on 5 0 ^  S t . ,  a one-way s t r e e t  l e a v in g  mid­

town, could  v e r i f y  t h i s  h y p o t h e s i s  by showing an a f t e r n o o n  

ru sh - hou r  peak.  In any e v e n t ,  one p o i n t  i s  very- c l e a r  from 

the  d a t a .  The h o r i z o n t a l  mixing between s t r e e t s  and avenues 

i n  canynon envi ronment s  i s  poo r .  The CO c o n c e n t r a t i o n  d u r ­

ing morning ru sh -hou r  was 1.3 t ime s  more on 51s t  t han  on 6 fĉ  

Ave. ,  whi le  6^h Ave. showed a 1.6 t imes  more s eve re  a f t e r ­

noon ru sh -hou r  c o n d i t i o n .  The f e d e r a l  s t a nda rd  o f  8 ppm was 

exceeded 16 s t r a i g h t  hou r s  and 100? o f  t he  working day on

6^^ Ave. On 51s ^ S t . ,  t h e r e  were 9 c o n s e c u t i v e  hours  which 

exceeded t he  f e d e r a l  l i m i t ,  about  75? o f  t he  working day (7



-80-

a.m.  t o  7 p . m . ) .  The 1 6 ^  f l o o r  a l s o  showed a s l i g h t  morn­

ing and a f t e r n o o n  ru sh - hou r  i n c r e a s e  b u t ,  in  g e n e r a l ,  showed 

a t h r e e - f o l d  d i l u t i o n  e f f e c t  as  compared to s t r e e t - l e v e l .  I f  

r e l i a b l e  p a t t e r n s ,  as  have been t r i e d  h e r e ,  can be o b t a i n e d ,  

t hen  r o o f - t o p  samp le rs  cou ld  be c o r r e c t e d  to read s t r e e t -  

l e v e l  c o n c e n t r a t i o n s .  S ince  CO i s  a s t r e e t - l e v e l  t r a c e r ,  t h e  

v e r t i c a l  mixing p a t t e r n  on 51s ^ shown by CO measurements  on 

t he  I6t 1̂ f l o o r  and a t  s t r e e t - l e v e l ,  should  be a good i n d i c a ­

t i o n  o f  t he  a i r - m a s s  f low p a t t e r n s  on t h i s  s t r e e t .  Rush- 

hour CO peaks a re  a lmos t  s imu l t a neo us  in  t he  morning,  l e a d ­

ing to  t he  co n c l u s i o n  t h a t  t he  a i r  mass p robab ly  c i r c u l a t e s  

r a t h e r  q u i ck l y  (an hour or  l e s s )  on 51s t . Presumably t he  

same could  be e s t a b l i s h e d  for  6^h Ave. by p l a c in g  a sampler  

a t  r o o f - t o p  l e v e l  but  no d a t a  a r e  a v a i l a b l e  from which to 

draw any c o n c l u s i o n s .

SO2  r e a d i n g s  fo r  some r e p r e s e n t a t i v e  s t a t i o n s  a re  

p l o t t e d  a long wi th  wind speed and d i r e c t i o n  in f i g  IV-A-U. 

These l o c a t i o n s  a re  shown in f i g .  I —C — 1 fo r  r e- fe rence .  The 

range  o f  v a lu e s  i s  from 0-70 ppb excep t  f or  S t a t e n  I s l a n d ,  

where t he  v a lu e s  tend to  be l ower .  The SO^ must be produced 

mainly  by l o c a l  s o u r c e s ,  s i n c e  even on days when p r e v a i l i n g  

winds a re  from the  SW, i n n e r - c i t y  l e v e l s  a r e  h i gh e r  than 

S . I .  I w i l l  r e t u r n  to t h i s  p o i n t  aga in  when p a r t i c u l a t e  

s u l f a t e  i s  d i s c u s s e d .

The d a t a  on p a r t i c u l a t e  m a t e r i a l  a re  p r e sen t ed  f i r s t  in 

t a b u l a r  form by l o c a t i o n  and week sampled,  and then as mass
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d i s t r i b u t i o n s ,  which a r e  s i m i l a i l y  s u b d i v i d e d .  Table IV-A- 

13 i s  a co m p i l a t i o n  from samples ,  c o l l e c t e d  du r ing  t he  week 

o f  J u l y  17t h , and o r gan i zed  acco rd ing  to sampling l o c a t i o n .  

The samples  were t ake n  from 1500-1700,  1700-1900,  and 1900- 

2100 h r s .  Table  IV-A-14 i s  a co m p i l a t i o n  from samples ,  c o l ­

l e c t e d  du r ing  t he  week o f  Ju ly  2 U^h> ancj s i m i l a r l y  o rgan i zed  

accord ing  to  sampling l o c a t i o n .  These samples were t aken  

from 500-700,  700-900,  and 900-1100 h r s .

I t  should  be no t ed ,  b e fo r e  examining t he  d a t a ,  t h a t  t he  

aver age  CO c o n c e n t r a t i o n  from 5-11 A.M. dur ing  t he  week o f  

morning samples was 8 .5 3+2 .80 ,  wh i l e  t he  monthly ave rage  was 

8 .10+2 .98 .  Thus,  t h e r e  was good agreement  and t h i s  sampling 

per i od  was p robab ly  a good r e p r e s e n t a t i o n  for  t he  month.  

However, t he  aver age  CO c o n c e n t r a t i o n  from 3-9 P.M. du r ing  

t he  week o f  a f t e r n o on  sampl ing was on ly  6 .63+4 .61 ,  whi le  t he  

monthly ave rage  was 12 .15+4.61.  These lower  v a lu e s  in t he  

a f t e r n o o n ,  f o r  the  week sampled,  were p robab ly  due to  b e t t e r  

v e n t i l a t i n g  c o n d i t i o n s  in  t he  canyons .  No a t t em p t  has been 

made t o  c o r r e c t  t he  d a t a .

The major  e l e men ta l  c o n s t i t u e n t s  o f  t he  a e r o s o l  t h a t  we 

were ab l e  to ana ly se  were:  S, Cl ,  K, Ca, F e , Zn, Cu, Pb, and 

Br.  Minor c o n s t i t u e n t s  i n c l u d e  T i , V, C r , Mn, and Ni wi th 

c o n c e n t r a t i o n s  g e n e r a l l y  l e s s  than  100 ng/m^ 0n t he  ave r a ge ,  

a l t hough  h i gh e r  v a lu e s  did  o c c u r .  Ch lor ine  c o n c e n t r a t i o n s ,  

a l t hough  sometimes very  h igh  when winds were from the  e a s t  

( o f f  t he  o cea n ) ,  g e n e r a l l y  ranged from 125-450 ng/m^. Po-
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Table  IV-A-13 Element  C o n c e n t r a t i o n s  f o r  Ro c k e f e l l e r
Sampled 7 / 1 9 - 7 / 3 0 / 7 7  

( n g / n r ) .

Sample S Cl K Ca Fe Cu

Af te rnoon:  
6 Ave.
6-07-A 1626 — — 296 2140 —

»' " -B 6697 104 361 704 5526 —

" » -C 11632 485 754 1689 5162 96
6-08-A 6508 132 143 3 2 2 0 2178 16
" » -B 10145 - 1518 3848 4002 11
•' " -C 4244 142 173 2210 1199 98
6-09-A 563 408 227 1061 747 —

'• " -B . 414 332 374 1557 1286 —

•' » -C 167 129 93 484 582 143

51s t  S t .
6-07-A 1380 - - 425 580 —

•' » -B 4704 121 291 1253 1609 34
» '• -C 6382 95 379 779 2414 322
6-08-A 8540 309 533 1888 3726 65
" " -B 10618 181 401 1389 4418 101
" '» -C 6120 119 263 1536 849 46
6-09-A 694 220 379 1648 1571 21
" •' -B 579 182 189 1450 1716 40
11 ,f — c 
16th  Floor

376 113 116 812 849 18•

6-07-A 2567 - 6 207 ' 687 56
" •' -B 6101 68 264 220 599 182
" " -c 7605 76 370 555 1130 81
6-08-A 5146 60 506 1204 631 55
" '' -B 8520 137 182 960 1230 6
» " - c 5964 102 225 1787 1 447 25
6-09-A 265 118 164 1627 1234 27
«' '* -B 281 47 223 1369 1 431 107
6-09-C 269 282 280 1434 970 19

Center Stations

Zn Pb Br

- 524 170
282 1366 410
462 3043 742

81 1531 407
102 1971 505
58 871 244
40 847 227
19 939 264
76 659 183

3 448 129
104 1076 271
569 1400 342

98 1383 370
161 1218 319
50 871 244
86 915 264
60 994 3 0 2
41 863 305

30 497 146
222 746 220
243 1043 312

53 557 200
53 659 176
74 534 159
69 471 132
97 448 129

112 539 136



Table IV-A-14 Element Concentrations for Rockefeller Center Stations
Sampled 7 / 1 9 - 7 /3 0 / 7 7  

(ng/m3 ) .

Sample S Cl K Ca Fe Cu Zn Pb Br

6«SnAvi:
6 - 1 0-A 654 2121 218 548 3829 19 44 495 189
" " -B 1395 2252 256 1918 9964 92 138 1363 498
» » -c 2047 1647 489 2157 8758 23 173 1874 566
6 -11 -A 1665 320 133 956 4651 7 203 1561 383
» » -B 1707 463 598 2523 10667 39 229 2650 712
11 » -c 1637 573 468 2286 3788 63 165 2003 447
6 - 1 2-A 1468 253 226 852 11179 9 112 1380 437
•' » -B - 494 255 2461 14051 79 293 — _ *

» '» -C 1475 1015 348 1614 6738 66 579 2513 570
6 -13 -A 1095 5746 159 901 5687 144 347 1631 417
" « -B 1541 4361 123 1480 8220 125 287 2014 597
" s t " C 51 S t .

977 3060 324 1715 3788 21 132 1658 502

6 - 1 0-A 1097 1554 201 343 1289 12 60 422 149
" » -B 817 1452 108 327 470 14 51 501 146
»' » _c 1440 1033 185 1416 1534 30 72 602 166
6 -11 -A 1106 242 171 686 748 10 104 900 247
« » -B 939 336 48 834 613 45 70 1117 293
» » -C 1468 261 382 3558 1270 27 88 2288 732
6 - 12-A 1356 217 422 1084 1988 20 243 1380 437
" " -B 1382 191 233 1534 1747 51 188 2182 475
" » -C 2040 376 336 1240 1298 23 331 2290 515
6 -13-A 924 3423 97 344 335 244 437 1354 298
» » -B 925 1613 70 709 825 59 147 844 220
'» " -C 921 2605 28 2450 1683 12 122 1059 3 0 2
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Table IV-A-11! Element Concentrations for Rockefeller Center Stations
Sampled 7 / 1 9 - 7 / 3 0 / 7 7 -  Con’ t .

(ng/m3 ) .

Sample S Cl K Ca Fe Cu Zn Pb Br

Mo
16

r n i n g :
Floor

6- 1 0-A 82 1795 197 494 380 25 11 252 88
11 « -B 483 194 8 173 783 680 22 35 362 132
11 " -C 1089 1034 232 1104 1521 129 183 717 220
6- 11-A 1127 48 88 737 334 5 69 622 156
ii » -B 638 96 127 1094 704 14 45 543 156
it " -C 722 82 197 1213 464 23 58 418 125
6- 1 2-A 1126 99 437 993 1845 4 214 1438 285H " -B 1401 268 287 1602 2131 31 246 2083 424
it " -C 1340 867 296 1826 2031 11 281 1859 420
6- 13-A 755 5780 122 797 362 156 586 751 122
n " -B 765 4027 131 1426 540 27 142 453 163
it " -C 844 2520 77 998 871 37 77 366 112
* s t a g e  6 o f t h i s s e t  was l o s t . R e s u l t s a r e  based on 5 s t a g e s .



Table  IV-A-15 Mass D i s t r i b u t i o n s  f o r  Pb-6t h  Ave. -Af t e rnoon  Samples
R o c k e f e l l e r  C e n t e r - J u l y  1977 (?)

Sample Stage  1 S tage  2 St age  3 S t age  4 St age  5 S tage  6.
7 / 2 0-A 5.22 8.20 22.18 24.42 16.03 23.95
7 /21" 10.63 10.76 15.82 19.67 20.92 22.20
7 /22" 8 .30 7.48 13-14 25.04 22.13 23.91

7/20-B 1.78 1.63 3 .13 2.63 9.03 81.80
7 /21" 24.83 12.62 14.95 14.81 15.77 17.02
7/22" 10.47 7 .3^ 16.79 20.65 23.-66 21.08

7/20-C 5.05 8.29 17.00 22.50 18.57 28.60
7 /21" 17.64 11.95 16.63 18.67 18.07 17.04
7 /22" 6.  .47 9.56 12. 66 25.47 21.16 24.68

Avg A '8 .05+2.71 8.81+1.72 17.05+4.64 23-04+2.94 19.69+3.23 23.35+1.00
Avg B 17.65+10.15 9 .98+3.73 15.87+1.30 17.73+4.13 19.72+5.58 19.05+2.87
Avg C 9.72+6.90 9.93+1.86 15.43+2.41 22.21+3.41 19.27+1.66 23.44+5.88

T o ta l  Avg 11.81+6.59 9.57+2.44 16.13+2.78 20 .99+3.50 19.56+3.49 21.95+3.25

* r e s u l t  c on s i de r e d  e r r o n e o u s - r e j e c t e d .
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Table IV-A-16 Mass D i s t r i b u t i o n s  f o r  Pb-6^11 Ave.-Morning Samples
R o c k e f e l l e r  C e n t e r - J u l y  1977 (%)

Sample St age  1 S t age  2 St age  3 St age  4 St age  5 S t age  6
7/26-A 10.97 12.59 21.32 22.13 11.30 21.69
7 /27" 3.98 4 .12 8.72 19.35 17.99 45.84
7/28" 3-97 6. 19 14.40 27.17 14.58 33.69
7 /29" 2 .82 6.48 16.64 25.35 18.90 29.82

7/26-B 9.44 10.37 16.27 25.01 16.84 22.06
7 /27" 4 .69 5.61 14.83 20.57 16. 36 37-94
7 /28" 7 .16 11.21 25. 08 27.92 28.63 —

7 /29" 4 .10 10.27 16.55 29. 04 19.23 20.80

7/26-C 7.00 10.69 17.81 23.06 15. 19 26.24
7/27" 6 .34 6.11 9.98 15.73 16.94 41.92
7/28" 3 .43 6.98 11.65 21.93 15.91 40. 10
7/29" 5.92 8.34 17.23 27.37 19.07 22.07

Avg A 5.44+3.73 7.35+3.65 15.27+5.23 23.50+3.46 15.69+3.47 32.76+10.05
Avg B 6.35+2.45 9.37+2.54 18.15+4.66 25.64+3.78 20.27+5.72 26.93+9.55
Avg C 4.49+1.96 8 . 0 3 +2.00 14.17+3.94 22.77+3.57 16.78+1.69 32.58 +9.91

T o ta l  avg 5.43+2.71 8 .85+2.73 15.87+4.61 23-97+3.60 17.58+3.00 30.76+9.84

A:pre rush-hour sample
B:rush-hour sample
Crpost rush-hour sample



Table IV-A-17 Mass Distributions for Br-6^*1 Ave .-Afternoon Samples
Rockefeller Center-July 1977 ( % )

Sample St age  1 St age  2 S tage  3 St age  4 St age  5 S t a g e  6
7 / 2 0-A 6.12 10. 10 180.7 27.56 17.91 20.23
7 / 2 1 ” 10.84 12.07 15.51 20.95 22.35 18.98
7 /22" 6 .37 5.77 15.71 27.84 22.55 21.76

7/20-B •3.05 1.91 3.31 3.05 10.27 78.41
7 /21" 14.68 10.73 20.93 24.60 15.39 13-67
7 /22" 23.02 10.44 18.57 21.28 14.-31 12.38

7/20-C 6.61 9.83 19.05 27.84 18.71 17.95
7 /21" 13.86 15.33 16.23 21.20 19.33 14.04
7 /22" 5 .67 7.55 9.98 32.64 19.85 24.  30

Avg A 7 .78+2.66 9 .31+3.22 16.43+1.42 25.44+3.89 20.94+2.62 20.09+1.74
Avg B 18.85+5.90 10.59+0.21 19.75+1.67 22.94+2.35 14.85+0.76 13.03+0.91
Avg C 8.71+4.48 10.90+4.00 15.09+4.64 27.23+5.74 19.30+0.57 18.76+5.18

T o ta l  avg 11.78+4.34 10.27+2.48 17.16+1.55 25.20+3.99 18.36+1.18 17.29+2.61

*: sample d a t a  p o i n t  was r e j e c t e d .  
A: p r e  r u sh -hou r  sample 
B: r u s h -h ou r  sample 
C: p o s t  r u s h - hou r  sample
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lable IV-A-18 Mass Distributions for Br-6th Ave.-Morning Samples
R o c k e f e l l e r  C e n t e r - J u l y  1.977 (%)

Sample Stage  1 St age  2 St age  3 St age  4 St age  5 S tage  6
7/25-A 9.49 10.99 22.27 27.02 12.36 17.86
7/27" 3.46 6.52 13-00 21.19 15.15 40.67
7/28" 6.75 7.66 26.08 31.93 12.03 15.55
7/29" 3.97 7 .20 19.56 28.58 16.99 23.70

7/25-B 8.07 12.90 22.30 24.58 16.05 16.10
7 /27" 5 .46 9.01 19-85 25.42 13.24 27.02
7/28" - - - - — —  -

7 /29" 3.34 7.94 20.85 27.91 20.53 19.44

7/25-C 6.21 10.17 17. 12 29. 32 16.23 20.95
7 /27" 8 .23 7.39 16.16 22.21 14.64 3 0 . 8 6
7 /28" 4.26 7.43 18.51 27. 16 11.35 31.29
7 /29" 6.38 7.37 18.58 28.71 20.64 18.3.1

Avg A 5.92+2.779 8.09+1.99 20.23+5.51 27.18+4.49 14.13+2.36 24.45+11.35
Avg B 5.62+2.37 9.95+2.61 2 1 . 0 0 +1 . 2 3 25.97+1.73 16.61+3.68 20.85+5.60
Avg C 6.40+1.83 8 .09+1.39 17.61+1.16 26.85+3.22 13.63+7.53 25.35+6.70

T o ta l  avg 5 .98+2 .33 8 .71+2.00 19.61+2.63 26.67+3.15 14.79+4.52 23.55+7.88

A: pre rush-hour sample
B: rush-hour sample
C: post rush-hour sample



-S AZ-

Table IV-A-19 Mass Distributions for Pb-513^ St.-Afternoon Samples
Rockefeller Center-July 1977 (?)

Sample Stage  1 St age  2 St age  3 S tage  4 St age  5 S t ag e  6
7 / 2 0-A 6.49 8.87 13-20 17.53 19.48 34.42
7/21" 7 .88 12.94 18.79 21.36 12.80 26.23
7 /22" 8.82 11.42 19-27 20.13 17.59 22.77

7/20-B 2.80 11.21 14.99 18.51 25.18 27.32
7 /21" 6 .23 8.73 17.99 23.39 16.15 27.51
7/22" 11.43 13.18 18.45 24.18 16.15 16.60

7/20-C 5.29 5.44 11.13 17.88 16.19 44.07
7 /21" 11.05 10.79 13-23 23.05 19.05 22.83
7/22" 5 .67 8.84 1 1 .90 17.80 20.52 35.27

Avg A 7.73+1.17 11.08+2.06 17.09+3.37 19.67+1.96 16.62+3.44 27.81+5.98
Avg B 6.82+4.35 11.04+2.23 17.14+1.88 22.03+3.07 19.16+5.21 23.81+6.24
Avg C 7.34+3.22 8.36+2.71 12.09+1.06 19.58+3.01 18.59+2.20 34.06+10.67

T o t a l  avg 7.30+2.91 10.16+2.34 15.44+2.10 20.43+2.68 18.12+3.62 28.5+7.63

A: pre rush-hour sample
B: rush-hour sample
C: rush-hour sample
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Table IV-A-20 Mass Distributions for Pb-513^ St.-Morning Samples
R o c k e f e l l e r  C e n t e r - J u l y  1977 (25)

Sample St age  1 St age  2 St age  3 ' S tage  4 S t age  5 S tage  6
7/2 5-A 6.09 5.87 10.43 11.08 41.08 25.45
7 / 2 7 ” 8 .14 6.32 10.64 12.81 19.99 42.10
7 /28" 4 .26 5.21 6.17 22.55 22.32 39.49
7 /29" 2 .07 11.50 8.61 26. 10 17.47 34.25

7/25-B 14.50 8.06 15.04 19. 16 21.13 22.11
7 /27" 1 .84 3.59 9.64 14.63 28.36 41.93
7/28" 3 .30 2.99 6.95 15.51 19.89 51.35
7 /29" 5 .09 7 .99 10.42 20.61 21.71 34.18

7/25-C 14.76 10.02 13.69 18.22 17. 11 26.20
7 /27" 4 .90 4.91 7.26 23.67 31.25 28. 01
7/28" 2 .05 2.09 5.10 15.59 20.13 55.04
7 /29" 9 .29 8.88 15.89 19. 12 21.10 25.71

Avg A 5.14+2.59 7 .23+2.89 8 .96+2.07 18.14+7.33 25.22+10.73 35.32+7.35
Avg B 6.18+5.70 5 .66+2.74 10.51+3.36 17.48+2.86 22.77+3.80 37.74+12.37
Avg C 7.75+5.54 6.48+3.65 10.49+5.13 19.15+3-37 22 .40+6.14 33.74+14.23

T o ta l  Avg 6.36+4.51 6.46+2.90 9 .99+3.46 18.26+4.53 23.46+6.89 35.48+10.69

A: pre rush-hour sample
B: rush-hour sample
C: rush-hour sample



Table IV-A-21 Mass D i s t r i b u t i o n s  fo r  Br-51s t  
R o c k e f e l l e r  C e n t e r - J u l y  1977

St . -Af t e rn oon  
(%)

Samples

Sample St age  1 S tage  2 St age  3 S tage  4 St age  5 St age  6
7 / 2 1 -A 8.49 12.54 13.35 23.46 20.46 21.71
7 /22" 9 .25 11.92 16.44 30.70 12.77 18.93
7/23" 11.47 13.22 16.75 22. 19 13.77 17.61

7 / 2 1-B 4.50 1 0 . 1 7 17.60 28.79 21.53 17.41
7/22" 5.83 11.08 22.66 27.21 15.12 18.10
7 /23" 11.13 10.95 23. 14 23.73 15.93 15.12

7 / 2 1-C 8.82 9.46 14.02 21.83 17.18 28.69
7 /22" 10.50 14.60 16.65 22.54 15.56 20.13
7/23" 5.64 8.88 12.64 18. 11 19.49 35.24

Avg A 9.74+1.55 13.46+ 1.67 15.51+1.88 25.45+4.59 17.33+4.04 19.42+2.09
Avg B 7.15+3.51 10.73+0.49 16.32+9.95 26.58+2.59 17.53+3.49 16.88+1.56
Avg C 8.34+2.47 10.98+3.15 14.44+2.04 20.83+2.38 17.41+1.98 28.02+7.58

T o ta l  avg 8.40+2.51 11.72+1.77 15.42+4.62 24.29+3.19 17.43+3.17 21.44+3.74

A: pre rush-hour sample
B: rush-hour sample
C: rush-hour sample
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Table IV-A-22 Mass D i s t r i b u t i o n s f o r  Br-51s t S t . -Morning Samples
R o c k e f e l l e r  C e n t e r - J u l y  1977 (%)

Sample St age  1 S t age  2 St age  3 S tage  4 S t age  5 St age  6
7/25-A 6.01 8.68 13.69 13.69 33.84 24.07
7 /27" 10.16 9.08 12.10 15.13 17.53 36.01
7 /28" 3 .32 6. 34 9.09 21.62 23.29 36.33
7 /29" 4 .25 13.26 10.37 28.27 15.14 28.72

7/25-B 9.80 8.49 16.66 22.86 22.86 19.32
7/27" 3 .23 4.85 11.67 17.27 30.22 32.75
7/28" 3 .40 3.84 8.48 19.38 17.75 47. 14
7/29" 4 .85 7.76 9.70 18.18 21.23 38.28

7/25-C 14.67 14.67 11.74 20.54 13.40 24.97
7 /27" 7 .96 3.37 6.90 23.45 34.21 24. 12
7 /28" 2 .74 3.04 8.01 21. 14 18.52 46.55
7 /29" 8 .32 11.27 14.57 21.68 22 .20 21.97

Avg A 5.94+3.03 9.34+2.88 11.31+2.01 19.68+6.69 22.60+8.35 31.28+5.96
Avg B 5.32+3.07 6.24+2.24 11.63+3.60 19.42+2.45 23.02+5.25 34.37+11.65
Avg C 8.42+4.88 8.09+5.81 10.31+3.52 21.70+1.25 22.08+8.85 29.40+11.50

T o ta l  avg 6 .56+3.66 7.89+3.64 11.08+3.04 20.27+3.46 22.57+7.48 31.68+9.70

A: pre rush-hour sample
B: rush-hour sample
C: rush-hour sample
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lable IV-A-23 Mass Distributions for Pb-16^*1 Floor-Afternoon Samples
Rockefeller Center-July 1977 ( .%)

Sample St age  1 S t age  2 St age  3 S tage  4 St age  5 S t age  6
7 / 2 1 -A 7.27 8.04 20.86 19.33 17.70 26.
7 / 2 2 ” 11.72 9.22 15.20 22.76 18.64 22.
7 /23" 30.34 11.60 18.64 16.81 11.10 11.

7 / 2 1 -B 5.22 8.58 16.16 20.63 16.84 32.
7 / 2 2 ” 7 .23 9.40 14.60 20. 14 18.72 29.
7 /23" 31.75 8.47 21.98 12.90 13.61 11.

7/21 -C 3.46 8.57 14.40 22.70 17.80 33.
7 / 2 2 ” 21.79 8.21 15.90 16.95 15.29 21.
7 /23" 25.65 11.79 8.91 17.94 13.15 22.

Avg A 16.44+12.24 9.62+1.81 18.23+2.85 19.63+2.99 15.81+4.11 20.25+7.
Avg B 14.73+14.77 8.82+0.51 17.58+3.89 17.89+4.33 16.39+2.58 24.59+11.
Avg C 16.97+11.86 9.52+1.97 13.07+3.68 19.20+3.07 15.41+2.33 25.83+6.

T o t a l  avg . 16.05+12.96 9.32+1.43 16.29+3.47 18.91+3.46 15.87+3.01 23.56+8.

79
46
5°

57
92
29

08
85
56

88
60
29

59

A: pr e  r u sh - ho u r  sample 
B: r u sh - hou r  sample 
C: r u s h - ho u r  sample



Table IV-A-24 Mass Distributions for Pb-16th
R o c k e f e l l e r  C e n t e r - J u l y  1977

Sample St age  1 S tage  2 St age  3
7/25-A 19.84 14.29 16.27
7 / 2 7 ” 6.76 7.66 11.41
7/28" 2 .78 3-04 10.20
7/29" 3 .10 7.64 7 .88

7/25-B 12.43 11.82 18.58
7 /27" 7 .25 7.58 15.33
7 /28" 2 .85 3-50 11.09
7 /29" 11.24 8.86 22.70

7/25-C 29.67 15.24 14.36
7/27" 13.22 8.59 14.32
7 /28" 2 .87 5.98 11.52
7 /29" 17.17 13.65 19.00

Avg A 8 .12+8.02 8 .16+4.63 11.44+3.54
Avg B 8.44+4.34 7 .94+3.45 16.93+4.92
Avg C 15.73+11.08 10.87+4.32 14.80+3.10

T o ta l  avg 10.76+7.81 8 .99+4.13 14.39+2.77

A: pr e  r u sh - hour sample
B: r u s h - hou r  sample 
C: r u sh - ho u r  sample

.oor . -Morning 
(%)

Samples

S t age  4 S t age  5 S t ag e  6
24.21 11.90 13.
17.87 17.97 38.
14.77 2 3 . 1 0 46.
15.88 28.61 36.

18.02 22.10 17.
20. 61 20.04 29.
16.47 22. 48 43.
10.38 19.68 27.

12.64 12.97 15.
15.86 19.83 28.
18.50 20.90 40.

165.59 17.40 16.

18.18+4.22 20.40+7.14 33.71+14.
16.37+4.34 21.08+1.42 29.24+10.
15.90+2.44 17.77+3.52 24.93+11.

49
34
11
90

05
18
60
14

12
19
23
19

07
94
79

16.82+3.67 19.75+4.03 29 .29+12.27



Table IV-A-25 Mass Distributions for Br-16^*1 Floor-Afternoon Samples
Rockefeller Center-July 1977 (%)

Sample Stage  1 St age  2 Stage  3 S tage  4 St age  5 S tage  6
7 /2 1 -A 5.16 12.04 24.77 23.74 12.90 21.39
7/22" 14.33 13-37 18. 38 23- 40 17.33 13.19
7/23" 19.69 8.22 23.08 17.67 16.63 14.70

7 / 2 1-B 12.01 10. 20 19.49 21.76 14.41 22. 13
7/22" 8 .22 10.21 20.98 24.99 16.87 18.73
7/23" 23.02 10. 44 18.57 21.28 14. 31 12. 38

7 / 2 1-C 4.21 8.89 18.75 22.50 21. 00 24.64
7/22" 28.36 9.97 14. 07 21.50 12.83 13.27
7/23" 19.24 12.37 14.62 20.24 15.93 17.61

Avg A 13.06+7.35 11.21+2.67 22.08+3.31 21.60+3.41 15.62+2.38 16.43+4.36
Avg B 14.42+7.69 •10.28+0.14 19.68+1.22 22.68+2.02 15.20+1.45 17.75+4.95
Avg C 17.27+12.19 10.41+1.78 15.81+2.56 21.41+1.13 16.59+4.12 18.51+5.74

T o ta l  avg 14.92+9.08 10.63+1.53 19.19+3.16 21.90+2.19 15.80+2.65 17.56+5.02

A: pre rush-hour sample
B: rush-hour sample
C: rush-hour sample



Table IV-A-26 Mass Distributions for Br-16^*1 Floor .-Morning Samples
Rockefeller Center-July 1977 (?)

Sample Stage  1 St age  2 St age  3 S tage  4 S tage  5 S tage  6
7/25-A 15. 40 9.43 18.24 18.24 18.87 19.81
7 / 2 7 " 1 0 . 1 2 1 6 . 3 2 15.34 20.24 16.89 21 .08
7 /28" 3.93 7.17 13.39 15.71 1 7 . 6 0 42.24
7 /29" 6 .44 15.46 15.89 2 3 . 6 1 16.85 21.75

7/25-B 9.62 1 0 . 8 8 20.50 20.92 20.08 17.99
7 / 2 7 " 7 .29 7-90 19.14 24. 30 19.47 21.90
7 /28" 3-30 6.36 12.50 18.74 17.60 41.48
7 /29" 7 .45 8 . 1 0 23-33 10.69 19.15 31.27

7/25-C 2 1 . 0 0 15.94 1 6 . 7 0 18. 2 2 12.55 15.58
7 /27" 10.87 10.49 21.36 23.69 14.37 1 9 . 2 2
7/28" 4.50 3-27 16. 40 19.50 19.29 37.04
7 /29" 14.98 14.01 18.84 17.39 2 1 . 0 1 13.77

Avg A 9.97+4.98 12.09+4.50 15.72+2.00 19.45+3.34 17.55+0.94 26.22+10.71
Avg B 6.92+2.63 8 . 3 1 +1 . 8 8 18.87+4.59 18.66+5.79 1 9 . 0 8 + 1 . 0 6 28 .16+10.48
Avg C 12.84+6.94 10.93+5.58 18. 33+2i 30 19.70+2.80 16.81+4.00 21.40+10.67

T o ta l  avg 9 .58+4.85 10.44+3.99 17.64+2.96 19.27+3.98 17.81+2.00 25.26+10.62

A: pre rush-hour sample
B: rush-hour sample
C: rush-hour sample
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TABLE IV-A-48
CORRELATION OF PARTICULATE SULFUR WITH WIND DIRECTION

I " 9/ " - 3 1
A) WINDS FROM S to SW

S «
T|=

JULY 1 9 th 
AFTERNOON

JULY 2 0 th 
AFTERNOON

JULY 21st 
AFTERNOON

JUL>
MOF

( 2 5 th 
•NING

PRE MJD POST ER-E- M 1 D POST PRE MID POS T PRE MID POST

16*
51st

6th

2140

2217

1819

5 2 4 9

3116

5771

6 8 7 5

5 9 8 7

9 6 2 4

25 6 7
1380

1626

6101

4704

6697

7605

6382

11632

5146

8540

6508

8520

10612

10145

5964

6120

4244

< 5 0

1097

6 5 4

4 7 3

817

1395

7 6 4

1440

2337

B) WINDS FROM N W  to SE
JULY 22nd 
AFTERNOON

JULY 2 7 th 
MORNING

JULY 2 8 th 
MORNING

JULY 2 9 th 
MORN ING

PRE M I D POST PRE MID p o s r PRE MID POST PRE MID POST

16U

5 ?

6,h

72

4 7 7

3 5 0

61

3 4 0

2 5 2

1 1 1

2 4 9

98

1 127 

1106 

1665

6 3 8

9 3 9

1707

7 2 2

1468

1 6 3 7

1126

1356

1468

140 1 

1386
1340
20 4 0

1475

7 5  5 

9 2 4  

1095

765 

9 2 5  

154 1

8 4 4

921

1 9 7 7
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t a s s i um and cal c ium c o n c e n t r a t i o n s  a l s o  underwent  wide f l u c ­

t u a t i o n s  in t h e i r  range  o f  v a l u e s ,  a l t hou gh  t hey  d id  not  a l ­

ways c o r r e l a t e  wel l  wi th each o t h e r .  Copper and z inc  con­

c e n t r a t i o n s ,  which a l s o  showed no c o r r e l a t i o n  wi th  each o t h ­

e r ,  a l s o  e x h i b i t e d  a wide range  o f  v a l u e s .  With t he  s i n g l e  

e x cep t i o n  o f  i r o n ,  no e lement s  showed a c o n s i s t e n t  r u sh - hou r  

p a t t e r n .  Fig IV-A-5 demon s t r a t e s  t he  c o n s i s t e n t  r u sh - hou r  

t r en d  fo r  i r o n  observed  on 6 t 1̂ Ave. ,  which i s  no t  observed 

on e i t h e r  51s ^ or  t he  1 6 ^  f l o o r .  Lead and B r , both 

s t r e e t - l e v e l  e m i s s io n s ,  showed no c o n s i s t e n t  r u sh - ho u r  

peaks .  This  i s  f u r t h e r  s u p p o r t ,  a long wi th t he  CO d a t a ,  f o r  

c o n s t a n t  t r a f f i c  p a t t e r n s  on avenues  i n  t he  mid-town a r e a ,

i . e . ,  t h ey  do no t  change s i g n i f i c a n t l y  from i n i t i a l  morning 

ru sh-hou r  l e v e l s ,  excep t  f o r  t he  e x p re s s  bus se s  t h a t  run on 

6 ^  Ave. du r ing  t he  r u s h - h o u r .  F ig .  IV-A-6 shows t h e  v a r i a ­

t i o n s  in  t he  Pb and Br c o n c e n t r a t i o n s  wi th t ime o f  day.  As
A.

expec t ed ,  6 Ave. s u f f e r e d  t he  most  s eve re  r u sh -h ou r  co n d i ­

t i o n s  whi le  t he  1 6 ^  f l o o r  was a f a c t o r  o f  2 . 5  t ime s  l e s s  

than  6 ^  Ave. and about  1.6 t imes  l e s s  51s ^ S t .  i n  Pb and 

B r . This  was a somewhat l e s s  d r a s t i c  change t han  occu r r ed  

for  t he  CO l e v e l s .

I ron p r e s e n t s  an i n t e r e s t i n g  case  fo r  d i s c u s s i o n .  As 

po in ted  o u t ,  on ly  6 ^  Ave. showed a d i s t i n c t  r u sh - h o u r  peak 

wi th  Fe c o n c e n t r a t i o n s  a f a c t o r  o f  t en  h ighe r  t han  on 51s  ̂

S t .  or  1 6 ^  f l o o r ,  which b e s i d e s  con f i rming  t he  poor l a t e r a l  

mixing a t  s t r e e t - l e v e l ,  a l s o  i n d i c a t e s  a p o s s i b l e  s t r e e t -
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l e v e l  source  o f  i r o n  on 6 ^  Ave. P revious  s t u d i e s  o f  urban 

a e r o s o l s  g e n e r a l l y  a t t r i b u t e  t he  p r e sence  o f  i r o n  to  automo­

b i l e s  in a r e a s  where s t e e l  p l a n t s  o r  o t h e r  heavy i n d u s t r y  

a r e  a b s e n t .  In t he  case  where i r o n  i s  be ing  produced ex­

c l u s i v e l y  from v e h i c l e  ex haus t  sys t ems ,  t he  Fe l e v e l s  tend 

to  be lower t han  t he  Pb l e v e l s  and we see t h i s  on 51s ^ S t .  

and t he  I6^h f l o o r .  This  i s  no t  to  imply t h a t  t h e r e  were no 

o t h e r  sou rc e s  o f  Fe.  On t he  c o n t r a r y ,  t he  impactor  on the  

16th f l o o r  was l o c a t e d  near  a water  coo l i ng  tower which 

p robab ly  i n j e c t e d  c o r r o s i o n  p ro du c t s  i n t o  the  a i r ,  suspended 

in t he  e v a p o r a t i n g  sp r a y .  S i x th  Ave, however,  wi th  concen­

t r a t i o n  l e v e l s  an o rd e r  o f  magni tude  h i g h e r ,  in  some c a s e s ,  

i n d i c a t e s  a comp le t e ly  i ndependen t  sou rce  o f  i r o n .  One pos­

s i b l e  answer i s  t he  6^h ^ve subway sys tem.  There were 

numerous e n t r a n c e s .and v e n t i l a t i o n  g r a t i n g s  in t he  immediate 

v i c i n i t y  o f  t h e  sampling l o c a t i o n .  The l e v e l s  o f  i r o n  meas-
¥ hured on 6 tn  Ave. c o r r e l a t e d  wel l  wi th  a c t u a l  subway t r a f f i c  

as shown in f i g .  IV-A-7.  I t  i s  o f  no t e  in f i g .  IV-A-7 t h a t  

a sha rp  emi ss ion  peak may be obscured i f  the  sampl ing pe r i od  

e i t h e r  d o e s n ’ t  c o in c id e  wi th t he  peak emi ss ion  pe r i o d  or i s  

long compared to  i t .  Also,  t h e  f a c t  t h a t  v e n t i l a t i o n  dur ing  

the  week o f  a f t e r n o o n  samples was b e t t e r  than t he  monthly 

average  fo r  t h i s  t ime p e r i o d ,  could  e x p l a in  why d i f f e r e n c e s  

in t he  morning Fe l e v e l s  were g r e a t e r  t han  t he  d i f f e r e n c e s  

in t h e  a f t e r n o on  l e v e l s .  Under normal c o n d i t i o n s  ( i . e .  

average)  o f  v e n t i l a t i o n ,  i t  i s  p robab ly  v a l i d  to assume t h a t
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afternoon Fe concentrations on Ave. would be greater
than would morning ru sh -hou r  c o n c e n t r a t i o n s .  A v e r i f i c a t i o n  

o f  t h i s  source  could  be ob t a i ned  by t a k i n g  a sample below 

s t r e e t - l e v e l  in t he  subway i t s e l f ,  bu t  such a t e s t  has no t  

ye t  been p o s s i b l e .  Al though no t  con s id e r e d  a harmful  con­

s t i t u e n t  o f  t he  a e r o s o l ,  i r o n ,  in  c o n c e n t r a t i o n s  as h igh  as 

12-15 pg/m3j r e p r e s e n t s  as much as  *[5% o f  t he  TSP. I t  i s  

e v i d e n t  from the  mass d i s t r i b u t i o n  d a t a  ( f i g  IV-A-8) ,  t h a t  

a lmos t  a l l  o f  t h i s  i r o n  i s  r e s p i r a b l e ,  t h u s  r e p r e s e n t i n g  a 

c o n s i d e r a b l e  burden on t he  r e s p i r a t o r y  sys tem.  In a d d i t i o n ,  

t h e r e  i s  some s p e c u l a t i o n  t h a t  Fe may p rov ide  a c a t a l y t i c  

s u r f a c e  fo r  t he  conv e r s io n  o f  SC>2 t.0 SOjj = . Such mechanisms 

a re  o f  g r e a t  concern  because  o f  t he  danger  a s s o c i a t e d  with 

s u l f u r i c  ac id  m i s t  a e r o s o l s  which a re  qu i ck l y  becoming a ma­

j o r  p o l l u t i o n  problem.

P a r t i c u l a t e  s u l f u r  a l s o  r e p r e s e n t s  an unusual  s i t u a t i o n  

for  t he  New York a e o r o s l .  As was p r e v i o u s l y  ment ioned ,  p a r ­

t i c u l a t e  s u l f a t e  r e s u l t s  from the  photochemica l  conve rs ion  

o f  S02> f o r  which numerous p o s s i b l e  mechanisms have been 

p roposed.  A more r e c e n t  development  has  been t he  o b se r v a ­

t i o n  t h a t ,  as  a consequence  o f  t h i s  c o n v e r s i o n ,  l a r g e  

amounts o f  s u l f u r i c  a c id  m i s t  a e r o s o l  have been r e p o r t e d  in 

urban a t m o s p h e r e s ^ )  # j n ad d i t o n  to  photochemica l  conve r ­

s i o n ,  SC>2 i s  a l s o  be ing  co nve r t ed  to  s u l f u r i c  a c id  in c a t a ­

l y t i c  c o n v e r t e r s  p r e s e n t l y  i n s t a l l e d  in l a t e  model automo- 

b i l e s ^ ) .  A p o i n t  o f  i n t e r e s t  f o r  many urban a r e a s  i s  to
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know what f r a c t i o n  o f  t h e  s u l f a t e  burden can be a s c r i b e d  to 

s t r e e t - l e v e l  s o u r c e s ,  i . e .  c a t a l y t i c  c o n v e r t e r s  on automo­

b i l e s ,  and what f r a c t i o n  i s  c o n t r i b u t e d  from space h e a t i n g  

and power producing s o u r c e s .

The N.Y.C.D.E.P c o n t i n u o u s l y  measures  S02 and r e p o r t s  

h o u r l y  ave r ages  a t  s t a t i o n s  t h ro ughou t  t he  c i t y .  We have 

examined t he  r e a d i n g s  f o r  s e v e r a l  o f  t h e s e  s t a t i o n s  ( f i g  

IV-A-1!) and compared t he  t r e n d s  wi th  l e v e l s  o f  s u l f u r  on 

p a r t i c u l a t e  m a t t e r .  The major  l o c a l  sou rc e s  o f  SO2  du r ing  

t he  summer a re  g e n e r a l l y  acknowledged t o  be t he  power gen­

e r a t i n g  p l a n t s  l o c a t e d  w i t h in  t he  m e t r o p o l i t a n  a r ea  and 

o i l - f i r e d  ho t - w a t e r  h e a t e r s .  The l e v e l s  o f  S02 ranged any­

where from 1 t o  75 ppb du r ing  t he  sampl ing p e r i o d .  Fig IV- 

A-4 shows t he  c o n c e n t r a t i o n  o f  S02 Cn an hou r ly  b a s i s  f or  

t he  month o f  J u l y  a t  t he  r e p r e s e n t a t i v e  s t a t i o n s  chosen .  In 

a d d i t i o n ,  t h e  wind speed and d i r e c t i o n  fo r  t he  co r r e spond ing  

hour s  o f  sampling i s  a l s o  p l o t t e d .

Examining t he  l e v e l s  o f  p a r t i c u l a t e  su l fu r -  expe r i enced  

du r ing  t he  sampling p e r i o d s  ( t a b l e s  IV-A-13,  IV-A-27,  and 

IV-A-28) ,  t he  fo l lowing  o b s e r v a t i o n s  were made:

a) The morning sample a v e r ag es  were c o n s i s t e n t l y  lower 

t han  t he  a f t e r n o o n  samples  f o r  every  sampl ing per iod  

(A,B,C) .  In a d d i t i o n ,  t h e  v a r i a n c e  o f  t he  a f t e r n o o n  sam­

p l e s  were a o rd e r  o f  magni tude  h i gh e r  t han  were t he  morn­

ing samples .

b) No c o n s i s t e n t  r u sh - ho u r  p a t t e r n  was observed du r ing
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e i t h e r  o f  t h e  sampl ing p e r i o d s .

c)  When t he  v a lu e s  a r e  low ( i . e .  mornings  in t he  week o f  

Ju l y  24th t 0 J u l y  2 9 ^ )  t h e r e  i s  a p a t t e r n  o f  6 ^  

Ave.>51s ^ S t .> 1 6 th  f l o o r ,  s i m i l a r  to  t h a t  observed for  

CO, Pb and B r , which might  i n d i c a t e  a l o c a l  s t r e e t - l e v e l  

sou rc e ,  however ,  t h e r e  i s  no such p a t t e r n  when S i s  h igh  

i n d i c a t i n g  t h a t  t he  p a r t i c l e s  have a l r e a d y  been mixed 

i n t o  t he  a i r  mass b e fo r e  e n t e r i n g  t he  sampling l o c a t i o n .  

Fur the rmore ,  t he  absence  o f  a r u sh -h ou r  t r end  when S i s  

low i s  c o n s i s t e n t  wi th  v e h i c u l a r  p a t t e r n s  observed  du r ing  

t he  same p e r i o d .

d) The h igh  r e a d i n g s  o f  SO^ occu r r ed  du r ing  a pe r i od  when 

CO d a t a  i n d i c a t e d  a b e t t e r  t han  ave rage  v e n t i l a t i n g  con­

d i t i o n  a t  s t r e e t - l e v e l .

e)  The a f t e r no o n  c o n c e n t r a t i o n s  o f  p a r t i c u l a t e  S were 

anywhere from 2-6 t imes  t hose  o f  t he  morning samples but  

so was t he  v a r i a b i l i t y .  The amount o f  S ranged from 167 

ng/m3 t o  11,632 ng/m3 wi th  11 o f  t he  27 samples  be ing  

over  6 ,000 ng/m3} a c o n c e n t r a t i o n  o f  s u l f u r  4 t ime s  

h igh e r  t han  t he  h i g h e s t  va lue  r e p o r t e d  for  a l l  t he  morn­

ing samples .

This  ev id en ce ,  i n t e r p r e t e d  as f o l l o w s ,  i n d i c a t e s  a sou rce  o f  

p a r t i c u l a t e  S e x t e r n a l  to  t he  l o c a l  a r e a .  Table  IV-A-28 

shows t h a t  eve ry  occurence  o f  h igh  p a r t i c u l a t e  S was accom­

panied by winds from the  S t o  SW. The same cannot  be s a id  

for  SOg c o n c e n t r a t i o n s  i n d i c a t i n g  t h a t  t he  p a r t i c u l a t e  S i s
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not  r e l a t e d  SOg. The SO2  c o n c e n t r a t i o n s  were f a i r l y  i n s e n ­

s i t i v e  to changes  in  wind d i r e c t i o n .  S t a t en  I s l an d  had a

g e n e r a l l y  lower  SO^  c o n c e n t r a t i o n  than  t he  m id - m e t r op o l i t a n  

a r e a  as measured a t  M o r r i s a n i a ,  Greenpo in t  and Ar sena l ,  i n ­

d i c a t i n g  t h a t  n e a r l y  a l l  SO^ o r i g i n a t e d  in t he  m e t r o p o l i t a n  

a r e a .  Since t he  1/e t ime c o n s t a n t  f o r  co nve r s i on  o f  SO^ t o  

SO ^  i s  from 3 t o  30 h o u r s (5)  depending on 'wea the r  co n d i ­
t i o n s ,  i t  i s  t h e r e f o r e  p robab l e  t h a t  most o f  t h e  p a r t i c u l a t e

S expe r i enced  in New York Ci ty  du r i ng  the  week o f  Ju ly  2^t h  

was t he  r e s u l t  o f  t r a n s p o r t  from sou rc e s  over  one hundred 

m i l e s .  Recent i n v e s t i g a t i o n s  by Winches te r ,  e t  a l . ^ ^  sug­

ge s t  t r a n s p o r t  o f  p a r t i c u l a t e  S c a n o c c u r  over  hundreds  o f  

m i l e s  and p o s s i b l y  as  f a r  as t he  mid-west  ( S t .  Louis)-.  Thus 

we conc lude  t h a t  t he  h igh  l e v e l s  o f  p a r t i c u l a t e  s u l f u r  

r e p r e s e n t  s u l f a t e  t r a n s p o r t e d  from the  wes t .

Other e lement s  examined showed no unusual  p a t t e r n s  or  

abnormal c o n c e n t r a t i o n s .  Ambient l e v e l s  a r e  about  what one 

would expec t  from urban a r e a s .  C on cen t r a t i on  r anges  fo r  e l e ­

ments a r e  g e n e r a l l y  l a r g e ,  ex t end ing  over a f a c t o r  o f  t en  in 

normal c a s e s ,  and t he  p a t t e r n s  f o r  t he s e  e lement s  seem to 

i n d i c a t e  t h a t  l o c a l l y  h igh  r e l a t i v e  c o n c e n t r a t i o n s  can ap­

pear  f o r  many hou r s  p robab ly  due t o  s h i f t i n g  of  t he  wind 

d i r e c t i o n .

B. D i scu s s ion  and Recommendations

The r e s u l t s  o f  the  sampl ing program a t  both sampling 

l o c a t i o n s  a r e  t h a t  mass d i s t r i b u t i o n s  do not  change with
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e l e v a t i o n .  1 6 ^  f l o o r  mass d i s t r i b u t i o n s  ag r ee  q u i t e  wel l  

wi th s t r e e t - l e v e l  mass d i s t r i b u t i o n s ,  even fo r  sou rc e s  e m i t ­

ted a t  s t r e e t  l e v e l .  There i s ,  however ,  a d e f i n i t e  d i l u t i o n  

e f f e c t  observed f o r  a e r o s o l  components emi t t ed  a t  s t r e e t

l e v e l  and measured a t  t he  16^^ f l o o r .  Fu r the rmore ,  v a r i a ­

t i o n s  in s t r e e t - l e v e l  c o n c e n t r a t i o n s  a r e  obse rved fo r  sam­

p l i ng  s i t e s  l o c a t e d  on i n t e r s e c t i n g  s t r e e t s  and avenues 

whose p rox imi ty  would r e a so n a b l y  su g g e s t  a common a e r o s o l .  

This  im p l i e s  t h a t  l o c a l  mixing of  t h e  a tmosphere  i s  r e t a r d e d  

by c o n d i t i o n s  e x i s i t i n g  in t he  mid-town a r e a .

A d i l u t i o n  f a c t o r  o f  from 3 t o  4 was observed  fo r

s t r e e t - l e v e l  emi s s ions  when measured a t  the  1 6 ^  f l o o r ,  and 

t he  absence  o f  t h i s  f a c t o r  can be .  used to de te rmine  the

p re sence  o f  t r a n s p o r t e d  a e r o s o l .  The poor v e r t i c a l  and l a ­

t e r a l  mixing p a t t e r n s  obse rved  a t  R o c k e f e l l e r  Center  i n d i ­

ca t e  t h a t  s t u d i e s  a r e  needed to  de te rmine  where to b e s t  

p l ace  a sampler  f o r  maximum i n f o r m a t i o n .  I do not  t h i n k  a 

2 4 - h r . sampl ing p e r i o d ,  o r  weekly sampl ing p e r i o d s ,  can ac ­

c u r a t e l y  a s s e s s  t he  impact  o f  work-day p o l l u t a n t  l e v e l s .

There a r e  ve ry  d r am a t i c  d i f f e r e n c e s  observed du r ing  work-day 

s i t u a t i o n s  t h a t  a r e  masked by 24-hr  . sample av e r ag i n g .  

Roof- top sampl ing can l e ad  to  e r r oneous  c o n c l u s i o n s  about  

c o n c e n t r a t i o n s  a t  s t r e e t - l e v e l ,  i f  c a r e  i s  no t  e x e r c i s e d  and 

a knowledge o f  mixing p a t t e r n s  i s  n o t  known.

A new c o n t r i b u t o r  to  t he  l o c a l  a e r o s o l  i s  be ing  r e p o r t ­

ed.  Unusual ly  h igh  l e v e l s  o f  i r o n  on 6 t l l f e x h i b i t i n g  d e f i n ­
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i t e  r u sh -hou r  p a t t e r n s  and c o r r e l a t i n g  wel l  wi th subway 

t r a f f i c ,  i n d i c a t e s  t h a t  a b l a t i o n  o f  subway wheels and t r a c k s  

a r e  r e s p o n s i b l e  f o r  l a r g e  q u a n t i t i e s  o f  Fe be ing  i n t roduced  

i n to  t he  a e r o s o l  on 6^h Ave. I a l s o  recommend a f u r t h e r  i n ­

v e s t i g a t i o n  o f  t h i s  new s o u r c e ,  p o s s i b l y  even sampling in 

t he  subway i t s e l f ,  t o  a s c e r t a i n  the  l e v e l s  t o  which subway 

r i d e r s  and workers  a r e  exposed.

I t  i s  a l s o  be ing r e p o r t e d  t h a t  m u l t i p l e  sou rce s  o f  p a r ­

t i c u l a t e  s u l f u r  might  e x i s t .  Our ev idence  shows t h a t  t r a n ­

spo r t ed  s u l f u r  seems r e s p o n s i b l e  f o r  much l a r g e r  ' q u a n t i t i e s  

o f  s u l f u r  than  l o c a l  s o u r c e s .  The t r a n s p o r t e d  m a t e r i a l  

seems t o  o r i g i n a t e  from the  wes t ,  p o s s i b l y  hundreds  o f  m i l e s  

away. The lower  l e v e l s  o f  s u l f u r  seen on some days in the  

absence  o f  t r a n s p o r t e d  s u l f u r  s u g g e s t s  t he  au tomobi le  as a 

p o s s i b l e  sou rce  f o r ,  a s  o f  now, low amounts o f  p a r t i c u l a t e  

s u l f u r .  However, t h e  absence  o f  d a t a  on t he  p a r t i c u l a t e  

s u l f a t e  e n t e r i n g  t he  c i t y  p r e v e n t s  a f i rm i n t e r p r e t a t i o n  o f  

t h e s e  r e s u l t s .  A t t e n t i o n  should  be paid to t h i s  new sou rce  

o f  s u l f u r  s i nc e  i t  has  t h e  p o t e n t i a l ,  due to g r e a t e r  pe r cen ­

t a g e s  o f  new model c a r s  c o n t a i n i n g  c a t a l y t i c  c o n v e r t e r s ,  o f  

becoming a much l a r g e r  sou r ce .
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A u to b i o g r ap h i ca l  Note

I  was born Sene E l l i s  on October  21,  19*18 to  my p a r e n t s  

Mildred and Ar thur  Bauman. The e l d e s t  o f  t h r e e  sons ,  I 

s pe n t  most  o f  my chi ldhood  in t he  Sheepshead Bay a r e a  o f  

Brooklyn,  New York, where I a t t e n d e d  t he  N.Y.C. p u b l i c  

school  sys tem.  Graduat ing  Sheepshead Bay Highschool  in 1966, 

I  immedia te ly  e n t e r e d  Brooklyn Col lege  in t he  f a l l  o f  t he  

same yea r .

I n i t i a l l y  s t a r t i n g  as a p r e - e n g i n e e r i n g  ma jo r ,  I soon 

changed to Chemist ry when I was in my sophomore y e a r .  As a 

f reshman I j o in e d  Sigma Alpha Mu f r a t e r n i t y  and remained ac­

t i v e  f o r  a lmost  t h r e e  y e a r s  u n t i l  .my i n t e r e s t s  and the  f r a ­

t e r n i t i e s  p o p u l a r i t y  waned. I t  was i n  t he  sp r i ng  term o f  my 

sophomore year  t h a t  I f i r s t  met my f u t u r e  a d v i s o r ( s )  Evan T. 

Wil l iams and Harmon L. F i n s t o n .  Since  then  t h e s e  men helped 

t hrough some ve ry  t r y i n g  moments and our f r i e n d s h i p s  have 

grown c o n t i n u o u s l y .  I g r adua t ed  B.S.  in  chem i s t ry  in the  

sp r i n g  o f  1971 and immedia te ly  sought  my f o r t u n e  in t he  

b u s i n e s s  wor ld.

Af t er  many f r u i t l e s s  months ,  I f i n a l l y  o b t a in ed  a job 

wi th Olin Water Se rv i c e  L a b o r a t o r i e s ,  l o c a t e d  a t  1 2 5 ^  S t .  

and Broadway in  Manhat tan ,  where I ana ly sed  b o i l e r  wa t e r s ,  

and o t h e r  aqueous samp le s .  F i n a l l y ,  n e a r l y  drowning in 

boredom I ap p l i ed  and was accep t ed  to g r ad ua t e  school  a t  

CUNY in t he  s p r i n g  o f  1972. My i n i t i a l  t e a ch i ng  r e s p o n s i ­

b i l i t y  as  a g r ad u a t e  s t u d e n t  was to t e ac h  I n t e g r a t e d  S c i ­
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ence ,  a cour se  fo r  n o n - sc i en c e  m a j o r s ,  which e v e n t u a l l y  Evan 

and I t a u g h t  t o g e t h e r  as an env i ronmen ta l  chemi s t ry  c o u r s e .

I t  was du r ing  t h i s  pe r i od  o f  my l i f e  t h a t  I f i r s t  met 

my l o v e l y  w i f e ,  Susan,  who a t  t he  t ime was a s t u d e n t  in my 

c l a s s .  We mar r i ed  two y e a r s  l a t e r  on May 26, 197  ̂ and have 

remained h ap p i l y  so s i n c e . .  The on ly  o t h e r  member o f  our 

f a m i l y ' i s  our  be loved Che ls ea ,  a g r ey  t i g e r - s t r i p e d  c a t  who 

e a t s  us ou t  o f  house and home and s l e e p s  a l l  day.


