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ABSTRACT* .

Investigations have'been'performed aimed at déve]oping plastic nuclear track
detectors into preéise:and quantitative tools for recofding and measuring
multicharged, heavy partic}es. “Accurate track etch rate measurements éé a
function of LET have been performed for cellulose nitrate and Lexan plastic
detectors. This was done using a variety of incident charged particle types
and energies. The effect of aging of latent tracks in Lexan in different
gaseous atmospheres has been invéstigated. Range distributions of high
energy ]4N particle Bevatron beams in nuclear emulsion were measured.

Invest1gat1on of charge resolution and Bragg peak measurements were carried

out us1ng plastic nuclear track detectors

*The track geometry portion of this report was previously published in
Nuclear Instruments and Methods 97 (1971) 483-489.



INTRODUCTION

The pﬁrpose of this effort was to carry out investigations aimed at
refining the techniques and methods of p1astic.nuc1ear track detectors‘.]’2
The goal is to develop plastic nuclear track detectors into precise and
quantitative tools for heavy particle measurements. Some of the areas
investigated include: The behavior of the track etch rate~VT, as a function
of particle LET in Lexan and cellulose nitrate, the response of different
types of cellulose nitrate as well as of the different surfaces of a
single sheet oftthe same material, the response as a function of the etching
time, and the aging effect of_the latent tracks as a function of storage
atmosphere. An analysis of the response of cei]ulose'nitrate and Lexan
is also given. Finally, the detectors were utilized in practical applications

involving the test of chargde resolution and the measurement of the Bragg

peak of mu]tiéharged, high energy particle beams from the Bevatron.

CELLULOSE NITRATE

A stack of cellulose nitrate Tayers of the type USF #4 was exposed to a
stopping beam of ]60 particles at the Berkeley Bevatron. The individual
detector layers were etched at 40°C in 6.25 N NaOH solution without stirring.
Two etch times were used, 5.0 and 20.0 hours. Measurements of the track
etch rate, VT’ were performed on both sets of layers and for both surfaces
of each detector sheet. The results are shown in Figur¢§ 1, 2 and 3; Here
VT in microns per hour is plotted against the partic]e residual range in
microns. It is observed that on a log - 1log plot, the data is we]]-'
approximated by a straight Tine in- each of the cases.
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In Figure 1 is:shbwn the VT measurements for both the "aik“ and the "metal”
surface of -the detector. This refers to the casting process for preparing
cellulose nitrate where a nitrocellulose solution is poured intd a metal pan
and is then allowed to dry. It is observed that for a 5.0»h0ur»etch, the data
from bdth surfaces join smoothly together.

The VT data for the 20.6 hr. efch is gfven in Figures 2 and 3. Interj
comparisons with the data for the 5.0 etch shows that the "air surface" data
fbr the 20.0 hr. etch fits well togéther with both sets of data_forvthe 5.0
etch.- Howéver, the "metal surface" data for the 20.0‘hr; etch is measurably
different'from the other three.sets.‘ This difference suggests .a sensitivity
difference between'tﬁe two plastic surfaces. Appargntly,'there is a gradual
éurface—tofsurface fransition in the properties of the cast material Whiéh
becomes more prbnounced with‘increasing etch times. These observations were
further substantiated by an even 1ongervetch time of 100 hr. Here, large
differences in the track structure between the two surfaces was noted.

The track etch rate as a function of residual range was also measured
in USF #3 ce11uldse nitraté, using samples exposed at the PPA to high energy
beams.of ZONe partic]és. This detector is similar to USF #4 type, however,
is slightly 1ess.sensitive. The track etch rates wére measured on one layer.
‘The tracks due to the particles were then traced to their stopping points to
find the residual range that applied for the measured etch rate. A total of
48 tracks were traced through, and four layers were required to reach the
stopping points of all of the particles. Because of the non-uniform thickness
of the CN Tayers, the thickness of eéch layer'at.the point of passage of each
particle had to be measured.

The results are shown in ngure 4. The track etch.rate,,VT, is plotted
as a function of the particle residual range, R. The etch rate calibration
obtained by drawing a straight line on this log - log plot through the top

20

group of tracks which are assumed to be ““Ne partié1es is
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o = 3083 LETS-626

where VT is in u/hqur and LET is LET350 in MéV/u. Using this calibration, the
dashed curves shown were drawn for fhe isotopes indicated. - |

It can be Seen that the measured points fall nice]y into two groups. The
Togical charge assignment for the upper'and most populated group is thé'nominaT
beam ion, zoNe“ From this assumption and the calibration Curvé drawn through
this group of points, the dashed curves follow. Vit is assumed that the ions
_represénted by the other groups of points are produced through nucleaf inter-
actions of the incident 20Ne beam. For this reason it is not surprising to
find some of the points not fa111ngron the dashed Tine cbrresponding to the
most abundant isotope in nature.

The range of track etch rates measu}eable in this case is largely governed
by the constant etch time of the detector used for these measurements. A
1ohger etch fime would have allowed the measurement of much Tower etch rates,.
"~ and a shorter etch time would Have allowed the heasurement of somewhat gfeater
etch rates. The same calibration would not necessarily follow, however. This
js because 1) the etch rate calibration can only be expécted to be represented
by a power function in LET over a Timited range of LET values, and 2) the etch
rate is a function of the etch time because it varies with the depth in the

sample.
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- LEXAN

It 1s well known that latent tracks in plastic nuclear track detectors
a : _
are affected by various environmental parameters such as UV light, oxygen in

‘the atmosphere, etc.’

A study was performed to determine the affect of
storage of latent tracks in Lexan stored in various gaseous atmospheres
including 02,7N2 Ar, Coz.and vacuum. Samples of Lexan exposed to 10.1 MeV/

nucleon 40

Ar ions were stored in the various atmospheres, in the dark, and
then processed at various intervals of time. The results are shown fn Figure
5. As is observed, samples storedvin inert atmospheres of N2,‘C02.and Ar
showed no measurable change in VT' Samples stored in'vaéuum showed a
definite decreésé in VT with storage time. A sample stored in air at OfC
in the dark showed no measurabie increase in VT even after a 1,000 day |
storage period. |
Measurements of UV-irradiated Lexan were‘made using stopping ]60
partic]é beam of the Bevatron. An UV-irradiation of 32 hours on each
side (16-32-16 hours per side) was carried out using a 1,000 watt GE
mercury arc 1amb at a distance of 12 cm from the arc. The results are
given in Figures 6, 7 and 8. It is observed that again the data are
well-approximated by a straight line on a Tog - log plot. In this case,
all the data join smoothly together. While a greater variation is
observed in the response over a\singie surface, as compared with, for
example, USF #4 cellulose nitrate, a much smaller variation in response

is observed from one surface of the detector to the next. It should be

pointed out that some of the scattering of the data is the result of
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measurements of tracks due to secondaries stopping in the detector which
were produced by the interaction of the primary beam with the stopping

material.
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‘COMPARISON OF RESPONSE: CELLULOSE NITRATE AND LEXAN

Plastic nuclear track detectors such as cellulose nitrate, UV irradiated
Lexan, and non-irradiated Lexan differ not only 1n.sensitivity but also in the
manner in which the etch rate, VT’ varies as a function of particle LET. Two
detectors may be comparable 1in sensjtivity but because of the differences in
the response would be usefu] in the measurement of different portions of the
particle LET spectrum. In this section, the response curves are compared for
one type of cellulose nitrate;_USF#3, and UV irradiated as well as non-irradiatéd
Lexan. .

- The ba$i§ expression of the etch rate responseAfUnction of a detector is
the track etch rate as a function of the particle LET350- Here it 1s.assumed
that 350 eV is the proper value w for Vo(Z,A,E) = V,(LET ) where LET (Z,A,E).
A somewhat better parameter than the track etgh rate is the normalized track‘

etch rate,

<| —l<

G-

for cellulose nitrate and non-UV irradiated Lexan or
v

\) - -]_
Va1

- for UV irradiated Lexan. Here V] and VG] are the etch rates corrected for UV

attenuation. The quantity v is more usefu] than VT'because the ratio of VT/VG

is the governing factor for both for particle registration (v > csc 8) and

measurability of VT in the region v >> 1.

In Figure 9 are shown measurements of v(LET350) for several different plastic-
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processing combinations. The two curves of greatest interest are the USF

#3 curve and the UV-irradiated Lexan curve. They cover the greatest rénge

in v(1 < v < 200). Several comparisons can be made between these two_responsé

curves:

dInwv

For all values of v, T—roo—o

1is greater for CN than for

Lexan. This means the CN gives a much more sensitive measure-

ment of LET. Thus a given percentage acéuracy'measurement of

v gives a more accurate value of LET in CN than in Lexan.

For the measurable range of v (0 < v < 200) the range of

LET 5, values for Lexan (0.1 < LETggq < 1.0) is much greater

- than the values for CN. This means that CN is only useful

over a much more limited range of LET350 values. In fact,

~as can be seen by the non -~ UV-irradiated curve, Lexan

without UV irradiation can be used to measure greater values
of LET,5, vet. (If the curve is extrapolated, the upper
limit of measurable v-&ZOO, is reached at LET4pq = 2.5

MeV/u).
& 1 <0 CN
)2 >0 Lexan

(d jn LET350

This positive curvature of Lexan and negative curvature of CN

on the Tog - log plot implies tHat CN yields its greatest LET
measurement aécuracy at low LET and v values, and Lexan 1its
greatest accuracy at highﬁ}ET'values."It shou]d be mentioned,
however, that the shift in the Lexan curve at about v = 20 is
probably due to the accumulation of etch products in the track
becoming important for v 3 20. The effect of this satﬁrationvis

variable, resulting in an actual decrease rather than the
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apparent fncrease in LET measurement accuraqy?' Except for
this variability in the VT(LET350) cﬁrve, accuracy with Lexan
for v 2 2 is comparable to that of CN but just covers a
different range of LET;

The critical ya]Ues‘of LET350, LET350(v.= 1) = LET of

350,c-
Lexan and CN are approximately the same. That is, in a sensé,
UV-irradiated Lexan is as sensitive as CN. This is only trué,
however, for & = 90° tracks.. At § = 90°, a particle wWill
register to the same value of LET350 in UV-irradiated Lexan
and CN. The value of LET;;; cannot be directly compared,
however, because the stopping properties of the two materia]s.
are different. In CN the critical value of g is still greater

than in Lexan, indicating a greater sensitivity.
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COMPARISON OF LEXAN AND CN-IN'TERMS OF USE

The fO]]owing discussion still refers to Figure 9 and the remarks of

the previous discussion still apply.

1.

'Z determination

Both Lexan and CN are useful for Z determination but each has

its greatest use in a particular -situation. It should be

remarked that the basis for all of the discuSsion in this

paper is the assumption of the consistency of the calibration.

If tracks of a given LET have very nonreproducible values of

v, of course the discussion based on the calibration curve is

not true for the real situation. The parameter R,

a‘

eg 1S

- maximum residual range at which a particle can register.

Particles for which both VT and R are known."

"In this case a single measurement of VT(R) gives Z

much more accurately in CN (about 5 times more accurately).

VT(R) measured over entire non-etched-through portion of Rrgg'

In this situation CN is clearly superior. (1) Fewer values
of VT(R) must be measured. (2) Even with fewer values of
VT(R) measured, at § = 90° CN gives n 3.6 times the accuracy

of Lexarn in Z determination. (3) With decreasing dip angles

the approximate accuracy of Lexan remains the same, but for

CN it increases as (sin 6)'0'4. (4) The fraction of bulk
material to be removed to obtain the greatest accuracy in Z
is 0.50 for Lexan but only 0.27 for CN, allowing greater

accuracy in &, and o measurements in CN.

The above discussion asSumes equality in the detector thickness for Lexan

and CN.
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Cc. Measurements of Z in a relatively thin stack (<<Rfeg) where

the particle stopping points are random.

In this situation Lexan has a slight advantage over CN in
~ one respect. Because of fhe muéh greater range of LET values
measurable, a larger fraction of the registered p&rtit]és'

- W111 pfoduce meésured Z values than in CN. Many of the
tracks in CN will be etchéd through holes. However,: this
disadvantage may be offset by the_greater stopping density.
Thus, the number/cm2 which are not etched thrqugh may be
the same in CN as in Lexan. Furthermore, for those tracks
which are not etched through in CN, the accuracy in Z
measurement will be better than in Lexan.

Direct measement of the LET spectrum.

Direct measurement of the LET spectrum means measuring VT and
thus LET for each particle track. For this use Lexan is clearly
superior because of the greater range of LET that is measurable.

In CN only the range 0.1 < LET < 0.3 could be measured and

350
even in this case several samples with different etch times

would have to be employed. For Lexanvthe‘entire_range of 0.1 <.
LET5p < 4.0 could be measured by using différent etch times and
processing with and wfthout'UV. For a single etch time with UV
the range of LET350 <-1. The only advantages offered by CN are

better geometry tracks and greater accuracy in the LET measured,

but the accuracy of Lexan is quite sufficient.
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Measurement of particle fluences, LET spectra-by track counting,

“and the "density" parts of the stopping density measurements.

Here CN is clearly superior for several reasons.

a.

CN is more sensitive (also greater density, p, hence

greater stopping power per volume) giving greater fluences

~ and better counting statistics.

CN is more isotropic in its response. It does not

discriminate as strongly as Lexan against the Tow dip,
8, tracks. Thus when thé beam is not isotropic, CN
would enable the values of the fluences, LET spectra,
and stopping dénsities as averaged over solid angle
to be more closely approximated.

The cutoff in etch.rate as Rre is approached is much

g
more rapid in CN. This means that the measured track

numbers would be much less subject to scanning efficiency
variations. A muéh smalléer fraction of the total number

of tracks'wou1d'be'of the marginal character.
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~ HEAVY PARTICLE MEASUREMENTS
In order to test the usefulness of plastic nuclear track detectors in
practical situations some measuréhents were performed,UtiTizing the high
energy, ~250 MeV/nucleon, particle beams now available at thevBerkeley
Bevatron. First, however, nuclear emulsions were utilized in order to

define the particle beam characteristics.

]4N Ions in G. 5 Emulsion

1. Raﬁges o%

The ranges of 99 tracks were measured in an Ilford G.5 emulsion stack
eprsed at the Bevatron.. Several points~a1qngweach track were measured to
obtain the "true" range as well as the projected range. A1l tracks showing
an 1nterattion were systematically excluded.

The distribution in projected rénge, Rps for a1l 99 tracks is shown in
ngure 10. On this sca]é the distribution in true range, R, would appear
essentially the same and has not been p]ottéd. The peak regioﬁ (3.90 < R,Rp
< 4.15 cm) is plotted on a greét]y expandgd scale for Rp in Figure 11 and R
in Figure 12.

The information contained in. the range distributions is the central
value and the homents about this value. For our purposes, the quantities
of interest are the central value and the RMS spread as given by the standard
deviation. For gaussian distributions the best estimate of the central value

is the arithmetic average. If all 99 measured tracks are inciuded we obtain

the following average values for R and Rp

R = 4.004 + 0.043 cm
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ﬁb = 3.998 =+ 0.043 cm

and the standard deviations of a single measurements are

+

op = 0.430 = 0.031 cm

+

~og = 0.430 + 0.031.cm.
p

Examination of the partié]e range distributions shows, however; thatv
. the above results suffer because of the several ranges which deviate |
appreciably from the main body of distribution. Only 11 of 99 tracks or
11.1% rather than the expected 31.7% of the pafticles have ranges greater |
than_one standard deviation from the average. This imp1ies'that the |
distributions are not gaussian and the measured dispersion is contributed
mostly by the few Targely deviating tracks and does not accurateiy fepresent
the dispersion of the peak. Thus a better average can be obtained by
restricting ourselves to the tracks in the immediate vicinity of the peak.

For the 84 tracks in the range 3.90 < R,Rp < 4.15 cm the average ranges are:

R = 4.0308 + 0.0039 cm

R-
p

4.0244 + 0.0037 cm
and the standard deviations of a single measurement are

= 0.036 = 0.003 cm

I+

9R

+

op = 0.0338 = 0.0026 cm
p

Careful examination shows that even these restricted portions of the distributions
are non-gaussian. Thus, the ffna] approach to obtaining the true central values
of the peaks and the stopping ]4N beam alone unaltered by nuclear reactions is

to fit a gaussian curve through the counts in the three "bins" nearest the
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peak. This is accomplished not by taking the average and standard deviation

but by fitting

: ' R: = R{2
AN, = Ny 4R = Négf— exp ['F ! 5 ] }
. B 4

i dx’1 5 26

to the three measured values of AN{ by adjusting the total number, N, the

average value, R, and the standard deviation, o. This approach gives:

"R = 4.0237 + 0.0018 cm,

+

+

ﬁb = 4,0200 =+ 0.0014 cm,

+

og = 0.0117 £ 0.0013,
and
op = 0.0091 + 0.0010.
P
This {mp1ies an energy of 242.0 = 0.1 MeV/amu at the entrance face of the
emulsion. ~
It can be seen that the counts in the three ceptra] bins around the:

peak do represent the stopping point distribution due to the 14N ions from

an almost mono-energetic source which have not undergone nuclear interactions

or any other range dispersing interactions other than the range straggling
due to the randomness of the  randomness of the energy transfers to electrons.
For protons of 242 MeV/amu the standard deyiation in range due to range |
straggling is 1.10%. Since range straggiing goes inversely as the square
root of the atomic number, this implies a 0.295% straggle for ]4N. The

values obtained from the three central bins are:

]OOGR
R

= 0.29 + 0.03%
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and

——LB = 0.23 £ 0.02%

The difference between the average "true" range and projected range is
also of interest. It can be interpreted in terms of the multiple scattering..

Using-the average obtained from all 99- tracks

R-R,= 0.006 + 0.061 cm.

The averages from the restricted range interval, 3.90 < R,Rp < 4,15 cm.,

"~ gives:
"R - ﬁb = 0.0064 + 0.0054 cm.

The gaussian fits to the 3 central bin results give

R - R, = 0.0037 & 0.0023

Each of these differeﬁcés implies that to obtain a statistically meanihgful
difference between the true length and the projected length, many more
tracks would have to be taken. Taking tracks individually a]]eviatés this

problem by removing the spread due to the énergy djépersioh ahq the range
straggle. For all track; with 3.90 < R,Rp < 4.15) except numbers 67, 17,
~and 13 which had unusua]]y']arge values of R - Rp) the average value of

R - Rp is given by

R-R, = 0.00442 + 0.00028 cm.

and the standard deviation of a singie measurement by

R - Rp = 0.00254 + 0.00020°

Since Rp = R cos o, where 0 is the angle made by the track with the average
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track direction,

R-Ry =R (- —;o's 5) = ROI-(1- D1 =R &

o7 = 2(——L) = 0.00220 + 0.00014.
A R

The. RMS value of this angle is

Vo = 0.0469 + 0.0015 radians
= 2.69 + 0.09 degrees.
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2. Charge Measurements Using Cellulose Nitrate.

Layers of cellulose nitrate, USF #3, detectors were assembled into stacks

and exposed normally to the incident ¢280‘MeV/nuc1eon, 14

N ion beam. The
“incident particle beam was stopped using a 28 1ayer CN-stack (with individual
1ayer thickness of approximate]y,2701microns) after having been degraded ih
energy by a ]076 g/cm2 stack}of Lexan. 'The.Lexén,degrader thiékness was |
based on the initial expectation of a 250 MeV/nucleon energy beam. ‘Thus
only a few_stfagg]ing particles rathef than the expected Bragg peak were
stopped in the CN. layers. | | |
The detector ]ayers were individually etched at 40?0 in IOQAm1 of 6.25N NaOH.

The layer used fof Tocating the stopping point for the particle was etched for
5lhours. Thé immediately adjacent 1ayer”was etched on 2.5 hours, the next
for 30 hours, and the last for 48 hours.

The»stack configuration and etched track parameters are shpwn in Figure
13, which is not to scaie,-vThé average residual range for each tréék, R, is
the distance from the stopping point to the center of the etch cone, L. Fof

each track the'track etch rate, Vrs is given by

L
Vo = —
Tt

- where t_ is the etch time for that layer.

For all the tracks measured VT has been plotted as a funétion of R, as
shown>in Figure’14. Two grOuﬁs of points ére apparent. One curve has been
drawn through the measured points attributed to ]4N particles. The second
~group of points represents 1ZC'paftiéles (some beam contamination was present).
A point from an independent experiment utilizing 10 MeV/nucleon ]60 particies
is also shown as isbthe bulk etch rate, Vé = B/te. The bulk etch rate repre-
sents the smallést value of VT possible. From Figure 14 it is noted that VT

is a function of the etch time. This implies a depth dependence of VT in the

detector.
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As can be seen frqm Figure 14,.the. measured requnse'qf the CN detector
is such that charge identificatioh of the CNO group of stopping‘partic1es-fs
achieved. This charge resolution should be compared with the apparent1y:bétter
-resolution indicafed in Figures 2, 3 and 4. In fact, the tightness of the .
~points about the lines in Figures 2 and 3 implies isotropic separation might
" be possib1e; even for 1hd1v1dual particles. The greater dispersion.bf Figure
14 combining the data from several 1ayers, etched for different lengths of
time. This corresponds to the usual situation fn which absolute measurements
of Z-are:to be made using calibration data obtained from other sheets of
~plastic. The smaller dispersion in Figures 2, 3 and 4 1ndicates that in
cases where sing}e sheets of plastic can be internally ca]ibrated, or whére
single sheets are used fbr differentia] méasurements, greater accuracy can

be obtained'than with mixed groups of layers.
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As can be seen from Figure 14, the measured requnsevqf the CN detector
is such thdt charge identification of the CNO group of stopping‘particles'is
achieved. This charge. resolution should be compared with the apparent]y_bétter
vreso]ution indicafed in‘Figures 2, 3 and 4. In fact, the tightness of the o
points about the lineés in Figures 2 and 3 fmp]ies isotropic separation might.
" be possib1e; even for individual particles. The greafer dispersioh Of'Figure
14 combining the‘data from several 1ayers, etched for different lengths of
time. This corresponds to the usual situation fn which absolute measurement$
of Z-are'fo be made using calibration data obtained from other sheets of
" plastic. The smaller dispersion in Figures 2, 3 and 4 indicates that in
cases where single sheets of p]aétic can be internally ca]ibrated, or whéré
sihgle sheets are used for differentialAméasurements, greater accuracy can

be obtained than with mixed groups of layers.
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"™

'3.. Bragg Peak Measurement.

A stack of 30 Daicell (red) cellulose nitrate. plastics, each 250 microns

]60 particles. Enough Lexan

thick was exposed normally to an incident beam of
plastic degrader was added “in front of the stack so as to stop .the beam roughly
tn'the center of the CN stack. An exposure consisting of a SIngle pulse of

31, 154”counts was made., The plastics were then etched for 8.0 hr at 40°C in

'6 25N NaOH solution.

Ind1v1dua] Tayers were then opt1ca11y scanned and all stopp1ng particie
tracks recorded. The results are shown,in-Figure 15. The width of the primary
peak is apparent]y pr1mar11y the resu]t of the part1c1e range stragg]1ng with |
the 1n1t1a1 momentum spread of the part1c1e beam making very 11tt1e contr1but1on.'
The subsequent stopping particles are apparently Tower charge fragments created
in interactions The experiment clearly showed that p]astic detectors are

qu1te useful in mapping the three- d1mens1ona1 structure of the Bragg peak of |

heavy particle beams.
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. -Calibration plot of Vi vs. ﬁ(u) of

Figure Captions

Calibration plot of Vq vs. R(x) of.]ﬁo jons in USF 4 cellulose
nitrate for a 5.0 hr. etch at 40°C in 6.25N NaOH. Data for
both "air" and "metal" surfaces is given.

Calibration plot of VT vs. R(u) of 60 jons in USF 4 cellulose

| nitrate for a 20.0 hr. etch at 40°C in 6.25N NaOH. "Air" surfaCe'

data only.

Same as in Figure 2 except the data is for the "metal" surface.
Note the d1fference from the previous three sets of data.

Calibration plot of V4 vs. R(u) of ONe ions in USF 3 ce]]u]ose
nitrate. Data is from a s1ng]e surface.

Effect of aging of ]atent tracks in Lexan as a function of aging
atmospheres.

160 jons in UV-irradiated
Lexan processed for 5.0 hr. in a saturated solution at 40°C.

Calibration plot of V .vs.'ﬁ(u) of ]60 ions in UV-irradiated
Lexan processed for 26.0 hr. in a saturated solution at 40°C.

.. Same as FigUre 7 except processed for 100.0 hr.

Etch rate ratio VT/V as a funct1on of LET350 for USF 3 ce]]u]ose
nitrate, UV-irradiated Lexan non-UV- 1rrad1ated Lexan.

D1str1but1on of proaected ranges of 250 MeV/nuc]eon ]4N particles
in I]ford G.5 emulsion. '

Same as F1gure 10 except the main peak has been en]arged
D1str1but1on of the true ranges. |
Schematic drawing-of a processed plastic detector stack.
Charge resolution in USF 3 ce]]U]ose nitrate.

The measured Bragg peak of stopp1ng 16

0 particles in ce]]u]oserl
nitrate. - '
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