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1. I NTRODUCTION

Mathematica l App l icat ions Group, Inc. (MAGI) has performed a series of
time—dependent Monte Carlo calculations to determine the energy-deposition
rates and Compton elec tron sources in air due to neutron and secondary photon
interactions from low—altitude nuc l ear bursts. These calculations were made
with a modified version of the SAM-CE computer program. 1

Isotropic sources of prima ry neutron radiation were considered at four
low-altitude heights of burst (NOB); 1 , 50, 100 and 200—rn. Rather than treat-
ing specific weapon output energy spectra , as in previous work,2 ca lcula ti ons
were performed for conti guous neutron-Source energy bands which , when combined ,
can reconstitute arbitrary neutron output spectra.

The energy deposition and Compton electron currents were determined as
function s of time in 49 radial and altitude (R—Z) scoring bins surrounding a
burst point. jhe atmosphere was taken to be homogeneous at an assumed density
of 1. 1 1 mg/cm~. Answers were obtained for penetrations up to 2.4 km in the
b~ ~ntal plane and up to 1.5 km above the ground.

1. “. 0. Cohen et al., “SAM—CE : A Monte Carlo Code for Three Dimensional
Ne ut ron , Gan~~~~~y and Elec tron Transport (Revision 5)”, MR 7052-5
(May 1977).

2. 11. 0. Cohen, H. S. Schechter , and H, A. Steinberg , “Time— Dependen t Energy
Deposition and Compton Electron Currents from Three Selected Low-Alti-
tude Burs ts”, HDL-CR-76—029— 1 /MR-7048 (Aug. 1976).



2. COMPUTAT IONAL TECHN IQUE

The calculations were performed with a specially modified version of the
SAM-CE Monte Carlo program. ’ Al terations to the program , pertinen t to the
present calcu lations , in cl ude the f o l l o w i n g :

a. A special tracking procedure was used for neutrons with energies be-
low the l owest inelastic threshold (for the nuci ides which constitute the air
and the ground). Also used was a special therma l diffusion model. Thes e ad hoc
procedures increased the computational efficiency by a factor of 5 to 10.

b. Time dependence was recorded in local time units defined as time sub-
sequent to the arriva l of the uncollided radiation . (For both primary neutron
and secondary photon problems , local time zero is defined as the earliest
poss i bl e ar ri val of photons.)

c. Time-dependent energy deposition due to neutron elastic scattering
and photon Compton scattering was scored for all spatial regions.

d. Compton electron sources were scored in radial and polar b ins. These
are now described :

Figur e 1 shows the basic source-detector geometry used in the Monte Carlo
calculations.

A po i n t i sotropi c sou rce is located i n the Car tes i an coord i na te system at
D,O ,Z , where Z is the source altitude , and a detector is located at Xd, 

~d’Zd. The X and V axes def ine  a plane paralle l to the ground.

Cons i der a vec tor score , F, at the detector position. The score, in this
case the average forward range of a Compton electron , can be characterized by
its projections along the Cartesian X , Y, and Z axes. This is not the most
convenient coordinate system , however. A more_con~enien t coordinate system is
defined by three mutually orthogonal vectors I , I , and I~ where I — the
radial vector which is colinea r to the sou rce—~ete~tor axis; I = tIe polar
vec tor , wher e I and I~ def ine a plane perpendicular to the gr8und ; and I~ =
the azimutha l v&tor , wh ich is parallel to the ground.

(t i s apparen t tha t i n a homogeneous a tmosphere , the a lgebra i c  sum of
all scores projected onto the azimuthal vector must vanish. Hence, in the Monte
Carl o ca lcu la ti ons , computer time was not spent projecting individua l scores
alon g this vector. The presence of the ground , however, does produce net scores
along the polar ax is , which ~~u l d  otherwise van i sh in an i n f i n i t e  homogeneous
air med i um.)

1. 11. 0. Cohen et al ., “SAM-CE : A Monte Carlo Code for Three Dimensional
Neutron , Gamma Ray and Electron Transport (Revision 5)”, MR—7O52-5
(May 1977).
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Figure 1 — Basic Source-Detector Geometry Used in the Monte Carlo
Calculations
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At each photon Compton scattering event in the Monte Carlo game , special
ly prepa . -‘d built—in data tables were used to generate the average forward
range of the resulting recoil electron . (These tables were obtained by folding
in the known recoil e lectron angle-energy probab i l i t y  d i s t r i bu t i on  as a function
of electron energy and then by resolving the results along an axis parallel
to the incident photon. )

Subsequentl y, the average forward range was resolved along the radial and
polar scoring axes described above.

e. The secondary gamma problems were divided into four component calcu-
lations. Photon energy deposition and Compton sources were tallied separately
for:

(1) Photons generated by the interactions of “hig h en ergy ”
neutrons (E>O.l MeV) in the air .

(2) Photons generated by the interaction of h 11~h energy
neutrons in the ground.

‘ 3 )  Photons generated by the interaction of “low ~nergy”
neutrons (E<O.l Mev) in the a i r .

(4) Photons generated by the interaction of low energy
neutrons in the ground.

The reason for this separation of secondary photons was to simplify sub-
sequent smoothing and curve—fitting anal yses to be performed by HDL.

f. I n order to further simplify the analysis task by HDL, a l l  scores
were written on magnetic tape (in a fixed format) and delivered directly to HOL.

g. For all combinations of HOB and source energy band , computer—generated
plots of secondary photon energy deposition rates were prov i ded for selected re-
presentative spatial reg ions.

10
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3. CALCULAT I ONAL PROGRAM

3.1 Source Altitudes

Separate series of calculations were performed for NOB va l ues of 1 , 50,
100 and 200 meters. The results obtained (see be low) indicate that inter-
polation p rocec~ures will  be adequate to scale the results to any other HOB in
the ground—to—200 meter interval.

3. 2 Source Energy Bands

The source energy band structure is given in Table 1 . The l OOm NOB prob-
lem was run first , and subsequent analyses of the sensitivity of the results
to source energy showed that the final band structure (as used for the 1 , 50,
and 200m HOB runs) would be adequate.

3.3 Air and Ground Description s

The a i r  composition , as used in the ca lculat ions , is given in Tabl e 2. It
represents dry a i r  at a density of 1.11 mg/cm 3 , correspond!ng to a hei ght above
sea le”e i of approx i mately 900 m. A homogeneous model of the atmosphe re was
assumed .

The ground composition which was used is also given in Table 2. It corres-
ponds to dry Nevada test soi l  at a density of 1.7 g/cm~.

No attempts were made to assess the effec ts upon the resul ts of mo i st air
or ground compositions other than dry Nevada test soil .

3.4 Cross Sections and Response Functions

The cross section data base for the computations is given in Table 3. The
average ran ge data for Compton elec t rons , referred to In Section 2, were devel-
oped by the authors after consultation with various knowledgeable experts in
the field.

3.5 Special Scoring Bins

The a tmosphere was d i v i ded i n to stacked and concentr i c cyl i nders fo r the
purposes of scoring and i mportance sampling (see Section 3.7) . The spatial
mesh was 300 m (33.3 g/cm2). A f i n e r  subd iv i s ion of the a tmosphere, however ,
was used closer to the source.

Figure 2 shows the spacing of the scoring reg i ons and the identifying re-
gion number associated with each scoring bin. (The unlabe l ed regions were pre-
sent In the monte Carlo calculations for backscatterlnq purposes only.)

‘i order to investigate the behavior of the scored quantit ies near the air-
ground interface , reg ions 2 , 4 , 10 , and 12 were further subdivided as shown in
Table 4.

*The 1 m NOB is used to represent a ground burst.

11



TABLE 1

Sou rce Energy Band St ructure

Energy Interva l (11eV)

Band No. lOOm NOB 1 , 50 and 20Dm NOB

0.0335 — 0.11 0.0335 — 0.11

2 0.11 — 0.55 0.11 — 0.55
3 0.55 — 1 .11 0.55 — 1.11

4 1 .1 1 — 1.83 1. 1 1 — 1.83

5 1.83 — 2.35 1.83 — 2.35

6 2.35 - 3.Ofl~** 2.35 - 4.07

7 3.01 - 4.07j 4.07 - 6.36

8 4.07 - 4 .971~ 6.36 — 8.19

9 4.97 — 6.36J 8.19 -15.0

10 6.36 — 8. 19 X

11 8.19 — 10.00
1 

X

12 10.00 —12. 20 X

13 12.20 —15.00 J X

S *Un i form (I.e., fiat) spectra are assumed within all bands.

**Brackets show multiple bands which were subsequently collapsed to
a single band.

12



TABLE 2

Composition Descriptions

AIR (dry)

Photon Transport

N: 3.250IX l0~
’2 atom/g. air X10

24

0: 8.72D1X10 3

As-: l.9436X10
4

Neutron Transport

N : 3.2655Xl0
2

0: 8.76l0XlO 3

GROUND (dry Nevada test soil )

Photon and Neutron Transport

H: 5 .748X lO 3 atonl/g. ground X 1024

0: 2.046X10 2

Si:  6.822X 10 3

At .: 2 . 872X lO 3

Density

Air: 1 .1 1 mg/c~
3

Ground: 1.70 9/cm

13
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TABLE 3

Cross Section Data Base

Neutron Transport and Photon
Element Photon Production Data Transport Data

Hydrogen DNA 4148—Mod 2 ENDF/B as
disseminated by
RSIC as Tape

N itrogen DNA 4133—Mod 4 DLC—7 D

Oxygen DNA4I34-Mod 2

Alumi num DNA 4135—Mod 2 (all elements
incl ud i ng Argon)

Silicon DNA 4151—Mod 2

14



Vert i ca l Axis (z)
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at 1 ,50, lOO m (Reg. I)
or 200 m (Reg. 5)

FIGURE 2 - Descrip t ion of Scoring Regions
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TABLE 4

Add ition al S u b d i v i s i o n  of Se l ected Re gi ons
Nea r the Air—Ground Interface

NOM I NAL REGION SUBDIVISIONS ALT I TUDE RANGE

(refer to Fi g. 2) (Region Number) (Meters)

2 50 0— 25

51 25- 50

52 50—100

2 100-150

4 53 0— 25

54 25— 50

55 50-1 00

4 100- 1 50

10 56 0— 25

57 25— 50

58 50-100

59 1 00-1 50

10 1 50—300

12 60 0- 25

61 25— 50

62 50-100

63 100— 1 50

12 1 50—300

16



3.6 Time Bins

4 The prima ry neutron and secondary photon scores were obtained in loca l
time bins out to a 100 milli second time cutoff. The loca l time structure is
given in Table 5.

3.7 I mpor~~ ‘~ e Sampling

The probler s be solved invo l ved difficult Monte Carlo importance samp—
ling situations . .siswers were required , with low statistica l uncertainties ,
over many regions of a large multi-dimensioned phase space. Some of the tech-
niques used to ensure adequate sol utions included the following:

(a) Special tracking for neutrons be l ow the inelastic threshold and a
spec i al  the rmal  d i ff us i on model — as descr i bed in Sec ti on 2 , item (a).

(b) Energy importance sampling to discriminate against low energy neut-
ron collisions which would be unlikely to generate secondary photons.

(c) Spatial importance sampling to generate a sufficient number of neutron
hi gh energy interactions at shallow penetrations (since the photons which they
genera~. dominate the earl y tempora l ranges).

(d) Spatial ~— portance sampling to obtain adequate solutions at the
dee p pene t ra t ions and to “push” a suff i c i en t number ot neu t ron even ts towards
the ground and towards the special subdivided vol umes of Table 4.

(e) Di rectiona l importance sampling to discriminate against ground-
generated photons in i t ia l l y  headed downwards deeper into the ground.

17
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TABLE 5

Time Bin Structure

Time Bin Time Interva l (sec)

0 - 0. 100) E-6

2 ( 0.100 — 0.215) E_6*

3 ( 0.215 - 0.464) E—6

4 ( 0.464 - 1.00 ) E-6

5 ( 1 .00 — 2.15 ) E—6

6 ( 2.15 - 4.64 ) E—6

7 ( 4.64 - 10.0 ) E—6

8 (10.0 - 21.5 ) E—6

9 (21.5 — 46.4 ) E—6

10 (46.4 —100.0 ) E-6

11 ( 0.100 — 0.215) E—3

12 C 0.215 — 0.464) E—3

13 ( 0.464 - 1.00 ) E-3

14 ( 1.00 — 2.15 ) E—3

15 ( 2.15 — 4.64 ) E—3

16 ( 4.64 — 10.0 ) E—3

17 (10.0 — 21.5 ) E—3

18 (21.5 — 46.4 ) E—3

19 (46.4 -100.0 ) E-3

*Read: 0.100 x 10 6 to 0.215 x io 6 sec

18



4. DESCRIPTION OF RESULTS

4 .1 ~esu l t s  Presented

The final results presented in this report will be sharply limited for
the following reasons:

(a) The primary objective of the studies was to determine energy deposi-
tion rates and Compton current sources in the proscribed phase space bins and
to forward these raw data to HDL for subsequent smoothing and curve-fitting
ana l yses. This objective was met and results for each source band , at each
HOB , have been delivered by MAC I to HOL as formatted output on magnetic tape.

(b) Much of the quali tative analyses for the previous study , involving
fission and 14 11eV source ,1 appl y to the band-source results of this study
as well. These include :

(1) genera l temporal shapes of the neutron and four photon
components of the energy deposition curves

(2) genera l temporal shapes of the four photon components
of the rad i al and po l a r  Compton curre nt sources

(3) air-ground interface effects

(4) range and NOB effects on each of the above.

Hence, for such anal yses , the reader is referred to the previous work. However ,
in the Sections which follow , some of the salien t new results are presented.

4.2 Var iation of Time—Integrated Results by Source Band Energy

Table 6 displays the time-integra ted energy deposition from the neutron and
the four photon components in Region 32 (see Fi gure 2) as a function of source
energy band. The results are for the 200-rn HDB , integrated in time out to the
100 ms cutoff. Reg ion 32 was selected for this first set of presented results
because it is at an intermediate distance from the source, and is 600 to 900 m
above the air-ground interface .

Table 6 shows that the high energy - air photon component is the most im-
portant contribution to the total dose for the higher energy source bands. How-
ever , as the neutron source energy drops below the air inelast ic thresholds ,
this component completely disappears.

1 . 11. 0. Cohen , H. S. Schechter , and H. A. Steinberg , “Time-Dependent Energy
Deposition and Compton Electron Currents from Three Selected Low—Altitude
Bursts”, HDL-CR-76-029— l /MR-7048 (Aug. 1976).
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The hi gh energy - ground photon component is less i mportant than the
hi gh energ y — a i r componen t a t the h ig hest ener gi es bu t extends down to lower
neutron su.~rce energ ies due to the l ower inelastic thresholds in the ground.

The two l ow-energy photon components are smaller than the high energy -

air photon component at the highest neutron source energies. However , they
remain markedly constant in their contribution (per source neutron ) all the way
down to the l owest neutron source band ., in general , the total contribution
from the low energy - air component is more than twice that of the low energy -
ground . This would not have been our conclusion if the time cutoff had not been 

*extended out to 100 ms , in contrast wi th the earlier work which was out to 10 ins.

Table 6 also shows that neutron energy deposition is more than 5O~ of the
total deposition in the neutron-source energy range of 2.35 to 6.36 11eV. Above
6.36 11eV , neutrons produce many high—energy air gamma rays , by inelastic scatter-
ing, which dominate the deposition of energy. Below 2.35 11eV the neutrons do
not have much energy themselves but do produce capture gamma rays which domin-
ate the deposition of energy. (The trends noted in this paragraph hold for all
he ights of burst and all spatial regions. For examp l e, see Tables 7 through 11
wh ich follow.)

Table 7 shows conditions similar to those of Table 6, except that the spa-
tial region is 17, which is closer to the source (and to the ground) than is
reg ion 32. Similar t rends are seen. It is noticed , however , tha t the low
energy - ground component has been enhanced , vis-a-vis the low energy - air
component and now exceeds the latter for some of the source energy bands.
Also note that since the region is closer to the source, neutron—energy deposi-
tion dominates over a wider range of source energy bands.

Table 8 shows conditions for reg ion 53 whIch is one of the subdivisions of
reg ion 4 (see Table 4) and wh i ch extends down to the ground. Trends similar to
those noted above are again observable. Due to their nearness to the interface ,
both photon g round componen ts have been enhanced vis—a-vis the photon air com-
ponents. Indeed , the low energy - ground component clearly dominates the low
energy - air component.

*For example , at the 1 00—rn HOB an anal ysis of the low energy - air component
for energy band no. 4 (%fission source) and band no. 13 (‘ul 4 11ev source)
show 65% and 59%, respective l y, of the time-integrated dose In the extra 10
to 100 rns time. By contrast , the values are 26% and 18%, respectively, for
the low energy air - ground component.
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TABLE 12

GAMMA RAY ENERGY DEPOSITION ; RATIO OF 1—rn HOB to 200-rn 1-lOB

C O M P O N E N T
Hi gh Hi gh Low Low

ENERGY Energy—A i r Energy-Ground Energy—Air Energy—Ground
BAND Reg ion Reg ion Region Reg ion
(Met) ) 17 32 53 17 32 53 17 32 53 1 7 32 53
.0335— .11 0.3 015 015 3.0 2.4 0.6

.11 — .55 0.4 0.7 0.8 2.2 2.2 0.7

.55 — 1 .11 0.8 0.5 0.9 1.9 1.9 0.3

1 .11 — 1.83 0.8 0.5 1.1 2.4 1.7 0.7

1.83 — 2135 8.1 7.2 3 .4  1.0 0.8 1.0 2.0 1.3 0.5

2.35 — 4.07 0.5 0.1 1.2 13.4 8.0 1.0 0.8 0.4 0.9 213 1.3 1.3

4.07 — 6.36 0.4 0.6 018 6.3 11.3 1.2 1.3 0.7 1.4 2.3 1.8 0.6

6 .36  - 8.19 0.5 0.5 0.6 9.5 8.5 0.8 0.8 0.7 1.1 2.1 113 110

8.19 —1 5.0 0.4 0.5 0.7 9.0 614 0.8 1.4 0.5 1.0 2.7 2.0 1.1
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Table s 9. 10 and II are repeats of Tables 6, 7 and 8, except that the
hei ght of burst has been l owered from 200-rn to 1-rn. For reg ions 17 and 32 ,
the qround-phcton component is seen to be greatly enhanced . (Also see Table 12 ,
be l ow). For reg ion 53, the line-of-sight from the source to the detector for
the I-rn case is so close to the horizontal that the ground component may actuall y
be decreased i n  some cases (also see Table 12 , wh i ch fo 1low~) vis-a—v is the 200—rn
HOB case.

Table 12 displays the ratio of the gama ray deposition components for
the 1—rn and 200—rn heiq hts of burst. For regions 17 and 32, it is seen tha t l ower-
ing the source hei ght from 200—rn to 1—rn:

(a) reduces the h i gh energy - air component by about one—half ,

(b) greatly enhances the hi gh energy — ground component by
about a factor of ten ,

(c) reduces somewhat (sometime s less than by one—half) the low
energy - a i r  component , and

(d) enhances the low energy - ground component by about a factor
of 2 which is a smaller enhancement than for the hi gh
energy - ground component.

Reg ion 53 is an exception , as explained in the preceding paragraph. The
results for a 1-rn HOB and a 200—rn HOB are much closer to each other than was the
case for reg ions 17 and 32.

413 Time—Dependent Results

Figures 3 through 34, wh i ch fo l low , display representative energy deposition
rates in reg ions 1 , 17, 32, and 53 for the 50—rn hei ght of burst. (Regi on 1 con-
tains the source.) Trends similar to those of the 50—rn HOB were found for the
other three altitudes.

I n a l l  f i gures , the ordinate va lues are in units of eV/ (crn3Isec.sour~e
neutron), and the abscissa va l ues are in units of seconds (of loca l time) . Ex—
cept for the neutron deposition histograms , the symbols on the plots represent
the calculational stat istica l accuracy to the nearest tens of percent. For ex-
ample , a ~~315 represents 3O~ statistics. For neu trons , where only zeros (0) appear ,
statistics are not available.

Fig ures 3 through 22 display the results for the 4.07 through 6.36 Met) range
wh ich is representative of the hi gher neutron source energies.

Fi gures 3 through 6 show the neutron results , for th is source energy band ,
for regions 1 , 17, 32, and 53, respect i vely. Fi gure 3, for reg ion 1 , shows the
energy deposition existing as loca l t ime  goes tg6zero. Ihis is to be expected ,
since region 1 contains the source. Between 10 and 10 5 seconds the pulse beg ins
a rap id decay with time and disappears , for all practica l purposes , by 10 3

~Recall that local time zero is defined as the earliest posslble time of arriva l
of secondary gamma radia tion .
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seconds. F i gures 4-6 show the arriv a l of the neutron pulse at ‘~-I0~~ seconds and
then similar decay schemes. In fact , the pulse shapes of Fi gure 3—6 are quali-
tat ive l y similar to the corresponding curves for other heights—of—burst , spatial
reg ions , and source bands.

Fi gures 7—10 show the low energ y—air results for regions 1 ,- 17 , 32 and 53,
respect ively. Althoug h slig ht varia tions exist , these curves are representative
of the results found for al l hei ghts—of-burst , spatial reg ions and source bands.
The curves rise steep l y at about 10 3 seconds , may show a slight rise for a short
time period , (e.g., see F i gure 8) and then decay away rather slowl y in time out
to the cutoff of this problem which is 10 1 seconds.

Fi gures 11-14 show the results for the same four spatial reg ions for the
l ow-energy ground component. Neutrons slow down much more rapidly in the ground
than in the air and thus they are also6captured more quickly. Hence , the low-
energy ground component arrives at 10 to 10 5 seconds , the exact va l ue de-
pending upon the HOB and _ the altitude of the detector region . Plso note that
by the cutoff time of 10 1 seconds , the magnitude of this component has been
reduced from the peak value by several orders of magnitude . The decay of the
iow energy - ground componen t, as shown i n F i gures 11- 14 , is characteristic of
all heights—of—burst , spatial regions , and source energ ies.

Fi gures 15—s c aisp lay the hi gh energy—air component for the four spatial
regions. Since neutrons can colli de at time zero (0) and produce high energy
gamma rays wh i ch f l y unco llided Out to a scoring reg ion , this component of the
energy deposition is seen to exist at the earliest local times. After remaining
rela ti vel y constant for severa l orders of magnitude of loca l time (for which
theoret i cal arguments , not given here15can be_prov i ded) this component decays
away rapidly and vanishes at about 10 to 10 ‘4 seconds. The shape of these
fi gures is charac ter i stic for a l l  heig hts of burst and all spatial reg i ons. How-
ever , they are very much a function of source band energy. Indeed , the compon-
ent does not even exist be l ow the inelastic threshold in air (e.g.. see Table 6).

Figures 19-22 d isplay the high energy - ground component for the four
spatial regions. The shape of the pulse is characteristic of all heights of
burst and spatial reg ions , but , as was the case for the hi gh energy - ground corn—
ponent , a function of the source and energy . Note that the pulse is of rela-
tive l y short duration , rising at about 10-b seconds (thus being a function of
the HOB , i.e1., the fli ght distance from source to the ground) and decay ing away
by about 10 ‘4 seconds.

Figures 23-34 are for 0.55-1.11 Met), which is one of the l ow-energy source

bands. They correspond to Fi gures 3—14 , respectIvely, for the 4.07-6.36 Mev
band. There are no corresponding figures to Fi gures 15—22 since , as noted above ,
the hig h energy photon components do not exist for this source energy band.

Compar i sons of Fi gures 23-34 with the corresponding Fi gures 3—14 bear out
the comments made above that the characteristic shapes of the neutron and low
energy photon components are relatively inde pendent of neutron source energy
band.
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5. CONCLUSIONS

The .:-- ry Diamond Laboratories (HDL) required , by neu tron source ener gy
band , the energy de pos iti on ra tes and Compton curren ts due to bu rs ts a t I , 50,
~OO and 200m. The spatial range was out to 2.4 km in the horizontal direction
and from 0 to 1.5 km above the air-ground interface. The tempora l range was
out to 100 ms. Th rough the caref u l use of i mpor tance sampl in g and some spec ia l
cod ing, MAG I has used the SAM—CE Monte Car lo program to generate the raw data ,
with sufficient accuracy, in the important phase space reg ions. These da ta
have been forwarded to HOL for subsequen t processing (see below). Typical raw
data results have been presented (for energy deposition) in Section 4 to hi gh-
li ght the more i mportant trends.

The HOt. in-house program smooths and esta b l i s h e s  a n a l y ti cal f it s to the
raw data supplied by MAGI. To this end , the four-way split in the secondary
gama-ray sources not only hel ped to understand the nature of the transport
processes which are invo lved , but w i l l  also make the smoothing and curve fittin g
considera bly easier to perform. The fac t tha t the charac ter i sti c shapes of
the tempora l curves a re rela t i v e l y  independen t of hei gh t of burs t and of spa ti al
reg ion (and , in some cases , of the source energy) w i ll also make the task of
HDL notably easier to perform .
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