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I. INTRODUCTION

ABSOLUTE DIFFERENTIALCROSS SECTIONS FOR NEUTRON PRODUCTION

BY THE 2H(d,n)3HeREACTION WITH Ed FROM 6 TO 17 MeV AND

BY THE 3H(p,n)3HeRSACTION WITH Ep FROM 6 TO 16 MeV

by

M. Drosg and D. M. Drake

ABSTRACT

Differentialcross sections of the 2H(d,n)3Hereaction at
6, 7, 8, 10, 11, 12.305, 14, and 17 MeV and of the 3H(p,n)3He
reaction at 7, 8.6, 9, 10, 11, 12, 13, 13.6, 14, 15, and 16 MeV
have been measured using time-of-flighttechniques. The
absolute scales were establishedby using accurate 2H(d,3He)n
cross sections at 10.0 MeV and 3H(p,3He)ncross sections at
13.6 MeV as cross-sectionstandards. The scale uncertainty for
our 2H(d,n)3Hedata is + 1.5%; that for our 3H(p,n)3Hedata,
t 1.8%. Complete angul~ distributionswere measured for the
2H(d,n)3Hereaction. The data measured for the 3H(p,n)3He
reaction were used to convert previously published relative
distributionsinto absolute ones. The typical relative error
is close to + 2%.—

This report provides the results of the

2H(d,n)3Heexperimentperformed in November 1971 and

September 1972 and gives improved cross sections for

the 3H(p,n)3Hereaction.1 The revision of the

latter cross sections is based on additional, inde-

pendently measured, individualdifferentialcross

sections and on improved knowledge of the neutron

detector efficiency. Because some published cross

sectionsl (at back angles of the 14-, 15-, and 16-

MeV distributions)appear to be off by up to 40%,

this revision proved necessary.

11. EXPERIMENTAL

The basic experimentalarrangementand the

general experimentalprocedure have been described

in Refs 1, 2, and 3. Improvementswere made pos-

sible by using a better efficiency curve for the

neutron detector, improvedmeasuring techniques,and

a differentmeasuring philosophy.

A. Improved Efficiency Curve of the Neutron Detector

The neutron detector was a 12-cm-diamby 6-cm-

long liquid scintillator (NE-213). Its relative

efficiencywas determined originally by means of a
1H(n,n)lH scattering experiment.3 Subsequently,

this efficiency curve was improved by comparing the

angular dependence of the neutron yield for the
3reactions 3H(p,n)3Heat 13.6 MeV and H(d,n)4He at

13.356 MeV with the correspondingaccurate charged-

particle cross sections for 3H(p,3He)nat 13.6 MeV4

and 2H(t,’’He)nat 20.0 MeV.5 Because the errors in

these charged-particleexperimentsare small, the

uncertainty in the ratio of the efficiency at 25 MeV

to that at 10 MeV was reduced to about + 1.5%.—

Additional informationon the shape of the effi-

ciency curve could be derived from differential effi-

ciency data. These data were obtained by measuring

neutron yields--not only during the original effi-

ciency measurements3but also during other neutron
1,2,6,7

experiments --simultaneouslyfor two different



pulse-heightbias

ed with the break

settings.The lower bias coincid-,

of the Compton distributionpro-

duced by the 0.66-MeV gamma pay from
137

Cs (called

1 x Cs), the other with twice this pulse height (2

x Cs). A more detailed descriptionof this method
8

will be given elsewhere,

B. Impmved Measuring Techniques

A serious problem in some of the previous neu-

tron production cross-sectionruns1,2 was the high

counting rate. This counting rate can be controlled

by appropriate choice of the detector system, the

thickness of the neutron target, and the intensity

of the charged-particlebeam. We chose to use the

above-mentionedneutron detector because its effi-

ciency was well known. The areal density of the gas

target could not be reduced to arbitrarily small

values because the background,mainly from the beam

stop, could not be reduced correspondingly. There-

fore, the counting rate was controlledby adjusting

the beam intensity. In using a pulsed beam and

time-of-flight(TOF) techniques,one must make sure

that the probability for multiple events (more than

one count in the detector per beam pulse) is small

enough that the TOF spectrum is not distorted.

There is no straightforwardway to correct for this

distortion,because it is caused by the following

two effects. First, it is mope probable to reco~d

early events, thus affecting the time dist~ibution,

and second, the pile-up of pulses increases the

effective efficiency of the detector by generating

pulse heights above the bias even if each event

falls below the bias. The beam current for this

experimentwas typically held below 10 nA, resulting

in a multiple event probabilityof less than 1%.

This low current was close to the lower limit for

stable acceleratoroperation.

A well-establishedefficiency curve allows

comparisonof any individualcross section with a

standard if they are measured under identical ex-

perimental conditions. Therefore, each cross

section itself is tied to the standard and there is

no need to tie the distributionsto an absolutely

measured 0° excitation function as is frequently

done (e.g., in Refs.1 and 2).

111, RSSULTS AND ERRORS

A. 2H(d,n)3HeReaction

Energies of 6, 7, 8, 10, 11, 12.3, 14, and 17

MeV were chosen to allow intercomparisonwith other

authorst work and use of known charged-p~ticle cross

sections of the 2H(d,3He)nreaction a6 cnoss-section

standards. In particular,the 12.3-MeV distribution

was measured so that direct comparison could be made

with N. Jsrmiels charged-particledatag at the same

energy, Because Jsrmie’s data have not yet been
10released, we used Thorntonls 10-MeV distribution

as the primary cross-sectionstandard. The cross

sections were measured in two sets almost one year

apart. The first set covered incident neutron ener-

gies from 6 to 12.3 MeV; the second set, the energy

range from 12.3 to 17 HeV. Whereas we could use

Thorntonfs data for the scale adjustment of the first

set, we had to adjust the second set to the previously

measured 12.3-MeV cross sections, which were used

as a secondary standard. Table I compares our

present 10-MeV data with those calculated from

ThorntonfsLegendre coefficients. Although the oyer-

all agreement is excellent,there seems to be a

slight systematicdifference that could be caused

by omission of higher order coefficientsin Thornton’s

analysis. The scale adjustment factor used to norm-

alize our 10-MeV data in this table was used for all

distributions,because all the data were obtained

under identical experimentalconditions. The repro-

ducibilityof our data proved better than 0.5%, even

TABLE I

10-MeV C.M. CROSS SECTIONS. COMPARISON OF CROSS-
SECTION STANDARD (CALC FROM REF. 9) WITH SCALE-

nLab
Angle

0.0
5.0

10.0
15.0
20.0
25.0
30.0
40.0
50.0
60.0
71.5

ADJUSTED DATA OF THIS EXPERIMENT

Calc Cross- Fleas Data
C.M. Section (Adjusted %

!@& Standard in Scale) Deviation

0.0 46.22 46.16 -0,13
7.3 42.07 41.89 -0.43
14.5 31.63 31.43 -0.64
21.7 19.48 19.63 0.76
28.9 9.786 10.14 3.49
36.0 4.291 4.280 -0.26
43.1 2.360 2.914 2.24
56.9 3.186 3.191 0.16
70.3 4.520 4.587 1.46
83.1 4.908 4.879 -0.59
83.1 4.908 4.876 -0.66
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for data taken over several days and as much as 90

runs apart. Thus our data should agree among each

other in scale, at least at this level, Adding an

ajustment error of about 0.8% and the intrinsic,

approximately1% scale error of Thorntontsdata

gives a total scale error of less than 1.5%, The

scale error for the second data set (14 and 17 MeV)

is higher, as these data are tied to our 12,3-MeV

secondary cross-section stand~d rather than to the

original 10-MeV standard. For this reason, and be-

cause of the rather large energy displacementfrom

the main standard at 10.0 MeV, we assumed scale

errors of + 2% at 14 MeV and of + 2.5% at 17 MeV.. —

The main sources of relative errors in the indivi-

dual cross sections are not statisticalerrors, but

uncertaintiesin the shape of the efficiencycurve,

in the background subtraction,and in the angular

position. Although the angle was known to better

than ~ O.1O, this uncertaintycontributesas much

as ~ 2% to the total error in the steepest part of

the distribution. The combined relative error is

typically less than + 2%, as shown in the results—

in Table II. At higher energies, especiallyat 17

MeV, the uncertainty in the background subtraction

owing to peaks in the background causes the larger

relative errors.

Comparisonswith Thornton’s cross sections

show very good consistencythroughout the overlapping

energy range, whereas we found no similar agreement

with Dietrichfs11 data (from 12 to 18 MeV). Dietrichts

cross sections seem to be high by at least 20% at

18 MeV and 15% at 16 MeV.

B. 3H(p,n)3He Reaction

Two angular distributions (at 13.0 and 13.6

MeV) and two excitationfunctions (for O and 50°)

were measured from 10 to 16 MeV to give absolute

cross sections using the final efficiency curve of

the neutron detector. In this frame of absolute

cross sections, we fitted the (revised)relative

distributionsof Ref,l and got absolute cross sec-

tions for all distributions. We got some back-

angle data at 14, 15, and 16 MeV by interpolation
12with data at higher energies and believe them to

be closer to the true values than the original data

which differ from these new cross sections by up to

40%. Some unresolved lines in the background are

suspected to be the reason for these discrepancies.

TABLE 11

ABSOLUTE DIFFERENTIALCROSS SECTIONS FOR THE REACTION 2H(d,n)3He IN THE LABORATORY SYSTEM

e
Lab Ed (MeV)

Q!sQ 6.00 7.00 8.00 10.00 11.00 14.00 17.00

0

5

10

15

20

25

30

40

45

50

60

80.9 +0.8 86.8 +0.9 92.2 +0.9 97.5 +1.0 97.7 +1.0 98.0 +1.0 94.9 +1.9— — — — — —
74.5 +0.8 79.7 +0.8 83.7 +0.9 88.2 +0.9 87.0 +0.’3 86.3 +0.9 79.5 +2.3— — — — — — —

60.7 10.6 62.7 ~0.6 64.9 +0.6 65.7 +0.7 63.3 +0.7 60.6 +0.9 53.1 +1.1— — — — —
42.9 +0.6 42.2 +0.6 42.7 +0.6 40.5 +0.6 38.8 +0.5 32.8 +0.5 28.0 +0.6— — — — — — —
26.9 +0.4 24.7 +0.4 24.0 +0.4 20.5 +0.4 19.26+0.38 15.10+0.35 11.5 +0.7— — — — — — —

14.08~0.30 12.25+0.2911.14+0.28 8.45+0.27 7.90+0.26 5.90+0.15 ---— — — — —
7.67~0.15 6.32~0.13 5.54+0.11 4.62+0.10 4.41+0.09 4.21+0.10 4.46+0.64— — — — —
4.82+0.06 4.95+0.06 5.06+0.07 5.66+0.07 6.17+0.08 6.78+0.14 6.68+0.65— — — — — — —

--- --- --- —- —- 7.21+0.15 6.88+0.63—
7.09+0.08 7.18+0.08 7.26+0.08 7.38+0.08 7.22+0.08 6.80+0.15 5.85+0.58— — — — — —

8.19+0.09 7.89+0.09 7.77+0.09 6.96+0.09 6.58+0.10 5.22+0.14 3.92+0.16— — — — — — —
67.8 --- --- --- --- --- 4.39+0.10 ---—

70.0 7.69+0.12 7.20+0.12 --- --- --- ---
— ---—

71.5 --- --- --- 5.90+0.12 --- --- ---
—

73.7 --- --- 6.44+0.13 --- --- --- ---
—

e
Lab

e

(@Q (:i;j

0.0 0.0

5.0 7.4

10.0 14.8

16.4 24.0

20.6 30.1

24.8 36.2

29.1 42.3

33.5 48.5

38.0 54.8

42.6 61.2

47.4 67.6

52.4 74.3

57.7 81.1

60.2 84.4

63.3 88.2

Ed(MeV)

12.305

100.5+1.5—

88.1 +1.1—

63.9 +1.0—

30.2 +0.45—

14.88+0.34—

7.12+0.16—

4.39+0.08—

4.53+0.06—

5.90+0.08—

6.94+0.08—

7.12+0.09—

6.95+0.09—

6.22+0.07—

5.78+0.06—

5.53+0.07—
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-%
4.00

5.00

6.oO

7.00

a.oo

8.60

9.00

10.00

11.oo

12.00

33.00

1S.60

14.00

16.00

1s.50

2.6.00

TABLS 111

SSRO-!3SGR2SA3SOLUE CROSSSECTIONS7UR TNS

SSM.TION3ti(p,n)3HeIN TNS LA30SATORYSYSTiX

(oataaregiv6tlloGwsro ScaleCr20r i6~l.8&)

Present counter
Results Telescopca

--- —.

--- ---
--- ---

36.42z0.46 ---

-- ---
27.S3~0. UO ---

27.52~0.110 ---

28.37LO.110 26.0LO.4

31.14~o.37 31.1~o. s

S3.80~0.3Q 33.4~O. S

36.U~O.54 37.8~0.6

39.82~0.63 ---

39.86~0.50 40.1~0.6

43.29~O. S4 42.6~0.7

--- ---
4S.7S~O. S6 ---

Kc06nfela Cabined Racamncnded
●t al. b Oata Valuesc

99.2L 2.3 99.2 L2.3 98.o L 2.3

71.6~1.6 71.6 ~1.6 70.0~1.6

48.8:1.1 46.8 21.1 !6.6~1.1

36.2~ 0.8 36.37~ 0.40 36.0~ O.11

29.1~ 0.7 29.1 ~ 0.7 29.1:0.7

--- 27.53~ 0.40 27.7~ O.11

27.7~ 0.6 27.58~ 0.33 27.4:0.4

28.3.~ 0.6 28.12~ 0.27 2B.2~ 0.3

30.6~ 0.7 31.04~ 0.27 30.6~ 0.3

34.3~ 0.8 33.74~ 0.27 33.9:0.3

37.0~ 0.9 37.21~ 0.37 37.4~ O.U

--- 39.82~ 0.63 39.S ~ 0.5

41.120.9 40.14~ 0.3S 40.6~ 0.6

43.9~ 1.0 43.17:0.39 Q3.3~ O.u

43.9~1.o 43.9 ~l. o 40.s~ 0.7

--- 4S.75LO.56 4S.6~ 0.6

%90 detau h Raf. 1, but with male adj.atmnt of 1.10S.

baa of Ref. 1.

‘Obtdndf- smaotbCWQ .

The scale, which was adjusted to the revised
3
H(p,3He)n data at 13.6 MeV,4 is good to : 1.8%.

Table 111 summarizesvarious sets of 0° cross sec-

tions. Figure 1 shows our 0° data, the curve from

which the recommended values were taken (full line),

the scale-adjustedcurve of Wilson et,al.,13 and

recent Russian data,
14

also adjusted in scale.

Table IV compares our new data at 13.60 MeV with
4,12 The

charged-particledata at the same energy.

combined data of this table give an even better

cross-sectionstandard than was previously available.

Our recommended values were obtained from the best

fit to the Legendre polynomial expression

U(COS 6) = (1/k2)”:BnPn (COS 6) .

where Q is the neut~on-emissionangle and k is the

relativisticproton wave number, both expressed in

the center-of-masssystem. All reasonable sets of

Legendre coefficientsfor this energy gave data

within ~ 0.25% of one another. The small errors in

the data at this energy and the small deviationsof

the measured data from the calculateddata indicate

Fig. 1

Absolute 0° cross sections for the
3
H(p,n)3Hereaction

in the laboratory system. Solid curve gives the
recommendedvalues, dashed curve is taken from
Wilson13 with scale adjustment.

i

)

that

will

4

nonsystematicerrors in

probably be small. The

the recommendedvalues

systematicerrors in

these recommendedvalues consist of the adjustment
4

error between our data and those of Jarmie, and of

a possible + 1%110-MeV tilt in the efficiency curve

in the energy range in question. Combining these

two sources of erro~ gives an estimated less than

0.9% relative error for the entire distribution.

The Legendre coefficients in Table V were derived

from our (revised)data under the constraint of a

smooth energy dependence. Despite this constraint,

all data a~ree with the calculated curve with a

typical deviation of less than ~ 1.3%. The labora-

tory cross sections calculatedusing these coeffi-

cients are given in Table VI. Their relative error

increasesfrom about : 0.9% at 13.6 MeV to an esti-

mated ~ 2.5$ at 16 MeV. At 10 MeV, it should be

less than ~ 2%.

Figure 2 shows our recommended smooth values

for the Legendre coefficientstogether with individual

points taken from McDaniels et al.l The difference,

especiallyat 16 MeV, is obvious.

A comparisonwith the recent evaluation by

Liskien et al. 1’ which covers energies up to 10 UeV

shows increasingdisagreementboth in scale and

shape as the energy increases. This disagreement

stresses the need for an independent,accurate,

&solute measurementof a few points, preferably at

9 MeV, to support our energy-dependentanalysis. I



TABLE IV

ABSOLUTE C.M. DIFFERENTIALCROSS SECTIONS

FOR THE REACTION 3H(p,n)3HeAT 13.60 MeV

(Data are given in mb/sr, scale error is + 1.8%.)—

e
Present

cm. Results

0.0 21.82 + 0.35—

13.5 19.24 + 0.20—

Jarmie
et al?

Allas

et al. b
Combined
Data

21.82 ~0.35

19.24 + 0.20—

14.24 + 0.16—

10.78 + 0.18—

mended
Valuesc

21.54---

19.26---

26.8 14.24 + 0.16— 14.42--- ---

40.1 10.78 ~0.18

52.9 9.48 + 0.15—

65.6 10.42 + 0.12—

10.54

9.55

10.55

--- ---

9.48 + 0.15—--- ---

10.42 ~ 0.12--- ---

77.2 1..I..61+ 0.10 12.0 +— —
87.6 11.71 + 0.26 11.73 +— —
98.0 10.60 ~0.11 10.48 +—

108.4 8.548 + 0.081 8.552 +— —

118.6 6.940 + 0.070 6.971 +—

128.9 7.460 t 0.125 7.Q47 +— —

139.2 --- 11.52 +—

149.4 --- 19.52 +—

155.5 --- 25.37 +—

aFrom Ref. 4.
bFrom Ref. 12; scale adjusted

CFrom Legendre fit.

1.8

0.35

0.13

0.094

0.056

0.060

0.14

0.21

0.51

1-1.76+ 0.21—

12.50 + o.22d—

11.64 :0.09

11.72 ~0.21

10.55 + 0.08—

8.550 + 0.061—

6.949 + 0.042—

7.457 + 0.051—

11.50 + 0.12—

19.52 + 0.21

25’.37+ 0.51—

11.64

11.71

10.57

8.57

6.94

7.41

11.56

19.46

25.28

7.861 ~o.n6d

6.825 + 0.116—

7.524 + 0.125—

LL.44 + 0.17—

17.24 + o.38d—

---

to Ref. 4; original errors.

d
Nor used because errors seem too optimisticallysmall.

TABLE V

C.M. CROSS SECTIONS OF THE P.SACTION3H(p,n)3HeLEGENDRE COEFFICIENTSFOR THE

k2E

(u% ) ‘3
-0.2659

‘4 ‘5

-0.0130

‘6 ‘7(1027 cm-2) ‘O ‘1— —
@

7a

10

11

12

13

13.6

14

15

16

0.01626

0.01898

0.02712

0.02983

0.03255

0.03527

0.03690

0.0379$

0.04070

0.04342

0.4092

0.4069

0.4292

0.4337

0.4385

0.4405

0.4410

0.4400

0.4384

0.4332

-0.3234

-0.3259

-0.2453

-0.2007

-0.1560

-0.1044

-0.0702

-0.0500

0.0017

0.0530

0.5260

0.4911

0.3496

0.3154

0.2967

0.2872

0.2855

0.2856

0.2908

0.2990

0.0915

0.1370

0.2640

0.3020

0.3360

0.3619

0.3755

0.3832

0.3960

0.4035

---

0.0080

0.0196

0.0250

0.0300

0.0350

0.0380

0.0389

0.0424

0.0447

---

-0.3300 -0.0200

-0.3567 -0.0401 ---

-0.3280

-0.2925

-0.2504

-0.2251

-0.2060

-0.1625

-0.1184

-0.0470

-0.0510

-0.0530

-0.0530

-0.0519

-0.0475

-0.0418

---

---

---

---
-0.0020

-0.0037

-0.0025

aCoefficientsfor these energieswere derived without new data, assuming a smooth
energy dependence.

5



TABLE VI

ABSOLUTE DIFFERENTIALCROSS SECTIONS FOR

3H(p,n)3HeIN THE LABORATORY SYSTEM (mb/sr)

‘Lab
E (MeV)

.Q!?Q2ALLX AL

o
10
20
30
40

50
60
70
80
90

100
110
120
130
140

28.47 30.75 33.82 37.13 40.25 42.81 44.92
26.33 27.97 30.38 33.10 35.75 37.92 39.68
22.05 22.27 23.18 24.50 25.95 27.16 28.08
19.34 18.33 17.81 17.74 17.83 17.95 17.99
19.17 17.71 16.48 15.55 14.74 14.06 13.43

19.58 18.42 17.21 16.05 14.93 13.90 12.87
18.46 17.93 17.14 16.15 15.13 14.07 12.93
15.46 15.42 15.06 14.40 13.59 12.67 11.67
11.82 11.85 11.64 11.92 10.57 9.85 9.08
9.22 8.83 8.43 7.95 7.38 6.79 6.19

8.69 7.61 6.77 6.01 5.31 4.72 4.15
10.30 8.49 7.13 5.97 5.00 4.25 3.57
13.34 10.95 9.12 7.57 6.27 5.26 4.39
16,.8814.12 11.96 10.09 8.49 7.21 6.10
20.19 17.24 14.88 12.79 10.97 9.46 8.13
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